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We have performed a deuteron-proton double-scattering experiment with a 3.6-6eV/c
deuteron beam to study the spin alignment of the elastically scattered deuterons. We ob-
served scattered beams of polarized deuterons and have measured the spin alignment and
vector polarization in the four-momentum-transfer interval of 6 = 0.13 to 0.64 (GeV/c)2.
Multiple-scattering model fits are presented to our alignment and polarization data as
well as to existing differential-cross-section data.

An important ingredient in the Glauber model'
for P-d and w-d forward differential cross sec-
tions above 1 GeV is the D-state deuteron form
factor which fills in a dip in the cross section
near Ib, I'=0.3 (GeV/c)' to give the experimentally
observed shoulder in the interference region be-
tween single and double scattering. It was shown
by Franco and Glauber' that the D-state form fac-
tor should lead to a strong dependence of the P-d
differential cross section on the deuteron spin di-
rection. Harrington' has pointed out that this
spin dependence could also be studied in a double-
scattering experiment in which a high-energy deu-
teron beam was scattered from two hydrogen tar-
gets in succession.

In a double-scattering experiment in which a
deuteron beam is polarized by the first scatterer
and analyzed by the second scatterer, the differ-
ential cross section of the second scattering can
be written I=1,[1+a,b, +a,b, cos2y+ (a,b, —a,b, )
x cosy], where I, is the unpolarized differential
cross section, y is the azimuthal angle, a; de-
scribe the deuteron polarization in the first scat-
tering, and b; describe the analyzing power in the
second scattering. The terms a,b„a,b„and a,~3
are due to alignment, or tensor polarization,
while a,b, is the usual vector-polarization term.
For elastic scattering, a, = b; assuming time-re-

versal invariance. The a;(b) are functions of the
spin expectation values. ' In Harrington's model
the coefficients a„a, depend upon the quadrupole
form factor of the deuteron, and the coefficients
a„a, vanish. In the experiment reported here
the azimuthal asymmetry N(p) was measured,
and it was compared to the formula N(y) =N„(1
+A c2opsB+cosp), where allowance has been
made for nonzero coefficients a„a,.

Figure 1 shows the configuration for the first
and second scatterings. The external deuteron
beam of the Princeton-Pennsylvania Accelerator
at 3.6 GeV/c ' was aligned by the first scattering
at momentum transfer b, and formed a secondary
scattered beam. Deuterons in the scattered beam
had a momentum higher than that kinematically
allowed for any contamination, so the beam-line
magnets served to furnish a pure deuteron beam
incident on the second target. The momentum
transfer 4, was varied by moving the position of
the first target T, and retuning the magnet sys-
tem. Some data were also taken at higher and
lower incident momenta than 3.6 GeV/c to obtain
extreme values of momentum transfer. Typical
external deuteron beam intensity was 8 x10"d/
sec which gave about 10' aligned deuterons in a 5-
cm-diam circle at the second scattering target Tb.
The slit system defined Ibis to + 0.01 (GeV/c)'.
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TABLE I. Besults. Fits are to &(p) =&0(1+&cos2%
+8 cos+). Primary beam momentum ls 3.57 GBV/c,
unless otherwise noted. Error in ch is +0.01 (GeV/c)~.
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FIG. 1. (a) First-scattering geometry. A quadrupole
t ' let focused the scattered beam on the target. (b) Sec-
ond-scattering geometry. The recoil-proton range tele-.
scope was cylindrically symmetrical. Scattered deuter-
on trajectories were recorded in the four wire spark
chambers.

The momentum transfer at the second scatterer
was fixed by requiring the recoil protons to have
an enex gy of 128+ 8 MeV by range. This set 4&'
= 0.23+ 0.016 (GeV/c)'. The scattered deuterons
and inelastic protons (background) which accom-
panied the proton recoils were detected in four
scintillation countexs placed downstream and sub-
tending 90' each in azimuth. Rough coplanarity
within 90' azimuth mas required between the deu-
teron and the recoil proton. Four magnetostric-
tive-xeadout wire spark chambers were used to
determine the deuteron trajectory in space. Elas-
tic deuterons were limited in polar angle 8 by the
recoil-proton range requirement so that the in-
elastic background could be eliminated from the
sharply peaked elastic signal by a subtraction in
the spark-chamber data. Typically, the elastic
signal and background mere of equal magnitude.
In this manner the azimuthal asymmetry could be
measured for each value of 4, at fixed 4,. The
data mere divided into twelve intervals in azi-
muth, the background subtracted for each inter-
val, and a least-squares fit of the elastic signal
was made to determine the best values for the
asymmetry coefficients A and B. This process
was repeated for a number of values of A„The
results are presented in Table I and Fig. 2.

