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Deuteron-induced reactions on9Be, 10B, and 11B at low energies

Jingsheng Yan, F. E. Cecil, J. A. McNeil, and M. A. Hofstee
Department of Physics, Colorado School of Mines, Golden, Colorado 80401
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~Received 1 October 1996!

We have measured angular distributions and total cross sections for the reactions (d,p) and (d,a) to all
excited states with positiveQ-values on the nuclei9Be, 10B, and 11B between center of mass~c.m.! energies
of 57 and 139 keV, 67 and 141 keV, and 76 and 144 keV, respectively, and the reaction (d,t) on the nucleus
9Be to the 8Be ground state between c.m. energies of 57 and 139 keV. AstrophsyicalS factors for these
reactions are derived from the total cross-section measurements. Some of the measured angular distributions
are far from isotropic even at the lowest energies. This anisotropy is reproduced reasonably well by distorted-
wave Born approximation calculations in which the distorting potentials are modified with an additional
short-range term.@S0556-2813~97!04004-1#

PACS number~s!: 24.10.2i, 25.45.Hi, 25.60.Dz
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I. INTRODUCTION

Deuteron-induced reactions on light nuclei have been
object of extensive investigation throughout the history
nuclear physics. The deuteron-induced reactions on de
rium, tritium, and 3He, for example, have been well me
sured at low energies@1,2#. The interest in these particula
reactions is based upon their role as the fundamental en
producing reactions in the current generation of fus
plasma experiments and their being possible examples o
Oppenheimer-Phillips effect@3# or the influence of electron
screening on nuclear reaction rates at very low energies@4#.
Similarly, a detailed study of the deuteron-induced reacti
on 6Li has been reported@5#, motivated in part by the role
played by these reactions in some of the advanced fu
plasma fuel cycles. There has, however, been no system
investigation of the total and differential cross sections
the deuteron-induced reactions on7Li, 9Be, 10B, or 11B at
low energies.

We believe such an investigation is well justified on t
basis of the role played by these reactions in several area
applied physics, such as tokamak fusion plasma devices
well as basic nuclear reaction theory. For example, the
walls of TFTR and JET are layered in boron and berylliu
respectively. First wall contamination of the fusion plasm
constitutes an inevitable source of power loss and the nuc
reactions between these contaminants and the deuterium
may provide the basis for a diagnostic of this contaminat
through the noninvasive spectrometry of the associated r
tion g rays @6#. These reactions may likewise play a cruc
role in the study of primordial nucleosynthesis. The3He and
triton induced reactions on7Li have been discussed a
sources of9Be within the context of the standard big ban
@7#. Such production opens up a network of deutero
induced reactions on the isotopes of Be and B leading
principle, to the synthesis of the CNO elements. The cr
sections for the deuteron-induced reactions on the isotope
beryllium and boron must then be known for energies in
550556-2813/97/55~4!/1890~10!/$10.00
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100 to 200 keV range if the nucleosynthesis within this n
work is to be quantified.

In addition to these areas of applied physics, these re
tions may be used to test nuclear reaction theories at
energies. WhileR-matrix theory, for example, has prove
quite successful in the analysis ofd-d reactions at low ener-
gies@8#, this approach is only now being applied to deutero
induced reactions on heavier nuclei@9#. Consequently, a
comprehensive measured set of total and differential cr
sections for such reactions should prove extremely usefu
the evaluation of these theoretical efforts. Alternatively,
would be of interest to investigate whether the distorte
wave Born approximation~DWBA!, which has proved so
successful in the study of nuclear reactions at higher ener
throughout the periodic table, could find application on lig
nuclei at very low energies. Traditionally, direct reactions
very low energies have had, in general, to compete w
compound nuclear reactions. However, for the very light n
clei under consideration in the present work, the level den
ties in the compound systems are extremely low and
possibility of understanding the differential and total cro
sections in terms of a direct reaction mechanism, such as
DWBA, must be given serious consideration.

