PHYSICAL REVIEW C

VOLUME 41, NUMBER 4

APRIL 1990

Differential cross sections at low energies for H(d,p)*H and H(d, n)’He

Ronald E. Brown and Nelson Jarmie
Los Alamos National Laboratory, Los Alamos, New Mexico 87545
(Received 10 April 1989)

We have measured differential cross sections for the 2H(d,p)’H and *H(d,n)'He reactions at 11
deuteron bombarding energies from 20 to 117 keV. The differential data are accurate to 2.0% (rela-
tive) over most of the energy range, with an additional scale error of 1.3%. Integrated cross sec-
tions are derived with total errors generally about 1.5%. The results are compared with other mea-
surements and with an existing R-matrix analysis. We find a larger D-wave reaction amplitude than
previously reported. Formulas for the cross sections and reactivities are given.

I. INTRODUCTION

The 2H(d,p)zH and 2H(d,n)’He reactions are of in-
terest for the nuclear physics of few-nucleon systems, the
compound nucleus *He being the lowest mass doubly
magic system. The reactions are also of interest for
fusion energy applications and for nuclear processes in
the early solar system and early universe. The measure-
ment techniques are based on those described in a previ-
ous publication' in which was presented a detailed study
of the *H(t,a)n reaction. The Los Alamos program in
Low-Energy Fusion Cross Sections (LEFCS) was initiated
in order to improve the accuracy and clear up discrepan-
cies? in the basic fusion reactions, *H(d,a)n, *H(d,p)*H,
’H(d,n)’He, and *H(t,a)nn. In particular, the existing
data for the two d +d reactions showed no major
discrepancies, but it was clear that a significant improve-
ment in accuracy would be beneficial. Knowledge of the
rates for all of these reactions will be important in the
design® of the first fusion reactors that are hoped eventu-
ally to provide sufficient energy for commercial use.
These reactors are expected to operate over temperatures
of kT=1-30 keV, which corresponds to lab bombarding
energies near our range of 20-117 keV. Our *H(d,a)n re-
action study has been completed, "** and data taking for
the *H(t,a)nn reaction is finished.

Many early cross-section measurements for the
’H(d,p)*H and *H(d,n)’He reactions have been per-
formed seeking improved absolute cross sections,® !’
some because of a report of a narrow resonance near
E,=100 kev, and others to compare the two reaction
branches for a study of charge symmetry. These older
experiments (for a summary see Refs. 6, 18,and 19) did
not verify the existence of a sharp resonance and were in
general agreement with one another.

Spin-dependent experiments are necessary to determine
uniquely the various partial wave contributions. This is
especially important for the controversy?®~%? about the
use of polarized deuteron beams in fusion reactors, a
technique that was hoped to provide power with greatly
reduced neutron production. More accurate cross-
section data will also be of use in this analysis.

A recent and important cross-section experiment at
low energy has been performed at Miinster by Krauss,
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Becker, Trautvetter, Rolfs, and Brand,?* whose measure-
ments span the laboratory energy range of 6-325 keV.
Also, new measurements are underway at Bruyeres-le-
Chatel,?* France, and at the University of Giessen,?
Germany.

The d +d cross sections at low energy differ from those
for ¢t +d in several respects. The d +d cross sections are
nonresonant, are several hundred times smaller than the
t +d cross section, and exhibit a marked angular anisot-
ropy due to a significant amount of P-wave interaction.

We measured the 2H(d,p)’H and *H(d,n)’He
differential cross sections at 11 deuteron bombarding en-
ergies from 20 to 117 keV. The relative errors (standard
deviations) in the differential cross sections are mostly
about 2% and those in the integrated cross sections are
about 0.8%. The scale error in both cases is 1.3%.
These results greatly improve the accuracy over previous
measurements, permitting us to obtain the most reliable
low-temperature reactivities to date. Analytic forms for
the cross sections and reactivities are provided and com-
parisons are made with R-matrix analyses. Preliminary
reports of this work have been published. 2*%’

