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The "Li(d, p)®Li, ®LiCHe, n)®B, ®Li(d, a)!He, ®Li(d, p)'1i, and ®Li(d, n)"Be reactions
have been studied, chiefly at bombarding energies below 3.8 MeV. All five of these reac-
tions have potential applications in controlled thermonuclear systems. Total cross sections,
believed to be accurate to 15%, which is sufficient for reactor design, have been deter-
mined in all cases. Residual activity was counted in the "Li(d, p) and *Li(*He, ») studies
while the yield of the "Be 428-keV y ray was measured in the $Li(d, n) investigation.
Extensive angular distribution measurements were made for the ®Li(d, o) and ®Li( d, p)
reactions and some discussion is given of the reaction mechanisms. Wherever possible,
detailed comparisons are given to previously reported results.

NUCLEAR REACTIONS 'Li(d, p), E =thresh. —3.8 MeV; measured o(E);

®1Li(*He, n), E =thresh. —7.5 MeV measured ¢(E); ®Li(d, ), E=0.5-3.4

MeV, measured o(E, 0); ®Li(d, p), E =0.5—3.4 MeV measured o (E, 6);
bLi(d, n), E=0.5-3.4 MeV, measured 0.428 MeV y, deduced o(E).

I. INTRODUCTION

A. Motivation

The expanding interest in the development of
controlled thermonuclear reactors has led to the
need to know the total cross sections of a variety
of reactions involving light nuclei. While the ma-
jor efforts in controlled thermonuclear research
continue to be concentrated on reactors fueled by
the 2H(d, n)°He or 2H(¢, n)*He reactions, whose
cross sections are quite well known, the many dif-
ficulties being encountered in the attempt to design
such reactors renders it prudent to examine other
approaches. In particular, it is possible that other
exoergic reactions among light nuclei can be uti-
lized.

McNally' has suggested that °Li may be burned.
Several energy producing chain reactions are pos-
sible, for example:

SLi+a—-°Li*+a @ =-2.184 MeV
©=0.712 MeV

Q =22.375 MeV
@ =20.903 MeV .

SLi*—a+d
d+%Li-a+a
Net 2°6Li-3a

It is obvious that the relevant nuclear reaction
cross sections must be known before the utility of
a chain like the one above can be assessed; a
knowledge of the cross sections to an accuracy of
25% appears to be sufficient for reactor design
purposes.? However, in attempting to assess the
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viability of various schemes it has become appar-
ent that much of the necessary nuclear data is ab-
sent.! ™3

Responding to these needs, the present work re-
ports total cross-section measurements for sev-
eral of the reactions of interest. Although some
cross-section measurements have been previously
reported for most of these reactions, the data are
often fragmentary and, worse, frequently exhibit
discrepancies between the measurements of differ-
ent groups. In the present work stress has been
placed on reliability, and it is felt that the errors
in the quoted cross sections are less than the 25%
that reactor-design considerations will permit.

In order to encourage the obtaining of the data
most needed in controlled thermonuclear research
(CTR) priority criteria have been proposed.* The
highest priority (I) “shall be assigned to those nu-
clear data upon which some important aspect of
CTR is immediately contingent.” Table I lists the
reactions that were studied in the present work and
give the priority that they have been assigned.
Three of the five are priority I.

B. Experimental procedures

Beams of deuterons and *He particles were ac-
celerated by various accelerators at Argonne
National Laboratory. Metallic lithium and LiF
targets were used. Where residual activity was
measured, the targets were LiF evaporated onto
thick copper backings. When prompt spectra were
taken, the targets were evaporated onto =30-ug/
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11 CROSS SECTIONS FOR THE "Li(d,p)®Li... 371

cm?® carbon backings. The Li metal targets were
transferred into the chamber in vacuuo. The tar-
gets used for the °Li reactions were enriched to
99.3% SLi.

