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Measurement of the 8Li (a,n) !B reaction and astrophysical implications

Y. Mizoi,* T. Fukuda, Y. Matsuyama, T. Miyachiand H. Miyatake
Institute for Nuclear Study (INS)The University of Tokyo, 3-2-1 Midori-chou, Tanashi, Tokyo 188-0002, Japan

N. Aoi, N. Fukuda, M. Notanf, Y. X. Watanabe, and K. Yoneda
Department of Physics, University of Tokyo, 7-3-1 Hongo, Bunkyou-ku, Tokyo 113-8654, Japan

M. Ishihara, H. Sakurai, Y. Watanabe, and A. Yoshida
The Institute of Physical and Chemical Research (RIKEN), 2-1 Hirosawa, Wako, Saitama 351-0198, Japan
(Received 27 December 1999; published 2 November 2000

We have measured tH.i( «,n)*'B reaction directly and exclusively, and determined the total cross sec-
tions in the center-of-mass energy of 1.5—-7.0 MeV, by using a new-type gas counter, multiple-sampling and
tracking proportional chambéMSTPQ), and neutron counters. This experiment was performed in the condi-
tion of inverse kinematics. Th8Li beam was produced by the RIKEN projectile-fragment separator, and
injected into the MSTPC filled witffHe gas, which worked as a detector gas and served as a target. The
reaction cross section obtained in the present exclusive measurement is about half of the one obtained in
previous inclusive measurements.

PACS numbgs): 26.35:+c, 25.60.Dz, 25.70.Hi, 98.80.Ft

I. INTRODUCTION Qo+ Ag=1 with, for example)y=0.3 andA,=0.7, where
Ay is the cosmological constant, it becom&s=(0.06
The standard big-bang mode8M’s) have succeeded in ~0.09)h;2, being marginally consistent with the SM's
explaining the primordial nucleosynthesis of light elements prediction. However, it is controversial whether we need a
In these models, the predicted abundances of light elementfite A, or not, in order to make a model of the real uni-
up toA=7, which are presumed to be synthesized in the firsyerse, although a finité\, has become fashionable to ac-
three minutes of the hot big-bang expansion, are in goodount for acceleration of the universe expansion according to
agreement with the observed ones in some interstellar reecent observations of the high-redshift superndga4),
gions, intergalactic clouds, and the atmospheres of the Therefore, it is still important and critical to look for rea-
oldest-metal-poor stars, if the baryon density of the universgons that the observed baryon fractiofg/Q,=(0.2
is 0.03<0h2,<0.06. HereQg is the ratio of the present ~0.3)h2, may be larger than the SM's prediction, 0.03

baryon density to the critical densitf4g=pg/pc, hsoisthe < h2<0.06. On the other hand, inhomogeneous big-

Hubble constani, divided by 50 km/Mpc/sec, whose range pang modelgIM’s), which allow largerQ g~ 0.2h; 2 than

is 0.8<h5p<<2.0, andpc is the critical density which mar- pe SM’s, have been proposed and intensively studied
ginally closes the universe. [5-10.

On the other hand, the total mass density of the universe, one possible source of inhomogeneity is the quark-

which is estimated by observations of the mass-luminosity,54ron phase transition occurring around 16 after the big
ratio in the clusters or super clusters of galaxies on scales (Hang; a locally inhomogeneous baryon plasma may be pro-
1~20 Mpc, turns out to b€ ,=0.3~1.2[1]. Here, the sub-  guced by the quark-hadron phase transition, if the phase tran-
script 0 means the present value. The relatfidps<(o, sug-  sition is first order. In addition, because the neutrons will
gests the existence of invisible mass, which is the SO-Ca”ediffuse out of the h|gher density regions of the baryon
dark matter. plasma more easily than the protons, which are attracted by
Recent observation2] of rich clusters of galaxies have the electrons, high-density regions that are proton rich and
indicated a much larger baryon fractiof)g/Qy=(0.2  |ow-density regions that are neutron rich will be produced. In
~0.3)hga’. In the marginally closed-universe modél,  order to reproduce the observed light-element abundances, a
=1, the baryon-density parameter becom@g=(0.2  higher baryon density of)g~0.2—1.0 is required in the
~0.3)h5_03’2, which is many times larger than the SM’s pre- IM’s, but ‘Li might be overproduced. However, recent as-
diction. In another cosmological model of the flat universetronomical observations of deuterium absorption line in
Lyman- clouds along the line of sight to high-redshift qua-
sars have suggested a new interpretation of the obséhied
*Present address: The Institute of Physical and Chemical Reabundancg11]. Namely, the observedLi abundance level
search(RIKEN), 2-1 Hirosawa, Wako Saitama 351-0198, Japan. in the oldest metal-poor stars is the result of large depletion
TPresent address: The Japan Research Institute, Limited, 2f6om a higher primordial value consistent with the IM’s pre-

