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Breakup of 8B and the S, astrophysical factor reexamined
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Existing experimental data for the breakup®Bfat energies from 30 to 1000 MeV/nucleon on light through
heavy targets are analyzed in detail in terms of an extended Glauber model. The predictions of the model are
in excellent agreement with independent reaction dataction cross sections and parallel momentum distri-
butions for corelike fragmenisFinal-state interactions have been included in the Coulomb dissociation com-
ponent. We extract asymptotic normalization coefficigAfSC) from which the astrophysical fact&;(0) for
the key reaction for solar neutrino productiéBe(p, y)®B, can be evaluated. Glauber model calculations using
different effective interactions give consistent, though slightly different results. The differences give a measure
of the precision one can expect from the method. The unweighted average of all ANCs extracted leads to
Si7(0)=18.7£1.9 eV b. The results of this new analysis are compared with the earlier one. They are consistent
with the values from most direct measurements and other indirect methods.

DOI: 10.1103/PhysRevC.69.032802 PACS nunm)er26.65:+t, 25.60.Dz, 25.60.Gc, 27.26n

The major source of the high-energy neutrinos observethe dissociation cross section was modified by including the
by the solar neutrino detectors 8, produced in the final state interaction into the calculations. Second, new data
"Be(p, 7)®B reaction[1] at the end of thepp Ill chain. The  on the breakup ofB are analyzed11-13. Third and most
recent results from SuperKamiokani® and SNO Collabo- important, a new set of calculations for the breakup®®f
ration [3] shift the interest for a precise determination of thewere made using different effective nucleon-nuclédiN)
rate of this reaction from the problem of the existence of thenteractions. Each of the new effective interactions consid-
solar neutrino deficit and of the neutrino oscillations to thatered, which do not involve any new parameters, give consis-
of puttlng Stl’ingent constraints on the different scenarios tha‘!'ent results for all experimentS, but the average ANCs found
explain them. There were many recent determinatior§0f  are slightly different from one interaction to another. We in-
but its precise value is still controversial. In particular, thereterpret these differences as a measure of the accuracy of the
is a discrepancy between the value found in one direct Meggresent(and possibly otherindirect methods). Finally, a
surement and most of the results from indirect measureprief comparison with results of direct measurements and of
ments. other determinations d§;; using indirect methods is made.

Recently we have proposed an indirect method to extract In the breakumone-nuc'eon_remova' reactim |Oose|y
astrophysical S factors from one-nucleon-removalor  phound nuclei at intermediate energies, a nuclBagAp),
breakup reactions of loosely bound nuclei at intermediate\yhereB is a bound state of the cofeand the nucleom, is
energieg4,5]. Itis based on the recognition that the structureproquced by fragmentation from a primary beam, separated
of halo nuclei is dominated by one or two nucleons orbitingang then used to bombard a secondary target. In inclusive
a core(see, for example, Ref§6,7] and references thergin - measurements, the cofeis detected, measuring its parallel
Consequently, we use the fact that the breakup of halo Ogng transverse momenta and eventually theays emitted
loosely bound nuclei is essentially a peripheral process, anflom its deexcitation. Spectroscopic information can be ex-
therefore the breakup cross sections can give informatiogacted from these experiments, such as the orbital momen-
about the wave function of the last proton at large distancegm of the relative motion of the nucleon and the contribu-
from the core. More precisely, we determine asymptotic n0rtjon of different orbitals(from the momentum distributiops
malization coefficientsANCs) from a comparison of the ex-  anq core stategirom the coincidences withy rays. Typi-
perimental data with calculations. Then, these ANCs are sufeq)ly, the experimental results are compared with calcula-
ficient to determine the astrophysicalfactors for radiative ions using Glauber models. The integrated cross sections
proton capture reactions. The approach offers an alternatiigaye peen used to extract absolute spectroscopic fadprs
and complementary technique to extracting ANCS fromgy the ANC[4]. We have shown that the latter approach has
transfer reactiong8], an alternative particularly well adapted the advantage that it is independent of the geometry of the
to rare isotope beams produced using fragmentation. proton binding potential, an important feature for exotic nu-

