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INTRODUCTION

The widespread use of radioactive beams during the last
15 years has led to the establishment of a number of unusual
properties of light exotic nuclei, i.e., nuclei far from the
[B-stability line but with characteristics greatly differing from
those predicted by the systematics (see, for example, Refs.
1-7 and references therein). One of the most important char-
acteristics of the interaction of light exotic nuclei with stable
target nuclei is the interaction cross section o, or the total
reaction cross section op. The experimental study of light
nuclei in fact began with the measurement of o, in the pio-
neering work of Tanihata et al.® On the basis of analysis of
the measured interaction cross sections for He, Li, and Be
isotopes at energy 790 MeV/nucleon using both the empiri-
cal approach and the Glauber approximation, it was
concluded®!! that the neutron density in neutron-rich iso-
topes of these nuclei is quite extended. This led to the hy-
pothesis that a neutron halo may exist in some of them. Fur-
ther studies showed that a neutron halo can actually be
realized in °He, ''Li, and 'Be. Hints of the existence of an
analogous phenomenon in 3B, a nucleus with a proton ex-
cess, were found in Ref. 12. Subsequent measurements of o,
were performed both for an extended energy range of the
projectile and for an extended range of mass numbers. The
total reaction cross sections oy at intermediate energies
(E/A<100MeV/nucleon) were measured in several
studies.”~7 The first such measurements were performed in
Ref. 13, where the total reaction cross sections for 8He, °Li,
and other exotic nuclei at energy 30—40 MeV/nucleon were
obtained. For the isotopes ®%!!Li the cross sections og were
measured at 80 MeV/nucleon in Refs. 14 and 15, and for
468He, 6~%11Lj, 1%Be, and ®B they were measured at 20 to
60 MeV/nucleon in Refs. 16 and 17. Measurements of the
total reaction cross sections for ®B in the range from 10 to 40
MeV/nucleon were made in Ref. 18. Parallel studies were
carried out at high projectile energies. The interaction cross
sections for °B, >1015C, BN, and 14150 at 730 MeV/
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nucleon were measured in Ref. 19, and repeat measurements
of o for 8B were performed at 790 MeV/nucleon in Ref. 20.
In most cases the measurements were performed on a carbon
or silicon target.

In recent years, measurements of the cross sections for
light exotic nuclei interacting with stable nuclei have not
been limited to isotopes of He, Li, Be, and B, but have been
extended to heavier nuclei. The cross sections o; for Na
isotopes with mass numbers A=20—23 and A=25—32
were measured in Ref. 21. Analysis of these experimental
data led to the hypothesis®""?? that a neutron halo exists also
in Na isotopes possessing a large neutron excess. After 5B,
neutron-deficient isotopes of phosphorous were considered
as candidates for nuclei with a proton halo. Experimental
study of the 26?’P isotopes, including measurement of the
total reaction cross sections at 65 MeV/nucleon,” qualita-
tively confirmed the hypothesis®* that a proton halo exists in
these nuclei. Measurements of o, for neutron-rich unstable
nuclei of the f—p shell at 50-70 MeV/nucleon were per-
formed in Ref. 25. Analysis of those data revealed an impor-
tant dependence of the cross sections and, accordingly, the
matter distribution radii in these nuclei, on the ratio of the
numbers of neutrons and protons. This makes it extremely
important to measure the interaction cross sections for chains
of isobar nuclei. Such measurements were carried out in Ref.
26 for isobars with A= 17 at 700 MeV/nucleon, and in Ref.
27 for isobars with A =20 at 950 MeV/nucleon. In this re-
view of the experiments we have restricted ourselves to the
main studies and make no claim of completeness.

The experimental data on o, (o) are, as a rule, ana-
lyzed using three basic approaches: the empirical approach,
the optical model, and the Glauber theory.?® In the empirical
approach one uses either geometrical representations of the
high-energy interaction of two colliding nuclei,® or the
strong-absorption model, in which the cross sections are pa-
rametrized in accordance with the Kox formula® or a modi-
fication of it. In most cases the standard optical model turns

© 1999 American Institute of Physics



370 Phys. Part. Nucl. 30 (4), July—August 1999

out to be inapplicable for describing the interaction of light
exotic nuclei with stable nuclei, and so a semi-microscopic
version of it is used,*® in which the input data for calculating
the cross sections are the matter distribution densities in the
colliding nuclei and the effective nucleon—nucleon forces.
The approach most popular for analyzing the experimental
data on the interaction cross sections is that based on the
Glauber approximation. The first such analysis was per-
formed in Ref. 9. The basic information extracted from the
experimental cross sections is the strong-absorption radii (in
the empirical approach) and the rms radii of the matter, neu-
tron, and proton distributions in semi-microscopic ap-
proaches (the folding model and the Glauber approximation).
In this case, when the densities are calculated using nuclear-
structure models, it becomes possible to test these models by
comparing the experimental cross sections with the theoreti-
cal ones. Various approaches have been used to calculate the
nuclear densities. One of them is the density-functional
method,31 which is used to calculate the neutron and proton
densities for both the target nucleus and the projectile on a
common basis.