Ushijima-chou, Nishi-ku Nagoya 451-0046, Japan. diction, and that both deuterium and lithium abundances can
*Present address: High Energy Accelerator Research Organizatidde explained in the IM’s witt)g~0.2[12].
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the experimental setup. Th&i beam was pro-
TOF / \ duced by the fragment separator, RIPS, and in-
Plastic Scintillator z jected into the MSTPC with an energy of about 3
F3 “He Gas | § MeV/nucleon and an intensity of 1-2
@@ . H.‘. #L S x10° s 1. The MSTPC was filled with théHe
L <AHeV , g gas, which served both as a detector gas and as a
) target. The neutron counters surrounding the
FT'| MSTPC I MSTPC covered forward angles.

 d

aboveA=12; namely, the abundances predicted by the IM’'s In addition, Kuboncet al.[17,18 and Maoet al.[19,20

are much larger than those of the SM prediction by orders ofmeasured the branching ratio from the excited states of the
magnitude, because neutron-rich nuclides play importanintermediate nucleus!?B, to the various states of'B
roles in synthesizing heavier elements in an IM universethrough the °Be(a,p)*?B* (n)!'B reaction. These experi-

The main path up td%C in IM nucleosynthesis is ments observed neutron decays from specific levelS®f
near an excitation energy of 10.6 MeV, which is within the
1H(n, v)2H(n, v)3H(d,n)*He(t, v)Li(n, v)8Li(a.n Gamow peak folTg=1, but the agreement between the two
(M, 7)7H(n,7)"H(d, ) He(t, »)'Li(n, y)"Li(en) experiments is not good. In addition, their experiments may
H1B(n,y)1%B(Br)C, not populate all of the intermediate states relevant to the

8Li( a,n)'B reaction.
Although there are some inconsistencies concerning the
The three-body reaction@—2C is the main path td2C in enhancement factor of the total cross section compared with
the ground-state cross section derived from these experi-

SM nucleosynthesis. S .
In order to investigate IM's, the abundances of the elemeNts, It I reasonable to assume that g}; enhancement is
ments must be calculated for entire reaction chains. How_g:aused by the population of excited states . Therefore,

; i ; 11 }
ever, the neutron-rich nuclides which occur in IM nucleosyn-![.nogrd(.atrhgo fgﬁg]. th.? crgs; Sse'cgorzgaflsfﬁi(rﬁég?[s Er;er?ge ded
thesis are mostly unstable againdtdecay; therefore, the lon withou Iguily, exclusiv u :

experimental cross section data that are needed to calcula'f%ence’ we performed, for the first time, such measurements

the nucleosynthesis are limited, because it is difficult to per-l\gvgrh(I:;]Se.rrguolt'[pzlijssvrﬁiglr']nﬁaingetericg'ensﬁl f:reo dp?(;tlr?wgisz?srpe--
form such cross-section measurements. ' 9

Two experiments designed to study thei( a,n) B re- actions involving unstable nuclides in the low-energy region.

action have been performed, in spite of the difficulties
caused by the short lifetime &Li (840 m3. One experiment
using the inverted reactiort!B(n, a)8Li, was performed by
Paradelliset al. [13], which provided an excitation function The experiment was carried out using the RIKEN
of the 8Li(«,n)B(ground state) reaction. Other experi- projectile-fragment separat¢RIPS [22] at the RIKEN Ac-
ments involving an inclusive measurement of thecelerator Research FacilifRARF).

