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Abstract
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brightness of the beam in the PS & low energy would doulde, helping the injedor
complex to satisfy the requirements of the LHC and lenefiting the planred proton
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capahlity of the SPL to operate at a much larger duty factor than that required for
high-energy physics. Consequently, asmall study group ha been set up to andyse the
major tedhnical aspeds of the SPL design as well as the processes of injedion and
capture in the PS. This report summarises the work dore so far, and povides sme
information abou the other possble uses of the SPL beam. The feasibility of such a
cascade of accderators is confirmed, dthough anin-depth design study is dill

required before the realistic performance and cetailed design d that facility can ke
annourced.
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1 INTRODUCTION

As a result of the decommisgoning of the lepton collider, most of the RF
equipment of LEP-2 (Table 1.1) will be available dter the yea 2000. Among the
possble new uses of this expensive hardware [1.2-1.5] isthe dtradive option[1.1] of
a 2GeV linacinjedor for the PS Such a linac offers the following benefits with
resped to the present scheme for the LHC era[1.6]:

e The brightness of the proton bean (number of protons per unit of transverse
emittance) delivered by the PS injedor complex is improved, which helps the
reliable generation d the beans for the LHC. Due to the 2 GeV injedion energy
into the PS the brightnesscan be multiplied by 1.6 while kegping a similar space
charge-induced tune spreal as compared with 1.4GeV.

e Thereis the potential to improve other charaderistics of the PS beam, like pe&k
intensity. Since beam brightnesscan be increased, the total bean current can aso
be increased by filli ng the avail able gerture.

e Bean los®s are reduced with the diarge exchange injedion pocess in the
transverse planes and with the dired cgpture of the chopped linac bean in the
longitudina phase plane.

e The injedors of the PS are modernised and bult with highly standardised
equipment, increasing reli ability and easing maintenance

e New users can be acommodated using the caability of the linacto operate & a
high duy fador (1 MW beam power at 2 GeV is potentially avail able with a 5%
duty fador).

Frequency 352.209MHz
Number of modues (4 cavities per modue) 68

Maximum voltage per modue (E=6 MV/mand 5=1) | 40MV

RQ 2320

Power rating of the RF couper 120 KW

Total number of 1 MW (CW) klystrons 44

Cryogenic power at 4.5K [1.7] 4x 10 KW
(~1/3 for static losses and 23 for dynamic RF load)

Table 1.1: Basic parameters of the LEP-2 RF hardware[1.4, 1.7.

Given the limited eff ort avail able, the work of the study group has concentrated
on the most promising scenario described in Sedion 2. For this s£heme, the main
isaues concerning acceerator techndogy have been covered (Sedions 3 and 4). These
include:

e theH™ source as compared with existing and danned H™ sources world-wide,

e apreliminary design of aroom-temperature 100MeV linacincorporating a wide-
band chopper between two RFQ structures,

¢ the results from on-going reseach and development on the gplicaion d the
niobium sputtering technique to the fabricaion d so-cdled “reduced-beta”
(B<=0.8) superconducting (SC) cavities,



e apreliminary investigation d the bean dynamics of a100MeV - 2 GeV SC linac
sedion wsing 352MHz RF structuresinside LEP-2 cryostats,

e an anaysis of the energy stability of the 2GeV bean in the presence of
microphonc detuning of the cavities,

e adesign o the debunching sedion at the end d thelinag

o afirst design and smulation d charge exchange injedioninto the PSat 2 GeV,

e ananalysis by simulation d the longitudinal capture in the PStaking longitudinal
space targeinto acourt.

The general conclusion d this gudy isthat such a madiine is feasible, athough
not all technicd questions have necessarily been given the optimum answer. More
work isrequired to refine some parameters. In particular, further studies are necessary
to define the optimum transfer energy between room-temperature and SC RF, the
maximum accéerating gradient in the LEP-2 cavities in pused mode and the best
construction methodfor reduced-beta SC cavities.

Important domains like ayogenics, layout on the CERN site and infrastructure
(controls etc.) have nat been studied , bu nore of these is likely to change the
conclusion d the feasibility of the accéerator. However, they must be subed to
proper investigation before beginning any serious cost analysis. The options of re-
using the existing 50 MeV Alvarez linacor using the LEP cavities in a mode diff erent
from n, which were cnsidered at the beginning of the study [1.1], have been
discarded because of their complexity and the performance limitations they introduce

Given the size of such a linac another important task was to consider the
interest of some new patentia uses. Profiting from the caability to operate & a higher
duty cycle than that required by the present proton wsers at CERN, an upgraded
ISOLDE could be supdied with much more bean current (up to 1mA), or a neutron
gpall ation source @uld be built to receve upto 1MW beam power on target. Due to
the improved beam charaderistics, a higher beam intensity can be delivered by the PS
for the needs of experimental physics (neutrino experiments) and interesting macine
physics dudies towards the design of future accéerators, like the proton diver for a
muon colli der, can be caried ou. The outcome of these investigations is summarised
in Sedion 5.



2 CHOICE OF PARAMETERS AND OVERALL L AYOUT

The main SPL parameters are summarised in the Table 2.1. The SAL comprises
an H™ source, two RFQs with a dhopper in between, a Drift Tube Linac (DTL) which
takes the bean up to 100MeV and a SC sedion upto the final energy of 2 GeV. The
schematic layout of the SAL is shown in Figure 2.1.

Linac Current

The design foresees 1.4 x 10" particles at the eit of the PS This corresponds
to the LHC beam-beam limit (the so-cdled “ultimate bean”). H™ ions are accéerated
in the SAL and charge exchange injedion is used in the PS to minimise injedion
losses and the transverse amittance of the acomulated beam. The mean SR current
has been fixed at 10 mA, which means that the required number of particles can be
obtained with an SAL pulse length of ~250us by injeding 110turnsin the PS With a
PSrepetition period d 1.2, the SAL bean duty cycle for LHC isonly 0.022%.

The mean SFL current of 10 mA is the result of a compromise between many
fadors. A lower mean current and a propationally longer bean pulse reduces the
number of klystrons needed by the SC sedion, bu increases the cmplexity of the
power distribution retwork and the number of turns required at injedion in the PS A
higher current improves the power efficiency of the Room Temperature (RT) sedion
and reduces the number of turns injeded in the PS However, it also leads to space
charge problems at low energy and to an increase of the RF power driving the SC
sedion, which implies a larger number of klystrons and is finaly limited by the
maximum power handing capability of the RF windows. Moreover, for 10 mA
current no modificaions are required to the input couders of the LEP-2 cavities.

For the design mean current, the H™ source has to deliver abou 20 mA, which is
within the cgabiliti es of existing ion sources.

Energy

The PSinjedion energy shoud be & high as possble to reduce the incoherent
betatron oscill ation tune shift AQ o« 1/By? induced by space iarge. At the same time,
the transit time fador of the eisting LEP-2 cavities goes up with particle velocity,
making the SFL more dficient at high energy. The linac energy is therefore mainly
dedded by the anourt of materia that can be reauperated from LEP and by cost
considerations. For the present study an energy of 2 GeV is assumed, easily readed
by using most of the LEP-2 equipment. At 2 GeV the tune shift at PSinjedion would
be reduced by afador 1.6 as compared to the present injedionat 1.4 GeV.

RFE Hequency

A standard RF frequency is a dea advantage in terms of cost and maintenance
For this reason, the LEP RF frequency of 352.2MHz used for the SC part of the linac
has been adopted as well for most of the RT part.



a. Main Bean Parameters

No. injeded particlesper PSpuse | 1.5 | 10" | LHC bean-bean limit

Mean current during pulse 10 [ mA

Pulse length 250 | pus | 110PSturns

Repetition rate 0.83 | Hz | 1.2sbetween puses
Linacfilli ng fador 1/2 every other bucket fill ed

No. linacbunches per PSbucket 11 for losdesscepturein the PS
SH. Micropuse 59.6 | ns | equivalent to 11linacburches
Choppng fador 46 | % | chopped bean ontotad

Mean burch current 37 | mA | inan RF period,for full buckets
Source airrent 20 | mA

Beam duty cycle (for LHC) 0.021| %

Maximum design duty cycle 5 % | for possble other applicaions
Maximum average arrent 500 | uA | S% duty cycle

b. Transverse Emittance Budget (um, rms, narmali sed)

In out
Source 0.2
RFQs + chopper 0.2 0.3
DTL 0.3 0.4
SC sedion 0.4 0.6
PS 0.6 1.5
c. Longitudinal Plane
SC exit PS
inpu

Emittance 3 3 n° MeV total (5 rms)
Energy spread | +2 +0.5 | MeV total (\5rms)
Phase spread +1.5 +10 | degat 352MHz | total (V5 rms)
Energy jitter +6 +1.2 | MeV total, from microphorncs
d. Linac Sedions

Freq. | Win Wout Description

[MHZ] | [MeV] | [MeV]
Source - 0.05
RFQ1 176.1 | 0.05 2
chopper - 2 2 wide-band eledrostatic chopper
RFQ?2 352.2 2 7
DTL1 352.2 7 20 | standard Alvarez tank
DTL2 352.2 20 100 | SDTL (tankswith externa quadrupdes)
SC1 352.2 | 100 1000 | reduced-beta SC cavities
SC2 352.2 | 1000 | 2000 | standard LEP2 cavities
Transfer line 2000 | 2000 | 200m “debunching” line

Table2.1: Main PL Parameters.
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Choppng

In order to achieve ahigh longitudinal cgpture dficiency, an esential feaure of
the SFL is the dhoppng of the linac bean at the PS RF frequency. Choppng is
provided at 2 MeV by a wide-band eledrostatic chopper, similar to the one used at
BNL [2.]], placedl between two RFQs. The frequency of the first RFQ (RFQL), a sub-
harmonic of the main linac frequency, defines the rise-time of the dopper, which
must be shorter than the time between two burches, while the linac filli ng fador
(fradion d full buckets) determines the mean burch current. In the basic design, a
compromise has been made asauming a frequency of 176 MHz for RFQ1. This
corresponds to a chopper rise-time of 4.2 ns and afilli ng fador of a half, which keegs
the mean burch current, defined over one g/cle & 352 MHz, to lessthan 40mA. This
solution, havever, requires the development of a fast chopper with a rise-time more
than afador of two smaller than the BNL device The chopper is also used to produce
an empty interval for the rise-time of the gedion kicker, eliminating one wmplete
linac micropuse per PSrevolution period (2.212us). The number of linac bunches
that fal inside the PS bucket, 11 in the preferred scenario, and the 1/21 ratio o
missng pulses for gedion dfine the doppng fador (bean-off time on total) to
46%. The resulting mean burch current is 37 mA. The time structure of the SAL beam
is ketched in Figure 2.2.

PSrevolution period (2.212ns)
< >

PS RF period @ h=21 (1053 rs)

JEEE . EE

Beam micropuse (60 ns, 11 burches) Missing puse

Figure 2.2 Time structure of the SPL beam pulse at injedionin the PS.

Pulsing d SC Cavities andDuty Cyde

Sincethe SFL duty cycle required in the “PSfor LHC” scenario isonly 2 x10%,
the SC cavities neal to be pulsed to minimise hea disspation in the structures and
average power consumption. The pulsing of SC RF systems is a field where some
development has been dore recently by the TESLA collaboration [2.2] and a spedfic
approad for the SAL is described in Sedion 3.2.4Up to aduty cycle of abou 5%, the
size of the ayogenic system is mainly determined by static losses and RF pulsing has
no impad on the required pover of the ayoplants. Some precaitions in the design of
the mading systems for the RT sedion have to be taken in order to have alinea
acceerator that can operate & 5% duty cycle, for example with 1 ms pulses at 50 Hz.
However, an important additional overhead incurred for a 5% duty cycle is the
shielding needed to cope with the higher adivation dweto lossesin the SA..