In this paper we discuss the use of existing experimentaej for which the geometry of the mean field is not neces-
data on °B breakup at energies between 30 andsarily well known. The ANCCE for the nuclear system
1000 MeV/nucleon[9-13 to determine the astrophysical +p< B specifies the amplitude of the tail of the overlap
factorS,7. The calculations presented in R4 on this sub-  fnction of the bound statB in the two-body channelAp)
ject were extended and refined. First, the Coulomb part 0{8]. This ANC is enough to determine the dirgaionreso-

nand contribution to the astrophysic&lfactor for the radia-
tive proton capture reactioA(p, y)B which is a highly pe-
*Electronic address: I-trache@tamu.edu ripheral process due to the Coulomb barrier and the low
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energies in the entrance channel. Using this strategy we déeen calculated in the eikonal approximation up to the sec-
scribed the breakup dB in terms of an extended Glauber ond order[19] to assure convergence. This convergence was
model. The’B projectile(made of a proton and th@e cor¢  checked with calculations for other quantities, for example,

is moving on a straight line trajectory and each part is interproton-target reaction cross sections as a function of energy,
acting independently with the target. The breakup cross seand compared with data available from literat(2€)].

tions depend on the proton-target and core-target interactions In calculations we assume a structure of the projectile

and on the relativgp-core motion. given by Eg. (1), with the spectroscopic factors, or the
The wave function of the ground state & is a mixture ~ ANCs, to be determined from the comparison of the mea-
of 1ps, and Ip,,, orbitals, around dBe core: sured cross sectiorfrom which the contribution of théBe
core excitation was removed as described apaith those
°B(g.5)) = Ay, ['BE(3/2) ® pyolps + Ay ['BE(3/2) calculated as an incoherent superposition of single-particle

Cross sections

T-1p= (593/2 + Spl/z)USP: (Cz + Cgl/z)o-SF/bz’ 4

P3/2

® Pyjolar + AL 'BE (1/2) ® pajolor + -+, (1)

where A; are the spectroscopic amplitudes of the various
components. The first two terms represent the proton in the

. : Where b,,; are the asymptotic normalization coefficients of
1ps, and Ip,), orbitals, respectively, coupled to the ground U ; : . .
7 : the normalized single-particle radial wave functiopg;(r)
state of‘Be. The third term corresponds to the proton be- lculated i herical Woods-S tential fJ .
ing coupled to the first excited state of tiBe core, at calculated In a spherical ¥voods-saxon potential of a given

*_ ; geometry and with the depth adjusted to reproduce the ex-
E =0.429 MeV.Basic shell model arguments suggest thatperimental proton binding energy o8, 5,=0.137 MeV.

the 1py, term dominates, and only a smalpyl, admixture They are essentially equal for ths), and Ip;, orbitals

exists. Recently, in the study of its mirror nucléefis, we b). as are the single-particle breakup cross sectians
disentangled for the first time these two contributions and:._ P’ Ingle-particie up og
he sum of the spectroscopic factors or the sum of the

found their ratio to beA? /A2 =C2 /C2 =0.132) [14]. . PEL -
pyz! oo™ Cpy ! Cpy,=0-132) [14] asymptotic normalization coefficien&,=C;_+Cj can

Only these two terms contribute in the radiative capture

process. However, all three terms contribute in thethus be extracted by comparing the experimental one-

breakup process, with the third one identified proton-removal cross sections with the calculations. The

8 2 ot
breakup through coincidences wighrays[13]. It does not B ANC, Ci;, is extracted from existing breakup data at

contribute in the radiative capture, but its contribution hascneérgies between 30 aritD00 MeV/nucleon and ouif-

to be evaluated and subtracted from all the other inclusivd€'€Nnt targets ranging from C to Fi9-13. Figure ia)
breakup data. From the breakup cross section to the e)g._hows the one-proton-removal cross sections for various

cited state in'Be, o(exg=12(3) mb andof(tot)=94(9) mb targets ]:amd incide?_t energ(ijetsﬁ One c;gn nq:Lc?hthe large
measured at 936 MeWilicleon, we found C2/C3, ;angifo crtOfs setc lons and the variation with the energy
=0.164), a value consistent with that found in the original or ditrerent targets.

. : Two approaches were used to evaluate $henatrices
analysis in Ref[13] and which, subsequently, was used to X . o .
- S needed in the calculations. The first is a potential approach.
correct for the contribution of core excitation in all other

breakup data analyzed here. These two findings togeth To obtain the folded potentials for the proton-target and core-

r . : . .

