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A Monte Carlo method is described for calculating particle fluxes from an extended target as a function of the occupied
phase volume. The calculation is used to optimize the antiproton flux from a tungsten target by considering variation
of the target dimensions and the strength of an applied magnetic field.

1. Introduction

Colliding beam facilities for ete~ and pp have
been operating very successfully during the last
years and many exciting high energy physics ex-
periments have been completed using these ma-
chines. The application of colliding beam tech-
niques to proton—antiproton collisions would offer
new interesting possibilities for studying high en-
ergy phenomena; remember for instance the dis-
cussions with respect to particle production at
large transverse momenta. A proposal of such a
device was made by Budker et al. in 1970").

This proposal includes a particular scheme for
antiproton production by 25 GeV/c protons and
gives rough estimates for the antiprotons which
could be expected to be captured in the storage
ring. Since this number is of crucial importance for
such a project more reliable calculations and an
optimization of the antiproton flux is desirable.
Since the antiproton flux from an extended target
is rather different from that in single hadron-had-
ron collisions the hadron cascade inside the target
has to be considered. Much experience with ha-
dron cascade calculations has been gained so far
from other applications?). To increase the efficien-
cy of capturing antiprotons the application of a
suitably shaped magnetic field was proposed in
ref. 1. In the cascade calculations the modification
of the particle trajectories due to this magnetic
field has been taken into account.

In this paper we describe some details of the
calculation as well as our results.

The techniques described here might also be
used for the optimization of antiproton fluxes at
other energies or for the optimization of fluxes of
other secondary particles.

2. Monte Carlo hadron cascade calculation

Monte Carlo hadron cascade calculations were
described in detail in ref. 2 and general purpose
computer programmes are available®). Here we are
interested in the antiproton component of the
hadron cascade which was not considered in refs.
2 and 3.

The straightforward inclusion of antiprotons
into the methods®?) would lead to a rather ineffi-
cient method for the calculation of antiproton
fluxes since, according to refs. 2 and 3, complete
inelastic events are sampled. Because of the small
number of antiprotons produced in inelastic colli-
sions as compared to pions and secondary nucle-
ons a very large number of events must be
sampled to be within reasonable statistical errors.
Therefore we use here a modified Monte Carlo
method for sampling inelastic events which allows
to reduce the statistical errors of the calculated an-
tiproton fluxes considerably. This method is simi-
lar to a method used in hadron tascade calcula-
tions before?). :

Since many details of .the hadron cascade calcu-
lations and the computer programme used corre-
spond to the methods described in refs. 2 and 3
we describe here only the new procedure for sam-
pling inelastic events.

We are interested in the particle flux from a tar-
get. This is an average quantity which is not in-
fluenced by fluctuations and many particle distri-
butions in single collisions. Therefore, it is suffi-
cient to describe the particle production processes
by inclusive single particle distributions only.
Likewise it is adequate to conserve energy and
momentum in inelastic events only in the average
over many collisions. We describe the production
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of particles of kind i (i=p,n,n*, 7" , n° P) in col-
lisions of incoming particles of kind j on nuclei by
ithe normalized inclusive single particle distribu-
tions

&N . e
&, = Jute) = jf_%)%p— 3

Details on these distributions fitted in most
cases to experimental data will be given in the
next section. Experimental data for several kinds
of secondaries are not available, for instance neu-
trons or neutral pions. Therefore we use the en-
ergy sum rule as an additional constraint to ensure
energy conservation in the inelastic collisions.

It has been noted that the inelasticities K;, def-
ined as
K;; = E—l“[ E; fij(pi) daPi, (2)

1ot
are in a wide range rather independent of the total
energy £, in the collision. With the K, the ener-
gy sum rule reads

Y Ky=1. 3)

Inelasticities K, corresponding to experimental si-
tuations are given in the next section.

