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The polarization of protons from the He3(d,p)He* reaction has been measured at eight laboratory angles
between 20° and 140° for six deuteron energies from 3 to 12 MeV. The polarization was determined by
scattering the protons from carbon. For all energies measured the polarization is positive at forward angles
with a maximum near a laboratory angle of 30°. The polarization passes through zero in the vicinity of 60°
and has a broad peak of negative polarization at back angles. At the forward maximum the polarization
increases with bombarding energy from +-0.10+0.03 at 3 MeV, to 4-0.762-0.03 at 10 MeV and +0.73+£0.04
at 12 MeV. The broad minimum in the polarization at larger angles shows a similar energy dependence
but the minimum also shifts to larger angles with increasing deuteron energy. The most negative value
of the polarization (P=—0.6620.05) was found at 120° and 8 MeV. The present measurements suggest
that the He3(d,p)He! reaction may be a useful source of 23—-29 MeV polarized protons. The results are com-
pared with measurements of the neutron polarization in the mirror reaction T (d,n)He! Some new infor-
mation on the polarization in the scattering of protons from carbon has also been obtained.

I. INTRODUCTION

ROSS-SECTION measurements for the He?(d,p)-
He* reaction have been reported—® for deuteron
energies from 40 keV to 13.7 MeV. Likewise for the
mirror reaction T(d,n)He* several investigations*7
have been carried out. A satisfactory theoretical de-
scription of the reactions has not been made except for
very low deuteron energies where the cross sections can
be desicribed in terms of a resonance forming He® or
Li® in a state of total angular momentum 3/2+. The
resonance occurs at a deuteron energy of 107 keV for
the T (d,n)He® reaction and 430 keV for the He?(d,p)He!
reaction. However, for both reactions deviations from
the single level prediction begin a few hundred keV
above the resonance. Neither reaction exhibits any
further resonances. Only a slight hump in the cross sec-
tion is observed between E4=3 and 9 MeV.> At the
higher energies the reaction cross section can be com-
pared to calculations based on deuteron stripping
theory. (See Sec. V.)

The similarity of the absolute magnitude and angular
dependence of the cross section for these two reactions
has been pointed out repeatedly.’:5:¢ This similarity is
expected on the basis of charge symmetry of nuclear
forces. Likewise the proton polarization in the He*(d,p)-
He?* reaction should, except for small Coulomb effects,
be equal to the neutron polarization in the T'(d,n)He*
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reaction. The work presented in this paper is the first
measurement of the proton polarization in the He*(d,p)-
He* reaction. Preliminary results were reported® some
time ago. Measurements® ! of the neutron polarization
in the T'(d,n)He® reaction have recently also been made.
In earlier experiments!!2 with deuteron energies up to
1.8 MeV little or no polarization had been found.

II. APPARATUS
1. General Description

The apparatus is shown in Figs. 1 and 2. Deuterons
impinged on a He?-filled gas target A (Fig. 2) which
was positioned in the center of a vacuum chamber B.
Reaction protons could emerge from the chamber
through foil covered windows C. The polarization ana-
lyzer D consisted of a carbon target and two scintilla-
tion counters E which detected protons scattered 45°
to the left and right of the incident protons. For some
of the measurements thin scintillators K were used in
coincidence with the other counters in order to reduce
background.

2. Reaction Chamber and He? Target

Thebeam entered the reaction chamber B through two
pair of slits which formed a rectangular aperture with a
horizontal opening of 0.16 cm and a vertical opening of
0.32 cm. The beam current striking the slits was moni-
tored to ascertain that the beam passed symmetrically
through the aperture. To make certain that the beam
passed through the axis of the chamber the beam posi-
tion was adjusted such that the beam current was

equally divided between the two closely spaced rear
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Fi1c. 1. Schematic of the experimental arrangement.

slits G (Fig. 2). The separation of these slits was 0.02
cm. The current of the rear slits was integrated to moni-
tor the duration of the runs. The beam passing through
the slits hit a beam stop. The beam stop as well as the
slits were made of tantalum.

The chamber had windows every 10° from 10° to
140° for left and right scattering angles. The windows
were covered by 2.6-u-thick spring steel or nickel foils.
The proton energy loss in these foils was at most 60
keV.

