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Measurements of the invariant cross sections for the reaction p(400 GeV) + (°Li, Be, C, Al, Cu, Ta)—(d,
t, *He, *He) + X at laboratory angles of 70, 90, 118, 137, and 160° are reported. Comparisons are made

using several scaling variables.

e, C, Al, Cu, Ta targets; production of d, ¢, *He, ‘He; Lab angles 70°, 90°,

E’UCLEAR REACTIONS Inclusive cross section; 400 GeV incident protons; 6Li:,]

118°, 1379, and 160°.

INTRODUCTION

Inclusive cross sections for the production of
protons at backward angles, which are forbidden in
the interaction of protons with free stationary nu-
cleons, are believed to contain the basic informa-
tion needed for the study of the high momentum
components of nuclear wave functions or of collec-
tive phenomena in nuclei. Such data have been
treated in the framework of single particle inter-
actions with nucleons of high momentum' ™ within
the nucleus, and from the interaction of the inci-
dent projectile with “clusters” of nuclear matter.>~®

The production of ouigoing clusters of nucleons,
whether they are unbound or bound, as in (p, d)
reactions, ought to be intimately related to mech-
anisms of the basic (p, p) reaction itself, In a
single scattering model, with the scattered proton
picking up a nucleon to form a deuteron, the mech-
anism is in fact a “final state interaction” so one
would eventually require that both proton and com-
posite particle production emerge from a model of
hard scattering dressed with final state interac-
tions. In cluster models the nucleon clusters are
not only postulated to explain proton backscattering
but may be needed to account for direct ejection of
composites by the incoming probe.

The production of the simplest composite such as
the deuteron, may indeed require a very complete
understanding. Because of this it is desirable to
have at hand data on the production of other com-
posites (¢, *He, *He, etc.) as well, as testing
grounds for the various theories. Similar data on
large invariant masses can also, in principal, come
from reactions which scan a continuous range of
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invariant masses, but, at present, little data of
this type is available. In this paper we report on
the results of our 400 GeV studies of the reaction
p(400 GeV)+ (°Li, Be, C, Al, Cu, Ta)-(d, ¢, *He,
“‘He)+ X. The measurements were made at 70, 90,
118, 137, and 160°, laboratory.

'MEASUREMENT TECHNIQUE

The experimental apparatus has been described in
detail previously’® so only the barest outlines are
presented here. A spectrometer of momentum
resolution Ap/p="5.8% and an integrated product of
resolution times acceptance of 0.069 msr was used
to detect the protons and light ions originating in
our targets. Separation of these particles into the
various types was made with the use of time of
flight and dE /dx measurements. The main differ-
ence in the handling of the proton and the light ion
data is that corrections for energy loss in the tar-
gets were generally larger for the ions. Estimates
of the nuclear absorption of the ions in the thicker
targets were made using the data in Millburn et
al.** For the thickest target (Be) the largest cor-
rection was 8.6% for deuterons and 7.9% for alpha
particles.

DATA PRESENTATION

This is the first experiment on the backward pro-
duction of composite particles at a bombarding
energy of 400 GeV. There are as yet no detailed
predictions for this region although there are many
models that could be extended to compare with
these new data. Thus these data are presented
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=70°,

Laboratory angle

momentum (GeV/c).

