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New angular distributions for the “Li('°B, °Be)®Be reaction at an energy of E},('°B) =51 MeV for the
ground and excited states of 8Be were analyzed within the coupled-reaction-channels method. The reactions are
dominated by single proton transfer at forward angles except for that to the *Be 11.35-MeV state, which requires
multistep routes for its population. The 3Be + °Be potential parameters for ground and excited states of *Be
were deduced by fitting "Li('°B, °Be)®Be and '°B("Li, °Be)®Be reaction data and are compared with a previously
determined "Be + °Be potential. The 8Be + °Be real potential is very similar to that for "Be + °Be, whereas the
imaginary one for ®Be 4 °Be has a much greater spatial extent than that for ’Be + °Be.
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I. INTRODUCTION

The nucleus ®Be has tremendous future potential for use in
reaction spectroscopy [1]. Its being slightly unbound means
that most reactions where it appears in the final state will
have very different Q values from those that use stable beams,
allowing new structures to be probed. For example, reactions
such as (12C, 3Be) were proposed [2] as an alternative to
(°Li, d) for extracting the « particle structure of nuclei, but
the limited detector efficiencies in the 1970s did not allow
this alternative to be explored in detail. The recently produced
detector arrays that have been built to carry out charged particle
reactions induced by radioactive beams have the well-divided
substructure and large-angle coverage that allow the detection
of 8Be with as great an efficiency as for bound particles, making
the original hope for these reactions a reality. However, for
these reactions to provide detailed spectroscopic information,
knowledge of 3Be optical potentials will be needed, which is
the subject of this work.

The present work presents new data for the reaction
"Li('°B, °Be)®Be taken at the '°B bombarding energy of
Ei(1°B) = 51 MeV (E., = 21 MeV). These new data are
then used in coupled-reaction-channels (CRC) calculations
to extract 3Be 4+ °Be optical potentials for comparison with
previously determined "Be + °Be potentials [3]. To date, the
19B("Li, °Be)®Be reaction has been studied only at an energy
of Epw('Li) = 24 MeV (E.,. = 14.12 MeV) [4] and these
data were analyzed within the Hauser-Feshbach statistical
model [5].

The CRC method was employed in the present work to
interpret the obtained angular distributions. In this scheme
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optical potentials are needed for both the entrance and exit
channels as well as information about the structure of the
transferred partners. The entrance-channel "Li + '°B optical
potential parameters were taken from Ref. [6] and were
deduced by fitting elastic scattering data measured simulta-
neously with the present transfer data. Then, since the shell-
model spectroscopic amplitudes for the reaction are known [7],
the only piece of missing information, the 8Be + °Be optical
potential, can be extracted from the reaction analysis.

The paper is organized as follows. In Sec. II, we present the
experimental procedure. The results of the CRC analysis of the
"Li('9B, °Be)®Be and '°B(’Li, °Be)®Be reaction data and com-
parison with the previously obtained potential for 'Be + °Be
are given in Sec. III. Summary and conclusions close our paper.

II. EXPERIMENTAL PROCEDURE

Angular distributions of °Be from the "Li('°B, °Be)®Be
reaction together with other "Li('°B, X) nuclear processes,
including '°B + 7Li scattering [6], were measured at an energy
of Ejp('°B) = 51 MeV using a '°B beam from the Warsaw
University cyclotron C-200P. The experimental details are
given in Ref. [6] and only a brief summary will be presented
here. The reaction products were detected by a silicon AE-E-
telescope and by a telescope with an ionization chamber as the
AE detector [8].

Part of a typical A E(FE) spectrum measured with the silicon
AE-E detector telescope is presented in Fig. 1. As can be
seen, excellent separation of the Be isotopes was achieved in
this work.

