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Energy dependence of the astrophysicas factor for the °Li(p, y)'Be reaction
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Polarized proton beams with energies from 80 to 130 keV have been used to determine the slope of the
astrophysicals factor for the®Li(p, y5)’Be and®Li(p, y;)'Be reactions. The slope was determined from the
relative yields at five incident proton energies. The slope of $hfactor was found to be negative. The
analyzing power measurements indicate that the reaction proceeds predominatelyaisg capture. The
negative slope does not appear to be due to low-binding-energy effects, the effects of nearby resonances, or
electron screening of the nuclei. A resonating group model calculation demonstrates a hew mechanism for
producing a negative slope at astrophysically relevant energies in radiative capture reactions.
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[. INTRODUCTION energy decreases below 100 keV, producing a negative slope
with energy.

The low-energy behavior of many proton radiative cap-  Negative slopes for low-energ$ factors are known to
ture reactions is important in nuclear astrophysics. In manyccyr in situations where the particle binding energy of the
cases, the cross sections at the energies of intéreshe  fing| state is very small due, essentially, to the extended tail
so-called Gamow windoyare not directly measured be- of the final (weakly boundl state wave function. This phe-
cause the cross sections are extremely small. The need@dmenon, observed in the cases @e(p,y,)®B and
cross sections must be obtained by extrapolating measuré@o(p, y,)!’F, was discussed in the recent papers by
values at higher energies to very low energies. The extrap@viukhamedzhanov and Nund5] and Jenninget al. [6].
lation is usually performed using the astrophysigdhctor,  However, the proton binding energy of the ground state of
which removes the rapidly changing part of the cross sectiofiBe is 17.26 MeV so that another reason must be the cause
arising from penetrating the Coulomb barrier. Knowledge ofof the negative slope fofLi(p, y,)®Be. Sprakeret al. ex-
the rate of change of th8 factor with energy at very low plained this negative slope of ttf&factor as due to the in-
energies is needed to perform a reliable extrapolation. Alfluence of a subthreshold state 3Be. A negative slope at
though this is frequently determined by the use of a directiow energy for theS factor of the’Li(p, a)*He reaction7,8]
capture-model calculation, there are cases when this does nods been shown to be caused by electron screening of the
suffice. Low-energy resonances or subthreshold states cdarget nucleus.
affect the extrapolation. In this work the results of a mea- The situation for’Li(p, y,)'Be and®Li(p, y;)'Be is inter-
surement of the slope of the astrophysiGafactor for the mediate between 'Li(p,y,)®Be and "Be(p,y,)°B or
®Li(p, y)'Be reaction are reported, and a new mechanism i$°0(p, y,)'’F because the proton binding energies of the
introduced to explain the observed slope. ground and first excited states {Be are 5.61 MeV and

The °Li(p, y)'Be reaction was previously studied in this 5.18 MeV, respectively. Also there are no stateéBe close
laboratory using polarized protons at a beam energy oénough to the region of excitation energy reached by low-
80 keV by Laymonet al. [1]. The results were analyzing energy proton capture ofLi (see Fig. 1 which could be
powers with values of zer@o within the errorgat all angles  expected to have any significant effect. Cegtilal. [9] mea-
in contrast to the very large analyzing powers measured fosured the branching ratio 6ti(p,y,)'Be and®Li(p, y;)'Be
angles near 90° fofLi (3, y,)®Be at 80 keV[2,3]. The large  with respect toPLi(p,a)°He from 45 to 170 keV and de-
analyzing power observed in tHei (B, y,)®Be reaction indi-  duced theS factors for®Li(p, yo)'Be and®Li(p, y;)'Be as a
cated significantp-wave contributions at that low energy, function of energy. Their results gave a positive slope for the
attributed to the influence of nearby states’Be [3]. The S factor. Switkowskiet al. [11] measured théLi(p,y)'Be
zero analyzing power fdiLi(p, y)'Be was taken as evidence cross section from 160 to 1150 keV. Their data points are all
for the predominance af-wave capture effects in that reac- at energies above the present data set and shoS/factor
tion [1]. Subsequently, the energy dependence of the lowthat increases with increasing energy. Barker's analyisis
energy astrophysica factor for the’Li(p, y,)®Be reaction  of the data of Switkowskét al. does have a negativi&factor
was measured by Spraket al. [4]. Those measurements slope for®Li(p, y,)'Be and®Li(p, y;)’Be at energies below
showed that the astrophysicafactor increases as the proton the range of the data. The present measurements were under-
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0.429 1/2° FIG. 2. Gamma-ray spectrum obtained with 130-keV protons.
The top of the figure shows the spectrum above 2 MeV. The bottom
3/ shows the expanded region of interest and shows the broadening of
7Be the peaks due to the protons slowing in the target.