! ; arget interactions we used the effective nucleon-nucleon in-
establish the wave fungtlon of the ground state’df up teraction of Jeukenne, Lejeune, and Mah&ilxv) [21] and

to an overall multiplicative factor. o .

: Hartree-Fock-Bogolyubov densities carefully adjusted to

The calculated one-proton removal cross sections and the . T

S ) e . _ correctly reproduce the experimental binding energy of each

momentum distributions are given, in first-order perturbation

theorv. by the incoherent superposition of the sinale-particl nucleus. In an extensive study of the elastic scattering of
Y, by | SUPETP gie-part ‘?oosely boundp-shell nuclei around 10 MeV/nucledi22],
contributions from the different parts of the wave function

weighted by the respective spectroscopic faciasi we found that renormalized double folded potentials with
9 y P P P this effective interaction provide a good description of the
= Se.nlj)oanlj) ) data. We found there that a large renormalization is needed
T-1p= CNosgni)- for the real part of the potential, but no renormalization is
. . Heeded for the imaginary part of the potential. In the present
In inclusive measurements, such as those analyzed here, thé . o : .
) ! “cdlculations we assume that no renormalization of the imagi-
proton is not detected, therefore the calculated cross sections . : .
. ; U . nary part is needed at all energies. We used the JLM inter-
as(Nlj) contain a stripping territhe loosely bound proton is

. action for energies below 285 MeV/nucleon only.
absorbed by the target and thBe core is scattered and : : .
detected, a diffraction dissociation ternfthe proton is Before comparing the experimental and calculated inte

. rated cross sections, we checked that we can reproduce all
scattered away by the target, thBe core is scattered by g P

. ! L other available experimental observables with our model.
the target and is detectp@nd a Coulomb dissociation This was crucial before proceeding with the calculations. In

term [16] . Fig. 2 we show that parallel momentum distributions mea-
= 2 p +P. n _ sured at 41 MeV/nucleon on one latv(Be) and one higtz
Tsp J 0 DA Py(D) + Pair(b) ] + rgou ® (Au) target[23] and on the'’C target at 936 MeV/nucleon

These terms were calculated using the extended Glaubécalculated with appropriate technique for high energy, as
model detailed elsewherg7,1§. Smatrix elements have discussed beloware well reproduced. Similarly, the trans-
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00 i : “‘ : é : é : 1‘0‘ 1‘2 : 1‘4 : 1‘6 FIG. 2. (Color onling The parallel momentum distributions de-
experiment termined from the breakup B on (a) Be and(b) Au targets at

41 MeV/nucleon[23] and on(c) C at 936 MeV/nucleorj13]. In
FIG. 1. (Color onling (a) The cross sections determined from panel(d) the transverse momentum distribution measured in Ref.
the breakup ofB at 30—1000 MeV/nucleon on C, Al, Sn, and Pb [23] on Be at 41 MeV/nucleon is compared with the calculations.
targets at various energi¢d—13 used in this studycb) The ANCs The units for the ordinate axes a_([eounts) for (@), (b_)' and(d) and
determined from the breakup 8B using the JLM effective inter- (mb/MeV c) for (c). For calgulgmons the tota(ryll “n?s) and the
action. The error bars of the individual points contain the experi-Components are shown: strippitgashegi and dlffractlpn(dotted,
mental and theoretical uncertainties. The dashed line shows the ag:_oulomb(dash-dotte)j or as labeled on each curve in pal.

erage and the hatched area isthe standard deviation. scribing correctly the wings of the parallel momentum dis-

verse momentum distributions are well reproduced and affibutions (see Fig. 3 of Ref[4]). An analysis like the one
example is shown in the right bottom panel for the case opresented in Fig. 2 of Ref4] shows that there is an energy
9Be target and 41 MeV/nuclequata from Ref[23]). More ~ window E/A=25-150 MeV/nucleon for which the breakup
details will be published latef18]. The model also repro- of B is mostly peripheral even on the lightest targets. For
duces well the relative fraction of stripping/diffraction disso- the heavier targets this is always the case, due to the domi-
ciation disentangled first by Negoid al. [9] on Si targets at nance of the Coulomb component.