The He® target consisted of a 0.5-cm outside diam
stainless steel tube with 0.08-cm walls which had a win-
dow section removed. The window covered an angular
range of about 290°. The cylinder was sealed at one end
and attached to a flange on the other. “Havar’® foil
2.6 p thick was wrapped around the window section
and glued with an epoxy resin.!

The target cells held up to 26 atm of pressure. A tar-
get pressure of 17 atm of He® was used during the ex-
periment. The target thickness was then 100 to 300
keV. The target cells withstood a total of 0.6 W of beam
heating in the gas and in the entrance and exit spots on
the foil. This corresponds to 0.7 uA of deuterons at 3
MeV or 1.9 pA at 12 MeV. The foils were not entirely
leak tight. In some cases the loss was less than 5%, dur-
ing a 48-h run. It was necessary, however, to avoid a
tightly focused beam since the resulting hot spot on the
foil allows the helium to diffuse rapidly out of the cell.

In order to compress the He® into the target cell a
simple pump consisting of a balloon inside a compres-
sion chamber was used. The pump is described in detail
elsewhere.!®

3. Carbon Analyzer

The carbon analyzer is shown in Figs. 1 and 2. Be-
cause of the high Q value of the He?(d,p)He* reaction
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(0=18.4 MeV) a simple design was possible: The pro-
tons traveled in air and relatively thick, sturdy carbon
targets could be used.

The entrance slit to the analyzer was 0.25 cm wide
and 0.76 cm high. Directly behind it was inserted the
carbon target at a distance of 5.0 cm from the center of
the He® target. A rectangular aperture 1.4 cm wide and
1.9 cm high defined the acceptance area for the detec-
tors. The centers of the detectors were 5.0 cm from the
carbon target and were placed at 45° to the right and
to the left of the protons incident on the carbon. The
analyzer was mounted on a heavy steel ring (H in
Fig. 2) which rotated about the vacuum chamber. A
ground surface bar J was attached to the ring to provide
reproducible positioning for the analyzer.

Targets of high-purity graphite were used. The thick-
nesses varied from 27 to 114 mg/cm? For the proton
energies involved this corresponded to an energy loss
of 1 to 3 MeV. Cesium iodide crystals 0.08 cm thick
were used as detectors. The proton energy at detection
ranged from 9 to 14 MeV for the different angles at
which measurements were made. For the higher energies,
steel foil was placed in front of the detectors to insure
that the protons were stopped in the crystals.

A set of polyethylene foils from 0.0025 to 0.05 cm
thick and several thin slabs of graphite were used to
slow the protons incident on the carbon analyzer to the
desired energy. The holder for the slowing-down foils
also served as an antiscattering baffle, i.e., it assured
that no protons scattered in the windows of the scat-
tering chamber could by direct flight reach the detectors.

Calculations for beam divergence due to multiple scat-
tering in the slowing-down foils were made from the
Moliére theory in the manner described by Bichsel.!®

F16. 2. Top view of reaction chamber and carbon analyzer.
A, He? target cell; B, reaction chamber; C, windows; D, polariza-
tion analyzer; E, phototubes with CsI crystals; F, beam front
slits; G, beam rear slits; H, rotating ring mount; J, alignment
bar; K, thin CsI crystals; M, coincidence telescope box.

16 H. Bichsel, Phys. Rev. 112, 182 (1958).
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F16. 3. Analyzing power of carbon for proton elastic scattering.
The points are those of Brockman, Yamabe, Rosen, and Boschitz
(see references 19, 17, 18, and 20, respectively) for scattering
through a laboratory angle of 45°, The target thickness for these
measurements was about 1 MeV. The solid curve is the weighted
mean of the analyzing power for the analyzer used in the present
experiment. The line at the bottom of the figure indicates the
energy spread in the most frequently used carbon target.

In the extreme case that 30-MeV protons were slowed
to 18 MeV, the mean angular spread in the proton beam
due to multiple scattering was =4-4°.

4, Coincidence Counter Telescope

For the measurements at 10 and 12 MeV it was neces-
sary to add a coincidence detector to the analyzer in
order to reduce background. Two CsI crystals (K in
Fig. 2) 0.15 mm thick were mounted in the analyzer to
intersect the scattered protons. Consequently, coinci-
dent signals were produced by protons in the thick and
thin crystals.

