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Abstract

The available experimental data for antiproton production
are described by an analytical formula, including target
nucleus dependence. This formula, in conjunction with a Monte
Carlo program that includes the effect of hadronic showers, is

used to optimize the design of the Fermilab Antiproton Source.

Comparison is made with measurements of yields at the CERN

Antiproton Accumulator.
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1. Introduction

Due to developments in beam cooling techniques it is now
possible to accumulate antiprotons (p) in sufficient numbers
within phase space areas compatible with wutilization in
accelerators. The possibility of increasing the phase space
density of antiprotons is a direct result of the development of
electron cooling techniques by Budker! and the invention of

? Intense bunches of D can

stochastic cooling by van der Meer.
be made to collide with proton bunches in colliding beam
machines with large gains in center-of-mass energy over
collisions with stationary targets. Several laboratories have
proposed such facilities.® At the CERN SPS accelerator
experiments which study 270 GeV pp collisions have recently
started.*

This report summarizes a set of calculations on antiproton
production 1in complex targets for aiding in the design of the
Fermilab Tevatron I Antiproton Source. The emphasis is on the
optimization of the accumulation rate of antiprotons to
maximize the expected peak and average luminosity of the pp
collisions in the Tevatron accelerator. Although several other
calculations® exist a comparison is presently not attempted.

The calculations rely on the Monte Carlo (MC) program
CASIM.S This program generates three dimensional nuclear
cascades. Antiproton production by all members of the cascade
is included, along with the subsequent transport of the p

through the target and collection devices. An empirical fit to



available data of p production is introduced into the program
expressly for this study. This fit is described below, along
with a brief sketch of its implementation into CASIM.

The CERN Antiproton Accumulator has now been in operation
for some time. It provides the opportunity of comparing
expected p yields from the present calculations with actual
measurements for that specific geometry. Such comparisons are
made below.

This report is divided in seven sections. Section 2
contains the model for p production. Section 3 discusses its
adaptation to the MC code CASIM. The results for the PFermilab
parameters are given in Section 4 and the comparison with CERN
data in Section 5. Section 6 contrasts the differences between

Fermilab and CERN designs.

2. Antiproton Production Cross Section

The calculation of p yields relies on the production cross
section not only for beam protons (primaries) but also for
particles participating in the shower development
(secondaries). In the present calculation the secondaries
considered are p, n, 1, 1, and p. Production of n which may
subsequently transform to p via charge. exchange (including

inelastic charge exchange, i.e., transformation of a leading

particle) is not considered explicitly. To first order this



process and its (likewise neglected) inverse are expected to
compensate each other.

For nucleons and pions incident on protons as well as on
nuclear targets the available data are described by an
empirical formula which factors into three parts:

(i) a fit to data’ in the (high energy) scaling
region,
(ii) a factor describing the approach to scaling at
lower incident energies, and
(iii) the nuclear mass dependence.
The scaling variables chosen are the transverse momentum,

Pys and the radial scaling variable, xR(E E/ Ema , the p energy

X
in the center of mass expressed as a fraction of its 1largest
kinematically allowed value). It has been shown® that X has
better scaling properties, especially at lower incident
energies, than the more conventional Feynman x.

The empirical formula for the invariant p production cross

section (divided by the target absorption cross section) with

the three factors separately bracketed is given by:
3 3, _
(E/0_,q) (d70/dp”) =
m 2
[k (1-xp)" exp(-3p:)1.

[1+24s5™2 exp(8xp) 1. [a exp(bpé) exp (-cxp) ] (1)

where % abs is the absorption cross section of the target



nucleus. The projectile dependent constants k and m are given
in Table I. The target dependent constants and a, b, and c are
given in Table II for five elements. For other materials the
constants are obtained by interpolation. The cross section is
assumed to vanish abruptly at the kinematical limit for p
production on a proton target. Some subthreshold production in
nuclear targets aided by Fermi motion is thereby ignored.

From Equation (1) it can be seen that the fit in the
scaling region follows a familiar form. The
approach-to-scaling factor is based on very few data and
therefore not well established. It is not significant in the
Fermilab case (e.g., for 126 GeV/c protons producing P near
x=0, the factor is 1.004), although it is somewhat more
important for the CERN case (at 25 GeV/c, the comparable factor
is 1.13 and at 15 GeV/c it.is 1.96) . Note from these examples
and from Equation (1) that scaling is approached "from above"
in accordance with Reference 8.