The alignment asymmetry parameter A rises
to a maximum value of 0.67 at 4, =0.25, decreas-
es and goes through zero at ~,'-=0.41, and goes
negative for larger 4,. The results for A are
quite independent of background subtraction. ' The
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absence of a systematic up-r1. ght-type asymmetry
in the apparatus was demonstrated by tuning the
secondary beam to half-momentum, where it con-
sisted primarily of stripped protons, and observ-
ing no such effect. The cosy asymmetry parame-
ter B varies slowly with momentum tx'ansfer and
has a, magnitude of about 0.25 in the interval stud-
ied. The data, were also analyzed for sing asym-
metry. Typical values for such asymmetry mere
0.02+ 0.04 indicating little systematic up-down
bias in our experiment. The errors quoted for A
and 8 are 1-standard-deviation statistical errors.

The model of Harrington' was extended in a
simple may to include nucleon spin-orbit effects
in an attempt to fit the observed & term in N(y).
The nucleon-nucleon scattering amplitude of Har-
rington, f = (ko„,/4s)(i+ n) exp(- ba'/2), was mul-
tiplied by a factor 1+(CIA, I/k)cr n, where o is the
Pauli spin operator for one of the nucleons in the
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deutex'on, n is perpendicular to the nucleon-nu-
cleon scattering plane, and C mas chosen to give
a nucleon-nucleon polarization P =0.45 at 62 =0.3
(GeV/c)' and incident momentum 1.7 GeV/c. ' Av-
erage parameters o „,and 5 for p-p and n-p
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FIG. 2, Fits to the data using the Glauber model.
{a}& term in Ã(p) =+0(1+A.cos2&+B cosy); (b) B term;
(c& der/d& from Ref. 5.

scattering mere used in the calculations, ' but the
average real n and the D-state probability P,
mere allomed to vary. The analytic form of the
D-state form factor given by Alberi, Bertocchi,
and Bialkomsky' mas used. Their normalization
corresponded to a D-state probability P~= 6.5/o.
The calculations were compared to the N(y) data
of the present experiment and the differential-
cross-section data of Ref. 5.

The results of the calculation are shomn in Fig.
2. The 8 term was quite insensitive to the free
parameters 0'. and I'd, depending primarily on the
polarization constant C. The calculated cross
section in the interference region around 42 = 0.3
(GeV/c)2 increased when either n or P„was in-
creased. The calculated A. term in the asymme-
try, on the other hand, increased in peak value
with largex' Ig, but decl'eased ln peak value with
larger o.. The solutions stabilized unambiguously
at I@I =0.65+ 0.15 and P~= (6.5+ 2.0)%. While this
is a reasonable value for P~, our result for Inl is
larger than the value of n = —0.30+ 0.10 deter-
mined from measurements" on PP and Pd scatter-
ing at 1 GeV in the region of Coulomb interfer-
ence. Moreovex, Glauber-model fits have been
made to differential-cross-section data on the
scattering of 1-GeV protons on helium mith e
= —0.33,"on carbon with e = —0.33,' and on oxy-
gen with n = —0.40." In the Harrington model it
turns out that the maximum value of the align-
ment parametex A is a sensitive function of e,
and it is our observation that A. „=0.7 that re-
quires the large value of this parameter" for a
good fit to our data.

In conclusion, this experiment has observed the
D-state contribution directly by measuring deu-
teron alignment in d-P scattering. This align-
ment is not strongly energy dependent and should
persist at higher energies. The vector polariza-
tion found in this experiment could be used as a
source of polarized neutrons. An extension of the
Glauber model to include spin-orbit effects satis-
factorily accounts for the vector polarization.
The Glauber model applied to differential cross
sections and alignments in P-d scattering furnish-
es a method for measuring the real parts of nu-
cleon-nucleon amplitudes at high energy and an
independent method of detex mining the deuteron
D-state probability.
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We discuss the possibility that the interesting large, high-energy cross section for
y+y e+ +e-+e'+e can be indirectly tested via the reaction y+Z Z +e'+e-+e+ +-.
As a by-product, the background caused by the former process in the Primakoff-Stodol-
sky method for measuring the total photon-photon cross section into hadrons is shown
to be substantially reduced beyond naive expectations.

The possibility of measuring photon-photon
cross sections via a "generalized Primakoff"
reaction has recently been emphasized by Stodol-
sky. ' In particular, the interesting large, con-
stant (6.45 pb), high-energy total cross section'
for the n~ reaction

y+y-e'+e +e'+e,
which is present as an important background for
y+y-hadrons, appears amenable to experimen-

tal check via the o.' process

y+Z-Z+e'+e +e'+e .
This would provide a test of high-order quantum
electrodynamics at high energies.

We report here the results of detailed calcula-
tions of the dominant diagrams for these reactions
which display the critical effects of the change
of the scale (mass) ' characterizing the size of
the cross section (i) when one or both of the pho-
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