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K. A. Fletcher, ' Z. Ayer, T. C. Black, R. K. Das, t H. J. Karwowski, and E. J. Ludwig
Department of Physics and Astronomy, University of North Carolina at Chapel Hill, Chapel Hill, North Carolina 87599

and 1%angle Universities Nuclear Laboratory, Duke University, Durham, North Carolina 27708

G. M. Hale
Theoretical Division, Los Alamos National Laboratory, Los Alamos, New Mexico 87$$$

(Received 31 January 1994)

Angular distributions of the tensor analyzing powers A„and A —A» for the reactions
H(d, p) H and H(d, n) He are presented at deuteron energies of 25, 40, 60, and 80 keV. The

analyzing powers for the two reaction channels are quite similar at these energies. The data have
been included in an R-matrix analysis of the four nucleon system. According to this analysis, tran-
sitions from entrance-channel quintet-S states are important in these reactions, so that the use of
polarized fuels would not result in a neutron-lean fusion reaction.

PACS number(s): 21.45.+v, 24.70.+s, 25.10.+s, 25.45.—z

INTRODUCTION

The zH(d, p)sH and 2H(d, n)sHe reactions have been
studied since the early days of nuclear physics [1]. These
reactions merit continued study for both fundamental
and practical reasons. From a fundamental point of view,
the H+ H reactions possess many interesting properties,
such as identical bosons in the entrance channel, charge
symmetry in the exit channel, and contributions &om P
and D waves even at very low energies. In contrast to
the three-nucleon system, in the A = 4 system excited
states exist which can innuence the scattering processes.
These reactions play an important role for primordial nu-
cleosynthesis and in fusion energy research. The H+ H
reactions have been discussed in recent reviews of the
four-nucleon system [2,3].

The reactions are governed by very complex reaction
mechanisms, even at very low energies. Brown and
Jarmie [4] measured cross sections with 2% accuracy from
20 to 117keV using a windowless gas target. Kraus et al.
[5] measured angular distributions using a gas jet target
over an energy range of 15—330 keV and excitation func-
tions &orn about 6 to 325 keV. Despite small disagree-
ments between the two data sets, both groups concluded
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that there are no sharp resonances at these energies, that
there is larger angular asymmetry for 2H(d, n)sHe than
for zH(d, p)sH, and that D waves are important at ener-
gies above about 60 keV. These data indicate that the
zH(d, p)sH and zH(d, n)sHe reactions are governed by
transitions &om 8, P, and D waves in the entrance chan-
nel, even at laboratory energies below 80 keV. The pres-
ence of higher-order partial waves greatly increases the
complexity of the reaction mechanism. Such unexpect-
edly high orbital angular momenta in the entrance chan-
nel are probably due to the large interaction radius for
the participating deuterons. In a transition matrix ele-
ment analysis by Ad'yasevich, Antonenko, and Fomenko
[6,7], which has been extended by Lemaitre and Schieck
[8], 16 complex matrix elements (ME's) were included for
each reaction.

Several groups have reported analyzing power mea-
surements of the 2H(d, p) H and zH(d, n)sHe reactions
in the last few years. Pfaff et al. [9,10] have measured
all four analyzing powers (A„, A„, A „and A —A„„)
at laboratory energies &om 80 to 460 keV, for both re-
actions, although to date these data have not been pub-
lished. These data were used in [8] to produce a tran-
sition matrix element 6t at energies below 500 keV. In
this analysis, the energy dependence of the matrix ele-
ments was assumed to result entirely &orn the Coulomb
penetrability in the entrance channel. The same group
has reported on a new transition matrix element fit which
includes their own measurements of four independent an-
alyzing powers for both reactions at E& b = 28 keV [11].
Analyzing power measurements have also been reported
for the H(d, p) H reaction only at deuteron energies of
30, 50, 70, and 90 keV [12].
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Information obtained for these reactions contributes to
a global analysis of the He system. Such an analysis for
the four-nucleon system using the R-matrix formalism is
underway at Los Alamos National Laboratory (LANL)
[13]. This R-matrix paraxnetrization of existing data has
been used to determine the broad, overlapping energy
levels in He [3]. The R-matrix results agree well with
those obtained from a resonating group model analysis
[14]

It is interesting to note that the data of [11]at 28 keV
show slight differences between the two reactions for the
polarization observable (A —A„„)and, for this observ-
able, disagree with R-matrix predictions. The 30-keV
measurements from [12],however, are consistent with the
R-matrix predictions for 2H(d, p)sH.