The factor describing the nuclear effects also contains
some uncertainties. This 1is especially true for backward
production in the center of mass where the cross section might
be enhanced as is observed for total hadron production.?® The
expression in Equation (1) is exclusively based on forward p
production in the c.m. Some of the uncertainty about backward
production is removed by computing the p yield following two
different prescriptions. The first assumes symmetric c.m. P

production for all nuclear targets. The second prescription



starts from a simple formula of Brodsky et al.'® which predicts
the ratio of total hadron production off nuclei to that off
protons as a function of the rapidity variable. This formula
is used here only to predict forward-to-backward ratios of p
production on nuclear targets, with forQard production taken
from Equation (1). It can be argued on kinematical grounds
that this second procedure overestimates | any nuclear
enhancements. These computations show that even with such an
enhancement, backward produced p are not likely to be of great
interest in this study. In addition, recent results'! not
included in the data basis of Equation (1) show no significant
enhancements to be present at 70 GeV, even for heavy nuclei.
For these reasons; éll results quoted below assume p production
to be symmetric in the center of mass.

Both approach-to-scaling and nuclear mass dependence are
based on proton projectile data only. For incident pions they
are assumed to be equal to the proton case. For backward p
production by incident pions the constants k and m in Table I
are taken to be those for proton projectiles. This 1leads to
unphysical discontinuities in the cross section and in its
slope at x=0 which are tolerated for simplicity.

Production of p by inelastic collisions of p is assumed to
follow the 1leading proton distribution of the Hagedorn-Ranft
model!? for p-nucleus collisions. This 1is for convenience

since this model is already coded into CASIM.



A thorough statistical evaluation of the quality of the
fit of Equation (1) to the data is not attempted. The
presentation is limited to three projections of the fit, with
special attention to the low P., low x region of interest here.
The data are projected onto the graphs by applying a correction
to the cross section using Equation (1). Information from the
fit outside the plane of the graph is thereby introduced. The
comparison 1is obviously more significant if such corrections
are reasonably small and uniform. For this reason as well as
for clarity of the graphs, the sample of data included is
somewhat restricted. Comparisons are shown for proton
projectiles on hydrogen and lead targets.

Figure 1 shows the dependence on incident proton momentum
with pt=0 and x=0 held constant. The steep rise in the cross
section is primarily the result of the decrease in X_ with s at

R
constant x=0:

(x 2m/'s/ (s-8m?) (2)

R) x=0

where m is the proton mass. At low incident momentum there is
also a significant contribution to the rise from the

approach-to-scaling factor. Figure 2 presents a fit of the Xp

dependence with pt=0 held constant and s*®, In both Figures 1
and 2 the correction factors vary from unity to about seven but
are mostly in the lower part of that range. Figure 3 shows the

Py dependence with xR=0 held constant and s**®, Note that xR=0

is always in the unphysical region of Equation (1). The



correction factors are very large here (up to 10"%), mainly due
to the projection onto xR=0. Note also in Figure 3 that the
scale of the cross section is greatly expanded.

It should be noted that Equation (1) is an attempt at
fitting a set of data from different experiments in an unbiased
way. Some peculiar consequences of this might be seen 1in
Figure 3 where the fit underestimates the hydrogen data of
Allaby et al. but overestimates the data for lead of the same
experiment. A somewhat similar inversion exists with respect
to the data of Dekkers et al., though not in as uniform a
fashion. A critical evaluation of the data might suggest a set
of weights to be applied in constructing the fit. This is not
attempted here.

It must be emphasized that Equation (1) is expected to be
more accurate for small Py (1 GeV/c) and small to moderate
xR(f'75)' which is the region of interest for the present
application.

The p yield for a given target and collection device,
depends on many variables in addition to those of Equation (1).
It is the purpose of the MC program to include these variables
in the analysis. However, as an intermediate step it appears
useful to present graphs of cross sections based on Equation
(1) and simple integrals thereof. Figure 4 presents the
differential cross section in the laboratory, dN/dpdQ,
evaluated in the forward direction versus P laboratory momentum

for a number of incident proton momenta on a tungsten target.



Figures 5 and 6 show total P production per interacting proton
on tungsten below 30 mrad and 60 mrad respectively as a
function of p laboratory momentum for the same set of incident
energies. Figures 7 and 8 present the total P production per
interacting proton on tungsten below Py of 0.3 GeV/c and 0.6
GeV/c, respectively, again for the same range of P momenta and
the same set of incident momenta. In all these graphs the
results at very low P momenta (f2 GeV/c) are suspect because
the procedure of symmetrizing the cross section about x=0 on a
nucleus does not take account of the influence of Fermi motion

of the target nucleons.

