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The analysis of interferences between nuclear and Coulomb scattering in 

pp and pd collisions has become an important means for obtaining information 

regarding the real parts of the nucleon-nu'cleon (NN') elastic scattering ampli-

12 . 
tudes.' Several experimental and theoretical studies of small-angle high-energy 

l-6 scattering by deuterons have been recently carried out. The theoretical 

analyses are based upon the Glauber high-energy approximation
4 

and. have treated 

both single and double interactions. Such investigations are also of current 

interest because of questions recently raised7 concerning the applicability of 

this approximation to high-energy scattering by deuterons, and the suggestion7 

that double interaction effects may vanish much more rapidly at high ene~gies 

than is inferred from this approximation. Recent calculations 5 have indicated, 

however, that even for incident momenta up to 18 BeV/c this approximation yields 

results for deuteron total cross sections which agree fairly well with measure-

ments. In this note we compare the theory with high-energy pd differential 

cross section measurements of elastic scattering (dajan)e£ and of the sum of 

inelastic (i.e., p+d ---7 p+n+p) plus elastic scattering ( da/ dn) . Since we shall 
sc 

consider small-angle collisions, we shall explicitly include the single and 

double scattering effects due to the Coulomb interaction. 

\. ,. 
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By means of the closure approximation, (dcr/ili2) may be approximated by5 sc 

the expectation value of the squared modulus of an operator F(s,~) taken with 

respect to the deuteron ground state, (dcr/~0) sc 

momentum transferred by the incident particle and ~ is the projection of the 

.internal coordinate .r_ of the deuteron on the plane perpendicular to the direc-

tion of the incident beam. The differential cross section for elastic scattering · 

2 
is given by (dcr/dst)e£ = [ (F(s,.e_)) I . In the Glauber approximation F(s,~) takes 

the form 

(l) 

where the integration is over the plane of impact parameters b perpendicular 

to the direction of the incident beam. The function rtot is given by 

r (b s) 
tot -'-

l - exp[iX (b-s/2) + iX (b+sl2)] 
n-~ p-~ 

(2) 

wher~ X and X represent phase shifts produced by the neutron and proton 
n p 

in their instantaneous positions. 

To exhibit the effects of the Coulomb interaction we write 

where X (b) c- is 

uted to the pp 

X (b) p-

due to 

strong 

r. (b) 
J -

X (b) + X (b) c- ps-

the Coulomb interaction alone and X (b) ps-

interaction. Putting 

l - exp [ i X . ( b ) ] 
J-

j c, ps, n, 

(3) 

is attrib-

( 4) 
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we have the identity 

r tot(,£.,~) f (b+sl2) + exp[iX (b+sl2)][f (b+sl2) c- ~ c- :;'.) ps-:;:.; 

+ r (b-s/2) - r (b+sl2) r (b-s/2)]. 
n - :;:.; ps - :;:.; n - :;>A 

( 5) 

This identity is to be used in Eq. (l). For high-energy pp scattering 

X ( 0) 
c 

8 
is typically small and X (b) 

c-
varies slowly over a range of values for 

b whicn does not greatly exceed the range a of the nucleon-incident-particle 

strong interaction plus the average n-p separation rd in the deuteron. In 

addition, for b >> a+rd, both r and r are negligibly small and there-
n ps 

£ore do not contribute to the integral (l). Thus for calculating differential 

\ cross sections it is a good approximation to replace the last three terms in 
. 

Eq. (5) by exp(iX
1
)r + exp(iX2 )f + exp(ix

3
)r f, ps n ps n 

xl, x2, and ~ 

given by 

are appropriate "average" values of 

where the constants 

x. 
c 

For example, is 

We may express f , f , and f as Fourier transforms of the pn and pp 
n ps c 

strong-interaction elastic scattering amplitudes f and f and the Coulomb 
n ps' 

scattering amplitude for the proton f ' c 
respectively, and obtain for ( dcr/ilil) · . sc 

and (dcr/dD)e£ the following relations: 
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(dcr/d.D) n = \S(g/2)[f (.g)+ exp(iX1 )f ·(g)] 
e~ c ps 

+ S(-,g/2) exp(iX2 ) fn(g) + (i/2Tik) exp(ix
3

) 

x J s(g') fn(,g/2+.Sl') fps(g;'2-s' )d(
2

).9., 1
2 

· (7) 

where S(.g) is the form factor for the deuteron ground state, S(,Sl) ( i.sr£> e .. 