8Li( @,n)''B reaction, with a multiple-sampling ionization ~ The experiment was designed for exclusive measurements
chamber(MUSIC)-type detector{14], were performed by of the 8Li(«,n)''B reaction in order to determine the
Boyd et al. [15] at RIKEN, and Guet al. [16] at the Notre  branching ratio to the various excited states as well as to the
Dame—Michigan—Ohio State radioactive-beam facility.ground state of'B. Figure 1 shows a schematic view of the
These experiments provide an excitation function of theexperimental setup, which consisted of an apparatus for pro-
8Li(@,n) !B reaction to all'!B states. The observed cross ducing low-energy radioactive isotopgl) beams and detec-
section of the latter works is five times larger than that of thetors for measuring the reaction products. The former con-
former at energy regions where their cross sections overlaisted of a fragment separatdRIPS and an energy
The discrepancy between them is attributed to the differencdegrader, and the latter consisted of a time-of-flighOF)

in the population of''B states involved; Ref.13] measured system for measuring the beam energy, neutron counters and
only the ground-state reaction, while in Refd5,16, in  the MSTPC filled with He gas which serves both as the
principle, reactions into excited states B8 were also ob- target and the detector gas.

served. However, the latter measurements did not observe In order to verify the present experimental procedures, the
the separate individual final states of thigi( «,n)'B reac-  °Be(a,n)?C reaction was also measured by the same sys-
tion. tem. The excitation function and branching ratios of the

where 8Li, whose half-life is 840 ms, is the key element.

II. EXPERIMENT
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°Be(a,n)'?C reaction have been well measurg2B—27. Xx10° s 1. Figure 3 shows a TOF-energy plot of tif&i

The °Be(a,n)*°C reaction is similar to théLi( «,n)'B re-  beams injected into the MSTPC. The horizontal axis is the
action in terms of th&) value (QBLi(a,no)llB(g.sf)__ 6.63 MeV, TOF and the vertical axis is the energy measured by a Si
Qgse(a,no)ﬂc(g.sf 5.7 MeV) and the level structure, as shown Solid-state detectofSSD), placed at the entrance of the

in Fig. 2. The details of the individual apparatus are de-MSTP.C' for this calibration. The density plot and the solid
scribed in the following. curve indicate the measured data by the SSD and the calcu-
lated value corrected for any energy loss through the 64
pm-thick F3-plastic scintillator, respectively. The energies
A. Low-energy RI beams determined by the TOF system were consistent with the en-
8.i and °Be were produced through a projectile-

fragmentation reaction with an incidefC beam on an 832

mgl/cnt thick °Be target. The'’C was accelerated to an ESS [
energy of 70 MeV/nucleon, with an intensity of 60 pnA, by 530 H
a four-sector ring cyclotronK=540), following an AVF ? i
injection cyclotron K=70). The RIPS has three focal g I
planes: the firs{F1) is the momentum-dispersive focal plane 25 3
between the two dipole magnet®1 and D3, where the i
achromatic degrader is located; the sec@R#) and third 20 -
(F3) are achromatic focal planes, with a triplet magnetic [
quadrupole lensTQ3) system between F2 and F3. The other 15
focusing elements, quadrupole magnets and sextupole mag- ;
nets have been installed to correct higher-order beam optics. 10 [
The 8Li and °Be isotopes were separated from other nu- i
clides by the RIPS and collected in the second focal plane P H
(F2) of the RIPS, wher a 7 mm-thick Al plate foLi and a ;
4 mm-thick Al plate for °Be were placed to degrade the . L

energies ofLi and °Be down to 2—4 MeV/nucleon from Y60 180 200 220
~45 MeV/nucleon. The thickness of the Al plate traversed

bY the beam was adjusted by changing the angle O,f the plate FIG. 3. TOF-energy plot of théLi beam injected into the
‘Q"th respect to the ion beam. The energy_—degraﬁieudand MSTPC. The solid curve shows the energies derived from TOF
Be were selected and collected on the third focal pl&®  measured by the plastic scintillators placed at F2 and F3 of RIPS
with rigidity specified by TQ3. The beam energies were see Fig. 1 The scatter plot shows the energies that were measured
measured by the TOF method between F2 and F3 with plagy the Si solid-state detector placed in the MSTPC and were cor-
tic scintillators. Finally, the®Li and °Be beams were in- rected for the energy losses suffered in passing through the F3
jected into the MSTPC with an intensity of 1-2 plastic scintillator and the window film of the MSTPC entrance.

