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Strahl-Target Wechselwirkung und Intrabeam Scattering in dem
HESR Ring: Emittanz, Impulsauflosung und Luminositiit

Zusammenfassung

Die Strahl-Target Wechselwirkung wird im Hinblick auf die Zunahme der transversalen und longitu-
dinalen Emittanz des Antiprotonenstrahls im HESR Speicherring untersucht. Das transversale Emit-
tanzwachstum, das durch die Kleinwinkelstreuung verursacht wird, kann mit Hilfe des differentiellen
Wirkungsquerschnitts der Coulomb Streuung analytisch beschrieben werden. Ebenso kann das longitu-
dinale Emittanzwachstum, das durch den Energieverlust des Strahls verursacht wird, mit Hilfe des auf
den Energieverlust bezogenen differentiellen Wirkungsquerschnitts berechnet werden. Es wird gezeigt,
dass Teilchen, die einen Energieverlust in der Nahe des maximal moglichen Energieverlustes bei einem
frontalen Stoss mit einem Targetelektron erleiden, wegen der eingeschrankten Impulsakzeptanz des
HESR Rings verloren gehen. Die Annahme einer relativen Impulsakzeptanz von 1 - 103 ergibt eine
um eine Groflenordnung kleinere Wachstumsrate der mittleren quadratischen Impulsabweichung. Die
fiir den High Resolution Mode und High Luminosity Mode notwendigen Kiihlraten werden unter der
Annahme berechnet, dass die Aufheizung des Strahls durch die Strahl-Target Wechselwirkung dominiert
wird. Zum Vergleich werden die Intrabeam-Scattering Effekte abgeschatzt. Sowohl fiir die Elektro-
nenkiihlung wie fiir die stochastische Kiihlung werden analytische Ausdriicke angegeben, die zur Berech-
nung der Kihlraten und der erreichbaren Impulsauflosung verwendet werden konnen. Das Potential
der Elektronenkiihlung und der stochastischen Kiithlung wird im Hinblick auf die erreichbare Impul-
sauflosung und den Strahl-Target Uberlapp diskutiert. Strahlverlustraten und iiber die Zeit gemittelte
Luminosititen werden berechnet. Dabei werden der totale hadronische Wirkungsquerschnitt, die einge-
schrankte Impulsakzeptanz des HESR Rings, die GroBwinkelstreuung der Coulomb Wechselwirkung
und der Touschek Effekt berticksichtigt.






Beam-Target Interaction and Intrabeam Scattering in the HESR Ring:
Emittance, Momentum Resolution and Luminosity

Abstract

The beam-target interaction is studied with respect to the transverse and longitudinal emittance growth
of the HESR antiproton beam. The transverse emittance growth caused by the small angle Coulomb
scattering can be described analytically using the differential cross section of the Coulomb interaction.
Similarly, the longitudinal emittance growth caused by the energy loss of the beam can be calculated
using the differential cross section of the energy-loss distribution. It is shown that particles with en-
ergy losses near the maximum energy loss in a head-on collision with a target electron are lost due to
momentum acceptance of the HESR ring. Taking a relative momentum acceptance of about 1 - 103
into account yields an order of magnitude smaller growth rate of the mean square momentum deviation.
The necessary cooling rates for the High Resolution mode and the High Luminosity mode are deduced
assuming that the beam-target interaction is the dominant beam heating process. For comparison the
effects of intrabeam scattering are estimated. For electron and stochastic cooling, analytic expressions
are quoted in order to evaluate the momentum resolution and cooling rate. The potentialities of electron
and stochastic cooling are discussed with respect to the achievable momentum resolution and beam-
target overlap. Beam loss rates and average luminosities are evaluated taking the total hadronic cross
section, the restricted momentum acceptance of the HESR ring, the large angle Coulomb scattering and
the Touschek effect into account.






1. Introduction

The High-Energy Storage Ring (HESR) of the future International Facility for Antiprotons and Ion Re-
search (FAIR) at GSI in Darmstadt is designed as synchrotron and storage ring for antiprotons in the
momentum range 1.5 — 15 GeV/c [1, 2]. Internal target experiments with antiprotons are planned by the
PANDA collaboration [3]. In addition two other collaborations (PAX [4, 5], ASSIA [6]) proposed spin
physics experiments with polarized antiprotons. In the present work the effects of the beam-target inter-
action, especially the beam heating effects, are studied in view of the required cooling rates, momentum
resolution, luminosity and beam lifetime.

Two modes of operation are foreseen for the internal target experiment PANDA at the HESR.
In the High Resolution (HR) mode 1 - 10'° antiprotons are stored with a relative momentum spread in
the order of 107°. In the High Luminosity (HL) mode up to 1 - 10'! antiprotons can be stored with
a relative momentum spread of about 1 - 104, The effective target thickness of the internal hydrogen
target is 4 - 10'® atoms/cm? and the revolution frequency is about 0.52 MHz. The original design aims
for Tuminosities of 2 - 103! cm~2s~! for the HR mode and 2 - 10?2 cm 25! for the HL mode. In
the following, the standard mode of operation for HR and HL refers to equilibrium emittances' €eqg =
1 mm mrad, maximum scattering angles ©.,; = 4 mrad, transverse acceptances of 16 mm mrad and a

relative momentum acceptance 0q,; = 1 - 1073,

In order to evaluate the beam heating by the beam-target interaction and the necessary cooling
rates the transverse and longitudinal emittance growth is deduced analytically. The transverse emittance
growth is determined by the differential cross section of the small angle Coulomb scattering between
antiprotons and target nuclei. The longitudinal emittance growth, i.e. the growth of the mean square
momentum deviation is determined by the energy straggling of the beam-target interaction. It can be
derived from the differential cross section of the Coulomb interaction between antiprotons and target
electrons. The energy straggling depends linearly on the maximum energy loss in a head-on collision
with a target electron. At HESR energies the maximum energy losses are very high (e.g. 90 MeV at
8.0 GeV). Restricting the energy loss by adjusting the relative momentum acceptance of the ring to about
1 - 1073 yields an order of magnitude smaller growth rate of the mean square momentum deviation.

The study of the beam-target effects includes a comparison with other beam-heating processes.
Especially, the effects of intra-beam scattering are calculated and compared with the beam-target inter-
action. In addition the potentialities of electron cooling and stochastic cooling are studied with respect
to the achievable cooling rates.

An important point of the study is the investigation of beam losses. The main beam losses are
caused by (i) the total cross section of the hadronic interaction between the antiprotons and the target
protons, (ii) the restricted momentum acceptance of the ring, (iii) the integrated cross section of the
large angle Coulomb scattering in the target, and (iv) the intrabeam scattering, especially the socalled
Touschek effect.

2. Transverse Emittance Growth

The transverse emittance growth due to an internal target can be described analytically. For a derivation
of the formulas we refer to ref. [8].

The HESR lattice is designed such that the betafunctions (3, and 3, are rather small at the position
of the internal target. In addition, the periodic dispersion is zero, i.e. D = 0 and D’ = 0. Therefore, the
transverse emittance growth can be described by

1
Aeypy = iﬂx,y@zm. (1

The beam emittance is denoted by the symbol €. Our definition of e is such that the full emittance area is given by E = mre.
Thus, our definition of the beam emittance e and the machine acceptance €,.. is without the factor 7.
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Fig. 1. Emittance growth (dark band) per target traversal. Left: large value of 3,. Right: small value of 3.

Here, Ae, , is the transverse emittance growth per turn in z and y direction, respectively and 02, . the

mean square scattering angle per target traversal.
Without cooling the rate of transverse emittance growth is given by
dez y
dt

Here, f is the revolution frequency of the internal beam. As a consequence, the emittance increases

1
= 500yO msf @

linearly with time ¢,
1
€ay(t) = €24(0) + B2y Ormsft, 3)

as long as the emittance growth is not stopped by the ring acceptance, beam scrapers and/or beam cooling

processes.
A pictorial representation of the emittance growth per target traversal is shown in Fig. 1 taking
the horizontal phase ellipse as an example. The phase ellipse represents the beam density distribution
corresponding to one standard deviation in x and ©. Here, x is the horizontal position and © the hori-
zontal angle with respect to the reference particle. The difference between the left and right ellipse is the
magnitude of the betafunction at the target. The left phase ellipse is characterized by a relatively large

value of (3, the right by a relatively small value.
The effect of emittance growth is due to the mean square scattering angle ©2,

angle Coulomb scattering in the target. The corresponding rms width ©,,,, is added quadratically to
the existing rms width ©%¢97 of the beam. The resulting distortion is shown as two dark bands. They
move around the ellipse according to the betatron phase advance per turn and new distortions are added
quadratically turn by turn. The factor 1/2 in Eq. (1) is a consequence of the fact that the phase ellipse is
growing continuously in x and ©.

