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The cross section for two-neutron removal from a beam of relativistic "Li is calculated in an

eikonal approximation. We find a larger nuclear cross section in reactions with heavy nuclei than

estimated by Kobayashi et al. This lowers the inferred Coulomb cross section for reactions on
Pb from 890 to a range of 560—740 mb, depending on the assumed single-particle binding energy

of the valence neutron.

Recent measurements of the fragmentation of relativis-
tic "Li ions induced by interactions with heavy nuclei
have shown unusually large breakup and total reaction
cross sections. ' This is related to the fact that "Li has
two very loosely bound valence nucleons and therefore
also a large rms radius. The breakup reaction on heavy
nuclei is of particular interest since the part induced by
Coulomb excitations puts constraints on the electric di-

pole response of "Li, thus providing some structure in-

formation about this weakly bound nucleus.
In order to isolate the contribution from Coulomb ex-

citations it is necessary to have an accurate model for the
nuclear part of the breakup cross section. In Ref. 1, a
factorization model is employed to extrapolate the nu-
clear breakup cross section to heavy nuclei. In this mod-
el, the target A dependence of the nuclear part of the
two-neutron removal cross section is assumed to be pro-
portional to the sum of the projectile and target radii,
R~+RT, which is the form expected for a strongly sur-
face peaked reaction, and it is predicted to be much less
than half the measured cross section for Pb. In this
Brief Report we examine some more microscopic models
for the breakup, based on the eikonal approximation.
The resulting A dependence is closer to the form,
o —(Rp+Rr), which increases faster with A and thus

implies a reduced Coulomb breakup on heavy nuclei.
The faster A dependence is a consequence of the weak
binding of "Li, which implies that the valence neutron
density has a slow radial decay. The two-neutron remo-
val reaction is therefore not surface peaked but has a wid-
er range of impact parameters contributing to the cross
section.

The eikonal phase that is often used for nucleon-
nucleus scattering at high energies is purely imaginary
and is determined by the target density and the nucleon-
nucleon cross section. We shall distinguish between pro-

(2)g(s, z) =exp[i'(b+ s)]go(s, z),
where (s,z) is the coordinate of the nucleon with respect
to the projectile. The probability that the nucleon
remains in the initial state after the interaction with the
target is

p[ x(b+ )]10o&l'

and the reaction cross section is

ott =2m f b db[1 —Po(b)] . (4)

Our preferred model for nucleus-nucIeus scattering is a
simple generalization of this using the single-particle shell
model. The probability that the projectile remains in the
ground state after the interaction with the target becomes
a product of the probabilities that all the nucleons stay in

ton and neutron target densities, p T~ and p T„, and use the
free proton-proton and proton-neutron cross sections,
0 and cr „, since they are different and neutron haloes
in projectile and target may be important. The eikonal
phase for proton-nucleus scattering is then

y (b)=i ,' f t—a pT [(z +b )'~2]

+cr „pT„[(z +b )'~ ]}dz .

The neutron-nucleus eikonal phase is determined by an
obvious, similar expression. At 800 MeV/nucleon, which
is the energy of the "Li experiment, we use
0

pp
0 =47 mb and 0 „=38.5 mb.

Let us first consider the scattering of a single nucleon.
We can think of the initial state Po of the nucleon as a
bound state in a fictitious projectile with an inert core,
which has an impact parameter b with respect to the tar-
get. In the eikonal approximation the final wave function
of the nucleon is
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their initial configuration,

P (b)=g [P, .(b)] '" g [P„,)(b)] ""
Ij Ij

(5)

The product is over all occupied proton (plj) and neutron
(nlj ) shells with occupation numbers n&IJ and n„l~ , res. pec-
tively. The individual probabilities are calculated as in
Eq. (3) using the appropriate cross sections for protons
and neutrons. The reaction cross section is then calculat-
ed from Eq. (4). We call this model the "diffractive
eikonal" model, because the probability for a reaction in-
cludes both the absorption of a nucleon by the eikonal
operator as well as its diffraction into a different state
than the initial state.

