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Polarized proton beams of 80 and 60 keV, and a biased target have been used to determine the slope of the
astrophysicals factor for the ’Li( p, v)®Be reaction from direct measurements at proton energies from 40 to
100 keV for capture to both the ground and the first excited statBaf The results indicate megativeslope
for both cases. Vector analyzing power measurements at 90° were also obtained for proton energies from 40
to 80 keV. It is shown that the negative slope can be accounted for by considering the effect of the subthreshold
resonance state at 16.6 MeV if the capture into this weakly bound, subthreshold state occurs at an effective
radius of about 46 fm. The effect of this state increases the extrapolated valueSdatter atE,=0 from the
previous value of 0.3 keV b to the present value of 0.50 keV b.

PACS numbsd(s): 25.40.Lw, 27.20+n, 24.70+s

I. INTRODUCTION problem was finally overcomgs], or so it seemed, by re-
placing the direct capture description of th& strength used
The radiative capture group at the Triangle Universitiesin this model by two I resonances, having somewhat ad-
Nuclear LaboratoryTUNL) has been engaged in a long term justable parameters and performing a pBrenatrix calcula-
study of low-energy, radiative capture reactions on light nutjon, which also included the twdl 1 resonances. This cal-
c;Ie_L The current work discusses the latest study of theylation succeeded in producing the larger analyzing power
'Li(p,y)°Be reaction below 100 keV. Although this reac- a5 observed while simultaneously avoiding the problems
tion is not known to have any major astrophysical impor-yith the signs of the interfering amplitudes referred to above.
tance, this study demonstrates the subtleties involved in Sf3owever, it also predicted an absolute cross section below
trapolating capture reactions to a§tr0physical energies evefhg e\ which is almost a factor of 2 smaller than that
when dflt‘?‘ eX|st8at very IQW energies. . measured in Ref.2], but in agreement with that of R€f7].
8012?/ LII'S("?J; E«;z;ﬁ?ggoﬁeggﬁ gﬁg'?g;b%tstggﬁgngﬁlgw In the present work it will be shown that a direct measure-
' ment of the slope of th& factor for the 'Li( p,y)®Be reac-

large (0.4) analyzing power atf, ,,=90°, indicating the . . S .
presence of a non-negligible-wave strength at these ex- tion _proylde§ a new ob;ervable qnd new |ns!ght into the
physics in this energy regime. Previous calculations had pro-

tremely low energies. The astrophysical factor of the L
"Li(p,y)®Be reaction was later accurately measured peduced values for the slope and could therefore be distin-

tween 100 and 1500 kef2]. Several efforts were made to 9Uished by a comparison with a measured value. For ex-
explain these data sets by assuming that Mh& strength ample, dlrect-capture-pl_us-r_esonances model_ calculations
arises from the tails of the "1 resonances at 441 and 1030 [3.4] lead to a slope which is close to zero while the pure
keV. All of these calculations have been unable to explaif-matrix calculation of Ref[6] mentioned above predicts a
the large analyzing power observed at 80 keV, especialljather large positive slope. The results of the present work
when cross section data are also consid¢ged]. Since the Indicate that the slope is actualfyegativein contradiction
amount ofp-wave strength in this energy region can play awith the results of these previous calculations. It will be
significant role in extrapolating th& factor toE=0, it is  shown that the effect of the subthreshold state at 16.6 MeV
important to attempt to understand its physical origin. at positive energies is probably the dominant cause of this
Traditional calculations of the'Li(p,y)®Be reaction at negative slope. The impact of this on the extrapolation of the
energies below a few hundred keV have assumed purg factor toE=0 will be discussed.
swaveE1l direct capture. In this model the analyzing power
is identically zero. Adding the resonances mentioned above
brings inp-wave strength which can generate nonzero ana- Il. EXPERIMENTAL METHOD
lyzing powers. However, detailed calculations have not been
able to give a quantitative account of the observed cross Previous studies at TUNL of théLi(p,y)®Be reaction
section and analyzing powef8—6]. For example, direct were performed by stopping an 80-keV polarized proton
capture-plus-resonance calculations could not producbeam in thick evaporatedLi targets. These targets were
enoughp-wave strength without assigning signs to the vari-fabricated in an evaporator facility, then transferred under
ous interfering amplitudes which contradicted both shell-argon gas into the scattering chamber. While efforts to avoid
model calculations and fits to higher-energy dga This  oxidation were taken, the present work eliminated this con-
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TABLE |. Energy-dependent data taking time periods during a Si Detector
typical target voltage cycle.

