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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-nucleon (NN') elastic scattering ampli-
tudes?”e Several expefimental and theoretical studies of small-angle high-energy
scattering by deuterons have been recently carried out.l_6 The theoretical
analysés are based upon the Glauber high-energy approximeﬁiionL'F and. have treated
both singie‘and double interactions. Such investigations are also of current
interest becéuse of questions recently raised7 concerning the applicébility'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 calculations5 have indicated,
however, that even for incidehé momenta up to 18 BeV/c this approximation yields
results for deuteron total cross sections which agree falrly well with measure-
 ments. In this note we compare the theory with high-energy pd differential
crdss section measurements of elastic scattering (do/dQ)eK and of the sum of
inelastic (i.e., p+td — p*ntp) plus elastic scattering (dc/dﬂ)sc. Since %e shall

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

double scattering effects due to the Coulomb interaction.
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5

By means of the closure approximation; (do/dﬂ)sc may be approximated by
the expectation value of the squared modulus of an operator 'Fﬁghg) taken with
respect to the deuteron ground state, (dU/dQ)SC = (IF(ghg)le), where Hg 1is the
moﬁentum transferred by the incident particle and -3 is the projection of the
Anternal coordinate r of the deuteron on the plane perpendicular to the diféc—
tioﬁ of the incident beam! The differential cross section for elastic scattering -
is given by (d.cr/dQ)e}Z = I(F(QJEJ)[E. In the Glauber approximation F(g,s) takés
the form | '

Flg,s) = (ix/2m) [ ™42 Tior (R08) al?) )} ()
where the integration is over the plane of impact parameters b perpendicular

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

Ftot (hyg) =1 - exp[ixn(g-g/e) + ixp(g+§/2)] (2)

where Xh and ><.p represent phase shifts produced by the neutron and proton

in their instantaneous positions.

To exhibit the effects of the Coulomb interaction we write

X () = % (B) + % (B) ) | (3)

where XC(Q) is due to the Coulomb interaction alone and XPSQQ) is attrib-

uted to the pp stroﬂg interaction. Putting

i(R) =1 - eplixg ()], gz ops,m (1w
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we have the identity
Fyor(Bo8) = T (krs/2) + explix (prs/2))T(bts/2)
+ T (bes/2) - T (B%8/2) T (2-8/2)] . (5)

This identity is to be used in Eq. (1). For high-energy pp scattering
Xb(O)‘ is typically Small8 and XC(Q) varies slowly over a range of values for
b which does not greatly exceed the range a of the nucleon—incident-particlé
strong interaction plus the average n-p separation Ta in the deuteron. In

addition, for b >> atr both Fn and Fps are negligibly small and there-

d}
fore 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

. + . + s X
Eq. (i)vby eXp(le)FpS eXp(lXE)rn exp(1X5)PpSFn, where the constants

X XQ, and X5 are appropriate "average' values of XC. For example, - Xl is

l)
given by

X, = J xbrpsd(g)p/ i Fpsd(gzg

We may.exp?ess Pn’ Fps’ and Fc as Fourier transforms of the pn  aﬁd pp.
strong-interaction elastic scattering amplitudes fn and fps’ _and_théiCoulomb
scattering amplitude for the proton fc, respectively, an@ 6btain for_(dc/dQ)Sé
and (dc/d@)el the following relations:

7

(da/dﬂ)sc

= <[eXp('?ﬂ2§/2)[ch%) +‘exp(ixl) fpSQg)J
+ exp(ig-g/2+iX,) £ (g) + (i/2mk) exp(iXB)

x [ exn(ig’g) 7,(¢/25) £ (@/2-g)a g1 (6)
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(as/a0)_, = Is(g/2)[£,(q) + exp(ix))f ()]
+8(-g/2) exp(ix,) £ (g) + (i/2mk) exp(1%;)
x [ s(g) 1 (e/2re) £ (g/e-g0aPg P ()
" where -S(g) is the form factor for the deuteron ground state; S(g) = (ei xayh
We have calculated these cross sections using the form
'fj(g) = (i+a)(k0j/hﬂ) exp(-Aqg/E), where J = n, ps, and using S(g) derived
from the representation of the deuteron wave function given by Moravesik. No
compigte set Qf measurements for o, Ops’ o, A, and (dc/dﬂ)el is yet available
at a given'nUCleon momentum. In calculations, therefore, it may be necessary
to utilize as input data measurements made at slightly different momenta. For
eacﬁ Qf the eight incident momenta considered, the values used fof a, Ops’ and
A were taken from pp measurements and the value used for Gn was taken difectly
from np measurements of indirectly from pd and pp measurements. More
specifically, we have.used the values given in Refs. 1,:2, and 3 which wefe bb;
taiﬁed from or employediniheir analyses of their ﬁp and. el meésuremeﬁts.
’Tﬁis-deterﬁined 22 of the 32 values used, including all four in the calcﬁla—
ﬁions of (dc/dQ)sc at 19.3 BeV/c. Of the other 10 values, T were taken from
.measurements%5ﬂixll at momenta within %0.2 BeV/c of the desired momenta, and
the femaining p) from.measmrementsll’12 at momenta within *1 BeV/c.
In Fig. 1 we show the calculations for (dc/d.Q)Sc at 19.3 BeV/c as a
function of -t, the negative of the squared four-momentum transfer, .together
with the data.l The measurements present clear evidence for the influence of- 

double scattering and indicate a rathervlarge effect. The calculated scattering
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cross section, secured by integrating (dc/dﬂ)sc without the Coulomb‘intefaCtion,
is 20.6 mb when double scattering is neglected and 18.0 mb when it is not ne-
glected. The measured value® is 18.0+0.6 mb.

| In Fig. 2 we compare calculations for (do/d]t[)ez at several momenta
with measured values3 and with fit52 to.more recent measurements. In Table I
we compare data for integrated pd elastic scattering cross sections oe2 with
the calculated values for which double scattering is treated and thoée (in
parentheses) for which double scattering is neglected. The data in this table
are from Ref. 2 except as noted.

- Qur calculations contain no adjustable parameters. We have used the

high-energy approxiﬁation together with NN' data as input and have made pfé-

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. Quong and D. A. Wilber for assistance in computer calculations.
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“ o Fig.‘l. Differential cross sections for pd elastic plus inelastic scattering.
: as a function of the squared four-momentum transfer t, at an incideht
proton momentum of 19.3 BeV/c.
Fig. 2 Differential cross sections for pd eiéstic scattering between 2.78

and 10.9 BeV/c. Measu'rements3 (o,m) and fit52 to measurements (-—--—.-—)

)

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

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

mea surements? at 4.67 Bev/ec.



Table I.

Elastic pd

scattering cross sections
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o ,. Values in

-parentheses are calculated with double scattering neglected.

Momentum G ,-exp. ¢ -calc. ¢_,-calc.
(Bev/c) fub) e ® ()
2.78 9.5 £ 0.7 10.1 (12.3)
4.85 9.9 £ 0.8 11.1 (13.4)
6.87 9.5 + 0.7 9.5 - (11.3)
7.08% 8.41% 0.73 8.23 ( 9.89)
8.89 9.5 * 0.7 9.4 (11.1)
9;09b 9.7k 1.10 8.46 (10.16)
10.90 9.3 + 0.7 9.3 (11.1)
“For the angular interval 1.5° <0_ < 7.5° (Ref. 3)

bFor the angular interval 1.3° < Gc o

. <,109 (Ref. 3)
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