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ABSTRACT 

We suggest that the broad shoulder observed in recent measurements of 

the pd elastic differential cross section at 2 GeV is a double scattering 

effect and propose an experiment to test whether double scatterj ng persistr; 

at high energies. 
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In this note we suggest an explanation for the broad shoulder observr !d 

l 
in recent measurements of pd elastic: scattering at 2 GeV and propose an experi-

ment to clearly establish ,whether or not double scattering effects in deuterons 

persist at high energies. Analyses
2

' 3 of a variety of particle-deuteron cross 

sections, based upon the Glauber high-energy approximation,
4 

suggest that these 

effects tend to persist at least up to energies of 18 GeV. The influence of 

double scattering on the cross sections which have been .considered up to now, 

however, has been considerably smaller in magnitude than that of single scattering. 

. . . 2 2 
We suggest that high-energy pd elastic scatterlng at 0.5(GeV/c) ~-t~.5(GeV/c) , 

where t is the squared four-momentum transfer, consists mainly of double 

scattering. A test of this suggestion at high energies could have a bearing on 

the question of Regge pole dominance since it has been argued5 that if the nucleon-

nucleon (NN) scattering amplitudes near the forward direction can be represented 

as a sum of Regge poles, double scattering effects should vanish much more rapidly 

at high energies than is inferred from the Glauber approximation. 

To determine the momentQ~ transfers at which double scattering may dominate 

over single scattering consider, for an arbitrary incident particle x, both xN and 

xd elastic scattering at momentum transfers q (we take n = l) which are sufficient-

ly large so that the xN elastic scattering intensity dcrxN(q)fd.\1 is much smaller than 

its value near the forward direction. The contribution to the xd elastic scc.tter­

ing intensity arising from single scattering is proportional to
6 

8
2 (-!-q)dcrxN(q)jd.\1, 

where S(q) = (exp(icl-rl) is the form factor for the deuteron ground state. Jn the 

Glauber approximation the intensity for xd elastic double scattering is asymptotical­

ly proportional to
6 

[dcrxN(-!-q)jd.\1]
2 

in the limiting case of a deuteron wf,ose radius 

very greatly exceeds the range of the xN strong interactions. But 8
2

(-!-q)dcrxN(q)/ctn 
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typically decreases much more rapidly frcm its value at q=O than does 

[ dcr xN ( ~q) / dD] 
2

. Consequently, although double sea ttering is much weakt:;r than 

single scattering for small q, it becomes dominant at larger q. For some 

large values of q, in,other words, it is more probable that the incident 

particle suffers two successi v:e. collisions, each with momentum transfer of ti1e 

order of ~q, than that it is scattered with momentum transfer --7 q by only ·a :> ingle 

collision with a target nucleon. 

The formula we shall use for our calculation is independent of the deuteron 

radius. Its use removes the restrictions that the deuteron radius ver:/ greatly 

exceed the range of the xN strong interactions and that, consequently, in each of 

the two collisions comprising the double scattering event a momentum of nearLy . 

~qbe transferred by the incident particle. --7 For a net momentum transfer q, a 

1--7 --7 ' 
momentum of 2q + q 1 may be transferred in a collision with one target nucleon 

1--7 ·--? 
and a momentum of 2q - q 1 may be transferred in a collision with the other, ••here 

--7 
the vector q 1 may. take on a range of values. At large values of q the int\:nsity 

for such elastic double scattering is greater than the intensity for scattering in 

which momentQm q is transferred via a single collision with a target nucleon. 

The differential cross section dcr/dl2 for xd elastic scattering may be 

' written in the Glauber. approximation in terms of the xp and xn elastic scattr~rtng 

amplitudes f and f · as xp xn 

d<J 
dS1 

(l) 



-3- UCRL-ltJ993 

where f
1 

and f
2 

are scattering matrices for collisions between particle 

target nucleon l and between particle x and target nucleon 2. 'rhe product r
1

f
2 

is an operator in the composite isotopic spin space of particle x and nuclc·ons 

land 2. The brackets ( ) denote the expectation value with respect to the deuteron 

ground state, which is an isotopic singlet (1=0) state, and with respect to the 

initial isotopic spin state of the incident particle. This express·ion does not 

violate the charge independence of nuclear forces and it includes elastic 

double charge exchange processes, i.e., processes in which the incident protcrn 

undergoes a charge exchange with the target neutron and the resulting scattered 

neutron then undergoes a charge exchange with the target proton, with the final 

state of the target being the deuteron ground state. At momentum transfers Jarger 

than approximately 0.5 GeV/c this expression differs rather dramatically from that 

in which the integral, i.e., double scattering term, is neglected. 7' 8 We shall be 

concerned here with t in the range o:::;-t;51~5(GeV/c) 2 where NN measurements are 

fairly well represented by elastic scattering amplitudes of the form 

N n,p. (2) 

We have calculated dcr/ciD for pd collisions at 2 GeV by means of Eqs. (l) 

and (2). 9 As input we have used the values a = -0.12, a = 7.62 (GeV/c)-2 , and 
PP P 

() 

PP 
45.1 mb obtained directly from 10-12 pp measurements, and cr =43.0mb and pn 

a 
pn 0.20 obtained indirectly from pp and pd measurements. 12,l3 Since no value 

of b for pN scattering at 2 
p 

14 analyzed recent pp data at 

GeV has, to our knowledge, been published we have 

-4 
2.2 GeV and we obtain a value of 1.88 (GeV/c) . We 
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obtained S(q) from the analytic expression for the deuteron -wave function 

given as "Approximation III" by Moravcsik. 15 That expression is a sum of 

eight exponential functions multiplied by the inverse neutron-proton separation 

-which is fitted to the Gartenhaus -wave function. 