Two different methods were used to measure the
target thicknesses. The energy loss in the LiF
targets was determined by measuring the °F(p,ay)
yield as a function of bombarding energy over an
energy region where this reaction is known to be
dominated by a single, narrow resonance. The
resonance that was used most often is that at 872
keV. Rutherford scattering was used to measure
the thickness of °Li metal targets. The yield of 2-
MeV « particles scattered from the ®Li was mea~-
sured at several angles in order to verify that
Rutherford scattering was dominant. The « parti-
cles scattered from the lithium could be resolved
from those scattered from the carbon backing at
angles equal to or larger than 40°. As a check on
the agreement between these two methods, two
SLiF targets were measured in both ways. The
resonance technique gave the thicknesses 85 and
91 pg/cm?, and alpha scattering gave 79 and 86
rg/cm?, respectively. The results obtained with
these two techniques differed by about 6%, which
is well within the estimated uncertainty of the tar-
get thickness measurements. The thickness of all
the LiF targets was taken to be that determined by
the resonance technique, and the thickness of the
Li metal targets was taken to be that determined
by Rutherford scattering. In order to check the
target thickness measurements further, 3-MeV
protons were scattered from a weighed gold foil.
The thickness as determined by Rutherford scat-
tering agreed to within 0.5% with that determined
by weighing. Unless otherwise stated, all of the
targets used in the present work were in the 50—
100-pg/cm? range.

Stability of the targets was checked by repeating
points at the end of the target’s use that were run
at the beginning of the target’s use. In some cases,
thickness measurements were also made both be-
fore and after a target’s use. In all cases the tar-
get was found to be stable to within the statistical
uncertainty of the measurements, which varied

from 1 to 5%.

If carbon builds up on the face of a target, then
the bombarding particles will lose some energy
before they reach the target, and the apparent en-
ergy of a resonance will shift. Therefore, mea-
suring the target’s thickness utilizing *F +p reso-
nances after the target was used also gave a mea-
sure of the carbon buildup. Some carbon did build
up, and therefore where the cross section was
changing rapidly with energy the targets were
changed frequently.

Two target chambers were used during the
course of this work. When residual activity was
measured, a chamber about 20 cm in diameter
made of stainless steel was used. There was a
0.025-cm thick 3.8-cm diam steel window on the
side of the chamber through which B8 rays could
emerge and be counted by a scintillation detector.
Also, a rotating can could be placed inside the
chamber (Fig. 1). A sheet of cellulose nitrate
plastic was wrapped inside the can to detect de-
layed a particles from the decay of the daughter
nuclei. The entire chamber was insulated so that
all of the charge entering the chamber could be
integrated. The beam was puised, and the activity
was detected while the beam was off.

When prompt reaction products were detected, a
76-cm diam standard scattering chamber which
was built for use with surface barrier detectors
was used. The chamber body was grounded, and
the Faraday cup was insulated from, and attached
to, the back of the chamber (Fig. 2). Reaction
products were detected by surface barrier detec-
tors that were thick enough to completely stop the
protons from the ®Li(d,p)"Li reaction within their
active volume. Two of the detectors were mounted
on movable arms inside the chamber, and as many
as three others were mounted in fixed positions.
About eight runs were taken at each energy with
the movable arms moved between runs such that
the entire angular range was covered. The number
of reaction products detected in each of the fixed
counters was constant from run to run to within
the statistical uncertainties. On the side of the
chamber there was a 1-cm thick Lucite window

TABLE 1. The reactions studied and reported in the present work.

Energy range

Reaction Priority @ or threshold 2 studied
"Li(d,p)®Li 4 Ey, =248 keV 280 keV—3.8 MeV
fLi(*He,n)’B 3 E;, =2.966 MeV 2.98 MeV-7.5 MeV
8Li(d, a)'He 1 Q =22.4 MeV 500 keV—3.4 MeV
SLi(d,p)"Li 1 Q =5.0 MeV 500 keV—-3.4 MeV
8Li(d,n;) Be* 1 @ =2.9 MeV 500 keV—3 MeV

2 Reference 5.



3172

0.010" THICK
STEEL
WINDOW |

CHARLES R. McCLENAHAN AND RALPH E. SEGEL

LN,
RESERVOIR

ol

:V

L

\

N

TARGET
BACKING ~H—]|

H

ASTRISIC XS

ROTATING_|
o a &\ =
P k R
. EI :::::%Z::::T
GELLULOSE
NITRATE 2
PLASTIC /
VAGUUM GRYOGENIC
FEED-THROUGH RING
TO PUMP
TOP FRONT
¢} 5 10 15
L 1 L |
(a) SCALE (cm) (b)
SGINTILLATION
DETEGTOR
o 1o 2 3 40 50 (c)
SCALE (cm)
BELLOWS GOLLIMATOR

Nal (TI)

BEAM SHUTTER

DETECTOR

FIG. 1. The chamber that was used with both the cellulose nitrate plastic track detectors and the scintillation

detectors to measure cross sections for the "Li(d, p)®Li
daughter nuclei. (a) Top view, (b) front view, (c) top

through which y rays were detected.

