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Determination of S, from the "Be(d,n)®B reaction
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The astrophysical factoB,; for "Be(p,y)®B reaction is reliably extracted from the transfer reaction
"Be(d,n)®B at E=7.5 MeV with the asymptotic normalization coefficient method. The transfer reaction is
accurately analyzed with CDCC based on a three-body model. This analysis is free from uncertainties of the
optical potentials having been crucial in the previous DWBA analyses.
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The solar neutrino problem is a central subject in neutrino+’Be, assuming’Be to be an inert core. An advantage of
physics[1]. The major source of the high-energy neutrinosthis analysis is that we do not need the ambigudus Be
observed by solar neutrino detectors®® produced by the optical potential in the entrance channel and the ambiguous
'Be(p, y)®B reaction. The astrophysical fact&, for the  n-+8B one in the exit channel as shown below.
reaction, however, is one of the most poorly determined re- The three-body dynamics in the entrance channel are ex-
action rates in the standard solar model; the latest recommepdicitly treated by means of continuum-discretized coupled-
dation for the factorS;; at zero energyS;(0), based on channel§CDCC) method[13,14], the theoretical foundation
recent direct measurements, is'$%V b[2], i.e., 10-20 % c_)f which is given in Ref.[15].. This theory has been estab_—
error exists. This is far from our goal of determinifg,(0)  ished as a method of solving the three-body system with
within 5% error required in order to determine the neutrino9°0d accuracy, and extensively applied for various reactions
oscillation parameters: the mass difference betweeand [13,18. Previous CDCC calculation showed that explicit

v, and their mixing parameter. The main difficulty in the treatment of breakup channels is essential in de_scrlbmg deu-

direct measurement comes from ambiguities of determinint(?ron mduped reactiorjd3]. The CPC(.: thus provides a pre-
. ) L fse description of the wave function in the entrance channel,

the effective target thickness. Thus, indirect measurements of, 4 7 system

S1/0) are expected to be essential for determinig0) The effective Hamiltonian for the entrance channel based

accurately. o _ _ on the three-body model contains the optical potential be-
As an example of such indirect measurements, intensivgyeenN (p orn) and "Be. Data of the neutron elastic scat-

measurements ofB Coulomb breakup are being made tering are available for targéLi, the mirror nucleus of Be,
[3-5] that provide rather smaf;(0) of about 17-20 eV'b. at4 MeV, approximately half the deuteron energy considered
Alternatively, one-proton pickugremova) process by’Be  here[17]. First then-’Li potential is determined accurately
(°B) is also an important tool to determir®@0) [6—8];  from the data. The potential is then used as an input in
once the asymptotic normalization coeffici¢ANC) of the  cpCC calculation for deuteron elastic scattering ‘@ at 8
overlap function between théBe and B ground states is eV, and the numerical result is compared with the experi-
determined from the data of the proton-transfer reactionmental datg18]. This is a good test for the neutron optical
S17(0) can be accurately derived from the ANC, as long aspotential determined above, which is only an input in CDCC
the reaction is peripherdB]. We here take up the transfer calculation for the entrance channel. As for the exit channel,
reaction’Be(d,n)®B atE=7.5 MeV, which has been used to the three-body dynamics are treated with the adiabatic ap-
extract the ANC with the distorted wave Born approximation proximation’ after testing its accuracy with CDCC calcula-
(DWBA) [10]. The S;7(0) obtained there is 27:44.4 eV b,  tion. The ANC is then obtained with reliable distorted wave
leading to inconsistency with the recommended value. Alfynctions in both the entrance and exit channels.
though the reaction is found with DWBA to be indeed pe- The transition amplitude for the transfer reaction, based
ripheral [11,12, distorting potentials used in DWBA are on the three-body modep(-n+'Be), is
quite ambiguous, which prevent one from extractig(0)
accurately. In particular, uncertainties of tde’Be optical Ti=Secl Wi Vapl ¥{H). (1)
potential bring about large errors & ,(0), typically 30%
in magnitude. The origin of the large ambiguity of distorting The three-body wave functioﬂfi(*) is a solution of the
potentials is that these are derived from proton and deuteroSchralinger equation |f|i_E)xpi(+)=o for the three-body
optical potentials for different targets and/or energies. Hamiltonian