This review is devoted to the analysis of the principal
experimental data on the interaction cross sections (total re-
action cross sections) of light exotic nuclei. In Sec. 1 we
present the theoretical approaches to the construction of the
cross sections: the empirical approach, including the Kox
parametrization, various versions of the folding model, and
the Glauber approximation and its application to the analysis
of experimental data at intermediate and high energies. In
Sec. 2 we present the experimental interaction cross sections
for isotopes of He, Li, Be, B, and Na and isobars with
A=17 and A=20, and analyze them. The features of the
neutron and proton distributions in these nuclei are dis-
cussed, along with the possibilities offered by nuclear-
structure models. In the Conclusion we review the main re-
sults and discuss further possibilities for studying the
properties of light exotic nuclei using experiments to mea-
sure the interaction cross sections and to study nuclear reac-
tions with unstable nuclei.

1. THEORETICAL MODELS
1.1. Parametrization of the cross sections

On the basis of geometrical arguments about the interac-
tion of two colliding nuclei at high energies, the interaction
cross section can be written as

o(p.t)=a[R,(p)+R,(1)] (1)

Here and below, the letters p and ¢ refer to the projectile and
the target nucleus. Knowing R () from the description of the
interaction of stable nuclei, it is possible to determine R ( p)
by using (1) and comparing o;(p,t) with the value of o,
obtained experimentally. The deviation of the behavior of
R,(p) for light exotic nuclei from the A law was first
found in this way.*® The representation (1) is the simplest
representation for ¢, and neglects many factors.

A more realistic parametrization of the interaction cross
sections, the Kox parametrization, was proposed in Ref. 29:

Knyaz’kov et al.

2 B
—C(E)) (1—E )
)

Here A, and A, are the mass numbers, B is the energy of the
Coulomb barrier, and E, is the energy of the colliding nu-
clei in the center-of-mass frame. The parameter a and also
the numerical values of C(E) are determined by analyzing
the interaction of stable nuclei in a wide energy range. In a
first approximation the Coulomb barrier can be calculated by
studying the interaction of two charged spheres. A more
complicated parametrization for B was suggested in Ref. 32.
In contrast to (1), the approximation of separability in the
projectile and the target nucleus was not used in constructing
(2), but Coulomb effects and the energy dependence are
taken into account. Therefore, Eq. (2) is more universal,
since it can be used at both high and low energies. Compari-
son of the cross section o calculated using (2) with the
experimental value allows the determination of r, which, in
accordance with the strong-absorption model, is interpreted
as the parameter corresponding to the strong-absorption ra-
dius. The values of ry for many light exotic nuclei have been
determined in this way.

Parametrizations of o, even more complicated than (2)
are also used (see, for example, Ref. 18). They take into
account the difference between the strong-absorption radii
for the projectile and the target nucleus, and an additional
energy dependence OCE;,:” is introduced, along with depen-
dence on the numbers of protons and neutrons in the collid-
ing nuclei.

Analysis of the experimental cross sections on the basis
of parametrizations like (2) allows the general geometrical
properties of light nuclei and the potentials for their interac-
tion with stable nuclei to be established, but does not permit
determination of the nuclear matter distributions and, in par-
ticular, does not explain the differences between the proton
and neutron distributions.
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1.2. The macroscopic optical model

The standard optical potential of the phenomenological
optical model has the form

Uop(r)=—Vifr(r)—iW,F(r)+4ia;W (dldr)f(r)
1
+ 2(1T/m,,c)2-; A(dIdr)V i f (r)(L-S)+ Vo (r),

3)

Ri=rA", fi=(1+exp((r—R))/a;))"",

i=R,I,LS. (3a)

Here the first term is the central part of the real potential, the
second and third terms are the exchange and surface-
absorption potentials, and the next term is the spin—orbit
term. The last term in (3) is usually taken to be the Coulomb
interaction of two charged spheres.