Comparing the left and right ellipses shows intuitively that the emittance growth is directly pro-
portional to the value of the betafunction at the target (see Eq. (1)). Therefore, the emittance growth can

be kept small by designing a lattice with small values of 3, and 3, at the target.

of the small



2.1 Small angle Coulomb scattering and determination of ©2,

In principle, the mean square angle ©2, . of the small angle multiple scattering is the second moment

of a probability density distribution. Much theoretical effort [7] has been spent to predict the evolution
of the plural and multiple Coulomb scattering distributions which are characterized by a Gaussian peak
and long tails which tend approximately to the single scattering distributions at larger angles. Fortu-
nately it is not necessary to know the details of the plural and multiple scattering distributions, since
for any distribution the mean square value is just the mean-square single scattering angle multiplied by
the mean number of scatterings [8]. We neglect all projectile-target interactions other than the Coulomb
interaction. We assume fully stripped ions and high velocities (5 > Z;/137). In the following we quote
the formulas which have been established in [8]. The quantity ©2, . is obtained from the Rutherford

rms
cross section by calculating the mean square value o2, of the spatial angle distribution in small angle
approximation,

2

a2 Al 2262 1

Oéy%ms =N Zeff /a a2 <_27T€0pl3_c> ¥27radoz, (4)
1

Here, Nyz5y 1s the effective number of target atoms/cm? and Z; and Z5 denote the target and projectile
charge number. This equation yields

2
71 75€? o}
2 142 2
= N 2n | ——— | In{—).

Grms = Szl 71 <2W603060> ! (al) ©

It should be noted that ©2, . is the mean square value of the plane projected distribution, thus for reasons
of symmetry

1
G%ms = ia%ms‘ (6)

The upper integration constant in Eq. (5) is determined by the De Broglie wavelength \/(27) = & /p and
the nuclear radii of target and projectile,

o NOD -

(A7 + 4%y

Here, A; and A, are the mass numbers of target and projectile. For the Coulomb interaction between
proton and antiproton we take the nuclear charge radius of the proton, 7o = 0.870 fm [9]. The lower
integration constant is determined by the screening of the atomic electrons. Taking the Fermi screening
radius a

a = 0.885a(Z;° + Z3/*)1/2 @®)

where Z; and Z5 are the charge numbers of projectile and target and ag the Bohr radius (ag = 0.529 -

10~® cm) one has approximately
A/ (2m)

o] = ——. )
a

This estimate can be improved by using Moliere’s formula for screened ion-atom potentials [10,
11] of the Thomas-Fermi type, i.e. by replacing the expression In{asy/aq) in Eq. (5) by

o3 1 a?

where the screening angle x is given by

2 2
~1.13
X 1 1375

2
1+3.33(ZIZQ) ] (11)
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Fig. 2: Mean square scattering angle ©2,,; and @fms,cut with ©.,; = 4 mrad vs. beam momentum p.

Moliere’s theory was further advanced by Fano [12] who considered the contribution of inelastic colli-
sions with atomic electrons. This effect is taken into account by adding a corrective term Ab,

1 1130 5 B
mae U e R "

Here, u;y, 1s a constant determined by the electron configuration of the target atom. For the hydrogen

atom an exact calculation yields wu;, = —3.6. Taking Moliere’s theory with Fano’s modification the final
formula for ©2,,,, reads
9 1 Z 1 ZQ 62 ? Ozg
05, ==N — In{—=]—-1+Ab 13
rms 9 Reffm (271'60}760) ln(x2> + ‘| ) (13)

where s is given by Eq. (7) and x? by Eq. (11).

A simple approximation yields

14.1 MeV\?2 z
02,5 = SEN 14
s < pﬂc ) Lrad ( )

Here, p is the beam momentum, [3c the beam velocity, z. the effective target thickness in z direction
and L,,q the corresponding radiation length. This equation has been derived by Rossi and Greisen [13].
The usefulness of Eq. (14) is due to the fact that the quantity 1/L,.,4 has a similar A and Z dependence as
©2,... Eq. (14) is also reported by the particle data group [9] but with a thickness dependent correction

factor [1 + 0.0381n(2cfs/Lyqq)]. The idea of the correction factor is to take only the central 98 % of
the angular distribution into account. However, the contributions from the low intensity single scattering



tails of the angular distribution cannot be neglected because of the large number of target traversals.
Therefore, the thickness dependent correction factor must be omitted.

For an antiproton beam of 9 GeV/c and a hydrogen target of 4 - 10'® atoms/cm? Eq. (13) yields
@2

rms

=2.64-1071°. (15)

The approximation of Eq. (14) yields ©2, . = 2.76 - 10~ 6 in fair agreement with the value of Eq. (15).
In Fig. 2 the mean square scattering angle ©2, _according to Eq. (13) is plotted as a function of the beam

momentum for a hydrogen target with an effective target thickness of 4 - 10'® atoms/cm?.

2.2 Restricted small angle Coulomb scattering

However, inspecting the formulas for the calculation of ©2,, it turns out that the maximum scattering

angle is too large in the HESR momentum range from 1.5 — 15 GeV/c.

Now, we calculate the effect of replacing the maximum scattering angle o in Eq. (13) by an upper
scattering angle a,; = ©¢yr Which is defined by the finite acceptance €, of the HESR ring

€
Aoyt = Oyt = 1/ Bacc . (16)
x’y

The acceptance ¢, defines the upper limit of the beam emittance and 3, and (3, are the values of the
betafunction at the target point. Assuming /3, , = 1 m and €,4.. = 16 mm mrad yields as a typical value

eyt = Opyr = 4 mrad. (17)

This value is much smaller than the maximum scattering angles a2. However, the change of ©2 is

Table 1: ©2,,, for maximum and restricted scattering angle az and ceyy = Gy = 4 mrad, respectively.

p(GeVicy Ab x (mrad) a9 (mrad) 2. Qeyt (mrad)  ©2

rms,cut
1.5 13.7 2.11-1073 75.6 1.09 - 10714 4.0 9.0-10715
9.0 20.6 3.52-10*% 12.6 2.64-10716 4.0 2.5.10716
15.0 226 3.52.107% 7.56 9.66 - 1017 4.0 9.6 -10~17

rather small, see Table 1. This is due to fact that a enters only logarithmically in Eq. (13). The upper
limit qeyy = Oy is much more important in the calculation of the beam losses due to single Coulomb
scattering as will be shown in Sec. 5.. The resulting values of ©2,,, and ©7,,,, . are plotted in Fig. 2 as
a function of the beam momentum.

2.3 'Transverse heating rate due to the beam-target interaction

The transverse heating rate due to the beam-target interaction is given by

1 1 _ ﬁx,yggms,cut f

(18)
Tirt Tx,y,t 2 €,y

It is inversely proportional to the momentary transverse emittance €, , of the beam. The subscript ¢r
refers to x and y, respectively. In Fig. 3 the resulting values are plotted as a function of the beam
momentum p assuming O.,; = 4.0 mrad and various equilibrium values ¢.,. The standard mode of
operation with a pellet target requires equilibrium emittances of about 1 mm mrad in order to provide a
sufficient overlap between beam and target. The corresponding transverse heating rate for 1 mm mrad
is very small, see Fig. 3. As a consequennce, the necessary cooling rate for an equilibrium emittance of
1 mm mrad is also very small. We discuss this interrelation in greater detail in Subsec. 7.1.
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Fig. 3: Transverse heating rate 1/7+,+ = 1/75,: = 1/7y,+ due to beam-target interaction vs. p assuming ®§ms’cut as in Fig. 2,
Bz, = 1 mand three equilibrium emittances. €., = 1 mm mrad refers to the standard mode of operation.

3. Longitudinal Emittance Growth

The formalism to describe longitudinal emittance growth due to beam-target effects is very similar to
that of transverse emittance growth. The longitudinal emittance growth depends on the energy straggling
of the beam-target interaction. The energy loss of the beam during a target traversal is a consequence
of the collisions with the target electrons. This is a statistical process with large fluctuations yielding
an energy loss distribution with long tails at HESR energies. Assuming that the mean energy loss is
automatically compensated by the synchrotron acceleration and/or the cooling system the longitudinal
emittance growth of a bunched beam may be written [8]

1
Ae = 5@53%. (19)

Here, Ae¢; denotes the longitudinal emittance growth per target traversal, 3; the longitudinal betafunc-
tion and 02, the the mean square relative momentum deviation® of the beam-target interaction. For a
bunched beam [3; = h|n|/Qs where h is the harmonic number, 7 the frequency slip factor and @ the
number of synchrotron oscillations per turn. Without cooling the rate of longitudinal emittance growth
is given by

de, 1

< = 300%ms ] (20)
The corresponding growth of the mean square relative momentum deviation 4> of the beam can be
obtained by dividing both sides by ;. This yields

dé? 1
o = 20ms [ (1)

?Here and in the following text the symbol § denotes a relative momentum deviation of the beam, § = Ap/p




bunched beam coasting beam

Fig. 4: Longitudinal emittance growth (dark band) per target traversal. Left: bunched beam. Right: coasting beam.