In the present Rapid Communication, we analyze
'Be(d,n)®B at 7.5 MeV with the three-body modgb+n Hi=Knp+Kgget Vap(rnp) +U, 2)

with U=Uge(rnge) + Upaelr pee) - Hereryy is the coordinate
*Electronic address: kazu2scp@mbox.nc.kyushu-u.ac.jp of nucleusX relative to nucleusY. The potentialV,, is
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the interaction between andp, U g, (Unge) is the proton  of thep+ ’Be system by the binding energy 8B. Errors of
(neutron optical potential for the targetBe at half the deu-  the adiabatic approximation are estimated with CDCC in the
teron incident energy, ard,, andK 4g. show kinetic energy  exit channel scattering®B(n,n)®B, at E=4.18 MeV. The
operators for two-body systems denoted by the subscripthreakup effect is indeed small and errors of the approxima-
The nuclear part of) ,g¢ is assumed to be the sameldgs.. tion are about 3% at forward angléselow 60°). It should
The Coulomb part oJ g, is treated approximately by re- be noted that the breakup effect 8 on the elastic scatter-
placing the coordinate yge by ryge. Effects of Coulomb ing is not always the same as that on the transfer process. It

breakup of the deuteron, not included in the usual treatmeras reported in Ref.20], however, that the latter is much
above, are found to be quite small in the present system. Smaller than the former. We thus conclude that the error of

The wave function?(*) is obtained with CDCC. that is. ©Ur calculation about the adiabatic approximation for the exit

by solving the Sch'rldinlger equation in a model épace I’n channel is less than 3%. The Johnson-Soper approximation
oo T i ()= ,(2) i

CDCC, deuteron breakup states are classified with linear arf§2ds to a §|mplg form’s "= xng’ dpse. Wh(ef)e_‘l’pBe is the
angular momentak and €, and truncated into €k<k.,, Wave function of°B in its ground state ang’ is the wave
and O<{ </, respectively. Theé continuum[0,k,J is  function of outgoing neutron distorted by the potential
further divided into bins with a common width. The total ~ Ungse(fng-8/7), where the zero-range approximation is made
wave function is expanded, in terms of the deuteron ground® the transition amplitude1). We discuss the use of this
state and the discretized breakup states, ink§*)  approximation below. It should be noted that in DWEAS
3150t (s). ety is he ceutron ground S Selermined by e elelcseaterg o ewon ol
state andg; (i#0) is theith discretized breakup state ob- '

tained by averaging continuous breakup states iritthéin. hand, the three-body model approach can avoid this diffi-

The coefficienty; represents a center-of-mass motiomep culty, as in the entrance channel.
= . i 'ep ; i . The transfer reactiodfBe(d,n)®B is calculated with the
pair in theith state. Inserting this form into the three-body

Schralinger equation leads to a set of coupled differential’s < ande approximation W'.th s finite-range correction
equations [21]. The integration over g, in T is made up to a large

value 40 fm, since the transferred proton is very weakly
bound in 8B. The finite-range correction for the transition
(Ei—Kgsoxi=2> Fijxj, (3)  amplitude(1) including deuteron ground and breakup chan-
] nels is straightforward; the resultant correction for ftlie
_ ) _ channel keeps the standard form by regardiigand e; as
with Fj; :<¢i|U|¢j>rnp andEj=E—e;, wheree, is an in-  the potential and the intrinsic energy of the entrance channel.
trinsic energy of theth n-p state. The coupled equations are This prescription is tested by doing finite-range DWBA cal-
soluble, since they have a compact kernel in its integratulation [22] for the deuteron ground channel which is a
equation form. The precise formulation of CDCC is shown inmain component of the transition amplitude. The result of
Ref. [14]. The present model space ks ,=1.7 fm™1, ¢ the prescription above agrees with that of the full finite-range
=0, 2 andA=1.7/40 fri . The CDCC solution converges calculation within 2% error at forword angles.
at these values, as the model space is enlarged. The wave functiong g, is calculated with four types of
The exit channel is also treated in the three-body modelV g, [23—-26. We determine the spectroscopic facy,
that is, the exit channel wave functidn,i‘) is determined by  comparing the calculate@Be(d,n)®B cross section with the

