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IPNS UPGRADE PREFACE

Many of Argonne National Laboratory's (ANL’s) scientific staff members were very
active in R&D work related to accelerator-based spallation sources in the 1970s and early 1980s.
In 1984, the Seitz/Eastman Panel of the National Academy of Sciences reviewed U.S. matenials
science research facilities. One of the recommendations of this panel was that the United States
build a reactor-based steady-state source, the Advanced Neutron Souice (ANS), at Oak Ridge
National Laboratory. Subsequently, R&D activities related to the design of an accelerator-based
source assumed a lower priority.

The resumption cf pulsed-source studies in this country started simultaneously with
design activities in Europe aimed at the European Spallation Source (ESS). The European
Community funded a workshop in September 1991 to define the parameters of the ESS.
Participants in this workshop included both accelerator builders and neutron source users. A
consortium of European countries has proposed to build a 5-MW pulsed source, and a feasibility
study is currently under way. Soon after the birth of the ESS, a small group at ANL set about
bringing themselves up to date on pulsed-source information since 1984 and studied the
feasibility of upgrading ANL’s Intense Pulsed Neutron Source (IPNS) to 1 MW by means of a
rapidly cycling synchrotron that could be housed, along with its support facilities, in existing
buildings.

Coincidentally, in 1992, the U.S. Department of Energy asked its Basic Energy Science
Advisory Committee (BESAC) to review the nation’s neutron science facility needs. A BESAC
subpanel, chaired by Walter Kohn, was appointed to carry out the review. Preliminary results of
ANL's IPNS upgrade study were presented at the subpanel meetings, along with Los Alamos
National Laboratory's plan for a 1-MW facility based around the Los Alamos linac.

In early 1993, the Kohn panel recommended that (1) design and construction of the ANS
should be completed according to the proposed project schedule and (2) development of
competitive proposals for cost-effective design and construction of a 1-MW pulsed spallation
source should be authorized immediately. The panel urged that evaluation of these proposals be

done as soon as possible, leading to a construction timetable that would not interfere with rapid
completion of the ANS.

In response to these encouraging Kohn-panel recommendations, the ANL study group
carried out a complete feasibility study of a 1-MW pulsed source. This document, together with
three separate supplements, contains the results of the feasibility study.

Personnel from several ANL divisions contributed to this study. Y. Cho provided the
overall leadership and integration for the study. Work related to the accelerator systems was
performed by Y .-C. Chae, Y. Cho, E. Crosbie, H. Friedsam, K. Harkay, D. Horan, S. Kim,
R. Kustom, E. Lessner, W. McDowell, D. McGhee, F. Mills, H. Moe, R. Nielsen, A. Rauchas,
K. Symon, K. Thompson, D. Wamer, and M. White, all from the Advanced Photon Source
Project (APS). The linear accelerator feasibility study was performed by AccSys Technology,
Inc., of Pleasanton, California, under the guidance of the study group.

idi



PREFACE IPNS UPGRADE

J. Carpenter (IPNYS) led the target station design effort. A concept development group
comprising J. Carpenter and R K. Crawford (IPNS), R. Kleb (Materials Science Division), and
A, Knox (Technology Development Division) worked out the basic target station design.
Providing engineering, analytical, management, and documentation assistance were J. Bailey,
P. Calahan, L. Carlson, T. Fornek, A. Knox, and R. Smith (TD); T. Kassner and J. Routbort
(Energy Technology Division), R. Kleb (MSD); I. Bresof, D. Jerng, and W. Ruzicka (IPNS); and
T. Broome of ISIS (UK.).

R K. Crawford led the compilation of neutron scattering instrument requirements and the
documentation of instrument designs. Instrumentation requirements and designs for specific
neutron scattering instruments and components, and instrument performance evaluations, were
provided by R. Birtcher, JE. Epperson, G. Felcher, J. Jorgensen, R. Kleb, R. Osborn, and
D. Price (MSD);, W. Dozier, C.-K. Loong, F. Rotella, A. Schultz, P. Thiyagarajan, F. Trouw, and
T. Worlton (IPNS); J. Haumann (Electronics and Computing Technologies Division), and
G. Kearley of the Institut Laue-Langevin (Grenoble, France).

Conventional facilities work was performed by engineers and architects from the Plant
Facilities and Services Division. Coordination and interfacing between technical and conventional
facilities personnel were performed by G. Norek (PFS) and K. Peterson (APS). Costs of the
conventional facilities were estimated by Hanscomb and Associates of Chicago, Illinois.

The costs and schedules are a result of work performed by Y. Cho, with management
information support from A. Rauchas.

The editorial tasks of integrating and assembling the document were performed by
M. White, with support from M. Addison, D. Haid, and A. Owens (APS), F. Bennett and staff
from the Technical Communication Services Department (Information and Publishing Division),
and B. Salbego and staff from the Document Processing and Control Department (IPD).

The Kohn panel report also included the following statement: "If the ANS is not built, a
5-MW pulsed spallation source would be needed to basically cover its capacities in neutron
scattering.” A feasibility study is currently under way for a future upgrade from the 1-MW
source described in this report to a 5-MW facility; the 1-MW accelerator wouid be used as the
injector for the S-MW accelerator.
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CHAPTER I BACKGROUND AND OVERVIEW
IPNS UPGRADE I.1 INTRODUCTION

1.1 BACKGROUND

Over the past 40 years, research based on slow neutron beams has been crucial to
advances in fundamental science, technology, and medicine. Achievements in neutron scattering
research have attracted many awards in recent years, including the highest when, last year, two of
the early workers, Clifford G. Shull and Bertram N. Brockhouse, shared the 1994 Nobel Prize in
Physics for their pioneering work in developing neutron scattering methods. Discussions and
summaries of advances in this field appear regularly.!-4

Neutrons provide critical information that is impossible to acquire by any other means.
Furthermore, for many purposes, they provide a necessary complement to X-rays, so that the
parallel development of both neutron sources and x-ray synchrotron facilities is essential.

In the past 10 years, neutron studies have provided information critical to the
understanding of new materials that have emerged and have had a singular impact in materials
science. One can cite the following specific examples of key contributions of neutrons in
fundamental science:

e Structure and excitations of high-T; superconductors,

o Polymer conformations and interactions,

¢ Structure and dynamics of new-generation catalysts,

¢ Interfacial structure of polymeric and magnetic layers,

e Spin dynamics in highly correlated metals,

¢ Structure and phase transformations of fullerenes ("buckyballs"), and

¢ Condensate fraction in superfluid helium.

Important contributions to technological advances have paralleled the major developments
in fundamental sciences cited above:

e Residual stress in metals and ceramics,

¢ Radiography of aircraft and energy-production components,
e Near-surface impurities and deposits in semiconductors,

* Giant magneto-resistant multilayers,

e Caviiation and embrittiement of structural alloys,
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e Adhesion of polymer laminates,
e Materials irradiation for fission and fusion power programs, and
e Sintering processes of ceramics.

Over the last 20 years, the United States has fallen alarmingly behind the European
scientific community in the availability of up-to-date neutron sources and instrumentation.
HFBR and HFIR, which are the major research reactors of the U.S. Department of Energy
(DOE), were built more than 25 years ago, and their remaining lifettmes of a decade or so are
uncertain; the status of HFIR appears especially precarious. In Jjune 1992, Dr. W. Happer,
Director of DOE's Office of Energy Research, requested the formation of a panel to report on
key issues concerning possible new sources, emphasizing especially the comparison of reactors
and pulsed spallation neutron sources. The Panel, chaired by Professor Walter Kohn (University
of California, Santa Barbara), had substantial representation from universities, industry, and
government laboratories, and it included both neutron specialists and other condensed matter
scientists. In addition to visiting the sites of the four DOE laboratories with interests in
constructing future sources, the Kohn Panel organized a broad Review of Neutron Sources and
Applications, with the participation of 70 national and international experts, in Oak Brook,
Illinois. Separate working groups were assembled to (1) review the status of advanced research
reactors and spallation sources and (2) provide an update on scientific, technological, and medical
applications, including neutron scattering research in a number of disciplines, isotope production,
materials irradiation, and other important uses of neutrons. The Kohn Panel's report was
published in January 19931 and findings and conclusions of the working groups involved in the
Review were published in January 1994.4

After reviewing the capability and cost-effectiveness of different alternatives, the Kohn
Panel concluded that as a technologically leading nation, the United States urgently needs to
construct a complementary pair of neutron sources: a next-generation research reactor and a
powerful pulsed spallation source (PSS). These facilities are essential to maintain or reestablish
U.S. leadership in broad areas of physical, biological, and materials sciences, in radiomedicine, and
in associated technologies. Although the required investment is substantial, the payoff — in
terms of both directly associated jobs and enhancement of the nation's technological and
economic power — will be much greater and will extend far into the next century.

Recommendation 1: Complete the design and construction of the Advanced Neutron Source
(ANS) according to the schedule proposed by the project.

Recommendation 2: Immediately authorize the development of competitive proposals for the
cost-effective design and construction of a 1-MW PSS. Evaluation of
these proposals should be done as soon as possible, leading to a
construction timetable that does not interfere with rapid completion of the
ANS.
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Subsequently, two workshops took place within the PSS community. One workshop
further cvaluated accelerator prospects (Santa Fe, February 1993)5; the other addressed
technological and scientific applications of a 1-MW PSS (Argonne, May 1993).6 The accelerator
workshop addressed the different possible methods of supplying 1-MW proton beams to
spallation targets, while the technology and science workshop documented the great variety of
problems that could be solved with a 1-MW pulsed source, ranging from fundamental science to
engineering materials and technology:.

The President’s budget for fiscal year (FY) 1996, which was announced on February 6,
1995, calls for cancellation of the ANS project. This situation puts even more emphasis on the
development of PSSs for the nation's future. This feasibility study represents the response of
Argonne National Laboratory (ANL) to the Kohn Panel's recommendation for a cost-effective
design and construction of a dedicated 1-MW PSS.

Argonne comes to this proposal with 12 years of successful experience in operating the
Intense Pulsed Neutron Source (IPNS). The hallmarks of the IPNS experience are its very high
rcliability, continuous sequence of source and instrumentation developments, strong user
program, and the highest scientific productivity per unit cost of operation, by any measure, of all
the DOE neutron scattering facilities. The reliable operation of the facility has its origin in ANL's
tradition of excellence in accelerator science and technology.

The present IPNS synchrotron was originally designed and built in the mid-1970s as the
booster for a high-energy physics proton accelerator, the 12-GeV Zero Gradient Synchrotron
(ZGS). The ZGS was used for the nation's high-energy physics program dvring the 1960s and
1970s. Notable achievements in accelerator science by ZGS personnel include the first-ever
acceleration of polarized protons to the multi-GeV energy range’ and the first demonstration of
negative-hydrogen-ion charge exchange injection into a circular accelerator.8 Existing pulsed
source facilities, as well as those planned for the future, all use charge exchange injection.

From 1982 to 1983, accelerator scientists who formerly worked at the ANL ZGS
designed a synchrotron option for Germany’s SNQ (Spallations Neutronenquelle).%-10 Many of
the design concepts employed in this report originated in the SNQ studies. This group also
studied a pulsed-source option using the fixed ficld alternating gradient (FFAG)!! synchrotron
concept. The FFAG proposal was presented to the Seitz-Eastman Panel in 1984, and it was
desienated as the fourth priority for new materials research facilities.

These same ZGS accelerator scientists planned and designed the Advanced Photon Source
(APS)!2 from 1984 to 1987 and obtained approval for its construction in 1988. The construction
of the APS at ANL is nearly complete; in the process, ANL accelerator personnel have
accumulated a tremendous wealth of current information on the construction and procurement of
accclerator components.

The proposal put forward here uses all buildings and infrastructure of the former ZGS

facility. The ZGS Ring Building can house a synchrotron about 200 meters in circumference and
has enough radiation shielding to accommodate a 1-MW accelerator system. Two of the former

L1-3
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high-energy physics experimental butldings can house two neutron-generating target stations and
associated neutron beamlines. It is estimated that the use of existing buildings saves about $175
million in construction costs.

The IPNS Upgrade will be the fourth in a series of pulsed spallation sources constructed
at Argonne. The first was the ZGS Intense Neutron Generator Prototype (ZING-P). This
facility was built in 1973 and was the world's first test of the spallation neutron source concept.
It used the ZGS 200-MeV prototype booster synchrotron and achieved a beam power of 100 W.
ZING-P', a second prototype that used the present IPNS accelerator, operated very productively
from 1977 through 1980. It achieved 2 kW of beam power. The IPNS, operational since 1981,
achieves a beam power of 7 kW and is a scientifically prolific and efficient research installation
that has led in the development of pulsed source technology and of pulsed source, time-of-flight
neutron scattering instrumentation. The IPNS has set the standard for PSS operational reliability,
being available 95% of the scheduled time since it started operation in 1981. From the outset, the
IPNS has hosted a productive and highly cost-effective user program, producing more than 250
scientific publications and serving more than 200 users each year.

Argonne is conveniently located near Chicago, providing ready access from around the
country and the world. Argonne has established an international reputation for neutron source
and instrumentation development. The community of neutron scattering specialists, both
residents and long-term users from other institutions, has consistently produced high-quality
results. One of Argonne's major activities is matenials research, which will provide important
support to the research program at the IPNS Upgrade. As has been found at several other
installations (for example, Brookhaven, Grenoble, and KEK), the collocation of a neutron source
with a synchrotron radiation facility provides significant scientific synergism, The accelerator
design and construction groups come from a series of successful programs that lead conveniently
into the IPNS Upgrade project. Close collaboration is maintained with other installations around
the world through frequent visits and cooperation and through the International Collaboration on
Advanced Neutron Sources (ICANS), scheduled to hold its 13th meeting in October 1995 at the
Paul Scherrer Institut (PS]) in Villigen, Switzerland.

1.2 ACCELERATOR AND TARGET STATION PARAMETERS

The IPNS Upgrade is a dedicated source for slow neutron scattering that uses a proton
accelerator delivering a time-average beam power of | MW,

The choice of proton beam energy is determined by several factors, including neutron
yield, heat removal from the target, ease of machine construction and serviceability, and available
space in the ZGS Ring Building. Efficient production of neutrons by spallation requires proton
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energies above 500 MeV, so that protons interact principally with nuclei in the target. The
neutron yield (number of neutrons per proton} for thick targets is given by

0.1(Egey £0.120) (A +20), except fissionable materials

(L1.2-1)
50(Egey £ 0.120), 238y,

Y(E, A) ={

where EGey is the proton beam energy in GeV and A is the atomic number of the target material.
For energies above the apparent threshold of 0.12 GeV, the neutron yield is roughly proportional
to energy. The neutron production rate is proportional to the beam power.

The design is also influenced by the distribution of the deposited heat and the distribution
of produced neutrons. Most experience to date has been confined to energies below | GeV and
confirms Equation 1.1.2-1 above. Monte Carlo studies show that the power density distribution,
neutron production distribution, and total yield of neutrons favor energies higher than 1 GeV, as
shown in Figure 1.1.2-1,13 at least up to about 3 GeV, the code-imposed limit of the study. The
calculations confirm that the neutron production rate for constant beam power is approximately
constant and that the neutron production rate is approximately proportional to the proton beam
power within the range of proton energies studied.

Figure 1.1.2-2 shows the variation of the emerging neutron current as a function of axial
position in a target (tallied at a radius of 6.2 cm), and Figure 1.1.2-3 shows the variation of the
thermal power density (averaged over radius). Higher energies are preferable due to the lower
peak power density at the upstream end of the target for a given beam power. These calculations
indicate that proton energies above 1.5 GeV are equivalent with respect to the thermal and
neutronic design of the target and moderator systems.

The choice of 30 Hz as the source repetition frequency was based upon a survey of
scientific requirements and an evaluation of preliminary designs for neutron scattering
instruments for a 1-MW pulsed source. Two categories of instruments emerged from the study
of scattering instruments, those for which 30 Hz is preferable, and those that require a lower
frequency, for which 10 Hz is satisfactory. Few of the instruments we considered could
effeciently use frequencies higher than 30 Hz. Two targets that operate at different frequencies
provide the flexibility to serve both classes of instruments and double the available number of
beamlines and instruments. The accelerator delive:s one out of three pulses to the low-frequency
station at 10 Hz, and the high-frequency station receives the remaining two pulses of the 30-Hz
pulse train. The high-frequency target is capable of using the full | MW of beam power, or all
pulses of the 30-Hz pulse train.

Our preference is to have the highest possible energy and lowest possible current. This
prefercnce does not affect the neutron production rate, since the rate is proportional to the
proton beam power. High-energy protons can be obtained by acceleration through a linear
accelerator or through a circular machine. A single-pass machine such as a linac tends to have
high construction and operating costs; therefore, proton linacs tend to be lower-energy machines.
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For this reason, the highest-energy proton linac is the 800-MeV Los Alamos linac. Because a
circular machine takes advantage of multiple traversals of the particles, the machine energy can be
very high. Construction and operating costs for circular machines are substantially lower than
those for linacs of similar energy. Circular machines can accelerate a time-averaged current of
0.5 mA to 1.0 mA to several GeV. We chose to use a linac to provide a 400-MeV H™ beam for
injection into a rapid cycling synchrotron (RCS). The RCS is designed to accelerate an average
proton beam current of 0.5 mA to 2 GeV.
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2.1 ACCELERATOR SYSTEM

The accelerator system delivers a proton beam of 1-MW power at a repetition rate of
30 Hz. The required beam power is achieved by using a rapid cycling synchrotron (RCS). Its
beam is extracted into two separate extraction lines. There are two targets, a low-frequency target
and a high-frequency target operating at 10 Hz and 30 Hz, respectively. One target receives one
pulse out of three from the accelerator; the other target receives the remaining two pulses.

The injector system consists of a negative hydrogen (H™) ion source similar to that of
ISIS,14 a beam chopper system, a low-energy beam transport, a 2-MeV radio-frequency (rf)
quadrupole, a 70-MeV drift-tube linac, and a 330-MeV coupled-cavity linac. The linac design is
similar to that of the Superconducting Super Collider linac and utilizes existing technology. The
400-MeV injector linac system delivers H™ ions to the synchrotron, where they are injected after
stripping by a thin carbon foil. The RCS accelerates a time-averaged current of 0.5 mA of
protons, corresponding to 1.04 x 1014 protons per pulse at a 30-Hz repetition rate, to 2 GeV.

The decision to design the RCS for the highest possible extraction energy and the lowest
possible injection energy was driven by beam loss considerations. The injection energy of the
RCS was determined on the basis of the space charge tune shift and the ring aperture. Experience
with high-intensity proton accelerator operation shows that beam losses are usually associated
with the injection and capture processes and that very few losses occur during the acceleration
processes. Low-energy injection is preferable because of beam loss considerations, since there is
less activation when beam is lost at low energy. Therefore, the design goal was to inject into the
RCS at the lowest possible energy. A stacked-beam emittance of 375 X 106 m in both
transverse planes and an injection energy of 400 MeV give a space charge limit of 1.04 x 1014
protons per pulse. The beam-stay-clear region for a 375 x 10-6 & m emittance provides an RCS
aperture similar to that of the ISIS. To reach the desired beam power, an appropriate amount of
beam current is injected at 400 MeV and accelerated to the final energy of 2 GeV.

The synchrotron operates in the first harmonic mode with single-turn extraction, It
delivers pulses of approximately 200-nsec duration and cycles at 30 Hz. The machine has four
long sides, with four straight sections per side. Two of the straight sections are used to extract
beam tc the two target areas; one is used for the injection system, and the others are reserved for
the rf system.

Design performance parameters of the accelerator system are summarized in
Table 1.2.1-1. Detailed descriptions are presented m Chapter II for the RCS and in Chapter 111
for the H™ injector linac.

There is about 55,000 m2 of space available in the ZGS complex, and this space is used
for the 1-MW source. The RCS must fit into the existin~ 200-m-circumference Ring Building,
The locations of the two former experiment halls that house the fwo targets require construction
of two separate extraction lines. These were the only geometrical constraints in designing this
1-MW source.

I2-1
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Table 1.2.1-1 Accelerator Parameters

Parameters Values Units
Beam energy at extraction 2 GeV
Maximum beam energy attainable 2.2 GeV
Beamn energy at injection 400 MaV
Beam average current 0.5 mA
Beam power 1.0 MW
Beam pulse length <1 psec
Synchrotron repetition rate 30 Hz
Synchrotron circumference ~200 m
Number of external proton beams 2 -
Number of extraction lines 2 -
Linac beam energy 400 MeV
Linac energy spread (95%) 2.5 MeV
Linac repetition rate 30 Hz
Linac pulse current 44 mA
Linac pulse length 0.5 msec
Linac emittance (rms normalized)? 1.0x 106 m

3 rms = root mean square.

12-2
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The existing Ring Building for the 12-GeV ZGS is adequate to house the 2-GeV RCS
descnibed in this report. The use of a 2-GeV beam reduces the maximum power density
deposited in the target by about 25% from its value at 0.8 GeV, which is a significant advantage
for target design.

2.2 NEUTRON SCATTERING CAPABILITIES

Shielded proton beam transport lines carry two extracted proton beams to two target
stations, multiplexed so that the 30-Hz station receives two of the 30-Hz pulses while every
third pulse goes to the 10-Hz target. Each station contains a neutron-producing target consisting
of water-cooled tungsten plates in two sections. Moderators positioned close to each target slow
down neutrons from the primary source energies (about 1 MeV) to useful energies (less than
about 10 eV). Water, liquid methane, and liquid hydrogen moderators are used. Reflectors of
beryllium metal or of beryllium and heavy metal surround the moderators to enhance the
intensities of the neutron beams. Decouplers and heterogeneous poisons within the moderator-
reflector system tailor the spectra and pulse characteristics of the neutron beams. Massive steel
and concrete shields surround the targets and moderators and provide multiple levels of
confinement of radioactive matenals within. Because some components of the target have finite
lifetimes and because changes need to be made over the years to accommodate changing demands
of the instruments, each target station is equipped with a hot cell and remote handling equipment
and 1s designed to facilitate moving and servicing the internal components.

Irradiation facilities for neutron activation and fast neutron materials irradiation
applications are arranged close to the targets. These irradiation facilities do not interfere with the
neutron scattering application. The irradiation facilities are accessible during operation.

The IPNS Upgrade provides 36 beam ports for neutron scattering instruments, 18 each at
the 30-Hz and 10-Hz target stations. Neutron beams for more than one instrument are extracted
from a single beam port in some cases, so more than 36 neutron scattering instruments can be
supported at this facility, There are a total of 12 moderators, one for every three beam ports, so
the moderator characteristics can be optimized to the requirements of the individual instruments.
Table 1.2.2-1 lists the IPNS Upgrade moderators, and Figure1.2.2-1 indicates the range of
intensities and pulse widths available. The present IPNS moderators are also listed in the table
for comparison.

The IPNS Upgrade provides 27 instruments for 24 of these 36 beam ports. The
remaining 12 uninstrumented beam ports are available for later development and installation of
new state-of-the-art instruments, as well as for the installation of specialized instruments
developed by Participating Research Teams (PRTs). Chapter V of this document outlines a
refercnce set of 27 instruments that provide a well-balanced initial instrumentation complement.
Tables 1.2.2-2 and 1.2.2-3 briefly describe this reference set of instruments and indicate the wide
range of neutron scattering science possible. This reference set of instruments has been used to

1.2-3
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Table 1.2.2-1 IPNS and IPNS Upgrade Moderators

Designation Composition, Size Temperature (K)

Present IPNS Moderators

"H* Solid CHy4, poisoned, 10 x 10 cm? 25
cr Soli¢ CHy, grooved, 10 x 10 cm? 25
"F* Liquid CHy, poisoned, 10 x 10 cm2 100

IPNS Upgrade Moderators

10-Hz Target (25 x IPNS)

Upstream top, "F* Liquid Hyp, 10 x 10 cm? 18
Upstream bottom, “A* Liquid H,, coupled, 10 x 10 cm? 18
Flux trap right, "E* Liquid Hy, coupled, 10 x 20 cm? 18
Flux trap left, "B* Undetermined -
Downstream top, "D* Undetermined -
Downstream bottom, *C*  Liquid Hp, Poisoned, 10 x 10 cm? 18

30-Hz Target (50 x IPNS)

Upstream top, “F* Liquid CH,4, poisoned, 10 x 10 cm? g5
Upstream bottom, “A* Liquid CHg, poisoned, 10 x 10 cm? 95
Flux trap right, "E" Liquid H,0, poisoned, 10 x 20 cm? 320
Flux trap left, "B" Liquid Hy0, poisoned, 10 x 20 ¢m? 320
Downstream top, D" Liquid Hy, coupled, 10 x 10 cm? 18

Downstream botiom, "C* Liquid CH,4, poisoned, 10 x 10 cm? 95

L2-4
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Figure 1.2.2-1a Performance of the Different Moderators at IPNS Upgrade:
Intensities, Normalized to 1 at 1 eV.

[.2-5



1.2 DESIGN SPECIFICATIONS AND PERFORMANCE IPNS UPGRADE

Figure 1.2.2-1b Performance of the Different Moderators at IPNS Upgrade: Pulse Widths.
(Moderators are water at ~ 320K (H20), liquid methane at ~95 K [CHy], decoupled

liquid hydrogen at ~18 K [H»], and coupled liquid hydrogen at ~18K [C-H,]}.
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1.2 DESIGN SPECIFICATIONS AND PERFORMANCE

Table L.2.2-2 Reference Set of Diffractometers and Reflectometers

Best
Range for Adrd
Powder Diffractomsters Target Moderatord d (A) (%)
VSPD  Very small samples {10-100 mg) 30-Hz CH, 0.2-17 0.35
SEPDP High intensity 30-Hz HoO 0.2-17 0.35
GPPD¢ Medium resolution (excellent at 90°) 30-Hz H,O 0.2-9 0.2
HRPD  High resolution 30-Hz HxO 0.2-5 0.08
RSD Residual stress (12-m position) 30-Hz HO 0.3-6 0.55
(25-m position) 30-Hz HO 0.2-3 0.30
Qimin Qmax
Small-Angle Diffractometers Target Moderator? (A (A1)
SAND®  General purpose (wide Q range) 10-Hz C-Hp 0.002 2
HRSAND High resolution 10-Hz C-Hj 0.0005 0.4
SPSAND Reconfigurable for special purposes 10-Hz C-Ha Variable Variable
Range for
Amorphous Materials Diffractometer Target Moderator? Q (A1) AQ/QH{%)
GLAD®  Liquids and glasses 30-Hz CH, 0.07-120 1.2-10
Range for
Single-Crystal Ditfractometers Target Moderator?2 Q (AN AQ/Q(%)
scpb General purpose 30-Hz CH, 0.9-17 0.6-0.9
HQSCD High real-space resolution 30-Hz HO 2-30 0.4
Minimum
Reflectometers Target Moderator? Sample  Reflectivity
POSY-I® Polarized neutrons 10-Hz Hy Vertical 10-8
POSY-1I° General purpose 10-Hz Hy Horizontal 10-7
HIREF  High intensity 10-Hz Hy Horizontal  10°%
GREF  Grazing incidence 10-Hz Hy Horizontal 107

a8 Moderators are water at ~320 K (H,0), liquid methane at ~95 K (CH,), decoupled liquid hydrogen at
~18 K (Hp), and coupled liquid hydrogen at ~18 K (C-H,). Moderator performance is shown in

Figure 1.2.2-1.

b Transferred from IPNS with little change.

¢ Transferred from IPNS with some modification.
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IPNS UPGRADE

Table 1.2.2-3 Reference Set of Inelastic Scattering Instruments and Component Development Instruments

Range for
Chopper Spectrometers Target Moderator?  Ej, (meV)  AE/E; (%)
HRMECSP High-resolution general purpose 30-Hz CHy 4-2000 2-4
LRMECS® Low-resolution general purpose 30-Hz CH, 3-2000 4-7
CNCS High-resolution low energy 10-Hz H, 0.3-20 <1
SCCS Excitations in single crystals 30-Hz H,O 50-2000 ~1
Range for
Crystal-Analyzer Spectrometers Target  Moderator? E (meV) AE (meV)
TFCA General purpose 30-Hz CH, 0-1000 0.5-30
QENS® Quasielastic, medium resolution 30-Hz CHy, 0-150 0.05-3
HRBS Microvolt resolution 10-Hz Ha 0-10 0.005-0.086
MICAS Survey of single-crystal excitations 30-Hz CH, 0-20 variable
QSTAXC  Cold-neutron triple axis (QSS)? 30-Hz C-H, variable variable
Resolution
Spin-Echo Spectrometer Target Moderator? {meV) AQ/Q (%)
TOFNSE TOF spin-echo, cylindrical geometry 10-Hz C-H» 108 1o 101 1.5
Component Development Instruments Target  Moderator®
REFD Reflectometer development 10-Hz Ha
DEVEL General purpose development 10-Hz Hs

2 Moderators are water at ~320 K (H0), liquid methane at ~95 K (CH,), decoupled liquid hydrogen at
~18 K (Hz), and coupled liquid hydrogen at ~18 K {C-H;). Moderator performance is shown in

Figure 1.2.2-1.

b Transferred from IPNS with some maodification.

¢ Transferred from IPNS with litle change.

9 Quasi-steady-state.
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select the target station parameters, lay out the locations of the target stations within the
experiment halls, and provide the cost estimates. Up to 10 of the instruments that are presently
operating at the IPNS would be refurbished and transferred to the IPNS Upgrade as part of this
initial instrument complement. This approach provides a core of proven instruments ready for
operation at startup. The neutron scattering instruments are located in existing experiment halls
that provide internal space for beamlines up to 50 m long, as shown in Figure [.2.2-2. Longer
beamlines can be extended outside the buildings if necessary.

Most of the neutron scattering instruments use the neutron time-of-flight (TOF) principle
for determination of neutron wavelengths. Of these instruments, the majority require good
wavelength resolution. For such instruments, the IPNS Upgrade target stations provide 25-50
times the intensity available at the IPNS. However, for those instruments that do not require
good wavelength resolution (for example, small-angle-scattering instruments), the coupled liquid
hydrogen moderators shown in Figure 1.2.2-1 are used to provide 100-200 times the intensity
available at the IPNS.

These high fluxes open up a number of new and exciting scientific possibilities. These
include:

» Rapid measurements of structure or dynamics, which make it possible to
follow the evolution of sample properties or chemical processes in real time on
a scale of minutes or even seconds.

e Structural or dynamic measurements on very small samples, opening up
neutron scattering to entire classes of materials that have previously been
inaccessible.

e Measurements to much higher resolution than previously available.

The upgraded source is sufficiently intense that it is no longer necessary that all
instruments be based on TOF techniques. With moderators optimized for total neutron output
rather than for sharp neutron pulse structure, time-averaged thermal or cold neutron fluxes are
equivalent to those at a medium flux reactor. The reactor-equivalent cold neutron flux has been
calculated to be ~5 x 1013 n/cm2-sec for one of the liquid hydrogen moderators at the upgraded
source. Thus, any instrument that works at a medium-flux reactor can be made to work at least
as well at the IPNS Upgrade. Furthermore, even a moderator optimized for high time-averaged
flux has a pulse width of less than one millisecond, and so has a duty factor of 1:30 or less at the
IPNS Upgrade. This time structure can be used to significant advantage even on nominally
steady-state instruments; for example, it can be used to reduce background and eliminate
unwanted orders from crystal monochromators. A cold-neutron triple-axis spectrometer
operating in this "quasi-steady-state" (QSS) mode is proposed as one instrument for the initial
complement of IPNS Upgrade instruments.

1.2.9
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IPNS UPGRADE 1.2 DESIGN SPECIFICATIONS AND PERFORMANCE

2.3 OTHER EXPERIMENT FACILITIES

The IPNS Upgrade facilities can be expanded to allow for a number of other research
opportunities — including radiation damage studies, isotope production, neutron activation
analysis, neutron radiography and tomography, muon spin rotation studies for materials science
research, and the study of some aspects of neutrino physics — with minimum interference to
operation as a dedicated neutron scattering source. These possibilities are discussed briefly in
Chapter V and in Appendix C. Facilities for radiation damage studies, isotope production, and
neutron activation analysis are included within the present scope of the IPNS Upgrade project.

1.2-11
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IPNS UPGRADE 1.3 PROJECT DESCRIPTION

The major components of the [IPNS Upgrade facility described here are an accelerator
system, two target stations, and neutron scattering instruments. The accelerator system consists
of a new, 400-MeV H~ linac and a new, 2-GeV rapid-cycling proton synchrotron (RCS). The
RCS has a circumference of about 200 m and delivers a time-averaged proton current of 0.5 mA,
for a total time-averaged power of 1.0 MW. Figure 1.3-1 shows a general view of the installation.

The 400-MeV injector linac, along with its associated technical equipment, is housed in a
new building and tunnel. The 400-MeV linac beam is transported by a low-energy transport
(LET) line to the RCS. The linac tunnel and klystron gallery are the only new buildings to be
built for the IPNS Upgrade project. An extensive study was undertaken to choose a location for
the new injector that would avoid interruption of present IPNS operation. There will be an
interruption of IPNS operation to move the instruments to the IPNS Upgrade facility.

All other technical components are housed in approximately 55,000 m2 of the former
ZGS-complex space and use existing infrastructure. The synchrotron is located in the existing
ZGS Ring Building. The power supplies for the RCS magnets, rf system, and beam transport
systems are housed in the Center Building and other adjacent buildings. The target stations and
instruments are located in existing large buildings that previously housed high-energy experiments
at the ZGS, a use very similar to the new use. System control rooms, maintenance facilities, and
a considerable amount of laboratory and office space for resident personnel and visitors are
provided in existing buildings. The project uses water systems, cooling towers, main power and
transformer systems, roads, sewers, and general infrastructure items that already exist. There is
little need for constructing new conventional facilities. The cost estimate includes an allowance
for refurbishing these existing buildings and facilities. Use of these existing buildings results in a
very large savings in cost and construction time.

We expect that there is no need for land-use studies, such as wetlands accommodation and
archaeological investigations, because construction takes place within existing buildings or in areas
such as parking lots that are already graded. Altogether, these factors effect considerable cost and
time savings.

If the project is initiated in FY 1997, the total estimated cost (TEC) is $559 million. The
facility commissioning is to start at the beginning of FY 2001. Construction of new components
and refurbishment of existing facilities will not interfere with the present IPNS operations, except
for reworking and relocation of the scattering instruments. An interval as short as a few months
will be required to rework the scattering instruments and install them in their new locations. The
accelerator commissioning period will be followed by commissioning of the target stations and
instruments.

A detailed discussion of the cost and schedule is presented in Chapter VIL.

[.3-1
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CHAPTER II SYNCHROTON

IPNS UPGRADE IL1 INTRODUCTION

1.1 CHOICE OF MACHINE TYPE

The accelerator for a pulsed spallation neutron source is required to produce a high-power
(1-MW) proton beam with a short (<1-psec) pulse length and a reasonable pulse repetition rate.
Two commonly used accelerator configurations produce beams of the desired quality, One of
these is a full-energy linac, which usually has a pulse length on the order of milliseconds, coupled
with a pulse-compressor ring, which accepts the millisecond pulse and compresses it to the order
of 1 psec. In this scheme, the linac provides full power to the protons. The other configuration
employs a linac of substantially lower energy that injects into a Rapid Cycling Synchrotron
(RCS), and the RCS provides the major portion of beam power.

The present Intense Pulsed Neutron Source (IPNS) accelerator system consists of a
30-Hz, 500-MeV RCS coupled with a 50-MeV proton injector linac, and it provides 8 kW of
beam power. The proposed IPNS Upgrade accelerator system provides 1 MW of beam power
by using a 400-MeV injector linac, followed by a 2-GeV RCS. The RCS described here is,
therefore, the centerpiece of the accelerator facility. The decision to use the RCS configuration to
provide the beam power rather than to use other accelerator configurations, such as a linac pulse-
compressor ring, was made after extensive comparisons between the two schemes.

Since the full-energy linac is a single-pass device, costs associated with its construction
and operation are higher than those associated with a synchrotron, which is a multiple-pass
device. Therefore, for a given beam power (1 MW), a pulsed spallation source using an RCS
concept can have higher beam energy (2 GeV) and less beam current (0.5 mA) than a pulsed
source based on the linac/pulse-compressor scheme, which necessarily has to have lower energy
(0.8 GeV) and higher beam current (1.25 mA). Here, the numbers in parentheses are used to
compare a 2-GeV RCS concept to an 800-MeV accumulator concept for a 1-MW pulsed source.

An important consideration with respect to the beam energy and current is that beam
losses must be minimized or eliminated during the injection, acceleration, and extraction
processes. Past experience shows that the beam loss, if any, usually occurs during injection and
capture, not during acceleration and extraction. It is preferable to have beam losses occur at the
lowest possible beam energy and least amount of beam current, another advantage that is offered
by the RCS. Lower particle energy implies lower production of residual radioactivity, and lower
beam current implies lower losses for the same fractional losses.

This concept of lower-energy injection at lower beam current has additional advantages
with respect to the construction and operation of the facility. One advantage of having a lower
current is that the existing ion source technology is capable of providing the required current
without extensive development.! Another advantage is that injecting a lower-energy beam is
easier than injecting a high-energy beam.

Present-day proton machines of this type are equipped with H™ injection systems, which

enable the transverse phase space distributions of the injccted beam to be controlled. This
controlled populating of phase space uses the irreversible-charge-exchange injection process

IL1-1
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known as phase space painting. The charge-exchange from H™ ions to protons is achieved by
passing the H™ beam through a thin foil that strips the electrons.

State-of-the-art H™ ion sources provide the required 0.5-mA time-averaged current
without further research and development (R&D) effort. The ion source required for the IPNS
Upgrade can be a copy of the ISIS ion source, which has a proven record of reliability.
Substantial R&D work is required to improve the peak beam current and pulse length
performance and reliability for any source that produces more than a 0.5-mA average current.

The decision to use an RCS scheme for the IPNS Upgrade is made on the basis of the
considerations described above. It is preferable to have the lowest possible beam current and
highest possible beam energy at extraction. Fifty years of experience have shown that achieving
higher energy by using a synchrotron is much casier than achieving high intensity. This implies
that a higher-encrgy, lower-current machine can readily achieve the design goal.

An additional item that influenced the choice of machine parameters was the availability
of existing buildings and infrastructure. Several buildings and accelerator enclosures that were
formerly used by the high-energy physics program have been available for accelerator use since
1979. This underutilized arca is the former Zero Gradient Synchrotron (ZGS) complex. The
existing structures match the design requirements closely enough that very little compromise is
needed in the design of the facility.

Moreover, Argonne National Laboratory (ANL) personnel have more than 20 years of
experience in the development and operation of several rapid cycling synchrotrons, and in
particular in neutron scattering.

The proposed plan utilizes the existing ZGS complex to house a 1-MW pulsed source.

1.2 CHOICE OF BEAM ENERGY

It has been shown that the neutron yield is roughly proportional to proton beam energy
from several hundred McV to about 10 GeV. There are no firm experimental data on the neutron
yield from an opcrational, optimally coupled, heavy-metal target and moderator, in which
practical necessities such as cooling have been incorporated into the target construction. At
present, designers of neutron-generating targets are comfortable with a beam energy of 1 to
3 GeV.

The proposed RCS operates with a beam energy of 2 GeV. This energy was chosen
because the ZGS Ring Building can accommodate a circular machine with a circumference of
about 200 meters. A detailed optimization has shown that the ZGS Ring Building can house a
30-Hz separated-function RCS with a peak dipole field of 1.5 T. This configuration corresponds
to a beam energy of 2.2 GeV. All proposed items of accelerator hardware are designed to be able
to operate at up to 2.2 GeV. The accelerator operates at a nominal energy of 2 GeV, thus
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providing built-in rcliability from the beginning. The time-averaged beam current must be 0.5 mA
for a 2-GeV beam.

1.3 CHOICE OF REPETITION RATE OF THE RCS

The choice of synchrotron repetition ratc dictates several machine parameters, such as the
numbcr of protons per pulsc to be accelerated to achicve the time-averaged current, and also the
pcak radio-frequency (rf) voltage. The repetition rate also influences the data-taking process of
the scicntific rescarch program.

Scientific uscrs prefer a lower repetition rate to avoid data pilc-up and accidental counting
of cvents from two consccutive machine pulses. Consultation with IPNS uscrs indicates that a
30-Hz repctition ratc is a desirablc goal.

1.4 NEGATIVE HYDROGEN ION INJLCTION

During thc past decades, almost all proton synchrotrons have been converted from H* to
H" ion injcction, because H™ charge exchange injection can be used to manipulate the transversc
phasc space during the injection process. The usc of this process is cssential to achicve a high-
intensity beam with very littlc beam loss. An H~ linac is uscd as the injector for the IPNS
Upgrade RCS.

1.5 CHOICE OF INJECTION ENERGY

The injection energy is determined by the space charge tune shift, RCS repetition rate,
and time-averaged current. A machine operating at 30 Hz with a 0.5-mA average current requires
an acccleration of 1.04 x 1014 protons per pulsc.

As described in detail in Section 11.2.1.3, the space charge tunc shift duc to the sclf-ficld
of particlcs is proportional to the number of protons in a pulsc and inversely proportional to the
acceptance of the machine and to B2y3 of the protons, where B and 7 arc the standard relativistic
parameters.

The complete discussion of spacc charge and injection cnergy is given in Scction 11.2.1.3;
after this discussion, the acceptance of the machine is discussed. A 400-MeV injection would
provide a tune shift of 0.15, which is quite comfortable for reliable operation.

The high-level design goal parameters are summarized in Table I1.1.5-1.  The magnetic
latticc for the RCS is designed to mect thosc performance requircments.
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Table 11.1.5-1 Design Goal Parameters

Parameter Value Units
Beam energy at extraction 2 GeV
Beam maximum attainable energy 2.2 GeV
Beam energy at injection 400 MeaV
Beam rapetlition rate 30 Hz
Beam average current 0.5 mA
Beam power 1.0 MW
Linac beam energy 400 MeV
Linac energy spread (95%) 2.5 MeV
Linac repetition rate 30 Hz
Linac pulse current 44 mA
Linac pulse length 0.5 msec
Linac emittance {rms normalized)? 1.0 x 108 am

4 rms = root mean square.
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2.1 SYNCHROTRON OPTICS

2.1.1 Magnet Lattice

The requirements and desirable features for a high-intensity proton machine lattice
include:

1. Sufficient straight sections for radio-frequency (rf) cavities and injection/
extraction hardware,

2. Dispersion-free straight sections for injection,
3. Dispersion-free straight sections for rf cavities,
4. Largest possible transition energy of the machine, and

5. Peak field of the dipole magnet less than 1.5 T to avoid saturation effects.

A large transition energy, v, has two implications. One has to do with the ease of
manipulating synchrotron motions of the particles, and the other with beam instability thresholds
due to high-intensity phenomena. The instability threshold current is proportional to the
parameter =1/ 'y% -1/ 72. In order to make |n| large for a machine below transition energy, 7.
should be large. This means the lattice should have a large horizontal tune, v, .

To implement all these features in the lattice, a FODO cell of ~ 90° phase advance in each
transverse phase space was chosen for the normal cells that make up the arc of the ring. The
desired dispersion suppression was achieved by removing one of the dipoles from a normal cell.
The dispersion-free straight sections are formed by adding empty cells (normal cell with both
dipoles removed) to the lattice after the dispersion-suppressor cell. A super-period is
constructed by arranging normal cells, dispersion-suppressor cells, and empty cells followed by
their mirror images.

The super-periodicity can be made to equal 3 or 4. This accelerator requires a substantial
number of rf cavities, thus necessitating a large number of straight sections. A super-periodicity
of 4 was chosen in order to take optimal advantage of space in the circular Zero Gradient
Synchrotron (ZGS) tunnel.

Figure I1.2.1-1 shows lattice functions of the normal cell, and Table IL.2.1-1 lists celi
parameters of each element in the normal cell. Figure I11.2.1-2 shows the lattice functions through
the dispersion-suppressor and dispersion-free cells. The S1 sextupole shown in Figure 11.2.1-2 is
for harmonic correction and is discussed in SectionIl.2.1.5. This segment of the lattice
constitutes the straight section area. Figure 11.2.1-3 shows the lattice functions for one-half of a
super-period.
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I1.2 BEAM OPTICS

Table I1.2.1-1 Normal Cell Parameters

(2.2 GeV, Bp = 9.989 Tm)

Elements Length {m)® Strength Units
QD 0.25 -7.278 T/m
D1 0.3
sD 0.2 -0.843 m-2
D1 0.3
B 1.3 1.5088 T
D2 0.8
QF 0.5 8.267 T/m
D1 0.3
SF 0.2 0.612 m-2
D1 0.3
B 1.3 1.5088 T
D2 0.8
Qb 0.25 -7.276 T/m

& Total cell length = 6.8 m.
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Table 11.2.1-2 Synchrotron Parameters

Parameters Values Units

Circumference 190.4 m
Super-periodicity 4 -
Total number of cells 28 -
Number of normal cells 12 -
Number of dispersion suppressor cells 8 -
Number of straight section cells 8 -
Nominal length of straight section 2.9 m
Injection energy 400 MeV
Injection field 0.48 T
Nominal extraction energy 2.0 GeV
Maximum design energy 2.2 GeV
Dipole field at 2.2 GeV 1.5088 T
Bending radius 6.6207 m
Dipole length 1.3 m
Dipole good field region 0.45 m
Dipole gap height 0.182 m
Number of dipoles 32 -
Number of quadrupoles 56 -
Quadrupole length 0.5 m
Quadrupole aperture radius 0.1185 m
Maximum quadrupole gradient 8.8 T/m
Number of sextupoles (F) 16 -
Number of sextupoles (D) 16 -
Number of harmonic sextupoles 8 -
Maximum sextupole strength 1.2 m-2
Sextupole length 0.2 m
Sextupole aperture radius 0.13 m
Horizontal tune, v, 6.821 -
Vertical tune, vy 57" -
Normalized transition energy, v R4 -
Natural chromaticity, £y = (Aviv),/(Ap/p) -1 08 -
Natural chromaticity, &, = (Aviv),/(Ap/p) -1.20 -
Maximum P function 12 m
Minimum B function 2.2 m
Maximum n function 2.2 m
Minimum n function -0.06 m
Revolution time at injection 890.1 nsec
Revolution time at extraction 665.1 nsec
B max 64.5 T/sec
Maximum energy gain/turn 81.4 keV
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The lattice is symmetrical about either end; the entire RCS is shown in Figure [1.2.1-3b. Some
parameters, such as the machine acceptance and chromaticity corrections, are discussed in
Section I1.2.1.6, while Table 11.2.1-2 summarizes the pertinent synchrotron parameters.

2.1.2 Synchrotron Magnet Excitation and Repetition Rate

As noted in Section 11.1.3, the synchrotron operates at a repetition rate of 30 Hz. It is
customary that this kind of rapidly cycling synchrotron magnet system be energized by a
resonant circuit power supply generating a sinusoidal wave form. This results in a time-varying
field of the ring magnet, B(t), described by

B(t) =Bo - Bjcos(2 = ft),

where Bo and B are the dc and ac components of the synchrotron magnetic field, respectively,
and f is the repetition rate.

Particle energy gain is proportional to dB/dt, and dB/dt sets the first-order rf voltage
required to accelerate the beam. From the above equation, dB/dt is 2nfB,sin(2nf t). This
means that the required rf voltage can be lowered by energizing the magnets at a lower frequency
and de-energizing them at a higher frequency, keeping the overall repetition rate constant.

The synchrotron magnet system is energized with a dual resonant power supply system,
which uses a 20-Hz magnet excitation rate and a 60-Hz magnet reset rate while keeping the
overall 30-Hz rate. This reduces the required rf voltage by 1/3.

2.1.3 Beam Emittance and Synchrotron Acceptance

2.1.3.1 Space Charge Limit and Choice of Linac Energy

It is customary to use the Laslett tune shift due to space charge to calculate the number of
protons that can be accelerated by a synchrotron. Knowledge of the longitudinal and transverse
beam distributions is required to make these calculations. These distributions come either from
assumptions based on previous experience or from tracking studies. The initial estimate of the
space charge limit is obtained by using the elliptic beam distributions and a bunching factor
obtained from assumptions. A refined study of the space charge limit was performed after a
longitudinal tracking study from injection to full-energy acceleration was made.

We now discuss the initial estimate of the space charge limit and choice of the injection
energy. The discussion presented here closely follows that described in Report of the ISIS Project
Group.! 1t is reasonable to assume the local elliptic energy distribution of Hofmann and
Pederson? for longitudinal motion of protons in the bunch. For this distribution, self-forces
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caused by longitudinal space charges are directly proportional to the external focusing forces.
This allows bunching factors and rf bucket area reductions to be calculated analytically. The
bunching factor, By, is defined to be the ratio of mean to peak number of particles per unit length,
given by

1 singy—sing;—(97—9;)cos¢,—0.5(¢5— ¢|) Smtbs
n COSg—COS¢+ (05— 07 )Sin ¢

f—

(11.2.1-1)

where ¢ is the maximum angle, ¢ is the minimum angle, and ¢, is the synchronous angle.
If we assume a small synchronous phase angle of 5° for early acceleration, the bunching
factor from Equation I1.2.1-1 is about 0.4. For the transverse charge distribution, it is reasonable

to assume that the protons are distributed in an elliptical geometry of semi-axes a (horizontal)
and b (vertical) with the normalized two-dimensional elliptic density distribution, p(x,y):

2 21»‘2
3l (x) _(Y
oo =212 (%)

The density at the center of such a distribution is 1.5 times that of a beam with a uniform-
filled, elliptical cross section. It is believed that the density at the core of the beam soon after the
injection process will not exceed the assumed elliptic distribution. The Laslett transverse space
charge limit, N, in a circular machine is directly proportional to the transverse emittance and
inversely proportional to the central density. Therefore, the space charge limit for an elliptic
distribution is 1.5 times less than that of a uniformly distributed beam of similar geometry.

The Laslett incoherent transverse space charge limit can be written

= 2 3_
N=-AvE, ( )B G F 3’
where (11.2.1-2)

2 2
F,=1+1+2 elb—+|3 ¥?Bg¢ e,E—+ez Pml /G, ,
b h2 h2 g R

h = vacuum chamber half-height;
g = bending magnet gap half-height;
gy = electrostatic image coefficient = 0.1;

€7 = magnetostatic image coefficient=0.411;
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Pm = bending radius of the machine;
R = average radius of the machine;
I, = classical radius of proton = 1.5347 x 10-18 m;
Avy = allowed vertical tune shift due to the space charge;
Gy = form factor = 1.2 for elliptic distributions and 1.0 for uniform

As noted above, the space charge limit is proportional to the phase space area of the
stacked beam. Therefore, the phase space arca must be decided while taking into account its
implications for such machine parameters as magnet apertures and vacuum chamber dimensions.
It is prudent to iterate the values of the choices of vertical and horizontal emittances, €y and €y,

distributions; and

€y = vertical emittance of injected beam, or acceptance of the machine not

taking "beam-stay-clear" into account.

with consideration given to other parameters.

The study led to the following conclusions:

1.

From this figure, one can conclude that an injector linac of 400 MeV allows 0.5-mA
operation of the synchrotron. The current of 0.5 mA at a 30-Hz repetition rate implies that the

Although it is customary to have &y smalier than €, so that the ring dipole
magnet gap height can be made smaller, a very high-intensity machine like the
one being described may not benefit from having €y < €. The important point
is to minimize the beam losses and to control them. There are some advantages
to having the two emittances equal, because coupling resonances can be used
to stack the beam in a Kapchinskij-Vladimirskij (K-V)-like distribution.3
Having equal acceptances in both planes alleviates concerns over the coupling
resonances.

Using Equation1l.2.1-2 and assuming stacked beam emittances of
3757 x 105 m rad in each plane, the space charge limit of the machine under
these conditions gives the number of particles per pulse as a function of the
injection energy. This number can be converted to the time-averaged beam
current at a repetition rate of 30 Hz. The allowed tune shift, Avy, is 0.15.
Figure 11.2.1-4 shows the average current versus the injection energy.

number of protons per pulse is 1.04 x 1014,

1.2-10
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Figure I1.2.14 Average Current from Space Charge Limit
Avy =0.15, ey =gx = 3751 x 106 m.
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The beam emittance of £ = 3757 x 10-® m can be compared with the emittances of other
machines. LANCSE-II uses 420 & x 10-6 m, the ESS uses 5251t x 10-6 m, and the BNL proposal
uses 3207 x 106 m. Here, it is implied that the beam emittance contains 100% of the beam.
Unlike electron beams, proton beams do not have Gaussian density distributions; instead, they
tend to have cosine-squared distributions. For this reason, usage of rms quantities is avoided.
The other often-used convention is to define the 100% emittance as six times the rms emittance.

In this preliminary estimate of the space charge limit, the use of Av = 0.15 is quite
conservative, and there is a safety margin associated with the assumption. However, the
calculation was based on the assumption of an elliptic charge distribution. In order to obtain
refined information on the particle distribution, an extensive tracking study was performed to
simulate both the capture and acceleration processes and to minimize beam loss during these
processes. A detailed discussion of the tracking is given in Section [1.4.1. The longitudinal charge
distribution as a function of time from injection to extraction is obtained from the tracking study.
This gives the time-varying bunching factor.

Because the goal is to accelerate 1.04 x 1014 protons per pulse, we use the time-varying
bunching factor, the emittance of 375 x 10-6 m, and Equation I1.2.1-2 to obtain a time-varying,
incoherent, space charge tune shift. Figure I1.2.1-5 shows both the time-varying bunching factor
and the space charge tune shift during the first 6 msec of the acceleration cycle.

Note that the space charge tune shift is maximal around 1 to 2 msec after injection, and
the maximum tune shift is about 0.19.

2.1.3.2 Beam Emittance and Machine Acceptance

On the basis of these studies, it was decided to use a beam emittance after injection of
375% x 106 m in both planes and an injection energy of 400 MeV. Since the maximum and
minimum P-functions in the transverse planes are 12 m and 2 m, respectively, the largest and
smallest beam sizes due to the betatron motions are 6.7 cm and 2.7 cm, respectively.

For the synchrotron aperture, it is customary to add the maximum beam size due to
betatron motion and synchrotron motion, plus some alignment tolerances, in order to obtain the
dipole, quadrupole, and sextupole apertures. One of the design features is to have the smallest
beam loss possible, s0 the aperture was chosen based on the following arguments. Clearly, the
larger the aperture, the easier it is to prevent beam loss and to implement a lost beam catcher
system. On the other hand, larger aperture results in higher construction and operating costs.
The decision was made to define the beam-stay-clear (BSC) region as that calculated from the
lattice B-functions and an acceptance of 7507 x 10-6 m, The acceptance is twice as large as the
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Figure I1.2.1-5 Time Variation of the Bunching Factor (top curve) and
Time Variation of the Space Charge Tune Shift (bottom curve)
for the First 6 msec.
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stacked beam emittance. In other words, the half-width of the BSC region, Ay, is derived from the
following formula:

e
AhﬂH%- +[1 max (4P P) max|+ COD

where COD, the expected closed-orbit distortion after the corrections are performed, is expected
to be on the order of 0.1 cm. The horizontal and vertical emittances are six times the rms
emittance, €x = €y = 6Ems, and are 3757 X 106 m. The maximum values of the dispersion
function and relative momentum spread are given by Mmax and (Ap/p)max. respectively. The
maximum Ap/p used for this case is 1%, which is about twice as large as the stacked beam
momentum bite. This implies that

1. The acceptance is 12 times the rms emittance and
2. The vacuum chamber opening is 1.4 times larger than the beam size.

The design of the vacuum chamber system uses 7507 x 10-5 m acceptances in both
planes and the beam size due to the momentum spread. The resulting chamber cross-sectional
dimensions are quite similar to those of the ISIS synchrotron. Figure I1.2.1-6 shows the chamber
cross section in the quadrupole region, and the details of the chamber are discussed in
Section IL.6.

2.1.4 Single-Particle Instabilities

Single-particle instabilities arise through resonances between the natural oscitlations of the
particles and components of the magnetic guiding and rf accelerating fields. These resonances can
be intrinsic to the fields or can be driven by imperfections in the fields. They are controlled
through the rf and magnet lattice designs and the setting of appropriate tolerances on the magnetic
field quality.

Betatron instabilities can arise when there is a resonance between the transverse
oscillations of the particles and the harmonic components of the lattice magnetic fields. This
relation can be expressed as

kvxilvy=p,

I1.2-14
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Figure 11.2,1-6 Quadrupole Vacuum Chamber Cross Section Showing Beam-Stay-Clear
(dashed line) and Beam Envelope (area containing diagonal lines).

I1.2-15



I1.2 BEAM OPTICS IPNS UPGRADE

where v, and vy are the horizontal and vertical betatron tunes, and k, /, and p are positive
integers. The integer p refers to the driving harmonic of the magnetic structure onginating from
imperfections in the construction. In general, these imperfection resonances are weak and have
no detrimental effects on the beam except when p is an integer multiple of some lattice structural
numbers, such as the super-periodicity, and the total number of cells. In this latter case, the
beam is subject to a potentially dangerous structural resonance. Because the resonance excitation
force depends on the (k + / — 1)th derivative of the magnetic field, resonances of order (k + /)
must be considered. Since higher-order resonances are less harmful, lower-order multipole
components are considered. The effects of the multipoles are discussed in Sections I1.2.1.5 and
I1.2.1.6.

The other single-particle resonances that need to be considered are the synchro-betatron
resonances, which couple the longitudinal and transverse oscillations through the relation:

kvxitvyimvs=p,

where m is another integer and vy is the synchrotron tune. In proton machines, the synchrotron
tune is much smaller than the betatron tunes, and for the RCS machine, v, is at least three orders
of magnitude smaller than v, or v, In such a case, synchro-betatron resonances (m =1)
manifest as satellites of the m = 0 betatron resonances. The resonance condition is

Ve yEmvg=p. (11.2.1-3)

Here, the + signs refer to the sum and difference resonances, respectively. These are driven by
the position-dependent energy gains from the accelerating fields. A pnmary cause is the
dispersion at rf cavity locations.

