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The differential cross sections for the reactice(1°B,'%B)°Be and®Be(*B,°Be)'°B have been measured
at an incident energy of 100 MeV. The elastic scattering data have been used to determine the optical model
parameters for th€Be+1°B system at this energy. These parameters are then used in distorted-wave Born
approximation(DWBA) calculations to predict the cross sections of fige(1°B,°Be)!’B proton exchange
reaction, populating the ground and low-lying states'48. By normalizing the theoretical DWBA proton
exchange cross sections to the experimental ones, the asymptotic normalization coefAi€ity, defining
the normalization of the tail of thé’B bound state wave functions in the two-particle chartBg+ p, have
been found. The ANC for the virtual deca}B(g.s.)~°Be+p will be used in an analysis of the
108(7Be 2B)°Be reaction to extract the ANC’s fdlB— "Be+p. These ANC's determine the normalization of
the "Be(p, v)®B radiative capture cross section at very low energies, which is crucially important for nuclear
astrophysics[S0556-28187)02109-2

PACS numbes): 25.70.Hi, 21.10.Jx, 24.10.Ht, 25.70.Bc

l. INTRODUCTION (Ecm<25 keV), the cross section for this reaction is so
_ _ _ ~ small that its measurement has not been possible to date. In
Despite considerable experimental and theoreticabur work[1,2], we have pointed out that, due to the periph-
progress in determining astrophysical nuclear reaction rategyral character of théBe(p, y)®B reaction, the cross section
there are still many problems to be solved, and new apfor this reaction or, equivalently, the astrophysical factor
proaches are highly encouraged. One such approach follows (0) is determined solely by the ANC'’s for the virtual
from the peripheral character of many important astrophy&decay 88_.7Be+p. We also estimated,0) using the
- B . 8 .
cal radgat.lve capture rgagtlons—su%h ?:Be?+ p— B+87’ simple relation between the theoretical ANC's for the virtual
oz-i-d? LI-I—)/i a+t—1 LI*+ v, a+°He—'Bet vy, decay®B— Be+p [2] and S;/0).
+p—°Cty, *Cta—1%0"+y, and others. The overall "y, intriguing  situation surrounding th&,; factor—
normalization of the astrophysic& factor for each such especially after the firsBB Coulomb breakup experiment

reaction may be determined from one quantity, the, . ; .
. o - 8], our calculation$1,2], and anR-matrix analysig§9] have
asymptotic normalization coefficiefANC) of the overlap gll]given a lower vjlue]foSN(O) than those uZeds{ig predic-

function of the bound state wave functions of the initial and . . .
final particles[1,2]. The ANC's can be found, for example, tions <_)f the hlgh-er_wergy sol_ar neutrino flux—calls for further
from (i) analysis of classical nuclear reactions such as elastigxPeriments. The introduction of the ANC allows the use of
scattering(by extrapolation of the experimental scattering fransfer reactions to determirg&(0) by measuring its ab-
phase shifts to the bound state pole in the energy (B solute value at zero energy directly with no need for extrapo-
or peripheral transfer reactions whose amplitudes contain th@tion. Experiments to extract the ANC'’s féB— "Be+p
same overlap function as the amplitude of the correspondingsing different peripheral proton transfer reactions induced
astrophysical radiative capture procg5ss]; (ii) theoretical by ’Be radioactive beams have been proposed bi54].
calculationg7]. To extract the ANC's for®B—’Be+ p, we are planning to
The concept of the ANC turns out to be very useful in themeasure the cross sections of the proton transfer reactions
determination of the overall normalization of astrophysical1°8(Be2B)°Be at incident’Be energies of-90 MeV.
cross sections which are difficult to measure in direct experi- The idea of using proton transfer reactions induced by
ments due to very low cross sections at energies of astrdight heavy ions at energies above the Coulomb barrier to
physical interest. The most notorious among such reactiongxtract ANC'’s is based on their peripheral character. For
is "Be(p, v)®B, occurring in the third-p chain of hydrogen such reactions, the cross section can be parametrized in terms
burning of main-sequence stars. Its reaction rate is of fundaef the product of the square of the ANC’s corresponding to
mental importance, both for calculating the high-energy solaproton removal from the initial and final nuclei. Hence to
neutrino flux, which is of special interest for the high-energyfind, for example, the ANC's for®B— 'Be+p from the
solar neutrino problem, and for defining the branching ratios'°B(“Be 2B)°Be reaction, we have to know the ANC for the
between the differenp-p chains. At astrophysical energies virtual decay'°B— °Be+p. Therefore, we have started the
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X Y practically negligible, especially at backward angles. In Sec.
ll, we show that at 100 MeV, théB+°Be elastic cross
section falls by four orders of magnitude in the angular in-
terval 6. ,,=5°—60° and the elastic exchange cross section
a falls by almost three orders of magnitude in the angular re-
gion 6. ,=180°-120°. Hence(1) in the intermediate re-
gion both amplitudes are very small, in contrast to the low-
N energy case, an@) the influence of the elastic amplitude on

A B the proton exchange amplitude at backward angles is negli-

gible (the elastic exchange cross section in the angular inter-

FIG. 1. The pole diagram describing partieleransfer. val 6., =160°-180° exceeds the elastic cross section by
eight orders of magnitude Furthermore, due to the strong

cycle of experiments to determine the ANC's for absorption, the pole mechanism is dominant. Thus, in Sec. V

8B—’Be+p with measurements of the elastic scatteringwe find that the experimental angular distributions are very

198+ °Be—1%B+°Be and of the proton transfer reaction Well reproduced by DWBA calculations.

9Be(19B,%Be)'B. The °Be(1°B,°Be)!B reaction has been Below we outline the theoretical approach that has been

chosen because the same ANC appears at both vertices of thged to extract the ANC’s. Then we discuss details of the

elastic proton exchange amplitudgig. 1). Hence no other ~€xperiment, an optical model analysis of the elastic scatter-
reaction is needed to obtain the ANC ffiB—°Be+p. The  ing data, and our results for the ANC's.