3. Monte Carlo Calculation

The purpose of this calculation is to obtain the expected
P yield for specific geometries of production and collection.
It incorporates the fit to the p cross sections described in
the previous section as well as all relevant details of a
particular collection geometry.

The physical model of the .calculation is essentially that
used in the MC code CASIM.® Particle production in CASIM is
based on the Hagedorn-Ranft!? model. Though somewhat outdated,
its predictions agree well with experiment in the regime of
interest here. 1In CASIM a hadron shower is composed of only

nucleons and pions. Effects of other hadrons which can



participate in the cascade are not outright neglected since
energy conservation is enforced (in the mean) among the nucleon
and pion members. For the present study this model must
obviously be supplemented by some information on P production
and transport.

Production of p is represented in the program by Equation
(L) . The (stepwise) transport of p is like that of protons in
CASIM and includes multiple Coulomb scattering, ionization loss
and coherent as well as incoherent nuclear elastic scattering.
Above 50 GeV the p absorption cross section is assumed constant
and equal to that of protons. Below 50 GeV the Pp cross
section is known to grow with decreasing energy. For hydrogen
this energy dependence is taken from experiment.!® For nuclear
targets it is derived from pp data plus a simple geometrical

1% The enhanced cross sections at lower

model of the nucleus.
energy are due to p annihilation. It is assumed that the ratio
of annihilation to total cross section 1is independent of
nuclear species.

As in CASIM a shower is initiated by an incident particle
selected from a prescribed beam distribution. This particle is
forced to interact in the target and collection system and a
representative shower particle 1is then traced tthugh the

target and focusing elements. The representative members of

this shower are called propagating particles and are themselves

not subject to analysis. From each vertex of this shower one

or more particles are generated and then traced through the
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target system. Upon emergence they are analyzed for their
contribution to wvarious distributions. These are called
recording particles and in the present problem all are p.

In addition to p generation by nucleon and pion members of
the shower one extra mode of production is explored, i.e.,
leading particle p resulting from p inelastiq collisions. For
this reason p are included among the propagating particles. To
obtain a statistically meaningful sample of such event chains,
selection of p 1is enhanced by several orders of magnitude as
compared with the actual production probability. The 1low
weight thereby incurred is offset by the increased probability
to produce a (leading) p. Annihilation of p is included on an
averaged basis, i.e., by reducing the outgoing p weight by the
annihilation probability of the incident p.

The recording particles (exclusively p) are selected with
a momentum chosen uniformly within the accepted range plus the
expected ionization loss. The number of such P generated at
each vertex depends on the incident particle type. It varies
from one to five and 1is empirically determined such as to
roughly minimize the statistical error in total p yield. The
angle of the p with respect to the projectile is chosen from a
Gaussian distribution with standard deviation dependent upon
depth in the target system. The P so generated are traced
through the target and collection devices to the downstream end
of the system. They are then projected onto a conveniently

located aperture plane where they are either analyzed on-line
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or listed on a file for later use, e.g., in a beam transport
code, The recording P undergoes elastic processes in
stochastic fashion during transport but absorption is taken
into account on the average, i.e., by reducing the weight at
each step.

The typical step size selected for transport of both
propagating and recording particles is 0.2 cm. Sensitivity to
the focusing process in the collection devices precludes
substantially larger steps. Typically, the p vyield is
calculated to within a few percent (statistical errors only).
Most MC runs for this problem use correlated sampling of the
random number sequences to help reduce relative errors between
runs which differ only slightly in beam size or dispersion,

geometry, target composition, magnetic field, etc.

The MC program 1lists the p vyield as a function of
acceptance for each of a set of values of the aspect ratio of
the acceptance cut ellipses. The yield 1is further separated
according to whether the p or&ginates from primary
interactions, secondary nucleons, pions, or p. In addition, a
selected number of histograms and scatter plots are produced.
The histograms include yield as a function of production angle
and of phase space acceptance as well as of the depth and
radius of p origin within the target. The scatter plots
display the p yield as a function of x-y position at production

and of transverse phase space (at the acceptance cut plane as

well as projected back to the center of the target). Some
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histograms and plots are presented separately for primary and
secondary production and for a set of fixed values of the

acceptance cuts.

4, Fermilab

4.1 Choice of Parameters

As seen in Figures 4 through 8 the p yield increases with
increasing primary proton energy. Both the optimum p momentum
and the optimum yield increase almost proportional to the
incident proton energy.