the three-body Hamiltonian experimental one, for every type of the four potentials. The
astrophysical facto5,(0) at zero energy is then obtained
Hi=Kpget Kngt Vpee(rpge) + UngelMmie) - (4)  from the Sg, with 517(O)=Sexpa2/0.026 in the ANC
In the three-body modelB is treated by the two-bodyp( 10’
+7Be) model with the potentiaV,g.. The spectroscopic TLi(n,n) at 4.08 MeV
factor S, in Eq. (1) is introduced by taking account of the )
incompleteness of the model. It should be noted khatloes =
not containV,, since the interaction is already treated as a )
transition operator in Eq.1). In general, the distorting po- s 10° L
tential U g, between an outgoing neutron ari@e differs g i
from the corresponding one H;, since an outgoing neutron 2, )
has a different velocity from an incoming deuteron in the g Fitted
. &) ® Knox and Lane
(d,n) reaction.
In principle,H; allows transitions between the ground and

continuum states of thp+ 'Be system in the exit channel. 10' 0 20 a0 e0 80100 120 140 160 180
However, effects of the transitions are quite small and simply
estimated with the adiabatic approximation, since the ground
state of®B has a binding energg0.137 Me\j considerably FIG. 1. Results of the optical potential search for neutron elastic
smaller than an energy.18 MeV) of outgoing neutron. Fol-  scattering at 4.08 MeV froniLi. Experimental data are taken from
lowing Johnson and Sopgt9], we replace the Hamiltonian Ref.[17].

Scattering angle in c.m. (deg)
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FIG. 2. Comparison between the CDCC calculation and the ex- FIG. 4. The calculated cross sections ftBe(d,n)®B at 7.5
perimental dat18] for ‘Li(d,d)’Li at 8.0 MeV. MeV with Se,,=1.0(solid line) and 0.849dashed ling compared
with the experimental datd0].
method[9], where« is defined with the Whittaker function
W as ¢pge(r pge) = @W(r pge) atr g larger than the range of tering. The resulting potential well reproduces the Ja@
the nuclear forc&/ g, betweerp and "Be. It should be noted at forward angles.
that if the reaction is peripheral, ANC should be stable Figure 4 shows our result for théBe(d,n)®B cross sec-
against the change of th#B internal wave functions, i.e., tion usingV g of Kim et al.[23], compared with the experi-
that of the parameter set of single-particle potentials. Thusmental dat10]. The solid and dashed lines represent the
one can estimate the error of the ANC calculation from thecalculated results WitBey,= 1.0 and 0.849, respectively. Pa-
deviation of ANC (or S;) with four different models ofB rameter sets of the optical potentials at 4.08 and 4.26 MeV
above. and the single-particle potential of Kiret al. used in the
Figure 1 shows the result of the optical potential searctalculation are listed in Table | together. At forward angles
for neutron scattering at 4.08 MeV frorfLi, the mirror  §<60°, the calculated cross section well reproduces the data
nucleus of’Be. The resultant potential shows a good agreef10] with the spectroscopic factdB,,= 0.849, leading to
ment with datg17]. The optical potential is then applied for S, (0)=21.36 eV b. It was found that deuteron breakup
deuteron scattering at 8.0 MeV frohti. The CDCC calcu-  states play important roles not only in determining distorting
lation with the potential again gives a good agreement withpotentials but also in the transfer process. In fact, when the
data[18] at anglesy<<60°, as shown in Fig. 2. The potential deuteron breakup component is set to zertVifi), the re-
is shown to be reliable especially at the forward angles; weyltant transfer cross section is reduced by 10% at the for-
use it in H; and obtain the proper wave function for the ward angles and, more seriously, the angular distribution
entrance channel. As for the exit channel, on the other hané&annot be reproduced correctly. The components are obvi-
we need the optical potential of the+ ’Li scattering atE ously not included in the framework of the standard DWBA.

