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The tensor analyzing power 4,,(0), vector analyzing power A4,(6), and cross section o(6) of the
2H(d, ¥ )*He reaction have been measured for the angular range of 55°-149° in the center of mass
system at an incident deuteron energy of 95 MeV. The reaction is dominated by the {'D,|E2|'S,)
transition involving the S-state component of “He, as indicated by the approximately sin*26 angular
distribution of the cross section. The observed deviation of o(6) from this shape is due to either M2
strength, tensor force effects, or both. The tensor analyzing power A4,,(0) is nearly isotropic, with a
typical value of approximately 0.3+0.1. The vector analyzing power A is zero within the statisti-
cal precision (typically +0.2) of this data set, indicating a reduced contribution from E1 and M2
transitions compared to lower energies. Direct capture calculations in the plane-wave Born approx-

imation do not reproduce even the sign of 4,,

I. INTRODUCTION

Recent applications of the (d,y) reaction to nuclear
structure studies have given new insight on some of the
D-state components of the *He wave function.!™* A
complete Faddeev calculation of the 'H(d,7)’He reac-
tion at E;=30 MeV using the Reid soft-core potential
shows that practically all of the tensor analyzing power
A,,(0) is due to a particular D-state configuration of 3He.
This configuration consists of a correlated pair with inter-
nal relative orbital angular momentum /=1 with the
third particle in a relative /=1 state with respect to the
pair. Other reactions (e.g., sub-Coulomb pickup) are not
sensitive to this particular component of the trinucleon
wave function.’> When the Malfliet-Tjon potential (which
does not have a tensor force) is used in place of the Reid
soft-core potential, 4,,(6) vanishes. !

While the ex1stence of a D-state component of the “He
ground-state wave function has been known for some
time from studies of forward dispersion relations,® mea-
surements of tensor polarized deuteron capture should
give new information concerning the D-state components
of the “He wave function. Previous experimental and
theoretical investigations have been concentrated at
deuteron laboratory energies between 150 keV and 50
MeV.”"12 The deuteron energy of our measurement is 95
MeV, chosen in large part since the charged particle tele-
scopes and lead glass photon detectors have significantly
better performance at higher energies. An additional
reason for this choice of energy is to determine if the cen-
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"identical bosons in the entrance channel.

tral maximum in o0(8) seen at higher energies
(E;~200-376 MeV) is also present at E; =95 MeV. %14
This maximum in the cross section is difficult to under-
stand solely on the basis of direct deuteron capture. In
addition to the cross section, the tensor analyzing power

A,,(0) and vector analyzing power A4,(6) were mea-
sured. These are the analyzing powers whxch can be mea-
sured if the alignment axis of the deuteron beam is per-
pendicular to the reaction plane, as is usually the case
with a cyclotron.

The only allowed partial waves for the 2H(d,y )*He re-
action are those which have an even sum for the orbital
and spin angular momentum quantum numbers, since the
wave function must be symmetric due to the presence of
The spin in-
dependent component of the E1 multipole is forbidden by
isospin conservation since “He is self-conjugate. The
2H(d,y)*He reaction then proceeds predominantly
through the (!D,|E2|'S,) transition, with an angular
distribution of sin®26 shape. At incident deuteron ener-
gies of about 2 MeV this transition begins to be
suppressed because of the centrifugal barrier, and the
cross section reflects the increasing importance of the °S,
partial wave.!> At very low energies (E;~50 keV) the
angular distribution is practically isotropic, indicating a
large contribution from the {(°S,|E2|°D,) transition in-
volving the D, component of “He. !®

If only multipoles of rank two or less contribute, then
there are eight allowed matrix elements. A complete
decomposition of the reaction amplitude can be made if
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the cross section and all analyzing powers (iT |, Ty, T5;,
and T,,) are measured. A complete measurement and
analysis was carried out at E;~10 MeV, and it was
found that the magnitudes of the vector and tensor
analyzing powers were similar.® This nonzero vector
analyzing power is a signature of other multipoles besides
the E2 multipole. It was noted that previously neglected
mixing of the entrance channel partial waves by the ten-
sor force destroys the unique relation between the en-
trance channel partial wave and the “He wave function.
Recent calculations have shown that the assumption of
direct capture for this reaction is flawed at low energy,
with contributions from the 341 partition (*He+n,
SH+p) being important in both the entrance channel and
“He wave function.!! The 3+1 partition, for example,
can masquerade as direct capture D-state effects even if
the “He wave function is restricted to S-state components
only.