The normal to each of the thin crystals made a 30°
angle with respect to the incident protons. This allowed
both thin crystals to be viewed from above by the photo-
cathode of a single phototube. The thin crystals were
mounted in a separate light-tight aluminum box (M of
Fig. 1) which was inserted between the front and rear
slits of the analyzer. Thin nickel foils provided windows
for the entrance and exit of the protons.

III. PROCEDURE
1. Analyzing Power of Carbon

In order to obtain the proton polarization P; from
the measured left-right asymmetries it is necessary to
know the analyzing power P, of carbon. Since P de-
pends on scattering angle and on energy, the effective
analyzing power Pj . is the mean of Py(E,0) over the
angular acceptance of the analyzer and over the energy
spread of protons scattered in the carbon target. The
average of P, with respect to angle, (P2(6)).v, was cal-
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culated using previous measurements of P(f) near 14
MeV,718 near 16 MeV, 7292 and at 17.7 MeV."® The
weight assigned to P»(f) was proportional to f(6) X o (6),
where f(0) is the differential acceptance solid angle of
the analyzer as a function of the laboratory angle 8
and o(f) is the differential scattering cross section of
carbon. In computing f(8) the effect of the finite height
of the slits was also taken into account. The function
f(6) was found to resemble a Gaussian with a mean
angle of 46° and a rms spread of 4°. For ¢ (6) the meas-
urements of Peelle?! and of Nagahara?? were used.

At several other energies measurements of P3(45°)
were available.2 At these energies (P3(f)).y Was ob-
tained by assuming that the angular dependence of P
is similar to that at neighboring energies where P(6)
had been measured. The solid line in Fig. 3 represents
(P2(8))sv as a function of proton energy. The points
show the various measurements of P(45°) on which the
calculations were based. The values of the effective
analyzing power Pj e were then obtained by averaging
the curve of Fig. 3 over the energy spread of the protons
in the target. The range of proton energies in the most
frequently used carbon target is indicated by a line at
the bottom of Fig. 3.

The above calculation neglected the fact that P
should further be multiplied by a factor cos¢, where ¢
is the azimuthal angle. The vertical extent of the slits
caused an extreme spread in azimuthal angle of 18°
which leads to a mean value of cos¢ of 0.976.

As can be seen in Fig. 3 there is considerable disagree-
ment in the experimental data for P2(45°) at 11.7 MeV.
This region was, therefore, avoided as much as possible.
However, since the proton energy from the He?(d,p)He*
reaction at a laboratory angle of 140° is as low as 13
MeV it was necessary to use the 12- to 13-MeV region
for measurements at that angle. For this reason the
analyzing power of carbon between 12 and 14 MeV was
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Fi1c. 4. Pulse-height spectra of the He?(d,p) protons scattered
from carbon at 45° for deuteron energies of 3 and 8 MeV. The dots
show the spectra when the carbon target was removed. In the
3-MeV spectrum one observes peaks corresponding to elastic and
inelastic scattering of protons from carbon. In the 8-MeV spectrum
the inelastic peak is masked by background.
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investigated during this experiment. Measurements were
made of Pqess below 14 MeV relative to the known
values of Py s above 14 MeV. This was done by meas-
uring the left-right asymmetry under the same condi-
tions of deuteron bombarding energy and reaction angle
(i.e., the same P;) for two different sets of foils in front
of the carbon target. In this manner two new measure-
ments of P, for C2(p,p)C'2 were obtained. They are
shown in Fig. 3.

Using the same technique, the polarization in proton-
carbon scattering was also investigated at energies
above 18 MeV. The results are: Py=—0.25-+0.08 for
a mean proton energy of 21.5 MeV and a target thick-
ness of 1 MeV and Py= —0.36=4-0.05 for a mean proton
energy of 23.5 MeV and a target thickness of 2 MeV.

2. Measurement of Foil Thickness

In order to obtain an internally consistent set of
measurements, independent of uncertainties in the ana-
lyzing power of carbon, it was decided to use as far as
possible the same thickness carbon target and the same
incident proton energy. The nature of the He?(d,p)He*
reaction is such that the proton energy for a given deu-
teron energy varies considerably over the angular range
investigated. By using different thicknesses of slowing-
down foils it was possible to take most of the forward
angle data with 17.9-MeV protons incident on either a
2- or a 3-MeV thick carbon target.