108+ %Be elastic scattering data are needed to specify the

optical potential parameters for the distorted-wave Born ap- |l. THEORETICAL APPROACH: MODIFIED DWBA

proximation (DWBA) analysis of the proton transfer reac-

. . Heavy-ion nucleon transfer reactions at energies above
tion. The DWBA cross section for the proton transfer "®3Che Coulomb barrier have been utilized extensively for more
tion is proportional to the ANC fot%B(g.s.)—°Be+p to the y

fourth power. This ANC can be found by normalizing the than a decade to extract spectroscopic information. A vast

. . . . majority of the efforts were intended to measure spectro-

DWBA differential cross section to the experimental one at . : e
o scopic factors. The analysis has usually been done within the
small angles where the proton transfer mechanism is dom*—

nant. In addition to the primary purpose of using the ANC ramework of the D.WBA' It was understood Fh.at the ex-
for 198(g.s.)-Be+ p in the measurement of the ANC’s for tracted spectroscopic factors, also called empirical spectro-

8p .7 ) . scopic factors, depend strongly on model parameters—
aE(TIo%ve-T |Fr)1 ' th;;‘glscjflf% tglzwrél;alugzgai/os gfaltsjlagtflirr:g especially on the geometric parameters of the Woods-Saxon
direct 3; % the°B 105 y diati " ’ potentials used to calculate the bound state wave functions.
W'L?gh |ps acr]ui(t)e coitro?/(epr,s)igll at ;r)?e;ae{rlﬂ\;g lcjjlp ure reaction, - However, there is another important fundamental nuclear pa-

Nucl h " betweanshell h . rameter which can be extracted from heavy-ion data and
ucleon exchange reactions betwegnshell Neavy 10nS  ypich is much less model dependent than the spectroscopic
at energies below the Coulomb barrier have previously bee

; O€€Ehctors, the asymptotic normalization coefficient. This origi-
used to extract .ANC $12-14. At low energies the (_alastlc nates from the peripheral character of nucleon transfer reac-
scattering amplitude, peaked at forward angles, interfere

. . ! "€fons induced by heavy ions.
strongly with the nucleon elastic exchange amplitude, which™ ..~ \ o present the theoretical scheme for analysis of

is large in the backward hemisphere. This interference caus ripheral charged particle transfer reactions to extract

oscillations in the angular dependence of the differentiaANC,S within the framework of the DWBA. Consider the
cross section at intermediate angles. The ANC'’s have beer%action '

found by fitting the calculated cross sections to the experi-
mental one in this intermediate angular region[15], the X+A-Y+B, (1)
proton elastic exchange cross sections for the reaction
°Be(*%B,°Be)'9B were measured at center-of-mass energiesvhereX=Y+a, B=A+a, anda is the transferred particle.
of 9.5 and 14.5 MeV, which exceed the Coulomb barrierThe DWBA approach is based on the assumptions(ih&te
(~7 MeV). At energies slightly above the Coulomb barrier, simplest pole diagram, Fig. 1, describes the particteans-
the advantage of sub-Coulomb transfer is lost. The angulaier mechanism, at least near the main peak in the angular
distributions, in contrast to the sub-Coulomb exchange readistribution; (ii) rescattering effects of the interacting par-
tions, have a sharp backward peak which is poorly reproticles in the initial and final states must be taken into ac-
duced by the DWBA proton exchange amplitude, while thecount. The DWBA amplitude for the reactidh) is given by
interference between elastic scattering and elastic proton ex-
change at intermediate angles is not so pronounced as at _ _ (-)B X (+)
sub-Coulomb energies. Meanwhile, these energies are not M(E ’COSQ)_% (Xt TR AVIIZaxi ). )
high enough to have the pole mechanism completely domi-
nant at backward angles. Here,E; is the relative kinetic energy of particlésandA, 6

At energies well above the Coulomb barrier, the situatioris the scattering angle in the center of mags,) and y! ™
is different. The elastic scattering and direct elastic exchangare the distorted waves in the initial and final channels, and
amplitudes are strongly peaked in the forward and backwarthe transition operator is
hemispheres, respectively, and both fall off sharply at inter-
mediate angles. Interference between the two amplitudes is AV=VyatVya— Vi 3
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in the post form and whereo,DB‘J“;lXj>< is the reduced DWBA cross section. For sim-
plicity, we assumed that only one value lotontributes to
AV=Vaat+Vya~Vi (4 the reaction at each vertex. Sineg'| ; depend on the

optical potential parameters and the geometric parameters of
; the Woods-Saxon potentials used to calculate the bound
between particleg and y, equal to the sum of the nuclear g,ia5 the extracted values of the phenomenological spectro-
and Coulomb potentials, arid, and V; are the optical po-  gqqnic factors are also model dependent. The parameters of

tenti_als in the initial and final channels. When deriying E-the optical potentials are usually fixed by analysis of elastic
(2), it was assumed thal s, depends only on the distance geattering data. It is well known that the results of such an

between the centers of mass of particiesind y and does 5 \ysis are ambiguousee Sec. IV, But if the reaction is
not depend on the coordinates of the constituent ”“CIeonﬁeripheral, the influence of the ambiguity of the optical
For surface reactions, the part qf the transition operatof,qqel parameters on the value of the phenomenological
Vya~ gi (VEA_ \éf) can be approximated by the Coulomb gpeciroscopic factors is not very significant. The largest un-
partVya— Vi (Vya—Vr). The sum in Eq(2) is taken over  certainty in the absolute value of the spectroscopic factors

the spin projectionsvl, of the transferred particla. The  arises from the strong dependence of the calculated DWBA
overlap functionl of the bound state wave functions of par- ¢rogg sectiortrP\f’, ;. on the geometric parameterg,a of
BJB X x ’

ticles «, B, and y, where a=(Bv) is the bound state of
particlesB and vy, is given by

in the prior form.V, = V27+ Vi, Is the interaction potential

the bound state Woods-Saxon potentials used to determine
the single-particle orbitals, which cannot be determined un-
ambigously from experimental data.

