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Scatterings of complex nuclei in the Glauber model

B. Abu-Ibrahim* and Y. Suzuki
Department of Physics, Niigata University, Niigata 950-2181, Japan
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A calculation of the complete Glauber amplitude is formulated with the use of an effective nucleon-target
profile function. By relating the profile function to the elementary nucleon-nucleon profile function, a simple
formula is derived to calculate the optical phase for nucleus-nucleus scattering. The resultant phase makes it
possible to successfully reproduce much reaction cross section data at 800 MeV/nucleon. The effect of Cou-
lomb dissociation on the optical phase is discussed. Its importance is studied in cases of the breakup of6He
and 9Li as well as the elastic scatterings of nuclei such as12C and 6He by heavy targets.

PACS number~s!: 24.10.2i, 21.10.Gv, 21.30.Fe, 25.60.2t
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I. INTRODUCTION

The size of a nucleus is one of the most fundamen
quantities to characterize nuclear properties. The nuc
charge radius or distribution can reliably be extracted fr
electron scattering, whereas the matter size or nucleon d
bution is in general more difficult to obtain reliably. One
the conventional methods to determine the matter size is
measurement of a reaction cross section at energies of,
several hundreds MeV/nucleon because the reaction c
section at such high energies primarily reflects the geom
cal size of the nucleus@1#. Since the measurement of th
interaction or reaction cross sections for unstable nuclei
now become possible with the use of secondary radioac
beams and demonstrated@2# the significant enhancement o
the cross sections for nuclei near the neutron drip line,
determination of the matter size has received revived inte
together with the understanding of the reaction mechan
of those unstable nuclei.

Many authors have attempted to relate the cross sectio
high-energy scattering to the nuclear density. See, for
ample, an excellent review@3# for the case of proton scatte
ing at 1 GeV. Because of its simplicity the optical limit a
proximation ~OLA! of the Glauber theory@4# has routinely
been used as a convenient tool for the extraction of the s
of unstable nuclei as in the case of stable nuclei. The opt
phase in the OLA is given by a functional of the densities
the projectile and the target. Several authors have sho
however, that a treatment beyond the OLA is necessary f
quantitative analysis of the reaction cross sections@5–7# as
well as the elastic-scattering cross sections@8,9# for loosely
coupled nuclei such as halo nuclei because breakup ef
are not properly accounted for in the OLA.

We have recently introduced a method to calculate
complete Glauber amplitude@10# for a proton-nucleus scat
tering, and subsequently attempted to extend it to a gen
nucleus-nucleus case@11#. In the latter case we considere
nucleon-target (NT) scattering as an elementary vehicle
the Glauber theory by assuming the target as a scatterer
introduced a profile functionGNT for the NT scattering. In
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this formalism the various effects such as the Fermi moti
Pauli correlations@12#, short-range dynamic correlation
etc., would be automatically included to some extent in
NT amplitude determined so as to fit experimental data
similar approach was undertaken by other authors in a
ferent context. Al-Khaliliet al. @7# started from theNT S
matrix in order to calculate the phase-shift function in t
few-body approach. Others usedp14He profile function
@13,14# to calculatep112C, p116O, 4He112C, and 4He
1Ca-isotope elastic differential cross sections.

In this paper we apply our method extensively to a nu
ber of heavy-ion systems including halo nuclei. The react
cross sections and the elastic differential cross sections
calculated in different versions of approximations. We d
cuss the contribution of the Coulomb dissociation to the
action cross section in order to study its importance in
reaction of the halo nuclei on a heavy target@15#. We show
some examples of clean separation of the reaction cross
tion into the nuclear and Coulomb parts. Since a quantita
determination of the Coulomb dissociation cross section
impossible in the Glauber theory alone because of its vio
tion of energy conservation, we have to be content with
qualitative estimate of the Coulomb contribution. We al
apply theGNT formalism to predict elastic differential cros
sections at intermediate energies. The purpose here is
only to study the effectiveness of the formulation but also
obtain a simple, useful recipe to include the effects of
Coulomb dissociation and the nuclear-Coulomb interfere
in the elastic scattering.

In Sec. II we briefly summarize the formulation whic
utilizes theGNT for the NT scattering, and present results
calculation for the reaction cross sections of various nu
on the 12C target. The densities of the nuclei are genera
from microscopic multicluster model calculations@16–19#.
In Sec. III we discuss how to construct theGNT from the
elementary nucleon-nucleon (NN) profile function. Here we
demonstrate that the reaction cross sections of various nu
incident on light targets such as9Be, 12C, and 27Al are all
well reproduced to satisfactory accuracy. An extension
include the Coulomb dissociation is discussed in Sec. IV a
applied to 6He and 9Li projectiles. The elastic differentia
cross sections at intermediate energies are examined in
V by including the breakup effect of the projectile. A sum
mary is drawn in Sec. VI.

y,
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B. ABU-IBRAHIM AND Y. SUZUKI PHYSICAL REVIEW C 62 034608
II. USE OF PHENOMENOLOGICAL NUCLEON-NUCLEUS
PROFILE FUNCTION

The multiple scattering theory of Glauber is based on
eikonal approximation. In the Glauber model the scatter
nucleons are frozen in their instantaneous positions du
the passage of the incident particle through the nucleus.
total eikonal phasex(b) acquired by the particle when pas
ing through the nucleus at a fixed impact parameterb is
equal to the sum of the phases from the individual nucle
~additivity phase!, the latter contributing as if they were fre
The nucleus-nucleus elastic-scattering amplitude~Glauber
amplitude! is written as

F~q!5
iK

2pE dbeiq"b~12eix(b)!, ~1!

where K is the momentum of the projectile andq is the
momentum transferred from the projectile to the target. T
elastic differential cross section is given by

ds

dV
5uF~q!u2, ~2!

and the total reaction cross section is calculated by

sR5E db~12ueix(b)u2!. ~3!

The optical phase-shift functionx(b) which plays a basic
role in the Glauber theory is related to theNN scattering
operator by

eix(b)5^c0u0u)
i PP

)
j PT

~12G i j !uc0u0&. ~4!