Energy(keV) Data taking time(s) _

100 30 Tomgex
95 40

Beam . Nal Detector
. : — H/ -
85 100 \ I:|
80 140 L]
75 180 Vacuum Chamber
70 220 FIG. 1. A sketch of the experimental setup showing the mount-
65 260 ing flange for the Si detector and a Nal detector at 0°. The circle
60 300 represents the location of the 90° Nal detect¢xot to scale).

cern by using arn situ evaporator, thereby eliminating the validate the accuracy of these data. First, the experiment was
tricky transfer process. repeated with a 60-keV beam. Although previous tests using
The v rays in the previous workgl,3,4 were detected beam viewers had indicated that there were no observable
with both Nal and high-purity germaniutiiPGe detectors.  effects on the beam spot size or distribution as a result of the
Since the goal of the present experiment was to obtain &rget bias, the 60-keV measurements allowed testing of this
direct and accurate measurement of the slope oBtfeetor ~ observation since there were data between 60 and 80 keV
for this reaction, measurements were needed at energi@ptained both by biasing the target negativelyereby in-
lower than those previously attempted. While deconvolutingereasing the beam energy from 60 up to 80 kewid by
the high-resolution HPGe spectrum is an attractive optionbiasing it positively(thereby decreasing the beam energy on
counting rates belowE,=80 keV indicated that the effi- target from the incident 80 keV down to 60 ke\Both mea-
ciency of these detectors made this an impractical choicesurements gave the same slope in this energy region of over-
For this reason three 25 ci25 cm Nal detectors were used, lap, providing strong evidence that target biasing was not
and the beam energy was varied in small steps by biasing trdversely affecting the measured values of the slope. These
target. This method takes advantage of the high efficiencyneasurements with a 60-keV beam also provided very im-
(total response is about 98% efficipmtf the Nal detectors portant new data between 40 and 60 keV. In this case, due to
while simultaneously giving incident beam energies in 5-keVthe very reduced count rates below 60 keV, the step size used
increments. With a 2A 80 keV beam, the target bias was On the bias voltage was changed from 5 to 10 kV.
varied from +20 kV to —20 kV in 5 kV steps, which al- The second important control was the simultaneous mea-
lowed spectra to be obtained at beam energies from 60 tgurement of the/Li( p,a)*He reaction. These measurements
100 keV. All beams were stopped in the target. The use ofvere performed using a 5Q9m thick silicon surface-barrier
two programmable high-voltage power supplieme for  detector set at a scattering angle of 135°. This detector was
positive and one for negative high voltaggeermitted con- contained in a tube which extended it beyond the ground
trol of the time spent at each energy, as well as the total cyclglane of the scattering chamber, as shown in Fig. 1. Besides
time. Individual times were adjusted to compensate for thedroviding geometrical convenience, this arrangement and a
rapidly decreasing count rate and provide similar statisticaP-1 mil Ni foil which covered the front face of the detector
accuracy at each setting. A typical cycle lasted less than 1 Igliminated background effects due to low-energy scattered
with each energy receiving times as shown in Table I. Relaprotons and secondary electrons. Care was taken to be sure
tively short cycle times allowed many cycles to be run dur-that the silicon detector was collimated so that it saw the full
ing the course of the experimefabout six 24-h daysthus target area. Since the count rate in this detector was about
greatly reducing systematic uncertainties between the datt00 times as great as theray channel, good statistics were
obtained at different energies. obtained. More importantly, this higher count rate made it
One disadvantage of this technique is that it makes relimuch easier to obtain reliable energy-dependent data for this
able charge integration difficult, if not impossible. However, channel versus the ray channels, even when doing one
this disadvantage is offset by running with a very stableenergy at a time. Previous workers have obtained rather con-
beam current and cycling through all energies frequentlysistent data for the slope of ti&factor in the 'Li( p,a)*He
thereby canceling the effects of any long term drifts in beanteaction. It was a requirement that the present experiment
current on the relative yields. The time spent at each energieproduce these values.
is a relative measure of the total number of incident projec- The three 25 cra 25 cm Nal detectors used to detect the
tiles at each energy. While this alone could leave some uny rays going to the grounds(,=17.3 MeV) and first excited
certainty, the rather prolifice particle yield from the states E,=14.3 MeV) of 8Be were placed so that two were
Li( p,@)*He reaction which has been previously measuredat 90° on opposite sides of the beam line, and one was at 0°.
as a function of energy in this regime was used to test thén addition, one of the 90° detectors was surrounded by a
present technique by a direct comparison with prior resultsplastic anticoincidence shield which was used to reject cos-
There were two significant controls which were used tomic rays. The rejection efficiency achieved during this ex-
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FIG. 2. Raw spectra for théLi(p,y)®Be reaction both with
(below) and without(above the active scintillating shield. FIG. 3. TheLi(p,v,)®Be (circular pointg and “Li( p,7y;)®Be
(square pointsyields at 90° from 40 to 100 keV. The open points
periment was 98.5%. While the rejected spectra were easi@e data from the 60 keV d_ata set, and the solid points were taken
to analyze and made background subtraction unambiguou0m the 80 keV set. The yields at each energy have been normal-
the results obtained with the unshielded Nal detectors werl€d to correspond to the same data taking time. The error bars