Transverse Emittance

An important design constraint of the SFL is the minimisation d the transverse
emittance which shoud be smaller than that of the present 50 MeV bean injeded
into the PPB. A possble transverse emittance budget is $own in Table 2.1b.The H™
source amittanceof 0.2 um (rms, namali sed) iswell within present capabiliti es, while
a blow-up d 100 has been pessmisticdly assumed in the RT sedion die to space
charge dfeds, mismatch between the different sedions and misalignments. Anather
50% blow-up hes been conservatively assumed for the SC sedion, with misalignment
the main source. The simulations of injedion in the PShave thus been made painting
the PSaccetance with an emittance of 0.6 um to allow for this overall blow-up by a
fador of three from source to PS For comparison, the present high current Linac2
injedor (180mA, 50MeV) shows ablow-up d afador two between source and PB
injedion, predicted by the simulations and mainly due to space darge dfeds.

Beam Losses andHalo Formation

A major concean o high energy linac designs is the adivation dwe to beam
losses. In the cae of the SAL, the losslimit of 1 W/m for hands-on maintenance[2.3]
corresponds to arelative particle lossat 2 GeV of 10%m for the nominal (LHC only)
duty cycle and o 10%m for the 5% maximum duty cycle. The latter is between ore
and two orders of magnitude higher than for projeds like ESS or APT which have
mean bean powers correspondngly higher [2.4, 2.3. In the SAL, space targe related
halo formation would be minima due to the low mean burch current of 37 mA. In
addition, the large ratio between aperture aad rms beam radius in the SC cavities,
which is between 35and 75in the present design, all ows most of the halo particlesto
be transported and properly removed oncollim ators before PSinjedion. However, the
isue of bean losses is considered important enough to require further detailed
analysis of halo formation in the SAL and some modificaions to the design, like a
more gradual change of the focusing period between the linacsedions.

Other Options

The transition energy between RT and SC parts has been preliminarily fixed to
100 MeV. However, in cese the sputtering of niobium on the lowest beta
supercondtcting cavities would na be feasible, they would be made of bulk niobium
andthe DTL energy increased upto 150MeV.

A scheme based onthe re-utili sation d the 50MeV Lina as an injedor for a
352MHz linac has been considered [2.6] and dscarded, at least for the time being. It
would invalve the replacement of the present RFQ of Linac2 with a new one operating
a 50.3MHz (i.e, V7th o the SC frequency) and the re-tuning of Lina2 from
202.56MHz to 201.3MHz. This arrangement makes the chopper design trivia, bu
the 1/7 filli ng fadtor in the 352.2MHz sedions leals to amean burch current of abou
140mA and henceto serious ace targe problems nat only in the SAL, bu also at
cgpture in the PS However, this heme can be @mnsidered as an opion for the
construction d the SAL in stages. In this case, the SAHL would initially operate with
Lina2 as injedor a reduced current and with a longer beam pulse. Later on, the
construction d a new 50MeV injedor would allow the full design current to be
readed.



3 LINAC DESIGN

3.1 Low-Energy Room-Temperature Sedion

3.1.1H Source

Probably the most important element in an accéerator chain is its urce of
particles. Whereas a source of pasitive particles is relatively easy to redise for high
intensities, pused sources for negative ions have proved more difficult, although
some very high powered dc devices have been developed for fusion reseach. In view
of the number of different types avail able, the dhoice of a suitable source mmes down
to reliability and lifetime questions as long as the performance and charaderistics are
adequate. Magnetrons and Pennings generally have asymmetric amittance due to the
dit geometry of the extradion. Multicusp converter and vdume sources normally
have symmetric amittances. There is aso the question if the casium, used in many
sources to improve performance could have medium to long term effeds on the

voltage halding of high field cavities and preinjedor columns.

Laboratory Type I Energy €'y a*y Cs Reference Notes
[mA] [kV] used
LANSCE Surface 40 80 Y [3.1] 12% duty [3.2]
Frankfurt M ulti cusp 120 65 0.06 Y [3.1] Experimental ESS
Desy Magnetron 35 18 0.28 | 0.25 Y [3.2] p.199
RF volume 16 18 0.18 | 0.16 N
33 23 N
JHP (KEK) | Volume 16 50 0.41 N |[3.2] p.293 | 90% Emittance
Grumman | Volume 10 40 0.1 N | [3.2] p.479
JAERI Volume 36 100 0.8 YIN [ [3.2] p.668 | Multi-aperture
LAMPF Surface 18 80 4 Y [3.2] p.704 | 98% Emittance
NSNS Volume 35 65 0.14 [3.2] p.749 | Multicusp, objedive
BNL Magnetron 37 35 [3.2] p.779
Efremov Penning 15 | 20(60) | 0.21 | 0.11 N [3.2] p.869
40 0.3 0.2 Y
ISIS Penning 35 665 2.1 3.0 Y [3.3] p.1525
LBL RF 30 35 0.1 N [3.3] p.1513 | Multicusp
100 19 ~0.12 Y
FNAL Magretron | 50 750 16 | 1.8 | Y |[34]p917 | 90% Emittance
65 750 1.8 2.6 Y
LAMPF Volume 18 80 0.2 Y [3.4] p.1016
Desy RF volume 80 35 N [3.5] p.992 | Accderated ?
NSNS RF volume 35 30 N [3.5] p.962 | Achieved
Frankfurt Volume 40 22 Y [3.5] p.1012 | ESSdevelopment

Table 3.1 Suveyof H™ preinjedor performances extracted fromrecent conferences
(Linac98[3.1], Linac96[3.2], EPAC96[3.3, PAC95[3.4 andICIS97[3.9).
Emittances are gm, rms, narmali sed.

Table3.1is a compilation d H™ ion source performances derived from recent
conferences and represents known, and in general demonstrated accéerator
performance. Unlike protons, negative ion accéeration can be losg/. Transmisson
between source and linac ca be & low as 34% with even further losses in the



linac[3.5). The main cause of these lossesis dripping of the H™ onthe residual gasin
the LEBT as negative sources often require high hydrogen presaures (afew 10° mbar
in an open plasma chamber) which demands high cgpaaty pumps and dten pused
gas supgies to maintain davnstream presaures at a reasonable level. In a system
designed to acceerate negative ions eledrons will also be accéerated. Eledror/ion
ratios can read 10001, bu with careful design and ogimisation this can probably be
brought down to below 10:1. The dumping of these dedrons at very low energy can
give rise to aberrations in the ion beam and also contribute to stripping losses.
Formation times for negative ions can, undr cetain condtions, be quite long
(hundeds of microseands) and measures might have to be taken to improve the rise
time.

However with the present techndogy, it does not seem too dfficult to med the
spedfications of a negative ion sourcefor the SAL provided that low energy losses can
be kept under control or reduced. The main question would be which system to use.
Arc discharge multi cusp vdume sources would seam, by their simplicity, to be agood
choice bu their performance might be marginal unless caesium is added (which
increases the cmplexity). The RF volume source looks good on grformance but has
the disadvantage of requiring much equipment at high vdtage (or an RF isolation
transformer). It is passble that, if the improvements carried ou on the RF source[3.6]
[3.7] were gplied to a volume source, the spedfications could be met, but this would
require much more reseach and development which may not give the benefits
desired. Both types of source given adequate woaling could med an extended
spedficaion d 5% duty cycle. It will be of interest to follow the development of
experimental multi cusp source reported recantly [3.8] to seeif its performance ca be
transported to an operational acceerator.

3.1.2 Radio Frequency Quadrupoles

The first stage in the pre-injedor chain of the SAL is a pair of RFQs in which
the bean is accéerated to 7 MeV before injedion into the DTL. Choppng of the
bean has to be dore before the DTL, and the preferred scheme is to dothis between
the two stages at 2 MeV.

The basic RFQ parameters are analysed below with their influence on the
overal scheme andthe aiteriafor the optimal choice

The frequency is avery important parameter as it determines the focusing power
and the length of the RFQ. The frequency must be equal to, a a sub-multiple of, the
DTL frequency. The focusing parameter of the RFQ is propational to the maximum
field between the dedrodes, the inverse of the square of the frequency and the inverse
of the distance between the dedrodes. Consequently, frequencies below 200MHz are
more suitable for very high current proton beans and higher frequencies (300
400MHz) for low to moderate proton keams. Conwersely, for succesdul choppng,
lower frequencies are preferred as the chopper rise time shoud be shorter than the RF
period. A frequency of 176 MHz (one half of the DTL frequency) has been chasen for
the first RFQ and a frequency of 352MHz for the second. The frequency jump
between the RFQs requires particular attention to the longitudinal shaping of the
burchin thefirst RFQ.
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The maximum field at the vane tip (and the maximum voltage between the
eledrodes) determines the length of the RFQ and the probability of breakdown. The
Kilpatrick’s criterion serves as a guideline: field values up to 2xKilpatrick are
common. To be anservative, the maximum field has been kept below 1.7xKil patrick.

The transition energy between the RFQs soud na be too low to limit the dfed
of the deburching nor too high to limit the voltage neeled in the chopper. The
compromisevalueis2 MeV.

As for more spedfic beam dynamics parameters, a speda concern comes from
the jump in frequency of a fador of two between the RFQs. This sts dringent
requirements on the longitudina emittance a the output of the RFQL. The
longitudinal emittanceisformed in the first RFQ so that in this case it does not change
after 2 MeV. Thisfad is exploited and the first RFQ designed with a very low voltage
in order to form the longitudinal emittance & adiabaticdly as possble, while the
seond RFQ operates at higher voltage in order to kee the overall Iength within
reasonable limits.

Both RFQs contain a dedicated matching sedion. The first RFQ has aso been
equipped with an ouput matching sedion to get a round keam with a radius of 8 mm
a the dhopper (100% of the bean). The seaond RFQ, after a standard radial matcher,
contains a reburching sedion to make up for the dongation in the 1.6 m chopper line,
correspondng to some 14 A at 2 MeV and 176MHz.

Table 3.2 summarises the main parameters of the proposed scheme. It shoud be
stressed that these values are the result of a preliminary study and further optimisation
is dill possble.

RFQ1 Chopper RFQ2
Inpu energy 50 keV 2 MeV 2 MeV
Output energy 2MeV 2MeV 7 MeV
Frequency fo 176 MHz 352MHz
Voltage 140 K 1.7 K 100 kv
Maximum eledric field 20MV/m(1.4K) 34MV/m (1.7K)
Length 2.3m 1.3m 4m
Shurt impedance 100 KO m 80 kO m
Ped power 450 W 500 W
Average bore radius 8 mm 2mm
Moddationfador (max) 2.0 2.5
Transmisgon (at 10mA 9% 100%
current)
Design emittance (rms, nam) 0.2um 0.2um
Transverse accetance (rms, 0.8um 0.6um
normali sed)
Output long. emitt. (rms, at fo) 0.3degMeV 0.6degMeV

Table 3.2 Main Parameters of the RFQs.
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3.1.3 Chopper

The structure mnsidered for the SAL chopper is a pulsed eledrostatic defledor
based onthe BNL design [3.9). It comprises two defleding plates sgmented into
strips which are perpendicular to the bean diredion and which are wnneded by
coaxia delay lines in ader to match the defleding pulse velocity and the bean
velocity. Asin the ESSdesign [3.10, the cdhopper is placal between two RFQs. The
transfer energy of 2 MeV avoids the beam neutrali sation problems of a chopper placed
before the RFQ as well as the high vdtage required by a chopper a high energy
(between RFQ and DTL). The aiticd parameter is the dhopper rise time. This needs
to be shorter than the distance between burches to avoid partialy filled buckets,
which could lead to losses at high energy. For the SAL, the frequency of the first RFQ
is 176 MHz and the maximum phase length of the beam in the chopper is +45°, which
means that arise time of 4.2 nswould be needed to avoid partialy fill ed buckets.