Herec0 (u0) is the intrinsic wave function of the projectil
~target!, which does not depend on the center-of-mass co
dinate. The profile functionG for the NN scattering is usu-
ally parametrized in the form

GNN~b!5
12 ia

4pb
sNN expS 2

b2

2b D , ~5!

wherea is the ratio of the real to the imaginary part of th
NN scattering amplitude in the forward direction,sNN is the
total NN cross section, andb is the slope parameter of th
NN elastic differential cross section. The argument ofG i j is
an effective impact parameter, which is perpendicular toK,
between thei th and j th nucleons:

~r i2RP!'2~r j2RT!'1~RP2RT!'5ji2hj1b, ~6!

wherer i and r j are the nucleon coordinates of the project
and the target, andRP andRT are the corresponding cente
of-mass coordinates, respectively. The inclusion of the C
lomb interaction will be considered in Secs. IV and V.

As seen in Eq.~4!, we must calculate the matrix eleme
of a many-bodyS-matrix operator, which is obviously fairly
03460
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involved. The OLA approximation makes it possible to ca
culate the optical phase through the densities of the proje
and the target

eixOLA(b)5expH 2^c0u0u(
i PP

(
j PT

GNN~ji2hj1b!uc0u0&J
5expH 2E E dr dsrP~r!rT~s!GNN~j2h1b!J .

~7!

A further simplification of OLA is possible by assuming th
zero-range profile function. See, for example,@20# for the
application of this approximation.

Apparently no correlated motion of the projectile and ta
get wave functions shows up in the OLA. The use of su
wave functions is certainly desirable. Some efforts we
made to study corrections to the OLA@21#. They are based
on including higher-order terms in the cumulant expans
@4#, which is extremely involved in general. We have r
cently proposed an alternative method of calculating the
tical phase-shift function completely@10# and applied it to
the analysis ofp16He scattering by using various types
6He wave functions. The calculation with a microscopica
1n1n wave function@16# has reproduced very well th
angular distribution measured at 717 MeV. Owing to t
power of this parameter-free, complete calculation we w
led to the conclusion that the size of6He is about 2.51 fm.
Though this method can straightforwardly be applied to c
culate the optical phase of Eq.~4! for a general case, it would
require enormous computer-time when one uses microsc
wave functions for both the projectile and the target. It
therefore, undoubtedly necessary to further develop an ef
tive method by which one can avoid heavy computatio
loads, while keeping high accuracy. This demand will be
practical significance because the reaction at high energy
marily probes the surface region of the nuclear wave fu
tion.

To this end we have proposed in@11# the possibility of
using nucleon-target (NT) interaction as an elementary ve
hicle in the Glauber theory. The optical phase-shift functi
is then calculated through

ei x̃(b)5^c0u)
i PP

@12GNT~ji1b!#uc0&, ~8!

whereGNT may be parametrized as

GNT~b!5 (
k51

K
12 iak

4pbk
sk expS 2

b2

2bk
D , ~9!

and the parameterssk , bk , and ak can be determined by
fitting the experimental elastic angular distribution as well
the total and reaction cross sections. The parameters ofGNT
used in this paper are listed in Table I. As shown in@11# this
effective theory enables us to predict both elastic differen
cross sections and reaction cross sections to much bette
curacy than the OLA calculation. A complete calculation
the optical phase-shift function with thisGNT can be per-
8-2



in
o

o

er
n

m
la
io
ei

st
l-
y
m
d
ti

io
-

on

th
m

nt
on
fir

clei
we
a

-

at
e
e as

s

as
ed
ross
-
r-
ed

y of

tes
oss
red
red
e
e

s
o

ns
ea-
ated

by
the-

SCATTERINGS OF COMPLEX NUCLEI IN THE . . . PHYSICAL REVIEW C 62 034608
formed by the formalism presented in@10# with a slight
modification as explained in the Appendix.

If we take the leading term of the cumulant expansion
the right-hand side of Eq.~8!, we get a simple expression t
calculate the optical phase-shift function

ei x̃OLA(b)5expS 2E dr rP~r!GNT~j1b! D , ~10!

where we only need the density of the projectile and theGNT
of Eq. ~9!. This expression looks very appealing because
its simplicity. We used thep112C data at 800 MeV@22# to
determine theGNT parameters. A sample set of paramet
given in @11# is listed in Table I. The reaction cross sectio
calculated withx̃OLA was compared in@11# to that calculated
with x̃ for the 6He112C case. The difference between the
is only 2.6%. To examine a wide applicability of the formu
~10!, we have analyzed the reaction cross sections of var
nuclei incident on the12C target. The densities of the nucl
7Li, 7Be, 8Li, 8B, 9Li, and 9C were generated from@17#,
the density of8He from @18# and the density of10Be was
from @19#. These densities were all obtained by the stocha
variational calculations@23,24# based on a microscopic mu
ticluster model. See the references for detail. The accurac
the variational calculations is generally high but differs fro
nucleus to nucleus depending on the complexity of the mo
and the consistency between the cluster model assump
and the nucleon-nucleon potential used in the calculat
For example, the calculation for8He is probably not as com
plete as those for other nuclei because it was performed
neglecting the spin-orbit component of the effective nucle
nucleon potential in a five-cluster system ofa1n1n1n
1n. One may use some other realistic densities, but in
present study we use our own densities obtained by the
croscopic calculations because we want to test the exte
which the microscopic multicluster model produces reas
able densities. The densities obtained theoretically were
fitted by a sum of Gaussians,

TABLE I. Parameters of proton-12C profile functions used in
the present calculations, see Eq.~9!. The total and reaction cros
sections,sT and sR , calculated by the profile functions are als
shown.