FIG. 1. Energy diagram of the known lower-energy stdfe
in ‘Be showing the gamma transitions observed in the prese
experiment.

(%ould be moved in front of the 3-mm-thick aluminum target
rbacking, was used to evaporate enricfied(99%) onto the
backing. The target was replenished approximately twice
) o ) ) daily during the weeklong data runs. The lithium layer which
taken to examine this discrepancy in the previous measurgyas deposited was thick enough to stop the proton beam.

ments of Cecilet al. and Switkowskiet al. and to look at a  yarget conditions were monitored by observing the counting
reaction where the binding energy of the final state is interyate as a function of time.

mediate between 0.1 MeV and 17.3 MeV. The gamma rays from tHiki(p, o) ’Be and®Li(p, y,)'Be
reactions were detected by two large high-purity germanium
Il. EXPERIMENTAL METHOD detectorg123% and 140% efficient relative td 8 3" Nal).

?e detectors were positioned at 90° on either side of the
l% rget chamber. The data acquisition system sorted the spec-
rga for each detector according to target bias voltage and the

The experimental setup was the same as that used
Sprakeret al. [4] and will be described only briefly here.
The TUNL atomic-beam-polarized ion source produced a o . . :
80-keV beam of protons. The proton beam was then furthe eam polarlzatlpn, Wh'Ch was switched between spin-up and
accelerated by biasing the target with a negative high voIt-Sp'n'dOWn configurations at a frequency of 10 Hz.
age. Beam currents were typically 20—@8 on target. Two
separate data runs were made, one with target-bias voltages I1l. DATA ANALYSIS
of 0, —15, and -30 kV and a second with voltages of —-30,
—-40, and -50 kV. This produced data for beam energies of
80, 95, and 110 keV for the first run and 110, 120, and A gamma-ray spectrum obtained using 130-keV protons
130 keV for the second. During each run the target voltaget shown in Fig. 2. The full energy peaks and the first and
were controlled by the data acquisition system such that theecond escape peaks for the ground-state and first-excited-
time spent at each bias voltage produced approximately thgtate gamma rays are indicated in the figure. The broadening
same number of counts. The time for a complete cycle oPf the low-energy sides of the peaks is due to events gener-
voltages was about 10 min so that effects due to changes @ied by protons which have lost energy as they stop in the
beam current or target conditions were minimized over théhick target.
course of a typical 12-h run. Because of the high voltage on The yield of each spectrum was obtained by fitting a lin-
the target, the beam current was not integrated and the tim@gr background to the region on each side of the peak. The
at each voltage were used for normalization of the differenyield was the sum of the counts in the peak with the linear
energy data points within a given data set. The two data sefgackground subtracted. The yields of the full-energy peaks
were normalized together at the 110-keV points. and the first-escape peaks for tHki(p,y,)'Be and

The target was produced by &m situ evaporator in the ®Li(p, y1)'Be reactions were extracted for each spectrum. As
target vacuum chamber. A shielded tungsten boat, whick result of the energy cycling procedure, spectra at different