Using the inelasticities K;; and the average en-
ergies of particles i according to the inclusive dis-
tributions (1)

<E|‘j> = kisEiy = '[ E; fij(pi) d’ Pi 4)

we obtain the average multiplicities for the parti-
cles i

ng = Kij/kij, (3)
which normalize the inclusive distributions
fij(pi) = ny; ﬁj(Pi)- (6)

The total multiplicity in the interaction of particle
Jj with a nucleus will be

n; = Z ;. (M

Similarly to eq. (1) we introduce an arbitary nor-
malized selection function

si;(Py)

(p) = — . (3
(P) ,fsij(Pi) d’p;

This function is chosen in such a way that an ef-
ficient selection of random momenta is possible.
Furthermore it should allow to enhance the pro-
duction in certain regions of momentum space (for

instance large transverse or longitudinal momenta,
large angles, backward production etc.). Similarly
as in eqgs. (2)+7) we define the quantities G, g,

m; and m;:

— the inclasticities for selection
1

Gy = E; s;;(py) d’p;, 9
Etol

which can be chosen arbitrarily but should obey
the sum rule

Y Gy =15

— the average energy of particle / corresponding to
eq. (9

(10)

giEin =J‘Ei§(Pi)d3Pi; (L)
— the selection multiplicities

my; = Gylg;, (12)
m; = Z m;. (13)

In our method we select only one secondary par-

ticle in each inelastic event. This particle is char-

acterized:

— by the label / determining its kind which is se-
lected according to the multiplicities m,;

— by the momentum p, selected from $(p,);

— and additionally by the weight

= .iij(pi) iy _ My fij(pi)' (14)
Yo 8(p) my/m; si; (P

3. Description of particle production

In our calculation the inclusive production of p,
n, n*, 7, p and #° in collisions of p, n, n*, ©°,
and p with nuclei is described by empirical formu-
lae fitted to experimental data as far as available.
Table 1 gives the formulae used and table 2 the
corresponding parameters.

The expressions for p—nucleus collisions were al-
ready given in ref. 2. We are mainly interested in
p production and discuss, therefore, only the
corresponding formula defined in a projectile—nu-
cleon c.m.s.:

——— =g, E2 exp| —a —a X
dp” ap, 1 p 3 E.. 4 Py
Py
—_— (15)
(P +pi+mi?

py denotes the c.m.s. longitudinal momentum and
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Empirical formulae describing inclusive particle production in proton-nucleus collisions.

d? N/dPHdPL

Py

Py
3 — \/S
* = 4 In[(E+ p)i(E—p)]

m, = \/(pf-i-m,'z), m

a;

— single particle distribution in the projectile-nucleon c.m.s.;
- c.m.s. longitudinal momentum;
— transverse momentum;

- c.m.s. total energy;

- c.m.s, rapidity;

~ mass of the particle of kind i;
— parameters in particle production formulae, see table 2.

131

Reaction Formula
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TABLE 2
Parameters of the particle production formulae given in

CHIRIKOV et al

table 1 as determined by fits from data on different materials2-5-6).

Reaction A aj a as a, das ag a; ag
p H 0.94 0.86 —-3.37 3.78 0.47 3.6
n y p Be 0.42 1.03 —3.85 5.63 3.49 2.89
at[ T4 { n Al 045 ~1.78 0.3 5.38 338 2.8
n) Cu 0.44 ~2.99 49 391 5.82 299
[ Pb 0.44 —299 49 391 5.82 2.9
p+Ad - p
p ot H 4.94 33.83 6.11 0.69 4.12
n }+A - { Q) Be 1.81 33.39 3.01 512 7.34
p Al 1.54 35.54 37 3.03 4.94
P+A - n Cu 2.36 37.21 5.83 0.76 322
Pb 2.36 37.21 583 0.76 3
Pl 4 n H 281 44.08 5.17 0.81 4.34
n }* s Be 152 4247 5.33 0.82 3.53
Al 1.54 44.62 5.67 0.83 3.17
Cu 1.60 46.52 6.47 0.93 3.05
Pb 1.60 46.52 6.47 0.93 3.05
at+A4 -t H 0.22 7, 0. 5.7 0.22 5, 0.115 5.7
7t +4 - 7° H 014 Qeli 13. 0. 57 o4 -2 9 0. 5.7
VS VS
nt+A > m-
n+A - a°
T+A > 7wt
T+A -1 H 0.2 13. 0. 5.7 0.2 5. 0.115 5.7
H 108 7.75 85.2 4.26
p Be 1.0x108 7.75 85.2 4.26
}+A -p Al 1.4x 1078 7.5 91.86 4.25
n Cu 1.7x 1078 5.02 94.25 3.65
Pb 1.4 x 10 11.21 87.43 4.48
n;} A p H 8.2 2.2
T
p, the transverse momentum of the p. £, = Vs is R(p.0 d* N/dpdQ|p, 16
the total c.m. energy and the parameters are given (p,0) = d2NjdpdQ|s. (16)