Tp (MeV) sT (mb) sR (mb) s (fm2) b (fm2) a

800 341 249 52.89 1.970220.111 682
218.78 1.0735 0.0149455

398 285 221 32.303 2.117 0.0867
23.740 0.5204 0.4212

340 283 213 32.0 2.0 0.1
23.7 0.4 0.28

200 275 215 31.947 2.214 0.127
24.51 0.827 0.8852
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r~r !5( iCi exp@2~r /ai !
2#,

and then corrected in the region of larger where the original
densities have a Gaussian falloff. Since some of the nu
are very weakly bound and expected to have a long tail,
assumed that the asymptotic form of the density follows
function (a/r 21b/r 3)exp(22kr ) with k252mB/\2, where
m is the reduced mass andB is the separation energy corre
sponding to the lowest accessible threshold. Values ofa and
b were determined to match the original density smoothly
appropriately chosen larger. The matter root-mean-squar
radius determined in this way may not be always the sam
original theoretical one. The densities of9Be, 12C, and 27Al
were taken from@6#. Table II lists the reaction cross section
of various projectiles incident on12C target at 800 MeV/
nucleon. To fix theGNN parameters we averagedpp andpn
data @27# for the sake of simplicity:sNN543.3 mb, b
50.20 fm2, and a520.1. These values are the same
used in @6#. The matter root-mean-square radii calculat
from the above densities are also listed in the table. The c
sections calculated with Eq.~10! are compared to those ob
tained by usual OLA. As seen clearly, it is the simple fo
mula of Eq. ~10! that gives results closer to the measur
values. There is a considerable interest in the size of8B
because of its possible proton-halo structure. The densit
8B used in this calculation gives 2.38 fm~2.56 fm originally
@17#! for the matter root-mean-square radius, which indica
that 8B is a nucleus of normal size, and the resultant cr
section of 783 mb is only slightly smaller than the measu
value@25# which shows no particular enhancement compa
to those of the otherA58 isobars. The deviation from th
experimental data is only within a few percent for all th

TABLE II. A comparison of theoretical reaction cross sectio
for 12C target, in units of mb, with interaction cross sections m
sured at 800 MeV/nucleon. The phase-shift functions are calcul

by using Eqs.~7! (xOLA) and~10! (x̃OLA). No Coulomb interaction
is included.r m is the matter root-mean-square radius calculated
the density used in the present work. The cross section in paren
ses is taken at 730 MeV/nucleon.

Projectile r m (fm) sR Expt. @2#

(xOLA) (x̃OLA)

6He 2.49 782 717 72266
7Li 2.35 789 742 73666
7Be 2.31 780 735 73869
8He 2.44 848 791 81766
8Li 2.37 824 780 76869
8B 2.38 829 783 79866a

9Li 2.32 841 801 79666
9Be 2.41 854 814 80669
9C 2.49 887 837 (834618)b

10Be 2.28 851 817 813613
12C 2.33 896 869 85669
27Al 2.88 1265 1239

aReference@25#.
bReference@26#.
8-3
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B. ABU-IBRAHIM AND Y. SUZUKI PHYSICAL REVIEW C 62 034608
cases, which demonstrates the utility ofGNT as an elemen-
tary vehicle to analyze the high-energy nucleus-nucleus
action. The Coulomb interaction has been neglected in fit
the p112C elastic-scattering data. In the case of a m
heavy target, theNT elastic-scattering amplitude must b
calculated by including the Coulomb elastic-scattering a
plitude as will be discussed in Sec. IV.

We end this section by mentioning that the reaction cr
section can also be calculated in the multiple-scatter
theory formulation. See, for example,@27,28# for this sub-
ject.

III. RELATING GNT TO GNN AND ITS APPLICATION

As shown in the previous section, onceGNT is determined
to fit NT scattering data at a given energy, we can syste
atically calculate the reactions of various projectiles incid
on that target at the same incident energy per nucleon. In
way we can examine projectile wave functions. In such
case where no appropriate data are available, however
cannot determine theGNT and one may think that the metho
would not work. To overcome this difficulty, it is useful t
relate theGNT to the elementary functionGNN as described
below. In any case to establish the relationship betweenGNT
andGNN is important because it gives a basis for the mic
scopic understanding of the nucleus-nucleus collision. T
important point was discussed in@3#, where theNT scatter-
ing formulated in the impulse approximation is compared
that of the Glauber model.

Since theGNT is such that its Fourier transform gives th
NT elastic-scattering amplitude, we may express it in ter
of GNN by

GNT~b!512^u0u)
j PT

„12GNN~b2hj !…uu0&. ~11!

Equation~8! or ~10! together with Eq.~11! gives us an alter-
native to calculate the optical phase-shift function throu
GNN .

The use of the cumulant expansion leads to a very sim
calculation of the optical phase-shift function. By appro
mating the right-hand side of Eq.~11! as

GNT~b!'12expS 2E dsrT~s!GNN~b2h! D ~12!

and substituting it into Eq.~10!, we obtain

eixeff(b)5expF2E dr rP~r!H12expS 2E dsrT~s!

3GNN~j2h1b! D J G . ~13!

This formula is very useful because it requires only the d
sities of the projectile and the target. If the integral ofrTGNN
is small enough compared to unity, then Eq.~13! reduces to
the usual OLA formula of Eq.~7!, otherwise the effect of
multiple scatterings of the projectile nucleon with the targ
nucleons is included to some extent. To understand
03460
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point, we note that Eq.~8! may be derived by using in Eq
~4! the following approximation: That is, the operation
) j PT„12GNN(ji2hj1b)… on u0 is replaced by

)
j PT

@12GNN~ji2hj1b!#uu0&

→uu0&^u0u)
j PT

@12GNN~ji2hj1b!#uu0&

5@12GNT~ji1b!#uu0& ~14!

for any i th nucleon in the projectile. By repeating this r
placement over all the projectile nucleons we arrive at E
~8!.

Since the role of the projectile and the target is int
changeable in the calculation of the elastic-scattering am
tude as well as the reaction cross section, it may be poss
to symmetrize Eq.~13! as follows:

eixeffs(b)5expF2
1

2E dr rP~r!H12expS 2E dsrT~s!

3GNN~j2h1b! D J GexpF2
1

2E dsrT~s!

3 H12expS 2E dr rP~r!GNN~h2j1b! D J G .
~15!

This argument will be justified in cases where both of t
nucleon-projectile and nucleon-target scatterings are well
scribed by the densities of the projectile and the target
cases whereGNT is unknown, Eq.~13! or ~15! is expected to
be a substitute to calculate the optical phase-shift funct
The input data needed in the above equations are the d
ties andGNN , which are exactly the same as in the usu
OLA. In what follows we compare the reaction cross se
tions calculated with both formulas by using the same in
data.