A. Extracting yields from spectra
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energies in each of the two data sets were obtained with thenergy-dependent part of the cross section in the conStant
same beam and target conditions. This made it possible tbhe yield for a given beam energy can be calculated from
obtain the energy-dependent yields by normalizing the dat&q. (1) using the values 0§, andS;.
to the same acquisition time. The results from the two sepa- To compare the measured and calculated yields, the inte-
rate data sets were normalized together using the overlappirgral was evaluated numerically. The target was divided into
data at a proton energy of 110 keV. The statistical uncertaini-ug/cn? layers, each of which corresponds to an energy
ties of the yields(including background subtractipnvere  loss of less than 1 keV in the target material. The stopping
included in the normalization process. It was assumed thgiower of the target was calculated using the energy loss
the gamma rays were emitted isotropically in agreement witlequations of Anderson and Zieglgt4]. The yield for the
the measurements of Layme al. [1]. first layer was then calculated using arbitrary starting values
The yields from the ground-state and first-excited-stateof S, and S;. The energy loss for the layer was calculated,
transitions can be used to calculate the branching ratio foand the yield calculation was repeated for the next layer at
these transitions. The ratio of the efficiencies of the detectorthe decreased energy. This process was repeated until the
at 5.29 and 5.72 MeV is 1.053+0.0212]. Using this and vyield of a layer was less than 0.1% of the yield for the first
the ratios of the net counts in the two peaks, the ratio of théayer. The total yield at that beam energy was the sum of the
first-excited-state yield to the ground-state vyield isyields from all the layers of the target. This process was
0.577+0.017. This results in branching ratios of performed for all five beam energies and repeated iteratively,
(63.4+1.9% and (36.6+1.9% for the ground-state and adjusting the values df, and S, until a best fit to the data
first-excited-state transitions, respectively. Within the uncerwas obtained. The uncertainties in the valuesSpfwere
tainties of the individual spectral yields, these ratios wereobtained from the error matrix of the fjil5] and thereby
constant over the energy range of this experiment. These afeom the statistical uncertainties associated with experimen-
consistent with the values from R¢@] of 0.60 and 0.40, the tal yields and included the effects of background subtraction.
values from Ref[11] of (59£3)% and(41+3)%, and the The target material is believed to be,Oi due to oxidation

values of 62% and 38% in Reff13]. of the evaporated lithium metal due to residual oxygen in the
o vacuum system as discussed below. In the fitting procedure
B. Obtaining the slope of theS factor the target was assumed to be,@i Other possibilities are

Values of theS factor could not be extracted from the that the target could have been pure Li or LiQhie to water
yields at each beam energy because the beam current was ¥@POr in the vacuum systeniThe latter case is unlikely be-
integrated, but the slope of ti8factor could be extracted by cause of a liquid-nitrogen cold trap less than a meter from
fitting the integrated yields obtained at the incident beanthe target. The fitting procedure was repeated, assuming that
energies of 80, 95, 110, 120, and 130 keV. the target composition was either pure lithium or LIOH. The

Since the proton beam stops in the target, the measuregktracted values fo§, were identical to the value obtained
yield is the total yield from beam energy to zero. This yield Wwhen the target was assumed to bgQL.i

can be written as The supposition that the target is,0 is supported by
0 different observations. In the experiment of Sprageal. on
Y(E ):Cf ‘T(E)de 1) the Li(p, y)®Be reaction, the’Li(p,)®Be was also ob-
P E, eE) served. Its much higher cross section allowed for the obser-