in table 2.

Experimental data concerning antiproton pro-
duction are mainly available for proton—nucleus
collisions at incident momenta between 19 and
24 GeV/c. The antiproton momenta measured are
larger than 4 GeV/c in the laboratory frame*%); in
a nucleon-nucleon c.m. frame the corresponding
antiprotons are going forward.

Normalized per inelastic collision the inclusive
single particle distribution is nearly independent of
the target material from 4 =9 (Be) to 4 = 207 (Pb)
in the momentum range experimentally known®).
In this momentum range the ratio of inclusive
distributions

is smaller than 1 and slightly increasing with de-
creasing secondary momentum.

Due to the interaction of the particles within
the nucleus one expects for all kinds of seconda-
ries that this ratio should grow further with de-
creasing secondary momentum and become larger
than 1 at the lowest momenta.

Such a behaviour is predicted from Reg-
geon—parton models’™®) and from the energy flux
cascade model”'?). In both kinds of models, how-
ever, the qualitative behaviour of single particle
distributions as a function of the primary energy
and the atomic weight 4 of the target nucleus dif-
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fers, see fig. 1. Furthermore it is not clear whether
these models can be applied without changes to
p-production. According to these theoretical con-
cepts we do, however, not expect that formulae
like eq. (15) which are symmetric in a nucleon—nu-
cleon c.m.s. are correct. Otherwise there are at
present no data which allow to select the correct
model for production in the backward hemisphere,
that is for slow antiprotons in the lab. frame.
Therefore we use eq. (15) and consider this as a
lower limit.

Eq. (15) was fitted only to data in a small pri-
mary energy interval, E£,< 24 GeV, therefore the
s-dependence obtained can not be expected to be
true for higher energies. In fig. 2 we compare eq.
(15) with the p-production data’).

Because of the well known large deviations of
antiproton distributions from Feynman scaling we
use in the Monte Carlo calculation antiproton
inelasticities K; changing with primary energy.

The values K;, given in table 3 were obtained
from pp data collected in ref. 11. Using these p
inelasticities our calculations result in p multipli-
cities consistent with the data as shown in fig. 3.

The inelasticities for the production of all other
kinds of particles are approximated by constant
values in each of three energy regions, compare
table 4 This discontinuous choice of the inelast-

dn A fixed  A:atomic
dy — Ey weight
—-E3>Ey E:energy
’ \ \\
\l
y
dn
dy - E fixed
\
// AN - A‘
I/ AN ---Ax> Ay
a) Reggeon - parton model y
d A tixed
n
dy —Eq
-—— E2>E1
e N
A
\
v
y
dn
dy E fixed
— A
—=—Ap> A

b) Energy flux model y

Fig. 1. Qualitative behaviour of rapidity distributions from
p-nucleus collisions according to Reggeon-parton models’™?)
and the energy flux model’>19),

TABLE 3

Inelasticities for antiproton production in pp collisions as de-
termined from data collected in ref. 11.

