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Deuteron-induced reactions on°Be, 19B, and !B at low energies
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We have measured angular distributions and total cross sections for the readtiphsuid d,«) to all
excited states with positiv®-values on the nucleiBe, 1B, and *'B between center of mags.m) energies
of 57 and 139 keV, 67 and 141 keV, and 76 and 144 keV, respectively, and the reattipor{ the nucleus
®Be to the ®Be ground state between c.m. energies of 57 and 139 keV. AstrophSyitaitors 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 tern(.S0556-28187)04004-1

PACS numbe(s): 24.10—i, 25.45.Hi, 25.60.Dz

I. INTRODUCTION 100 to 200 keV range if the nucleosynthesis within this net-
work is to be quantified.

Deuteron-induced reactions on light nuclei have been the In addition to these areas of applied physics, these reac-
object of extensive investigation throughout the history oftions may be used to test nuclear reaction theories at low
nuclear physics. The deuteron-induced reactions on deutenergies. WhileR-matrix theory, for example, has proved
rium, tritium, and *He, for example, have been well mea- quite successful in the analysis @fd reactions at low ener-
sured at low energiefl,2]. The interest in these particular gies[8], this approach is only now being applied to deuteron-
reactions is based upon their role as the fundamental energyduced reactions on heavier nucld]. Consequently, a
producing reactions in the current generation of fusioncomprehensive measured set of total and differential cross
plasma experiments and their being possible examples of theections for such reactions should prove extremely useful in
Oppenheimer-Phillips effedB] or the influence of electron the evaluation of these theoretical efforts. Alternatively, it
screening on nuclear reaction rates at very low eneffdies would be of interest to investigate whether the distorted-
Similarly, a detailed study of the deuteron-induced reactionsvave Born approximatiofDWBA), which has proved so
on 6Li has been reportefB], motivated in part by the role successful in the study of nuclear reactions at higher energies
played by these reactions in some of the advanced fusiothroughout the periodic table, could find application on light
plasma fuel cycles. There has, however, been no systematiticlei at very low energies. Traditionally, direct reactions at
investigation of the total and differential cross sections forvery low energies have had, in general, to compete with
the deuteron-induced reactions éhi, °Be, 9B, or 'B at  compound nuclear reactions. However, for the very light nu-
low energies. clei under consideration in the present work, the level densi-

We believe such an investigation is well justified on theties in the compound systems are extremely low and the
basis of the role played by these reactions in several areas pbssibility of understanding the differential and total cross
applied physics, such as tokamak fusion plasma devices, agctions in terms of a direct reaction mechanism, such as the
well as basic nuclear reaction theory. For example, the firsDWBA, must be given serious consideration.
walls of TFTR and JET are layered in boron and beryllium, In the next section, we present our experimental tech-
respectively. First wall contamination of the fusion plasmasniques and the results of our measurements of the total and
constitutes an inevitable source of power loss and the nucledlifferential cross sections for all the positiv®-value
reactions between these contaminants and the deuterium fugéuteron-induced reactions on the nuciBe, 1°8, and !'B
may provide the basis for a diagnostic of this contaminatiorfor center of mass energies between about 50 and 150 keV.
through the noninvasive spectrometry of the associated rea&ince all of these energies are well below the respective Cou-
tion y rays[6]. These reactions may likewise play a crucial lomb barriers, we use the measured total cross sections to
role in the study of primordial nucleosynthesis. THée and  extract the corresponding astrophysi&aflactors. In the last
triton induced reactions orLi have been discussed as section, we compare the measured differential cross sections
sources of°Be within the context of the standard big bang to cross sections calculated in the DWBA. In the course of
[7]. Such production opens up a network of deuteronthis investigation, we have also measured the+d reac-
induced reactions on the isotopes of Be and B leading, iions at low energies. Because of the competition between
principle, to the synthesis of the CNO elements. The crosthe two-body final stater+°He and the direct three-body
sections for the deuteron-induced reactions on the isotopes &ifial state 2+ n, the analysis of this reaction is considerably
beryllium and boron must then be known for energies in themore complex than the deuteron reactions’&e, 1°8, and
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600 , , . . . der (purity >99%) into target holders of 3 4-cm diameters,
. = E,=170keV; Oy, =140° respectively.
= a The reaction charged particles were measured with silicon
500 © = . . . .
k4 & . surface-barrier detectors which were covered withr-Ni
& & foils to stop the intense flux of elastically scattered particles
400 1 = & from targets. In measurements of angular distributions, ac-
Y 5% 2 O ao& tive windows of detectors and detector telescopes were lim-
5 300 5 % 7 3 ited by slit apertures, typically~3.5x 14 mn?. Detectors
c § 3 3 3 could be rotated from 0° to 160° and the beam was centered
ol o coT e on the rotation axis to within about 3 mm. The accuracy in
angular positions was estimated to he°.
) Because of target heating, it was not considered feasible
100 - o-particles from . . .. .
breakup of 8Be” to measure the reactions using targets sufficiently thin that
the reactions would be occurring at well defined energies.
0 . L
000