A scintillation counter was used to determine the
thickness of foil necessary to slow down the protons to
the desired energy. The counter was calibrated with
He?(d,p) protons of known energy. The energy of the
He?(d,p) protons was calculated relativistically and cor-
rected for various small energy losses in the He? target
and in the foils. The over-all uncertainty of the proton
energy incident on the carbon target of the analyzer
was 100 keV. The calibrated scintillation counter
was also used to measure the thickness of the carbon
targets. The uncertainty of the mean proton energy in
the carbon analyzer leads to an uncertainty in the effec-
tive analyzing power of £0.01 or less.

3. Polarization Measurements

Angular distributions of proton polarization were
measured at deuteron energies of 3, 4, 6, 8, 10, and 12
MeV. The angular range from 20° to 140° in the labora-
tory system was investigated in 20° intervals except at
8 MeV where measurements were made in 10° steps.
In addition, 30° was always measured to observe the
forward maximum in the polarization.

For each measurement, counts were collected with
the analyzer set at a given angle to one side of the in-
cident deuteron beam; then counts for an equal num-
ber of deuterons were collected with the analyzer on the
other side. The gas target cell was rotated through 180°
between right and left measurements since the cell
window was obstructed for an extent of 70°.

BROWN AND W.
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TasBiE I. Polarization P; of protons from the
He?(d,p)He* reaction.

Ed 01, lab 01,0.

m. Ep EZ

(MeV) (deg) (deg) (MeV) (MeV) Py et P
3.0 20 22.5 1998 164 —0.52 0.10240.031
30 335 19.62 164 —0.52 0.010-£0.034
40 44.7 19.14 164 —0.52 —0.011+0.035
60 66.0 1791 163 —0.52 —0.3464-0.039
80 87.0 16.52 148 —0.53 —0.266+0.043
100 1060 15.16 14.0 —0.51 —0.217+0.052
120 1268 1399 13.0 —0.51 —0.024-0.050
140 1445 13.10 124 —0.56 —0.176+0.086
4.00 20 22.7 2116 169 —0.50 0.183+4-0.022
30 340 20.72 169 —0.50 0.1824-0.024
40 45.5 20.14 169 —0.50 0.2354-0.026
60 67.0 18.69 169 —0.50 —0.3304-0.024
80 87.7 1704 150 —0.53 —0.458+0.028
100 108.0 1545 143 —0.52 —0.284+0.030
120 127.0 1409 131 —0.51 —0.276+0.038
140 1455 13.08 124 —056 —0.23240.044
6.00 20 23.2 2337 169 —0.50 0.358-0.030
30 348 2280 164 —0.52 0.5144-0.022
40 46.2 22.04 164 —0.52 0.430+0.026
60 684 20.15 164 —0.52 —0.12140.030
80 89.6 18.04 164 —0.52 —0.446+0.030
100 109.6 16.04 150 —0.53 —0.54340.030
120 1283 1438 134 —0.51 —0.44440.040
140 146.2 13.16 125 —0.56 —0.434+0.052
8.00 11 13.1  25.85 164 —0.52 0.015+0.027
20 23.7 2547 164 —0.52 0.408-0.022
30 355 2477 164 —0.52 0.676-0.022
40 470 2385 164 —0.52 0.542-+0.024
50 582 2275 164 —0.52 0.189-+0.031
60 69.4 2155 164 —0.52 —0.0024-0.026
70 80.2 2029 164 —0.52 —0.178+0.031
80  90.7 19.02 164 —0.52 —0.379+0.032
90 101.0 17.80 161 —0.53 —0.425+0.040
100 110.7 16.66 148 —0.53 —0.493+0.024
110 1201 15.63 144 —0.52 —0.549+0.052
120 1294 1472 13,7 —-0.51 —0.6584-0.046
140 1470 1332 12.6 —0.56 —0.46940.048
10.00 20 240 2751 164 —0.52 0.393+0.028
30 359 26.68 164 —0.52 0.757-+0.028
40 475 25.60 164 —0.52 0.5720.030
60 704 2291 164 —0.52 0.014-+0.028
80 91.7 1999 164 —0.52 —0.278+0.030
100 1115 17.29 155 —0.53 —0.380+0.030
120 130.2 1511 138 —0.52 —0.424+0.038
140 1475 1355 129 —0.56 —0.463+0.044
12.00 20 244 2951 164 —0.52 0.3033-0.034
30 364 28.56 164 —0.52 0.72540.036
40 481 2731 164 —0.52 0.4244-0.046
60 71.0 2425 164 —0.52 0.152+0.058
80 92.5 2095 164 —0.52 —0.06240.052
100 1125 1793 163 —0.52 —0.236+40.040
120 1310 1551 141 —0.52 —0.313+0.040
140 1482 13.80 12.7 —0.54 —0.352+0.048

Two ratios were obtained: LL/LR and RR/RL,
where LL stands for the number of counts in the counter
which detected two scatterings to the left, etc. The
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geometric mean of these two ratios provides a ratio
which is independent of the relative counter efficiency.?

