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The high-energy elastic scattering cross sections of the deuteron are shown, because
of the d-state admixture, to be strongly dependent on the polarization of the deuteron
spin. The polarization dependence is shown to explain the absence of a pronounced min-
imum in the differential cross section for unpolarized deuterons. For polarized deuter-
on targets, on the other hand, the minimum should assume a clearly observable form.

It has recently been shown! that a number of
features of the scattering of high-energy parti-
cles by light nuclei can be explained as the ef-
fects of multiple diffractive collision process-
es.?? In particular the differential cross section
for elastic proton-deuteron scattering*»® shows
two varieties of angular dependence: an intense
and narrow peak in the forward direction and a
surrounding region in which the intensity falls
off much more slowly with increasing angle. Re-
cent measurements of the pion-deuteron differen-
tial cross section® reveal a similar structure.
The intensities observed at small angles are ap-
proximately those characteristic of single dif-
fractive collision processes while the weaker in-
tensities observed at larger angles are describ-
able as the result of double-collision processes.

Since the single- and double-collision process-
es are mutually coherent their amplitudes inter-
fere. If the interaction of an arbitrary incident
particle with the neutron and proton is largely
absorptive, as is usually the case, then it is eas-
ily shown® that the amplitudes for single- and
double-collision processes are roughly 180° out
of phase; these amplitudes may be expected, in
other words, to interfere destructively. The re-
gion of intermediate scattering angles for which
the single and double scattering amplitudes are
oi comparable magnitude should therefore show
a pronounced minimum in the scattered intensity.
The measurements of p-d and 7-d cross sections
made to date*~® have shown, on the other hand,
only shoulders or possibly the shallowest of min-
ima at the appropriate angles.

Interference minima of essentially the same
nature are observed® as predicted however for
the cases of proton scattering by the spin-0 nu-
clei *He, !2C, and '®O. It is not unreasonable to
assume therefore that the absence of an observed
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minimum for the deuteron is connected with the
unit value of its spin. One possible source of the
effect is the intrinsic spin dependence of the am-
plitudes for scattering by the neutron and the
proton. Calculations using various spin-depen-
dent amplitudes’ have shown that spin depen-
dence is indeed of quantitative importance but
that it is not likely to wipe away completely the
interference minimum for deuterium while leav-
ing it intact, for example, for *He.

Another possible source of the effect suggested
recently by Harrington® and by Coleman and
Rhoades® is the quadrupole deformation of the
deuteron. We wish to report here detailed calcu-
lations of deuteron cross sections which take the
d-state admixture fully into account. These re-
sults explain the importance of including the d
state and show that in addition to rendering the
interference minimum almost invisible for ex-
periments performed on unpolarized deuterons,
it leads to a number of other effects which should
be easily observable with polarized deuteron tar-
gets. In particular differential cross sections
measured with polarized targets should clearly
reveal the missing interference minima.

We write the internal wave function for a deu-
teron in the magnetic substate m (m =+1,0) rela-
tive to an axis of quantization p as

Y5, m")

= (@m) =2 ={u(r) +8=225 w(n)]|B, m), (1)
where | p, m) is a spin-1 spinor, # and w are the

s- and d-state radial wave functions, and §,, is
the tensor operator

8,,=[3G,:F0,-T-5,- 5,2 pr 2. (2)

The structure of the deuteron only enters the
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scattering calculation through the form factor for
the deuteron density distribution,® which takes on
a second-order spherical harmonic dependence
on the direction of the momentum transfer #g
=h(k-K’) relative to that of the spin vector J for
the deuteron. This dependence is most conven-
iently expressed by defining a form-factor opera-
tor

S(@, §) =So(@-S,@[3(F- 9)*-2] ®)

in which ¢ is a unit vector in the direction of the
momentum transfer, S, is the isotropic compo-
nent of the form factor

Solg) = ijo(qr) [w?(r) +w?(r)]ar, (4)
and S, is the quadrupole form factor
S,(@) =212 [, (ar)w(r) [u(r) -8 =2w(r) dr. (5)

To discuss scattering processes in which the |

deuteron has arbitrary initial and final angular
momentum states it is convenient also to define
a scattering amplitude operator F[§,S]. We
write the amplitude for a collision in which the
deuteron goes from the m state to the m’ state
(relative to the quantization axis p) as

F ot @ =By’ IFIG, 11, m). ®)

The appropriate operator F[§, S] is a linear func-
tional of the form factor operator S and may be
written as

F[g, S]=F\[4, S]+ F,[q, 8] M

in which F, and F, are the operators representing
the single and double scattering amplitudes, re-
spectively. These are

F1[a, S] =f1(§)s(%a) +f2(§)S(-%§), (8)

and

F,ld,8)= 7 [S@)/, 8 +3) £, (5301 +£, (48 + '), (45-3)

—c,lf,Ga

where f, and f, are the elastic scattering ampli-
tudes for collisions between the incident particle
and particles 1 and 2 of the deuteron. The coeffi-
cient ¢y is 1 for incident particles of isospin 3
and is 3 for incident particles of unit isospin.
The evaluation of the double scattering amplitude
F, may be simplified considerably® by neglecting
any dependence of the products fz(zq +q’)f](2q -q’)
on the angle between the vectors § and q’. This
approximation becomes exact whenever f; and f
have similar Gaussian shapes as they do in the
example we consider presently.

