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gible since the total transfer cross section for the O
reaction is smaller than that for C2.4

The expectation would certainly be that .at higher
bombarding energies transfers to excited states would
be more probable than at lower incident energies. The

4 M. L. Halbert, T. H. Handley, J. J. Pinajian, W. H. Webb,
and A. Zucker, Phys. Rev. 106, 251 (1957).
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data point to the reverse conclusion. We offer no ex-

planation at the present time.
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Elastic scattering from Het gas in the energy region of the 1.07-Mev resonance has been used to polarize
deuterons. After scattering through 30° in the lab by the polarizer, the polarization of the deuteron beam
has been analyzed by the reaction He?(d,p)He* near 400 kev. This was accomplished by observing protons
at 0° and 90°, and measuring the dependence of the counting rate ratio on the deuteron polarization.
He3(d,p)He! is well described in this energy region by a single-level Breit-Wigner formula, and therefore
has a predictable sensitivity to deuteron polarization. The experimental results are consistent with the
magnitude of the polarization component (720) calculated from the d—« phase-shift analysis.

INTRODUCTION

EVERAL authors have suggested that deuterons
elastically scattered from He* nuclei should be
polarized, both at energies near the 1.07-Mev 3+
resonance,? and at higher energies.** The phase shifts
used to make the low-energy polarization predictions
were obtained from experimental backward hemisphere
differential cross-section measurements.® Figure 1,
reproduced here for convenience, shows the results
obtained in reference 1 for the expected differential
cross section and deuteron polarization components at
a deuteron scattering angle of 45° in the center-of-mass
system, or 30° in the lab system. The “vector” polari-
zation ¢(T'11) has been observed through the analyzing
reaction Li%(d,«)He?, and found to have an energy
dependence consistent with Fig. 1.6 The magnitude of
#(T11) has not been verified because no calibrated
analyzer has been available. It was first pointed out by
Galonsky et al.,” however, that the reaction He?(d,p)He*

* Now at Physics Department, Columbia University, New
York, New York.

! Lee G. Pondrom, Phys. Rev. Letters 2, 346 (1959).

2L. J. B. Goldfarb and J. R. Rook, Nuclear Phys. 12, 494
(1959). These results are in substantial agreement with reference 1.

3R. J. N. Phillips, Phys. Rev. Letters 3, 101 (1959).

*J. L. Gammel, B. J. Hill, and R. M. Thaler, Phys. Rev. 119,
267 (1960).

( 51}5) Galonsky and M. T. McEllistrem, Phys. Rev. 98, 590
1955).

6 Lee G. Pondrom and J. W. Daughtry, a paper delivered at the
1960 Nucleon Polarization Conference in Basel, Switzerland,
Suppl. Helv. Phys. Acta (to be published). See this report also
for work done by Barloutaud et al. with higher energy polarized
deuterons.

7A. Galonsky, H. B. Willard, and T. A. Welton, Phys. Rev.
Letters 2, 349 (1959).

should serve as a calibrated analyzer for the components
(T20), (Ta1), and (T3), because a broad single-level
resonance dominates the cross section near 400 kev. In
this experiment we use the He® reaction to check the
magnitude and energy dependence of (T's).

The quantum numbers for the He®(d,p)He* resonance
near 400 kev are 453, — 2Djy/s, giving an isotropic un-
polarized cross section.® The angular distribution of
protons in the center-of-mass system for incident
polarized deuterons then follows from the general
formula of Simon,® and is

do/dQ=1%| S [2{1— V(T (3 costt—1)
—V3(T'21)’ sinf cosf cos¢
—3V3(T2s) sin? cos2¢}, (1)

where S is a single-level resonance matrix element.!
The primed polarization quantities are linear combi-
nations of the first reaction components shown in Fig.
1, for they are quantized along the incident z axis of
the second reaction; § and ¢ are the usual polar and
azimuthal angles for the second reaction, with xz plane
lying in the plane of the first scattering. In this experi-
ment the beam is scattered through 30° to the left in
the laboratory by the “polarizer,” and hence the new
z axis is at an Euler angle 3=+-30° in the original xz
plane. If we ignore the small components (7%;) and

8 W. S. Porter, B. Roth, and J. L. Johnson, Phys. Rev. 111,
1578 (1958).

9 Albert Simon, Phys. Rev. 92, 1050 (1953), Eq. (2.9). Our
normalization of the tensors (Zgz) differs from Simon’s.

10 A similar formula has been written down by L. J. B. Goldfarb,
Nuclear Phys. 12, 657 (1958).
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F16. 1. Differential cross section and polarization for deuterons
in d—a scattering, reproduced from reference 1. The polarization
components are defined in terms of the spin components as follows:
(Ty= =53V}, (Ta)=3V2(35.2~2), (Tor)=—$B(NS,+S.N),
and (Tag)=%V3(V?), where N=S,+1S,. The quantization axis
is the incident beam z direction,

(Ty5) and apply the rotation matrix only to (T's), we
obtain

do/dQ=1R2|S|2{1—[FV2(3 cos®—1)
+4-34/6 sinf cosf cosep
+5V2 sin%0 cos2¢ (Ta0)}. (2)

This equation shows that the isotropic unpolarized
cross section now has an angular dependence propor-
tional to (Ta). If the deuteron energy is varied over the
polarizing d—a resonance, the angular dependence of
the analyzing reaction will resonate with (7). The
energy dependence of the He*(d,p)He* cross section
itself is all contained in the factor X%|.S|2. The narrow
resonance in the polarizing reaction and the energy
independence of the analyzing reaction suggest the
experimental technique.