There will also be matrix elements of the eikonal
operator to excited projectile states, (g;lexp(iy)lPo),
i%0 W. hether the probability associated with these
should be assigned to the breakup cross section or not is a
delicate issue. If the binding energy is very low, as is
clearly the case for "Li, the excited states are unbound
and Eq. (4) is probably a good approximation for the total
breakup cross section. On the other hand, if fo is tightly
bound, the low excited states will also be bound and the
probability for the original projectile to remain intact
should include these contributions. In order to model
this simply, we just consider the extreme case in which all
final states in the projectile wave function remain bound.
Closure then yields the abrasion model formula for the
probability for the nucleon to survive,

This probability is calculated for each nucleon, and in-
serted in Eq. (5) to get the nucleus-nucleus survival prob-
ability Po. Equation (4) determines the reaction cross
section, as in the diffractive eikonal model.

As a third model, we will use the formula of Ref. 3.
This model was introduced in Ref. 4, and applied to cal-
culations of total cross sections rather than reaction cross
sections. The model is based on the idea of absorption by
a nucleus-nucleus optical potential. Here one defines an
eikonal phase for the nucleus-nucleus interaction,
y(b) =y +y „+y„+y„„,where for example

y„(b)= cr„p J d sppp—(s)pr„(b+s)
2

(10)

104
I

I

I I 1 I

at a given impact parameter. Integration over all impact
parameters yields the nuclear part of the ("Li, Li) cross
section. We use Eq. (10) for both the diffractive eikonal
and the abrasion model. To apply the nucleus-nucleus
optical model to this process, we compute separately the
eikonal phases associated with the core and the valence
densities of "Li, and determine the two-nucleon removal
probability as

P2„(b)= [1—exp( —2 Imp„,~) ]exp( —2 Imp„„) .

We have calculated cross sections for "Li, as described
above, on a series of targets. The shell model states and
densities were calculated as in Ref. 3, with the binding
energy of the p&&z neutrons E'p]/2 adjusted by changing
the depth of the central potential. Since we use an in-
dependent particle model of the density, it is not obvious
what the binding energy should be. The two-neutron sep-
aration energy for "Li is Sz„=0.25+0. 10 MeV, while
' Li is unbound by 0.80+0.25 MeV. For the moment
we take E'pI/2

—0. 19 MeV. There is some sensitivity to
the choice of e I &2 which will be discussed later.

The predicted cross sections for the diffractive eikonal
model are shown in Fig. 1 together with the experimental
data. The dashed curves are the estimates of the nuclear
contributions made in Ref. 1. The nuclear parts of the
total reaction cross sections are similar in magnitude.
Our calculations for the ("Li, Li) breakup are much
steeper than estimated in Ref. 1. Our value for the Pb
target is 710 mb as compared to 420 mb, and the absolute
magnitude for ' C is in surprisingly good agreement with
the measured cross section.

We can get an estimate of the contribution from
Coulomb excitations by subtracting the calculated nu-
clear cross sections from the measured values. However,
the models are not accurate enough to use the absolute
predicted cross sections. In the diffractive eikonal model,
the predicted cross section on ' C is 0.99 b compared to

p(b)= f dz p[(b +z )' ] .

The nucleus-nucleus surviva1 probability is then

Po=exp[ —21m'(b)] .

These three models will be used to calculate the total re-
action cross section.

We also want to use the models to describe the 2n re-
moval channel, "Li~ Li. For this latter process, we
shall assume that any excitation of the two valence neu-
trons (assumed to be in the p, &z shell) will contribute to
the Li breakup channel, whereas core excitations will
lead to further disintegrations. The probability for the
two-neutron removal channel is therefore

io&

b
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FIG. 1. Reaction cross sections for "Li, as a function of tar-
get mass. The data are from Ref. 1. The solid lines show the
nuclear reaction contributions predicted by the diffractive
eikonal model, as explained in the text. The dashed lines are the
nuclear contributions estimated in Ref. 1.
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FIG. 2. Coulomb reaction cross sections of "Li as a function
of target charge. The points are determined by subtracting the
nuclear contribution of the renormalized diffractive eikonal
model from the measured data. Solid points and open squares
use the total reaction and the 2n removal cross sections, respec-
tively. The solid and dashed lines are the theoretical values ob-
tained from the independent particle shell model and the RPA
response, respectively, calculated in Ref. 7.
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FIG. 3. The target mass dependence of the "Li reaction

cross sections is shown for the three models discussed in the

text.

the measured 1.06 b. We know the Coulomb cross sec-
tion is negligible for such a low-Z target, so the model
should be renormalized to fit the light nuclei essentially
without any Coulomb contribution. The results are
shown in Fig. 2. Here the total cross section in the
diffractive eikonal model was renormalized by 1.05; the
2n removal cross section agrees for the ' C target and its
renormalization factor was one.