The RCS has 16 dispersion-free straight sections and eight straight sections with a
dispersion of approximately 1 m. Six of ten rf cavities are located in the dispersion-free area, and
the remainder are in the non-dispersion-free area. The decision to use the latter area for the rf
cavities is made on the basis of following argument:

According to T. Suzuki,* when rf cavities are placed in non-dispersion-free straight
sections, the maximum growth of the energy spread per revolution, S(AE/EJ, and the maximum
betatron amplitude change per revolution, &Xmay , are given by:

5(5453_): 1 Blog|omax veAy
E) 2™m-1)! cpRBx  |n|(AE/E)

5 1 |am|¢'maxA
Xmax = 7 n:
2Mm!  cpp
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where

B = relativistic factor,

Bx = P-function at the cavities,
¢ = velocity of light,
p = momentum of the particle,
R = average radius of the ring,
n = slip factor,

$max = maximum synchrotron oscillation phase,
om = Taylor series expansion coefficient, less than or equal to 1, and

Ay = parameter that depends on the rf voltage and dispersion function.

The parameter Ay, calculated using the Suzuki formulation, is ~50 keV m for the RCS.5
The largest v, is 0.003, which occurs 4 msec into the acceleration period. From Equation 11.2.1-3
together with vg, vy, and vy, the minimum values of m are about 60 for a sum resonance and
about 250 for a difference resonance. The estimated growth rates for these m values are
vanishingly small for the synchro-betatron coupling resonance.> Therefore, the decision to place
rf cavities in the non-dispersion-free straight area is acceptable.

2.1.5 Choice of Working Point

In addition to the single-particle instabilities discussed in the previous section and the
Laslett space charge tune shift described in Section I1.2.1.3, the considerations discussed below
are taken into account in choosing the working point.

For a very-high-intensity machine, high tune values have several advantages, as discussed
in Section 11.2.1.1. One advantage is a relatively small space charge tune shift, and another is
larger y¢. The latter has implications for the collective instability threshold and the rf capability.
Higher tunes are achieved by using a 90° phase advance cell as the base of the lattice. In addition,
the phase advances in the honizontal and vertical planes are chosen to achieve the dispersion
suppression with the removal of a single dipole from a normal cell. This is accomplished by
choosing the vertical phase advance to be slightly less than 90°. The standard 90° cell dispersion-
suppressor requires placement of a half-dipole in place of a full dipole.
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This small difference in the phase advances between the two planes results in a v, that is
larger than v by one unit when the complete lattice is formed from the celis. The tune can be
raised or lowered by 0.5 unit while keeping a difference of one unit between v, and v, and
keeping the dispersion function through straight-section cells small (~10 cm). Therefore, the
working point is not located in the vicinity of the traditional v, — v, =0 line.

The next consideration for choosing the working point is placing it on the tune diagram.
Figure 11.2.1-7 shows the tune diagram in the region 6<v,<8 and 5<v,<7, with the sum
resonances (solid lines) and the difference resonances (dashed lines) up to fourth order. The line
thickness indicates the relative strength of the sum resonances. The working point of the bare
machine (i.e., the machine without space charge), is indicated in the figure. It should be noted
that it is not necessary to avoid all resonances for rapidly cycling machines, because the beam
spends a relatively short time at the resonance lines. Thus, it is rarely necessary to consider
resonances above fourth order.

The next item to be investigated is the spread in the working point due to space charge.
The working point becomes diamond-shaped, as shown in Figure I1.2.1-8. As discussed in
Section 11.2.1.3, this tune shift depends on the charge distribution in the machine and can differ
by a factor of 1.5 between a uniform and an elliptic charge distribution. In the figure, the point P
1s the tune point of the bare machine. The point Q in the figure is the working point for a K-V
distribution at 2 msec after injection, when the space charge tune shift is maximal. The diamond-
shaped pattern is for the case in which the charge distribution is elliptic. The injection
mechanism to achieve a K-V-like distribution is described in detail in Section 11.2.2.

Figure 11.2.1-8 also shows that the tune spread around the working point can cross the
nonlinear structural resonances of 3v, = 20 and v, + 3v, = 24. These are important because
20 and 24 are divisible by 4, the super-periodicity.

The v, +3 v, = 24 resonance can be driven by skew-octiipole fields. Such terms arise
only from multipole errors and have little effect on the dynamic aperture, as discussed in
Section 11.2.1.6.

The 3v, = 20 resonance near the full space charge tune can be driven by the
chromaticity-correcting sextupoles and can have a deleterious effect on the circulating beam.
However, the 20th harmonic of the sextupole component is suppressed by placing harmonic-
comrecting sextupoles in the dispersion-free sections. Sextupoles with integrated strengths of
0.4 m~2 placed in each of the eight dispersion-suppressor cells eliminate the 20th harmonic.
Figure I1.2.1-9 shows the phase space motion with and without the harmonic correction for the
particles oscillating with a tune of v, =6 %;. This is a standard technique used for a Chasman-
Green lattice in third-generation synchrotron light sources.
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working

L point

Figure 1L.2.1-7 Sum (solid lines) and Difference (dashed lines) Resonances Shown up to Fourth Order in the
Region Bounded by 6<v, <8 ind 55v, <7. (Working point for the bare machine is indicated.)
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Figure 11.2.1-8 Structure Resonances up to Fourth Order Shown for the Region Bounded by 6 < v, < 7 and
S5<vy <6. The working point for the bar¢ RCS machine is labeled P. The maximum space charge tune
shift for a uniform, K-V distribution is labeled Q. The diamond-shaped area bounds the space charge
tune shifts of individual particles in an elliptic distribution.
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Figure I1.2.1-9 Phase Space Motion with v, = 6% without (a) and

with (b) Harmonic Correction Sextupoles. (The variable py is defined to be [ p, = B, x" + o x])
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2.1.6 Transverse Tracking Studies

The key design feature of the RCS is the prevention of beam loss during the injection,
capture, and acceleration processes. Beam loss prevention in the transverse phase space is
achieved by providing large dynamic apertures in both transverse planes. We have performed
tracking studies to ensure that the RCS has a dynamic aperture larger than the physical aperture
of the ring vacuum chamber, taking into account magnetic field imperfections due to fabrication
tolerances and misalignments caused by surveying tolerances.

The results of tracking studies of closed-orbit distortions and dynamic aperture reduction
in the RCS are discussed below.

Closed-orbit distortions are caused by:

* Deviations of the vertical field value of dipole magnets, which introduce
horizontal orbit distortions;

= Roll-angle misalignments of dipole magnets, which cause vertical orbit
distortions; and

» Misalignments of quadrupole magnets, which produce extraneous dipole fields
that distort the orbit.

Design specifications for the dipole corrector magnets are obtained from tracking studies.

The natural normalized chromaticities of the lattice described in Section I1.2.1.1 are
&, =—106 and &y =—-120. Chromaticity is corrected by adding two families of sextupoles in
the normal cells of the lattice.

The dynamic aperture is limited primarily by these chromaticity-correcting sextupoles.
With the sextupoles energized to the values required to adjust the chromaticities to zero, we
studied further reductions of the dynamic aperture caused by field deviations and misalignments,
as cited above, and multipole components arising from magnet fabrication imperfections.

Dynamic aperture reduction caused by closed-orbit distortion is recovered by orbit

corrections. The dynamic aperture is insensitive to reasonable levels of multipole components,
up to four times the levels achieved in the APS Synchrotron magnets.
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2.1.6.1 Closed-Orbit Correction

Closed-orbit distortions due to quadrupole misalignments and dipole field deviations can
be estimated by using the following formula:

1/2

2
Az ___ 1 202 (532 2 9B
B T fsinm]| 3 ‘Q“‘Z’Q”EBB"B(BJ ’

B

where the subscripts Q and B denote the quadrupole and dipole magnets, respectively, and

Az = rms value of the COD in either the x- or y-plane,
B = amplitude function,
v = tune of the lattice,
kg = quadrupole strength,
lo = quadrupole length,
(Sz)Q = rms quadrupole misalignment,
0g = bending angle, and
(0B/B)g = mms field deviation in dipole magnet.
For the RCS, we find that

Ax

VBx

1/2
= [s.osz(sx)é + 1.732(513/13)23] and

1/2
Ay _ [3.492(8y R+1 .322(513/13)%] ,
By

where (8B / B)p in the y-plane represents the dipole roll angle, and all lengths are in meters.

Thus, the amplification factors for quadrupole misalignments, A y, defined as the ratio of
the maximum COD in the ring and the rms quadrupole misalignments, are

Ay, =3288atP, =10.60mand A, =24.12 at By =1194 m,
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where we used (Az) ., = 2(Az), corresponding to 95% probability. These analytical values are
compared with MAD® simulations. The results are shown in Figure [1.2.1-10, where the
horizontal axis represents 30 different machine sirulations.

The APS Booster Synchrotron quadrupoles were aligned to an rms accuracy of
(0z2)g=0.2mm.” The RCS dynamic aperture is fairly insensitive to misalignment. For
computational purposes, an alignment accuracy of 0.4 mm was used to estimate the maximum
COD. Similarly, a value of (dB/B)g = 0.001, corresponding to a dipole roll angle of 1.0 mrad,
was used in the computations. This is a factor of three larger than the field deviations achieved at
APS. These levels are expected to produce maximum orbit distortions of 18 mm in the horizontal
plane and 14 mm in the vertical plane before correction.

The MICADO algorithm?® included in the MAD program was used to simulate orbit
corrections. Horizontal and vertical BPMs are located in the focusing and defocusing
quadrupoles, respectively. Similarly, honizontal and vertical correctors are located near the
focusing and defocusing quadrupoles. There are a total of 28 BPMs and 28 correctors in each
plane. Horizontal and vertical corrector strengths of up to 85 and 71 G m, respectively, permit
correction of the orbit to within the rms BPM accuracy of 0.1 mm. The maximum dipole
corrector strength is specified as 110 G m. Typical CODs before and after correction are shown
in Figure I[.2.1-11. The corresponding corrector strengths are shown in Figure [1.2.1-12.

2.1.6.2 Chromaticity Correction

The natural chromaticities of the lattice described in Section 11.2.1.1 are &, =—106 and
&y =—120, where E=(Av/v)/(Ap/p). Chromaticity is corrected by the addition of
sextupoles in the normal cells of the lattice. The sextupole strengths, B”!/Bp, required to make
the chromaticities zero are 0.627 / m? for each horizontal focusing sextupole (SF) and 0.863 / m2
for each horizontal defocusing sextupole (SD). There are 16 SF and 16 SD magnets.

The effects of chromaticity on the beam are discussed in Section I1.5.4 in connection with
transverse beam stability. We expect this lattice to operate with a chromaticity between zero and
its natural chromaticity.

2.1.6.3 Dynamic Aperture
The dynamic aperture is reduced by the presence of chromaticity-correcting sextupoles as
well as misalignments and magnet fabrication imperfections. Dynamic aperture limitations were

simulated by using the tracking program RACETRACK.® The sextupoles were energized to the
values required to adjust the chromaticities to zero.
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Figure I1.2.1-10 Amplification Factors of the RCS. (Thirty different machines
are simulated and compared with the theoretical estimation.)
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(Solid/dashed lines represent the horizontal/vertical orbit distortions, respectively.)
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Figure £1.2.1-12 Required Corrector Strengths to Correct the Closed-Orbit Distortion Shown in Figure [.2.1-11.
(Solid/dashed lines represent the horizontal/vertical corrector strengths, respectively.)
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The dynamic aperture was searched along five directions of the x-y plane. First the
positive and negative horizontal directions along the y = 0 axis and the positive vertical direction
along the x = 0 axis were searched. Then the diagonal directions y = £x were searched. The
dynamic aperture was defined as the limiting stable betatron oscillation amplitude of a particle
that survived 2,000 turns in a static field.

The following discussion is limited to reductions caused by random misalignments and
random multipole components arising from magnet imperfections. The distribution of errors was
assumed to be Gaussian, with a cutoff of +5¢. The simulations were performed for 10 different
machines. The effects resulting from systematic errors were found to be smaller than those
resulting from random errors and are not discussed.

First the dynamic aperture reductions caused by closed-orbit distortion:. arising from the
alignment tolerances discussed in Section I1.2.1.6.1 were investigated. Recovery of the dynamic
aperture after orbit correction was also veritfied. Second, reductions caused by higher-order
muitipoles were investigated. Finally, dynamic aperture reduction due to alignment tolerances
and higher-order multipoles was calculated. These calculations were performed with and without
closed-orbit correction. It is particularly important to verify that the dynamic aperture is
adequate to permit beam injection prior to initial startup of the machine.

Dynamic aperture reductions resulting from alignment tolerances, with and without
closed-orbit corrections, are shown in Figure I1.2.1-13. The lines in the figure are the averages
and the error bars are the standard deviations for the 10 machines. The dynamic apertures are
displayed at the focusing quadrupole. The dynamic aperture of the perfect machine and BSC are
also shown in the figure. The closed orbit was corrected to 0.1 mm mms, as described in
Section 11.2.1.6.1. Before orbit correction, the dynamic aperture is sufficient to permit beam
injection, as seen in Figure [.2.1-13. Correction of the orbit restores the dynamic aperture to
that of the perfect machine.

Dynamic aperture reductions due to magnetic field imperfections were studied by using
the multipole coefficients, a, and by, shown in Table 11.2.1-3. The coefficient values were
obtained by scaling the measured data of the APS Booster Synchrotron magnets to the RCS
magnets. The magnetic field expressed in terms of these coefficients is

B =B, 5 (b +iay (x+iy)" |

n=0
where by, and a,, are the normal annd skew coefficients in units of cm™.
There were no appreciable effects on the dynamic aperture for multipoles up to twice the

values depicted in Table 11.2.1-3. Some reduction was observed for multipoles at four times
those values, as shown in Figure 11.2.1-14.
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Figure 11.2.1-13 Dynamic Apertures in the Presence of Quadrupole Misalignments of 0.4 mm, Dipole Field
Deviations of 0.0¢1, and Dipole Roll Angle Misalignments of 1.0 mrad Plotted beforz and after Corrections
of the Closed Orbit to 0.1-mm Root Mean Square (rms). (Dynamic aperture for the perfect machine
is shown for comparison. The ellipse represents the BSC region at the focusing quadrupole.)
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Table I£.2.1-3 Multipole Coefficients of Synchrotron Magnets

Random Systematic
Multipole® {cm™) {cm™)

bip 2.60 x 106 -7.10 x 106
bop 3.90 x 108 -0.70 x 10°¢
byq 480 x 104 2.50 x 104
aq 1.70 x 104 -0.40 x 104
baq 4.80 x 106 -1.20 x 10°®
asq 0.13 x 104 0.28 x 10°6
baq 1.20 x 10°6 -5.50 x 106
d3q 0.62 x 10°6 0.22 x 10°6
bsq 3.60 x 108 0.30 x 10°8
a4q 450 x 108 -0.80 x 108
bsq 0.24 x 108 1.95 x 108
bag 1.36 x 10°3 5.00 x 104
asg 3.30 x 104 -4.90 x 1074
bss 0.17 x 104 -2.40 x 10
azs 0.61 x 104 3.20 x 10°6

4 D = dipole; Q = quadrupole; S = sextupole.
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Finally, alignment tolerances were included along with multipole components.
Reductions, both before and after closed-orbit correction, were studied. The results are shown in
Figure 11.2.1-15. The dynamic aperture before COD is still as large as the BSC, thus permitting
the establishment of a closed-orbit solution at injection. The dynamic aperture after correction of
the closed orbit is very close to that shown in Figure I1.2.1-14, which only included multipole
components.
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2.2 INJECTION OPTICS

2.2.1 H Injection

A total of 1.04 x 104 protons are injected into the synchrotron in ~500 turns by
stripping negative hydrogen ions. The stripping foil is located 10 cm downstream of the central
horizontal focusing quadrupole in one of the four dispersion-free straight sections, as shown in
Figure I1.2.2-1. The betatron functions at the injection point are B, = 9.6279 m, a, = 2.0491,
By =3.2871 m, and oy, =-0.7735.

The separation of the H™ injected ions and the circulating protons is achieved in the
quadrupole magnet upstream of the stripping foil. To prevent partially stripped H® neutral
particles from entering the downstream bending magnet, the injection angle at the stripper is
chosen so that these particles can be collected at an inside aperture stop upstream of the magnet.
Stripping of the H? in the bending magnet would lead to an undesirable halo of the circulating
proton beam. Additional details are discussed in Section 11.2.2.2.

The horizontal betatron oscillation amplitude of the injected protons is controlled by a
local bump of the orbit, as shown in Figure 11.2.2-1. Two magnets, B| and B, placed upstream
of the injection point are used to adjust the position, Xy, and angle, X}', of the orbit at the
stripper, which is located 10 cm from the central orbit. Two more magnets, B3 and B4, placed
downstream of the injection point are required to restore the closed orbit.

Let

Ax = XO - Xb
and

AX = Xo - X',

where Xo and Xg' are the position and angle of H™ ions at the stripper. The horizontal oscillation
amplitude is

Ay - \/sz + (B, AX'+ 0, Ax)?
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To minimize the number of passes through the stripping foil by the circulating protons,
one injects them at the maximum of the oscillation amplitude:

PxAX' + 0 Ax =0
and
A, = Ax,
This condition is usually achieved by adjusting the injection angle, X¢', such ihat

BxXo' + 0xXg=0

and by controlling the bumped orbit to give

BxXp' + 0xXp=0.

Under this condition, the bends required at all four bumper magnets are proportional to Xp.

With the injection point at 10 cm, these conditions result in an injection angle of
—21.3 mrad. This injection angle, however, is too shallow to prevent the neutral particles from
entering the downstream bending magnets. The required angle is —33.0 mrad. Injection at the
maximum of the betatron oscillation amplitude now gives the condition:

Xp' = X' + ox(Xo~ Xp)/Bx -

The bends at the four bumper magnets have a constant term in addition to the normal X
dependence.

Figure I1.2.2-2 shows the injection details. The H™ ion beam enters at 84.0 cm and has an
angle of —333 mrad with respect to the central orbit. Two injection septum magnets, 1.2-m long
and 0.3-m long, produce outward bends of 228 mrad and 24 mrad, respectively. The quadrupole
upstream of the stripper produces an additional outward bend and separates the H™ ions from the
circulating protons. The upstream 1.2-m septum magnet has a field index of —20 to compensate
for the defocusing effect of the quadrupole on negative ions. The phase-space distribution of the
H™ beam is approximated by a Gaussian distribution with standard deviation 6. The emittance is
defined as € = 6no2/B, which contains 99% of the beam. According to this definition, the
emtttance of the H™ beam is 6t mm mrad. The horizontal size of the injected beam shown in
Figure 11.2.2-2 is 4/66.
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Figure [1.2.2-2 Injection Details in Two Scales. (The horizontal size of the circulating
beam after filling is also shown.)
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The total phase space area occupied by the protons after injection is 375 7 mm mrad in
each plane. Thus the honzontal and vertical sizes of the proton beam at the stripper location are
12.0 cm and 7.0 cm, respectively. Figure II 2.2-2 also shows the horizontal circulating beam size
in the injection straight section. Figure Il 2.2-3 shows the time dependence of the bends required
at the four bumper magnets.

To produce amplitude-independent tune shifts, the protons are injected in such a manner
as to satisfy the K-V distribution function.3 This requires that the horizontal and vertical
amplitudes, Ax and Ay lie on an ellipse, i.e.,

A Ay
A%, (max) Azy(max)

At the stripper locations, A, (max) and A,(max) are 60 mm and 35 mm, respectively.

One way to satisfy the K-V distribution is to inject the proions so as to satisfy the

following time relations:
t
Ag(®=Ay (max)\/t:
f

Ay ()= A, (max) ftft;t ,

In the horizontal plane, the bumper magnets are timed to cause the bumped orbit to pull
away from the injection position according to the relation

where ty = 500 x 0.89 = 445 msec.

Xp(t) = Xo — Ac(1).

This timing sequence produces the horizontal phase space and density distributions shown in
Figure 11.2.2-4. The figure shows the locations of each of the 500 turns at the end of injection.
The circles are 1-sigma contours of the incoming linac beam.
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Vertical phase space painting is achieved by using a vertical steering magnet placed 4.7 m
upstream of the stripper in the H™ injection line. Taking into account the intervening focusing
elements, a kick of 8 produces the following results at the stripper:

y=4488,
y'=—0.188 0,

Byy'+ayy =-3.926,
and
A, ()=5950(),

where dimensions are in meters.

The timing sequence described above produces the wnal vertical phase space distribution
and space density shown in Figure [1.2.2-5. Figure I1.2.2-6 shows the time dependence of Ay
and A,.

The final spatial distribution of the 500 turns, after a minor adjustment of the horizontal
and vertical tunes to eliminate undesirable Lissajous patterns that arise from integer tune ratios, is
shown in Figure. 11.2.2-7.

Assuming a stripping foil with full vertical aperture, the average number of passes per
injected proton through the stripping foil is 16. Actually, a foil with only a little more than half a
vertical aperture is needed for the injection process described above. The rms scattering angle for
passage through a 250-pg/cm? foil is 0.026 mrad. The horizontal and vertical divergences for the
injected beam are o, = 0.32 mrad and G, = 0.55 mrad, respectively. The 16 foil passes for
each turn produce only a 10% increase in the horizontal emittance and a 3% increase in the
vertical emittance. Therefore, there is no need to use a half-aperture stripping foil.

Figure 11.2.2-8 shows the equilibrium heating contours on the stripping foil caused by
injection of the H™ and multiple passes of the circulating protons. The temperatures are
calculated assuming 500 injected tums, 2 x 10" protons per turn, a foil thickness of 250 pg/cm?,
and a 30-Hz repetition rate. The vertical movement of the injected H™ beam and average of 16
foil passes for each injected proton produce a maximum equilibrium temperature of 700 K.
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2.2.2 HY® Catcher

With a 250-pg/cm? stripper foil, about 0.54% of the 500-uA H~ beam emerges from the
foil as partially stripped neutral hydrogen atoms, some of which are in the ground state and some
of which are in an excited state. If these particles are allowed to enter a normal bending magnet
field, they will become compietely stripped and either hit the vacuum chamber wall or, if not
lost, form a halo of large betatron oscillations around the normal proton beam. When the
injection process and angle are as described in Section I1.2.2.1, these neutrals can be collected
before they enter strong magnetic fields.

Figure I1.2.2-9 shows that the neutrals pass through the center of one quadrupole and
enter the next quadrupoie at —11 cm, where the field is 0.3 T. This field over a length of 0.5 m is
enough to strip all electrons with n 25, or about 20% of the H® beam.10 The catcher, therefore,
is placed upstream of this quadrupole.
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2.3 LOW-ENERGY TRANSFER LINE (LET)

The LET transports the 400-MeV beam from the linac to the RCS and matches the optics
between the two accelerators. Figure [1.2.3-1 shows the IPNS Upgrade accelerator layout,
including the linac and LET line.

It is essential to match the beam optics between the linac and the RCS to obtain the best
possible performance. Matching is performed from the downstream end of the RCS focusing
quadrupole (F-quad), which combines the trajectories of the H™ and H* beams. This RCS F-quad
functions as a defocusing quadrupole (D-quad) for the incoming H~ ions because of their
opposite polarity.

An advantage of this defocusing action by the RCS quadrupole is that the incoming beam
receives an extra kick; therefore, the LET has a large angular separation from the RCS in the
interface region between the RCS and the LET. A drawback of having an effective D-quad is that
the horizontal B-function is large. The B-function can be reduced by introducing a magnetic field
gradient in the injection septum magnet.

The 157.36-m-long LET has three important regions: (1) Region-A is a 72° horizontal
bend near the RCS, (2) Region-B is a 3.05 m vertical translation from the linac elevation to the
RCS elevation, and (3) Region-C is a 90° horizontal bend near the linac. The B-function matching
is performed for each of above three regions sequentially, and the dispersion function is
suppressed at the ends of each horizontal bend and the vertical displacement. Figure 11.2.3-2
shows the layout of the LET; the three regions are indicated. As the figure shows, the three
regions are connected by a string of FODO cells.

The lattice functions of the 72° bend section are shown in Figure [1.2.3-3. The first
element, QD, shown in the figure is the F-quad of the RCS, which defocuses the H™ beam. The
S1 septum has a field gradient of n = —20 to compensate for the defocusing effect of the QD.
The maximum value of the dispersion function along this segment of the line is 5 m, and the effect
is shown in the envelope functions in Figure [1.2.3-4. A momentum-tail scraper and a wire-
septum halo catcher can be placed in this region to take advantage of the large dispersion
function,

The set of Twiss parameters from Region-A is back-tracked to Region-B by using the
FODO cell optics.

Figure 11.2.3-5 shows the beam optics in Region-B. The beamn elevation change of 3.05m
is accomplished by two bending magnets. The phase advance between two bending magnets is
required to be 360° to suppress the dispersion introduced by the dipoles. Also note in the figure
that there are five matching quadrupoles preceding Dipolg B.
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Figure 11.2.3-3 Lattice Functions for the 72° Bend Section of the LET (Region-A).

I1.2-51



I1.2 BEAM OPTICS IPNS UPGRADE
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Figure 11.2.3-4 Envelope Functions for the 72° Bend Section of the LET (Region-A). (The solid line
is the horizontal envelope, and the dashed line is the vertical envelope.)
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Figure [1.2.3-5 Lattice Functions for Region-B. (The n-function is displaced by 10 m for clarity.
Note that in this figure, x refers to the vertical direction, and y refers to the horizontal direction.)
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A long string of FODO cells between regions B and C facilitates matching between those
two regions.

The 90° bend of the linac beam in Region-C is accomplished using five FBDB cells. Each
cell has a phase advance of 90°. An achromatic bend is obtained by removing a dipole from the

next to the last half-cell at each end, as shown in Figure 11.2.3-6. The figure also shows the lattice
functions of the bend.

In this section, we have described the optics matching through the LET, particularly the
dispersion matching. Matching between the linac and the LET has not yet been performed, but
we do not expect any difficulty in the matching.
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Figure 11.2.3-6 Lattice Functions for Region-C. (The n-function is displaced by 10 m for clarity.)
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24 BEAM EXTRACTION

Extraction kickers are placed in the dispersion suppressor cell where a dipole i1s missing,
and the extraction septum magnets are placed at 90° phase advance relative to the kickers. The
physical layout of the two extraction channels and their HETS is shown in Figure 11.2.4-1.

The extraction trajectory, the associated horizontal envelope of the damped beam, and the
BSC envelope of the injected beam are shown in Figure 11.2.4-2. Since the extracted beam has to
pass through an F-quad as shown in the figure, a short septum magnet S1 is placed just upstream
of the F-quad magnet to compensate for the inward bending by the quadrupole.

The extraction process starts by moving the 2-GeV beam outward against the edge of the
acceptance area inside the F-quad just upstream of the extraction kicker. This is done with a
closed orbit bump around each extraction point. The horizontal displacement of this bump from
the central orbit is 43.8 mm. This closed-orbit bump was introduced to reduce the required
kicker strength. The kicker produces an integrated bend of 14 mrad. This places the beam at a
radial position of 134 mm from the central orbit at the first septum. The beam then passes
through an F-quad in the RCS lattice and enters the last two septa. The three septum magnets
produce an integrated bend of 22.4°. This bend places the inside edge of the beam at a radial
distance of 690 mm from the central orbit adjacent to the leading edge of the downstream
quadrupole in the RCS lattice. This allows the beam to clear the quadrupole magnet that has a
half-width of 664 mm.

The extraction kicker system is segmented into 3 independently powered kicker sections
assembled around a shared ceramic vacuum chamber. This segmentation is used to reduce the
impedance of each kicker to a manageable level. The aperture of each section is designed to
accommodate the BSC of the injected beam and allows space for passage of the extracted beam.
The field strength, effective length, and aperture dimensions were derived for each section
through an iterative process while taking into account peak-current and voltage limits.

The required parameters for the three kicker sections and septumn magnets are listed in

Table [1.2.4-1. A detailed description of the kicker magnets is given in Section I1.3.4, and the
septum magnets are described in Section I1.3.5.
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Figure 11.2.4-2 Extraction Trajectory from the Kicker through the Septum Magnet.
{The horizontal envelopes of the injected and extracted beam are shown.)
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Table 11.2.4-1 Extraction Kicker and Septum Magnet Parameters

Effective  Strength @  Aperture Aperture Septurn

Magnet Bend Angle Length 2-GeV Height Width Thickness?

Type (mrad) (m) (T) (mm) (mm}) {(mm)
Kicker A 4.37 0.65 0.0618 107.4 195 -
Kicker B 4.79 0.87 0.0512 134.2 170 -
Kicker C 4.84 1.105 0.0408 175 145 -
Septum C 55.1 0.5 1.02 70 122 13
Septum D 210 1.5 1.3 84 97 66
Septum E 126 0.9 1.3 103 65 309

3 Septum thickness in Table 11.2.4-1 is the allowable minimum thickness of the septum.
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2.5 HIGH-ENERGY TRANSFER LINE (HET)

Two HET lines transport the beam to the 10-Hz Target in Building 369 and to the 30-Hz
Target in Building 370. These HET lines are shown in Figure [1.2.4-1. Both HET lines have 45°
bends near the targets in order to prevent backstreaming neutrons from irradiating the transport
enclosures. Bending of the beam near the targets makes dispersion suppression difficult, and it is
not planned.

The beam envelope functions for the both HET lines are shown in Figures 11.2.5-1 and
11.2.5-2. To achieve the required 5-cm-radius beam size at the target containing 100% of the
beam, the quadrupoles near the targets must have large apertures and must be made of radiation-
hard materials.
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Figure 11.2.5-1 Beam Envelope for the 30-Hz Target HET Line.
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Figure 11.2.5-2 Beam Envelope for the 10-Hz Target HET Line,
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3.1 SYNCHROTRON MAGNETS

The synchrotron rning lattice contains 128 main magnets consisting of 32 dipoles,
56 quadrupoles, and 40 scxtupoles. An additional 56 correction magnets will scrve to adjust the
dipole ficld. The primary design features of the ring magnets are described in this section. The
required ficld strengths and aperture dimensions for the ring magnets arc listed in Table I1.3.1-1.

All magnets arc designed for a nominal beam cnergy of 2.0 GeV but arc capable of
handling a maximum valuc of 2.2 GeV. Two-dimensional static magnetic ficld calculations at
2.2 GeV were made with OPERA-2d! for the main magnets. Results of these calculations cnable
corc saturation and the associated low magnetic cfficiencies to be avoided. They also indicate
that thc higher harmonic cocfficients of the ficlds can be reduced to appropriate levels. The
design goal of the relative harmonic coefficients was 6,0 X 104 for points within the calculated
bcam cnvclopes previously defined in Scection I1.2.1.3.  Detailed magnetic calculations were
performed at 2.2 GeV, but magnetic field parameters were also studied as a function of magnetic
ficld at lower values. The results satisfy design goals throughout the entire operating range of the
machine. Eddy current effects are not expected to change the magnetic ficlds significantly.

Two-dimensional calculations do not take end-effects into account. Appropriate cnd-
shapcs and shims, similar to those successfully used at the Advanced Photon Source (APS),2 are
uscd here to reducc ficld imperfections introduced by the ends to acceptable levels.

The major cngincening parameters for cach of the synchrotron ring magncts were
determined with the program MADEST3 and arc summarized in Table 11.3.1-2, Dipoles,
quadrupoles, scxtupoles, and correction magnets arc described in detail in the following scctions,
and dcsign featurcs common to all are described below.

The cores arc parallel stacks of low-silicon stcel laminations. The alloy, M45, is used
becausc of its high saturation ficld values. The thickness of the laminations is 0.36 mm, which is
commonly used in 60-Hz applications. This thickness is appropriate because the excitation
frequency during the reset of the main fields is 60 Hz. The cores consist of two or three scctions,
depending on the magnet type, to allow assembly of the magnets around the ceramic vacuum
chamber. Both ends of cach section have bonded end-packs. These packs contain the spccial
contouring required to control the ficld shapes at the ends. Each core section is held under
compression by welded parts on the exterior surfaces and by insulated tic-rods that extend
through the corc. The pole taper-angles were sclected to keep the calculated flux densitics on the
pole axcs to less than 2.0 T at 2.2 GeV. Similarly, the yoke thicknesscs result in average flux
densitics between 1.0 and 1.2 T. Keeping the flux density values low helps to controi the core
losses. Similar techniques werc used in the cores of the storage ring magnets for the APS.4

The coils for the three main magnet types are made with hollow copper conductor.
Estimates of the power losscs due to the eddy currents in the coils were derived with the aid of
OPERA-2d, and the results arc included in the calculated power losses for cach magnet. The
insulation for cach coil consists of polyinide film, fiberglass tape, mica tape, and

I1.3-1



11.3 MAGNET AND KICKER SYSTEM IPNS UPGRADE

Table 1L.3.1-1 Synchrotron Ring Magnet Field Strengths and Aperture Requirements

Full Bore Dimension {mm)

Type of Number Lot Strength at

Magnet Required (m) 2.0 GeV Height Width Diameter
Dipole 32 1.3 140 T 182.0 450 -a
F-Quadrupole 28 0.5 7.73 T/m - - 237
D-Quadrupole 28 0.5 6.77 T/m - - 237
Sextupole 40 0.2 52 T/m2 - - 260
Corractor 56 0.15 0.070 T aoo 300 -

a . = not applicable.
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Table 11.3.1-2 2.0-GeV Parameters for the Synchrotron Ring Magnets

Parameters Dipoles Quadrupoles  Sextupoles Correctors Units

Number required 32 56 40 56 -
Peak strength 140 T 773 T/im 52 T/m?2 0070 T -
Effective length 1.3 .50 0.20 0.15 m
Gap height or diameter 182 237 260 300 mm
Bending radius 6.62 m
Magnet mass 21,200 3,607 550 460 kg
Coils per poie 1 1 1 1 -
Conductor

Height 8.9 8.9 7.3 5.8 mm

Width 8.9 8.9 7.3 5.8 mm

Hole diameter 4.9 5.3 4.1 3.2 mm
Number of turns per pole 12 24 32 140 -
Number of parallel conductors 48 4 2 1 -
Inductance 2.8 10.0 16 3.6 mH
Resistance 0.66 12.4 28 243 m
Time constant 4,242 806 571 15 msec

Supply current

dc 5,733 1,267 4988 1364 A

ac peak 2,806 620 1710 o A

rms© 6,067 1,341 354 66 A
rms® current density in coil 1.0 3.0 2.5 1.4 A/mm?
Peak voltage 13,448 11,064 1,100 111 v
Power losses 47.9 24.7 3.8 1.1 KW
Cooling circuits/magnet 48 8 6 4 -
Total water flow 20.8 5.2 2.6 0.6 gal/min
Water pressure drop 100 100 100 100 psi
Water temperature rise 9 18 5 7 °C

a8 Maximum arbitrary function value.

b Minimum arbitrary function value.

¢ ms = rool mean square.

d See Section 11.3.2.
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vacuum-impregnated, heat-cured epoxy. Although the insulating materials are radiation resistant,
the potential of the coils to be exposed to radiation is further reduced by placing the coils well
away from the midplanes. Parallel electrical paths are used for the coils in the dipolcs,
quadrupoles, and sextupoles. This procedure keeps the peak voltages across a serigs-connected
group of magnets at manageable levels. The parallel circuits extend around pairs of poles to
equalize the impedances of all paths for a given magnet.

The cooling water for the coils is provided by a deionized water system able to supply
water at a temperature of 32°C and pressure drop or gradient of at least 100 psi across the
magnets. The maximum temperature rise in the water is in the quadrupole magnets and is less
than 18°C at 2.0 GeV. It s still less than 22°C at 2.2 GeV.

3.1.1 Synchrotron Dipole Magnets

An end view of the dipole, which is assembled from two halves, is shown in
Figure I1.3.1-1. The ceramic vacuum chamber is also shown for reference. There is at icast a
3-mm clearance between the chamber and each of the poles.

The dipole magnet is curved with a radius of 6.62 m to minimize the inductance. The
pole width is 1.5-gap-heights wider than the maximum beam envelope. The pole sides arc
tapered out by another 0.25 gap height on ecach side to reduce the saturation of thc pole-root.
The core has parallel ends, which results in a small edge-focusing effcct but makes the magnet
casy to construct. The curvature is formed by forcing the laminations against an appropriatcly
curved surface in the stacking fixture. There are steel plates against the four long outside
surfaces, which are welded to each other and to the laminations. These weldments stabilize the
curvature and maintain the core compression. The coil on each pole consists of 24 layers, with
24 turns per layer.

The calculated deviation from uniformity of the static dipole ficld, JAB/Bg|, is less than
5x 104 within the calculated beam envelope at injection for energies between 400 McV and
2.2 GeV. Contours of the ficld uniformity at injection, along with the calculated beam cnvelope,
are shown in Figure 11.3.1-2.

3.1.2 Synchrotron Quadrupole Magnets

All ning quadrupoles have the same design and are assembled from two halves. An end
view of the quadrupole is shown in Figure 11.3.1-3. The ceramic vacuum chamber is also shown
for reference. There is a 5-mm clearance between the chamber and each of the poles. The taper-
angle of the pole reduces saturation, resulting in a calculated magnetic cfficiency of 95% at
2.2 GeV. The coils have a diamond cross section to allow the parallel connections and to enable
installation of the coils onto the poles of a half-core. This shape also allows the coils to be
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Figure [1.3.1-1 End View of the Synchrotron Dipole Magnet.
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mounted closely to the pole faces and to be well away from the midplanes. The coil on each pole
consists of six layers, with 16 turns per layer.

The calculated deviation from uniformity of the quadrupole field gradient, |JAB’/ Bgl, is less
than 3 x 104 within the calculated beam envelope for energies between 400 MeV and 2.2 GeV.
Contours of the field uniformity at injection, along with the calculated beam envelope, are shown
in Figure I1.3.14.

3.1.3 Synchrotron Sextupole Magnets

All ring sextupoles have the same design and are assembled from three identical sections,
each of which contains two poles. The magnetic field values are low enough to avoid core
saturation. The sextupole bore diameter is slightly larger than that of the quadrupole. The same
ceramic vacuum chamber is used in both magnets, and the extra space is required to accommmodate
the sloping sides of the chamber.

An end view of the sextupole is shown in Figure I1.3.1-5. The ceramic vacuum chamber is
also shown for reference. There is at least a 5-mm clearance between the chamber and each of the
poles. The coil size shown allows the coils to be inserted between the two poles of each core
section. The coil on each pole consists of four layers, with 16 turns per layer.

The calculated deviation from uniformity of the second derivative of the sextupole field,
|AB”/Byg|, for the geometry shown is less than 7.0 x 10-3 within the calculated beam envelope for
energies between 400 MeV and 2.2 GeV.

3.1.4 Synchrotron Correction Magnets

A horizontal correctton dipole is located near each focusing quadrupole, and a vertical
correction dipole is located near each defocusing quadrupole. These magnets have C-cores, which
are manufactured from one-piece laminations of low-silicon electrical steel that are 0.36-mm
thick. The core is bonded by a preapplied, B-staged epoxy coating on the laminations, which
also serves as the electrical insulation between laminations. A single design provides both
horizontal and vertical corrections, depending on the orientation of the magnet. These magnets
can be installed over the vacuum chamber without being disassembled. The coils are made with
hollow copper conductor and are insulated with the same matenials as the main magnets. The coil
on each pole consists of 10 layers, with 14 turns per layer. An end view of a vertical corrector
and its vacuum chamber is shown in Figure [1.3.1-6. The associated parameters are listed in
Table 11.3.1-2.
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3.2 SYNCHROTRON MAGNET POWER SUPPLIES

3.2.1 Introduction

3.2.1.1 Power Supply Description

The synchrotron has a repetition rate of 30 Hz. A stability of +100 ppm for the main
bending and focusing magnet power supplies (dipoles and quadrupoles) is the design goal to
achieve an overall magnetic stability of £200 ppm. The requirements for the dipole corrector
magnets are less stringent. These requirements range from +300 ppm for sextupoles to
+400 ppm for dipole corrector magnets. The nominal operating values correspond to 2.0 GeV
for all power supplies, and their maximum design values correspond to 2.2 GeV. The main
dipole magnets are connected in series with eight parallel-resonant-cells and eight feed points, as
shown in Figure [.3.2-1. The power circuits in this design are a resonant cyclo-
converter/rectifier and are similar to those used in the 500-MeV RCS. The energy lost in the
resonant circuit is resupplied by rectifier operation of the circuit. The combination of power
supplies used for continuous excitation have a rectifier ripple frequency of 2,160 Hz (36-pulse)
and a total power rating of 3.7 MW. The quadrupole magnets are divided into two families and
are connected in the same manner as the dipoles, except that they bhave seven feed points per
family, as shown in Figure 11.3.2-2, The total power supply rating for the combination of the
focusing and defocusing quadrupoles is 3.8 MW. The sextupole magnets are individually
powered by 40 identical pulse-width-modulated (PWM) power supplies operating at a
frequency of 15 to 20 kHz. They respond to an arbitrary function during the acceleration ramp,
and the remaining stored energy after losses is returned to a capacitor bank for use during the next
cycle. The peak sextupole power supply voltage rating is sufficiently high to provide twice the
normalized rate of current change as that provided by the dipole power supply dunng
acceleration. The regulator reference-voltage is supplied by a digital-to-analog converter (DAC)
that is serially counted up and down, thereby creating the desired arbitrary current shape
between zero and the maximum current in each cycle. Fifty-six independently controlled 6-kW
bipolar power supplies are provided for the horizontal and vertical dipole corrector magnets.
The need for smooth control of the dipole corrector magnet current through the zero point
dictates the use of bipolar output stages.

3.2.1.2 Control System and Control Electronics

The power supplies require regulation and control to a resolution better than 100 ppm.
The critical DAC and analog-to-digital conversion {ADC) devices, along with their regulator
circuits, are located in a shielded enclosure near the analog signal source, generally in the power
supply cabinet. One regulator is required for each group of ac-to-dc power converters for the
resonant magnet circuits. Therefore, there are eight regulators for the dipole magnet system,
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Communication with these regulator units is established by means of digital signals
through optical cables, or at least optical couplers, to remove possible ground loops and reduce
electrical noise. A multidrop-cable local network is used and is described in Section I1.8.

A local microprocessor that uses digital signal processing techniques 1s used to keep the
tank circuits tuned and balanced. It also controls, monitors, and balances the regulators.

Local control of the regulator group is by means of a local control console (a PC
Notebook). This local console is able to emulate all local network actions while displaying
regulator responses and status. This same system of local control and testing is used in the
construction phase to bench-check the regulator systems; no other control system components
are required.

3.2.1.3 Grounding

Most of the problems encountered in magnet power supply applications originate from
inappropriate grounding practices, which can be explained by two different meanings attributed
to the term "ground."

"Ground" is synonymous with "earth" in the context of an electrical utility or power
grounding. Its function is to provide a low-impedance path for return of fault currents to the
generator. This low-impedance path serves a safety role by limiting voltage differences dunng
system faults and by allowing fault currents of sufficient magnitude to assure prompt opening of
the source circuit breakers.

"Ground" 1s synonymous with "chassis" in electronics and data processing equipment. [t
can be a metal equipment enclosure or a single metal pad at the bottom of the cabinet, to which all
connections to "ground” are routed. Data processing circuitry involves analog or pulse voltage
signals that are generally less than 15 V and/or current loops of a few milliamperes. These signals
can be transferred in a balanced, ungrounded circuit or a single-ended circuit with a common
reference. Balanced circuits are isolated from ground, but the voltage with respect to ground
(common mode) is still significant to the operation and potential susceptibility of the circuits.
Single-ended circuits carry signals referred to a common potential, usually that of the equipment's
internal chassis and generally called "reference.” The concern in either case is that the referencing
system might carry signal currents that can become polluted by spurious ground currents, either
through common connection points with the "earthed” system or by common-mode noise
coupling.

Because of the high frequencies associated with electronic and switching circuits, the
inductance between the circuit and the reference should be kept to a minimum. Therefore, large
existing copper cables, suitable for earthing, are not suitable for referencing. A ground reference
grid providing a large number of different path-links for the various noise frequencies is
incorporated into the systemn. For power supply applications, there is concem for personnel and
equipment safety and for noise. Safe operation of the electrical or electronic system depends on
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the integrity and low impedance of its "earth” system. Undisturbed operation of the same
electrical or electronic system depends on the geometry and intrinsic low impedance of its
reference grid, regardless of the impedance between the reference and the earth.

Electric and magnetic field coupling between circuits must be considered in addition to the
noise voltages coupled to equipment by ground currents flowing through a common ground bus.

In summary, power supply monitoring and control circuits are designed to:
* Generate as little noise as practicable,

» Be affected by noise as little as practicable,

» Keep electromagnetic interference to a minimum,

» Keep conductive coupling to a minimum, and

+ Keep common impedance coupling to a minimum.

Argonne National Laboratory (ANL) has a long and successful history of both
conventional and digital computer-based control and monitoring of large, complex power
systems. Solutions to problems associated with high and low signal levels in areas with high
electromagnetic noise and in otherwise hostile environments have been found. These include both
conventional and rapid cycling synchrotrons, bubble chamber magnets, large
magnetohydrodynamic (MHD) magnets, and the fusion power devices APEX, FELIX, and
ALEX.

3.2.1.4 Lockout/Tagout (LOTO) of Magnet Power Supplies

All magnet power supplies are powered from one 138-kV three-phase ac line through a
138-kV to 13.2-kV transformer. The 13.2-kV to 480-V distribution transformers used as the
main source of power to the magnet power supplies have no other equipment connected to them.
LOTO of the main power to the magnet power supplies is accomplished (see Figure 11.3.2-3) in
one of the following ways:

* One LOTO on the incoming 138-kV ac line breaker. This locks out all magnet
power supplies.

* One LOTO on each of the 13.2-kV ac input line breakers for the 13.2-kV to
480-V distribution transformers used with the magnet power supplies. This
can be used to lock out subsets of all major types of accelerator power
supplies.
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* One LOTO on each of the 480-V ac main transformer output breakers for the
13.2-kV to 480-V distribution transformers used with the magnet power
supplies. This can be used to lock out individual major power supplics o~
groups of smaller power supplies.

* One LOTO on each of the 480-V distribution breakers used shown in
Figure 11.3.2-3. This can be used to lock out any individual power supply.

The 110-V ac control power for the power supplies is sometimes supplied from another
source and must be locked out separately, if required.

3.2.2 Dipole Magnet Power Supplies

3.2.2.1 General Considerations

The RCS dipoles and quadrupoles are excited by dc-biased sinusoidal currents.
Capacitors and chokes resonate with the magnets to save energy. A modulated multiphase dc
power supply provides both dc and ac excitation from one source. The energy losses during each
cycle are resupplied by the rectifier action of the supply. It operates at 20 Hz and 60 Hz and is
readily phase-locked to the line or to a stable oscillator. Figure 11.3.2-4 illustrates one of the
ac-dc power sources, which uses three identical 12-pulse dc power supplies connected in series.
Each has its three-phase ac inputs phase-shifted by 10 electrical degrees with respect to the
others. The phase shifting is done by an autotransformer. This combination provides a
36-pulse, phase-controlled, dc power supply generating the desired wave shape. A slightly
underdamped filter is connected to the power supply to attenuate ripple above the operating
frequency. This configuration is repeated eight times around the ring to reduce the peak voltages.
The capacitors are switched to achieve dual-frequency operation. The acceleration ramp is at
20 Hz, and the reset is at 60 Hz, which reduces the radio-frequency (if) voltage required per turn
compared with continuous 30-Hz.

3.2.2.2 Dual-Frequency Magnet Circuit

A dual-frequency resonant magnet circuit is used for the dipole magnets. The 30-Hz
repetition rate is maintained for the RCS, while a 20-Hz magnet guide field is used during
acceleration, and a 60-Hz reset field is used when no beam is present. The result is a longer
accelerating-field rise time and shorter fall time; the duty factor is improved as a result of the
longer acceleration time. The maximum B is reduced by 33%, reducing the maximum rf voltage
by 33%. Figure I1.3.2-5 shows current and voltage waveforms for dual-frequency operation,
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When the frequency during acceleration is denoted by f; and the frequency during magnet
reset is denoted by f7, the effective RCS repetition rate, fy, is given by:

2 X fl X f2
fo=—F—7—" .
f] + f2
The peak magnet voltage during reset is proportional to fp, provided f» =2 f;. The
capacitance of C| in Figure 11.3.2-1 increases and the voltage across the C; capacitor decreases as

the ratio fo/f] increases. The capacitance of C; decreases and the voltage across the C capacitor
increases as the ratio fo/f) increases.

For the baseline design, f; =20 Hz, f =60 Hz, and fp=30 Hz. These values can be
changed in the future but are limited by the maximum tolerable voltage.

The magnet and choke currents are 180° out of phase. The stored energy is transferred
back and forth between the choke and the magnet through the resonant capacitor Cy during the
acceleration ramp and through the C; capacitor during the resets. The choke inductance, Ly, is
selected to be equal to the magnet inductance, Ly, to optimize the voltage across the magnets.
The resonant frequency, g, of the circuit is given by

Oa= I-4m+l-fch
0 Ly XLy XC

where
L;m = sum of the inductances of the magnets in one tank circuit,
Leh = sum of the inductances of the choke in one tank circuit, and
C = capacitance value of one tank circuit at fp.

When L, = Ly, then the capacitance of the circuit becomes

2

L x 02

C

The time-variation of the magnet current during acceleration, imagnet, When saturation
effects are neglected, is given by

imagnet = Idc - Iac X COos (D]t .
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The choke and capacitor currents, ichoke and icapacitor, are given by

ichoke = ldc + Iac X cos mjt
and

if.:a;:uacitor = Imagnet — ichoke = —2Iac X cOs Wt

The capacitor and magnet voltages, e; and ey, are given by

2. .
€ = —2=-sin @)t
@,C,
em=Edctec

where

I = dc magnet or choke current,

Ioz = ac magnet or choke current peak,

E4c = dc magnet voltage,

imagnet = instantaneous magnet current,
ichoke = instantaneous choke current,
icapacitor = instantaneous capacitor bank current,

ec = instantaneous capacitor bank voltage, and

em = instantaneous magnet voltage.
3.2.2.3 Dipole Circuit Loss Budget and Parameters

A loss budget for the dipole resonant circuit shown in Figurell.3.2-1 is given in
Table 11.3.2-1. Table I1.3.2-2 lists the parameters for the dipole resonant circuit.
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Table I1.3.2-1 Loss Budget for the Dipole Dual-Frequency Resonant Circuit at 2.2 GeV3

Ring
Dipole Inter- Power
Losses Magnets Chokes Capacitors Connects Filters Supplies Units
Percent of total 46 19 5 10 5 15 %
Per magnet 52.7 21.5 5.7 11.5 5.7 17.2 kW
Per tank circuit 210.6 86.0 22.9 45.8 229 68.7 KW
Full circuit 1,684.9 688.0 183.1 366.3 183.1 549.4 Kw

a4 There are eight resonant tank circuits with eight feed points operating at 2.2 GeV. Each of the
eight groups of three power supplies is required to make up 457 kW lost per feed point. Total
system losses are 3,655 KW.
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Table I1.3.2-2 Parameters for the Dipole Dual-Frequency Resonant Circuit at 2.2 GeV

Parameters Values Units

Magnet inductance 2.85 mH
Magnet inductance of 1/8 of the fotal magnets 11.4 mH
Magnet dc current 6,056 A
Magnet peak ac current 3,129 A
Magnet rms current 6,448 A
Capacitor bank peak ac current -6,258 A
Number of feed points 8 -
Total riumber of power supplies 24 -
Number of magnet families 1 -
Total number of magnets 32 -
ac loss per:

Magnet 25.3 kw

Choke 8.2 kW

Capacitors {1/32 of the total) 3.9 kw

Interconnections {1/32 of the total) 3.9 kW

Filters (1/32 of the total) 2.0 kw

Power supplies {1/32 of the total) 5.9 kwW
ac total loss 1,575.5 kW
dc loss per:

Magnet 27.4 kW

Choke 13.3 kW

Capacitors (1/32 of the total) 0 kW

interconnections (1/32 of the total) 7.9 kW

Filters (1/32 of the total) 3.9 kW

Power supplies (1/32 of the iotal) 11.8 kW
dc total loss 2,057.6 kw
Capacitance (1/8 of total) for 20-Hz operation 11.110 mF
Capacitance (1/8 of total) for 60-Hz operation 1.234 mF
One 185-kW power supply (kW value was selected to include 10% for low

line and 10% for regulation) 184.7 kW

Voltage rms? of one power supply based on kW value selected 2B.7 v
Voltage dc of one power supply based on kW value selected 17.5 v
Vollage ac peak of one power supply based on kW value selected 13.0 v
Voltage peak of one power supply based on power supply selected 30.6 Vv
ac voltage peak across the tank circuit for 20-Hz operation -4,483 v
ac voltage peak across the tank circuit for 60-Hz operation -13,448 '

2 rms = root mean square.
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3.2.3 Quadrupole Magnet Power Supplies

3.2.3.1 General Considerations

The quadrupole magnets are divided into two families, with seven feed points per family,
as shown in Figure 11.3.2-2. They have a total power rating of 3.8 MW and operate as a dual-
frequency resonant circuit. Details are similar to those for the dipole circuit. The cells are
repeated seven times per family. The design curves shown in Figure 11.3.2-5 for the main dipole
circuit also apply to the quadrupole circuits, but with different amplitudes.

3.2.3.2 Quadrupole Circuit Loss Budget and Parameters

A loss budget for the quadrupole resonant circuit shown in Figure I1.3.2-2 is given in
Table 11.3.2-3. Table I11.3.2-4 lists the parameters for the quadrupole resonant circuit.

3.2.4 Sextupole Magnet Power Supplies

The sextupole magnets are individually powered by 40 identical unipolar pulse-width-
modulated (PWM) power supplies operating at a frequency of 15 to 20 kHz, as shown in
Figure 11.3.2-6. During the acceleration cycle, the power supply is operated by closing switch
AA and pulse-width-modulating switch A. When switch A is closed, energy is transferred from
the capacitor to the magnet. When switch A is open, the magnet freewheels through switch AA
and diode D3, thereby losing energy. The regulator reference voltage is supplied by a DAC that
is serially counted up and down, thus creating an arbitrary ramp. At the end of the acceleration
ramp, the DAC is reset to zero, and switches A and AA are both opened. This procedure forces
the remaining energy stored in the magnet to be returned to the capacitor bank through diodes D2
and D3 for use during the next cycle.

The peak sextupole power supply voltage rating is sufficiently high to provide twice the
normalized rate of current change of the dipole magnet power supply during acceleration. The
sextupole power supplies have a current stability of +300 ppm.

3.2.5 Dipole Corrector Magnet Power Supplies

A total of 56 independently controlled bipolar power supplies are provided for the
horizontal and vertical dipole corrector magnets. They are rated at 6 kW each. The bipolar
power supplies provide smooth control of the current through zero. FigureIL.3.2-7 shows a
simplified circuit of a bipolar power supply. The topology is a PWM full-bridge converter
operating at 20 kHz. The switches are insulated-gate bipolar-transistors (IGBTs), and the
antiparallel diodes are included within them. L; and C, represent the inductance and capacitance
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Table 11.3.2-3 Loss Budget for the Quadrupole Dual-Frequency Resonant Circuit of One Family at 2.2 GeV®

Ring
Quad inter- Power
Losses Magnets Chokes Capacitors Connects Filters  Supplies Units
Percent of total 44 22 5 10 5 15 %
Per magnet 30.0 15.0 3.3 6.5 3.3 9.8 kw
Per tank circuit 120.1 60.2 13.1 26.1 13.1 39.2 kW
Full circuit 840.7 421.1 91.4 182.8 91.4 274.2 KW

2 There are seven resonant tank circuils with seven feed points operating at 2.2 GeV. Each of the
sevan groups of three power supplies is required to make up 271.7 kW lost per feed point. Total
system losses are 1,901.6 kW.
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Table 11.3.2-4 Parameters for the Quadrupole Dual-Frequency Resonant Circuit of One Family at 2.2 GeV

Parameters Values Units

Magnet inductance 10 mH
Magnet inductance of 1/7 of the total magnets per family 40 mH
Magnet dc current 1,420 A
Magnet peak ac current 733.7 A
Magnet rms current 1,512 A
Capacitor bank peak ac current -1,467.4 A
Number of feed points 7 -
Total number of power supplies 42 -
Number of magnet families 2 -
Total number of magnets 56 -
ac loss per:

Magnet 2.6 kW

Choke 0.9 kW

Capacitors (1/28 of the total) 3.3 kW

Interconnections (1/28 of the total) 2.2 kwW

Fitters (1/28 of the total) 1.1 kW

Power supplies (1/28 of the total) 3.3 kW
ac tolal loss 53.4 kW
dc loss per:

Magnet 27.4 kW

Choke 14.2 kw

Capacitors (1/28 of the total) 0 kW

interconnections (1/28 of the total) 4.3 kw

Fitters (1/28 of the total) 2.2 kW

Power supplies {1/28 of the total) 6.6 kW
dc total loss: 272.3 kwW
Capacitance (1/7 of total) for 20-Hz operation 3.166 mF
Capacitance (1/7 ot total) for 60-Hz operation 0.352 mF
One 110-kW power supply (kW value was selected 1o include 10% for low

line and 10% for regulation) 108.9 kW

Voltage rms? of one power supply based on the kW value selected 72.8 Vv
Voltage dc of one power supply based on the kW value selected 62.3 v
Voltage ac peak of one power supply based on the kW value selected 15.2 v
Voltage peak of one power supply based on power supply selected 77.5 v
ac voltage peak across the tank circuit for 20-Hz operation -3,688 v
ac voltage peak across the tank circuit for 60-Hz operation -11,064 v

3 rms = root mean square.
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of the output filter; L, and Ry, are the inductance and resistance of the magnet; and Ry is the
resistance of a current-sensing device. The peak output current and voltage are £149.2 A and
111 V, respectively, for 2.2 GeV. The current stability of the bipolar power supplies is
1400 ppm.

3.3 BEAM TRANSFER LINE MAGNETS AND POWER SUPPLIES

3.3.1 Low-Energy Transport Line (LET)

3.3.1.1 Magnets

The LET has 15 dipole, 65 quadrupole, and 16 corrector magnets to transport the beam
between the linac and the synchrotron injection septum magnets. All LET magnets are
commercially supplied, and they have laminated cores constructed from 1.5-mm-thick low-
carbon steel. The coils are made with copper conductors that are insulated with fiberglass and
vacuum-impregnated, heat-cured epoxy. The parameters for the four LET magnet types are
listed in Table IE.3.3-1.