II. EXPERIMENT

Most details of the apparatus, data-taking procedure,
and data-reduction techniques are given in Ref. 1. Figure
1 is a schematic diagram of the Los Alamos LEFCS facil-
ity. In brief, the experiment is performed by accelerating
negatively charged deuterium ions through a windowless,
cryogenically pumped, flowing gas target of deuterium
and into a beam calorimeter. The charged reaction parti-
cles, p, t, and *He, are detected at six fixed angles (nomi-
nal lab angles of 45° left, 45° right, 75°, 90°, 120°, and
150°) with silicon surface-barrier detectors—neutrons are
not detected. Table Il of Ref. 1 contains detailed infor-
mation on the exact angles and their relation to the beam.
The mechanical angles are known to an accuracy of 0.03°,
but the uncertainty of the actual beam direction raises
the error in the laboratory angle to about 0.1°. The lab
FWHM angular width of an individual detector is 3.2°.
Because the cross sections vary rapidly with energy at the
low energies of interest, an accurate determination of the
beam energy in the reaction region of the gas target is
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FIG. 1. Schematic diagram of the Los Alamos low-energy
fusion cross-section facility (LEFCS).

mandatory. The ion accelerating potential is furnished
by a high stability power supply and is measured with a
10°:1 ratio resistive divider whose calibration is traceable
to the National Bureau of Standards. The actual reaction
energy will differ from the accelerating potential by small
corrections arising from plasma potentials in the source
duoplasmatron and energy loss in the gas target. The
calorimeter (Fig. 1), which is used to determine the beam
intensity, was calibrated to an accuracy of 0.1% by using
the heat generated by a precision resistor embedded in it.
The gas target density was determined by monitoring the
target temperature and deuterium gas flow rate while
bombarding the target with 10.04-MeV protons from the
Los Alamos tandem Van de Graaff accelerator and
detecting the elastically scattered protons. By using the
absolute p +d elastic cross section, which we had mea-
sured to 0.8% in a separate experiment at another experi-
mental station, we were able to determine the deuterium
density to 1.2%. Details of the procedure are given in
Ref. 1.

Figure 2 shows a detected-particle spectrum at 45° for
the d +d reaction at 90 keV. The proton peak is at an
energy (=3.3 meV) near that of the a particles in our
2H(t,a)n experiment! and is in a region of very low back-
ground. The 3He and triton peaks are at or below 1
MeV, and improvements had to be made by decreasing
the electronic noise and neutron background before satis-
factory results could be obtained. For example, the beam
stop and various slits were baked to drive off impacted
tritium from early triton-beam runs, thus eliminating
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FIG. 2. The d +d particle spectrum at 90 keV and 45° (lab).
In order of increasing channel (energy) the peaks are for the
particles *He, ¢, and p. Channel 400 corresponds to about 3.3
MeV.

background neutrons from the *H(d,n) reaction. An al-
gorithm was installed in our data acquisition program to
eliminate multiple noise events caused by occasional
sparking at the extraction electrode of our accelerator.
For the p*H branch care had to be taken to account for
the fact that at some beam energies true p-t coincidences
could occur in a pair of left-right detectors.

III. RESULTS
A. Data reduction and errors

The methods of data reduction and error (standard de-
viation) determination are discussed in great detail in
Ref. 1, and only certain aspects will be mentioned here.
The relative error of the present data is dominated by
counting statistics, background subtraction, and fluctua-
tions in the target density. The absolute scale error is
dominated by the uncertainty in the p +d elastic calibra-
tion (1.2%). The relative errors in the differential cross
sections are mostly about 2% except at the lowest ener-
gies where the error rises to 8-10%, all with a scale error
of 1.3%. The total (absolute) error is the combination in
quadrature of the relative and scale error. The relative
errors (relative from energy to energy) in the integrated
cross section are about 0.8%, except at the lowest ener-
gies where the error rises to 2.8% for the p*H branch and
4.0% for the n*He branch. Details are given in the
tables. The deuteron bombarding energies are accurate
to 15 eV, and the energy spread is about 40 eV (FWHM).
The lab angular width is 3.2° (FWHM). The errors in the
c.m. angle are about 0.1°. The angle and energy errors
are transformed into cross-section errors.

As discussed in Ref. 1, it is useful for comparisons to
convert the integrated cross sections to so called astro-
physical S functions, which factors out from o the energy
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dependences of the de Broglie wavelength and the
Coulomb penetrability. For reactions having a d +d in-
cident channel, S is given by

S =0.50E exp(44.4021E,7'?) | (1

where o is the integrated cross section in b (barns), E; is
the lab deuteron bombarding energy in keV, and S is ex-
pressed in keV b.