Data on these reactions are of technical interest as well.
Kulsrud et al. [15] suggested that polarizing the nuclei
in a sHe(d, p)4He fusion plasma reactor could suppress
the less energetic 2H(d, p)sH and 2H(d, n)sHe reactions,
resulting in a more efBcient neutron-lean reactor. To sig-
nificantly suppress the 2H+2H reaction rates in this man-
ner, transitions ftom the entrance quintet S state must
be small. Arguments based on the Pauli principle [1,16]
have been used to predict that two deuterons with identi-
cal quantum numbers would not interact, but as noted in

[16], such arguments are weak because of the large inter-
action region for the two deuterons. The measurement
which would answer this question directly, involving a
polarized beam and polarized target, has not been made
at low energies. However, analyzing power data can be
used to determine the magnitudes of the quintet S-state
transitions indirectly.

In this work, we present our simultaneous measure-
ments of the 2H(d, p)sH and zH(d, n)sHe analyzing ten-
sors A„and A —A» at deuteron energies of 25, 40, 60,
and 80 keV. The data have been included in the LANL
R-matrix analysis.

EXPERIMENT

The data were obtained at the Low Energy Beam Facil-
ity (LEBF) at Triangle Universities Nuclear Laboratory
(TUNL). Positively charged, polarized deuteron beams
were produced by the TUNL atomic beam polarized ion
source [17—19]. Beam currents were typically limited to
1—2 pA to minimize target deterioration. The data col-
lection scheme required three beam polarization states:
unpolarized, positive tensor polarized, and negative ten-
sor polarized. For the two polarized states used in our
work, the maximum theoretical values for the tensor po-
larizations (P„) were +1 and —1 for the 40-, 60-, and
80-keV data. Improved transition units on the polarized
ion source enabled use of states with maximum theoreti-
cal values of P, of +1 and —2 for our final run at 25 keV.
The polarized ion source provided deuteron beams with
polarizations which were about 80% of the theoretical
maximum for a given state. The beam tensor polariza-
tions were monitored continuously throughout the data
collection, as described below.

Thin-film deuterated titanium targets were used for
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FIG. 1. Energy spectrum for 25-keV deuterons on a deuter-
ated parapolyphenyl target at a laboratory angle of 115'.

the 40-, 60-, and 80-keV measurements. These were pro-
duced by depositing a titanium film (( 20 tig/cm ) onto
10-pg/cm carbon film substrates mounted onto target
rings. The films were heated in an evacuated bell jar to
about 400'C, and deuterium gas was admitted into the
bell jar to a pressure of 30 mTorr. The films were per-
mitted to cool and were removed. The deuterium content
of targets used for data collection was typically 5 x 10
atoms/cm2. The target thicknesses were measured by
elastic scattering of deuterons at 6 MeV for selected tar-
gets Rom each batch. For an 80-keV deuterium beam,
the typical energy loss was 10 keV, as determined from
stopping power data [20].

The small cross section for the 25-keV measurement
was compensated by the availabilty of deuterated para-
polyphenyl (CsD4) thin-film targets with higher deu-

terium content ( 8 x 10i7 atoms/cm ). Deuterated
parapolyphenyl powder, produced via a method dis-
cussed in [21], was obtained &om Y. Tagishi at the Uni-
versity of Tsukuba, Japan. The powder was evaporated
onto carbon films. Similar targets were used in [9].