An important feaure of the SAL chopper is that transverse and longitudinal
matching of the beam into the chopper and from the dhopper into the following RFQ
isadhieved by matching sedions inside the RFQs. This predudes the need for transfer
lines and burching cavitiesin front of the dhopper. Between the RFQs there is a space
of 1.6m for the chopper and for some diagnastics, with a waist in the transverse and
longitudinal planes at the dopper mid-position. The second RFQ includes a
rebunching sedion and a standard radial matcher. In the present design, the dfedive
chopper length is 1.3m, the dhopper voltage is 1.7kV and the chopper aperture is
30 mm. The distance between the cantre of the dhopped and unchopped beans at the
dump placed onthe @ver of the secmndRFQ is 30 mm.

3.1.4 Drift Tube Linac

The natural choiceto cover the energy range between the RFQ (7 MeV) and the
SC sedion (nomina inpu energy 100MeV, with the optionto go upto 150MeV) isa
Drift Tube Linac(DTL). RF frequency standardisationin the SFL and the higher shurt
impedance make preferable afrequency of 352.2MHz for the DTL, with resped to
the first sub-harmonic (176.1MHz). Moreover, the smaller cavity dimensions at that
frequency allow a design with short tanks withou quadrupdes inside the drift tubes.
Bridge @muders can conred the tanks, and the focusing provided by quadrupde
arrangements external to the tanks. This new approacdh has been already considered in
many laboratories[3.11-3.15 for awide range of duty cycles (0.2-100%). Of course, a
more traditional DTL design based onlong Alvarez tanks at 176 MHz or 352 MHz
frequency with quedrupdes inside the drift tubes is possble for the whole energy
range of the SAL DTL (7-150MeV).

A traditional Alvarez-type DTL, due to the short focusing period (2B1), is
perfedly appropriate for low energy and/or high current beams and is unavoidable
when the bean is grongly space tiarge dominated. On the other hand, a DTL with
external focusing offers sveral pradicd advantages. First, the shunt impedance is
higher becaise the drift tube design, withou the cnstraint of housing a quadrupde,
can be optimised for low cgpadtance At 70 MeV the shunt impedance of an external-
focusing structure & 352MHz is 1.5times higher with resped to an Alvarez structure
a the same frequency [3.19. Sewnd, the medianicd construction d the tube
bemmes smpler, coding is particularly easy and aignment of the drift tube is not
criticd. In particular, the drift tubes withou quadrupdes inside have more relaxed
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alignment tolerances, resulting in a less expensive tank construction. And finally,
having dired access to the quadrupdes is particularly useful for re-alignment and
repair. All these feaures make thiskind d structure suitable for modern linacs, which
use low current H™ beams, high RF frequencies and high energy RFQs.

In the cae of the DTL for the SAL, space targe forces out of the seand RFQ
(7 MeV) are till high enough to require ashort focusing period, making a structure
with external focusing lessattradive. For this reason, asingle Alvarez DTL tank with
FODO focusing, quedrupdes inside drift tubes and past-couper stabili sation hes been
adoped in this gudy to acceerate the beam from 7 to 20MeV. The transverse phase
advance per periodis st to 22°at peak current. Figure 3.1 shows the beam envelopes
(x, y and energy) in thistank. The emittance blow-upislimited to 3% in the transverse
and longitudinal planes.

first tank - wdtl 05722 98pic= 2
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Figure 3.1 Beam envdopesin thefirst tank (standard Alvarez).

The main part of the DTL can be made of 8-cdl tanks (eath 8B\ long),
separated by a 3 BA drift with a quadrupde triplet. A period is shown in Figure 3.2.
Triplet focusing is preferred because of the resulting round eam inside the tanks,
which minimises the amittance growth due to RF defocusing. The mean field in this
sedionis 2 MV/m and the synchronous phase is -30°. The power distribution system,
from the klystrons to the tanks, could be abranch system of the LEP type with ore
klystron feeding 8 o 4tanks, or a more innowtive layout with bridge coupers
conreding the tanks and orly one RF window per klystron.

Table 3.3 shows the main parameters of the proposed design. For convenience,
it is divided into three sedions (7-20 MeV, 20104 MeV and the optional 104
150MeV sedion).
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Figure3.2 Basic DTL period (20-150MeV).

Sedion 1| Sedion 2| Sedion 3
Inpu energy W, 7 20 104 MeV
Output energy Wout 20 104 150 MeV
Type of structure standard | externa | externd

Alvarez quads guads
Frequency f 352.2 352.2 352.2 MHz
Mean field Eo 2 2 2 MV/m
Number of cdls per tank n 78 8 8
Number of tanks N 1 28 12
Tank dameter D 0.54 | 0.520.49 0.47 m
Tank length I 10.8 1.41-:294| 2.983.42| m
Bore diameter do 24 30-36 36 mm
Drift tube diameter Dy 160 80- 100 100 mm
Synchronous phase &s -30 -30 -30 deg
Shurt impedance ZT° | 20-27 | 70-39 | 39-28 | MQ/m
Peek surfacefield E, 7.5 17 18 MV/m
Length L 10.8 87.6 55.2 m
Pedk power Ptot 1.1 4.7 3.3 MW
Number of klystrons Ni 1 5 3
Number of tanks per klystron 1 8-4 4
Focusing FODO triplets triplets

Table 3.3; Main DTL Parameters.

For the analysis of the sedions with external focusing, the wde PARMILA
[3.14 has been used in conjunction with a routine spedally written to analyse strings
of tanks with external focusing [3.15. The matching of the sedions between 20 and
150MeV is not yet optimised, as can be seen in Figure 3.3, which shows the beam
rms radius at tank centre & a function d beam energy. Mismatch is apparently the
origin of the 10% transverse amittance growth, which occurs mainly at high energy,
while eamittance growth in the longitudina plane is negligible (Figure3.4). At
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20MeV, the transverse phase alvance per period at zero current is 105° and the tune
depressonis 0.8. The transverse emittance asumed in the simulationsis 0.35um.

Further studies will focus on extending the structure with external quadrupdes
towards alower energy by reducing the number of cdls per tank and onoptimising the
focusing. What is considered as the main limitation d the present preliminary design
is the sharp change of focusing period from the Alvarez tank to the external focusing
DTL. A better optimised design shoud split this jump into smaller changes in
focusing period that would finaly allow a gradual transition from the short RFQ
focusing period (BA) to the long period imposed by the ayostats to the SC part
(10BA). Particular effort has to be made to achieve good matching between the
different sedionsin order to avoid emittance growth and helo formation.
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Figure 3.3 Rms beamradius at tank centre alongthe DTL (20-150MeV).
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Figure 3.4 Rms emittances alongthe DTL (20-150MeV).
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3.2 High-Energy Superconducting Sedion

3.2.1Basic Choices and Overall Layout

The SC part (SCL) of the SAL comprises four different sedions made of
352.2MHz supercondLcting cavities optimised for beta of 0.48, 0.625, 0.8nd 1
respedively. Standard LEP-2 4-cdl cavities designed for particles with g =1 (Figure
3.5 are used at energies above 1 GeV. The basic cdls for the “reduced-beta” cavities
are shown in Figure 3.6. They are aranged in 4-cdl cavities (#=0.48, 0.62pand 5
cdl cavities ($#=0.8) [3.17]. Figure 3.7 shows the transit time fador, T, as a function
of beam energy for the four basic cavities compasing the sedions.

power coupler HOM coupler

241 mm diam
752 mm diam.

2410 mm total length

Figure 3.5 Basic LEP-2 cavity.
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Figure 3.6 Shape of “ reduced-beta” SC cdls (dimensionsin cm, from[3.17).
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Figure 3.7: Transit time factor, T(N, 5, ), asafunction d energy, W, for the four
sedions of the SCL.

The transit time fador takes into acount the reduction in acceeration efficiency
due to phese slip when a cavity of N cdls optimised for a geometricd beta £ (i.e.,
made of cdls £;4/2 long) is used for particles of relativistic velocity 4. The aurvesin
Figure 3.7 have been oltained by an analytic cdculation based on a sinusoida
approximation to the red field dstribution on axis cdculated by the program
Superfish [3.18. Theresulting transit time fador isafunction d N, gand £.

The dficiency of the existing LEP-2 cavities, which were built for 4, =1, goes
down rapidly with deaeasing energy. While it would be feasible to use them for
protons above @ou 500MeV (T~ 0.3, a more dficient solution considered here is
to buld new 5-cdl cavities optimised for f;=0.8 and install these in the eisting
LEP-2 cryostats [3.19. This arrangement covers the energy range dficiently between
500MeV and 1GeV, as can be seen in Figure 3.7. Two additional sedions of 4-cdl
cavities optimised for f; = 0.48and 4, = 0.625installed in shorter cryostats cover the
energy range dficiently between 100MeV and 200MeV and between 200 and
500MeV, respedively. The ayostat and cavity arrangements in the four sedions are
shown in Figure 3.8.

The cmposition d the SCL, from 100MeV to 2GeV, is given in Table 3.4.
The overall length takes into acourt a distance of 344 between cryostats for doulet
focusing. Eadh cryostat contains four cavities and eight cavities are fed by the same
klystron. From the power point of view, thefirst 5 klystrons (upto 350MeV) can fee
16 cavities ead, bu this lution leals to a lower energy stability at the end d the
SCL due to the reduced feedbad loop efficiency and is discaded for the moment,
until more data ae avail able. The dternative lower number of klystronsisindicaed in
parenthesis in Table 3.4. For atotal power of 19 MW, 36 Wystrons of 1 MW output
power are installed, leaving alarge margin for amplitude and phase control and for a
paossble upgrade of the linac arrent. Detail s of the mean field and synchronous phase
correspondng to this layout are given in Sedion 3.2.3.
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Figure 3.8 Cavity andcryostat layout in the four SC sedions.

Sec | By No No No No Cells | Output | Length | RF
Cryostats | Klystrons | Cavities |per Cavity| Energy Power
[MeV] | [m] | [MW]
1 | 0.48 8 4 (2) 32 4 191 58 0.9
2 | 0.625 14 7 (4) 56 4 452 126 2.6
3 0.8 16 8 64 5 1027 | 188 5.8
4 1.0 34 17 136 4 2041 | 407 10.1
Tot. 72 36 (31) 288 779 194

Table 3.4 Composition d the SCL.

This sheme re-uses 34 LEP-2 4-cavity modues with their cryostats, i.e. 53% of

the 68 installed in LEP. Moreover, 16 cryostats are enployed for the 4, = 0.8 cavities,
giving a total of 52 cryostats re-used (76%). Depending from the amourt and the
status of the available equipment, an energy exceading 2 GeV could be atieved by
using therest of the cavities.