B. Angular distributions

A remarkable difference between the d +d reaction
and other nuclear fusion reactions is the large angular an-
isotropy present, even at these low energies. An example
at 110 keV is given in Fig. 3. The anisotropy, which in-
creases with increasing energy, is always larger for the
n>He branch.

We made measurements at six lab angles at each of 11
bombarding energies from 20 to 117 keV for each branch.
Complete numerical tables of the differential cross sec-
tions are available from the authors and have also been
deposited with the Physics Auxiliary Publication Service
of the American Institute of Physics.®

The d +d c.m. differential cross sections o (6) are sym-
metric about 90° because the target and beam particles
are identical. We have analyzed o(6) by making a least-
squares fit at each bombarding energy using the form
0(0)=a +bcos’@+ccos*d. With this three-term form
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FIG. 3. The c.m. differential cross section ¢(6) for both
branches of the d +d reaction at a deuteron bombarding energy
of 110 keV. The dashed line and solid circles are for the n>He
channel, and the solid curve and crosses are for the p°H chan-
nel. Relative errors are shown. Note the suppressed zero. The
curves are from a least-squares fit to the data of a function of
the form o(0)=a + bcos’6+ ccos*6.
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Coefficients a, b, and ¢ from a least-squares fit to the differential cross section
o(6)=a +bcos’@+ccos*d for the d +d reactions.

The relative error (standard deviation) in

parenthesis corresponds to the last two digits of the value and is the square root of the diagonal element
of the error matrix of the fit. The ¢ coefficient for the lowest energies was set to zero. The lab deuteron

energy E, is accurate to £15eV.

’H(d,p)’H reaction

E, (keV) a (mb/sr) b (mb/sr) ¢ (mb/sr)
19.944 0.0208(10) 0.0023(22)
29.935 0.0886(20) 0.0184(44)
39.927 0.1882(28) 0.0659(62)
49.922 0.3215(48) 0.076(27) 0.048(34)
59.917 0.4636(67) 0.168(38) 0.021(48)
69.914 0.6055(85) 0.251(44) 0.039(52)
79.912 0.7528(99) 0.250(52) 0.162(62)
89.911 0.8976(64) 0.378(32) 0.142(37)
99.909 1.041(12) 0.367(66) 0.276(80)
109.909 1.166(13) 0.521(69) 0.203(83)
116.909 1.243(21) 0.55(11) 0.34(12)
*H(d,*He)n reaction
E,; (keV) a (mb/sr) b (mb/sr) ¢ (mb/sr)
19.944 0.0181(14) 0.0108(31)
29.935 0.0782(28) 0.0425(66)
39.927 0.1780(39) 0.1027(91)
49.922 0.2994(59) 0.212(14)
59.917 0.4406(97) 0.303(55) 0.049(70)
69.914 0.564(10) 0.446(57) 0.111(73)
79.912 0.716(12) 0.537(68) 0.052(86)
89.911 0.8769(72) 0.674(41) 0.095(51)
99.909 1.018(16) 0.755(94) 0.20(12)
109.909 1.138(18) 1.09(10) 0.09(13)
116.909 1.231(25) 1.05(14) 0.20(17)
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for o(6), the coefficients a and b generally will contain
contributions from S, P, and D waves in the interaction
and c¢ will contain contributions from D waves only. At
the lower energies in our range, the D-wave amplitude be-
comes small and it is reasonable to set it equal to zero. In
that case the ¢ coefficient is zero, the b coefficient con-
tains contributions from P waves only, and the a
coefficient contains contributions from both S and P
waves. The values for the expansion coefficients a, b, and
¢ from the fit are given in Table I. The errors stated in
the table are the square roots of the diagonal elements of
the error matrix of the fit and, therefore, do not reflect
the correlations among the coefficients. The ¢ coefficient
is set to zero at the lowest energies where the D-wave am-
plitude is negligible.