In the next section, we present our experimental te
niques and the results of our measurements of the total
differential cross sections for all the positiveQ-value
deuteron-induced reactions on the nuclei9Be, 10B, and 11B
for center of mass energies between about 50 and 150 k
Since all of these energies are well below the respective C
lomb barriers, we use the measured total cross section
extract the corresponding astrophysicalS factors. In the last
section, we compare the measured differential cross sect
to cross sections calculated in the DWBA. In the course
this investigation, we have also measured the7Li1d reac-
tions at low energies. Because of the competition betw
the two-body final statea15He and the direct three-bod
final state 2a1n, the analysis of this reaction is considerab
more complex than the deuteron reactions on9Be, 10B, and
1890 © 1997 The American Physical Society
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55 1891DEUTERON-INDUCED REACTIONS ON9Be, 10B, AND . . .
11B. Consequently our measurement of the7Li1d reaction
will be described in a separate report.

II. EXPERIMENTAL PROCEDURE

The experiments consisted of bombarding thick target
the appropriate material with magnetically analyzed deute
beams and measuring the energy spectra of the charged
ticles from the induced nuclear reactions. All the expe
ments were carried out on the low-energy, high-curr
charged-particle accelerator@10#, General Ionex model 1545
housed in the Nuclear Physics Laboratory at the Color
School of Mines. The accelerator beam energy was c
brated by the known resonance of11B(p,a)9Be @11,12#. The
energy spread of the beam is less than 1 keV@10# since the
quoted stability of the accelerator system is about 100
and since the beam line was operated at a pressure of27

torr.
A scattering chamber of 27-cm diameter was used in

the experiments. The targets were mounted in target hol
and were 360° turnable. The accelerated beams were foc
into spots of about 6-mm diameters at the center of targ
after passing through an aluminum collimator. A 90 V p
tential was used for secondary electron suppression@13#.

The targets for9Be1d reaction were a plate of pure~pu-
rity .99%! beryllium metal with a polished surface, and th
targets used in10B1d and 11B1d reactions were made b
pressing 90%-enriched10B powder and natural boron pow

FIG. 1. An energy spectrum of the charged particles produ
by deuteron bombardment of a thick beryllium target. The grou
stateQ values for the (d,p), (d,a), and (d,t) reactions on9Be are
4.587, 4.592, and 7.151 MeV, respectively.
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der~purity .99%! into target holders of 3;4-cm diameters,
respectively.

The reaction charged particles were measured with sili
surface-barrier detectors which were covered with 1-mm Ni
foils to stop the intense flux of elastically scattered partic
from targets. In measurements of angular distributions,
tive windows of detectors and detector telescopes were
ited by slit apertures, typically;3.5314 mm2. Detectors
could be rotated from 0° to 160° and the beam was cente
on the rotation axis to within about 3 mm. The accuracy
angular positions was estimated to be62°.

Because of target heating, it was not considered feas
to measure the reactions using targets sufficiently thin
the reactions would be occurring at well defined energ
Consequently the measurements were made with tar
which were thick compared to the ranges of the bombard
deuterons~the range of 180 keV deuterons in Be or B
about 1mm while the targets were typically.1-mm thick!.
The advantage of using these thick targets is, as imp
above, that the targets can sustain a much greater heat
than thin targets. The disadvantages are, first, that the r
tion products can only be measured in reflection geometry~at
scattering angles greater than about 60°) and, secondly,
the measured yields represent an integral of yields betw
the incident beam energy and zero energy. In the case o
first problem, angular distributions were measured betw
scattering angles of about 60° to 160° and fit to low ord
polynomial distributions which allowed extrapolation
more forward angles with reasonable confidence in orde
extract total cross sections and hence astrophysicalS factors.
Because of the second problem, the measured yield~detected
counts per incident deuteron! at a given bombarding energ
E0 and scattering angleQ must be expressed in terms of th
energy dependent total cross sections~E! as an integral:

Y~E0 ,Q!5
Vd

4p
ntE

0

E0s~E!

x~E!
W~E,Q!dE, ~1!

whereW(E,Q) is the angular distribution normalized so th
its integral over all solid angles is 4p, Vd is solid angle of
the detector relative to the target,nt is the number density o
the target nuclei, andx(E) is the stopping power of the
target material.

