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Abstract

The High-Energy Storage Ring (HESR) of the future
International Facility for Antiproton and lon Resga
(FAIR) at GSI in Darmstadt is planned as an ant@ro
synchrotron storage ring in the momentum range ®f 1
to 15 GeV/c. An important feature of this new figil
is the combination of phase space cooled beams and
dense internal targets (e.g. pellet targets), wasllts
in demanding beam parameter requirements for two
operation modes: high luminosity mode with peak
luminosities of up to 2-#dcm? s*, and high resolution
mode with a momentum spread down to®°10
respectively. To reach these beam parameters one
needs a very powerful phase space cooling, utiizin
high-energy electron cooling and high-bandwidth
stochastic cooling. The effects of beam-target
scattering and intra-beam interaction are investig)in
order to study beam equilibria and beam losseshior
two different operation modes.

INTRODUCTION

The HESR is dedicated to the field of high-energy
antiproton physics, to explore the research ardas o
charmonium spectroscopy, hadronic structure, and
quark-gluon dynamics with high-quality beams over a
broad momentum range from 1.5 to 15 GeV/c [1,2].
According to the Conceptual Design Report (CDR) [1]
the HESR was planned with only one internal
interaction point, equipped with the PANDA detector
[3]. Two other experimental groups (ASSIA [4] and
PAX [5,6]) also expressed interest in spin physics
experiments at the HESR. This requires a synchmotro
mode to accelerate polarized beams in the HESR.

DESIGN ISSUESAND EXPERIMENTAL
REQUIREMENTS

The HESR lattice is designed as a racetrack-shaped
storage ring, consisting of two 180° arc sections
connected by two long straight sections (see Fjg. 1
One straight section will mainly be occupied by the
electron cooler. In a later stage a Siberian sicakebe
installed to preserve polarization during accelerat
[7]. The other straight section will host the
experimental installation with internal frozéty pellet
jet target, injection kickers/septa and RF cavitieso
pickup tanks for stochastic cooling are locatedeltm
the ends of one straight section while the stoahast
kicker tanks are placed opposite in the other gittai
section, diagonally connected with signal lineseGal

requirements for the lattice are dispersion-freaigit
sections and small betatron amplitude of about atm
the internal interaction point, imaginary trangitio
energy, and optimized ion optical conditions foaive
cooling (e.g. matched betatron amplitudes at the
pickups and kickers of the stochastic cooling syste
and in the electron cooler section). Details of i
optical layout and features of the lattice desige a
discussed in [8]. The antiproton beam is accumdlate
the CR/RESR complex at 3.8 GeV/c [9]. Beam
parameters depend on the number of accumulated
particles.

TABLE 1. Beam parameters and operation modes.

Injection Parameters

1 mm-mrad (normalized, rmsg
for 3.5-18° particles, scaling
with number of accumulated
particlese |~ N*

~

Transverse emittance

1.10° normalized,  rms
for 3.5.10° particles, scaling
with number of accumulate
particlesia,/p ~ N°

200 m

3.8 GeV/c

Kicker injection using multi-

Relative
momentum spread

o

Bunch length
Injection Momentum

Injection harmonic RF cavities
Experimental Requirements

lon species Antiprotons

Production rate 2-10s (1.2-18 per 10 min)

Momentum / 1.5to0 15 GeV/c/

Kinetic energy range 0.83to 14.1 GeV

Number of particles 10to 1¢*

Target thickness 4-Yvatoms/crh

Transverse emittance 1to 2 mm-mrad

Betatron amplitude a
interaction point

tlm

Operation Modes

Luminosity of 2-18'cm?s™ for 10"° p

rms momentum spreag /p ~ 10°
1.5t0 9 GeV/c, electron cooling

Luminosity of 2-167cm® s*for 10"

rms momentum spread, /p ~ 10°
1.5 to 15 GeV/c, stochastic cooling

High resolution
(HR)

High luminosity
(HL)

above 3.8 GeV/c
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FIGURE 1. Schematic view of the HESR with 6-foldrsyetry lattice. Tentative positions for injectiamooling devices
and experimental installations are indicated. Asown is the arrangement of elements in the supéogh

Table 1 summarizes the specified injection
parameters, experimental requirements and operation
modes. Demanding requirements for high intensity an
high quality beams are combined in two operation
modes: high luminosity (HL) and high resolution (5IR
respectively. The high-resolution mode is defined i
the momentum range from 1.5 to 9 GeV/c. To reach a
momentum resolution down i, /p ~ 10° only 10°
circulating particles in the ring are anticipatéthe
high-luminosity mode requires an order of magnitude
higher beam intensity with reduced momentum
resolution to reach a peak luminosity of 2?€m? s*
in the full momentum range.