The option d using LEP-2 cryostats for al the SCL has been analysed. In this

case, 6-cdl cavities for f;=0.48and £y = 0.625would be installed in the existing
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cryostats, but the longer focusing period at low energy drasticdly limits the maximum
current.

The optimisation d the transition energy between the RT and SC sedions
requires a cst anaysis that goes beyond the purpase of this gudy. The SC cavities at
the lowest S will probably be made out of bulk niobium, whil e the high-energy part of
the DTL, athouwgh less expensive, is inefficient from the power point of view. The
optimum transfer energy will be the result of a caeful cost optimisation, passble only
when al the parameters involved are known. For the moment, it is assumed that the
transition is at 100 MeV. If a transfer energy of 150MeV or higher is chosen, the
entire sedion with f; = 048 cavities can be discarded and the f; = 0.625 sedion
extended to lower energy.

Phase aljustment between cavities is obtained by matching the space between
cavities inside and ouside the ayostats to the particle velocity. However, for the
existing LEP-2 modues the distance between cavities inside the ayostats is fixed,
meaning that high paver phase shifters are needed to adjust the individual cavity
phases.

A predse strategy has to be daborated for tuning up such a linag i.e, for
finding the corred klystron amplitudes and phases during the running in and after a
shutdown. Below 500MeV, the “At procedure” can be used. In this technique,
comparing the bean phase in two pick-ups with ore modue switched on and df
makes a relative energy measurement. At higher energies, the increase in particle
velocity per modueis snall and this technique beames unreliable. Above 500MeV,
it shodd be possble to use the “phase scan signature” tedhnique. This involves
scanning the cmplete 360° phase settings of a modue, produwcing a large change in
energy that is easier to measure. Calculations fow that the size of the energy change
depends only dightly on the input energy. This prevents errors in the setting from
bewoming larger and larger along the linac

Pulsed operation d the SC cavities will be required to minimise hea disgpation
in the structures and average power consumption. For a loaded Q-value of 2.6x 1°
(LEP-2 cavities) the bean is injeded after 1.62 ms. The @rrespondng form of the
voltage pulsein the cavitiesis shown in Figure 3.9 for two cases, correspondng to the
nominal pulse length of 250 us (LHC beam) and to a pulse length of 1 msthat can be
used for other appli cations.

1.4

124 1(inj)=1.62 ms w(beam)=0.25 -1 ms
‘-

0.8

0.6

relative cavity voltage

0.4

0.2 4

time [msec]

Figure 3.9: Voltage pulse onthe SC cavities.
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Microphonc andradiation pgesaure dfeds due to the pulsed operation d the SC
cavities can be mmpensated by stabilising loops (Sedion 3.2.4. At the duty cycle
considered (< 5%), static ayogenic losses will dominate. Taking a static loss of
180W per 4-cavity modue (Sedion 3.9, the overall cryogenic power lossfor the 72
cryostats of the SCL is 13 kW, abou the madling capadty of a LEP-type ayoplant.
LEP is presently equipped with four cryoplants, bu these caana be reauperated
because they will be re-used for the LHC. Applying the LEP-2 conversion fador of
225W/W, the dedricd power needed for refrigeration would be dou 3 MW.

Animportant option that can be exploited for the SC sedionisto runthe LEP-2
cavities at a field higher than 6 MV/m. This is possble becaise pulsed operation
reduces the probability of quenching and kecause only abou 50% of the LEP-2
cavities will be reaperated, alowing only those with the highest gradient to be
seleded. Finaly, reductions in the Q-value & high field can be tolerated because the
RF cryogenic loses are negligible compared to static losses. However, these
performances must be confirmed experimentally and, for this reason, the present study
is based onthe mnservative sssumption d a6 MV/m field.

3.2.2 Reduced-beta Cavity Devdopment

The availability of a large SC RF system after LEP decommissoning has
prompted the study of SC cavities with g lessthan unty (typicdly 0.5< < 1) in
order to extend the paosshiliti es of re-using LEP equipment in a proton linac The
tecdhndogy developed at CERN for the LEP-2 projed seems rather attradive for such
an applicationfor several reasons.

e Thelow frequency chaosen for LEP allows alarge iris aperture (200- 240mm) and
agrealy reduced probability of bean losses along the accéerating structure.

e The niobium-on-copper techndogy has a number of advantages. no magnetic
shielding is necessary, no hard quenches are observed, the material cost is gredly
reduced - in particular for low-frequency cavities - and, finaly, little ast increase
occurs if the structure needs to be strengthened against mechanicd instabiliti es.
Thisis espedaly true for reduced-beta cavities with almost flat side walls.

Consequently, in 1997, CERN launched a test programme to evauate the
feasibility of reduced-beta cavities using LEP-2 techndogy, the first results of which
were presented that same yea at the 8th Workshop onRF Supercondctivity [3.17).
The main oucome of this gudy (whichis gill i n progress is simmarised below.

Scding from a =1 cavity to a lower f means reducing propationaly the
length of eat cdl whilst keeguing the eguator diameter more or less constant (at
constant frequency). In dang so, the geometry fador beames lessfavourable (thereis
more stored energy for the same accéerating voltage and more wall 1osss for the
same stored energy). Even with the same quality of niobium layer, the performance
would nd be & goodas that of standard = 1 cavities.

Single cdls with three geometries (= 0.48, = 0.625and = 0.8 have been
constructed and tested at liquid helium temperature. There was no sign of muilti-
padoring, na were any quenches recorded. However, a deaease of the quality fador
was observed. This deaease was much larger than that cdculated and becane more
pronourced for lower S cavities. The most convincing explanation lies in the
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influence of the angle of incidence of the niobium atoms when the SC layer is
deposited. The shorter the cavity (for lower f), the smaller the arerage angle of
incidence To counter this effed, a shorter magnet will be used to locdise the
magnetron dscharge more predsely during deposition. In addition, spedfic tests with
samples coated at diff erent incidence angles have been undertaken. The first am isto
investigate the dfed on surfacestructure (existence or nat of a clumn structure) and,
later, the RF properties of such samples will be measured with a quadrupde resonator
[3.20, 3.21.

The single-cdl £=0.8 cavity has RF properties which were mnsidered
accetable and, therefore, it was dedded that a five-cdl = 0.8 cavity could be built
using LEP techndogy. Such a cavity could fit diredly into a LEP cryostat (which
normally houses four =1 cdls), thus re-using al ancillary equipment including
tuner bars, coupgers, HOMSs, cryogenic drcuits and aso the so-cdled cavity “cut-
offs’, i.e. the beam tubes with their various flanges, which represent more than half
the ast of amulticdl cavity.

3.2.3Beam Dynamics

The bean dynamics through the SCL has been computed with the program
LANA [3.29, which generates a distribution d particles in 6D phase space ad
integrates the motion in a field distribution generated by the cavity design code
Superfish [3.18. Space harge dfeds are taken into acourt.

The starting distribution was 6-D waterbag with rms normalised emittance of
0.4 um and rms longitudinal emittance of 0.6« deg MeV. These values result from the
general emittance budget discussed in Sedion 2 and givenin Table 2.1band 2.%.

The SCL has been first of all optimised for zero current. In this case, the phase
advance per focusing period is 80°. Figures 3.10-3.12show the evolution d the bean
transverse envelopes, of the phase and d the energy spread along the SCL. A small
mismatch in the transverse plane is generated at the transition between the different
type of cryostats. Finer locd optimisation d the quadrupde fields sioud take cae of
this. In the longitudinal plane, the matching is not perfed due to the sharp change of
the dfedive accéerating gradient at the transition between the sedions of different 3
(see Figure 3.13. The dfed of the mismatch is very small for zero current: only a
residual oscill ation d the longitudinal envelope of some 0.1° results at the end d the
SH.. However, for the nominal current further work is necessary to improve baoth
transverse and longitudinal matching since in the presence of space targe, such
mismatches can cause amnittance growth in the threeplanes.
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Figure 3.11 Half width phase spread,5 Orms, dONgthe SCL for zero current.
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Figure 3.13 Effediveaccderatingfield vs. energy (LANA integration d SUPERHSH
data).

The longitudinal acceptance of the SCL has been cdculated by popuating a
large aeain the inpu phase plane, trakking eat particle through the maciine and
then following bad the particles accepted. This takes into acourt the dfed of the
stray fields at the edges of cavities, which canna be negleded in this case. The phase
spaceplot of the acceted particlesis shownin Figure 3.14.
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Figure 3.14 Longtudinal acceptanceat 100MeV and & 191 MeV (end d the =0.48
sedion).

For the zero-current case, a preliminary study of the sensitivity of the output
beam quality to RF field errors has been performed. Randam phase and amplitude
errors have been generated uniformly in agiven range and wsed in 400 lean dynamics
runs. The erors assuumed here ae residual randam errors that can be expeded after
the adion d the feedbadk systems (Sedion 3.2.3.
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In Figure 3.15,the energy spread o the bunch and its energy deviation along the
SCL are shown for phase arors within +3° and amplitude erors within £3%.
Figure 3.16 shows these parameters for phase earors within £10°. The eergy
accetance dong the SCL is aso shown for comparison.

In al cases, there is no instantaneous emittance growth in either longitudinal or
transverse planes. In principle, phese arors up to +10° are still acceptable in the SCL
as the burch still stays inside the accetance, but the large energy deviation produced
at the SCL output (abou 20MeV) is larger than the PSenergy accetance and hes to
be reduced by an energy-correding cavity placel at the end d the transfer line to the
PS
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Figure 3.15 Half width energy spread,v5 AW, alongthe SCL. From battom to top:
energy spread inside the bunch; bunch centre deviation for +3°, £3% randam cavity
errors; andenergy acceptancefrom andytical calculations.
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Figure 3.16 Half width energy spread,v5 AW, alongthe SCL. From battom to top:
energy spread inside the burnch; burnch centre deviation for +10° randam cavity phase
errors; andenergy acceptancefromandytical calculations.

24



Some preliminary simulations with space targe (40mA current) show a
transverse rms emittance growth and a deaease of the longitudina rms emittance
This sems to indicae a redistribution d energy between the longitudina and
transverse phase planes (equipartitioning) due to couding between the planes through
space darge forces. The relative amittance growths along the SFAL in the 3 panes are
shown in Figure 3.17. The 45% transverse emittance growth is due to the adion d
space targe onthe largely asymmetric bunch and to the transverse mismatch between
the ayostats of different types.
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Figure 3.17 Relativerms emittance growth dongthe SCL, [=40 mA.

In order to reduce the amittance growth by improving the eyuipartitioning of the
bean emittances it is necessary to provide stronger focusing in the transverse plane or
wedker focusing in the longitudinal plane below 1 GeV. While the latter would result
in the lossof the main advantage of a supercondicting linag a stronger focusing can
be more eaily applied, either by shortening the ayostats in the reduced-beta sedions
or by pladng supercondicting quadrupdes inside the ayostats. Already in the present
design there is ©me margin for reducing the distances between cryostats at low
energy, where shorter quadrupdes can be used. A reduction d mean burch current
would aso reduce onsiderably the emittance growth. For example, a mean burch
current of 20 mA, which could be obtained by a more sophisticated choppng system
filling al the buckets, has been tried in the smulations, resulting in 28% emittance
growth.

Above 1 GeV the LEP cryostats can be used, because & it follows from
Figure 3.17 after an energy of abou 900 MeV the euipartitioning fador is abou
unity and the emittances are stable.
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3.2.4Beam Energy Stahility

Microphonc vibrations of the SC cavities are ansidered as the main source of
field (amplitude and phese) errorsin a pulsed SC linac and are tredaed spedficdly in
this Sedion, together with a crredion scheme based on RF feedbadk of the cavity
voltage and plese.