C. Integrated cross sections and S functions

With the differential cross section in the form
o(0)=a +bcos’0+ccos*0, and with the coefficients a, b,
and ¢ determined from a least-squares fit to the data, we
compute the angle-integrated cross section o from
o=4m(a +b/3+c/5). Values for o and its error are
given in Table II for the two branches. In computing the
error, the full correlation among the coefficients is taken
into account. The 2H(d,n) He integrated cross section is
given in the semilog plot of Fig. 4. Seen is the familiar
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FIG. 4. Excitation function for *H(d,n)’He integrated cross
section o. The total error bars are smaller than the plotting
symbols.

steep slope from the Coulomb barrier penetration. Be-
cause of this rapid change of ¢ with E,, it is more infor-
mative to give the results in the form of astrophysical S
functions, as discussed above. Values of S and its error

TABLE II. Integrated cross section o and astrophysical S function for the d +d reactions. The rela-
tive error (standard deviation) is for both o and S. The scale error is 1.3% for both branches. The lab
deuteron energy E, is accurate to 15 eV. See the text for definition of S, and S,.

’He(d,p)’H reaction

E, 4 S Rel. error S, Sy
(keV) (mb) (keV b) (%) (keV b) (keV b)
19.944 0.2704 56.1 2.8 54.1 2.0
29.935 1.190 59.61 1.3 55.75 3.86
39.927 2.641 59.39 0.87 53.19 6.21
49.922 4.481 59.96 0.78 54.07 4.28
59.917 6.584 61.13 0.73 54.08 6.55
69.914 8.759 61.98 0.67 53.84 7.44
79.912 10.91 62.61 0.64 54.28 6.00
89.911 13.22 64.21 0.42 54.80 7.68
99.909 15.31 64.99 0.59 55.52 6.52
109.909 17.35 65.85 0.56 55.63 8.28
116.909 18.81 66.77 0.75 55.47 8.23

2H(d,n)’He reaction

E,; o S Rel. error S, S,
(keV) (mb) (keV b) (%) (keV b) (keV b)
19.944 0.273 56.7 4.0 47.27 9.42
29.935 1.161 58.1 1.8 49.23 891
39.927 2.667 59.99 1.2 50.31 9.67
49.922 4.651 62.24 1.0 50.35 11.89
59.917 6.927 64.31 1.0 51.41 11.77
69.914 9.237 65.36 0.86 50.18 13.21
79.912 11.38 65.32 0.82 51.65 12.92
89.911 14.08 68.41 0.46 53.53 13.71
99.909 16.44 69.79 0.79 54.29 13.42
109.909 19.10 72.50 0.75 54.27 17.36
116.990 20.36 72.27 0.89 54.90 15.61
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FIG. 5. The S function of Eq. (1) for both branches of the
d +d reactions vs deuteron bombarding energy. Note the
suppressed zero. Relative errors are shown. The straight lines
are from linear least-squares fits to the data.

are listed in Table II, and the S functions for the two
channels are plotted in Fig. 5.

The curves in Fig. 5 show the results of linear, least-
squares fits to S of the form S =Sy(1+aE,;). The fit
coefficients and covariance matrix for both branches are
given in Table III. The covariance matrix, sometimes
called the error matrix, is defined as being twice the in-
verse of the matrix of second derivatives of y? with
respect to the fitting parameters, the derivatives being
evaluated at the Y’ minimum. Often the square root of
the diagonal elements of the error matrix are quoted as
the errors in the fitting parameters; however, that pro-
cedure does not take the correlations among the parame-
ters into account, and therefore we have given the full er-
ror matrix for the fit.

Presented in Table II and in Fig. 6 are S, and S,, the
astrophysical S functions for the a and b parts of the in-
tegrated cross section [i.e., the quantities 47a and 47b /3
are treated as partial cross sections, and Eq. (1) is used to
extract S, and S,]. At the lower energies where the D-
wave contribution is small, S, represents the P-wave con-
tribution to S, and S, contains both S and P waves.
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FIG. 6. Partial S functions S, and S, arising from the 4ma
and 4mb/3 contributions to the integrated cross section o. Note
the suppressed zero for S,. The curves are linear least-squares
fits to the data. Relative errors are shown.

