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Absolute cross sections for deuteron-induced reactions on ® Li at energies below 1 MeVvT
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Absolute cross sections for @,z), d,p), and @, a) reactions initiated by ~0.1 to ~1.0
MeV deuterons on °Li have been obtained. Total reaction cross sections, with absolute
accuracies of 8-13 %, as well as measured differential cross sections are presented. The
experimental procedures are discussed and a comparison with previous results is given.

NUCLEAR REACTIONS ‘Li(,p), @, @), E; =0.1-~1.0 MeV; SLi(d,n),E; =0.2—
~0.9 MeV; enriched target; measured o(E;, 6), 0(E;).-

I. INTRODUCTION

The main objective of the experimental study re-
ported here is the accurate determination of both
total and differential reaction cross sections for
the various outgoing channels in deuteron-induced
reactions on °Li at energies from ~100 keV up to
~1 MeV. Along with measurements, in the same
energy range, of the elastic scattering of deuterons
by ®Li, currently in progress, the work constitutes
a complete study of all nuclear reactions initiated
by low-energy deuterons on ®Li. This research
effort is part of a more general program to mea-
sure absolute reaction cross sections for various
light ions with light nuclei at energies below a few
MeV.

The motivation behind these studies is twofold.
In the first place, reaction cross-section data are
important to the understanding of the nuclear struc-
ture of light elements and of the underlying reaction
mechanisms. Although reactions of light ions with
light nuclei constitute some of the earliest studies
undertaken with particle accelerators, many of the
previous results represent only partial and, in
some cases, conflicting determinations of the cross
sections relevant to such investigations.

Second, nuclear reactions that involve light nu-
clei are of interest® in the development of “ad-
vanced” fusion fuels. Of particular relevance in
this connection are the cross sections in various
light-ion-induced reactions on ®Li. Furthermore,
thermonuclear reaction rates based on measured
reaction cross sections are useful to studies of
astrophysical interest.?

Table I lists the @ values for the various exo-
thermic reactions of deuterons with ®Li. Discrep-
ancies between different sets of measurements and
gaps in the data exist in the previously reported
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results for many of these processes at energies
below 1 MeV. For reactions in which protons are
emitted, Bertrand, Greiner, and Poiret,® Bruno
et al.,* and McClenahan and Segel® have published
total reaction cross sections for both the ground-
and first-excited state in the ®Li(d,p)"Li reaction
at energies down to 0.3 MeV, while Sawyer and
Phillips,® and Whaling and Bonner’ present data
down to 30 keV at a single angle only. Macklin
and Banta® report cross sections for total tritium
production in the “Li breakup process (i.e., d +°Li
- p+t+a) down to 380 keV.

The °Li(d, @)a reaction has been studied more
extensively, although considerable disagreement
exists between the various reported low-energy
absolute measurements. Total reaction cross sec-
tions at energies less than a few MeV have been
presented by Lee,® Bertrand et al.,* Bruno et al.,*
Jeronymo et al.,'° and McClenahan and Segal,®
while Sawyer and Phillips,® Whaling and Bonner,’
and Hirst, Johnstone, and Poole!! give 90° differ-
ential cross sections only.

For outgoing neutrons, Hirst et al.'’ report total
reaction cross sections for both of the neutron
groups together in the °Li(d,n)"Be reaction, while

TABLE I. Exothermic reactions of deuterons with 6Li.

Q value

Reaction (MeV)
8Li(d,n)"Be 3.38
SLi(d,n;)"Be*(0.430 MeV) 2.95
8Li+d— n+SHe+ 1.80
8Li(d, py)'Li 5.03
Li(d, p;)TLi*(0.478 MeV) 4.55
SLi+d— p+t+a 2.56
$Li(d,a) 22.38
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FIG. 1. Typical pulse-height spectrum of the charged
particles that result in reactions of deuterons with tar-
gets of SLiF on carbon backings.

McClenahan and Segel® in a more recent publica-
tion present results for the individual groups at
somewhat higher energies. A preliminary report
of the current Argonne measurements for the out-
going neutron channels has been presented pre-
viously.!?