15T 5y) =(@a(Lp) @ (L) 0al L5451 py) The normalization of the DWBA cross section in terms of
spectroscopic factors has another problem, especially mani-
= E (IgM g] .M [J M) fested for surface reactions. The spectroscopic factor is de-

Lo Jom;, ¢ fined mainly by the behavior of the overlap function in the

) | -~ nuclear interior, while the dominant contribution to periph-
X{J,M,) amla|lamja>' "Ylam|n(rﬁv)|ﬁylaja(rﬁy)’ eral reactions comes from the surface and outer regions of
nuclei. Hence the parametrization of the DWBA cross sec-
(5) tion in terms of spectroscopic factors is not justified for pe-
) ) ripheral reactions. There exists, however, another model-
where for each nucleus is the bound state wave functiodl,  jnqependent and important piece of information about the
are a set of internal coordinates including spin-isospin variqerjan functions which is, in fact, contained in the experi-
ables,J andM are the spin and spin projection. Alsg, iS  menta| data and which can be used in the DWBA calcula-
the relative coordinate of the center of mass of nugl@ind  tions. This is the asymptotic normalization coefficient
v, r=rlr,j,,m; are the total angular momentum of particle ng,aja defining the amplitude of the tail of the radial over-
y and its projection in the nucleus=(8v), l,,m arethe |5 function! %, | (rs,) [17,2)
orbital angular momentum of the relative motion of particles oo

B and y in the bound statex=(B87y) and its projection, rgy>Ry W, 1 o 2K5.) 55)
(jimijomyljsmg) is a Clebsch-Gordan coefficient, 155 ; (rgy) — Cay “'“r , (8
Y'ama(Fﬁv) is a spherical harmonic, arid., ; (rg,) is the By

radial overlap function. The antisymmetrization factor due towhereRy, is the nuclear interaction radius betwegrand vy,
identical nucleons has been absorbed in the radial overlag/_, | . ;(2kz,rg,) is the Whittaker function describing
function. The summation over, andj, is carried out over {he asymptotic behavior of the bound state wave function of

the values allowed by angular momentum and parity conser: : _ ;
O : X two charged particless s, = \2uz,€ s, is the wave number
vation in the virtual process&v— B+ y. Usually the radial of the bound stater=(87), ug, is the reduced mass of

o:c/c;:lapt)) func(:jtiotn tis ﬁpproximated by a model wave funCtionparticles,B andy, and 7,=Z,Z iz, /x4, is the Coulomb
of the bound stater=(8v) as parameter of the bound statg4). The ANC C}, ; is

@ I h I \Y; &
Iﬁylaja(rﬁ'y):S};’iluja@nalaia(rﬂy)' 6) related to the nuclear vertex constaiNVC) GM,QJQ by

(17,18
Here %a'aia(rﬁv) is the bound state wave function of the N
lati i f d d . is th i GY, =—gmllatn)2 X ca 9
relative motion ofg andy and Sy, ; is the spectroscopic By, =€ . S 9)
factor of the configuration £y) with quantum numbers “
la+]q in NuUcleusa. Note that we use the system of units with-c= 1. Taking

The cross section in the conventional DWBA is param-into account the asymptotic behavior of the bound state wave
etrized in terms of the product of the spectroscopic factors ofynction

the initial and final nuclei and can be written in the fofh®]
"oy RN W a1 2Ky )
do

e DW Pn .. T8y) = bpy r
dQ _jgx SAalBjBSYalijU|BiB|xjx’ () b (10

aja !



56 ASYMPTOTIC NORMALIZATION COEFFICIENTS FOR ... 1305

wherebg,, e is the single-particle ANC defining the ampli- terms of the product of the square of the ANC'’s of the initial

tude of the tail of the bound state wave function at large, ~ and final nuclei C2a,;)%(C¥ay;,)% rather than spectro-
we easily derive from Eq<6), (8), and(10) scopic factors. Furthermore, in this form, it is insensitive to
N 5 ) the assumed geometries of the bound state potentials.
(Coyi_ i) "=Spn,i oy j.- 1 The independence of the DWBA cross section on the val-

ues of the single-particle ANC’$>Aa|BJ-B and bYa'xix for

purely peripheral reactions opens another possibility to check
the peripheral character of the reaction under consideration.

Condition (11) introduces into the DWBA analysis addi-
tional physical information which is extremely important for

two reasons. First, as we will see, HQ.1) guarantees the pq. o herigheral reaction, the cross sectib® will depend,

correct absolute normalization of the peripheral DWBA am-¢ qqt \weakly on the geometry of the bound state Woods-
plitudes which give the dominant contribution to the crossg,y o potentials

section at small angles. Second, conditidf) allows one to
significantly decrease the dependence of the calculated
DWBA cross section on the geometric parametgysa of

the bound state Woods-Saxon potentials. For a peripheral
reaction with fixed optical potential parameters in the initial The elastic scattering and transfer reaction measurements
and final channels, the ANC’s may be taken as the onlywere carried out at the Texas A&M University K500 super-
fitting parameters. For example, suppose the reaction isonducting cyclotron facility. The multipole-dipole-
purely peripheral and only single values pf and jg are  multipole (MDM) magnetic spectrometer, formerly at Ox-
allowed. In the traditional approach, the product of the specford [19], was used to analyze the reaction products. The
troscopic factors is extracted by normalizing the DWBA 19B*2? beam atE=100 MeV was prepared using the newly
cross section, Eq(7), to the experimental one. Since installed beam analysis systef#0], which allows for the
aﬁg‘g‘;xix is very sensitive to the adopted values of the geo-control of the energy and angular spread of the beam. Self-
metric parameters of the Woods-Saxon potentials for the twgupported®Be targets, between 26800 wg/cm? thick, ob-
bound stateX=Y+a andB=A+ a, the extracted value of tained by evaporation, were placed perpendicular to the

SAalBjBSYa|XjX is Strong|y dependent on the assumed geombeam in the Sliding-seal target chamber of the MDM. The

. agnetic field of the spectrometer was set to transport either
etry of the bound state potentials. By contrast, we car{R,BgE; ons. 10 measurg elastic scattering, %gre" % toF;nea-

modify the conventional DWBA analysis to take into ac- . .
count the additional conditiof11) fixing the correct normal- sure the proton fransfer reaction, 1o 1ts focal plane, where the
ization of the peripheral part of the cross section. Usith particles were o_pserved in the ”?Od'f'ed Oxord dgteﬁzaﬂ:
We can rewrite(7) as There, the position of the particles along the dispersive
direction was measured with resistive wires at four different
(CB. )2 (C¥. . )2 depths within the detector, separated by about 16 cm each.
Aalgjg Yalyjy DW . . - . "
oW, (12) For particle identification we used the specific energy loss
Bls'xIx measured in the ionization chamber and the residual energy
measured in a NE102A plastic scintillator located in air, just
For peripheral reactions, only, ,>Ry andr 5,>Rg contrib-  behind the exit window of the detector. The entrance and exit
ute to the DWBA radial integrals, i.eq”", . should be Wwindows of the detector were made of 1.8 and 7.2 md/cm
! Igiglxix . . . .. .
thick Kapton foils, respectively. The ionization chamber was
filled with pure isobutane at a pressure of 30 Torr. The entire
channel. Hence, each of the bound state wave functions enprlgontal acqeptance (.Jf the spectoomeim= *2 "’.‘”d a
restricted vertical opening\ = *+0.5° were used in this