II. THE EXPERIMENT

This measurement was carried out at the Indiana Uni-
versity Cyclotron Facility using a 95 MeV polarized
deuteron beam. The experimental apparatus and data
reduction techniques have been described in some detail
in an earlier paper reporting our results for the
'H(d,y)*He reaction.* The vector polarization is typi-
cally p, =0.28(%0.01), and the tensor polarization is usu-
ally p,, =0.82(£0.04). The targets are CD; foils of thick-
ness 11.9+0.4 mg/cm?.

Both the photon and the *He nucleus are detected,
cleanly isolating the *H(d,y)*He events from the back-
ground. Eight lead glass Cerenkov detectors were
used to detect the photons. Four detectors were placed
on each side of the beam, and the angular range of the
measurement was 48°-144° in the laboratory. The solid
angle was determined by a 7.62 cm lead collimator of ei-
ther 10°X 15° or 15°X 15° acceptance. A 2.54 cm CH, ab-
sorber was placed in front of the collimator to absorb low
energy charged particles. No anticoincidence detector
was needed. These detectors had very good timing reso-
lution (800 ps), but a pulse height resolution of only about
40% at 30 MeV. The recoiling *He nuclei are detected
by plastic scintillator telescopes placed symmetrically on
both sides of the deuteron beam. Each telescope consists
of three plastic scintillator planes. The first plane is thin,
giving excellent discrimination between charge Z=1 and
charge Z=2 particles. The total thickness of the first and
second plane is sufficient to stop all “He nuclei from the
H(d, v )*He reaction. The third scintillator plane was to
have been used as a veto, but the particle identification is
sufficiently good that the “He nuclei of interest can be
separated on the basis of time of flight and pulse height
correlations only. The three scintillator planes are
summed to give a total pulse height in the recoil tele-
scope. This ensures that the energy spectrum of the 3He
background (which does extend into the third plane) is
treated in the same way as the *He events of interest.

Photons from the *H(d,y)*He reaction are identified
by requiring a pulse height greater than 30 MeV with the
proper time correlation relative to the rf pulse of the cy-
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clotron. These photon conditions, along with a require-
ment that the pulse height in the first plane of the recoil
telescope equal that of a helium nucleus, are then applied
to a plot of charged particle flight time versus summed
pulse height in the recoil telescope (Fig. 1). Note that
while the four lead glass detectors of a side should give
rise to four discrete peaks (shown by the arrows in Fig. 1)
from the 7H(a’ 7/)4H reaction, two of the four peaks are
merged together The major comiponent of the remaining
background is *He nuclei from the 2H(d,y*He)n reac-
tion. A time of flight spectrum corresponding to each
photon detector is generated from Fig. 1 by gating upon
the total pulse height in the recoil telescope and projected
onto the time axis. The yield of “He nuclei was then tak-
en from a Gaussian fit to the peak. The *He background
under the “He peak of interest was subtracted using a
smooth extrapolation of the background on either side of
the “He peak. The yield was corrected for deadtime us-
ing the measured computer deadtime. The event rate was
low enough that the computer deadtime was the dom-
inant contribution to the deadtime. The background due
to random coincidences is subtracted by choosing events
which had photons and helium nuclei in different beam
bursts. The nonrandom background due to carbon in the
CD, target (measured with a natural carbon target) is
riegligible. About 1% of all events are erroneously at-
tributed to earlier beam bursts (an apparent shift to a
shorter time of flight) due to random timing stops in the
time digital converter (TDC), in good agreement with the
expected shift based upon the singles rate in the first
plane and the cyclotron rf frequency of 28.57 MHz.

The error budget for o(8) is shown in Table I. One of
the major corrections was the subtraction of the 3He
background. The possible error in o(0) associated with
this procedure is estimated to be about 5% in the central

384
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FIG. 1. The charged particle time of flight summed pulse
height correlation in the charged particle telescope. This spec-
trum has been gated by photon time of flight and pulse height,
and the first plane pulse height is required to be consistent with
charge Z =2. The discrete grouping of the *He band is due to
the kinematic correlation with the photon.
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TABLE I. Systematic error budget for o(0), exclusive of target normalization.

0=90°,99° All other angles
Error source Uncertainty (%) Uncertainty (%)
TDC shifts 0.75 0.75
Photon detector 2.0 2.0
efficiency
Photon conversion 3.0 3.0
in collimator
rf sorting cut 1.0 1.0
Reaction effects 1.0 1.0
in telescope
H(d,y*He)n 5.0 3.0
subtraction
Geometric effects: 2.3 2.3
translation along axis
Geometric effects: 2.5 2.5
non-normal collimator
Errors added in 7.2 6.0