) ) vation of variation of the yield over a short time span. Dur-
where E; is the proton beam energyi(E) is the energy- jnq that experiment the counting rate decreased rapidly in the
dependent cross sectidhis the atomic fraction of the target, fjrst several minutes after a new target was evaporated, lev-
ande(E) is the stopping power of the target for protons. Thegjeq off at 40-45 % of the initial rate, and then stayed con-
constaniC includes the total number of incident protons andstant at that reduced rate for many hours. Calculations of the
the detector solid angle and efficiency. In the present meayjield integral show that the ratio of yields for a thiki ,O
surements this constant is proportional to the time spent ahrget to a thick puréLi target is 0.433. This indicates that
each value of the target bias voltage. The cross section cafe target was completely oxidized very soon after being

be written in terms of the astrophysicaffactor as evaporated and exposed to the beam and remained the same
S(E. 1) for many hours. This calculated ratio of yields is independent
o(Ecm) = —— €7, (2 over a wide range of values & andS, used in the calcu-

Ecm. lation. It was also noticed that the nearly opaque, reflective
where 7 is the Sommerfeld parameter and layer of Li metal which was deposited on the viewing win-
2mn=31.2%,Z, (u/Es m)Y% HereZ, andZ, are the projec- dow of the target chamber during each evaporation of a new
tile and target charges, respectivelyis the reduced mass in target changed to a nearly transparent form within several
amu, ancE. ,, is the center-of-mass energy in keV. The en-minutes after a new evaporation, indicating a change in
ergy dependence of th® factor at the low energies of this chemical composition.
experiment was assumed to be linear:

S(Ecm) =S +SEcm). (3 C. Analyzing power data
Using this form for theS factor puts all of the data normal- The first data set at 80, 95, and 110 keV used the unpo-
ization factors into the constar®, and puts the unknown larized beam from the TUNL atomic beam polarized ion
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FIG. 4. The result of the present measurenisotid line) along
with the previous results of Ref9] (dashed ling and Ref.[12]
(dash-dotted ling The resonating group calculations are shown as
the dotted lines. The data points shown are from [REf].
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data with the same notation as above. The valug, d6r the
FIG. 3. Measured yields fofLi(p,y))'Be and®Li(p,y1)'Be.  solid curve is —0.0060+0.0005 ke¥/ The uncertainties in
The error bars indicate the statistical uncertainty. The dashed Iinesl are obtained from the error matrix of the fit5].
are the calculated fits assuming t8dactor is constant. The solid The value ofS, could not be extracted from the present
Iir?es are the calculated fits assuming tBdactor varies linearly  measurements because the target biasing prevented integra-
with proton energy. tion of the incident beam. Laymoeat al. [1] used a very
similar apparatus for an 80-keV beam on a thick target and
source so that no analyzing power data were taken duringetermined a value d§,=0.0269+0.0054 keV b. However,
that run. For the second data set at 110, 120, and 130 keV the their analysis they assumed a const&nfactor below
proton beam was polarized alternately in two different spin80 keV and assumed a pufki target despite the fact that
states. The beam was switched between the two spin statesthe target was evaporated remotely and then transferred to
a rate of 10 Hz. The beam polarization in each state wathe target chamber. Their value must thus be corrected for
measured by the spin-filter techniq[t5]. The beam polar- both of these effects. If thg, discussed above is used, their
izations in the two states were 0.60+0.05 and 0.77%0.05value ofS; is increased by a factor of 1.277. Accounting for
The data at each beam energy were sorted into separate spéwe lower yield of a LjO target increase§, by an additional
tra for each spin state. Using the procedure described aboveactor of 2.288. These corrections changg, to
the yields were extracted for each spin state at each bea®079+0.018 keV b. Because of the similarity of techniques
energy. From the yields for the two spin states at 90°, thén the two experiments, this value has been adopted for the
analyzing power was then calculated using present experimental results.
Figure 4 shows the results of the present measurement
- _(Ya-Yy (4) along with the previous results f6ti(p, y,)'Be. The solid
Y (pYr+pYo)

line is the present result obtained from the analysis discussed
where Y; (Y,) corresponds to the yield for spin-ygdown)

above. The dashed line is the result from Cetial.[9]. The
protons and where, and p, are the beam polarizations for data points shown are the lower-energy data of Switkowski
the respective spin states.