All LET dipoles are of the same design, using hollow water-cooled conductor. Each can
be split into two halves for installation around the vacuum chamber.

There are 62 quadrupoles with 53-mm-diameter apertures (quad A) and three 72-mm-
diameter-aperture quadrupoles (quad B) in the LET. Each quadrupole has coils made with
hollow water-cooled conductor and is assembled from four quadrants. Each can be split into
halves for installation around the vacuum chamber.

There are 16 small correction dipoles in the LET. The correctors are made with one-piece
C-cores to facilitate assembly and instatlation around the vacuum chambers. Each has coils made
with solid air-cooled conductor.

3.3.1.2 Power Supplies

The LET has 15 dipole, 65 quadrupole, and 16 dipole corrector magnets. All dipole
corrector and quadrupole magnets are individually powered by air-cooled commercial dc power
supplies. Current-regulator circuitry is added to the dipole corrector and quadrupole supplies.
The dipoles are powered by three identical dc power supplies, which are water cooled and are
buiit to a performance specification. Eight dipoles are powered by one supply, five dipoles are
powered by the second supply, and two dipoles are powered by the third supply. All
parameters are shown in Table 11.3.3-2,
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Table I1.3.3-1 Parameters for LET Magnets

LET
Parameters Dipole A Quad A QuadB Coarrector Units

Number required 15 62 3 16 -
Peak strength at 400 MaV 063 T 140 T/m 12.0 T/m 0.064 T -
Effective length 1.0 0.20 0.20 0.10 m
Gap

Height or diameter 40 53 72 53 mm

Width 140 - - 135 mm
Magnst mass 2,000 110 210 55 kg
Conductor

Height 8.3 4.2 5.8 1.6¢ mm

Width 8.3 4.2 5.8 - mm

Hole diameter 4.6 2.4 3.2 Solid mm
Number of tums per pole 96 28 26 720 -
Inductance 200 10 9 888 mH
Resistance 190 94 48 8684 mQ
Time consfant 1,052 106 188 102 ms
Maximum supply current 106 154 243 1.9 A
Maximum current density in coil 1.2 5.6 5.2 0.4 A/mm?2
Peak voltage 20 16 14 19 Vv
Power losses 2.1 2.2 2.8 0.03 kw
Cooling circuits/magnet 4 4 4 - -
Total water flow 1.3 0.7 1.5 - gal/min
Water pressure drop 100 100 100 - psi
Water temperature rise 6 11 7 364 °C

a Maximum estimated internal temperature for the coils.
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Table 11.3.3-2 LET Power-Supply Parameters at 10% over 400 MeV

Magnet Power Supply

Dipole

Parameters Dipole A Quad A QuadB Corrector Units
Number of power supplies 3 62 3 16 -
Number of magnets 15 62 3 16 -
Inductance 200 10 9 888 mH
Resistance 190 94 48 8,684 mQ
Maximum supply current 169.4 169.4 267.3 2.09 A
Peak voltage 31.9 15.4 13.2 18.7 v
Stability {x) 1x10°%4 2x10% 2x10% 3x 104 Al/lmax
Current reproducibility (+) 2x10°% 4x104% 4x10% B8x 104 Ai/lmax
Current ripple (t) 5x 104 Bx10% 6x10% 1x 103 Ai/lmax
Tracking error (1) 5x 104 Bx10% 6x104% 4x103 Ai/lmax
Resolution bits 14 14 14 12 Ai/lmax
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3.3.2 High-Energy Transport Line (HET)

3.3.2.1 Magnets

The two HET lines contain a total of 5 dipole, 25 quadrupole, and 16 corrector magnets
to transport the beam from the synchrotron extraction septum magnets to the two external
neutron targets. All HET magnets are commercially supplied, and they have laminated cores
constructed from 1.5-mm-thick laminations of low-carbon steel. The coils are made with hollow
copper conductors that are insulated with fiberglass and vacuum-impregnated, heat-cured epoxy.
The paramcters for the six HET magnet types are listed in Table 11.3.3-3.

All dipole cores are made with the same lamination shape as that used for the synchrotron
dipoles. Three different dipole lengths are required for the HET lines; these three are referred to
as dipole B, dipole C, and dipole D in Table I1.3.3-3.

There are 17 HET quadrupoles, quad C, which have a bore diameter of 170 mm, and
8 HET quad D magnets with a bore diameter of 264 mm. The four quadrupole magnets closest to
the neutron target in each of the two HET lines are manufactured with radiation-hard insulation.

The 16 HET correction dipoles have cores identical to those used in the synchrotron
correctors. The coils are also similar, but they use larger conductors.

3.3.2.2 Power Supplies

There are 5 dipole, 25 quadrupole, and 16 dipole corrector magnets in the HET lines to
the 10-Hz and 30-Hz targets. All magnets are individually powered. The dipole dc power
supplies are built to a performance specification and are water cooled. The quadrupoles are
powered by air-cooled commercial dc power supplies to which current-regulator circuitry has
been added. The dipole correctors are powered with bipolar pulse-width modulated (PWM)
power supplies built to a performance specification. All parameters are shown in Table 11.3.3-4.
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Table I1.3.3-3 Parameters for HET Magnets

HET
Parameters Dipole B DipoleC DipoleD Quad C Quad D Corrector Units

Number required 1 2 2 17 8 16 -
Peak strength al 2.0 GeV 120 T 143 T 136 T 91 T/im 73 T/im 0127 T -
Effective length 1.0 1.8 2.8 0.50 0.50 0.15 m
Gap

Height or Diameter 182 182 182 170 264 300 mm

Width 450 450 450 - - 300 mm
Magnet mass 19,000 36,600 58,200 5,100 6,900 410 kg
Conductor

Height 12.7 12.7 12.7 12.7 15.2 5.8 mm

Width 12.7 12.7 12.7 12.7 15.2 5.8 mm

Hole diameter 7.0 7.0 7.0 7.0 8.4 3.2 mm
Number of turns per pole 306 306 306 113 129 140 -
Inductance 1,424 2,564 3,988 314 317 3.6 mH
Resistance 32s 481 677 115 94 250 mQ
Time constant 4,382 5311 5,891 2,730 3,372 15 ms
Maximum supply current 266 318 303 219 371 252 A
Maximum current density 1.3 1.5 1.5 1.2 1.4 5.9 A/mm?

in coil

Peak voltage 100 178 236 29 40 70 v
Power losses 26.7 56.1 71.8 6.4 14.9 17.7 kw
Cooling circuits/magnet 18 18 18 4 4 10 -
Total water flow 18.2 14.9 12.5 3 4.7 2.7 gal/min
Water pressure drop 100 100 100 100 100 100 psi
Water temperature rise 6 14 22 8 12 25 *C
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Table I1.3.3-4 HET Power-Supply Parameters at 2.2 GeV

Magnet Power Supply

Dipole
Parameters Dipole B Dipole C Dipole D QuadC QuadD Corrector Units

Number of power suppiies 1 2 2 17 8 16 -
Number of magnets 1 2 2 17 8 16 -
Inductance 1,424 2,564 3,988 314 317 3.6 mH
Resistance 325 481 677 115 94 240 mQ
Maximum supply current 286 342 326 236 399 271 A

Peak voltage 112 197 264 a3z 44 +65 v
Stability (%) 1x10°% 1x 104 1 x10°4 2x 104 2 x 104 3x 104 Aiflmax
Current reproducibility (£} 2 x 10°4 2 x 10°% 2 x 104 4 x10% 4x10*% 6x 104  Ai/lmax
Current ripple () 5x 104 5x10% 5x104% 6x 104 6x 104 1 x 10°3  Ai/lmax
Tracking error (&) 5x 104 5x 104 5x10°% 6x10% 6x10°% 4 x 103  Ai/lmax
Resolution bits 14 14 14 14 14 12 Ai/lmax
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3.4 BUMPER AND KICKER MAGNETS AND POWER SUPPLIES

3.4.1 Introduction

The synchrotron bumper and kicker magnets have large gaps to accommodate the beam-
stay-clear (BSC) requirements. Four bumper magnets are used to move the circulating
synchrotron beam close to the injection septum during injection of the beam from the linac to the
synchrotron. The bumpers are of conventional design without stringent requirements, but the
extraction kicker requirements are more demanding.

3.4.2 Injection Bumper Magnets

All four bumper magnets have the same apertures and coil configurations. The bumper
magnet parameters for a maximum bend angle of 20 mrad are summarized in Table [1.3.4-1. A
cross section of an injection bumper magnet is shown in Figure 11.3.4-1. The pole faces are
machined in uncut cores to assure parallelism of the pole faces and dimensional stability of the air
gaps. The coils are made with hollow copper conductor and are insulated with mica-glass tape
and vacuum-impregnated heat-cured epoxy. After the coils are cured, the outer surfaces are
coated with an electrically conducting paint to define the ground planes. This coating prevents
corona formaticn at the sharp comers and edges of the grounded core laminations.

Tape-wound grain-oriented silicon steel cores that are 0.3 mm thick are used for all of the
bumper magnets. A peak field of 0.212 T is generated in a pulse period of 1 msec. Detailed
pulse requirements are described in Section 11.2.2.

3.4.3 Injection-Bumper-Magnet Power Supplies

The four bumper magnets are individually powered. The circuit diagram is shown in
Figure 11.3.4-2. The four 0.3-m-long bumper magnets are energized t¢ move the ciosed orbit
closer to the injection septum when the incoming bunch and the bucket are synchronized.
Switch S1 in Figure 11.3.4-2 is closed, causing capacitor C to discharge in 500 Usec into the
bumper magnets. The peak current is determined by the charge on C. All four bumper magnets
are capable of peak fields of 0.212 T. The end of the pulse is shaped by closing switches S2 and
S3, and by opening switch S1, which allows the current to decay through R1 to approximately
two-thirds of its peak in 500 psec. The final pulse shape is controlled by opening switch S3,
putting R1 and R2 in series, and driving the current to zero in 50 psec.

The transformer T1 is used to match the current and voltage ratings of the switching

circuit components to the magnet. The regulation of the charging power supply and control of
the switch timing keep the peak current repeatable to within £ 0.05%.
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Table 11.3.4-1 Parameters for Synchrotron Bumper Magnets

Parameters Bumper Units

Bend angle 20 mrad
Peak central field at 400 MeV 0.212 T
Effective length 0.3 m
Gap

Height 241.5 mm

Width 300 mm
Conductor

Height 7.3 mm

Width 7.3 mm

Hole diameter 4.1 mm
Number of turns 28 -
Number of parallel conductors 2 -
Inductance 0.13 mH
Resistance 10 mQ
Supply current

Maximum 2,427 A

rms? 475 A
Peak voltage 680 v
Power losses 2.3 KW
Cooling circuits/magnet 2 -
Total water flow 0.8 gat/min
Water pressure drop 100 psi
Water temperature rise 11 °C

2 rms = root mean square.
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Figure [1.3.4-1 Cross Section of an Injection Bumper Magnet.
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Figure I1.3.4-2 Circuit Diagram for the Bumper-Magnet Power Supply.
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3.4.4 Extraction Kicker System

At extraction, the beam is kicked from the normal orbit into the aperture of the first
septum magnet. Each of the two extraction kicker systems fits into a 2.9-m straight scction.
Each system is made up of three separate magnets, designated A, B, and C, to reduce the self-
inductance. Thus, the required 350-nsec rise time is achieved with a commercially available
50-kV power supply. Each kicker magnet is individually powered. Extraction kicker parameters
are listed in Table 11.3.4-2. The aperture of each kicker magnet is large enough to match the BSC
size in both height and width, to allow space for a ceramic vacuum chamber with 10-mm-thick
walls and to provide 2.5-mm clearance on all sides. Each kicker magnet is also matched to the
15-kA peak current of the chosen thyratron and to the 50-kV peak power supply voliage.

The kicker cores are constructed of 102-mm-thick ferrite blocks of type CMD5005.
Picture-frame ferrite cores are used in each kicker. Each kicker magnet is made of two half-tum
distributed transmission lines powered in parallel and magnetically isolated from each other by a
copper sheet. An equivalent impedance of 3.28 Q is achieved by dividing the magnet core into
longitudinal segments separated by matching capacitors and damping resistors. A cross section
of kicker A and the vacuum chamber at the upstream end is shown in Figure I11.3.4-3. This
ceramic vacuum chamber tapers in height and in width as it extends through all three kickers. The
inside surface of this chamber is metalized to minimize the impedance to the beam.

Each extraction-kicker power supply provides pulses with rise times of 350 nsec, flat-
tops of 315 nsec, and fall times about the same as the rise times, as shown in Figure 11.3.4-4. The
fall time must be less than 4.1 msec, to allow the supply to charge for the next pulse. Each of
these supplies has a high-voltage dc (HVDC) power supply, two pulse-forming networks
(PFNs), and a thyratron switch. The HVDC power supply is a constant-current charging
supply, which eliminates the need for a charging control circuit. Each PFN is made of five
52-m-long, 16.4- coaxial cables connected in parallel to achieve an equivalent impedance of
3.28 Q. The total capacitance of two PFNs for one magnet is 0.2 uF. The stored energy in each
PFN at 50 kV is 250 J. The power rating of the HVDC power supply at 30 Hz is 7.5 kW.

The fall time of the magnetic field for each of these kicker systems is about the same as
the rise time. The current wave form has a trapezoidal shape, as shown in Figure [1.3.4-4. The
switching device is a commercially available thyratron that is rated for a maximum voltage of
70 kV, a peak current of 15 kA, and an average current of 5 A.

A schematic diagram of an extraction-kicker power supply and magnet section is shown
in Figure 11.3.4-5.
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Table 11.3.4-2 Parameters for Extraction Kicker Magnets

Parametars Kicker A Kicker B Kicker C  Units

Bend angle 4.37 4.79 4.84 mrad
Peak central field at 2.0 GeV 0.0618 0.0512 0.0408 T
Effective length 650 870 1,105 mm
Gap

Height 132.4 159.2 200.0 mm

Width 220.0 195.0 170.0 mm
Core

Length 500 720 995 mm

Yoka thickness 102 102 102 mm
inductance? 1.35 1.34 1.19 pH
Resistance? 0.10 .10 0.09 mQ

Supply current

Maximum?® 6,648 6,611 6,626 A

rmsa.b 24 24 24 A

Average® 0.13 0.13 0.13 A
Peak voltage 50,000 50,000 50,000 v
Power losses 0.16 0.09 0.06 KW

a4 parameter values are for series-connected coils.

P rms = root mean square,
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3.5 SEPTUM MAGNETS AND POWER SUPPLIES

3.5.1 Introduction

Scptum magnets are those dipole magnets that form the interfaces between the three beam
transport lines and the RCS. Injection septa are required to place the incoming beam on orbit.
Extraction septa accept the beam from the kicker system and bend it in order to clear the adjacent
quadrupole, which requires a displacement of 0.664 m. The last injection septum clement and the
first extraction scptum element are thin-pulsed scpta. All septa are pulsed to reduce electrical
power losses and to case the associated cooling requirements. The required magnet aperturces for
injection and cxtraction are defined in Sections 11.2.3 and 11.2.4, respectively. The thin-septum
magncts are located inside the straight-section vacuum chambers. There are thin Inconel vacuum
chambers inside the apertures of the other magnets.

3.5.2 Injection System

The magnets septum A and septum B are used for injection into the synchrotron.
Septum A is 1.2-m long, has a field index n=-20, and has a curved axis to keep the beam
trajectory centered in the gap. Septum B is 0.3-mlong, has no field index, and is straight.
Septum A and septum B are both excited with a single half-sine-wave pulse of 60 Hz. Septum B
has a reset pulse of similar shape., The parameters for these two magnets are listed in
Table 11.3.5-1. The cross sections of septum magnets A and B are shown in Figures 11.3.5-1 and
11.3.5-2, respectively.

Septum A is a gradient dipole and is made with (.36-mm-thick silicon steel laminations.
The coil is made with a single size of hollow copper conductor that is insulated with mica-glass
tape and vacuum-impregnated, heat-cured, radiation-resistant epoxy.

Septum B is a transformer type, with a single-turn secondary and a four-turn primary
winding. The minimum total thickness of the septum is 3 mm, but the septum gradually thickens
along its length to improve the magnetic, mechanical, and thermal characteristics. The design of
this magnet is similar to that of the pulsed septum magnet> used to extract beam from the existing
IPNS synchrotron. This design has proven performance and durability, >2 billion pulses at
30 Hz, and peak central fields of 1 T. The core is made with 0.36-mm-thick silicon steel
laminations. The primary coil is made of hollow copper conductor that is insulated with mica-
glass tape and vacuum-impregnated, heat-cured, radiation-resistant epoxy.

3.5.3 Extraction System
The septum magnets used for extraction from the synchrotron consist of a fast-pulsed

septum magnet, septum C, followed by two slower-pulsed magnets, septum D and septum E.
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Table 11.3.5-1 Paramcters for Synchrotron Injection Septum Magnets

Parameters Septum A Septum B Units

Peak strength at 400 MeV 0.56 0.52 T
Fleld index -20 0.0 -
Eftective length 1.2 0.3 m
Gap

Height 20 24 mm

Width 51 40 mm
Minimum septum thickness 33.4 3.0 mm
Conductor

Height 4.2 5.0 mm

Width 4.2 5.0 mm

Hole diameter 2.4 4.9 mm
Number of turns per magnet 16 4 -
Inductance 1.1 0.023 mH
Resistance 74 3.4 mg
Pulse width (halt-sine-wave shape) 8.3 8.3 msec
Repetition rate 30 30 Hz
Resel pulse width - 8.3 msec
Supply current

Maximum 568 2,533 A

rms2 201 1,264 A
rms current density in coil 6.2 38 A/mm?
Peak voltage 240 3086 v
Power losses 2.6 5.5 kW
Cooling circuits/magnet 4 2 -
Total water flow 1.0 1.8 gal/min
Water pressure drop 100 100 psi
Water temperature rise 11 12 °C

3 rms = root mean square.
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The axis of septum C is straight. The axes of septum D and septum E are curved to keep the
magnct apertures as small as possible and to allow for thicker septa. The parameters for these
three magnets are listed in Table 11.3.5-2. The cross sections of septum C, septum D, and
septum E are shown in Figures 11.3.5-3, 11.3.5-4, and 11.3.5-5, respectively.

3.5.4 Septum-Magnet Power Supplies

There are eight septum magnets, as listed in Table I1.3.5-3. Septum A and septum B are
used for injection from the LET into the RCS; septum C, septum D, and septum E are used for
extraction into the HET lines. All eight septum power supplies are designed for 30-Hz
operation. They have the same components except for the charging-power supplies, the output
capacitor banks, the chokes used for energy recovery from the five thick septa, and the
impedance-matching transformers that are used with the three thin septa. Using the same
componcents minimizes the spare parts count. The basic capacitor discharge power supply is
shown in Figure {1.3.5-6,

All magnets have a half-sine-wave discharge pulse width of 8.3 msec, except for
septum C, which has a 1-msec discharge pulse. All septum power supplies use energy recovery.
The thin septa get the correct polarity back on the discharge capacitor bank by means of a reset
pulsc through the magnets. The thick septa get the correct polarity back on the discharge
capacitor bank by means of a reset pulse using a choke in place of the magnet. The peak current
in all septa is repeatable within +0.05%. The magnet and power supply parameters are given in
Table 11.3.5-3.
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Table I1.3.5-2 Parameters for Synchrotron Extraction Septum Magnets

Parameters Septum C Septum D Septum E Units

Peak strength at 2.0 GeV 1.02 1.30 1.30 T
Eftective length 0.5 1.5 0.9 m
Gap

Height 70 90 110 mm

Width 122 102 70 mm
Minimum septum thickness 6.0 57.1 227.7 mm
Conductor

Height 7.3 7.9/12.0 12.3 mm

Width 7.3 7.9/12.0 12.3 mm

Hole diameter 4.1 4.4/6.6 6.9 mm
Number of turns per magnet 8 48 64 -
Number of parallel conductors 1 1 2 -
inductance 0.072 9.2 6.4 mH
Resistance 6.1 47 15 m€
Pulse width (half-sine-wave shape) 1 8.33 8.33 msec
Repetition rate 30 30 30 Hz
Reset pulse width 1 - - msec
Supply current

Maximum 7.268 1,982 1,817 A

rms 1,259 699 641 A
rms current density in coil 18 8.7/3.6 1.8 A/mm?
Peak voitage 1,688 3,679 5,083 Vv
Power losses 12.2 35.8 12.6 kw
Cooling circuits/magnet 4 8 4 -
Total water flow 7.0 9.0 4.3 gal/min
Water pressure drop 100 100 100 psi
Water temperature rise 7 15 11 °C

a rms = root mean square.
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Table 11.3.5-3 Septum Magnet Power Supply Parameters for 2.2-GeV Operation

Location LET LET HET HET HET Units
Septum A B C D E -
Type Thick Thin Thin Thick Thick -
Number of magnets 1 1 2 2 2 -
Pulse width (half-sine wave) 8.3 8.3 1.0 8.3 8.3 msec
Repetition rate 30 30 30 30 30 Hz
P52 peak current 625 2,786 8,484 1,958 1,579 A
PS rms current 258 267 1,470 691 557 A
PS peak voltage 240 3086 1,688 3,679 5,083 v
Magnet resistance 74 34 6.1 47 15 m$
Magnet inductance 1.1 0.023 0.072 9.2 6.4 mH

2 PS = power supply.
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3.6 MAGNET SUPPORTS

3.6.1 Synchrotron

The synchrotron beam height is located 1.4 m above the floor. A structure that allows for
both linear adjustments of 325 mm in all three directions and angular adjustments of more than
50 mrad around all three axes is located between the bottom of the dipole and the floor. The
dipole support shown in Figure 11.3.6-1 includes an X-Y adjustor that ts secured to the floor and
a Z adjustor that is attached to the movable member. The Z adjustor incorporates a three-point
support using fine-thread screws with spherical heads at each point, each of which can be
adjusted and locked.

The quadrupole is held in place by a support structure similar to that for the dipole, but
there is an additional weldment extending between the X-Y-Z adjustor on the floor and the
bottom of the magnet. This support is shown in FigureI1.3.6-1. There are outline
representations of a sextupole and a horizontal correction dipole to show relative sizes and real
estate usage. These smaller magnets have support hardware extending down to the quadrupole
weldment, allowing them to be adjusted relative to the quadrupole.

3.6.2 Transport Lines
All of the transport-line dipoles have separate support stands and X-Y-Z adjustors.

Quadrupoles and nearby correction dipoles are supported by a single stand and adjustor. The
correctors are mounted to the associated quadrupole.
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4.1 RF VOLTAGE PROGRAM

4.1.1 Introduction

The key design feature of the RCS is the prevention of beam loss during the injection,
capture, and acceleration processes. Beam loss is prevented by providing large dynamic
apertures in both transverse planes and by tailoring the injected beam bunch and the rf bucket
areas to facilitate longitudinal motion without losses. In this section, we describe the rf voltage
programming for beam capture and acceleration.

The rf system of the RCS has a harmonic number equal to one, which provides a time gap
in the accelerated beam that facilitates fast kicker operation for clean cxtraction. The rf system
has a modest frequency swing of 1.12-1.50 MHz, as shown in Figure 11.4.1-1a. The maximum
energy gain per turn is 81.4 keV, occurring at B max, Where B is the sinusoidal ring magnet dipole
field discussed in Section 11.2.1.2. The energy gain per turn is shown in Figure [1.4.1-1b. The
B,mx occurs at 12.5 msec into the acceleration cycle. The peak voltage requirement is estimated
on the basis of l'3max and the bucket acceptance.

The incoming linac beam energy spread! is expected to be about +2.5MeV. The
circumference of the RCS is equivalent to 890 nsec of revolution time at injection. Therefore, a
circulating dc beam has a bunch area of about 4.5 eV sec. This number is the starting point for
bucket arca considerations, which also take into account a dilution facter from bunch to bucket
and chopped beam injection from the linac to tailor the bunch.

Simulation studies have shown that implementation of adiabatic capture,? which captures
the entire linac macro-pulse, is impractical, due to the lack of a long "flat-bottom field" in the
RCS. Another way to achieve 100% capture is to inject chopped linac macro-pulses into a
waiting bucket. Our studies show that the best capture efficiency is achieved with 25%
chopping. The disadvantage is that 25% of the linac beam is discarded, so better ion source
performance is required.

Under the best circumstances, the adiabatic capture process provides a phase space
dilution factor of n/2. Using that as a guide, we decided to allow a factor of about two in phase
spacc dilution during the capture process, which makes the bucket area of the RCS equal to
9 eV sec soon after injection. This bucket area is sufficient to contain the beam during the initial
stages of acceleration, when the space charge forces are largest. The space charge self-fields in the
longitudinal direction vary as the inverse of the energy squared. In the later stages of the
acccleration period, the bucket area is adjusted to increase the momentum spread of the bunch, to
prevent instabilities.

In the following sections, we discuss the rf voltage programming that was obtained from

tracking simulation studics. These studies take into account space charge effects and have been
used to achicve low loss conditions during injection, capture, and acceleration, while maintaining a
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large momentum spread to avoid the microwave instability. We discuss the algorithm used in the
tracking studies and then present the rf voltage programming for the capture and acceleration

processes that best meets the requirements.

4.1.2 Longitudinal Tracking Studies

The tracking studies are carried out using a Monte Carlo method according to the

following algorithm:

We assume that there is a synchronous particle that remains on the equilibrium orbit
whose energy is denoted by Es. The Hamiltonian, H, for longitudinal motion in a synchrotron,3

The incoming linac beam particle is represented by its energy deviation from
the central energy, AE, and its phase coordinate, ¢. The value of ¢ can range
from -180° to 180° for unchopped beam injection or from -135° to 135° for
25% chopped beam 1njection.

The accumulation of 561 turns during the 0.5-msec injection period is
simulated turn-by-turn in order to understand the dynamics during
accumulation with the rf voltage on.

Macro-particle representation is used to describe the total charge in the bunch.

The initial coordinates of each macro-particle, AE and ¢, and the injection-
turn number are retained throughout the calculation. Knowledge of the
injection conditions of lost particles is used to minimize beam loss. This
information is useful in designing a chopping system.

At any point in time, the energy deviation and phase of all particles can be
projected to the energy and phase coordinate axes to show the distributions of
these quantitics. The AE and ¢ proje tions give the momentum spread and
length of the bunch, respectively.

A set of finite-difference recurrence equations suitable for numerical
calculations is used to track the particles.

The recurrence relations follow a time-stepping leapfrog method. When the
particle motion is slowly varying, a large time-step is used to expedite the
calculation. The recurrence relations are recalculated with this larger step size.

including space charge forces, for a particle of energy E and phase ¢ is

2

0) 2, 1.2

—s W2 +99-S—W +ﬂ(cosq)+q)sin¢s —cos Py —¢Ssin¢s)— m%——l((b) . (1L4.1-1)
E, dt 2r ' 4negy R
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where the subscript s refers to the synchronous particle and
h hannonic number,
n o= Yvi-1/vi,
O angular revolution frequency,
Bs. ¥ relativistic factors,
Yt transition energy
95 rf phase of the synchronous particle,
e = electric charge,
t = time,
V = peak rf voltage,
€y = vacuum permittivity,
R = average ring radius,
A = linear particle density, and
go = capacitive geometrical factor = 1+ 2in(b/a), where a is the beam radius

and b is the vacuum chamber radius.

We define W =(E - E; )}/, such that d'W - d¢ is conserved. The last term in Equation 11.4.1-1
represents the space charge potential. The sign of the space charge term is opposite to that of
the rf potential; thus, the space charge reduces the restoring force and changes the bucket shape.

The differential equations of motion derived from this Hamiltonian describe the time-
evolution of a particle subject to an accelerating force that depends on the rf phase and to the
space charge forces that act on the particle. These differential equations of motion are solved
numerically by using leapfrog difference equations.?> The leapfiog algorithm advances the
coordinates of each particle, W and ¢, by a specified time-step, T, according to

nsm:
> w +¢s,n+l_¢ i (11.4.1-2)

s,n—-
2 2

One1 =bp +ht

s
5 n+

b |—

and
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where the subscript n indicates that a quantity is to be calculated at a time t =nt. The values of
the ¢ coordinates are calculated at integer time-steps, and the values of W are calculated at half-
integer time-steps. The last two terms in Equarion I1.4.1-2 account for the changes in ¢,.

The numerical simulation of the injection, capture, and acceleration processes follows an
ensemble of macro-particles, whose initial coordinates 1n phase and energy are chosen according
to a specified distribution. A total of 104 macro-particles is used to represent the 1014 protons
in the bunch.

The turn-by-turn injection process is simulated by randomly placing Ny/N; macro-
particles into the machine. Here, Ny is the total number of macro-particles, and N¢ is the total
number of injection turns. The particles are distributed uniformly in phase within the maxtmum
and minimum values of the chopped beam. The energy distribution follows a cosine function
tfrom -1/2 to /2, where the base is equal to £2.5 MeV. The particle distribution rapidly becomes
governed by the synchrotron oscillations and is fairly insensitive to the initial energy distribution
chosen.

During injection, the time-step size is equal to the revolution period. At each turn, the W
coordinates of the Np/N¢ injected particles are advanced by a half-step. In the first half-step of
each injection turn, the space charge forces due to the incoming particles are small and are
neglected. In the iteration process, all the particles, including the most recently injected, are
advanced in ¢ by a time-step according to Equation I1.4.1-2. The space charge forces due to all
particles present in the ring are then calculated, and their contribution is used in Equation I1.4.1-3
to advance the W coordinates by a time-step.

During the acceleration process, the time-step size can be increased to reduce computer
time, but it must be kept smaller than the synchrotron oscillation period, T,. In the simulations,
the time-step size is kept smaller than 1¢/30.

The initial phase space coordinates for each particle are saved. The analysts of lost
particles using these parameters permits the design of a more efficient injection scheme by
depopulating the undesirable phase space. The vacuum chamber wall is represented by a
momentum cutoff of Ap/p =0.05. A particle outside the separatrix at a given time, but with
momenturn Ap/p < 0.05, contributes to the space charge self-field and may be recaptured later in
the cycle. The particle can also hit the vacuum chamber wall. In that case, the particle is
reimoved from the calculations, so it cannot contribute to the space charge forces. In our tests, an
average delay of 2 msec is observed between the time a particle leaves the separatrix and the time
it hits the vacuum chamber wall.
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To reduce the statistical fluctuations due to the relatively coarse ensemble of macro-
particles used in the simulations, the projected phase distribution is binned by using the cloud-in-
cell method. For each particle, a weighted contribution is assigned to the two closest grid points,
according to how far the particle is from these points. The cell grid is chosen fine enough to
describe the structure of the particle distribution in a bunch, yet coarse enough to attenuate the
short wavelength noise due to the statistical fluctuations in a cell. The data are then fast-Fourier-
transformed and filtered to reduce the Gibbs phenomenon. Our studies show that for the bunch
lengths considered, cutoff frequencies ranging from the 9th to 11th harmonics reduce noise. The
underestimation of the peak and overestimation of the bunch ends, introduced by the filiering
process, are acceptable. As the bunch length shortens during the cycle, higher cutoff frequencies
are used.

The stmulation code was tested extensively. The code was checked for the correct
stationary and moving buckets in the absence of space charge forces. The program was run above
the transition energy by reversing the sign of the slip factor, n, to produce the negative mass
instability. The rf voltage was tumed off and space charge forces were included to verify that the
negative mass instability appears with the correct threshold and correct growth rate. The
simulation result for the negative mass instability threshold energy spread is 1.15 MeV,
compared to the analytical prediction of 1.12 MeV. The growth rates for several perturbed
density distributions were also in good agreement with the analytical values. For a beam with an
initial energy spread of * 1 MeV, perturbed by a density modulation of harmonic 2 and
amplitude 0.1 MeV, a growth rate of 0.042 msec was obtained, compared to the analytical value
of 0.040 msec.

The capture efficiency was studied for several scenarios of rf programming, initial phase
space distribution of the injected particles, and chopping of the linac beam.# For each case, the
momentum spread of the beam was tested against the theoretical microwave instability threshold
at different times in the cycle. These studies led to the :stablishment of the rf programming and
injected beam parameters that best meet the requir:ments of low loss and high microwave
instability threshold. The rf programming is presented in the next section.

4.1.3 RF Voltage Program for Capture and Acceleration

The tf voltage program for the injection and acceleration cycles is depicted in
Figure 11.4.1-2. The time variation of the bucket and bunch areas is shown in Figure [1.4.1-3.
Details of the rf program and the bucket and bunch area variations during the injection period are
shown in the inserts in these figures. The beginning of the acceleration clock is indicated by t = 0.

A beam with £ 2.5 MeV energy spread (Ap/p = 3.7 x 10-3), occupying 75% of the ring, is
mjected in 561 turns, which corresponds to an injection time of 0.5 msec. Since the variation of
the magnetic field is negligible during that period, ¢ is assumed to be zero during injection. The
bunch area of the injected beam is 3.3 eV sec.
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Figure 11.4.1-2 Radio-Frequency Voltage Program for the Injection and Acceleration Cycles.
(The beginning of the acceleration clock is at t = 0. The insert shows the details of the
voltage program during injection. The voltage is chosen to maintain a constant
bucket area from the end of injection to 7.5 msec. The voltage for the
remainder of the cycle is adjusted to keep the beam below the
longitudinal microwave instability threshold.)
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Figure 11.4.1-3 Bucket and Bunch Areas, Obtained from the Simulation under the rf Voltage Program, Plotted as a
Function of Time. (The injected beam has a 2.5 MeV energy spread and occupies 75% of the ring. Details
of the variations during injection are shown in the insert. The small variations in the bunch area
are due to the Monte Carlo statistics.)
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To prevent unnecessary dilution of the beam and thus avoid large voltages at later stages,
the initial voltage was set as low as possible. The minimum voltage required to contain the beam
during the initial injection is 40.5 kV. Figure I1.4.1-4 depicts the bucket area formed by this
voltage and the particle distribution of the first injected turn. The figure shows that 40.5 kV
provides the necessary bucket height at the edges of the £ 2.5 MeV beam chopped by 25%. The
corresponding bucket area of 7 eV sec allows an initial phase space dilution factor of two. During
injection, the voltage must be increased from 40.5kV to 66.9kV to prevent beam loss. This
rapid voltage rise is crucial to overcome space charge forces. The space charge forces increase
with increasing particle density, which can lead to a reduction of as much as 50% in the bucket
area. The bucket area changes from 7 to 9 eV sec during the injection period, as can be seen in
Figure I1.4.1-3. The bunch area grows from its initial value of 3.3 eV sec to 7.3 eV sec over the
injection cycle, giving a dilution factor of 2.2. The bunch has undergone about {.4 synchrotron
oscillations during this period. The bunch area stays at 7.3 eV sec for the remainder of the cycle.

The 9eVsec bucket area is maintained constant during the first 7.5 msec of the
acceleration period. The voltage reaches a maximum of 169.2 kV at the end of this period. It
should be noted that the maximum voltage does not occur at 12.5 msec, when Bisat a maximum,
but occurs at 7.5 msec, because 15 varies during acceleration.

In the remaining part of the cycle, the energy spread of the beam is controlled by
manipulating the bucket area. As detailed in Section I1.5.3, the Ap/p requirement for longitudinal
stability is met by making the bucket area large. Figure I1.4.1-5a shows the Ap/p variation from
injection to extraction. The value of Ap/p varies rapidly during injection, from 0.4% to 1.0% in
0.5 msec. It reaches a maximum of 1.2% at 2 msec of acceleration and decreases to a value of
0.8% at the end of the cycle. The bucket and bunch heights are shown in Figure 11.4.1-5b.

From 7.5 msec to 12.5 msec, the bucket area increases from 9.0 to 11.3 eV sec while the
voltage is maintained at 169.2 kV. The voltage is then decreased from 169.2kV to 113.9 kV at
extraction. The rf voltage for the latter part of the cycle is kept high, which causes the bucket
area to increase, as shown in Figure 11.4.1-3. The need to keep the voltage high is a consequence
of the following phenomena: The value of B decreases rapidly and becomes zero at the peak
field. Therefore, the synchronous phase angle also rapidly approaches 0° at the same time, as
shown in Figure [1.4.1-6a. In order for the particles in the bunch to follow this rapidly changing
¢s, they must have a synchrotron motion fast enough to follow the change in stable phase angle.
A synchrotron frequency of about 1 kHz is required. Figure I1.4.1-6b shows the synchrotron
frequency through the acceleration cycle.

The phase space distributions from this simulation study are shown in Figures 11.4.1-7

and [1.4.1-8. The plots in Figure I1.4.1-7 show the distributions at the earlier stages of injection
and acceleration, while those in Figure I1.4.1-8 show the distributions at later stages.
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Figure I1.4.1-7a depicts the distribution at t =— 0.25 msec. At this time, half of the beam,
or 281 turns, has been injected. The voltage is 52.9 kV, and the bucket area is 8 eV sec. The
distribution at the end of injection is plotted in Figure [1.4.1-7b. The voltage is 66.9kV,
producing a bucket area of 9 eV sec. The bunch has an area of 7.3 eV sec and fills 80% of the
bucket. Figures I1.4.1-7c and 11.4.1-7d are plotted at t=2 msec and 4 msec, respectively. At
these times, the bucket area remains at 9 eV sec and the bunch area remains at 7.3 eV sec. The
bunch is well-matched to the bucket.

The plots in Figure I1.4.1-8 show the distributions at t=38, 12.5, 18, and 25 msec. In
Figures [1.4.1-8a and 11.4.1-8b, the voltage is constant at 169.2 kV. During the interval from 8 to
12.5 msec, the bucket area grows from 9 to 11 eV sec. The distribution at t = 18 msec is plotted
in Figure[1.4.1-8c, when the voltage is 158.5kV and the bucket area is 21 eV sec.
Figure 11.4.1-8d depicts the distribution at the end of the cycle, when the voltage is 113.9 kV.
The bucket area grows from 21 to 51 eV sec during the last 7 msec of acceleration. The rf
program ensures that the synchrotron frequency is adequate to keep the bunch centered in the
bucket.

We have shown that the rf voltage program described in this section is able to capture and
accelerate 10!4 protons per pulse with no loss of particles during the injection, capture, and
acceleration processes. The engineering design of the rf system provides 180 kV peak voltage to
satisfy the required voltage program.

4.2 BEAM LOADING

4.2.1 Introduction

The rf systems are able to handle the heavy beam loading that occurs in the RCS.
Injection is the most demanding period for amplifier stability. The average circulating current at
injection is about 18 A for 1.04 x 10!4 protons. The total voltage per turn during injection varies
from 40.5 to 66.9 kV. Since there are 10 cavities in the RCS, the gap voltage on each cavity
varies between 4 and 6.69 kV. The voltage on each cavity needed at injection is about 4 kV. The
effective shunt impedance of the cavities varies from 5 to 8 k€2, which means that the beam can
induce more than 20 times the accelerating voltage at injection. Although the beam current
increases by as much as 40% during the acceleration cycle, the net beam loading effect decreases,
because the demand for voltage increases to a peak value of 16.9 kV per cavity and remains
relatively high, even up to extraction. Several techniques are used to handle the heavy beam
loading: closed-loop feedback, which effectively lowers the impedance seen by the beam;’
swamping resistors to lower the effective shunt impedance of the cavity;® and feed-forward
techniques to compensate for the voltage and phase changes induced by the beam.> Another
approach to heavy beam loading that has been proposed, but not yet used for acceleration, is to
connect the power tube in a cathode-follower topology.”-8.9
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The IPNS Upgrade baseline design uses a tetrode in a grounded-cathode topology, with
feedback and feed-forward techniques to handle beam loading. The cathode follower is an option,
dependent on the success of continuing research and development.

4.2.2 Stability of the Beam-Cavity Interaction

The analysis of the beam loading interaction presented in this section follows the
conceptual development used by the TRIUMF-Kaon project tzam.10 The tetrode amplifier acts
like a current source, ig; the cavity acts like an inductance-capacitance-resistance (LCR) parailel
network; and the beam acts like a second current source, iy, connected across the cavity gap.
This circuit model is shown in Figure I1.4.2-1. When the f frequency is denoted by f;, the
resonant frequency of the cavity is denoted by f,, and the difference between the rf frequency
and the resonant frequency is denoted by Af, the currents and voltages are as follows:

ig = Igej(ng +mrt) ,
ip= _jlbe_j(¢b “or) :
L (I14.2-1)
. -i{o-opt)
1; = Lie =ig+ip ,
and
V= vmej(q"’m‘t) :

where j = ‘\/_——1; O = 27fy; Ig, I, Iy, and Vi are constants denoting peak magnitudes; and ¢g, ¢,
¢, and ¢, are constants denoting relative phase.

The sum of the generator current and beam current is equal to the total cavity current:

Ite_j(q’t ~or)_ cﬂy-+lJ'th+X
d L R’

- . 1 |
Ie 3% = | jo,C+ +— ,
‘ {j ™7 jo,L R]vm

1L.4-16



IPNS UPGRADE I1.4 ACCELERATING SYSTEM

Figure 11.4.2-1 Circuit Representation of Amplifier, Cavity and Beam Loading Current.
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where C is the capacitance; L is the inductance; R is the resistance; and the voltage, V, is selected
to be the reference value for all phasors (i.e., ¢y = 0):

i ) | |
Le % = | {0 +AQC+—mo , 11.4.2-2
t [.l( o ) j((ﬂo + A(n)L RJVm ( )
and because mf) = 1/1C,
- Ao ] 1
I 1ot =| iA0C + 1— +— . 11.4.2-3
t° [J ! o (moL) R:|Vm ( )

For a parallel resonant circuit, the quality factor, Q, is equal to R/w,L and is also equal to
Ra,C. Then, Equation I1.4.2-3 becomes

. 0

e i o yRm( 1+ szﬁ)_m) _ (IL4.2-4)

The term (1 + j2QA ®/®,) converted to exponential form is

2
1+ 2Q2% - 1+[2Q%“—’) et | (IL4.2-5)
L)

0 0

where tan ¥ = 2QAw/w,. The square root term of Equation I1.4.2-5 reduces to 1/cos'¥. Thus,
the cavity voltage is

V., =RoosWe 1¥1,e799t (11.4.2-6)

Normally the cavity resonance is adjusted to compensate for the reactive term of the
beam current. The condition is met by the phase angles ¢y = ¢y = 0 and ¢p = ‘¥. The phasor
diagram is shown in Figure [1.4.2-2. The following expressions result:

—jlpe” 3% = —jIy (cosoy, - jsindp) (11.4.2-7)

il e i0b — _; —1,si
jlpe jlp cosdy, — I singy, , (11.4.2-8)
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and Iy = Viy/R + lysingp.

The magnitude of the reactive part of the beam current equals the reactive part of the total
current:

0=l

= Io[zqé"—’) : (IL4.2-9)
(DO
where I, = Vin/R. From Equation 11.4.2-8,
Iycosdy, = Iu(zQ%) . (11.4.2-10)
[

As shown by Robinson!! and developed by the TRIUMF-Kaon staff, stability below the
transition energy requires

Ip o 2cos0p (1L4.2-11)
Iy sn2¥
Since from Equation 11.4.2-10,
I Aw
costy, = —°(20—] :
Iy ©,
I
cosdy, = I—otan‘{‘ ,
b
Equation 11.4.2-11 for stability becomes
2
ta
L 2ten? (14.2-12)
Iy sin2\V/

The parameter ‘¥, called the detuning angle, is the angle by which the cavity phase is changed
from no load to the beam loaded condition.
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Figure 11.4.2-2 RF Phasor Diagram at Injection Currents Referenced to Gap Voliage. (Not to scale.)
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For the cavity parameters described in Section 11.4.3, the value of Q at injection is 33.2,
the value of I, is only 0.76 A, and the circulating beam current is about 18 A for 1.04 x 1014
protons. The ratio of Iy/I, is about 23.6, and tan ¥ is 24.9, to compensate for the reactive beam
current. At extraction, the Q of the cavity 1§ 63.3, the shunt impedance is 8,108 Q, the value of
Io is 1.406 A, and the beam current is 24.6 A. The ratio of I/l is 17.5, and tan ¥ is 17.4, to
compensate for the reactive beam current.

Because these values of tan ¥ are large, it is proposed to place a resistance across the
cavity gap to lower the cavity Q, thus reducing this term, as discussed in Section 4.2.3.

4.2.3 Transient Beam Loading

The most severe beam loading conditions exist at injection, when the cavity phase in the
absence of detuning is changed by 87.7°, as seen in Figure I1.4.2-2. The feedback loop that
maintains the generator phase at 0° detunes the cavity by 38% over the injection period. It is
unlikely that the magnetic field in the ferrite can be changed this rapidly. In order to overcome
this problem, a resistance is connected across the accelerating gap to lower the cavity Q and fast
feedback is used. Copper sulfate resistors were successfully used at ISISS to lower the Q.
Resistors with values between 8 and 9 k€2 can decrease the detuning range by almost a factor of
two. In addition, fast feedback, as proposed by Boussard,’ further reduces the beam loading
effect. A signal proportional to the gap voltage is fed back into the reference signal for the
amplifier chain. The effective resistance of the cavity seen by the beam is reduced by a factor of
(1 + H), where H is the loop gain. The limitation on achievable loop gain is the loop delay.
According to Boussard,’

, (IL4.2-13)

where T is the delay in the feedback chain. This requirement forces the amplifiers to be located
inside the ring tunnel close to the cavities. Therefore, the amplifiers are located within 6 m of the
cavities, so that the cable lengths only impose about 40 nsec of delay in the feedback loop. It
should be possible to achieve a total loop delay of no more than about 50 to 75 nsec, in which
case, H £ 66. The value of H must be greater than \2 tan V¥ for stability, i.e., at least 35.2 at
injection, giving a factor of two in the safety margin. This, coupled with the use of copper
sulfate resistors, should be sufficient to achieve amplifier stability at the fundamental frequency.

The harmonic content of the circulating beam current can also be a problem, especially the
second harmonic, which is as large as 37% to 40% of the peak value of the fundamental current.
The cavity impedance is capacitive and has a value of 116 €2 at the second harmonic frequency.
This value results in a second harmonic voltage of as much as 2,500 volts being induced on the
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cavity. The loop gain at the second harmonic frequency is down to only about 10 or 20, but it
should be large enough to reduce the second hanmonic voltage to an acceptable level. Moreover,
to ensure that the longitudinal beam loading is kept sufficiently low, fast feed-forward is planned
with tuned filters and digital delay lines for some of the other harmonics.

These compensation techniques are used throughout the entire acceleration cycle.
Stability is easier to achieve during the acceleration cycle than at injection.

4.2.4 Summary and Conclusions

Despite the heavy loading on the RCS cavities and the heavy demand put on the amplifier
system, longitudinal stability is achievable. The use of swamping resistors is needed to
complement the fast-feedback loops, especially at injection. Fast feedback is needed throughout
the acceleration cycle. Feed-forward at the fundamental frequency and at some of the higher
harmonics is used throughout the acceleration cycle.

The compensation schemes appear to provide a factor of three or more safety margin in
amplifier stability for a beam of 1.04 x 10!4 protons per pulse. Care is to be taken to ensure that
the beam bunching factor and the delays in the feedback networks do not become too large, so as
to avoid amplifier instability.

4.3 RADIO-FREQUENCY SYSTEM

4.3.1 Intreduction

The RCS rf system has 10 single-ended, ferrite-loaded cavities to generate the required
180 kV. There is one cavity per straight section, and a total of ten straight sections dedicated for
the installation of the cavities. A change in resonant frequency from 1.1235 MHz at injection to
1.5035 MHz at extraction is accomplished by changing the dc current in the bias windings that
are wound around the ferrite. The design choice for the ferrite type is Philips 8C12, which is the
same as that used in the GSI Heavy lon Synchrotron!2 and for which extensive performance data
are available.

Each cavity is driven by a Class-B tetrode in grounded-cathode configuration. The entire
amplifier chain is located in the Ring Building (Building 365), close to the cavities. This close
proximity keeps the loop delay down, in order to achieve high gain in the fast-feedback loops.
The final amplifier is driven by a grounded-grid triode Class-C amplifier. The amplifier circuit is
discussed in detail in Section [1.4.3.3.
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4.3.2 Synchrotron Cavities

Each cavity delivers 18 kV across a single accelerating gap. The physical length of a
cavity is 2.59 m from flange face to flange face, with the accelerating gap at one end. There are
15 ferrite rings per subassembly and 4 ferrite subassemblies in each cavity. Four bias windings
are wound in the typical figure-eight configuration!3 around each pair of ferrite subassemblies, so
that the rf induction cancels at the input terminals of the bias supply. The cavity layout is
shown in Figure I1.4.3-1, and the physical parameters are listed in Table I1.4.3-1.

The ferrite rings are made of 0.0254-cm-thick Philips 8C12 material, or equivalent. The
inner radius of each ring is 0.125 m, and the outer radius is 0.25 m. Copper cooling plates, each
3 mm thick, separate the ferrite rings. A cooling-water tube is brazed along the outer
circumference of the exposed copper fins of the cooling plates. This arrangement is shown in
Figure 11.4.3-2.

A ferrite subassembly consists of 15 ferrite rings, 16 cooling plates, and aluminum oxide
clamping plates at the end of each ferrite stack. The cooling plate surfaces are coated with a heat-
conducting compound to make good thermal contact with the ferrite rings. The entire assembly is
put into compression by means of threaded copper rods extending from one end of the stack to
the other. These rods are also part of the bias windings.

The cavity fabrication plan is to assemble each stack of 15 ferrite nngs, cooling plates,
and bias windings separately. Each assembly is slid over the vacuum pipe and locked into
position. The final bias and water connections are completed from access panels on the top of
the cavity, after all the ferrite assemblies are in place on the vacuum pipe.

The relative rf permeability of the fernite, i, at the injection and extraction operating
points, with and without beam loading, is shown in Figure 11.4.3-3. With four bias windings, the
dc current varies from 80 A at injection to 115 A at extraction, when the cavity is unloaded,
which results in a change in relative rf permeability from 116 to 68. In order to cancel the
inductive portion of the beam current, the cavity resonant frequency is operated above the rf
frequency by the amount given by Equation 11.4.2-5; i.e., the resonant frequency needs to be
1.137 ttmes the rf frequency at extraction. Resonant operation at this frequency requires a higher
bias current, 142 A, to lower the relative f permeability to 52. An 8-kW (50V at 160 A)
programmable dc bias supply is required to drive the four-tum winding over 0.5 T in 8.33 msec.

The maximum rf field dunng acceleration reaches 0.0106 T, which is less than the field at
which the Q-loss effect was observed by the GSI team. The Q-loss effect occurred at GSI when
the product of field and frequency was equal to 18 mT MHz. For our design, the threshold for
Q-loss is about 1.5 times higher than the maximum rf field. The operating characteristics for the
cavities under nominal conditions are listed in Table 11.4.3-2.
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Table 11.4,3-1 Physical Parameters of Cavity

Parameters Values Units

Physical length of cavity, flange-to-flange 2.59 m
Inside length of cavity 2.39 m
Length of accelerating gap 0.09 m
Outer radius of cavity {inside dimension) 0.50 m
Inner/outer radii of beam tube 0.085/0.095 m
Type of ferrite Philips 8C12 -
nQ of ferrite 6.000 -
Ferrite ring dimensions:
Inner radius 0.125 m
Outer radius 0.250 m
Thickness 0.0254 m
Single-ended single-gap cavity:
Number of ferrite rings/cavity 60 -
Volume of ferrite/cavity 0.224 m3
Thickness of copper cooling plates 0.003 m
Number of tums on bias winding 4 -
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Table I1.4.3-2 Operating Characteristics of Cavity for Nominal Cperation

Parameters Values Units

Maximum flux density 0.0106 T
Maximum wvoltage per cavity 18.0 kv
Peak power in ferrite 75.4 kW/m?3
Average power in ferrite 28.2 kW/m?3
Average power in ferrite per cavity 6.3 kW
Peak power to copper 7.2 kw
Average power to copper 2.7 kW

dc coercive force at injection, without beam loading 271 AT/m
de current at injection, without beam loading 80 A
Relative permeability at injection, without beam loading 116 -

dc coercive force at injection with beam loading 360 AT/m
dc current at injection with beam loading 106 A
Relative permeability at injection with beam loading 80 -

dc coercive force at extraction, without beam iocading 390 AT/m
dc current at extraction, without beam loading 115 A
Relative permeability at extraction, without beam loading 68 -

dc coercive force at extraction, with beam loading 484 AT/m
dc current at extraction, with beam loading 142 A
Relative rf permeability at extraction, with beam leading 52 -
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4.3.3 RF Amplifiers

The final amplifier is a Class-B, grounded-cathode type, using a single Eimac 8973
tetrode, or equivalent. The tube characteristics are given in Table 11.4.3-3, and the tube outline is
shown in Figure 11.4.3-4.

The amplifier provides 18 kV to the gap and is able to deliver at least 90 A to compensate
for the instantaneous beam current, deliver enough current to excite the resonant cavity, and
deliver the necessary power to the beam. The Eimac 8973 is capable of delivering considerably
more current than is required. '

The basic circuit diagram of the amplifier, with the predriver, driver, and the final stage, is
shown in Figure 11.4.3-5. The plate supply voltage is 22 kV, and the screen voltage is +1500 V.
The dc bias on the control gnd is —=700 V. The final amplifier characteristics are listed in
Table 11.4.3-4. The grid of the Eimac 8973 is driven by a Class-B grounded-grid amplifier using
an Eimac 3CW20000A7, or equivalent. The 3CW20000A7 is driven by a I-kW Eimac 4-400
tetrode, operating in Class-AB| common-cathode configuration.

The low-level rf system consists of four major elements: (1) a dc bias control system to
keep the cavity on resonance and synchronous with the changing magnetic field, (2) an automatic
gain control to maintain amplitude at the prescribed reference level for voltage on the accelerating
gap, (3) a phase-control system that measures the beam position relative to the cavity phase and
makes incremental changes in frequency to keep the beam at the phase-stable angle, and (4) an
adaptive feed-forward system that uses the difference between the instantaneous beam current
and the difference signal between the instantaneous amplifier current and the circulating current in
the cavity to generate a change in the AGC reference to further correct for beam loading.

All amplifiers are located in the Ring Building (Building 365), close to the rf cavities to
keep the loop delays to a minimum. A plan view is shown in Figure I1.4.3-6 and a view looking
down the beam axis is shown in Figure [1.4.3-7. The amplifier cabinets are surrounded by a
walkway on the platform for servicing. The main transformers and dc power supplies are located
outdoors, on the roof of Building 364. A single dc supply provides high-voltage dc power for
two complete amplifier systems. The plan view of the power supply layout is shown in
Figure 11.4.3-8. Much of the control equipment, bias supplies, etc., are located on the third floor
of Building 364, as shown in Figure 11.4.3-9.
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Table 11.4.3-3 Eimac 8973 Tetrode, Class-B Operation

Parameters Values Units
Plate voltage {maximurm) 22.5 kv
Plate current (maximum) 110 A
Plate dissipation {maximum) 1,000 kW
Grid #1 dissipation {maximum) 2 kW
WG ~Gy) . 4.5 -
Plate resistance ~90 Q
Plate f power output {maximum) ~750 kW
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ANQDE

Figure 11.4.3-4 8973 Tetrode Qutline.
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I1.4 ACCELERATING SYSTEM

Table I1.4.3-4 Final Amplifier Characteristics for Single-Ended

Grounding Cathode

Parameters Values Units
Tube type Eimac 8973 -
Plate voltage 22.0 kv
Maximum gap voitage 18.0 kv
Peak plate current to beam €1.0 A
Peoak plate current from amplifier ~80.0 A
Peak power to beam per amplifier 237.9 kw
Peak power io ferrite per cavity 16.9 kW
Peak power 10 copper per cavity 7.2 kw
Average f power from amplifier 99.0 kw
Approximaie dc power to amplifier 141.0 kw
Approximate ac power to amplifier 176.0 kW
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3.1 INTRODUCTION

Collective instabilities are an important consideration in the RCS. These instabilities are
intensity-dependent effects that arise as a result of the electromagnetic wake fields generated by
the beam as it interacts with its surroundings. The interactions are characterized by the coupling
impedance. In the circulating current, small density fluctuations driven by wake fields of
sufficient magnitude and the proper phase can grow, leading to emittance growth and/or beam
loss.

The machine coupling impedance is described first, followed by discussion of collective
instabilities, which must be controlled in a high-intensity machine of this type. Longitudinal,
transverse, and electron-proton instabilities are discussed separately. Passive control is included
as an integral part of the discussion because it is preferred, where possible, in mitigating collective
instabilities. This passive control includes minimizing the coupling impedance and making use of
Landau damping by introducing a tune spread. It is expected that active control of instabilities
through beam feedback can be avoided.

5.2 COUPLING IMPEDANCE

The coupling impedance is estimated by using the standard, approximate models.!-> The
results for the longitudinal impedance, Z, and the transverse impedance, Z,, are summarized in
Table 11.5.2-1, and detailed calculations follow in the next two sections. The longitudinal
impedance is normalized by the mode numbers, n = Wy, where @y is the revolution frequency.
For the longitudinal case, the coupling impedance of interest corresponds to the mode numbers
n < 500, using the cutoff frequency 0 = c/b, where b is the average rf shield radius, and c is the
velocity of light. For the transverse case, ® = (p + v)wg, where p is a negative integer near v, the
horizonta! or vertical tune.

The impedance is dominated by the space charge self-field. The beam position monitors
(BPMs), extraction kickers, rf cavities, and the rf shield also contribute to the impedance. The
impedance due to other components, such as vacuum ports and bellows, i1s expected to be
negligible, because these are isolated from the beam by the rf shield. The components of the
coupling impedance depend on time-varying machine parameters. The results in the table
correspond to injection, unless otherwise noted. The time-dependence of the other components
is discussed in Section 11.5.2.2. The space charge impedance is capacitive, while the others are
inductive at the frequencies of interest and include a resistive term.
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Table 11.5.2-1 RCS Impedance Estimation
Re(Zi/n) Im{Zy/n) Re{Z)) Im(Z,)
(o {Q) (kQ/m) {kQ/m)
Space charge (injection) .4 =220 - -2,800
Space charge (extraction) - -50 - -1,500
b b
et shield 0.2/vn 0.2/vn 110 1114w
Extraction kickers - - 30 ¢ 50
rf cavities 14 d e - -
BPMs' 102 n 0.08 102 b 110

2 . = negligible or not applicable.

b » has units of 106 rad/sec.