Typical energy spectra of °Be from the reactions
"Li('B, °Be)®Be are shown in Fig. 2. In Fig. 2(a), the curves
show the description of the background from multiparticle

©2009 The American Physical Society
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FIG. 1. Typical AE(E) spectrum of the products from "Li('’B,
X) reactions at energy Eib(1°B) = 51 MeV.
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FIG. 2. Typical energy spectra of °Be from the "Li('°B, °Be)®Be
reaction at Ej,('"B) = 51 MeV for the angle 6, = 16° (a) with
multiparticle reaction background and (b) without. The curves show
the calculated background and the Gauss symmetric forms.
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with fitting parameters Ny;, E Y), Eg), h(ll), and h(zi). The solid
curve shows the sum of the individual forms (dashed curves)
with the high-energy continuum arising from ®Be — « + «
and the low-energy one from °Be. The residual spectrum
obtained by subtracting this background is shown in Fig. 2(b).
To extract the yields, the peaks were fitted by the sum of Gauss
symmetric functions, with the peak positions E; determined by
the corresponding kinetic energies and by fixing the parameters
h; to the width of the elastic-scattering peaks or to the
natural level width [curves in Fig. 2(b)]. The broad 3.03-
and 11.35-MeV peaks were also fitted by asymmetric forms
[Eq. (1); see the dashed curves in Fig. 2(b) for the 11.35-MeV
peak] with 1.5- and 3.5-MeV widths, respectively. The differ-
ence between the areas under both forms was less than 20%
(i.e., likely attributable to the error in background subtraction).
The area errors of these peaks were estimated to be 30%. For
other peaks the fitting procedure provided areas with errors
of about 15%-20%, if the peaks were well resolved, and
30%—-40% for poorly resolved peaks.

As one can see in Fig. 2(b), the 11.35-MeV broad peak has
microstructure, produced by the (\°B, °Be) reaction products
from the SLi, '>C, and 'O admixture in the "Li target.
Figure 2(b) shows that these reactions can contribute only to
the low-energy side of the 11.35-MeV peak. Interest in this
state arises because it cannot be populated directly via proton
transfer.

The absolute cross sections for the "Li('°B, °Be)®Be an-
gular distributions were obtained by multiplying them by
the same normalization factor that was determined from
the simultaneously measured "Li + '°B elastic scattering. As
shown in Ref. [6], the error in the absolute cross section is 15%.

The resulting angular distributions of the "Li('°B, °Be)®Be
reaction at Ej,,('°B) = 51 MeV are shown in Figs. 3-7. Owing
to the unbound structure of the 3Be ground state, this reaction
product was not detected and the reaction angular distributions
were measured only at forward angles since “Be was the
detected product.

III. DATA ANALYSIS

A. Calculation procedure

The reaction data were analyzed with the CRC method
using optical model potentials in the entrance and exit channels
of Woods-Saxon form

U(r)=Vof(r,Ry,ay)+iWs f(r, Rw, aw) 2

and Coulomb potentials of a uniform charged sphere,
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FIG. 3. Angular distribution of the "Li('°B, °Be)®Be reaction at
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where Ap, Ay and Zp, Z7 are the mass and charge numbers
of "Li, '9B (entrance channel) and °Be, 3Be (exit channel).

FIG. 4. The same as in Fig. 3 but for the 3.03-MeV (2) state of
%Be.
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FIG. 5. The same as in Fig. 3 but for the 11.35-MeV (47) state of

The most important transfer reactions as well as 'Li + '°B
elastic and inelastic scattering were included in the coupled-

channels scheme. The transitions to the excited states of

"Li and "B were treated as in Ref. [6] (see Fig. 8 there).
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FIG. 7. The same as in Fig. 3 but for the 16.922-MeV (27) state
of !Be.

Figure 8 shows the diagrams of one- and two-step transfers,
which were included in the calculations.