The potential U,,(r) can be used to construct the
S-matrix elements and the total reaction cross section in the
standard way:
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o= 3 I+ D15, @

Here the summation runs over all the reaction channels. We
note that at high energies it is not oz which is measured
experimentally, but the interaction cross section o;. The dif-
ferences between o, and o are due to the contribution of
inelastic scattering. It is estimated that these differences are
5-10% at high energies. The cross section o is calculated
theoretically (both in the optical model and in the Glauber
approximation), which should be borne in mind when com-
paring the calculated interaction cross sections with the ex-
perimental ones at high energies.

Equation (3) contains many parameters (from nine to
twelve), and so calculations of o in the microscopic optical
model can possess predictive power only when the param-
eters of the optical potential are determined by analyzing the
corresponding angular distributions of elastic scattering. Un-
fortunately, so far there have been few measurements in
which both o and the differential cross sections of elastic
scattering for light exotic nuclei have been obtained simulta-
neously. On the other hand, for such nuclei the microscopic
optical model rarely leads to a successful description of the
experimental data (see Ref. 7 and references therein). This is
because the radial dependence of all the form factors in (3) is
fixed as a Woods—Saxon dependence, whereas already for
nucleons and « particles it has been shown®*=** that the po-
tential constructed on the basis of the effective forces differs
from the Woods—Saxon form. Therefore, the microscopic
optical model has been used only in certain cases for analyz-
ing oy for light exotic nuclei.!635-37

1.3. The semi-microscopic optical model

In several studies,'3*¥*! g has been analyzed using

double-folding potentials within the semi-microscopic opti-
cal model. Such potentials for describing the interaction of
two composite particles are constructed as follows. In first
order in the effective forces, the interaction potential of two
colliding nuclei can be written as the sum

U(R)=U*(R)+ U"(R), (5)

where UP(R) is the direct potential of the double-folding
model:*?

UD(R)=J f pD(r)VP(8)p P (ry)dr dr,. (6)

Here VP(s) is the direct component of the effective interac-
tion, s=r,—r;+ R, and p'”(r;) are the densities of the col-
liding nuclei (i=1,2). The main contribution to the ex-
change potential UZ(R) comes from one-nucleon exchange
effects, which can be described in the density-matrix
formalism:*

UE(R)= f f p(r; 11 +8)V(s)pP (0 1y )

X exp(ik(R)s/ 7)dr,dr,. 7

This is the localized form of the exchange term. Here Vg(s)
is the exchange component of the effective interaction,
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p(r,r') (i=1,2) is the density matrix of the colliding nu-
clei (i=1,2), k(R) is the local momentum, given by

kK*(R)=(2mn/t*)(E—U(R)—V(R)), t]
where
_ AjA,
Ky (82)

A; (i=1,2) are the nuclear mass numbers, and V.(R) is the
Coulomb potential. The scheme for calculating UE(R) is de-
scribed in detail in, for example, Ref. 7.

It follows from (6) and (7) that the input data for calcu-
lating the double-folding potentials are the effective
nucleon—nucleon forces and the density matrices of the col-
liding nuclei, where the latter can be reduced to densities
diagonal in the coordinate representation by using the for-
malism of expansion of the density matrix.*

The effective nucleon—nucleon forces are usually taken
to be the M3Y effective interactions, based on the G-matrix
clements of the Reid—Elliott potential*® or the Paris
potential.*® The interaction of stable nuclei is also described
by M3Y interactions depending on the matter distribution
density in the nuclei (see Ref. 47 and references therein),
where the density dependence is taken into account in the
form of the factor

V(s,p)=V(s)F(p). )

However, the choice of this factor noticeably affects only the
angular distributions of elastic scattering at intermediate
angles. Unfortunately, the angular distributions for light ex-
otic nuclei have been obtained only up to 20° and, as shown
in Ref. 48, they are insensitive to the choice of F(p). More-
over, the density dependence of the effective forces weakly
affects op. Therefore, at this stage to analyze oy for light
exotic nuclei it appears reasonable to use density-
independent effective forces in (6) and (7).

The complete M3Y interaction, i.e., the exchange and
direct, isoscalar and isovector components, is used to explic-
itly include one-nucleon exchange effects. There is an ap-
proximate version of the use of M3Y forces in which, in
order to effectively include the Pauli principle, the exchange
term is replaced by a zero-range pseudopotential®® taking
into account the density-dependence factor F(p) (Ref. 49),
added to the direct component V?(s). The corresponding
interaction is called the DDM3Y interaction. An alternative
to the DDM3Y interaction is the JLM interaction,” in which
the effects of Pauli forbiddeness are also included implicitly.
In addition, that interaction contains an imaginary part,
which in folding models leads to a complex optical potential.
Approximate versions of the double-folding model have
been used to analyze the interaction of light exotic nuclei
with stable nuclei.!3338

The scheme for calculating the potentials involves the
nucleon densities in addition to the effective nucleon—
nucleon forces. To calculate the potentials in the isoscalar
and isovector channels, it is convenient to introduce the isos-
calar and isovector densities:

p(r)=pY(r)+p(x), (10)
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pi(r)=p\(r)—p{(r). (11)
The proton and neutron densities can be parametrized or cal-
culated by using nuclear-structure models. In the latter case,
comparison of the calculated cross sections oz with the ex-
perimental data allows the nuclear models describing the
structure of light exotic nuclei to be tested.