The 30.5-cm-diam, 15.2-cm-tall LEBF scattering
chamber was equipped with a slit-control system
mounted at the chamber entrance. The current on these
vertical and horizontal slits was used to drive a feed-
back system to control upstream steerers and to main-
tain a stable beam position on target. Partially depleted,
surface-barrier silicon detectors of 100 or 300 pm thick-
ness were used to detect the protons, tritons, and He
&om the reactions. The detectors were placed symmetri-
cally on the left and right sides of the chamber, with three
or four detectors on each side. It was essential to place
carbon films thick enough to stop the elastically scat-
tered deuterons (about 100—200 pg/cm for our energies)
on the collimator slits in front of the detectors. Detector
solid angles for the 25-keV measurements were 12.3 msr,
corresponding to a total acceptance angle of 7.2 '. For the
40-, 60-, and 80-keV measurements, the solid angles were
4.9 msr (b,8 = 3.3'). The three charged-particle groups
were clearly separated in the spectra, as shown in Fig. l,
so that the data for both reactions were obtained under
the same experimental conditions. The H(d, p) H data
were obtained from both the proton and triton peaks, and
the 2H(d, n) He data were obtained from the He peaks.
Results &om the H and He recoils were converted to
the center-of-mass angles for the projectiles.
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The polarimeter, described in [22], was mounted at
the exit of the chamber. For these experiments the same
target was used for the beam polarization and analyz-
ing power measurexnents. This polarimeter consisted of
four solid-state detectors placed up, down, left, and right
at a laboratory angle of 10 to detect reaction products
from H(d, p) H. It was calibrated using the A„mea-
surements of [12], as described in [22]. The polar and
azimuthal angles of the spin axis (P and P in the nota-
tion of [23]) were established by the Wein filter placed
after the ion source. The beam polarization was contin-
uously monitored during the data collection.

Although absolute beam current integration is not nec-
essary for analyzing power measurements, relative beam
current integration for the different spin states is quite
important. The chamber and polarimeter were isolated
&om the ground, and all collected charge &om the cham-
ber, polarimeter, and target rod was suxnmed at the in-
tegrator. The target rod, which was insulated &om the
chamber, was positively biased to prevent the escape of
electrons created in the target. The currents on the tar-
get rod and chamber could be separated for diagnostic
purposes.

Early tests indicated considerable depletion of the deu-
terium content of the targets under beam bombardment.
If the effective target thickness varies during measure-
ments for each of the three spin states, spurious asym-
metries can result; therefore, rapid state switching was
employed to reduce the effects of target depletion. The
states were switched through a sequence to eliminate
first-order effects of target depletion. For the measure-
ments at 40, 60, and 80 keV, the spin states were changed
at 1-min intervals, which was deemed adequate based on
the target depletion tests. Later ixnprovements to the
polarized ion source allowed faster state changing, and
for the 25-keV measurement states were changed every
few hundred milliseconds.

ANALYSIS

Our data have been included in the data set of the
LANL multichannel R-matrix parametrization of the
four-nucleon system. The R-matrix approach was in-
troduced in [24], modified in [25], and reviewed in [26].
The LANL R-matrix approach is described in [27,28,13].
Only a brief summary will be given here. The R-matrix
elements are given by

The R-matrix parameters, the reduced-width amplitudes
p&+, and energies Ep for the reaction channel c and energy
level A are varied to obtain simultaneously the best fit to
all available data for two-body reaction channels below
about 20 MeV incident energy. The data set includes
total and difFerential cross sections, vector and tensor
analyzing powers, and polarization-transfer coeKcients.
Parameters which yield the best fit to existing data are
deterxnined and can be used to predict other unmeasured
observables.

The reduced-width amplitudes have definite isospin T,
and for the four-nucleon systexn T is restricted to 0 or
1. To reduce the nuxnber of paraxneters to be fitted for
the channels in the He system, the T = 1 parameters
were deduced &om the analysis of the Li system, as de-
scribed in [13]. In the "charge-independent" LANL anal-
ysis, R-matrix parameters were first determined &om the
data for p- He. These results were then tested by apply-
ing a Goulomb energy shift to the energy levels Ep and
calculating the total cross section and 8-wave scattering
lengths for n-sH. These energy-shifted parameters were
found to satisfactorily reproduce the data for n- H. The
p- He paraxneters, with appropriate energy shifts, were
then used to deterxnine the T = 1 parameters for the p-

H and n- He channels in the He system. The T = 0
parameters for the channels H- H, p- H, and n- He were
varied to fit the data. The data are well represented by
the set of partial waves L & 3.

A GRAY X-MP computer was used for the analysis,
and the xninimization was permitted to continue until
the objective function did not change appreciably with
subsequent iterations. The present data were the first
zH(d, p)sH and zH(d, n)sHe tensor analyzing powers be-
low 150 keV included in the LANL analysis.