EXPERIMENTAL EQUIPMENT

Figure 2 shows the experimental configuration. The
He! scattering chamber, or ‘“polarizer,” was identical
to the one used in the vector polarization measurements
described in detail in reference 6. The Ni windows for
the incident beam were cooled with the target gas.!!

1L M. J. Scott and R. Lindgren, Rev. Sci. Instr. 28, 1090 (1957).
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Fi1c. 2. Gas target setup for the double-scattering measurements.
The He* “polarizer” is described in the text. The He?® analyzer was
designed to measure the 0° to 90° proton counting-rate ratio,
which depends on the deuteron polarization.

The effective target was 40 kev thick, or approximately
the full width of the d—a resonance. This sharp reso-
nance in the differential cross section served as a
sensitive indicator of the energy of the scattered beam.
When the deuteron beam energy at the target center
was on the resonance at 1.07 Mev, the ratio of the
monitor rate to the incident beam current was twice
as large as the off-resonance values obtained 50 kev
on either side. The beam energy could easily be reset
on the resonance to =4=5 kev. The polarized beam left
the He! target through a collodion “New Skin” window,
which was about 60 kev thick. The window was % in.
in diameter, and was supported by an 809, transmission
set of parallel wires; it withstood a pressure of 15 cm
Hg. The analyzer target was a cylinder of He? gas,
3 in. in diameter and % in. long, with its axis along the
polarized beam direction. It intercepted a solid angle of
5X 1072 steradian of the polarized beam, which corre-
sponded to a flux of ~107 deuterons/sec. A 0.075-mil
Ni entrance foil degraded the deuterons from 900 to
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~~-KINEMATICS FOR He®(d,p)He*
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I'1e. 3. Experimental results for [a(0°)/a(90°)]—1 as a function
of deuteron energy, varied over the polarizing resonance (He!
data), and the corresponding unpolarized energies (argon data).
The dashed curve is the kinematic prediction for He3(d,p)He? in
the region of 500 kev,
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F1c. 4. Experimental results for the difference (He! minus
argon) as a function of deuteron energy. The predicted curve is
not normalized; it is obtained directly from Eq. (2) and energy
dependence of (T'50) given by Fig. 1, with the energy resolution of
the He* target and the angular resolution of the proton counters
folded in. The errors are statistical.

500 kev, and the He? target itself, at a pressure of }
atmosphere, was about 100 kev thick. The proton
detectors were 1-mm thick CsI(Tl) crystals, 13 in. in
diameter, and 3 in. from the center of the He? target
volume. The proton counting rates were typically
about 10 per minute. Pulses from the 16-Mev protons
were well above any background in the crystals, and
were simultaneously recorded in two 128-channel sets
of a 256-channel analyzer. As is discussed in reference
6, the first scattering chamber was filled with argon
gas to Coulomb scatter an unpolarized beam into the
He? chamber for checking purposes. A typical He*—He?
run lasted about two hours, and was preceded and
followed by argon—He? check runs of about 30 minutes
each.

RESULTS AND DISCUSSION

The experimental data consist of ratios of the forward
direction proton counting rate to the 90° proton
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counting rate as a function of energy, for both a polar-
ized and an unpolarized deuteron beam. Figure 3 shows
the quantity [¢(0°)/0(90°)]—1 as a function of
deuteron energy through the polarizing resonance
(He* runs), and at the same energies with a Coulomb-
scattered unpolarized beam (argon runs). Each He*
datum represents the average of two or three two-hour
runs; the various runs were statistically consistent.
The deuteron energies at the He?® target center shown
in the figure were obtained by measuring the excitation
function for He?(d,p)He* and comparing the results
with the known energy variation of the cross section.
The dashed curve in Fig. 3 is the kinematic prediction
for [¢(0°)/a(90°) ]—1 which arises from the center-of-
mass to lab solid angle transformation. This ratio favors
0° with respect to 90° in the lab system, and increases
slowly with increasing energy. Figure 4 shows the He*
results with the argon results subtracted out. This
subtraction essentially transforms the data into the
center-of-mass system, because the difference between
center-of-mass and lab polar angles at 90° is about 2.5°,
and can be ignored. Thus the data in Fig. 4 can be
directly compared with the ratio calculated from Eq.
(2). The solid curve shown in Fig. 4 is

[6(0°)/&(90°) ]—1=—0.50(T50)av

obtained from Eq. (2), where the “av” indicates that
the energy resolution of the polarizing target has been
folded into the (T graph of Fig. 1, and the —0.50
contains the angular resolution of the analyzing
counters. The agreement between the predictions and
experimental results is quite good.

This experiment confirms the d—a phase-shift
analysis for the deuteron polarization component
(T2). The correctness of the magnitude of #(Tyy) is
therefore strongly implied, although an absolute
measurement of this component would be very
desirable.
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