240 260
TOF (nsec)
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ergies measured by the SSD, and the energy resolution was & 4
about 1.2 MeV[full width at half maximum (FWHM)],
which was mainly determined by the uniformity of the F3 go3s
plastic scintillator. o3

B. Detectors 025

The MSTPC and neutron counters were used for detecting :
reactions and measuring particle energies and spatial distri- 02
butions. The MSTPC determined the reaction point and en- :
ergy of the incident particles when the reaction occurred, and
the neutron counters determined the neutron energy and an-
gular distribution.

The MSTPC was developed for experiments with low-
energy unstable-nucleus beams, and was designed based on i
the MUSIC-type detectorfl4,28, which can measure the ol s
energy loss along the particle trajectories. The main advan- Neutron energy (MeV)
tage of the MUSIC-type detector is that the gas in the cham-
ber works as both a detection medium and a gas target, a FIG. 4. Efficiency of the neutron counter as a function of the
so-called active target, resulting in a high detection effi-neutron energy. The open circles show the measured efficiencies
ciency and a sufficient target thickness. Owing to these feawith a 25%Cf fission source. The vertical error bars show the.stat_is-
tures of the MUSIC-type detector, reactions induced byical error and the horizontal error bars show the energy-bin size.
unstable-nucleus beams with very limited intensities can bdhe solid curve shows the efficiency calculated by the computer
observed. In addition, the MSTPC has an advantage, whicfimulation.

Is th_e capability of the TPG;time-projgction chamb@em-  oficiencies which were obtained by the measurement of the
ploying a flash ADC to identify multiple-track events. The 2521 fission-source neutron, together with those by com-

details and performances of the MSTPC have been already i simulation. They are consistent with one another.

reporteg i,n Ref[21]. . ) , ) The neutron counters surrounded the MSTPC, symmetri-
The °Li beams were injected into the MSTPC filled with cally covering from O to*90 degrees, as shown in Fig. 1.

gases of'He admixed with 5%10%9-isobutane gas at about e gistance from the center of the MSTPC to the neutron

400 torr pressure. Because the isobutane gas must be mixegnters was 1.5 m. The angular distribution of the neutrons
with the “He gas for stable c_hamber operation, it can also ac},as forward peaked because of the fast center-of-mass ve-
as a target. 1'” orderlto estimate the background events Bycir of the colliding system. The neutron energies in the
mixtures of “C and *H, 5% and 10% mixing ratios of  fonyard direction, i.e., for laboratory angles smaller than 90
isobutane gas were used. For a beam passing through ti@rees, almost always exceed the 0.5 MeV threshold energy
gases and the occurrence of a nuclear reaction, the energy ihe neutron counter. In order to see this more clearly, the
loss (E/dX) changes rapidly according to the change in itSheiron energy distribution as a function of laboratory angle,
Z number; thus, the energy and position where the reactiofnen a reaction occurs at a center-of-mass energy of 2 MeV,
occurs are determined by detecting the/dx change with 5 shown in Fig. 5. Almost all of the neutrons have energies
the MSTPC. _ _ “larger than the threshold energy of the neutron couf@er

The neutron counter consists of 12 vertical slats of plast|q\/|ev)’ and will be detected. Only thoses neutrons that
scintillator, BICRON BC408, each with an active area of 120,yare emitted backward in the center-of-mass system would
cm by 40 cm, and 2 cm thick. It has a barrel shape and &gt he detected. Since only a small fraction of neutrons could

curvature center radius of 150 cm. The solid angle covered; pe detected, the systematic error due to the neutron en-
by each scintillator is 1.5% of # and the averaged intrinsic ergy threshold should be small.

efficiency for a neutron at an energy region of 1.0-15 MeV
is about 10%, estimated by Monte Carlo simulations coded
by Cecilet al.[29]. This simulation code was optimized for
the present neutron counter by Sasetkal. [30], while con- The injected beam energies were determined by the TOF
sidering the shape of the neutron counter and the measuréetween F2 and F3, and were corrected for energy losses in
light attenuation in plastic scintillator. The results of thethe F3-plastic scintillator and the entrance window of the
simulation were fully examined by other experimentsMSTPC. The beam energies on each cathode pad were de-
[31,32, measuring3-delayed neutrons frot’N. In order to  rived by calculating the energy losses suffered in passing
estimate the absolute efficiency, measurements witff@f  through the detector gases. The energy-loss calculations were
fission source were also performed. The energy-thresholderformed by Ziegler's codg83] and small corrections were
level was determined by measuring the neutrons from theonsidered in order to represent the measured range in the
fission source, and was set to be about 20 keV in electrormixed gases.