¢ Maximum value, at 1 MHz, decreasing thereafter as w-1.

d Maximum value, at w;, decreasing to zero at @ << o, and o >> o,.

@ Zero at w,, inductive for m < w,, capacitive for o » a,.

t Valid up to 125 MHz.
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5.2.1 Space Charge Impedance

The impedance due to the self-field of a charged beam in a vacuum chamber, commonly
called the space charge impedance, is given by!.3

Z . Z . RZ
n 2By By

where Zy=pec=377Q, R is the average radius of the synchrotron, and § and y are the
standard relativistic factors, which are time-varying because of the acceleration. The beam has an
elliptical cross section, its major axis altemating between the horizontal and vertical planes.
However, for the calculations, a uniform, round, unbunched beam of radius a in a vacuum
chamber of radius b is assumed in evaluating the geometrical factors gyand g, :

go=1+2In E » g = —1——-1— (IL5.2-2)
a 32 b2

The transverse beam radius, a, decreases during the acceleration cycle.

The vacuum chamber is constructed with a special rf shield, shown in Figure 11.5.2-1, to
minimize the impedance due to space charge. The shield follows the beam envelope at an
aperture equal to the BSC, as discussed in Section I1.2.1.3. Details of the design are discussed in
Sections [1.5.2.2 and I1.6.2.

The impedance is estimated by using the average beam and rf shield radii, which are 5 cm
and 7 cm, respectively, at injection. The results for the space charge impedance during the
acceleration cycle are shown in Figure 11.5.2-2 for both the longitudinal and transverse planes.
The difference between calculating Z, by using the average values of a and b, and calculating the
average value of Z; directly, is no more than 1% for the longitudinal plane and 10% for the

transverse plane. Compared with a fixed-radius rf shield, this contour-following scheme reduces
the longitudinal space charge impedance by 30% at injection and 20% at extraction. The
transverse impedance is reduced by 35% at injection and 10% at extraction.

A number of corrections to the geometrical factors have been proposed to account for the
wires and the more realistic elliptical beam cross section. The electrostatic fields produced by a
uniform beam propagating inside a round, rf-screening wire cage have been derived by T. Wang.6
A second correction, derived by H. Okamoto, takes into account the varying elliptical shape of
the beam in a smooth, metallized vacuum chamber without wires and with a fixed radius.” These
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Figure I1.5.2-1 Ceramic Vacuum Chamber Cross Section in the Focusing Quadrupole Magnet,
Showing Placement of the rf Shield Wires at the BSC Aperture.
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corrections result in a difference of less than 2% in the longitudinal impedance. Wang's method
results in a +15% correction in the transverse impedance, and Okamoto's method results in a
—20% correction.® Until a rigorous derivation is performed for a contour-following wire rf shield,
we retain the averaged result and treat the above corrections as an uncertainty.

5.2.2 Other Contributions

Contributions to the coupling impedance from the rf shield, kickers, rf cavities, and
BPMs are evaluated in this section. Unless otherwise noted, the formulae are derived in
Reference 4.

The RCS has a ceramic vacuum chamber to avoid eddy current losses and distortions of
the magnetic field. The rf shield is designed to make good contact between neighboring chambers
to reduce the resistive impedance and to provide a return path for the image current. It shields
the beam current and allows penetration of the slowly varying magnetic fields. About
120 equally spaced beryllium-copper wires, with an electrical conductivity of
o =14x10" Q'm™! 9 are mounted axially inside the chamber, as shown in Figure I1.5.2-1.
Formulae for a smooth, cylindrical, conducting beam pipe are used to estimate the impedance due
to the rf shield at frequency :

where 6 = 1/2/}100) is the skin depth, a = (1+ e_z(l_‘] J4/ 8)/ (1- e_zllnj)d/ 8) is a multiplier, and

d is the thickness of the conducting surface. The multiplier becomes unity when the thickness of
the conducting surface is greater than the skin depth, or d >> 8. The lowest possible frequencies
occur at the values n = 1 in the longitudinal case and |p+ V| = 0.2 in the transverse case. The skin
depth is 0.28 mm for the lower frequency, 200 kHz, compared with a wire diameter of 1.5 mm.
Therefore, the thick-wall approximation is used. Z, / n scales in time with Jaa and is 16%
higher at extraction than at injection for a given n. Z scales with ]/-\[(:); and is 16% lower at
extraction for a given p.
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The coupling impedance due to the six extraction kicker magnets is estimated by following
the approach of Nassibian and Sacherer.> For no eddy current losses and infinite permeability in
the ferrite core, the impedance due to a window-frame magnet is given by

12

2

2,2 22 cont?
AR (2,)-
n 2 4w’z

4w Ly n W L

where / and w are the length and half-width of the magnet, respectively. The maximum
horizontal displacement, xg, of the corrected beam centroid is 1.0 mm. The kickers are traveling-
wave structures terminated into a matched load; therefore, the magnet circuit impedance is
Zy =27, where Zg is the characteristic impedance of the cables that feed the magnet. When
transit-time effects are included, the impedance due to the kickers becomes?

2
Z X
im| =L | = 2870 (/- sinki),
n 4 ng2

ReZ, = Z—O"i(l—coskl), ImZ, = ﬁi(kt— sinki),
4wg ki dwg ki

where g 1s the gap half-height and k/ = _0%)_51 is the electrical length of the kicker winding. The
cZ.w

magnet parameters are given in Table 11.3.4-2. The longitudinal impedance is negligible. The real
part of the transverse impedance is peaked around 1 MHz.

The aggregate effect of all the rf cavity higher-order modes (HOMs) on the bunch is
described by an rf-equivalent broadband impedance. This is represented by a single, Q=1

resonator centered at the cutoff frequency @ and is calculated by using!0

(EIL} SNy Y (Bﬂ] %o (115.2-3)
Q q Presq

where Rgy, is the shunt resistance of cavity mode q, Wyes is the resonant frequency, Q is the
quality factor, and Ny = 10 is the total number of cavities. The fundamental mode is excluded
from the sum. Modal analysis of the tf cavities described in Section 11.4.3 was performed by
using URMEL-T,!! and the resulting mode frequencies and ratio Rg,/Q are summarized in
Table 11.5.2-2. These solutions correspond to a cavity tuned to the fundamental frequency of
1.3 MHz about midway through the acceleration cycle and for which Rg,/Q is equal to 105. The
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mode at 5.6 MHz is the first quarter-wave resonance. At the fundamental frequency, the gap
capacitance and ferrite inductance appear as lumped elements.

Modes where q s greater than 4 do not contribute significantly. The impedance in
Table 11.5.2-1 is obtained by using the values from Table I1.5.2-2 and Equation I1.5.2-3. The
deflecting modes, corresponding to transverse impedance, lie considerably above the fundamental
frequency and do not couple well to the beam. The lowest transverse mode occurs at 34 MHz,
with an R,/ Q of 0.03 {¥m, and is negligible, as indicated in Table I1.5.2-1.

There are a total of 56 two-electrode, stripline BPMs, one in each quadrupote. Half of
these are horizontal pickups, and half are vertical. The impedance of each BPM 1s calculated by

using
Z ol ¢ 2(0 ! c (4 2 0
] N ,
( 1 JBPM ( ¢ J[M} c (21 )pem b2l o 2 (Z1)gpm

where it is assumed that Z; = 50 Q is the characteristic impedance, / = 0.6 m is the length, and
¢ = 0.25 rad is the angle subtended by one 2.5-cm-wide stripline. The longitudinal impedance is
evaluated at ® =nwy. These expressions are valid up to the frequency ® = Tl:c/ (21), or

125 MHz. Re (Z" / n) increases by 80% at extraction, and Im (Z" / n) increases by 34%. Re(Z J_)

increases by 15% at extraction, and Im(Z J_) is constant.

The impedance due to other components, such as vacuum ports and bellows, is expected
to be negligible, because these components are isolated from the beam by the rf shield.

The impedances obtained from these calculations are summarized in Table 11.5.2-1.
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Table 11.5.2-2 Ratio of Shunt Impedance and
Q of First Few HOMs for an rf Cavity

(MHz) Q)

5.6 5.5
10.5 0.8
14.82 0.2

a Extrapolation of ferrite properties beyond
normal operating range of 0.5 to 10 MHz.
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5.3 LONGITUDINAL INSTABILITIES

Of the several known longitudinal instabilities, only the microwave instability due to the
coupling impedance between the beam and its surroundings needs to be considered for the RCS.
This instability should not occur in a machine operating below transition energy if the coupling
impedance for the ring is purely capacitive. In the RCS, the impedance is largely capacitive, and
the instability is not expected to occur; however, the instability could occur when there are
resistive components. The instability growth rate then depends on the momentum distribution
of the beam, particularly the shape of the distribution tails. A rigorous analysis of this instability
requires knowledge not only of the coupling impedance seen by the beam, but also of the peak
current and energy spread of the beam. At this stage, this beam information was obtained
through Monte Carlo simulations.

The following steps are taken to design a conservative system to prevent the onset of
instability:

* The impedance contributions from the various RCS components are estimated.

» The Keil-Schnell criterion, derived for a coasting beam, is applied to bunched
beams; this is a commonly accepted practice.

» Although the Keil-Schnell criterion overestimates the severity of the
instability below transition, this criterion is used to obtain the required Ap/p

to raise the threshold current.

* By using the peak current and energy spread of the circulating beam obtained
from the longitudinal tracking studies described in Section 11.4.1.3, a detailed
analysis of the stability diagram is made.

A simplified criterion for the longitudinal stability threshold, independent of the details of
the particle phase space distribution and applicable to bunched beams, is written as!.2

4
n

2 2
5F|"|B E/ c[AvammJ ’ (11.5.3-1)
ka P

where local values of the current and momentun: are used. Equation IL.5.7-1 is commonly
referred to as the Keil-Schnell (K-S) criterion. Here, F=1 is a form factor, Iy is the peak
current, and 1| = 1/%Z — 1/42, where 7y, is the transition energy.
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The K-S criterion imposes a lower bound on the ratio (Ap)z/lpk. This requirement drives
the peak rf voltage, because the momentum spread and peak current both depend on the rf
voltage. Since the K-S criterion depends quadratically on the momentum spread and is inversely
proportional to the peak current, increasing the momentum spread is more effective in achieving
stability than is lowering the peak current. The optimal rf voltage profile over the cycle is
obtained through simulation studies, as discussed in SectionI1.4.1.3. The peak current is
obtained from the simulation by searching for the maximum of the particle distribution projected
on the phase axis. The time-varying rf voltage and peak current are shown in Figure 11.5.3-1a,
and the bunching factor, Br= I/ka, is shown in Figure I11.5.3-1b. The energy spread is obtained
from the projection of the particle distribution on the energy axis.

The momentum spread corresponding to the threshold for the microwave instability is
computed by substituting the impedance listed in Table II.5.2-1 and the peak current from
Figure 11.5.3-1a into Equation I1.5.3-1. The time variation in the longitudinal instability threshold
is plotted together with the momentum spread obtained from tracking in Figure 11.5.3-2. The
beam remains in the stable region throughout the cycle, within the assumptions of the theory and
tlie impedance estimate.

Below transition energy, it is possible to operate the machine with a large capacitive
impedance outside the K-S boundary and preserve stability. The stable region is dependent on
both the resistive component of the impedance and the shape of the distribution tails. The stable
region can be seen in Figures I11.5.3-3a and I1.5.3-4a for two different momentum distributions;
the details are discussed below.

The response of a beam to a periodic perturbation, cxp( j(Qt—n(p)), is given by the
Vlasov equation, where ¢ is the azimuthal phase coordinate and €2 is the driving frequency of

the perturbation. The solution to the small-amplitude Vlasov equation leads to a dispersion
relation, which, for a coasting beam, is given by 12

=2 - L - —Zil Iy, (11.5.3-2)
n (E/€)p*ni(ap/p)

Ip is the normalized dispersion integral, given by

X—Kl
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Figure 11.5.3-1 Variation of the {a) Peak Current and (b} Bunching Factor, B= Vg (The rf
voltage program is superimposed in the top graph, a. The peak current is obtained from the
longitudinal tracking, and the small fluctuations are due to Monte Carlo statistics.)
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Plot a also shows the stable region that satisfies the K-S criterion. The value of the longitudinal
coupling impedance from Table I1.5.2-1 is indicated by a dot near the vertical axis.)
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Figure I1.5.3-4 Dependence of the Longitudinal Stability Boundary (a) on Momentum Distribution,
Using the Distribution in (b). (The particle distribution in the lower plot, b, is a smooth fit
of the results from the tracking. Sections of the stability diagram are labeled with the
comresponding sections of the distribution. The upper portion of the stable region
is entirely determined by the tails of the distribution.)
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where
x = (n® — nwg)/(nS) describes the frequencies of the particles in the beam,
x1 = (€2 — nwp)/(nS) is related to the driving frequency of the perturbation,

28 = -nwo(Ap/p) is the full spread at half maximum of the revolution frequency
distribution, and

f(x) = normalized beam density distribution in frequency space.

The real part of the driving frequency, Q, is related to an energy shift, while the imaginary part
leads to growth of the perturbation.

A finite spread in the revolution frequency or, equivalently, in momentum, gives rise to
Landau damping through I;. The factor in Equation I1.5.3-2 in front of I, is defined as

ReZ, + jImZ
vV iUy = -2 ! (ReZ, + "). (11.5.3-3)

 (B/e)B?n|(ap/p)” !

Therefore, the dispersion relation can be rewritten as
1=V +jUu)Ip.

This leads to the (U’-V’) stability diagram, where the stability boundary is obtained when the
dispersion integral is evaluated with Im{2=0. The stability diagram can be plotted in the Z / n

impedance plane by using Equations 11.5.3-3 and I1.5.3-2.

The stability diagram for the RCS at 2 GeV is plotted in the impedance plane in
Figure 11.5.3-3a for the quartic momentum spread shown in Figure I1.5.3-3b. Also shown in
Figure 11.5.3-3a is the stability region that satisfies the K-S criterion. The positive vertical axis
denotes capacitive impedance, and the longitudinal coupling impedance listed in Table 11.5.2-1 is
plotted as a large dot. The particle momentum distribution in Figure I1.5.3-3b ts obtained from
the simulation results.

The stability boundary, which depends specifically on the momentum distribution, can
give a higher limit than the K-S criterion. However, the upper portion of the stability boundary,
which corresponds to the tails of the distribution, is highly sensitive to the beam distribution.
This can be seen in Figure 11.5.3-4a, which shows the stability boundary obtained by using a
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different distribution, shown in Figure [1.5.3-4b. The latter is obtained by using the 353QH
smoothing algorithm,!3  Sections of the stability diagram are marked according to the
corresponding section of the momentum distribution. Experience shows that in measured data,
the tails in the line density can be rather unpredictable.

The machine is dominated by the capacitive space charge impedance, which then
determines the resistive Re(Z, /n) limit for stability. The stable boundary satisfying the K-S
criterion in Figure I1.5.3-3a suggests that the beam is stable to a threshold Re(Z;/n) of 70 Q.
This can readily be achieved in the RCS. A similar analysis at 400 MeV gives a resistive limit of
550 Q. The stability criterion is most critical near extraction because the peak current increases
by a factor of five, while the momentum spread decreases by 30%. The result is that the right-
hand side of Equation I1.5.3-1 decreases by a factor of ten, while the impedance decreases by a
factor of four.

5.4 TRANSVERSE INSTABILITIES

A transversely displaced beam generates an imbalance in the image current, which in turn
perturbs the circulating beam. A non-zero resistivity in the coupling impedance causes a phase
delay in the wake field, which can amplify the perturbations and cause them to grow. The head-
tail instability is discussed first using Sacherer's bunched beam formalism.!4 Further discussion
of damping transverse instabilities considers the coasting beam stability criterion.

The head-tail effect has been observed at the S00-MeV IPNS,15 the KEK Booster,16 and
IS18.17 Therefore, it is analyzed in some detail for the RCS. In the absence of a tune spread, the
growth rate of the head-tail instability, assuming a time dependence of exp( ijt), is given by
the imaginary part of 14

j °Izl(‘°p)F,

m:»

On = hm) am(E)9)

where

, _1 hm(mp“‘“’@)
" B hm{wp-og)
p

In this expression, it is assumed that the instability is dominated by the contribution from the
impedance evaluated at a single frequency, ®p =(p +V)(00. The total growth rate involves a
convolution of this impedance with the bunch spectra, which are given by the functions hy,. The
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lowest mode numbers, m, which denote the number of nodes along the bunch, give the highest
growth rates. The chromatic frequency is g = (&/n)veg, where £ = (Av/v)/(Ap/p) is the
normalized chromaticity. The head-to-tail phase difference in the bunch is given by x = w7y,
where Ty is the bunch length in seconds. The ratio of bunch length to ring circumference is given
by B. When ReZ J_(cop) <0, the instability grows; when ReZ i(pr >0, the instability is
damped.

For the RCS at 400 MeV, the form factor, F,, for m =0 has a half-width of about
2 MHz, and the form factor for m=1 peaks around 1 MHz. The chromaticity is generally
cotrected to zero to avoid a large betatron tune spread in the large-momentum particles, as
discussed in Section I1.2.1.6. When the chromaticity is zero, ¥ =0 and the bunch spectra are
centered at zero frequency, where the rf shield and kicker impedances are important. In the
vertical plane, the largest growth due to the rf shield impedance occurs when p=-6, and the
largest growth due to the kicker impedance occurs when p=-~7. The BPM impedance does not
contribute significantly to the instability growth. The growth rates of the first few head-tail
modes are given in Table I1.5.4-1 for the corrected and uncorrected chromaticities at the end of
injection. Similar results are found for the horizontal plane. The impedance and the frequency
giving the largest growth are also listed; note that ReZ l(mp) =—-ReZ _J_(—(Op). The lowest
modes are stabilized at the natural chromaticity, £§=-1.2. With the value of Ap/p=1.2%
obtained from the longitudinal tracking, however, the corresponding betatron tune spread at the
natural chromaticity is 0.1. Therefore, the chromaticity is adjusted to be between 0 and —1.2 to
shift the bunch spectrum to higher-order head-tail modes that have lower growth rates, while at
the same time ensuring that the tune spread remains inside a resonance-free working region. The
available region can be seen in the tune diagram, Figure 11.2.1-8. The stability of modes m<2 is
assured with & < —0.35. This gives a betatron tune spread of 0.024.

Discussed next is the transverse stabilization of the beam, achieved by using a betatron
tune spread or shift. An amplitude-dependent tune spread is introduced by octupoles and
second-order effects in the sextupoles, leading to Landau damping. A momentum-dependent tune
shift results from a finite chromaticity. The stability criterion derived for coasting beams is
extended heuristically to bunched beams. According to Chao,!3 there are two stability criteria
that can apply to bunched beams, depending on whether the instability growth rate is much larger
or much smaller than the synchrotron frequency, .. As shown in Table [1.5.4-1, the expected
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Table IL5.4-1 Head-Tail Instability Growth Rate vs. Chromaticity in the
Vertical Plane at the End of Injection

Growth Rate (sec)!

Mode Re(Z,) Frequency Source of
number, m {kQ/m) {MHz) Impedance E=0 £E=-1.2
0 8 0.3 f shield 350 Y
0 14 0.3 kickers 620 0
1 28 1.4 kickers 730 0
2 28 1.4 kickers 590 0
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growth rates are of the order of the synchrotron frequency. Therefore, to be conservative, the
peak current is used. The transverse stability criterion for the RCS is given by

The stability criterion is evaluated to determine the threshold tune spread, (Av by

equating the left- and right-hand sides of the above equation:

J thresh’

_ T 2.
(av) thresh 4nva(E/e)

Because the impedance is dominated by space charge effects, this expression is equivalent to the
coherent Laslett tune shift (due to image charges only.) The results are presented in
Table I1.5.4-2 for the vertical plane at 400 MeV and 2 GeV. The impedance is taken from
Table 11.5.2-1.

The threshold tune spread determined from the stability criterion can be met by using the
momentum-dependent chromatic contribution, Avg = |(p - v)n + v§|(Ap/ p), and/or the amplitude-

- A _(81)
dependent octupolar contribution, Av =—32—nkw, where Ky = Bp is the octupole

strength. The standard strategy requires that each term satisfy the stability criterion independently,
if possible.

Considered first is a solution using the condition AVg 2 AVyyresh, and using the chromatic
term only. In the vertical plane, the value of p is 6. If the momentum spread is left as a variable
and the natural chromaticity is used, simple manipulations give

Ap

Ap (%) e _{0.8% 400 MeV
p

(p-vin+vg [06% 2Gev '

This is to be compared with a momentum spread of about 1% obtained in the longitudinal
tracking study. Conversely, using the momentum spread from the tracking, one obtains the
required chromaticity:

< (Av) thresh _ (p _ v)n
- V(Ap/ p) v

-0.97 400 MeV
-0.66 2GeV

11.5-20



IPNS UPGRADE II.5 COLLECTIVE BEAM INSTABILITIES

Table IL.5.4-2 Threshold Tune Spread According
to the Coasting Beam Stability Criterion

Time in
Cycle ImZ,
(msec) (M@/m)  (AVhnresh
0 2.7 0.06
25 1.4 0.03
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Considered next is a solution using octupoles only and chromaticity fully corrected to
zero. The required octupole tune spread is

AVoct 2 Av thresh *

With a beta function, By, of 12 m and beam size, ay, of 0.07 m at 400 MeV and 0.04 m at 2 GeV,
the integrated octupole strength per super-period required for stability is given by

Ly 132m (av), _]24m™ 400 MeV
tE T, = -3 ‘
4By a2 44m 2 GeV

It is assumed that the octupoles are located in each of the four super-periods, at the location of
each defocusing quadrupole. The required octupole strength does not degrade the dynamic
aperture. It has long been observed in other low-energy accelerators that the current required in
the correction octupoles is found to be less than that predicted by the theory.16,20

Active beam feedback is an option to suppress or damp undesired beam oscillations for
the head-tail instability. A typical feedback system consists of a beam position detector,
processing electronics and a delay unit, a power amplifier, and a deflection kicker. The
characteristics of the feedback system include specifications of the bandwidth, gain, and kicker
strength. Other considerations for the system, not discussed here, include reducing noise
sensitivity and maintaining synchronicity with the rapidly varying revolution frequency. The
bandwidth is about wg/2, or 500 kHz. The angular deflection given by an electrostatic kicker is
given by

A9=£—‘ eEkI ’

! 28%(E peam)

where Epeam is the beam energy, Ex is the electric field, and / is the length of the kicker. If an
instability rise time of 1 msec and a revolution period of 1 usec are assumed, the instability
amplitude growth is

X 1 growth

AX = Trev = 10—3
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where xg is the minimum detected beam deviation, assumed to be 0.5 mm. This ratio is the gain

divided by two. Since x’ = X , the kicker deflection angle can be written as A8 = —A—x—ﬂ,
x| max Xo Bx

and the electric field for the kicker becomes

2B%(E
E, 2107 EM )
X el
This becomes 230 V/m for a 0.5-m kicker length at 400 MeV, and 950 V/m at 2 GeV, using the
average value B, = 6 m. It is customary, in practice, to design in an extra factor of 5 to 10 in the

electric field.

5.5 ELECTRON-PROTON INSTABILITY

The residual gas in the vacuum chamber is ionized by the beam due to collisional
processes. The electrons liberated from the gas molecules can be trapped in the proton beam's
potential well. Because the trapped electrons oscillate in the potential well, the transverse
motions of electrons and protons are coupled, which can result in amplitude growth. This
instability, first observed in the coasting beam at the CERN Intersecting Storage Ring (ISR), is
called the electron-proton ("e-p") instability. This instability is characterized by a growth time
that is comparable with the fastest coherent instabilities caused by coupling impedances. This
instability should not be a concem in the RCS because the circulating beam is bunched, and it has
also not been observed in similar rapid cycling machines, such as ISIS2! at Rutherford, IPNS at
Argonne, and the KEK Neutron Source (KENS).

However, a fast instability known as "PSR instability," which is similar to the e-p
instability, was recently observed at the Proton Storage Ring (PSR) at Los Alamos during
chopped beam accumulation.?? Whether or not this is a true e-p instability is unknown;
however, prior to the onset of the instability, the gap between the bunch passages is filled by
bunch leakage. The RCS rf voltage is high enough to avoid bunch leakage during the acceleration
period (see Section I1.4.1).

The longitudinal beam distribution in the waiting bucket during injection is sensitive both
to chopper efficiency and to injection mismatch from the linac. The possibility of e-p instability
during injection was investigated, assuming a coasting beam, which is the worst case. The
analytical results show that the required neutralizations (electrons/protons) are between 5% and
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10%, depending on the tune and the beam size.23 Neutralization from the residual gas satisfies
the following formula:24

7 = 0.85 P(nTorr) t(sec).

The vacuum pressure must be less than 10-7 Torr for t = 0.5 msec injection time. The design
value is 10-8 Torr.

The stripping foil is also a source of electrons, because each H™ ion produces two
electrons after stripping. This is potentially dangerous, because the circulating bunch could
interact with the electron cloud during the injection period of every turn. Clearing electrodes are
installed around the foil to circumvent this potentially dangerous situation.
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6.1 INTRODUCTION

An operating pressure on the order of 10-8 Torr is achieved by using ion pumps
distributed evenly around the RCS ring. The vacuum chamber is made of high-purity ceramic to
avoid eddy current effects from the ramping fields. It has a wire liner, which acts as a radio-
frequency (rf) shield to minimize coupling impedances, in a manner similar to that previously
accomplished at ISIS.12

6.2 VACUUM CHAMBER DESIGN

The vacuum chamber is constructed in sections made of 99.7%-pure alumina ceramic,
These secttons span several magnets and are independently supported. Clearance is sufficient to
avoid thermal and mechanical stresses. The nominal cross sections for a dipole chamber and a
quadrupole/sextupole chamber are shown in Figure I£.6.2-1. Vacuum chamber dimensions are
listed in Table 11.6.1-1.

Ceramic chambers with these cross sections are produced in standard lengths of up to
60 cm by means of the isostatic forming process. This process provides the most accurate
dimensional control of both interior and exterior ceramic surface geometry, and it allows modest
curvatures to be imparted without sacrificing dimensional accuracy. Both cross sections have
been analyzed for mechanical strength at the aforementioned operating pressure with the
ANSYS 5.0 finite-element-analysis software. Maximum tensile loading for both sections was
calculated to be less than 4,000 pounds per square inch (psi). High-purity alumina ceramics have
an ultimate tensile strength ranging from 38 to 40 ksi for material with the normal amount of
inclusions and flaws.

A typical vacuum chamber cell is longer than 60 cm; therefore, several of the isostatically
formed 60-cm-long sections must be fused together. The doweling system shown in
Figure 11.6.2-2 is used to maintain chamber-to-chamber alignment during glass fusion.

At the end of each section are glass-fused ceramic flanges that mate with the metallic
sections of adjoining components. A metallic O-ring forms the vacuum seal between the ceramic
and metal flanges. A clamping system uniformly compresses the seal circumferentially while
keeping the ceramic flange in compression, as shown in Figure 11.6.2-3. A typical cell is shown in
Figure 11.6.2-4. Vacuum integrity is maintained at pressures on the order of 10-8 Torr.

A semiconducting ceramic glaze consisting of conductive materials within a lead-quartz
glass matrix is applied to the interior of the ceramic chamber. The coating is bonded to the
ceramic at high temperature, resulting in a surface resistance of 100 K€ per square. Outgassing
rates are typically between 10-8 and 10-!4 Torr-L/sec-cm? for such coatings.4> The design value
for this machine is 10-10 Torr-L/sec-cm?. The coating provides static charge dissipation, and
some rf shielding.
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Table 11.6.1-1 Vacuum Chamber Dimensions

Parameters Values Units
Dipole chamber height 15.6 cm
Dipole chamber width 17.6 cm
Quadrupole chamber height 20.7 cm
Quadrupcle chamber width 27.1 cm
Total RCS chamber length 19,040 cm
Total RCS chamber volume 6,390 L
Total RCS chamber surface area 1.29 x 108 cm?2
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6.1 INTRODUCTION

An operating pressure on the order of 10-8 Torr is achieved by using ion pumps
distributed evenly around the RCS ring. The vacuum chamber is made of high-purity ceramic to
avoid eddy current effects from the ramping fields. It has a wire liner, which acts as a radio-
frequency (rf) shield to minimize coupling impedances, in a manner similar to that previously
accomplished at ISIS.1.2

6.2 VACUUM CHAMBER DESIGN

The vacuum chamber is constructed in sections made of 99.7%-pure alumina ceramic.
These sections span several magnets and are independently supported. Clearance is sufficient to
avoid thermal and mechanical stresses. The nominal cross sections for a dipole chamber and a
quadrupole/sextupole chamber are shown in Figure 11.6.2-1. Vacuum chamber dimensions are
listed in Table I1.6.}-1.

Ceramic chambers with these cross sections are produced in standard lengths of up to
60 cm by means of the isostatic forming process. This process provides the most accurate
dimensional control of both interior and exterior ceramic surface geometry, and it allows modest
curvatures to be imparted without sacrificing dimensional accuracy. Both cross sections have
been analyzed for mechanical strength at the aforementioned operating pressure with the
ANSYS 5.0 finite-element-analysis software. Maximum tensile loading for both sections was
calculated to be less than 4,000 pounds per square inch (psi). High-purity alumina ceramics have
an ultimate tensile strength ranging from 38 to 40 ksi for material with the normal amount of
inclusions and flaws.

A typical vacuum chamber cell 1s longer than 60 cm; therefore, several of the isostatically
formed 60-cm-long sections must be fused together. The doweling system shown in
Figure 11.6.2-2 is used to maintain chamber-to-chamber alignment during glass fusion.

At the end of each section are glass-fused ceramic flanges that mate with the metallic
sections of adjoining components. A metallic O-ring forms the vacuum seal between the ceramic
and metal flanges. A clamping system uniformly compresses the seal circumferentially while
keeping the ceramic flange in compression, as shown in Figure 11.6.2-3. A typical cell is shown in
Figure 11.6.2-4. Vacuum integrity is maintained at pressures on the order of 10-8 Torr.

A semiconducting ceramic glaze consisting of conductive materials within a lead-quartz
glass matrix is applied to the interior of the ceramic chamber. The coating is bonded to the
ceramic at high temperature, resulting in a surface resistance of 100 KQ per square. Outgassing
rates are typically between 10-8 and 10-14 Torr-L/sec-cm? for such coatings.#5 The design value
for this machine is 10-10 Torr-L/sec-cm2. The coating provides static charge dissipation, and
some rf shielding.
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Tabte IL6.1-1 Vacuum Chamber Dimensions

Parameters Values Units
Dipole chamber height 16.6 cm
Dipole chamber width 17.6 cm
Quadrupole chamber height 20.7 cm
Quadrupole chamber width 271 cm
Total RCS chamber length 19,040 cm
Total RCS chamber volume 6,390 L
Total RCS chamber surface area 1.29 x 106 cm?
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Figure 11.6.2-1 Dipole Chamber Cross Section {upper) and
Quadrupole/Sextupole Chamber Cross Section (lower).
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Figure [1.6.2-2 Alignment System for Glass Fusion Bonding of Alumina Sections.
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Figure I1.6.2-3 Ceramic Vacuum Chamber Joint Detail.
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Figure IL.6.2-4 Typical Quadrupole/Sextupole Ceramic Chamber Cell.
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Figure 11.6.2-§ Wire Liner, Which Acts as a Radio-Frequency Shield
and Is Supported on Ceramic Ribs.
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The rf shield is actually a wire liner that runs the entire length of the vacuum chamber. Its
cross section follows the beam envelope along the lattice, as shown in Figure [1.6.2-5. It shields
accelerator components from rf energy induced by the beam, and it also provides a low-
impedance return path for beam image currents.

The wires are made of 1.5-mm-thick Be-Cu and have a center-to-center spacing of 4.5 mm
around the perimeter of the chamber. They are periodically supported on ceramic ribs. One of
the ceramic ribs in a quadrupole chamber is shown in Figure I11.6.2-5.

Each wire is terminated in discrete capacitors at the flanged ends, as shown in
Figure I1.6.2-6. The capacitors inhibit current flow around the loop formed by the rf shield wires
and ground.2:3

Intracell compliance, and also alignment between cells and individual special components
such as kicker magnets, is achieved by the use of flanged beliows, such as those shown in
Figure 11.6.2-4.

Metallic finger assemblies provide electrical continuity for rf shielding and maintain the
vacuum chamber geometry in the bellows region, as shown in Figure I1.6.2-7.

This vacuum chamber system uses existing technologies and designs and can be produced
by commercial vendors. Coating materials and manufacturing techniques exist.

6.3 VACUUM PUMPING SYSTEM

Eight 300-L/min mechanical pumps and eight 400-L/sec turbo-molecular pumps are used
for the roughing system. Rough pumping from atmospheric pressure to 10-3 Torr takes about
one hour. The turbo-molecular pumps reduce the pressure to the order of 106 Torr in six hours.

Thirty-six 220-L/sec ion pumps plus four 60-L/sec ion pumps are used to pump the RCS
down to less than 10-7 Torr.

Ion pump locations around one quarter of the ring (or one super-period) are shown in
Figure [1.6.3-1. The total pumpdown time from atmospheric pressure to 10-7 Torr is about
10 hours.

A vacuum finite-element-analysis computer program developed at Argonne National

Laboratory has successfully modeled other vacuum systems.5 This program was used to help
design the RCS vacuum system.
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A super-period is divided into 20 elements. Data on the volume, surface area, outgassing
rate, pumping speed, and conductance for each element are input for the program. Table 11.6.3-1
lists the input data for the program. Figure 11.6.3-2 shows the calculated vacuum profile in one
sector. The highest pressure is less than 3 x 10-8 Torr.
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Table [1.6,3-1 Input Data for Vacuum Finite-Element-Analysis Computer Program

Element Volume Conductance Pumping Speed  Thermal Desorption

Number (L) (L/sec) (L/sec) {Torr Lisec)
1 3.99E+01 1.24E+03 0 7.50E-07
2 2.67E+01 4.00E+02 0 6.61E-07
3 9.54E+01 6.20E+02 2.00E+02 1.92E-06
4 2.67E+01 4.00E+02 0 6.61E-07
5 0.54E+01 6.20E+02 2.00E+02 1.92E-06
6 2.67E+01 4.00E+02 0 6.81E-07
7 2.25E+02 3.31E+02 2.00E+02 4.36E-06
8 2.67E+01 4.00E+02 0 6.61E-07
9 1.60E+02 3.31E+02 2.00E+02 3.43E-06

10 1.64E+02 3.34E+02 2.00E+02 3.21E-06
1B 1.60E+02 3.21E+02 2.00E+02 3.43E-06
12 1.60E+02 3.21E+02 2.00E+02 3.43E-06
13 2.67E+01 4.00E+02 0 6.61E-07
14 2.25E+02 2.31E+02 2.00E+02 4.36E-06
15 2.67E+01 4.00E+D2 0 6.61E-07
16 8.88E+01 6.20E+02 0 1.76E-06
17 2.67E+01 4.00E+02 2.00E+02 6.61E-07
18 8.8BE+01 6.20E+02 0 1.76E-06
19 2.87E+01 4.00E+02 0 6.61E-07
20 4.89E+01 1.24E+03 6.00E+01 1.00E-06
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IPNS UPGRADE 11.7 BEAM DIAGNOSTIC INSTRUMENTATION

7.1 INTRODUCTION

The RCS has diagnostic instrumentation to monitor the beam position, profile, current,
and losses. In addition, the high-energy transport (HET) lines and low-energy transport (LET)
line leading to and from the RCS have beam diagnostics. TableI1.7.1-1 lists the types and
quantities of beamn diagnostics provided for the RCS and transport lines. Diagnostic
instrumentation provided for the linac is covered in Chapter IIL

7.2 RCS DIAGNOSTICS

7.2.1 RCS Beam Position Monitors

The synchrotron's beam position monitors consist of pairs of traveling-wave (stripline)
electrodes located within each of the quadrupole magnets. The angles of the pairs alternate by
90°, so they provide horizontal position information in horizontally focusing quadrupoles and
vertical position information in vertically focusing quadrupoles. Each plane has 28 electrodes.
The tf shield inside the vacuum chamber is modified near the electrodes to provide the proper
characteristic matching impedance. Constant impedance and matching feedthroughs are provided
at each end of the electrode.

The signals from each electrode of the pair are processed by a hybrid junction that
provides the sum and difference information. This information is then heterodyned to an
intermediate frequency for synchronous detection. The detected signals are digitized by 14-bit
analog-to-digital converters (ADCs). Local processors normalize the beam position, and the
information 1s provided to circuitry for orbit control feedback and to the control console for
operator monitoring. The measurement accuracy of the system is better than 500 pm.

7.2.2 RCS Current Transformers

Two current transformers are installed in the RCS. A slow current transformer is used to
accurately measure the intensity of the accelerated beam and to detect and quantify gross beam
losses. The other current transformer has high-frequency response and is used to monitor bunch
structure.

7.2.3 RCS Beam Loss Monitors

Beam losses in the synchrotron are detected by a gas-filled, coaxial-cable ion chamber.
The ion chamber is composed of four segments that overlap, a configuration that ensures that
losses can be localized to any octant of the synchrotron. The signals can be switched to a high-
resolution timing chassis to precisely detect the position of persistent, highly localized losses.
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Table I1.7.1-1 Beam Diagnostic Instrumentation
Locatlon Monitor Quantity
RCS Beam position monitor elactrodes 56 (28 H, 28 V)
Current transformers 2
Beam loss monitors 4 segments
Pingers 2(1H,1V)
Segmaented injection-orbit Faraday cups 6{(3H 3V
Solid first-turn Faraday cup 1
LET line Current transformers 3
Beam position monitor electrodes 8
Profile detectors 16
Beam loss monitors 1 segment
HET line Current transformers 3
(30 H2) Beam position monitor electrodes 4
Profile detectors 4
Beam loss monitors 1 segment
Target protection monitors 1
HET line Current transformers 3
(10 Hz) Beam position monitor electrodes 6
Profile detectors 4
Beam loss monitors 1 segment
Target protection monitors 1

8 H = horizontal; V = vertical.
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7.2.4 Special Beam Studies Instrumentation

The RCS includes a set of vertical and horizontal pinger magnet systems that allow
excitation of the beam to measure the betatron frequencies. The resulting betatron motion is
measured by pickup electrodes. High-frequency instrumentation and high-speed digitizing
circuitry are provided to allow complete analysis of the resulting signals.

7.2.5 Injection Diagnostics

Three segmented-Faraday-cup assemblies and one solid Faraday cup are located in the
RCS. A horizontal and vertical Faraday cup are mounted on one actuator. The actuators are
motorized and designed so either cup can be inserted into the beam path. Three of the cups are
designed to allow half of the beam to be intercepted on the segments. The other half continues
around the synchrotron. The segmented cups allow several injection orbits to be viewed. The
solid Faraday cup is located just upstream of the injection region and is used to measure the first-
turn beam intensity. The charge from all Faraday cup segments is digitized, and the resulting
profiles are analyzed by the control system to provide operators with injection orbit information.

7.3 TRANSPORT LINE DIAGNOSTIC INSTRUMENTATION

7.3.1 General Instrumentation

Each of the two HET lines and the single LET line has three current transformers
distributed along its length. The current pulse from each transformer is integrated by precision
integrators and digitized by the control system to calculate transport efficiency.

Beam position in the transport lines is monitored by arrays of four traveling-wave
stripline electrodes similar to the ones used in the RCS. Such monitoring allows both horizontal
and vertical information to be gathered from each array. The detection system for the LET line is
optimized to detect the 1,275-MHz component of the beam. In the HET lines, the peak of the
single, high-current beam pulse is detected from each of the electrodes. It is then digitized, and its
position is calculated.

Moving-wire scanners are used in the LET line to measure the H ion beam profile.
Segmented-wire ion chambers, mounted in vacuum valve assemblies, are used to measure the
profile in each of the HET lines. The beam profile measurement devices are not designed to be
operated at full beam power. They are operated at either low currents or low repetition rates.

Beam losses in all of the transport lines are measured by gas-filled, coaxial-cable ion
chambers, identical to the system used in the RCS.
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7.3.2 Target Protection Monitors

Maintaining a predetermined minimum beam profile and beam position at the neutron
generating target is essential to the operation of the facility, because severe target damage can
occur if the beam size becomes smaller than the predetermined size or if the beam drifts out of
position. Target protection instrumentation that shuts off the beam in the event of changing spot
size or position is necessary, but the standard beam-intercepting profile monitors cannot survive
very long under full beam power. The target is instrumented with the nonintercepting target
protection monitors {TPMs) described below, which provide adequate protection against fast
changes or long-term drifts in beam size and position.

A TPM consists of four secondary emission monitors (SEMs), arranged as shown in
Figure 11.7.3-1 and positioned upstream of the target. SEM-A and SEM-B are placed at the
upper and lower sides of the target, while SEM-C and SEM-D are at the left and the right sides
of the target. The SEM support stands have position adjustment mechanisms, so that the
position of each SEM can be precisely adjusted. The SEMs are modular, and individual units can
be replaced by new ones without requiring realignment. The SEMs are placed at the positions
shown in the figure and do not intercept any portion of the beam. They provide a null signal
untess the beam shape or position changes. Heartbeat signals ensure that all monitor channels are
functioning.

The TPM provides a signal when the beam position changes or when the beam size
increases in either of the transverse planes. Since the HET lines are constructed with quadrupole
focusing magnets, a decrease in the horizontal beam size would most likely occur with a
corresponding increase in the vertical beam size, and vice versa. Therefore, signals from a pair of
SEMs indicate a change in beam size. Any individual SEM would be able to indicate a change in
beam position.

At initial start-up, the HET lines are tuned at very low beam power by using signals from
beam-intercepting profile monitors. The SEMs are then brought into position and adjusted to
bring them close to the beam. The beam-intercepting profile monitors are removed, and full beam
power is directed onto the target. From this time on, the TPM monitors changes in the beam
position and changes in the beam profile. Information from the TPM is processed together with
monitored HET magnet setpoints and readback values and provides the desired beam shutdown

signal.

Some research and development are required to ensure the long-term reliability and
optimize the functionality of these devices.
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Figure I1.7.3-1 Target Protection Monitor That Uses Secondary Emission Monitors
as Detectors, Shown from the Side (a) and from the Beam'’s Perspective (b).
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IPNS UPGRADE II.§ CONTROL SYSTEM

8.1 INTRODUCTION AND PHILOSOPHY

The IPNS Upgrade control system design is based on using high-performance
workstations to act as the operator consoles, distributed microprocessors to control equipment
interfacing and preprocess data, and an interconnecting network. Figure I11.8.1-1 shows in
schematic form all major components and their relationships. The IPNS Upgrade design includes
58 distributed microprocessors and 10 workstation console systems. Some of the workstations
have at least two physical screens.

The IPNS Upgrade control system is a direct application of the Experimental Physics
and Industrial Control System (EPICS),!4 created by a collaboration between the Controls and
Computing group at the Argonne Advanced Photon Source (APS) and the ATO-8 group at Los
Alamos National Laboratory. Other laboratories and universities, including Lawrence Berkeley
Laboratory (LBL), the Continuous Electron Beam Accelerator Facility (CEBAF), the Stanford
Linear Accelerator Center (SLAC), the Deutsches Elektronen Synchrotron (DESY), MIT-Bates,
the Duke Free Electron Laser (FEL), and the KECK II and Gemini telescopes, are developing
control systems using EPICS software tools. They are also developing additional tools that will
be shared with all EPICS users. EPICS has been successfully installed on the existing IPNS,
replacing its outdated computer system. Three commercial vendors now supply EPICS.

Accelerator control system designers face the following challenges:

1. Obtain system requirements and specifications from the machine and
subsystem designers,

2. Protect the investment in hardware and software from rapid obsolescence, and

3. Find methods to quickly incorporate new generations of equipment and
replace obsolete equipment without disrupting the existing system.

To help solve these and related problems, the control system designers are committed to
the use of standards in system design and to collaboration with other laboratories when possible.
This approach allows the IPNS Upgrade controls team to build a control system by using the
software techniques and hardware developed at Argonne and other laboratories. This philosophy
has been demonstrated to save development time and expense associated with inventing a system
from first principles. EPICS and its implementation in the IPNS Upgrade control system are
described in this section.

8.2 EPICS OVERVIEW

EPICS-based control systems include operator interfaces (OPIs) consisting of Unix
workstations that use a graphical user interface (GUI) based on the X Window Motif model.
The selection of a workstation implementation based on X Window for the operator interface
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allows the software development effort to take place in the same environment as the field
instruments, video tools, and the interfaces for controls and data acquisition. Consoles can be
located in offices, labs, seminars, and wherever they are required in the field. The OPI includes
menu-selection lists, diagrams, flow charts, and maps, as well as the more standard text-based
selection menus. The workstation supports external software interfaces, including spreadsheets
and commercial applications (such as IDL/PvWave and Mathematica) and application software
(such as accelerator modeling codes written in Fortran, C, or other languages). Auxiliary displays
using X Window terminals, as well as projection and large-screen displays in the main control
room and seminar rooms, are easily implemented by means of commercial equipment. EPICS
OPI runs on SUN Sparc, Hewlett-Packard PA, and Digital Equipment Alpha architecture
workstations.

8.2.1 Specific EPICS Features

EPICS provides a number of tools for control system implementation. This minimizes
the need for custom coding and helps ensure uniform operator displays. As long as the network
is not saturated, an arbitrary number of input/output controilers (I0OCs) and OPIs can be
supported. If a single IOC becomes CPU-bound, its functions can be spread over several 10Cs,
or additional CPUs can be added to a single IOC. Rather than having all applications run on a
single host, the applications can be spread over many OPIs.

8.2.2 EPICS Core Software

EPICS consists of a set of core software components and a set of optional components.
The core software consists of a channel-access client and server, database scanners-monitors, and
the database configuration tool (DCT). All other software components are optional.

8.2.3 Channel Access

Channel access is based on a client-server model and provides network-transparent access
to IOC databases. Each IQC provides a channel-access server that is capable of establishing
communication with an arbitrary number of clients. Channel-access client services are available
on both OPIs and IOCs. A client can communicate with a number of servers, within the limits of
available memory.

The central feature of both the OPI and 10C software designs is the protocol for
connections between software modules for the purpose of exchanging information. This protocol
is called channel access and is built on the transmisston control protocol/Internet protocol
(TCP/IP) standard. TCP/IP is an integral part of every Unix-based workstation and is also built
into VxWorks, the real-time operating system. When an OPI application program needs to
connect to a process variable located in an IOC, it issues a broadcast over the network, and the
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IOC in whose database the requested process variable resides provides a response. A socket-to-
socket connection is established, and efficient two-way communication takes place. [0C-to-10C
channel access can take place to exchange inter-IOC information. The location of the desired
process variable is transparent to the OPI, and only its name must be unique within a subnet.

The database that defines all IOC channel connections and properties is distributed over
the IOCs and downloaded at IOC boot-time along with the IOC operating system, VxWorks, and
the particular device driver software modules required by that IOC. The entire database is
centrally maintained and configured.

8.2.4 Database

The heart of an IOC is a memory-resident database, together with various memory-
resident structures describing the contents of that database. These structures are manipulated by
the application designer through the use of database records. EPICS supports a large and
extensible set of record types, such as ai (analog input) and ao (analog output). Each record type
has a fixed set of fields. Some ficlds are common to all record types; others are specific to
particular record types. Every record has a record name and every field has a field name. The
first field of every database record holds the record name, which must be unique across all {OCs
attached to the same TCP/IP subnet. A number of data structures are provided so that the
database can be accessed efficiently. These structures are transparent to most software
components because they access the database via database access routines.

8.2.5 Database Scanning

With the exception of record and device support, all access to the database is through the
channel or database access routines. Database scanning is the mechanism for deciding when to
process a record. Four types of scanning are possible: periodic, event, input/output (I/O) event,
and passive. Periodic scanning supports a number of time intervals. Event scanning is based on
the posting of an event by any IOC software component. The /O event scanning system
processes records on the basis of extemal hardware interrupts. Passive record processing is
triggered by processing of linked records.

8.2.6 EPICS Tools

The EPICS tools are used by application developers to build a control system. The
Motif-based editor display/manager toot (MEDM) allows designers to easily create, configure,
and modify displays and then activate and connect displays to actual hardware. The display
editor portion of MEDM (Figure I1.8.2-1) provides process connections via an interactive
display editor/control. Editing/drawing commands are used to build displays with little or no
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custom programming required. Process connections to the data are entered as process variable
and field names. MEDM allows the designer to modify any aspect of the display element, as
well as to copy, align, and group the display elements. Standard drawing tools can be used to
create backgrounds, which can then be imported into MEDM by means of graphic interface
format (GIF) files.

The alarm handler (Figure 11.8.2-2) displays alarm messages in a hierarchical manner. The
backup and restore tool (BURT) stores and retrieves data from selected channels. A graphical
database configuration tool (GDCT), shown in Figure 11.8.2-3, allows the application designer to
configure the run-time database. The knob manager (KM) (Figure 11.8.2-4) allows the operator to
attach physical knobs to process variables.

8.3 CONTROL SYSTEM HARDWARE

The IPNS Upgrade system hardware is depicted in Figure 11.8.1-1. The front-end
computers or IOCs are based on Motorola M68060 processors with direct upgrade paths to the
new Motorola Power PC processors as they become available. The hardware is based upon the
VME/VXI family, and the choice of crate is dictated by the particular application. The OPIs run
Unix software and have an X Window GUI. The workstations are connected to the network by
using a single-attach fiber-distributed data interface (FDDI) for high-speed access to all data.
Standard network monitoring tools, such as remote network monitoring and out-of-band hub
management, are provided.

8.3.1 Console Computers

A computer workstation is the primary operator interface. It has a high-resolution color
display and is capable of supporting several separate graphic windows simultaneously. Each
OPI has access to all process variables in the IPNS Upgrade complex and, depending on system
permissions, can control any of the various systems. Depending on machine mode
(commissioning, operations, or system maintenance), each console is used alone or in conjunction
with adjacent console systems.

In the X Window client-server paradigm, an application program is divided into the
"client," which provides the computation and logic of the program, and the "server," which
provides the interaction facilities for the human operator or user. Both client and server are
implemented in processors at the OPI levet in the IPNS Upgrade control system. The client and
server need not reside in the same processor. For example, a specialized parallel processor can be
running an application and that application can be accessed by a common workstation or
X Window terminal. In this way, each OPI is able to have windows open to clients operating
both locally and on other processors on the network.
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8.3.2 Front End Systems

The IOC is based on the VME/VXI standard and uses a Motorola 68060 microprocessor
for control. A fast, real-time kemnel, VxWorks, is the operating system. No local disk drive is
required in this system. The software image can be downloaded from a file server or from
on-board programmable read-only memory (PROM). The IOC also supports task priorities and
interrupts as well as custom code. The IPNS Upgrade control system uses 58 IOC crates. More
than 20 VME input-output modules, including analog input/output, motor control, and binary
input/output, are currently supported. Others will be supported as required.

Most information preprocessing is performed at the IOC level, including sequential and
control-loop operations. In this way, maximum benefit is gained from the many IOC processors
operating in parallel.

Hardware 1/O can be generalized into several types: analog and binary I/O, stepper
motor, and subnetwork connections. Hardware records contain information for run-time
processing, including scaling, engineering units, hardware address, and scanning. The I0C
database contains such parameters as scan requirements, /O address, engineering unit
conversions, alarm limits, control parameters, and current values for each defined process
variable. Database records can be linked together to implement complex algorithms.

The database scanner processes database records and updates the dynamic fields in the
database, such as value, alarm status, and severity. Data conversions are supported. Alarm
checking for limit violations, state violations, hardware communication errors, and alarm severity
is supported. Binary and analog I/O are provided through the database. Analog input can be
smoothed; analog output can be either incremental or positional and the output rate of change can
be specified. Multi-bit (16 states) and single binary I/Os are supported.

All I/O fields can be connected to a hardware device or another database element, such as
a czicutator record or proportional integral derivative (PID) record, or can fan out to several
devices. Timing signals, motion control, and transient digitizers are supported through the
database.

Stepper motor records receive position/velocity input from user or other data, provide
positional or velocity mode operation, provide position feedback through an encoder or another
database record, and allow simple closed-loop position. Limit switches are supported.

General purpose calculations, a PID algorithm, and a signal selector are supported to
provide closed-loop control and data filtering. The calculation record supports up to six sets of
input, C language expressions, algebraic operations, relational operations, Boolean operations,
and trigonometric functions. The PID algorithm allows user control of setpoint, proportional,
integral, and derivative gains; incremental or positional outputs; and anti-windup and reset on the
integral term.
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8.3.3 Subnets

The IPNS Upgrade control system provides for VME-based 10Cs to be distributed
throughout the facility and interconnected via Ethernet to one another and also to Unix-based
operator interface consoles. Although this distnbuted architecture allows for intelligent
processors near the major subsystems, I/O subnets are frequently required to interface directly to
the equipment and to communicate I/C information to the nearest IOC. The concept of a subnet
is an important element in control systems in general and EPICS in particular. EPICS supports
several types of subnets: Allen-Bradley, general-purpose interface bus (GPIB), and BITBUS.
The Allen-Bradley I/O subnet uses AB1771 series I/O modules to provide basic binary and
analog I/O support for the control system. Allen-Bradley is an inexpensive and rugged standard
for industrial control systems. Copper and fiber-optic-based multidrop subnets are available for
this equipment.

Laboratory test and measurement equipment often uses the IEEE-488 (GPIB) standard as
an interface to an external control system. IEEE-488 subnets present some serious challenges
and potential problems to the system designer. IEEE-488 has a distance limitation of 20 m,
which requires the instruments connected to the bus to be in close proximity to the [OC. In
addition, the signals within the GPIB cable are not balanced and thus are susceptible to EMI/RFI
noise and ground spikes. Signal transfer and isolation techniques are not part of the GPIB
standard, and although commercial equipment is available to extend the distance of a GPIB
interface, it 1s prohibitively expensive. To overcome these limitations, a BITBUS has been
developed for use with EPICS to provide a method of high speed transfer of short control
messages over a multidrop network. The BITBUS subnet can be used as a method for remote,
single point I/O as well as for a gateway for remcte IEEE-488 and RS232 signals. A differential,
opto-isolated, wired subnet is the BITBUS standard; however, a BITBUS multidrop fiber-optic
network has been developed for use with EPICS.

8.3.4 Networks and Protocols

Argonne uses FDDI as the intralaboratory network (Figure 11.8.3-1). Backbone cables are
in place in individual buildings, and communication between buildings is presently done via ¥DDI
and high-speed asynchronous transfer mode (ATM) networks. The IPNS Upgrade facility uses
FDDI and ATM to connect network hubs, as shown in Figure [1.8.3-2, The network hubs
connect to OPIs. The I0Cs will use ATM, FDDI, or fiber-optic-connected Ethernet branches as
performance needs dictate.

8.4 APPLICATION SOFTWARE
Application software is available to provide features or services not provided by the

control system. For example, the software required to provide a local orbit burap is application
software. These application programs can be of two general forms. The first is a control panel
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created with MEDM, in which graphic tools such as buttons, sliders, indicator lights and meters,
and graph paper are selected, attached to process variable (pv) names, and located on the panel
(Figure 11.8.4-1). Static entities are used to depict the physical system, such as piping diagrams,
and are added where appropriate.  When complete, the panel is called up for execution, and
channel-access calls are made. No actual code is written, and no comgilation is made.

The second form of application program generates classic in-line code. In this case,
standard entry points are provided in the same manner as for the graphic and channel-access
tools. When this approach is used, existing code can be adapted to EPICS by calling the channel-
access routines and displaying the results as either traditional line-by-line or graphical output.

All software is developed under Unix, including that for the IOCs. Multiple windows can
be opened for software development, actual run-time applications, database configuration, and
electronic mail. This capability streamlines software development, database servicing, and
system troubleshooting.

8.5 EPICS APPLIED TO IPNS UPGRADE

Figure I11.8.1-1 schematically depicts the IPNS Upgrade controls network. The 10Cs are
located as close as possible to the equipment to be controlled. All network connections to the
10Cs are through fiber-optic cables to eliminate most sources of electrical noise.

8.6 OTHER SERVICES

8.6.1 Timing System

Two classes of timing coordination are necessary. Beam transfer events and signal
sampling between the Linac and the RCS are controlled. The second class is associated with the
need to control sampling of beam position in the RCS. Both systems use essentially the same
method, but with different clock rates and sources. Depending on the mode of operation, various
delay counts are downloaded to the microprocessor clusters and set into clock-delay modules in
the VME crates. A systemwide start pulse based on the magnetic field is generated, and the
delay modules count a clock source and produce a pulse output after their programmed delay.
For event sequencing in the RCS, a crystal-derived clock is used; it produces real-time triggers for
sampling beam parameters.

Accelerator control and monitoring tasks are performed by using the timing configuration
that is generated by a magnetic-field-triggered crystal clock.
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8.6.2 Event System

The event system provides the ability to generate signals on the basis of timing and
software events. This system has been designed to work hand-in-hand with EPICS. It consists

of two types of interfaces, an event generator and an event receiver. An event receiver is located
at each 10C.

8.6.3 Analog Signal System

To convey the required number of high-bandwidth analog signals to the main control
room, a signal distribution system is used. Commercial, VME-based, coaxial relay modules and
commercial, high-bandwidth fiber-optic systems are used and controlled by the I0Cs. At the
console end, the analog signals are switched to the desired display or instrument. The choice of
signal and output destination are selected by the operator from standard EPICS screens.

8.6.4 Computer-Controlled Video Signal System

The same method used for the analog system is used for video signals. Again, the
computer system provides the control. The video sources are also delivered to frame grabbers for
on-line, dynamic beam analysis. All of these techniques are in use at the APS.