Assuming the angular distributions are slowly varyin
functions of energy relative to the cross sections, the ang
distributions can be factored from the integral in Eq.~1!:

Y~E0 ,Q!.W~E0 ,Q!
Vd

4p
ntE

0

E0s~E!

x~E!
dE. ~2!

d
d

o
TABLE I. Summary of the thick-target angular distributions for the9Be1d reaction measured at the tw
c.m. energies.

Reaction w1~90 keV! w2~90 keV! w1~123 keV! w2~123 keV!

9Be(d,p0)
10Be~g.s.! 20.9760.11 not used 20.78860.037 not used

9Be(d,p1)
10Be* ~3.3680 MeV! 20.3460.10 not used 20.27260.044 not used

9Be(d,t0)
8Be~g.s.! 20.3460.14 20.3960.21 20.61760.090 20.34960.093

9Be(d,a0)
7Li ~g.s.! 20.37460.070 not used 20.17560.027 not used

9Be(d,a1)
7Li* ~0.47761 MeV! 10.47260.039 not used 10.26860.032 not used
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FIG. 2. The thick-target angular distributions for the measured particle groups from9Be1d reaction at two energies. The error bars a
statistical only and the solid curves represent least squares fits to the data points. Note that the data points and the curves~but not the error
bars! have been added by the numbers in the parentheses to be plotted. Thus for the reactions (d,a1) in this figure, the fitted angular
distribution has a maximum at 0° of 1.30mb/sr and a minimum at 180° of 0.46mb/sr.
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Since all of the quantities on the right-hand side of Eq.~2!
are independent of angle except for the normalized ang
distributionsW(E,Q), a measurement of the thick-targ
yields Y(E0 ,Q) will allow a determination of the corre
sponding normalized angular distributionsW(E0 ,Q).

In the case of the9Be and11B measurements, the angul
distributions were each measured at two energies and t
sets of measurements were used to parametrize the an
distributions over the c.m. energy ranges from the minim
~70 and 90 keV, respectively! up to the maximum energie
~132 and 140 keV, respectively!. Our assumption that the
angular distributionsW(E0 ,Q) are slowly varying functions
of energy is supporteda posteriori. In the case of the10B we
assumed that the angular distributions are constant betw
c.m. energies of 72 and 138 keV.

Once the angular distributions are determined, Eq.~2! can
be used to determine the total cross sectionss(E). This was
done using two different methods.

Method I. The total cross section can be described by
S factorS(E) as

s~E!5
S~E!

E
e2AEG /E, ~3!
ar

se
lar

en

e

whereEG is the Gamow energy

EG5
2mp2e4Z1

2Z2
2

\
50.989Z1

2Z2
2m ~MeV!, ~4!

wherem is the target projectile reduced mass in amu. Us
Eq. ~3!, Eq. ~2! can then be expressed as

Y~E0 ,Q!5
Vd

4p
ntW~E0 ,Q!E

0

E0 S~E!

Ex~E!
e2AEG /EdE. ~5!

The thick-target yield is measured at a fixed angle fo
series of energiesEi . The parameters of an assumed fun
tional form of theS factor may then be determined by inte
grating numerically the right-hand side of Eq.~5! and fitting
these values to the measured thick-target yields. In
present work, since there are no significant~sharp! reso-
nances@14,15# for the reactions under investigation betwe
c.m. energies of 50 and 150 keV, a simple quadratic poly
mial dependence for theS factor is assumed.

Method II. If the difference betweenEi andEi21 is suf-
ficiently small, Eq.~2! may be used to determine approx
mately the cross section at an energyEeff betweenEi and
Ei21:
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55 1893DEUTERON-INDUCED REACTIONS ON9Be, 10B, AND . . .
s~Eeff!5
4px~Eeff!

VdntW~Eeff ,Q!