In the case of a coasting beam the factor 1/2 has to be omitted and the mean square relative momentum

deviation 82 of the beam increases as )
do

e 82 . 1. (22)

A pictorial representation of the longitudinal emittance growth per target traversal is shown in
Fig. 4. The phase ellipse represents the beam density distribution corresponding to one standard deviation
in ¢ and 4. Here, ¢ is the phase lag and § the relative momentum deviation with respect to the reference
particle. The left picture shows the situation for a bunched beam, the right for a coasting beam.

3.1 Energy loss straggling and determination of 52,

In the following we will use the symbol ¢ for the loss of kinetic energy in the target.

Much theoretical effort has been spent to predict energy loss distributions. Depending on the
target thickness one can differentiate between the single- plural- and multiple-scattering distributions,
the Landau distribution [14], the Vavilov-distribution [15] and the Gaussian distribution. The effective
target thickness of the internal target in the HESR ring is 4 - 10'® hydrogen atoms/cm?. This value is
very small and we are in the regime of single-scattering distributions. Thus, the energy loss distribution
resulting from a single target traversal can be calculated using the elementary differential cross section
do/de. The same holds true if one takes the granularity of the pellet target into account where only a
small part of the beam sees a pellet with an effective thickness of about 4 - 10'? atoms/cm?. If one is
interested to see the evolution of the energy loss distribution as a function of time one can for instance
start with an elementary single scattering distribution per target traversal. The nth distribution after
n turns can be calculated by folding numerically the (n-1)th distribution with the elementary single
scattering distribution. This method has been applied for instance in [16].

However, in the following we are only interested in the evolution of the rms width of the en-
ergy loss distribution. Fortunately, this quantity can be calculated without a detailed kwowledge of
the multiple scattering distributions. The corresponding mean-square energy deviation results from the
accumulated contributions of single target traversals. Thus, for any distribution the mean-square energy
deviation is just the mean-square value of the elementary single scattering distribution per target traversal
multiplied by the number of turns.

In order to calculate the energy loss straggling one needs the differential cross section with respect
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Fig. 5: Differential cross section do/de vs. energy loss e.
to the energy loss. Neglecting the very small energy losses due to atomic excitations in the evaluation of

the energy straggling and taking only the ionization processes into account the differential cross section
do /de may be written

d 1 /1 1

@ 2.55-10° eV barn — (— — 52 ) for ¢; < € < €maz, (23)
de ,82 €2 €€max

do

— = 0 fore<e¢ and €y < €.

de

Here, ¢; is the ionization energy (for hydrogen ¢; = 13.6 €V) and €4, is the maximum energy loss
which occurs in a head-on collision with a target electron. Outside of the interval ¢; < ¢ < €pqz
do/de = 0. As an example, Fig. 5 shows the differential cross section do/de as a function of the energy
loss ¢ for antiprotons with a kinetic energy of 8.0 GeV. The unit of do/de is barn/eV=b/eV.

The energy loss straggling can be evaluated by calculating the second moment of the energy loss
distribution,
2 mex 5 (do )
A€, = Ntzeff/ €| — )de—¢€. 24)
0 de
Here, Nyz.y; denotes the effective number of target atoms/cm?. Neglecting the very small terms de-
pending on ¢; and € one gets
/62
AEz’ms = &mm (1 - ? (25)

where & is a measure of the effective areal target density pz.yy,

MeVem? Z} Z,

e}

8
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Fig. 6: Mean square relative momentum deviation 62, and 5fms’cm with deur = 1 - 1072 vs. beam momentum p.

The maximum energy loss can be calculated using the formula

C 2me B
€maxr = m mZ " 27)
14+ 2v%F + 72

Here, /3 is the velocity and + is the Lorentz factor of the beam, m, the electron mass and M the projectile
mass. The corresponding maximum momentum deviation reads

Y Emax

= T 2
Omaz SF1 T (28)
where T is kinetic beam energy. The resulting equation for 62, reads
2 A2
2 _ Y Ae
e 39

3.2 Raestricted energy loss straggling

However, inspecting the resulting values of €,,4, and 9,4, it turns out that the maximum energy loss
is too large in the HESR momentum range from 1.5 — 15 GeV/c. For instance at p=8.9 GeV/c and
15.0 GeV/c €gp = 90.78 MeV and 257.7 MeV, respectively. The corresponding relative momentum
deviation of §,,4, = 0.0103 and 0.0174 is outside of the momentum acceptance of the HESR ring. The
actual momentum acceptance of the HESR ring corresponds to a relative momentum deviation of about
+1.3 - 1073, Thus, the energy loss has to be restricted.

In the following we assume a momentum acceptance of &.,; = 1 - 1072 which can be adjusted
with the aid of beam scrapers in a region of nonzero dispersion. The corresponding value of €., reads

v+1

T. (30)

€cut = Ocut
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Fig. 7: Restricted energy loss straggling: Longitudinal heating rate 1/7;; due to beam-target interaction vs. p assuming
Sews = 1 - 1072 and four different equilibrium values 8.,. The assumed relative momentum acceptance S,: = 1 - 1072 refers

to the standard mode of operation.

Taking the restricted energy loss e.,; the mean square energy deviation reads
,32
Ae72"ms = E€cut (1 ~ 9 (31)

The resulting 62, can be calculated using Eq. (29).

rms
For a hydrogen target with 4 - 10" atoms/cm? and J.,; = 0.001 we obtain €.,; = 8.84 MeV and
Srms.cut = 5-84-10717 at T = 8.0 GeV which has to be compared with 67, = 6.08 - 1019 if the
energy loss is not restricted. In Fig. 6 the resulting mean square relative momentum deviation 53ms, cut
is plotted as a function of the beam momentum for a hydrogen target with an effective target thickness
of 4 - 10'® atoms/cm?. A substantial restriction of the energy loss has the great advantage that the mean
square momentum deviation 62, . is an order of magnitude smaller. As a consequence, the necessary
cooling rate can be an order of magnitude smaller (see Subsec. 7.2). In Sec. 5. we show that the resulting
beam losses are still tolerable.

3.3 Longitudinal heating rate due to the beam-target interaction

For a coasting beam, the longitudinal heating rate due to the beam-target interaction is given by

1 52
= ms ¢ (32)

Tl,t 52

It depends on the momentary mean square momentum spread 62 of the beam. In Fig. 7 the resulting val-
ues are plotted as a function of the beam momentum p assuming d.,; = 1- 1073 and various equilibrium

10



values dq. Since the beam-target interaction is the dominating longitudinal heating process the curves of
Fig. 7 indicate the cooling rates which are necessary to reach the corresponding equilibrium values J,.
We discuss this interrelation in greater detail in Subsec. 7.2.

4. Intrabeam Scattering

Besides the beam-target effects intrabeam scattering (IBS) is the most important cause of beam heating.
Here, we discuss IBS in order to compare it with the beam-target effects. The beam losses due to IBS
will be discussed in Sec. 5..

The IBS is due to the Coulomb interaction between the beam particles. It should be mentioned
that Piwinski’s work [17] is the origin of all IBS models. The plasma model of Sgrensen [18] and the
models of Bjorken-Mtingwa [19] and Fedotov [20] provide an analytical description of the transverse
and longitudinal emittance growth by the intrabeam scattering. The resulting heating rates are in fair
agreement with those calculated numerically with the program BETACOOL using the formalism of
Martini [21].

4.1 Longitudinal heating rate due to IBS

We assume an internal beam where the longitudinal velocity spread is small compared to the transverse
velocity spread, i.e. the longitudinal temperature of the cooled particles is much smaller than the trans-
verse one, 17 < Tj,. In other words, the rms width of the relative momentum deviation is very small,
§ < 1-10"%. The longitudinal heating, i.e. the rate of change of §2, is described by

d_(SQ — ﬁ CT%LC 1 (33)
dt 74 PP < VB> O

Here, N is the number of antiprotons in the ring, r, = 1.535 - 1078 m the classical proton radius,
L¢ = 20 the Coulomb logarithm, 3+ a measure of the beam momentum, < /3, > the average of the
square root of the betatron amplitudes in the ring, C' the ring’s circumference and €| = , /€,€, a measure
of the horizontal and vertical rms beam emittances?, respectively. The corresponding heating rate 1/ T1,ibs
is related to the mean square relative momentum deviation. It is defined by the equation

1 1 dé?
— = 34
Tl,ibs 52 dt ( )
Thus, it may be written
1 criL 11
— ﬁ p—C (35)

=N— -
Tl,ibs 4 B3y <VBL>C 8207
For a given beam momentum the longitudinal heating rate is proportional to the number /V of circulating
particles and inversely proportional to ei’_/Q and 2.