in excellent agreement with those obtained with the shieldeffdicate the statistical uncertainties of the data points. When not
shown, the uncertainty is smaller than the size of the data point.

detector.
w is the reduced mass in amu, dag,, is in keV. At the low
IIl. DATA ANALYSIS energies of this experime®(E) was assumed to be a linear
A. Extracting yields from spectra function of energy:
The first step in processing these data was to extract sums S(Eem)=So+ SixEc - 2

from the raw spectra. Typical spectra from the unshielded
and the shielded Nal detectors are shown in Fig. 2. A relativerhe validity of this assumption was tested by the ability to fit
yield was obtained by summing from one half-width abovethe measured data with it.
to two half-widths below the centroid of each peak. Cosmic The measured yield was an integrated yield from the
ray background was subtracted from the region of interest byeam energy to zero energghe beam stopped in the thick
summing events above the region of interest and normalizingargey at each beam energy. In order to deternfigendS,;
this sum to the number of channels in the region of interesfrom the data, an iterative calculation of the yield was made.
before subtracting it. At each incident beam energy, the target was divided into a
Since the data were taken under similar beam and targeferies of 1.g/cn? layers. The yield was calculated for the
conditions for all energies, the various yields could be comirst |ayer, using assumed values of Séactor parameters to
pared once they were normalized to the same data takingg|culate the cross section at that energy. The energy loss of
time. The results for the gamma-ray data from both 90° dethe beam in that layer was calculated and the yield calcula-
tectors combined are shown in Fig. 3 for capture to thejon was repeated for the next layer at the decreased energy.
ground and to the first excited state #e. The figure con-  This proceeded until the yield was negligible for successive
tains the data from both the 60-keV and the 80-keV beamayers. The total yield was the sum of the yields for each of
runs, normalized in the region of overlap. It is important tothe |ayers. The energy losses for protons in lithium were
note that the energy dependence in this region agrees for thgken from Anderson and Ziegl¢8]. This procedure was
two runs, as desired. done at each beam energy and applied iteratively, adjusting
the Sfactor parameters until a fit to the data was obtained.
B. Obtaining the slope of theS factor