The calculations, sho-wn by the solid curve in Fig. l together -with the 

l 13 measurements, ' present evidence for the importance of double scattering at 

2 GeV. The predicted minimum and secondary maximum, the existence of -which :is 

perhaps suggested by the measurements, result from the destructive interference 

bet-ween the single and double scattering amplitudes and from the relatively 

large amount of double scattering at -t.<;0.5(GeV/c)
2

. Our calculations indicate 
: 2 

that the shoulder-like departure of the data for -t bet-ween 0.4 and l.5(GeV/c) 

from the exponential trend of the diffraction peak is not of the same nature as 

+ . 16 the secondary peaks observed in recent ~p and K p elastic scatterlng. We 

-wi~3h to note that this calculation contains no adjustable parameters and that 

the input -was determined from NN measurements. It should be clear that changes 

-within the quoted statistical errors for the input could yield even better agree-

ment -with the pd data but that no such changes -would yield very large qualitative 

differences. 

The depth of the minimum is intimately connected to the relative phar;e 

bet-ween the single and double scattering amplitudes, and hence to the values of 

a and a 
pn PP 

10,13 4 The measured values are 0.20±0. 0 and -0.12±0.07, respectjvely. 

Theoretical predictions17 give a =-0.50 and pn a =-0.28. 
PP 

If -we assume a =-0.20 
pn 

and a =-0.19, for example, our calculations are represented by the dotted curve pp 

in Fig. l. A further decrease in a and a to -0.50 and -0.28, respectiveJy, 
pn PP 



-5- UCRL-16993 

yields a further reduction in the depth of the minimum as shown by the dot-

dashed curve. These curves ·strongly suggest that ex at 2 GeV is negative. 
pn 

To compare the results of these calculations with those in which double 

scattering effects are neglected, we have calculated 'dcr/dfl with the integral in 

Eq. (l) set equal to zero. The· values of cr and ex ·used for this calculat:Lon 
pn pn 

were obtained by consistently neglecting double scattering and were derived 

. 10 12 13 
from pp and pd measurements ·' ' to be 38.8 mb and 0.21, respectively. Tlte 

results are shown by the broken curve in Fig. l. 

In Fig. 2 we show the effect of using different deuteron wave functions 

¢ in our calculation. The wave function used for the solid curve is presumably 

the most accurate. We see that the results for the different wave functions are 

all qualitatively very similar. 

To determine whether double scattering effects persist at higher energies 

we suggest further elastic pd measurements be made. On the basis of presently 

available NN data.we would predict for pd elastic scattering at 19.3 GeV/c, for 

2 
example, a broad shoulder centered near -t~0.5 (GeV/c) . 

It is a pleasure to thank Professor R· J. Glauber for reading the manuscript 

and for several useful discussions. 
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Figure Captions 

Fig. 1. Differential cross sections in the laboratory system for elastic pd. 

scattering at 2.0 GeV. The solid (broken) curve is the theoretical 

prediction, using nucleon-nucleon data, when double scattering is 

tr.eated (neglected). The dotted and dot~dashed are curves are calculated 

with the experimental lower limits for a and a and with theoreticaL pn pp 

predictions for a and a , and include doubie scattering. 
pn PP 

Fig. 2. Effect of different deuteron wave functions ¢ on the calculated 

differential cross sections. The wave function used for the solid curve 

is a sQm of eight exponential functions multiplied by the inverse neutron-

proton separation. 
' -l 

The parameters a, ~' and~ have the values 0.232 F , 

-1 -2 
1.202 F , and 0.0961F , respectively. 



-.... 
(/) 

' .D 
::t 

.Q 
,o 

c.l 
"t:l 
...... 
b 

"t:l 

• 

10 6 ~-------------r--------------~---'----------~ 

I 0 3 

10 2 

10 I 

2.0 GeV pd elastic scattering 

--- cp (r) a: e-rr2 

\ 

\ 
\ 

\ 
\ \ 

\ \ 
I ' . 
I \ 

~\ \ 

Approximation m of Moravcsik 

¢ (r) a: (e-ar-e-~r) /r 

cp (r) a: e-ar /r 

n \ 
\\ ~--........ . 

\ 
I ~- \ ......... 

\ ' ")------
\ I I \ ... --- - .............. ... --1. ,. " ....... ... 

\ V \/ I ~-... ............. ........_ 
' I l I ~ ' 

I
' f\ I . ~, 
II I'. ~ 

I \ I \ I ~~ 
I I , 1 ~ 

I ~ / \ I ~~. 
I I I I --. 

I I \ I I I l I 'I 
I 

I 'J 
I I 

II I 
u \: • 

10°'-------------~--------------~------------~~ 
0 0.5 1.0 

- t (GeV /c)2 

1.5 

MU B-12310 



10 6 r-------------,--------------.-------------,-, 

10 1 

2.0 GeV pd elastic scattering 

~ Zolin et al. 
• Coleman et al. 

___;_Double scattering neglected 

=~-=}Qouble scattering included 

/....------

0.5 
-t {GeV/c) 2 

/ 
I 

I 
I 

1.0 1.5 

MU B -12311 



fl 

This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com­
mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 

or usefulness of the information contained in this 
report, or that the use of any information, appa­
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor­

mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission'' includes any employee or contractor of the Com­
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or pro_vides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 



w:r ~i~ ~ 