The full optical potential must include an imaginary part
as well as a real part. The former is responsible for the ab-
sorption of the incident particle in inelastic channels. There
are three basic methods for including the absorption potential
in the semi-microscopic optical model. In the first, the stan-
dard form of the imaginary part of the optical potential with
radial Woods—Saxon dependence is used:

WI(R)=Wys(R), (12)

where the right-hand side can contain both a volume and a
surface term [see (3)]. In this case the scheme for analyzing
the experimental data contains many fitted parameters, which
can introduce uncertainty into the results. Another approach
is to choose the absorption potential to be proportional to the
calculated real part:

WA(R)=iNyU(R), (13)

where Ny, is the only fitted parameter in the absorption po-
tential. However, Eq. (13) implies that the geometry of the
real and imaginary parts of the potential is the same, which
may not correspond to physical reality. It has therefore been
proposed that the following expression be used for the imagi-
nary part of the optical potential:*

dU(R)
drR )’

where U(R) is the double-folding potential (5), and Ny and
ay are parameters respectively characterizing the volume
and surface parts of the absorption potential. In order for the
calculations of the reaction cross sections using the poten-
tials (5) and (14) to possess predictive power, it is necessary,
as noted at the end of the preceding section, to determine the
parameters Ny and ay, either from analysis of the angular
distributions of elastic scattering, or from the systematics of
the imaginary part of the optical potential, using the corre-
sponding neighboring isotopes.

In the multichannel theory of nuclear reactions, the ab-
sorption potential forms a part of the dynamical polarization
potential.*’ The latter also has a real part, which is important
for describing the angular distributions of elastic scattering,!
but only insignificantly affects o, and so it can be ne-
glected in analyzing the total reaction cross sections by the
real part of the optical potential.

WO(R)=i| NyU(R)— ayR (14)

1.4. The Glauber approximation

At high interaction energies the sum in (4) can be re-
placed by an integral over the impact parameter. As a result
we find

0'R=27rf:db-b-[1—T(b)], (15)
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T(b)=|S(b)|%. (16)

At intermediate and high energies the optical limit of the
Glauber theory is a good approximation.?® In this case T(b)
has the form

T(b)=exp

~ f a?byp(by)p (b b)) |, (17)

NNowtZ,2.0,,+N,2,0,,+N,Z,0,,

AA, ’

p!(b)= f j “dzp (B (i=12). (19)

(18)

ONN=

Equations (15) and (17)—(19) can be used to calculate oz on
the basis of information about the averaged cross sections of
nucleon—nucleon scattering and the nuclear densities. The
energy dependence of o,, and o,, (0,,=0,,) is well
known and parametrized. The parameterization proposed in
Ref. 52 is most common. If the densities are parametrized,
then by comparing the theoretical and experimental cross
sections it is possible to extract information about the param-
eters which are used. In the case where the densities are
calculated, it is possible to test nuclear-structure models.
Equations (15) and (17)—(19) do not contain free parameters,
and therefore have an advantage over the optical-model ex-
pressions for calculating o, . However, Eq. (17) gives o in
the approximation of zero nucleon—nucleon interaction range
and does not include many other factors. Let us consider
these factors.

It is pointed out in Ref. 53 that a more realistic expres-
sion for T(b) is one containing a function responsible for the
finite range of the nucleon—nucleon interaction. When this
function is introduced, T(b) takes the form

T(b)=exp,

—OpNN" J dzblf d’b,f(|b;—by))

><p§”(bl>p£2>(lb2—b|>]. (20)

The function f(|b; —b,|) is a Gaussian with parameter a. In
accordance with the two-particle ¢ matrix,>* the value a=1 F
was used in Ref. 53. In the limit a—0 (zero range), f(|b,
—b,|) becomes a & function, and Eq. (20) becomes (17). The
inclusion of finite range in (20) leads to a ~8% increase of
the calculated cross sections.>

Equations (17) and (20) are valid assuming that the for-
ward nucleon—nucleon scattering amplitude is purely imagi-
nary, which may not be true even at high energies.>> Accord-
ingly, a complex expression is used for &y (Ref. 56):

Oyv— Tyn(i+ ayy). 21

Here ayy is a parameter characterizing the ratio of the real
and imaginary parts of the forward NN scattering amplitude.
As shown in Ref. 57, the cross section changes insignifi-
cantly (by only 8 mb) when the value of a,, from Ref. 55 is
used.