The present paper describes the results of mea-
surements of both total and differential cross sec-
tions of the protons in the %Li(d,p)"Li reaction
and the a particles in the ®Li(d, @) reaction at
energies between ~0.1 and ~1.0 MeV, and neutrons
in the ®Li(d,#)"Be reaction from ~0.2 to ~0.9
MeV. The experiment in which the charged par-
ticles are detected is described in some detail in
Sec. II. (A short description has previously been
presented in Ref. 12.) A brief summary of the ex-
perimental procedure relevant to the neutron data
is also given in Sec. II. Both the neutron and
charged-particle results are discussed in Sec. III,
and tables of measured cross sections are given
in an Appendix. Measurements of the continuum
protons and neutrons that arise in the "Li and "Be
breakup reactions, respectively, are completed,
and will be discussed in a separate publication.'®
Tables giving thermonuclear reaction-rate and
reactivity parameters, useful to the evaluation
of ®Li as a fusion fuel, calculated from the mea-
sured reaction cross sections shown here have
been published.'*

II. EXPERIMENT

The emphasis in these measurements was on the
determination of absolute reaction cross sections
in the low-energy region to accuracies of ~10%.
To this end considerable care was exercised to
measure Li target thicknesses and total integrated
charge accurately and reproducibly.

The experiment was performed at the Argonne
4-MV Dynamitron accelerator. The 2H] molecu-
lar ion beam rather than the ?Hj ion was utilized
since this made it possible to attain low deuteron
energy on target (& of the terminal voltage) at the
higher terminal voltages at which more stable
Dynamitron operating conditions prevailed. The
ion beam, defined by two apertures placed about
25 cm apart, entered into a 76-cm diam scattering
chamber. The targets, placed at the center of the
chamber, were thin films (75-100 ug/cm?) of LiF
enriched to 99.3% in ®Li evaporated onto thin (10—
15 pg/cm?) carbon foils. The use of LiF rather
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FIG. 2. Differential cross section at 90° (lab) for the
Li(d,p) reactions as a function of average lab deuteron
energy, E; The previous results shown here refer to
Refs. 3 and 6 in text.
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FIG. 3. Differential cross section at 90° (lab) for the
sLi(d, a) reaction as a function of average deuteron en-
ergy, E;. The previous results shown here refer to
Refs. 3, 6, 7, and 11 in text.

than metallic lithium (which was possible because
the nuclear-reaction yields from deuterons on
fluorine are small at energies below 1 MeV) al-
lowed the fabrication of very uniform and stable
films of known composition. A beam current pass-
ing through the thin targets was collected in a Fara-
day cup, insulated from and attached to the back of
the chamber, and the total charge was measured
with a current integrator. The operation of this
instrument was checked by use of batteries and
precision resistors, and was always found to be
accurate to better than 0.5%. No measurable ef-
fect on reaction product yield per unit integrated
charge, due to secondary electron loss from the
Faraday cup, was observed.

Charged particles in the reaction were detected
by Si surface- barrier detectors thick enough to
completely stop the reaction products. Two de-
tectors were mounted on movable arms within the
chamber, while a third, set at a fixed angle, served
as a monitor in the angular distribution measure-
ments. The solid angles of the two movable de-
tectors, defined by rectangular or circular colli-
mators placed in front of the detectors, varied
from about 3 X 10" to 3 X10~® sr. The detectors
were attached to low-noise preamplifiers. The
pulses from the detector-preamp system were
passed through spectroscopy amplifiers into 1024-
channel analog-to-digital converters (ADC’s) inter-
faced to an ASI-2100 computer, and the data were
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TABLE II. Sources of uncertainties in total reaction cross-section measurements.

Estimated uncertainty (%)

Source (d, py) d,py) d,a)

Counting statistics, peak area

determination, etc. 3-5.5 4-11 4-5.5
Charge collection, target

stability 3 3
Average deuteron energy 0.3-3 0.3-3 0.3-3

Total relative error 4.5-7 5-12 5—-17
Target thickness, solid angle 7 7

Total absolute error 8-10 8,5-14 8.5—10

stored on magnetic tape. A typical pulse-height
spectrum of the charged particles that result in
reactions of deuterons with targets of °LiF on car-
bon backings is shown in Fig. 1.