=4.18 MeV to determineéd;. The data are available & e thus conclude that the three-body model approach is in-

=4.26 MeV that is closest to the proper energy. Figure Jevitable.
shows the result of the optical potential search for the scat- We show in Table Il the list of calculated,yy,
a, andS;-(0) for differentV,Be. One sees that the calcu-

10° ¢ lated values of S;(0) are almost consistent, which

TLi(n,n) at 4.26 MeV shows that, as mentioned above, the present reaction is
) peripheral and the ANC method works well. Taking
3 account of the theoretical errors of ANC, the adiabatic
g approximation(AD) and the finite-range correctiofFRC)
g 2
"::3 10 TABLE |. Parameters for the optical potentials between neutron
e and “Li at E,=4.08 (a) and 4.26 MeV(c) corresponding to the
g Fitted initial and final channels fofBe(d,n)®B at Eq=7.5 MeV, respec-
o e Knoxetal tively. The single particle potential betwegnand “Be in B of
Kim et al.[23] (b) is also shown.
1

oo oo Lo oo by o by Lo b0 by 0 Ly
10 0 20 40 60 80 100 120 140 160 180 Vo

Scattering angle in c.m. (deg)

) =N Wd ri g Vso Fso aso

a 46,57 207 049 082 187 0.22 550 1.15 0.50

FIG. 3. Results of the optical potential search for neutron elastio 32.12 154 052 — — — 824 154 0.52
scattering at 4.26 MeV fromLi. Experimental data are taken from ¢ 60.97 1.47 058 031 357 022 90 239 055
Ref.[27].
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TABLE II. Results of Sep, a, and S;-(0) with different °B
single particle models.

teron breakup process in the incident channel is signifi-
cant for determinings;-(0) within 5% error required from
the neutrino physics. We then conclude that the three-body

Sexp a@ $1(0) model approach is essential and necessary. The present
Kim et al. [23] 0.849 0.809 5136  analyses provide a precise vgl&‘@7(0):_20..96f}j‘3‘(theo.r)
Tombrello[24] 0.882 0.784 20.87 i2.7(expt) eVvb; the theorenc_al ambiguity &,/0) is
Robertsor{25] 0.864 0.794 20.93 6—7 % slightly beyond _the required accuracy. However, we
Esbensen and Berts¢a6] 1.097 0.700 20.67 can reduce the theoretical error t2% coming from ANC

only, if we do the finite-range calculation with accurﬂté”
and¥{~) derived by CDCC. Such full-fledged calculations
are highly expected. In the present analyses, however, the
aexperimental errof13%) is even larger than the theoretical
one. It is expected that the peripheral properties, essential for
the ANC method, become insulfficient, as the incident energy
increase$12]. Thus, accurate measurements’@e(d,n)®B

and ‘Li(d,d)’Li at about a few tens of MeV and on
Li(d,d)’Li at the half the corresponding deuteron incident
energy are highly expected; the proton and deuteron elastic
scattering are necessary to determine the nucleon optical po-
ntgntial accurately.

and of thesystematic error of the experimental dat
[10] on the "Be(d,n)®B cross section, we obtaif;-(0)
=20.96"J3(ANC)*0.63AD)+0.4AFRC)+2.7(exph eV b,
consistent with both the recommended val(igs and the
recent resul§,/(0)=22.3+1.2 eV b of accurate direct mea-
suremen{28]. Very recently, it was reported that a signifi-
cant 1/2 "Be excited state component of order 10% pre-
sents within the ®B ground state[29]. It suggests the
possibility that reorientation in 8B has
a definite role in the transfer process considered here a
so S;/0). Further investigation on this effect is highly =~ The authors would like to thank T. Motobayashi, T.
expected. Kajino, Y. Watanabe, and M. Kawai for helpful discussions.
In summary, the present analyses based on the three-bodyis work was supported in part by the Grants-in-Aid for
model are free from uncertainties of the optical potentials inScientific Research of the Ministry of Education, Science,
both the entrance and exit channels which were the mos$ports, and Culture of JapaiGrant Nos. 14540271 and
essential problems in the previous DWBA analyses. The deut2047233.
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