Vs Ksp
2.9 0.
4.5 0.00011
55 0.00022
6.15 0.00042
8.2 0.00071
9. 0.0011
10. 0.0014
20. 0.003
34.6 0.0042
63.4 0.008

icities causes unphysical steps in the energy dep-
endence of particle multiplicities (not for antiprot-
ons) which are, however, unimportant for the
present application.

In our calculation we are mainly interested in
good statistics for the antiproton flux. Therefore
we choose for all selection inelasticities Gy the
value 0.5 and correspondingly reduce the G va-
lues for other secondaries i+ p. The values used
are given in table 5.

4. Particle trajectories

in the magnetic field at the target

According to preliminary estimates in ref. 1 we
consider the target in the form of a long thin cyl-
inder made out of tungsten (W).

A target length of 10 cm is chosen in the first
calculations corresponding to one interaction
length of protons. Target radii are varied between
ro,=0.1 and 0.3 cm according to technical require-
ments for producing strong magnetic fields in the
MG range. This field is envisaged to be produced
by the discharge of a capacitor through the target.

The magnetic field was calculated using a spe-
cial computer programme, taking into account the
dependence of electrical conductivity and heat ca-
pacity of W on temperature, neglecting, however,
the melting and evaporation of the material'?).

In typical cases the axially symmetric field can
be approximated by a simple expression

0, for r<irg,

H = Hy x1Q2rfre)—1, for ro<r<ry, (17)

rolr, for ro<r,
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TABLE 4

Inelasticities K for the production

B. V. CHIRIKOV et al.

of particles / in collisions of particles j with nuclei as used in the calculations.

Vs p n Tt n P 7°
<2.08 p 0.6 0.4 0. 0. 0. 0.
<2.08 n 04 0.6 0. 0. 0. 0.
<1.22 nt 0.25 0.25 0.5 0. 0. 0.
<1.22 n 0.25 0.25 0 0.5 0. 0.
<1.88 [} 0.1 0.1 0.2 0.2 0.2 0.2

2.08<Vs<3.76 p 0.25 0.25 0.2 0.15 0. 0.15
2.08<Vs<3.76 n 0.25 0.25 0.2 0.15 0. 0.15
1.22<Vs<2.96 nt 0.15 0.15 0.3 0.2 0. 0.2
1.22<Vs<2.96 - 0.15 0,15 0.2 0.3 0. 0.2
1.88 <Vs<3.76 P 0.1 0.1 0.2 0.2 0.2 0.2
>3.76 p 0.25 0.25 0.2 0.15 0.15
>3.76 n 0.25 0.25 0.2 0.15 see 0.15
>2.96 nt 0.15 0.15 0.3 0.20 table 32 0.2
>2.96 n 0.15 0.15 0.2 0.30 0.2
>3.76 P 0.2 0.2 0.1 0.15 0.25 0.1

2 To ensure energy conservation the small values of the Ki;, given in table 3, are subtracted from the corresponding proton inelas-

ticities K.

TABLE 5

Inelasticities G; for the selection of particles as used in the cascade calculation, to calculate antiproton fluxes with high statistics.

Vs p n nt n P n°
<2.08 p 0.6 0.4 0. 0. 0. 0.
<2.08 n 04 0.6 0. 0. 0. 0.
<1.22 nt 0.25 0.25 0.5 0. 0. 0.
<1.22 n 0.25 0.25 0. 0.5 0. 0.
<1.88 p 0.062 0.062 0.125 0.125 05 0.125

2.08 <Vs<3.76 p 0.25 0.25 0.2 0.15 0. 0.15
2.08<Vs<3.76 n 0.25 0.25 0.2 0.15 0. 0.15
1.22<Vs<2.96 T+ 0.15 0.15 0.3 0.2 0. 0.2
1.22<V/s<2.96 T 0.15 0.15 0.2 03 0. 0.2
1.88<vs5<3.76 P 0.062 0.62 0.125 0.125 0.5 0.125
>3.76 p 0.126 0.126 0.1 0.075 0.5 0.075
>3.76 n 0.126 0.126 0.1 0.075 0.5 0.075
>2.96 nt 0.075 0.075 0.151 0.1 0.5 0.1
>2.96 T 0.075 0.075 0.1 0.151 0.5 0.1
>3.76 P 0.133 0.133 0.067 0.1 0.5 0.067

where H, is the maximal strength at the surface

of the target (r=ry).