The thickness of the targets was determined by
two different techniques. In the first method, Ru-
therford scattering of alpha particles was used.
The yield per unit integrated charge of 1-MeV «
particles scattered from F (in the °LiF films) was
measured at a number of angles between 25° and
60°. After verifying that the scattering was pure
Rutherford at these laboratory angles, and cor-
recting the yields for effective charge collection
(see below), the thickness of the °LiF targets could
be easily found. In the second method, the differ-
ence in energy for deuterons scattered at back
angles (145°-157.5°) from two thin layers of Au
sandwiched around the ®LiF deposit was deter-
mined. This energy difference is directly related
tothe energy loss of the deuterons inthe LiF layer,
and from tabulated atomic stopping powers'® the
target thickness could be obtained. Although the
method based on Rutherford scattering is inherent-
ly more precise (since tabulated stopping powers

necessary for the second technique may only be
accurate to ~10% in many cases), target thickness
determined in both ways agreed to +5% which is
within the absolute uncertainties of either method
alone.

Relative angular distributions for the ground- and
first-excited state protons in the ®Li(d,p) reaction
and the energetic a particles in the ®Li(d, @) pro-
cess were obtained at angles from 15° to 165° for
deuteron energies between 0.1 and 1.0 MeV from
the yields measured in the two movable Si detectors
relative to those in the fixed monitor detector.
These yields, corrected for background and small
electronic dead time effects, were divided by the
values at 90°, and absolute differential cross sec-
tions were obtained by normalizing to separately
measured 90°-excitation functions for each particle
group. These latter 90° yields were measured
relative to total integrated charge so that correc-
tions had to be made for effective charge collec-
tion, since the amount of collected charge changes
with the energy of the projectile. This arises be-
cause the charge state of the low-energy deuteron
beam may be altered upon passage through the thin

TABLE III. The coefficients (in the c.m. system) in the expansion of the differential cross
sections in a series of Legendre polynomials for the 8Li(d,®)o reaction. The errors shown
are based only on statistics and uncertainties in the fitting procedures.

E, B, B, B, Bg
(MeV) (mb/sr)
0.118 0.063+0.001 -0.005+0.002
0.145 0.161+0.001 —~0.004+0.002
0.182 0.336+0.001 0.0 +0.002
0.266 1.11 £0.01 0.03 +£0.01 -~0.02+0.02
0.369 1.79 +£0.01 0.08 +0.01 -0.07+0.02
0.570 2.49 1+0.01 0.25 +£0.02 -~0.04+0.02
0.673 2.51 +0.02 0.39 £0.04 0.03+0.05 0.15+0.07
0.773 2.38 £0.02 0.42 +0.03 0.03+0.03 0.01+0.05
0.875 2.21 +£0.02 0.62 +0.04 0.14+0.06 0.06+0.08
0.975 2.08 £0.02 0.68 +0.04 0.17+0.06 -~0.10+0.07
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FIG. 5. Total reaction cross sections in the $Lid, o)
reaction as a function of average deuteron energy, E,.
The previous results shown here refer to Refs. 3, 5, 6,
7, 9, and 11 in the text. For Refs. 6, 7, and 11, ¢
=470, m, (90°). The relative precision of the present re-
sults is indicated by the error bars. The dashed curve
represents twice the measured reaction cross sections
obtained in the present experiment. (See text.)

SLiF-plus-C films and because a portion of the
beam could be scattered out of the solid angle of
the Faraday cup by small-angle multiple scatter-
ing in the targets. The magnitude of these effects
was determined at each energy by accurately mea-
suring the ratio of the times necessary to integrate
a steady beam current to a predetermined charge
value with and without the target in place. The
total integrated charge obtained in the 90°-excita-
tion function measurements were then multiplied
by these ratios at each incident deuteron energy to
get the corrected values.

The 90°-excitation functions for the ®Li(d, p,),
®Li(d,p,), and °Li(d, @) reactions are shown in
Figs. 2 and 3, compared with previous measure-
ments. (The large discrepancies, observed in
Fig. 3, between the present results and some of
the previous measurements are discussed in Sec.
III in connection with Fig. 5.) The energy scales
on these (and all subsequent relevant figures) re-
present average deuteron energies E 4> which dif-
fer from the incident energy because of energy

loss in the ®LiF targets. The average deuteron
energy, defined as that energy at which the mea-
sured cross section is equal to the “true” cross
section, was determined in the following manner:
The true cross section at the energy }—Ed, o(Ed),
was set equal to the measured cross section, viz,

tdE , . tdE
‘/O-a-o(b)dx/j; de,

where ¢ is the target thickness and dE/dx is the
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FIG. 6. \ngular distributions of the protons in the
6Li(d, p) reactions at the average deuteron energies in-
dicated. The smooth curve at each energy represent the
results of the Legendre polynomial fit. At 0.975 MeV in
the sLi(d,pl) process, the solid curve is a 7 polynomial
fit while the dashed curve represents a fit to 11 poly-
nomials.
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Fig. 7. Angular distributions of the neutrons in the ®Li(d, #) reactions at the average deuteron energies indicated.
The smooth curves at each energy represent the results of the Legendre polynomial fit.