As can be seen, the resulting longitudinal heating rates due to IBS are very large for small emit-
tances. But for transverse emittances of about 1 mm mrad and p > 3 GeV/c, the longitudinal heating
rates due to IBS are much smaller than the heating rates due to the beam-target interaction (see Figs. 7
and 8)

4.2 Transverse heating rate due to IBS
The rate of change of the transverse emittance e, is described by

dez _ g0 Di+Dp\ 1 <Pz > (36)
dt (2 Y2 ] Tiibs

We repeat that our definition of €, is such that the emittance E , is given by E; , = me . It differs from the definition
of Sgrensen [18] where E, y = €4,y
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Fig. 8: IBS: Longitudinal heating rates 1/7; ;45 for 6 = 1- 10~° and three different transverse equilibrium emittances vs. beam

momentum p. €., = 1 mm mrad refers to the standard mode of operation.

Here, l}r = Dyay + D, S, D, and D), are the ~dispersion function and it’s derivative, o, and 3, are
the horizontal Twiss parameters and < (D2 + D2)/3? > and < (3, > are averages over the ring’s
circumference. Eq. (36) can be extracted from the theory of Bjorken-Mtwinga [19]. The corresponding

heating rate reads
1 52 (/D2 + D? 1)<
= — # - = ﬁ (37)
Tx,ibs €x Bx Y T1,ibs

For a given beam momentum the transverse heating rate 1/7, ;s is proportional to the number N of
circulating particles and inversely proportional to eagei’_/g. In Fig. 9, the transverse heating rates are
shown as a function of the beam momentum p for three different transverse emittances, 1.0, 0.1 and
0.01 mm mrad. The curves have been calculated assuming equal emittances in x- and y-direction, i.e.
€x = €y = €. Comparing the longitudinal and transverse heating rates due to IBS one sees that the
transverse heating rate is much smaller than the longitunal. There is no simple analytic formula for the
transverse heating rate 1/7, ;55 of the vertical emittance. But usually, 1/7, 3, is very small compared
to 1/7; 45 and 1/7, jps. Depending on the magnitude of €, and the structure of the lattice it may even
happen that 1/7, ;,, gets negative, i.e. €, decreases.

It should be mentioned that the transverse emittances ¢, and ¢, must be adjusted such that the
transverse emittances are relatively large, i.e. €, ~ €, ~ 1 mm mrad, in order to guarantee a good
overlap between beam and pellet target. As a consequence, the transverse heating rates due to IBS are
much smaller than the heating rates due to the beam-target interaction (compare Fig. 3 with Fig. 9)

12
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Fig. 9: IBS: Transverse heating rates 1/7¢, sps = 1/74,465 ford = 1-107° and three different transverse equilibrium emittances

vs. beam momentum p. €., = 1 mm mrad refers to the standard mode of operation.

5. Beam Losses

How many particles are lost? In the following we discuss various processes leading to particle losses
in the ring. The most important losses are due to the hadronic interaction and the single Coulomb
scattering between beam and target. In addition one has to consider the losses by setting an upper limit
Sewt = 1-1073 for the relative momentum acceptance, i.e. by restricting the energy loss. Another
important loss rate related to d.,: is caused by the socalled Touschek effect.

5.1 Losses due to the hadronic beam-target interaction

The total hadronic cross section oy, for the pp interaction depends on the beam momentum. Therefore,
the data were fitted in the momentum range 1-15 GeV/c using the following ansatz suggested by analytic
S-matrix and Regge theory,

s\
Otot = Q1 + G2 (—> . (38)
S1

Here, s is the Mandelstam variable of the pp system, a1, as and a3 are fit parameters and s; = 1 GeV?
is a constant. Using the data set of the particle data group [22, 23] we deduce in a nonlinear least-square
fit the following parameters

a; = (48.1 £0.6) mbarn, ag = (654 & 23) mbarn,
a5 = (—1.547+0.027), x/ndf = 1.05. (39)

The fit curve with the data is shown in Fig. 10. The loss rate due to the total hadronic cross section is

calculated using
1

Tloss,h

= Ntzeffgtotf. (40)
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Fig. 10: p+p — p+ p. Left: Total hadronic cross section o¢o¢ vs. beam momentum p. Solid line: fit curve according Eq. (38).
Right: Relative beam loss rate 1/70s5,5 due to the total hadronic cross section o¢o¢ vs. beam momentum p.

The resulting loss rate is shown in Fig. 10 on the right side.

5.2 Single Coulomb scattering losses

Particles which are scattered out of the transverse acceptance are lost. The integrated cross section o, for
single Coulomb scattering reads

T doe 773
— 27r/ —S5in©dO = dx——=F-. (41)
‘ @cut dQ 6472 Ggut

Here, ©,y; is the acceptance angle, Z; and Z; are charge numbers of target and projectile and r, =
1.535 - 10718 m the classical proton radius. The acceptance angle ©,; depends on the acceptances
€ace,z and €qecyy and the betafunctions 3, and (3, at the target position. In the following evaluation we
assume common values for the acceptances and the betafunctions, that means €,ccz = €acey = €aces

Bz = By = B1. Thus, Oy is given by
€acc
Ocut = 4 5 (42)

The acceptance €,.. depends on the apertures of the ring, the adjustment of beam scrapers and in the case
of electron cooling on the overlap between the antiproton beam and the electron beam. The loss rate for
single Coulomb scattering is given by

1

= Nizefroef. (43)

Tloss,c

Fig. 11 shows the integrated Coulomb cross section and the resulting relative beam loss rate 1 /705 ¢ as
a function of beam momentum p for Nyzepp = 4 - 10% atoms/cm? assuming various acceptance angles
Ocyt- The value ©.,; = 4 mrad refers to the standard mode of operation.
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Fig. 11: Left: Integrated Coulomb cross section o. vs. beam momentum p. The figure shows o for various acceptance angles
Ocut. Right: Relative beam loss rate 1/7;55,c due to single Coulomb scattering vs. beam momentum p. The figure shows
1/710ss,c for various acceptance angles ©cy:. The value O+ = 4 mrad refers to the standard mode of operation.
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Fig. 12: Beam losses due to restricted energy loss. Left: Loss probability per turn for de.: = 1 - 1073, Right: Corresponding

longitudinal loss rate (1/7i0ss)iong vS. beam momentum p.

5.3 Losses due to restricted energy loss

Important particle losses are due to restricting the energy loss by the finite momentum acceptance of the
HESR ring. In Sect. 3.2 we considered as a reasonable upper limit 6.,; = 1 - 1073, The corresponding
loss probability per turn, P, can be calculated by integrating the differential cross section do /de from
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Fig. 13: Beam loss rate 1/7y5ss,t0u due to the Touschek effect vs. beam momentum p assuming dey: = 1 - 1072 and three
different transverse equilibrium emittances. €., = 1 mm mrad refers to the standard mode of operation.

€cut 10 €maz,

€maz d
Ppss = Nz / _Ude
€cut €
€mazx 1 1
= ¢ (—2 - p? ) de
€cut € € Cmazx
1 1 2
_ 5 . . ﬂ In €maz ( 44)
€cut €mazx €mazx €cut
The corresponding longitudinal loss rate can be written
1
= f)loss f . (45)
Tloss,l

For a hydrogen target with 4 - 10'® atoms/cm?, beam momentum p = 8.889 GeV/c (I’ = 8.0 GeV) and
Seut = 1-1073 we get Pjoes = 7.9-10~ ! per target traversal and 1/Tioss) = 4.1-1075 /s = 14.8-1072 /h.
At the highest beam momentum p = 15 GeV/c (I' = 14.1 GeV) we get P55 = 5.3 - 1071 per target
traversal and 1/75055; = 2.78 - 107° /s = 10.0 - 102 /h. In Fig. 12 the loss probability per turn and the
loss rate are shown as a function of the beam momentum.