Vibrations of the SC cavities at their medanicd resonance frequencies
(typicdly, some tens of Hz) can be excited either by the cavity environment, in
particular by turbulences of the madant, or by the strong Lorentz forces ading on the
cavity walls during the RF pulse. Small vibration amplitudes and the crrespondng
small cavity detuning can in high-Q SC cavities induce large voltage drops and phase
shifts. The dfed onthe bean of such vdtage and phase arorsisto excite synchrotron
oscill ations of the beam centre that can lead to bean losses in the linacor in the PS if
the linacbean fall s outside the PSlongitudina accetance

To reduce the dfed of the cavity vibrations RF feedbad of the cavity voltage
and phase can be gplied at the klystron inpu. For the SA., a feedbadk scheme and
cdculation tods developed for eledrons in the frame of the TESLA projed [3.23
have been adapted to the nonrelativistic proton kean. The principle of the self-
excited loop wsed in bah cases is shown in Figure 3.18. The frequency of the loop
tradks the cavity frequency in order to stabili se the anplitude of the cavity voltage. To
reduce the amplitude and phese fluctuations of the cavity voltage during the beam
pulse, two signas are injeded respedively in phese and in quedrature in the self-
excited loop to modify the voltage of the generator propationaly to the deteded
amplitude and phese arors.

phase
shifter

Figure 3.18 Cavity inserted in aself-exated loopwith two signdsinjeded in phase

(regulation d amplitude) andin quadature (regulation d phase). A& and ¢ are the

amplitude and phae references. G, andGq are the gains of the amplitude and phae
loops.

The RF loops can stahili se the cavity voltage and phese only partialy when a
klystron feeds a string of cavities, al i ndependently vibrating. In the cae of the SAL
the feedbadk looptradks the average frequency of the aght cavities conneded to eath
klystron and takes the vedor sum of the aght voltages, leaving a residua error with
an effed on the beam. For a given randam error distribution in the 288 cavities of the
SCL, the ade used in the simulations cdculates the motion d the bean centre and
the residual energy and plese arors at the &it of the linacfor the individual bunches
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inside the pulse, taking into acourt the adion d the feedbadk loops. The wmde
asumes that the frequency of the cavities does not change during the RF pulse,
because the period d the medanicd vibrations is much larger than the beam pulse
duration d 500 ps taken in the mmputations. The simulations take into acount as
well the detuning due to Lorentz forces, which is compensated by the feedbadk loop.
For the cdculation o the Lorentz force dfed, the detuning parameter, 2 Hz/(MV/m)?,
and the medanicd resporse time, 10ms, of the LEP-2 cavities have been assuumed
for al thelinac

In the &sence of predse measurements of the amplitude of microphonc
vibrations in the LEP-2 cavities in pused mode, two test values have been taken as
maximum frequency error in the smulations, +20Hz and +40Hz. These two cases
correspondto large phase arors of +13° and +24°, respedively, and are cnsidered as
very conservative. The present experience with pusing LEP-2 cavities (during
conditioning, for example) does nat indicate excessve vibration levels.

The simulation pogram takes a uniform distribution d cavity errors between
the two limit values. Withou the feedbad loops, the beam islost in the linacin bah
cases. With the feadbadk loops and the gain set to 100for both loops, the bean is
transported to the end d the linac The dfed of the Lorentz force is gnal at the
relatively low accéerating gadient of 6 MV/m and is constant from pulse to puse.
The phase loopcan be eaily set asto compensate for it, and its effed on the beam can
be negleded in comparisonto the dfed of vibrations.

The results of the analysis of 500 error distributions are summarised in
Table 3.5. For eat dstribution, the program computes the energy and plase arors at
2 GeV for all bunchesinside a500 us beam pulse. The table reports the rms value of
the relative energy error inside the single bean pulses, and the rms value of the
relative energy error for the 500 cases. The latter represents the energy error of
different beam pulses, for which the erors are nat correlated. The energy variation
inside the pulse is very low, coming esentially from the finite bandwidth of the
feedbadk loops, while the energy jitter between dff erent pulsesis more than ore order
of magnitude larger. Figure 3.19 shows the paosition d the bunch centre (averaged
inside the single pulses) relative to the synchronouws particle for the 500 puses. The
rms energy offset at 2 GeV is3.1MeV for +20 Hz vibrations and 5.8MeV for the +40
Hz case. The aditional RF power required by the feadbadk loops is also given in the
Table.

Maximum vibration detuning +20Hz +40Hz
(AW/W)ms, inside pulse 4.05¢10” | 1.52x10*
(AW/W);ms, pulse-to-pulse 1.5310° | 2.92x10°
Additional RF Power, worst case 5% 15%
Additional RF Power, average 2% 5%

Table 3.5. Energy spread a 2 GeV and addationd RF power for two vibration
amplitudes.
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The longitudinal rms beam emittance @ 2 GeV, 0.6n-deg-MeV, is much smaller
than the overall surfaceoccupied by the beam in the longitudinal plane in presence of
errors (Figure 3.19. It is therefore passble to consider this surface & an owerall
longitudinal beam emittance in presence of vibration errors. The value of the overall
rms emittance for the two cases of Figure 3.20is 6 n-deg-MeV for £20 Hz errors and
25 -deg-MeV for +40Hz errors.

Random vibrations- 20 Hz Random vibrations - 40Hz

LaTal
oU

20

AW (MeV)
AW (MeV)

A¢ (deg)

Figure 3.19 Average energy \s. average phaseinside a puseat 2 GeV for 500
different pulses andtwo vibration amplitudes.

3.3 Debunching Cavity and Transfer Linetothe PS

A transfer line and a deburching cavity ading as an energy corredor are
required between the SAL and the PSto compensate part of the energy jitter induced
by microphonc vibrations in the SC cavities. Calculations have been made with
TRACE3D [3.24 asuming an owerall phase and energy spreal at 2 GeV of £7° and
+10MeV, respedively. The values given in this Sedion for energy and plese spread
are total onesin the TRACE convention, i.e., +V5 rms. This emittance ontains 99.8%
of the caes computed in Sedion 3.2.4for vibration amplitude of +20 Hz and 76 of
the caes for £40 Hz vibrations. The energy acceptance of the PS being abou
+2 MeV, an RF cavity is necessary to corred for the overall energy spreal.

The length of the lineis dictated by the longitudinal dynamics, asit is necessary
to let the beam overall emittance spread ou in phese before the RF cavity can reduce
the energy spreal. The 352.2MHz cavity (which can be another LEP-2 standard
modue) is placal 200m downstrean from the eit of the SA., where the overall
phase spreal is £35°. The dfedive voltage required is then 16MV, to get an ouput
energy sprea (i.e., residua jitter of the mean beam energy from pulse to puse) of
2 MeV.

As for the transverse plane, the line comprises four focusing periods ead 52 m
in length and eat with a phase alvance of 14(°. This limits the dimension d the
beam to 15mm in the worst case. Figure 3.20 shows the initial and final transverse

28



(top) and longitudinal (bottom) emittance and the bean envelopes from the output of
the SFAL to injedion in the PS There is sufficient spacein the line for the bending
elements that would be needed, depending on the relative position d SA. and PSon
the CERN site.

Taking as input in the simulations the single-bunch longitudinal emittance out
of the SAL instead of the overall emittance the phase spreal at PSinjedionis+9° (at
352MHz) for zero current and £10° for 40mA. This value is a measure of the
influence of space darge on PScapture. The mrrespondng residual energy sprea is
+0.5MeV.
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Figure 3.21 TRACE3drunfromthe ext of the SPL to the entrance of the PS.

3.4 RF and Cryogenics

LEP will be equipped in 1999with 288SC cavities (272 d the Nb/Cu type and
16 d the solid niobium type). They are powered by thirty-six 1.3MW (CW) klystrons
(one Kklystron feels eight cavities through an array of magic tees) and will deliver a
total acceéerating voltage of about 3 GV (at 5= 1).

A small fradion d the LEP-2 RF power system will be re-used for the LHC at
Point 4, where the accéerating system is located. Eight klystrons and eight circulators
(plus gares) areto be modified (or partialy rebuilt for a frequency of 400MHz). The
rest, including the high-voltage distribution boxes (one for every two klystrons), the
high vdtage, high-power converters and a large fradion d the waveguide distribution
system with magic tees could be enployed for the SFL.
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Pulsing the LEP klystrons, as foreseen for the SA, is certainly possble. It is
routinely done during cavity condtioning with RF pulses of abou 10 ms duration.
However, the very high refleded power from the SC cavities (four times the forward
power) at the sharp end d the pulse may cause damage to the drculators. This effed,
which led to some design changes in LEP, must be caefully evaluated for a
continually pulsed mode of operation. To minimise power consumption, it will be
necessary to modify the klystron moduator circuits (which for LEP are relatively
slow) to acdhieve rise and fal times compatible with SFL operation. With a pulsed
load, the dc power converters may exhibit some disturbing internal resonances, which
would require some (hopefully minor) modificaions.

The nominal Qey value for LEP cavities (f=1) is 2 x 106. This corresponds to
full power transfer to the beam at an intensity of 10 mA (onthe aest of the wave) and
an operating field of 6 MV/m (10 MV/cavity), and is therefore adapted to the high-
energy sedions of the SAL. For the reduced-beta sedion, where the voltage per cavity
gets smaller, an adjustment of the cougding fador (length of the muder antenna) will
probably be necessary. For the same reason the number of cavities fed by the same
klystron can be dhanged from 8 to 16in the ealy part of the SCL.

Due to the medanicd tolerances of the cavities (shea metal construction) and
the resulting field flatnessimperfedions, there is a large scdter in the cavity cougding
fadors (or Qex'S) to the waveguides. It has been demonstrated experimentally that
corredion d the largest Qex errors can be adieved with simple A/4 waveguide
transformers locaed in a long straight sedion d waveguide upstream of the cavity
coupers. Fully adjustable A/4 transformers can aso be @nsidered (a prototype has
been bult), but they are quite expensive.

The dedricd length of the waveguides, from circulator to the cavities, canna
easily be determined with an acairacy better than a few degrees of RF phase (£5°,
including the dfed of the mupders themselves, is a typicd figure for LEP). It will
therefore be necessry to include variable phase shifters in front of ead cavity to
compensate phasing and cougding tolerances. A design with three movable pistons
exists for alimited range (0-60°), but simpler solutions are dso posshble.

The ayogenic load of the SAL SC cavities is esentialy static, the RF and
beam-current-dependent losses being negligible & the duty fadors considered. The
design figures[3.25 aregivenin Table 3.6.

Experience of pulsed operation d LEP-2 cavities has been aqquired over along
period in the SPS(with a pulse length of 250ms and two to four pulses every 14.4s
cycle). The ayogenic consumption d the “half modues’ installed in the SPS
corresponds to the dowve evaluation.
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Thermal radiation aaosssuperinsulation 4x9W

Conduwctionin suppat rods 4x2.5W

Conductionin cooled beam cones 2x<1W

Conductionin cooled main coupers (MC) extension tubes 4x<1W
Conduction from heaed tuners 4x<0.1W

Conductionin pipes 4x<2W

Various gnaller loads, including sensor cables and passages| 4x<5W
agossinsulation

Typicd total modue static load 80W
Equivaent refrigeration load of gas cooling MC, tuners and 100w
cones (0.89g/9)

Tota static refrigeration load per modue 180W

Table 3.6; Satic thermal loads of a niobium-film nodue.