atomic stopping power of ®*LiF. In this expression cident energies E, between 0.1 and 1.0 MeV were
the energy dependence of the stopping power was determined by evaluating the above expression nu-
assumed to be linear over the target thickness, merically.’®* The results indicate that except at
while that of the d +°Li reaction cross-section o(£) incident energies below ~250 keV, £,~E,~ 3A,
was represented by the approximate low-energy where A is the target thickness in energy units
extrapolation, P (E)/E, where P,(E) is the s-wave determined from tabulated atomic stopping powers
penetrability at relative energy £ (in the c.m. sys- atthe incidentenergy E,. For E,;<250keV, E,isfrom
tem) of the deuteron and ®Li in the incident channel. 2 to 6 keV larger than would be predicted by the
For a given target thickness (75-100 pg/cm?) val- expression E,=E - 2A.

ues of E, appropriate to the d +°Li reactions at in- The beam line and target chamber system were
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pumped by liquid-nitrogen trapped oil diffusion
and turbomolecular pumps and by a liquid-nitrogen
cooled sorption trap to typical chamber pressures
of less than 10 Torr. In addition, the beam (gen-
erally 10-100 nA) entering the chamber passed
through an inline liquid-nitrogen cold finger. For
the most part, therefore, carbon contaminant
buildup on the SLiF targets, which was monitored
by measuring the yield of protons in the 2C(d, p)
13C reaction at a given incident energy at frequent
intervals, was kept to a minimum. Even so, some
carbon did build up on the face of the targets, and
this necessitated target replacement from time to
time, particularly for low incident energies at
which cross sections vary rapidly with energy
Corrections to the average energy due to carbon
buildup was estimated to be about 1-2 keV during
the time required to perform a complete angular
distribution, and although this correction was not
actually made, estimatesof the errorsinthe cross-
section measurements did take these effects into
account.

The total reaction cross section at each energy
was obtained from the expansion of the measured
differential cross sections in a series of Legendre
polynomials. Absolute uncertainties in these val-
ues are estimated to be between 8 and 13% through-
out. Table II lists the sources of the estimated
uncertainties in the total cross-section measure-
ments. The first line represents the errors as-
sociated with the yield determination in the angular
distribution and 90°-excitation function measure-
ments In addition, it also includes uncertainties
in the results of the Legendre polynomial fitting.
The errors associated with charge collection in-
clude uncertainties in the measurement of the cor-
rection factors for effective charge determination
and long-term target stability, while the values
shown under average deuteron energy include er-
rors in target thickness, machine energy, and
carbon buildup. The target thickness uncertainties
include errors in the Rutherford scattering cross
section that arise from uncertainties in the angles'’
at which the measurements were performed, as
well as counting statistics and errors in the ma-
chine energy.

As mentioned, the description of the experiment
relevant to the determination of cross sections in
the °Li(d,n)"Be reactions has been reported'? in
some detail. For completeness, however, a brief
summary is included here. Neutron yields were
obtained at four angles simultaneously by time-of-
flight techniques using the pulsed and bunched Dy-
namitron beam. The detectors were cylindrical
stilbene scintillators, 2.54 cm long by 5.08 cm in
diameter, directly coupled to RCA-8575 photo-
multipliers. With flight paths of ~3.5 m the neu-

TABLE IV. The coefficients (in the c.m. system) in the expansion of the differential cross sections in a series of Legendre polynomials for the Li(d,p)'Li reac-

The errors shown are based only on statistics and uncertainties in the fitting procedure.

tions.
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B By By By

Bg

(mb/sr) By B

B,

0 By

(MeV)

Reaction

—0.008 £0.003
~0.008+0.007
—0.011+0.007

0.005+0.002
0.017 +£0.006
0.042 +0.006
0.14 +0.02
0.39 %0.02
0.64 +0.03
0.61 +0.05
0.85 +0.05
0.89 +0.08
0.74 +0.08
0.002 +0.001
0.006 £0.003
0.015+0.002
0.069 £0.005
0.20 +0.01
0.56 +0.02
0.82 +0.03
0.91 +0.04
0.98 +0.05