quadrature

minimum and 3% elsewhere. The efficiency correction
due to *He reaction losses in the telescope is estimated us-
ing the total reaction cross section for “He nuclei incident
upon carbon.!” The sorting loss due to a tight software
window on the photon time of flight is 1%. This correc-
tion was measured by overconstraining the rf spectra
with tight conditions from the recoil telescope. The
efficiency of the Cerenkov detectors, including absorber
effects, is estimated to be 96+2% based upon measure-
ments of the efficiency using tagged photons at the Uni-
versity of Illinois.!® The photon collimators are located
to within an estimated uncertainty of 0.3 cm, giving an
upward revision of 2.5+2.5% to account for a possible
nonnormal orientation of the collimator face, while an
additional error of up to £2.3% is possible due to a posi-
tion uncertainty of the collimator along the target detec-
tor axis. Photon conversion in the inner edge of the colli-
mator has been estimated to increase the true solid angle
by 2% compared to the geometric solid angle.'®* When
all of these systematic uncertainties are added in quadra-
ture, the total estimated error in the relative cross section
is about +£6.0%. The normalization of the cross section
is uncertain to within about 4% because of the uncertain-
ty in the deuterium content of the CD, target. A
separate charged particle telescope of plastic and Nal
scintillators was used to monitor the deuterium content
of the CD, target. The deuterium content of the target
decreases by about 1% per hour. Since targets are typi-
cally used for about eight hours, an average deuterium
content of 96% of the initial value is chosen for the cross
section calculation.

III. RESULTS

The results of this measurement are shown in Figs.
2-4. Systematic errors are included in the error estimates
for 0(0) only. These data are fit with Legendre functions
using the minimization routine MINUIT.!® The fitted
coefficients of these functions can be related to sums of

reaction matrix elements in a model independent way.?°
It should be noted that these analyses implicitly assume
that the projectile has only an internal S state. In gen-
eral, the cross section can be expanded as

0(0)=A4y [1+ 3 a;Q,P/(cosB) | ,
I=1

(3.1

with o,,,=4mwA,. The Q, are correction factors due to
the finite aperture of the detector.?""?? In the plot of o(8)
(Fig. -2), the solid line shows the best fit to the data in-
cluding the effects due to finite detector aperture. The
data points themselves have not been corrected for finite
geometry effects. Also plotted in Fig. 2 is the sin?28
shape of a pure (!D,|E2|'S,) transition normalized to
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FIG. 2. Angular distribution ¢(8) for the H(d,y)*He reac-
tion. The solid line is a fit of Legendre polynomials (corrected
for the finite detector aperture) to the data, while the dashed
line is a sin%(20) curve normalized to the data at §=55°. The er-
ror estimates include both statistical and systematic contribu-
tions, exclusive of a normalization uncertainty of 4%.
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FIG. 3. The vector analyzing power A4, for the zH(Ef’,y)“He
reaction. The errors include only the statistical errors.

the data at =55°. Note that the central maximum ob-
served at higher energies is not evident in our data. Be-
cause of the symmetry in the entrance channel, only the
even polynomials contribute to the fit. If there are no
multipoles of rank three or greater, then only the a, and
a, coefficients are nonzero. The parameters of the fit are
compared to the expansion coefficients for the pure
(D,|E2|'S,) transition in Table II. Note that the mag-
nitude of a, is significantly smaller than the
('D,|E2|'Sy) coefficient, while a, is roughly the same.
The reduction of the magnitude of a, is a model indepen-
dent signature of either M2 or additional E2 strength
(i.e., non-{ D, |E2|'S,)), since only these multipoles can
affect a,. These additional E2 components contribute via
the tensor force. Also shown in Table II is the extracted
value of 4, from the fit. Using detailed balance, this
value of A4, gives a photodisintegration total cross sec-
tion of 0.75+£0.06 ub at E, =71 MeV after division by
two to account for the presence of identical particles in
the exit channel.?* Our value of o, is in good agreement
with other measurements in this energy range.*

Our results for 4,(6) and 4,,(6) are shown in Fig. 3
and 4, respectively. The error estimates include only the
statistical uncertainty, since the estimated systematic er-
rors are much smaller.* The measurement of A,(0) is
less precise that the measurement of A4,,(0) due to the
low vector polarization of the deuteron beam. It is not
possible to arrive at quantitative conclusions from this
data set, since the coefficients of the Legendre expansion
of 0(0)A4,(0) and 0(8)4,,(0) are not sufficiently con-
strained by the data. It is possible to interpret some
features of our data in a qualitative fashion if one neglects
tensor force effects in the entrance channels. The quanti-

FIG. 4. The tensor analyzing power 4,, for the H(d,y)*He
reaction. The errors include only the statistical errors.

