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Elastic Proton-Deuteron Scattering at 450 Mev*

A. V. CREWE,t B. LKDLEY, E. LILLETHUNp S. MARCOWITz, AND L. G. PQNDROMt
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(Received January 9, 1959)

The elastic scattering cross section for 450-Mev protons by deuterons has been measured for proton
center-of-mass scattering angles from 16.45' to 127'. The scattered protons (or recoil deuterons) were
analyzed by a magnet and detected by a scintillation counter telescope. The cross sections have been
normalized by using published p-p cross sections. The sticking factor has been calculated for two deuteron
potentials using the impulse approximation. This analysis indicates that there may be destructive inter-
ference between the n-p and p-p scattering in the deuteron at this energy.

INTRODUCTION

SKVKRAI. experiments have been performed on
elastic proton-deuteron scattering at high energies,

notably those of Chamberlain and Clark at 340 Mev'
and Schamberger at 240 Mev. ' The rn.ain experimental

difhculty in going to higher energies than this is the
problem of distinguishing between purely elastic scat-
tering and slightly inelastic scattering. In this experi-
ment, the separation was achieved by means of a
magnetic spectrometer. '

The interest in this experiment lies in the attempt
to correlate the experimental results with the known
data on nucleon-nucleon scattering. The most detailed
analysis of proton-deuteron scattering so far has been
carried out by Chamberlain and Stern. 4 We use their
approach to interpret our results.

Using the method of the impulse approximation, ' the
differential scattering cross section for elastic proton-
deuteron scattering can be written4

do&g 16
(e) =—s(e) (e', T.')+ (e', r') ~, (1)

dQ 9 dQ dQ

scattering, is greater than unity for constructive in-
terference, and is less than unity for destructive
interference.

One possible approach in the interpretation of the
experimental results is to demonstrate the validity
of Eq. (1) insofar as this is possible without having a
detailed knowledge of the factor A. Therefore, we com-
pare the theoretical quantities S(e), obtained from
Eq. (2) using generally accepted expressions for fe,
with S(e)5 computed from Eq. (1) using experimental
information only.

EXPERIMENTAL EQUIPMENT

The external beam of the University of Chicago
synchrocyclotron (C) (Fig. 1) is focused by two quad-
rupole strong-focusing magnets (SM), forming a beam
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where S is the so-called "sticking factor";

i- (it r)
S(e)= y. exp 'I —

[ ~r,&2)
and Pa is the ground-state wave function of the deu-
teron. ir is the momentum transfer in the elementary
nucleon-nucleon collision. (For a detailed discussion
of the co-ordinate system, see reference 5.)

The differential cross sections for I-p and p-p colli-
sions which occur on the right-hand side of Eq. (1) are
to be evaluated at angles 8' and energies To' defined in
Eqs. (3) and (4). 5 is a factor which is equal to unity
in the absence of interference between p-p and rtp-
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FIG. 1. Plan view of the experimental setup: Cyclotron, C;
Strong Focus Magnets, S3f; Secondary Emission Monitor, SEW;
Target, T; Spectrometer Magnet, M; Aperture, S; and Counter
Telescope, CT. Shaded sections represent concrete shielding.
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EXPERIMENTA L METHOD

The trransparency of th e entrance p eof the
a irection was checked by
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counters in position was identical to that taken without
the counters, except for a reduced area. In this wa it
was shown that 1'-a slit-scattering effects were negligible.

The solid an le ofg acceptance of the magnet was
i erential crossdetermined by measuring the &-~ de

section at two angles. A CH2 and matching C t targe

, an a magnet scanp aced alternately in position and
over the p-p peak was performed (Fig. 3). In this way,
our calibration was made against the known
scattering cross section instead of theo e measured aper-

eGect of the fringe magnetic field which distorts the
orbits near the collimator.

The el ring cross sectionsastic proton-deuteron scattering cro
were measured in the same way Howe t' '

there wa
y, owever, in this case

ere was a choice of particle to be observed. Kith h

p or the deuteron could be selected. It was anroton
e. i crt e

advantage wherever possible to use the deuteron
because it gives a symmetric eak. The

ering o t e proton produces an asymmetric peak
and makes the measurement of the area of the elastic
pea more difFicult. However, there was only a small
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FIG. 4. Dia ram showing owing momentum as a function of laborator
ang e or protons and deuterons from p-d ela
shaded parts indic t 1 t

e astic scattering. The
ica e imitations of the equipment.

range of angles where the deuteron could '1 b d.easiy euse .
n e orward direction the momentum of the

deuteron i
m o e recoi

used.
is very high and the magnet could t bo no e

is low and
t large angles the momentum of the deo e euteron

is ow and energy loss in the target produced too wide
a pea . These difficulties are illustrated by I"ig. 4,
where the momenta of the two particles are hes are s own as

ion o angle in the laboratory system and the
limitations of the equipment are indicated.