5.4 Losses due to the Touschek effect

The Touschek effect is a special case of IBS. It is due to the large angle Coulomb scattering within the
beam where two particles with large transverse momenta are scattered from the transverse direction into
the longitudinal direction. These particles are lost if their longitudinal momentum deviation is outside of
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the momentum acceptance 0. The corresponding loss rate 1/7;4s5 100, can be evaluated [24, 28] using

1 Nz cr? 11

Tloss,tou 4 6373 <VpL > 063)_/2 é?ut

(46)

The variables are defined in the context of the longitudinal heating rate due to IBS, see Eq. (35). It is
interesting to note that the Touschek loss rate is related to the longitudinal heating rate due to IBS,

2
1 :115 @7

Tloss,tou T1,ibs L, ‘Scut

In Fig. 13 the loss rates due to the Touschek effect are plotted as a function of the beam momentum p for
three different transverse emittances e | assuming a momentum acceptance &.,; = 1 - 1073, For a given
beam momentum the loss rate due to Touschek is proportional to the number N of circulating particles
and inversely proportional to ei/Q and 33~3. For transverse emittances of about 1 mm mrad the Touschek
losses are negligible compared to the other losses. The losses become dangerously large for very small

transverse emittances, e.g. 0.001 mm mrad and less.
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Fig. 14: Total loss rate 1/7;0ss- The loss rates have been evaluated assuming the standard mode of operation with ecq =
1 mm mrad, ©cn: = 4 mrad and Seur = 1 - 1073,

5.5 Total loss rate

The total loss rate is just the sum of the individual loss rates,

1 1 1 1 1
= + + + : (48)

Tloss Tloss,h Tloss,l Tloss,c Tloss,tou
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Here, 17;055,5 denotes the loss rate due to the total hadronic cross section, 1 /7045 the loss rate due to the
finite relative momentum acceptance Ocyt, 1/70ss,c the loss rate due to the large angle single Coulomb
scattering and 1/7;,45 10r, the loss rate due to the Touschek effect, In Fig. 14 the individual and total loss
rates are shown as a function of the beam momentum p. All loss rates have been evaluated assuming the
standard mode of operation with €., = 1 mm mrad, ©.,; = 4 mrad and d¢,; = 1 - 1073.

It should be noted that the loss rates would be drastically higher if one would assume very small
equilibrium emittances of about 1 - 103 mm mrad and a maximum scattering angle of only O.,; =
1 mrad.

6. Average Luminosity

Concerning the average luminosity which can be reached in the HESR we refer to a recent paper by
Lehrach et al. [25]. The achievable average luminosity L depends on the effective target thickness
Nyzey, the revolution frequency f and the average number N of antiprotons in the ring averaged over
the full cycle time t¢y e,

L=N fNgzepy. (49)

The quantity N which is of great importance for the experiment depends on the production rate d Npoq/dt
of antiprotons and the total loss rate 1/7;,s¢. If it would be possible to inject the produced antiprotons
continuously into the HESR ring one could deduce the average number N of particles in the ring as the
equilibrium between injected and lossed antiprotons. The time dependence of the number of particles in
the ring is given by

dN N dN,
ey o + prod (50)
dt Tloss dt
The solution of this differential equation yields
dNprod t
N(t) = —2=2 {1— (— )] 51
( ) dt Tloss exXp Tloss (51
The above mentioned equilibrium condition dN/dt = 0 yields
dNprod
Neq = dptro Tloss- (52)

These equations show that the upper limit of the average number N of particles in the ring is given by
the equilibrium value V., which is reached after several mean lifetimes 75,

— dNprod
N = Neq = dz;?“O Tioss- (53)

However, the antiprotons can only be injected from time to time. In between, they are accumulated
in the RESR ring. Thus, a typical cycle consists of injection of antiprotons from the RESR into the HESR
at the injection momentum 3.8 GeV/c, beam preparation, i.e. precooling, acceleration or deceleration
to the desired beam momentum and beam cooling to the desired transverse emittance and momentum
resolution, data taking by the experiment and preparation of the HESR ring for the next injection. Thus,
one can define an overall beam preparation time #,,.,, (typical value 100 — 300 s) and an experimental
time ez (€.8. texp = 0.5705s) Which can be used by the experiment. The sum of both define the cycle
time tcycle,

tcycle = tp?"ep + texp~ (54)

Under these assumptions, the number of particles which can be injected from time to time into the HESR
ring is given by
dNyrod
Ninj = ;tm tcycie‘ (55)
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The average number of particles which can be used by the eperiment can be deduced using

— Nip; [lear t
N = Ninj / exp (— )dt. (56)
75cycle 0 Tloss
It should be noted that we average with respect to the full cycle time ¢.yce = tprep + teap. This yields

the following expression for the average number N of particles if we assume that the antiprotons are
dumped at the end of the cycle,

_ N t
N = o Tioss {1 — €Xp <_ — )]
7fcycle Tloss
dn, i
= —prod Tloss {1 — exp (—ﬂ>] . 57
dt Tloss

However, if the residual antiprotons are transferred back to the injection momentum and merged
with the newly injected antiprotons without losses, one can again reach the theoretical limit as given by
Eq. (53). This statement can be proven by considering the sequence of cycles with respect to the number
of particles at the beginning of each data taking period:

Ist cycle :  Nip;

2nd cycle :  Nip; {1 + exp <—teﬁ)]

Tloss
[ tea:;o tea:p 2
drd cycle : Ny, |1 +exp (——) + [exp <——>}
Tloss Tloss
n t 1—1
nth cycle :  Nip; Z {exp <— P )] (58)
i— Tloss

The limes of this geometric series is given by

texp -t

1l —exp| ——= . (59)
Tloss

Thus, replacing in Eq. (57) Ny, ; by Nip;[1—exp (—teap/ 72055)]71 yields the expression given in Eq. (53).

In other words, after several cycles, the average number N tends asymptotically towards the upper limit
given by the production rate and the time constant 7,4,

N N dn, prod
dt
It should be noted that this result has been derived under the assumption that additional beam losses

during the beam preparation can be neglected. Taking a particle loss of 10 % in the recycling process
into account yields the following modification of Eq. (60),

¥ dNpro tex tex -1
N — P dnoss {1 — exp <——p)} [1 — 0.9 exp (——pﬂ (61)

dt Tloss Tloss

Ninj

Tloss- (60)

Using Egs. (57) and (61), the achievable upper limits of N have been calculated assuming a total
loss rate as shown in Fig. 14 and the following production rate

derod

To 8-10°% 71, (62)

The resulting average luminosities L have been calculated using Eq. (49) and assuming an effective
target thickness of 4 - 10'® atoms/cm?. Concerning the total length of a cycle it is reasonable to assume
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Fig. 15: Luminosity L vs. time ¢ at p = 9.0 GeV/c. The figure shows a typical example of the recycling mode of operation
with teyere = 3500 8, tprep = 300 s and teqp = 3200 s. The dashed curve shows the resulting average luminosity L. The
luminosity has been calculated assuming a production rate dNy,..q/dt = 8 - 10° s™%, an effective target thickness of 4 - 10'°
atoms/cm? and a total loss rate of 1.56 - 10~* s~1, see Fig. 14. In the recycling process, a particle loss of 10 % has been taken
into account. The peak luminosity at the start of each data taking period corresponds to 6 - 10*? antiprotons in the ring. At the

end of each cycle about 3.8 - 10~ '€ antiprotons are left for recycling.

leap = 0.5Tj0ss for the recycling mode. Then, the luminosity ratio between stop and start of each data
taking period is 1/y/e = 0.61. That means tcycje = tprep + 0.571055.

Fig. 15 shows a typical plot of the luminosity as a function of time. The beam momentum is
9 GeV/c. We assume the recycling mode of operation with a particle loss of 10 % during the recycling
process, see Eq. (61). The characteristic time periods of one cycle are chosen to be e = 3500 s,
tprep = 300 s and tepp = 3200 s. The experimental time period t¢,, corresponds to 0.57;,55. The solid
line shows the momentary luminosity as a function of time. The luminosity at the start and stop of each
data taking period corresponds to 6 - 10'° and 3.8 - 10'° antiprotons in the ring, respectively. The dashed
line shows the resulting average luminosity where the average is taken with respect to the full cycle time
tcycle = tprep + teacp-

In Fig. 16 the maximum average luminosity L is shown as a function of the beam momentum p.
The solid line represents L assuming recycling of the unused antiprotons at the end of each cycle, see
Eq. (61). The dashed line represents L assuming that the residual antiprotons are dumped at the end of
each cycle, see Eq. (57) with ?.,, = 0.57;055. As can be seen, recycling the antiprotons yields maximum
average luminosities between 0.37 - 1032 and 1.05 - 1032 cm 25~ 1. Dumping the antiprotons at the end

of each cycle yields maximum average luminosities between 0.17 - 1032 and 0.48 - 1032 cm 251,

The maximum average luminosities which can be achieved using the recycling mode are more
than a factor of two smaller than the original goal of 2.0 - 1032 cm 25!, This is due to the fact that the
antiproton production rate has been reduced in stage 1 from the original value of 2-107 s~! to 810 s 1.
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Fig. 16: Maximum average luminosity Lgq, = L vs. beam momentum p. Cycle time t.yce 1s 1834 s at 1.5 GeV/c, 3500 s at
9 GeV/c and 3998 s at 15 GeV/c with tprep = 300 s, teap = 0.57T10ss and teycie = tprep + texp. The solid line has been
calculated assuming that the residual antiprotons at the end of each cycle are recycled with 90 % efficiency. It represents the
upper limit for the average number of antiprotons in the HESR ring as given by Eq. (61) with AN, oq/dt = & - 10° 571,
an effective target thickness of 4 - 10'° atoms/cm? and a total loss rate as shown in Fig. 14. The corresponding number of
antiprotons at the start of data taking varies between 3 - 10'° at 1.5 GeV/c, 6 - 10'% at 9 GeV/c and 7 - 10'° at 15 GeV/c. The
dashed line has been calculated assuming that the antiprotons are dumped at the end of each cycle. Here, Eq. (57) has been

used with tezp = 0.5710s5-

The design luminosity of 2.0- 1032 cm~2s~! can be achieved in a later stage by upgrading the antiproton
production rate.