A comparison with experiment is made in Table III fo
reaction cross sections of different projectiles incident
different target nuclei. The densities of the targets,9Be, 12C,
and 27Al ~and also 63Cu and 208Pb which we need later!,
were taken from Table 2 of@6#. They were constructed from
the simplest harmonic-oscillator shell model in which t
oscillator parameter was set to reproduce the charge ra
corrected by the finite size of the proton. The reaction cr
sections are calculated by using three different optical pha
given by Eqs.~13!, ~15!, and ~7! but by using the same
densities of both the projectile and the target and the sa
GNN parameters. Clearly the deviation of the theoretical cr
section from experiment is by far small when using the
fectiveGNT compared to the one by the usual OLA. Thou
the deviation from the experiment depends on the quality
the density as well, it is worthwhile to note that a bett
prediction has been made globally with the use ofGNT . This
finding is useful for extracting the nuclear size from reacti
cross sections. It is agreeable that the difference in the c
8-4



if
ha

d
ref-
y 1
t

t by

of

li
ry
ree
ical
ile

-

p
the

on.

may
see

ag-

s
80
om

en
,

he
a

.

SCATTERINGS OF COMPLEX NUCLEI IN THE . . . PHYSICAL REVIEW C 62 034608
sections obtained with Eqs.~13! and~15! is found to be very
small. By comparing thesR values for 12C target in Tables
II and III, we note that the symmetrized optical phase-sh
function of Eq.~15! predicts almost the same values as t
of Eq. ~10!. Figure 1 compares three differentx(b) as de-
fined by Eqs.~8!, ~15!, and ~7! for 6He112C scattering at
800 MeV/nucleon. The solid curve is calculated by Eq.~8!
with the use of a microscopic6He wave function@16# and
used to predict the elastic differential cross section of6He

TABLE III. A comparison of theoretical reaction cross section
in units of mb, with interaction cross sections measured at
MeV/nucleon. The optical phase-shift functions are calculated fr
the common input for the densities andGNN in three different ap-
proximations: Eq.~7! (xOLA), Eq. ~13! (xeff), and Eq.~15! (xeffs).
No Coulomb interaction is included. The cross sections in par
theses are taken at 730 MeV/nucleon.Ds denotes the deviation
given in %, from the experiment.

Target Projectile sR (Ds) Expt. @2#

(xOLA) (xeff) (xeffs)

9Be 6He 716~7! 660 ~2! 672 ~0! 67267
7Li 737 ~7! 692 ~0.9! 697 ~2! 68664
7Be 728~7! 685 ~0.4! 689 ~1! 68266
8He 788~4! 738 ~3! 744 ~2! 75764
8Li 773 ~6! 730 ~0.4! 733 ~0.8! 72766
8B 776 ~6! 732 ~0.5! 735 ~0.5! 731615
9Li 792 ~7! 752 ~2! 752 ~2! 73965
9Be 805~7! 765 ~1! 765 ~1! 75565
9C 830 ~9! 784 ~3! 788 ~4! (759615)a

10Be 806~6! 769 ~2! 765 ~1! 75567

12C 6He 782~8! 707 ~2! 732 ~1! 72266
7Li 789 ~7! 734 ~0.3! 748 ~2! 73666
7Be 780~6! 726 ~2! 739 ~0.1! 73869
8He 848~4! 781 ~4! 800 ~2! 81766
8Li 824 ~7! 771 ~0.4! 783 ~2! 76869
8B 829 ~4! 772 ~3! 786 ~2! 79866
9Li 841 ~6! 791 ~0.6! 800 ~0.5! 79666
9Be 854~6! 804 ~0.3! 813 ~0.9! 80669
9C 887 ~6! 827 ~0.8! 843 ~1! (834618)a

10Be 851~5! 806 ~1! 811 ~0.3! 813613
12C 896 ~5! 856 ~0! 856 ~0! 85669

27Al 6He 1165~10! 1049 ~1! 1096 ~3! 106368
7Li 1143 ~7! 1072 ~0.1! 1094 ~2! 107167
7Be 1132~8! 1061 ~1! 1082 ~3! 1050617
8He 1233~3! 1137 ~5! 1171 ~2! 119769
8Li 1185 ~3! 1116 ~3! 1135 ~1! 1147614
8B 1193 ~8! 1119 ~1! 1141 ~3! 1106632
9Li 1204 ~6! 1140 ~0.4! 1155 ~2! 113567
9Be 1218~4! 1156 ~2! 1170 ~0.3! 1174610
9C 1265~7! 1186 ~0.4! 1212 ~3! (1181629)a

10Be 1215~5! 1156~0.3! 1166 ~1! 1153616
12C 1265 1217 1219

aReference@26#.
03460
t
t

112C scattering@11#. Therefore, the solid curve is obtaine
without any approximations and may be considered the
erence phase. Since the breakup probability is given b
2exp„22 Imx(b)… as a function ofb, we understand tha
the dashed curve calculated by Eq.~15! gives the reaction
cross section much closer to the reference one than tha
the usual OLA.

We end this section by showingp112C elastic differential
cross sections calculated by the theoretical profile function
Eq. ~12! and comparing them with experiment@22,29,30#.
This will be useful to indicate the medium effect or Pau
correlations@3,12# which may be important in the elementa
NT interaction. Figure 2 displays the cross sections at th
different energies. The solid curve is the phenomenolog
fit by Eq. ~9!, whose parameters are listed in Table I, wh
the dashed one is the OLA prediction of Eq.~12!. Parameters
of GNN are taken from@27#. It is seen that the OLA calcula
tion produces a very reasonable fit to experiment atTp
5800 MeV @22#. Particularly, the fit is very satisfactory u
to about 15 degrees. This is probably the reason why
effective optical phases,xeff andxeffs, lead to a good repro-
duction of the reaction cross sections at 800 MeV/nucle
The OLA is still fairly good atTp5400 MeV. As the energy
decreases toTp5300-200 MeV, thesNN value reaches its
minimum and the nuclear transparency increases. We
expect a larger medium effect at this energy. In fact we
in the figure that the OLA phase@Eq. ~12!# does not repro-
duce the experimental data@29,30# even at forward angles.