0.075+0.002
0.190 +£0.004
0.424 £0.004
1.417 £0.009
2.59 +0.01
4.25 +0.02
4.62 +0.03
4.67 +0.04
4.51 +0.05
4.80 +0.05
0.015+0.001
0.042 +£0.002
0.094 £0.001
0.342 £0.003
0.70 +0.01
1.55 +0.01
1.95 +0.02
2.10 +0.03
2.09 +0.03
2.69 +0.02

0.118
0.145
0.182
0.266
0.369

(d, po)

0.004 £0.02
-0.02 £0.03

—0.01 %0.03

~0.12 +0.04
-0.19 +0.05
-0.24 +0.08
-0.28 +0.09
-0.23 *0.13
-0.35 +£0.14

—-0.01 +0.03
—0.04 +0.04

0.570
0.673

—0.22+0.10
—0.06+0.10
—-0.15+£0.15
—-0.21+£0.17

0.21 +0.08
0.18 +0.9
0.21 +0.12
0.39 +0.12

0.32 +0.06
0.46 +0.06
0.73 +0.09
0.96 +0.10
—0.001 £0.001
—0.005+0.004
—0.013 £0.002
—0.041+0.006
-0.07 +0.01
—-0.11 +0.02
—0.07 +0.14
-0.05 +0.04
0.08 +0.06
0.17 +0.05

0.773

—0.07+0.16
-0.33+£0.18

0.875
0.975

0.118

d,py)

0.145
0.182
0.266
0.369
0.570

—0.001 £0.003
—0.007 £0.009
-0.05 +0.01
-0.21 +0.03
-0.36 +0.05
-0.35 +0.05
-0.21 0.10
—0.65 +0.07

~0.003 £0.002

+0.008
-0.03 £0.01
-0.03 +0.03

0.0

—0.06+£0.04

-0.12+0.03
—0.18+0.07
-0.13+0.07
~0.43+0.11
—0.49 +0.08

0.0 +£0.07
—0.04 £0.06
—0.24+0.12
—0.06+£0.08

+0.05

0.0
—0.02 +0.05

0.673
0.773

0.13 +0.09
0.38 +0.06

0.875
0.975

|5

—0.44+0.11 0.12+0.11 0.66+0.11

0.27 £0.10

1.10 +0.04




16

ABSOLUTE CROSS SECTIONS FOR DEUTERON-INDUCED...

TABLE V. The coefficients (in the c.m. system) in the expansion of the differential cross sections in a series of
Legendre polynomials for the Li(d,n)"Be reactions. The errors shown are bhased only on statistics and uncertainties
in the fitting procedure.

Reaction Eq By By B, By B, Bs
(d,ng) 0.204 0.63 +0.01  0.05 +0.02 0.01 +0.02
0.238 0.98 +0.02  0.09 +0.02 0.03 +0.03
0.328 2.02 +0.04  0.27 +0.05 0.05 +0.07 —0.13 +0.07 0.13 +0.14 —~0.06 +0.11
0.375 2.53 +0.02  0.32 +0.02 0.14 +0.03 —0.05 0.03 0.27 +0.06 0.15 +0.05
0.482 3.43 +0.07  0.58 +0.11 0.13 +0.14 -0.03 +0.15 ~0.29 +0.27 0.19 +0.23
0.578 3.744+0.001 0.571+0.001 —0.013+0.002  0.117+0.002  -0.209+£0.004  —0.153£0.003
0.779 4.15 +0.02  0.79 +0.03 0.70 +0.04 0.0 +0.04 —0.45 £0.07 ~0.23 £0.06
0.873 4.66 +0.13  0.68 +0.20 1.09 +0.27 0.43 £0.27 —~0.28 +0.48 ~0.24 £0.45
(d,nq) 0.204 0.177+0.005 0.05 £0.01  —0.01 +0.01 —0.03 +0.01
0.238 0.26 +0.01  0.08 +0.01 0.01 +0.02 0.01 +0.02
0.328 0.65 +0.01  0.24 +0.01  —0.06 +0.01 —0.06 +0.01 0.04 +0.02 ~0.05 £0.02
0.375 0.84 +0.02  0.34 +£0.03  -0.10 +0.04 —0.01 +0.04 ~0.18 +0.08 0.08 +0.07
0.482 1.22 +0.03  0.57 £0.05 -0.04 +0.06 —0.11 +0.06 -0.32 +0.12 0.12 +0.10
0.578 1.62 +0.04  0.82 +0.06 —0.11 +0.08 —0.10 +0.08 -0.20 +0.15 —0.15 £0.13
0.779 2.12 +0.04  1.20 +0.06  —-0.04 +0.08 —0.24 +0.03 ~0.56 +0.14 ~0.14 £0.12
0.873 2.49 +0.21  1.41 £0.31 0.21 +0.41 -0.42 +0.38 ~0.86 +0.72 0.02 +0.67