et al. [11]. The result of Barker'§12] fit is the dash-dotted
line. The dotted lines, labeled RGM1 and RGM2, are the
results of the new resonating group calculations discussed

IV. EXPERIMENTAL RESULTS later.

A. Slope of the S factor

The measured yields as a function of beam energy are B. Analyzing power results and discussion

shown in the top half of Fig. 3 for the ground-state transition. The analyzing powers at 90° determined at 110, 120, and
The error bars give the statistical uncertainty in the yields130 keV are shown in Fig. 5 for the ground-state and first-
The two curves shown are the best fits to the results assunexcited-state transitions. The error bars are due to statistical
ing that theS factor is constant with energylashed curve  uncertainties and uncertainties in the beam polarization. The
and that theSfactor varies linearly with energigolid curve.  results are consistent with zero at all three energies. In the
The solid curve clearly represents the data better. For thiprevious measurements of Laymenal. [1] at 80 keV, the
curve the slope parametgy is —0.0037+0.0009 ke\t. The  analyzing powers were also zero at all angles between 0° and
results for the first-excited-state transition are shown in thel20°. Their analysis concluded that thevave contribution
bottom of Fig. 3. The two curves are again the best fits to théo the total cross section was 0.11% +0.13%. The present
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0.10 — 1 1 T I 7 this potential was adjusted to give the observed binding en-
I Y T ergy of the final state. Because of the low proton energies,
0.05F 0 — L . . .
< L ] incident plane waveswith Coulomb distortions were as-

S 000 P S { ! { ' sumed. AlthouglEl, M1, andE2 direct-capture terms were
<k 1 4 included, the calculated cross section was dominated in all
-0.05 — cases bys-waveE1 radiation in agreement with the observa-

- | | | T tion above that the measured analyzing powers indicate that
0100 10 130 only s-wave absorption occurs below 130 keV. Similar cal-
culations performed for théBe(p, v0)®B and *°O(p, y,)*'F
y /0. p’yl
0.10 T e e reactions were able to reproduce the observed negative
r Y1 . slopes in those reactions. However, the calculated slopes for
~ 0051 7 Li(p, v0)®Be, ®Li(p, yo) 'Be, and®Li(p,y,)'Be are all zero
8 , T T for these direct-capture calculations. In summary, this simple
& 0.00 i I 1 | direct-capture model cannot reproduce the observed values
0.05 - i of S, for the "Li(p, y0)®Be, ®Li(p, y0) 'Be, and®Li(p, y1)'Be
- . reactions.
-0.10 —L 1L Barker[10] calculated cross sections for neutron and pro-

10 120 130 ton capture by’Li by means of a direct-capture potential

Ejgp (keV) model and compared the results with experimental data. His
calculations were different from the present direct-capture
alculation in that different potentials were used for different
ncident partial waves and in that the analysis covered a
much wider energy range than considered in the present

. ) work. Barker determined the parameters of sheave scat-
?nalyzm?g power results support the conclusion that thgering potential by adjusting them in order to fit the complex
Li(p,y)'Be reaction proceeds entirely ksywave capture gcattering length determined from measurement8Lof n

FIG. 5. Measured analyzing powers f8ti(p,y,)'Be and
8Li(p, y,)'Be. The error bars include the statistical uncertainties an
the uncertainties in the beam polarization.