The goal was to extract the slope of the astrophysg&al C. The analyzing power data
factor from these data. Thisfactor is defined interms ofthe A 25, A polarized proton beam, obtained from the
cross section according to TUNL atomic beam polarized ion source, was used to obtain
S(E. ) all of the present data. The beam polarization was measured
o(Eepm) = O o= 31.2%, 7, Vul Ec (1)  using the spin-filtef9] technique, and was typically found to
Ecm. be 0.60t 0.03. The direction of the spin of the incident beam

was reversed at the rate of 10 Hz, and data were sorted into
whereZ, andZ, are the charges of the projectile and target,spin-up and spin-down spectra. These spectra were then used
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FIG. 4. The ’Li(p,a) reaction yield normalized to the cross Ep (keV)

section data reported by Rolfs and Kavanag@]. The arrows in-
dicate the data from Reff10]. The error bars indicate the statistical
uncertainties of the data points.

FIG. 5. The vector analyzing power at 90° for tHe( p, y,)®Be
(open points and "Li( p, y,)®Be (solid point3 reactions. The error
bars indicate the statistical uncertainties of the data points.

to extract a spin-up and a spin-down yield at each beam
energy using the previously described procedure. The results
were then combined to calculate the analyzing power, The time normalized yields, obtained as described in Sec.

B. The "Li(p, v, ®Be cross section data

Ay(90°), at each energy according to IIIA, are shown for capture to the ground and first-excited
states in Fig. 3. These data were fitted in order to determine
Y'(90°) —Y9(90°) the values ofS; and S;. The absolute normalization of the
Ay(90° (3 cross section was obtained by normalizing the present data to

= dyyu o uyvd oy’
(PYH(90%)+(p™) ¥Y7(90°) that of[2] at 98.3 keV. The results for the case of capture to

the ground state ;) were S;=0.50+0.07 keV b andS;

whereY" and Y¢ are the spin-up and spin-down yields and = (—9.5=3.2)X 10~ % b. A negative slope was also obtained

p"? are the polarizations of the spin-up and spin-downfor the case of capture to the first excited stage)( where
beams, respeetive|y_ Soz 1.86+0.25 keV b ancBl=(—2.5i O5)>< 1073 b.

The analyzing power data obtained for capture to the
ground and first excited states at 90° are shown in Fig. 5.

IV. EXPERIMENTAL RESULTS Data are available only from 40 to 80 keV because the beam
. . _ polarization was unstable for the 60 to 100 keV data set. The
A. 'Li(p,@)He cross section data results at 80 keV are in good agreement with previous results

The data obtained for théLi(p,«)*He reaction at¢  [1,3,4] obtained by stopping an 80 keV beam irfl4 target.
=135° are shown in Fig. 4. The data obtained with the 60The present results indicate that the analyzing power for cap-
and 80 keV beams were normalized in the region of overlapture to the ground state decreases from 0.4 to about 0.25 as
Note that the energy dependence exhibited by both data sefse energy decreases from 80 to 40 keV. The analyzing
is identical to within statistical uncertainty. The absolutepower results fory, are consistent with zeras are the 0°
scale shown here was obtained by normalizing the presemi€sults for both cases, as they must(bet shown].
results to those dfl0]. The data fronj10] are also shown in

Fig. 4 for comparison, and it is seen that the agreement is V. INTERPRETATION AND CALCULATION
excellent. A. Implications of the negative s|
The data of Fig. 4 for the present experiment were used to - mplications ot the negative siope