IV. EFFECTS OF COULOMB DISSOCIATION

When it passes by a large-Z target with high velocity, a
projectile nucleus receives a rapidly changing electrom

,
0

-

FIG. 1. A comparison of both real and imaginary parts of t
optical phases for6He112C scattering at 800 MeV/nucleon as
function of the impact parameterb: the solid curve is from Eq.~8!

(x̃) with the use of a microscopic6He wave function@16#, the
dashed curve is from Eq.~15! (xeff), and the dotted curve from Eq
~7! (xOLA).
8-5
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B. ABU-IBRAHIM AND Y. SUZUKI PHYSICAL REVIEW C 62 034608
netic field created by the target nucleus and thus may
excited by the field when the impact parameter is grea
than the nuclear interaction radius. In fact strong enhan
ment of the interaction cross section as well as the tw
neutron removal cross section has been observed for n
near the drip line, a typical example of which is11Li
1208Pb reaction@15#. The cross section for 2n removal of
11Li by 208Pb is also extremely large compared with the ca
observed for stable nuclei@31#. The enhancement of th
Coulomb dissociation cross section may be related to
strength of electric multipole, particularly the electric dipo
at low excitation energy of unstable nuclei. The aim of th
section is an attempt to estimate the contribution of the C
lomb dissociation to the reaction cross section in the Glau
theory. Some works have been directed to this subject in
Glauber model@32,33# following the formalism of deuteron
breakup by heavy targets. We must admit, however, that
aim is limited by the fact that the direct use of the Glaub
theory leads to an unphysical result at large impact param
because of the violation of energy conservation which is
herent in the Glauber theory. This remark applies at largb
where the Coulomb force becomes weak but still has
possibility of exciting a very weakly binding halo nucleu
What we can do is to estimate qualitatively the Coulom
dissociation cross section as a function ofb by assuming that
there is a region ofb where the adiabatic approach of th
Glauber theory is applicable. The violation of energy cons
vation would be a serious problem in cases where mos
the electric dipole strength is concentrated in the high-ene
giant resonance region as in normal nuclei.

Using the phase additivity concept, we can write t
elastic-scattering amplitude, Eq.~1!, with the Coulomb inter-
action being included in the form

FIG. 2. p112C elastic differential cross sections at three diffe
ent energies. The solid curve is a phenomenological fit of Eq.~9!,
while the dashed curve is the OLA prediction of Eq.~12!. The data
are taken from@22,29,30#.
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F~q!5
iK

2pE dbeiq"bF12^c0uexpH i(
i 51

AP

xNT~ji1b!

1 i(
i 51

ZP

xC~ji1b!J uc0&G
5

iK

2pE dbeiq"b$12eiZPxC(b)1eiZPxC(b)~12ei x̃ t(b)!%

5FC~q!1
iK

2pE dbeiq"b1 iZPxC(b)~12ei x̃ t(b)!, ~16!

where exp(ixNT)512GNT is the nuclear phase-shift func
tion for NT scattering, which was discussed in the previo
sections and the Coulomb phase is given byxC(b)
52h ln(Kb) with the Sommerfeld parameterh5ZTe2/\v,
wherev is the velocity of the projectile.FC(q) is the Cou-
lomb elastic-scattering amplitude which produces the Ru
erford formula. Note that the target is considered as
charged point-particle. The total optical phasex̃ t(b) with the
effect of the Coulomb dissociation being included is defin
by

ei x̃ t(b)5^c0uexpF i(
i 51

AP

xNT~ji1b!

1 i(
i 51

ZP

$xC~ji1b!2xC~b!%G uc0&

5^c0uexpF i(
i 51

AP

$xNT~ji1b!1e iDxC~ji1b!%G uc0&,

~17!

where

DxC~j1b!52h lnS uj1bu
b D , e i5H 1 i Pproton,

0 i Pneutron.
~18!

By writing exp(iDxC)512GC with

GC~j1b!512S uj1bu
b D 2ih

, ~19!

Eq. ~17! can be expressed in terms of theNT profile function
G t which enables us to examine the effect of the Coulo
dissociation:

ei x̃ t(b)5^c0u)
i PP

@12G t~ji1b!#uc0& ~20!

with

12G t~ji1b!5@12GNT~ji1b!#@12e iGC~ji1b!#.
~21!
8-6
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SCATTERINGS OF COMPLEX NUCLEI IN THE . . . PHYSICAL REVIEW C 62 034608
In the approximation of taking the leading term of the cum
lant expansion in Eq.~20! we can extend the formula of Eq
~10! so as to include the Coulomb dissociation term:

ei x̃ t(b)'exp@ igN~b!1 igC~b!1 igNC~b!#, ~22!

where the nuclear, Coulomb, and nuclear-Coulomb inter
ence phases are, respectively, defined by

igN~b!52E dr rP~r!GNT~j1b!5 i x̃OLA~b!,

igC~b!52E dr rP
(C)~r!GC~j1b!,

igNC~b!5E dr rP
(C)~r!GNT~j1b!GC~j1b!. ~23!

HererP(r) is the nucleon density of the projectile as defin
before, whereasrP

(C)(r) is the charge density of the projec
tile. In this approximation the nuclear part of the total optic
phase is the same as given by Eq.~10!. The phasegN may be
replaced byx̃ of Eq. ~8! or xeff of Eq. ~13!.

By replacing ueix(b)u2 in Eq. ~3! with ueiZPxC(b)ei x̃ t(b)u2

5uei x̃ t(b)u2 we obtain the reaction cross section. With the u
of the identity

12uei x̃ t(b)u25~12ueigN(b)u2!1ueigN(b)u2~12ueigC(b)u2!

1ueigN(b)1 igC(b)u2~12ueigNC(b)u2!, ~24!

the reaction cross section can be decomposed into t
parts:

sR5sR
(N)1sR

(C)1sR
(NC) , ~25!

where, for example, the Coulomb termsR
(C) is given by

sR
(C)5E dbueigN(b)u2~12ueigC(b)u2!. ~26!