Once the Tevatron and the Colliding Beam Facility are
commissioned the highést Main Ring energy is expected to be 200
GeV. The maximum energy which can be extracted at a medium
straight section is 120 GeV. Extraction at the Main Ring
medium straight section F17 offers a convenient 1location for
both target station and Antiproton Source within the Fermilab
complex. Therefore, while a higher p yield may be obtained
with 200 GeV protons, the convenience of the F17 location plus
the expected lower operating costs support the choice of 120
GeV for the incident proton energy.15

For the above primary proton energy, 90% of the optimum
yield can be obtained for p momenta between 8.5 GeV/c and 16.5
GeV/c. The accumulation process of p, requiring compression of

their 6-dimensional phase space, or "cooling", favors a lower
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antiproton momentum. Since the normal Main Ring injection
momentum of 8.9 GeV/c is within thg yield plateau, this seems
to be an obvious choice for the p energy. Antiprotons can be
injected back into the Main Ring after accumulation and
cooling, without pre-acceleration.!?®

As presently envisaged the Antiproton Source can
effectively accomodate a total longitudinal p momentum spread
of less than 4%. 1In calculating the yields, this variation in
momentum is included. For small momentum spreads the yield of
P can be assumed to be directly proportional to the range of
longitudinal momenta accepted. However, for any finite
acceptance the number of P actually transmitted will not
increase 1in the same proportion due to chromatic effects. The
present calculations include only chromatic effects of the p
collecting system.

The collection of antiprotons assumes the utilization of a
lithium lens.!® The advantages of an element focusing
simultaneously on both planes are self-evident. In addition
the very short focal distances that can be obtained result in
very small chromatic effects. The merits of a lithium lens to
adapt the phase space of p emerging from the target to a beam
transport system have been already discussed.!’ Based on the
. experience at the INP, Novosibirsk, USSR,!® the collection lens
is taken to be a lithium lens of 1 cm radius, a magnetic field
gradient of 1000 Tm™! and a length of 15 cm. For such a lens

and for a p momenta of 8.89 GeV/c the distance between focal
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plane and the 1lens entrance surface (f*) is 14.45 cm. The
center of the target is assumed to be at the upstream focal
plane unless otherwise indicated. As part of the optimization
procedure lenses of larger radius or larger gradients are
considered. The advantages of a short focal length collector
are best exploited by the use of high density targets to offset
the depth-of-focus effect by concentrating the production of p
in as short a length as possible.

The antiproton collection system imposes a maximum angle
within which antiprotons can be collected. The area iﬁ phase
space over which the antiprotons are produced is then
determined by the apparent size at the target of the source of
antiprotons, i e., the proton beam size. Therefore, the
density of P 1in phase space increases with decreasing proton
beam size until multiple scattering and secondary production
essentially decouple the apparent size of the source of p from
the actual proton beam size. A higher P density in phase space
requires 1less cooling and reduces the accumulator aperture
needed to achieve a given final p density. The minimum proton
spot size which can be utilized is limited by the energy
density deposited in the target. Energy densities in excess of
200 Joules . cg.jm"1 are expected to result in target failure and
density depletion resulting from shock waves propagating

through the target,'®

Among high density materials tungsten
(and its rhenium alloys) have good mechanical properties at

elevated temperatures. A study of the energy density deposited
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by a 120 GeV proton beam in tungsten is performed with the
program CASIM.’ The maximum of the deposited energy density,
ED, within a 5 cm long tungsten target is shown in Figure 9 as
a function of 0, the rms size of the proton beam (assumed equal
for the x and y dimensions). It is assumed that the protons
are incident on the target over a time interval short compared
with thermal diffusion times. It is seen that Ey follows

closely a o2 dependence. From the value of ED for a given O,

the maximum number of protons, N that can be targeted so as

Pl

not to exceed locally the amount of 200 J gm™!

is also shown in
Figure 9. For beam intensities of about 3x10'? protons/pulse,
0 of about 0.04 cm are indicated. Schemes involving rapid
‘sweeping of the proton beam and the p acceptance channel, have
been proposed to eliminate this limitation.?2°

A summary of the parameters discussed above for the
Fermilab geometry is given in Table III. The geometry of the

target region and collector lens is shown in Figure 10.