equivalent energy20 keV e.e), which corresponds to a neu-  The reaction position and energy are determined by the
tron energy of about 0.5 MeV. Figure 4 shows the detectiorposition of the pad where th@E/dx change is detected in

015 |
01 [

0.05 |

IIl. ANALYSIS
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FIG. 5. Energy distribution of the neutrons. The energy of the 0 5 10 15 20 25 30 35 4045
neutron is plotted as a function of the laboratory angle, when a
reaction occurs at the center-of-mass energy of 2.0 MgVheans FIG. 6. Spectra of the E/dx patterns for a typical event of the
the group of neutrons emitted in the reaction leading toithe  8Li( @,n)!'B reaction.(a) shows thed E/dx spectrum of a real event
excited state of'B. (solid curve and that of a simulated on@ashed curyegenerated

from the measured information. Since they agree very well with one

. . another, this event is regarded as a tfL# «,n)*'B-reaction event.
the MSTPC. Once the reaction energy and position, and th‘?his event occurred at a center-of-mass energy of 2.3 MeV, which

qleutron TOF are determmeq’ the gnergy anc_] momentum Has determined by the MSTPC. The excitation energy'sfwas

B can be derived from a kinematic calculation employingcajculated from the measured energy and momentum offthe
the known beam and neutron information. Figure 6 shows &eam and the neutron, resulting 0.8 MeV, which was taken to
typical event of thed E/dx spectrum. The upper figure shows be the ground state of'B, because this was within the estimated
the dE/dx spectrum of a real reaction event that agrees witlFWHM of the ground-state energy 8B (see Fig. 8 The dotted
that of the simulated one. The simulated spectrum is genekurve shows the Bragg curve of thei beam.(b) shows the simu-
ated from the beam, and the neutron energy and momentufatedd E/dx spectra for the case of a reaction wifC or *H. The
information. Simulated reactions with a contamination likesolid curve shows the case 8Ei reactions with12C. The dashed
12C or 'H are shown in the lower figure. They differ strongly curve (case 1 shows the case of a reaction wilt, and twoa

with the dE/dx spectrum of the real reaction event. There-particles that are emitted at 0 and 180 degrees in their rest-mass
fore, the typical event is identified as a true System. The dotted cur(ease 2shows the case of a reaction with
8Li( a,n)llB-reaction event. 1H, and twoa particles are emitted at 90 degrees in their rest-mass

Figure 7 shows the total cross sections corrected for thdYStem. Since the lower spectra do not agree with the upper ones,
efficiencies estimated by the computer simulations that werd'® €vent in the upper figure is considered to result from the
performed, taking into account all conditions such as the ()" B reaction.
detector setup, detection resolutions, and the reaction prop-
erties. The efficiencies including the detection efficienciessection to single excited’B states cannot be determined.
and the analysis efficiencies were determined as a function dfhe total cross sections do, however, include all of the states
the reaction energy and the final state’dB, and were ap- from the ground state to the ninth excited state. Because
plied to the analyzed data according to the reaction energgxcited *'B states of the tenth and above decay almost en-
and the final state. The detection efficiencies consist of théirely by a emission[34], it is reasonable to consider the
neutron-detection efficiencjl 0—20 %, see Fig.)4the solid  ninth excited state and below. By comparing the 10% and
angle covered by the neutron counters20% of 4#), the  5%-isobutane-mixed-gas data, it was determined that the ef-
efficiency for detecting a charged particle by the MSTPCfect of background events caused by the admiX&ior *H
(~100% for Z>2), and the solid angle covered by the is not significant.