00 Consequently the measurements were made with targets
Channel which were thick compared to the ranges of the bombarding
deuterons(the range of 180 keV deuterons in Be or B is
FIG. 1. An energy spectrum of the charged particles produceébout 1.m while the targets were typically 1-mm thick.
by deuteron bombardment of a thick beryllium target. The groundThe advantage of using these thick targets is, as implied
stateQ values for the ¢,p), (d, @), and (,t) reactions or’Be are  apove, that the targets can sustain a much greater heat load
4.587, 4.592, and 7.151 MeV, respectively. than thin targets. The disadvantages are, first, that the reac-
11 . _ tion products can only be measured in reflection geomatry
B. Consequently our measurement of tHé +d reaction  scattering angles greater than about 60°) and, secondly, that

will be described in a separate report. the measured yields represent an integral of yields between
the incident beam energy and zero energy. In the case of the
Il. EXPERIMENTAL PROCEDURE first problem, angular distributions were measured between

scattering angles of about 60° to 160° and fit to low order
The experiments consisted of bombarding thick targets ofolynomial distributions which allowed extrapolation to
the appropriate material with magnetically analyzed deuteromore forward angles with reasonable confidence in order to
beams and measuring the energy spectra of the charged p@itract total cross sections and hence astrophySitadtors.
ticles from the induced nuclear reactions. All the eXperi'Because of the second prob'em, the measured mtécted
ments were carried out on the low-energy, high-currengounts per incident deuterpat a given bombarding energy
charged-particle accelerafdrO], General lonex model 1545, E ' and scattering angl® must be expressed in terms of the

housed in the Nuclear Physics Laboratory at the Colorad@nergy dependent total cross sectigi) as an integral:
School of Mines. The accelerator beam energy was cali-

brated by the known resonance 8B(p,«)®Be[11,12. The Qg  (Eoo(E)

energy spread of the beam is less than 1 k&® since the Y(Eq.,0)= Entf EW(E,(B)dE, (D)

guoted stability of the accelerator system is about 100 eV, o X

and since the beam line was operated at a pressure of 10 . o .

torr P P whereW(E,®) is the angular distribution normalized so that
A scattering chamber of 27-cm diameter was used in alitS integral over 6_‘" solid angles is_714 {14 is solid angle of

the experiments. The targets were mounted in target holdef2€ detector relative to the targe,is the number density of

and were 360° turnable. The accelerated beams were focus target npclel, ang(E) is the stopping power of the

into spots of about 6-mm diameters at the center of target&rget material. o ,

after passing through an aluminum collimator. A 90 V po- Assuming the angular distributions are slowly varying

tential was used for secondary electron suppresgich functions of energy relative to the cross sections, the angular
The targets foBe+d reaction were a plate of putpu- distributions can be factored from the integral in ED.

rity >99%) beryllium metal with a polished surface, and the Q Eoor(E

targets used iri‘OB_+d and B+ d reactions were made by Y(Eo,@))zW(Eo,@)—dnJ 00 ( )dE. @)

pressing 90%-enriched’B powder and natural boron pow- 47 " Jo x(E)

TABLE I. Summary of the thick-target angular distributions for e+ d reaction measured at the two
c.m. energies.

Reaction w4(90 keV) w,(90 keV) w4(123 keV) w,(123 keV)
%Be(d, py)*Be(g.s) —0.97+0.11 notused  —0.788:0.037 not used
°Be(d,p;)'%Be* (3.3680 MeV —0.34+0.10 notused  —0.272+0.044 not used
Be(d,to)®Be(g.s) —0.34+0.14 —0.39+0.21 —0.617-0.090 —0.349+0.093
%Be(d, aq)"Li(g.s) —0.374+0.070 notused  —0.175-0.027 not used

%Be(d,a;)"Li*(0.47761 Mey  +0.472+0.039 notused  +0.268+0.032 not used
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FIG. 2. The thick-target angular distributions for the measured particle groups®Bernd reaction at two energies. The error bars are
statistical only and the solid curves represent least squares fits to the data points. Note that the data points and (inet cutve error
barg have been added by the numbers in the parentheses to be plotted. Thus for the redgtignhdn(this figure, the fitted angular
distribution has a maximum at 0° of 1.3tb/sr and a minimum at 180° of 0.4@b/sr.