The trajectories of all charged particles of the
cascade are calculated by numerical integration us-
ing the Runge-Kutta method. The step length of

the integration was chosen in such a way that it
did not influence the results.

If a particle leaves the target radially the trajec-
tory is followed until the end plane of the target
or — if the particle reenters — until the next in-
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Fig. 2. p-spectra in p—nucleus collisions calculated from the
empirical formula (15) with parameters given in table 2 com-
pared with experimental data for p-production on three differ-

teraction. Particles moving backwards are followed
until the entrance plane of the target and there
considered to be lost.

5. Representation of results
All information about antiprotons crossing the
end plane of the target is processed in the follow-

p+Be—=p
IN [T YT
dpdn (Geve »sr-interacting proton °©
15 data: Kalmus etal.
1077 ¢ 310 mrad

Omrud
15 p [Gevic]
p+Pb-=p
N tict E

_CIZ_[ %__rs'ﬁ;:m____dmm] 19,2 GeVic
15 data: Diddens et al.
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2.5
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3,0 N
10 ﬂ
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4,0 mrud
10"

101.7
4,5
10 17L,5
241.,3 \
0 2 4 R P, [Gevic]

ent target materials at 19.2 and 24 GeV/c. The curves are plot-
ted as a function of the p momentum in the laboratory frame
for eight angles.

ing way. The antiprotons are distributed into 20
momentum bins p, < p <p;,,, With p,,, =1p.
The r.m.s. emittance of antiprotons is calculated
in each momentum bin, computing first the aver-
age squared values (xp, {¥», (tan’8,), (tan’6),)
and average correlations (xytan 8, (y,tan 6,).
Xo, Yo Tefer to the coordinates of the antiprotons in
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the target end plane. The angles 6,(i=x, y) are
defined by tan 6,=p,/p,.

According to the method described in ref. 13
the coordinates of all antiprotons are transformed
to the so-called origin plane defined by requiring
the correlations to vanish:
x = xo—/tand,,

18
y = yo—ltané,. s

! is the distance between the origin plane and the
end plane which is calculated as

| = {xtanf,> + (y tan6y>'
(tan® 0, + <tan®0,)

The /-values used in eq. (18) for antiprotons in
each momentum bin are calculated from the first
250 antiprotons reaching the end plane. Finally
the r.m.s. emittance for each momentum bin is
calculated according to

¢ = 37 [(xD) + ™) KD + 0,1,

where the use of 6, , instead of tan 6, , is justified
by the small angles.

For each momentum bin the number of anti-
protons is calculated as a function of the accep-
tance of the storage ring. The acceptance area of
the storage ring is of elliptical shape in the phase
planes

(19)

(20)

<1. 21
The parameters x,, y,, 0, ,, are determined by the
properties of the ring. The optimum capture of p
demands the matching of the ellipses (21) to those
of the beam:

2 2 2 2
x _xH oy _OD 22)
2 24’ 2 2"
0x <0 0, <6,>
1 t 1 AL
o 10 o Pee—P -
5 0 5 * Antinucci et al.
3 104 -
L]
Z 104 L
@ -2 |
g 1074 L
5 3
T —
\
0 10 10

s[(G eV)Z]

Fig. 3. Comparison of p average multiplicities n; as obtained
from our Monte Carlo calculation as a function o[E the c.m. en-
ergy with experimental data from pp collisions!!).
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At the origin plane we consider 50 acceptance el-
lipses with the same ratio of semi-axis equal to

2 2L
[<x >+ <y >] , 23
O + (0%
and with areas
n’ 24)
= —— =1,2,...,50.
A, 558 ¢; n (

In the computer programme we construct a his-
togram giving the number of particles in each ac-
ceptance ellipse.