A Brookhaven Instrument Corporation model
1000 current integrator was used to measure the
integrated charge; it is guaranteed to be stable to
0.01% over several years and always accurate to
within 0.1%.

To check for secondary electron emission from
the target, a repelling voltage was applied to an
insulated collimator which was in front of the 20-
cm diam chamber. To within a 5% statistical ac-
curacy the reaction product yields per unit inte-
grated charge were found to be independent of re-
pelling potential up to the maximum voltage tried
(—1000 V). Moreover, there was no systematic
relation between the repelling potential and the
measured yields.

The fact that the thickness of a gold target as

and %LiCHe, 7)®B reactions by detecting the activity of the
view of chamber and beam line.

measured by Rutherford scattering agreed with the
determination of the same quantity by weighing in-
dicates that the charge integration in the 76-cm
chamber was accurate. In addition, checks were
made that the targets did not scatter a significant
portion of the beam out of the Faraday cup. Only
at beam energies below 1 MeV was beam scatter-
ing ever detectable and here targets sufficiently
thin that they scattered out but a negligible fraction
of the beam were used. Equality of the target-in
and target-out currents was taken to indicate that
the target was thin enough so that a significant por-
tion of the beam was not scattered out of the Fara-
day cup. The current meter on the integrator could
be read to an accuracy of about 5%.

The current integration and target thickness
measurements were checked in a variety of ways,
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and from these checks it is concluded that the tar-
get thickness uncertainty was no greater than 10%,
and the error in the current integration in both
chambers no more than 5%. These constitute the
major uncertainties in the absolute cross-section
measurements. The uncertainty of the detector
efficiencies is felt to be, in all cases, less than
5%. Therefore, it is concluded that the over-all
uncertainty in the absolute cross sections reported
here is no more than 15%.

IL. "Li(d,p)°Li

This reaction is endoergic, @ =-0.192 MeV.
(Unless otherwise noted, all energy level data are
from Ref. 4.) Lithium-8 decays with a 0.85-sec
half-life to the broad first excited state of ®Be cen-
tered at 2.90 MeV, which, in turn, promptly de-
cays into two « particles. Only the ground state
and the 0.98-MeV first excited state of ®Li are
bound. The lab thresholds for the (d,p) reactions
feeding these two states are 0.248 and 1.50 MeV,
respectively.

Several groups have measured the 8 activity of
8Li in order to determine the cross section for this
reaction.®~® Baggett and Bame® report the cross
section to be about a factor of 2 higher than that
reported by Bashkin,” and Kavanagh® reports the
cross section to be about 25% higher than does
Bashkin. Of course, none of these measurements
could distinguish between the (d,p,) and (d,p,) re-
actions. Chase ef al.® have measured the yield of
first excited-state y rays. Sellschop'® took angular
distributions for the (d,p,) reaction at six energies
between 1.0 and 2.5 MeV.

Ge(Li)
DETECTOR
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In the present work, the residual ®Li activity
was detected. Therefore, at bombarding energies
above 1.5 MeV, the present results include contri-
butions from both the (4,p,) and (d,p,) reactions.

Two different types of detectors were employed.
At deuteron energies above 500 keV, B spectra
were taken by a 5-cm diam by 7.5-cm thick pilot
B plastic scintillator. The beam from the Argonne
Dynamitron was pulsed by electrostatic deflection
plates, and the data were collected between beam
bursts. Spectra were stored in the external mem-
ory of an ASI 2100 computer. The data were stored
in a two-dimensional array of time after bombard-
ment versus 8 energy.

Below 500 keV, deuterons were accelerated by a
2-MeV Van de Graaff accelerator. Tracks ina
sheet of cellulose nitrate plastic (CN) of delayed «
particles from the ®Li decay were counted. This
detector is insensitive to electrons. The CN, lo-
cated inside a can in the chamber, rotated around
the target subtending a nearly 27 solid angle (Fig.
1). The beam was pulsed by an upstream shutter,
which was synchronized to the rotating can. At
bombarding energies below 320 keV, targets which
completely stopped the incident deuterons were
used while above this energy the targets were, as
usual, ~80 ug/cm? thick.