This decomposition may not be unique, but seems to
physically reasonable@32,33#. Since the effective range o
GNT is limited by the nuclear interaction, bothgN and gNC
vanish atb larger than the nuclear interaction radius. T
nuclear termsR

(N) has a contribution from relatively smallb
where the nuclear interaction plays a vital role, while t
Coulomb term is mainly contributed from largerb where the
nuclear interaction becomes negligible. Taking an exam
of 6He1208Pb we display in Fig. 3 the integrand~i.e.,
breakup probability! contributing to the three components
sR

(N) , sR
(C) , andsR

(NC) as a function ofb. As expected, the
nuclear breakup is confined in the region of the nuclear
teraction radius, while the Coulomb dissociation begins
rise at such an impact parameter that is equal to the sum
the projectile and target radii. In addition, the interferen
term is very small everywhere. This means that the to
reaction cross section is, by the decomposition~24!, well
separated into two terms, the nuclear cross section and
Coulomb cross section. In cases where we can predictsR

(N)
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fairly accurately as shown in the previous section, this cle
separation makes it possible to extract the amount of
Coulomb dissociation cross section by subtractingsR

(N) from
the measured reaction cross section. We note, however,
the isolation of the nuclear part from the total reaction cro
section may become difficult when both of the projectile a
target nuclei are heavy. Another interesting point in the fi
ure is the behavior of the Coulomb integrand at largeb. To
understand this behavior, we note that at largeb

GC~j1b!→2
2ih

b
~j•b̂!2

ih

b2$j222~j•b̂!2%1
2h2

b2 ~j•b̂!2

1•••, ~27!

where b̂ is a unit vector defined byb/b. Thus for a spheri-
cally symmetric charge densityigC(b) is approximated in
the order of 1/b4 by

igC~b!→2
h2

b2E drrP
(C)~r!j21

h2

4b4 ~h22112ih!

3E dr rP
(C)~r!j4

52
8ph2

3b2 E
0

`

dr r 4rP
(C)~r !1

8ph2

15b4 ~h221

12ih!E
0

`

dr r 6rP
(C)~r !. ~28!

The probability of the Coulomb dissociation, (
2ueigC(b)u2), is then proportional to 1/b2, so that the inte-
grand forsR

(C) has the dependence of 1/b as confirmed from
the figure, leading to a logarithmic divergence ofsR

(C) . As
mentioned above, this unphysical result is due to the neg
of the energy conservation in the Glauber theory. In rea
the probability of the Coulomb dissociation will decrea
exponentially at largeb.

FIG. 3. Breakup probabilities, multiplied by the impact param
eter b, for 6He1208Pb collision at 800 MeV/nucleon. The tota
probability is decomposed into the nuclear, Coulomb, and nucl
Coulomb interference terms.
8-7
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B. ABU-IBRAHIM AND Y. SUZUKI PHYSICAL REVIEW C 62 034608
To get a qualitative estimate of the Coulomb dissociat
cross section, we have to set an upper limit of the imp
parameter,bmax. To this end we compare the time sca
required for the internal excitation of the projectile and t
time scale of the collision. The former is given by\/B with
the separation energyB, while the latter isb/v during which
the electric field in the perpendicular direction to the incide
velocity becomes large@34#. The latter time scale must b
smaller than the former in order for the adiabaticity of t
Glauber theory to be satisfied. Thus we may require the c
dition

bmax,
\v
B

. ~29!

This condition is also obtained by requiring that the mi
mum momentum transfer\qmin needed for the Coulomb dis
sociation must satisfy\qmin.B/v @35,32#, because, from the
uncertainty principle of the angular momentuml and the
angleu, we havelu5(\Kb)(q/K)5\bq>\, that is\qmin
>\/bmax.B/v. As is clear from the above discussion, t
condition~29! does not introduce any charge dependence
bmax, which may be thought strange. You may think, i
stead, thatbmax can be obtained by requiring that the ener
transferred to the projectile by the electric field must
larger thanB. If the energy transfer is estimated by taking t
difference of the energy given to the projectile as a wh
and the energy given to the freely moving protons@34#, you
may get the conditionbmax,A(2ZPNP /AP)(\2/MB)h @36#,
whereM is the nucleon mass. This expression, however, c
not be accepted in the present case: For example, in the
of 6He1208Pb collision at 800 MeV/nucleon (B
50.975 MeV), we would havebmax,8 fm, which means
that bmax would be even smaller than the sum of the radii
6He and 208Pb.

Figure 4 displays the Coulomb dissociation cross sec
sR

(C) as a function ofbmax for the reactions of6He and 9Li
projectiles incident on different target nuclei at 800 Me

FIG. 4. Coulomb dissociation cross sections of6He and 9Li
incident on various targets at 800 MeV/nucleon. The solid curv
for 6He and the dashed one is for9Li. The value ofbmax is the
upper limit in the integral of Eq.~26!.
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nucleon. In Table IV the measured reaction cross secti
@15# are compared to the theoretical cross sections calcul
by assumingbmax5(\v/2B) as a qualitative guide.B is
4.063 MeV for 9Li case, so thatbmax becomes about a quar
ter of that for 6He case. We see that the increase ofsR

(C) for
heavier targets is a little slower than theZT

2 dependence. The
total reaction cross section for208Pb target seems to b
slightly overestimated in both cases of6He and 9Li. This
may suggest that the adiabatic approach based on
Glauber theory is applicable up to suchbmax that is smaller
than (\v/2B), and beyond thatbmax a perturbative approach
fulfilling the energy conservation must be employed.

V. ELASTIC DIFFERENTIAL CROSS SECTIONS

Elastic and inelastic scatterings at intermediate ener
have been analyzed for various systems in the OLA calc
tion. See, for example,@37#. Main interest in these studie
was to incorporate the deviation from the straight-line traj
tory of the projectile, which becomes important in the case
relatively low-energy scatterings by large-Z targets. A
simple prescription of including the deviation from th
straight-line trajectory is to use the distance of the clos
approachb8

b85
ZPh

K
1AS ZPh

K D 2

1b2 ~30!

in Rutherford orbit in place of the asymptotic impact para
eterb @37#. Our main interest here lies in evaluating the me
of using theGNT formalism and learning the effect of th
Coulomb dissociation in the elastic scattering. The effect
the Coulomb dissociation is of course different from that
the bending of the Rutherford orbit. To the best of o
knowledge, no calculation of elastic scatterings with the
clusion of the Coulomb dissociation has been performed
in the framework of the Glauber theory.