4,2 Results

Antiproton yields are calculated for a range of parameters
in order to optimize their collection. Yields are typically
gquoted as number ofv antiprotons per GeV/c of longitudinal

momentum acceptance and per incident proton.
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The incident proton beam is assumed to have a circular
waist at the center of the target. The beam distribution are
described with Gaussians in each of the four transverse
dimensions. The normalized proton beam emittance (containing
95% of the beam) is assumed to be 247x10”° mrad.?! Beam sizes
are quoted by their transverse o(rms) size.

By choosing the aperture plane to be the second focal
plane of the lithium lens, particle distributions are
essentially symmetric with respect to the transverse phase
space coordinates. On this aperture plane, machine acceptances
representing the aperture of the Antiproton Source assumed
equal in both transverse phase spaces are imposed with upright
ellipses. The aspect ratio of these ellipses is varied to
obtain the maximum p yield for a given acceptance and always
these optimum values are quoted.

For the standard parameters of Table III a subset of the
distributions obtained from the MC program is presented.
Figure 11 shows thé distribution of all p generated as a
function of their production angle with respect to the
(central) proton beam direction. The only cut is that imposed
by’ the outer radius of the lithium lens. Also shown is the
distribution of p accepted within 20T mm-mrad. Figure 12 shows
the yield of p (primaries only) as a function of distance along
the beam direction of the point of production. In addition to
production within the target, p originating in the lithium lens

and beryllium entrance window are observed. The distribution
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of p accepted within 20T mm-mrad shows the depth-of-focus
effect of the lens at the target and eliminates all p from the
lens region, The center of the distribution is a few
millimeters downstream from the center of the target,
indicating a larger optimal distance to the lithium lens. The
phase space distribution of all p at the downstream focal plane
of the lens is shown in Figure 13. The only cut is that of the
outer radius of the lithium lens. A clear band is seen for the
production of p in the 1lithium 1lens region. The same
distribution for an acceptance cut of 20m mm-mrad in both
planes 1is shown in Figure 14. The change in the x' (= dx/dz)
scale should be noted. The imposed elliptical cut is clearly
seen and it 1is also obvious that the aspect ratio of the

ellipse is not exactly at the optimum value.

4.2.1 Target Length

The expected yield of p is calculated as a function of
target 1length, both for copper and tungsten targets. The
results are presented in Figure 15 for two values of the
transverse acceptance. Tungsten provides the higher yields and
a choice of 5 to 6 cm for the target length is indicated.

Most of the accepted p originate from interactions by the
primary proton beam. The fraction due to secondaries vs target
length is shown for both copper and tungsten in Figure 16.

Close to 22.0% of the p originate from secondaries at the
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optimum tungsten target length. This fraction is essentially

the same for 20 or 407 mm-mrad acceptances.

4,2.2 Proton Beam Size

The effect of beam size on the p yield is shown in Figure
17, for tungsten targets of several lengths and for two values
of the acceptance. The yield increases almost linearly as the
beam size 1is reduced down to rms sizes (0x=0y) of about 0.015
cm. For smaller beam sizes the yield starts to saturate, as
multiple scattering begins to dominate the effective proton
beam size. .

As discussed in Section 4.1, the maximum number of protons
per pulse that can be targeted is inversely proportional to the
square of the beam size. Since the P yield only decreases
linearly  with increasing beém size, this will favor larger
proton beam sizes if higher proton intensities can thereby be
achieved. For the standard Fermilab parameters this effect is
summarized in Table IV. The number of protons of 3x10'2? per

pulse is just below the present record Booster intensity.

4,2.3 Lithium Lens Parameters

The effect on p yield of increasing the gradient to 1500
T/m as a function of beam size appears also in Figure 17 for
two values of the acceptance. For each gradient the distance

between target and lens has been adjusted such that the center
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of the target is at the upstream focal plane of the lens. For
an acceptance of 20" mm-mrad the increase in gradient produces
an increase of 10% in the yield for very small beam sizes. For
401 mm-mrad the P yield is clearly limited by a lens of 1000
T/m and 1 cm radius.

Figure 17 also shows that the effect of increasing the
lens radius to 2 cm 1is identical to increasing the lens
gradient.

It follows that the proposed 1lithium 1lens collector is
well matched for the standard Fermilab parameters. If the
acceptance of p is to be increased beyond 201 mm-mrad, either
the gradient or the radius of the lens is to be increased to

optimize their collection.