tering the. expression farj_j,;, can be approximated by its - | e ment. Raytracing was used to reconstruct the scatter-
asymptotic form. The dependence on the geometry of thg,q angle in the analysis of the data. For this purpose, in
bound state potentials appears only through the product ofqgition to rRaYTRACE calculations[22], angle calibration
the single-particle ANC'S baayyj byal,j,, allowing us 0  gata were obtained at several angles by using an angle mask
write consisting of five openings ofA §==*0.05°, centered at
-1.6°,-0.8° 0°,+0.8°, and+ 1.6° relative to the central
d_‘T: (CB. )2(CX. )R | (13) angle of the spectrometer. By moving the spectrometer from
dQ g, TAdlkle Yaliy/ Taiglxix’ fab=—3° (past 0°) to 28° we covered the angular range
6. n=0°—56° for the proton exchange reaction. Elastic
where scattering data were obtained for the angular region
0. m=8°—64°. Typically we rotated the spectrometer by 2°

lll. THE EXPERIMENT

do'_
do

“~ 2 2
Islx bAaIBjB bYaIXjX

practically insensitive to the variation of the cutoff radii at
R.u<Rx in the initial channel and aR < Rg in the final

DwW

Ty at a time, allowing for an angle overlap that provided a self-
BB X)X . . .
Rigighix— 2 2 (14  consistency check of the data at all angles. Normalization of
bAaIBijYalxix the data was done using current integration in a Faraday cup.

When increasing the angle of the spectrometer, the focal
is nearly independent dfaqaj, andby,, ;. Thus the intro-  plane migrates from the back toward the front of the detec-
duction of condition(11) into the standard DWBA analysis tor. Focal plane reconstruction was done at each angle using
guarantees the correct absolute normalization of the periptthe position measured with the wire nearest to the focal plane
eral reaction cross section; it is actually parametrized irand using the detector angle calculated from the positions
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FIG. 2. Spectrum from the proton transfer reaction 10
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Be( _B, B(lag B_atE 100 MeV, taken a¥,,,=4°. The excitation Oc‘m. (deg)

energies in—B, in MeV, are marked on the peaks.

FIG. 3. The angular distribution for elastic scattering of 100
measured at all four wires. As an additional constraint on théleV ' on °Be is shown over the whole angular range
data, a gate was set on the difference between the detectésm.=0°—180°. The data at forward angles were obtained by mea-
angles found from two different pairs of wires. Finally, the suring the elastically scattered’B nuclei. Those at backward
scattering angle and the position at the focal plane were deingles were obtained by measuring the “recoilindBe nuclei at
termined from the raw data by raytracing each event. Théhe complementary forward angles. The dashed line is the Ruther-
angular range of 4° covered by the acceptance slit was d{prq scattering differential cross section. The solid line is merely to
vided into eight bins, resulting in eight points in the angulard|ide the eye.
distribution being measured simultaneously.

The measurements with the angle mask showed that thef both 18 and °Be in the Au target, using the MDM spec-
scattering angle resolution in the laboratory frame was 0.25trometer. Specific energy losses in Au and Be targets were
full width at half maximum(FWHM). This includes a con- calculated using the coderim [23]. A 9% accuracy was
tribution from the angular spread of the beam of about 0.1°%assigned to the absolute values of the cross sections deter-
FWHM. The energy resolution obtained in both reactionsmined with this normalization, due mostly to the precision in
was~ 150 keV FWHM at forward angles. It degraded as wedetermining the thickness of the Au target. The second ap-
advanced to larger angles, due to the large kinematic factoqgroach consisted of a comparison of the elastic scattering
k= (1/p)dp/do coupled with the finite angular spread in the data at the most forward angles with calculations of optical
beam. In the proton exchange reaction, peaks correspondimgodel fitting programs. It is based on the observation that
to the elastic proton transfer channel and to the inelastitieavy-ion elastic scattering angular distributions at forward
transfer to the first four excited states ¥B can be identi- angles are less sensitive to the precise shape and magnitude
fied, as seen in Fig. 2. Only the transitions to the ground statef the nuclear part of the potential. Using only the data at
and the first three excited states were observed with adequatery forward anglesthe first nine pointsin a 2 minimiza-
statistics over the whole angle range to obtain good anguldion procedure, we determined an overall normalization con-
distributions. stant with a relative uncertainty of 9%, based upon the

During the experiment, particular emphasis was placed oghanges in the? values when the normalization varies. The
obtaining accurate absolute values for the cross sections byr@rmalization found coincides with the first one within 2%.
careful evaluation of the normalization of the elastic scatterCombining the results of these two independent determina-
ing. In addition to statistical errors which were very small attions, we conclude that we have an overall normalization
forward angles and increased to about 5% at larger angleagccuracy of 7% for the absolute values of the cross sections
we found from our consistency checks that a 3% uncertaintjor both the °Be(*°B,'%B)°Be elastic scattering data and the
must be included to account for procedural uncertainties’Be(*°B,°Be)'%B proton transfer data.
such as the central angle reading, the angle binning, and Measuring®Be nuclei at forward angles is kinematically
charge collection accuracy. Very small amounts of heavyequivalent with measuring the elastic scattering % in the
impurities in the Be target, most likely Ta from the prepara-backward hemisphere, provided that no energy is lost in the
tion of the target, along with Ca, O, and C, dominate thenuclear process. Therefore we plot in Fig. 3 the cross section
elastic scattering at very small angldelow 6,,=4°) and for elastic scattering of°B on °Be, using the data from the
prevented us from using a straightforward normalization ofdetection of!°B in the forward hemisphere and the data from
the elastic scattering oRBe to Rutherford scattering. Two the detection of the “recoiling”®Be nuclei at complemen-
other independent approaches were used instead to obtain ttaey forward angles in the backward hemisphere. The rise in
absolute normalization of the cross sections. In the first, wehe cross section at backward angles shows clearly that we
carried out measurements to determine target thicknesses ahdve a contributing mechanism that is different from poten-
charge collection efficiencies in the Faraday cup by using aial scattering and can only be explained by the transfer of
gold target of about 20@.g/cm? thickness at a central angle one proton between the target and projectile. It is clear that
of 6°, where elastic scattering on gold is purely Rutherfordthe elastic scattering and elastic transfer cross sections are
at this energy. Target thicknesses were determined from thdominant in completely different angular ranges with negli-
measured energy loss of t18B beam in the®Be target and  gible interference.
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FIG. 4. The fits of the elastic scattering cross section of 100 FIG. 6. The experimental and calculated angular distributions
MeV 1B on °Be in the forward hemisphere. The solid, dashed, andfor the reaction®Be(*°B,°Be)!°B(0.718 Me\). The points are ex-
dotted curves are the calculations for optical potentials 1, 2, and Berimental data; the solid line is the DWBA fit. The dashed line is
(Table |, respectively. the jx=3/2— jg=3/2 component of the DWBA cross section; the