We have calculated these cross sections using the form 

f.(.~.)= (i+a:)(kcr./4TI) exp(-Aq
2
/2), where j = n, ps, and using S(,g.) derived 

J J 

from the representation of the deuteron wave function given by Moravcsik. 9 No 

complete set of measurements for cr , cr ., a:, A, and ( dcr/ d.D )en is yet available 
n ps ~ 

at a given nucleon momentum. In calculations, therefore, it may be necessary 

to utilize as input data measurements made at slightly different momenta. For 

each of the eight incident momenta considered, the values used for a:, cr , and ps 

A were taken from pp measurements and the value used for cr was taken directly n . 

from np measurements or indirectly from pd and pp measurements. More 

specifically, we have used the values given in Refs. l, 2, and 3 which were ob

tained from or employed mtheir analyses of their r:}p and pd rrieasureme~ts. 

This determined 22 of the 32 values used, including all four in the calcula-

tions of (dcr/dD) at 19.3 BeV/c. Of the other 10 values, 7 were taken from sc 

measurements2,3,lO,ll at momenta within ±0.2 BeV/c of the desired momenta, and 

ll 12 
the remaining 3 from measurements ' at momenta within ±1 BeV/c. 

In Fig. l we show the calculations for (dcr/dD) at 19.3 BeV/c as a sc 

function of -t, the negative of the squared four-momentum transfer, together 

l 
with the data. The measurements present clear evidence for the influence of 

double scattedng and indleate a rather large effeet. Thr: calculated scattering 
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cross section, secured by integrating (do-jd.\1) -without the Coulomb interaCtion, sc 

is 20.6 mb when double scattering is neglected and 18.0mb when it is not ne

glected. The measured value1 is 18.0±0.6 mb. 

In Fig. 2 -we compare calculations for (do-/ d jt I) e £ at several momenta 

with measured values3 and -with fits 2 to more recent measurements. In Table I 

-we compare data for integrated pd elastic scattering cross sections with 

the caiculated values for -which double scattering is treated and those (in 

parentheses) for -which double scattering is neglected. The data in this table 

are from Ref. 2 except as noted. 

Our calculations contain no adjustable parameters. We have used the 

high-energy approximation together -with NN' data as input and have made pre-

dictions -which we see are in good agreement with pd measurements. 

The author -wishes to thank Professor R. J. Glauber for a number of useful 

comments, and C. Quang and D. A. Wilber for assistance in computer calculations. 
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Fig. 1. Differential cross sections for pd elastic plus inelastic scattering .. 

as a function of the squared four-momentum transfer t, at an incident 

proton momentum of 19.3 BeV/c. 

Fig. 2. Differential cross sections for pd eiastic scattering between 2.78 

and 10.9 BeV/c. Measurements3 (•,•) and fits
2 

to measurements ~-------·~ 

are compared with calculations which neglect (------) and which include ( ) 

double scattering. The points (•) for the momentum 4.85 BeV/c are from 

measurements3 at 4.67 BeV/c. 
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Table I. Elastic pd scattering cross sections cr 
2

• Values in 
parentheses are calculated with double scatterin~ neglected. 

Momentum cr 
2 
--exp. a e f -calc. cre

2
-calc. e . 

(BeV/c) (mb) (mb) (mb) 

2.78 9.5 ± 0.7 10.1 (12.3) 

4.85 9·9 ± 0.8 11.1 (13.4) 

6.87 9.~ .± 0.7 9·5 (11.3) 

7.08
8 8.41± 0.73 8.23 ( 9·89) 

8.89 9·5 ± 0.7 9·4 (11.1) 

9·09b 9.74± 1.10 8.46 (10.16) 

10.90 9·3 ± 0.7 9·3 (11.1) 

aFor the angular interval 1.5° < e c .m. < 7·5° (Ref. 3) 

b interva11.3° < e < 10° (Ref. 3) For the angular c.m. 



N 

> 
Q) 

ro 
~ 
u 
I 

.0 

E 

..... 
-Q) 

-
"0 

........... 
b 
"0 

500, 

· 2 78 BeVjc 200 . . 

100 -~~ ............ 
'""""' ........................ 

. """" 

10 

I 
0 

:-...., 
.............. 

0.05 

...... _ 
-........ 

........ _ 

Fig. l 

........................ 

·::::::,..._ ---:--.. ____ ....................... ·-. ....__ 

MU B ·10075 



-

"0 -
c 
0 -0 
Q) 
(/) 

(/) 
(/) 

0 
~ 

0 

c -c 
Q) 
~ 

Q) 
- '+

'+-

0 

50 

40 

30 

20 

10 

' ---Values calculated neglecting double 
~ interactions 
-Values calculated with double 
\ interactions 

' ! Measured values 

' ' ' ' ' ', 19.3 BeV/c 

' ' ' ' .......... 
.......... 

.......... 
.......... 

' .......... 
.......... 

......... 

' .......... 

5 --~--~--~--~--~--~--~--~--~~ 
0 0.05 0.10 

- t ( BeV/c ) 2 

MU B -10074 

Fig. 2 



'{ 

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 provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 



' . ' 

' ' \ 