MSTPC (~100%). The analysis efficiencies are defined as We measured the momentum and energy of both the
the ratio of events accepted by the off-line-analysis gate tdeam and the neutron, the invariant mass“&* could be

the true events. Then, the overall efficiency was about 1.0-€alculated by assuming that the target was a helium nucleus.
1.5% for the energy region from 1.5 to 7.0 MeV for all statesBy subtracting the ground-state mass'é® from the calcu-

of 1B. Because®Li beams with sufficiently low and well- lated invariant mass of'B*, the excitation energy of'B*
defined energies were not obtained, events that occurred beas derived. Figure 8 shows the excitation-energy spectrum
low a beam energy of 1.5 MeV could not be analyzed. of 1B, that was analyzed by this procedure, and summed

Because the total number of events is small and the peatkver the energy region between 1.5 and 7.0 MeV in the
resolution is not sufficiently good to distinguish individual center-of-mass system. Since the tenth excited state and
final states, the individual excitation functions of the crossabove, !B states almost always decay hky emission
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FIG. 7. Total-cross-section data for tR&i( «,n)!'B reaction.

The horizontal axis is the center-of-mass enefiyleV) and the FIG. 8. Excitation-energy spectrum 6B. The horizontal axis
vertical axis is the absolute cross sectionb). The open circles shows the excitation energy in MeV and the vertical axis shows the
indicate the data for the 10%-isobutane-admixed gas, and the filledumber of raw events summed over the energy region between 1.5
circles indicate the data for the 5%-isobutane-admixed gas. Foand 7.0 MeV in the center-of-mass system. The solid curve is the
clarity, the horizontal positions of the open circles are shifted byresult of a fit and the dashed curves show the individual compo-
+0.05 MeV, and those of the filled circles by0.05 MeV. nents for the levels of'B. The crosses indicate the analyzed data;
the horizontal error bars are the bin sizes and the vertical error bars

(I',ITa<1 [34]), such events could not form the required &€ the sta:\LtlisticaI errors only. Because the tenth_ excitec_i s_tate and
dE/dx patterns, and were rejected by the off-line analysis. 2POVe. the”B states almost always decay byparticle emission,

In order to determine the individual branching ratios, the'€I'y/T'a<<1, N0 eventis seen above 12 MeV. The arrows indi-
response function derived from the simulations was used {§e the levels of 'B.
fit the spectrum. The fitting result is plotted in Fig. 8. The
branching ratios are derived by calculating the area of thénverted reactiof13], that of the inclusive measurements by
individual peaks and taking the efficiencies determined byusing the MUSIC at RIKEN15] and at the Notre Dame—
the computer simulations for each individual state. Table IMichigan—Ohio State radioactive-beam facilifit6]. The
gives the branching ratios which are the average ratios fopresent data for the exclusive measurements show a lower
the incident®Li energy range between 1.5 and 7.0 MeV in cross section than those of the inclusive measurements over
the center-of-mass system. the entire energy region. In order to compare them more

In order to evaluate the performance of the present experiasily, the cross sections averaged between the energies of
mental setup, théBe_(a’_”)l%C reaction, for which cross sec- 1.5 and 5.0 MeV are given in Table Ill. The ground-state
tions and angular distributions have already been well megsoss section of the present data agrees with that of the in-
sured and are available, was also studied with the samg, o reaction measurement within the statistical errors.

. - . 11 .
experimental system as used in tfki( «,n)"'B reaction The reason why the present exclusive measurements dis-
measurements. The measurements and analyses were Pg

formed by the same procedures and methods as those Us é’ree with the previous inclusive measurements may be due
8 y 11 procedu ; . USfe”systematic errors relevant to the previous inclusive mea-
for the °Li( @,n)*"B reaction. The results are given in Table

Il. In the case of the’Be(a,n)2C reaction, the second ex- surements. They estimated the misidentification of events

cited state of'“C decays to & with essentially 100% prob- m;?eelaanig? jgitsteg\?gr;]tzovv\yae;/er:,o: hsegézgigug?egoﬂ dls(g::mt;e
ability. Therefore, only neutrons to the ground state and firs] 9 Y.

excited state of2C were considered. Thev aaree with Refs other hand, elastic events and other such events could not
o . ' yag "contaminate the present data owing to the neutron trigger and
[23-27], well within the statistical errors.

the requirement of a kinematical reconstruction. Moreover
the present data agree with the ground-state cross section
IV. RESULTS AND DISCUSSIONS measured by the inverted reaction within statistical errors,
and the cross sections measured here for*Be(«,n)*°C
reaction are also consistent with the known cross sections.