dash-dotted line is thgy=3/2—jg=1/2 component. The calcula-

The °Be(*%B,1%B)°Be elastic scattering angular distribu- tions have been done with optical potential 1.
tion (the forward angles in Fig.)3s shown in Fig. 4. The
angular distribution measured for the elastic exchange reagvhere
tion (the backward angles in Fig) & plotted in Fig. 5. The
angular distributions for the inelastic proton transfer to the f(r)=
first excited state of °B—J"=1%, T=0, E*=0.718 X
MeV—is shown in Fig. 6, that for the second excited state—

J7=0", T=1, E*=1.740 MeV—is shown in Fig. 7, and andx=V,W stands for the real and imaginamolume parts
that for the third excited stated==1*, T=0, Ex=2.154 Of the potentials, respectively. Only the central components
MeV—is shown in Fig. 8. The curves represent DWBA fits have been included in the optical potential, since vector and

F—r (A3 ALR)\ 171
e AT g
X

and will be discussed in Secs. IV and V. higher rank tensor spin-orbit couplings were found to have
little or no influence on the cross sections.
IV. EXTRACTION OF OPTICAL MODEL PARAMETERS The fits of the elastic scattering data in the forward hemi-

sphere using three different optical parameter sets are shown

The elastic scattering data have been fit using the codim Fig. 4. The three sets of optical potential parameters are
OPTIMINIX [24] in a standard optical model analysis using given in Table 1.Jy, andJ,, in Table | are the volume inte-
Woods-Saxon volume form factors with the usual notation: grals for the real and imaginary parts of the potentials@gd

is the total reaction cross section. The parameters were ob-

U(r)=—[Vi(r)+iwfw(r)], (15 tained by griding the initial depth of the real potential in
small steps in the range from 50 to 250 MeV, in order to
102 identify the local minima, and then searching for minima on
o
% ~10 F
E <
pa—a o) 1 i
g £
o) G [
© NGt
; b 10
F ©
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FIG. 5. The experimental and calculated angular distributions Gc.m. (deg)

for the reaction’Be(*°B,°Be)'%B(g.s). The points are experimental

data; the solid line is the DWBA fit made with optical potential 1. FIG. 7. The experimental and calculated angular distributions
The individual contributions of,=0,1,2 are presented by dashed, for the reaction®Be(*B,°Be)'°B(1.740 Me\j. The points are ex-
dotted, and dashed-dotted lines, respectively. Optical potential perimental data; the solid line is the DWBA calculation made with
gives the same fitted result. optical potential 1.
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10 range ofV=50—-100 MeV[16]. This would exclude poten-
tial 3 as far too deep. While our elastic scattering data tend to
prefer potential 1, we have chosen to use both potentials 1
and 2 in the extraction of ANC'’s in the next section in order
to evaluate our sensitivity to the optical model parameters.

In addition to the phenomenological optical potential of
the Woods-Saxon form, we have found a microscopic optical
potential from the double folding procedure using M&8Y
effective NN interaction[28]. We fit this potential with the
Woods-Saxon shape at distances4.5 fm which is the re-
gion that provides the overwhelming contribution to the pro-
ton transfer reactioiBe(*°B,°Be)'’B at forward anglegsee

—_

ary
T T

do/dQ (mb/sr)
3, 5

10 T T next section The Woods-Saxon form that fits the micro-
0 10 20 30 40 50 60 scopic folding potential has a depth of the real part of 49.8
Oc.m. (deg) MeV and gives a DWBA cross section which nearly coin-

cides with the cross section calculated for optical potential 1.
FIG. 8. The experimental and calculated angular distributions
for the reaction®Be(*°B,°Be)'°B(2.154 Me\). The points are ex- V. ANALYSIS OF THE PROTON EXCHANGE DATA
perimental data; the solid line is the DWBA fit. The dashed line is
the jx=3/2—]g=3/2 component of the DWBA cross section; the  The process used to extract angular distributions for the
dashed-dotted line is thig:=3/2— jg=1/2 component. The calcu- proton exchange reactions was described above. The analysis
lations have been done with optical potential 1. of the proton exchange data has been done using the
PTOLEMY [26] andLOLA [29] DWBA codes. Both gave the
all parameters with no constraints. Three families of potensame results. The calculations have been done with the full
tials were found using this technique. A characteristic jumptransition operator given by Ed3). (Post and prior forms
of 70 MeV fm? in the volume integral of the real part of the are identica). Since in the reactioriBe(*°B,°Be)’B the ini-
optical potential serves to identify these potentials as discretgal and final nuclei are the same, the same optical potential
members of a sequence of potentials which give nearly condescribes the scattering of particles in the entrance and exit
parable descriptions of the data. The members of each familghannels. We performed the calculations with two different
of potentials are connected by the well-known continuoussets of optical potentials, as noted above. The results from
Igo ambiguityVexpRy/ay)=C [25]. the calculations are plotted with the data. The angular distri-
The absorption is seen to be independent of the strengtbutions measured for the elastic proton exchange reaction
and shape of the real part of the optical potential and, as and for the inelastic proton transfer to the first three excited
consequence, the reaction cross section is constant along thtates of'%B are plotted in Figs. 5 to 8, respectively.
sequence. Potential number 3 has a real volume integral of The test of the peripheral character of the
=500 MeV fm?, which suggests that intermediate members®Be(*°B,°Be)'°B(g.s) reaction has been made in two ways:
of the sequence were missed in the analysis, most probably) by changing the cutoff radiudower limit in the radial
due to the unconstrained searching procedure. Fits using thietegration over the distance between the colliding particles
codesPTOLEMY [26] andECIS [27] gave similar results. (i) by changing the geometric parametegsand a of the
From the general trend of the data, it appears that poterbound state Woods-Saxon potentials, and hence the single-
tial 1, which has the smallest, provides the most realistic particle ANC’sb, and calculating the dependence of Re
description of the scattering, and potential 3 can be rejectedunction onb.
In the angular range covered, the prediction of potential 2 for The basic calculations have been done with the Woods-
the elastic scattering differs from that of potential 1 primarily Saxon potential for the bound states with geometric param-
in the depths of its minima. We also note that it was foundetersr,=1.2 fm,a= 0.6 fm, and the Thomas spin-orbit term.
earlier that the typical optical potentials needed to describ&lowever, due to the peripheral character of the reactions
transfer data in reactions involvirgshell nuclei at energies under consideration, the results are only weakly dependent
above 80 MeV have depths of the real potential well in theon the geometry of the bound state Woods-Saxon potentials.