IV. DISCUSSION

A. Angular shape and energy dependence

The low-energy d +d reactions show an unusually
large angular anisotropy. This stems from the dominance
of negative-parity levels in the “He system (E, ~24
MeV), allowing P waves to compete with S waves in spite
of P-wave suppression by the angular momentum barrier.
The main P-wave contribution at low energies is from a

T=1", 3P, state near the d +d threshold.?*°

Less well understood are the different strengths of S
(Fig. 5), the different strengths of S, (Fig. 6), and the
different slopes of S, (Fig. 6) for the two channels. The
S, values do show a favoring of the p*H branch at lower
energies, as might be expected from an Oppenheimer-
Phillips (O-P) mechanism.*"*? The deuteron, easily elec-
trically polarized, is expected to have an enhanced neu-
tron stripping amplitude, favoring the p*H branch, when
the beam energy is well below the Coulomb barrier. A
quantitative prediction of such an effect must take into

TABLE III. Linear fit coefficients and elements of the symmetric covariance matrix (error matrix)
for the S function with its relative errors, where S =Sy(1+akFE,), with S and S, in keV b and E, in
keV. The fit variables are (1)=S, and (2)=aS,. Errors are given in parentheses for the least significant
digits. For S, and aS, these are the square roots of the diagonal elements of the error matrix. For a
these are computed by quadratic propagation from those for S, and aS, (the first quoted error) or by

use of the full error matrix (the second quoted error).

p>H branch n*He branch
S, (keV b) 55.49(46) 53.76(61)
a$, (b) 0.094 82(540) 0.1623(72)
a (keV™!) 0.001 709(98)(111) 0.003019(138)(167)
(1) (1) (2)
covariance (1)  0.21034 —0.23762%X107?2 0.367 87 —0.41952X 1072
matrix (2) —0.23762X107%2  0.29184x10°* —0.41952X107%  0.51878x10°*
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account the identity of the target and projectile, the
steepness in energy of the cross section, and the amount
of isospin mixing: probably large in this case, as there are
nearby, broad T=1 and T=0 levels in the *He system.?
The difficulties are demonstrated by Cecil, Peterson, and
Kunz,3* who have made a DWBA calculation for the sys-
tem °Li(d,n) and 6Li(d,p), also a mirror system, at bom-
barding energies from 60 to 160 keV. The calculation
predicts an O-P effect that greatly overestimates the ex-
perimental results. In our case, even though S, favors
the p>H branch, the larger values of S, for the n’He
branch (Fig. 6) result in an overall larger reaction rate (S
in Fig. 5) for that branch, and therefore, we did not at-
tempt any such O-P calculations. The energy variations
of the S functions seen in Figs. 5-8 are influenced by an
increasing angular momentum barrier and decreasing
effect of nearby broad resonances as the energy is
lowered.

B. Integrated cross-section comparison

Comparison of our integrated cross-section data with
others is shown in Figs. 7 and 8. Total errors are shown.
The solid circles are the present Los Alamos data, the
crosses are the Miinster data of Krauss et al.,?’ and the
squares are a representative selection of the large amount
of data from other experiments that measured absolute
cross sections.®”!” The curve is from an R-matrix
analysis of the mass-4 system>>** that does not include
the present data or the Miinster results. No evidence for
a sharp resonance is seen, confirming the older experi-
ments, and the bulk of the older data with their larger er-
rors are in agreement with our data. The Miinster cross
sections are 5-10% lower than our measurements, but

100
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FIG. 7. The S function of Eq. (1) for the ?H(d,p)*H reaction
as a function of deuteron bombarding energy. Total errors are
shown. The solid circles are the present Los Alamos data. The
crosses are from the Miinster data (Ref. 23). The squares are a
representative selection of data from other experiments (Refs.
6-17). The curve is from a unified, mass-4, R-matrix analysis
(Refs. 29, 34, 43) that does not include the Los Alamos or
Miinster data. Note the suppressed zero.
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FIG. 8. The S function of Eq. (1) for the *H(d,n)*He reaction
as a function of deuteron bombarding energy. Total errors are
shown. The solid circles are the present Los Alamos data. The
crosses are from the Miinster data (Ref. 23). The squares are a
representative selection of data from other experiments (Refs.
6-17). The curve is from a unified, mass-4, R-matrix analysis
(Refs. 29, 34, 43) that does not include the Los Alamos or
Miinster data. Note the suppressed zero.

are in fairly good agreement with us considering that
their absolute error is 6-8%. Their measurements extend
up to 325-keV deuteron energy. While we feel confident
that their data below 117 keV should be normalized to
our more accurate measurements, it is not clear what
should be recommended concerning their higher-energy
data in the light of possible energy related systematic er-
rors, especially since they used different experimental fa-
cilities for the lower and higher energies.