obtain values foS; andS;, defined in Eq(2), by fitting the The slope of theS factors for the reaction$’C(«, y)®0,
data using the previously described iterative process. ThéBe(p,y)®B, and **O(p,y,)'’F have been the subject of
values obtained wer&,=49+4.4 keVb, andS;=0.036 several recent papef$1-13. In the case of*’C(a,y)°0,
+0.003 b. These results are in excellent agreement with ththe unknown relative phase between the &ubthreshold
previous results reported [10]. resonance and the lowest-lying above threshold réso-
This result provides significant evidence that the presenhance drastically affects the extrapolated values ofStfeec-
method of measuring the energy dependence of the croger [11]. Negative slopes are predicted by direct capture cal-
section and of extracting the slope of tBdactor from the culations for both the’Be(p,y)®B and the °O(p,y,)*F
data is sound. It is also important to note that the slope of theeactions. As pointed out ifiL3], since capture in both of
Sfactor obtained from these high-statistics data is not negathese reactions is external, tBdactors at the relevant ener-
tive, indicating that there is not a systematic problem in thisgies are determined by the product of the spectroscopic fac-
technique which produces negative slopes. tor, the asymptotic normalization of the final-state wave
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functions, and a pure Coulomb term. In both reactions, the LI B B
weakly bound final state is responsible for the rise in $he I
factor as the center-of-mass energy approaches 0. This rise
has been shown to be due to a polé&at=0 induced by the
weakly bound final states which are, in fact, halo in nature.

It seems extremely unlikely that a similar effect is respon-
sible for the negative slope which is observed in the present
case of ‘Li(p,y)®Be capture to the ground state since the
proton single-particle ground state e is tightly bound by
over 17 MeV. Indeed, pur&l direct capture calculations
predict a slope which is essentially zero below 100 keV, with L
small differences in the various calculations arising from the I
different choices of potentials used to describe the scattering 0 20 40 60 80 100
state[2,4,5. When the twaM 1 resonances at 441 and 1030 R (fm)
keV are added to this direct strength, as in Ref. 4, the slope
becomes positive. This was also found to be the case in Ra
pure R-matrix calculation of the reactiof6] which included
the same twoM1 resonances as above but used two 1

E2 Direct Capture Integrand

FIG. 6. The integrand of th&2 direct-capture matrix element
ding to the 16.6 MeV state plotted as a function of the radius.

h(r
resonances in place of a dirdel capture amplitude. In fact, um)r|x*(r))+{u(r)] LHXJF(V)% (4)
a microscopic cluster model calculation of this reac{i] E—Egp+i=
predicts a slope which is, although very slightly negative, 2

almost zero and quite like that obtained from direct-capture-

plus-resonances model calculatidas. Direct amplitude-resonance amplitude with(r)

included,

where y*(r) is the incident wave function and(r) is the
B. Calculating the negative slope wave function of the bound final state. The functional form
of h(r) was that of a derivative Woods-Saxon potenitid].

To explain the negative slope, the effect of the boufid 2 The parameters were adjusted to reproduce the radial depen-
state of®Be at 16.6 MeV was considered. The influence ofdence observed in Fig. 6 as well as possible. The resonance
this state has not been included in previous work. This alparameters of the 16.6 MeV state were based on previously
most totally isospin mixed “protonlike” state is only bound determined valuef20] and were
by about 630 keMversus 17 MeV for the ground statand

its T=1 component is the analog of tliealo ground state Ex=16.626 MeV

of ®B [16]. In the capture to the ground state, this state (corresponding toEr=—0.628 MeV),
would enter as a subthreshold resonance.
An attempt to include this state in a direct-capture-plus- I'i=130 keV.

resonances model calculation, where it is populated b
p-wave capture followed b¥2 decay to the ground state,
indicated that it had little or no effect for any reasonable
resonance parameters. However, its extended halolike natu
can be observed when one performs a dipeataveE2 cap-
ture calculation of the/Li( p,y)®Be reaction leading to this ; . ; .
state. In this calculation thiinal) state was represented as a
p-wave single-particle state, generated using a Woods-Saxon kTN ____________-
potential which reproduced the experimentally known bind-
ing energy(630 ke\). A plot of the direct capture integrand
is shown in Fig. 6. This result is very similar to that of Fig.
4 in [15], which showed a plot for the-wave (E1) direct
capture integrand leading to the hdld state of*’F. -40
This observation led to a new calculation. Instead of sim-
ply adding the resonance amplitude to & direct capture 0 20 40 60 80
amplitude, a form factor was inserted in the numerator of the Form Factor Radius Parameter (fm)
resonance amplitude which allowed control of the region of  F|G. 7. The slopésolid line) of the calculated factor (S,) for
space where the resonance contribution was located. The foie 7Li( p, y,)®Be reaction as a function of the radius at which the
malism for this is based on the direct semidirect mqdél,  direct-capture integrand peaks for the 16.6-MeV gubthreshold
which combines the direct amplitude and the resondsee resonance irfBe. The dotted lines show the range of values al-
midirec amplitude radial terms as lowed by experiment.

