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Abstract. We study the breakup SLi projectiles in high-energy (28.5 MeV/u) collisions with
heavy nuclear targetd®Pb). The wavefunctions are calculated using a simple potential model for
9Li. A good agreement with the measured data is obtained with insignificant E2 contribution.

The reactiorfLi (n, y)°Li competes with théLi («, n)1!B reaction in the inhomogeneous Big
Bang model, which assumes the existence of proton-rich and neutron-rich regions of space
during the early Big Bang. This reaction also competes witifithgs-decay in the-process.
Depending on the rate, this reaction may affect the primordial abundance and reduce the stellar
production ofA > 12 nuclei by as much as 50% [1]. The Coulomb dissociation method [2, 3]
has proven to be a useful tool for extracting radiative capture reaction cross sections of relevance
in nuclear astrophysics. In particular, it appears that the Coulomb dissociatitisi isf

very useful [4] for elucidating the role of the inhomogeneous nucleosynthesis in the Big
Bang model—the formation dfLi via the 8Li(n, y)°Li reaction. However, a few lingering
questions still need to be addressed, including the importance of E2 excitations for the MSU
experiment [4], performed at approximately 28.5 MeV/u. We attempt to resolve this issue by
using a relatively simple but still realistic nuclear model that, however, yields agreement with
data and suggests that E2 excitations are negligible for the kinematical conditions of the MSU
experiment.

For °Li we adopt a single-particle model in which thlg = 3/2~ ground state can be
described as do = ps/2 neutron interacting with théLi core. The core is assumed to be
inert with an intrinsic spin/, = 2*. A realistic value for the spectroscopic factor for this
configuration is about 0.94 [5]. Since we are only interested in a rough estimate of the E2
contribution in the Coulomb breakup #fi, we takeS = 1.

The single particle state® ;(r), for the excitation energf, = E, + |Eo|, where
E, is the neutronélLi relative energy, are found by solving the Setliinger equation with a
nuclear + spin—orbit potential, given by

d —R\7?
V() =W [1 —Fyo (- 8)?5} fr), f@r) = [l + exp(rTﬂ ) 1)

with parameters = 0.52 fm andrq = 1.25 fm. The radius of théLi core, R = 2.499 fm,
was chosen so that the radiative capture cross section would fall in the range of the experiment
of [4]. The spin—orbit strength is set g, = 0.351 fm. This is consistent with the choice
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for the®B model used in [6] but is slightly smaller than the value 0.38 fm which works well
for the low-lying spectra of’O, 13C, and*'Be [7]. The well depth for the ground state
lo(jol)Jo = (p3j2, 2)3/27, was adjusted to reproduce the one-neutron separation energy,
Eo = —4.05 MeV, and it isVo((ps/2, 27)3/27) = —45.301 MeV. A neutron-unbound state
exists in°Li at 4.31 MeV [8, 9] above the neutron decay threshold. Its predicted spin parity
is 5/27. These are described agpwaves coupled to the ground state of the core, and the
well depth for this channel); = —33.814 MeV has been adjusted to reproduce the resonance
energy and its predicted [9] widtlT, = 0.118 MeV. For all other partial waves(s, p1/2, ds/2,
etc) we choose identical well depths and set them equal to the v@B801 MeV, as for the
ground state.

To compute theS-factors for the capture procebs- x — a we have used the first-order
perturbation theory. The matrix elements for electric multipole states (we couple angular
momentum ag+ s = j, andj + I, = J) are given by

(T MIMEA) | JoMo) = —e (~ 1o itevioion 11070

Var Jj
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whereO(1 — 2; 1) = f¢,§(r)¢é‘;lojo(r)r’\ dr is the overlap integralii = +/2m + 1, and
e, = Zpe(—A /A + Zce(Ay/A,) is the effective electric charge (= 8Li, x = n).
Here R, ;;(r) is the radial wavefunction for the relative motion of the neutron and the core,
normalized toy/2m,,, /mh%k sin(kr + 8;;) at larger, wherek is the relative momentum.

The response functions (multipole strengths) for the excitatiofLbfre obtained by

summing over all partial waves

dB(EX) dB(EX; lpjo — Exlj)
i Sk , 3
G =Y e @
where
dB(EX; lojo — Exlj)  mpy i J I . 2
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The sum ovev in the last equality reduces 1ty | M(EA) || jo) 12/ (2jo+1) if the single-particle
matrix elements are independent of the channel $pin

The multipole strengths are presented in figure 1 for E1 and E2 excitations, as functions
of the neutron energyg, = h%k?/2m,,. They are dominated by s-wave components: the
higher angular momentum waves become relevant for higher energies, as expected. This
result has also been obtained in previous calculations [8, 10]. The quadrupole strength shows
a resonance peak located at the excitation endigy= 0.247 MeV. It is divided by ten in
order to be displayed in the same figure.