RESULTS

Angular distributions of the tensor analyzing powers
A„and A —A» for the zH(d, p)sH and H(d, n, )sHe
reactions are shown in Figs. 2 and 3. In general, there
are twice as inany data points for the H(d, p) H plots
because both reaction products were detected for this
reaction. The energy loss in the target was used to de-
termine a target-averaged reaction energy for the observ-
ables. These energies are reported in the figure captions.

The error bars include counting statistics for the beam
polarization and analyzing power data and statistical er-
rors associated with the polarimeter analyzing powers
[22]. Empirically determined correlations among the var-
ious sources of error have been taken into account in
the error estimates. In addition to the statistical errors
shown in the figures, an overall normalization uncertainty
of 4% is present. This arises from using the quench-ratio
method as the absolute polarization standard [12].

Our zH(d, p)sH data are quite consistent with those
measured at 30, 50, 70, and 90 keV by Tagishi et aL
[12]. The zH(d, n)sHe reaction was not measured in Ref.
[12]. This agreement is not surprising at forward angles
since the data of [12] at 10' were used to calibrate our
polarimeter, but it is heartening to note that the agree-
ment extends throughout the angular range. As com-
pared with the data of [11]at 28 keV, our data indicate
somewhat larger values for the observables near 90 . The
results of [ll] also indicate larger dilferences between the
two reactions for A ~ —A„„ than do our data at a re-
action energy of 21 keV. Quantitatively, the ratio of the
A —A„„values at 90' for zH(d, n) He as compared
to H(d, p) H is about 0.76 for the data of [11],whereas
this ratio is about unity for our data. Such a discrepancy
for the two reactions cannot be attributed to an overall
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FIG. 2. Angular distributions of A„ for the H(d, p) H

and H(d, n) He reactions at laboratory bombarding energies
of 25, 40, 60, and 80 keV. Because of energy averaging in
the targets, the approximate reaction energies are 21, 39, 55,
and 75 keV, respectively. The angles are measured in the
c.m. frame. The error bars indicate statistical errors only,
and the overall normalization error is 4%. The dashed lines
indicate the R-matrix predictions made before our data were

included in the data set. The sohd lines indicate the R-matrix
calculations for this observable after our data are included in

the parametrization.

normalization error.
To directly compare the results for the two reactions,

the data were fitted using a Legendre polynomial expan-
sion, and the resulting curves are plotted in Fig. 4. In
general, the analyzing powers for the two reactions are
remarkably similar, with the largest deviations at for-
ward angles for A„. As the energy increases, the values
for A at forward angles become slightly more negative,
while those at backward angles become less so. Values of
A& Ayy near 90 ' become less negative with increasing
energy.

DISCUSSION

An R-matrix parametrization which did not include
our low-energy tensor analyzing powers was used to pre-
dict the values of A, ~ and A&& Ayy at our reaction
energies. The dashed lines in Figs. 2 and 3 show these

FIG. 3. Same as in Fig. 2 for the observable A —A».
Because of difFerences in target thicknesses, the bombarding
energies 25, 40, 60, and 80 keV correspond to reaction energies
of 21, 38, 56, and 76 keV for this observable.

predictions, which represent the data remarkably well,
except at the most forward and most backward angles.
The R-matrix calculations which include our data in the
fit are represented by the solid lines. The discrepancies
at the extreme angles are corrected when our data are
included in the fit, as expected.

It has been shown [29] that the ratio of the neutron
to proton yields obtained at room temperature in muon-
catalyzed fusion of the H+ H reactions is equal to the
ratio of the P wave cross secti-ons for 2H(d, n)sHe to
2H(d, p)sH at low energies. This P wave branching r-atio,
as determined from the present R-matrix analysis at 25
keV, is 1.39, which agrees with the value of 1.39+0.04
from muon-catalysis experiments [30].