The coincidence circuit used for the 10- and 12-MeV
measurements introduces possible counter asymmetries
not present in the simpler electronic setup. Comparison
of points taken at 8 MeV with and without the coinci-
dence circuitry showed no evidence of a systematic
difference.

4. Background Treatment

Figure 4 shows proton pulse-height spectra for dif-
ferent angles and deuteron energies. The energy of the

% 1. Alexeff and W. Haeberli, Nucl. Phys. 15, 609 (1960).

@ CM,

protons at the detector was similar throughout the meas-
urements. The resolution of the photomultipliers was
sufficient to separate the elastic and inelastic proton
groups from carbon as shown in the 3-MeV spectrum.
The inelastic group was usually masked by background
as shown on the right-hand side of Fig. 4. For the spectra
shown the coincidence counters were not used.
Background was measured by removing the carbon
target and adding to the slowing-down foils a foil of a
thickness equal to that of the target. Thus, the protons
entering the region behind the target position had the
same energy as during data runs. The geometry was
such that the CsI detectors could ‘“‘see” only about 1
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cm of air which equals about 1 to 29, of the atomic
thickness of the carbon target. However, in the pulse-
height interval where the elastically scattered protons
occurred, the number of background counts was seldom
below 109, of the number of proton counts. When back-
ground was greater than 209, runs measuring back-
ground were as long as data runs. Shorter runs were
taken for backgrounds less than 209%,.

The above background measurement would not elimi-
nate counts caused by the interaction of scattered deu-
terons in the carbon analyzer. As an alternate way to
measure the background, a target cell was filled with
He*, so that there was no energetic (d,p) reaction, but
still the same deuteron intensity from elastic scattering
in the target foils as was present during the actual run.
Runs were taken with and without the carbon target.
In both cases the number of counts was found to be
equal to that in the background runs taken in the man-
ner described above with He? as first target. In addition,
there was no change when the deuterons were stopped
before reaching the carbon target.

The protons from deuteron breakup on He® were too
low in energy to be counted.

5. False Asymmetries and Corrections

Differences in the counter efficiency are cancelled by
interchanging the counters in the way described in the
section on polarization measurements. In order to in-
vestigate possible errors in the measurements due to
misalignment, the geometry of the scattering chamber
and the analyzer was checked with an alignment tele-
scope. The largest source of error is the uncertainty of
+0.02 cm in the position of the He? target cell. The
largest effect arises when the target cell is displaced
from the axis of rotation of the analyzer in the direction
parallel to the deuteron beam. In this case, P; can be
in error by as much as #0.03, depending on how rapidly
the He?(d,p) cross section varies with angle. Errors
from other possible misalignments are much smaller.

A correction was applied to the data (finite geometry
correction) to compensate for errors due to the finite
extent of the targets. These errors arise because in the
first and the second target, cross section and polariza-
tion depends on angle and energy so that the observed
asymmetry differs from the asymmetry that would
have been obtained for the ray passing through the
center of all apertures. The largest contribution to the
correction comes from the variation of the He3(d,p)
cross section o; with reaction angle 6;, combined with
the variation of the carbon cross section o2 with scat-
tering angle .. However, the variation of the cross sec-
tions with energy ; the variation of the polarization with
angle and energy in both targets, and the variation of
the solid angle of detection from different elements of
first and second target were also considered in the
calculations.

The amount by which P; was altered by the correc-
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tion ranged from --0.025 to —0.015, depending on re-
action angle and deuteron energy. All calculations were
performed by dividing the targets into a number of
elements and by numerically adding the intensities of
particles scattered into the detector. This was done for
each particular combination of bombarding energy and
reaction angle. The calculations were carried out in
the median (horizontal) plane only and are accur-
ate to about 309, of the value of the correction. The
effect of the spread in azimuthal angle and the aver-
aging of P, were already discussed in the section on
analyzing power of carbon. For our particular geom-
etry it was possible to treat these effects separately from
the above calculations.