Since all of the quantities on the right-hand side of &). whereEg is the Gamow energy
are independent of angle except for the normalized angular > 4022
distributions W(E,®), a measurement of the thick-target E _2pme"ZiZ;
yields Y(Eq,®) will allow a determination of the corre- G h
sponding normalized angular distributionf Eq,®).

In the case of théBe and*'B measurements, the angular whereu is the target projectile reduced mass in amu. Using
distributions were each measured at two energies and the&dl- (3), Eq. (2) can then be expressed as
sets of measurements were used to parametrize the angular Q c
distributions over the c.m. energy ranges fr_om the minimum v g @)= _dntW(Eo,®)f 0
(70 and 90 keV, respectivelyp to the maximum energies 4w 0
(132 and 140 keV, respectivelyOur assumption that the
angular distributionsV(E,,®) are slowly varying functions The thick-target yield is measured at a fixed angle for a
of energy is supported posteriori In the case of thé®B we  series of energiek;. The parameters of an assumed func-
assumed that the angular distributions are constant betwedi@nal form of theS factor may then be determined by inte-
c.m. energies of 72 and 138 keV. grating numerically the right-hand side of E&) and fitting

Once the angular distributions are determined, (Bgcan these values to the measured thick-target yields. In the
be used to determine the total cross sectio(i). This was ~ Present work, since there are no significasharp reso-

=0.98%2Z5u (MeV), (4

S(E) w@ﬁ
EX(E)e dE. (5

done using two different methods. nanceq 14,15 for the reactions under investigation between
Method | The total cross section can be described by the.m. energies of 50 and 150 keV, a simple quadratic polyno-
S factor S(E) as mial dependence for th® factor is assumed.

Method IL If the difference betweek; andE;_ is suf-
ficiently small, Eq.(2) may be used to determine approxi-
o(E)= S(E) o VEGTE 3) mately the cross section at an enei§y; betweenE; and
' Ei—l:
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. \ L . FIG. 4. TheS factors for the measured particle groups from

50 70 90 110 130 150 %Be+d reaction. As discussed in the text the solid curves are from
Ecm. (keV) Method | and the data points are calculated from the values of total
cross sections in Method Il. The curves are not the direct fits of the
FIG. 3. The total cross sections for the measured particle groupdat@ Points. Note that the curves and the data pdhmis not the
from 9Be+d reaction. The solid curves are obtained from fitting 7O bars have been added by the numbers in the parentheses to be
the measured thick-target yields in Method | and the data point?loned'
result from Method ll(the curves are not direct fits to the data
points. Note that the curves, data points, and the error bars haveyllium target. The deuterium accumulation in the thick
been multiplied by the numbers in the parentheses to be plotted. targets will produce the proton and triton peaks from the
2H(d,p) 3H reaction.
47x(Ee)  Yi—VYi_1 The thick-target angular distributions were measured at
O'(Eeff):antW(Eeﬁ ® E—E,_,’ (6)  two deuteron bombarding energies of 110 and 150 keV and
’ - are fitted to

where E¢ is the appropriately weighted effective c.m. en-
ergy calculated betweel, andE;_;, and given by 200 ‘ , , .

T = i
= & E;= 160keV; ©,,=90°
JEi ! e‘VEG7EdE=2JEi LT, Foll| 3
g_,EX(E) EerEX(E) 3
&
200 -
(Ei>Ei-1), (7 :2
and whereW(E,0) is the thick-target angular distribution :5; = &
obtained a4 and averaged & over (). g P = -
Once the total cross sectiongE) are determined, the wl | € = 5 > 2
differential cross sections are given by g = s 7 £
: I
do _ 1 W(E,0)s(E 8 - £
40 = 22 W(E.0)0 (E). ®
00 300 600 900 1200 1500 1800

Channel

lll. EXPERIMENTAL RESULTS
FIG. 5. An energy spectrum of the charged particles produced
by deuteron bombardment of a thick 90%-enricHé@ target. The
Figure 1 illustrates an energy spectrum of charged parground-state) values for the d,p) and d, ) reactions on'°B are
ticles measured during the deuteron bombardment of the b&-231 and 17.821 MeV, respectively.