In the "Li + '°B entrance channel, the optical potential
parameters obtained by fitting the elastic scattering data
[6] were used. The 3Be 4+ °Be potential was deduced from
the experimental data by fitting the exit channel potential
parameters

X; ={Vo,rv,ay, Ws, rw, aw} (6)

to the reaction data for ground and excited states of ®Be in-
dependently while keeping the "Li + 'B potential parameters
and the spectroscopic amplitudes S, of transferred clusters or
nucleons fixed. The parameter r¢ = 1.25 fm was used in all
calculations.

In spite of the fact that the nucleus-nucleus interaction
occurs at the nuclear surfaces, the optical potential [Eq. (2)]
with only volume absorption was used for both entrance and
exit reaction channels, because the penetration barrier for the
collision of light nuclei is low and the effective potential
surface is close to the center of the interaction of such nuclei.
Moreover, the reaction angular distribution is sensitive to the
details of the potential surface shape only at the backward
angles where the reaction data are absent.

In the fitting procedure, the "Li + '°B scattering parameters
were used as initial ones for the ®Be 4+ °Be potential. All
parameters [Eq. (6)] were initially adjusted, but we found little
sensitivity to the difference between ay and ay and so set them
equal. The optical potential parameters deduced in the fitting
procedure for ground and excited states of 8Be are listed in
Table I. The uncertainties of the the deduced parameters of the
Be + 3Be potential are about 10%—15%.

PHYSICAL REVIEW C 79, 054609 (2009)

7Li 3Be Li Be 7Li %Be %Be
—— — > >
P4 + da + P4 4D 4+
——1 e > >
10B 9Be loB sBe IOB 9Be sBe

7]:i sLi 9BJ’ 7]'_3 9Be SB‘P 7]'_3 SLi the

n4d 4p + d4d ¥n + ny 4d +

10p 95 8, 10 8ge 98¢ 10g llg 9,

7Li g 3%Be  Li o 3Be 7Li 198 9Be

a4 ¥t + t¥ Aa + SHeq yp +

lﬂB 13C 9Be 10B 7Li SBe

105 61 9Be

7L.Li GHB 9B'Le 7I_Ji I.OB 8%0 71'_} SHB SBLe

Py 43He + 3He4 +d + dv 43He

10B 11C 8RBe IOB 7Li 'Be 10B 12C 9Be

7y 261 8Be .
4.63 FT—>— 114 (4
Li 712"
0.0 AP
0.0 —> >— 0.0
10g Be

FIG. 8. Diagrams of different mechanisms of the
7Li('°B, °Be)®Be and "Li('°B, ®Be)’Be reactions.

The spectroscopic amplitudes S, of transferred clusters or
nucleons x for a nucleus A = C + x,

A2
Sy = <x> (WalPcWyas@cs), (7N

were obtained within the translationally invariant shell model
(TISM) [7] by using the code DESNA [9,10] and Boyarkina’s
wave function tables [11]. The calculated values of amplitudes
Sy are listed in the Appendix.

The wave function of x for a nucleus A = C + x was
calculated by varying the depth of the Woods-Saxon binding
potential to reproduce the binding energy of nucleus A.
The geometry parameters of the binding potentials were the
following: @ = 0.65 fm and ry = 1.254'3/(C'/3 + x'/3) fm.

The code FRESCO [12] was used for the CRC calculations.
The description of the CRC method used is included in
Ref. [12].

B. The "Li(1°B, °Be)®Be reaction

The measured angular distribution of the "Li('°B, °Be)®Be
reaction at Ej,('°B) = 51 MeV leading to the ground states
of 8Be and °Be and the results of the corresponding CRC
calculations are presented in Fig. 3. The dashed curves labeled
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TABLE 1. Parameters of the "Li + '°B and ®Be + °Be potentials.

P+T Epp(P) Ecm. Vo ry ay Wy rw ay Ref.
MeV)  (MeV)  (MeV) (fm) (fm) (MeV) (fm) (fm)

Li+ B 24 14.12 150.0 0.790 0.660 11.0 1.250 0.660 413, [61°

0B 4+ 7L4 51 21.00 189.9 0.790 0.660 14.5 1.250 0.660 [613,°

°Be + *Be 24.79 192.4 0.788 0.715 4.0 1.600 0.715 [4]*

°Be + ®Be 31.67 171.4 0.788 0.760 11.0 1.600 0.760

°Be + 8Be§_03 21.85 193.4 0.788 0.678 5.0 1.600 0.678 [4]?