)ﬁ'he strength oh(r) was adjusted to provide the best fit to
the data. The deduced strength is consistent with the experi-
mental value of", (70=25 me\) [20] assuming a spectro-
g%opic factor of 1.0. A calculation was performed which in-

=
L
P
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Lo ll ‘ 1 Although the slope and cross section of the present ex-
- i ] perimental data belo,= 100 keV are well accounted for
08F I Fn, . by this direct capture plus subthreshold resonance calcula-
| | ] tion, a full calculation which includes the higher lyirig 1
© N i i | resonances as well as other effects such as the coupling to
% 0.6 ! \ g other channels is needed. Attempts to describe all of the
2 ‘%{3 h\ﬁj’y § ] observablesincluding the angular distributions of cross sec-
L 04r /f ‘\’i 7 tions and analyzing powersf this and previous work using
fmi—;ﬁ-- a direct-capture-plus-resonances model has not been success-
02F . ful. There are a considerable number of free resonance and
I ] potential parameters, including phases, which make such cal-
0 ——t——t 1 culations somewhat arbitrary. A more complete microscopic
"0 400 800 1200 1600 model calculation is needed. However, the results of these

E, (keV) limited calculations point out the important role played by
the weakly bound states when they are properly included.
FIG. 8. Calculations showing the effect of the 16.6-MeV 2 These states should be included in any future works.

subthreshold resonance #Be on the low-energy behavior of ti& The results indicate that negative slopesSdhctors can

factor for theLi( p, o) ®Be reaction. The short dashed curve below arise not only in the case when one is capturing to a weakly

400 keV shows the calculation containing direct capture and thdound halolike state, but also in the case of capture to tightly

two higher M1 resonances. The long dashed curve includes thdound states if a weakly bound subthreshold state is present,

16.6-MeV subthreshold state in addition. The data shown in thisas in the case ofLi(p,y)®Be.

figure are from Zahnowet al.[2]. The line segment between 0 and

100 keV, indicated by the arrow, is the deduced result from the VI. CONCLUSIONS

resent measurement. .
P A new method has been employed to directly measure the

cluded the directEl amplitude and the 16.6 MeV 2  low-energy slope for the astrophysic& factor of the
subthreshold resonance only. The radius parameter of th&.i(p,y)®Be reaction. It uses a computer-controlled power
form factorh(r) was varied and the slope of tisdactor was  supply to bias the target in steps allowing for measurement
computed as a function of this radius. The results are showaf the integrated yield at several different incident energies
in Fig. 7 along with the experimentally determined value ofaround a single beam energy. Due to the rapidity of the step-
the slope. Figure 7 shows that the effective radius at whiclping procedure data at very different energies can be taken
this subthreshold resonance is formed is=86fm. When the  under the same beam and target conditions.

cross section is calculated with this resonance included using The study of the’Li( p, y)®Be reaction has shown that at
this effective radius, the results obtained are as shown in Fidow energies, previously made assumptions about the rela-
8. As shown here, the weakly bound subthreshold state cative simplicity of radiative capture reactions are unfounded.
play a significant role in determining the behavior of the The results discussed in this paper indicate that the slope of
cross section at near-threshold energies. In this case, it the astrophysica$ factor can be strongly affected by both
responsible for an increase in tBdactor atE=0 from the  subthreshold and positive energy resonances in the residual
previously deduced value of about 0.3 keV b to the presentucleus. Future extrapolations of tBdfactor to astrophysi-
value of about 0.5 keV b. cally relevant energies should take this into account.
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