In the cases of both types of detector, decay
curves were fitted to the data. These curves con-
sisted of an exponential decay with the half-life of
8Li plus a background. The chief background in
the scintillator spectra was from the decay of 2°F,
produced by the °F(d, p )'°0 reaction in the target.
Background in the scintillator spectra increased
as the bombarding energy increased, reaching

SURFACE BARRIER
DETEGCTOR/COOLER
ASSEMBLIES

COLLIMATOR
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«— BEAM

FIXED ARMS
(ATTACHED TO
CHAMBER BOTTOM)

FIG. 2. A top view of the 76.2 cm diam scattering chamber that was used to measure the cross sections for the

8Li(d, p)"Li, SLi(d, »)"Be*, and ®Li(d, @)*He reactions.
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FIG. 3. Low-energy reaction cross section versus
energy for the "Li(d, )81 reaction. Cellulose-nitrate
plastic track detectors were used in collecting these
data. The solid curve represents a DWBA calculation
of the yield curve.

about 50% of the initial decay rate when the bom-
barding energy was 3.8 MeV. The assumption of
a constant track density background was found to
be satisfactory for the CN data. Only at the lowest
deuteron energies was the background in the CN

significant. The lowest cross section reported
here is 71 nb at 280 keV. Background, which was
probably due to (r, @) reactions in the CN, pre-
vented lower cross section from being measured.
In situations where fast neutrons are not produced,
the sensitivity of this technique could be increased
by several orders of magnitude.

Figure 3 shows the cross section for the "Li~-
(d,p Li reaction below 500 keV. Because of the
Coulomb barrier, the cross section decreases rap-
idly with decreasing energy. In determining the

cross section at the deuteron beam energy the re-
action cross section was assumed to be propor-
tional to the Coulomb penetrability of the outgoing
proton which decreased as the deuterons lost ener-
gy in traversing the target. The cross section data
shown on Fig. 3 are reported at the incident deu-
teron energy.

Since below 500 keV the energy dependence of
the cross section for this reaction is determined
chiefly by extranuclear terms, a distorted-wave
Born-approximation (DWBA) calculation in which
Coulomb and centrifugal barrier effects are prop-
erly included should do a good job of predicting this
dependence. The data shown in Fig. 3 were com-
pared with total cross sections calculated by the
code DWUCK.' Optical-model parameters were
taken from Refs. 12 and 13, The calculated curve
is the solid line shown in Fig. 3. Different inner
cutoff radii were tried and it was found that varying
the inner cutoff radius from 0 to 7 fm produced
less than a 20% change in the total cross section

o 749 ug/cm?

a 1265 pg/cm?

r-Y

\PRESENT DATA

400 TLi(d,p)8Li
BAGGETT and BAME
3001
o
£ KAVANAGH
200+
b
1004
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0 | 2

s L
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FIG. 4. Total cross section versus energy for the Li(d, p)®Li reaction. Also plotted are data from Refs. 5~7.
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and therefore no inner cutoff radius was used in
calculating the solid line of Fig, 2. As the inner
cutoff radius was increased above 7 fm the calcu-
lated total cross section fell rapidly decreasing to
20% of the no cutoff value when the cutoff reached
13 fm.

There is a narrow resonance at 360 keV,'* which
was not studied here and does not show in the data
presented here. No data points were taken where
deuterons in the target were near to this resonance
energy.

Results above 500 keV are shown in Fig. 4.
Points below 500 keV would be indistinguishable
from zero on the scale of Fig. 4 and are therefore
omitted. At bombarding energies greater than
500 keV the variation of cross section with energy
through the target could be neglected, and the
cross sections are reported at the deuteron energy
at the center of the target.

The solid curves in Fig. 4 represent the data re-
ported in Refs. 6—-8. The present data agree well
with those of Bashkin’ and agree moderately with
those of Kavanagh.® However, the present work
disagrees with the work of Baggett and Bame.®

OR THE "Li(d,p)%Li... 3175

. °Li(*He,n)’B

The threshold energy for this reaction is E,
=2.966 MeV. Boron-8, which decays with a half-
life of about 0.75 sec, is the mirror nucleus of
8Li. The positron decay proceeds mainly to the
2.90-MeV level in ®Be, with a 7% branch to the
16.63-MeV level. Both of these states are @ un-
stable.

Two groups'® !¢ have detected the ®B positron ac-
tivity to measure this cross section. Another
group’” used neutron time-of-flight techniques.
Farmer and Class'® report the cross section at
5.5 MeV, and it is a factor of 3 smaller than that
reported by van der Merwe, McMurray, and Van
Heerden'” at the same energy. The results re-
ported by Marrs, Bodansky and Adelberger!® are
at *He energies above 8 MeV and do not overlap
the work of the other groups.