tron groups corresponding to the ground- and first-
excited states in "Be could be resolved Absolute
differential cross sections were obtained from the
measured yields, after correction for background
effects, by use of absolute detector efficiencies
determined in a separate measurement of the neu-
tron yields in the "Li( p, n)"Be and ?H(d, n)*He re-
actions. (See Ref. 12 for further details. In par-
ticular, the cross sections used to determine ab-
solute detector efficiencies are from Refs. 6 and 7
cited in Ref. 12.) Results were obtained at seven
angles for deuteron energies between 0.204 and
0.880 MeV. Absolute total reaction cross sections
extracted from the measured angular distributions
have estimated uncertainties of 13-16%.

III. RESULTS AND DISCUSSION

The angular distributions of the ¢« particles in
the ®Li(d, a)a reaction are shown in Fig 4. The
smooth curves are the results of the Legendre
polynomial fits. Since the angular distribution
must be symmetric about 90° in the center of mass,
the fit includes only even-order polynomials, the
values of which are given in Table III. When odd-
order polynomials were included in the fitting pro-
cedure in order to check the experimental fore-aft
symmetry the agreement with the data was not
appreciably improved; indeed, the values of the
odd-order coefficients were always smaller than
the B, values and most were zero within their un-
certainties. Thus, the measured angular distri-
butions are symmetric about 90° in the center of
mass within the statistical accuracy of the data.

In a reaction that produces two identical final
particles [such as the ®Li(d,®)a reaction], the
measured yield is twice that of a process in which
two distinguishable particles are produced in the
final state. Hence, it is usual to evaluate the re-
action cross section by taking one half of the mea-
sured particle yields, and it is these values which
are quoted in this report. Unfortunately, it is not
always clear in the literature whether the total or
one-half the total yields were used in the determin-
ation of these cross sections. Figure 5 shows the
reaction cross sections obtained in the present ex-
periment (0=47B,) compared to previous low-ener-
gy measurements. The disagreement of about a
factor of 2 with the results of Refs. 3 and 7 at en-
ergies above 0.5 MeV seem to reflect in part the
confusion in the definition of the cross section be-
ing reported in these papers. At the lower ener-
gies, however, even when this is taken into ac-
count, discrepancies still exist (see the dashed
curve in Fig. 5 and also Fig. 3). It should be noted
that the reaction cross sections of Refs. 6, 7, and
11 are determined from measurements at a single
angle only, so that integrated cross-section values
are based on the assumption of isotropy of the an-
gular distributions. At deuteron energies <0.350
MeV this is apparently a rather good assumption
(see Table III), and even at higher energies the
agreement between the present results and those
of Ref. 7 is still good when the data of Ref. 7 are
divided by 2.

The ®Li(d, @)a reaction at laboratory deuteron
energies between 0.5 and 4.0 MeV has been inter-
preted by Freeman and Mani'® in terms of three
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FIG. 8. Total reaction cross sections in the *Li(d,p)
reactions as a function of average deuteron energy, E,.
The previous results shown here refer to Refs. 3 and 5
in the text. The relative precision of the present re-
sults is indicated by the error bars.

rather broad energy levels in the compound nucleus
®Be at excitation energies of 22.542 (2%, 24.02 (0",
and 25.23 (2*) MeV. Other interpretations of the
observed structure in this reaction, as well as in
the "Li(p, @)@ and *“He(a, a)*He processes, have
also been given.'®* Further discussion based on the
results of the present measurements will be pre-
sented in a later publication.?