A. The °Be+d reaction
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TABLE Il. Summary of the thick-target angular distributions for . . w T . [
104 H
the **“B+d reaction measured at 133 keV c.m. energy. ool 3 X 2000 _ o1 (X 200)
Reaction w;(133 keV) w,(133 keV) ] 71000
o (X 100)
108(d, po) 'B(g.5) -0.45+0.14  —0.22+0.14 100 | p2 (x 100)
108(d,p;) 1B* (2.1247 MeVj not used —0.223+0.080 ~ A
198(d,p,) B* (4.4451 Me\j  +0.808+0.035 —0.250+0.034 e} el
1%8(d,p;) 1B* (5.021 MeV} notused  —0.51+0.14 g1 5
198(d, p,) 1*B* (6.743 MeV) not used not used 2 8
198(d, p5) 1'B* (7.286 MeV) not used not used £ 1 g
10B8(d, arg) ®Be(g.s) —0.0572:£0.059 —0.390+0.067 E E
108(d, ar;)®Be* (3.04 MeV) —0.580+0.043 —0.184+0.046 -
0.1
<#4-p5 (X 10) 101
W(E;,0)=1+w;(E;j)P1(cosd)+wy(E;j)Py(coB).  (9) 0.01 ps (X 1)
F 1 0.01

The coefficientsw4(E;) and w,(E;) (for i=1,2) are
given in Table |I. The measured angular distributions are
shown in Fig. 2. The coefficients; andw, are determined
at each of the two energies using only the relative angular
dlstrlbutlons. Using the methods described apove, the tOt"#om 108+ d reaction. As discussed in the text the solid curves are
Cross sectlgns We.re determlned. and then, usmg(_ﬂﬁqthe ._obtained from fitting the measured thick-target yields in Method |
absolute dnffergnual cross sections are determmed Wh'cfland the data points result from Method(flhe curves are not direct
are plotted in Fig. 2. Our measurements are consistent Witfyg (o the data poinjs Note that the curves, data points, and the
previous measurements Og the re'?(E'Ve angular distribUgror pars have been multiplied by the numbers in the parentheses
tions for the reactions “Be(d,po) Be(g.s) [16,17,  to be plotted. For th@s, ps, ps groups, the excitation functions
°Be(d,to)®Be(g.s) [16], °Be(d,ap)’Li(g.s) [17], and  were measured at a single deuteron energy and corStéatttors
%Be(d, ;) Li* (0.47761 MeV [17]. were assumed, hence, no data point can be obtained by Method II.

In order to use the two methods discussed previously to . . L
extract the cross sections, the thick-target angular distribu-

tions at the two energies have to be extrapolated to the nar-

60 80 100 120 140 60 80 100 120 140
Ecm. (keV) Ecm. (keV)

FIG. 7. The total cross sections for the measured particle groups

038 row energy region of the present work. For the purposes of
this extrapolation we assumed, andw, to be linear func-

0.7 | 120

0.6 ool ¢ GO I
Zos} I { } : 3 80 I I I i
.§ TlT T T £ §
T g
g 04} 1 2 < 60
5 p5 (+0.2) 8 g 1 P1 (+40) N
g = & R T I3
] = @

03 i ]
é ag (+0.2) é 40
5 L L P®T T ]

02 0l 111 1 1
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p1 (+0.05) IJ_ITTTIJ_T
01¢ L —
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0.0 Lot bt 9
0 30 60 9 120 150 0 30 60 90 120 150 180 FIG. 8. TheS factors for the measured particle groups for the
Bc.m. (degree) 6c.m. (degree) 108+ d reactions to the ground and the first excited states. As dis-

cussed in the text the solid curves are from Method | and the data
FIG. 6. The thick-target angular distributions for the measuredpoints are calculated from the values of total cross sections in
particle groups fromt°B+d reaction. The error bars are statistical Method Il. The curves are not the direct fits of the data points. Note
only and the solid curves represent least squares fits to the dathat the curves and the data poifltsit not the error bayhave been
points. Note that the data points and the curiagt not the error added by the numbers in the parentheses to be plotteds Tawtors
barg have been added by the numbers in the parentheses to loé the p,, ps3, P4, Ps groups can be obtained from the total cross
plotted. sections in Fig. 7.
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800 FIG. 10. The thick-target angular distributions for the measured

particle groups fromt'B+d reaction at two energies. The error bars
) are statistical only and the solid curves represent least squares fits to
FIG. 9. An energy spectrum of the charged particles produceghe gata points. Note that the data points and the cutugsnot the

by deuteron bombardment of a thick natural boron target. Theyror harg have been added by the numbers in the parentheses to be
ground-state) values for the §,p) and d,«) reactions on''B are plotted.