BEAM COOLING SYSTEMSAND
TARGETS

A feasibility study for magnetized high-energy
electron cooling was presented by the Budker uistit
for Nuclear Physics (BINP) [10]. An electron beam u
to 1 A, accelerated in special accelerator colutons
energies in the range of 0.45 to 8 MeV, is propdsed
the HESR. The 30 m long solenoidal field in theleoo
section ranges from 0.2 to 0.5 T with a magnettdfi
straightness on the order of 2LORecently it was
decided, that electron cooling should only coves th
momentum range of the high-resolution mode, leading
to maximum beam energy of 4.5 MeV. Further design
work on the electron cooler is lead by The Svedberg
Laboratory (TSL) in Uppsala in cooperation with eth
institutes including the Budker Institute, Fermi
National Accelerator Laboratory (FNAL) and industry
[11]. The main stochastic cooling parameters were
determined for a system utilizing quarter-wave loop
pickups and kickers [2]. Stochastic cooling is prek/

specified above 3.8 GeV/c. This beam cooling method
has the advantage of being capable to separately co
the transverse and longitudinal phase space.

FrozenH, pellets are required to reach the specified
target thickness of 4-10atoms/cri. The pellet size is
20 to 40um in diameter. The pellets velocity is 60 m/s
with a flow rate of 20000 pellets/s, leading to an
average longitudinal distance between pellets fefvwa
millimeters. The pellet stream moves with an angula
divergence of +0.04° corresponding to a transverse
position uncertainty of +1 mm at the interactiorinbo
[12]. For a betatron amplitude of 1 m, a beam
emittance on the order of 1 mm-mrad is required to
ensure sufficient beam-target overlap.

COOLED BEAM EQUILIBRIA

Beam equilibrium is of a major concern for the
high-resolution mode. Calculations of beam
equilibrium between electron cooling, intra-beam
scattering and beam-target interaction are being
performed utilizing different simulation codes like
BETACOOL by I.N. Meshkov et al. (JINR, Dubna),
MOCAC by A.E. Bolshakov et al. (ITEP, Moscow),
and PTARGET by B. Franzke at al. (GSI, Darmstadt).
Results from different codes for HESR conditions ar
compared in [13]. Studies of beam equilibria foe th
HESR are also carried out by D. Reistad for electro
cooled beams [2] and by H. Stockhorst for
stochastically cooled beams [14] utilizing the
BETACOOL code.



To simulate the dynamics of the core particles, an
analytic rms model was applied for the calculation
presented in this paper [15]. The empirical mageeti
cooling force formula by V.V Parkhomchuk was used
for electron cooling [16], and an analytical degtion
was applied for intra-beam scattering [17]. Beam
heating by beam-target interaction is described by
transverse and longitudinal emittance growth due to
Coulomb scattering and energy straggling, respelgtiv
[18,19]. Electron cooler and target parametergiese
simulations are summarized in table 2.

TABLE 2. Electron cooler and target parameters.

Electron Cooler

Length of cooling section 30m
Electron current 0.2A
Effective velocity 2.1d mis
Betatron amplitude at Cooler 100 m

Pellet Target

410 atoms/crh

Im

Target density

Betatron amplitude at target

Transverse emittance and momentum spread in
equilibrium are plotted versus beam energy for a
luminosity of 2-16' cm?s™ in Fig. 2.
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FIGURE 2. Transverse rms beam emittance (upper

curve) and momentum spread (two lower curves) in

equilibrium vs. kinetic beam enerdyfor a luminosity

of 2:16" cm? s*. Momentum spread equilibria with

and without intra-beam scattering are plotted.

Transverse rms beam emittances of aboitudto
a few times 18 mm-mrad and rms momentum spreads
as low as 3-1Dcan be reached in the energy range of
the high-resolution mode. The calculations show tha
the beam equilibria are dominated by intra-beam
scattering. Beam heating by the target is at least
order of magnitude weaker. The high-resolution mode
seems not feasible under these conditions since the
equilibrium momentum spread is larger than spettifie
Equilibrium beam emittances also do not provide a

sufficient beam-target overlap, external transverse

beam heating is required.