8.6.4 Network Access from Offices and Laboratories and User Housing Facility

The distributed nature of the IPNS Upgrade control system allows the system to be
monitored from the office and laboratory areas by the operational staff. This feature facilitates
equipment checkout, status inquiries, and software development, which can take place on a
noninterfering basis. Actual control of the various systems is highly restricted and controlled by
the EPICS software on each I0C.
8.7 CONCLUSION

The IPNS Upgrade control system allows monitoring and contro! of the accelerator and
experiments from offices, laboratories, and the user residence facility.
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IPNS UPGRADE I1.9 SHIELDING AND ACTIVATION

9.1 INTRODUCTION

Shielding provides protection for workers and for the general public during operation of
the IPNS Upgrade accelerators. The shielding limits the radiation dose for both on-site and
off-site exposure to less than that allowed by the U.S. Department of Energy (DOE) guidelines.

The shielding design utilizes semi-empirical formulae with experimental dose data and
measured attenuation characteristics as input parameters, when these data are available, The
calculations with the semi-empirical formulae are in reasonable agreement with the results of
computer simulations. The accelerator design has been carried out with the objective of limiting
beam losses to less than 1x 10-3. Low beam losses help ensure that radiation levels in the
vicinity of the equipment are not excessive during shutdown periods and that the level of
activation is sufficiently low to allow hands-on maintenance.

9.2 SHIELDING DESIGN OBJECTIVES

The design standard! for new facilities and major modifications to existing facilities,
Article 128 of DOE/EH 0256T Revision 1 requires that individual worker dose be less than
5 mSv/yr (500 mrem/yr) and as low as reasonably achievable (ALARA). The neutron quality
factor has been doubled for design purposes; thus, the design dose rate is 1.25 uSv/h for
occupational exposure (40 hours per week, 50 weeks per year) for those situations in which
neutrons dominate the dose rate. The shielding is designed to meet a more conservative value
than this criterion to ensure that occupational radiation doses are ALARA. DOE Order 5400.5
limits the annual dose to members of the public2 to 1 mSv/yr. A further requirement of this
Order is that actual or potential doses in excess of 100 uSv in a year to any member of the public
require notification of DOE Headquarters. These dose-limiting objectives and guidances are used
as the basis for establishing the adequacy of the bulk shielding design and other dose-mitigation
systems for normal operations of the facility.

The bulk shielding provided for the Rapid Cycling Synchrotron (RCS), high-energy
transport (HET) line, and target biological shields limits the dose rate to <1.25 uSv/h at 30 cm
from the outside of the shielding walls under normal loss conditions. This dose rate assumes a
current of 500 uA of protons at 2.2 GeV. The computations are based upon semi-empirical
formulae and attenuation data presented in the literature.3-10

The calculations for the low-energy transport (LET) line and linac are based on 500 uA of
protons at 400 MeV. The calculations are based on semi-empirical formulae and attenuation data
presented by Tesch.11

The methodology of Stevenson and Thomas!?2 was used to estimate the skyshine
contribution at the nearest site boundary, which is 350 m away. The results of the calculations
for both direct and skyshine radiation indicate that the total off-site contribution is less than
80 uSv/yr for 8,000 hours of operation.

I1.9-1
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A continuing accidental loss of the entire proton beam at one point is considered an
unlikely event. However, sufficient shielding is provided to ensure that the potential dose to an
individual on the outside of the shield in the vicinity of the loss is mitigated. The objective is to
provide enough shielding to limit the dose, from the onset of the occurrence to its termination, to
less than 1 mSv.

An assumed occupancy factor of 0.1 has been applied in order to estimate the radiation
dose outside of the shield in the vicinity of the linac, injection or extraction areas, or a high-energy
transport line. This factor is a conservative estimate of the time an individual may be required to
be in these regions.

The dominating radiation, which determines the necessary shielding thickness for a high-
energy proton beam, is the high-energy neutron component formed in nuclear cascades.!3 The
amount of shielding necessary is determined by the attenuation of the high-energy component in
equilibnum with the slowing-down spectrum of lower energy neutrons. This high-energy
component is composed of neutrons with E > 150 MeV, for which the attenuation length is
independent of energy; for low-energy neutrons (<100 MeV), attenuation lengths decrease
rapidly with neutron energy. Typically, in concrete, the low-energy neutron attenuation length is
a factor of three less than for high-energy neutrons. Therefore, designing the shields to attenuate
the high-energy neutron component automatically takes care of the low-energy neutrons because
of their shorter attenuation lengths. The gamma dose outside thick shields has been estimated to
be 10-16% of the neutron dose; 1415 therefore, no additional calculations for gamma radiation are
necessary.

9.2.1 Radiation Attenuation Lengths

Information on the attenuation of high-energy and evaporation neutrons in several shield
media was obtained from the literature.3:48.% For each material, the quoted values for attenuation
length vary, depending upon the angle at which the radiation was measured and on assumptions
made about the neutron spectrum. Much of the measured data deais only with "transverse
attenuation." Transverse attenuatton as used here means the attenuation of secondary particles
produced when the beam hits a target. These particles are measured after passing through a
shield wall, generally at 90°, as shown in Figure [1.9.2-1. Data on longitudinal attenuation are
scarce and limited mainly to published computer simulations.”>%10,16  Table I1.9.2-1 lists
representative values for high-energy neutron attenuation lengths in typical shield materials,
measured at 90°.

The attenuation length at 90° in other materials can be scaled from

MAE = (A/AR)1 | (11.9.2-1)
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Figure 1L9.2-1 Geometry for Calculating the Transverse Dose Due to Secondary
Particles Attenuated by a Shield.
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Table 11.9.2-1 Transverse Attenuation Lengths
for High-Energy Neutrons

Density Aftenuation Length A

Shielding Material {a/cm?3) {a/cm?2)
Qrdinary Concrete 2.35 99-117
High Density Concrete 3.7 116-134
lron 7.8 140-180
Earth 1.6 117

11.9-4



IPNS UPGRADE I1.9 SHIELDING AND ACTIVATION

where A and A are the attenuation length and atomic number of the shield material, normalized to
Ag and Ag of earth (Ag = 117 g/cm? and Ag = 20.4).4 Tesch and Zazula3 give A = 240 g/cm? for
the attenuation length in iron at 5° in the forward direction, and Dinter et al.10 give A = 150 g/cm?
at 40° for forward-directed radiation in ordinary concrete.

9.2.2 Bulk Shielding Calculations

The linac features an ion source, a 2-MeV radio-frequency quadrupole (RFQ), a 25-m
long, 70-MeV drift-tube linac, and a 92-m-iong, 330-MeV coupled-cavity linac. H~ ions are
accelerated in pulses of 1.04 x 1014 protons/pulse to 400 MeV at a repetition rate of 30 Hz. The
resultant average current of 500 pA is transported by the LET line and is injected into the RCS.
The entire linac is housed in a tunnel with inner dimensions 3.65 m wide by 2.74 m high, which is
located 3.04 m below grade. Beam height is 1.4 m above the tunnel floor. The linac shielding is
adequate for limited access to the Klystron Gallery during operation at the design parameters.

The RCS is housed in the existing Zero Gradient Synchrotron (ZGS) Ring Building, which
is shown in Figure I1.9.2-2. The ZGS was a 12.5-GeV proton synchrotron, which accelerated
more than 7 x 1012 protons per pulse at 0.5 Hz. The Ring Building (Building 365) is an annular-
shaped building approximately 83 m2 in cross section and 61 m in diameter. Located in the
center region of the annulus is the Center Building (Building 364). This building is approximately
26.8 m in diameter and 24 m high. The Ring Buildigz is covered with a mound of earth of
minimum thickness 6.1 m on the side.

The RCS roof shielding amounts to about 4.9 m of earth on top of 0.61 m of reinforced
concrete. The walls of the Ring Building are made of 1.07 m of reinforced concrete. The earth
shielding thickness between the Ring Building and the Center Building is about 7 m, and at beam
height, the earth shielding thickness outward from the Ring Building is about 21.3 m. When the
ZGS was in use, beams of protons were sent to Building 369 (EPB1) and Building 370 (Meson
Building). For the IPNS Upgrade, the 30-Hz target station is housed in Building 370 and the
10-Hz target station is housed in Building 369. The existing Ring Building shielding is sufficient
for the IPNS Upgrade, as is demonstrated in the following sections.

The RCS accelerates protons from 400 MeV to 2.0 GeV. High-energy transport lines
deliver 2.0-GeV protons to either of two neutron-generating target areas. The design goals are an
average current of 500 pA at 2.0 GeV for a maximum power level of 1.0 MW. Shielding
requirements for the target biological shields are discussed in Chapter IV.

The shielding achieves the design goal of <1.25 uSv/h at all normally occupied points on
the outside of the shield. Access to all accelerator areas is administratively controlled. The
shielding requirements are satisfied by using sufficient iron and/or concrete as a bulk shield to
ensure adequate attenuation of the high-energy and evaporation neutrons. The concrete is
supplemented by earth berms in some regions, including the linac, a portton of the LET, and the
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perimeter shielding of the RCS. Lead, steel, dense polyethylene, and castable-composite
shielding are used to improve the localized shielding, as required. Localized losses can occur at
septum magnets and at other bending and focusing magnets during injection and extraction.

9.2,3 Radiation Dose Equivalent Factors

The dose equivalent in Sv per incident proton, H, based on the Moyer model,!7 is given
by McCaslin,4 when Ep is the incident proton energy (GeV), d is the shield thickness (g/cm?2),
and r is the transverse distance to the beam (m):

08
H,E?S -
H=—>F¢ A , (11.9.2-2)
r

H,, has units of Sv m2/GeV9-8 per proton and is the unshielded dose at 1 m. The value of
Hj, is dependent on the target material. Attenuation length, A, for the relevant shield matenals is

found in Table I1.9.2-1. For angles other than 90°, data in the literature were used.3»1!

We use the concept of a line source to estimate dose from beam losses over an extended
distance. For an assumed uniform beam loss over an extended region, the Moyer model can be
numericaily integrated to find the line source contribution.

The attenuation properties of iron shields backed up by concrete have been calculated by
Tesch and Zazula.3 Parameters for a modified Moyer model representation are provided,
including attenuation by the concrete. They suggest values of Ho =4 x 10-14 and A = 180 g/cm?
for an iron target and an iron shield, respectively. A problem in using only iron is that neutrons
of approximately 25 keV and 125 keV tend to build up and stream through the iron after deep
penetration. This effect can be handled by including 1 m of concrete to back up the iron. Tesch
and Zazula quote an attenuation length of 30 g/cm? for low-energy neutrons and 107 g/cm? for
high-energy neutrons in concrete. The 1 m of concrete represents about ¢ight attenuation lengths
for the low-energy neutrons and effectively removes them. The final expression for the dose

equivalent rate, H tot fOr an tron shield backed up by 1 m of concrete is then

_n -235/107
H,, =H_ e (11.9.2-3)

to 4

in which H Fe 15 the dose equivalent rate through the iron shield. The dose equivalent through the

iron shield is obtained from EquationIl.9.2-2 and converted to dose equivalent rate by
multiplying by the proton loss rate.
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The dose equivalent factor can be calculated using the Moyer model, or the values can be
taken from Tesch and Zazula.3 At 2 GeV, the Moyer model gives a dose per proton of
1.3 x 10-14 Sy at 1 m, and Tesch and Zazula give a dose per proton of 4 X 10-14 Sv at 1 m, based
on their recent computer studies. The values from Tesch and Zazula are a factor of three more
conservative and are used in our calculations of the dose rates from the RCS, HET, and through
the target biological shields. The calculations for 400 MeV protons are based on Tesch,!! since
his formalism is based on measured data over the energy range from 50 to 1600 MeV.

9.2.4 Beam Loss Assumptions and Shielding Requirements

To estimate bulk shielding needs, a distributed loss of 10-3 is assumed for each
subsystem of the accelerator under normal operating conditions. This loss is distributed over the
length of the subsystem for analysis as a line source. The loss rate along the linac and the LET
under normal operating conditions is assumed to be a uniform 5 nA/m, but the unshielded dose
contribution is not uniform because of the increase in energy as the protons are accelerated. The
line source contribution from the linac system was numerically integrated to determine the total
dose equivalent rate at the relevant dose point. The bulk shielding requirements for the various
parts of the accelerator system are summarized in Table I1.9.2-2. This shielding ensures that the
dose rate is less than 1.25 uSv/h. For point losses, the assumption was made that shutdown
would occur within a few pulses of the onset of an abnormal condition. The shielding described
in Table 11.9.2-2 is adequate under these conditions.

9.2.5 HO Beam Catcher, Beam Stop, and Collimators

The beam catcher is needed to stop the HO atoms formed during the stripping reaction of
the injected beam by the carbon stripping foii. An analysis by Chae!8 showed that the stripping
efficiency tu protons of a 250-pg/cm? foil is 99.46%. The fraction of HO emerging is 5.4 x 10-3.
These atoms are caught in a beam catcher before they enter the second quadrupole after the
carbon stripping foil. This is discussed in Section1l.2.2.2. Since the 30-Hz injected beam
contains 1 x 10!4 p/pulse, the number of hydrogen atoms is significant. Sullivan!? gives an
expression for the angular distribution of the fluence of secondary particles from a thick target for
interacting protons of energy in the range 50 to 1000 MeV. This formulation takes into account
the ionization losses as well as the interaction probability to predict the fluence per proton at
1 m at a given angle 0:

$(6) =0.5(1-¢™™) / (9 +40/vE )2 neutrons/cm?, (11.9.2-4)
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Table 11.9.2-2 Shielding Requirements for the IPNS Upgrade

Shielding Requirements {m)

Subsystem Earth Concrete Iron
Drift-Tube Linac 1.5 0.3
Coupled-Cavity Linac 3.2 0.3
LET 2.0 2.4
ACS 8.0 1.07
HET (10 Hz) 1.0 2.0
HET (30 Hz) 1.0 2.3
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in which the proton energy E is in GeV and m = 3.6 x 101-6. The [ — e-™ term corrects for the
fractional energy lost due to ionization by the lower energy protons. Using attenuation lengths
given in the same reference!® for relevant materials, the necessary shielding in the lateral and
forward directions can be calculated. Assuming a shield made of iron and concrete, the inner iron
core is used to completely stop the protons, whereas the outer concrete shield is used to absorb
low-energy neutrons that can cause activation. The beam catcher consists of an iron core,
15.2 cm in diameter and 20.32 cm in length, surrounded by concrete 1 m thick on the sides and
1.3 m thick in the forward direction. The concrete shield overlaps the iron core on the front face
by 15.2 cm to protect against backscattered radiation, This shield reduces the neutron fluence at
2 m by a factor of 100 in the longitudinal direction.

The 30-Hz target is used to tune up the synchrotron. The tune-up is performed at 1-Hz
operation. Since the target biological shield is designed for 30-Hz operation, this shield is also
adequate for 1-Hz operation, and resultant dose rates are less than 0.06 pSv/h.

Collimators are used to remove halo particles that would otherwise be lost in the RCS.
Off-momentum protons are removed by collimators in the high-dispersion areas, and betatron
collimation is done by collimators in the high-beta areas. There are eight collimators total, or one
of each type in each of the four sectors of the RCS. These collimators cause losses to occur at
specific, highly shielded regions. This shielding reduces uncontrolled losses around the ring and
reduces activation of the accelerator components. The power dissipated in each of the
collimators is expected to be of the order of 0.5 kW. This amount of power dissipation
necessitates collimator dimensions on the order of 1.4 m in diameter and 2 m long.

9.3 ACTIVATION

Activation of accelerator components by high-energy protons occurs because of
spallation reactions in the accelerator matenals, which generally leave the struck nucleus in an
excited or radioactive state. Further radioactivation can be produced by the secondary particles
released in the spaliation reaction and by the evaporation neutrons that are emitted as the excited
nucleus rids itself of excess energy. Finally, slowing down of evaporation neutrons and high-
energy neutrons leads to activation by capture of low-energy neutrons. The overall amount of
activity formed depends on the primary beam losses. The production of radionuclides in a given
material depends upon the spallation cross section for high-energy hadrons and the mean free
path in the target material.!9 The formation of a particular radionuclide depends upon the
composition of the struck material, the energy spectrum of the secondaries, and the production
cross section for that radionuclide. Among the radionuclides produced in shielding and
accelerator components by spallation reactions are 22Na and 24Na in concrete and 54Mn, 56Mn,
and 0Co in steel. Thermal neutron capturc produces %4Cu and 5Zn in copper, radioactive
sodium in concrete, and radioactive manganese and cobalt in iron and steel. Other products, such
as 'Be, !1C, 51Cr, 46S¢, and 56Co, are also formed.

Since a number of products are formed in the various interactions, each with a different
half-life, the time variation of the radionuclide population depends upon the beam irradiation time
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and the time of decay following shutdown. Because of the different types of radiation emitted
by the radionuclides, the dose rate is time-dependent. Of critical importance for the maintenance
of the accelerator and the minimization of down time is the dose rate from activated accelerator
components within a day or two following an accelerator run of reasonable duration. After short
irradiation times, the induced activity in the system is proportional to the number of interacting
protons, and the activity level decreases inversely with time.!9 "Hands-on" maintenance of the
machine requires careful design attention to minimize the loss rate of protons in the vanous
machine components.

Sullivan!® gives an expression for estimating the order of magnitude of dose rates
produced by induced activity along a beam line or accelerator component. The majority of the
activity remains inside the machine and is shielded by the iron in the magnets. Sullivan assumes
around 10% of the activity actually contributes to the dose rate. On this basis, the dose rate (in
units of uSv/h) at 50 cm from the accelerator components, for protons of energy E, GeV, t days
after the beam is switched off, following beam loss of 1 W/m for a period of T days, is
approximately

° 008, | T+t
H = 30E, ln[T] uSV/h . (11.9.2-5)

The above expression was used to estimate dose rates from accelerator components, using
the assumed loss rates in the various IPNS Upgrade accelerator systems and taking T = 30 days
and t= 1 day. These dose rates are from 140-220 uSv/h in the linac and LET, and 29¢ pSv/h in
the RCS. The dose rates are in the range that allows hands-on maintenance by workers without
excessive down-time delays and without high radiation doses.
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IPNS UPGRADE I1.10 SURVEY AND ALIGNMENT

10.1 INTRODUCTION

The IPNS Upgrade is a 2-GeV proton accelerator with two neutron-generating targets for
condensed-matter research. The accelerator system consists of a linear accelerator section, a
linac-to-RCS transfer line, the RCS, and two extraction lines to the target stations. The RCS is
housed in the already existing ZGS Ring Building. Approximately 350 to 400 beam components
require positioning to critical alignment tolerances. To accomplish this task efficiently and
economically, state-of-the-art survey equipment and techniques are employed. For the most
part, existing APS alignment equipment is utilized, resulting in significant cost savings for this
project.

10.2 GEODETIC REFERENCE SYSTEM

The absolute positioning of the IPNS Upgrade components largely depends on the
accuracy with which the position of the control network can be determined. Four preexisting,
intervisible, and very stable alignment monuments, P1-P4, are used to establish the primary
reference within the ZGS Ring Building, shown in Figure I1.10.2-1. When electronic distance
measurement (EDM) systems and electronic theodolites are used, an accuracy of better than
#0.5 mm can be achieved for these control points.! To ensure the proper location of the linac
and the beam transfer line from the linac to the RCS, a gyro-theodolite is used to establish a
homogeneous coordinate system for all accelerator subsystems, eliminating the need for the
installation of a costly surface control network.

10.3 ALIGNMENT TOLERANCES

To obtain a smooth particle beam path, the vertical and radiai deviations from the ideal
position of one beam component to the next must be minimized. The relative alignment accuracy
required to position the RCS quadrupoles and sextupoles is £0.2 mm in the vertical and radial
pesitions. In the longitudinal direction, components have to be placed to within £0.5 mm. The
dipoles have to be set to +1 mrad of roll. On a global scale, the position of each RCS beam
element should not deviate from the ideal location by more than +2 mm. The deviation of the
circumference of the RCS is expected to be less than £12.6 mm. Similar positioning tolerances
have been specified and actually achieved for the alignment of the APS booster beam
components,

10.4 ALIGNMENT CONCEPT

The alignment concept is based on the definition of a common coordinate system. The
task is to determine the coordinates of the control network points and magnet fiducials by using
redundant measurements and statistical analysis tools for blunder detection2 To guarantee
repeatability of the control points, the centering system used is the same as that used for the
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1l0 METERS

Figure 11.10.2-1 Example of an RCS Survey and Alignment Control Network Design.

[1.10-2



IPNS UPGRADE I1.10 SURVEY AND ALIGNMENT

alignment of the APS. This system is based on a nearly perfect fit between a conical surface and
a sphere, as shown in Figure 11.10.4-1. It provides the means for determining the three-
dimensional coordinates of each control point. Appropriate adapters to use this system have
been designed and used for the APS project, as depicted in Figures 11.10.4-2 and 11.10.4-3.

Secondary control points are connected to the primary control network and are used to
position the magnet support system and all beam components. The symmetrical lattice structure
of the RCS ring lends itself to the use of templates for the purpose of laying out the beam
component supports. The coordinates of the secondary control points are determined by means
of a laser tracking system.

The ideal position of each beam component in the global coordinate system is calculated
by using the information on each magnet fiducial cup location that was gathered during the
magnet mapping process. With the use of this information and the laser tracking system, which
provides data on the actual measured position of each beam component with respect to the
control network, all beam elements are positioned.3 The magnet location resulting from this step
is only as good as the accuracy of the control network. Considering the possible accumulation of
instrumental4 and procedural errors, the accuracy of the control network for positioning beam
components can only be viewed as an upper limit that, in reality, can never be reached.
Therefore, a final alignment step is required.>

The final alignment step abandons the control network information for determining the
position of beam elements. It serves two purposes. The first purpose is to check for blunders
that may have been introduced durning the previous positioning phase. The second is to ensure
the quality of the alignment efforts. As a result, the radial and vertical deviations of each beam
component from a smooth curv: are calculated,® thus providing a quantitative assessment of the
achieved tolerances.3

The initial alignment ot all RCS beam components and support structures is closely tied
to the component installation schedule. The time frame for the installation of all technical RCS
components is six months. The survey and alignment tasks to support this rapid installation
schedule can easily be accomplished by using state-of-the-art equipment and procedures.

It is estimated that the realignment of all RCS beam elements, when necessary, can be
done in three to five weeks.

10.5 CONTROL NETWORK SIMULATIONS AND DATA HANDLING

Before the installation of the control network takes place, simulations are performed to
find the optimal network design that meets the constraints given by the ZGS Ring Building while
obtaining the required control network accuracy with the least number of measurements.” The
results of such a simulation are shown in Figure 11.10.5-1. It shows the estimated accuracy in the
form of error ellipses around the control points for a given network geometry and observation
plan. The major axes of the largest error ellipses depicted are on the order of 0.3 mm.
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Figure I1.10.4-1 Target Ball Receptor at the Control Point.
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TOP VIEW TOP VIEW

Figure 11.10.4-2 Explosion (left) and Assembly (right) Views of Floor Mounting Instrument Adapter.
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Figure [1.10.4-3 Monopod Instrument Adapter, Extending the Floor Reference Point to a Height of 1.4 m.
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1‘0 METERS

. Error Ellipsa Scale

Figure 11.10.5-1 Error Ellipses of an RCS Survey Network Design Simulation. (Ellipses are shown
at a different magnification than the rest of the drawing.)
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Throughout all the alignment efforts, automated data flow is used. This not only
improves the alignment productivity in terms of output, but also results in fewer errors when
measurement data are recorded. Laptop computers are connected to electronic theodolites,
electronic distance measuring systems, and automatic levels.® The data are analyzed on a
personal computer connected to the local area network. The resulting coordinates from this
process are then used to supply the laser tracker system with information for beam element
positioning.

10.6 INJECTOR ALIGNMENT

Both the linear accelerator section and the low-energy transfer line between the linac and
the RCS are long straight layouts. Such layouts are ideally suited for common optical tooling
techniques in conjunction with an established secondary control network. To extend the RCS
control network into the linac, a 250-m-long traverse is required. To ensure the proper direction
of the linac with respect to the transfer line and the proper location of the transfer line to the
RCS, observations with a gyro-theodolite are necessary to support such a long open-ended
traverse.
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CHAPTER IIl INJECTOR SYSTEM
IPNS UPGRADE IIl.1 SUMMARY

A 400-MeV H™ linac capable of delivering a time-averaged current of 0.5 mA is required
for the IPNS Upgrade injector. The linac system was designed by AccSys Technology, Inc. The
design relies heavily on those of previous linac systems, including the injector linac for the
Superconducting Super Collider (SSC), to obtain the most practical system with proven
technology. Existing, available linac structure designs were used.

This linac design is shown schematically in Figure III.1-1. The linac is 120 m long and can
accelerate an H™ beam of 50-mA peak current at a duty factor up to 1.5%. The total peak radio-
frequency (rf) power required for operation i1s 104 MW; average input power is less than
485 MW. The design is optimized to achieve the lowest capital cost available, consistent with
routinely achievable accelerating gradients and the lowest attainable operating costs.

The H™ linac has the following accelerator components:

e H~ ion injector — A cesium-enhanced volume ion source produces a 50-mA
H~ beam at an energy of 35keV. Alternatively, the ISIS H™ source can be
used without further development.! An electrostatic deflector driven by a
field effect transistor (FET) and located at the output of the ion injector
electrode stack permits beam chopping at duty factors up to 75%.

e Low-energy beam transport (LEBT) — The 35-keV H~ beam from the ion
injector is matched into the RFQ linac by using two large-bore solenoid lenses.

¢ Radio-frequency quadrupole (RFQ) — A conventional 4-vane RFQ, operating
at 425 MHz, bunches and accelerates the 35-keV H™ ion beam up to 2.0 MeV,
while focusing the 50-mA pulsed current.

e Ramped-gradient drift tube linac (RGDTL) — A short section of a
conventional DTL, aiso operating at 425 MHz, is close-coupled to the RFQ.
The fields in it are ramped to match the beam from the RFQ into the DTL.
The RGDTL accelerates the bunched 2-MeV beam from the RFQ up to
4.2 MeV for injection into the DTL.

e Drnft tube linac (DTL) — A standard drift tube linac, also operating at
425 MHz, accelerates the H™ beam up to 70 MeV. This 20-m-long DTL
consists of three tank sections, each driven by a 4-MW klystron rf system.

e Matching section (MS) — The 70-MeV H~ beam from the DTL is matched

into the coupled cavity linac by using a 3.2-m-long beam transport system
containing two buncher tanks and ten quadrupole magnets.

L1-1
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e Coupled cavity linac (CCL) — The final stage of the system is a conventional
side-coupled linac (SCL) operating at 1,275 MHz. This 92-m-long structure
contains 10 accelerating modules, each consisting of six short tanks connected
by conventional bridge couplers, and each driven at the middle bridge coupler
by a 9-MW klystron rf system.

This chapter describes the background and scope of the physics design and provides a
technical description of the subsystems listed above.
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IPNS UPGRADE I11.2 INTRODUCTION

The IPNS Upgrade requires a 400-MeV H~ ion linac that is capable of delivering a
35-mA, unchopped peak beam current or a 44-mA, 25% chopped beam current in a 500-pusec
pulse at a 30-Hz repetition rate.! The IPNS Upgrade injector linac performance requirements are
shown in Table I11.2-1.

The linac design is based on existing subsystems and designs from Los Alamos National
Laboratory (LANL), Fermilab, and the SSC. Where possible, existing, proven components are
used. The entire H™ injector linac can be commercially procured.

IL.2-1
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Table 1IL.2-1 IPNS Upgrade Injector Linac Performance Requirements

Parameters Values Units

Accelerated ion H -
Output kinetic energy 400 MeV
Pulsed beam current® 35 mA
Beam pulse length 500 usec
Beam repetition rate 30 Hz
Time-averaged current 500 nA
Radio-frequency duty factor 3 %
Normalized rms transverse 0.1 n cm-mrad

emittance®
Output energy spread (fwhm)®¢ 2.5 MeV

4 Unchopped; the requirement for 25% chopped beam is

44 mA.
b rms = root mean square.

€ fwhm = full width at half maximum.
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The IPNS Upgrade injector linac delivers a 400-MeV H~ beam with pulse lengths up to
500 psec at a nominal peak current of 35 mA for injection into the Rapid Cycling Synchrotron
(RCS). The required energy spread is less than 2.5 MeV fwhm and the transverse normalized
rms emittance is less than 0.1 = cm-mrad. As shown in Figure 111.3-1, the linac consists of an H™
ion source, which includes a beam chopper, LEBT system, 2.0-MeV RFQ, 70-MeV DTL, and
400-MeV CCL. The beam from the RFQ goes directly into the DTL. Matching is achieved in a
short ramped-gradient tank section, while a separate matching section is used between the DTL
and CCL. The dimensions of these subsystems are indicated in Figure Iil.3-1. Calculated rf
power for each subsystem is also noted in the figure.

The physics design of the IPNS Upgrade injector linac was based on several existing
designs, including those of the SSC injector linac and the high-current proton linac designed by
AccSys for commercial radioisotope production. The H™ ion injector design is based on the
Lawrence Berkeley Laboratory (LBL) rf-driven H™ volume ion source, with its output energy
optimized at 35 keV for injection into the RFQ. The RFQ and DTL physics designs are based
on the AccSys high-current proton linac and are very similar to the SSC design. This RFQ is
designed for up to 50-mA output current to ensure an adequate safety margin for the IPNS
Upgrade injector. The 70-MeV DTL provides maximum shunt impedance while maintaining a
low beam loss during acceleration. This DTL is shorter than the SSC 70-MeV DTL, primarily
because of the much shorter ramped-gradient tank.

The designs of the DTL/CCL matching section and CCL configuration are similar to those
of the SSC, but are optimized at a lower accelerating gradient to accommodate the much longer
beam pulse and higher duty factor. This was done to minimize capital cost and lower input
power consumption. The SSC design was based on rf klystrons capable of 20-MW peak power
each. The IPNS Upgrade design is based on 9-MW peak power klystrons, the maximum
available at a 3% duty factor.

A summary table of the final physics design parameters for the linac sections is given in
Table HI.3-1,

End-to-end beam dynamics were calculated for output currents of 38 and 50 mA. The ion
source extraction system was designed by using the code SNOW,2 which includes space charge
effects due to H™ ions and the extracted electrons. The output from the ion injector was
characterized in two-dimensional phase space, because it is a dc beam. The code TRACE2D3 was
then used to obtain the LEBT design and to match the beam into the RFQ, as seen in
Figure I11.3-2. The matched beam was then put into the RFQ, and the code PARMULT4 was
used to simulate the RFQ. Figure II1.3-3 shows the beam size, phase, and energy profiles as the
45-mA input beam traverses the RFQ. The output beam particles from the RFQ are shown
Figure 111.3.3-4. A total of 720 input particles was used. The output was used as input to the
code PARMILAS to simulate the beam dynamics in the DTL. Figure 111.3-5 shows the beam
size, phase and energy profiles calculated through the DTL, and Figure 111.3-6 gives the output
phasc space projection at 70 MeV.

IIL3-1



-

Table I11.3-1 Summary of IPNS Upgrade Injector Linac Physics Design Parameters

Parameters RFQ DTL MS CCL Units
Input energy 0.035 2.0 70.0 70.0 MeV
Output energy 2.0 70.0 70.0 400.0 MeV
Output current? 35.0 35.0 35.0 35.0 mA
Qutput norm rms transverse 0.0120 0.0135 0.0151 0.0194 7« cm-mrad

emittance®

Operating frequency 425 425 1,275 1,275 MHz
Peak surface field 36 (1.8 x Eyp) 28 (1.4 x Eyp) 24 (0.8 x Eyp) 28 (0.9 x Eyp) MV/m
Accelerating gradient, E,T - 24 - 46 - 59 - 55 MV/m
Bore radius 24 - 3.0 50 - 9.0 10.0 10.0 - 12.0 mm
Synchronous phase ~-30 -30 - =30 to =25 deg
Structure power 0.22 6.28 1.2 52.8 MW
Number of tanks/modules 1 4 2 6/10 -
Structure length 2.16 20.54 3.2 92.1 m
Beam power at 40 mA 0.08 2.72 - 13.2 MW

a Unchopped; 25% chopped beam requirement is 44 mA.

b rms = root mean square.
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Structure Volume Sol 4 Vane RG+CG (PMQ) Quad Side-Coupled
Field 35kv DC 1.8 Exp 1.4 Exp 0.9 Exp
RF Systems O7MW 0.3 MW 1x03+3x4MW 2x1MW 10 x 9 MW
Length 0.5m 0.6m 2.2m 20.5m 3.2m 92.36m
RFQ DTL CCL
lon Source | LEBT | 4250MHz | 4250MHz |-MS | 1275:0MHz
Energy 35 keV 2.0 Mev 70.0 MeV 400 MeV
Fiiid3-1.dwg

Figure 1I1.3-1 Block Diagram of the IPNS Upgrade Injector Linac.
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Figure I11.3-3 Calculated Beam Dynamics through the RFQ. (Bcam size [top], phase [center],
and energry profile [bottom] are plotted as the 45-mA beam traverses the RFQ.)
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Figure 1IL.3-4 Output Beam Phase Space Projections from the RFQ.
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Figure IIL.3-5 Calculated Beam Dynamics through the DTL. (Calculated size [top], phase [center],

and encrgy profile [bottom) are shown in the DTL.)
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Figure IIL.3-6 Output Beam Phase Space Projections from the DTL.
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The code TRACE-3D6 was used with the output beam rms phase space parameters to
design the DTL/CCL matching section and to determine the quadrupole magnet strengths and
buncher cavity voltages. Figure III.3-7 shows the TRACE-3D beam optics through this matching
section. Elements of the transport region downstream from the DTL were input to the code
PARMILA to obtain the particle coordinates at the input to the CCL.

The longitudinal coordinates of the original particles that had been injected in the RFQ
and foliowed through the RFQ, DTL, and matching section were redefined with respect to the
CCL frequency. Then the particles were followed through the CCL by using CCLDYN.?
Figure II[.3-8 shows the beam dynamics through the CCL. Figure I11.3-9 shows the projected
six-dimensional output phase space, from which the final transverse emittance in each plane and
the final energy spread can be estimated.

The baseline design of the 400-MeV IPNS Upgrade injector linac provides the 33-mA H™
output current required for injection into the RCS. The calculated rms transverse emittance is
approximately 0.02 & cm-mrad, which is sufficiently below the required value of 0.1 ® cm-mrad
to leave adequate margin for realistic fabrication tolerances. The energy spread provides for a
factor-of-two dilution and is not as sensitive to mechanical tolerances.
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4.1 INTRODUCTION

This section describes the various subsystems of the linac. The actual designs presented
are those most familiar to AccSys and ones that have been used successfully in several programs
at the national laboratoriecs. The first 70 MeV of the linac is based on the AccSys standard design
for a high-duty-factor DTL, with the exceptions of the chopper and the higher current required
from the H™ ion source. The matching section and CCL are based on designs from LANL,
Fermilab, and the SSC. Whenever possible, commercially available components have been used.
When that has not been possible, components already developed at one of the national
laboratories or other research centers have been used. For enhanced reliability, all components
are designed for operation at a 3% system duty factor, although the linac operation is planned at
a 1.6% system duty factor and a 1.5% beam duty factor.

4.2 LINAC SUBSYSTEMS
The linac consists of the following main subsystems:

¢ Linac injector subsystem (LIS) — The LIS includes the ion source, chopper,
LEBT, RFQ, RGDTL, and also associated amplifiers, power supplies, and
vacuum and cooling systems.

o Drift tube hinac (DTL) — The DTL includes three accelerating tanks, with a
total of 118 drift tubes. Each tank is made of several sections. Rf power is
fed to each tank through a waveguide window mounted on the tank.

e Matching section (MS) — The MS includes two buncher tanks and
10 quadrupole focusing magnets.

e Coupled-cavity linac (CCL) — The CCL consists of 10 side-coupled-linac
(SCL) modules, each with six tanks connected by bridge couplers. Each tank
has 16 identical accelerating cavities. Rf power is fed to each module through a
waveguide window into the center bridge coupler.

e Klystron/modulator systems — Three different klystron amplifier systems
are used to power the linac. Three 4-MW (peak), 425-MHz klystrons are
used to power the constant gradient DTL tanks. Two 1.0-MW (peak),
1,275-MHz klystrons are used for the buncher tanks in the matching section,
and ten 9-MW (peak), 1,275-MHz klystrons power the CCL tanks. These
klystrons and their modulators are located in the klystron gallery and are
connected to the linac by transmission waveguide.

¢ Control system — The Experimental Physics and Industrial Control System
(EPICS)8 is used as the tool kit to design the front end control software. The
hardware interface to the linac is done in VME and VXI.
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4.3 LINAC INJECTOR SUBSYSTEM

The LIS is shown in Figure 111.4.3-1. Its main components are described in this section.

4.3.1 H- Ion Source

A cesium-enhanced volume ion source produces a 50-mA H~ beam at an energy of
35 keV. Altematively, the ISIS H™ source can be used without further development.! Only the
volume source is described.

The plasma in an rf-driven volume ion source is confined by a multicusp magnetic field
produced by samarium cobalt magnets. The plasma chamber is 10 cm in diameter. Hydrogen
plasma is produced by exciting an antenna coil inside the source. The coil is driven by a 70-kW
peak rf power amplifier at a frequency of about 2 MHz. The hydrogen gas pressure in the ion
source is controlled by a pulse-width-modulated gas contro! system synchronized to the linac
repetition rate. The antenna coil is made of water-cooled copper tubing coated with a thin layer
of porcelain to insulate the antenna from the plasma and to protect the copper tubing from
plasma bombardment. A small heated tungsten filament, the igniter, provides electrons that allow
plasma to ignite at lower pressures than would be possible with only the rf drive. This source has
two of these igniters for redundancy.

NdFe permanent magnets in water-cooled tubes form a magnetic filter that divides the
H~ ion source into two regions. A stainless steel insert defines the extraction aperture; it is
mounted on the plasma electrode, along with a stainless steel collar. The collar projects back into
the source to reduce the extracted electron current. Small cesium dispensers installed on the collar
provide a thin cesium layer that enhances H™ production. The plasma electrode is isolated from
the source so that it can be biased up to 10 V with respect to the source body. A cross section of
the H™ ion source is shown in FigureIi1.4.3-2. The operating parameters are listed in
Table 111.4.3-1.

Three electrodes — the plasma electrode, extractor, and ground electrode — extract the
beam from the ion source and accelerate it to 35 keV. These electrodes are as open as possible to
minimize H™ stripping in the background gas. Injection energy and extraction voltage can be
independently adjusted to optimize beam optics. A potential difference of 20 kV is applied
between the plasma electrode and the extractor electrode to extract the beam from the source.
Four permanent magnets in the electron dump create a double dipole field that bends extracted
electrois into a graphite-lined cavity while deflecting the ions only slightly. A current
transformer is mounted at the exit of the injector to measure current leaving the accelerating
column,

I11.4-2
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Table I11.4.3-1 lon Source Operating Parameters

Parameters Values Units
Extraction voltage 35 kv
Extracted beam current 60 mA
Hydrogen gas flow 5-7 atm cm3/min
Norm rms beam emittance?® 0.01 n cm-mrad
Peak pulsed radio-frequency power 70 kw
ac input power 5 kw

2 rms = root mean square.
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4.3.2 Chopper

Injection into the RCS requires that the beam be chopped at about 1 MHz and that it be
on 75% of the time. An electrostatic chopper located at the exit of the ion source is used to
modulate the beam intensity in response to a timing signal from the synchrotron control system.
An FET pulser drives the chopper.® A schematic diagram of the ion source electrical connections
is shown in Figure 111.4.3-3.

Chopping the beam has a deleterious effect on space charge compensation needed to
transport a high-current H- ion beam with minimal emittance growth.!0 A second magnetic
double dipole, located at the exit of the injector just after the chopper, limits the extent of the
perturbation. Effects still occur downstream, as the neutralization channel is displaced toward
the direction of the beam deflection.

The chopper subsystem requires additional development.

4.3.3 Low-Energy Beam Transport (LEBT)

The beam transported from the injector is focused into the RFQ by using two large-bore
solenoid lenses. There is space between these lenses for beam diagnostics.

4.3.4 Ion Source, Chopper, and LEBT Electronics

This electronics system includes the rf driver for the source, high- and low-voltage
supplies for the ion source and associated systems, power supplies for the LEBT solenoids, and
monitoring, control, and interlock circuits. A schematic of the rf and high-voltage circuits is
shown in Figure 111.4.3-3.

The electronics are housed in a standard cabinet that is grounded and interlocked. The
cabinet contains a commercial 2-MHz rf driver and its power supplies. The driver provides up
to 70 kW of pulsed power at 2 MHz. All components in this system are conservatively rated
for long life and high reliability. The cabinet also contains power supplies and control and
interface circuits. The ion source igniter and plasma electrode power supplies, valve driver, and
instrumentation are isolated at 35 kV in the injector electronics rack. Power that is fed to the ion
source is shielded to reduce transient coupling to other parts of the system. The injector
electronics rack contains the 35kV high-voltage power supply; the high-voltage isolation
transformer; pulsing and timing controls; LEBT power supplies; and vacuum control and
monitoring. The injector's electronics feature extensive transient protection.

The timing, monitoring, and control signals are transmitted through fiber-optic links.
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4.3.5 Radio-Frequency Quadrupole (RFQ)

The RFQ resonator has four identical vane sections, machined from aluminum extrusions
and b~lted to the resonator wall. The rf joint is independent of the vane mounting. This
geometry minimizes the number of parts required and is rugged, easy to machine, and simple to
assemble and tune. A continuous water cooling passage is provided along the vane at several
locations, including one that is very near the narrow vane tip. These cooling channels allow the
structure’s temperature to be regulated to stabilize the resonant frequency, thereby eliminating
the problem of differential expansion that results from the thermal isolation of two parts. A
cross-sectional view of the RFQ is shown in Figure I1£.4.3-4.

The open geometry allows precise machining of the vane tips. Machining accuracy is
readily checked before assembly by means of a coordinate measuring machine. Surfaces are
precision-mated to ensure that the structure is accurately and reproducibly assembled without
requiring critical adjustments. The mating surfaces are rigidly bolted together, thus minimizing
the chance of relative movement of the pieces from vibration or thermal cycling. Because the
RFQ is bolted together, it can be easily disassembled and reassembled to facilitate surface
cleaning if it accidentally becomes contaminated during vacuum system servicing., The four vane
tips can be initially located with enough accuracy to reduce the dipole fields to a level that they
do not interfere with the main quadrupole accelerating field. Small tuners placed in openings along
vach quadrant and four rod tuners in each end wall are used to fine-tune the field components and
resonant frequency. The thermal and mechanical stability of this RFQ has been demonstrated on
a system at LANL. The RFQ operated at the design field for several months at a high duty
factor.1l The parameters of the RFQ are given in Table [11.4.3-2, and a photograph is shown in
Figure [11.4.3-5.

The entire RFQ is placed in a vacuum chamber with vacuum feedthroughs for the rf drive
loop, water cooling, and rf pick-up loops. This configuration decouples the rf and vacuum seals.
The rigid vacuum system preserves internal alignment of the RFQ. A simple cylindrical vacuum
chamber with a hinged cover provides easy access to the RFQ for alignment of the structure.
This strategy, which provides more effective pumping than traditional designs in which the RFQ
serves as the vacuum enclosure, speeds up conditioning and minimizes beam loss.

Resonant frequency control during operation is achicved by use of servo-driven tuning
slugs with a range of £100 kHz. A single 3-1/8-in. coaxial drive loop couples the rf power into
the RFQ at an operating frequency of 425 MHz.

4.3.6 Ramped-Gradient Drift Tube Linac (RGDTL)

The first tank immediately following the RFQ is the RGDTL, which is a short matching

drift tube linac tank. The field in the RGDTL gaps is ramped to match the focal properties of the
RFQ to the focal properties of the DTL. Closely coupling the RGDTL to the RFQ eliminates
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Figure I11.4.34 Cross-Sectional View of the RFQ.
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Table 111.4.3-2 Main RFQ Parameters

Parameters Values Units
Operating frequency 425 MHz
Injection energy a5 keV
Fina! energy 2 MeV
Design input current 50 mA
Current limit 100 mA
Transmission 87 %
Input transverse emitlance (normalized, rms)3 0.010 n cm-mrad
Output transverse emittance {normalized, rms) 0.012 r cm-mrad
Vane tip radius (p)} 18 - 2.7 mm
Bore radius (r,) 24 - 3.0 mm
Peak radio-frequency field 36 MV/m (1.8 x Eyp)
Structure length 2.16 m
Peak structure power 220 kw
Peak beam power 80 kw
Peak radio-frequency input power 300 kw
Average structure power 6.8 kW
Coolant flow 25 gal/min

a8 rms = root mean square.
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Figure 111.4.3-§ Photograph of the RFQ.
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the need for a complex beam-matching section. Parameters of this tank are listed in
Table 111.4.3-3. The mechanical design of the RGDTL tank is described in Section 111.4.4, along
with the rest of the DTL.

4.3.7 Radio-Frequency System for the RFQ and RGDTL

The RFQ and the RGDTL tanks are driven by commercial, modular rf power systems
with wide-bandwidth amplitude and phase control. These amplifiers use 12 YU-176 planar-
triode tubes in a parallel self-balancing array as the final power stage. Special circuits eliminate
tt e need to match tube characteristics to ensure equal power contributions.!! The YU-176 has
lerge-area oxide-coated cathodes for efficient and reliable pulse operation. The peak power
output is more than 1 kW per watt of heater power. Standard design features include load fault
protection and dynamic amplitude and phase control to within £0.5% and +0.5°, respectively,
with less than 3.0-psec response time. The RFQ and RGDTL amplifiers operate at 425 MHz,
with a peak power output of 360 kW.

Figure 111.4.3-6 is a block diagram of the rf power amplifier system. Amplitude and
frequency feedback control systems are provided. The driver amplifier is a solid-state unit
capable of supplying 150 W at a 100% duty factor with an input drive power of 10 mW, The
intermediate power amplifier stages are tuned amplifiers. The first stage (IPA1) uses a single
Y U-176 tube and provides a 3.0-kW drive to the second stage. The second stage (IPA2) has two
YU-176 triodes in parallel and provides 30-kW output. Both stages are conservatively designed
so they are not stressed in high-duty-factor operation. All of the control and tube protection
circuits have been successfully implemented, and the tube output and cooling have been
demonstrated at a 3% duty factor.12

The amplifier stages are operated Class-C for stability at high gain with a pulsed rf drive.
The tubes are protected by electronic crowbar circuits that limit the fault energy dissipated in a
tube to a safe value. These systems are specifically designed for operation with a high-Q
resonant-cavity load, such as an rf linear accelerator. The amplifier, transmission line, and
resonant cavity load are tuned together for maximum performance. The tuned output circuit
handles the high tum-on and tum-off VSWR without requiring expensive rf power isolators.
Each system can handle the large dynamic change in load impedance that occurs in an accelerator
when the beam is turned on and off.

The built-in amplitude, phase, and frequency control loops respond rapidly to changes in
the load cavity fields. The output stage bandwidth is greater than 20 MHz. The amplitude
control loop uses high-level cathode modulation of the power amplifier stage for fast response.
The systems are high gain, requiring only 150-mW CW drive power, simplifying the distribution
of the rf source power in multiple unit systems. The units are fully interlocked for personnel and
equipment protection and fully shielded from electromagnetic interference (EMI).
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Table I11,4,3-3 RGDTL Parameters

Parameters Values Units
Operating frequency 425 MHz
Input beam energy 2 MeV
Output beam energy 4.2 MeV
Length 0.9 m
Number of drift tubes 16 -
Aperture radius 0.5 cm
Electric field gradient 24 - 4.2 MV/m
PMQ? gradient 180 Tim
Peak structure power 165 Kw
Peak beam power at 40 mA 89 kw
Total peak radio-frequency power 254 Kw
Average structure dissipation 5 KW
Cooling water flow 20 gal/min

& PMQ = permanent magnet quadrupols,
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4.3.8 Vacuum and Auxiliary Systems

The ion injector has its own vacuum system, with an isolation valve for routine source
maintenance. This system uses two 2,200-L/sec turbomolecular pumps to handle the high
hydrogen gas load from the H™ source. The vacuum is sufficient to prevent any sparking in the
extraction gap and to reduce stripping losses. A vacuum gauge unit that uses two ion gauges and
two thermocouple gauges monitors the pressure in the injector, beamline, and roughing lines.
This unit provides local indication of pressure readings on its front panel, and it sends this
information to the control system. The pressure in the injector vacuum chamber is typically 2 to
3 x 10-3 Torr during operation.

A 2,200-L/sec turbomolecular pump mounted on the RFQ vacuum chamber maintains a
3% 10-7 Torr in the RFQ resonator. The restricted openings at the exit of the ion source
mounting chamber and the entrance to the RFQ limit the gas flow between the ion source and the
RFQ. The RGDTL uses a 500-L/sec ion pump to maintain a pressure of less than 1 x 107 Torr.
Some differential pumping of the RFQ is provided through the small bore of the half-drift-tube
end of the RGDTL. Ion gauges are used to monitor the vacuum in both tanks.

A single commercial, packaged temperature controller with +1°C stability is used to
maintain stable temperature for both the RFQ and the RGDTL. It is installed on the LIS support
frame.

4.4 DRIFT TUBE LINAC

4.4.1 Overview

Three DTL tanks are used to accelerate the beam to 70 MeV. They are constant gradient
tanks with one 8A spacing. Permanent-magnet quadrupoles (PMQs) installed in each drift tube
focus the beam through the structure and maintain beam emittance. The size of the beam
aperture in the drift tubes is gradually increased along the DTL to minimize beam loss. Each
gradient tank is powered by a 4-MW-peak, 425-MHz klystron. Major parameters of the DTL
tanks are shown in Table 111.4.4-1.

The final operating frequency is achieved by using a hierarchy of tuning mechanisms.
Tuning bars with a range of +2 MHz are used for coarse-tuning of frequency durtng initial setup.
Servo-driven tuning slugs with a range of £200 kHz are used for fine-tuning during operation. In
addition, the tank operating temperature can be varied to control the frequency over a range of
*15 kHz.

A side view of a typical DTL tank is shown in Figure I11.4.4-1, a cross-sectional view is
shown in Figure 111.4.4-2, and a photograph is shown in Figure 111.4.4-3. The main components
are the (1) f and vacuum vessel, (2) dnft tubes and post-stabilizer assemblies, (3) integral
vacuum and cooling systems, and (4) support stand. Each of these components is described in
the following subsections.
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Tabte 1I1.4.4-1 DTL Parameters

Parametars Tank 1 Tank 2 Tank 3 Units
Operating frequency 425 425 425 MHz
Input beam energy 4.2 28.7 50.1 MeV
Qutputl beam energy 28.7 50.1 70 MeV
Length 7.14 6.27 6.23 m
Number of drift tubes 60 32 26 -
Aperture radius 5-7 8 ] mm
Accelerating field gradient 4.39 4.63 4.60 MV/m
PMQ?2 gradient 173 - 105 100 95 T/m
Peak structure power 2.1 2.02 2.0 MW
Peak beam power at 40 mA 0.98 0.86 0.8 Mw
Total peak radio-frequency power 3.1 2.9 2.8 MwW
Average structure dissipation 63 61 60 KW
Cavity fill time 35 35 35 psec

4 PMQ = permanent magnet quadrupole.
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Figure I11.4.4-1 Side View of a Typical DTL Tank.
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f a Typical DTL Tank.
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4.4.2 Radio-Frequency and Vacuum Vessel

Each tank is made in several sections for ease of handling and fabrication. The number of
sections depends on the total length. These sections are made of steel for easy fabrication and are
copper-plated for high conductivity. Each section is designed for maximum mechanical stability
and consists of two rails, an upper and a lower, joined together by welding two circular wall
sections between them. The upper rail supports the drift tubes as well as two tuning bars used
for coarse frequency adjustments. Supporting the drift tubes on a rail that is integral to the main
vessel eliminates the need for a large and difficult rf and vacuum joint. The bottom rail increases
structural stability while providing a mounting surface for additional tuning bars and vacuum
pumps. The post-stabilizer mounts, slug tuner ports, and other vacuum penetrations are welded
directly to the walis of the tank. Cooling channels brazed to the outer wall remove encrgy
dissipated in the tank by the rf fields.

The twin-rail design provides exceptional long-term dimensional stability. The tank is
stress-relieved before plating and final machining to ensure that the drift tubes remain accurately
aligned after installation. This design also simplifies fabrication by eliminating the need to
accurately roll up a cylinder to the required inside diameter. The DTL tanks are separated by a
short drift space to allow insertion of beam diagnostic instruments and magnetic optics correction
magnets.

4.4.3 Drift Tubes and Post-Stabilizer Assemblies

The drift tube stems are made of stainless steel for strength and nigidity. They are
copper-plated and brazed into the drift tube bodies. Compact permanent-magnet quadrupoles in
the drift tubes maintain transverse beam focusing. Each copper drift tube is sealed to make it a
vacuum-tight enclosure. The drift tube rf surfaces are made from two copper shells that fit
closely over the drift tube body and are electron-beam-welded to a copper ring. The drift tube
bodies have internal cooling channels that are fed through the stem. The cooling channels are also
scaled separately within the drift tubes.

The drift tubes are mounted to adjustable sockets on the upper rail and are rigidly aligned
with little residual stress. Accurate positioning of the drift tubes is accomplished by using shims
between reference surfaces on the drift tube stem and the support rail. This procedure provides
precisc incremental adjustment with long-term stability, eliminates expensive adjusting apparatus
that is used only once in the life of the DTL, and allows the drift tubes to be removed and
accurately reinstalied. It has been demonstrated that drift tube assemblies can be removed and
reinstalled to less than £0.013 mm of their initial position.!3

Resonant post-stabilizers are used to stabilize and fine-tune the on-axis electnc field
distribution of the DTL. The post-stabilizers greatly relax the tolerances on the drift tube
dimensions and alignment. They also eliminate the need for continuous critical adjustment of rf
tuners to maintain the field distribution during operation. The post-stabilizers arc In an
adjustable mount that allows precise movement of the posts during tuning. The post-stabilizer
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mounting scheme allows accurate adjustment with a removable, reusable adjuster apparatus. The
post-stabilizers are permanently locked into position after adjustment. The adjustment is made
by using the tilt-sensitivity method developed at LANL for tuning the 100-MeV DTL tanks of
its Meson Physics Facility accelerator.!4 These adjustments are independent of the rf and
vacuum seals, thereby allowing the required electric field distribution to be easily achieved. A
coaxial cooling channel removes heat generated by tf fields.

This approach to designing and positioning drift tubes and post-stabilizers meets the key
performance objectives of high beam transmission and optimal electric field distmibution. It
results in an operation that is accurate and stable for many years.

4.4.4 Vacuum and Cooling

The DTL tanks are maintained at a vacuum of 1x 10-7 Torr by 500-L/sec ion pumps
connected to a port at the bottom of each section. Metal vacuum seals provide long-term
reliability and radiation resistance.

A closed-cycle cooling system maintains the DTL’s operating temperature. Temperature
is stabilized in the tank by supplying temperature-controlled water through channels on the
outside of the tank walls as well as through the drift tube assemblies and post-stabilizers.
Individual commercial units are used for each tank.

4.4.5 Support Stand

The stand that supports the DTL is a weldment of square steel box beams. The weight of
each tank rests on four adjustable supports. The DTL tank is supported on six adjustable struts
for precise alignment.

Room underneath the tanks is sufficient to allow easy removal of the vacuum pumps.
The frame also supports the cooling water manifold.

4.5 MATCHING SECTION

4.5.1 Introduction

The beam from the DTL is bunched at 425 MHz and is matched into the CCL that
operates at 1,275 MHz. The matching section transforms the beam from the DTL into the phase
space volume required by the CCL. Two buncher cavities — short sections of side-coupled
cavities that operate at 1,275 MHz — and 10 quadrupole magnets are used to achieve this match.
Matching section parameters are listed in Table 111.4.5-1.
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Table 11L.4.5-1 Matching Section Parameters

Parameters Values Units

Length 3.2 m
Buncher type SCL cavities -
Number of bunchers 2 -
Buncher frequency 1,275 MHz
Number of cells per buncher S5and 7 -
Power reguired 500 and 700 kW
Number of quadrupole doublets 3 -
Number of quadrupole singlets 4 -
Quadrupole gradient 40 T/m
Quadrupole bore 23 mm
Quadrupole length 40 mm
Cavity fill time 10 usec

11.4-22



IPNS UPGRADE III.4 LINAC SYSTEM DESCRIPTION

4.6 COUPLED-CAVITY LINAC

4.6.1 Overview

The CCL consists of 60 side-coupled-cavity tanks with 16 accelerating cavities per tank.
There are 10 modules, each of which consists of six tanks and five bridge couplers. The tanks
increase in length as beam energy increases. There are no bridge couplers between modules. Rf
power is fed to each module by a WR650 waveguide connected to the center bridge coupler. The
main parameters of the CCL are listed in Table 111.4.6-1. A side view of three tanks and two
bridge couplers is shown in Figure 111.4.6-1.

4.6.2 Radio-Frequency Structure Fabrication

Half-cavities of the 1,275-MHz rf structures are machined from bar stock. The half
cavities and cavity subassemblies are made with steps and matching counterbores to maintain
alignment during brazing. The coupling cavities are also machined from solid stock and brazed
together to form a subassembly. The post-stabilized bridge couplers consist of a cylinder with
discs and end-cells brazed in place. They are equipped with lifting eyes at each end. The bndge
couplers are connected to the tanks by means of rectangular brazed flanges. These flanges and
their associated seals provide both an rf and a vacuum joint. The same type of flange and
rectangular vacuum seal are used for all of the CCL tanks and bridge couplers.

Integral cooling water passages, machined into the half-cavities before brazing, allow
effective frequency stabilization of the rf structure. Integral water passages are used in order to
achieve superior thermal performance, simpler construction, and lower cost.