1.144 and 8.030 MeV, respectively.

Channel

tions of energy and used the values from Table | to deter- The thick-target_angular distributions were measu_red at a
mine the coefficients of these linear functions. deutc_—)ron bombarding energy of 160 keV and were fit to Eq.
The excitation functions were measured at an angle o@) (':.1 only). The_ coefficientsw, (E;) and w,(E;) are
140° in the laboratory system with deuteron c.m. energieg!ver1 n Table 11 'F|gure 6 shqws these measured angylar
between 57 and 139 keV. Figures 3 and 4 plot the measureﬂsmbunons' A_S W't_h the beryllium reSUItS'. the angular .d's'
total cross sections and tH® factors calculated from the Uibutions are given in terms oflthe differential cross sections.
cross sections using E@3), respectively, where the solid From ”1‘(? energy Ie_veIBl4] of **C (the compound nucleus_
lines are calculated by Method | while the data points werefo_r the B+d_react|0|j, one note_s that all the resonances in
extracted using Method Il. We remind the reader that eacillh'S reaction in the energy region of the present work are
data point in Figs. 2 and @nd in the corresponding figures very broad with the widths full width at half maximum of
for the 1°B and 1B reactions is derived from two adjacent 2000, 510,' and 920 keV, compared with the present c.m.
thick-target yield pointgrecall Eq.(6)]. Consequently, while ENerdy region of 69 to 150 keV. Therefore we assume the
the thick-target yields were measured at seven deuteron C.r{antmnswl andw; in Eq. (9) are constant over the energy
energies ranging from 57 to 139 keV, the cross sections werginge of the present work and we used the angular distribu-
deduced at six values of the intermediate effective c.m. eniONS atEcm=133 keV to evaluate these constants.
ergies[Eq. (7)] ranging from 70 to 132 keV. It is these six |, The eX(l:(l)tatlon le,IPCEOHS of the reacl:('glon§°B(dl,lp02
values of the cross section and correspondirfactors that . B(9-S), B(d'lgl) B (5'1247 MeV, o B(d,p2)8 B*
are plotted in Figs. 3 and 4. For this reaction as well as fof4-4451 MeV,, 7B(d,a,) "Be(g.s), and “B(d,e,) "Be
the 1B+ d and 1B+ d reactions discussed below, the solid (3.04 Me\_/) were measured at an angle_of 90° in the lab.
lines are not fits of the data points but represent the alterngyStem with deuteron bombarding energies between 80 and
tive extraction process. 1?0 keV. F|.gur_e 7 plots.the mgasured total cross sections
with the solid lines obtained using Method | and the data
points obtained using Method II. For the reactions
108(d,py) 1B * (5.021 MeVj, 19B(d,p,) 1'B*(6.743 MeVj,
Figure 5 presents an energy spectrum of charged particlemd 1°B(d,ps) 1'B*(7.286 MeV}, the excitation functions
measured during the deuteron bombardment of the 90%were measured at a single deuteron energy and a constant
enriched'%B target. Again, the proton and triton peaks from S factor for each reaction was assumed, hence, no data points
the 2H(d,p) 3H reaction occur due to deuterium accumula-could be obtained by Method Il. The upper limit of the en-
tion in the thick target. ergy range of our measurements of the total cross sections of

B. The 1%B+d reaction

TABLE Ill. Summary of the thick-target angular distributions for th#8+d reaction measured at the
two c.m. energies.