Yi2Yi21

Ei2Ei21
, ~6!

whereEeff is the appropriately weighted effective c.m. e
ergy calculated betweenEi andEi21, and given by

E
Ei21

Ei 1

Ex~E!
e2AEG /EdE52E

Eeff

Ei 1

Ex~E!
e2AEG /EdE,

~Ei.Ei21!, ~7!

and whereW(Eeff ,Q) is the thick-target angular distributio
obtained atEeff and averaged atQ overVd .

Once the total cross sectionss(E) are determined, the
differential cross sections are given by

ds

dV
5

1

4p
W~E,Q!s~E!. ~8!

III. EXPERIMENTAL RESULTS

A. The 9Be1d reaction

Figure 1 illustrates an energy spectrum of charged p
ticles measured during the deuteron bombardment of the

FIG. 3. The total cross sections for the measured particle gro
from 9Be1d reaction. The solid curves are obtained from fittin
the measured thick-target yields in Method I and the data po
result from Method II~the curves are not direct fits to the da
points!. Note that the curves, data points, and the error bars h
been multiplied by the numbers in the parentheses to be plotte
r-
e-

ryllium target. The deuterium accumulation in the thic
targets will produce the proton and triton peaks from t
2H(d,p) 3H reaction.
The thick-target angular distributions were measured

two deuteron bombarding energies of 110 and 150 keV
are fitted to

ps

ts

ve

FIG. 4. TheS factors for the measured particle groups fro
9Be1d reaction. As discussed in the text the solid curves are fr
Method I and the data points are calculated from the values of t
cross sections in Method II. The curves are not the direct fits of
data points. Note that the curves and the data points~but not the
error bars! have been added by the numbers in the parentheses
plotted.

FIG. 5. An energy spectrum of the charged particles produ
by deuteron bombardment of a thick 90%-enriched10B target. The
ground-stateQ values for the (d,p) and (d,a) reactions on10B are
9.231 and 17.821 MeV, respectively.
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1894 55YAN, CECIL, MCNEIL, HOFSTEE, AND KUNZ
W~Ei ,Q!511w1~Ei !P1~cosQ!1w2~Ei !P2~cosQ!. ~9!

The coefficientsw1(Ei) and w2(Ei) ~for i51,2) are
given in Table I. The measured angular distributions
shown in Fig. 2. The coefficientsw1 andw2 are determined
at each of the two energies using only the relative ang
distributions. Using the methods described above, the t
cross sections were determined and then, using Eq.~8!, the
absolute differential cross sections are determined wh
are plotted in Fig. 2. Our measurements are consistent
previous measurements of the relative angular distri
tions for the reactions 9Be(d,p0)

10Be~g.s.! @16,17#,
9Be(d,t0)

8Be~g.s.! @16#, 9Be(d,a0)
7Li ~g.s.! @17#, and

9Be(d,a1)
7Li* ~0.47761 MeV! @17#.

In order to use the two methods discussed previously

FIG. 6. The thick-target angular distributions for the measu
particle groups from10B1d reaction. The error bars are statistic
only and the solid curves represent least squares fits to the
points. Note that the data points and the curves~but not the error
bars! have been added by the numbers in the parentheses t
plotted.

TABLE II. Summary of the thick-target angular distributions fo
the 10B1d reaction measured at 133 keV c.m. energy.

Reaction w1~133 keV! w2~133 keV!

10B(d,p0)
11B~g.s.! 20.4560.14 20.2260.14

10B(d,p1)
11B* ~2.1247 MeV! not used 20.22360.080

10B(d,p2)
11B* ~4.4451 MeV! 10.80860.035 20.25060.034

10B(d,p3)
11B* ~5.021 MeV! not used 20.5160.14

10B(d,p4)
11B* ~6.743 MeV! not used not used

10B(d,p5)
11B* ~7.286 MeV! not used not used

10B(d,a0)
8Be~g.s.! 20.057260.059 20.39060.067

10B(d,a1)
8Be* ~3.04 MeV! 20.58060.043 20.18460.046
e

r
al

h
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-

to
extract the cross sections, the thick-target angular distr
tions at the two energies have to be extrapolated to the
row energy region of the present work. For the purposes
this extrapolation we assumedw1 andw2 to be linear func-