To study the dynamics of equilibrium momentum
spread in case of larger transverse beam size, the
transverse beam emittance was artificially kept
constant at the level of ZTanm-mrad in the simulation
(see Fig. 3). Momentum spreads down td° Kgem
feasible in this case. For a sufficient beam-target
overlap, the transverse beam emittance has evbe to
one order of magnitude larger. Further studies have
be carried out to reach beam emittances on the ofde
1 mm-mrad.
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FIGURE 3. Momentum spread (two lower curves) in
equilibrium vs. kinetic beam energyfor a luminosity
of 2:16" cm? s*. Momentum spread equilibria with
and without intra-beam scattering are plotted. The
transverse beam emittance is artificially kept tamnis
(upper curve).

The presently available numerical models to
calculate beam equilibrium parameters of cooledrsea
interacting with internal targets will be further
improved. Important tasks covered by an INTAS
research project are studies of beam equilibrial an
cooled beam distributions in the presence of ibeam
scattering and internal target scattering [20].

The beam intensity and lifetime of the circulation
beam can also be limited by the electron beam,tdue
its defocusing effect on the circulation antiproton
beam, and coherent instabilities caused by positive
residual gas ions trapped in the potential of feeteon
beam [21,22,23].

BEAM LOSSES

The main restriction for high luminosities is beam
losses, since the antiproton production rate istéidn
Three dominating contributions of the beam-target
interaction have been identified: Hadronic inteiact
single Coulomb scattering and energy stragglinthef
circulating beam in the target. In addition, singjl&a-
beam scattering due to the Touschek effect hastalso
be considered for beam lifetime estimations. Beam
losses due to residual gas scattering can be nedlec



compared to beam-target interaction, if the vacusim
better than 18 mbar.

The relative beam loss rate for the total cross
sectioney is given by the expression

(Tioss) = MOy Fo. (1)

where 7 is the 1/e beam lifetime,n; the target

thickness andf, the reference particle’s revolution
frequency.

Hadronic interaction

The total hadronic cross section is shown in Fig. 4
versus beam momentum. The total cross section
decreases roughly from 100 mbarn at 1.5 GeV/c,/to 5
mbarn at 9 GeV/c, and to 51 mbarn at 15 GeV/c. 8ase
on this numbers and revolution frequencies of $43,
and 521 kHz, relative beam loss rates are estimated
be 1.8-10 /s at 1.5 GeVi/c, 1.2 -T0s at 9 GeV/c, and
1.1-10% /s at 15 GeV/c for a target thickness of 4210
atoms/cr.
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FIGURE 4. Total and elastic cross section gerp

collisions as a function of laboratory beam momentu
(from http://pdg.Ibl.gov/xsect/contents.html).

Single Coulomb scattering

Coulomb scattering is described by the Rutherford
cross section. Small angle scattering can be
compensated by phase space cooling. Particlesesingl
scattered out of the transverse acceptance areTlost
cross section for single Coulomb scattering is i

5 oAzl
A

acc

)

whereZ; and Z are the charge numbers of target and
projectile, r; = 1.535-1G° cm is the classical proton
radius, By andy, are the kinematic parameters of the
circulating beam. For angles larger than the aerest
angled,.. scattered particles are lost

6..= |—. ©)

The transverse acceptangds related to the beam
emittance providing sufficient beam-target overjgs
the betatron amplitude at the interaction pointthit
beam cooling, one could assume that scattereciesrti
with a transverse emittance larger than 1 mm-moad d
not contribute to the luminosity any more and can b
treated as lost. The relative loss rate would tlagge

from 2.9-1¢ /s at 1.5 GeV/cp.8-10° at 9 GeVic to
2.4-1P /s at 15 GeV/c. This is the upper limit for beam
losses. Single Coulomb scattering would be the
dominant mechanism for low momenta. Due to beam
cooling, scattered particles can be cooled bact the
target. For an electron beam with a diameter ofnh®

in the cooling section and a betatron amplitudd @

m at the electron cooler, particles scattered fthm
target would also be affected by the non-linedd fizf

the electron beam and would most probably be lost.
Detailed simulations are needed to find optimum
parameters for target and electron beam diameter to
reach larger values of maximum beam emittancds stil
contributing to the luminosity. Stochastic coolicguld
certainly be a very powerful tool to suppress beam
losses due to Coulomb scattering if it is madelakte

at lower momentum of the HESR, maybe in
combination with electron cooling.