Slots are milled into the side walls of the tank and bridge coupler cavities to permit fine-
tuning by dimpling the copper at the bottom of the slot. A vacuum nipple is brazed into each
tank coupling cavity to allow access to the internal coupling cavity posts for tank tuning. The
upper vacuum ports are capped; the lower ports are connected to the vacuum manifold by a
bellows. A standard Conflat vacuum flange is brazed into the end of each tank for the inlet and
outlet beamline.

The braze joint designs are important factors in the CCL tank fabrication process. The
cavities are brazed by using washers of braze alloy to ensure complete joint wetting. The
different alloys used for step-brazing the cavity components are selected because of their melting
temperature, conductivity, braze reliability, and cost. Allowance is made for the braze alloy
thickness remaining after brazing. Oxyvgen-free, high-conductivity (OFHC) copper is used for the
accelerating and coupling cavities because of its high electrical conductivity and compatibility
with brazing processes. The time-temperature profile of the brazing process is controlled and
monitored to ensure good dimensional control and leak-tight joints.
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Table I11.4.6-1 CCL Parameters

Parameters Values Units
Frequency 1,275 MHz
Input energy 70 MeV
Output ehergy 400 MeV
Number of modules 10 -
Numbar of tanks per module 6 -
Number of cavities per tank 16 -
Peak surtace field 28 MV/m
Field gradient (E,T) 59 - 55 MV/m
Synchronous phase -30 to -25 deg
Peak structure power 52.8 Mw
Peak beam power at 40 mA 13.2 Mw
Total peak radio-frequency power 66.0 MW
Magnet lattice FODO -
Length 921 m
Bore radius >10 mm
First-neighbor coupling constant 5 %
intertank and intlermodule spacing 3.5 BA
Number of bridge couplers 50
Bridge coupler coupling constant 10 %
Cavity fill time 10 pusec
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Four alignment target holders are mounted on the access aisle side of each tank. Steel-ball
alignment targets are used to align the linac beam line to the required tolerance. There is a clear
line of sight from the CCL alignment monuments to the floor monuments.

4.6.3 Support Systems and Mechanical Design Features

The rf structure is supported by a series of six-strut support systems mounted on steel
support stands. Each stand supports six tanks, five bridge couplers, a vacuum manifold, and
associated water manifolding, as shown in Figure [11.4.6-2. The intertank quadrupole magnet and
diagnostics are also mounted on the support stand. Temporary legs and casters are mounted to
the support stand to facilitate handling in the tuning area and linac tunnel. The stand — with its
tanks, bridge couplers, and associated equipment — is lowered into the tunnel, wheeled into
place, and installed. Then the temporary supports and casters are removed, and the stand is
bolted to the tunnel floor. Adjustable legs allow rough alignment to the beamline, and fine
adjustments are made with the six-strut support system.

The six-strut support system includes three vertical, one axial, and two horizontal struts.
These six struts form an optimally constrained system. Each strut consists of a threaded body
and two differentially threaded spherical rod ends. One full turn of the body changes the length
of the strut by 1.06 mm. The spherical strut joints allow the structure to expand and contract
without binding or warping.

Individual tanks are supported on ledges machined into the tank suf)"mrbrackets. The
brackets are bolted to threaded inserts in the tank walls. After a tank is bolted to a bracket, the
bracket and tank are match-drilled for dowel pins. The tank support brackets, which are the
attachment points for the six-strut support system, are fitted with lifting eyes. The longitudinal
struts are located in the center of each module. A bellows is included with the intermodule
diagnostics and beam steering to allow for longitudinal expansion and contraction.

The CCL tanks and bndge couplers are frequency-stabilized by pumping temperature-
contolled water through the cavity water passages. A temperature sensor located at each end of a
tank senses the rf structure temperature and sends a signal to the temperature control unit
(TCU). Stainless steel water manifolds distribute the cooling water to the rf structure. One TCU
1s used per CCL module to control the cavity temperature within £0.1°C,

4.6.4 Vacuum System
Attached to each CCL tank assembly are a vacuum manifold section and a 500-L/sec ion
pump. The vacuum manifolds are bolted together during assembly to form a common vacuum

manifold. The manifold is connected to the CCL tanks by demountable joints and bellows. The
bellows allow for some misalignment between the manifold and the tanks and accommodate
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differential expansion and contraction. A pate valve between modules allows a module to be
serviced without loss of vacuum in the rest of the linac beamline. Typical vacuum pressure is
less than 1 x 10-7 Torr.

4.7 KLYSTRON POWER SYSTEMS

4.7.1 Overview

The three large DTL tanks, matching section bunchers, and CCL are powered by
klystrons driven by modulator systems containing the dc power supply, power switching tubes,
and energy storage components. Tabie [11.4.7-1 lists the operating parameters common to all
these systems, and Table 111.4.7-2 lists specific parameters for the different linac sections. The
pulse width can be varied to allow for easier conditioning of the accelerator cavities.

The nominal VSWR is 1.6 with the CCL filled but no beam current. The klystron
window is located at a point in the waveguide that is near the null position of the standing wave
under these conditions. The VSWR decreases to a value of 1.1 at full beam current because of
beam loading. The rf drive level is controlled to maintain a constant field level in the load cavity
regardless of beam current.

4.7.2 Klystrons

Three different klystrons manufactured by Varian are used as the basis for estimating cost
of the linac. A sixth cavity in the Varian tubes increases the rf conversion efficiency from less
than 50% to an estimated 63%. This ensures that a high rf efficiency is achieved. Table 111.4.7-3
lists the operating parameters of the selected klystrons.

Circulators are installed on all of the klystrons to protect them from high reflected power
during cavity arcs and conditioning. Three-port circulators with a single load are used to protect
the 425-MHz klystrons. Four-port circulators with two loads are used to protect the
1,275-MHz klystrons.

The circulators and loads handle reflected power under four conditions: normal operating
mode, cavity filling, conditioning, and cavity arcs. During cavity filling, there is a triangular spike
of reflected power with an amplitude that is about half of the amplitude of the forward power.
The total pulse duration is about a quarter of the cavity fill time. The fill time is 35 psec for the
DTL and 10 psec for the matching section and CCL. The cavity coupling is adjusted so that with
full beam current, the VSWR is < 1.1. During conditioning, the nominal VSWR with the load
cavity filled and no beam current is 1.6. The full power from the klystron is reflected during an
arc. This condition persists until the klystron is crowbarred within 10 usec.
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Table 11L4.7-1 Klystron Operating Parameters Common to the Entire Injector

Parameters Maximum Minimum Nominal Units
Radio-frequency duty factor 3 0.1 1.5 %
Pulse width - DTL 550 100 535 usec
Pulse width - CCL 550 100 510 usec
Pulse rate 60 1 30 Hz
Pulse-to-pulse amp. variation 0.2 10.2 0.2 %
Pulse-to-pulse time jitter 10 16 +8 nsec
Pulse ripple, total 0.5 0.5 0.5 %
Puise droop 3 1 3 %
Supply voltages - - 480V, 32, 60Hz -
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Table 111.4.7-2 Klystron Operating Parameters for Linac Subsystems

Parameters DTL MS CCL Units

Operating frequency 425 1,275 1,275 MHz
Peak output power 4 1 9 MW
Radio-frequency output power, average 120 30 270 kW
Radio-frequency output waveguide WR1800 WR850 WR6E50 -
Number of amplifiers 3 2 10 -
Peak power, VSWR < 1.1 (full beam) 4 0.8 9 MW
Peak powar, VSWR = 1.25 3.6 0.72 8.1 MW
Peak power, VSWR = 1.6 (no beam) 2.8 0.56 6.3 MW

111.4-30



IPNS UPGRADE

I11.4 LINAC SYSTEM DESCRIPTION

Table I11.4.7-3 Varian Klystron System Parameters

Parameters DTL MS CCL Units
Tube type VKP-8812 TBO by Variand VKL-7796{M) -
Frequancy 425 1,275 1,275 MHz
Peak power output 4 1 9 MW
Average power output 120 30 270 kW
Efficiency 57 50 53 %
Beam voltage (maximum) 130 70 140 kv
Beam current (maximum) 87 32 121 A
Beam power (maximumj} 7.0 2.0 16.9 MW
Modulation type mod-anode mod-anode mod-anode
Mod-anode voltage, full beam 130 TBD 140 kV
Mod-anode voltage, cut-off -4 TBD -3 kv
Peak inverse voltage rating 26 TBD 30 kV
Heater voltage 24 25 25 v
Heater current 75 12 30 A
Magnet voltage (maximum) 200 200 200 v
Number of magnet coils 6 TBD 9 -
Magnet power (maximum) 6 2.5 10 kW
Tube weight 1,700 TBD 700 Ib
Solenoid magnet weight 2,400 TBD 1,400 Ib
High-voltage seal insulation Qil Qil Oil -
Cooling water inlet temperature 25115 25115 25115 °C
Collactor water flow (minimum) 120 20 200 gal/min
Collector pressure drop 60 55 55 psi¢
Body water flow (minimum) 26 TBD 13 gal/min
Body pressure drop 60 T8D 70 psi
Output window coolant (medium) N, TBD TBD -
Output window coolant, flow 200 TBD TBD ft3/min
Solenoid water flow 5 5 5 gal/min
Tube lifetime (mtbf)P 100,000 100,000 100,000 h
Mounting position Vertical, Vertical, Vertical, -

cathode down

cathode down

cathode down

2 TBD = to be determined.

b mtbf = mean time before failure.

¢ psi = pounds per square inch.
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4.7.3 Modulators

The modulator system supplies the operating voltages for the klystron gun, solenoids and
filament, and mod-anode. Each modulator consists of the following:

e Regulator unit — SCR-controlled, 480 V, 3 ¢ input; 240-528 V, 3 ¢ ac output;
air cooled and insulated.

¢ Transformer-rectifier unit — high-voltage transformer (140 kV), solid-state
rectifier stack and filter choke; oil insulated, convectively cooled via finned
tank structure.

o Crowbar and capacitor unit — energy storage capacitors and compensation
circuits to minimize voltage droop during the pulse; high-voltage crowbar to
dissipate stored energy and protect klystron in the event of a fault.

e Klystron tank — supports klystron, magnet, and associated equipment;
contains isolation transformer, klystron heater supplies, modulator switch
tubes, and related supplies; is oil filled.

e Controls — low-level controls and instrumentation, interlock logic, magnet
power supplies, VME crate.

The first two components are located outside, adjacent to the klystron gallery. The other
items are located inside. The modulators are energized from a 480V, 3 ¢, 60-Hz input. All
cooling for the klystron is routed through the modulator. Table I1.4.7-4 lists the specifications
for the modulators for the different accelerator sections.

4.8 BEAM DIAGNOSTICS

4.8.1 Overview

Diagnostics are an important part of any accelerator, especially one with high average
current. Typical parameters of interest are beam size, position in the beam tube, energy, phase,
bunch length, and beam loss. Beam loss is particularly important. Excessive beam loss causes so
much activation that hands-on maintenance is impossible. The microstrip beam diagnostics and
the beam loss monitors are described below.
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Table 111.4.7-4 Klystron Modulator Specifications by Subsystem

Parameters DTL MS CCL Units
Power, maximum load 350 100 750 kVA
Power, no load 75 20 100 kVA
Current per phase, maximum load 425 125 900 A
Cooling required, maximum load 275 75 600 kw
Cooling required, nc load 25 8 30 kw
Coolant flow 160 80 220 gal/min
Coolant inlet temperature a5 35 35 °C
Coolant pressure 60 60 60 psi@

8 psi = pounds per square inch.
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4.8.2 Microstrip Beam Diagnostics

Microstrip beam diagnostics measure the centroids of the transverse beam positions,
angles, synchronous phase, and energy.!5 Beam positions are measured by comparing the
relative signal amplitudes from opposite sides of the microstrip probes. The beam centroid angle
is calculated from the centroid position at two different probes that are some distance apart.
Energy is derived from the time-of-flight measurement between two separated probes.
Synchronous phase is determined by comparing the probe signal from the beam bunch centroid
with the cavity field phase from a monitor loop in the cavity. The cavity field phase is corrected
for the drift time to the probe derived from the energy measurement.

The probe is very compact and consists of four microstrip transmission lines that are
connected to multilayer stripline transmission lines upstream and downstream. These striplines
transport the signals through a vacuum flange to processing electronics. Image currents from the
beam bunch induce electromagnetic signals onto the upstream and downstream striplines as the
beam passes through the probe. The upstream signal is proportional to the beam intensity.
Differences in the signal from opposite lobes of the probe are proportional to the centroid offset.

This diagnostic system has been extensively tested and characterized.!® Processing
electronics that interface with the VME standard and processing software that is compatible with
the software chosen for this linac are available.

4.8.3 Beam Loss Monitors

Although the microstrip probes give information on the gross characteristics of the beam,
they give no information on the beam halo. It is this halo that leads to beam loss and activation
of the structure and equipment in the linac tunnel. Beam loss monitors measure the radiation
induced when the beam halo strikes the beam tube. Beam loss measurement permits fine-tuning
and optimization of the accelerator to minimize activation. Beam loss monitors provide prompt
warning of catastrophic beam loss. This signal is used to provide fast shut-down to minimize
damage to the structure and activation.

The beam-loss-monitor system consists of fast-ionization detectors and processing
electronics that monitor the radiation level.!” The ionization detectors are mounted close to the
beamline to monitor the radiation from (p,y) reactions, The system provides two trip points.
The higher-level trip point is used to shut the accelerator down in 10 psec and protect against
burnthrough from a major beam loss.

4.8.4 Other Diagnostics

Additional linac diagnostics include beam current toroids, segmented apertures, wire
scanners, and Faraday cups. A slit and collector emittance unit is used for initial commissioning.
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4.9 CONTROL SYSTEM

4.9.1 Overview

This section includes the control system, data acquisition system, and the distribution
systems for the rf master oscillator signals and accelerator timing.

4.9.2 Data Acquisition and Control

The linac data acquisition and control system is a distributed network consisting of
operator, network, and hardware interfaces, as shown schematically in Figure HI[.4.9-1. EPICS is
uscd to develop the front-end control software.® Commercial and custom VXI modules are used
to interface the control systern to the linac hardware. These VXI modules are located in the racks
of the systems to which they interface.

The operator interface is a Unix-based workstation with an X-Window graphical user
interface (GUI). The workstation can be located at any point on the network and still maintain
full functionality. The user can generate and alter control displays and can access interactive
control programs, the archiver, the alarm handler, custom code, and various tools. Five operator
workstations are associated with the linac; however, the linac can be controlled by any
workstation on the network.

The network provides the communication path between the operator workstations, input
and output crates, other hardware in the linac control system, and the controls for the rest of the
facility. Transmission control protocol/Internet protocol (TCP/IP) is the underlying protocol for
the network. A fiber-based Ethernet network is used for noise immunity.

The input/output controller (I0C) provides an input/output interface between the
accelerator hardware and the rest of the control system. The standard crate uses the VXI
standard and contains a network interface and various interfaces to the accelerator hardware. The
crate controller is a Motorola 68040-based processor. The VxWorks operating system provides
the basis for real-time control, allowing the 68040 processor to run its software autonomously
with respect to all other devices in the system.

Table 111.4.9-1 lists the number of each type of data channel for each of the major
subsystems, and Table 111.4.9-2 lists the numbers of the various VXI components required for

each subsystem.

The EPICS and the IPNS Upgrade accelerator control systems are diescribed in
Section 11.8. The same control system is used to control the linac.
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Figure I11.4.9-1 Control System Diagram
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Table I11.4.9-1 Number of Data Channels Required by Linac Subsystems

Channel Type LIS DTL MS CCL Total
Digital input 144 288 192 1,040 1,664
Digital output 104 156 120 €600 980
Slow analog input 226 312 232 1,160 1,830
Slow analog output 72 84 72 360 588
Countar/timer outputs 13 36 24 120 193
Waveform inputs 24 36 36 120 216
Total 5,671

[11.4-37



1.4 LINAC SYSTEM DESCRIPTION

IPNS UPGRADE

Table 111.4.9-2 Number of VXI Components Required

by Linac Subsystems

Component LIS DTL MS CCL Total
VXI crate 3 3 2 10 18
Crate controller 3 3 2 10 18
Network interface 3 3 2 10 18
32-bit digital in 6 9 6 40 61
32-bit digital out 6 6 4 20 36
64-channel analog input 4 6 4 20 34
16-channel analog output 6 6 6 30 48
Counter/timer outputs 4 8 6 30 49
4-channel waveform digitizer 7 9 9 30 55
Low-level radio-frequency 2 3 2 10 17
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4.9.3 Radio-Frequency Reference Signal Distribution and Low-Level System

The RFQ and DTL operate at 425 MHz, and the matching section and CCL operate at
1,275 Mhz. These two frequencies are harmonically related. There are 17 amplifiers that power

the linac, and precise frequency and phasing are maintained. The rf reference generation system
for the linac is based on one developed for the GTA at LANL.18

The rf reference generation system is configured as a star distribution network and
provides coherent, phase-stable signals to the low-level rf subsystems for each amplifier and any
other systems requiring these signals. The transport network maintains the phase error to
1 0.036° over 50 meters of phase-stable cable.

The low-level rf provides the necessary amplitude and phase feedback control for the
amplifiers. The VXl-based modules used in this linac are derived from ones developed at
Fermilab.1? Phase and amplitude can be electronically adjusted. In aadition, feed-forward
control is available. In normal operation, the reference frequency signal comes from the reference
signal distribution system. However, for cavity warm-up and conditioning, an intemal VCO
tracks the cavity frequency during warm-up.

4.9.4 Timing Signal Distribution

A dedicated timing system is required because of the asynchronous nature of TCP/IP
Ethernet. This linac uses a system developed for the GTA at LANL.20 A central master timing
device generates the timing signals and distributes them to the various subsystems via optical
fibers. The network is configured as a star with dedicated fibers for each subsystem [OC.

Four types of timing signal are provided: the system clock, system trigger, time tag clock,
and time tag reset. The 5-MHz system clock is the reference for all timing events in the system.
The system trigger synchronizes control and data acquisition. The time tag and time tag reset
provide a unique event number and date/time stamp for recorded events.

This timing is implemented in VME modules, with EPICS used for programming. Ten

channels with 200-nsec resolution are provided in each module. More channels per IOC can be
provided by multiple modules.
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5.1 DIMENSIONED FACILITY LAYOUT

A cross-sectional view through the DTL is shown in Figure I11.5.1-1. Figure I1.5.1-2 is a
plan view of the linac showing the linac tunnel and the klystron gallery. The locations of major
utility requirements inciuding electricity, cooling water, and gas cooling for the DTL 1f windows
are shown on the drawing.

5.2 UTILITY REQUIREMENTS

Table I11.5.2-1 lists the electricity and cooling water requirements for the 400-MeV linac.
The values are the installed capacities and not the amounts actually consumed. All cooling for
the klystrons is included in the numbers listed for the modulators. The water flow values given
for the DTL load cooling system are for the water provided from the facility to the load heat
exchangers. The 425-MHz loads use a 50:50 mixture of ethylene glycol and water from a closed-
loop system for cooling. The 1,275-MHz loads are cooled by plain water because the rf
absorption is adequate at that frequency.
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Table I11.5.2-1 Power and Water Cooling Requirements for the Injector Linac System

Maximum Water

Installed Total A/Phase

N, at
Qmin 1 ¢/ 1 ¢/ 3 ¢/ 39/ 25 psig
Description (gal/min) 4 (kW) 110V 220V 208 v 480 V {#t3/min)

LIS

{on source/beamline 7 (D) 13 - - - - -

lon source electronics - - - - 100 - -

2,200-L/sec turbopump (3} 1 6 - 30 - - -

Roughing pumps (3) - - - 30 - - -

LEBT solenoids {2) 6 13.2 - - - - -

RFQ amplifier 12 (D) 6 - - 40 - -

RGDTL amplifier 12 (DI) 5 - - 40 - -

Cooling system 7 7 - g - - -
DTL Tanks

Waveguide window - - - - - - 600

Cooling system 125 100 - 45 - - -
DTL RF System

Klystrons incl. in modulator - - - - 600

Load cooling system? 25 15 - 30 - - -

Modulator/HVPSP 480 400 - - - 700 -
DTL Vacuum System

lon pump controllers - - - 210 - - -
Matching Section

Klystrons incl. in modulator - - - - -

ModulatorfHVPS 100 75 - - - 140 -

Circulator and load 30 2 - - - - -

Cavity cooling system 30 25 - 15 - - -

Quadrupoles 18 50 - - - - -

Quadrupoie PS¢ - - - - 225 - -

lon pump controller - - - 30 - - -
CCL Module

Cooling systems 1,000 900 - - 60 - -

Quadrupoles 120 215 - - - - -

Quadrupole PS - - - - 1,000 - -
CCL Vacuum System

lon gauge and controller - - 30 - - - -

lon pump contraller - - . 900 - - .
CCL RF System

Klystrons incl. in modulator - - - - -

Modulator/HVPS 2,200 2,500 - - - 4,500 -

Circulater and load

300 60

2 Closed, recirculating foop of 50/50 ethylene glycol/water with heat exchange to facility water.

b HvPS = high-voltage power supply.

€ PS = power supply.
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CHAPTER IV TARGET STATIONS
IPNS UPGRADE

IV.1 INTRODUCTION

1.1 GENERAL

This chapter describes the target stations that produce the neutrons utilized by the
neutron scattering instruments at IPNS Upgrade. A target station consists of the biological shield
and hot cell and all the components they contain, including target and moderators, together with
the necessary external cooling and ventilation systems. The pulses of protons from the
accelerator impinge on the target, and the resulting spallation intcractions produce large quantities
of fast neutrons. The moderators slow these neutrons down to energies suitable for use by the
neutron scattering instruments, and a portion of the neutrons pass through ports in the target
station shielding into beam lines, which lead to the instruments.

The design for the target stations for IPNS Upgrade is based on a careful assessment of
the requirements of the neutron scattering instruments. The IPNS Upgrade design is site-specific
in that it uses existing buildings at Argonne. The target stations accept horizontal proton beams
from the accelerator and provide neutron beams that make optimal use of the existing experiment
halls. Vertical injection of the proton beam into the target, which is another option, was rejected
because it appeared to be more expensive than hortzontal injection and offered too few
advantages in view of the cost. This site-specific design results in significant cost savings while
introducing few, if any, compromises in the performance of the facility.

Section IV.1.2 gives a brief overview of the target station components. These
components are described and analyzed in detail in the remaining sections of this chapter.

Section IV.2 provides a detailed analysis of the power deposited in the target and of the
cooling system required to extract this power. This includes a thermai-hydraulic analysis of the
heat transfer from the target material to the coolant and calculations of thermally induced stresses
in the target. This section also contains a discussion of metallurgy and corrcsion questions that
relate to the choice of machinable tungsten alloy as the target material.

Section [V.3 describes the moderators and reflectors and the associated cooling systems.
Monte Carlo calculations of the power deposition in the different moderators are used to size the
various water and cryogenic-liquid cooling systems. The neutron beam currents produced by the
moderators are also calculated.

Section IV .4 provides details of the biological shield. The effectiveness of the shielding in
reducing the radiation dose rate is also analyzed. Section IV.5 describes the remote handling
facilities used to manipulate the activated target and moderator components in order to make
repairs or to replace damaged components. Section 1V.6 covers the various levels of containment
designed to prevent accidental release of activity.

The controls and instrumentation required for safe and reliable operation of the target
stattons are discussed in Section IV.7.

Section IV.8 discusses the neutron beam ports and their interfaces to the portions of the
neutron beam lines that are external to, and extend radially from, the target stations. These
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external beam lines are considered to be parts of the neutron scattering instruments and are
discussed in Chapter V.

1.2 OVERVIEW OF THE DESIGN

IPNS Upgrade has two target stations, one operating at 10 Hz and one operating at
30 Hz. The purpose of the target stations is to house and shield the primary-neutron-producing
targets and the moderators that slow down the primary neutrons to useful energies. Neutron
beam ports penetrate the shieid to allow neutrons from the moderators to reach instruments
outside the shield. The target stations also contain internal facilities for neutron activation and
radiation-effects experiments. A switching system alternately directs pulses of 2-GeV protons
delivered at 30 Hz from the accelerator system to the two target stations. The 10-Hz target
station receives one pulse out of three. The 30-Hz target station receives two pulses out of three
in an iambic pattern, with an average frequency of 20 Hz under normal operating conditions, but
it can efficiently utilize the full 1 MW at 30 Hz if desired.

The target stations are housed in existing buildings to which slight modifications are made.
Chapter VI describes the conventional facilities for IPNS Upgrade. The target stations are new
construction. The two target stations are identical except for details of the moderators, which are
differently optimized for the 10-Hz and 30-Hz instruments. This chapter describes the
components of one of these target stations and, unless otherwise noted, all these components are
duplicated for the second target station. Both targets and associated cooling systems are able to
accept the full 1-MW beam power. The 30-Hz scattering instruments are designed to tolerate the
1/30-s inter pulse interval, so when the 10-Hz target is not operating, the 30-Hz target can
usefully accept the full-power 30-Hz beam.

Figure IV.1.2-1 shows the two target stations located in Buildings 369 and 370. Each
station provides neutron beams through 18 beam ports, derived from six individually tailored
moderators optimized for the intended scattering instruments. This figure also shows a
representative set of neutron scattering instruments located in appropriate positions on the
neutron beam lines, as discussed in Chapter V. The inner portions of the target stations,
consisting of the targets, moderators, and innermost reflectors, can move into the adjacent hot
cells, equipped with shielding windows and manipulators, for modification and repair. The figure
shows these components withdrawn into the servicing cells. Space is available within the
experiment halls for other types of experimental capabilities, such as a pulsed-muon spin-
rotation facility. Appendix C describes this and other possible facilities that are not within the
scope of this project. The outlying Buildings 367 and 371 and the vaults shown m
Figure IV.1.2-1 house components of the cooling and containment systems.

Figure [V.1.2-2 schematically illustrates the target and moderator layout. The target 1s of
the split-target or flux-trap design. This geometry allows the installation of four moderators in
the tangentially viewed wing configuration and two flux-trap moderators. Each of the moderators
provides three neutron beams from one viewed surface. The flux-trap moderators provide good
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coupling to the primary neutron source. They are viewed at near 90° to the proton beam
direction, so the neutron beams do not view target material struck by the proton bearn and there
is little high-energy neutron contamination in the beams. In addition, because the flux-trap
moderators are centered about the axis of the target, they are taller than the canonical wing
moderator. This feature 1s advantageous for a number of scattering instruments and is easily
accommodated with the horizontal proton beam geometry.

Figure IV.1.2-3 shows the design for the split target. This design is analyzed in detail in
Section [V.2. The split is arranged so that neutrons are evenly shared between moderators in the
upstream and downstream positions, while the gap is chosen in order to minimize losses in
neutron production, maximize coupling to the flux-trap moderators, and avoid a direct view of the
target by the neutron beam lines, thus reducing fast neutron backgrounds. The diameter of the
target is selected to maximize neutron production and coupling to the moderators while
minimizing proton leakage to the surroundings. The total target length exhausts the nuclear
cascade and leaves little power in the downstream shielding. The proton beam profile used for
target design 1s Gaussian with 5-cm full width at half maximum, which is roughly the maximum
size feasible from the point of view of proton beam transport. The two sections of the target
share one common coolant flow. The local power densities in the target are low enough that the
heat generated can be easily handled by conventional water cooling. The neutronic and thermal
consequences of tighter focusing or more uniform spreading of the proton beam, to provide
performance improvements or extend target lifetimes, are part of the preconstruction R&D
program.

The target material is a machinable tungsten alloy. A thin, plasma-sprayed titanium
coating is applied for improved corrosion resistance. This target provides high atomic number
and mass density for high neutron yield, high strength, and good properties at high temperature.
Cooling is by light water that passes across the face of the target disks, guided by channels
machined in the disk surfaces. Disk thicknesses in the upstream section are chosen to maintain
single-phase (no boiling) convective heat transfer at the surface, while disk-center temperatures
govemn disk thickness in the back section. Disks are spring-loaded to take up dimensional
changes due to thermal and radiation-induced growth. The front part of the target consists of
circular disks with guide notches, clamped with four compression springs. The back part of the
target consists of circular disks similar to those in the front, compressed by nested coil springs.

The target vessel is of welded stainless-steel construction, contains both front and back
sections of the target, and provides water-flow plena that distribute cooling water to the disks
and all parts of the vessel, including all springs. Cooling water is carried in and out from the
downstream side of the target. The cooling plena located above and below the target disks allow
the target cooling water in the plena to act as premoderator for the wing moderators. The cooling
pipes clear the moderators and irradiation facilities and exit downstream of the biological shield,
where they connect to the cooling system. The vessel and its attached piping constitute a single
unit to facilitate handling and increase integrity.
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Moderators are of several types, optimized according to the intended applications for
scattering instruments and arranged according to the requirements dictated by the surrounding
scattering instruments. Three beams are extracted from each of the six viewed surfaces to provide
a total of eighteen beams, nine beams on each of the two sides of each target station. The beams
are separated by angles of 13° and are about 1.4 m apart at the shield face, 6 m from the center.
The moderators selected and placed as described in this design satisfy the requirements of the
neutron scattering instruments as described 1n Chapter V.

Wing moderators are nominally 10 X 10 X 5 cm3, and flux-trap moderators are nominally
20 x 10 x 5 ecm3, Moderating materials are light water, liquid methane, and liquid hydrogen.
Premoderators significantly reduce the power that is removed at cryogenic temperatures and
reduce the rate of radiation damage in the cryogenic media. Moderator vessels and housings are
constructed of aluminum alloy. Figure IV.1.2-4 shows the six moderators in greater detail.
Moderator and premoderator fluids flow in the attached piping, which consists of vacuum-
insulated tubing. The exterior tubing is actively cooled. Each moderator and its associated piping
constitute a single integrated unit to facilitate replacement and repair. Moderator piping emerges
downstream of the biological shield where it connects to the cooling systems. Section IV.3
describes the moderators in more detail.

The cryogenic moderators of IPNS Upgrade rely heavily on the use of premoderators
placed between the target and the portion of the moderator viewed by the neutron beams. This is
a well-known concept,! but one that has not yet been incorporated into any existing pulsed
spallation neutron sources. Useful and informative neutronic tests have been performed at the
Hokkaido Linac moderator testing facility.?2 A solid methane moderator with a water
premoderator is being installed in the 2-MW Russian IBR-2 pulsed reactor.3 Both of these will
contribute important experience to the development of the premoderator concept. The function
of premoderators is to slow down neutrons from high energies, so that most of the resulting heat
is removed at ambient temperature. The ambient medium performs most of the thermalization,
while the cryogenic material produces cold neutrons. Both water, and metal hydrides with higher
proton densities than water, are possible premoderator materials. In the IPNS Upgrade cryogenic
moderators, the face viewed by the neutron scattering instruments is cryogenic materal, but the
medium surrounding it on the other five faces is ambient-temperature water. This geometry is
descnbed in detail in SectionIV.3.1. Only a few neutron mean-free-paths are required to
thermalize the neutrons to the lower temperature in the cryogenic region.

Reflectors of beryllium, or of beryllium and heavy metal, are placed around the
moderators to reflect neutrons back into the moderators. Considerable heat is generated in the
reflectors due to the slowing down of neutrons and the absorption of gamma radiation. Active
cooling removes this heat. The complete target-moderator-reflector assembly provides spaces for
all the beam ports and coolant pipirg. Figure IV.1.2-5 shows the arrangement of the spaces in
the bottom half of the reflector.
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Figure IV.1.24 Six Moderators Arranged around the Target. (Exploded view; arrows
emerging from the moderator faces represent the 18 neutron beams.)
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Figure IV.1.2-5 Bottom Reflector, Showing Neutron Beam Ports, Coolant Passages,
Proton Duct, and Target and Moderator Cavities.
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Layers of neutron-absorbing material, or decouplers, are placed between the reflector and
the moderators to preserve short pulses, because neutrons dwell longer in the reflector than in the
moderators. These decouplers are transparent to neutrons with high energies, but opaque to
neutrons at the lower energies of interest. The neutron beam ports require neutron-absorbing
void liners, because the ports represent voids across which neutrons can fly back into the
moderators after considerable delays. The reflector, decouplers, and void liners require active
cooling because they are heated by scattered and absorbed neutrons and gamma rays. Water-
cooling systems remove this heat.

Three irradiation tubes provide close access to the target for neutron activation and
neutron radiation-effects experiments. Samples can be inserted and withdrawn through the
curved tubes from remote locations within and outside the remote-handling facility even while the
target is in operation. These irradiation facilities are described in Section V.4. The irradiation
tubes are gas-cooled to remove heat from irradiated samples and from the walls of the tubes.

The target-moderator-reflector assembly, portions of the piping for their respective
cooling systems, portions of the irradiation tubes, and the massive steel shield blocks
downstream from the target comprise an assembly called the target train. Figure IV.1.2-6 shows
the target train, including the reflector system and the neutron beam ports. The target-moderator-
reflector assembly arrangement allows the target and any of the moderators to be individually
removed from the system without disturbing the other parts, which simplifies servicing and
allows easy replacement of componcnts.

During operation, the target train rests inside a sealed, helium-filled volume defined by a
stationary liner inside the shield. This target tank is shown in Figure IV.1.2-7. The sealed
volume provides containment of radioactive gases and solid residue produced in the target-
moderator-reflector assembly. The containment systems are described in Section IV.6. Neutron
beams emerge from windows, which are thinned sections in the aluminum target tank. The
downstream end of the target train carries a metal sheet that forms a seal with the target tank
during operation, which can be disengaged to enable retraction of the target train. The upstream
end of the target tank has a cavity for proton beam diagnostics. Figures [V.1.2-8a and IV.1.2-8b
show the target-train assembly inserted into the target tank, and Section IV.5 details the steps
involved in withdrawing the target-train assembly and servicing it in the hot cell. The target tank
can also be removed into the hot cell and replaced.

The biological shield, illustrated in Figure 1V.1.2-9, consists of an inner core of iron and an
outer layer of concrete extending to a distance of about 6 m from the target in the shortest
dimension that is 90° from the proton beam direction. The shield is designed so that all parts of
the hall housing the scattering instruments can be occupied during operation. The innermost
portion of the shield receives active cooling to remove the heat. This shield is described in greater
detail in Section IV 4.
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The biological shield rests on a newly-constructed reinforced-concrete pad. The entire
structure weighs 2hout 14,000 metric tons and is supported by columns extending to bedrock
24 m below. This provides long-term stability. A service trench surrounds the biological shieid.

Neutrons stream to the instruments through beam ports containing collimating elements
or neutron guide tubes. Hydraulically operated gates that can be raised and lowered in guided
channels can be closed to attenuate the neutron beams to such a level as to permit hands-on
changing of samples in the instruments. The beam ports and beam gates are described in
Section IV 8.

Protons from the accelerator system enter the biological shield from the HET line through
a water-cooled, double-walled, vacuum-tight window, which is shown in Figure IV.1.2-10. This
window provides the interface between the vacuum of the proton beamline and the helium
atmosphere of the target tank. Coolant water circulates through the annulus between the tube
walls, cooling both the beam pipe and the window. Helical guides separate the inlet and outlet
flows. The window has a lifetime of several years,4 so its design permits access and replacement.
This proton beam port assembly also seals the helium atmospheres in the target tank and the
shielding tank.

The proton beam port assembly passes through the shielding tank and extends to the
target tank. A stainless-steel proton beam port tube, which has a circular cross section, is
inserted in the opening and fastened by four threaded tie rods to the target tank. The insert tube
has a seties of square guides along its length to ensure alignment. The proton beam port tube is
protected from the weight of the stacked steel shield by surrounding it with a steel tube with a
square cross section., This steel tube is constructed of at least 1.25-cm-thick steel plate and is
welded to the target tank housing and to a reinforced area on the shielding tank.

The proton beam port tube is sealed to the target tank with metal O-rings, making it part
of the target tank containment barrier. O-rings and a flanged bellows mechanism seal the other
end of this tube to the shielding tank, as shown in Figure IV.1.2-10. This provides a seal for the
shielding tank atmosphere. The vacuum window insert is also sealed to the proton HET line
vacuum chamber external to the shielding tank.

Iv.l-16



LI-T'Al

BIOLOGICAL SHIELD

TIE RODS

PRGTON BEAM PORT TUBE

0-RING SEAL

TARGET TANK
GUIBES
PROTON BEAM PORT TUBE ASSEMBLY
393 n ..l
WATER FLOW GUIDES vl
VACULM WINDOW

PROTON HET LINE VACUUM WINDOW [NSERT

VACUUM TUBE

- -

ONE HETER

Figure 1V.1.2-10 Proton Beam Port and Window Insert Assembly, Which Transports the Proton Beam through the Biological Shield to the Target.

HAVIAOL(1 SNdI

NOLLONAOAULNI TAI




IV.1 INTRODUCTION IPNS UPGRADE

1.3 REFERENCES

1.

N. Watanabe, Y. Kiyanagi, K. Inoue, M. Furusaka, S. Ikeda, M. Arai, and H. Iwasa,
"Preliminary optimization experiments of coupled liquid hydrogen moderator for KENS-IL,"
in Advanced Neutron Sources 1988, Proceedings of the 10th Meeting of the International
Collaboration on Advanced Neutron Sources (ICANS X) (Los Alamos, N.M., Oct. 3-7,
1988); IOP Conference Series, No. 97 (Institute of Physics, New York, 1989), pp. 787-797
(1989).

Y. Kiyanagi, N. Watanabe, and H. Iwasa, "Experimental studies on neutronic performance of
coupled liquid-hydrogen moderator for pulsed spallation neutron sources," Nucl. Instrum.
Methods A312:561-570 (1992).

A.A. Beljakov, V.G. Ermilov, V.L. Lomidze, V.V. Melichov, and E.P. Shabalin, "First
experience of cold moderator operation and solid methane irradiation at the IBR-2 pulsed
reactor,” in Proceedings of the 12th Meeting of the International Collaboration on Advanced
Neutron Sources (ICANS XiI) (Abingdon, UK., May 24-28, 1993), Rutherford Appleton
Laboratory Report No. 94-025, pp. T144-T155 (1994).

G.S. Bauer, presented at the Workshop on Materials for Spallation Neutron Sources,
Los Alamos, N.M., Feb. 6-10, 1995 (unpublished).

IV.I-18



IPNS UPGRADE IV.2 TARGET

This section describes the target design and provides a detailed analysis of target
performance and requirements. Section IV.2.1 gives an overview of the target geometry and of
the selection of target material. Target geometry is determined by balancing the neutronic
performance (Section [V.2.2) against the need to extract the deposited heat from the target. The
relevant thermal-hydraulic analyses are presented in Section IV.2.3. The choice of target material
depends on neutronic performance (Section [V.2.2), mechanical strength of the target relative to
the induced stresses (SectionIV.2.4), and the corrosion resistance and other nuclear and
thermophysical properties of the material (Section IV.2.5).

Section [V.2.2 describes the Monte Carlo model used to calculate the detailed power
deposition in the target and surroundings and to determine the neutronic output. The calculated
power density distribution serves as input to the thermal-hydraulic calculations in Section 1V.2.3,
However, most of the discussion of neutronic performance is deferred until the moderators are
discussed in Section IV 3.

Section IV.2.3 describes the thermal-hydraulic analyses related to the extraction of heat
from the target. These analyses are used to refine the target geometry and to determine the target
cooling capacity required. The target cooling system is discussed in Section IV.2.6.
Section 1V.2.4 presents analyses of the stresses induced in the target disks due to the temperature
gradients calculated in Section IV.2.3.

The relevant materials properties data for candidate target materials are presented in
Section IV.2.5. These data play an important role in the choice of target matenal, as discussed in
Section IV.2.1.

Finally, Section IV.2.7 presents a bnef discussion of potentially hazardous incidents.
The preliminary assessments made here indicate no difficult safety-related problems. A detailed
safety assessment will be performed once the project is underway.

2.1 TARGET GEOMETRY AND MATERIAL

Spallation neutron targets must be of a dense material with a high mass number in order to
produce the greatest number of neutrons per proton in the spallation process. In addition, the
material must have good thermal and corrosion properties, and it must be mechanically robust,
easy to fabricate, and resistant to radiation damage. Targets made of tungsten,! tantalum,2
depleted uranium,3-3 and enriched uranium® have all seen extensive operation in pulsed neutron
sources, and such other materials as lead, gold, and platinum are also candidates. The numbers of
spallation neutrons produced per proton differ by only a small amount among all these materials.
However, in the case of depleted uranium, additional neutrons are produced by fast-neutron-
induced fissions, leading to an overall gain of a factor of ~1.7 over the nonfissioning target
materials. Enriched-uranium targets operated as subcritical "boosters" can provide a considerably
greater fission gain.
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A large fraction of the proton beam energy is deposited in the target via the spallation
process in nonfissioning targets. This spallation energy deposition is also present in fissioning
targets, but in these targets a large amount of energy is deposited by the fission process as well.
Fission is a much less efficient process for the production of neutrons than is spallation, so the
energy deposition per neutron produced is much greater in the fissioning targets than in the
spallation-only targets. In the case of an enriched-uranium target, most of the neutrons are
produced by fission, and heat removal becomes a major problem.

Because of heat-removal and materials-property problems, the use of an enriched-uranium
target does not appear practical at the beam power levels of IPNS Upgrade. Depleted urantum is
probably practical, but it must be clad in order to contain the fission products and to prevent
corrosion. Fabrication difficulties, lifetime problems due to radiation damage, and problems in
heat removal make this a very difficult material for use at the power levels being considered here.2
However, the gain of 1.7 is attractive, making it worthwhile to continue to investigate the
possibility of using depleted-uranium targets at IPNS Upgrade. Experience at IPNS and ISIS
with both depleted and enriched uranium targets, a-phase Springfield alloy clad with zircaloy,
indicates that these fail as a result of anisotropic growth due to irradiation and thermal cycling.
Efforts are under way at both facilities to improve uranium target metallurgical design, but
experience so far indicates that uranium targets cannot yet be counted upon to serve in 1-MW
tacilities.

Both tantalum-based and tungsten-based alloys were considered for the IPNS Upgrade
targets. Assessment of the consequences of a Loss of Coolant Accident (LOCA) discussed in
Section IV.2.7.1 indicated that the tantalum target temperature rose to very high values, short of
melting but still potentially damaging to the surroundings. We also found that the afterheat in
tungsten i1s much smatler than in tantalum (Section [V.2.2.4), so that LOCA temperaturcs are
much lower. Moreover, we learned of recent Russian work’ in which plasma-sprayed titanium
coatings on tungsten have been tested for corrosion resistance in an irradiated water environment
and found to have very low corrosion rates. The combination of low afterheat and prospects for
low corrosion rates led us to choose tungsten rather than tantalum. The neutronic calculations for
tantalum apply with sufficient accuracy to tungsten as well, because densities and mass numbers
of tantalum and tungsten are nearly identical. Therefore we have not repeated the calculations of
neutron or power density distributions for tungsten.

A major problem in target design is the removal of heat from the target. Most pulsed
spallation neutron source targets operated to date have utilized a "plate" design, with plates of
target material oriented perpendicular to the beam and separated by thin coolant channels. Water
(heavy water at ISIS) is used as the coolant in all such systems operated so far. This technology
is well developed and understood. The analyses in the following sections indicate that this
technology can be readily extended to the power levels at IPNS Upgrade, so this is the selected
target gcometry.

Russell! developed the innovative idea of using a split target to provide a "flux-trap" gap
along the proton beam axis between the two portions of the target. This creates a neutronically

favorable position for the location of the flux trap moderators, avoiding a direct view of the
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target. It also extends the effective length of the target providing good positions for additional
wing-geometry moderators. For these reasons, a split-target design is selected for the IPNS
Upgrade targets.

The IPNS Upgrade target design consists of an upstream target section, the first struck by
the proton beam, ~10 c¢m in length and a downstream target section ~30 cm in length mounted in
the same housing (see Figure IV.1.2-3). Each of these target sections consists of stacks of disks
of machinable tungsten. The disk shape provides for mechanical support of the disks and good
target-moderator neutronic coupling. Figures IV.2.1-1 and IV.2.1-2 show details of the upstream
and downstream sections of the target. Disk thicknesses increase from the upstream to the
downstreamn end of each target section. The thicknesses are determined by cooling requirements
and stress limitations (Sections IV.2.3 and 1V.2.4). Cooling water flows through the 0.159-cm-
thick gaps between the disks and between the end disks and the target housing windows. Plena
above and below the disks direct the cooling water to these gaps. In both target sections, the disk
assemblies are spring-loaded in order to maintain this spacing and to compensate for expansion
and contraction.

The two target sections are cooled by water in the common plenra, reducing the external
plumbing requirements and simplifying target replacement. Figure IV.1.2-4 shows the relative
locations of the target, moderators, and their associated coolant pipes. Six different moderators
are located in neutronically favorable positions, as shown in Figure IV.1.2-2, providing great
flexibility in the selection of moderators to meet the requirements of the individual neutron
scattering instruments. This arrangement also provides several locations for irradiation tubes
close to the target, as shown in Figure IV.1.2-6. The two target stations are identical, although
the choices of moderator materials will be different in the two cases.

2.2 NEUTRONICS AND HEAT GENERATION

2.2.1 Calculational Model

A Monte Carlo computing model was set up for the calculation of neutron beam
characteristics and thermal power generation in the target system and its surroundings. The Los
Alamos High Energy Transport (LAHET) code system8 was chosen for the calculations after an
extensive search. The LAHET code system consists of a LANL version of the High Energy
Transport Code (HETC) and the Monte Carlo code for Neutron and Photon transport (MCNP),
with a few other associated codes. HETC calculates and transports high-energy particle
cascades, including neutrons with energies above 20 MeV. The Bertini model was used for the
intranuclear cascade calculation in HETC, as it is generally recognized to be acceptable up to a
particle energy of 3.5 GeV. MCNP is used to calculate the transport of neutrons below 20 MeV
and of photons. For the photon cascade calculation, a hybrid modct between the Troubetzkoy
(E1) model and the spin-dependent model were used to provide the photon source distribution
for MCNP.
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Figure IV.2.1-1 Exploded View of the Upstream Target Section. (The disk thicknesses shown are schematic.

Actual disk thicknesses are discussed in Section 1V.2.3.)
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Figure 1V.2.1-2 Exploded View of the Downstream Target Section. (The disk thicknesses shown are schematic.
Acmal disk thicknesses are discussed in Section IV.2.3.)
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1V.2 TARGET IPNS UPGRADE

A validation of the LAHET code system and physical model was performed upon the
installation of the code system. For this validation, a simple model consisting of a cylindncal
target surrounded by a beryllium reflector was used. Figure IV.2.2-1 shows the calculated ratio
of energy deposition in the target to the proton beam energy. The calculation was performed
with tantalum and compared to other published results.? Figure IV.2.2-1 confirms the validity of
the LAHET code system and physical models used in the calculation. Figure IV.2.2-2 shows
that the neutron production rate in the tantalum target is a little higher than that in a lead target.!0

The LAHET code system uses a combinatorial surface geometry in which a system
configuration is represented in terms of combinations of quadratic surfaces. The IPNS Upgrade
target system model includes targets, moderators, neutron beamlines, and associated reflector and
shield. Geometrical and material features of key components are listed in Table IV.2.2-1. In
order to simplify the computational model, the shield has been truncated at a radius of ! m from
the target. This has no significant effect on the results for the target, moderator, and reflector
regions. An isometric view of the modeled target station is shown in Figure IV.2.2-3, and in
Figure IV.2.2-4 a plan view of the system is shown to illustrate the neutron beamlines. There are
three neutron beamlines from each moderator, for a total of 18 beamlines in the target station.
Figure IV.2.2-5 provides a detailed view of the target and moderator model and indicates the
labels used to designate the six moderators. Figures IV.2.2-6 through 1V.2.2-8 show the
dimensions of the major components: Figure IV.2.2-6, the shield and reflector; Figure 1V.2.2-7,
the details of targets; and Figure [V.2.2-8, the details of moderators and the amangement of
neutron beamlines. As seen in Figure IV.2.2-8, the boron decoupler covers each neutron beamline
in the reflector region and surrounds each moderator, except on the viewed surface. For most of
the calculations, the model iliustrated in Figures IV.2.2-3 through IV.2.2-8 was used. In some
cases, slight modifications were made to this model; these modifications are described with the
corresponding calculations.

The modeled system is somewhat simpler than the actual design of the target station. For
instance, irradiation facilities and coolant pipes for moderators are not included in the model.
However, the model is sufficiently accurate to provide the necessary parameters for the
engineering design, such as heat deposition in the system and neutron beam characteristics from
the moderators.

All calculations are based on a 2.2-GeV proton beam with a Gaussian distribution of 5 cm
full width at half maximum (fwhm) diameter and truncated at 10 cm diameter. The calculated
results presented in subsequent sections are normalized results based on a 1-MW proton beam,
unless otherwise noted.

2.2.2 Heat Deposition in the Target and Surroundings

The power deposited in the target and surroundings is summarized in Table IV.2.2-2.
About 90% of the proton beam power is deposited in the modeled system. The remaining 10%
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Figure 1V.2.2-1 Validation of IPNS Upgrade Calculational Model for Heat Deposition in Targets. (Present

calculations are compared with previous computed and experimental results. Legend: X, measured

values for sources and targets indicated; O, AECL report; A, Coleman/Alsmiller;
M, present IPNS Upgrade calculations for Ta.) (Source: Reference 9).

Iv.2-7



IV.2 TARGET IPNS UPGRADE

wm - EUROPEAN SPALLATION SOURCE STUDY (Pb)

2.0+ O : IPNS UPGRADE CALC. (Ta)
E
< =
T 2
Z O
QL 15~
—
3 e
Y ;
03
(D e
% :r: 1.0
£5
>
L<
0.5

0 | |
0 1 2 3 4

PROTON ENERGY (GeV)

Figure IV.2.2-2 Validation of [PNS Upgrade Calculational Model for Neutron
Generation Rate. (Present calculations are compared with previous computed
results. Legend: —, European Spallation Source study {Pb]; 01, IPNS
Upgrade calculations for Ta.) (Source: Reference 10).
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Table 1V.2,2-1 Geometrical and Material Features of the Target Station Model

Component

Geometry and Dimensions?

Material

Target

Upstream section

Downstream section

Housing
Upstream section
Downstream section

Flux Trap

Coolant

Moderator

Upstream moderators
(top and bottom)

Flux-trap moderators
(lett and right)

Downstream
moderators
{top and bottom)

Boron Decoupler

Reflector

Shield

Two split targets with a flux-trap
region in-between

four elliptical disks with semiaxes of
8.5 and 7.5 cm, thickness 2.5cm

nine elliptical disks with semiaxes of
55and 7.5cm, thickness 3.5cm

Rectangle with rounded side surfaces
18 cm wide, 12 cm high, 12 c¢cm long
18 cm wide, 12 cm high, 40 cm long

The 18-cm-long section between the
housings

Coolant channel gap size between targel
disks: 0.2cm

5 cm thick, 10 cm wide, 10 cm high

5 cm thick, 10 cm wide, 20 cm high

10 cm thick, 10 cm wide, 10 cm high

2-cm-thick cladding surrounding
moderators and neutron beamlines,
except the beamline face

Cylinder of 54 cm radius, 100 cm
height

Annulus of 54 cm inner radius,
100 cm outer radius, 100 cm height

Tantalum

0.5-cm-thick stainless steel

Vacuum
Water

Water

20% 198 and 80% '8 with
3.3% of naturai boron

density'b

Beryllium

Iron

2 See Figures IV.2.2-3 through IV.2.2-7.

b This boron density is based on the neutron decoupling energy of 1.0 eV for 1/e reduction of
neutron flux across the decoupler.

IvV.2-9



IPNS UPGRADE




[1-TAlI

REFLECTOR
BOUNDARY

SHIELD
BOUNDARY

—
PROTON
BEAM

Figure 1V.2.2-4 Plan View of the Modeled Target Station.

TARGET

JAVHDd] SNdI

LADAVL TAI




CI-T'AI

FLUX TRAP
MODERATOR
TRAPL COOLANT PIPE
MODERATOR
MODERATOR 2-T0P
1—-TOP

<X

COOLANT PIPE l @
I
l

Z

TARGET

3\

ﬂ MODERATOR
ﬁ 2-80T1

MODERATOR
TRAP—R

COOLANT PIPE

SRS

MODERATOR
1-BOT
PROTON

BEAM PORT

Figure 1V.2.2-5§ Isometric View of the Modeled Target and Moderator Arrangement.

COOLANT PIPE

LADAVL TAI

AAVIDdN SNdI




IPNS UPGRADE IV.2 TARGET

 REMOVABLE
ASSEMBLY (Be) REMOVABLE
REFLECTOR (Be) \ /ASSEMBL{ (Fe)
25 em ) -~

SHIELD (Fe)

%;ﬁ i \ / 100 em
g \ /
1 TARGET

|
|
|
L
1
1
|
:
SECTIONS ‘
:(a" """'s):

534 cm -
100 el ™ “om . e o o

—

Figure IV.2.2-6 Modeled Configurations of the Reflector and Shield.
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Figure IV.2.2-7 Cross Section of the Modeled Target Sections, (The target sections are modeled as a smaller
number of thicker disks than is the actual case, in order to reduce computational time.)
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Figure IV,2.2-8 Modeled Configurations of Moderators and Neutron Beamlines. (Moderators are all 10 cm
wide. Flux-trap moderators are 20 cm tall; others are 10 cm tall. Downstream moderators are 10 ¢m deep;
others are 5 cm deep.)
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Table IV.2.2-2 Power Deposition in the Target Station for Proton Beam
Power of | MW

Power Deposition (kW)

Component Subcomponent Total
Target - 550.8
Coolant - 21.0
Structure Total - 34.2
Window 9.40
Upstream housing downstream plug 6.62
Downstream housing upstream plug 4.49
Downstream housing downstream plug 0.45
Upstream housing 1.91
Downstream housing 6.69
Spring 4.66
Moderator Total 7.6
Upstream top moderator 0.78
Upstream bottom moderator 0.77
Flux-trap moderator - 1 1.52
Flux-trap moderator - 2 1.50
Downstream top moderator 1.58
Downstream bottom moderator 1.48
Boron Decoupler 26.7
Reftector Total 126.6
Upstream 29.75
Middle 28.12
Downstream 68.75
Shield Total 128.0
Upstream 17.02
Middie 10.28
Downstream 100.72
Removable Assembly 7.0
Target Station Total 902.0
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either is in the form of binding energy resulting from the change of isotope composition during
the cascade process or escapes through neutron and photon leakage. For instance, the number of
neutrons escaping from the system in the model is about 9.7 neutrons per proton. If 8 MeV is
assumed for the neutron separation energy, this leakage constitutes about 35 kW per MW of
beam power. The overall energy balance is satisfied in the calculation.

About 55% of the proton beam power is deposited in the target, as is indicated in
Table IV.2.2-2. Table [V.2.2-3 and Figure IV.2.2-9 show the distribution of heat deposition,
both in terms of total power and of power density, in each target disk along the proton beam
direction. Table IV.2.2-4 indicates the radial distribution of power density and provides a fitted
function that represents the radial power density in each of the four modeled disks in the
upstream target section. Figure IV.2.2-10 illustrates the change in radial power density along the
target axis. As expected, with increasing depth the profile flattens as a result of the spreading of
the particle cascades and the widening of the proton beam due to collisions.

Figure IV.2.2-11 illustrates the spatial distribution of heat deposited in the shield and
reflector, showing the total power in each modeled segment. The volumes of the upstream and
downstream segments of the reflector are the same, while the middle segments are much smaller.
The segmentation of the shield is similar to that of the reflector. Figure IV.2.2-11 indicates that
the power deposited in the downstream segments of both shield and reflector is much greater
than in the upstream segments. This difference arises because protons are still energetic even at
the downstream end of the target (see Table 1V.2.2-3) and the neutron distribution is forward-
directed. Negligible differences exist in power depositions in symmetrically-located moderator
pairs (e.g., top and bottom upstream moderators), or in symmetric segments of the reflector or
shield. These internal consistencies also confirm the soundness of the geometrical model used in
the calculation.

2.2.3 High-Energy Neutron Distribution around the Target

To provide a basis for the shield design and to aid in understanding the power distribution
in the reflector and shield shown in Figure [V.2.2-11, a simple calculation for the distribution of
high-energy (> 20 MeV) neutrons around the target was performed. The much-simplified model
used for this calculation includes a cylinder of tantalum having approximately the same
dimensions as the actual target and a 3-m-radius evacuated sphere for tallying the neutrons. This
model is sufficient for the calculation of the angular distribution of high-energy neutrons around
the target, because these high-energy neutrons penetrate the reflector and shield and dominate the
shielding requirements. The angular distribution of the high-energy neutrons is depicted in
Figure IV.2.2-12, along with a schematic of the model. The neutron spectra are shown in
Figure IV.2.2-13. Figure IV.2.2-12 shows that the total angular yield is forward-directed. The
neutron spectrum is much harder (shifted to higher energies) in the forward direction, as shown in
Figure 1V.2.2-13. This anisotropic, forward-directed distribution of high-energy neutrons is due
to the relatively high proton beam energy of 2.2 GeV.
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Table IV.2,2-3 Power Distribution in the Target Sections for Proton
Beam Power of | MW

Total Power  Power Density
Modeled Target Disk? (kW) (kW/cm?3)

Upstream Target Section®

Disk 1 88.5 0.273
Disk 2 83.9 0.259
Disk 3 72.0 0.222
Disk 4 62.2 0.192
Downstream Target Section®
Disk 1 53.8 0.119
Disk 2 47 .4 0.105
Disk 3 38.7 0.085
Disk 4 29.9 0.066
Disk 5 23.7 0.052
Disk 6 18.5 0.041
Disk 7 13.9 0.031
Disk 8 10.5 0.023
Disk 9 7.9 0.017

a8 Disk 1 is at the upstream end.
b The modeled upstream target disks are each 2.5 cm thick.

¢ The modeled downstream target disks are each 3.5 cm thick.