For light exotic nuclei with a neutron or proton excess,
effects related to differences in the neutron and proton dis-
tributions in the nucleus can be important. In this case, in
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(17) or (20) the averaged cross section @,y must be replaced
by o,, and ,), at the corresponding energy, and the differ-
ence between the neutron and proton densities must be taken
into account. Here the expression for 7(b) becomes some-
what more complicated. This procedure is especially impor-
tant at energies of order 100 MeV/nucleon, because at these
energies a,, and o,, differ by almost a factor of 3. Another
effect manifested at low energies is due to the Coulomb in-
teraction. The corresponding modification of the Glauber
cross sections was made in Ref. 52.

Up to now we have discussed the factors whose inclu-
sion does not take us beyond the optical limit. The solution
of a number of problems related to the inclusion of various
types of correlation (due to the Pauli principle, motion of the
center of mass, interaction of the nucleons of the halo and
the nucleons of the core), and also to the study of noneikonal
terms, requires going beyond the optical limit of the Glauber
approximation. All these problems are complicated and can
be solved only approximately. The corrections for Pauli ef-
fects were studied in Ref. 58, where it was shown that they
tend to decrease the cross sections by 5%. The factor de-
scribing the center-of-mass correlations for non-Gaussian
densities in the Glauber calculations was determined in Ref.
59. The method of estimating the multiple integrals of the
Glauber theory directly by the Monte Carlo method, pro-
posed in Ref. 60, was used for this. It turned out that differ-
ent approximations in the Glauber theory give differences in
the differential cross sections of elastic scattering beyond the
first diffraction maximum® and apparently weakly affect the
total reaction cross sections. Correlations of the core and
halo nucleons have been studied using the cluster approach
to the Glauber theory in Ref. 61. It was shown that their
inclusion tends to decrease o and, accordingly, leads to
larger values of the rms radii of the matter distribution R,
when comparing theory and experiment. This fact induced
the authors of Refs. 57 and 61 to review these quantities. For
example, the value of R increased by 14% and 7% for !'Li
and ''Be, respectively.’’ On the other hand, in an analysis of
the elastic scattering of ®He and ®He of energy 0.7 GeV/
nucleon on protons,%? no significant effect of cluster correla-
tions on the extracted values of R, was found.

Let us summarize our discussion so far. At high energies
(E/A>100MeV/nucleon) the optical limit in the approxima-
tion of zero interaction range is a fairly reasonable approxi-
mation of the Glauber theory for calculating the total reac-
tion cross sections. The neglected factors (the finite
interaction range and correlations) operate in different direc-
tions and cancel each other out in producing the value of .
At low energies it is necessary to include correlations more
accurately, especially when describing elastic scattering,
along with noneikonal effects and Coulomb corrections.

2. THE EXPERIMENTAL DATA AND THEIR ANALYSIS
2.1. He isotopes

The measurement of the interaction cross sections o for
light exotic nuclei began with the study of helium isotopes.
The cross sections o for >*%8He nuclei interacting with Be,
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TABLE 1. Rms radii (F) of proton, neutron, and matter distributions.

NUCICUS Rgﬂs R fms R ]r¥ns R nMns R gns
“He 1.59+0.04 1.57+0.04 1.57+0.04 1.57+0.04 1.76+0.04
*He 252+0.03 221+0.03 2.61+0.03 2.48+0.03

*He 2.55+0.03 2.15+0.02 2.64+0.03 2.52+0.03

SLi 235+0.03 232+0.03 2.32+0.03 2.32+0.03 2.46*+0.02
Li 235+0.03 227+0.02 238+0.02 233+0.02 2.40+0.02
8Lj 238+0.02 226*0.02 244+0.02 237+0.02

°Li 232+0.02 2.18*0.02 239+0.02 2.32+0.02

HLi 3.10+0.17 2.88+0.11 3.21*+0.17 3.12*+0.16

Be 2.33%0.02 236%0.02 225+0.02 2.31+0.02

"Be 2.38+0.01 2.34*+0.01 240+0.01 2.38*+0.01 247*+0.01
108 228+0.02 224+0.02 234+0.02 2.30+0.02

