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The energy spectra of deuterons recoiling from a deuterium gas target bombarded by transversely
polarized 796-MeV protons have been measured to obtain the differential cross sections, do /dt, and
analyzing powers, 4,(t), for P-d elastic scattering over a range of laboratory angles from 4.53° to
13.02°, corresponding to a range of four-momentum transfer squared, |¢|, from 0.013 to 0.108
GeV?/c2. Employing several sets of nucleon-nucleon, N-N, amplitudes obtained from N-N phase
shift analyses, comparisons are made between the experimental data and the predictions of a multi-
ple scattering theory. In this region of four-momentum transfer, 4, is shown to depend almost en-
tirely on the spin-independent and spin-orbit N-N amplitudes.

NULCEAR REACTIONS d(p,p)d, E=796 MeV; measured do/dt(0) and
A,(6); comparison with multiple-scattering theory using free N-N amplitudes,
—1=0.013—0.108 GeV?*/c?, At =1.88% 1073 GeV?/c2

I. INTRODUCTION

The study of polarized proton-deuteron (P,d) elastic
scattering at intermediate energies (~1 GeV) and small
momentum transfers, g, is of considerable interest. Since
the small binding energy of the deuteron produces a rather
large average separation distance between its constituent
proton and neutron, hadron-deuteron scattering can be
particularly well described by multiple scattering theories
which use free hadron-nucleon amplitudes. A formalism!
has recently been developed which provides a complete
description of hadron-deuteron elastic scattering at inter-
mediate energies in terms of hadron-nucleon amplitudes
and a deuteron wave function, using an approach analo-
gous to Glauber theory. A very precise framework is pro-
vided by this formalism for studying the dependence of
p-d elastic scattering observables on the p-n amplitude, an
amplitude which is quite difficult to determine indepen-
dently, particularly at small momentum transfers. This
formalism has recently been used to analyze experimental
data on vector and tensor analyzing powers for p-c_f elastic
scattering at intermediate energies.”>

From a theoretical standpoint it is simpler and more
transparent to extract information on the projectile-
neutron amplitude at small g2 from projectile-deuteron
elastic scattering than from breakup processes. As is well
known, for breakup processes corrections due to final state
interactions play a major role at small ¢2, since the proba-
bility for reformation of the deuteron in the final state be-
comes large when the momentum transfer imparted to the
target becomes small. However, 800 MeV quasifree p-p
and p-n analyzing powers at small momentum transfers
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have recently been obtained from 800 MeV proton scatter-
ing on deuterium.* Agreement between free and quasifree
p-p results indicates the validity of the extraction of free
p-n amplitudes from quasifree processes.

The precise knowledge of p-p and p-n amplitudes at
small momentum transfers (g <0.2 GeV/c) is particularly
important in intermediate energy nuclear structure studies
which use data from proton-nucleus elastic and inelastic
scattering. In the theoretical analyses of these data the
small momentum transfer behavior of the elementary N-N
amplitudes are most relevant since the contributions from
large momentum transfers are suppressed due to the rapid
falloff of the nuclear form factors as a function of ¢2.

In the present paper we report on the measurement of
both the differential cross section, do/dt, and analyzing
power, 4,, for 796 MeV P-d elastic scattering over a range
of four-momentum-transfer squared —t, —t=q?2, from
0.013 GeV?/c?* to 0.108 GeV?/c% These data have been
compared with the predictions of hadron-deuteron elastic
scattering formalism mentioned above. The sensitivity of
these analyses to the various components of the N-N am-
plitudes, to the deuteron wave function, and to the
double-scattering terms has been investigated.