Iv.2-18



IPNS UPGRADE IV.2 TARGET

0.37 120
> 3 ° x total power |F E
E 0.257 o power density [[100 8
o) -l . =
o a - !
: 0.2 " a0 =
= °4 _°| FluxTrap - §
x N - :
-~ : - =
0.154 X 60 =~
_-E‘ ] x C -
»n ] ox C 2
§ 0.1 o F40 3
0 :jj Dx C oL
- By C —
Q 0.051 O -20 &
o : v Y *ar =
0 TrrrirrtrrrrrrrrrrrerrrreererT TR 1 G
0 10 20 30 40 50 60 70

Distance in Beam Direction (cm)

Figure IV.2.2-9 Power Density Distribution in the Target along the Proton Beam Direction.
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Table 1V.2.2-4 Radial Power Distribution in the Disks of the Upstream

Target Section for Proton Beam Power of 1 MW

Mean Power Standard
Density Error Radial Functional Form
Region?b (kW/ecm3} g (kW/cm?) (kW/cm?3)
Disk 1 1.767 exp(-0.1433 r?)
zone 1 1.650 0.073
zone 2 0.988 0.022
zone 3 0.339 0.010
zone 4 0.090 0.005
zone 5 0.019 0.001
Disk 2 1.587 exp{-0.1384 r2)
zone 1 1.444 0.065
zone 2 0.944 0.022
zone 3 0.314 0.009
zone 4 0.091 0.004
zone 5 0.025 0.001
Disk 3 1.285 exp(-0.1312 r2)
zone 1 1.199 0.055
zone 2 0.748 0.018
zone 3 0.286 0.008
zone 4 0.084 0.004
zone 5 0.030 0.002
Disk 4 1.040 exp(-0.1232 r2)
zone 1 0.954 0.047
zone 2 0.646 0.017
zone 3 0.245 0.007
zone 4 0.082 0.003
zone 5 0.028 0.001

a2 zone 1: r<1.0cm

zZone 2: 1.0cm <r £2.5¢cm

zone 3: 25cm <1 < 4.0cm
zone 4: 40cm <r < 5.0cm
zone 5: 5.0cm < r £ ellipse of minor and major radii 5.5 ¢cm

and 7.5cm

b All zones are 2.5 cm thick.
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Figure 1V.2.2-10 Radial Power Distribution in the Disks in the Upstream Target Section. (See
Table [V.2.2-4 for zone definitions.)
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Figure [V.2.2-11 Power Distribution in the Reflector and Shield.
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2.2.4 Activation Analyses

Activation analyses!! were performed for a simplified, conservative model of IPNS
Upgrade that provides upper-bound estimates of radioactivity and the buildup and decay of
afterheat from decay of the induced activity in tantalum and tungsten targets. Tables IV.2.2-5
through IV.2.2-7 summarize the results. The detailed output for the activation calculations is
available!! but is not presented here.

The calculations were performed using HETC, O5R, and ORIGEN, with a somewhat
different geometrical model than that described above. The geometry for the HETC and O5R
calculations was as follows:

» The target modeled was of elliptical cross section, with axes of 15 c¢m and
11 cm.

* The upstream section of the target was 10 cm long and downstream section of
the target was 30 cm long, the two sections being separated by 18 cm. No
coolant was included in the model.

» The target was enclosed in a solid beryllium reflector 20 cm thick, having a
hole with the same cross section as the target to represent the proton beam

pipe.

» The proton energy was 2.2 GeV and the current was 500 LA, The proton
beam distribution was Gaussian, with a full width at half maximum diameter of
2.5cm.

The low-energy-neutron transport in O5R has a cutoff at 1 eV, because it was judged that
thermal neutron transport with no coolant present would be misleading. The results of these
activation calculations thus include no contribution from interactions below 1 eV, but this should
be a minor effect.

The production rates were used as input to a buildup and decay code, ORIGEN, used to
calculate activity and afterheat. The calculation was performed for irradiation times of 1d, 7 d,
30 d, and 1 yr; for each of these periods, the decay was calculated for the following cooling times:
0 min, 5 min, 10 min, 30 min, 1 h,8h, 1 d,30d, and | yr.

Table IV.2.2-5 shows the buildup of activity and afterheat, which for continuous
operation builds up most of the way in one year and saturates after about six years.
Tables IV.2.2-6 and 1V.2.2-7 show that for typical irradiation times of several weeks (or longer),
the activity and afterheat decay rather slowly during cooldown periods.
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Figure 1V.2.2-12 High-Energy Neutron Yield around the Target.
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Table 1V.2.2-5 Buildup of Activity and AfRerheat for the IPNS Upgrade Target

Tantalum Tungsten
Irradiation Time Aclivity Afterheat Activity Afterheat

(weeks) (TBq) (W) (TBg) (W)
1 21,800 3,290 24,700 3,230
2 24,700 3,820 26,300 3,320
3 26,900 4,280 27,300 3,360
4 29,100 4,730 28,100 3,380
6 32,900 5,530 29,000 3,410
8 36,400 6,280 29,600 3,440
10 39,500 6,760 30,700 3,460
20 51,600 9,610 31,800 3,490
30 59,500 11,400 35,100 3,600
40 64,800 12,500 37,800 3,690
60 70,700 13,700 39,000 3,750
80 73,400 14,300 39,400 3,780
100 74,700 14,500 39,800 3,800
200 76,400 14,700 40,500 3,870
300 77,000 14,800 40,800 3,900
400 77.200 14,800 40,900 3,930
500 77,400 14,800 41,000 3,940
600 77,500 14,800 41,100 3,950
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Table IV.2.2-6 Decay of Afterheat Power for the IPNS Upgrade Target (Watts)

Tantalum, Tungsten,
irradiation Time (days)} at 1 MW Irradiation Time (days) at 1 MW
Cooling
Time 1 7 30 365 1 7 30 365
0 2,410 3,280 4,840 13,300 2,410 3,230 3,380 3,720

5 min 858 1,390 3,030 11,500 1,880 2,710 2,860 3,200
10 min 822 1,350 3,000 11,500 1,750 2,560 2,720 3,070
30 min 738 1,280 2,910 11,300 1,500 2,310 2,460 2,800

1h 671 1,240 2,830 11,300 1,310 2,120 2,260 2,610
8h 387 966 2,500 11,000 750 1,410 1,550 1,900
1d 196 732 2,240 10,600 390 850 982 1,320
7d 77 494 1,910 10,000 21 84 175 500
30 d 59 405 1,620 8,700 3 22 81 353
1 yr 8 54 218 1,200 <1 2 8 76
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Table 1V.2.2-7 Decay of Activity for the IPNS Upgrade Target (TBq)

Tantalum, Tungsten,
Irradiation Time (days) at 1 MW irradiation Time (days) at 1 MW
Cooling
Time 1 7 30 365 1 7 30 365
0 16,500 21,800 29,700 68,900 17,780 24,730 28,270 38,690

5 min 7,210 11,200 18,400 57,100 15,410 22,350 25,900 36,210
10 min 6,410 10,400 17,500 56,200 14,310 21,260 24,800 35,120
30 min 4,850 8,810 16,000 54,600 11,970 18,880 22,420 32,740

1h 4,100 §,030 15,200 53,800 10,230 17,070 20,620 30,930
8h 2,270 5,890 13,000 51,700 6,260 11,220 14,690 25,000
1d 1,240 4,380 11,400 49,800 3,050 7,290 10,650 20,890
7d 394 2,490 9,050 46,100 2,390 1,480 4,280 13,960
3od 272 1,870 7,410 39,700 109 730 2,670 10,530
1 yr a7 255 1,020 5,820 7 47 190 1,170
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23 THERMAL-HYDRAULIC ANALYSES

A thermal-hydraulic analysis of the IPNS Upgrade target was undertaken to determine
maximum temperatures and to supply temperature distributions for use in the stress analyses.
Two models that were developed using the THTB computer code!? formed the basis for the
thermal analysis. One has three-dimensional rectangular geometry with continuous power input.
The second is a two-dimensional version for transient studies.

The geometry for the first model is shown in Figure IV.2.3-1. Because of symmetry,
only half of the width and half of the thickness for both the target and the coolant channel are
modeled. Variations in the power input in the axial (y) direction (see Figure IV.2.3-1) are small
and are neglected at this stage of analysis. Because of temperature rise in the coolant, the
longitudinal (z) direction (direction of coolant flow, normal to the target axis) is modeled in its
entirety. The radial and axial power distributions were obtained from the neutronics analysis
described in Section IV.2.2. Each succeeding target disk has a lower power according to the
calculated axial distribution. Heat-transfer coefficients were calculated using the Dittus-Boelter
formulation with entrance length correction. A roughened surface was assumed, as discussed in
Section IV.2.6. A continuous power input equivalent to an average over the actual pulsed
operation was assumed, giving a steady-state temperature solution. The target disks are
represented as being rectangular, which is not the case for the actual disks (Figures IV.2.1-1 and
1V.2.1-2). However, because power levels are low at the edges of the disks, heat transfer there is
minimal. Therefore, this geometrical simplification has negligibe impact on the calculations.

A separate two-dimensional THTB model was developed to study the transient
operation in more detail. This model, shown in Figure IV.2.3-2, used results from the first model
to set coolant-temperature boundary conditions. Because the energy is deposited more or less
uniformly through the thickness of the disks and then flows axially to the coolant, this model
yields accurate results. This model includes a more detailed nodal structure in the radial and axial
directions and a coordinate system compatible with the power input, which the first model does
not have. A machinable tungsten materiai coated with a 10-pum thickness of titanium was
assumed for both models. The temperature-dependent conductivity for machinable tungsten was
approximated by that for pure tungsten, decreased by the ratio of conductivities at room
temperature (0.745).13

Results of the thermal-hydraulic analyses based on the first model are shown in
Figures IV.2.3-3 through 1V.2.3-12, and the transient studies with the second model are shown in
Figures 1V.2.3-13 through IV.2.3-16. Figure IV.2.3-3 shows the radial power distribution used
for the upstream target section. Four axial positions are shown, corresponding to the calculations
in the neutronics model. Parametric studies were performed for various disk thicknesses, coolant
flow velocities, and disk materials, using the power distributions at these positions as input. The
effect of coolant velocity on the centerline, surface, and outlet coolant temperatures for a 1-cm-
thick tungsten target disk is shown in Figure IV.2.3-4. Figure IV.2.3-5 shows the effect of disk
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Figure IV.2.3-1 Geometry for Three-Dimensional Thermal-Hydraulic Model of IPNS Upgrade Target Disk.
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B 5.5cm -

(H?&E;.?cm NO HEAT TRANSFER ON THIS
THICKNESS) SURFACE DUE TO SYMMETRY

COOLANT TEMPERATURE
PRESCRIBED ON BOTTOM
FACE AS A FUNCTION OF RADIUS

Figure IV.23-2 Geometry for Two-Dimensional Thermal-Hydraulic Model. (Note that axial and radial scales
differ by a factor of 2.)
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THICKNESS - DISK - 1cm.
CHANNEL - 1.59 mm
MATERIAL — TUNGSTEN
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AS AT POSITION 3
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Figure I[V.2.34 Centerline, Surface, and Coolant Exit Temperature vs. Coolant Velocity for Disk at
Position 3.
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Figure IV.2.3-5 Centerline, Surface, and Coolant Exit Temperature vs. Disk Thickness for Disk at Position 1.
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Figure 1V.2.3-6 Mid-Thickness Temperature Distribution in Flow Direction for Four Axial Positions in the Upstream Target Section.

AAVHDd SNdI

LADUAVL TAI




IV.2 TARGET

IPNS UPGRADE

-

120

100 —

C

TEMPERATURE -
o
o
I

40 —

20 —

0 T 1 I R E— I I I I I 1
0 2 4 6 8 10 12 14

DISTANCE FROM INLET — cm.

Figure IV.2.3-7 Surface-Temperature Distribution in Flow Direction for Two Axial Positions in the Upstream

Target Section.
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ACTUAL—THICKNESS DISKS WITH
1.59—mm COOLING CHANNELS (12.06 cm TQTAL)

DISK THICKNESS
MAX. ACTUAL
(em.)

1 .70 .65

2 . .70

3 .72 .70

4 74 .70

5 .76 .75

6 .79 75

7 .82 .80

8 .87 .85

9 .94 30

10 1.02 1.0

11 1.14 1.1

12 1.30 1.1
10.51 10.

A T A N A [ A N )
01 2 3 4 5 6 7 8 ¢ 1011 12cm

Figure IV.2,.3-8 Upstream Target Section Configuration.
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Figure 1V.2.3-9 Mid-Thickness Temperature Distribution in Flow Direction for Three Axial Positions in the
Downstream Target Section. (Positions are identified in Figure [V.2.3-3))
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Figure IV.2.3-10 Surface Temperature Distribution in the Flow Direction for Three Axial Positions in the

Downstream Target Section.
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ACTUAL—THICKNESS DISKS WITH
1.59—mm COOLING CHANNELS (31.59 em TOTAL)

R N (N N A A AR S H T
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32

DISK THICKNESS
MAX.  ACTUAL

cm.
1 2.2 ( )2.0
2 2.4 2.0
3 2.7 2.5
4 3.2 3.0
5 3.7 3.0
6 4.4 4.0
7 5.8 4.5
8 7.7 4.5
9 10.3 4.5
42.4 30.0

Figure IV.2.3-11 Downstream Target Section Configuration.
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Figure IV.2.3-12 Peak Centerline and Surface Temperature vs. Axial Position, Upstream and Downstream Target
Sections.
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Figure IV.2.3-13 Variation of the Peak Temperature in the First Disk in the Upstream Target Section for Three Modes of Operation. (See text for
definition of modes. Fixed temperatures shown were obtained from the steady-state analyses.)
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Figure 1V.2.3-14 Radial Temperature-Time Variation in a Disk at Position 1 in the Upstrcam
Target Section, Operated in Mode 1 or 2,
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Figure IV.2.3-15 Radial Temperature-Time Variation in a Disk at Position | in the
Upstream Target Section, Operated in Mode 3.
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THICKNESS _ 1.24 cm.
OPERATION — FULL POWER AT 30 Hz.

TEMPERATURE -°C

100 —

RADIUS —-cm.

Figure IV.2.3-16 Radial Temperature-Time Variation in a Disk at Position 4 in the
Upstream Target Section, Operated in Mode 1.
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thickness on disk and coolant temperatures for a coolant velocity of 5 m/s for target disks
fabricated from machinable tungsten and also from tantalum.

The peak disk temperature for these four power distributions is at the center of the disk,
as shown in Figure IV.2.3-6. The maximum thickness of each disk was adjusted to limit the
surface temperature to 127°C. This maximum temperature occurs over a very local area at the
peak of the energy input (center of the target disk), as seen in Figure IV.2.3-7. This surface
temperature was chosen avoid local boiling at the design system pressure of 830 kPa. The
maximum disk thicknesses at each of these four positions are plotted as a function of axial
position in the small graph of Figure IV.2.3-6. Interpolations on this curve were used to
determine the maximum thicknesses of all the disks in the upstream target section, under the
requirement that the maximum surface temperature be £127°C. Actual disk thicknesses were
adjusted down from these maximum values to achieve the desired overall length of the target
section. The resulting upstream target section consists of 12 disks, which vary in thickness from
0.65 to 1.1 cm as shown in Figure IV.2.3-8. This target section contains a total of 10-cm
thickness of target material, with 0.159-cm coolant gaps between adjacent target disks and at the
ends. Because the actual disk thicknesses are less than the maximum thicknesses, the peak
surface temperatures are lower than 127°C.

A similar analysis was camed out to determine the disk thicknesses in the downstream
target section (Figures [V.2.3-9 to IV.2.3-11), which consists of nine elements and has a total of
30-cm thickness of target material. The radial power distribution in the downstream target
section was extrapolated from the upstream target section, scaled to the calculated axial power
distribution in the downstream target section. The resulting power distributions were used to
determine the thicknesses of the disks in the downstream target section. This assumption is
conservative because the actual power distributions are flatter. Beginning at a depth of 2.5 cm,
the disk thicknesses in the downstream target section are limited by centerline temperature rather
than by surface temperature. The maximum disk thicknesses were chosen to keep the centerline
temperature below 538°C. FigureIV.2.3-11 shows the actual disk thicknesses, which were
chosen to be less than the calculated maximum values. Figure IV.2.3-12 shows both the
centerline and surface temperatures used to determine the thicknesses in both target sections.

The power input to the target is not constant with time, as was assumed in the first
model. The time-power history is coordinated with the proton pulses, which occur at a 30-Hz
rate in the accelerator but are multiplexed between the two target stations. Tnus, one target may
receive a pulse every 1/30th of a second (Mode 1), every 1/10th of a second (Mode 2), or
alternating between 1/30th and 1/15th of a second (Mode 3). These three modes of operation
were analyzed with the second thermal model.  Figure IV.2.3-13 shows the peak
target-temperature response in a 0.717-cm-thick disk at position 1 of the front target, along with
the corresponding results for steady-state operation. It can be seen that the steady-state
(continuous power input) temperatures accurately represent the average of the time-varying
values. The radial temperature distributions before and after the pulse are shown in
Figures [V.2.3-14 and IV.2.3-15 for the three modes of operation. Figure IV.2.3-16 shows these
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radial temperatures for position 4 in the upstream target section, calculated for the 30-Hz
operation.

Protons enter the target vessel through a stainless-steel window, which heats in a similar
fashion to the target but is cooled on only one surface. Figure IV.2.3-17 shows the temperature
distribution across the face of the window on both the cooled and uncooled window surfaces,
calculated with the first model for a 0.5-cm-thick window.

A high-density target can be easily fabricated using the parameters derived in this
analysis. Maximum temperatures are within tolerable limits to prevent local boiling, so the flow
is stable. Further refinement of the design may show some advantages in narrower flow channel
widths and superior target matenals.

2.4 STRESS ANALYSIS

A stress analysis performed on the target disks showed that all stresses are within
acceptable limits. A thermal stress analysis of the target disks was performed by means of an
analytical formulation!4 that uses a one-dimensional approximation to the temperature
distribution. The analytical relations used are:

R r
o, = aE[lle f T(r)r'de — UF ] T(r')r'dr'] : (IV.2.4-1)
R r
o, = oF [-T(r) + 1R f T(r'dr' + 17 f T(r')r'dr} , (IV.2.4-2)
6,=0, (IV.2.4-3)
and SI=MAX{lo, - 6}.lo, -5, [o, - 0 }} (1V.2.4-4)

where
Or, O, and O, are radial, tangential, and axial stresses;
SI is the stress intensity;
o is the coefficient of thermal expansion;

E is the modulus of elasticity;
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Figure 1V.2.3-17 Surface Temperature of Target Vessel Window.
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T(r) is the temperature at r minus that at R; and
R and r are the full and local radii of the disk, respectively.

Equations 1V.2.4-1 through IV.2.4-4 give the stress in a circular disk heated symmetrically about
its center and uniformly through its thickness. The temperature is assumed to be a function of
radius only.

Additionally, an ANSYS code!5 model was used to obtain stresses from a two-
dimensional (radial and axial) temperature distribution for one disk. Figure IV.2.4-1 shows this
model.

Figure IV.2.4-2 shows the ultimate strength for pure tungsten as a function of
temperature. Also shown are room temperature values for yield and ultimate strength for
machinable tungsten alluys (K1700 and K1850).13 The curve for pure tungsten shows the
general trend for variation of ultimate strength for the machinable tungsten matenals. For most
materials yield strength follows ultimate strength at a somewhat lower value. The maximum
calculated stresses at positions 1-4 in the upstream target section and positions 5-7 in the down-
stream section are also plotted in this figure. These stresses all fall well below the ultimate
strength curve for pure tungsten, and this can be expected for the machinable tungsten alloys as
well.

The distribution of stress intensity over the radius of the disks, on the basis of
Equations 1V.2.4-1-1V.2.4-4, is plotted in Figure IV.2.4-3 for positions 1 and 4 in the upstream
target section and in Figure IV.2.4-4 for positions 5, 6, and 7 in the downstream target section.
The stress intensities in the upstream target section are higher in the thicker disks located toward
the downstream end of that section. However, these stresses are less than the ultimate stress, so
major deformations or cracking should not result. The highest stress in either target section
occurs in the middle of the downstream target section (Figure IV.2.4-4), with a maximum value of
265 MPa at the center. This is still sufficiently below the alloy's yield stress to present no
difficulty.

Table IV.2.4-1 lists the stresses for cyclic operation, which could cause fatigue damage to
the disks. Stresses in the steady-power cases are also tabulated. We have not yet assessed the
effect of fatigue on the life of the target.

A two-dimensional ANSYS model was used to assess the combined influence of axial and
radial temperature gradients on the stress level. A temperature distribution corresponding to
radial variation only (uniform axial) was input to the 2-D model for comparison to the analytical
results. The radial and tangential stresses over the radius agreed with the 1-D model within about
5% for a 127cm thick disk at position 4 of the wupstream target section.
This agreement supports the validity of the results obtained with 2-D temperature variation.
Figure [V.2.4-5 shows the results of this computation. In this 2-D calculation, the radius of the
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Table 1V.2.4-1 Summary of Stresses

Maximum Maximum Stress
Target Power Temperature, intensity
Section Position Mode of Oparation Level o] {MPa)
Upstream #1 Steady power Full 214, 96.4
Upstream #2 . Full 223. 100.4
Upstream #3 - Fuii 243. 111.5
Upstream #4 " Full 280. 130.0
Downstream #5 * Full 403, 215.9
Downstream #6 " Full 540. 265.5
Downstream #7 " Full 540. 165.0
Upstream #1 Mode 1, pre-pulse Full 206. 83.1
Upstream #1 Mode 1, post-pulse Full 228. 96.4
Upstream #1 Mode 2, pre-pulse 1/3 100. 24.6
Upstream # 1 Mode 2, post-pulse 1/3 122, 36.7
Upstream #1 Mode 3, pre-pulse 2/3 156. 55.3
after 33 ms off
Upstream #1 Mode 3, post-pulse 2/3 177. 67.4
after 33 ms off
Upstream #1 Mode 3, pre-pulse 2/3 148. 50.8
after 66 ms off
Upstream #1 Mode 3, post-pulse 2/3 169. 63.1
after 66 ms off
Upstream #4 Mode 1, pre-pulse Full 281. 108.0
Upstream #4 Mode 1, post-pulse Full 294, 114.6

3 Temperatures for the steady-power cases were calculated from a different model and hence are not
directly comparabie with those in Modes 1, 2, and 3.
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heated disk increases 26 [tm, while both flat surfaces have maximum outward deformations of
8 pm at their centers (at r = 0.0 cm).

This 2-D calculation gives peak tangential and radial stresses at r = 0.0 cm that are about
double those obtained above using the 1-D model. Other disks are expected to show similar
increases in stress when a 2-D calculation is carried out. ANSYS calculations for a more
representative geometrical model should not significantly change these stresses. The yield
strength of tungsten alloy is substantially higher than stresses from the 2-D calculation. On the
basis of the 1-D calculations, we expect that the stresses in all other disks will also be found to be
below the yield strength. Because thermal stresses are secondary stresses, the ASME code limit
is twice the yield strength giving an even greater margin of safety. Thus, all stresses appear to be
within tolerable limits.

2.5 TARGET METALLURGY AND CORROSION

2.5.1 Introduction

The selection of feasible materials for the target for the 1-MW neutron spallation source
was based on the criteria and the priorities listed in Table IV.2.5-1. These have been discussed in
further detail in two engineering notes.!6.17 The highest priority is that the target have a high
mass number and density in order to produce the greatest number of neutrons per proton in the
spallation process. The amount of afterheat produced by the target should be minimized to
mitigate consequences of a loss of coolant accident (LOCA). The target material must have good
mechanical, thermal, and corrosion properties, be resistant to radiation damage, resist surface
damage due to cavitation, and not be subject to hydride formation. The target yield stress should
be higher than the thermoelastic stress. High cycle fatigue could occur due to thermomechanical
shock stresses because the beam is pulsed in times that are short compared to sound wave transit
times. Table IV.2.5-1 summarizes the prioritization of material properties desired for a
spallation target.

This prioritization of properties is a simplification because, for example, a candidate
material could satisfy all of the priority 1-3 items but suffer severe cavitation damage under the
water flow. The oxidation behavior of the candidate materials should be known. Formation of a
protective oxide layer could be a positive factor, but on the negative side, incorporation of
oxygen, especially as interstitials, could cause loss of ductility.

2.5.2 Mechanical Properties

Properties considered were strength, ductile-to-brittle transition temperawre, fatigue
resistance, ductility, and swelling. The mechanical properties of tungsten and tantalum and their
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Table IV.2.5-1 Propertics to Consider in Selection of Target
Material

Property Priarity

High atomic number

High density

Afterheat (LOCA consideration)

Corrosion resistance

Fatigue resistance

Hydrogen embrittiement and
hydride formation

Strength

Swaelling and radiation resistance

Machinability and cost

Cavltation

Oxidation resistance

NN = -

b bOON
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alloys are favorable. It is generally true that the alloys, such as W-25% Re or Ta-10%W, are
stronger than the elements alone, as shown in Figure [V.2.5-1.18-20  Additionally, alloying
increases the ductile-to-brittle transition temperature and the fatigue resistance. Irradiation
increases the yield stress, but it decreases the ductility, as is demonstrated for tungsten in
Figure IV.2.5-2.2! Brittle fracture is not a problem as long as the thermoelastic stresses are less
than the yield stress. Swelling of the tantalum-based alloys is quite low,22 lower than pure
tantalum.20 Swelling of tungsten or its alloys has evidently not been measured.

2.5.3 Corrosion

The most extensive corrosion studies of high-density sintered tungsten and tungsten
alloys showed that tungsten and all of the alloys tested undergo corrosion and that pure tungsten
has the lowest corrosion rate of = 0.5 um/yr in a salt solution and = 20 Um/yr in distilled water.23
The LANSCE target, a tungsten cermet with a 3% Ni-Fe binder phase, has been running at 60 kW
with 800 MeV protons for approximately 4 years. Fine particulate matter has been detected in
the cooling water,24 and the results of preliminary analysis indicate that the particles contain
tungsten. Recent investigations of the corrosion of titanium and tungsten in distilled water
indicate that titanium corrodes at least a factor of ten less than tungsten at 200°C.7 The
corrosion rate at 200°C for titanium is < 0.2 pm/year. This is negligible, so titanium is used as a
corrosion-resistant coating.

2.5.4 Hydrogen Embrittlement

Hydrogen enters the target material during corrosion or by the accumulation of spallation-
produced protons. The resulting formation of hydrides can cause significant embrittlement of the
target material and is expected to be a major factor in determining target lifetime. Figure IV.2.5-3
shows the pronounced increased in brittleness with increasing hydrogen concentration in
tantalum and a number of tantalum alloys. Embrittlement is expected to be important for
tungsten as well, but comparable data are not yet available. Helium may also cause
embrittlement, so it requires consideration.

2.5.5 Afterheat

Estimates of afterheat (radioactive decay heat) and activation have been obtained from
numerical simulations for tantalum and tungsten (SectionIV.2.2.4). The afterheat in tantalum
results in very high temperatures under LOCA conditions (Section IV.2.7.1). Tungsten or its
alloys, under similar conditions, have less than one-third of the afterheat power of tantalum or its
alloys, and tungsten is therefore preferred.
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Figure 1V.2.5-1 Yield Stress Measured at a Strain Rate, £= 1 X
104 s-! (about the ¢ achieved during cool down) for Pure Ta
{(squarcs with cross from Ref. 18, filled squares from Ref. 19,

and open squares from Ref. 20}, Pure W (open circles
from Ref. 19), and T-111 (filled circles from Ref. 18).
(T-111 is the designation for a commercial alloy,
Ta with 7.9%W and 2.3% Hf.).
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for Tungsten (Reference 21).

Iv.2-60



IPNS UPGRADE IV.2 TARGET

& T l T T T T [ T T L T r LS T T fl
{ sto‘ 250 °C
0.8 o Ta N
© Ta-Mo @ Ta-W
® Ta-Re A Ta-W-X
] -
0.6 Ta-Nb |
z |
z
D S
»
A
A A
0.2 22
B
a® g2
0.0 b o o 0 B L
0 100 200 300 400 500
H (ppm)

Figure I'V.2.5-3 Variation of Brittleness with Hydrogen Concentration for Various Tantalum Alloys.
(Brittleness is measured as the ratio of number of bends to fracture specimens
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2.5.6 Other Properties

Investigations of cavitation are usually performed at flow velocities about an order of
magnitude higher than those expected in the IPNS Upgrade target, and under conditions of
pulsating flow, to ensure that cavitation occurs.26 Therefore, it is anticipated that cavitation will
not be a problem for the IPNS Upgrade target.

2.5.7 Target Material Selection

The available property data for the candidate target materials are compared to the
prioritized properties listed in Table IV.2.5-1. Uranium and liquid metal targets have not been
discussed, but they remain as options after further development. Table IV.2.5-2 presents a list
of acceptable materials, presented in the order of preference for a particular property. On the
basts of this assessment, tungsten, or a tungsten alloy, is the chosen target material,

2.6 TARGET COOLING SYSTEM

With proton beam power of 1 MW, a total heat load of approximately 610 kW is
deposited in the two target sections, as described in SectionIV.2.2.2 and Table IV.2.2-2. The
upstream target section consists of 12 thin tungsten alloy disks with 13 coolant passages. The
downstream target section has 9 thicker tungsten alloy disks and 10 cooling passages. The water
velocity must be controlled through each of the cooling passages between disks.

A number of process-related assumptions are made that underlie the design of the water
flow system for each target. The heat load corresponds to the full beam power of 1 MW, which
is the maximum power that the 30-Hz target receives. Both targets and their cooling systems are
identical. This leads to savings in terms of design effort, procurement, maintenance, and the
provision of spares.

The bulk water temperature adjacent to the convective film at the target surface in the
direct path of the beam is approximately 60°C, and the maximum target disk surface temperature
is 127°C (Section IV.2.3.) The saturation temperature of water is 172°C at the minimum design
water pressure of 830 kPa. Thus, there 1s a minimum margin to boiling of at least 45°C. Some
additional suppression of boiling due to convective flow occurs, so the temperature margin is
even higher. The values calculated for the maximum surface heat flux from the first and last
titanium-coated tungsten disks are 580 W/cm? and 530 W/cm?2, respectively. These flux values,
and the design surface-to-bulk temperature difference of 67°C, are used to calculate the necessary
convective film coefficients for smooth surfaced target disks.

Smooth surfaces provide the least effective convective film heat transfer. Mechanical
roughening of the surfaces is known to increase convective film coefficients by almost a factor of
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Table IV.2.5-2 Acceptable Candidate Materials in Order of Preference, Compared
to the Desired Prioritized Properties of a Target Material

Unacceptable
or Bordarline
Property Acceptable Materials Materlals
High atomic number Pt, Ir, Os, Re, W, Ta, Hf, Au Mo, Nb, V, Zr
Afterheat w Ta
Strength Re, T-111, ASTAR-811C, Pt, Au
W-(10-25%)Ra, Ir, W2 Ta2
Corrosion resistance Pt, noble metals, Ti, Ta-10%W, Ta, W
Fatigue resistance Au, Ta, W, Ta-10%W
Hydrogen embrittlement, W, Ta-(2-10%)W, Ta
hydride formation
Swelling and radlation resistance T-111, Ta-10%W Ta, Mo
Machinability and cost Ta, T-111, ASTAR-811C, W-Re, W
Cavitation No data avallabie
Oxidation behavior Pt, W, Ta

8 After some radiation hardening.
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two, albeit at the price of pressure loss. In order to assure a conservative cooling system design,
these enhancements are not assumed. In the calculation of the required flow rates in the thermal-
hydraulic analysis reported in Section IV.2.3, such heat-transfer enhancements were considered.
Therefore, the required flow rate indicated in Section IV.2.3 is substantially less than the one
used in this section to size the cooling system. The reduced flow rate is used in the thermal-
hydraulic analysis because the lower flow rate causes a higher average bulk coolant temperature,
and this introduces some conservatism in the thermal analysis of the target disks.

The respective required Reynolds numbers are calculated using the Dittus-Boelter
convective film coefficient correlation and thermophysical properties of water evaluated at the
assumed bulk temperature. These Reynolds numbers determine the required water velocities.
Cooling the first disk requires a water velocity of 15.4 m/s, while cooling the last disk requires
13.4 m/s. The flow circuit provides for a uniform water velocity of 15.4 m/s to give an extra
cooling margin and to simplify the design. The rectangular flow passages between target disks are
0.159 cm thick, and the height is 9.0 cm, so the required water flow rate for each target section is
28 L/s.

Pressure drops throughout various portions of the flow circuit are calculated by using
standard Moody friction factors. The flow circuit is shown in Figure [V.2.6-1. Two 75 kW
pumps (28 L/s each) supply the water to the target cooling circuit for normal operation. This
arrangement allows flow reduction for the 10-Hz target and provides some reduced cooling
capability during a single pump failure. Two 0.75-kW pumps are adequate for decay heat
removal.

The design decay heat load of 5 kW (Section IV.2.2.4) is removed by means of a cooling-
water flow rate of 0.2 L/s with a bulk temperature rise of 20°C. Pressure drop within the target
cooling system is negligible for this small flow rate. A mobile cart having a small water pump, a
small supply tank (20 L), and independent pressurization, level control, and gas safety relief
systems provides cooling when targets are removed from the biological shield for servicing.

Each cooling circuit also has a control valve, flowmeter, heat exchanger, filter, and remote
temperature and pressure transducers. The heat exchangers are located downstream of the
pumps to remove power input by the pumps. The major portion of the piping for each flow
circuit is nominally 8.9 cm diameter (3 in. Sch 40), while that portion of piping within the
shielding is space-limited to 6.0 cm diameter (2 in. Sch 10). A single demineralizer is located in a
side stream to the larger piping. The water supply tank has a capacity of 4,500 L to provide
adequate water-storage volume and gas ullage space, and it includes a Hy/O7 recombiner. A
liquid-level gauge is used to maintain the water level in the tank at three-quarters full. A helium
gas supply pressurizes the system initially to 690 kPa. It provides a gas bleed flow rate of
0.016 L/s through a back-pressure control valve for purging the ullage of oxygen, hydrogen, and
any activation products and for stabilizing the tank pressure level. A pressure relief valve and
burst diaphragm and a large vent valve are included for rapid tank depressurization. Bleed and
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vent gases are routed to an 11,000-L holdup tank, which allows adequate time for radioactive
species to decay. More details on the purge and vent gas holdup tank and exhaust system are
given in Section IV.6.2.1.

The calculated total pressure drops through each target cooling-flow circuit are 1.7 MPa.
The required pumping power in each circuit is 150 kW, which allow 20% of the pressure drop
for control and an assumed pump efficiency of 0.7. The heat exchanger is sized to remove
slightly more than 750 kW.

Figure IV.2.6-2 shows the arrangement of the cooling-system components for the 30-Hz
target. Figure IV.2.6-2a is a sectional view through A-A of Figure IV.2.6-2. Those components
associated with the target cooling system are highlighted in these figures. The supply and drain
water tanks, target pumps, target decay-heat pumps, heat exchanger, and demineralizer are
located in a concrete-shielded enclosure in Building 371. Piping from the shielded enclosure in
371 runs to the target biological shield in Building 370.

Figure 1V.2.6-3 shows the general arrangement of the cooling system components for the
10-Hz target, with supply and drain water tanks, target pumps, target decay-heat pumps, heat
exchanger and demineralizer located in a concrete shielded enclosure in Building 367. These
components are highlighted in the figure, Figure IV.2.6-3a shows a sectional view of the same
area. Piping from Building 367 runs to the target biological shield in Building 369.

The supply water tank and water drain tank are approximately 1.4 m in diameter and 4 m
long, constructed of 304SS. The tanks are mounted horizontally. The drain tank is located above
the target pump suction to allow reuse of the drained water. The supply tank has two 16.8 cm
(6 in. Sch. 40) connections for the target pump supply and cooling system return piping. The
16.8-cm supply line also connects to the water drain tank so that water from the dratn tank can
be pumped back into the system,

The target cooling pumps are constructed of corrosion resistant materials. The installed
motor power is 94 kW each. The pump outlet flow passes through a flowmeter and then through
a water-cooled heat exchanger. The 304SS shell-and-tube heat exchanger is 3 m long with a
0.25-m nominal diameter. It is mounted horizontally with 24-mm flanged connections on both
the shell and channel sides. Raw cooling water at 1,600 L/min passes through the shell side of the
heat exchanger. A de-ionized water supply is provided for initial system fitl and make-up.

Insulation covering all cooling water lines limits heat transferred to the shielding
enclosures.

2.7 POTENTIALLY HAZARDOUS INCIDENTS

Credible incidents have been examined for the IPNS Upgrade target stations. These
incidents generally fall into the category of low-probability, low-consequence events.
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Figure IV.2.6-2 Arrangement of the 30-Hz Target Cooling System in Building 371.
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The IPNS Upgrade follows the standard practice of designing for defense in depth. This
practice incorporates several barriers to the release of radioactive substances. The vast majonty
of the radioactive products are contained within the target. The target is enclosed in the primary
water cooling system, which is a welded, pressure-rated, stainless-steel system. Next, a scaled
helium-purged aluminum tank encloses the water system. The exhaust from this volume goes
into a holdup tank and then through high-efficiency particulate air (HEPA) filters. Finally, the
biological shield, a welded steel barrier, is also a helium-purged vented volume. The exhaust from
the biological shield is also passed through HEPA filters. These numerous barriers provide
in-depth containment and confinement of radioactive substances. In addition to these passive
barriers to prevent activity release, the TPNS Upgrade also provides uninterruptible battery and
diesel power supplies to provide electricity for coolant and ventilation systems.

Preliminary conceptual examination of credible incidents has been done. These will be
studied in detail in the IPNS Upgrade Title II Design Safety Assessment Documents. The
minimum list is:

1. Loss of target primary coolant flow;

2. Loss of target primary coolant;

3. Loss of vacuum surrounding the moderator cans;

4. Explosion of cryogenic fluids in moderator systems;

5. Loss of secondary coolant supply;

6. Tornado;

7. Earthquake; and

8. Facility fire.

DOE Order 6430.1A, titled "General Design Criteria," gives radiological siting guidelines for DOE
nonreactor facilities. The postulated credible incidents listed above will have consequences less
than the limits specified in DOE 6430.1A.

The IPNS Upgrade target is made of nonfissionable material. The reactor concemns
involving prompt criticality and rapid power increases are not possible in spallation sources.

Although reactors can be designed to safzly control these processes, accelerator-driven spallation
sources need not address them.
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2.7.1 Loss of Coolant Analyses

Consequences of a Loss of Coolant Accident (LOCA) were assessed by calculating the
transient temperatures under LOCA conditions using a simple one-dimensional (radial) model.
The target was represented as a cylinder of 5.5-cm radius surrounded by a 0.5-cm-thick stainless-
steel vessel, separated from an annular 47.3-cm thick beryllium reflector by a 3.5-cm helium-filled
gap. Cases included helium conduction; without helium conduction, to represent totally
evacuated conditions; and without helium conduction but with the steel vessel maintained at
49°C, as if by active cooling. In the ranges of temperature encountered, emissivities range from
0.2 to 0.5 for steel, 0.01 to 0.36 for tantalum, and 0.05 to 0.24 for tungsten. The emissivity for
beryllium is 0.2. The heat transfer is nonlinear because of radiative (T4) heat transfer and the
variation of the emissivities and the helium thermal conductivity with temperature. Therefore,
the time to reach peak temperature varies with power input, reaching a maximum in about
30 minutes for tantalum and about one hour for tungsten at the higher powers. It always reaches
maximum within less than five hours for the lower-power values studied. The calculations
account for the decay of afterheat during the transient.

Afterheat powers of tantalum and tungsten are described in Section 1V.2.2.4. Two
scenartos were studied: first, for afterheat immediately following continuous irradiation for one
year at 1 MW, second, for continuous irradiation at 2/3 MW for one year, followed by
continuous iradiation at 1 MW for one month up to the beginning of the transient.
Table IV.2.7-1 shows the resulting peak temperatures of the target and the vessel and the
temperature of the reflector after 48 hours.

Tantalum, tungsten, and their practical alloys remain solid at the highest of these
temperatures. Stainless steels melt at around 1425°C, so the vessel would melt in either case if
the target were of tantalum and the vessel were not actively cooled. The vessel retains its
integrity without active cooling if the target is tungsten. Internal steel parts weaken or melt,
however, even for tungsten-target material. Beryllium approaches its melting temperature
(1275°C) with tantalum, but not with tungsten in any of these cases. With a tungsten target, a
LOCA would have no impact on the facility as a whole, but the target would have to be replaced.
This is a tolerable consequence of a hypothetical loss of coolant accident. Tungsten is acceptable
without any backup decay heat removal system, unlike the case for tantalum. Therefore, we
choose tungsten or a practical tungsten alloy as the design basis target matenial and plan no decay
heat removal systems for LOCA incidents.
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Table 1V.2.7-1 Peak LOCA Transient Temperatures in the Target, Target Vessel, and Reflector?

Temperatures (°C)

Case 1P Case 2¢ Case 3¢

Material/ Power

Scenario (W) Target Vessel Reflector Target Vessel Reflector Target Vesssl
Tantalum

Scenario 1 13300 2624 1700 1135 2737 1750 1135 2486 49

Scenario 2 9695 2118 1468 877 2232 1517 876 2049 49
Tungsten

Scenario 1 3720 1394 1067 372 1533 1129 37 1421 49

Scenario 2 3615 1371 1050 355 1513 1114 344 1403 49

Reflector temperatures are those after 48 hours, at which time they are still rising.
b with conduction in helium.
¢ No conduction in helium.

d No conduction in helium, cooled vassel.
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IPNS UPGRADE IV.3 MODERATORS AND REFLECTORS

This section discusses the moderators and the reflectors. Neutrons produced in the target
have energies up to hundreds of MeV, while the neutron scattering instruments require neutrons
with energies less than a few tens of eV. It is the function of the moderators and the reflector to
slow down the neutrons produced in the target to the energies required by the instruments and to
direct as many as possible of these moderated neutrons down the beamlines to the instruments.
In this process, the moderators and the reflector must not degrade the time-structure of the
neutron pulses beyond limits imposed by the instruments, because this time structure is essential
to the time-of-flight (TOF) energy analyses performed by the instruments.

Section IV.3.1 discusses the moderator geometry and materials and the importance of
premoderators, decoupling, and poisoning. The neutronic requirements of the instruments, as
discussed in Chapter V, determine the optimal moderator characteristics, but these must be
tempered by such practical considerations as radiolysis of the moderator materials and moderator
cooling requirements.

Section IV.3.2 discusses the Monte Carlo calculations of the moderator heat loads and the
neutron beam currents from the moderators. The basic model for the Monte Carlo calculations is
discussed in Section [V.2.2. Section IV.3.2 also makes use of known moderator performances at
neutron energies of use to the instruments to estimate the energy spectra and pulse shapes for
neutron beams from the various moderator types and positions.

Section IV.3.3 discusses the problems associated with radiolysis of the moderator
materials.

Finally, Section IV.3.4 describes cooling systems sized to handle the cooling needs of the
various room-temperature and cryogenic moderators. Other water cooling systems are also
included in this section.

3.1 MODERATOR AND REFLECTOR GEOMETRY AND MATERIALS

As shown in Figure 1V.1.2-2, each target station contains six moderators, four in wing
geometry and two in flux-trap geometry, and each of these moderators provides neutrons to three
beam ports. Each moderator is independently tuned to optimize the trade-offs among neutron
pulse-width, spectral temperature, and overall flux, as appropriate for the instruments to which it
supplies neutrons. One possible set of instrument locations and the resulting roughly optimized
selection of moderators is described in Section V.2.9.

We considered ambient-temperature water (H70), liquid methane (CHj) at ~95 K, and
liquid hydrogen (H3) at ~20 K as moderator materials. These materials span a wide range of
spectral temperatures for the moderated neutrons, which allows good matching to the very
different requirements of the various instruments. All three of these materials have high
hydrogen densitics, making them very efficient moderators. Also, the heat deposition and
radiolysis that occur in the high radiation field (at the moderator) are relatively well-understood,
or at least empirically determined, for these materials.

1V.3-1
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The liquid methane and liquid hydrogen moderators require cryogenic cooling systems for
liquefying these gases and for extracting the heat deposited in the liquids during operation. The
required cryogenic cooling capacity and also the problems associated with radiolysis can be
significantly reduced by making the cryogenic moderator thin and surrounding it with a much
larger ambient-temperature liquid water premoderator, except on the face through which the
neutrons exit to the neutron beamlines. Such a premoderator-moderator combination can be
optimized to provide essentially the same neutronic response as would be given by a much larger
cryogenic moderator alone. All of the cryogenic moderators at IPNS Upgrade use such liquid
water premoderators. A typical configuration is shown schematically in Figure IV.3.1-1. The
liquid methane and liquid hydrogen moderators use continuous recirculation of the cooled
moderator material to provide the necessary heat extraction. Each of the liquid water moderators
and each of the liquid water premoderators also have a system to continuously recirculate and
cool the water to extract the large amounts of heat deposited in these systems. The recirculating
water and cryogenic-liquid systems require the attachment of several pipes to each of the
moderators. These pipes are brought out from the tops or bottoms of the moderators through
channels in the reflector, as shown in Figure IV.1.2-6. The associated cooling systems are
described in Section [V.3.4.

An important part of any pulsed neutron source is the reflector, which directs fast
neutrons back into the moderators. This can increase the moderated beam currents by as much as
an order of magnitude relative to that from the same moderators with no reflector.! At each of
the IPNS Upgrade target stations, the targets and moderators are surrounded by a beryllium
reflector, which provides at least 30 cm of reflector material in most directions. This reflector is
made in two sections, as shown in Figure IV.1.2-6, to simplify remote servicing of the targets and
moderators.

Other components of the moderator system are also varied to optimize the trade-off
between pulse-width and intensity. These include the choice and location of the decoupler
material and the poisoning material. The decoupler is a layer of material that absorbs low-energy
neutrons but is transparent to higher-energy neutrons. This material is placed between the
reflector and the moderator to prevent neutrons that undergo significant moderation in the
reflector from leaking back into the moderator and, subsequently, out into the neutron beam.
Because moderating times in the reflector are much longer than those in the moderator, such
neutrons add a significant long-time tail onto the neutron pulse if they are not stopped. For most
instruments, such a tail spoils the overall quality of the data; consequently, such instruments
must view moderators that are decoupled. The decoupling material is cadmium in most cases, but
a boron-loaded laminate can be used if higher decoupling energies are desired.2 The decoupler is
located in intimate contact with the recirculating water of the moderator, in the case of liquid
water moderators, or premoderator, in the case of cryogenic moderators, in order to remove the
deposited heat. This geometry is indicated schematically in Figure IV.3.1-1.

IvV.3-2



IPNS UPGRADE IV.3 MODERATORS AND REFLECTORS

15 em

%—10 cm A

aluminum
walls

20

cm

liquid Hy0 premoderator

22.5

liquid H, or CH, moderator
/

cm

decoupler

NEUTRON BEAM

Figure IV.3,1-1 Schematic Representation of a Typical Cryogenic Moderator Assembly for IPNS
Upgrade. (The moderator assembly is shown with the top and connecting plumbing removed.
Dimensions are approximate and refer to one of the flux-trap moderator assemblies.
For wing moderators, the moderator height is reduced from the 20 cm shown

to 10 cm with all other dimensions remaining the same.)
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The moderator poisoning is accomplished by placing within the moderator assembly a
layer of matenal that absorbs low-energy neutrons but is transparent to high-energy neutrons.
This absorber is usuaily gadolinium, either in foil or in other convenient form. This makes the
moderator effectively thin, and hence provides a narrow neutron pulse-width, for low neutron
energies, while providing much more intensity than would be possible if the moderator assembly
were actually this thin. The location of the poison within the moderator assembly can be
adjusted to provide the desired relationship between intensity and pulse-width. Because
significant heat is deposited in the poisoning matenal, this matenal is located in the recirculating
water of the moderator or premoderator, as shown in Figure IV.3.1-1.

Decoupling and poisoning can be applied to any of the moderators to achieve the desired
performance. Both of these processes reduce the total neutron beam current emerging from the
moderator and, consequently, are not applied unless necessary. For most of the intended
scattering instruments, decoupling is necessary, but for many of these, poisoning may not be
necessary. The highest neutron intensity is achieved when the decoupling material is omitted.
The poisoning material is usually omitted in this case as well. Such a coupled moderator is used
when there is little concern about the pulse-width, and in such cases the intensity can be
increased even further by using a larger volume of moderating material, i.e., the moderator car be
much thicker. Figure IV.3.1-2 shows typical dimensions of a coupled liquid hydrogen moderator
in wing geometry at IPNS Upgrade. Such coupled moderators can provide up to about six times
greater time-averaged neutron beam current than does a typical decoupled moderator.3

The performance of moderators is known for a few different types of poisoning and
decoupling and for a few different geometries. Considerable development is required in order to
provide the final optimization for the IPNS Upgrade moderators. Changes in the moderator
systems will be made with some frequency, so the target-moderator-reflector assembly design
allows eas; replacement of moderators. This means that moderator parameters can be further
optimized even after IPNS Upgrade is operational. Most of the basic principies underlying such
optimization have been known for some time and have been reviewed in several places.!4
Premoderators have not yet been used in conjunction with cryogenic moderators at any pulsed-
neutron source. A solid methane moderator with a liquid water premoderator is currently under
construction for installation at the pulsed reactor at Dubna,’ and premoderated liquid hydrogen
moderators have been proposed for use at KENS-II in Japan.6

3.2 MODERATOR NEUTRONICS

3.2.1 Monte Carlo Calculations for Room-Temperature Water Moderators
Some of the neutron beam characteristics were calculated with the model illustrated in

Figures IV.2.2-3 through I1V.2.2-8 in Section IV.2.2. Figure IV.3.2-1 shows the neutron beam
spectra from the room-temperature water moderators. The data shown in this figure are neutron
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currents weighted by the cosine of the angle to the normal direction of the moderator surface and
are tallied in decade bins (i.e., 0.1 to 1 MeV, 1 to 10 MeV, etc.). The labels of moderators shown
in Figure IV.3.2-1 are defined in Figure IV.2.2-5. Figure IV.3.2-1 shows that in the range of
epithermal energies, the shape of the neutron spectrum is almost the same for all six moderators
and that the upstream moderators (1-TOP and 1-BOT; see Figure IV.2.2-5 for notation) yield the
highest neutron current in all energy bins. The total number of neutrons produced in the target is
49 ncutrons per proton, for 2.2 GeV protons.

The moderator material has been modeled as ambient-temperature water. Small changes in
the details of the moderator and poisoning materials produce significant differences in the details
of the low-energy spectra, but the epithermal spectra, that is, those above about 1eV, are
insensitive to these differences. Thus the spectra calculated are valid at this energy and above.

3.2.2 The Effects of Premoderators

The full premoderator geometry indicated in Figures IV.3.1-1 and IV.3.1-2 was not
modeled. However, a premoderator layer between the target and the cryogenic moderator was
modeled, and the power distributions in slices within the moderators were calculated. For these
calculations the shield region was omitted, and a premoderator region was attached to each
moderator. Also, liquid hydrogen was used for the downstream-top (2-TOP) and one of the flux-
trap (TRAP-R) moderators. The downstreamm moderators were modeled without a boron
decoupler.

The caiculated power depositions for a | MW proton beam are shown in Figure IV.3.2-2,
along with a detailed illustration of the modeled moderator configuration. It is seen in
Figure 1V.3.2-2 that the power deposition in the directions parallel to the target is almost
uniform, while the power deposition decreases rapidly with increasing distance from the target.
The amount of heat eliminated by the premoderator depends on its dimensions. One conclusion
drawn from Figure IV.3.2-2 is that much of the heat that would have been deposited in the
cryogenic moderator can be eliminated by using a premoderator of a few centimeters thickness.
For instance, 37% of the heat deposition occurs in the 2-cm-thick premoderator, as seen in the
upstream top moderator (1-TOP) of Figure IV.3.2-2, and almost 86% of the heat can be
eliminated by the 3-cm thick premoderator, as seen in the flux-trap-right moderator (TRAP-R).
Also, more than half of the heat is deposited in the premoderator region used with the liquid
hydrogen moderator in the downistream top moderator position (2-TOP) in Figure IV.3.2-2.

The power deposition in liquid methane is assumed to be the same as that in liquid water
because of the similarity in hydrogen densities. The total power deposition in a 2 x 10 x 10 cm?
moderator in the upstream moderator position is estimated to be ~200 W. For this case, ~600 W
is deposited in the premoderator (Figure IV.3.1-1). The power deposition in a 2 x 10 X 20 cm3
moderator in the flux-trap position is estimated to be ~470 W, while that in the corresponding
premoderator is ~1050 W.
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1 H,0 299 1 HR,0 425 1 H,0 702
2 H,0 188 2 H,0 338 2 M, 193
3 H,0 132 3 H,0 284 3 H, 121
4 H,0 86 4 H,0 268 4 H, 94
5 HM,0 56 5 H,0 198 5 H, 81
6 H,0 45 6 H, 65
1—-80T TRAP—R 2~B0OT
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1 H,0 153 1 H,0 444 1 H,0 395
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Figure 1V.3.2-2 Calculated Power Distribution in Moderators and Premoderators. (The table indicates the
composition in each slice and the power (W) deposited in that slice. Shaded slices are treated as
premoderators. Moderator dimensions (cm) are width X height x depth in direction of
neutron beams. Moderators are decoupled unless indicated as coupled.)
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The power deposition in a 2 x 10 x 20 cm? liquid hydrogen moderator in the flux-trap
position is estimated to be ~170 W with 1010 W in the premoderator. For a 4 x 10 x 10 cm3
liquid hydrogen moderator in the downstream position (Figure IV.3.1-2) the power deposition is
estimated to be ~220 W, with 1460 W in the premoderator.

The power deposition density in the aluminum walls of the moderator containers is
conservatively estimated to be the same as that calculated for water in similar locations:
~1.01 W/cm3 in the upstream position, ~1.17 W/cm? in the flux-trap location, and ~1.26 W/cm3
in the downstream location.

The effects of the premoderator on the neutron current spectra from the moderator
surfaces were also calculated. Neutron spectra with and without premoderators and decouplers
are compared in Figures IV.3.2-3 through IV.3.2-7. Some of these calculations involved a model
with no shield, but this difference in modeling is insignificant for the comparison of neutron
spectra in moderators, as demonstrated in Figure IV.3.2-3. The comparison in Figure IV.3.2-3 is
for a flux-trap moderator that has the same configuration and material in both models.
Figure IV.3.2-4 shows that the thermal neutron spectrum is essentially unchanged by the
presence of a premoderator. The fast-neutron spectrum decreases because the addition of a
premoderator layer increases the water volume. In the comparison shown in Figure IV.3.2-4,
water was used for both premoderator and moderator. If cryogenic matenial is used for the
moderator and water is used for the premoderator, however, the neutron spectrum will be
affected by the presence of a premoderator and by its dimensions. Further studies should be
done for optimization of the premoderator geometry. Nevertheless, it is thought that the neutron
spectrum from the cryogenic moderator wilt not be strongly affected by the water premoderator
as long as the cryogenic moderator thickness represents several mean-free-paths of neutron
scattering. Tests are under way at the moderator development facility at Hokkaido University to
obtain more precise information.

The effects of the boron decoupler on the neutron spectrum are shown in Figure IV.3.2-5.
The thermal spectrum 1s much higher in the moderator without the boron decoupler, as expected.
A slight decrease of the fast-neutron spectrum in the moderator with no decoupler is due to the
presence of the premoderator.

3.2.3 Monte Carlo Calculations for Liquid Hydrogen Moderators

As shown in Figure IV.3.2-2, two of the six moderators (TRAP-R and 2-TOP) were
modeled as liquid hydrogen moderators with water premoderators. The premoderator in the
model covers only one side of the moderator, rather than five sides as in Figures IV.3.1-1 and
IV.3.1-2. The cross-section data of the hydrogen atom at room temperature (300 K) were used,
but with the density set to a nominal liquid hydrogen density.

1vV.3-9



IV.3 MODERATORS AND REFLECTORS IPNS UPGRADE

13
10 3
o~ ;
2 ]l = =
) -
3 o 12 r =« "
£ T 10 = n W u
o o :
[4}] -
e 3 -
3
S o 10114
% NE E TRAP-L moderator
-.g. . o with shieid
bt i »  without shield

8 8 1075 104 103 102 107 10° !

Energy (MeV)

108 107 10 109 1o

Figure IV.3.2-3 Comparison of Neutron Spectra from the Models with and without Shield.

IV.3-10



IPNS UPGRADE IV.3 MODERATORS AND REFLECTORS

1034
-~ ]
= i "
" :
e @ ] . ] |
e T N o
5 ® ] g o a
© 3 4 SR R
e T 10 °]
S% ]
£ 3
2 e 7 1-TOP moderator
o -
= ] o  with premoderator
~ w  without premoderator
11
10 T I Im T Tm T ITI T IInNg LTI T TInne T ITInm T 1T 117
108 107 10% 10% 1004 103 1072 107 102 1o

Energy (MeV)

Figure IV.3.24 Effects of the Premoderator on the Neutron Beam Spectrum,

Iv.3-11



IV.3 MODERATORS AND REFLECTORS IPNS UPGRADE
10'4
10'3{ o
10'2 ] : R @ s B ¢

Neutron Current
(nlcmzsecldecadelMW)

2-BOT moderator

o without decoupler
m  with decoupler

10

107

Energy (MeV)

g eyt pERt EEEElll
3 102 107!

IR LI EERERRELL) |

109 10!

Figure I'V.3,2-5 Effects of the Decoupler on the Neutron Beam Spectrum.

Iv.3-12



IPNS UPGRADE IV.3 MODERATORS AND REFLECTORS

1 01 3
— ]
= . 5 5
g '?Ec‘:‘ 12 ; g & @
@ 5 10'°3 R o« "
5 8 :
o 8 :
c B j
o O -
-‘3 Ng 1 01 14 TRAP-R moderator
% g 3 o water
c :1 s liquid hydrogen
=~ . at room temperature
'IO1 O“-r-rrrm—l-rnm T TR T T —T T

1078 10°8 10" 4 1072 10°

Energy (MeV)

Figure IV.3.2-6 Comparison of Neutron Beam Spectra for Water and
Liquid Hydrogen Moderators at Room Temperature.