andE1 radiation. reactions. The results of this procedure produced a potential
having a very small real-potential dept®3.63 Me\) and a
V. DISCUSSION AND CALCULATIONS large surface-absorption-potential depttl.11 Me\). The

bound-state potential had the same real depth and radius used
in the Hikari calculations described above. Barker’s fits
The experimental slope parame®yrwas determined to agreed fairly well with thé’Li(p, y)’Be data of Switkowski
be negative for both théli(p, y)'Be and®Li(p,y;)'Be re- et al.[11] over the energy range from 200 keV to 1200 keV
actions. The actual slope of tf&factor with energy is the although the calculated cross sections were about a factor of
product of § and S;, where § is the value ofS at zero 2 higher than the lowest-energy data point.
energy. The slope foPLi(p,y;)’Be cannot be calculated The codeHIKARI assumes the same optical-model poten-
since § was not extracted for that reaction. For thetial for all partial waves. However, in the proton energy
®Li(p, yo)'Be reaction, the slope is —0.00029+0.000096 b.range below 130 keV the reaction is dominated soyave
The slope from Barker’s fif10] to the data of Ref[11] is  absorption so that the optical-model potential for the code
-0.00016 b for®Li(p, y,)'Be, about half the present value. HIKARI could be taken to be Barkerswave potential. The
The value ofS, from Barker’'s analysis is 0.0643 keV b, result of this calculation produced &factor having a small
compared with the present value of 0.079 keV b. The data ofiegative slope. The value & was —0.0016, a factor of 2
Cecil et al. [9] showed anS factor increasing with energy smaller than the present experimentally determined value but
(slope=+0.00024 bin contradiction with the present data. in agreement with Barker’s calculated value. Barker’s scat-
Those data do give a value of 0.039 keV b &rabout half ~ tering potential parameters were also used in an optical-

the present value. Their data far_i(p’;ylyBe also give a model calculation of thél_l‘f' P reaction in which the total-
positive slope of 0.00016 b. Cecit al. measured the reaction cross sectiow; was calculated. The calculated

branching ratio of théLi(p, y,)'Be and®Li(p, y;)'Be yields  value of the total-reaction cross section for this potential at
with respect to the yield of théLi(p,3He)*He reaction, proton energies between 100 ar_wd 200 keV is abOL_Jt 4 times
rather than directly as for the present data and the data (é@r.ger tr;an the accepted experimental cross section of the
Switkowski et al. [11]. Li(p, a)°He reaction[18], which dolmlnatesrT.

Further searches of the potential parameter space could
produce even better fits to the data. However, the physical
meaning of the parameters thus obtained is not clear. The

Simple direct-capture calculations were made with theproblem is more likely in the simplicity of the model itself. A
codeHIKARI [17]. The bound-state wave function was calcu- multichannel model that explicitly includes all of the open
lated assuming the state consisted of a proton bound in theaction channels and a more realistic representation of the
Woods-Saxon potential of the target nucleus. The depth ofBe ground state seem to be needed here.

A. S-factor slopes

B. Direct-capture calculations
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C. Effects of nearby states TABLE 1. Esp and Egg are the calculated proton energies at

which the yield is 50% and 90% complet®,(50) and S;(90) are

. As previously mentioned, the Calculated. slope using th(?he values of thé&, slope parameter due to electron screening at the
direct-capture model was found to be zero in the case of th nergiesEg, and Eop The value ofS, from the present data is

"Li(p, y0)°Be reaction. The observed negative valueSof  ~)1041+0.0009 kett
was, in that case, reproduced by the inclusion of* &s@b- ' _ '
threshold state ifBe [4]. The large analyzing power for Beam ener E E 50 90
"Li(p, v0)®Be has also been shown to be due tosfates in » Y Y =(50 =(90

N _ es (keV) (keV) (keV) (kev'h (kevh)

Be at energies a few hundred keV above the excitation re

gion studied3]. The possibility of explaining the negati® 80 71.5 55.5 -0.00044  -0.00086
for ®Li(p,y)'Be in a similar manner was considered. An en- 95 84.1 64.2 -0.00029 -0.00058
ergy diagram of the known lower energy stat#g] in 'Be is 110 96.7 72.6 -0.00020 -0.00042
shown in Fig. 1. The excitation region studied is more than 120 104.9 77.9 -0.00016  -0.00035
1 MeV from the nearest known state‘iBe. Additionally, the 130 113.2 83.3 ~0.00013 ~0.00030