II. THE EXPERIMENTAL METHOD

These P-d elastic scattering measurements were made
utilizing the External Proton Beam line (EPB) of the Los
Alamos Meson Physics Facility (LAMPF). The experi-
ment measured small angle elastic p-d scattering using a
recoil technique. The experimental technique and setup
have been discussed in some detail previously.> In p-d
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FIG. 1. The gas cell target box with the collimation systems
and AE-E-VETO telescopes of solid state detectors.

elastic scattering the laboratory kinetic energy of the
recoiling deuteron is a direct measure of the four-
momentum transfer in the scattering process. Also, be-
cause the deuteron has no bound excited states, the only
deuterons with laboratory scattering angles near 90° are
from elastic scattering. In inelastic reactions involving
pion production, the recoil deuteron is constrained
kinematically to smaller angles (6, =61° for T, =800

MeV). Thus, we measured the deuteron energy spectra,
dY /dTg, through a suitable collimation system and ex-
tracted the angular distribution, do /dt, from these data.

The experimental setup, presented in Fig. 1, was a deu-
terium gas target viewed by a collimated detector system.
The rear collimator, a circular aperture, has dimensions
commensurate with the active areas of the detectors.
Nearer the interaction region, vertical slits define an angu-
lar acceptance, Oy, to O,,.,, for particle trajectories from
the interaction region through the back slit. Recoil deute-
rons produced in the interaction region of the gas target
are detected by two AE-E VETO telescopes of silicon sur-
face barrier detectors mounted on movable arms on oppo-
site sides of the beam. One arm consisted of a 50-um AE
detector, a 1400-um E detector, and a 300-um VETO
detector; the other arm was of similar design but the AE
detector was 100-um thick. To obtain the energy spectra
of recoil deuterons in the region above 20 MeV
(—2>0.073 GeV?/c?), the 1400-um detectors were used as
both AE and E detectors followed by a 300-um VETO
detector.

With the experimental setup displayed in Fig. 1, the dif-
ferential cross section, do/dt, is related to the deuteron
yield per kinetic energy interval, dY /d T, by’
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do H sinfy

it =(dY/dTy)[m/my] nNA cos(0—6g) 2.1
Here A is the area of the circular back collimator, H is the
perpendicular distance from the beam center line to the
center of the back collimator, m4 is the mass of the deu-
teron, n is the number of deuterons per unit volume in the
gas target, N is the flux of beam particles, and 6, is the
angle between the center line of each telescope arm and
the beam direction. The recoil angle, 64, may be calculat-
ed from the energy measurement.®

For data taken with the left (L) and right (R) AE-E-
VETO telescopes (T'y <20 MeV) the analyzing power, 4,,
was calculated from the measured left-right asymmetry e,

L —R
€=A,Pg= m , (2.2)
where L and R represent geometrical means
L=[(dY/dT)g(dY /dT),]'*, (2.3a)
R=[(dY/dT)g (dY/dT).,]'"*. (2.3b)

Py is the magnitude of the beam polarization normal to
the scattering plane; and the arrows 1 (up) and | (down)
represent the direction of the beam polarization. This
technique cancels first order instrumental asymmetries.
When only one telescope was used (T4 >20 MeV), 4, was
calculated from

1 @y’ /ar),—@ay'/dT),

A, =—
¥~ Py | (dY'/dT),+(dY'/dT),

(2.4)

Here Y’ denotes a yield normalized by the integrated beam
intensity for a given direction of the beam polarization.
As discussed in Ref. 6, the beam polarization Pp was mea-
sured by the EPB beam line polarimeter’ located down-
stream from our target gas cell.

Signals from the AE and E detectors were used to ob-
tain particle identification signals® and energy spectra.
The energy scale for the detectors was calibrated using al-
pha sources. Our method requires the measurement of the
energy spectra for recoil particles from elastic p-d scatter-
ing emanating from an interaction region defined by the
cross sectional area of the beam and the collimation sys-
tem. However, spurious events whose characteristics in
the detector telescope mimic those of the recoil deuterons
are superimposed on the real spectra. Sources of these
background events could be the following: (1) reactions of
the proton beam and halo with any material other than
the target gas; (2) beam-target interactions not in the in-
teraction region. This background spectrum was mea-
sured quite carefully® in two types of background runs. In
the first, the target cell was evacuated while all other con-
ditions were kept the same as in a normal data run. In the
second, the gas cell pressure was maintained, but the front
slit was closed, thereby removing only the recoil particles
produced in the interaction volume. To within the statist-
ical accuracies of the measurements, the two types of
background evaluation agreed. Also, the background
measured by these two techniques was a small fraction of
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TABLE 1. p-d elastic cross section and analyzing power data at 796 MeV.