The cross sections for direct capture are given by

0 op o QRL+1) 20)P0+D 1 (E, )2“1 dB(EL)
opc(Ex) = QI+ D A[L+DIN2k2 \ hic de, ©®)

Figure 2 displays the direct capture cross section for the E1 transitions. The experimental
data are from [4]. Due to the factoE, /ic)?*! appearing in equation (5) (and since the peak
of % fm~* is one order of magnitude greater th%ég—l) fm~2, as seen from figure 1), the
E2 contribution to the radiative capture cross section is about 3—4 orders of magnitude smaller
than the E1 contribution.
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. . . . . Figure 2. Radiative capture cross sectionsih, for
00 02 04 06 08 10 the reactiorfLi (n, y)°Li in the direct capture model.
’ ) ; ’ ’ The solid curve is obtained with s-waves, while the
E_[MeV] ; "
n dashed curve includes d-wave transitions.

Since there are no data for the elastic scatterint)_obn Pb targets at this bombarding
energy, we construct an optical potential using an effective interaction of the M3Y type [12,13]
modified so as to reproduce the energy dependence of total reaction cross sections, i.e. [13],

h .
t(E,s) = —lz—t';aNN(Enl —ia(E)]t(s). 6)

wherery, = 421 MeV fn? is the volume integral of the M3Y interactior(s), s is the
nucleon—nucleon separation distancés the projectile velocitygy v is the nucleon—nucleon
cross section, and is the real-to-imaginary ratio of the forward nucleon—nucleon scattering
amplitude. At 28.5 MeV/nucleon, we usg y = 20 fm? anda = 0.87.

The optical potential is given by

U(E,R) = f ry Pz pp (r0)pr (r)t (E, ), @

wheres = R +r, — r1, andpr (op) is the ground state density of the target (projectile).
Following [14], the Coulomb amplitude is given by

fe=Y_ ", ®)
A
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where
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Qu(q)=/ dbbJu(C]b)Kﬂ< = )eXp(lx(b)), (10)
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q = 2ksin(0/2), 6 (¢) is the (azimuthal) scattering angle, amg 7 is the reduced mass
of the target + projectile.J,(K,) is the cylindrical (modified) Bessel function of order
and the functionss ;,,, (c/v) are tabulated in [15]. The angular momentum algebra connects
(JM| Mg, .| JoMo) with the reduced matrix elements of equation (2).
The eikonal phasex (), is given by

1 o0
X(®) = 21in(kb) — — / dz Uy (R), (11)

wheren = ZpZyre?/hv, Tk is the projectile momentum, anll = /b2 + z2. The optical
potential,U,,,, in the above equation is given by equation (7).

The cross section for Coulomb excitation of a state with angular momeutwand
excitation energyE, is obtained by an average (and a sum) over the initial (final) angular
momentum projections:

Tor _ LS ipump (12)
dQdE,  2Jo+1 = M

As explained in detail in [2, 3, 14], the above cross section can be factorized in terms of
a product of virtual photon numbers and breakup cross sections by real photons, which by
detailed balance is directly related to the radiative capture cross sections. Thus a measurement
ofdog, /dQ2 dE, can be used to obtain radiative capture cross sections of astrophysical interest.
Experimentally, the nuclear contribution to the breakup cross section can be separated by
repeating the measurement on light targets (see, e.g., [4]).

At the bombarding energies of tens of MeV/nucleon, the E2 virtual photon number is
much larger than that of E1. As a consequence, even when the E2 contribution to the radiative
capture cross section is small, it may be amplified in Coulomb breakup experiments [3]. A
known example is the Coulomb breakup®8f[16] at 50 MeV/nucleon, which has been used
to extract theS-factor for the radiative capture cross secti@e(p, y)®B at low energies. It
has been claimed [17] that the E2 contribution accounts for as much as 20% of the differential
cross sections for the experimental conditions. This poses an additional experimental problem,
since one needs to separate the wanted E1 transition matrix elements from the unwanted E2
transition matrix elements. Nonetheless, it was shown in [18] that the E2 contribution in the
Coulomb breakup 0B is much less than that predicted in [17].

In order to infer the relevance of E2 for the breakuplof (28.5 MeV) on lead targets,
we plot in figure 3 the angle integrated cross sectieg/dE,, as a function of the neutron
energy relative tdLi. The quadrupole contribution has been multiplied by ten in order to
be more visible. We see that the E2 contribution to the breakup cross section is at least one
order of magnitude smaller than the E1 contribution, even at the resonance region. We thus
conclude that E2 transitions are not relevant in the experiment of [4]. Although we obtained
this result by means of a single-particle model forthign, y)°Li reaction, we do not expect
that it would change appreciably with more sophisticated models.
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