d

ata

be

FIG. 7. The total cross sections for the measured particle gro
from 10B1d reaction. As discussed in the text the solid curves
obtained from fitting the measured thick-target yields in Metho
and the data points result from Method II~the curves are not direc
fits to the data points!. Note that the curves, data points, and t
error bars have been multiplied by the numbers in the parenth
to be plotted. For thep3, p4, p5 groups, the excitation functions
were measured at a single deuteron energy and constantS factors
were assumed, hence, no data point can be obtained by Metho

FIG. 8. TheS factors for the measured particle groups for t
10B1d reactions to the ground and the first excited states. As
cussed in the text the solid curves are from Method I and the d
points are calculated from the values of total cross sections
Method II. The curves are not the direct fits of the data points. N
that the curves and the data points~but not the error bars! have been
added by the numbers in the parentheses to be plotted. TheS factors
of the p2, p3, p4, p5 groups can be obtained from the total cro
sections in Fig. 7.
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55 1895DEUTERON-INDUCED REACTIONS ON9Be, 10B, AND . . .
tions of energy and used the values from Table I to de
mine the coefficients of these linear functions.

The excitation functions were measured at an angle
140° in the laboratory system with deuteron c.m. energ
between 57 and 139 keV. Figures 3 and 4 plot the meas
total cross sections and theS factors calculated from the
cross sections using Eq.~3!, respectively, where the soli
lines are calculated by Method I while the data points w
extracted using Method II. We remind the reader that e
data point in Figs. 2 and 3~and in the corresponding figure
for the 10B and 11B reactions! is derived from two adjacen
thick-target yield points@recall Eq.~6!#. Consequently, while
the thick-target yields were measured at seven deuteron
energies ranging from 57 to 139 keV, the cross sections w
deduced at six values of the intermediate effective c.m.
ergies@Eq. ~7!# ranging from 70 to 132 keV. It is these si
values of the cross section and correspondingS factors that
are plotted in Figs. 3 and 4. For this reaction as well as
the 10B1d and 11B1d reactions discussed below, the so
lines are not fits of the data points but represent the alte
tive extraction process.

B. The 10B1d reaction

Figure 5 presents an energy spectrum of charged part
measured during the deuteron bombardment of the 9
enriched10B target. Again, the proton and triton peaks fro
the 2H(d,p) 3H reaction occur due to deuterium accumu
tion in the thick target.

FIG. 9. An energy spectrum of the charged particles produ
by deuteron bombardment of a thick natural boron target. T
ground-stateQ values for the (d,p) and (d,a) reactions on11B are
1.144 and 8.030 MeV, respectively.
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The thick-target angular distributions were measured a
deuteron bombarding energy of 160 keV and were fit to E
~9! ( i51 only!. The coefficientsw1(Ei) and w2(Ei) are
given in Table II. Figure 6 shows these measured ang
distributions. As with the beryllium results, the angular d
tributions are given in terms of the differential cross sectio
From the energy levels@14# of 12C ~the compound nucleus
for the 10B1d reaction!, one notes that all the resonances
this reaction in the energy region of the present work
very broad with the widths full width at half maximum o
2000, 510, and 920 keV, compared with the present c
energy region of 60 to 150 keV. Therefore we assume
functionsw1 andw2 in Eq. ~9! are constant over the energ
range of the present work and we used the angular distr
tions atEc.m.5133 keV to evaluate these constants.