To have a rough experimental check whether there
might be instrumental asymmetries beyond those
covered by the calculations the reaction protons were in
one case scattered from gold rather than carbon.
Blanpied* measured a polarization of +0.0540.04 for
protons of a mean energy of 16.5 MeV scattered at a
laboratory angle of 45°. In the present experiment pro-
tons from the He?(d,p)He?* reaction with a polarization
of 4+0.6940.02 and a mean energy of 17 MeV in the
center of the gold were scattered by a 1.7-MeV thick
gold target. The measured asymmetry led to an uncor-
rected polarization for scattering from gold of +-0.094
+0.023 and a corrected value of P=--0.083+0.023 in
agreement with Blanpied’s measurements.

IV. RESULTS

The polarization data obtained for the He?(d,p)He*
reaction are presented in Table I. Energies are given in
the laboratory system. The first column is the deuteron
energy at the center of the He? target. The next three
columns list the reaction angle in the laboratory system,
the reaction angle in the center-of-mass system and the
laboratory energy of the reaction protons. The last three
columns give the mean energy of the protons in the
carbon analyzer, the effective analyzing power of
carbon and the polarization of the He®(d,p) protons.
The tabulated values of the polarization P, are cor-
rected for instrumental effects in the manner described.
The corrections are in most cases of the order of =4-0.01.
The corrections, the results of all individual runs and
other details can be found in reference 15. The uncer-
tainties of Py in Table I are the statistical uncertainties
only and do not include the uncertainty of P,. From the
work of Yamabe et al.'” and of Brockman'® one estimates
that the relative error of Ps et is between 5 and 109.

The values of Py are plotted vs the center-of-mass re-
action angle in Fig. 5. For all energies measured the
polarization data are characterized by positive values
at forward angles and negative values at larger angles.
The polarization at forward angles becomes a pro-
nounced maximum at the higher deuteron energies.
The value of P; at this maximum is above +0.50 from

#W. A. Blanpied, Phys. Rev. 113, 1099 (1959).
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6 to 12 MeV. The highest value measured was +0.76
=+0.03 at 6..,.=35.9 for E;=10 MeV. The negative
values of P; form a broad minimum which shifts
slightly to larger angles with increasing deuteron en-
ergy. The most negative value measured is —0.6640.05
at O,.m.=129.4° for E;=8 MeV.

A contour map of the proton polarization vs labora-
tory angle and deuteron energy is shown in Fig. 6.
To obtain this map, free-hand curves were drawn
through the data; then points of equal polarization
were plotted on the graph. Smooth contour lines con-
necting these points were drawn.

V. DISCUSSION

The shape of the angular dependence of polarization
is similar throughout the energy range investigated.
The angular dependence of the cross section for the
He?(d,p) reaction varies only slowly with energy; how-
ever, there is a considerable change in the shape of the
curve between 3 and 12 MeV. At the lower energies the
cross section? has a single, shallow minimum near 100°,
while at 12 MeV there is a pronounced forward peak, a
secondary maximum at 65°, followed by another mini-
mum and a rise to backward angles. It may be noted
that the forward peak in polarization occurs within a
few deg of the angle where the cross section has the
first minimum. The negative peak in polarization occurs
at a somewhat larger angle than does the second mini-
mum in the differential cross section. A further parallel
between cross section and polarization lies in the fact
that with increasing energy the two minima in the cross
section become more pronounced, as does the forward
and backward peaking of the polarization.

At the higher bombarding energies the angular dis-

tribution for the He?*(d,p) and T(d,n) reaction cross
section resembles the typical deuteron stripping pat-
tern. A plane-wave calculation®® assuming zero angular
momentum transfer by the captured nucleon repro-
duces the general features of the angular distribution up
to the second minimum. This treatment, however, al-
ways predicts zero polarization. Recently, Tobocman?$
made calculations using distorted-wave Born approxi-
mation. Optical-model potentials were used for the dis-
tortion of incident deuteron and outgoing proton wave.
The deuteron energy was 12.3 MeV. When the potential
parameters were adjusted to give a good fit to the meas-
ured scattering cross sections of deuterons on He® and
of protons on He?, the resulting He?*(d,p) angular dis-
tribution agreed only qualitatively with the observed
cross sections. The amplitude of the first minimum and
the second maximum relative to the forward peak is
about right, but the peak occurs at too large an angle
and the calculated cross section increases too much at
back angles. The optical potentials contained a spin-
orbit term. Such a term in at least one potential is
mandatory, as in the special case of neutron capture
into an s state there would otherwise be no polarization
of the stripped proton. The calculated proton polariza-
tion was of the right order of magnitude, but the angu-
lar dependence bore no relation to the observed
polarization.