TABLE 1. do=Ed%s/dp® [GeV mb/sr (GeV/c)® nucleon] vs p

61,

Be

Al

Cu

do

do

do

do

do

do

Ta

Deuterons

0.72 +0.07
0.242+0.023
0.105+0,0608

0.594
0.767

(0.35 +0.03 )E-1 0.960

0.282+0.025
0.119+0.009

0.821

1.06 +0.10
0.74 +0.07
0.42 +0.04
0.167+0.012

0.648
0.729
0.805

2.35 +0.21
0.78 +0.04
0.257+0,017

3.15 +0.25
1.32 +0.09
0.45 +0.03
0.144+0.010

0.604
0,777

+0.5

0.603 6.9

0.618

0.990
1.166

0.789
0.979

0.691 4.1

+0,3

0.965

0.782 2.53 *0.16
0.978 0.89 +0.06

1.161

(0.288+0,028)E-1

1.142

(0.87 +0.,07 )E-1 0.978

1.166

1.154

(0.52 +0.04 )E-1

1,153

0.326+0,023

Tritons

(0.47 +0.09 )E-1
(0.144 +0,026)E-1

(0.32 +0,08 )E-2

0.893 (0.41 +0.09 )E-1 0.786

0,799  0.,133+0.028

(0.63 +0.08 )E-1 0.861

0.133+0,012

0.811

0.33 £0.04
0.100+0.011

2.30 +0.20 0,797
(0.44 +0,05 )E-1

1.24 +0.10

0.701

(0.16 +0,03 )E-1 0,970

(0.58 0,11 )E-1 1.637
(0,27 +0.04 )E-1 1,198

(0.71 +0.12 )E-2

0,992
1,175

0.977
1.161

0.790

S.

(0.43 +0.08 )E-2 1,149

(0.208+0.027)E-1 1,012

0.983 0.33 %0,03
1.165 0,122+0.011

1.177
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with the hope that they will stimulate detailed cal-
culations or new approaches. Since we have ac-
cumulated a large quantity of data (Tables I-V) we
have chosen to present selected graphical summa-
ries to highlight many of the outstanding features.
For convenience we have chosen the kinetic energy
of the observed particles as the plotting variable
and give invariant cross sections per tavget nu-
cleon. (Ed3c/dg® is the notation used for the in-
variant differential cross section and is equal to
Ed3®c/q*dgdcosbdp.) The kinetic energy variable
T, appears directly in (Ref. 12) so that the data
can be directly compared with this model. There
are four other scaling variables that have been
used to study such data. One such scaling variable,
which arises naturally in single scattering models,
is the quasi two body scaling (QTBS) variable®!?
Bnia- Inan inclusive reaction, k,, is the lowest
momentum of the recoiling A-A , nucleus that al-
lows production of an observed particle of kinetic
energy T, and atomic number A . Another is m*,
the lowest mass virtual cluster® that, by two body
“elastic” scattering, can produce the same par-
ticle, for example by the reaction p +m* ~d+ (m*
—1). A third is the light cone variable x of Schmidt
and Blankenbecler.® A fourth is the @ variable of
Frankfurt and Strikman.* At very high incident
energies (EI,ES GeV) the relationships between
these variables become quite simple and (neglect-
ing nuclear recoil) we have

Roin = (- qcosf+T,), | (0
m*= (—gcost+T,)+m,
C=kpatm,=(-qcosb+E), @
x=(-qcos6+E,)/M,, @
== (-qcosb+E,)/m,, @)

where ¢, T,, and m, are the momentum, kinetic
energy, and mass of the observed particle, M, is
the nuclear mass of the target, and m, is the mass
of the projectile. Below about 5 GeV the variables
differ considerably. Figure 1 shows a plot of m*/
%" and (kp+m,)/%’, (x'=xM,), as afunction of in-
cident energy for laboratory angles of 90 and 180°,
showing the approach to the asymptotic behavior
displayed in Egs. (1) and (2). Of course at 90° the
variables are also identical with the variable of
Ref. 12, Because all four scaling variables are
essentially identical at 400 GeV we have chosen to
make a few studies of our data using the variable
—-qgcosi+T,.

RESULTS

Figure 2 shows invariant cross sections per
nucleon, for the reaction p+ Ta— (d, 1,%He, *He)
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FIG. 1. The ratio of the cluster variable m* and the
QTBS variable (kpin +m,), relative to the light cone var-
iable x’ = (—~g cos0+E_) M,, is shown vs the bombarding
energy. All variables are identical when the incident
energy reaches 400 GeV.