4,2.4 Lens Distance to Target

Figure 18 shows the p yield as a function of distance
between the center of the target‘and the entrance to the lens
for two values of the acceptance. The optimum occurs at a
distance of 15 cm with at most a few percent increase in yield
over the geometry with the center of the target at the upstream

focal plane (14.45 cm).
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4.2.5 Acceptance

In Figure 19 the p yield as a function of acceptance is
shown. The yield is expressed as p per incident proton for a
total longitudinal acceptance of Ap/p=0.04. The increase in
yield, when reducing the proton beam rms size from 0.038 to
0.022 cm, is clearly seen below 207 mm-mrad. For larger
emittances the present parameters of the collecting lens limit
the yield for the smaller beam size.

The yield increases as the square of the acceptance up to
10r mm-mrad. The choice of Ap/p of 0.04 and the acceptance of
20T mm-mrad is a compromise between number of p per pulsé
accepted, requirements of the cooling systems and the required
aperture of the magnets in the first ring (Debuncher) of the

Antiproton Source.

5. CERN

5.1 CERN Parameters

The p yields obtained for comparison with the measurements

performed at the CERN Antiproton Accumulator are based on the
geometry that includes a linear horn for collection. The horn
geometry in CASIM is based on a numerical representation?? of
the inner surface and the assumption that the horn is of
uniform thickness (0.07 cm) in a direction perpendicular to

that surface. Multiple scattering within the material of the
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horn 1is included, Acceptance cuts, assumed equal in both
transverse planes, are performed with upright ellipses at the
exit plane of the horn. The quoted yields are for the optimum
aspect ratio of these ellipses for a given acceptance.

The geometry for the CERN calculations is shown in Fiqure
20, with the relevant parameters 1listed in Table V. For
comparison with the horn geometry, yields for the target and

lithium lens collection geometry of Figure 21 are included.

5.2 Results

Comparison of the predicted yields is performed with data
obtained by the CERN Antiproton Accumulator staff during early
operation. The yield measurements require p identification
among all negative particles emerging from the target and that
the longitudinal and transverse acceptances are known. This is
achieved by storing the p into the accumulator ring until all
pions have decayed. The longitudinal and transverse
acceptances are thus determined within the ring. Hence, the
yields are obtained through a procedure sensitive to the
operation of the ring.

For the CERN geometry of Table V with a tungsten target,
the calculated distribution of all p versus the angle at
production is shown in Figure 22. The only cut is that of the
outer radius of the horn. The distribution of these p within a

100 mm-mrad cut is also shown. The D yield as a function of

J
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distance along the beam direction of the point of production is
shown in Figure 23 along with the yield within a 1007 cut. In
addition to those originating from the target there are p
created in the graphite windows. The phase space distribution
of all P at the exit of the horn shown in Figure 24, has a
"butterfly“ shape more pronounced than in the Fermilab case.
The p distribution is not wupright but looks slightly
convergent. The distribution of accepted p within the

1007 mm-mrad cut is presented in Figure 25.

5.2.1 Target Length

The effect of target length on p yield is presented in
Figure 26 both for copper and tungsten targets and for two
values of the acceptance. A length of 11 cm optimizes the
yield for tungsten at the 1007 mm-mrad acceptance, while for
smaller acceptance there is only minimal dependence on target
length. For very long targets the yield of a copper target is
predicted to exceed that of tungsten. It has been reported??
that for targets of 11 cm in 1length copper yields are
consistently larger by about 20% than those from heavier
targets 1like lead. A possible resolution of this puzzle may
reside in Equation (1l). Figure 3 indicates that (if the data
of Fermilab and of Dekkers et al. are ignored) the fit to the P
production data may overestimate the cross section for lead by

approximately 20% with respect to the data of Allaby et al. and
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Eichten el al. A similar comparison with copper gives a more
accurate representation of these last two sets of data. If it
is assumed that the tungsten cross section is indeed
overestimated by 20%, then it is predicted that the yield from
copper equals that from tungsten for target lengths of about 9
cm. For 11 cm long targets the copper yield would then exceed
that from tungsten by about 10%.

Included in Figure 26 is the effect of the target 1length
for tungsten in the lithium lens geometry. A target length of
6 cm is indicated as in the Fermilab case. For both
acceptances one expects to collect about 1.5 times the optimum
number of p with the linear horn collector.

The calculated fraction of accepted p due to secondary

interactions is shown in Figure 27.