TABLE I. The parameters of the Woods-Saxon optical model potentials extracted from the analysis of the
elastic scattering data fd’B (100 MeV)+°Be. We use standard notations:and W are the depths of the
real and imaginaryvolume potentialsr, ,ay are the radius and diffuseness parameters of the real potential,
and ryy,ay are the radius and diffuseness parameters of the imaginary potential. The Coulomb radius
parameter is = 1.0 fm for all potentials.

POt V W rv rW aV aW X2 OR ‘JV ‘JW
[MeV] [MeV] [fm] [fm] [fm] [fm] [mb] [MeVfm3] [MeVim?]

1 64.2 30.1 078 099 099 075 19.8 1318 206 136

2 131.2 29.7 067 095 090 086 454 1411 276 131

3 203.2 24.7 081 104 060 083 618 1428 499 133




56 ASYMPTOTIC NORMALIZATION COEFFICIENTS FOR ... 1309

150 0.9F .

0.8

TITTTT

0.6
0.5E
0.4F
0.3F
0.2
0.1

100

(6]
(@]

do /dQ (arb. units)

o o 000 ® o° * ¢

Oc.m. (deg)

FIG. 9. The dependence of the DWBA differential cross section
on the cutoff radius. The lines are the DWBA cross sections for the
reaction®Be(1°B,°Be)!B for different cutoff radii: the solid line is -1
for Rey=0 fm, the light dotted line forRy,=4.0 fm, the light b(fm 2)
dashed line forR,,=5.0 fm, the light dashed-dotted line for FIG. 11. The upper panel shows the dependence of the extracted
Rc,=5.5 fm, the dark dotted line fdR = 6.0 fm, the dark dashed spectroscopic factor S for the configuration °Be(3/2)
line for Re,=7.0 fm. The calculations have been done with the +p(j,=3/27) in 108(g.s) on the single-particle AN®. The lower
geometric parameters of the bound state Woods-Saxon potentiphnel shows the extracted ANC? of the associated overlap func-
ro=1.20 fm,a=0.60 fm, and optical potential 1. Optical potential tion for the same values df. Both calculations have been done
2 gives similar results. using optical potential 1.

2 2.5 3 3.5 4 4.5

Cz(fm_1)
N S~ W

For the ground state transition, the proton binding energyalculations have been made for the first two sets of optical
in the initial and ﬁnallOB nuclei is 6.587 MeV. The angular potentia|s('|’ab|e |) found from the ana|ysis of the elastic
momenta associated with the two channels 4B8]  scattering data. For both potentials, the agreement of the the-
Jx=35=3",37=32=3/2", Ix=lg=1, jx=jg=3/2. Thus  oretical angular distribution with the experimental one is ex-
the allowed transfer orbital angular momenta e 0,1,2.  cellent at forward angle§, ,,<<20°. We note that the most
Thel,=0 component is overwhelmingly dominant and pro-important region to extract the ANC reliably is at small
vides the peak in the angular distribution at 0° in full agree-angles(or cos9~1) where the pole mechanism, Fig. 1, domi-
ment with Brink conditiong31]. The experimental and cal- nates. We also note that the calculated shape of the angular
culated angular distributions  for the  reaction distribution does not depend on the geometry of the bound
°Be('°B,°Be)'B(g.s) are presented in Fig. 5. The DWBA state Woods-Saxon potentials.

As noted above, we made calculations at different values
of cutoff radiusR, to check the peripheral character of the
reaction. The dependence of the DWBA differential cross
section on the cutoff radius is shown in Fig. 9. Calculations
have been done for both adopted optical potentials 1 and 2
from Table I. Since the dependence of the cross section on
R.ut is the same for both potentials, only the results for op-
tical potential 1 are presented in the figure. We see that at
R..=5 fm the cross section is insensitive to the variation of
cutoff radius, so the contribution from this region is practi-
cally negligible.

In Fig. 10 we present the radial behavior of the shell
model bound state proton wave functionsfiB calculated
using the Woods-Saxon potential with three different radius
parameters. We see that all of them reach their asymptotic
form, given by the Whittaker function, far>4.5 fm. Hence,

FIG. 10. The radial behavior of the single particle radial boundWhen calculating the DWBA matrix element, the bound state
state proton wave functionse,  ; (1), nx=1lx=1jx=3/2, in  wave function can be replaced by its asymptotic term. To
198 calculated in the Woods-Saxon potentials watk 0.60 fm and  Verify this quantitatively, we also determined the dependence
ro=1.00 fm, dashed liner,=1.25 fm, dotted liner,=1.50 fm, ~ Of the R function, Eq.(14), on the geometric parameterg
dashed-dotted line. The Coulomb radiys=1.20 fm. The solid line anda of the Woods-Saxon potentials used to calculate the
is the tail bW_,, 3(2kyar) of the bound state wave function single-particle bound state wave functions. Actually, for
I @n,i,, (1) for ro=1.00 fm,a=0.60 fm, withb=2.78 fm*2. The  transfer reactions thi function is a functional depending on
other two bound state wave functions are also normalized to thaihe single-particle ANC's, rather than on the individual val-
tail. ues ofry anda. Increasingdecreasingr, and/ora increases