6. Results

In figs. 4-11 we give the results of the calcula-
tions for a hadron cascade in tungsten targets in-
itiated by primary protons with momentum
P,=25GeV/c. The antiproton yield is expressed
as the number of captured antiprotons per 1%
Ap/p and per incoming proton.

The primary beam has a cross section of
0.1 x0.1 cm? and a  divergence spread
—0.5 < 0<0.5 mrad.

For the secondary momentum bin with the
average momentum <{p,> = 1.6 GeV/c (1.36<
<p;< 1.81) our results differ only slightly from
the estimates given in ref. 1. For example we
obtain for this momentum bin the r.m.s. angular

dN [ particles }

iy d_p/-p % Ap/p-incident proton « A=10rmrad-cm
5077 p-20eVic R-25GeVc  + A=20%mrad-cm

-6 P * A«50Fmrad-cm
3.40°4 50T © A=I00Fmrad-cm

r=02cm

-6
2107 g @ s

X o
-6 .
1'10 ’ S i oo ° -
° 2 a8 a a
LA ) B T T T T
0 4 6 8 10 12 14
a) Length [cm]
LY
510 4 dp/p
by 2,8GeVic  P,=25GeVic
N}
- =507
L-10 ':‘,-O,ZCITI B
316° %
Q [}

y . o
210° o« . )
1165 o . . . e

A
T T T T T T
0 4 <) 8 10 1 14
b) Length[em]

Fig. 4. Number of antiprotons captured in four different phase
volumes A as a function of the target length / for fixed target
radius r=0.2 cm, and magnetic field Hy=50T.
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spread of the antiproton beam V(6% =~ 0.127 rad
compared to 0.15 in ref. 1. Likewise we obtain ap-
proximately the same number of captured anti-
protons.

The statistical errors of the Monte Carlo method
for small phase volumes are estimated to be about

dN particles ]

-6 §dp/p(aap-incident proton] 4o e om
41071 p-2GeVic P=25GeMc  ° A=20Fmrad-cm
5 p x A=50Fmrad-cm
3~1f5 A H,=1t)l)T‘a r=0,2cm 8 A=p0IFmrad-cm
Xx
1
2-107 °
8 x
)
R °
5 2 a
a

T T

0 4 6 8 10 12 14

a) Length [cm)
oy dN
5.10° dp/P
pﬁ= 28GeVic B =25GeV/c
-6
0°4  Hp100T
£107 R D2em
3165 .
2"\0_6" [ L] °
x ad x °
<6 ° o °
1-10 . N N a
0 T g T T T

10 12 14
b) Length[cm]
Fig. 5. Number of antiprotons captured in four different phase
volumes A4 as a function of the target length / for fixed target
radius r = 0.2 cm and magnetic field H,=100T.
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Fig. 6. Number of antiprotons captured in four different phase
volumes A4 as a function of the target radius r for fixed target
length /=10cm and magnetic field H,=50T.

30%. Uncertainties in the extrapolation of the par-
ticle production formulae to antiproton momenta
below 4 GeV/¢, where no data are available, are
expected to give rise to additional systematical er-
rors of unknown magnitude in this momentum
range.

The dependence of the number of antiprotons
captured in phase volumes A4 =10, 20, 50 and
100 zmrad-cm on target lenght /, target radius r,
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Fig. 7. Number of antiprotons captured in four different phase

volumes 4 as a function of the magnetic field for fixed target
length /=10 cm and target radius r =0.2 cm.
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Fig. 8. Number of antiprotons captured in four different phase
volumes A as a function of secondary momentum pg. The tar-
get parameters and primary momentum are given in the
figure.
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and magnetic field H, is given in figs. 4-7. Each
set of points for the four acceptances 4 represents
one independent cascade calculation. We show the
behaviour for antiprotons within secondary mo-
mentum bins 1.81 <p;<2.42 (corresponding to
(pp =2GeV/c) and 2.42 < p; < 3.22 (corresponding
to {pp = 2.8 GeV/c).