The angular distributions for the ground-state
and first-excited- state protons in the ®Li(d,p)"Li
reaction and for the corresponding neutrons in the
Li(d,n)"Be reaction are shown in Figs 6 and 7.
The solid curves represent Legendre polynomial
fits; the coefficients B, are presented in Tables
IV and V. For the (d,n) reactions, in which mea-
surements were performed at only 7 angles at each
deuteron energy, expansion into 6 polynomials was
required (except at the lowest energies) to obtain
fits with normalized values of X between ~0.5 and
~4, although the fit at 0.873 MeV with 6 polyno-
mials is somewhat poorer. In the case of the (d,p)
reactions, good fits ()® values of 0.7-2) were found
when the differential cross sections were expanded
into a maximum of 7 polynomials, except at 0.975
MeV for the first-excited state reaction at which
11 polynomials were required. The errors used
in obtaining the values of X* mentioned here were
statistical only.

As observed in Figs. 6 and 7 the data seem to
reflect effects of both compound-nucleus and di-
rect-reaction mechanisms. Traditionally, re-
actions of deuterons with light nuclei have been
interpreted®! in terms of an incoherent sum of a
direct component and a compound contribution es-
timated on the basis of statistical theories. In the
present case, however, a statistical approach is
probably unwarranted since the level densities of
the nuclei involved are low at the relevant excita-
tion energies A theoretical approach?? based on a
coherent superposition of a direct component de-
termined by a distorted wave Born approximation
technique and a compound-nucleus contribution
given by an R-matrix description that involves only

Y T v T T T ! ! T I ' T
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FIG. 9. Total reaction cross sections in the Li(d,n)
reactions as a function of average deuteron energy, E,.
Previous results shown here refer to Refs. 5 and 11.
The relative precision of the present results is indicated
by the error bars. The open squares represent the re-
sults of a supplementary activation experiment. (See
text.)
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FIG. 10. Comparison of the *Li(d,p) and ®Li(d,n) total
reaction cross sections.

a few nuclear levels in ®Be is being pursued, and
the results will be presented in a future report.?
Total reaction cross sections obtained from the
coefficient B in the Legendre polynomial expansion
of the differential cross section for the °Li(d, p)
"Li and °Li(d,n)"Be reactions are shown in Figs.
8 and 9 compared with previous low-energy mea-
surement<. Also shown in Fig. 9 are the results
of an activation experiment in which the total °Li
(d,n)"Be reaction cross section was determined by
counting the ¥ rays from the 0.478-MeV "Li state
formed in the "Be B decay. The good agreement
with the results of the time-of-flight experiment
serves as a check on the accuracy of the measured

7—r
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FIG. 11. Ground-to-excited state cross-section ratios
for the ®Li(d,p) and ®Li(d,n) reactions as a function of
average deuteron energy, E,.
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absolute detector efficiencies in the time-of-flight
study, and provides additional confirmation of the
values of the (d,n) reaction cross sections pre-
sented here. In Fig. 10, the reaction cross sec-
tions of the (d,p) and (d,n) processes are directly
compared.

Since it is expected that the ground- and first-
excited states of the mirror nuclei "Li and "Be are
pure isobaric-spin doublets, the principle of charge
symmetry in nuclear reactions would predict that
the ®Li(d, p) and ®Li(d,n) reactions to correspond-
ing states have equal intrinsic probability.?® Al-
though the near equality observed in Fig. 10 is
consistent with this principle, it does not consti-
tute a test because of differences in the Coulomb
interactions and in phase space. It has been
pointed out by Birk et al.?* however, that Coulomb
corrections and phase-space effects are almost
entirely canceled out by comparing the branching
ratios to the ground and first-excited state in the
mirror pair. Such quantities are shown in Fig. 11.
Although there is a tendency for systematically
lower ratios in the (d, n) reaction, charge symmetry
is apparently confirmed within the accuracies in-
dicated. This is in agreement with the results of
Birk et al.?* and Cranberg et al.?® in measurements
between 0.4 and 3.2 MeV, although the magnitudes
of the ratios reported in those references are

TABLE VII. Differential cross sections (in the labora-
tory system) for the “Li(d, n) reactions.