28-38 MeV/nucleor{as can be seen in Fig. 6 of that refer- The data considered were taken on C targets atl1f
ence and more recently by Endergt al. on C at 142, 285[10], and 93& MeV [13] (expt. no. 1-4, in ordey

76 MeV/nucleon[1l1]. For the latter the calculations give on Al at 285\ MeV ([10], expt. no. 3, on Si at 28, 35, 38
0s,=80 mb, oy c=50 mb, to compare with the experimen- ([9], expt. no. 6,8,9 29, 39, 49, and 58 MeV ([12], expt.

tal resultsog,=93(16) mb, oy c=37(13) mb. In Fig. 3 we no. 7, 10-12, on Sn at 142 and 283 MeV ([10], expt. no.
show, for the case of the breakup & on C targets that the 13,14, and on Pb targets at 1AZ2nd 283 MeV ([10], expt.
reaction is essentially peripheral. The stripping and theio. 15, 16.

nuclear diffraction dissociation probabilities as a function of From the analysis with the JLM interaction of all experi-
the proton impact parametsare calculated at four energies. ments up to 284 MeV we find ANCs consistent with a con-
While these probabilities are peaked outside the radius of thetant value [Fig. 1(b)] with an average Ctzot(JLM)

"Be core(vertical ling) in all cases, it is clear that the interior =0.454+0.048 fri*. Compared with Ref{4], we include the
contributes and should be carefully considered. The figur@mewer measurements in Refdl,12. Another distinction is
also shows the variation with energy of the relative impor-that we have included the final state interaction in the calcu-
tance of the two nuclear mechanisms: the diffraction dissolation of the Coulomb dissociation component of the one-
ciation (dashed ling is dominant at lower energies and its proton-removal cross sectiolzl and E2 amplitudes have
role decreases with increasing energy where stripginlj  been included as in the earlier calculation, except that dis-
line) becomes dominant. The comparison of the results of théorted waves, not plane waves, were taken inghéBe final
present calculations with the results of the simpler black dislichannel for the calculation of the matrix elements. The dis-
model shows that the interior plays the crucial role in de-torted waves were calculated numerically in the same poten-
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02 |/, 02 [/~
0, 0 extracted with JLM leads to the astrophysical facgH0)

=17.5+1.8 eV b for the key reaction for solar neutrino pro-

N _ _ duction ‘Be(p, 7)®B.

_ FIG. 3. The breakup probability profiles as a function of the | 5 second approach, the Glauber model in the optical
impact parametes for the breakup of’B on C targets at four |imit [27] was used. The breakup process is treated as mul-
different energies. The strippin@ull lines) and the diffraction dis- e elementary interactions between the partners’ nucleons.
sociation(dashed linescomponents are shown. The vertical line 1,q 4a|NN cross sections and the scattering amplitudes are
shows the position of théSe core rms radius. taken from literature. Calculations were done for all the ex-
tial that was used to bind the protpraround the’Be core in ~ Periments in the energy range 50—1000 MeV/nucleon using
the ground state dB. Differences occur between the calcu- & constant(“standard) finite range of 1.5 fm, as well as
lated amplitudes with the two approaches especially for lowspecific ranges in eaddN channel as suggested by R2g].
relative momenta, but their influence on the final integratedNo new parameters were adjusted. For details on the proce-
result is relatively small due to the extrg factor that dure see Ref5].

weights their contribution to the integrated cross section. For all the effectiveNN interactions we checked that they
However, the inclusion of distorted waves increases theorrectly describe complementary data, such as proton-target
asymmetry in the parallel momentum distribution due to arand’Be-target elastic and total reaction cross sections, where
increasedE1-E2 interference effect as can be seen in theavailable. Data at energies higher thamA3@eV were se-
upper right panel in Fig. 2. It has been suggedt4] that lected. We did not include the measurements of [R29] at
asymmetries observed in the fragment parallel momenturd440 MeV/nucleon and of Ref30] at 1471 MeV/nucleon
distributions in the Coulomb dissociation 8B on heavy [highest energy points in Fig.(d], because at those very
targets could be reproduced with an overall renormalizatioarge energies the breakup is no longer peripheral and the
of 1.22 and of 0.7 for th&2 matrix elements calculated in extraction of an ANC may not be the most appropriate. How-
first-order perturbation theory. We have, therefore, performegver, the results obtained from the analysis of these two cases
calculations using bar@got renormalizeflamplitudes result- are fully consistent with the others.