Figure 9 shows the present result of the averaged crodsor these reasons, we believe that we have minimized sys-
section of the 10%-isobutane-gas cross-section data and tiematic errors in our measurements by utilizing the better
5%-isobutane-gas cross-section data, together with othgrerformance of the MSTPC and with the use of neutron
cross-section data for comparison. The other data indicateounters; together these should have produced a highly re-
the cross section of theLi( a,ny)*B(g.s.) measured by the strictive event selection.

A. Cross sections
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TABLE |. Averaged branching ratio for neutron decay of state$’® populated in thé’Li( «,n)'B reaction. The''B state branching
ratios and their errors are shown.

State g.s. 1st 2nd 3rd 4th 5th 6th 7th 8th 9th
(MeV) (0.00 (2.12 (4.49 (5.02 (6.74 (6.79 (7.29 (7.98 (8.56 (8.92
E\;Z)tlo 24.32+-12.55 15.1%10.44 4.177.17 6.13-5.74 4th+5th=13.01+8.03 12.45-10.38 10.56:7.10 0.0-2.12 14.22-6.69

Theoretical calculations of thiLi( «,n)!B reaction cross cross sections to the ground-state cross sections in the
section were performed by Rauscletral. [35] and Descou- present result, averaged between 1.5 and 5.0 MeV. However,
vemont[36]. Rauscheet al. calculated both the cross sec- it seems that a factor of 2.6 should be a better choice than 3.1
tion of the 8Li( a,ny)*'B(g.s.) reaction and the total cross or 4.1, since the reactions to the higher excited staté<$Bf
section of the®Li( «,n)'B reaction. Their calculations were which cannot be populated in the lower energy region below
done before the inclusive measurements were performed, ar?dd0 MeV, may be included for the factors of 3.1 and 4.1. On
gave a total cross section that was larger than the groundhe other hand, Boyfil5] and Gu[16] suggested a factor of
state cross section by a factor of about 1.3. Descouvemorit in their papers. Because the present methods to calculate
also calculated both the ground-state cross section and thiee enhancement factor may be different from theirs, we re-
total cross section. According to his work, if the total crossevaluated the enhancement and obtained a factor of 6 by
section of the inclusive measurements was reproduced, tt@omparing their cross sectiof$5,16 with the ground-state
ground-state cross section was overestimated by a factor ofoss sectiofil3] between the center-of-mass energies of 1.5
about 1.5. It seems that the theoretical results predict and 5.0 MeV. This factor is larger than any of the present
smaller ratio between the ground-state cross section and tleases. For both extreme cases of the present data, i.e., factors
total cross section than claimed in the inclusive measureef 2.6 and 4.1, astrophysic& factors are calculated and
ment, and thus favor the present result with a similar smallllustrated in Fig. 10. The resonance states given in R
enhancement factor. are also indicated.

Figure 11 shows the present result of thi( a,n)'B
reaction rate{ov), as a function of temperature arouig

We will apply the present result to the reaction-rate cal-=1. The solid curve shows the choice of a factor of 2.6 and
culations. The most important energy region for thethe dashed curve shows the choice of a factor of 4.1. The
8Li(@,n)''B reaction is around a center-of-mass energy ofresult given by Guet al. [16] is also plotted as the dotted
0.6 MeV, where the Gamow peak fog=1 is located. How- curve.
ever, cross-section data below 1.5 MeV in the center of mass The reaction rate obtained for a factor of 2.6 can be ex-
were not obtained in the present measurements, so that egressed as

trapolations using the ground-state cross section, derived _ -3l _
from the inverted reaction, must be performed as the only Na(ov) =To *12.66< 10°exp( —4.4175) + 3.00< 10°

B. Reaction rate

lower energy extrapolation available to us. Here, we assume X exp(—6.73Mg)]+1.02x 10"
three cases; the first is that the ground-state cross sections are s
multiplied by a factor of 2.6, which is determined by com- X exp(—19.467'") +8.82x 10°

paring the total cross section measured by the present experi- _
ment and the ground-state cross section measured by the in- X expl(—19.47Mg)cm’/s mole, @)
verted reaction, averaged between center-of-mass energies Qi that for a factor of 4.1 can be expressed as