2P (fni1/2)
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TABLE Il. Dependence of the DWBA cross section aml function on b for the reaction
°Be(1%B,°Be)!’B(g.s). The calculations have been done with optical potential 1 at a scattering &agle;
ro anda are the geometric parameters of the bound state Woods-Saxon potentials. The Coulomb radius
parameter is 1.2 fm.

ro [fm] a [fm] b [fm~ %2 C? [fm™1] do®W/dQ [mb/si R

1.1 0.5 2.50 452 52.34 1.35
1.1 0.7 3.12 4.87 117.38 1.25
1.2 0.6 3.01 4.78 107.01 1.30
1.3 0.5 2.98 4.73 104.01 1.33
1.3 0.7 3.61 5.00 201.43 1.18

(decreasesb, while simultaneous changes of anda in  twice that of potential 2 in specifying our best value, and we
opposite directions tend to compensate each other. As wassign an uncertainty of 5% to our adopted value @@? to
have noted, for purely peripheral reactions Refunction  account for the uncertainty in the choice of optical model
should be constant as a function hnimBij\z(mxjx, and for  parameters. The insensitivity & to the choice of optical
the ground state transitidn= bAaIBjB: bYalij_ By changing model paramgters is iII_ustrated by the fact that, if we utilize
ro anda, we changed the values of the single-particle ANCOPtical potential 3, which clearly provides the poorest de-
b. For each value ob, we then determined the empirical SCription of the elastic scattering data among the three poten-
spectroscopic factd® and the ANCC? of the overlap func- tials found and has a much deeper real part than typical of
tion for 9B °Be+p. The results are shown in Fig. 11. this region, the value o€? that we obtain is only~15%
Due to the peripheral character of the reacti6f,changes larger than our adopted one.
by only ~10% whileS changes by a factor of 3. The range  T0 estimate the possible influence of multistep processes
of ro,a represented by Fig. 11 is, in fact, much larger thanwe evaluated the differential cross section for the reaction
typically considered. In Table II, we show the dependence of Be(*’B,°Be)!’B as a two-step process going through ex-
b, C2, the reduced DWBA cross sectioff || ; , andtheR  cited states ofBe at 5/2',2.43 MeV, and 7/2,6.76 MeV,
function at=0° on the parameterg({,;) Bié )t(he standard that belong to the rotational band built on the 3/ground
region 1.kr,=<1.3 fm and 0.5:a=<0.7 fm. The uncertainty State with K"=3/2". The deformation parameters were
in R corresponding to the relative difference between thdfound from the experimentd3(E2) values for 3/2—5/2"
central value ofR (for r, = 1.2 fm,a = 0.6 fm) and the and 3/2 —7/2 transitiong 30]. If we assume that the reac-
lowest and highest values for geometrical parameters varyingon mechanism is described as the inelastic excitation of
in the standard region is 9%. The extracted value &@* is Be with the subsequent proton pick-up leading to the
inversely proportional tdR, so we assign an uncertainty of ground state of!’B, the two-step cross sections evaluated
+4.5% to our extracted value @ to account for the varia- within the framework of the on-shell approximation give a
tion of R with (rg,a). correction to the one-step cross section which is about 3%
By normalizing the calculated DWBA cross section to thefor each transition. We also made calculations of the
experimental one at forward angles, we find the values of théBe(°B,°Be)'%B differential cross section using the coupled
ANC for the virtual decay®B(g.s.}—°Be+p. The results channels codeHuck [32], including the coupling among the
for the two different optical potentials are given in Table IlI. three states 3/25/27,7/2" in °Be and the two states'34"
Since potential 1 gave a somewhat better description of thef °B with parameters taken froff83]. We find that these
elastic scattering data, we chose to weight its valueGdr  calculations can be reproduced within the framework of the

TABLE lIl. The measured ANC's<C2 and NVC’s|G|? for 1°8—°Be+p from °Be(*%B,°Be)!’B reac-
tions. Cf and C§ are the extracted ANC's using optical potentials 1 and 2, respectively, and bound state
Woods-Saxon potentials withy = 1.20 fm,a = 0.60 fm. The uncertainties specified include only the
contribution from the statistics in the angular distribution fit2. and|G|? are our adopted values of the
ANC'’s and NVC's. Their uncertainties include the contributions due to the normalization uncertainty and the
theoretical systematic effects described in the text, in addition to the statistical uncertainties from the angular
distribution fits.

E* (MeV) ip C2 (fm™ 1) C3 (fm™}) C? (fm™1) |G|? (fm)
0.0 3/2 4.9119) 5.3521) 5.0646) 0.879)
0.718 1/2 1.2815) 1.3416) 1.2721) 0.224)

3/2 3.3317) 3.6319) 3.4342) 0.597)
1.740 3/2 4.233) 4.60(36) 4.3559) 0.749)
2.154 1/2 0.285) 0.30( 5) 0.29 6) 0.051)

32 0.80@ 8) 0.8719) 0.8212) 0.142)
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0.07 ¢ momenta are [30] JZ=3", JJ=J7=3/27, J§=17,
0.06 ] ; Ix=1g=1, jx=3/2, jg=1/2,3/2. For the transition
: ix=3/2—jg=1/2, the allowed |,=1,2, and for
— 0.05EF ix=3/2—jg=3/2,1,=0,1,2. As for the previous case, the
> I+=0 component is overwhelmingly dominant and provides
T 0.04¢ the peak in the angular distribution at 0°. For this transition,
T"_ 0.03L as well as the subsequent ones that we discuss, we have
A verified that the reaction is peripheral with calculations simi-
= 0.02F lar to those described for the ground state transition. The
experimental and calculated angular distributions are pre-
0.01F sented in Fig. 6. The ANC'’s extracted using potentials 1 and
o [ . 2, as well as our adopted values for the ANC'’s and the cor-

0 5 101520 2530 35404550 responding NVC's, are given in Table IlI.