+X at a laboratory angle of 160° vs the kinetic
energy of the observed composite particle T,. For
values of T, small enough so that an exponential
form exp(-T,/T,) is a good approximation, one
can parametrize the data obtained at any angle.
Figure 3(a) shows values of T, for deuterons, tri-
tons, and 3He vs laboratory angle, along with val-
ues of T, for proton production obtained in the
companion experiment of Ref. 10. In Fig. 3(b) the
ratios T,(d)/To(p), To(t)/To(p), and To(*He)/To(p)
are also shown to allow evaluation of the variation
of T, with particle type at all measured angles.
For comparison with Fig. 2 we show in Fig. 4 a
plot of Ed®c/dq® vs ky;,. The lines shown are from
a fit to exp(—kpy,/R,). For dngles down to 90°
laboratory, k., is always positive, and we can
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form vs angle.'* Figure 5(a) shows values of %,
for deuterons, tritons, and 3He vs laboratory angle
along with values of k, from proton production. In
Fig. 5(b) the ratios &y(d)/ko(p), ko(t)/ ko), k,(CHe)/
k(p) are presented for comparison with Fig. 3(b).
Figure 6(a) shows typical plots of Ed®c/dg® per
nucleon vs T, for different angles for deuterons,

display the results of our fits to this exponential
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tritons, and ®He, respectively, for Ta. Figure 6(b)
shows plots of the same data vs &,;,=-gcosé+7T,.
Figures 7(c) and 7(b) show the A dependence of the
invariant cross section per nucleon for deuterons
and tritons, respectively, at 160°, Figure 7(a)
shows the A dependence at 90° where we have the
most data on *He production.

We now turn to an examination of the A depen-
dence of our data derived from data at all angles,
similar to those displayed in Fig. 7. It is not, in
principle, possible to parametrize the magnitudes
of the cross sections independently of specifying
the energy of the observed particles since the
shapes are not exactly A independent. Neverthe-
less, since the shapes are quite similar, and since
the A dependence of the cross sections is an im-
portant guide to the construction of viable theories,
we can study the A dependence, for example, at
fixed T,. In Fig. 8 we compare the A dependence
of the cross sections for different particles and
different angles. Because our data for Li is often
of poorer quality than for C, where the statistical
accuracies are better and background subtractions
less important, we have chosen to present the ra-
tios of all cross sections to the cross section for
carbon. Since absolute values are not important
here, we have further chosen to multiply these
ratios by constants chesen to make the Li/C ratio
approximately equal to unity so that the ratios for
protons, deuterons, and tritons shown on our plots
appear near R=1, Thus, for example, we show the
plot of log2.8[do (A)/do (carbon)] vs logA for pro-
tons while for deuterons and tritons the ratios
have been multipled by the factors 3.5 and 5.0 re-
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the straight lines are the slopes (kg) in units of MeV/c.

N
o

spectively.

The choice of the value of T, at which to compute
the ratios d o(A)/do (carbon) was motivated by our
desire not to use extrapolations but to chose values
of T, where only smooth interpolations for all the
A’s could be employed. The values of T, used for
these plots are: protons—232 MeV; deuterons—
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100 MeV; tritons—90MeV. Our comparison of
the A dependence of tritons with He at 90° was
made at the following values: tritons—125 MeV
and *He—250MeV. The vertical lines in 8(a)-(c)
represent the spread in R over the 118°, 137° and
160° angles, showing the insensitivity of the A de-
pendence over these laboratory angles. This
spread is comparable to the accuracy of the data.
The 180°, 8.6 GeV/c,p, d, and ¢ data'® and 162°
8.5 GeV/c proton data’® are also plotted. Figure
8(d) shows R for the 90° triton data and the 90°
*He data, where the vertical bars represent the
experimental errors.

Figure 9 shows the invariant cross section per

nucleon vs T, under various conditions of angle and
incident energy for p, d, and {. The numbers posi-

tioned near the straight line are the straight line
fits to the slope inMeV.

CONCLUSIONS

There are at present no published theoretical
calculations for this high energy region on any
model. Thus in this paper we restrict ourselves

100

T

T
a

M\n\\ a3
N N
NN\

,.9. ;/ ¢ / (c) TRITON ’

< 3 3

@ E / 3
L X

=z N ]

[s) r / I

5 Z

u 'E § E

0 E / (b) DEUTERON 3

9 F .
P

e T :

5 / ‘

" i | ’/P( e

o g 3

A
ey
S
b
2
1
o
=
=
55
GO
®
D3
>
Q
2

F. 85 GeV/c
3 ® Tie2e

s osasrnl

208
L 6912 27 63 mf
0.1 Aok }
‘ 6/igec Al Cu T Pp
LOG A

FIG. 8. The ratio (R) of the invariant cross section
per nucleon for the various targets relative to that of
carbon. Refer to text for the normalization used. The
vertical lines in (a), (b), and (c) represent the spread in
R over 118°, 137°, and 160°. 8.6 GeV/c (Ref. 15) and
8.5 GeV/c (Ref. 16) data are also displayed. (a) protons,
T,=232 MeV, (b) deuterons, T,=100 MeV, (c) tritons,
T,=90 MeV, (d) 90° data for *He, T,=250 MeV and tri-
tons, T,=125 MeV.