Reaction w;(101 keV) w,(101 ke w;(142 keV) w,(142 keV)
11B(d,po)1%B(g.s) —0.82+0.17 not used —0.737+0.039 not used
11B(d, o) ®Be(g.s) not used —0.241+0.089 not used —0.460+0.027

11B(d, a,)®Be* (2.429 MeV) not used not used not used not used
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FIG. 11. The total cross sections for the measured particle
groups fromB+d reaction. As discussed in the text the solid
curves are obtained from fitting the measured thick-target yields in
Method | and the data points result from Methodthe curves are
not direct fits to the data pointsNote that the curves, data points
and the error bars have been multiplied by the numbers in the pa-
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3.0

rentheses to be plotted.

the reactions °B(d,po) 'B(g.s), °B(d,p;) }'B*(2.1247

MeV), 1%B(d,p,)}'B*(4.4451 MeV, and °B(d,p3) B
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FIG. 13. Results obwucks calculations for the reactiofBe

*(5.021 Me\) overlap the lower limit of the energy range of (d,p,)'®Be(g.s) at c.m. energies of 90 and 123 keV. The data
Ref. [18], and our measurements agree with those of Refpoints are measured in this work. The solid curves are calculated
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FIG. 12. TheS factors for the measured particle groups from
118+ d reaction. As discussed in the text the solid curves are from
Method | and the data points are calculated from the values of tot

110 120

Ecm. (keV)

130

140

150

including a short-range modification to the distorting potentials to
simulate symmetrization effects while the dotted curves represent
the same calculations without the modified potentials. The spectro-
scopic factor was extracted from the overall scale. The parameters
are listed in Table IV.

[18] in this overlap region. Th& factors have been obtained
from the measured total cross sections. Figure 8 gives the
S factors for the reactions to the ground state and the first
excited state. Thé& factors for the other excited states in
1B can be obtained from the measured cross sections in Fig.
7 using Eq.(3).

C. The B+d reaction

An energy spectrum of charged particles measured during
the deuteron bombardment the natural boron target is shown
in Fig. 9. The?H(d,p)3H reaction is again evident as well as
reactions from theé'%B in the target.

The thick-target angular distributions were measured at

aqieuteron bombarding energies of 120 and 168 keV and were

- _ - 9
cross sections in Method I1. The curves are not the direct fits of thdit 10 EQ. (9) (i=1,2). As with the°Be measurements, the

data points. Note that the curves and the data pdimis not the

coefficientsw; andw, are assumed to be linear functions of

error bary have been added by the numbers in the parentheses to ihergy based on the values given in Table Ill. Figure 10

plotted.

shows the measured c.m. differential cross sections.
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TABLE IV. pwuck distorting potential parametefsee Ref[20] for definitions of the parametersThe
volume Wood-Saxon potentigbption 1) (with the imaginary part set to zerevas used throughout. The
second line for each case lists the values ofsiveave modification potential parameters. Tie/(out) refer
to the entrance and exit channels. Spectroscopic factors extracted from the overall scale of the calculated
cross sections are given in the second column.

Reaction Sisj (exp Channel Vg (MeV) ro (fm) A, (fm)
°Be (d,po) 0.92 (in) -81 1.15 0.58
+130 0.81 0.10

(out) —-57 1.15 0.58

+116 0.60 0.10

Be (d,to) 0.96 (in) -92 1.15 0.58
+130 0.81 0.10

(out) —120 1.15 0.58

+95 0.60 0.10

108 (d, po) 0.78 (in) —96 1.15 0.58
+130 0.81 0.10

(out) -70 1.15 0.58

+114 0.60 0.10

1B (d,po) 1.62 (in) -81 1.15 0.58
+130 0.81 0.10

(out) -81 1.15 0.58

+116 0.60 0.10

The excitation functions were measured at 130° in the lalthe dotted lines in Fig. 13. The agreement is quite poor,
system with deuteron beam energies between 100 and 1%thich is especially problematic considering that we have
keV. Figures 11 and 12 plot the measured total cross sectiorsglowed the potential parameters to vary in an attempt to
and theS factors, respectively, where again the solid linesdescribe the data. In particular the shape of the angular dis-
are obtained using Method | and the data points are obtainegibutions are dramatically different from those measured.

using Method ILI. This perhaps suggests that the reaction mechanism may not
in fact be a simple one-step direct reaction as assumed im-

IV. DISTORTED-WAVE BORN APPROXIMATION plicitly by the DWBA formalism. Another possibility is that
ANALYSIS an essential piece of the relevant physics has been omitted