Figure 5 shows two magnet scans. Figure 5(a) is a
proton peak and the inelastic component canb 1 1an eceary

. Figure 5 (b) is a deuteron peak and, although there
s& e statisticsis no con usion due to inelastic events the

are not very good. This was the poorest peak that was
measured. It represents about 12 hours of running time.

In the case of the deuteron peaks thes, e area was
ca cu ated directly using the trapezoidal rule. F h

roton
~ ~

ia rue. ort e

was e
p pea s, the position of the center of th ko e pea

s estimated by symmetrizing the top portion of the
curve. The area of the right-hand half of the peak was
then calculated and multiplied by two. The error placed
on t e area was computed from statistical errors and th
uncertainty in positioning the center of the peak.



CREME, LEDLEY, LI LLETHUN, NtARCOW ITZ, AN D PONDROM

C)
I

C)
V)

.6—

f

100
I

800 900
MQMENTUM ME&/G

t

i000
I

IIOO

Fxe. 6. Magnet resolution as a function of particle momen-
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In order to calculate the number of particles in the
peak, the area must be divided by the width of the
defining counter in millivolts. This information was
obtained in the following way. Proton-proton scattering
peaks were investigated at several angles. At each angle
two peaks were taken simultaneously, 1A, 2, 3 and
18, 2, 3 against magnet current. These two peaks were,

of course, displaced from one another and this displace-
ment was accurately measured. By measuring the
distance between the centers of counters 1A and 18,
the width of counter 1A was obtained in millivolts.
Dividing by the actual current in the magnet (measured
in shunt millivolts), the resolution of the counter was
obtained. This is shown in Fig. 6. The decrease in re-
solving power at high magnetic fields is due to the
saturation of the magnet. The resolution can be made
independent of magnet current, but high resolving
power was not necessary for this experiment.

Table I shows the measured p-d differential cross
sections. The errors which are shown are compounded
of statistical errors (both of p-d and the calibration p-p
measurements), error in normalizing the data from two
cyclotron runs, possible errors due to misplacing the
center of the peaks, and uncertainties in the resolution.
The combined errors due to p-p calibration and norma-
lization between the two runs is 7.5%. The geometry of
the counter telescope was such that losses due to out-
scattering were negligible. The absorption of deuterons
in the target amounted to about 2% and of protons
about 0.7%. No correction has been made for this effect.

The measurements were made in two separate cyclo-
tron runs, in only one of which an accurate p-p cali-
bration was made. Care was taken to measure the p-d
cross section at an identical angle in both runs and this
angle was used for inter-calibration. Table I shows the
order in which the points were measured in the two
cyclotron runs. The diQ'erential cross section as a func-
tion of the angle in the center-of-mass system is shown
in Fig. 7. The results of Chamberlain and Clark at 340
Mev are also shown. Our results show the same general

shape and that the cross section continues to fall with

increasing incident proton energies.

TABLE I. p-d differential cross section. The measured cross sec-
tions at angles 8 or 8, the laboratory or c. m. proton scattering
angles, respectively. The particle detected is shown. The errors are
compounded from the statistical errors, uncertainties in the
resolution, normalization with p-p data, normalization between
two cyclotron runs and uncertainties in determining the peak
ceriter when protons were detected. '

(deg) (deg) Particle
do/dQ error

(mb/sterad) (%)
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XI

VII
VI
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10
11.08
15 5o
15.5'
16.76
20.58
24.88
26.68
39.05
44.32
44.32
39.05
35.62
32.9

16.45b
18.2
25.43
25.43b
27.43
33.6c
40.45
43.3
62.25
69.85
88.4
99.0

105.93
127.0"

4.64
3.83

1.90
1.20
0.748
0.336
0.201
0.0408
0.0291
0.0277
0.0303
0.0287
0.0388

6.6
8

8
10
9

14
12
21
19
11
12
11
8.5

pro. 7. (dy~d/dO) (e) measured in the experiment (biack points)
compared with results of Chamberlain and Clark for 340-Mev
protons on deuterons (circles). (Solid lines are drawn only to
guide the eye. )

& Roman numerals indicate chronological order of data.
b Second of two cyclotron runs 3 months apart.
& Normalization point between two cyclotron runs.
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INTERPRETATION OF THE DATA

Using Eq. (1), we can compute the value of S(8)h
making use of the values of do„s/dQ measured in this
experiment and the values of do.»/dQ and do.„„/dQ ob-
tained from the literature. We have used the excellent
compilation by Bess' as our source of information on
the latter.