The dependence on target length / is calculated
for magnetic fields H,= 50T, see fig. 4a, b, and
Hy,=100T, see fig. 5a, b. In fig. 4a and b the
curves show an increasing number of captured an-
tiprotons up to /=7 cm. The broad maximum be-
tween 7 and 12 cm target length corresponds to
the region of one interaction mean free path
(Aine= 10 cm).

In fig. 5a, b we find for the stronger magnetic
field H,=100T only a weak dependence of the
antiproton yield on the target length within the
studied range (3</<15cm).

The antiproton flux as a function of the target
radius is given in fig. 6a, b. We obtain a decrea-
sing particle yield with increasing radius above
r=0.15cm. The relatively small- flux values at
r=0.05cm could be understood from the effect
that some primary particles miss the target.

The influence of the magnetic field H, is de-
monstrated in fig. 7a, b. With rising field we find
up to H,~= 50T an increase of the antiproton flux
by about a factor 2. From the behaviour of the
calculated points above H,=50T we conclude
that a further increase of the magnetic field
strength essentially does not result in a larger an-
tiproton yield.

dN Ve 2
dplp AR e
[ rticles } [ . ——a <Al r=0.2cm
3 66 m 5 : Hes0T
! P ATAAR P=25 Gevic
—s l
2104 .
1103
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Fig. 9. Number of antiprotons captured in phase volumes
A=§v{4d, 4vd, 4V4D as a function of secondary
momentum p,. {4} is the average squared phase volume
for the ith momentum bin, see fig. 10.

B. V. CHIRIKOV et al.

Figs. 8 and 9 give the number of antiprotons as
functions of the secondary momentum. The par-
ticle yield captured in four different phase vol-
umes which are constant over the whole con-
sidered momentum range is shown in fig. 8.

Fig. 9 gives for each momentum bin / the num-
ber of antiprotons captured in acceptances
A = 5V(AD, V(4?) and 4V{(4? where (42 is the av-
erage squared phase volume of the ith bin. The
values for V{4 as functions of the antiproton
momentum p; are depicted in fig. 10 and as ex-
pected they decrease with increasing secondary
momentum. From figs. 8 and 9 follows that the
antiproton flux captured in a larger phase volume
has a higher peak at lower secondary momentum
as compared to the curve for a smaller phase vol-
ume which has a flat maximum in a higher sec-
ondary momentum range.

To illustrate the effect of the primary momen-
tum P, we have calculated the antiproton yield for
P, =400 GeV/c. This was done using the antiprot-
on production formula fitted only to data with
P, <24 GeV/c but normalized to observed p mul-
tiplicities at higher energies. Because of the uncer-
tainties involved in this procedure the calculation
can only be considered as a rough estimate for
this energy region. The number of antiprotons
captured in phase volumes 4 =0.1, 0.23, 0.5, 1
and 5 7-mrad-cm as a function of the secondary
momentum p; is plotted in fig. 1lla for
10<p;<100 GeV/c and in fig. 1lb for
Ps<10GeV/c.

Using 400 GeV/c primary protons subtantially
higher phase densities can be reached. For com-

\<E> [Tl"mr(]d{m] W Target
[=10cm
T r=0,2¢cm
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40+
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Fig. 10. Average phase volume v(A,-Z) as function of secon-
dary momentum for a particular target and primary momen-
tum Py=125GeVi/c.
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Fig. 11. Number of antiprotons captured in four different
phase volumes as function of secondary momentum p; for pri-
mary momentum Py =400 GeV/c.

parable antiproton momenta and acceptances we
conclude from figs. 8 and 11b that the resulting
antiproton flux increases by more than one order
of magnitude.

We acknowledge helpful discussions with G.
Ranft, E. V. Shuryak, G. I. Silvestrov and T. A.
Vsevolozhskaya and assistance with the computer
programme from G. Thormann.
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