In order to understand better the physical mechanisms in¥ich, while strictly speaking lies outside the scope of
volved in the deuteron-induced reactions studied here, wBWBA, can still be simply modeled in the DWBA context.
have undertaken a series of DWBA calculations. Low-energy?Uch is the case with Pauli blocking which can usually be
nuclear physics lore has it that more sophisticated apsafely ignored at higher energies, but which is crucial at
proaches, such as the resonating group mefth8}j are con- these very low energies where the |_de_n_t|ty of_the projectile
sidered more appropriate for this energy regime. Neverthe?nd target particles surely has a significant impact on the
less the simpler direct reaction mechanism approximated b§ffective distorting potential. )
the distorted wave approach may offer at least qualitative The resonating group calculations, such as those of Fuji-
insights. We make use of tieucka code described in Ref. Wara and Tand21], correctly incorporate antisymmetriza-
[20] where the DWBA cross section in fifor the reaction t|_on, however,_ their calculatl_ons require S|gn|f|c_ant e_xten-
A(d,p)B, whereB=A+n is given in zero-range approxima- SIons from their present configuratiésuch as the inclusion

tion by of Coulomb distortionsto be applied here. We are investi-
gating other resonating group codes to test on our data. The

do'si(®) 2Jg+1 Sy (2) _ distorted wave codewBA70 [23] incorporates antisymmetri-

= °) 11 (@), (10)  zation but is limited to jp,p’) applications. We are not

- A _(TDW
dQ 2J,+12j+1 10° aware of any properly antisymmetrized DWBA codes that

Is] ) . i . deal with transfer reactions, and a properly antisymmetrized
where opy,(0©) is the calculated cross section described inca|cylation is beyond the scope of this work. However, to
detail in Ref.[20], S;; is the spectroscopic factor which we test the plausibility of our hypothesis, we have simulated the
will extract from the overall scale of the data, abd is the  effect of the symmetrization by including an additional po-
effect of folding the interaction over composite projectile tential term of a range appropriate to the bosndave target
and/or ejectile wave functions as described in R@2]  nucleons(i.e., short rangedand with a strength of roughly
which further estimate®§~1.58x10* MeV? fm C3 for  that of the attractive potentidper particle. This modifies
(d,p) and D322.3>< 10* MeV? fm C2 for (d,t). the short-range part of the distorting potential more than the

First, consider the®Be (d,p,)'%Be (g.s) reaction at other channels. The parameters of this additional term were
E.n=90 and 123 keV. The DWBA calculation is shown as adjusted at one energy and then used to calculate the cross
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FIG. 14. Same as Fig. 13 for the reactidBe(d,t,) Be(g.s).

section at another energy without further adjustment. Th
results of the modified DWBA calculations for
°Be (d,p,) 1°Be(g.s) reaction atE, ,,=90 and 123 keV are
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FIG. 16. Same as Fig. 13 for the reactibiB(d, po) 1*B(g.s).

cation parameters and overall scale were adjusted to the 90
eV measurements, but not changed in the 123 keV calcula-

tion. The resulting angular distributions are in good agree-

ment with the measured cross section suggesting, but not

shown as the solid curve in Fig. 13. The short-range mOdiﬁ'proving, that we are on the right track. The spedifieuck4

0.6 —

Differential Cross Section (ub/sr)

01

E.m. =133 keV

0.0

FIG. 15. Same as Fig. 13 for the reactii(d,p,) *B(g.s).

100 120 140
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parameters for the distorting potentials as well as the ex-
tracted spectroscopic factors for this reaction and for the
%Be (d,to) ®Be(g.s) and the 1B (d,p,) *'B(g.s) reactions
are listed in Table IV.

A similar procedure was carried out for tHBe (d,t,)
8Be(g.s) reaction atE. =90 and 123 keV the results of
which are presented in Fig. 14. Again the dotted curve shows
a standard DWBA calculation without modifying the short-
range distorting potential while the solid curve indicates the
striking improvement that arises from modification of the
short-range part of the distorting potentials. Figure 15 con-
siders the®B (d,po) *'B(g.s) reaction atE.,,=133 keV
and again the modification of the short-range distorting po-
tential results in substantial improvement of the theoretical
descriptions of the angular distributions.