Be 271+0.05 2.63+0.05 2.78+0.05 2.73+0.05

12B¢ 257+0.05 249+0.06 2.65+0.06 2.59+0.06

l4Be 3.11+0.38 3.00+0.36 3.22+039 3.16+0.38

B 239+0.04 245*0.05 2.27+0.04 2.38+0.04

125 235+0.02 235+0.02 242%+0.02 2.39%0.02

3B 242+0.11 241x0.11 250+0.12 2.46%+0.12

4B 240+0.05 238+0.05 248+0.06 2.44%+0.06

1sg 2.40+025 237+026 249+0.28 245+027

Le 232+002 235+0.02 235002 235+0.02 2.48+0.02

C, and Al targets at 790 MeV/nucleon were first measured in
Ref. 8. Measurements were later made for isotopes of Li, Be,
and B.>!°

The simple parametrization of the cross sections (1) was
used in Ref. 8, while in Ref. 9 the Glauber theory (Ref. 28;
see also Ref. 63) was used for the first time to analyze the
interaction cross sections of light exotic nuclei. In Table I we
present the results of this analysis for a group of nuclei from
Ref. 10. In the second column of the table we give the rms
radii of the matter distribution for Gaussian density, and in
columns 3-5 we give it for the harmonic-oscillator represen-
tation. In the last column are the charge radii obtained by
folding of the proton distributions with the charge distribu-
tion in the proton (r,=0.8F). Let us discuss the main regu-
larities in the behavior of R, found in this analysis. For all
isotope chains, R, is observed to grow significantly with
increasing mass number, deviating from the A3 depen-
dence. In He isotopes this growth is observed in going from
“He to ®He and ®He, in Li isotopes in going from °Li and "Li
to °Li, and especially, ''Li, and in Be isotopes in going to
1Be and “Be, where R s for !'Be is larger than for '?Be. In
boron isotopes, R, is observed to grow significantly in go-
ing from '“B to 1°B. We note that R,>R,, for the two nuclei
’B and ®B, with the excess being quite large for *B. It fol-
lows from Table I that the observed regularities in the be-
havior of R, are independent of the representation used for
the matter distribution density in the nuclei (Gaussian or har-
monic oscillator). The data indicate that the radii have a
strong isotopic dependence. It was shown in Ref. 10 that
comparison with the Hartree—Fock calculations® confirms
the importance of including the density dependence of the
effective forces used in that method for explaining the ob-
served behavior of the radii in moving along isotope chains.

The Glauber approximation based on the cluster ap-
proach to the structure of light exotic nuclei was used in Ref.
57 to analyze the interaction cross sections in order to extract
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TABLE II. Rms radii of matter distributions calculated in the Glauber ap-
proximation.

Nucleus Rms radius (F) o, (exp., mb) Reference Method
‘He 1.58+0.04 503+5 8 SD
*He 2.71+0.04 722+5 8 FB (a)
2.69+0.04 FB (b)
Be 2.31%0.05 7389 9 sp%!
B 2.50+0.04 798+6 20 FBY!
oLi 2.30+0.02 796+6 9 SD
MLi 3.53+0.10 106010 65 FB (a)
10 2.28+0.02 813%10 9 SD
'Be 2.90+0.05 942+8 10 FB (a)
12Be 2.54+0.05 927+18 10 SD
4Be 3.20+0.30 1109+69 66 FB (a)

R.ms. The authors of that study performed two variants of
the calculations, neglecting correlations between nucleons
from the clusters making up the incident particle [the static-
density (SD) approximation] and including these correlations
[the few-body (FB) approximation]. The results of the analy-
sis are shown in Table II along with the experimental values
of o; at energy 790 MeV/nucleon. For 12C target nucleus, in
all cases the Gaussian representation with R,,;=2.32F (Ref.
10) was used, and &y was taken to be the cross section for
free NN scattering, parametrized in Ref. 52. Two slightly
different cluster descriptions were used for °He and led to
practically the same result for R ;. The difference was less
than 1%. The results shown in Table II confirm the general
regularities in the behavior of R, found in Ref. 10.

The authors of Ref. 57 pointed out the need to go beyond
the optical limit, i.e., the SD approximation, in constructing
the total reaction cross sections for light exotic nuclei. The
simple binary cluster model®” has been used to calculate o
as a function of the projectile radius. These results are shown
in Fig. 1. It can be seen that the cross sections in the FB
approximation are smaller than the corresponding o ob-
tained in the SD approximation. This difference in the cross
sections grows with increasing R, from 2% at R ,,;=2.4F

1040 t P

o (mb)

840 . —t .
24 2.6 28 3.0 3.2

projectile rms radius (fm)

FIG. 1. Total reaction cross sections o , calculated in the optical limit (OL)
and the few-body approximation (FB) of the Glauber theory.
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FIG. 2. Total reaction cross sections oy, calculated for ®He at energy 800
MeV/nucleon in the Glauber approximation.

to 8% at R, ,=3.1F. Although these differences are small,
the accuracy in measuring o; reaches 1-2% (see Table II),
and so reliable extraction of the radii from the measured
cross sections ¢, requires calculations of a corresponding
accuracy.