C. Extrapolation to astrophysical energies

In the past, there has been considerable effort'® 337 to

find a meanignful way of extrapolation of the integrated
cross section to very low energies. By inspection of Figs.
5, 7, and 8, it is clear that use of the astrophysical S func-
tion greatly simplifies the task, especially when no sharp
resonances in the cross section are nearby and the S func-
tions are slowly varying with energy. Using the least-
squares fit of our data in Sec. III C, we find the zero-
energy intercepts S, that are given in Table III. By com-
bining the 1.3% scale error with the relative errors in
Table III we find the total error in these intercepts to be
+1.5% for the p*H branch and +1.7% for the n’He
branch. An R-matrix fit using our data is expected to
give similar results for S.

D. Theoretical review

Fick and Weiss published'® in 1973 a summary of the
significant theory to that date. (See also Refs. 19 and 30
for a general summary of measurements and theory to
1973.) They reviewed and improved the early work of
Konopinski, Teller, and others,*® who explained, with a
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simple type of R-Matrix theory, the general shape of the
excitation function of the integrated cross section pri-
marily as the result of barrier penetration. Fick and
Weiss showed that the ‘“‘direct reaction” approach of
Boersma®® and others*®*! was formally equivalent to
these early R-Matrix calculations. They also pointed out
that when only S and P waves were considered, three
energy- and model-independent parameters were neces-
sary for a successful phenomenological fit to the cross-
section data known up to 1973, although those parame-
ters were only poorly determined by that data. They not-
ed that P-wave contributions are significant even at the
lowest energies, which results in the anisotropy of the
differential cross section remaining nonzero even as zero
energy is approached. Therefore, quantities that
represent the anisotropy should not be extrapolated to
zero at zero energy, as was incorrectly shown in Figs. 7
and 9 of Ref. 6. Remaining unexplained was the fact that
the P-wave contribution to the cross section was several
times greater for the n’He channel than for the p’H
channel. It was also not clear that the fits they carried
out lead to an improved understanding of the character
of the *He compound nucleus other than that the low-
energy d +d region is dominated by negative parity
states.

Since 1973 there have been a number of improved ex-
periments and theoretical’! papers. The new cross sec-
tions measured in the present experiment at Los Alamos
and at Miinster?® have already been discussed. Several
spin-dependent measurements have been done or are in
progress. 222

Theoretical calculations for these reactions are avail-
able using the Resonating Group Method (RGM).2*%
The RGM predictions reproduce the general trend of the
data fairly well and could be considered a reasonable fit
when the purity of the physical assumptions and the lack
of arbitrary variables are taken into account. However,
when looked at in detail, the accuracy of our data
remains a challenge to the RGM calculations.

The R-matrix work of G. M. Hale and his collabora-
tors?® 34434 provides the best parametrization of all the
data channels for the mass-4 system (up to ~29 MeV ex-
citation in *He, or 10-MeV deuteron bombarding energy)

. and, in addition, provides information about the energy
levels of “He. The results of R-matrix fits* that do not
include the present data are compared with our data in
Secs. IVB, IV D, and in Figs. 7-10.

Hale finds with an improved R-Matrix fit** that uses
our new data and recent spin-dependent measurements, >’
that charge symmetry between the two channels holds if
proper account is taken of isospin mixing***® by the
Coulomb interaction in the internal nuclear region. This
conclusion supports experiments®® at higher energies that
also found no charge-symmetry violation, in contrast to
some earlier work (referred to in Ref. 46). The internal-
Coulomb effect is quite significant in fitting cross sections
and spin-dependent data.’**

Recently, Hale has developed a computer code that
finds the poles and residues of the S matrix from a set of
R-matrix parameters. One motivation for doing this is
that it is not always easy to interpret the parameters of

the R matrix in terms of the level structure of the com-
pound system, especially in a complicated multilevel
analysis. Therefore it is often better to extract resonance
parameters from an asymptotic quantity, such as the S
matrix. This technique has been applied to an analysis of
the 2H(t,a)n reaction®> in which the low-energy, 3/2%
resonance in *He was studied. The structure of *He may
be able to be studied in a similar way.