In Fig. 2 we also show the dipole excitation cross sec-
tion, calculated from the free (fully drawn) and the RPA
(dashed) response of "Li. The binding energy of the
valence neutron p»2 state was set to 0.19 MeV, as it was
in our calculation of the nuclear cross sections. The di-

pole response of "Li is taken from Ref. 7. The RPA
response yields cross sections that are about 28% smaller
than the free. The calculated dipole cross sections are

FIG. 4. The calculated nuclear part of the ("Li, Li) fragmen-
tation cross section for reaction on Pb, as a function of the
single-particle energy of the p&&2 valence nucleons in "Li.

consistent with our estimates based on the two-neutron
removal channel except for the Pb target. In fact, if we
scale the calculated dipole cross sections to fit the Pb re-
sult, we would get an overall agreement with the results
for all the targets (within error bars}. This scaling is

roughly a factor of 2 for the RPA response. The
Coulomb cross sections extracted from the total reaction
cross sections are somewhat higher, in particular for the
Be target, which seems to fall outside the systematics.

We have also estimated the quadrupole and magnetic di-
pole electromagnetic cross sections and find that they are
insignificant compared to the dipole cross section.

As mentioned above, we want to use the theoretical
modeling mainly to determine the A dependence, because
we doubt that the absolute predictions are accurate
enough to be used in a subtraction analysis. To get a
sense for how confident we can be of the A dependence,
we examine the predictions of the other models discussed.
These are shown in Fig. 3. The total reaction cross sec-
tions are similar in magnitude, whereas the two-neutron
removal cross sections deviate much more. The abrasion
model (Abr. } gives smaller results than the diffractive
eikonal model (DE). This is expected from the closure
approximation, Eq. (8). The nucleus-nucleus optical
model (AAO), on the other hand, is much larger. How-
ever, all three models have a very similar A dependence,
and yield similar Coulomb breakup cross sections when
rescaled.

Finally, we discuss the sensitivity of the prediction to
the tail of the neutron wave functions in "Li. This is il-

lustrated in Fig. 4, where we show the calculated nuclear
part of the two-neutron remova1 cross section for reac-
tions on Pb as a function of the p, &2 binding energy.
These results were obtained by a scaling so that the corre-
sponding cross sections for reactions on ' C agreed with
the measured values (the Coulomb induced cross section
is small for a low-Z target). From this figure we can
make two extreme estimates. The two-neutron separa-
tion energy for "Li is Sz„=0.25+0. 10 MeV. If we as-

sume that the two-neutron separation energy governs the
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single-particle wave functions, the binding energy of each
particle would be 0.125 MeV. For this value the nuclear
part of the cross section is 750 mb. The other extreme
uses the separation energy with respect to the 0.8 MeV
resonant state in ' Li, i.e., e,&2= —1.0 MeV. This yields
a nuclear cross section of 570 mb. Subtracting these
rough estimates from the measured 2n cross section of
1310 mb we obtain the range 560—740 mb for the
Coulomb induced 2n breakup cross section. This is con-
siderably lower than the previous estimate' of 890 mb.
We are presently trying to make a more realistic calcula-
tion of the density of the valence nucleons by including
the effect of pair correlations.

It should also be mentioned how the reaction cross sec-
tion depends on projectile mass. In Ref. 3 reasonable
agreement was found for the systematics of the cross sec-
tions of Li isotopes, reproducing the anomalous increase
in the reaction cross section for "Li. That work obtained

good absolute agreement with experiment, using the
nucleus-nucleus optical model and E'p&/2

—1.0 MeV.
We prefer the diffractive eikonal model and 'Ep]y2 0 2
MeV, which gives as good a description of the projectile
mass systematics.

Note added in proof: Due to an error in the computa-
tion of Ref. 7, the calculated RPA response was too low
for weak binding energies. The change in the corrected
calculation is consistent with the factor of 2 scaling we
find required by the data.
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