The decrease of the cross section in the calculations in-
cluding correlations between the nucleons in clusters leads to
an increase in the nuclear radii extracted from comparison of
theory and experiment. The authors of Ref. 57 therefore re-
viewed the results of their earlier analysis for a number of
light exotic nuclei. The corresponding results for °He at 800
MeV/nucleon are shown in Fig. 2. The cross sections calcu-
lated in the SD approximation are shown by the squares
along the dashed line, and those for the FB approximation
are shown by the squares along the solid line. The squares
along the dot—dash line correspond to a different method of
describing the cluster structure of ®*He. The horizontal lines
determine the error corridor for the values of o; measured
experimentally. We see that the inclusion of correlations be-
tween nucleons in clusters tends to increase the *He radius
from 2.38 F to 2.71 F.

As is well known, in going from high to lower energies
(E/A<100MeV/nucleon), i.e., to intermediate energies, the
cross sections for nucleon—nucleon scattering grow, while
the reaction cross sections become more sensitive to the mat-
ter distribution in the peripheral region of the projectile
particles.'” In addition, nuclear and Coulomb effects are
more easily distinguished at intermediate energies.®’

The total reaction cross sections o for a large group of
light exotic nuclei at intermediate energies were first mea-
sured in Ref. 13. A silicon target and a new, direct, method
of obtaining the cross sections were used. The experiments
were performed for projectile energies ranging from 20 to 50
MeV/nucleon. The strong-absorption model with the Kox
parametrization (2) was used to analyze the experimental
data. On the whole, the results obtained at intermediate en-
ergies confirmed the regularities observed in analyzing the
experimental data on o; at high energies.g‘m The value ry
=1.33 F was obtained for ®He (Ref. 13). This is considerably
larger than the standard value ry= 1.10 F used to describe the
interaction of stable nuclei.
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FIG. 3. Total reaction cross sections o, measured at the corresponding
energy for “%®He nuclei interacting with 283, together with the theoretical
predictions and the data of other laboratories.

Other measurements of o at intermediate energies were
performed in Refs. 16 and 17. The experimental data for
+08He interacting with 23Si in the energy range from 20 to 60
MeV/nucleon are given in Fig. 3 along with the theoretical
predictions and the data from other laboratories.'>%8% The
optical limit of the Glauber approximation®>’*’" was used in
Ref. 16 as the microscopic approach. The symbols R, T, and
S in Fig. 3 refer to the choice of optical-model parameters
from Refs. 7274, respectively. We see that on the whole,
the Glauber approximation gives a good description of the
experimental data. However, for ®He the theoretically pre-
dicted falloff of the cross sections with increasing energy is
not observed experimentally. Moreover, the experimental
value of o for ®He from Ref. 13 lies considerably higher
than the predictions of the Glauber calculations. The strong-
absorption model gives a poorer description of the experi-
mental values of oy for all three helium isotopes, especially
8He. The optical-model calculations for “He give a satisfac-
tory description of o only when the set of parameters from
Ref. 73 is used.

2.2. Li isotopes

The series of lithium isotopes contains the ''Li nucleus,
which possesses perhaps the most exotic properties of any of
the light exotic nuclei: it has a very small separation energy
of the last two neutrons, a very extended halo, and significant
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TABLE III. Strong-absorption radii for Li isotopes, extracted from analysis
of og(o;) measured at various energies.

E/A, MeV/nucleon

Nucleus 30 80 790

8Li 1.282+0.010 1.177£0.037 1.167+0.010
°Li 1.227+0.010 1.058+0.017 1.151%0.007
"L 1.222+0.029 1.429+0.047 1.300+0.0053

differences in the proton and neutron distributions. The first
measurements of o; at 790 MeV/nucleon for Li isotopes
were made in Ref. 9. The experimental data were analyzed in
the Glauber approximation. The results were discussed in the
preceding section (Table I).