E. Anisotropies and D-wave strength

In Figs. 9 and 10 we show the angular anisotropies,
[0(0°)—0(90°)]/0(90°), which can be expressed in terms
of our expansion coefficients as (b +c¢)/a. There we com-
pare our results with those of Theus et al.,® the Miinster
work,?* and an R-matrix fit?®3%%3 that does not include
our (or the Miinster) data. We noticed that Table 1 of
Theus et al.® does not transform properly into their
Table 2. We learned from the authors® that there had
been a computational error and that their Tables 2 and 3
(derived from Table 2) are incorrect. We base our discus-
sion below on the assumption that the coefficients and er-
rors in Table I of Ref. 6 are correct.

In Figs. 9 and 10, we note again that the n*He anisot-
ropy is considerably larger than that of the p°H branch
(as can also be seen in Fig. 3). In evaluating the anisotro-
pies, the results of Theus et al. perhaps should be given
the greatest weight, since they measured o(6) at more an-
gles, both above and below 90°, than was done in the oth-
er experiments, thereby obtaining smaller errors for the
anisotropies. We stress that the absolute cross sections
from our work are the most accurate yet measured, as is
shown in Figs. 7 and 8.
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FIG. 9. ’H(d,p)*H angular anisotropy

[0(0°)—0(90°)]/0(90°) vs deuteron bombarding energy. The
solid circles are the present data, the squares are the data of
Theus et al. (Ref. 6) and the crosses show the data from
Miinster (Ref. 23). The curve is from a unified, mass-4, R-
matrix analysis (Refs. 29, 34, 43) that does not include the
present or the Miinster data. The curve has a nonzero intercept
at zero energy.
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FIG. 10. ’H(d,n)’He angular anisotropy

[(0°)—0(90°)]/0(90°) vs deuteron bombarding energy. The
solid circles are the present data, the squares are the data of
Theus et al. (Ref. 6) and the crosses show the data from
Miinster (Ref. 23). The curve is from a unified, mass-4, R-
matrix analysis (Refs. 29, 34, 43) that does not include the
present or the Minster data. The curve has a nonzero intercept
at zero energy.

We computed the Miinster?® anisotropies from Table 1
of Ref. 23. For the p>H branch (Fig. 9) they are in fairly
good agreement with our results and those of Theus
et al.,® with a tendency to be one or two standard devia-
tions higher, especially at the larger energies. For the
n3He branch (Fig. 10) below about 80 kev, they are in
good agreement with our results and those of Theus
et al.® At the higher energies their anisotropies increase
more rapidly, becoming 2 to 4 standard deviations
higher. We notice in Fig. 9 of their paper that, in the an-
gular distribution example at 270 keV, they obtained very
little data below 90° (c.m.), and in the 50-keV example
their Legendre analysis is a poor fit to their data. Gen-
erally, the Munster results, both S functions and aniso-
tropies, tend to increase at a more rapid rate as the ener-
gy rises than do the present results.

In our analysis we have found a larger D-wave reaction
amplitude than one would expect from previous work.
For example, in Table IV we list the ratio ¢/a at 100
keV, where the D-wave contribution is small but
significant. We compare our results with those of
Miinster,?® Theus et al.,® and the above mentioned R-
matrix analysis.?* 3% Considering only the Los Alamos
data, the indication would be that the level-structure used
in the R-matrix analysis did not provide sufficient D-wave
strength, which comes from the tails of D-wave levels
higher in excitation in the *He compound system. No-
tice, however, the Theus ¢ /a for the p*H branch agrees
with Hale, but not with us. Little more can be said be-
cause of the large errors on the rest of the values.

A calculation was made by Bevelacqua*’ using an R-

TABLE IV. The c/a coefficient ratio at E; =100 keV. The
relative standard deviations in parentheses are in the last digits
of the c /a values.

p*H branch  n’He branch Reference
Los Alamos 0.27(08) 0.19(12) Present work
Miinster 0.16(10) 0.06(12) 23
Theus 0.04(02) 0.12(03) 6
R-matrix 0.046(003) 0.044(005) 29,3443

matrix approach modified by DWBA terms to account
for basis-state limitations. His results stressed the need
for D waves, and he finds a small but significant D-wave
contribution beginning around 70 keV and rising with en-
ergy. This agrees reasonably well with our result, which
finds the need for a D-wave contribution beginning at 50
to 60 keV.