Finally, Fig. 16 considers thé'B (d,p,) }'B(g.s) reac-
tion at E;.,,=101 and 142 keV. Unlike the previous ex-
amples, the unmodified DWBA calculation is in reasonable
agreement with the data. Not surprisingly, including a short-
range modification to the distorting potential results in a
modest improvement of the theoretical descriptions of the
angular distributions.
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We wish to emphasize that our calculations only suggestnechanism for the production é8e in the big bang and the
that symmetrization effects incorporated with a direct reacpresent measurements supply part of the data base for inves-
tion mechanism approximated by the distorted-wave bortigating the primordial production of heavier elements, in-
approximationmay provide a sufficient understanding of cluding carbon starting witlYBe. In order to complete this
these reactions. Indeed the parameters used for the shodata base, it would be necessary to know the neutron produc-
range modifications are not unique and do not connect diing reactions within this network. There are presently no
rectly with any fundamental theory. In fact one can altercomplete measurements of tha, i) reactions on these nu-
these potential strength and range parameters of either tledei in this energy range. We are planning to carry out such a
incoming or exiting channels such that the volume integralseries of measurements in the near future in an effort to
are constant without affecting the results significantly. With-complete our knowledge of this reaction network. In addition
out doing a properly antisymmetrized calculation, one cannoto these astrophysical applications, we would also like to

be more definitive. stress the nature of our measured angular distributions. Spe-
cifically we found a remarkable degree of anisotropy
V. DISCUSSION AND CONCLUSIONS throughout the measurements and that this anisotropy was

well reproduced by DWBA calculations in which @ hoc

In summary, we have completed a survey of total crosgport-range term is added to the nucleon-nucleus potential.
sections and angular distributions for all the charged particley present the interpretation of this term is not clear and we

prqducing, exothermic deuteron-induced reactiqns on the Nslan to continue our investigation of this phenomenon.
clei °Be, %, and !B at center of mass energies between

about 70 and 140 keV. As noted in our introduction, one area
of application of the measurements will be to the problem of
primordial nucleosynthesis. Specifically, the reactions
Li(Hep)®Be and ’Li(t,n)°Be have been proposed as a  This work supported in part by the U.S. DOE.

ACKNOWLEDGMENT

[1] R. E. Brown and N. Jarmie, Phys. Rev.4C, 1391(1990. [15] F. Ajzenberg-Selove, Nucl. PhyA449, 1 (1986.
[2] A. Krausset al, Nucl. Phys.A465, 150 (1987. [16] R. K. Smither, Phys. Rev107, 196 (1957).
[3] J. R. Oppenheimer and M. Phillips, Phys. R48, 500(1935. [17] G. Ambrosino, J. P. Crettez, J. Lachkar, and J. Perchereau, J.
[4] S. Engstleret al,, Phys. Lett. B279 20 (1992. Phys.(Parig Collog. 1, 62 (1966.
[5] A. J. Elwynet al, Phys. Rev. C16, 1744(1977). [18] G. R. Harrison, G. d. Schmidt, and C. D. Curtis, Phys. Rev.
[6] S. S. Medley, F. E. Cecil, D. Cole, M. A. Conway, and F. J. 117, 532(1960.
Wilkinson, Rev. Sci. Instrumb6, 975(1985. [19] J. A. Wheeler, Phys. Rew2, 1083(1937; 52, 1107 (1937%);
[7] T. Kajino and R. N. Boyd, Astrophys. 359 267 (1990. see also, G. Blge and K. LangankeAdvances in Nuclear
[8] G. M. Hale, R. E. Brown, and N. Jarmie, Phys. Rev. LBS, Physics edited by J. W. Negele and E. Vo@®lenum, New
763 (1987). York, 1993, Vol. 21.
[9] G. M. Hale (private communication [20] P. D. Kunz and E. Rost, iComputational Nuclear Physics
[10] F. E. Cecil, D. Ferg, R. King, B. Kriss, H. Liu, and J. Scorby, edited by K. Langanke, J. A. Maruhn, and S. E. Koonin
Nucl. Inst. Methods Phys. Res. 8/41 934(1989. (Springer-Verlag, New York, 1993Vol. 2, Chap. 5.
[11] J. M. Davidsoret al, Nucl. Phys.A315, 253 (1979. [21] Y. Fujiwara and Y. C. Tang, Prog. Theor. Phy&3, 711
[12] H. W. Becker, C. Rolfs, and H. P. Trautvetter, Z. Phys32, (1995.
341 (1987). [22] G. R. SatchlerDirect Nuclear ReactiongOxford University

[13] Jinsheng Yan, Ph.D. thesis, Colorado School of Mines, 1995. Press, New York, 1983
[14] F. Ajzenberg-Selove, Nucl. Phy8433, 1 (1985. [23] J. Raynal and R. Schaefferwsa7o (unpublishegl