The °Li(®He, n)®B reaction cross section was
measured at closely spaced intervals of bombard-
ing energies between threshold and 3.8 MeV. Data
were also taken at four *He energies between 5.5
and 7.6 MeV. The experimental technique used was

8Li(®He,n)%B

8 -
o 359 ;:.g/cm2
4 572 pg/cm? §
?
o 126 ;Lq;/cm2 %
6 1 3 8
2% ¢
£ §$§
b 4 + éi@fé
23
21 % §
0 Eﬁ bt ' ' } + + + +
2.9 3.1 3.3 35 3.7 3.9
Espe (MeV)

FIG. 5. Total cross section versus energy for the SLi (3He, n)8B reaction from threshold to 4 MeV.
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essentially the same as was used to measure elec-
trons from the decay of °Li produced by the ™Li-
(d,p)PLi reaction. A 5-cm diam by 2.5-cm thick
stilbene crystal detected the positrons from the

8B decay. The spectra from the ®B positron decay
were similar to that from the 8Li negatron decay,
and they were processed in a similar manner,

Data were taken from threshold to 3.8 MeV using
He particles accelerated by the Dynamitron, and
from 5.5 to 7.8 MeV using the beam from the tan-
dem Van de Graaff. For these latter data a 46-cm
diam scattering chamber was used that was similar
in design to the 76-cm diam chamber described
above. For the runs at the tandem, targets about
300 u.g/cm? thick were evaporated onto aluminum
backings that were just thick enough to stop the ®B
recoils. With these targets the chief backgrounds
were from 2’Si and 2°P produced in the aluminum
backings.

The cross sections near threshold are shown in
Fig. 5, and the entire region, as well as data from
other workers, is shown in Fig. 6. The present
data agree with that reported by Farmer and
Class,'® and it is consistent with the data of Marrs
et al.'® However, the cross section reported by
van der Merwe ef al.'” at 5.6 MeV is a factor of 3
higher than the present work.

IV. °Li(d, o) He

This reaction has a @ of 22.4 MeV. Since the re-
action products are identical particles, the angular

CHARLES R. McCLENAHAN AND RALPH E. SEGEL
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distribution is symmetric about 90° in the center
of mass. The reaction has been extensively stud-
ied,'®"2® and there is considerable disagreement
in the reported absolute cross-section measure-~
ments.?0"%3

Yield and angular-distribution measurements
were carried out in the 76-cm chamber. Angular
distributions were taken at 13 bombarding energies
spaced at approximately 250-keV intervals between
0.4 and 3.5 MeV. The angles at which differential
cross sections were measured were as small as
15° and as large as 170°. Metal targets of °Li were
used. Silicon surface barrier detectors measured
the charged-particle spectrum. Figure 7 shows a
charged-particle spectrum where it can be seen
that there is virtually no background near the
charged-particle peaks of interest.

A pulser peak was inserted into the spectrum in
order to correct for dead time. Dead time was
about 2% for most of the data, but at some forward
angles it was as much as 10%.

Figure 8 shows three of the angular distributions.
A Legendre polynomial fit containing the even
terms up through P, was made to the data. Total
cross sections for this reaction are shown in Fig.
9, along with the data reported in Refs. 20-23.

The present data agree with the data reported by
Meyer, Pheifer, and Staub,?® but it disagrees with
that reported by Bruno et al.*! and by Jeronymo

et al .®®* The present data do agree with the angular
distributions and the shape of the cross section
curve reported by Jeronymo et al.

8Li(3He,n)®B

204+

o (mb)

o DYNAMITRON

o TANDEM

© FARMER and CLASS
a MARRS et al.

o
o4

Es

FIG. 6. Total cross section versus energy for the 8Li(*He, 7)®B reaction.

also shown.

He

(MeV)

The data reported in Refs. 14 and 15 are
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V. °Li(d,p)Li

For this reaction, @ =5.0 MeV. Lithium-7 has
two bound states: the ground state and the first
excited state (E,=0.477 MeV). The excited state
is a 3~ state; therefore, the y decay of this state
is isotropic.