9Be + *Bel 28.73 175.9 0.788 0.760 11.0 1.600  0.760

9Be + $Be’, 15 1330 1512 0795  0.642 2.0 1613 0.642 [41°

°Be + SBeT]jS 20.27 187.9 0.788 0.660 8.5 1.550 0.660

9Be + *Bely g 15.04 178.3 0.789 0.660 7.0 1.600 0.660

9Be + *Bel op) 1476 1783 0789 0.660 7.0 1600 0.660

“Data.
PPotential parameters.

(x) show the CRC calculations for the direct transfers of
particle x; those labeled (xy) present a coherent sum of
two-step transfers of particles: first x and then y as well as
vice versa. The solid curve ¥ shows the coherent sum of all
transfers.

At forward angles, the proton transfer (curve (p)) dom-
inates. The deuteron and n 4 p plus p + n transfers (curves
(d) and (np)) become important at large angles. Other transfers
contribute negligibly to this reaction.

The °Be + ®Be potential parameters were fitted in the
CRC calculations. The parameters of this potential deduced
at E. ., = 14.76-31.67 MeV (the exit channel for the present
study) are listed in Table I.

Clearly, the parameters ay = ay,rw, and Ws of this
potential differ from that of the ’Li+ !B potential at
E.m = 21 MeV. The angular distribution of the "Li('’B,
9Be)8Be§‘03 reaction at Ep,,(1°B) = 51 MeV for the 3.03-MeV
(2*) state of ®Be is shown in Fig. 4. As in the previous
case, proton transfer dominates at forward angles and deuteron
transfer is important at backward angles. Sequential particle
transfers and inelastic excitation give a small contribution to
the calculated cross section of this transition.

Figure 5 shows the measured and calculated angular dis-
tribution of the "Li('’B, Be)®Be}, 45 reaction at Ej,('"B) =
51 MeV for the 11.35-MeV (41) state of 3Be. Note that the
shape of this angular distribution is very different from that
of the other transitions at forward angles. The strength of this
transfer is a most surprising result since the shell-model cal-
culation shows that, for the excited system of *Be}, ;5(47) =
"Li(3/27) + p, the proton spectroscopic amplitude S, = 0.
However, the deuteron- and two-step transfers do not describe
the data (see Fig. 5). Therefore, in this case we used the
two-step mechanism shown in the diagram placed at the bottom
of Fig. 8. First, "Li is excited to the 4.63-MeV (7/27) and
9.67-MeV (7/27) states and then the proton is transferred
to form the systems: ®Be}, 35(4%) = "Lij ;(7/27) + p and
8Be}, 35(47) = "Li} (7(7/27) + p. For these systems, the pro-
ton spectroscopic amplitudes S, # O (see the Appendix). In
Fig. 5, the curve ("p) shows CRC calculations for this two-step
reaction mechanism. The calculations reproduce very well the
experimental data.

Figures 6 and 7 show the measured and calculated angular
distributions of the "Li('°B, °Be)®Be* reaction at an energy
of Ejsn('"B) = 51 MeV for the transitions to the 16.626-MeV
(2%) and 16.922-MeV (27) states of ®Be. For both transitions,
direct proton transfer (curves (p)) dominates at forward
angles. At most backward angles, deuteron transfer, with
some contribution from sequential n + p transfers, plays an
important role.