The entrance quintet-S states pz and hz (using the no-
tation of [8], and [6]), which have been ignored in earlier
analyses [1,16], are, in fact, of the same order of magni-
tude as the singlet-S to singlet-S transition o.o. The ra-
tios pq/o. o, and bq/ao, calculated from the R matrix with
our data included in the parametrization, are shown in
Table I. From this table it is evident that quintet-S states
are of considerable importance in these reactions. Simi-
lar ratios were reported for 2H(d, n) sHe in [8] as 0.34 and
0.43, respectively. However, these are ratios of "energy-
independent" internal matrix elements using a model as-
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0.5 TABLE I. Matrix element ratios pi/op and 6i/np.
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0.97
1.07

1.03
1.13

~1 /o'0

1.44
1.29

1.53
1.37
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I

the very broad (I'g = 8.21 MeV) quintet-S level in 4He at
27.42 MeV, and hence the appropriate matrix elements
have an energy dependence determined by the resonance
properties.

R-matrix parametrization which includes our data was
used to calculate the polarized cross sections as a function
of energy. In Table II these are expressed as ratios of
the cross section for both deuterons polarized, integrated
over all incoming directions [32],

. : Axx-Ayy

90 135 0 45 90 135 180

8 (degrees)
FIG. 4. Comparisons of Legendre function Sts to the

A„and A —A„„data for H(d, p) H (solid lines) and
H(d, n) He (dotted lines).

sumption that the energy dependence of the matrix ele-
ments is due to Coulomb and centrifugal barriers in the
entrance channel. As discussed in [3], the quintet-S tran-
sitions near the zH+zH threshold (which corresponds to
an excitation energy of 23.85 MeV in 4He) results from

1
o „=— ding dAgo „(k',k),

4x (2)

to that for unpolarized reactants 0.0. In the above expres-
sion, o „(k',k) is the center-of-mass differential cross
section for deuterons having spin projections m and n
on the quantization axis colliding with relative momen-
tum k to form reaction products with relative momentum
k', the magnitudes of k and k' being related by energy
conservation. Our data are consistent with previous con-
clusions, first reported in [31] and [32] and more recently
in [14,8,11,33] that polarizing the nuclei spin parallel in
a fusion reactor will not strongly suppress the neutron or
triton yield &om the H+ H reactions.

TABLE II. Results of the R-matrix analysis: Polarized H+ H reaction cross sections averaged
over incident directions.

Eg (keV)

10
50
100
150
200
300
400
500

op (mb)

9.019x 10
4.516

15.343
25.006
32.944
45.061
53.862
60.483

+1,1
ap

H(d, p) He
1.414
1.278
1.135
1.021
0.931
0.800
0.713
0.652

&1,0
crp

0.948
1.006
1.065
1.111
1.145
1.192
1.219
1.234

+1,—1
ETp

0.638
0.716
0.800
0.868
0.924
1.008
1.068
1.114

&p, p
CTp

1.105
0.988
0.870
0.779
0.709
0.616
0.561
0.531

10
50
100
150
200
300
400
500

8.852 x 10
4.620

16.345
27.466
37.028
52.244
63.621
72.251

H(d, n) He

1.295
1.123
0.960
0.838
0.748
0.624
0.547
0.496

0.989
1.061
1.129
1.178
1.214
1.260
1.286
1.301

0.717
0.815
0.911
0.983
1.039
1.116
1.167
1.204

1.023
0.877
0.741
0.643
0.572
0.480
0.428
0.399

The average polarized cross secton satisfy (2o'i, i + 4o i,o + 2oi, —i + oo,o)/9 = oo.
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SUMMARY

Angular distributions of the tensor analyzing powers
A„and A —A„„ for the reactions H(d, p) H and
H(d, n) He have been measured at incident deuteron en-

ergies of 25, 40, 60, and 80 keV. At each energy the ob-
servables dier only slightly for the two charge-symmetric
reactions. The H(d, p) H data are quite consistent with
the recent 30-, 50-, 70-, and 90-keV data of [12].

These data have been included in a global 8-matrix
analysis of the four-nucleon system. From this analysis,
the P-wave branching ratio was found to agree with the
empirical value determined from muon-catalyzed fusion
experiments. The ratios of quintet-S state to singlet-S
state transitions were found to be of order unity, indi-
cating that entrance-channel quintet-S state transitions
should not be ignored in any analysis of these reactions.

This indicates, contrary to earlier suggestions [15], that
polarizing the fusion plasma in a H(d, p)4He reactor
would not suppress the yield of the neutron-producing
2H(d, n) He reaction.
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