Energy loss straggling

Energy loss due to beam-target interaction out of
the longitudinal acceptance of the acceleratordead
beam losses. The single collision-energy loss
probability (with the energy losg can be described by
a Rutherford-like expression

W(e) =£—i(1— ﬁggi} 4

max

with a maximum energy transfer of
2m CZ 2,.,2
gmax - e ﬁo yO , (5)

2
o)
m (m

the electron massy, and incident particle (antiproton)
massm [24]. The scaling factor reads

V22
glem’® g AT

§=1534

Here, A, is the mass number of the target axdthe
target density times the effective target thicknd3se



second moment of the energy loss probability yields
the mean square energy deviatiy? . The

rms”
corresponding mean square relative momentum
deviation is given by

52 = yO
rms yo +1

whereT, is the kinetic energy of the reference particle.
By integrating over the probability function onetge
the relative beam loss rate

A‘Srms (7)
T2

(Tloss”)s f IW(E)dE
CU[ . (8)

2
- f [( _ 1 :Bo |n gmax}
gmax gcut

Assumings, =| Yo |Bfa
Vot1l) To

beam loss probability per turn is shown in Fig. 5.
Relative loss rates are ranging from 1.3:19 at 1.5

GeVic, 4.1-17 at 9GeV/c to 2.8-10/s at 15 GeVic.
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FIGURE 5. Loss probability E)er tuiv(e)de vs. beam
momentum assumingy,; = 10°.

Touschek effect

For small transverse emittances, the beam can be
lost due to single large-angle intra-beam scatgeiim
the longitudinal ring acceptance [17]. The beans los

rate is determined by the longitudinal diffusion
coefficient

IBS 2
DIBS Ny IBS _ \/7_TN-CI’ L, 9

3/2 ! Il - 9

&, is the transverse rms beam emittanejs the
number of circulating ions¢ is the speed of light,

L. = 10is the Coulomb Iogarlthr(wlgl/2> J75 mis

the average of the square root of the betatroniardpl
in the ring andC is the ring’s circumference. The
relative beam loss rate then reads

DIBS
Lc 52

cut

(Tloss) IBS — = ' (10)

whered. is the longitudinal ring acceptance. In table 3
the relative beam loss rate is listed for differbaam
momenta and transverse beam emlttances assuming a
longitudinal acceptance éf,; = 10°.

TABLE 3. Relative beam loss rate due the Touschek
effect assumindy, = 10™ for different emittances.

(Tés) /s?
rms emittance 15GeVic 9GeV/c 15GeV/c
0.01 mm-mrad 4970 | 2310 | 4910
1 mm-mrad 49-10 | 2310 | 4.910C

As expected, the beam loss rate is rather large for
small transverse emittance and decreases with beam
momentum by the third power. For the equilibrium
emittance this effect would be dominating at low
momentum. Since a larger emittance is needed for
sufficient beam-target overlap anyhow, this loste ra
will be small compared to other effects.

Beam lifetime

For beam-target interaction, the beam lifetime is
independent of the beam intensity, whereas for the
Touschek effect it depends on the beam equilibndh a
therefore on the beam intensity. The total relatoss
rate is given by

(Tloss) (Tloss)H +(Tloss)c +(Tloss)s +(Tloss)IBS
(11)
In table 4 the upper limit for beam losses and

corresponding lifetimes are listed for a transvérsam
emittance of 1 mm-mrad and*i@irculating particles.

TABLE 4. Upper limit for relative beam loss ratedan
beam lifetime at different beam momenta.

(Tioss) / S*
Heating Process 15GeVic 9GeVc 15GeVY/c
Hadronic Interaction | 18.164 | 1.2.104 | 1.1.16%
Single Coulomb 29.10* | 68100 | 2.4.108
Energy Straggling 1310% | 41.10° | 2.8.10°




Touschek Effect 4.9.10° 23.167 | 4.9.108
Total relative loss rate  .5.10% | 1.7.10% | 1.4.104
1/e beam lifetiméyp, ~1540s | ~6000s| ~7100s

For the discussed values, beam lifetimes are rgngin
from 1540 s to 7100 s for the high-luminosity mode.
Less than half an hour beam lifetime is too small
compared to the antiproton production rate. Beam
lifetimes at low momenta strongly depend on thenbea
cooling scenario and ring acceptance. The beam loss
rate for single Coulomb scattering could signifitan
be reduced by applying a larger electron beam diame
in combination with stochastic cooling. Beam lifeé
in this case would increase to about 2000 s at 1.5
GeV/c. Also the longitudinal acceptandg; should be
at least a factor of two larger than™l@ reduce the
effect of energy straggling and finally reach arbea
lifetime close to one hour at 1.5 GeV/c.

Since beam losses due to single Coulomb scattering
and energy straggling decrease very fast with beam
momentum, already at 2.5 GeV/c the beam lifetime is
close to an hourz(= 3470 3. At higher beam
momenta, beam losses are dominated by the hadronic
interaction.