IvV.3-13



IV.3 MODERATORS AND REFLECTORS IPNS UPGRADE

104
=
2 & 1034 °
: S
o a
5 8 o w| fa) m} u E
O @ . 12 x = " "
= B 10 . " N
S O
s 3
3 NE .1 2-TOP moderator
Z g 10 o liquid hydrogen without decoupler
£ at room temperature
m  water with decoupler
1 01 0

1008 107 10°% 10% 104 102 102 10! 10° 1o
Energy (MeV)

Figure IV,3.2-7 Effects of the Decoupler.

Iv.3-14



IPNS UPGRADE 1IV.3 MODERATORS AND REFLECTORS

Figure IV.3.2-6 shows that the neutron spectra for water and hydrogen moderators are
almost identical. Figure IV.3.2-7 shows the effects of the neutron decoupler on the neutron-beam
spectrum. The case without a decoupler was obtained with the hydrogen moderator, and the case
with a decoupler was calculated with the water moderator. Considering that the calculated
neutron spectra from hydrogen and water moderators are almost identical, as shown in
Figure [V.3.2-6, the effect of the decoupler is thought to be the same for the hydrogen moderator
as for the water moderator. Removing the decoupler causes the thermal spectrum to increase
significantly, while only changing the fast-neutron spectrum slightly.

3.2.4 Neutron Beam Currenfs atleV

The quantities calculated in the previous section are the total outgoing neutron currents J
emerging from the moderator faces, integrated over the moderator face and over 21 solid angle of
emergence. The quantity relevant to the neutron beam instrumentation is the neutron beam
current [ = dJ/dQ, which is the total current per unit solid angle emerging in a fixed direction near
normal to the moderator face.! The relationship between J and I for the planar geometry used
here is the Miine problem, common in many applications of transport theory.” The exact
solution to the Milne problem, for I normal to the moderator surface is’

[=0411). (Iv.3.2-1)

The Monte Carlo results in the preceding section are tabulated as neutrons per decade of
energy E. The quantity EI(E) can be obtained by multiplying these tabulated results by
0.41/In.10 = 0.18. Using this conversion factor, the Monte Carlo calculations of Figures IV.3.2-3
through IV .3.2-7 give the results shown in Table IV.3.2-1. Beam currents at 1 eV for the liquid
methane moderator are assumed to be the same as for the liquid water moderator because
hydrogen densities are roughly the same in both materials.

For the present IPNS with a depleted uranium target, the corresponding value8 for EI(E)
at 1 eV is 4.2 x 10!! n/sr-sec. The values in Tabie IV.3.2-1 range from ~40 to ~I10 times the
IPNS value. A representative estimate is that the time-averaged neutron beam currents at
IPNS Upgrade, with the full I-MW beam power on a single target, are ~75 times the present
IPNS values. In normal operation, time-averaged beam currents at the 30-Hz target station are
two-thirds this value, or ~50 times those at IPNS, while at the 10-Hz target station they are
~25 times those at IPNS. The actual beam currents will vary significantly from moderator to
moderator, depending on the location of the moderator, choice of moderator material, decoupling
and poisoning used, etc. However, these ratios of 50 X IPNS and 25 x IPNS should be realistic
when comparing similar moderators at IPNS and IPNS Upgrade. It is likely that thise ratios can
be increased somewhat by further optimization of the IPNS Upgrade target-moderator-reflector
geometries and matenials.

IV.3-15



IV.3 MODERATORS AND REFLECTORS IPNS UPGRADE

Table IV.3,2-1 Neutron Beam Current at 1 eV from Moderator?

Neutron Beam Current,
EKE), at 1 eV from Moderator
{1013 n/sr-sec)

Moderator

Material Premoderator  Decoupler Upstream Flux-Trap  Downstream
Water No Yes 2.4 3.5 1.7
Water Yes Yes 2.3 3.5 -b
Hydrogen Yes Yes - 3.5 -
Water Yes No - - 3.1
Hydrogen Yes No - - 4.7

A Calculated for full 1-MW proton-beam power.

b . = No calculations for this configuration.
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3.2.5 Neutron Spectra and Pulse-Widths below 1 eV

3.2.5.1 Neutron Spectra

The time-averaged neutron beam current I(E) from a moderator at a pulsed source, the
number of neutrons per steradian per unit energy per unit time, is usually well-represented by a
Maxwellian thermal spectrum joined to a nearly 1/E epithermal spectrum as

ol -
i (1V.3.2-2)

I(E) = I L"'Mt} + Lepi
La%

In this equation, E; is a characteristic energy of the Maxwellian portion of the spectrum; A(E) 1s a
Jjoining function, which goes smoothly from 0 (for E below about 5 E) to 1 (for E above about
5 Ey); Erer 1s a reference energy, typically taken to be 1 €V; and a i1s between 0 and 0.1. [y and
Iepi are scaling constants for the thermal and epithermal portions of the spectrum, raspectively.
We take a value of 1 eV for Epf so that the values of EI(E) at i eV from Table IV.3.2-1 directly
give Iop; for some of the different moderators at IPNS Upgrade.

Because of the limited availability of scattering kernels for low-energy neutrons in real
moderator materials, it is usual to estimate the thermal portion of the spectrum by empirical
methods, rather than from Monte Carlo calculations. This is done by matching measured spectra
with the calculated neutron beam currents at 1 eV, or by using empirical values of E; and Iip/Iep;
in Equation [V.3.2-2. Several empirical values are given in Table IV.3.2-2. The values in
Table 1V.3.2-2 should be taken as representative values only, because the decoupling energy,
poisoning material and location, and modecrator geometry can have significant effects on the
performance of these moderators in the therinal energy range. Detailed ralculations, tests, and
interpolation among the empirical data in the literature will be required to provide the
combinations of these parameters that optimize the moderator performance for the various sets
of neutron scattering instruments.

The effective, time-averaged total thermal flux (reactor equivalent} ¢efr is given by
besr = 4RL/A | (Iv.3.2-3)

where A is the area of the face of the moderator. For the coupled liquid hydrogen moderator in
the downstream position,

Gefr = 4T [EI(E)] eV] X [Ithﬂepi]’A
(1vV.3.2-4)
=~ 41 x 4.7 x 1013 x 12/100 = 7.1 x 1013 n/cm2-s,
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Table IV.3.2-2 Maxwellian Parameters for Several Moderators

Moderator Type E, (MeV) lin/lapi
Poisoned, decoupled, 320 K liquid water 322 2,338
Poisoned, decoupled, 95 K liquid methane 118 2,13
Decoupled, 18 K liquid hydrogen 3.0b 2.4b
Coupled, 320 K liquid water ~32¢ ~22¢
Coupled, 18 K liguid hydrogen 2.8v 12b

2 1SIS moderator data; Source: Ref. 9.

b Based on the data of Kiyanagi et al. (Ref. 3); values are only
approximate because liquid hydrogen spectra are not fit well by
a Maxwellian function.

¢ Rough factor of 9.8 intensity increase over poisoned, decoupled

water moderator is based on SNQ mock-up measurements
{Ref. 10).
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and a similar calculation for the coupled liquid water moderator in the downstream position gives
dofr = 8.6 X 1013 n/cm?-s. (IV.3.2-5)

In nermal operation, such moderators at the 30-Hz target station produce two-thirds
these equivalent flux values, while at the 10-Hz station, they produce one-third these fluxes. It
should be noted that ¢uf represents actual equivalent 4t "perturbed" fluxes for the beams
emerging from the moderators. In order to obtain a flux of this magnitude from a liquid hydrogen
or deuterium cold moderator at a reactor, the nominal reactor flux would have to be signtficantly
greater than 1014 n/cm2-s. For example, the high-flux reactor at ILL has a peak calculated
unperturbed flux of ~1.5 x 1015 n/cm2-s in the ambient DO moderator vessel. The calculated
unperturbed flux!! at the location of the liquid deuterium cold moderator within this vessel is
only ~5 x 1014 n/cm2-s, and the actual perturbed flux at this location is even lower.

The Monte Carlo calculations indicate that these reactor-equivalent time-averaged fuxes
can be increased significantly by placing the coupled moderators near the upstream target, rather
than near the downstream target. It is likely that using larger moderators or premoderators in the
coupled case will produce appreciable gains. Additional Monte Carlo studies are required to
optimize such moderators in order to obtain the maximum possible neutron beam current for
instruments that operate in the quasi-steady-state (QSS) mode.

3.2.5.2 Neutron Pulse-Widths

The neutron pulse shapes emerging from a moderator are highly energy dependent. The
overall widths of these pulses can be changed dramatically by varying the poisoning and
decoupling parameters, as well as by varying the moderator material. The premoderator
geometry may also have an effect. Thus, there are a large number of degrees of freedom that can
be varied in designing moderators optimized for the requirements of specific sets of instruments.
Figure 1V.3.2-8 shows the energy-dependent pulse-widths (fwhm) for the moderators specified
in Table IV.3.2-2. These are representative values only, as small changes in the poisoning and/or
decoupling give rise to variations of a factor of 2 in Iy, and to correspondingly large variations it
the pulse-width. Because of this great degree of tunability in moderator performance, moderator
optimization must be studied in much greater detail before the final selections are made.

3.3 RADIOLYSIS
3.3.1 Production of Hydrogen

Irradiation of liquid water, methane, or hydrogen with fast neutrons causes the molecules
to be radiolytically decomposed into lighter constituents, which can then recombine into new
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forms. Hydrogen moderator systems must be free of reactive contaminants to avoid reaction of
the radiolytically formed hydrogen radicals to produce species that cause problems. Hydrogen at
low temperatures gradually and spontaneously tends to the lowest-energy para state, which has
significantly different total and differential inelastic scattering properties from the higher energy
ortho state. Recombination of radiolytically decomposed hydrogen is into the statistically
determined 3:1 ortho:para mixture, so that under irradiation the result is a mixture of ortho and
para hydrogen that depends on the rate of radiolysis and on the time. The spectrum and
emission time distributions may depend on the composition or ihe ortho:para mixture. Although
this is not likely to have a major effect on moderator performance, the effect needs to be
investigated.

The possible undesirable radiolytic products of water are hydrogen, oxygen, ozone, and
hydrogen peroxide. Because several of these are gases under the conditions of operation of the
water moderators and premoderators, they must be removed or recombined before they either
displace a significant portion of the liquid water from the moderator container or reach
potentially explosive concentrations. The moderators and premoderators are designed so that the
resulting water flow patterns do not allow significant accumulation of gases in the moderator and
premoderator regions. The recirculating systems for the IPNS Upgrade water moderators and
premoderators contain provisions for recombining or purging the hydrogen and oxygen gases.
Production rates for hydrogen and oxygen in the IPNS Upgrade liquid water moderators and
premoderators are difficult to estimate, and some research and development effort is required in
this area.

Possible undesirable radiolytic products of methane include hydrogen and virtually all
higher hydrocarbons. The hydrogen is gaseous under the operating conditions of the liquid
methane moderator and displaces methane from the moderator if it is allowed to accumulate. The
methane flow pattern is designed to prevent accumulation of hydrogen gas in the moderators.
The recirculating systems for the IPNS Upgrade liquid methane moderators contain provisions
for removal of hydrogen gas produced. They also contain provisions for removal of some of the
higher hydrocarbons from the recirculating riisture. However, not all of these higher
hydrocarbons can be removed, which leads to an additional set of problems discussed in the
following section.

3.3.2 Buildup of Higher Hydrocarbons in the Liquid Methane Moderator

No solid products result from radiolysis of water or hydrogen. The radiolysis of methane
can form radicals that can recombine to form high-molecular weight hydrocarbons such as waxes
or solids. These tend not to circulate with the liquid methane, but rather to deposit on the walls
of the moderator container and associated piping, where they are subject to further radiation
damage. Experience has shown that the resulting buildup, which cannot be flushed away with
any practical solvents, eventually fills enough of the moderator container to degrade the
moderator performance. This leads to a finite, predictable lifetime for liquid methane moderator
assemblies.
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Since its startup in 1985, the ISIS pulsed-neutron facility has been operating a liquid
methane moderator. By the end of 1990, the performance of this moderator had deteriorated to
the extent that it had to be replaced.!2 The moderator assembly that was removed was
subsequently cut apart to assess the reasons for its failure. It was found that the moderator
container was partially filled with a solid black residue, the result of the radiolytic decomposition
of the methane and subsequent formation and deposition of higher hydrocarbons. This residue
was determined by analysis to consist of highly cross-linked polymers.!3 Tests of similar
material collected from IPNS liquid methane moderators show that it is insoluble in any common
solvent and refractory against thermal decomposition at reasonable temperatures.14

ISIS has since tried three different liquid methane moderators, with frequent replacement
of the methane and with different flow configurations.!> However, during the same time the
proton current at ISIS has been steadily increased up to the design goal of 200 KA at 800 MeV.
The net result is that the lifetime of each of these moderators has been shorter than that of the
previous one, even when measured in terms of the integrated proton current. These lifetimes are
summarized in Table IV.3.3-1, which is based on data from Broome.!? Also included in this table
is an estimate of the lifetimes of liquid methane moderators at IPNS Upgrade, based on the
assumptions that the flow conditions would be similar and that the correct scaling factor is the
ratio (6.25) of the proton beam powers at IPNS Upgrade and ISIS.

Liquid methane moderator lifetimes can also be estimated in 2 somewhat different manner.
At the design operating parameters of 200 pA and 800 MeV, the power deposition in the ISIS
liquid methane moderator was calculated to be somewhere between 283 W and 625 W when the
depleted uranium target was used.!5:16 For a tantalum or tungsten target, these estimates should
be divided by ~2. The respective power deposition densities are ~0.21 W/cm? and ~0.48 W/cm’.
By comparison, the calculated power deposition density is ~1.0-1.2 W/cm? in the liquid-methane
portion of a premoderated liquid methane moderator at IPNS Upgrade operating at full power
(see SectionIV.3.2.2). Assuming that the rate of radiation damage and deposition of solid
hydrocarbons scales with the power deposition density, this leads to projected liquid methane
moderator lifetimes at IPNS Upgrade ranging from ~340 h to ~1,570 h at full power before the
same degree of deterioration in performance is experienced that was observed at ISIS.

Both approaches suggest that operating lifetimes for liquid ricthane moderators at
IPNS Upgrade could range from two weeks to two months. A two-month lifetime is marginally
acceptable, but two-week lifetimes certainly are not acceptable. Thus, it is important that a
development program be undertaken to provide better understanding of this hydrocarbon buildup
and to develop procedures for its reduction, with the goal of eventually providing longer lifetimes
for liquid methane moderators. A development program along these lines has already begun at
ISIS.13 If liquid methane moderators with suitable lifetimes cannot be developed, it will still be
possible to use either liquid hydrogen or water moderators in place of the liquid methane
moderators. All of the instruments can still be operated, although in some cases there would be a
reduction in performance if liquid methane were not available.
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Table IV.3.3-1 Lifetimes of Liquid Methane Moderators

Effective Integrated

Proton Current

Estimated Lifetime

Depleted Ta or IPNS
U Target W Targett  ISIS¢  Upgraded
Moderator2 {mA-h) (mA-h) (h) (h)
#1 single foil 747 1494 7470 1195
#2 single foil 575 1150 5750 920
#3 double foil, 198 396 1980 317
reverse flow
#4 single foil, 164 a2s 1640 262

reverse flow

a Single or double foil refers to the poisoning configuration
within the moderator.

b Tantalum or tungsten produces roughly a factor of two fewer
neutrons per proton than does depleted uranium, so a
conversion factor of 2 has been used, as in Ref. 13.

¢ Lifetime with a tantalum or tungsten target.

9 Projected lifetime, based on a tungsten target and scaled
from ISIS by using the relative prolon beam powers.
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3.4 COOLING

3.4.1 Component Layouts for Water Cooling Systems

This section describes the water cooling systems for moderators, reflectors, the biological
shield, the target tank, and the proton beam window. Components for these cooling systems are
located on separate skids in shielded areas in Buildings 367 (10-Hz target) and 37} (30-Hz
target). FiguresIV.3.4-1a and IV.3.4-1b show the layout of shielding and skid-mounted
components in Building 367 for the 10-Hz target. Figures IV.3.4-2a and IV.3.4-2b show the
layout of components in Building 371 for the 30-Hz target.

The different water cooling systems are discussed in Sections [V.3.4.2, IV.3.4.5,IV.3.4.6,
IV.34.7and .LV.3.4.8.

3.4.2 Room-Temperature Water Moderators and Premoderators

Each target station has six moderators or premoderators, each of which contains water.
The heat deposited in the water of a premoderator or moderator is within the range of one to
several kilowatts. Also, the approximate 500-W nuclear heating that occurs in the vacuum jacket
surrounding the cryogenic lines is absorbed by the same water cooling circuits. In all cases, a
water flow rate of 0.021 L/sec cools any water moderator and its attached piping with a relatively
low increase in bulk temperature (25 K). This rise in bulk temperature does not approach
saturation temperature (445 K), so boiling does not occur.

Water for each of the six water moderator circuits is supplied from a common manifold
supplied by one of two redundant pumps, as depicted in FigureIV.3.4.3. The pumps are
constructed of corrosion-resistant materials, primarily 316SS. Installed motor power is 0.6 kW.
The active pump draws from a 100-L water supply tank at a pressure of 690 kPa and discharges
0.13 L/sec total water flow rate at a pressure of 790 kPa. The supply tank has an H3/O;
recombiner. A 100-L drain tank provides for local hold-up of the cooling water inventory.
Check valves preclude reverse flow through the nonoperating pump. The pressure loss in the
water supply and return lines is very small, so most of the head developed by the pump is due to
pressure drop across the six identical, parallel flow-control orifices, each of which are 1.9 mm in
diameter.

The tanks, pumps, heat exchanger, and demineralizer for the 10-Hz target are located on a
common skid in a shielded room in Building 367. A duplicate housed in Building 371 serves the
30-Hz target. This is shown in Figures IV.3.4-1a, IV.3.4-1b, [V.3.4-2a, and 1V.3.4-2b. Supply
and return piping between the cooling system components and the moderators and
premoderators is shielded. All tanks and plumbing are insulated to reduce heat loads in the
shielding and pump room.
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3.4.3 Liquid Methane Moderators

Each target station can have several liquid methane moderators. The methane moderators
operate at approximately 90 K, while the surrounding water premoderator is at a temperature
near 300 K. The methane is contained within an aluminum box with wall thickness of 1.5 mm.
This box is suspended by spring spacers within the vacuum space separating it from the
aluminum premoderator box. This geometry ts shown in Figures IV.3.1-1 and 1V.3.1-2.

The heat loads estimated from the neutronics calculations of Sections IV.2.2 and 1V.3.2
and the thermal analyses of preliminary moderator designs provide the basis for the analysis in
this section. For simple spring spacer elements made of thin aluminum sheet, the thermal
conduction loss is 11 W. Thermal radiation from the water to the methane is 13 W, assuming an
emissivity of 0.8. Gamma and neutron heating in the walls of the methane container is 40 W.
Gamma and neutron heating in the bulk methane is 200 W. All of these values are for a
moderator in the upstream position and are twice as high for a liquid methane moderator in the
flux-trap position. The heat loss in the vacuum-jacketed transfer line is 25 W. The vacuum
jacket absorbs approximately 500 W of gamma and neutron heating over a I-m length near the
targets. This heat is absorbed and removed by the water moderator/premoderator cooling
circuits. The moderator heat load of 300-600 W is removed by flowing methane. An allowable
temperature rise of 5-10 K in the methane is maintained by a volumetric flow rate of 36 cm3/sec.
A pressure drop of 34 kPa is required to produce this flow in a tube with 13-mm OD by 0.9-mm
wall by 80-m length. A pressure drop of 200 kPa is allowed to provide for flow control and
metering and extra parasitic losses. Pump power of 260 W provides a total flow rate of
108 cm3/sec at a pump efficiency of 0.1 (the efficiency of low-flow-rate cryogenic pumps is very
low).

The long-chain hydrocarbons, oils, waxes, and tars that form from chemically active
methane fragments (Section IV.3.3.2) must be removed from the flowing methane as they are
formed to prevent plugging. Two pebble beds acting alternately are used to continuously clean
the methane. One bed is regenerated while the other bed cleans the methane. The heavy
hydrocarbons plate out on all surfaces, and since the pebble beds provide a much larger surface
area the heavy hydrocarbons will tend to accumulate in the bed rather than on piping or the
moderator-container surface.

The methane-moderator heat loads, transfer-line heat loads, pumping power, and other
parasitic heat loads total approximately 500 W per moderator. All of this energy is deposited in
a liquid nitrogen heat sink. This results in a liquid nitrogen boil-off rate of 4 cm3/sec per
moderator. Liquid nitrogen kept at an absolute pressure of 350 kPa boils above the freezing
point of methane, so the system does not freeze and plug. Figure IV.3.4-4 shows the cooling
circuit. All of the cryogenic hardware, with the exception of transfer-lines, is enclosed within a
superinsulated vacuum cold box 1.5 m high and 2 m in diameter. A pressure vessel which is 1 m
high % 1.2 m in diameter and is located off-axis inside the cold-box has a design pressure rating of
690 kPa and contains liquid nitrogen maintained at 350 kPa and a depth of 200 mm. A coil of
stainless-steel tubing that ts 13 mm OD x 20 m long and is immersed in the liquid nitrogen serves
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as the methane-to-nitrogen heat exchanger. Suspended inside the liquid nitrogen vessel is another
pressure vessel that is 250 mm in diameter x 300 mm long and contains helium-pressurized liquid
methane at 110 kPa, maintained at a liquid depth of 200 mm. A pump draws liquid methane
from the suspended tank and pressurizes it to 300 kPa. The pressurized liquid methane travels
through the heat exchanger to the outlet manifold, where control valves split it into equal flows
for each of the liquid methane moderators. Each of the flows is continually monitored, and
methane cleaners are regenerated when the pressure drop exceeds a certain level, yet to be
determined.

The liquid methane moderator cooling-system components for the 30-Hz target station
are mainly located in a shielded area between Building 370, Building 371, and Building 368. The
liquid methane moderator cooling-system components for the 10-Hz target station are mainly in a
shielded area about 25 m from the Building 369 annex. The locations of these shielded areas are
shown in Figure IV.1.2-1. The structure of these shielded areas and the layout of components
within them are shown in Figures [V.3.4-5a, IV.3.4-5b, and IV.3.4-5¢c. The shielded areas for the
methane moderator cooling-system components are adjacent to but separate from similar areas
for the hydrogen moderator cooling-system components, as shown in the figures. All
components containing methane, exclusive of the transfer piping and the moderator, are located
inside a 15-cm-thick by 1.9-m-high shield wall. The shield labyrinth has no doors, and this
allows natural ventilation. A lightweight lean-to roof covers the equipment but is supported
separately from the walls. A 0.6-m gap is provided between the shield and the roof for
ventilation. Liquid methane flows to and from the moderators in vacuum-insulated piping in a
shielded overhead pipeway, as shown in Figure IV.1.2-1.

All electrical equipment located in the methane moderator cooling-system meets the
National Electrical Code, NFPA 70, requirements (or approved alternatives) for class I,
division I, group B locations. The methane system design conforms to the applicable sections of
the following:

» NFPA 54 National Fuel Gas Code; and

» NFPA 59A Standard for the Production, Storage, and Handling of Liquefied
Natural Gas (LNG).

A 24,000-L liquid nitrogen tank outside Building 371 supplies liquid nitrogen to the
methane cold box for the 30-Hz target station. Nitrogen for the 10-Hz target station is supplied
from a 12,000-L nitrogen tank outside the Building 369 annex.

3.4.4 Liquid Hydrogen Moderators

Several of the moderators on each target station are of liquid hydrogen. Each includes a

water premoderator to slow neutrons and reduce the neutron thermalization and gamma ray
heating of the cryogenic parts. Construction of the hydrogen moderator and water premoderator
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containers 1s similar to that described for the methane and water systems; however, the
dimensions are different. One of the hydrogen containers is 2 x 10 x 20 cm? and is constructed
of 1.5-mm 6061 aluminum.

The various heat loads are estimated using the neutronics calculations of Sections IV.2.2
and 1V.3.2 and thermal analyses of the designs. The total heat load in 2 liquid hydrogen flux-trap
moderator is 300 W. Contributions are 19 W from thermal radiation, 21 W from conduction
through the spacers, 170 W from gamma and neutron heating in the bulk hydrogen, and 90 W
from gamma and neutron heating in the hydrogen container walls. The total heat load in a hiquid
hydrogen wing moderator is 314 W. Contributions are 18 W from thermal radiation, 7 W from
conduction through the spacers, 221 W from gamma and neutron heating in the bulk hydrogen,
and 68 W from gamma and neutron heating of the container.

Liquid hydrogen is supplied to each moderator through vacuum-jacketed and
superinsulated tubing. The vacuum jacket is 60 mm OD and has approximately 1 W/m heat gain.
Designing for a 5 K temperature rise in the hydrogen, from 18 to 23 K, gives a total liquid
hydrogen flow rate of 200 cm3/sec. A pumping power of 70 W forces the hydrogen through
13-mm OD lines. Allowing for an additional 50-W heat gain in an evacuated, supennsulated cold
box sets the requirement for a helium refrigeration system for two moderators to have 800 W
capacity at 13 K. Although heat loads in the hydrogen moderator system for the 10-Hz target
station are less, an identical helium refrigeration unit is used to cool the hydrogen moderators in
the 10-Hz target system as well.

The helium refrigerators, supplied as packaged units, use a liquid nitrogen heat sink for
the cryogenic portion of the heat load. Figure 1V.3.4-6 shows the process diagram for the
hydrogen and helium cryogenics. A 250-kW oil-flooded screw helium compressor with an
electric motor running a direct drive at 3,600 rpm is used. A water-cooled heat exchanger
removes the compression energy from the helium. The helium travels through three stages of oil
removal to reduce the oil contamination to less than 10 parts per billion (ppb). The helium is
chilled to 80 K n a liquid-nitrogen-cooled heat exchanger and further cooled to approximately
25 K by counterflow exchange with helium retuming from the hydrogen heat exchanger. Helium
expanded in a multistage turbine to 13 K enters the hydrogen cooler at 14 K. The helium flow
rate and refrigeration capability vary according to the process requirements over a 3-to-1 range.
Variable compressor inlet pressure and compressor bypass recycle flow accommodate this
vaniation. This turndown capability allows the use of identical helium refrigeration systems for
both the 10-Hz and 30-Hz target stations.

The liquid hydrogen moderator cooling-system components for the 30-Hz target station
are mainly located in a shielded area between Building 370 and Building 371. The liquid hydrogen
moderator cooling-system components for the 10-Hz target station are mainly in a shielded area
about 25 m from the Building 369 annex. The locations of these shielded areas are shown in
Figure IV.1.2-1. The structure of these shielded areas and the layout of components within them
are shown in Figures IV.3.4-5a, IV.3.4-5b, and 1V.3.4-5¢. The shielded areas for the hydrogen
moderator cooling-system components are adjacent to but separate from similar areas for the
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methane moderator cooling-system components, as shown in the figures. All components
containing hydrogen, exclusive of the transfer piping and the moderator, are located inside a
15-cm-thick by 1.9-m-high shield wall. The shield labyrinth has no doors, and this allows natural
ventilation. A lightweight lean-to roof covers the equipment but is supported separately from
the walls. A 0.6-m gap is provided between the shield and the roof for ventilation. Liquid
hydrogen flows to and from the moderators in vacuum-insulated piping in a shielded overhead
pipeway, as shown in Figure IV.1.2-1. The vacuum jacket pressure relief-valve vents are
monitored for hydrogen and are routed to the hydrogen vent stack. Figure IV.3.4-6 shows a
typical sectional view of the vacuum-jacketed hydrogen piping.

All electrical equipment located in the hydrogen moderator cooling-system area meets the
National Electrical Code, NFPA 70, requirements (or approved alternatives) for class I,
division I, group B locations. The hydrogen system design conforms to the applicable sections
of the following:

» 29 CFR Ch. XVII, Section No. 1910.103, "Hydrogen";

» NFPA 50A Standard for Gaseous Hydrogen Systems at Consumer Sites;

* NFPA 50B Standard for Liquefied Hydrogen Systems at Consumer Sites; and
* ANL ES&H Manual, Chapter 4-8, "Hydrogen Safety."

A 24,000-L liquid nitrogen tank rests on a pad outside Building 371 and supplies the
30-Hz target liquid methane and liquid hydrogen moderator cooling systems. The moderator
cooling systems together require about 12,000-L storage capacity. The additional 12,000-L
capacity provides general purpose liquid and gaseous nitrogen for both the 10-Hz and 30-Hz
target areas.

The helium refrigerator and compressor system and the gaseous helium storage tank for
the 30-Hz target station are located in Building 371. The gaseous helium storage tank has a
capacity of 15,500 L and a maximum working pressure rating of 1725 kPa. Helium gas from the
compressor travels to the liquid hydrogen cold box in the shielded area outside Building 371. A
vacuum pump skid outside the shielding services the liquid hydrogen cold box.

The liquid nitrogen supply for the 10-Hz target systems is a 12,000-L liquid storage tank
located on a pad outside the annex to Building 369. Vacuum-jacketed plumbing brings liquid from
the nitrogen tank to the cold box in the shielded area outside the annex to Building 369. This
liquid nitrogen system serves only as a heat sink for the iiquid methane and liquid hydrogen
moderator cooling systems.

The annex to Building 369 houses the helium refrigerator and compressor system for the
10-Hz target liquid hydrogen moderator cooling system. The 15,500-L gaseous helium storage
tank is outside Building 369. Helium gas from the compressor is routed to the liquid hydrogen
cold box in the shielded area outside the Building 369 annex. The liquid hydrogen cold box is in
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the shielded area approximately 25 m from the Building 369 annex. Also located in this area are
the hydrogen gas holdup tank and fill tank. Just outside the shielding are an exhaust fan, vent
stack, and the vacuum pump skid to provide the cold box vacuum.

3.4.5 Reflector

Neutronic calculations described in Section1V.2.2 indicate that the heat load in the
reflector is approximately 130 kW. Figure IV.3.4-7 shows the reflector water-cooling system,
which includes a 230-L stainless-steel storage-surge tank and has a working pressure of 690 kPa.
The system also includes two redundant identical water pumps connected in parallel, check
valves to preclude reversed flows, flowmeter, filter, water-to-water counterflow heat exchanger,
demineralizer, and interconnecting piping. This water-cooling system is entirely separate from
the other water-cooling systems to preclude the possible spread of beryllium contamination.

The water-supply tank has a regulated helium supply for the initial pressurization and for
providing a continuous bleed flow rate of 8 cm3/sec to sweep radiolysis and activation products
from the ullage space. The supply tank has an H2/O» recombiner. The tank is vented through a
remote valve. A pressure-relief valve and a backup burst diaphragm provide additional safety.
The continuous helium bleed discharges through a back-pressure control valve. The vent gases
are collected and held in the holdup tank described in Section IV.6.3. A 230-L drain tank allows
local holdup of the system water inventory.

The water circuits for the top beryllium reflector and for the bottom beryllium reflector
split downstream of the heat exchanger and rejoin ahead of the demineralizer. The major portion
of each of these piping circuits consists of 2.54-cm-diameter stainless-steel tubing. Other piping
is nominally 6.0-cm OD. Tubing sections are joined by using standard flared fittings. Larger
piping is welded. An 8.9-cm (3-in., schedule 10) outer pipe sheath supports and protects the
four tubing runs within the target-train assembly that slides into the biological shield as shown in
the inset in Figure 1V.3.4-7.

The total caiculated pressure drop around the water-flow circuits is 435 kPa. However, a
pump-head capacity of 650 kPa is used to permit flow control. Each of the redundant pumps
requires a 3.75-kW motor.

The pumps, tanks, demineralizer, and heat exchanger for the 10-Hz target are located on a
skid in the shielded room in Building 367. The shielded room in Building 371 contains an
identical skid arrangement for the 30-Hz target. These layouts are shown in Figures [V.3.4-1a,
1V.3.4-1b, IV.3.4-2a, and IV.3.4-2b.
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3.4.6 Biological Shield

Neutronic calculations indicate that the gamma and neutron heat load in the shield region
close to the reflector is approximately 130 kW. The water-cooling system for the biological
shield is shown in Figure [V.3.4-8. It is identical in configuration and capacity to the beryllium-
reflector cooling system, with the exception that a demineralizer is not required.

The shield adjacent to the reflector is iron. Cooling water flows in passages drilled into
the iron blocks. The remainder of the water-cooling system also is constructed of iron to
eliminate galvanic effects. As a further measure, buffered water is used to prevent corrosion.
The 230-L water-supply tank has a helium pressurization, a 16 cm3/sec bleed purge system, and
an Hy/O; recombiner. A liquid-level gauge is provided. Nominal tank pressurization is 690 kPa.
Redundant 3.75-kW motor pumps supply 2.5-L/sec water flow through 2-in. Schedule 40 pipe
to the parallel water-cooling passages in the shield. Orifices apportion water at equal flow rates
to each cooling channel. Each of the vertical-axis cooling channels has a bayonet tube that extends
down near the bottom of the cooling channel. The bayonet tube supplies water for reverse-flow
back through the annular flow space between the coaxial tube and the drilled cooling channel. The
cooling water is filtered before it is returned to the biologicat shield. A flowmeter monitors the
total coolant flow rate. A counterflow water-to-water heat exchanger removes the steady heat
load of approximately 130 kW.

The tanks, pumps, filter, and heat exchanger for the 10-Hz target are mounted on a skid in
the shielded area of Building 367. Building 371 houses an identical cooling system for the 30-Hz
target. These layouts are shown in Figures IV.3.4-1a, IV.3.4-1b, IV.3.4-2a, and 1V.3.4-2b.
Piping is routed from the cooling skids to the targets. All piping is insulated to limit heat loads
on the shielded room and piping tunnel ventilation systems.

3.4.7 Target Tank

The target train fits within the target tank, which is described in SectionIV.1.2. The
target tank has its own cooling system, which is shown schematically in Figure IV.3.4-9. The
system incorporates 240-L supply and drain tanks of 304SS construction, pressurized to
690 kPa. The supply tank has a H»/O recombiner. The main water supply pump, constructed
of corrosion-resistant materials, draws water from the supply tank. Pump power is 0.6 kW,
which provides a differential pressure of 104 kPa. A spare pump is plumbed in parallel to the
main pump.

The shielded room in Building 367 houses the target tank cooling system for the 10-Hz
target tank. The tanks, pumps, heat exchanger, and demineralizer share a common skid.
Plumbing from the cooling system skid runs from Building 367 to Building 369.

The target tank cooling system for the 30-Hz target tank is located in the shielded room in
Building 371. The tanks, pumps, heat exchanger, and demineralizer share a common skid.
Plumbing from the cooling system skid runs from Building 371 to Building 370.
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All piping has insulation to reduce the heat loads and ventilation requirements.

3.4.8 Proton HET Line Vacuum Window Insert

Water circulates between the two walls of the proton HET line insert tube and across the
window at the end, with helical guides separating the inlet and outlet flows, as shown n
Figure IV.1.2-10. Calculations described in Section IV.2.2.2 (see Table IV.2.2-2) indicate that the
proton beam deposits about 9kW of heat in the proton beam line vacuum window.
Figure IV.3.4-10 shows the proton HET hine vacuum window insert cooling system. The system
consists of a 240-L 304SS surge and supply tank with an H»/O2 recombiner, a similar drain tank,
a pump, and a 10-kW heat exchanger. The pressure in the supply tank is 690 kPa. The supply
tank feeds the main water supply pump. A spare pump is plumbed in parallel to the main
pump. The pump differential pressure is 104 kPa. All plumbing components are stainless steel
or other suitable corrosion-resistant materials.

The proton beamline vacuum window insert cooling system for the 10-Hz target system
is in the shielded room in Building 367. The tanks, pumps, heat exchanger, and demineralizer are
located on a common skid. Plumbing from the cooling system skid runs from Building 367 to
Building 369. The shielded room in Building 371 houses the proton HET line vacuum window
insert cooling system for the 30-Hz target system. The tanks, pumps, heat exchanger, and
demineralizer are located on a common skid. Plumbing from the cooling system skid runs from
Building 371 to Building 370. Component layouts are shown in Figures IV.3.4-1, IV.3.4-1a,
IV3.4-2 and IV.3.4-2a.

All system components have insulation to reduce the heat load and ventilation
requirements in the shielded rooms.
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4.1 GEOMETRY AND COMPOSITION

4.1.1 Overview of Components

The IPNS Upgrade biological shields provide the primary protection for personnel from
direct radiation emitted from the target regions during operation and shutdown. During the
operation of the facility, high-energy protons are directed to either or both of two target stations,
where the protons interact with the targets to release neutrons that are utilized in research.
Interaction of neutrons and protons with the target and shield materials alsc results in beta and
gamma radiation. During a shutdown of the facility, this radiation is emitted in various intensities
due to radioactive decay. The biological shields also provide structural support for the neutron
facilities. They enclose components of the target systems and protect against physical damage
from external forces.

The biological shields for both target stations are shown in their respective experiment
halls in Figure IV.4.1-1. Figures IV.4.1-2 and IV.4.1-3 show one of these biological shields in
greater detail. The shields for both target stations are identical rectangular structures of steet and
concrete weighing approximately 14,000 metric tons (15,400 tons) each. These structures
effectively limit the radiation dose rate at any location in the experiment areas to acceptable levels
during operation and shutdown, as is described in Section1V.4.3. Each structure contains an
aluminum target tank, as described in Section IV.1.2. For structural reasons, the target tank is
enclosed by a steel target tank housing, which in turn is surrounded by cut and stacked steel plate
required for shielding. This assembly of steel shielding is enveloped within a steel and reinforced-
-concrete shielding tank. In addition, the shielding tank is covered with at least 1 m of poured-in-
place concrete and concrete blocks. This steel and concrete assembly is the biological shield. The
entire structure rests on a slab of reinforced concrete, which is supported by steel pilings that
extend into Dolomite bedrock.

There are a total of 18 gated penetrations, 9 on each of two sides, extending radially from
the target tank through the biological shield. These penetrations are the beam ports through
which the neutrons travel to the neutron scattering instruments, and are described in detail in
Section IV.8.

4.1.2 Steel Shielding

The purpose of the biological shielding, shown in Figures IV.4.1-2 and IV.4.1-3, is to
attenuate high-energy and fast neutrons. It is a massive structure consisting of steel plate cut to
fit into the shielding tank and around the target tank housing, beam port tubes, and other tubes
and devices. Cracks and voids are fille¢ with a dry grout consisting of steel shot or iron garnet.
This grout is worked in by using a common vibration technique. Each biological shield requires
9,000 metric tons (9,900 tons) of steel for a geometry somewhat better optimized than that
shown in the figures.
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A target tank housing is located between the target tank and the stacked steel shielding in
order to support the weight of the steel shield. This housing is water cooled and is made of
7.6-cm steel plate welded together to conform to the target tank shape within a tolerance of
6 mm. Openings are made in the target tank housing for the neutron beam tubes and for the
proton beam tube.

4.1.3 Concrete Shielding

The shield material around the outside of the shielding tank is concrete. At least 1 m of
concrete is poured on all sides of the structure, including the top. The slab that supports the
structure 1s at least 2 m thick to provide adequate shielding. Custom-made removable concrete
blocks are used in the areas on the shielding tank where the neutron beams exit the structure, as
discussed 1n Section 1V .8,

4.1.4 Hot Cell

The hot cell, shown in Figure 1V.4.1-2, is a rectangular sealed enclosure having dimensions
of approximately 6.1 m x 7.6 m x 10.7 m. It is located at the end of the biological shield and is
composed of 2 m thick steel-reinforced concrete. The primary purpose of the hot cell is to
provide for safe remote handling and maintenance of the target train. The operation of the hot
cell and the assembly and disassembly of the target train are described in Section IV.5.

4.2 SUPPORT STRUCTURE

The large size of the IPNS Upgrade biological shields and their locations inside two
existing buildings impose some limitations on the equipment and methods to be used for the
installation of the foundation system. The requirements of the facility call for steel piles driven
to bedrock some 30 to 33 m below existing grade.

The foundation system is illustrated in Figure IV.4.2-1. The existing concrete floor is
saw-cut along the required perimeter and disposed of in an off-site landfill. The underlying
material is excavated to the required depth and similarly disposed of. Any facility that is affected
by the construction activities is rerouted in order to minimize disruption of those facilities to
their users.

The foundation system under the biological shield structure coasists of single stee! piles
on a square grid. The overhead clearance limitations inside the buildings dictate that each pile be
driven in segments shorter than the standard mill lengths. Each segment is welded to the
preceding one, and the assembly is driven into the ground. The process is repeated until the pile
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tip reaches bedrock, approximately 30 to 33 m below existing grade. The pile tops are then
leveled and tied together in rows by cap beams, over which a structural slab is constructed. The
slab thickness is 2 m to provide shielding. The load-bearing capacity of this structure is
64,000 kg/m2, which is well above the loading from the biological shield.

The hot cell foundation is similarly constructed, except that two grids of piles are
installed. The hot cell floor slab is tied to the biclogical shield floor slab structure with keys and
shear-reinforcing steel to minimize any differential movement between the two structures. The
slab thickness is at least 61 cm to provide shielding.

4.3 SHIELDING EFFECTIVENESS

4.3.1 Design Objectives

The biological shield complies with the design standards contained in Article 128 of
DOE/EH-0256T.! The design criterion is that the dose for an individual worker is less than
500 mrem/yr (5 mSv/yr) and "As Low As Reasonably Achievable” (ALARA). The major
contribution to the dose outside the main shield is expected to be due to neutrons, so the
recommended neutron quality factor has been doubled for design purposes. The basis of the
shielding design is a dose rate of 250 mrem/yr (2.5 mSv/yr), conservatively augmented to ensure
that radiation doses are ALARA. This augmentation accounts for such factors as differences
between calculated and measured attenuations, local radiation leakage due to shield penetrations,
and potential skyshine contributions at other on-site facilities. Personnel radiation exposures are
maintained well below regulatory dose limits and reflect additional conservatism in that workers’
exposure represents at maximum about 2000 hours per year.

4.3.2 Shielding Parameters

The shielding achieves the design goal at most accessible points on the outside of the
biological shield during normal operations. To achieve a dose rate of 2.5 mSv/yr (250 mrem/yr),
the average dose rate is <1.25 uSv/h (<0.125 mrenvh), based on an occupational year of 2000 h.
The calculations are based on a 500-uA, 2.2-GeV proton current. Iron shielding, backed up by
concrete to attenuate the low-energy-neutron component, is the main shield material. At 90° to
the target, the thickness is nominally 6 m, consisting of 5 m of iron and 1 m of concrete.
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4.3.3 Shielding Methodology

The shield effectiveness is determined by using the modified Moyer model approximation
of Tesch and Zazula.2 The modified expression is

_HoE,* %™

¢
where H is the maximum dose equivalent per incident proton of energy E, (GeV), A is the
attenuation coefficient for neutrons, p is the shield density, d is the shield thickness, and r 1s the
transverse distance to the beam. The suggested values for the other parameters for E, = 2.2 GeV
with an iron shield and an iron target are HoEp0-8 = 4 x 10-14 Sv-mZ/proton (the dose per proton

at 1 m) and A = 180 g/ecm?. Taking the ratio of total neutron production in tungsten to that in
iron as 2.8, the expected dose rate at r = 6.3 m through a lateral iron shield (5.0 m) is then

H (IV.4.3-1)

2.364 x 10'! ¢ 9P/180

l_2

H(Fe) = = 19 uSv/h (1.9 mrem/h), (IV.4.3-2)

The iron is backed up by 1 m of concrete to attenuate neutrons of approximately 25 keV
and 125 keV that stream through the iron. The 1 m of concrete represents about eight attenuation
lengths for the low-energy neutrons and effectively removes this component. The high-energy
neutron component is further reduced by the 1 m of concrete according to

H

Totar = H(Fe) €Y1 =19%0.111 = 2.1 pSv/h (0.21 mremh) 1y 43.3)

Here, the 107 g/cm? is the attenuation coefficient for the high-energy neutron component in
concrete. The total dose rate exceeds the design goal of 1.25 uSv/h (0.125 mrem/h), allowing only
about 24 hours of access per week at the face of the biological shield in the 90° direction from the
beam. This is admimistratively regulated.

4.4 REFERENCES

. Radiological Control Manual, U.S. Department of Energy Report No. DOE/EH-0256T,
rev. | (Washington, D.C., April 1994).

2. K. Tesch and J.M. Zazula, "Shielding properties of iron at high energy proton accelerators
studied by a Monte Carlo code," Nucl. Instrum. Methods A300:179-187 (1991).
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IPNS UPGRADE IV.5 REMOTE HANDLING

5.1 HOT CELL

The target train can be withdrawn from its normal operating position in the target tank
into a hot cell for servicing. To facilitate removal, the target train rests on a platform that also
supports a stepped steel and concrete shield block. The entire train and shield block assembly
moves on wheels between the operating position and the service position. Figure IV.5.1-1
indicates this arrangement, with the target train and shield shown in the operating position.

All of the components of the target-train assembly can be removed for exchange or
servicing by means of remote-handling equipment in this hot cell, which is similar to the one in
use for the ISIS target station.1-3 The cell is attached to the downstream end of the biological
shield, as shown in Figure IV .4.1-2. Two shielding doors provide an air-lock cavity in line behind
the remote-handling cell. The air-lock cavity maintains the desired conditions within the remote-
handling cell during transfer operations in and out of the cell. Two viewing ports are provided on
opposite sides of the 1.7-m-thick shield walls. These 1-m-square, stepped windows are made of
radiation attenuating lead glass, and are located in the same plane as the target-reflector sections.
Panning television cameras are used to view all other sections of the remote-handling cell and the
air-lock cell. Two remote manipulators, one located in the midplane of each window, have
gripping capabilities as well as adapters for various tools such as cutoff saws for in-cell work. A
third manipulator is located at the downstream end of the hot cell. This manipulator is used to
install eyebolts for hoisting the shield blocks and to move piping sections attached to moderators
or target sections into the air-lock or into shielded casks. A fourth manipulator is located in the
air-lock cell for transfer of activated components into shielded casks. Two traveling bridge cranes
ride on rails along each side of the remote-handling cell.

Access to the hot cell area is accomplished in two steps after appropriate environmental
conditions are established. The first step is to open the outer, sliding main door between the hot
cell air lock and the experimental area. The second step is to close the main door and open the
door between the hot cell area and the air lock. This ensures that the hot cell atmosphere does
not mix with the experimental-area atmosphere.

The hot cell is purged by a ventilation and exhaust system. The pressure of the cell is
kept slightly below the local barometric pressure in order to assure confinement of the hot cell
environment. The atmosphere of the cell is constantly monitored for radioactive contaminants
prior to exhausting to the exhaust stack, as described in Section IV.6.

5.2 PLUMBING CONNECTIONS

Figure IV.5.2-1 shows the target train assembly with target, moderators, piping, and ducts
through the shield plug. A seal sheet completes the containment enclosure when the target train
is in its normal operating position. Just outside this sheet is the plumbing cavity, which allows
hands-on servicing of the piping connections. All moderator fluid lines, three of the irradiation
tubes, and the reflector water cooling lines pass through the seal sheet into this plumbing cavity.

IV.5-1
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IV.S REMOTE HANDLING IPNS UPGRADE

Figure IV.5.2-2 shows the arrangement of the cooling and moderator fluid connections in
the plumbing cavity, and Figure IV.5.2-3 shows the seal sheet. Figure IV.5.2-4 shows the
arrangement of the target cooling water connections. Figure IV.5.2-5 illustrates a typical junction
box, showing the arrangement of the water cooling lines and the bayonet connections for the
cryogenic lines.

5.3 TARGET TRAIN REMOVAL AND DISASSEMBLY

The sequence of operations necessary to access the plumbing cavity and manually
disconnect lines is shown in Figure IV.5.3-1. The target sections are continuously cooled with
flowing water because each can generate up to 5 kW of afterheat power. The plumbing cavity
provides the means to manually change over from the main cooling circuits to a small-flow
cooling circuit. The latter is mounted on a movable cart and is connected through flexible lines to
the target cooling circuits. Small valves are connected by tee-joints to each of the target water
coolant lines on the target side of the shutoff valves, as shown in Figure IV.5.2-2. These small
valves are connected to the mobile-cart water cooling supply before shutting off the main water
coolant supplies and returns. After the main valves are shut, water is drained from the main lines
at the field joints on the opposite sides of the shutoff valves before these joints are opened.

An exploded view of the targets, moderators, reflectors, and shield blocks is shown in
Figure IV.1.2-6. Following withdrawal of the entire target-train assembly into the remote-
handling cell, the target and any of the moderators can be removed individually after the top
shield block is dismounted. The lower wing moderators can be withdrawn horizontally.
Irradiation tubes can be withdrawn backwards into the hot cell. There 1s room on the hot cell
floor for temporary storage of components alongside the target-train assembly.

5.4 HANDLING OF SPENT COMPONENTS

The target sections remain very radioactive for a long time after irradiation, as shown in
Table 1V.2.2-6. Irradiated targets are temporarily stored in the hot-cell storage wells, before
removal for permanent storage or disposal. The targets will be contained within heavy mobile
shielding during transfers out of the cell.

There are eight storage wells in the hot cell, each capable of storing a target before its
removal from the cell. The storage wells are fitted with a separate cooling circuit to remove decay

heat. The targets are cooled at all times.

Water lines are cut near the target and disposed of in shielded containers. Less shielding is
required because the water lines will not be activated to the same high levels.

Moderator containers and associated piping are not highly activated, and can be
transferred out of the remote-handling cell in a manner similar to the target water lines.

1v.54
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@ In normal operation the carriage Is fully to the left and anchored
to the base track. The motorized shietd 1s to the left and agamst
the seal sheet.

S @ The first step m the withdrawal of the system after beam shutdown
Is to drive the motorized shield block to the right end of the
oy carriage. This allows access to the plumbing cavity and seal sheet.
The plunblng Jumpers between the seal sheet and the biological
T — - - —_ shield are removed ¢ hands on ), A stabilizing fixture Is mounted to
the carrioge and the seal sheet. The seals between the plumbing and
the seal sheet are unfastened The seal sheet Is disconnected fron
the target tank,

@ The carrioge Is unlocked from the base track and locked onto the
motorized shield block. The motorized shield block Is driven to
the right with the seal sheet and the carriage attached. The seal sheet
and the stablizing fixture are removed from the carriage by overhead

R O R R AN AN SR R <rane,

NN e | @ Vith the carriage stRl locked to the motorized shield block, the
carriage and the shield block are driven to the left. The carriage 1s

;-%5— - - — - anchored to the base trock and unlocked from the motorized shield
5 block. The motorized shield block Is driven to the right to clear

the area. Flexble decay heat cooling lines are attached to the

target assembly and flow estoblished. The main target cooling lines

are shut off and the removable Flexhble tubé sections are drained

and removed.
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@ The motorized shield block Is driven to the left until it contocts

- ‘ the target-moderator-reflector assembly, The tle rods are fastened
to the target-moderator- reflector assembly., With the carriage still
anchored to the base tracks, the motorized shield block Is driven to
the right end of the carrioge, puling the target-roderator-reflector
assembly onto the corriage.

@ The carriage is locked to the motorized shield block and unlocked
from the base track. The motorized shield block is driven to the
right puling the carriage and exposing the system.

® Left and right refer to the position in the drawng

Figure 1V.5.3-1 Sequence of Operations to Remove the Target-Train Assembly into the Remote-Handling Cell.
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IV.5 REMOTE HANDLING IPNS UPGRADE

The beryllium reflector pieces need to be handled safely for both radioactivity and
beryllium toxicity. Radiation levels are not as high as those for the target sections. However,
toxicity considerations dictate special handling procedures.

The irradiation tubes are not activated any more than the other piping leading in and out
of the target area, and receive the same treatment as the other piping.

ANL does not have provisions for permanent storage of radioactive waste at its Illinois
site. However, such facilities are available at Hanford, Washington. Transport of similar
radioactive materials between sites is done routinely.

5.5 REFERENCES

1. T.A. Broome and M. Holding, "ISIS target station experience,” presented at Argonne
National Laboratory (Argonne, Iil., Nov. 23, 1992).

2. B. Boardman, Spaliation Neutron Source: Description of Accelerator and Target, Rutherford
Appleton Laboratory Report No. RL-82-006 (Chilton, U.K., March 1982).

3. B.H. Poulten, "Remote handling equipment for SNS," in Proceedings of the 6th Meeting of the
International Collaboration on Advanced Neutron Sources (ICANS VI) (Argonne, IIL,
June 28-July 2, 1982), Argonne National Laboratory Report No. ANL-82-80, Argonne, Ili.,
pp. 339-355 (1982).
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IPNS UPGRADE IV.6 CONTAINMENT

6.1 CONTAINMENT BARRIERS

Most of the radioactive products produced in the target are contained within the target
material. The sealed target container and cooling system, described in Section IV.2, provide
additional contatnment. Two secondary containment barriers, the target tank and the shielding
tank are provided within the biological shield to prevent uncontrolled releases.

The moderator and premoderator boxes and associated piping are the primary
containment for moderator and premoderator materials and their radioactive by-products. The
vacuum jacketing required for insulation serves as an additional containment barrier in the
cryogenic moderator systems. The target tank and the shielding tank are additional barriers
against uncontrolled release of radioactive by-products.

Figure IV.1.2-7 shows the target tank, which encloses the target-reflector-moderator
assembly. This tank is welded of 2.5 cm-thick aluminum sheet. Portions of the target tank are
machined thinner to provide windows for the neutrons to exit to the beam ports. The target tank
is designed to sustain at least 3.4 kPa of intemal pressure and is able to withstand ordinary
activities associated with moving heavy equipment. A seal sheet covers the open end of the
target tank to complete the containment, as shown in Figure IV.5.2-1.

The target tank contains a helium atmosphere controlled at a positive pressure with
respect to the local barometric pressure. This prevents air from entering the tank and avoids
production of any of the air-associated activation products. A purge and exhaust ventilation
system controls this atmosphere.

The shielding tank encloses the stacked steel portion of the biological shield, as shown in
Figures IV.4.1-2 and IV.4.1-3. It is a welded helium-leak-tight container constructed of
2.5-cm-thick carbon steel plate. The shielding tank atmosphere is helium gas maintained at a
slight positive pressure with respect to local barometric pressure. A purge and exhaust system
controls this atmosphere. The shielding tank is designed to sustain an internal pressure of at least
3.4 kPa, and to withstand ordinary activities associated with moving heavy equipment.

The water cooling systems for the reflector and for the shield have low activity levels.
Their plumbing is the primary containment for this activity. Secondary containment for the
reflector system is provided by both the target tank and the shielding tank. The shield cooling
water has much lower activity levels, and the shielding tank and shield cooling plumbing system
provide adequate barriers against uncontrolled release of any of this activity.

All of these separate containment spaces, as well as the space inside the hot cell, have
separate gas exhaust systems, discussed in Section IV.6.2. These feed into gas holdup tanks and
a common HEPA filter and stack system, as discussed in Sections 1V.6.3 and 1V.6.4. Each of
these spaces has a drain and retention system for containment of any liquids, as discussed in
Section IV.6.5.
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6.2 GAS EXHAUST SYSTEMS

6.2.1 Target Coolant Gases

Figure IV.6.2-1 shows the exhaust system that handles the radioactive gases from the
target cooling system. This same system also handles all gas exhausts discussed below, except
those from the cryogenic moderators. Two methods are used to remove the oxygen, hydrogen
and other radiolysis products generated in the target cooling water. The first method employs a
heated catalyst pack, which recombines most of the hydrogen and oxygen in the water supply
tank ultage space to form water. The resulting water condenses and remains within the tank. A
continuous helium-gas purge of the ullage space removes the remaining gaseous products. The
continuous helium bleed replenishes the ullage volume with clean gas within a time period of
several hours. The purge gas is stored in a holdup tank where radicactive gaseous products are
allowed to decay to safe levels before they are released through an exhaust system, as discussed
in Section IV.6.3. HEPA fiiters capture particulate matter in the exhaust system, and the effluent
is exhausted to atmosphere through a monitored stack.

6.2.2 Moderator Gases

The water premoderator and moderator radiolysis products are contained within the
closed-circuit cooling system. The radiolysis products are handled with the other coolant gases,
as discussed in Section IV.6.2.3.

The liquid hydrogen and liquid methane moderators must be pertodically emptied and
disconnected from their flow systems. The highly-flammable liquids are vaporized and the
resulting gases are warmed to near-ambient temperatures. These gases are routed to separate
holdup tanks, as discussed in Section IV.6.3. After sufficient decay time the gases are mixed with
air so that the effluent mixture is nonflammable. This diluted mixture is exhausted to the
atmosphere through HEPA filters and through a monitored stack.

6.2.3 Shield, Reflector, and Other Coolant Gases

The beryllium reflector system is separate to preclude beryllium contamination in the
other cooling systems. This also permits the use of heavy water (D70) for cooling, if desired.
The shield cooling system is a buffered-water system, and is separate from the other water
cooling systems. Radiolysis gases are produced at significantly lower rates in the reflector and
shield than in the target cooling system. Consequently, a smaller helium purge into the ullage
space of each supply tank sweeps the oxygen, hydrogen, and activation products away with the
helium exhaust. The helium flow dilutes the oxygen and hydrogen gas mixture to a composition
that is below combustion and detonation limits. These two gas streams are emptied into
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IV.6 CONTAINMENT IPNS UPGRADE

the holdup tank to atlow sufficient decay time for activation products, before being exhausted to
atmosphere through HEPA filters and a monitored stack. This same design is used for the
exhausts from the target tank cooling system and the proton HET line window cooling system.

6.2.4 Neutron Beamline Exhaust

The neutron beamlines that are not evacuated contain helium gas. The flowing helium
purge-gas streams and the exhaust gases from the vacuum pumping systems are held for a period
of time so that any radioactivity decays to a safe level. The common holdup tank system is used
for this purpose.

6.2.5 Irradiation Tube Exhaust

The three horizontal irradiation tubes within the reflector and the fourth, vertical,
irradiation tube are gas-cooled. The gases contained within the iradiation tubes are recirculated
to prevent the spread of radioactive species. During operation, a hermetically sealed blower
located outside the biological shield circulates gas to the ends of each tube, past the irradiation
capsule, and back through the piping to a heat exchanger. Gases are exhausted from the tubes
only when irradiation capsules 