3.5 H™ Stripping

An H™ ion moving through a magnetic field can be stripped to H° due to the
eledric field, E, see in the rest-frame. The neutrali sation rate per unit length in the
presence of quadrupde magnets can be cdculated. The rest-frame lifetime may be
estimated from the foll owing expresson [3.29:

T= % exp{%) Q)

where A;=2.47x 10° V¥/m and A;=4.49x 10° V/m. Formula (1) has been applied to
H™ stripping in the LAMPF PSR [3.27, 3.28. The dedric field is determined by the
transverse magnetic field, B, in the rest-frame:

E=/fcB,
where c isthe speal o light. A quadrupde magnet produces an eledric field that is a
function o radial position:

r
E=E,—
0 ro
wherer, isthe beam radius. Hencethe H™ beam current lossper unit length of the SFL
can befound ly integrating over the bean crosssedion:

A
2E, exp-—2
W) |y XPEE) | .
dz A, L,
PrcA E +4

where L, is the doulet length and Ls is the length of the focusing period. For the
focusing gradients along the SCL of Figure 3.21(dotted curve), the relative bean loss
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per meter cdculated using formula (2) for a constant beam radius of 10 mm inside the
quadrupdes is siown in Figure 3.22. For this pessmistic case (the mmputed bean
radius inside the quadrupdes, Figure 3.10,is between 3 mm and 7 mm), the relative
loss <10°%m, is much small er than the losslimit of the SPL at 5% duty cycle, 10%m.

15 °

Quadrupole Gradient [T/m]

0.1 0.5 1 15 2 2.5
Energy [GeV]

Figure 3.21 Quadupde gradients alongthe SCL. The upper curve orresponds to
all quad-updesof 40 cmlength, the lower (dotted) curveto 80cm quadupdes above

1.2GeV.
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Figure 3.22 Relativestripping lossper meter in the SCL above 1 GeV for 10 mm
beam radius (quad upde gradients corr espondng to the dotted curve of Figure 3.21).
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The relative aurrent loss when an H™ bean passes through a bending magnet
may be foundfrom:
Al {1— exp(— i)}
T,

I yrfic
where Sis the beam path length in the magnet. The relative aurrent lossat 2 GeV as a
function d magnetic field is shown in Figure 3.23for 45° and 90 bending angles,
taken as test values for the design dof the transfer line and o PSinjedion layout. The
bending field shoud be limited to ~0.2 T, so the beam path in a90° magnet is ~75m.
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Figure 3.23 Relative arrent lossin 45°and 90° bends.
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4 INJECTION AND CAPTURE IN THE PS

4.1 Basic Considerations

Injedion Energy

The PSinjedion energy shoud be & high as possble to reduce the transverse
tune spread, AQ, induced by space targe in the PS[4.1]. Tune sprea is the fador
limiti ng beam brightness N/&*. Assuming around keam,

1 N

/37’28f 5_*

where N is the number of circulating protons, &+ is the normali sed rms emittance, By is
the burching fador (mean/pe& line density), and £ and y are the usua relativistic
parameters.

Sedion 3 shows that, by re-using LEP-2 RF hardware, a kinetic energy of
2 GeV can be adieved at the output of the SAL. Compared with the nominal case for
LHC, where the injedion energy is 1.4 GeV, the bean brightnesscan be increased by
a fador of 1.6 for the same AQ. Given that the intensity required by the LHC is
attained in just ~250 us with the SAL, instead of 1.2 swith the PSB, an increase of the
brightnessby afador of 2 is considered feasible [4.2)].

AQ o

Transverse Accumulation

Charge exchange injedioniswidely accepted as the optimum processfor multi-
turn injedioninto a synchrotron. It has the foll owing key advantages:

e high efficiency (low losg which minimises the arrent required in the linac and
theinduced adivity in the accéerator,
e minimal transverse amittance of the acamulated bean.

Sedion 4.2 describes how charge exchange injedion may be implemented in the
existing PSmadine & 2 GeV — an energy where that technique has never previously
been employed.

Because of the small SA. beam emittance and d the charge exchange injedion
process al the beams nealed for the LHC [4.3 are eay to generate by varying the
number of turns acaimulated:

o with ~20turns, the charaderistics of the commisgoning bean can be dtained
(1.7 x 10™ protons per burch on k84, & =0.75um);

e with ~65turns, the nomina beam intensity is obtained, bu within half the
spedfied emittance (1.05x 10" protons per burch on k84, & =1.5um);

e with ~110turns, the intensity of the ultimate bean is achieved, aso within half the
spedfied emittance (1.7 x 10" protons per burch on k=84, & =1.5um).

For the nedals of fixed target physics (neutrino experiments, etc.), much higher
beam intensities can be obtained using alonger SAL pulse and filli ng a larger fradion
of the gerture. The analysis of charge exchange injedion in Sedion 4.2 treds the
case of the present intensity record (3 x 10" protons per pulse) and shows that this
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can be obtained within smaller transverse emittances than today and with much less
beam loss

Longtudina Accumulation

In order to maximise the longitudinal capture dficiency, the SAL beam is
chopped so that particles are only deposited inside PS buckets on h=21. Chopgng is
such that one bucket is left empty (Figure 2.2), so that the bean can be transformed at
high energy into atrain of 80 conseautive burnches on h=84 as ketched in Figure 4.8
(Sedion 4.3.3. This leaves four conseautive unpopuiated buckets for the rise-time of
the gedion kicker.

4.2 H™ Injedion Layout

H™ Injedion

The processof stripping H™ into protons using a thin foil at alocation where the
injeded and circulating beams are dose together permits continuous injedion into the
same region d phase space Intense beans with low emittances can therefore be
attained. Calculations from the European Spall ation Source (ESS [4.4] show that an
H™ stripping efficiency of 98.8% can be predicted with some @nfidence The
remaining unstripped H™ and H® particles will be diminated on dedicated dumps.

The first cdculations have been made assuming a number of injeded protons
correspondng to the PS*high intensity” beamn, which is equal to abou twicethe LHC
intensity, and a linac emittance of 0.6 um. For this beam, the full 2 GeV injedion
processinto the PScan be atieved in 250turns using a linac with a dhopper system,
providing a total of 3 x 10" circulating protons within 550us and namalised
emittance & x, = 3 um. The Twiss parameters of the stored beam at the foil azimuth
are B,y =11.79m, ax, = -0.06,By, = 22.26m and oy, = -0.03 (subscripts x and y refer
to the horizontal and the verticd planes, i and r dencte the incoming turn and the ring
respedively). The dispersion at the injedion pant is Dy, = 2.31m. The Twiss
parameters of the injeded bean a the foil are derived from the expressons
Bi = Br(eile)® and o = ouPi/Bm, Yielding By = 6.89m, oy = -0.03,By, = 13.02m and
oy, = -0.02.Ellipticd beam densities in the transverse plane have been considered in
subsequent simulations, giving paraboic bean profiles. Beans with truncaed
Gausdan density in energy have dso been considered with a total energy spread of
3 MeV. Limiting phase space di pses with “radii” of V5¢; and V50 contain 100% of
the stored and injeded beams, which corresponds to 98.44 of the beans within
projeded dmensions of +2c, and +2a;.

Transverse injedion painting is generaly required to minimise the space targe
tune shifts. However, Figure 4.1 shows that there is littl e room for painting the 3 um
PSemittance needed for the LHC with the 0.6 um SHL emittance Thus, no @inting is
caried ou, bu fixed haizontal and verticd closed orbit bumps of 5.3 and 7.3mm,
respedively, are necessary to separate the dosed orbit from the injeded ion trgjedory.
A verticd bump is necessary becaise the injedion foil is of corner shape, i.e. it
occupies the upper right corner of the injedion dane (third picturein Figure 4.2). The
expeded tune shifts are very small.
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Foil pasition

Figure4.1 Horizontal stored andinjeded beam elli pses at the injedionfoil in
normalised phase plane x4 X (after four injeded turns) for PStunes of Qx= 6.24
andQy = 6.29.The dosed orbit bump amplitude at injedionis 5.3 mm Horizontal
physical emittances are &; = 1.0 umfor the injeded beamand &, = 5.1 umfor the

stored beam (total V5 rms).

Computer modelling of H™ injedion hes been caried ou using the @de
ACCSIM [4.5]. Carbon corner foils of various thickness have been considered, with
and withou cougding between the planes. Figure 4.2 shows the ACCSIM scater plots
in transverse and longitudinal phase space ad in red space d&ter completion d the
injedion processusing a 450 ug/cm? foil (2 um thickness. For the 250turns injeded,
the predicted average number of foil traversals per particle is 30. For this folil
thickness the cdculated emittance growth is abou 7% in the horizontal plane and
15% in the verticd plane. The cdculated linea space darge tune shift is abou —0.07
in bah panes. The G-fador (ratio of the particle density in the bean centre to the
average density) of 0.76 foundis lower than unty, as expeded for a hollow beam.
Further simulations shoud be undertaken to consider the space darge potential of the
holow beam creaed duing the injedion. The foil temperature & the end d the H™
injedion process has been computed from the energy deposit in foil to be 2320°C,
considering the dfeds of injeded ions and circulating protons séter in the foil. This
temperature rise iswell below the 3550°C melting point of carbon.

Similar simulations of 2 GeV H™ injedion have been caried ou for stored
beams of the same brightness but with half the intensity and transverse amittance
This sheme fills 1.5 pm with 1.5 x 10" circulating protons in 125turns using the
same 0.6um SH. emittance In this case, the predicted average number of fail
traversals per particle is reduced to 20,the amittance increase remains below 8% in
bath panes and space darge tune shiftsdo nd exceal —0.15.
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Figure4.2 ACC3IM plots after the injedion d 250turnsinto the PS wsing a
450 ug/en? carbonfoil : transverse phase space (top), real spaceandlongtudinal
phase space (battom). Transverse physical emittances are & (95%) = 5.0 umand
&,(95%) = 5.4 umfor the stored beam. For comparison, the enittances would be
&r(95%) = 4.7 umand &,,(95%) = 4.7 umfor a zero thicknessfoil .

Injedion Layout

The H™ injedion pant is assumed to be in the midde of PS short straight
sedion 60 (1 m long). Combined function magnet units (ead 5 m long, including the
coil dimension) are interleaved with the drifts. The injedion bump is provided by four
thin dpodes, ore locaed in short straight sedion59 (1 m long), orein straight
sedion 61(2.4m long) and two in straight sedion 60. By tilti ng these dipole magnets,
simultaneous bumps will be made in bah panes. The cdculated kicks are
approximately 1 mrad per dipde. The wugding introduced by the edge dfed of tilted
dipdes has not been quantified yet. The following injedion geometry has been
cdculated onthe basis of the 125turn injedion scheme rather than the 250-turn ore,
but this does nat significantly affed the injedion layout. Removal of unstripped H™
ions and HC particles can be ahieved by using two dumps placel off-centre in long
straight sedion 61 adjaceit to the magnet unit 60. Eledrons cleaing will be
completed using an eledro-magnet and a olledor install ed in the vicinity of the foil .

lon and proton trajedories have been cdculated anayticaly by integrating the
eguations of motion inside the injedion region d the PS To this end, the measured

37



field map of a PS magnet has been converted into a paynomial to get a suitable
functional form. Figure 4.3 shows the H™ ion and proton trgedories in a Cartesian
frame x-z with the origin o the x-axis at the entrance of straight sedion 59and the
z-axis aigned such that the proton closed orbit enters magnet unit 59 (upstream of the
injedion straight sedion) at x = 0. The incoming H™ beans enter the injedion region
a position x=427.7mm (z=0) and angle ¢=-88.4mrad and ht the foil at
x=-19.6mm(z=6.799m) and ¢ = -31.8mrad.