We apply the method of calculation of the optical phase
predict elastic differential cross sections between nu

is

TABLE IV. A decomposition of reaction cross sections at 8
MeV/nucleon into the nuclear (N), Coulomb (C), and nuclear-
Coulomb interference (NC) terms. The cross section is given i
units of mb. Values ofsR

(C) depend onbmax, which is set to 85 fm
for 6He and 20 fm for 9Li, respectively. The cross sections i
parentheses are obtained by reducingbmax to 43 fm.

Projectile Target sR
(N) sR

(NC) sR
(C) sR

Expt.
@2,15#

6He 12C 707 0.09 4~3! 711~710! 72266
27Al 1049 0.05 19~14! 1068~1063! 106368
63Cu 1676 20.3 87~62! 1762~1737! 1747672
208Pb 3095 24 602~406! 3693~3497! 34726251

9Li 12C 791 0.01 4 795 79666
27Al 1140 0.09 17 1158 113567
63Cu 1783 20.4 70 1852 1796655
208Pb 3228 25 379 3603 33976193
8-8



l

io
e

s-

r-
d
s
as

n
n

t

y

/

io
e

r-
with

s

here

ves
nt.

re

rv

for
are

ach
urve

SCATTERINGS OF COMPLEX NUCLEI IN THE . . . PHYSICAL REVIEW C 62 034608
through the scattering amplitude, Eq.~16!. The Rutherford
amplitudeFC is included in what follows. The total optica
phasex̃ t(b) defined by Eqs.~20! is approximately calculated
by Eqs. ~22! and ~23!, but the nuclear partgN may be re-
placed by other approximations.

The first example, shown in Fig. 5, is4He112C scattering
at the intermediate energy ofTa51.37 GeV@38#. A theo-
retical description of this scattering was studied in@21#,
where terms up to the fourth order in the cumulant expans
were included. They reproduced the experiment rather w
though the slope parameterb of GNN is unusually small con-
sidering from the systematics of@27#. They found that the
amplitudeFC plays a significant role even in this light sy
tem. Since no p112C elastic scattering data atTp
5343 MeV are available, theGNT parameters were dete
mined by extrapolating the experimental data measure
398 MeV@29#, as discussed in@11#. The resultant parameter
of GNT are listed in Table I. The Coulomb dissociation h
been neglected. The nuclear optical phasex̃ defined by Eq.
~8! has been calculated by using the (0s)4 harmonic-
oscillator shell-model wave function@11#. Despite this unsat-
isfactory determination ofGNT the calculated cross sectio
denoted by solid curve is in fair agreement with experime
even better than the phenomenological fit of@14#. The
dashed and dotted curves are obtained by replacing
nuclear optical phasex̃ by xeff of Eq. ~13! and byxOLA of
Eq. ~7!, respectively. The quality of fit to experiment b
these phases is related to that of the underlyingp112C elas-
tic scattering at the same energy by the OLA~see Fig. 2!.

The next example is12C112C scattering at 200 MeV
nucleon, where the totalNN cross sectionsNN becomes
about 30 mb, close to its minimum. This small cross sect
leads to the increase of the nuclear transparency at this

FIG. 5. Elastic differential cross sections for4He112C scatter-
ing at Ta51.37 GeV. The optical phases are calculated in th

ways: the solid curve from Eq.~8! (x̃) with the use of the (0s)4

harmonic-oscillator shell-model wave function, the dashed cu
from Eq.~13! (xeff), and the dotted curve from Eq.~7! (xOLA). The
data are taken from@38#.
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ergy. The angular distributions calculated with three diffe
ent optical phases are displayed in Fig. 6 and compared
the experimental data@39#. The solid curve is obtained with
the use ofx̃OLA of Eq. ~10!. It gives quite reasonable cros
sections~better than other calculations@37,40#!, and follows
nicely the data at small angles up to the second peak w
both of the far-side and near-side amplitudes@41# contribute
to producing the oscillatory behavior@39#. At larger angles
where the far-side amplitude dominates the solid curve gi
the distribution which is out of phase from the experime
The angular distributions calculated byxeff and xOLA are
also shown in the figure. The result withxeff is better than
the one withxOLA . Figure 7 compares the reaction~absorp-
tion! probability, 12ueix(b)u2, as a function ofb8. Compared

e

e

FIG. 6. Elastic differential cross sections in Rutherford ratio
12C112C scattering at 200 MeV/nucleon. The optical phases

calculated in three ways: the solid curve from Eq.~10! (x̃OLA), the
dashed curve from Eq.~13! (xeff), and the dotted curve from Eq.~7!
(xOLA). The data are taken from@39#.

FIG. 7. Reaction probability for the12C112C collision at 200
MeV/nucleon as a function of the distance of the closest appro
b8. The optical phases are calculated in three ways: the solid c

from Eq. ~10! (x̃OLA), the dashed curve from Eq.~13! (xeff), and
the dotted curve from Eq.~7! (xOLA). The black circle is the
optical-model prediction@39#.
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B. ABU-IBRAHIM AND Y. SUZUKI PHYSICAL REVIEW C 62 034608
to the reaction probability calculated from the optical pote
tial @39# which is determined by fitting the elastic angul
distribution, our theoretical curves suggest too strong an

sorption: The curve calculated withx̃OLA is, however, fairly
close to the optical-model prediction. Corresponding to
three different reaction probabilities, the12C112C reaction
cross sections at 200 MeV/nucleon are calculated to be

spectively, 817 (x̃OLA), 994 (xeff), and 1002 mb (xOLA),
which are compared to the measured value of 864645 mb
@42# or the value of 806630 mb predicted by the optica
potential@39#. We see that the optical phasex̃OLA gives such
a reaction cross section, which is consistent with experim
nevertheless it leads to some discrepancy in the elastic a
lar distribution at large angles. This may indicate that
must take into account the coupling to excited states of12C
explicitly or some unknown medium effects.