5.2.2 Horn Current

Figure 28 compares CERN data?* with calculations for the P
yield from a 1l cm 1long, 0.60 cm diameter copper target,
assuming a transverse acceptance in both planes of 857 mm-mrad.
There 1is good agreement for the larger values of the horn
current but the optimum yield occurs at significantly different
values of the current. The calculated optimum yield is larger
by a factor of 2. Although the distribution of p in transverse
phase space at the horn exit for the nominal horn current of

146 kA is consistent with an upright ellipse, for a 170 kA
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current there appears to be a converging p beam with an ellipse

angle given by tanf = -0.48 rad m !,

5.2.3 Acceptance

The calculated p yield as a function of the acceptahce is
presented 1in Figure '29. For the linear horn geometry both
11 cm long tungsten and copper targets are shown along with a
6 cm tungsten target and lithium lens geometry. Comparison is
made with data available from the CERN Antiproton Accumulator
staff.25 For the larger of the measured yield curves there is
good agreement for acceptances below 257 mm-mrad but the
calculation predicts larger vyields than are observed at the
larger acceptances.

For comparison the design value. for the CERN project® of
2.5x10"% p per proton is also indicated. This value is close

to the predictions for the lithium lens geometry.

6. Summary

Perhaps the most significant figure of merit of a p source
is the rate at which P are accumulated. This relates directly

to the average luminosity of the collider and hence to the

event rates observed in experiments.
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Table VI compares calculated results of the p collection
rate for the Fermilab and CERN designs. The standard
parameters are used with the choice of tungsten as target
material in both <cases. It can be observed in Table VI that
the kinematical region and the lithium lens collection system
of the Fermilab design offer substantial advantages. ‘The
larger proton intensity at CERN partially offsets these
advantages.

The proton intensity in the Fermilab design is limited by
the rotation of the proton bunches prior to targeting (to
minimize the p longitudinal emittance) which precludes 1loading
the Main Ring with more than a single Booster batch. Without
this limitation the proton intensity could be increased by
about a factor of seven although such a gain would impose
presently unrealistic requirements on the p collection device
and the stochastic cooling system.

Further improvements are possible both at Fermilab and at
CERN., The MC program described above can be a valuable aid in
studying the effects of many such improvement schemes in a
quantitative way.

We thank the staff of the CERN Antiproton Accumulator and
the Institute of Nuclear Physics, Novosibirsk, for many
fruitful discussions. One of us, C.H., wishes also to thank

these institutions for their warm hospitality.
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Table I

Dependence of the Parameters of the Invariant Cross

Section Formula on Incident Particle Type

k m

p,n 0.065 8.0

at 0.057 3.2

n 0.053 2.7
Table II

Dependence of the Parameters of the Invariant Cross

Section Formula on Target Species

Target a b c
H 1.00 0.00 0.00
Be 0.90 0.95 0.61:
Al 1.22 1.15 0.87
Cu 1.50 1.43 1.56
W 1.69 1.38 1.79

Pb 1.73 1.37 1.83
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Standard Fermilab Parameters

Proton Energy

Antiproton Energy
Antiproton Momentum

Proton Beam Size Gx=oy(rms)
Protons per Pulse

Cycle Time

Target Material

Target Length

Target Diameter

Li Lens Radius

Li Lens Gradient

Li Lens Length

Li Lens Distance to Focal Plane

Acceptance

o — . 1 do
0° p Production 5 aﬁaﬁ [Eq. (1)]

Proton Collision Length

p Absorption Length

120 GeV
8.0 GeV
8.89 GeV/c

0.038 cm
3.0x10!2

2.0 sec.

W or W-Rh
5 to 7 cm
> 0.20 cm

1l cm

1000 T/m

15 cm
14.45 cm (£*)

201 mm-mrad

- 5
2.52x10 Ster. GeV/c

9.86 cm (Tungsten)

9.29 cm (Tungsten)
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Table IV

Dependence of the Number of Antiprotons per Pulse

into 207 mm-mrad Acceptance on Proton Beam Size

Proton Beam
rms Size

o.. =0 \
y~ Oy (em)
0.022
0.031
0.038

>

Maximum _ _

Protons p Yield P

per Pulse (4% Ap/p) per Pulse
1.0x10!2 6.8x107° 0.68%x10°
2.0x10%'2 5.7x107° 1.14x10°8

3.0x10!? 4.9%x107° 1.46x10°
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Standard CERN Parameters

Proton Energy

Antiproton Energy
Antiproton Momentum

Proton Beam Size 0x=0y(rms)
Protons per Pulse

‘Cycle Time

Target Material

Target Length

Target Diameter

Horn Current

Acceptance

1 do

o - .
0® p Production o aﬁaﬁ [Eg. (1)]