£, For the9B(1.740 MeV)—°Be+ p case, the proton bind-
FIG. 12. Thel, dependence of the modulus of the partial wave " €nergy in the final state is 4.847 MeV, and the angular

reaction amplitudest; , _ . for the reactior®Be(*’B,°Be)!®8 at ~ Momenta are [30] J5=3", J{=J3=3/2", J§=0",

differentl, . Herel, andl; are the relative orbital angular momenta |x=1g=1, jx=3/2, jg=3/2. The allowed;=0,1,2, and as

of the 1%B and °Be nuclei in the entrance and exit channels, respecabove, thd,=0 component is dominant. The experimental

tively. The solid line is forl =0, I;—1;=0; the dashed line is for and calculated angular distributions for this reaction are pre-
ly=1,1{—1;=0; and the dotted line is fdg,=2,1;—1;=—2.Inthe  sented in Fig. 7, and the ANC’s are given in Table IlI.

latter case, the contributions with—I;= 0 and+2 are comparable For the 1°B(2.154 MeV)—°Be+ p transition, the proton

to the one shown. binding energy in the finalB is 4.433 MeV, and the angu-

lar momenta are[30] J7=3%, J{=J7=3/2", J§=17,

DWBA with an optical potential which includes the defor- Ix=1g=1, jx=3/2, jg=1/2,3/2. For the transition
mation term. The difference between the coupled channelg=3/2—jz=1/2, the allowed |,=1,2, and for
cross section and DWBA cross section is about 6%. Thigy=3/2—jgz=3/2, the allowedl,=0,1,2. Once again, the
introduces an additional uncertainty of about 3% in the exd;=0 component dominates. The experimental and calcu-
tractedC? for the ground state of%B. lated angular distributions are presented in Fig. 8, and the

Combining the uncertainties iR and our choice of opti- ANC'’s are given in Table Ill.
cal model parameters with the statistical error in the DWBA The analysis of °Be(®He,d)1°B(0.718 Me\j [34]
fit and the additional normalization uncertainty in the dataunfortunately cannot be used to extract unambiguously
yields an overall uncertainty for the ground sta®@ of  the individual values ofC? for jig«=3/2 and jiogs=1/2
+9.0%. Thus for the ground state decay, we findsince both transitiongiog =3/2— 105+ =3/2 andjiog =3/2—
C2=5.06+0.46 fm 1. The corresponding value of théB jiogx=1/2 give the same angular distributions in the
ground state NVC i$G|?=0.87+0.08 fm. This result agrees (*He,d) reaction. Thus, one advantage of using the heavy-
very well with the value of the'®B ground state ANC de- ion reaction®Be(!°B,°Be)'°B, compared to’Be(*He,d)1%B,
rived from a recent analysis of thiBe(®*He,d)'%B reaction is that we are able to extract th@? for both transitions
[34]. Since °Be(*%B,°Be)!B is the angular momentum unambiguously by fitting the calculated angular distributions
matched reaction the multistep processes should not affete the experimental one at forward anglek (,<20°). The
the cross section at small angl&s]. C? for the T=1 excited state aE* =1.740 MeV can be

We have also analyzed the contribution of the differentdetermined by {He,d) since a singlg and! in each vertex
reaction partial wave amplitudes. In Fig. 12 we preseniithe contributes to the reaction. In contrast to the very good
dependence of the modulus of the reaction partial wave amagreement that was found for the ground state, GReex-
plitudes for differentl,,. The contribution to the reaction tracted from the heavy-ion-induced proton transfer reaction
amplitude from lower partial wavds< 16 is practically neg- is a factor of 2 smaller than that obtained froftg,d). We
ligible due to the strong absorption in the entrance and exinhote that this excited state is notorious for the difference
channels. We note that the orbital angular momentum of théound between spectroscopic factors extracted from the
relative motion of the colliding nuclei i&R.~16 for the analysis of °Be(®He,d)°B and °Be(d,n)'°B [30]. It was
channel radiuR~5 fm. We found thatl;>16 are large shown that this difference can be significantly reduced
enough that the uncertainties in the single-particle potentialwithin the framework of isospin-dependent DWB85].
have a very small influence on the calculated partial wavéVhereas the spectroscopic factor extracted from the analysis
amplitudes. However, for these partial waves, rescatteringf the (d,n) reaction remains essentially unchanged in the
effects in the initial and final states are still important. Onlytwo approaches, the isospin modified DWBA significantly
at 1;>25 does the contribution from rescattering becomedecreases the spectroscopic factor extracted from the
negligible, and the partial waves calculated for optical poten{3He,d) reaction, bringing it closer to the spectroscopic fac-
tials 1 and 2 coincide. Thus the contribution of the partialtor extracted from thed,n) reaction. Since isospins of the
waves between 16l;<25 produces the difference in the nuclei in the reactions’Be(*°B,°Be)'%B(1.740 Me\} and
ANC extracted using the two optical potentials. 9Be(d,n)19B(1.740 Me\j are identical, we conclude that the

For the transition'8(0.718 MeV)—°Be+p, the proton value of the ANC extracted from the reaction
binding energy in the final state is 5.87 MeV, and the angulaBe(1°B,°Be)'°B(1.740 Me\) is more accurate than that ex-
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tracted from the reactiodBe(*He,d)'°B(1.740 MeVj. 108("Be,®B)°Be reaction are under way at the Texas A&M
University Cyclotron Institute. In addition, the extracted
ANC'’s for the virtual decays'B— °Be+p of the ground

We have measured the differential cross sections for thand first three excited states 1B will be used to calculate
reaction®Be(1°B,°Be)!9B at 100 MeV, leading to the ground the direct radiative capture contribution to the astrophysical
and first three excited states #1B. We also have measured reaction®Be+p—*B+y. o
the elastic scatterin§Be(*°B,1%B)°Be to determine the op- ~ We have also shown that heavy-ion-induced nucleon
tical potential to be used in the analysis of the proton transfefransfer reactions are a very useful tool to extract information
reactions. Analysis shows that the measured proton transfé&bPout the normalization of the tail of nuclear bound state
reactions are extremely peripheral. Therefore, we were abl@ave functions in the channel corresponding to proton re-
to extract the ANC's for proton removal from the ground andmoval. Such information can play a central role in calculat-
first three excited states of%B. Our primary goal was to N9 the_re_act|on rates for the corresponding direct astrophysi-
extract the ANC for the virtual decay’B(g.s.)—~°Be+p.  cal radiative capture processes.

Our final result agrees very well with the ANC found from
the °Be(®*He,d) B reaction.

We are going to use the extracted ANC when analyzing This work was supported in part by the U.S. Department
the 1°B("Be,®B)°Be reaction to determine the ANC'’s for of Energy under Grant No. DE-FG05-93ER40773 and by the
proton removal fromfB: 88— "Be+ p. These ANC's deter- Robert A. Welch Foundation.
mine the normalization of the astrophysical cross section for
the "Be(p,v)®B reaction. The measurements of the

VI. SUMMARY
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