0.4
H-
0.3
x[m g5 N il
0.1
P L —— =
=
,Hf/ h
1 2 3 4 5 6
z[m]
Entrance Magnet Foil location
Section B Unit59 (centre Sedion 60

Figure4.3 H trajedory andPS poton closed orbit with bump from straight sedion
59 entrance upto foil | ocation. The two ddted lines show the PSreference proton
closed orbit withou bump (bottom) andthe ouitli ne of the magret unit 59 yoke (top).

Magnet unit 59 is made of a dosed half-unit (which is verticdly focusing for
negatively charged particles) followed by an open half-unit with the yoke oriented
towards the cantre of the ring. The field aberrations are strongly nortlinea in the
closed half-unit sincethe H™ trgedories passfar from the central orbit, whereas they
remain small when the open half-unit is traversed becaise the H™ trgedories remain
close to the central orbit. This resultsin very large verticd bean sizes at the entrance
of this magnet. Given the Twiss parameters required at the foil for optimal H™
injedion and wsing the transfer matrix for small oscill ations abou the H™ path, the
propagated Twiss parameters of the incoming H™ ions evaluated at the aimuthal
locaion correspondng to the entrance of straight sedion 59 are By; = 1.77m,
ox, = 0.05,By; = 67.65m and ay; = -11.0. Hence, in order to guarantee the wrred
opticd parameters at the injedion foil, two matching quadrupdes will presumably
haveto beinstalled at the end d the SA.-to-PStransport channel.
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4.3  Longitudinal Capture

An important issue for the injedion d a high intensity beam into the PSis the
control of spacecharge dfeds. This hods espedaly for the 160 s long SH-
burches, where the pe& charge density is particularly important. In order to
courterad the space targe defocusing, the gplied RF voltage has to be high as
compared to the space targe voltage, which reades high locd values for very short
burches.

The uncderlying equations to numericdly trea the synchrotron motion are

d AE (@
———="2N(p)-V(p,)+V
G, ~ 27l @) V@) +Vsclo)]

d hwn

—Ap = AE

at" " pE,

where AE=E-E_, Ap=¢-9¢,, n=1y>-1y* with 1 ganma & transition. E

and ¢ are the energy and the phase of the particle, V(o) is the gplied RF-voltage and
h the harmonic number. The suffix s refers to the synchronous particle and, since the
equations govern ony first-order variations from the synchronows values, the
revolution frequency @, is evaluated for the synchronous particle in the caculations.
The spacecharge voltage V.. generated within the beam is given by the derivative of
the line density A(¢) of the particle distribution

di(p) Rg

dp 2g,y° ’

where R is the radius of the machine. For a bean with circular cross gdion d mean
radius a in a drcular pipe of radius b, the geometry fador go fador is defined as

0o=1+2 In(b/a). The inductance L of the vacuum chamber wall may be negleded in
the present problem.

A modified verson d the multi-particle tracking code TRACK1D [4.6] has
been used for the simulations. The main modificaions consisted in 1) allowing the
injedion d many burches at variable distance correspondng to dfferent linacfilli ng
fadors, in the same synchrotron bucket [4.7], and 2 all owing the phase of the injeded
bunches to shift gradually from one turn to the other. The latter represents the fad that
linac and PS RF frequencies will nat be synchronised. In this way, the linac bunches
arenat injeded ore over the other, and the overall space targe patential isreduced.

Vec(®) =1

In the simulations, the total number of protons in the ring is 1.5x 10" and the
injedion d the 10mA mean current SFL beam covers 110 turns. This bean is
represented by up to 150000 maao-particles. The initia longitudina particle
distribution injeded in every bucket consists of 11 burthes of parabdic phase and
momentum distribution spaced by 19.4 at the 9.5 MHz PSRF frequency and with a
total energy spread of +0.7 MeV. The centre phase of ead burch shifts by 18° (1/20
of the period at 352 MHz) at every turn, to smulate the dfed of asynchronows RF
frequencies. The parameters of the PSmadine ae radius of 100 m, bending field at
injedion d 0.1327T and bending radius of 70 m. The RF harmonic number is 21 and
the fixed RF voltageis 50 kV.

Two dfferent cases have been analysed. In the first one, the linac burches are
injeded at the corred energy, 2 GeV. In the semnd case, they are injeded with an
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energy offset of 1.5MeV, correspondng to 3times the rms energy error introduced by
mechanicd vibrations in the supercondicting cavities with £20 Hz maximum
detuning (Sedion 3.2.4and Figure 3.20. The rotation d the dfedive longitudind
emittance by the energy-correding cavity (Sedion 3.3) istaken into accourt.

From the smulations one can seethat the line density of the beam builds up
during beam acaimulation and reades its peek value right at the end d the injedion
process when many burches are still upright in longitudinal phase space After more
turns, the burnches rotate inside the bucket and smea ot filli ng the entire bucket area
Consequently, the first few turns right after injedion are the most critica ones. Pe&k
line density and space darge voltage rapidly deaease a times goes on.

The evolution d the phase spacedistribution duing injedion is represented in
Figures 4.4 and 4.5,the latter for the cae with energy off set. The RF bucket for zero
space darge is drawn to guide the ee, and a darker shadow corresponds to higher
particle density. Figures 4.6 and 4.7 show the @rrespondng phase space snapshats,
including for comparison the cae withou space targe, together with line density and
space targe voltage dter ~11 synchrotron periods (4900 turns). The computed
capture lossis zero for injedion at the @rred energy, and in the cae with maximum
energy offset less than 1% of the particles lie outside of the bucket. The overall
computed capture lossin case of linac caity vibrations of £20 Hz is therefore <10°,

More work is now required to finally tune the RF voltage during capture and
optimise the processin the longitudinal phase plane. Moreover, the use of a VHF RF
has to be studied, to help speed up the dilution o the bean in the buckets and
smoathen the dharge line density.
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Figure 4.4 Evolution d the particle distributionin longtudinal phase spaceduring
thefirst 1000turns. Theinjedionendsat turn 110.
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Figure 4.5 Evolution d the particle distributionin longtudinal phase spaceduring
thefirst 1000turns, for an dfset in energy at injedion d +1.5MeV. Theinjedion
endsat turn 110.
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4.4  Accderation and Beam Gymnastics

Once burches are formed at 2 GeV, acceeration takes placeon harmonic h=21.
The PShaving aready demonstrated in the past its capability to accéerate beams with
similar longitudinal charaderistics on harmonic h=20, no dlfficulty is expeded in the
longitudinal phase plane for any of the beans required by the planned high energy
physics programme.

For the generation d the beam required by LHC, doube bunch splitting will
permit the aroidance of the problems associated with passng through a debunched
beam state and keep a gap for kicker rise-time in the burnch train. Figure 4.8 shows the
proposed evolution d the longitudina particle density at 26 GeV in the PS Twenty
burches held in h=21 buwkets are aiabaticdly “split” twice This gives first
40 burchesin h=42 bickets, then 80burchesin h=84 buckets.

PS revolution period

LIT DRy Il lItiill oen2t

@ h=42

LiliiannnnnnnennnnnunnrnennnRRenRRnRen RURRRRR RN nnnRnRnRIRnRIRnRnRRnRREnRINnIIl @h:84

Beam gap for Kicker rise-time

Figure 4.8 Evolution d beam longtudinal density at 26 GeV.

Bunch splitting has been amply demonstrated [4.1] and hes the remarkable
cgpability to preserve the total longitudinal beam emittance
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5 OTHER APPLICATIONS

5.1 Potential of the Facility

The previous sdions have dedt with the performance of the PS for the
presently planned CERN physics programme, and espedally for LHC. But the 2 GeV
Linac can pdentially provide 1 ms bean pulses every 20 ms that can be used ether
direaly or through the PS Both uses can be interleaved in time.

Dired uses of the SPL beam

The posghility to make use of the Linac bean for a radioadive ion source like
ISOLDE is considered in Sedion 5.3,where the possble extension d the existing
fadlity is envisaged, as well as the future neals of the next generation d sources.

This beam isalso o interest for driving a neutron spall ation source & described
in Sedion 5.2.1ts potential performanceis compared to the eisting propacsals.

Beam uses throughthe PS

The first dired consequence of the 50 Hz SAL repetition rate is that the dead
timein ead PScycle can be reduced to a minimum because the repetition period daes
not necessrily need to be amultiple of 1.2s, as imposed today by the PSB. The
flexibility introduced in the programming of the PScycles will help increase the mean
current delivered by the PS even if the intensity per cycleis kept constant.

Moreover, the PS proton intensity per cycle can be increased well above the
present limit of 3 x 10™. Making use of the 1 ms beam pulse length capability of the
SA. and wsing the nominal parameters for longitudinal cepture (chopgng as in
Figure2.2, beam can be aceomulated over ~450turns. This corresponds to
6.25x 10" circulating protons in 20burches on h=21, which might be of interest for
new physics experiment needing high flux from the PS (neutrino experiments, etc.),
espeddly if use is made of the flexibility introduced by the oycling rate. Such
flexibility would also make the PSan invaluable test bench for machine studies with a
view to future high intensity macdines (neutron spall ation sources, proton diver for a
muon colli der, etc.).

Ancther interesting benefit comes from the wide-band chopper that allows to
popuate the PS bunches in an arbitrary manner and, for example, to easily change
their number and the distance between them. Using the smallest possble harmonic
number compatible with the present ferrite cavities at 2 GeV (h=6), and for the same
mean beam current in the Linag a single PSbucket can colled up to 36 conseautive
SAL burches. With a 1 ms bean pulse, that burch will acamulate 1.59x 10"
particles. Provided the PS is equipped with the alequate injedion and egedion
systems to operate & 50 Hz, these high single-burch intensities are dready very nea
the expedations of the neutron spall ation community. Kegoing the present maximum
tolerated level of uncontrolled beam losses at 10" protons/s, the percentage of beam
lost is at the levelsindicated in column 4 d Table 5.1.If this geaficaion is met, the
charaderisticslisted in Table 5.1 can then be expeded.
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No. protons | Kinetic | Pulselength | Tolerable | Cycling Mean Mean bean
per pulse | energy (aPS losses rate bean power
extradion) current

6.25x 10° | 2GeV | <2.2pus 2x10% | 50Hz | 500pA 1MW

1.59x 10" | 2GeV | <360rs |1.2x10°| 50Hz | 127uA | 250 KW

Table 5.1 Highintensity after accumulationin the PS.

Mixed Operating Mode

Table 5.2 shows a typicd scenario of operation for the SAL/PS Complex
asuming that the SAL pulses at 50Hz and, somewhat arbitrarily, that high energy
physicsfill sonly 60% of the PSschedule.

Beam user Madine Bean charaderistics Bean
time power
High energy physics | PS 60% High energy
(including LHC) SH_: 0.6%
Neutron source PS 40% 50puA (360 5) @2 GeV | 100 KW
SH.: 40% or or
200pA (2.2pus) @2 Gev | 400 KW
ISOLDE (secmond PS 0% <300pA @ 2 GeV <600 W
generation) SH_: 59.%06

Table 5.2 Typical operating modes of the SPL/PS Complex

5.2 Proton Factory for a Neutron Facility

The linac described in this report could be operated at a duty cycle of up to 5%
withou mgor modificaions on the cavities and RF generators, so that pulses of, for
example, 1 ms at arepetition rate of 50 Hz seem possble.