ing from perturbation theory25], as well as renormalized For each of the twd\N interactions we find that all ex-
E2 andE1 amplitudes. No significant differences were foundperiments give consistent ANQ§ig. 4), but the average

in the extracted ANCs with these two versions, and the valvalues obtained are slightly differentCZ (standarg

ues reported here are those obtained without any renormat0.503+0.032 fm* and C2(Ray)=0.517+0.041 fm'.
ization. Overall, assuming a £10% variation of the CoulombThese differ by 11% and 13%, respectively, from the JLM
breakup cross section would result in changes in the exvalue. We find no argument to determine which value is best.
tracted ANC values that range from 0.2% for the C targets tdf we take the unweighted average of all 31 determinations
a maximum of 6.4% for the Pb target at 285 MeV/nucleon.we find an ANCCZ (ave)=0.483+0.050 fm' that leads to
The value found above for the ANC is in very good agree-S,(0)=18.7+1.9 eV b. The uncertainties quoted are only
ment with that determined before using the peripheral protorhe standard deviation of the individual values around the
transfer reactions®B(’Be,®B)%Be and“N(’Be ®B)!*C at  averages, with no experimental errors included. The experi-
12 MeV/nucleon[26] C2(p)=0.449+0.045 fm' and with  mental data considered here were taken in various laborato
that obtained from the study of the mirror neutron transferies, at different energies, with varying methods and the cal-
reaction ("Li, 8Li) C2,(n)=0.455+0.047 fm* [14]. They culations also used different techniques. Therefore, we
agree very well, in spite of the differences in the energybelieve that the results form a statistical ensemble with many
ranges and in the reaction mechanisms involved. The AN@nd randomly occurring error sources, for which the average
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and the standard deviation around the average give a reasalevant ANCs, rather than a complete knowledge of the
able description of the ANC and its error. ground state wave function &B. In addition, the indirect

In Ref.[31] the authors study the same datd@Bfbreakup ANC method is subject to different systematic errors than
on the C target and find a larger value for the ANC than thedirect measurements.
one we published previously in Rg#l]. They use a different There were many recent determinations of this key astro-
strategy for the calculations where they assume a wave funghysical factorS,;, but its precise value is still controversial.
tion for the®B g.s. from nuclear structure calculations and aOur result is in agreement with those from all indirect meth-
geometry of the proton binding potential that they do notods and with most of the direct determinatiaisee the dis-
question. Then, the comparison with the experiment givesussions in Refs[32—-35), but one which stands out in its
them a quenching factoR; of unexplained origin in that claim of a larger value and very small erif@6]. The value
paper(but of great significance if its connection with short obtained as an average of all ANCs found in the present
range correlations inside nuclei is confirme®n the other studyS;/(0)=18.7+1.9 eV b is virtually equal with the most
hand they compare their result for one single target with theprobable values extracted in Ref.[32] S4(0)
full average from our calculations. A direct comparison with=18.6+1.2Zstaj+1.0theoy eV b and in Ref.[33] S;/(0)
the individual ANCs or with the average of our results for the=18.6+0.4staj+1.1(theop eV b from statistical analyses of
breakup on the C target on{gvailable in Table | of our Ref.  a|| mutually consistent results, including the reanalysis of
[4]) would have led to agreement. Lat@l] they find full  data from direct measuremeri&7] with a different extrapo-
agreement with ug5] for the breakup ofC where we use |ation at low energies. Our results from the use of different
essentially the same techniques. Also, our examination ofN interactions reminds us of the fact that the precision of
different theoretical reaction models above indicates that gdirect methods depends not only on the precision of the
quenching factoRs=0.88 may not be precise enough to con-experiments but also on the accuracy of the calculations.
sider it different from unity. A recent study of 23 cases of These findings may give a measure of the present status for
one-neutron removal cross sections at similar enefdis  preakup reactions, indicating that accuracies to +/-10% can

found no quenchindr,,.=0.98+0.16. be obtained.
In conclusion, we show that the breakup®8f at interme-
diate energies can be used to obtain 8e astrophysical This work was supported in part by the U.S. Department

factor at stellar energies. Very difficult direct measurement®f Energy under Grant No. DE-FG03-93ER40773, by the
are complemented by reactions using secondary beams Bomanian Ministry for Research and Education under Con-
exotic nuclei obtained from fragmentation and seeking thdract No. 555/2000, and by the Robert A. Welch Foundation.
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