ty 0(0)A4,,(0) was fit by an expansion of Legendre poly-
nomials as

0(6)4,,(0)=24, |3 c,;Q,P/cosh) | , (3.2)
1

where the factor of 2 is due to the tensor polarization
asymmetry being p,, 4,, /2 in Cartesian coordinates. The
fit included terms through / =4 because of the presence
of E2-E2 interference terms. Although 4, is a linear
combination of both T,, and T,,, the first two
coefficients of this expansion for 0(6)4,,(0) are related
only to 0(0)Ty(0). The ¢, and ¢, coefficients from the
above expansion can be compared to those resulting from
a sum of the matrix elements appropriate for T,,.%° The
only statistically significant coefficient of this data set was
co- The largest matrix element, {'D,|E2|'S,), only ap-
pears in this coefficient as an interference with the
(°D,|E2|°D,) transition to the D state of *He. In addi-
tion, the contribution of this interference to ¢, is
significantly larger than those associated with the other
contributions, which appear only as squared terms of
these matrix elements. These non-{'D,|E2|'S,) matrix
elements are likely to be small, based on the shape of
o(0). It is therefore likely that ¢, is dominated by this
one interference term. Although a better x? in the fit to
0(0)A,,(0) was found when odd components were al-
lowed, both odd components in the fit through / =4 are
not statistically significant. This odd component is in-
teresting since it is due to either E1 or M2 (or both) tran-
sitions.?> The presence of E1 or M2 transitions would
also be confirmed by a nonzero vector analyzing power
A4,(0).

TABLE II. Expansion coefficients for o(6).

Coefficient Fitted value and error ('D,|E2|'S,) transition
Ay(nb/sr) +1.47+0.09

a, +1.08+0.17 0.714

a, —0.94+0.24 —1.714
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IV. CONCLUSIONS

Taken as a whole, our measurements indicate that the
’H(d,y)*He reaction at E; =95 MeV is still dominated
by the ('D,|E2|'S,) transition. There are significant
contributions from other transitions, as shown by the
small value of the magnitude of a, in the fit to ¢(6). In
contrast to the situation at lower energies, A4, is much
larger than A4,. The tensor analyzing power suggests
that E2 transitions to the “He D state are important, al-
though there may be some E1 or M2 strength reflected in
the small fore/aft asymmetry in A4 Some E1 or M2
strength could also be allowed by the small value of 4,.
As noted above, the presence of internal orbital angular
momentum in the projectile (deuteron D state) must be
ignored to reach these conclusions.

In the absence of a complete data set for all analyzing
powers, one must use a model calculation in an attempt
to interpret these data. At our energy the only available
calculation for 4,,(6) fails completely, even to the point
of the wrong sign for 4,,(6).?° This particular calcula-
tion was carried out with the long wavelength and point
deuteron approximations. The bound state wave func-
tion is adjusted to reproduce a realistic, variational “He
wave function with correlations. Plane waves are used
for the entrance channel, since at this energy the elastic
channel data are very sparse. The assumption of a direct
capture mechanism for this reaction may be fatally
flawed, since even at lower energies it is known that the
trinucleon-nucleon partition of the *He wave function is
important.!' At the higher energy and momentum
transfer of this experiment it is likely that the reac-
tion mechanism is even more sensitive to the
trinucleon +nucleon partition of the *He ground state
than at E;=10 MeV, since calculations of the *He
ground-state wave function show that the 3+ 1 partition
is favored in the nuclear interior.?’ Qualitatively this
would be due to the charge radius of 2H being
significantly larger than the charge radii of the 4 =3 or 4
nuclei, and thus the interior of “He would resemble the
3+1 partition more than the 2+2 partition.

To begin to understand this reaction at intermediate
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energies more new data is needed to extract the matrix
elements. This requires the measurement of the vector
analyzing power iT;; and the three tensor analyzing
powers T, T,;, and T,,. More exotic observables such
as spin correlation measurements are not needed in prin-
ciple, since a complete multiple decomposition through
E2 and M2 multipoles can be made using only analyzing
power measurements. A less ambitious (but still
worthwhile) measurement is to measure the vector
analyzing power and at least one tensor analyzing power
(either T, or A4,,) to good precision. The vector analyz-
ing power measurement would be sensitive to the E1 and
M?2 matrix elements, while the tensor analyzing power
would also be sensitive to additional E2 components.
This assumes that there is no contribution of rank 3 or
higher. Such rank three components would give a term
proportional to Py in 0(6), and limits could be set on the
presence of such terms from a precise measurement of
o(0). The simplest course (and perhaps the best) would
be to use the existing apparatus with a pure vector polar-
ized beam. This would result in nearly an order of mag-
nitude improvement in the figure of merit for 4,. This
new measurement would be very sensitive to the isospin
suppressed E 1 transition. This new result, with the exist-
ing A4,, data, could be used to test model calculations of
this reaction. Without the impetus provided by new cal-
culations, however, it is difficult to justify additional mea-
surements.
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