The initial momentum of the incident particle
#k and the final momentum %Kk’ define an orthog-
onal triad of unit vectors which we may write as
k=(@K+K")/|K+k|, §=(&-Kk")/[k-K’|, and n =¢ x&.
For the three axes of spin quantization p =k, ¢,
and n we find that the deuteron spin transitions
obey the selection rule Am =0,+2. The transition
amplitudes which do not vanish according to this
rule are given as follows: For the three princi-
pal axes of quantization and the initial state m =1
we have

<’2, 1 IF[E’ S]'E: 1) =F1[§, So +%Sz]

+F,[q, Sy +3S,], (10a)

(k, -1|F(§, S|k, 1) = F,[q, -3S,], (10b)

4+3)-f,Ga+a), GE-8) -/, G3-T) ha?q’,  (9)

(,1|F[q, S1lg,1) = F,[§, So-S,]

+F,[q,S,-%S,],  (10¢)
(@, -1|F[§, S1lg, 1) = F,[§, 35,1, (10d)
®,1|F(q, S]in, 1) =F,[d, S, +1S,]

+F,[q, S,-1S,], (10e)
@, -1|F[q, Sz, 1) = F\[§, -35,]

+F,[q, -1S,]1, (101)

in which c-number form factors have been substi-
tuted for the operators S occuring in the defini-
tions (8) and (9). For the initial states m = -1 the
amplitudes can be found from the rule (-m’|F
X|-m)=¢m'|F|lm), and for the initial states m =0
we have

(’2, OlF[a, S]“E’ 0> =1"1[a3 SO—SZ]

+F,[q, S,-S,], (11a)
(4,01F[q, 8]l ¢,0) = F,[d, S, +2S,]

+F,[q, S, +3S,], (11b)
@, 0|F[g, S]ln, 0) = F,[§, Sy-S,]

+F,[4,S,+13S,].  (11c)

We have made use, for numerical purposes, of
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FIG. 1. (a) Deuteron form factors S, and S,. (b)-(d) Cross sections for elastic scattering of 1-GeV protons by ful-

ly polarized deuterons (m =1 states) for the different polarization directions (b) =4, (c) p=R&, and (d) p=7.

The

dashed curves represent the intensities for scattering with no spin reorientation, Am =0. The dash-dotted curves
represent the intensities for the spin-flip transitions. The solid curves represent the total intensities.

the most accurate fit of Moravcsik to the Garten-
haus wave function.!® Although the amount of d-
state admixture in the deuteron is constrained to
a rather small value, 6.7 % for the wave function
used, the fact that the form factor S,(g) increas-
es with the amplitude rather than the squared am-
plitude of the d-state means that away from the
forward direction, =0, it tends not at all to be
small in comparison with Sy(g). We see in fact
from Fig. 1(a) that S, becomes equal to S, near
1q=0.36 GeV/c and exceeds S, for larger momen-
tum transfers.

To illustrate the behavior of the various differ-
ential cross sections for the deuteron we have
taken the neutron and proton scattering ampli-
tudes to be of the form

- ) -3a4* .

fj(Q)=koj (z+pj)e /4m, j=1,2, (12)
and have given the parameters 0j, pj, and a the
values which correspond to 1-GeV proton-nucle-
on collisions.!! The cross sections for proton
scattering by fully polarized deuterons (m =1
states) are shown in Figs. 1(b)-1(d) and 2(a) for
the different polarization directions. The curves
of Figs. 1(b)-1(d), which represent the intensi-
ties for scattering with no spin reorientation,
Am =0, all show pronounced minima brought
about by the destructive interference of the sin-
gle and double scattering amplitudes. The mini-
ma for the different polarization directions oc-
cur at rather different values of ¢ since in that
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range of momentum transfers S,(3¢) happens to
be comparable in magnitude with S,(3¢). For
spins polarized along the ¢ direction, for exam-
ple, the form factor (g, 1|S|gq1)=S,-S, decreases
much more rapidly with increasing momentum
transfer than the two form factors (x, 1|S|x, 1)
=(n,1/|S|n,1) =S, +1S, and thus leads to a mini-
mum at an appreciably smaller momentum
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FIG. 2. Scattering of 1-GeV protons by unpolarized
deuterons (solid curves) together with those found for
the three principal polarization directions for (a) m =1

and (b) m=0.
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transfer.