V. ANALYTIC FORMULAS
FOR THE CROSS SECTION AND REACTIVITY

The linear least-squares fit of the S functions of Table
IT to the form S =S,(1+aE,;) produces values for S,
and « for the two branches as given in Table III. By us-
ing Eq. (1) we may express the integrated cross section o
in the form

0=2S,(1+aE,)E, 'exp[ —(44.4021E; /)], (2)

where E; is the deuteron bombarding energy in keV, o is
in b (barns), and S, (in keV b) and «a are given in Table III
for each channel.

In a deuterium plasma the Maxwellian reactivity {ov )
in cm?/sec at a temperature kT (keV) is given by

(ov)=7.20458X10"S 7% 7, 3)

where  7=18.808(kT) '3, S o=S,{1+[5/(127)]
+2a[E,+(35/36)kT]} (keVb), and E,=6.2696 (kT)>/3
(keV). S, (in keV b) and «a are given in Table III for each
reaction channel, and E; is the deuteron bombarding en-
ergy in keV. Details about these formulas and their
derivation are given in Sec. V B of Ref. 1 and in the refer-
ences given there. A beam-target reactivity (as different
from the Maxwellian-plasma reactivity calculation above)
using the present data has been made by Mikkelsen.*®
Further information on reactivity calculations can be
found in the references of Mikkelsen’s paper, in Sec. VB
of Ref. 1, in the references in McNally et al.* and in the
papers of Haubold*® and his collaborators.

The range of temperature over which Eq. (3) is valid
depends on to how high an energy E, the linear fit to S
(Fig. 5 and Table III) for our data gives a reasonably ac-
curate representation of an extended data set, such as de-
picted in Figs. 7 and 8. For example, if one considers the
range of validity of the fit to end at our highest energy,
E,; =120 keV (Fig. 5), then, by inspecting the integrand
of the reactivity integral, Eq. (3) would be applicable only
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in the range kT=0-6 keV. However, by inspecting Figs.
5, 7, 8, and Ref. 23, one can draw the conclusion that the
fit of Table III is quite reasonable up to as high a lab en-
ergy as 300 keV. We therefore propose that Eq. (3) can
be applied up to a kT value of about 18 keV.

The above formulas (and our data) are not corrected
for screening by the electrons bound to the molecules of
the target gas, an effect which eventually must become
important as the energy is decreased. In Sec. VI of Ref 1
we made a rough estimate and found that a change in the
cross section at our lowest energy was smaller than the
error and was not significant. More recent and detailed
screening calculations®>>% have been done. They indi-
cate that the corrections may be larger than we had es-
timated and that the ‘“bare-nucleus” cross section could
be smaller than our present data at the lower energies.
We leave to the user of our data the determination of any
such corrections for his particular reaction environment
and have not included shielding corrections in this paper.

VI. CONCLUSIONS

We have measured differential cross sections for the
’H(d,p)*H and ’H(d,n)’He reactions at 11 deuteron
bombarding energies from 20 to 117 keV. The
differential data are accurate to 2.0% over most of the
energy range, with a scale error of 1.3%. Integrated
cross sections are derived with total errors generally
about 1.5%. This absolute accuracy represents a marked
improvement over the accuracy of previous experiments.
We present analytic formulas for the cross section and

reactivity, which should be of practical use in general
fusion-reactor design, in the possible use of polarized-
deuteron injection in future fusion-reactors,?* 22 and in
considering other methods of energy production. The
primary theoretical use, at this time, will be to help deter-
mine the energy levels of “He by improving fits to the
mass-4  system  with powerful R-matrix pro-
grams. 2?3334 This  in turn, could influence
RGMZ2#23% calculations. The cross sections at very low
energies, as specified in Table III, will be of interest to as-
trophysics. A powerful phenomenological tool such as
the energy-dependent R-matrix technique is needed to tie
together the various experiments in different channels
and provide the best fit. New data from the French?* and
German?® groups would be valuable in this respect and,
hopefully, would shed light on the discrepancies noted in
this paper, in particular, the anisotropy and the D-wave
strength. We urge future experimenters to make their
angular distribution measurements as accurate as possi-
ble.
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