C. The '"B(’Li, °Be)®Be reaction

Analysis of the previously reported '°B(’Li, °Be)®Be data
taken at an energy of E., = 14 MeV [E\a("Li) = 24 MeV]
[4] adds to information on the energy dependence of the
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®Be - 0.0 MeV (0%)
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FIG. 9. Angular distribution of the '°B(’Li, °Be)*Be reaction at
Ein('Li) = 24 MeV [4]. The curves show the CRC calculations for
different transfers. Curve X presents coherent sum of all transfers.
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8Be + °Be optical potential. Consequently, these data were
also included in the CRC analysis.

Figure 9 shows the angular distribution of this reaction,
with the curves giving the results of CRC calculations for
different transfers. The parameters of the °Be + 8Be potential
deduced from the data fit are listed in Table I. Proton, deuteron,
and sequential n + p transfers are important for the transition
to the ground state of 3Be at forward angles. In this angular
region, the proton and deuteron transfers are important also
for the transition to the excited state of ®Be. Curves ¥ show
the coherent sums of individual transfers. Surprisingly, the
data are well reproduced by CRC calculations, without any
addition from compound reactions, in contrast to the analysis
of Ref. [4].

D. Potential parameters of the *Be + *Be scattering system

The parameters of the SBe+°Be optical potential
[Eq. (6)] deduced by fitting "Li('°B, °Be)®Be and
0B("Li, °Be)®Be reaction data for different kinetic energies
E. . of the °Be + 3Be system are listed in Table 1. All the
energies are far above the Coulomb barrier. so the energy
dependence of the parameters is very weak, within the error
bars. Only the depth of the imaginary potential shows some
increase with increasing energy.

In our previous work we have found that the "Li + °Be and
"Be + °Be potentials are in good agreement [3], confirming
the general expectation that the scattering of two mirror nuclei
that have very similar internal structure should yield very
similar scattering potentials. The data used in this comparison
were taken from Verma et al. [13]. Thus, one can obtain
information about the isotopic effect in "Be and ®Be + °Be
scattering and hence the influence of the internal structure of
the scattering partners by comparing the extracted ®Be + °Be
and "Be + °Be potentials. Such a comparison is presented
in Fig. 10 at the same c.m. energy. The difference between

T T T T

V, W (MeV)

T T T TTTTT

T T T TTTTT

10’111111111111

FIG. 10. The ®Be + ?Be potential (solid curves) versus that of
"Be + °Be (dashed curves) at E., = 31.67 MeV.
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the real parts of the "Be + °Be and ®Be + °Be potentials is
small. The main difference is in their imaginary parts, with the
8Be + Be potential having a much larger range than that of
the "Be + °Be potential. This difference means that the flux
from the ®Be + ?Be elastic channel is removed at much greater
distances between the nuclei than for "Be scattering and is a
consequence of 8Be being unbound.

IV. SUMMARY AND CONCLUSIONS

Angular distributions of the ’Li('B, °Be)®Be reaction
leading to the ground and excited states of ¥Be were measured
at an energy of Ej;,('°B) = 51 MeV. The data were analyzed
within the coupled-reaction-channels method using optical
potentials of Woods-Saxon type for the entrance and exit
channels. One- and two-step transfers were included in the
coupling scheme as well as the "Li and '°B excitations.
The "Li + '°B potential parameters obtained by fitting elastic
scattering data [6] were employed in the calculations. The
8Be + ?Be potential parameters were deduced by fitting the
reaction data. The spectroscopic amplitudes of nucleons and
clusters needed for the reaction calculations were obtained
within the translationally invariant shell model using the
Smirnov-Tchuvil’sky method [7]. The '°B(’Li, °Be)®Be re-
action data at E),,('Li) = 24 MeV [4] were also included in
the analysis.

The calculations show that, in the "Li('°B, °Be)®Be reac-
tion, proton transfer dominates at forward angles whereas a
sum of proton, deuteron, and sequential n + p transfers are
important at backward angles. Similar mechanisms are also
observed for the lower energy in the '°B(’Li, °Be)Be reaction.
The nonzero cross section for transfer to the $Be 11.35-MeV
state requires large contributions from multistep processes for
its population.