7. Equilibrium between Beam Cooling and Beam Heating
7.1 Equilibrium transverse emittance and transverse cooling rate

In the following, we omit the subscripts x and y which are used to distinguish between horizontal and
vertical direction. Thus, €, 3 and 7, represent either €, 3, and 7, or €, 3, and 7, respectively. The
time dependence of the transverse emittances ¢ is described by the differential equation

de de de
de _ (de e ) 63
dt ( dt > cooling * (dt> heating ( )

The terms describing the cooling and heating processes are negative and positive, respectively. The
beam-target interaction and the intra-beam scattering (IBS) are the main sources of beam heating. Other
beam heating processes like beam-wall interactions, interactions with the residual gas and positive ions
in the ring etc. should also be mentioned. Taking all these processes into account and introducing the
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Fig. 17: Transverse cooling rate 1/7¢- for e = 1 mm mrad, 3 = 1 m, Ocyr = 4 mrad and 4 - 10'® atoms/cm? vs. beam

momentum. The chosen parameters refer to the standard mode of operation.

cooling rate 1/7 Eq. (63) may be written

cooling heating
de 1 1 deA de )
— = - 36?2 — — . 64
dt Ttr€+26 rmsf (dt>135+ (dt>other %

The equilibrium between cooling and heating is reached if de/dt = 0, yielding the equation for the

Table 2: Transverse cooling rate 1/7¢ for eeq = 1 mm mrad, 8 = 1 m, fey¢ = 4 mrad and 4 - 10*® atoms/cm?

T (GeV) 02, . fMHz) 7 () 1/m (57

2.0 2.34-10715 04949 1.72-10% 5.80-107*
4.0 7.95-10716 05128 4.91-10% 2.04-10~*
6.0 412-107% 05175 9.39-10% 1.06-10*
8.0 2.55-10"1% 05194 1.51-10* 6.61-107°
10.0 1.74-10716 05204 2.21-10* 4.53-10°°
12.0 1.27-1071% 05209 3.02-10* 3.31-10°°
14.0 9.71-10~'7 05213 3.95-10* 2.53-107°

equilibrium emittance €.,

1 9 de de
_ ! de ae , 65
cea 2 BgrmeTtr * {<dt > IBS * (dt ) other] Tt ( )
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Fig. 18: Longitudinal cooling rates 1/7; vs. beam momentum p. The figure shows the cooling rates needed to reach the
equilibrium values d., = 1-107°, 2.1075,4-107° and 1 - 10~%. The relative momentum acceptance is eyt = 1 - 1073

(standard mode of operation) and the effective target thickness 4 - 10'® atoms/cm?.

Now we assume that an equilibrium emittance of about 1 mm mrad should be adjusted in order to get a
good overlap with a pellet target. Under this condition the IBS heating rate is negligibly small compared
to the beam-target heating effects. The same holds true for all other heating effects. Thus, neglecting the
terms (de/dt);pg and (de/dt)ener We get the equation

1
€eq = 580ms f Tur (66)

which allows to deduce the necessary cooling rate

L1l s f (67)

Ttr €eq 2

which is equal to the beam-target heating rate, see Eq. (18). In Table 2 and Fig. 17 the resulting values are
shown as a function of the beam energy and momentum, respectively, assuming 3 = 1 mand €., = 1 mm
mrad.

7.2 Equilibrium momentum spread and longitudinal cooling rate

The time dependence of the mean-square relative momentum spread of the beam, 2, is described by the

differential equation [26]
dé? dé? dé?
E‘(E) | +(E) . (08)
cooling heating

Again, the terms describing the cooling and heating processes are negative and positive, respectively.
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The beam-target interaction and the intra-beam scattering (IBS) are the main sources of beam heating.
Beam-wall interactions, interactions with the residual gas and positive ions in the ring etc. can also affect
the momentum spread. Taking all these processes into account and introducing the cooling rate 1/7; and
the target heating term for a coasting beam (see Eq. (22)) Eq. (68) may be written

cooling heating
—
dé? 1 . dé? dé?
= — 62462 f+ (E) + (E) . (69)
i IBS other

The equilibrium between cooling and heating is reached if d§?/d¢ = 0, yielding the equation for the

Table 3: Longitudinal cooling rates 1/7; for §eq = 1-107°, §zye = 1 - 1072 and 4 - 10"® atoms/cm>
T (GeV) 82, fMHz) 7(s) 1/ (s™hH

2.0 2.38-10716 04949 0.85 1.18
4.0 1.15-1071  0.5128  1.69 0.592
6.0 77810717 0.5175 248 0.403
8.0 5.91-10717  0.5194 3.26 0.307
10.0 47810717  0.5204 4.02 0.249
12.0 4.01-10717  0.5209 4.78 0.209
14.0 3.46-10717 05213 554 0.180

Table 4: Longitudinal cooling rates 1/7; for deq = 4 - 1072, 8eur = 1- 1072 and 4 - 10*® atoms/em?.

T (GeV) Srms fMHz) 7() 1/ (s

2.0 2.38-10716 04949 136  0.0735
4.0 1.15-1071  0.5128 27.0  0.0370
6.0 7781077 0.5175  39.7 0.0252
8.0 5.91-10717 05194  52.1 0.0192
10.0 47810717 0.5204 644  0.0155
12.0 4.01-10717  0.5209 765  0.0131
14.0 3.46-10717 05213 88.6  0.0113

equilibrium value 52(1 of the mean square relative momentum spread,

dé? dé?
<E> + (E) ] - (70)
IBS other

As in the previous subsection, we assume a transverse equilibrium emittance of about 1 mm mrad in x
and y direction in order to get a good overlap with a pellet target. Under this condition the longitudinal
IBS heating rate is negligibly small compared to the beam-target heating effects. The same holds true for
all other heating effects. Thus, neglecting the terms (dd?/dt);gs and (d6%/dt)yher We get the equation

02y = Otms fT1 (71)

which allows to deduce the necessary cooling rate

53(1 = 51%msf7_l +

1 62
—_— gg” s (72)
eq
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which is equal to the beam-target heating rate, see Eq. (32). The mean square values &2,,, which are
due to the energy straggling per target traversal are calculated assuming a restricted momentum loss of
Seut = 11073, see Subsec. 3.2. In Tables 3 and 4 the cooling rates are listed for dcq = 1 - 1075 and
Ooqg =4~ 10~°. In Fig. 18 the longitudinal cooling rates are shown as a function of the beam momentum
assuming d., = 1-1075,2-1075,4-10"% and 1 - 10~%.

8. Cooling Rates

In this section, we estimate analytically the cooling rates which can be achieved with either the electron
cooling or the stochastic cooling. We define the transverse and longitudinal cooling rate* with respect to
the transverse emittance ¢ and the mean square momentum deviation §2, respectively,

1 1de

2o 1de 73
Tor e dt (73)
1 1 do?
P (74)

8.1 Electron Cooling

In Table 5 the parameters of the planned electron cooler are listed. The longitudinal and transverse cool-

Table 5: Parameter of the electron cooler

Maximum Energy 4 MeV

Beta Function at Cooler 100 m
Cooling Section Length 30 m

Electron Beam Radius 5 mm
Electron Beam Current 1.0A
Electron Beam Density 2.7-108 cm™3
Magnetic Field in Cooler 02T

Field Homogeneity 1-107°

Transverse Electron Temperature 0.1 eV

ing rates which can be achieved with magnetized electron cooling can be estimated using the formalism

of Parkhomchuk [27, 28].

1 ArrprenecLeLeow e

1

(75)

T y*C Vs 1+ (e/ecsp)??
Here, 7, = 1.535 - 1078 m and 7, = 2.818 - 10~!° m is the classical proton and electron radius, n.
the electron density, L. the length of the electron cooler, C' the circumference, L.y, ~ 10 the Coulomb
logarithm, verr = 3 - 10* m/s an effective velocity representing the cooler’s imperfections and e, ff an
effective emittance defined by

2
v,
€eff = (ﬁ> Be.