Most of the previous work done on this reaction
has not led to absolute, total cross sections. For
example, Meyer et al.?®* measured absolute differ-
ential cross sections at angles forward of 60°, and
Birk et al.?* measured relative differential cross
sections at angles covering both hemispheres. The
purpose of the work performed by Birk ef al. was
to determine the ratio of the total cross sections
for the (d,p,) and (d,p,) reactions. Bruno et al.*
measured total cross sections for both the (d,p,)
and (d,p,) reactions at deuteron energies of 1.0,
1.5, and 2.0 MeV. Rickards?® reported the cross
sections for both reactions at a bombarding energy
of 1.5 MeV. The data of Rickards and of Bruno
et al. agree at 1.5 MeV, and their ratio of (d,p,) to
(d,p,) agrees with that reported by Birk et al.
However, at 2.0 MeV the ratio of the (d,p,) to the
(d,p,) reaction cross sections reported by Bruno
et al. does not agree with the ratio reported by
Birk et al. The present measurement was carried
out simultaneously with the (d, a) reaction study
described above and was therefore made at the

T T T T
6, .
ID—JNO Li+d . «
6 °== E .= 1.95MeV, 8=50 W |
0% S 5 d &
= - 2
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FIG. 7. Spectrum taken by a silicon surface-barrier
detector during deuteron bombardment of ®Li.

same energies and angles.

Legendre polynomial fits to the angular distribu-
tions were performed and from these total cross
sections were extracted. Three angular distribu-
tions and fits for both the (d,p,) and (d,p,) reac-
tions are shown in Fig. 10. The polynomial fits
contained all of the Legendre polynomials of order
less than or equal to a maximum order z. For all
of the data taken at bombarding energies above 1.5
MeV, n="T gave a satisfactory fit. If 0.8 MeV
<E,;<1.3 MeV, n=5 produced a satisfactory fit.
All the data with bombarding energies less than
0.8 MeV were fitted with #=3. While the Legendre
polynomial fits serve to parametrize the data and
make convenient the extraction of total cross sec-
tions, it is not implied that the (d,p) reaction pro-
ceeds entirely through the compound nucleus. In
fact, the pronounced forward peak indicates that

6 4
3} Li(d,a) He ..

4

¢

E=0.958 MeV

3 E=1.95] MeV E

(mb/sr)

do/dw

o) - 1 " 1 L

E=2.940 MeV

8

c.m.

FIG. 8. Angular distributions and Legendre polynomial
fits for the ®Li(d, a)*He reaction. The fits include even
terms of order less than or equal to 4.
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FIG. 9. Total reaction cross section as a function of energy for the 81i(d,a)'He reaction. The data reported in Refs.

21-23 are also shown.

TABLE II. DWBA calculation for the %Li(d,p)"Li
reaction cross section as a function of cutoff radius.
The spectroscopic factor is assumed to be 1. The op-
tical-model parameters were taken from Refs. 12 and 13.

E, =1.95 MeV

Li(d,py)"Li do
R epeak aQ peak o
(fm) (deg) (mb/sr) (mb)
0 0 9.75 57.6
1 0 9.27 54.9
2 0 5.88 37.1
3 16 2.71 16.6
3.2 24 2.50 12.9
3.4 28 2.66 12.4
3.6 32 2.73 12.4
3.8 32 3.01 13.0
4 32 3.26 13.8
5 36 3.53 14.7
6 36 2.51 9.97
7 32 1.46 5.25

direct interactions play a significant role.

Since stripping is apparently significant in the
°Li(d,p)’Li reaction at energies below 3.5 MeV,
DWBA calculations were performed for these data.
The code DWUCK" was used, and the optical-mod-
el parameters were taken from Refs. 12 and 13.
The spectroscopic factor for (d,p) reactions is de-
fined in the DWUCK instructions'! to be

_da/dQ]exp 2(2J; +1)(2J +1) 1)
Tdo/dQ by 1.53(2J,+1)(2s +1) ° (

S

where do/dR2 is the differential cross section, J is
the angular momentum of the orbit into which the
particle is transferred, J; and J; are the initial
and final state angular momenta, and s is the spin
of the transferred particle. In contrast tothe "Li-
(d,p) reaction, for the °Li(d,p) it was found that
the inner cutoff radius had a pronounced effect on
the shape of the calculated angular distributions.
With a cutoff radius of 3 fm or less, the angular
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distributions had a pronounced backward peak that
was comparable in height to the forward peak. If
the cutoff radius was 4 fm or larger, the backward
peak was virtually gone. Figure 11 shows the data
for the (d,p,) reaction at E,=1.95 MeV and six
DWBA calculations that were performed with cut-
off radii between 3.0 and 4.0 fm. The DWBA calcu-
lation was normalized to the data at angles of less’
than 60°.