1.5 and 2.0 MeV. The second is that the ground-state cross Ly

section is multiplied by a factor of 3.1, which is determined  Na(ov)=Tg >4 1.30x< 10F exp( — 4.41MTg) +5.24x 10°
by comparing the total cross section measured by the present 3

experiment and the ground-state cross section measured by X exp( —6.73Mg)]+1.07< 10*

the inverted reaction between center-of-mass energies of 1.5 X exp( — 19.46 %) +1.23x 101
and 5.0 MeV. The third is that the ground-state cross section
is multiplied by a factor of 4.1, which is the ratio of the total X exp(—19.47g)cm’/s mole, (2

TABLE Il. Cross sections averaged over center-of-mass energies between 2.0 and 5.0 MeV, for the
%Be(a,n)%C reaction. The present data agree very well with the referencd 2&24,24—2¢within statis-

tical errors.
Cross sectiorimb)
State(MeV) g.s.(0.00 1st(4.49 total
Reference 66.5 193.4 259.9
Present 56.2 39.8 183.853.7 240.1-66.8
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FIG. 9. Excitation functions for théLi( a,n)!'B reaction. The FIG. 10. AstrophysicalS factor of the 8Li( «,n)!B reaction.

horizontal axis is the center-of-mass enetlleV) and the vertical  The horizontal axis is the center-of-mass eneflyleV) and the
axis is the absolute cross sectignb). The filled circles indicate the vertical axis is the astrophysica& factor (MeV barn. The filled
present data averaged over the two mixing ratios of isobuféige  circles are the present data, the open and filled stars are the
5). The small dots indicate the ground-state cross secfi8isThe  inclusive-measurement data, and the small dots are the ground-state
open stars and filled stars indicate the data of the inclusive measurgata. The extrapolated data using the ground-state cross sections
ments[15,16]. [13] multiplied by factors of 2.6 and 4.1, below 1.5 MeV, are
shown by the solid curve and the dotted curve, respectively.
whereN, is Avogadro’s number. These reaction rates were
derived by fitting the present result with the standard formgacior of 6 as our reestimate of the ratio from the earlier
described in Ref[37]. The first and second terms are con- k.
tributed by the resonance statestat=0.38 and 0.58 MeV, In a recent theoretical work performed by Terasawal.
respectively. The third and fourth terms are contributiong3g] it was quantitatively shown that the reaction chain,
from the continuum for below and above the top of the Cou-. . 7Li(n, )®Li( @,n)1B- - -, should also play an important
lomb barrier, respectively. The two equations have differentgie in addition to the previously identified process,

tgmperature dependenpes according to the assumed Contrib-u-'-4He(an,y)9Be(a,n)12C- .., in the promising site for
tions of the cross sections extrapolated into the Iow-energy_process nucleosynthesis caused by the neutrino-driven
region. winds from the hot neutron star that is born right after the
V. SUMMARY AND OUTLOOK <10 T
The total cross sections and branching ratios of the % I
8Li( a,n)'B reaction, which were not obtained simulta- I
neously by previous experiments, were determined in the "¢ jqs[
present work. The present measurements suggest that the ra- %
tio of the total cross section to the ground-state cross section € 494L
is a factor of 2.6, which is lower than that of the inclusive s b g
measurements, estimated in earlier work as a factor of 5, or a § w3t Present(X4.1)
TABLE lIl. Cross sections averaged over center-of-mass ener- 102} — Present(X2.6)
gies between 1.5 and 5.0 MeV for tfi( «,n)'B reaction. The
upper row is the present data and the lower row is data derived from 10
the inverted-reaction measurement. The ground-state cross section
of the present data was calculated using the branching ratio given in 3
Table I. 1
10 . 000
Cross sectiorfmb) 02 04 06 08 1 12 14 1.6 T91(.1809 K%
Total Ground state . ) . .
FIG. 11. Reaction rate of th&Li( «,n)*'B reaction as a function
Present 228347.1 55.52-30.85 of temperature. The horizontal axis shows the temperatyrel 0’
Inverse 74.070.33 K), and the vertical axis shows the reaction rate in units of/sm

mole.
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