Brye
Here, (3. is the mean beta function in the region of the cooler. For very small transverse emittances the
longitudinal and transverse cooling rate is inversely proportional to +2.

(76)

40Often, the cooling rates are defined with respect to the amplitudes /€ and §. Then, the resulting cooling rates are a factor
1/2 smaller.
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For large transverse emittances, i.e. € > €.y, it is inversely proportional to ~5 and €%/2. It should
be mentioned that transverse and longitudinal cooling rates are equal in the case of magnetized electron
cooling. Thus, both cooling rates can be estimated using Eq. (75).

Concerning numerical results we refer to recent studies of Stockhorst [29] and Boine-Frankenheim
[30]. Stockhorst investigates a scenario for the HR mode where the beam is injected into HESR at
T = 3 GeV and precooled with the electron cooler. The beam-target interaction and IBS are taken into
account. The resulting equilibrium values at 3 GeV are

€req = 0.0024 mm mrad,
€yeq = 0.00063 mm mrad,
beg = 3.4-107°. (77)

Then, the beam is accelerated to a kinetic energy of 8 GeV and again electron cooled. This yields the
following equilibrium values

€req = 0.0034 mm mrad,
€yeq = 0.00048 mm mrad,
deq = 3.0-107°. (78)

Similar results have been obtained by Boine-Frankenheim [30].

8.2 Stochastic Cooling

The cooling rates which can be reached with stochastic cooling can be estimated using the formalism of
Mohl et al. [31]. The cooling rate depends on the bandwidth W, the number N of particles in the ring,
the gain factor g, the mixing factor M of the wanted mixing between successive pick-up’s, the mixing
factor M of the unwanted mixing between observation and correction, i.e. pick-up and kicker, and the
noise factor U. The gain factor g is defined as the fraction of the observed sample error corrected per
turn. Ideally, g = 1, but in practice one adjusts g < 1. Due to the momentum spread, particles go round
at slightly different speeds. Because of this mixing, the sample population changes. The dipersion of the

revolution time 7" is given by

AT Ap
= — _p=£ 79
T ", (79
Here, 7 1s the socalled frequency slip factor which is related to the Lorentz v and the parameter vy, of
the lattice,

11
n=— - (80)
v A

Thus, 7 is not a constant, but depends on the beam energy. Below the transition energy, i.e. for v < ¢,
17 18 positive, above, it is negative. In the case of the HESR lattice, ,, is imaginary, v = 6.5 and 7 is
allways positive. The resulting mixing factor M is defined as the number of turns for a particle with a
momentum deviation of four standard deviations § to migrate by one sample length. It can be estimated

using
f 1

T W 4dfy|

Here, f is the revolution frequency and § is the rms relative momentum spread of the beam. This equa-
tion shows that the mixing factor is not a constant, but it is inversely proportional to the momentary rms
width ¢ of the beam. Thus, if longitudinal stochastic cooling is applied M is not constant but increases
during the cool-down process since § decreases. If only transverse cooling without any longitudinal cool-
ing or heating is applied M stays constant during the cool-down process. In other words, the momentary

1)
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Fig. 19: Equilibrium rms momentum spread deq vs. beam momentum p. The figure shows the equilibrium values which can
be reached with a bandwidth of 2 GHz of a 2-4 GHz stochastic cooling system and 4 - 10%° target atoms/cm?. Since the
longitudinal beam heating is dominated by the beam-target interaction IBS and other effects have been neglected. The assumed

relative momentum acceptance e,,: = 1 - 10~ 2 refers to the standard mode of operation.

mixing factor M depends allways on the momentary rms width & of the beam. The mixing factor M is

proportional to M,
C

M=M 7 (82)
Here, C/L denotes the ratio of the circumference to the distance L between pick-up and kicker. For the
HESR we get M = 2M. Using these definitions, the transverse cooling rate may be written [31]

r_w {zg (1 _ #) _g2(M+U)] . (83)

Ttr

=

The longitudinal cooling rate reads

%:2%{29(1—#)—92(M+U)]. (84)
The optimum gain factor is given by
1-M?
9ot = v
If the stochastic devices are cooled to liquid nitrogen temperature the noise factor is negligible, U = 0.
Egs. (83) and (84) can be further simplified by taking into account that the actual mixing factors are
relatively large, i.e. M > 1 and M > 1. Taking also the condition (85) into account we then get the
optimum gain factor g,,; and the optimum transverse and longitudinal cooling rates

(85)

I 8Wé|n|

Gopt = M f 3 (86)
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Fig. 20: Equilibrium rms momentum spread deq vs. beam momentum p. The figure shows the equilibrium values which can
be reached with a bandwidth of 4 GHz of a 4-8 GHz stochastic cooling system and 4 - 10%° target atoms/cm?. Since the
longitudinal beam heating is dominated by the beam-target interaction IBS and other effects have been neglected. The assumed

relative momentum acceptance e,,: = 1 - 10~ 2 refers to the standard mode of operation.

1 W2[n|o

— =38 , 87
Ttr Nf ®7
1 W2[n|s
— =16 . 88
al N f (88)

In the case of longitudinal stochastic cooling, the resulting equilibrium value d,, can be estimated
by inserting 7; into Eq. (71),

Ocg = 53msfﬁ|{?léeq. (89)
Solving for d, yields
Oeq = (LT”SJ;QN> " (90)
16W?2|n|
The coresponding optimum gain factor g, reads
B o ©n

The resulting cooling rate may be calculated by inserting J., into Eq. (88). The equilibrium value d.4
can be reached by adjusting the corresponding optimum gain g4, see Eq. (91). It takes the beam-target
interaction fully into account. The beam-target effects are represented by the term &2, i.e. the mean
square momentum deviation per target traversal. It is interesting to note that . is proportional to N 1/3,
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f2/3, 57%7/{;)’3 and inversely proportional to w?2/3 and ]77]1/ 3. We repeat that this holds true, provided the
mixing factors are very large, i.e. M > 1and M > 1.

Table 6: Longitudinal cooling rates 1/7; and deq for N = 1 - 10'° (HR), 8w = 1 - 1073 and 4 - 10'® atoms/cm?®
T (GeV) s f(MHz) 1/7(s1) beq

2.0 2.38 10716 0.4949 0.0677 4.2-107°
4.0 1.15-10"1%  0.5128 0.0321 4.3-107°
6.0 7.78 10717 0.5175 0.0221  4.3-10°°
8.0 5.91-10717  0.5194 0.0178 4.2-107°
100 47810717  0.5204 0.0154 4.0-107°
12.0 4.01-10"17  0.5209 0.0138 3.9-107°
14.0 3.46-10717  0.5213 0.0128 3.8-107°

Table 7: Longitudinal cooling rates 1/7; and 8¢, for N =1 - 10" (HL), §cyr = 1- 1072 and 4 - 10'° atoms/cm?

T (GeV) 02 1ms f(MHz) 1/7(s7 1) Seq

3.0 1.54-1071  0.5072 0.0093 9.2-107°
4.0 1.15-10~1%  0.5128  0.00691 9.3-107°
6.0 7.78 10717 05175  0.00477  9.2-10°°
8.0 5.91-10717 05194  0.00383 9.0-107°
10.0 478 -10717  0.5204  0.00331 87-107°
12.0 4.01-10717 05209  0.00298 8.4-10°
14.0 3.46-107'7 05213  0.00275 81-107°

Now we like to estimate the equilibrium values d., and the cooling rates corresponding to the
equilibrium for the HR and HL mode which differ by the number of particles in the ring, N = 1 - 101°
(HR) and N = 1 - 10! (HL), respectively. The planned stochastic cooling system [32] works in the
frequency range 2-4 GHz. For N = 1 - 10! (HR mode) it can be used in the kinetic energy range
T > 1.5GeV.For N = 1-10*! (HL mode) it can be used in the kinetic energy range 7" > 3.0 GeV. Below
those thresholds it cannot be used since there is overlap of the revolution bands of adjacent harmonics
[32]. We assume the following parameters for the HESR ring and the planned stochastic cooling system,
~er = 1 6.5 and W = 2 GHz. In the calculation one must take the energy dependence of 7 (see Eq. (80))
into account. In Tables 6 and 7 the resulting cooling rates 1/7; and equilibrium values ., are listed
for several beam momenta. In Fig. 19 the equilibrium values ., are plotted as a function of the beam
momentum. The resulting equilibrium values J., are nearly independent of the beam momentum. In the
HR mode ¢4 ~ 4 - 10~ can be achieved, in the HL mode 0eqg = 9 1075. These values are in agreement
with a recent evaluation by Stockhorst [32] who gets also values of about 4 - 10~ for the HR mode
at 4 and 8 GeV. It should be mentioned that a 4-8 GHz longitudinal stochastic cooling system with a
bandwidth of 4 GHz would improve the final momentum resolution by a factor 22/3, see Eq. (90). Thus,
a relative momentum spread 0., ~ 2.5 - 107> for the HR mode and Ocq ~ 5.7 - 10~ for the HL mode
could be reached, see Fig. 20. But such a system could only be used for kinetic energies 1" > 5 GeV due
to the band overlap of adjacent harmonics [32].