The nucleon-nucleon scattering angle 0' and labora-
tory bombarding energy To' which must be used in this
comparison are given by

I.O

.Ol

0

25 coso —7
cos0'=

25 —7 cose
(3)

V

I .OOI

T0' = E2(25—7 cos8).
16m .00010
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E is the center of mass momentum of the proton, m its
mass, and 8 the center-of-mass angle for the p-d event.
These formulas correspond to those of Chamberlain
and Clark except that relativistic kinematics have
been substituted for classical. Table II gives all the
relevant information for calculating S(8)A. The values
are shown plotted against center-of-mass angle in Fig. 8.

The experimental values S(8)h were compared with
two curves, A and B, showing S(8) as computed by
the use of Eq. (2). Curve A was obtained by taking
the deuteron wave function as

FIG. 8. Sticking factor S(e) calculated from Eq. (2): curve A
by using an analytical approximation to Gartenhaus' deuteron
wave function; curve 8 by using a Hulthhn wave function. The
points are the experimental values of S(e)6 as listed in Table II.

For higher scattering angles the effect of the D-wave
was included by combining 96.86% of ass(r) with
3.14%%u~ of 1P0D where

1.0984
1/rsn(r) = (1—e ")(1—e "")

0.9195
1P s(y) — (I e

—2.6r) (I e
—1.69r) (e

—0.232r e
—1 90r) (5).

1P0s(r) was derived by Moravcsik' on the basis of
Gartenhaus" numerical wave function.

&& (p 147S 0 .266r+—p .gf pe 0 .677r) .(6)

The eBect of the D-wave was found to be very small.
Curve 8 was obtained from the curve given by

Chamberlain and Clark for the Hulthen potential.

d&uu gi
e e T: do "'

(deg) (deg) (Mev) (mb/sterad)

16.45 21.8 465.6 4.4 ~0.4
18.2 24.1 467.2 4.2 ~0.4
25.43 33.5 475.5 4.1 ~0.3
27.43 36.0 478.3 4.0 ~0.3
33.62 43.9 488.0 3.90~0.25
40.45 52.3 500.9 3.75~0.15
433 55.8 506.8 3.65~0.10
62.25 77.7 553.5 3.30~0.10
69.85 85.9 575,1 3.10~0.10
88.4 104.7 631.5 2.7 ~0.15
99.0 114.7 664.3 2.90~0.1

d„""(~')

(mb/sterad)

4.6 +0.2
4.2 ~0.2
3.1 ~0.2
2.9 ~0.2
2.2 ~0.2
1.7 ~0.2
1.5 ~0.2
0.91~0.1
0.90~0.1
1.3 ~0.2
1.8 ~0.2

9 0

16 O~I2+Owy
=s(e) s

0.289 ~0.025
0.256 ~0.025
0.150 ~0.015
0.098 ~0.011
0.069 &0.007
0.035 &0.005
0.022 ~0.003
0.0054+0.0010
0.0041~0.0008
0.0059~0.0006
0.0036~0.0005

7 W. ¹ Hess, Revs. Modern Phys. 30, 368 (1958}.
M. J. Moravcsik, Nuclear Phys. 7, 113 (1958}.' S. Gartenhaus, Phys. Rev. 100, 900 (1955).

TABLE II. Experimental S(S)a. The values of (do.„„/dQ(e')
and (dn»/dD) (8') used in Eq. (1) are shown. e' is the nucleon-
nucleon scattering angle in c. m. system and To' is nucleon-
nucleon laboratory bombarding energy corresponding to the p-d
energy and 8. The relation is shown in Eqs. (3} and (4}.

CONCLUSIONS

It can be seen that at small center-of-mass angles the
measured points fall below the calculated curve. This
may be taken as an indication of destructive inter-
ference between P-P and 22 Pscatterin-g. However, at
large angles the measured points are well above the
calculated curve. The explanation for this is not clear,
but may be due to multiple collisions within the
deuteron; that is, events which cannot be correlated
directly with elementary nucleon-nucleon collisions at
well-defined angles and energies.
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