The 3Be + °Be potential parameters were compared to
"Be + °Be potential ones. The real potentials are remarkably
similar for the two systems but the dependence in the imaginary
ones demonstrates their marked dependence on the internal
structures of the two systems. It is hoped that the derived 8Be
potentials found in this and previous works can be exploited
in reactions such as ('>C, ®Be), where the positive Q value of
this reaction, when compared to traditional « transfer reactions
such as (°Li, d), can be used to study « clustering in nuclei
at high excitation energies. Modern silicon-detector arrays
will make it possible to measure reactions with the unbound
product ®Be in the exit channel as efficiently as that for bound
particles and can be a very rich area for future study.
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TABLE II. Spectroscopic amplitudes S, of the particles x in A = C + x systems.

A C X nL; S, A C b nL; S,
"Li “He t 2P3/2 —1.091 °B SBe p 1P3/2 0.866
7Li 5He d 2S1 —0.674* 9B 8Be§94 14 1 P1/2 —0.573%
1D, —0.121* 1Ps) 0.573
1D; 0.676* °B 8Bels 63 P 1P —0.265*
"Li %He p 1P, 0.805 9B 8Bels 0, p 1P 0.484*
7Ll 6Ll n 1P1/2 —0.657 1P3/2 0.968
1P;), —0.735% 1B °Li o 2D, —0.125
8Ll 7Ll n 1P1/2 0.478 lOB 7Ll 3He 2P3/2 0.419
8Be “He o 35 1.225 1F5); —0.104*
8Be SHe *He 2P;) —1.102° 1Fy), —0.347
8Be SLi d 28, 1.217 10 8Be d 1D; 0.811
8Bej o, SLi d 1D, 0.455 g 8Be} o, d 28, —0.130
1D, —0.588* 1D, 0.200
1D; 0.696 1D, —0.633*
8Be}, , SLi d 1D; 0.544 1D; 0.981
8Bels o3 °Li d 1D, —0.633 108 8Be}, , d 1D, 0.475
1D, —0.272* 1D, —0.457¢
1D; 0.644 1D; 0.303
8Bels on °Li d 28, —1.089 108 8Bels 63 d AY 0.475
8Be "Li P 1P, 1.234% 1D, 0.198
$Be} o, "Li P 1Py —0.730 1D, —0.376*
1P, —0.730° 108 8Bels oo d 1D, —-0.219
8Be}, 4 TLij 5 p 1Py —0.873 1D, 0.231*
1Ps) —0.738* 1D; 0.179
SBCTIA 7Li;67 D 1P|/2 —0.873 lOB °Be P 1P3/2 1.185
1P3/2 —0.738* lOB 9B n 1P3/2 —1.185
$Bely o3 "Li P 1Py, 0.338 g "Li o 35 —0.638
8Bels on "Li p 1Py 0.390 2D, —0.422
1Ps), —0.781* g 8Be t 2P, 0.641
‘Be “He *He 2P3), —0.236 g 8Be}, , t 1Fs), 0.578*
‘Be SLi t 1P|/2 —0.192 1F7/2 —0.431
1Ps), —0.215* g °Be d 25, —0.607*
‘Be "Li d AY —0.226" 1D, —0.109*
1D, 0.111* 1D; 0.610
1D; —0.624* g 0 n 1P3) —1.347*
‘Be 814 P 1Py, —0.375* c *Be *He 2P;) 0.641
9BB SBC n 1P3/2 0.866 ”C lOB P 1P3/2 —1.347*
°Be 8Bel o, n 1Py —0.573* 2c °Be 3He 2Pz 1.224*
LP3), 0.573 2c 0B d 1D; 1.780
°Be 8Bels 63 n 1Py —0.265* Bc °Be o 2D, 0.504*
9Be 8BCT6_92 n 1P1/2 0.484* 13C lOB t 1F5/2 0.108*
LP3)) 0.968 1Fy) 0.747
*Srresco = (—1)7cHag, = —§..
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