It should be pointed out that Eqs. (87) and (88) have been derived assuming the optimum gain
factor as given by Eq. (85). That means that the gain g,,; must be changed continuously during the cool-
down process, since ¢ decreases, see Eq. (86). But in practice, a constant gain factor is adjusted. Thus,
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in order to reach the highest momentum resolution, i.e. the equilibrium value d., as given by Eq. (90),
one should choose a priori the gain factor g, corresponding to d4, see Eq. (91).

8.3 Comparison of electron and stochastic cooling

The actual studies of electron and stochastic cooling show that both methods fail to reach the original
goal of the HR mode, a momentum resolution corresponding to 9. = 1 - 1075, Nevertheless, both
methods achieve a momentum resolution which is not far away from the original goal. Electron cooling
yields d¢q ~ 3 - 1075, stochastic cooling with a bandwidth of 2 GHz yields Oeq A 4+ 107? and stochastic
cooling with a bandwidth of 4 GHz yields 0., ~ 2.5 - 1075, But electron cooling has several severe
disadvantages compared to stochastic cooling.

The problem of the electron cooling is the fact that the transverse cooling is so strong that ex-
tremely small transverse emittances result. As a consequence, the transverse and longitudinal heat-
ing rates due to IBS are extremely large, much larger than the corresponding heating rates due to the
beam-target interaction. As a consequence, the longitudinal heating rate due to IBS is so strong that
0eg = 1~ 1075 cannot be reached. Another negative consequence of the small transverse emittances is
the very high beam loss rate due to the Touschek effect which affects the average luminosity.. Further-
more, the beam spot at the target point is much too small. The transverse beam width at the target is
given by

or = Pues,
oy = \/Byey-

Taking the equilibrium emittances at 8 GeV as quoted in Eq. (78) one gets with 3, = 3, = 1 m at the
target

92)

oy, = 0.058 mm,
oy = 0.022 mm. 93)

In a scenario where the pellet target is used beam spots with o, , = 1 mm are needed in order to have
sufficient overlap between beam and target. The beam spot area noted in Eq. (93) is a factor of 800 too
small.

The great advantage of the stochastic cooling is the fact that the transverse and longitudinal cooling
rates can be adjusted independently. It is even possible to adjust the gain factors such that the beam is
longitudinally cooled and transversely heated. The cooling rate in Eq. (83) gets negative, i.e. becomes
a heating rate if the second term in Eq. (83) is larger than the first term. Thus, it is possible to adjust
individually 1/7,, 1/7, and 1/7;. A possible mode of operation is to cool down longitudinally right from
the start in order to reach d, as fast as possible. Simultaneously, 1/7, and 1/7, are first adjusted such
that (€, )start — 1 mm mrad and (€, )sgart — 1 mm mrad. Then, 1/7, and 1/7, are adjusted to maintain
the equilibrium values €, ., = 1 mm mrad and ¢, ., = 1 mm mrad.

9. Summary and Conclusions

The beam-target interaction has been studied with respect to the beam heating processes by internal
targets in the HESR ring. The transverse and longitudinal heating rates can be evaluated using analytic
expressions. The transverse emittance growth is determined by the mean square scattering angle ©2,
per target traversal. The longitudinal emittance growth, more precisely the growth of the mean square
relative momentum deviation 62 of the beam, is determined by the mean square relative momentum loss

52, per target traversal which is related to the energy loss straggling Ae?, ... An important result is the
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fact that the growth rate of 4% can be kept an order of magnitude smaller by cutting the long tails of the
energy loss distribution.

The study of the beam-target interaction includes a comparison with the important beam heat-
ing processes which are due to IBS. To this end the longitudinal and transverse IBS heating rates are
evaluated using analytic expressions. The heating rates due to IBS depend strongly on the transverse
emittances. Fortunately, IBS beam heating can be kept small by adjusting rather large equilibrium emit-
tances of about 1 mm mrad. Then, the IBS heating rates are small compared to the beam-target heating
rates. But equilibrium emittances of about 0.001 mm mrad which are typical for electron cooled beams
yield tremendous transverse and longitudinal IBS heating rates which are very much larger than the
beam-target heating rates.

An important point of the beam-target interaction is the question of beam losses. It turns out that
the main beam losses are due to the total cross section of the hadronic p p interaction. The next most
important loss rate is due to the restricted momentum acceptance of the ring, i.e. the cutting of the long
tails of the energy loss distribution. The losses due to the large angle Coulomb scattering in the target
can be kept negligibly small if a transverse acceptance angle ©,; ~ 4 mrad is chosen. The same holds
true for the losses due to the Touschek effect if equilibrium emittances of about 1 mm mrad are adjusted.
However, the Touschek losses become very large for equilibrium emittances of about 0.001 mm mrad
which are typical for electron cooled beams.

Using the total loss rate and assuming a production rate of 8 - 105 antiprotons/s, the maximum
possible average luminosity L has been evaluated as a function of the beam momentum p. The average
luminosity L is proportional to the antiproton production rate dN,,.q/dt and the mean lifetime of the
beam, i.e. the time constant 7;,.c. It turns out that the maximum average luminosity L is in the range
0.37-10%2 —1.05-10%2 cm 25! if the antiprotons at the end of each cycle are recycled. Dumping the an-
tiprotons at the end of each cycle yields average luminosities between 0.17-1032 and 0.48-1032 cm—2s~ 1.
The values are shown in Figs. 15 and 16. The resulting maximum average luminosities are more than a
factor of two smaller than the original goal of 2.0 - 1032 cm~2s~! which was foreseen for the HL. mode.
This is due to the fact that the antiproton production rate has been reduced in stage 1 from the original
value of 2-107 s~ to 8- 105 s~ 1. The design luminosity of 2.0 - 1032 cm~2s~! can be achieved in a later
stage by upgrading the antiproton production rate.

The equilibrium between beam cooling and beam heating is discussed. Expressions are derived in
order to evaluate the transverse cooling rates 1/, which are needed in order to maintain certain trans-
verse emittances €.4. Similarly, expressions are derived in order to evaluate the longitudinal cooling rates
1/7; which are needed in order to reach certain momentum resolutions, more precisely the corresponding
equilibrium values of the relative rms momentum spread d4. Equilibrium values are deduced assuming
that the beam-target effects are dominating. Numerical results are shown as a function of the beam mo-
mentum for the HR and HL mode assuming a standard mode of operation with equilibrium emittances
€eg = 1 mm mrad, maximum scattering angles ©.,; = 4 mrad and a relative momentum acceptance
Seut = 1-1073,

The cooling rates which can be achieved with electron cooling are discussed. The electron cooling
rates can be estimated analytically using the formalism of Parkhomchuk for magnetized electron cooling.
Recent studies of electron cooling by Stockhorst [29] and Boine-Frankenheim [30] show that a momen-
tum resolution corresponding to d., &~ 3 - 107° can be achieved for the HR mode. But the drawback
of electron cooling is the fact that very small transverse equilibrium emittances €., ~ 0.001 mm mrad
evolve. As a consequence, the transverse and longitudinal heating rates due to IBS and the Touschek loss
rates become very high and the target beam spot is about a factor of 800 too small compared to what is
needed for the pellet target.

The stochastic cooling rates can be estimated analytically using the formalism of Mohl et al. [31].
The optimum gain factor depends on the mixing factors M and M. It turns out that in the case of HESR
the mixing factors are rather large. This fact has been used in order to derive a simple expression which
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allows to calculate the optimum momentum resolution, i.e. the minimum momentum spread 6., which
can be achieved with stochastic cooling. It turns out that a stochastic cooling system with a bandwidth
of 2 GHz yields a relative rms momentum spread of about 4 - 10~° for the HR mode and about 9 - 10>
for the HL mode. It is interesting to note that stochastic cooling with a bandwidth of 4 GHz would
yield relative rms momentum spreads of about 2.5 - 107° (HR) and 5.7 - 10~5 (HL), respectively, for
the kinetic energy range 7" > 5 GeV. The great advantage of the stochastic cooling is the fact that the
horizontal, vertical and longitudinal cooling rates can be adjusted individually. Thus, it is possible to
adjust transverse emittances of 1 mm mrad as required by the experiment and to reach simultaneously
high momentum resolutions.
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