Table II lists the calculated position, height of
the peak, and the total cross section for a number
of cutoff radii for the (d,p,) reaction at 1.95 MeV,
assuming that the spectroscopic factor S=1. A
value of 3.8 fm was chosen for the cutoff radius,
because it best fit the position of the peak. Clear-
ly, the spectroscopic factor is sensitive to the cut-
off radius and, therefore cannot be determined ac-
curately from data taken at these low bombarding
energies.

A curve consisting of an incoherent sum of an
isotopic compound nuclear contribution and the
DWBA calculation were fit to the data. The spec-

®LiC d, p) L

SLitd, p')7u’

4

41 -
2 E=0.954 MeV

F | I E=0.954 MeV

o A SRR R 0 L
SE E=1.95! MeV ] - E=1.951 MeV

do/dw (mb/sr)

E=2.940MeV |

&0

FIG. 10. Angular distributions and Legendre polynomial
fits for the ®Li(d, p)7Li reaction. P, is the highest order
polynomial used in the fits.

troscopic factor was extracted from the fit, and it
ranged from about 1 to 2. The resulting curves
fit the data only in its general features (see Fig.
12). The spectroscopic factor could have been re-
duced by decreasing the cutoff radius. However,
then the first maximum would have been at the
wrong angle. Perhaps a more detailed DWBA
analysis involving varying the optical-model pa-
rameters would have produced a better fit to the
data. However, it was felt that little new physics
could be learned from such manipulations, and
therefore this line was not pursued.

Schiffer et al.?® measured the (d,p,) and (d,p,)
reaction cross sections at 12 MeV and found spec-
troscopic factors of 0.90 and 1.15, respectively,
in fair agreement with the values of 0.721 and
0.893 predicted by Cohen and Kurath.?” Powell
et al.® performed DWBA and Hauser-Feshbach
calculations for this reaction at 5 MeV, and found

E=1.95] MeV |
$=2.76
R=3.6 fm

(mb/sr)

do/dw

E=1.951 MeV |
$=2.46
R=3.8 fm

E=1.95MeV _|
$=2.23
R=4.0 fm

* .
tTeeg,

2

e} i i ] 3

[*3 60° 120° 180°
ec.m'

FIG. 11. The ®Li(d, »,)"Li data taken at E;=1.95 MeV
and six DWBA calculations that were performed with
cutoff radii between 3.0 and 4.0 fm. The calculations
were normalized to the data at angles forward of 60°. §
is the spectroscopic factor (defined in the text) and R is
the inner cutoff radius of the DWBA calculation.
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| f
®LiC d, p) L
4 7 8 E£2.446 MeV |
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4
2} - 4
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FIG. 12. A DWBA calculation plus an isotropic term
fit to the ®Li(d, »)"Li angular distributions. o, is the
isotropic intensity, and S is the spectroscopic factor.

that an incoherent sum of these two calculations
gave a good fit to the differential cross-section
data at this energy.

In addition to observing the charged-particle
spectra, the y rays from the decay of the first ex-
cited state of "Li were detected through a 1-cm
Lucite window, located at an angle of 80° relative
to the beam by a Ge(Li) detector. The efficiency

4000
S +d E, = 1.961 Mev
3000+
[Op)
= 7
£ 2000 2 Be (428)
3 ?
S ! |

!

i)

7 ‘VWJ\\J

7 T s T r T I T
. X SLidd, po)7|.i
60 ° . -
L ] o °
50} ° . .
L] . L]
.Q ®
e 4o . i
e (-]
b 300 _
20 o PRESENT DATA 1
x RICKARDS
10+ o BRUNO et al. .
1 l A l 1 l 1
0 i 2 3 4
Ed (MeV)

FIG. 14. Total cross section for the ®Li(d, p)"Li reac~
tion. The data reported in Refs. 21 and 25 are also
shown.

of the y-ray detector was measured by placing cal-
ibrated '*Ba and '*’Cs sources at the target’s po-
sition. Dead time corrections in the calibration

of between 2 and 6% were made by introducing a
pulser peak into the spectrum. Uncertainty in the
detector efficiency is estimated to be 5%. A spec-
trum taken by the Ge(Li) detector is shown in Fig.
13.

PULSER

’

250 300 350 400 450 500

550 600 650 700 750 800 850

(keVv)

FIG. 13. y-ray spectrum taken by a Ge(Li) detector during deuteron bombardment of bi.
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FIG. 15. The total cross section for the ®Li(d, p,)"Li*
reaction. The data reported in Refs. 21 and 25 are also
shown.