For the three axes of quantization considered
the spin-flip transition Am #0 only takes place
for initial states m =+1. The differential cross
sections for these transitions are extremely sen-
sitive to the polarization directions as may be
seen from the curves shown in Figs. 1(b)-1(d).
The origin of this dependence may be seen in
Eqgs. (10b), (10d), and (10f). The amplitude (10d)
shows that for polarization in the ¢ direction spin
flip cannot be induced by the single-collision
mechanism; it is weak because it stems entirely
from double collisions. For polarization in the
#n direction both single and double scattering con-
tribute (approximately 180° out of phase) to the
spin-flip amplitude. For polarization in the & di-
rection, on the other hand, the suppression of the
double scattering mechanism leaves the strong
single-collision contribution fully in evidence and
causes the most intense of the spin-flip transi-
tions.

The spin-flip transitions are not distinguished
experimentally from the Am =0 transitions. Be-
cause the observed cross sections are the sums

(do/aQ) 5, m =2, By m! |F | pm)l? (13)
the spin-flip intensities tend to fill in the minima
in the Am =0 differential cross sections. We see,
for example, from Fig. 1(c) that for the polariza-
tion p =k the spin-flip intensity completely fills
the interference minimum. For polarization p
=n, [Fig. 1(d)] the spin-flip transitions are not
quite strong enough to fill the minimum complete-
ly. For p=q [Fig. 1(b)], on the other hand, the
weakness of the spin-flip transitions leaves the
minimum nearly intact; this minimum should be
easily observable with an appropriately polarized
target.

For unpolarized deuteron targets the observed
cross section is the average of those found for
the three principal polarizations

(do/aQ) =5 2, (do/ds (14)
b=K,q,n
for m =+1 or 0. This cross section is shown to-
gether with the others for m =1 in Fig. 2(a) and
for m =0 in Fig. 2(b). The fact that the minima
(or stationary points) in the curves for the indi-~
vidual polarizations lie at such widely different
momentum transfers leads to the disappearance
of any minimum in the averaged cross section.
We show in Fig. 3(a) the comparison of the calcu-
lated cross section for unpolarized deuterons
with p-d scattering measurements® that have been
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FIG. 3. Cross sections calculated for scattering of
(a) 1-GeV and (b) 2-GeV protons by unpolarized deuter-
ons and the measured values [ Bennett et al., Ref. 5;
Coleman et al., Ref. 4; Zolin et al., Ref. 4; Kirillova
et al., Ref. 4]. Also shown for comparison are the dif-
ferential cross sections for a spherically symmetric
model of the deuteron obtained by ignoring the d state

and appropriately renormalizing the s-state component
of the wave function.

made at 1.0 GeV. The measurements* which have
been made at 2.0 GeV are shown in Fig. 3(b) to-
gether with the cross section calculated for that
energy.!? The agreement of the theoretical and
experimental results is at least as satisfactory
as the assumed fit of Eq. (12) to the proton-nucle-
on data. The development of polarized deuteron
targets should allow a substantially more detailed
check of the theory. Scattering measurements
made in the interference region of the elastic
scattering cross section evidently offer a sensi-

tive probe of the quadrupole deformation of the
deuteron.

*Work supported in part by the U. S. Atomic Energy
Commission and the Air Force Office of Scientific Re-
search.
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HIGH-ENERGY PHOTOPRODUCTION OF p° MESONS FROM HYDROGEN AND DEUTERIUM*

G. McClellan, N. Mistry, P. Mostek, H. Ogren,

A. Silverman, J. Swartz, R. Talman, and K. Gottfriedf
Laboratory of Nuclear Studies, Cornell University, Ithaca, New York

and

A. 1. Lebedev
Lebedev Physical Institute, Moscow, U. S. S. R.
(Received 9 December 1968)

We have measured the photoproduction of p° mesons from hydrogen and deuterium as
a function of the photon energy, k.),, and the square of the momentum transfer, ¢{. The
assumption that the p is produced by a purely diffractive mechanism is midly contradict-

ed by the data.

The photoproduction of p° mesons on hydrogen
and deuterium has been measured at the Cornell
University 10-GeV electron synchrotron at aver-
age photon energies of 4 to 9 GeV. The appara-
tus is shown in Fig. 1. The bremsstrahlung
beam, which is monitored by a thin ion chamber
upstream, passes through a 5-in. liquid target
and into a uranium beam stop. Photoproduced p’s
decay into 7*r~ pairs; the 7* and 7~ go through
separate “arms” of the magnet system. A six-
fold coincidence in the scintillation counters trig-
gers the optical spark chambers. The entire
magnet system is mounted on a platform which
rotates vertically (to ~7°) about the target, thus
varying the production angle. The spark-cham-
ber pictures are used for high-resolution analy-
sis of the data taken on heavy nuclei,! and serve
only for qualitative checks on the hydrogen-deu-
terium data.

We study the dependence on incident photon en-
ergy k,,, and on my;, the rest mass of the nr
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system. Mass spectra are obtained by varying
the magnetic fields with their ratio fixed. These
spectra are dominated by the p resonance. Some
details of the shape of this resonance are dis-
cussed in the following Letter' which describes
results from various nuclei. Similar spectra are
observed from all nuclei. k., is varied by moving
the target along the beam and changing the mag-
netic field.

The data presented in Figs. 2 and 3 all repre-
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FIG. 1. Top view of apparatus.