Figure 8 displays12C1208Pb scattering at 200 MeV
nucleon. The Coulomb repulsion becomes as large as a
70 MeV at the internuclear distance of 10 fm. In the range
measured angles the near-side contribution is dominant@39#
because the net effect of the nuclear and Coulomb poten
is largely repulsive. Since there are no data onp1208Pb at
Tp5200 MeV, the nuclear optical phase has been calcula
throughxeff of Eq. ~13!. As far as we know, this is a micro
scopic calculation for12C1208Pb scattering for the first time
in which theGNN data and the densities of the projectile a
target are employed. We have successively included the
fects of the Coulomb dissociation and the nuclear-Coulo
interference terms. The cross sections calculated by inc
ing these effects are apparently smaller than the meas
values. The bending of the Rutherford orbit plays a min
role at this energy. As the nuclear transparency is fairly la
in the collision at 200 MeV/nucleon, the12C nucleus may
come relatively close to the interior of the208Pb target, and
then theNN collision may be Pauli-blocked fairly strongl
@12#. In any case it would be necessary to use such a nuc

FIG. 8. Elastic differential cross sections in the Rutherford ra
for 12C1208Pb scattering at 200 MeV/nucleon. The dotted cur
only the nuclear term calculated by Eq.~13! (xeff) is included, the
solid curve: both nuclear and Coulomb terms are included. The
are taken from@39#.
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optical phase that reproduces thep1208Pb scattering at this
energy before we attempt to understand the reason for
discrepancy.

VI. SUMMARY

The idea of utilizing the nucleon-target (NT) interaction
as an elementary vehicle in the Glauber theory@11# has ex-
tensively been applied to calculate the nucleus-nucleus o
cal phase-shift function. With the use of phenomenologica
determinedNT profile functions, the total reaction cross se
tion has better been reproduced than by the conventio
optical limit approximation. A further simpler expression fo
the optical phase has been derived by relating theNT profile
function to the nucleon-nucleon data. The resultant opt
phase for the nucleus-nucleus scattering is given by a fu
tional of the nuclear densities as well as the element
nucleon-nucleon input. This simplicity has made it possi
to analyze many existing data and led to the conclusion
this effective formula reproduces the reaction cross sectio
800 MeV/nucleon to much better accuracy than the conv
tional theory.

The effect of the Coulomb dissociation on the optic
phase has been discussed. It has been shown for light
jectiles such as6He and9Li that the breakup probability can
be very well separated into the nuclear and Coulomb pa
The nuclear-Coulomb interference term is found to be v
small at the energy of 800 MeV/nucleon. Because of
difficulty inherent in the Glauber theory a definitive determ
nation of the Coulomb dissociation cross section is imp
sible. The qualitative estimate of the cross section made
different targets, however, is found to lead to reasonable
respondence with experiment.

The elastic differential cross sections at intermediate
ergies have been calculated for some systems. The Coul
dissociation and nuclear-Coulomb interference terms are
cluded in the Glauber amplitude together with the bending
the Rutherford orbit. Both of the real and imaginary parts
the optical phase contribute to the cross section, so tha
have more opportunities to learn the suitability of theGNT in
the analysis of the elastic differential cross section than
of the reaction cross section. Though the Glauber model
diction seems to be reasonable, we feel that more car
study is needed on the relationship between the elemen
NT scattering amplitudes in free space and in nuclear m
dium before we attempt a better microscopic understand
of the reaction dynamics. For this purpose it would be i
portant to perform systematic analyses of both nucle
nucleus and nucleus-nucleus scatterings by the same targ
different energies.
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APPENDIX

The optical phase-shift function defined by Eq.~8! can be
calculated by following the correlated Gaussian appro
presented in@10#. Since theGNT is given in terms of a com-
P.

03460
h

bination of several terms as in Eq.~9!, a slight modification
is necessary to define the parameters of the correlated Ga
ian. According to@10# we can express the phase-shift fun
tion in terms of the matrix element of the correlated Gau
ian g:
For

he
ei x̃(b)511 (
n51

AP

~21!n (
( i 1 ,i 2 , . . . ,i n)

(
k151

K

••• (
kn51

K

zk1
•••zkn

e2Lb2
^c0ug~ub;B,r'!uc0&, ~A1!

where AP is the number of nucleons of the projectile nucleus, andzkm
stands forskm

(12 iakm
)/4pbkm

. The sum over

( i 1 ,i 2 , . . . ,i n) indicates a numbern of different nucleons in the projectile which come into the interaction with the target.
example, in the case ofn52 the sum (i 1 ,i 2) extends over (1,2),(1,3), . . . ,(1,AP),(2,3), . . . ,(2,AP), . . . ,(AP21 ,AP). The
terms withn.1 represent multiple scatterings of the projectile nucleons with the target. The functiong is defined by

g~ub;B,r'!5expS 2
1

2 (
i , j 51

AP

Bi j r i
'
•r j

'1(
i 51

AP

uib•r i
'D , ~A2!

where anAP3AP symmetric matrixB and anAP-dimensional real vectoru are given as follows:

Bi j 52S l id i j 2
1

AP
~l i1l j !1

1

AP
2

L D , ui52S l i2
1

AP
L D , ~A3!

with

l j5 (
m51

n
1

2bkm

d j i m
, L5(

j 51

AP

l j5 (
m51

n
1

2bkm

. ~A4!

A method of calculation of the matrix element ofg is given in@10#. The elastic-scattering amplitude forNT scattering is also
expressed in terms of the matrix element ofg as follows:

F~q!52 iK (
n51

AT

~21!n (
( i 1 ,i 2 , . . . ,i n)

(
k151

K

••• (
kn51

K

zk1
•••zknS 1

2L De2q2/4L^c0ugS i

2L
uq;C,r'D uc0&, ~A5!

whereC is anAP3AP matrix given by

Ci j 5Bi j 2
1

2L
uiuj . ~A6!

The evaluation of the matrix elements ofg in Eqs.~A1! and~A5! will be aided if a normalized center-of-mass function of t
projectile is introduced because then the calculation can be performed in the single-particle coordinates@10#.
,
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