Proton Collision Length

p Absorption Length

26 GeV
2.758 GeV
3.575 GeV/c

0.075 cm
> 1.0x10'°%

2.4 sec

Rh or Cu

11.0 cﬁ

0.3 cm

146 kA (Nominal)

100T mm-mrad

-2 p
1.30x10 Ster. GeV/c

9.86 cm (Tungsten)

8.74 cm (Tungsten)



Fermilab

Table VI

- CERN Comparison

P production <60mrad
p collected per proton
Max. no., of protons
per second

P collected per second

Fermilab
2.19x1073

4.90x10”°%

1.50x1012

7.35x10’

CERN
1.21x10""

1.42x10°°8

5.00x10!?2

7.10x10°

Ratio
17.4

34.5

33
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Figure Captions

Invariant differential p production cross section
vs incident proton momentum with pt=0 and x=0 held
constant. The solid line represents Eg. (1).
Invariant differential p production cross section
VS Xp with p,=0 held constant and x*>®. The solid
line represents Eq. (1l).

Invariant differential P production cross section
VS P, with xp=0 held constant and s*®. The solid
line represents Eq. (1).

Differential p production cross sections on
tungsten, in the laboratory in the forward
direction P production from Eg. (1) (per
interacting proton).

Total laboratory p production on tungsten below 30
mrad from Eq. (1) (per interacting proton).

Total laboratory p production on tungsten below 60
mrad from Eqg. (1) (per interacting proton).

Total laboratory p production on tungsten below
pt=0.30 GeV/c from Eg. (1) (per interacting
proton) .

Total laboratory p production on tungsten below
pt=0.60 GeV/c from Eq. (1) (per interacting

proton) .



Figure 9:

Figure 10:

Figure 1l1:

Figure 12:

Figure 13:

Figure 14:
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Maximum energy density, E deposited by 120 GeV

D’
protons in a 5 cm tungsten target vs rms beam size.
Number of protons on target, ND, for a maximum
energy density of 200 Jgm ' vs rms proton beam
size.

Standard Fermilab geometry for the target and p
collection system.

Predicted p yield (unnormalized) wvs production
angle with respect to the (central) proton beam
direction for all p emerging from the back face of
the 1lithium lens and for those accepted within 20m
mm-mrad.

Predicted yield of P due to primaries
(unnormalized) as a function of distance along the
beam direction for all p emerging from the back
face of the lithiqm lens and for those accepted
within 207 mm-mrad.

Predicted distribution of p in phase space
(unnormalizedf at the second focal plane of the
lithium lens for all P emerging from the back face
of the lithium lens.

Predicted distribution of p in phase space

(unnormalized) at the second focal plane of the

lithium lens and accepted within 207 mm-mrad.



Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

15:

l16:

17:

18:

19:

20:

21:
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23:
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Calculated yield of p, per incident proton, as a
function of target length.

Calculated fraction of p originating from secondary
interactions.

Calculated yield of p, per incident proton, as a
function of proton beam rms beam size. The effect
of increasing the lithium lens radius and magnetic
field gradient are also shown.

Calculated variation of the p yield, per incident
proton, as a function of distance between target
center and entrance plane of the lithium lens.
Calculated p vyield vs acceptance, within a
longitudinal Ap/p=0.04.

Standard CERN Antiproton Accumulator geometry for
the target and linear horn collection system.

A possible lithium lens collector geometry for the
CERN Antiproton Accumulator.

Predicted p vyield (unnormalized) vs production
angle with respect to the (central) proton beam
direction for all p transmitted through the horn
and for those accepted within 100m mm-mrad.
Predicted vyield of p due to primaries
(unnormal ized) asla function of distance along the
beam direction for all p transmitted through the

horn and for those accepted within 1007 mm-mrad.
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Figure

Figure
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24:

25:

26:

27:

28:

37

Predicted distribution in phase space at the horn
exit for all p transmitted (unnormalized).
Predicted distribution in phase spacé at the horn
exit within 1007 mm-mrad (unnormalized).

Calculated yield of p as a function of target
length for CERN horn and for 1lithium 1lens
geometries.

Calculated fraction of p originating from secondary
interactions for the CERN horn geometry.

Comparison of CERN data of P yield within
Ap/p=0.015 as a function of horn current with
calculations.

Comparison of experimental and calculated yield of
p within Ap/p=0.015 vs acceptance for the CERN horn
geometry. The predicted yield for the CERN 1lithium

lens geometry is also shown.
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