nearest states have spins and parities of either a/5%/2".
The 7/2 state could only be produced by the absorption of

f-wave incident protons, and the 5/8tates could only be  ayer, most of the yield occurs for the higher energies in the
produced by the absorption gfwave or f-wave protons. target because the cross section decreases exponentially with
Decay to the ground state would then prodiie or higher  gecreasing proton energy. Table | shows the calculated ener-
multipole radiation. A significanM1 amplitude would be  gies at which 50% of the yield has been producEgh) and

expected to interfere with thewaveE1 amplitude and pro- 44 \yhich 90% of the yield has been produc&gy). From Eq.
duce a nonzero analyzmg power at 90° in conflict with the 5) it is possible to calculate the slope of the cross section
measured analyzing power. It is therefore concluded that th tio, which is the same as the slope of dactor at a

effects of other known states {Be could not account for the specific energy. Table | shows this slope in the last two col-

observed negative value of ti parameter. umns; the slopes are evaluated at the enefgigandEy. If
the bare-nucleus factor is assumed to be constant with
D. Effects of electron screening energy as indicate(_zl by the direct-capture calculations, then
the Sfactor slopes in Table | are the slopes of the electron-
_ There have been measurements of low-energy Cross segsreeneds factor at the indicated energies and can be com-
tlons'for various light glements from which the effects of pared directly with the value o8, extracted in the present
atomic electron screening have been dedusee Ref[8] experiment(—0.0037+0.0009 keW). It can be seen that the
and references therginThe standard form for the astro- o, nerimental value is about an order of magnitude larger

physicaISfactqr as d(fafined ir? EqZI;;\t)ove éranlsforéns the than the calculated values so that electron screening effects
cross section into a form where tisavave Coulomb pen- 5.6 ot |arge enough to explain the present data.

etrability is factored out, leaving the presumably slowly
varying S factor. This treatment assumes a projectile and

target nucleus with no electron clouds present: i.e., bare nu- E. Resonating-group-model calculations
clei. At low energies this is not a valid approximation for the The
usual experimental situatidir]. The effective repulsion be-
tween the projectile and target is reduced by the electro
screening effects, increasing the low-energy cross sectio
This can be described by an enhancement fgd&pr

astrophysical S factors for the reactions
“He(®*H, y)’Li and “He(®*He,y)’Be were calculated in the
Framework of the resonating group model in REE9] [re-
ferred to subsequently as Mertelmeier and Hofmévifl)].
The calculated values agreed reasonably well with the data
o4E) mUe when the coupling to the closed chann8ls-nucleon was
o(E) “E ) (5) taken into account. Simple wave functions for the fragments
€ ®H, 3He, *He, and’Li were used for these calculations. These
where o(E) and o (E) refer to the cross sections for calculations have now been extended to describe the radia-
electron-shielded and bare nuclei, respectively. The Sommetive capture reactiofLi(p, y)'Be in the presence of the open
feld factor is 5, and U, is the electron screening potential *He-a channel.
energy[7], which is the difference in the electron binding  For this calculation(RGM1) the simple wave functions
energies of the atoms in the entrance channel and of thigr He anda, given implicitly in the’Li wave functions in
composite atom in the adiabatic limit. Lattuadaal. used  Appendix 2 of MH, were used. They consisted of one width
the Trojan horse methofB] to extract the bare-nucleu8  parameter for ther and two for the®He. For the®Li ground
factor for the’Li(p,a)*He reaction. From this they empiri- state the purs-wave part as given in EqA14) of MH was
cally determined a value for the electron-screening potentialised. For the radial wave functions between the fragments,
energy,U,=330+40 eV, for protons incident ofiLi. This 20 width parameters similar to those given below &) of
value ofU, has been used with E@) above to estimate the MH were used. This simple model predicts tfige ground
effects of electron screening on tBdactor for®Li(p,y)’Be.  state 1.5 MeV below thex-*He threshold and théLi-p
In the present experiment the protons striking the target slowhreshold 5.3 MeV above the-*He threshold. The bound-
down from the beam energy to zero within the target. How-state wave function in the capture calculation included all the