®Li(d, no)'Be
Ed U(elab) (mb/sr)
(MeV) ©° 30° 60° 75° 111.6° 126.5° 148.5°

0.204 0.72 0.76 0.68 0.63 0.61 0.54 0.56
0.238 1.19 1.18 1.13 0.97 0.92 0.86 0.85
0.328 2.54 2.51% 2.23 2.20 1.74 1.65 1.66"
0.375 3.17 3.13 2.94 2.59 2.25 2.29 2.15
0.482 4.55 4.47% 3.94 3.68 2.93 3.02 2.71°
0.578 4.68 4.87 4.25 3.87 3.42 3.16 2.77
0.779 5.84 6.10 4.76 3.93 3.55 3.46 3.30
0.873 7.47 7.11 4.76 4.34 4.02 4.17 3.86°

$Li(d,ny)"Be(0.430 MeV)
Ey a(6,,) (mb/sr)
(MeV) 0° 30° 60° 75° 111.6° 126.5° 148.5°

0.204 0.20 0.23 0.21 0.22 0.14 0.13 0.13
0.238 0.38 0.37 0.33 0.25 0.24 0.19 0.17
0.328 0.86 0.91* 0.81 0.76 0.51 0.41 0.37°
0.375 1.10 1.16 1.17 0.94 0.70 0.64 0.44
0.482 1.66 1.88% 1.68 1.41 0.89 0.92 0.67°
0.578 2.17 2.65 2.16 1.88 1.21 1.02 0.72
0.779 2.79 3.62 3.11 2.27 1.54 1.28 0.91
0.873 3.35 4.59 3.39 2.88 1.54 1.78 1.21°¢

2 01ap=31°.
6,0 =147.5°
© 9)ap=149.3°.
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TABLE VIII. Differential cross sections (in the laboratory system) for the ’Li(d, o)a re-

action.
By 0(6),,) (mb/sr)

(MeV) 15° 25° 35° 45° 55° 65° 75° 82.5°

0.975 3.31 3.13 2.67 2.39 2.01 2.01 1.96 1.74

0.875 3.52 3.14 2.77 2.56 2.32 2.18 2.09 1.86

0.773 3.31 3.06 2.98 2.86 2.62 2.38 2.32 2.16

0.673 3.41 3.30 2.96 2.85 2.65 2.55 2.46 2.26

0.570 3.08 3.07 2.95 2.80 2.74 2.55 2.45 2.36

0.369 2.06 2.07 2.08 2.05 1.91 1.90 1.83 1.76

0.366 2.04 2.03 2.01 1.95 1.82 1.86 1.80

0.266 1.29 1.22 1.27 1.20 1.21 1.18 1.13 1.11

0.263 1.28 1.28 1.20 1.24 1.16 1.16 1.13

0.182 0.38 0.36 0.36 0.35 0.34

0.179 0.36 0.34 0.33 0.33

0.145 0.17 0.17 0.17 0.17

0.118 0.065 0.065 0.068

E, g(6,,,) (mb/sr)

MeV) 90° 97.5° 105° 115° 125° 135° 145° 155° 165°
0.975 1.86 1.83 1.75 1.84 1.80 2.10 2.06 2.222 2.22
0.875 2.03 2.00 1.83 1.99 2.01 2.05 2.17 2.282 2.31
0.773 2.16 2.11 2.12 2.11 2.15 2.22 2.20 2.24 2.33
0.673 2.28 2.38 2.39 2.29 2.33 2.32 2.30 2.302 2.51
0.570 2.36 2.28 2.32 2.31 2.32 2.27 2.33 2.28 2.32
0.369 1.72 1.71 1.71 1.64 1.65 1.69 1.66 1.60 1.59
0.366 1.70 1.65 1.63 1.56 1.55 1.58 1.56 1.56
0.266 1.08 1.07 1.06 1.07 1.03 1.03 1.05 0.97 1.04
0.263 1.05 1.10 1.06 1.03 1.02 1.04 1.01 0.98
0.182 0.34 0.32 0.32° 0.32 0.30 0.30
0.179 0.32 0.30 0.29 0.29 0.28
0.145 0.16 0.16 0.15 0.16 0.14
0.118 0.065 0.057 0.058 0.049
a-157°. b-122°,

somewhat higher than the present results in the
region of overlap.

We wish to thank R. Amrein and the operating
staff of the Dynamitron accelerator for their co-
operation in performing the measurements re-
ported here.

APPENDIX

The experimental laboratory differential cross
sections at the average lab energies E, for the

8Li(d,p), °Li(d,n), and °Li(d, @) reactions are
given in Tables VI, VII, and VIII following. Dif-
ferential cross sections in the center-of-mass
system can be obtained from the coefficients B
given in Tables III, IV, and V by use of the expan-
sion

oc.m.(ec.m.) = 2 BLPL(COSB c.m.) ’

where FP,(cosb) are the Legendre polynomials as
given, for example, by Jahnke and Emde.?¢
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