The excitation functions of the reactions10B(d,p0)
11B~g.s.!, 10B(d,p1)

11B* ~2.1247 MeV!, 10B(d,p2)
11B*

~4.4451 MeV!, 10B(d,a0)
8Be~g.s.!, and 10B(d,a1)

8Be*
~3.04 MeV! were measured at an angle of 90° in the la
system with deuteron bombarding energies between 80
170 keV. Figure 7 plots the measured total cross secti
with the solid lines obtained using Method I and the da
points obtained using Method II. For the reactio
10B(d,p3)

11B* ~5.021 MeV!, 10B(d,p4)
11B* ~6.743 MeV!,

and 10B(d,p5)
11B* ~7.286 MeV!, the excitation functions

were measured at a single deuteron energy and a con
S factor for each reaction was assumed, hence, no data p
could be obtained by Method II. The upper limit of the e
ergy range of our measurements of the total cross section

d
e

FIG. 10. The thick-target angular distributions for the measu
particle groups from11B1d reaction at two energies. The error ba
are statistical only and the solid curves represent least squares fi
the data points. Note that the data points and the curves~but not the
error bars! have been added by the numbers in the parentheses
plotted.
e
TABLE III. Summary of the thick-target angular distributions for the11B1d reaction measured at th
two c.m. energies.

Reaction w1~101 keV! w2~101 keV! w1~142 keV! w2~142 keV!

11B(d,p0)
12B~g.s.! 20.8260.17 not used 20.73760.039 not used

11B(d,a0)
8Be~g.s.! not used 20.24160.089 not used 20.46060.027

11B(d,a2)
8Be* ~2.429 MeV! not used not used not used not used
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1896 55YAN, CECIL, MCNEIL, HOFSTEE, AND KUNZ
the reactions 10B(d,p0)
11B~g.s.!, 10B(d,p1)

11B* ~2.1247
MeV!, 10B(d,p2)

11B* ~4.4451 MeV!, and 10B(d,p3)
11B

* ~5.021 MeV! overlap the lower limit of the energy range o
Ref. @18#, and our measurements agree with those of R

FIG. 11. The total cross sections for the measured part
groups from 11B1d reaction. As discussed in the text the so
curves are obtained from fitting the measured thick-target yield
Method I and the data points result from Method II~the curves are
not direct fits to the data points!. Note that the curves, data poin
and the error bars have been multiplied by the numbers in the
rentheses to be plotted.

FIG. 12. TheS factors for the measured particle groups fro
11B1d reaction. As discussed in the text the solid curves are fr
Method I and the data points are calculated from the values of t
cross sections in Method II. The curves are not the direct fits of
data points. Note that the curves and the data points~but not the
error bars! have been added by the numbers in the parentheses
plotted.
f.

@18# in this overlap region. TheS factors have been obtaine
from the measured total cross sections. Figure 8 gives
S factors for the reactions to the ground state and the
excited state. TheS factors for the other excited states
11B can be obtained from the measured cross sections in
7 using Eq.~3!.

C. The 11B1d reaction

An energy spectrum of charged particles measured du
the deuteron bombardment the natural boron target is sh
in Fig. 9. The2H(d,p)3H reaction is again evident as well a
reactions from the10B in the target.

The thick-target angular distributions were measured
deuteron bombarding energies of 120 and 168 keV and w
fit to Eq. ~9! ( i51,2). As with the9Be measurements, th
coefficientsw1 andw2 are assumed to be linear functions
energy based on the values given in Table III. Figure
shows the measured c.m. differential cross sections.

le

in

a-
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be

FIG. 13. Results ofDWUCK4 calculations for the reaction9Be
(d,p0)

10Be~g.s.! at c.m. energies of 90 and 123 keV. The da
points are measured in this work. The solid curves are calcula
including a short-range modification to the distorting potentials
simulate symmetrization effects while the dotted curves repre
the same calculations without the modified potentials. The spec
scopic factor was extracted from the overall scale. The parame
are listed in Table IV.
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TABLE IV. DWUCK distorting potential parameters~see Ref.@20# for definitions of the parameters!. The
volume Wood-Saxon potential~option 1! ~with the imaginary part set to zero! was used throughout. The
second line for each case lists the values of thes-wave modification potential parameters. The~in!/~out! refer
to the entrance and exit channels. Spectroscopic factors extracted from the overall scale of the ca
cross sections are given in the second column.