One posshility of using such a high duy cycle is neutron production with a
gpall ation target. Neutrons play an increasing role in materias reseach, which is a
field covering a wide range of applicaions ranging from physics, engineeing and
chemistry to hiology and biotechndogy. For some 4000 scientists in Europe, neutron
beans have become an indispensable tod for their reseach programmes [5.1].
However, in contrast to the increasing demand from users, there is a predicted dedine
in the number of neutron sources. The planned NSSin the US and the projeded ESS
and Austron fadliti es in Europe try to dffer new posshbiliti es. Unfortunately only the
NSSis approved at the moment. The ESSis aming at a beam power of 5 MW, while
the NSSis originally foreseen for 1 MW with a possble future upgrade to 2or 4 MW,
and Austron is planned with 400500kW at 50 Hz. For comparison we note that the
SINQ at PS operates with abean power of abou 500kW and SIS with 200kW.

The SAL, with amean beam current of 10 mA at 2 GeV and with aduty cycle of
5%, has a bean power of 1 MW. Consequently, it lies very much in the range of
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interest of the neutron-user community. It must be pointed ou in this context that a
pulsed source has definite alvantages compared to areador [5.2]. Although there ae
users for milliseond puses, qute a strong community needs dhorter pulses like
50-100us or even davn to 10-20 us [5.2). It must be remembered that the neutron
pulse is lengthened duwe to the adion d the moderator (to produce thermal or even
much colder neutrons). Hence, to achieve al0 us pulse for example, the proton puse
must not be longer than a few microsecnds. However, since the maximum repetition
rate is limited (compare the ESS scenario!) to abou 50Hz by the experiments, any
shortening of the pulses will reduce the available intensity. An increase in bean
current by, say, a fador of ten would yield a higher mean power in spite of such
shorter pulses, however a better option would be to use the Boaoster as an acawmulator
ring. As this machine would nolonger be nealed by the PS (at least, for filli ng the
LHC with protons), it could be used exclusively for a neutron production faality.
Storing 6.25 x 1013 protons and running at 50Hz seem feasible & an energy of
1.334GeV [5.3], correspondng to abeam power of 667 KW. Anacther, cheger, option
isto usethe PSwhen it is not occupied as an injedor for the LHC. Asthisisthe cae
for most of the time (LHC fillings are relatively brief and infrequent) and as the
injedion line drealy exists, no further investment is necessary apart from the usual
complicaions of high pover madines e.g. the crrespondng neel for fast bean
dumps and losscontrol. In addition, it would make use of the full 2 GeV energy. One
disadvantage of the use of the PSis of course that it will not only be needed for filli ng
the LHC but also for other beams, which may require perhaps up to atotal of 60% of
the avail able time. Building a speaal compressor ring could lift these limits. Some of
the diff erent options are summarised in Table 5.3

Scenario Energy | Current | Pulselength | Repetitionrate | Total power
[GeVv] | [mA] [ns] [HZ] [kW]
Linaconly 2 10 3 50 3
Linaconly 2 10 20 50 20
Linaconly 2 10 100 50 100
Linaconly 2 10 1000 50 1000
With PS 2 ~ 5000 ~2 50 ~ 1000

Table 5.3 Neutron production scenarios.

In the case of operation withou the Booster or PS an increase of the SFL proton
current to more than 50mA would na be out of the question. Only the low energy
part of the SAL would need to be replacel. This could yield an increase in total power
by more than afador of five.

In the cae of operation with the PS current increases (and hence power
increases) of some mnsiderable fador do nd seem to be excluded. This could be
achieved by upgrading the ion source (a fador 2 in current is a straightforward
posshility) and by funrelling. With funrelling, a arrent increase of afador of two is
achieved by filling al SH. buckets, bringing the total power up to 2MW. The
increase in the source arrent would result in 4 MW power.

In any case, the aiticd limit will be the particle losses that can be tolerated.
More detail ed work is necessary to asessthis.
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5.3 Driver for the Production of I ntense Radioactive |on Beams

Much effort is presently being invested to plan and develop rew fadliti es for the
production d radioadive nuclea beams (RNB) and to further improve eisting ones.
The scientific potentia of intense radioadive ion beams has been reagnised world-
wide and is the subjed of several studies. In the 1996 DOE/NSF NSAC Long Range
Plan for Nuclea Physics [5.4], highest priority after RHIC was given to an advanced
ISOL fadlity and arecent report [5.5 summarises the oppatunities of such afadlity.
The Nuclea Physics European Collaboration Committee (NUPECC) has to date
reviewed and investigated in severa exercises the scientific highlights and
perspedives of using radioadive ion keams [5.6-5.8. Existing and danned RNB
fadliti es have been compared and evaluated [5.9 and a new NUPECC study group
has darted to investigate the condtions and ogions for the next generation o
radioadive bean fadlities in Europe. In addition, the Megascience Forum of the
Organisation for Econamic Co-operation and Development has recently established a
working group onradioadive ion keams to discussthe oppatunities for international
co-operation in the use of current fadlities and the planning of new ones. The
common goa world-wide is the production d radioadive ion beams with intensities
which are orders of magnitude higher than those presently avallable. A basic
requirement for thisisthe avail ability of high intensity driver acceerators.

The ISOL tedchnique has turned ou to be aparticularly powerful one for the
produwction d intense radioadive ion keams. Several first-generation ISOL fadliti es
are in operation a under construction which use different primary beans for the
produwction d the radioadive spedes. Some examples are: thermal neutrons at the
FRM/Munich, fast neutrons at ANL/Argonre, heavy ions at SHRAL at GANIL/Cae,
IGISOL/Jyvaskyld and LISOL/Louvain-laNeuve, high energy protons at ISAC at
TRIUMF/Vancouver, SIRIUS/Rutherford and at ISOLDE/CERN.

For more than 30yeas ISOLDE has been the pioneaing and world-leading
ISOL-type radioadive beam fadlity conneded to a proton acceéerator [5.1(. The
large number of goodintensity, low-energy radioadive ion beans avail able today
affords a rich physics programme, ranging from nuclea structure studies and atomic
physics to condensed matter physics and kiomedicine. With the alvent of the REX-
ISOLDE post-accéerator, a new domain o reseach will be opened employing
nuclea readions involving energetic radioadive ions.

ISOLDE is presently the user of most of the protons accéerated by the PS
Boaoster. With the SAL, the mntinued operation d ISOLDE will be possble withou
any disadvantages. For the same average beam intensity as that delivered today, the
yields will be similar to those adieved at the old Synchrocyclotron and at the PS
Booster. Furthermore, bah online mass gparators could be operated in perallel
withou areduction d the proton bean intensity. This sioud, in principle, doube the
productivity of ISOLDE. However, the possbhility to increase the average proton
intensity on the ISOLDE targets can only be partly exploited with the existing systems
and tedhndogy.

The ISOLDE ion source targets were designed for, and are presently used at, an
average beam intensity of afew pA. For many targets, a higher power disspation die
to larger proton keam intensities would leal to their destruction a to a performance
reduction and would na result in higher radioadive bean intensities. Nevertheless
there eist refradory element targets (e.g., the RIST test target developed in
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collaboration with the Rutherford Laboratory) which can be used at higher proton
bean intensities and which are expeded to give a ©rrespondng increase in
radioadive beam intensity. With the SAL and the present ISOLDE, the posshility to
increase gradually the proton keam intensity beyond the present limit would permit a
systematic investigation d target properties as afunction d beam intensity. Such tests
would be etremely helpful for the design of future high intensity targets.
Furthermore, thinner targets with better release properties could be used to provide
higher yields for very short-lived isotopes. Consequently, again in bean intensity can
be expeded for a number of radioadive spedes alrealy in this first stage, with dred
benefits for the ISOLDE physics programme.

However, for proton bean intensiti es excealing several tens of microamperes, a
complete redesign o the ISOLDE target and front-end area and equipment has to be
envisaged. Strongly re-enforced radiation shielding will be required and procedures
for the safe handling of the much larger amourts of radioadivity produced will have
to be established. This and the development of ion sources for high intensities will
require amaor and expensive R&D effort. However, there ae a number of good
arguments for an upgrade of ISOLDE compared to bulding a new faality somewhere
else in Europe: a lot of expertise on the ISOL technique eists at CERN; the
experimental faaliti es at ISOLDE are world-classand remain operational; the primary
proton kean could be shared in an ided way with aher adivities at CERN; and
CERN provides the environment for reseach onan international level.

In conclusion, the mwnversion d ISOLDE from a first-generation into a high-
intensity, seamnd-generation fadlity is certainly one of the most promising options to
be studied. An intense primary beam accéerator like the proposed SFL would be the
prerequisite.
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6 CONCLUSIONS

The basic technicd isaues regarding the feasibility and performance of the PS
complex equipped with a 2 GeV Supercondwting H™ Linac built from LEP-2
hardware have been addressed. Solutions, athough in some aeas not yet optimised,
are propcsed. The RF cavities to cover the energy range between 1 and 2GeV, aother
major cryogenic comporents and the RF infrastructure for the complete 2 GeV linac
can be reauperated from LEP, lealing to a mst-eff edive madine. The main elements
to be @nstructed are: a 100MeV room temperature linac new supercondicting
cavities and cryostats from 100 MeV to 1GeV, the focusing and dagnostics
equipment, anda 13 KW cryoplant. The faality needs 900m long tunnel and technicd
galery to be built onthe CERN Meyrin site, whil e the transfer lines could use eisting
tunrels and part of the acillary equipment could probably be housed in existing
surfacehalls.

A large anourt of work is dill neeled before adetaled design and a st
estimate referring to a predse layout on the site can be prepared. At the present status
of the work, this gudy comes to the following conclusions, for the three posgble uses
of this new injedor linac

1. For the neals of the planned physics programme & CERN (LHC) the feasibility of
that fadlity is established, and an increase in the beam brightness from the PS
complex by afador 2 can be reasonably expeded.

2. Making use of the cgability of the linacto deliver more beam than needed by the
main CERN physics programme, the PS can either accéerate intensities much
higher than the present 3 x 10 protons per cycle, which can be of interest for
example for a new generation d neutrino experiments, or be used as an
acamulator for a medium size neutron source d a beam power between 100and
400 V. This option requires a stringent control of beam lossand is immediately
feasible if the losses in the PScan be kept below 102 (for 250 RV beam power).
For higher losslevels, additional investment would be needed to adapt the PSring
to the higher radiation environment. The linac done can feal an experimenta area
for a seand generation ISOLDE experiments, where development is nealed in
order to buld and maintain a highly radioadive target area

3. By fully using the caability of the linac to deliver 1 MW or more of bean, a
modern spallation reutron source can be built onthe CERN site. The PSBooster
could be transformed into a four-ring acawmulator/compressor a 1.4 GeV,
reading a beam power of 0.6-1 MW. Alternatively, a new pulse mmpressor ring
can be built for 2 GeV energy and >1 MW beam power. In bah cases, modern
collimation schemes are required to stand the high losslevel. This option, which
requires no changes to the linag is considered in this gudy but has nat yet been
the subjed of a detalled technicd analysis. However, it is considered as an
important fador in favour of a Superconducting Proton Linac
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