5 do mb
Oc.m. (deg) t (GeV/c) 4t | (Gev /e A,
7.97 0.0133 210.3+1.6 0.2735+0.0074
8.51 0.0152 193.6+1.5 0.2849+0.0076
9.02 0.0171 181.1+1.5 0.2927+0.0076
9.50 0.0189 171.9+1.3 0.3039+0.0057
9.97 0.0208 164.6+1.0 0.3151+0.0058
10.41 0.0227 158.3+1.0 0.3294+0.0060
10.83 0.0246 147.2+1.0 0.3271+0.0062
11.24 0.0265 139.2+0.9 0.3427+0.0063
11.63 0.0283 132.4+0.9 0.3527+0.0065
12.01 0.0302 123.9+0.9 0.3612+0.0067
12.38 0.0321 118.5+0.9 0.3668+0.0068
12.74 0.0340 112.8+0.8 0.3808+0.0070
13.08 0.0358 104.9+0.8 0.3844+0.0073
13.42 0.0377 101.3+0.8 0.3889+0.0074
13.76 0.0396 94.2+0.8 0.3863+0.0076
14.08 0.0415 89.3+0.7 0.3925+0.0078
14.40 0.0433 84.6+0.7 0.4069+0.0080
14.71 0.0452 80.7+0.7 0.4060+0.0082
15.01 0.0471 76.8+0.7 0.4068+0.0084
15.31 0.0490 73.1+£0.7 0.4032+0.0086
15.60 0.0508 68.1+0.6 0.4134+0.0088
15.89 0.0527 66.5+0.6 0.4199+0.0090
16.17 0.0546 62.5+0.6 0.4153+0.0093
16.45 0.0565 59.3+0.6 0.4267+0.0095
16.72 0.0583 56.0+0.6 0.4177+0.0098
16.99 0.0602 53.9+0.6 0.414 +0.010
17.25 0.0621 50.9+0.6 0.435 +0.010
17.51 0.0640 48.6+0.5 0.438 +0.010
17.77 0.0658 47.0+0.5 0.432 +0.011
18.02 0.0677 44.5+0.5 0.447 +0.011
18.27 0.0696 42.74+0.6 0.438 +0.012
18.47 0.0711 41.1+0.7 0.435 +0.014
18.81 0.0737 39.5+0.8 0.426 +0.025
19.15 0.0763 37.6+0.8 0.432 +0.025
19.48 0.0790 36.2+0.7 0.410 +0.026
19.80 0.0816 34,1+£0.7 0.426 +0.027
20.12 0.0842 32.5+0.7 0.428 +0.028
20.44 0.0868 31.2+0.7 0.421 +0.028
20.75 0.0895 28.6+0.6 0.416 +0.029
21.05 0.0921 27.740.6 0.421 +0.029
21.35 0.0947 25.8+£0.6 0.429 +0.031
21.65 0.0974 24.6+0.6 0.401 +0.031
21.94 0.1000 23.0+0.6 0.432 +0.032
22.23 0.1026 21.9+0.6 0.455 +0.033
22.52 0.1052 20.0+0.5 0.406 +0.035
22.80 0.1079 19.3+0.5 0.393 +0.035

the good events (< 3%).

To obtain the deuteron energy spectra at the point of in-
teraction, we corrected the experimental spectra for energy
losses in the deuterium gas between the interaction volume
and the telescope, and in the thin dead layers on the
detector’s surfaces.® Energy straggling effects were much
less than the bin size, 500 keV [Ar=1.88%103
(GeV/c)?], in which the final data are presented.