The total cross sections found here for the °Li-
(d,p)"Li reactions are shown in Figs. 14 and 15.
y-ray and proton-yield measurements of the (d,p,)
reaction cross section agree quite well. Error
bars represent the stistical uncertainty of the
points. Where no error bar is shown, the statisti-
cal uncertainty is comparable to or smaller than
the size of the point.

The present data agree with the (d,p) data re-
ported by Rickards,?® but do not agree well with
that reported by Bruno ef al.*! In particular,
Bruno et al. indicate that at 2 MeV the (d,p,) reac-
tion cross section is less than the (d,p,) reaction
cross section. The present results do not support
this; moreover, Birk et al.?* report that at bom-
barding energies below 3.3 MeV the (d,p,) reaction
cross section is always larger than the (d,p,) re-
action cross section. The (d,p,) to (d,p,) reaction
cross-section ratios for the presently reported
data agree well with the ratios reported by Birk
et al.®

VI. °Li(d,n)'Be

This is the mirror reaction of °Li(d,p )’Li. Be-
ryllium-T7 also has only two bound states, and the
excited state is again a 3~ level. As a result, the
v decay of the excited state in "Be is also isotropic.
The (d, n) reaction has a ground-state @ of 3.4
MeV. Because of charge symmetry, one would ex-
pect the ratio of the (d,p,) to the (d,p,) reaction
cross sections to be similar to the ratio of the
(d, n,) to the (d, n,) reaction cross sections. This
has been shown experimentally to be true over the
energy range 0.4-3.3 MeV3*2° to an accuracy vary-
ing from 3% at 3 MeV to 12% at 0.5 MeV. In order
to measure the (d, n,) cross section, the y-ray

6 7
Li(d,n) Be

70-[ I {
60+ } { }
50+ { } {
1 L
© 301
g
20+
ol - Z :?}7 ratio +(d,p)
o n 7y yield
Go ‘ 2 3
Ed (MeV)

FIG. 16. The cross section versus energy for the
GLi(d, n)"Be reaction.

yield was measured at 11 bombarding energies
spaced at approximately 250-keV intervals between
0.4 and 3.0 MeV. This was performed simultane-
ously with the (d,p,) reaction described above (Fig.
13).

The (d, n,) and (d, »,) reaction cross sections
were inferred from the (d,p) cross sections and
the ratio of the 428-keV to the 477-keV y-ray
yields. Specifically,

o(d, ny) _o(d,p,) @)
o(d,n)) old,p,)

or
o(d, no)=c(d,1>o)%=c(d,po)%§. (3)

Figure 16 shows the results of the cross-section
determinations for the ®Li(d, #)"Be reaction. The
error bars represent statistical uncertainties,
which include the uncertainty in determining the
background. In addition to the statistical uncer-
tainty, there is an absolute uncertainty of about
15% which has been discussed above. Agreement
between the two methods of determining the (d, n,)
reaction cross section is not surprising since it is
the result of the fact that the two methods of mea-
suring the (d,p,) reaction cross section agree well.

There are no total cross sections for the °Li-

(d, n)’Be reaction previously reported in the litera-
ture for this energy region.
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VII. CONCLUSIONS

Various checks have been made on the data re-
ported herein with particular attention paid to tar-
get thickness and stability. As a result, it is felt
that the cross sections reported here are accurate
to the stated 15% uncertainty. An accuracy of 25%
has been deemed sufficient for thermonuclear re-
actor design studies.

The reactions studied are tabulated in Table I
In each case where total cross sections are re-
ported for one of these reactions by other groups,
the present results agree with at least one of those
groups, usually the one reporting the smallest
cross sections.

McNally' has emphasized both the promise for

CTR that chain reactions involving the burning of
SLi holds and the paucity of the relevant nuclear
reaction data. Cross sections for three of the re-
actions important in °Li burning have been mea-
sured in the present work. If data are needed over
a greater energy range some extrapolation could
be made from the present data and, if that is not
adequate, further measurements would not be dif~
ficult. In addition, other reactions must be studied
before sufficient data on ®Li will have been ac-
quired. In particular, accurate measurements are
needed of inelastic scattering cross sections and
of reactions leading to three body final states.
Nevertheless, the present results represent a sig-
nificant step toward satisfying the cross-section
data requirements for the CTR program on reac-
tions involving the Li isotopes.

*Present address: Air Force Weapons Laboratory,
Kirtland Air Force Base, New Mexico 87117.
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