Biedenharn and Satchler®” suggested that in a strip-
ping reaction which involves s-wave capture there

2 S, T. Butler and J. L. Symonds, Phys. Rev. 83, 858 (1951).

26 W. Tobocman, in Proceedings of the Rutherford Jubilee Inter-
national Conference (Heywood and Company, London, 1961), p.
465, and (private communication).

27 L. C. Biedenharn and G. R. Satchler, Suppl. Helv. Phys. Acta
VI (1961), p. 372.
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might be a relation between cross section and polariza-
tion similar to the “derivative rule” of the optical
model. This would require that the polarization changes
sign at those angles where the derivative of the cross
section with respect to angle in zero. The present data
definitely contradict the proposed rule.

VI. CONCLUSIONS

The polarization of He?(d,p) protons was found to be
remarkably high. Values as high as 0.76 were observed.
While in elastic scattering of nucleons very large polariz-
ation is quite common, the peak polarization found here
is higher than in any other reaction. This makes the
He3(d,p) reaction an interesting source of polarized pro-
tons of relatively high energy. For deuteron energies
from 7 to 12 MeV, the protons emitted at 30° have
energies between 24 and 28.6 MeV and polarization of
0.6 or higher. At backward angles, protons of energy
14-16 MeV with somewhat lower polarization can also
be obtained. An alternate way of producing polarized
protons of energy above 20 MeV is by elastic scattering
from He!. However, for proton energies approaching
30 MeV the polarization in p-He* scattering is not
known very accurately. The cross section at the angle
of large polarization®® is not much larger than in the
He(d,p) reaction.

From the charge symmetry of nuclear forces one ex-
pects the He?(d,p)He* and the T(d,n)He! reaction to
behave in a similar way. The difference in Q value be-
tween the reactions is small and for bombarding ener-
gies above a few MeV the Coulomb effects are rela-
tively unimportant. Stewart e al.,> and Goldberg and
LeBlanc® found, indeed, that the cross section of the
two reactions are practically identical for bombarding
energies of 6 MeV and higher. It is, therefore, interest-
ing to compare the polarization of the outgoing nucleons
in the two reactions. Measurements have been carried
out at Los Alamos® and at Wisconsin®® of the polariza-
tion of T(d,n) neutrons, using scattering from He* as
analyzer. These measurements are difficult to inter-
pret because the analyzing power of helium is not known
accurately, particularly for the higher neutron ener-
gies. In order to arrive at an estimate of the analyzing
power, Perkins and Simmons® assumed that the n-He*
phase shifts are equal to the p-He* phase shifts of

28 J, L. Gammel and R. M. Thaler, Phys. Rev. 109, 2041 (1958).
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F16. 7. Comparison”of the polarization of the outgoing nucleons
in the He3(d,p) He* and the T (d,n)He! reaction. The neutron meas-
urements are by Perkins and Simmons (reference 9) and Benenson
et al., (reference 10). The statistical errors of the measurements
are comparable to the size of the dots, except where indicated.

Gammel and Thaler.28 The resulting values of the neu-
tron polarization in the T(d,n) reaction for reaction
angles of 30° and 90° are plotted in Fig. 7 and are com-
pared to the proton polarization in the mirror reaction
at angles of 30° and 100°. The agreement between pro-
ton and neutron results is very good. This is somewhat
surprising, because the n-He* phase shift which were
used are certainly inaccurate, since they give a poor fit
to the n-He! angular distribution. Also shown in Fig.
7 are two measurements by Benenson, Walter, and
May' who obtained #-He* phase shifts by extrapolating
Seagrave’s curves® to higher energies. Their analyz-
ing power differs only little from that of Perkins and
Simmons although the phase shifts are quite different.
So far it appears that whatever discrepancies there may
be between the polarization measurements in the two
mirror reactions they can be explained by the uncer-
tainties of the analyzing power in the neutron experi-
ments. This also applies to the very recent neutron
polarization experiment of R. L. Walter ef al.*
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