Reaction Sls j ~exp! Channel VR ~MeV! r 0 ~fm! A0 ~fm!

9Be (d,p0) 0.92 ~in! 281 1.15 0.58
1130 0.81 0.10

~out! 257 1.15 0.58
1116 0.60 0.10

9Be (d,t0) 0.96 ~in! 292 1.15 0.58
1130 0.81 0.10

~out! 2120 1.15 0.58
195 0.60 0.10

10B (d,p0) 0.78 ~in! 296 1.15 0.58
1130 0.81 0.10

~out! 270 1.15 0.58
1114 0.60 0.10

11B (d,p0) 1.62 ~in! 281 1.15 0.58
1130 0.81 0.10

~out! 281 1.15 0.58
1116 0.60 0.10
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The excitation functions were measured at 130° in the
system with deuteron beam energies between 100 and
keV. Figures 11 and 12 plot the measured total cross sect
and theS factors, respectively, where again the solid lin
are obtained using Method I and the data points are obta
using Method II.

IV. DISTORTED-WAVE BORN APPROXIMATION
ANALYSIS

In order to understand better the physical mechanisms
volved in the deuteron-induced reactions studied here,
have undertaken a series of DWBA calculations. Low-ene
nuclear physics lore has it that more sophisticated
proaches, such as the resonating group method@19#, are con-
sidered more appropriate for this energy regime. Never
less the simpler direct reaction mechanism approximated
the distorted wave approach may offer at least qualita
insights. We make use of theDWUCK4 code described in Ref
@20# where the DWBA cross section in fm2 for the reaction
A(d,p)B, whereB5A1n is given in zero-range approxima
tion by

ds ls j~Q!

dV
5
2JB11

2JA11

Sls j
2 j11

D0
2

104
sDW
ls j ~Q!, ~10!

wheresDW
ls j (Q) is the calculated cross section described

detail in Ref.@20#, Sls j is the spectroscopic factor which w
will extract from the overall scale of the data, andD0

2 is the
effect of folding the interaction over composite project
and/or ejectile wave functions as described in Ref.@22#
which further estimatesD0

2.1.583104 MeV2 fm C3 for
(d,p) andD0

2.2.33104 MeV2 fm C3 for (d,t).
First, consider the9Be (d,p0)

10Be ~g.s.! reaction at
Ec.m.590 and 123 keV. The DWBA calculation is shown
b
70
ns

ed

n-
e
y
-

e-
y
e

the dotted lines in Fig. 13. The agreement is quite po
which is especially problematic considering that we ha
allowed the potential parameters to vary in an attempt
describe the data. In particular the shape of the angular
tributions are dramatically different from those measur
This perhaps suggests that the reaction mechanism may
in fact be a simple one-step direct reaction as assumed
plicitly by the DWBA formalism. Another possibility is tha
an essential piece of the relevant physics has been om
which, while strictly speaking lies outside the scope
DWBA, can still be simply modeled in the DWBA contex
Such is the case with Pauli blocking which can usually
safely ignored at higher energies, but which is crucial
these very low energies where the identity of the projec
and target particles surely has a significant impact on
effective distorting potential.

The resonating group calculations, such as those of F
wara and Tang@21#, correctly incorporate antisymmetriza
tion, however, their calculations require significant exte
sions from their present configuration~such as the inclusion
of Coulomb distortions! to be applied here. We are invest
gating other resonating group codes to test on our data.
distorted wave codeDWBA70 @23# incorporates antisymmetri
zation but is limited to (p,p8) applications. We are no
aware of any properly antisymmetrized DWBA codes th
deal with transfer reactions, and a properly antisymmetri
calculation is beyond the scope of this work. However,
test the plausibility of our hypothesis, we have simulated
effect of the symmetrization by including an additional p
tential term of a range appropriate to the bounds-wave target
nucleons~i.e., short ranged! and with a strength of roughly
that of the attractive potential~per particle!. This modifies
the short-range part of the distorting potential more than
other channels. The parameters of this additional term w
adjusted at one energy and then used to calculate the c
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section at another energy without further adjustment. T
results of the modified DWBA calculations for th
9Be (d,p0)

10Be~g.s.! reaction atEc.m.590 and 123 keV are
shown as the solid curve in Fig. 13. The short-range mod

FIG. 14. Same as Fig. 13 for the reaction9Be(d,t0)
8Be~g.s.!.