AVERAGE LUMINOSITY

To calculate the average luminosity, machine cycles
and beam preparation times have to be specifietr Af
injection, the beam is pre-cooled to equilibriumitiw
target off). Pre-cooling at 3.8 GeV/c takes abdus3o
60 s, depending on the initial beam parameters and
beam cooling method. The beam is then ac-/decetérat
to the desired beam momentum. A maximum ramp rate
for the superconducting dipole magnets of 25 m3/s i
specified, leading to acceleration duration of 50fr
maximum momentum. Beam steering and focusing in
the target region takes about 10 s. Beam coolirty an
pellet beam are switched on before the physics
experiment can be performed. A typical evolution of
the luminosity during a cycle is plotted in Figvérsus
time in the cycle.
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FIGURE 6. Time dependent luminosity during the
cycle L(t) versus time in cycle. Different measures for
beam preparation are indicated.

Total beam preparation timg,., ranges from 120 s
for 1.5 GeV/c to 290 s for 15 GeV/c. In the high-
luminosity mode, particles should be re-used in the
next cycle. Therefore the used beam is transfdraett
to the injection momentum and merged with the newly
injected beam. A barrier bucket scheme is foredeen
the injection and beam accumulation procedure.riguri
acceleration 1% and during deceleration 5% beam
losses are assumed. The initial luminosity afteanie
preparation is given by

Lo = foNion;. 12)

whereN;q is the number of available particles after the
target is switched orl\;p, depends on the production

rate, beam lifetime and beam preparation timeslt i
plotted versus different cycle times for in Fig. 7.
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FIGURE 7. Number of initially available antiprotons

Nio for different cycle times at 15 GeV/c. The dashed
lines show the number of antiprotons without any
intensity restriction, the solid lines with the trégtion

of Nip= 10"

For a production rate of 2-iCantiprotons per
second and a beam lifetime of 7100 s} Harticles can
always be provided to the experiment. For a lower
production rate of 1-I0antiprotons per second, the
cycle time has to be longer than 5000 s to reaeh th
required number of particles for the high-lumingsit
mode at 15 GeV/c. To calculate the average lumiposi
one has to integrate the time dependent luminosigy
the experimental time (beam on targs)

texp _IEXD

t foo
_[Loe rdt Lerjl-e ’
E = 0 = s

t Trep *

(13)

cycle exp
wherez is the beam lifetime, an .. the total time of
the cycle, withtyege = tep + toep The average
luminosity can then be written as



(14)
exp prep
The dependence of the average luminosity on the
cycle time is shown for different antiproton protiao

rates in Figs. 8 and 9 for a given mean beam Hifeti
tonar @aNd preparation timigep.
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FIGURE 8. Average luminosity vs. cycle time at 15
GeV/c. The maximum number of particles is limited t
10" for the solid line, and unlimited for the dashed
lines.
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FIGURE 9. Average luminosity vs. cycle time at 1.5
GeV/c. The maximum number of particles is limited t
10" for the solid line, and unlimited for the dashed
lines.

With limited number of antiprotond\(, = 10™), as
specified for the high-luminosity mode, average
luminosities of up to 1.6-#&cm? s’ are achieved at 15
GeV/c for cycle times of less than the beam lifetirf
one does not restrict the number of available gasj
cycle times should be longer to reach maximum

average luminosities close to 3*6m? s*. This is a
theoretical upper limit, since the momentum sprefid
the injected beam would be much bigger, leading to
larger beam losses during injection due to thetéchi
longitudinal ring acceptance. Also pre-cooling afte
injection would take longer and the specified
momentum resolution for the high-luminosity mode of
o/p ~ 10* would not be reached anymore. For the
lowest momentum, more than*t@articles can not be
provided, due to very short beam lifetimes. Average
luminosities are below 6 cm? s* at 1.5 GeVic.
Already at 2.4 GeV/c average luminosities of uf®¥
cm? s' are feasible.

CONCLUSION

The main restriction for the high-resolution mode i
intra-beam scattering. To reach the specified
momentum spread, the beam has to be heated
transversely. This is also required to get a sieffic
beam-target overlap. In addition, simulation codage
to be improved to describe the dynamics of tall
particles, especially with respect to the beametarg
interaction. Beam losses are of major concern Her t
high-luminosity mode. Hadronic interaction, single
Coulomb scattering, energy loss straggling and
Touschek effect due to single intra-beam scatteaireg
main causes of the beam loss. At lower momenta, the
beam losses are too large compared to the antiproto
production rate. An optimized beam cooling scenario
and a factor of two larger longitudinal ring aceeqte
is required to reach average luminosities on tkeroof
10*2cm? s™.
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