flan(E) =
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20 radial width parameters. Using the effective nucleon{19]]. The falling scattering phase shifts are due to the un-
nucleon force as given in Appendix 3 of MH, only tB& s derlying Pauli-forbidden state in this channel. It is the cou-
waves contribute below 1 MeE, , to the °Li+p capture  pling to the strondLi(p,a) channel which gives rise to this
with the *S,, dominating and théS,, being a 5% correc-  result. Only a coupled-channel calculation is able to generate
tion. All the other pal‘tial waves and the mult|p0|ar|t|§§ the negative S|0pe arising from this effect.
andM1 are well below the one percent level. The value of  The calculated values are only in fair agreement with the
the S factor actually reproduces the value adopted in thisjata, Unfortunately, the crude model cannot easily be im-
work and, as shown in Fig. 4, a negative slope, albeit someyroyed, as the complicatédli wave function studied in MH,
what smaller than observed. which reproduced all bound-state properties very well, yields

Slnce_theGLl-p threshold was calculated to be abouty pinding energy close to the-*He threshold. Since this
1 MeV higher than in nature, a second calculai®GM2) threshold can only be lowered by a more realistic potential,
which reproduces this threshold much better was used tgch a calculation is out of reach at the moment.
estimate the uncertainties in this simple model. For this pur-
pose the wave functions determined for the scattering calcu-
lation in Ref.[20] were used for the fragments—namely, two
width parameters for’He and a and, for the °Li, an The energy dependence of the astrophys&#dctor has
a-deuteron configuration wits waves andd waves on the been extracted for th&Li(p, y,)'Be and®Li(p, y;)'Be reac-
relative coordinate, one width parameter for the intewal tjons for proton energies below 130 keV. The results Sre
and deuteron, and two width parameters on déhéeuteron  factors that decrease significantly with increasing energy. Ex-
coordinate(for details, see the Appendix of RgR0]). The  planations in terms of the binding energy of the final state,
same radial parameters as above were taken here. The calgigarby states in the final nucleus, and electron-screening ef-
lated °Li- p threshold of +4.05 MeV relative ttHe-"He and  fects all fail to reproduce these results. The calculations of
the calculated ground-state energy of -1.33 MeV are close tBarker[10] do produce a negative slope but predict values of
the experimental values. other observableg.g., the low-energy capture cross section

The calculatecs-factor values from RGM2 are quite a bit and the total reaction cross sectjiowhich are in conflict
higher than for the first calculation. This is due to the smallefwith the results of previous experiments. A more detailed
width parameter used for tiei wave function. This leads to microscopic multichannel calculation does reproduce the
a bigger rms radius and thus to a larger cross section at logign of the slope. This calculation establishes the fact that
energies since the particles touch each other earlier. The beoupling to other strong channels can give rise to a negative
havior of theS factor with energy is almost the same for slope of theS factor in a(p,7y) reaction, a new mechanism
RGM1 and RGM2. The value d§, of Eqg. (3) was found to  which should be taken into account when extrapolaig
be -0.0013 keV* for RGM1 and —0.0015 keV for RGM2,  factors into the astrophysically relevant energy region.
as compared with the experimental value of
—0.0037+0.00089.

The S factors from both calculations are shown in Fig. 4.
In both cases th& factor falls with increasing energy. This  This work was partially supported by grants from the U.S.
fact was also found for the capture reacti6he(®*H,y) and  Department of Energy under Grants Nos. DE-FG02-
“He(®*He,y) and is attributed to the-wave scattering phase 97ER41046, DE-FG02-97ER41033, and DE-FG02-
shifts also falling with energysee Figs. 8 and(8) of Ref. = 97ER41042.
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