Data were taken with an ~2 nA transversely polarized

(78%) proton beam and a deuterium pressure of 300 mm
Hg. The pressure and temperature of the target gas were
monitored to determine the gas density to better than
+1%; and the incident beam flux was measured by a
Faraday cup’ with an accuracy of +1—29%. We have
determined the absolute normalization of the cross section
data to an accuracy of +3%, while the statistical accuracy
of the cross section data is always better than +2%.
Table I presents the differential cross sections, do /dt, and
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analyzing powers, 4,, obtained in this experiment as a
function of 6., and —t¢. The errors listed, Ado/dt and
AA4,, include only contributions due to statistics and back-
ground subtraction. The larger errors in 4, for
—t>0.073 GeV?/c? reflect the shorter running periods
used to obtain the recoil data with the 1400 um—1400
pm—300 um AE-E-VETO detector telescope.

III. DISCUSSION

From parity conservation and the symmetry of the in-
'teraction under time reversal it follows' that 12 indepen-
dent, complex amplitudes are necessary to completely
describe p-d elastic scattering:

Foa=[(F30o+F4a, 11+ [(Ffo Iy, + (Fooo+Floy,)J, +(Fio,)J,]

F[(F2 00+ F5e0y) Qs + (FS 00+ F2y 0, )0,y + (F, 0, )0,y +(F50,)0,] - 3.1)

Here the o; are spin-5 Pauli operators associated with the proton, and the J; and Qij» Qi =+(J;J i+J jJi)—%SijT, are
spin-1 vector and quadrupole operators, respectively, associated with the deuteron. For a given subamplitude the super-
script and the subscript denote the proton and deuteron operator, respectively. Formula (3.1) is given in a right-handed
Cartesian frame of reference (x,y,z) where the x axis is parallel to Ei — Ef and the z axis is parallel to K; +Ef. General

expressions can be obtained for 4, and do/dt(I,) in terms of these 12 amplitudes:

Ay, =12Re[FoF* + 3 F)F)* + 5 (FOFlx +Fp F)y ) — + (Fo Fir + Fo, FiX1/1,

(3.2)

Io=6[ | FQ |*+ |F§ >+ (| FF|*+ | F) | >+ | F} | *+ | FZ|)

+5UF P4+ | By |24 | Fl |2+ | By | ) — SRe(F By + FLFY )+ ¢ | Fo |2+ % | F |71

A prescription for the construction of all the amplitudes
F; and Fj from the proton-proton (pp) and proton-
neutron (pn) amplitudes is described in detail in Ref. 1. In
general, each of these amplitudes is given as a sum of sin-
gle and double scattering terms which depend upon all the
spin components of the pp and np amplitudes and upon
the S and D components of the deuteron wave function.
Figure 2 presents the 4, data measured in this experi-
ment along with predictions obtained using the multiple
scattering formalism discussed above and four recent sets
of the pp and np amplitudes obtained by Arndt!® from
phase shift analysis of N-N scattering data: SM82 (sum-
mer 1982), SP82 (spring 1982), WI81 (winter 1981), and
C800. In these calculations we have used the parametriza-
tion of the deuteron wave function due to Reid.!! It is seen
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FIG. 2. A comparison of our 4, data for P-d elastic scatter-
ing at 796 MeV with calculations based on the multiple scatter-
ing theory of Ref. 1 using as input the Arndt N-N amplitude
sets SM82, SP82, WI81, and C800.

(3.3)

[

that there are significant differences between the four cal-
culations and that all the calculations are lower than the
experimental 4, data for —¢<0.05 GeV?/c? and higher
than the experimental data for —¢>0.08 GeV?/c?. Fig-
ure 3 presents the do /dt data measured in this experiment
along with calculations which use the four sets of N-N
amplitudes. The differences in the predictions for do/dt
from the four sets of N-N amplitudes are negligible, but
for —¢>0.07 GeV?/c? there is a significant difference be-
tween the experimental data and all four calculations.
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FIG. 3. A comparison of our do/dt data for p-d elastic
scattering at 796 MeV with calculations based on the multiple
scattering theory of Ref. 1 using as input the Arndt N-N ampli-
tude sets SM82, SP82, WI81, and C800. All four calculations
are indistinguishable on the scale shown.
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FIG. 4. Same as Fig. 2, but with calculations based on the ap-
proximate formula Eq. (3.5).