FIG. 15. Same as Fig. 13 for the reaction10B(d,p0)
11B~g.s.!.
e

-

cation parameters and overall scale were adjusted to th
keV measurements, but not changed in the 123 keV calc
tion. The resulting angular distributions are in good agr
ment with the measured cross section suggesting, but
proving, that we are on the right track. The specificDWUCK4
parameters for the distorting potentials as well as the
tracted spectroscopic factors for this reaction and for
9Be (d,t0)

8Be~g.s.! and the 11B (d,p0)
11B~g.s.! reactions

are listed in Table IV.
A similar procedure was carried out for the9Be (d,t0)

8Be~g.s.! reaction atEc.m.590 and 123 keV the results o
which are presented in Fig. 14. Again the dotted curve sho
a standard DWBA calculation without modifying the sho
range distorting potential while the solid curve indicates
striking improvement that arises from modification of th
short-range part of the distorting potentials. Figure 15 c
siders the10B (d,p0)

11B~g.s.! reaction atEc.m.5133 keV
and again the modification of the short-range distorting
tential results in substantial improvement of the theoreti
descriptions of the angular distributions.

Finally, Fig. 16 considers the11B (d,p0)
11B~g.s.! reac-

tion at Ec.m.5101 and 142 keV. Unlike the previous ex
amples, the unmodified DWBA calculation is in reasona
agreement with the data. Not surprisingly, including a sho
range modification to the distorting potential results in
modest improvement of the theoretical descriptions of
angular distributions.

FIG. 16. Same as Fig. 13 for the reaction11B(d,p0)
12B~g.s.!.



e
ac
or
f
ho
d
te
r t
a
th
n

os
ic
n
en
re
o
n
a

ves-
in-

duc-
no
-
h a
t to
on
to
pe-
py
was

tial.
we

55 1899DEUTERON-INDUCED REACTIONS ON9Be, 10B, AND . . .
We wish to emphasize that our calculations only sugg
that symmetrization effects incorporated with a direct re
tion mechanism approximated by the distorted-wave b
approximationmay provide a sufficient understanding o
these reactions. Indeed the parameters used for the s
range modifications are not unique and do not connect
rectly with any fundamental theory. In fact one can al
these potential strength and range parameters of eithe
incoming or exiting channels such that the volume integr
are constant without affecting the results significantly. Wi
out doing a properly antisymmetrized calculation, one can
be more definitive.

V. DISCUSSION AND CONCLUSIONS

In summary, we have completed a survey of total cr
sections and angular distributions for all the charged part
producing, exothermic deuteron-induced reactions on the
clei 9Be, 10B, and 11B at center of mass energies betwe
about 70 and 140 keV. As noted in our introduction, one a
of application of the measurements will be to the problem
primordial nucleosynthesis. Specifically, the reactio
7Li ~He,p)9Be and 7Li( t,n)9Be have been proposed as
J.

y,
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mechanism for the production of9Be in the big bang and the
present measurements supply part of the data base for in
tigating the primordial production of heavier elements,
cluding carbon starting with9Be. In order to complete this
data base, it would be necessary to know the neutron pro
ing reactions within this network. There are presently
complete measurements of the (d,n) reactions on these nu
clei in this energy range. We are planning to carry out suc
series of measurements in the near future in an effor
complete our knowledge of this reaction network. In additi
to these astrophysical applications, we would also like
stress the nature of our measured angular distributions. S
cifically we found a remarkable degree of anisotro
throughout the measurements and that this anisotropy
well reproduced by DWBA calculations in which anad hoc
short-range term is added to the nucleon-nucleus poten
At present the interpretation of this term is not clear and
plan to continue our investigation of this phenomenon.
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