10 T T T Y T

\ Cu

oxJ X FNAL 160° 400 GeV
© DUBNA 180° 8.6 GeV/c
= ITEP 162° 8.5GeV/c

L4

T
1aasuul

N
S, —
fo) X
/)X/}i/ /
X
V.
L
4x
o
1 llJJlllL 1 l'llul]

O,
w
T
/o
ko]
(o]
P BT I U R R eI |

Edb/dq> [Gev mb/sr (GeV/c)® NUCLEON ]

Ty

1 ] I
O 01 02 03 04 05 O0s

KINETIC ENERGY (GeV)
FIG. 9. Comparison of the invariant cross section per
nucleon for this experiment, and that at 8.6 GeV/c (Ref.
15) and 8.5 GeV/c (Ref. 16) for a Cu target.



2266 S.

to data presentation and to some comparisons using
different scaling variables. Below we summarize
some of the main features:

(1) There is a strong angular dependence in the
shape of the cross sections, when plotted vs T,
for deuterons, tritons, and *He production, [see
Fig. 6(a)] as is also observed for proton produc-
tion.

(2) There is only a small, but nonvanishing, de-
pendence on A, of the shapes of the cross section
per nucleon for d, ¢, and 3He production [see Figs.
T(a)-(c)], as is also observed for proton produc-
tion.

(3) The %He and ¢ cross sections have the same
shapes, the relative cross sections reflecting the
N/Z ratio in the Ta target. (See Fig. 2.)

(4) There is a large A dependence of the magni-
tude of the cross sections per nucleon on atomic
mass number. This relative A dependence does
not vary appreciably with backward angle and is
the same at 8.5 GeV/c as at 400 GeV. (See Fig. 8.)

(5) The A dependence is strongest for the heavi-
est emitted fragments. For example per nucleon
Ta produces 4 times as many protons, 10 times as
many deuterons, and 20 times as many tritons as
carbon. Tritons and *He with the same number of
nucleons have a similar A dependence, i.e., for
do (A)/do (C). ,

_ (6) Almost all the data show departure of the
invariant cross sections from the exponential form
exp(-T,/T,). (See Fig. 2.)

(7) Parametrization of the cross sections per
nucleon in terms of T, shows different values of
T, for protons, deuterons, and tritons. [See Fig.
3(b).] Parametrization in terms of k,;, shows less
change for different ions [see Fig. 5(b)], the ratios
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for the most backward angles hovering about unity.
This latter behavior shows up at the low incident
energies of 0.6 and 0.8 GeV, as well.?

(8) Figure 6(b) shows that the shapes of the cross
sections vs k., are similar for d, ¢, and ®He but
have a residual angular dependence. This is to be
qualitatively expected from the “single scattering
hypothesis,”*™ the smaller magnitude, and faster
falloff at 90° relative to 160°, reflecting the larger
momentum transfers at 90° (£~¢,% at 400 GeV.)

(9) Figure 9 shows that the shapes and magnitude
of the cross sections per nucleon for both protons
and deuterons at almost the same angles, 160° at
400 GeV and 162° at 8.5 GeV/c, are identical. We
have also plotted the 180° data at 8.6 GeV/c for the
deuterons and tritons showing similar shapes but
a drop of about a factor of 3 in the cross sections
at the more backward angle. The same drop is
found in the comparison of the triton data shown
in Fig. 9; no 8.5 GeV/c 162°triton data is avail-
able. Thus from Fig. 9 we may conclude that the
shapes and magnitudes of the cross sections for
production of light ions (d, ¢) as well as protons
appear to be energy independent over this 50:1
energy variation of the incident proton.
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