In order to better understand the origin of the differ-
ences between the calculations for 4, from the four sets of
N-N amplitudes, we have numerically evaluated the
strength of the various terms entering in Eq. (3.2). For
values of —1 less than 0.1 GeV?/c?, A, is given quite ac-
curately by the expression

2 Re(FoF,*)
= 05 (3.4)

[ Fol*+ | Fy|
Contributions from the other amplitudes in the complete
expression [Eq. (3.2)] change the value for 4, given by Eq.
(3.4) by less than 49%. Furthermore, the contributions
from the double scattering terms, the spin-spin (double
spin flip) terms in the N-N amplitude and from the D
component of the deuteron wave function contribute at
most a 5% effect in the approximate expression for 4,
represented by Eq. (3.4) for —¢ <0.1 GeV?/c% Thus, for
—t<0.1 GeV?/c?, we have the following accurate ap-
proximation for 4,:

_ 2Re(@*iy)

= , (3.5)
l@|?+ |71

y

where a=(ay,,+ap,)/2 and 7=(yp,p+¥p)/2 are the
center-of-mass frame, isospin-averaged, spin-independent,
and spin-orbit N-N amplitudes, respectively. Here the N-
N amplitude is given by

My n=a+iy(&+ &,) 7+ (spin-spin terms) ,
- o (3.6)
k; Xky

= - S -
| ki Xkp|

In Fig. 4 we present calculations of 4, based on Eq.
(3.5) which use the same four sets of N-N amplitudes as
the full [Eq. (3.2)] 4, calculations represented by Fig. 2.
Inter and intra comparisons between the theoretical pre-
dictions represented by Figs. 2 and 4 lead one to conclude
that Eq. (3.5) is a quite accurate approximate expression
and that the difference between the various predictions for
a given type of calculation come from the differences in
the isospin averaged spin-independent and spin-orbit N-N
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FIG. 5. Comparison of the N-N amplitudes a,p, @pn, ¥pp, and
¥pn from the four solution sets SM82 (—--—), SP82 ( )
WIBI (— — —), and C800 (—-—).

amplitudes of the four solutions. Figure 5 presents the
N-N amplitudes a;, @pn, ¥pp and yp, corresponding to
the solutions C800, WI81, SP82, and SM82. The largest
differences exist in the real parts of the spin-independent
N-N amplitudes; and the analyzing power is very sensitive
to the relative phase between a and y. It would appear to
be quite possible that N-N amplitudes somewhat different
from the four sets used in the present analysis could both
fit the currently available N-N data and provide closer
agreement between our experimental 4, data and the pre-
dictions of a multiple scattering theory.

Although for —7<0.1 GeV?/c? 4, is quite insensitive
to contributions from the double scattering terms and the
spin-spin components of the N-N amplitudes, this is not
the case for do/dt. Figure 6 presents a full calculation
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FIG. 6. A comparison of our do/dt data for p-d elastic
scattering at 796 MeV with a full multiple scattering calculation
using the N-N amplitudes C800 and with calculations where ei-
ther the double scattering terms or the double spin-flip N-N am-
plitudes were set equal to zero.
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(essentially the same for all four sets of N-N amplitudes)
along with calculations where either the double scattering
terms or the spin-spin components of the N-N amplitudes
were set to zero. Both contribute significantly to do/dt
down to very small —z.

To summarize, we have measured do/dt and 4, for
P-d elastic scattering at 796 MeV in the range of four-
momentum transfer squared from 0.013 to 0.108
GeV?/c? These data are compared with the predictions
of a multiple scattering theory which uses free N-N am-
plitudes taken from the Arndt compilation. The
discrepancies between theory and experiment for 4, can
be possibly attributed to uncertainties in the N-N ampli-
tudes, particularly the real part of the spin independent
amplitudes.
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