A complex experimental analysis of °Li and "Li was
performed in Ref. 11. The interaction cross sections o; were
measured on proton and deuterium targets, and also on Be
and C, at 400 and 800 MeV/nucleon; the transverse-
momentum distributions of °Li and neutrons in the fragmen-
tation of !!Li were extracted; and the momentum correlations
of the neutrons in the halo were studied. The analysis was
performed using two variants of the Glauber approximation:
the halo neutrons were assumed to be either in the 1p or in
the 2 orbital. The rms matter radius R ,(''Li) was found to
be 3.12+0.30F in the case of the 1p orbital and 3.05
+0.30F in the case of the 2s orbital. Therefore, different
assumptions about the nature of the single-particle motion of
the halo neutrons affect the value of R, (''Li) extracted
from analysis of o; only at the 2% level. The matter density
in ''Li was chosen to have the form

p(l lLi) :pcore+phalo’ (22)

where the °Li nucleus was treated as the core. In this analysis
it was found that R,,((°Li)=2.61%0.10 and 2.50*0.10F,
respectively, while in both cases R(halo)=4.8+0.8F.
Analysis of o; and also the momentum distributions and cor-
relations in the neutron momenta led the authors'' to con-
clude that a neutron halo exists in ''Li.

The total reaction cross sections oy for °Li and ''Li were
measured on a silicon target at energies of 31.584 and 25.507
MeV/nucleon, respectively, in Ref. 13. Analysis of the ex-
perimental data using the strong-absorption model with the
Kox parametrization led to values of the radius parameter
ro=1.168 F for °Li and r,=1.42F for ''Li, which slightly
exceeds the standard value ro=1.1F for °Li and is much
larger than the value ro=1.33 F for ®He.

Other measurements at intermediate energies were per-
formed in Ref. 14. In Table III we present the results of the
analysis'* at 80 MeV/nucleon, along with ones at 30 MeV/
nucleon (Ref. 75) and at 790 MeV/nucleon (Ref. 9). It should
be noted that these results suggest the value 1.222 F for !'Li
at E/A=30MeV/nucleon, while otherwise they are consis-
tent with the known regularities: the significant increase of
the strong-absorption radius for !'Li compared to °Li, while
the increase at 30 MeV/nucleon for Li and °Li reflects the
increase of the nucleon—nucleon cross sections with decreas-
ing energy. The authors of Ref. 15 note that the measure-
ments at 80 MeV/nucleon are supplemented by the earlier
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FIG. 4. The same as in Fig. 3, for *!'Li and '°Be.

measurements at 790 and 30 MeV/nucleon, and confirm the
conclusion that only a matter distribution with a long neutron
tail for ''Li, which, according to the quantum-mechanical
description, is due to the very small binding energy of the
last two neutrons, corresponds to an adequate description of
the experimental data.

As mentioned in the preceding section, the measure-
ments of Ref. 16 were performed in the energy range from
20 to 60 MeV/nucleon. In Fig. 4 we show the results for
®1Li and '°Be along with the theoretical calculations and
data from other laboratories. We see that, on the whole, the
Glauber approximation (referred to by the authors as the mi-
croscopic approach) gives a satisfactory description of the
experimental data. However, there is a significant discrep-
ancy for the value of oy obtained at 80 GeV/nucleon for °Li.
The strong-absorption model gives a poorer description of
the experimental cross sections.

In addition to the studies mentioned above, there have
been several others devoted to the analysis of o;(og) for Li
isotopes. In Ref. 53 the Glauber approximations with zero
and finite interaction range [Eqs. (17) and (20), respectively]
were used to calculate o; at 800 MeV/nucleon for Li and Be
isotopes. The nucleon—nucleon cross section &y, was taken
to be 40 mb, and the value 1.0 F was used for the interaction
range. The calculated oy together with the experimental data
are shown in Fig. 5. Here the squares correspond to finite
interaction range, the circles to zero range, and the black
points to the experimental data. We see that for %’Li and ''Li
fairly good agreement with experiment is obtained in the
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FIG. 5. Total reaction cross sections oy, calculated in the Glauber approxi-
mations for Li isotopes.

finite-range approximation, while for ®Li and °Li the experi-
mental points lie between the theoretical values from the two
variants. In any case, the disagreement between theory and
experiment amounts to a few percent. Several methodologi-
cal calculations are also presented in Ref. 53. It is shown that
when &y is decreased by 20%, the reaction cross section o
falls by 7%, while a 20% decrease of the interaction range
causes o to fall by only 2.5%. The Hartree—Fock method
with the SGII interaction’® was used to construct the ''Li
density, and an orbital-dependent renormalization coefficient
was introduced for the one-particle SGII potential. This fac-
tor was chosen so as to obtain the experimental value of the
neutron separation energy. As a result, the value
R s=2.846 F was obtained for ''Li, which is 8% smaller
than in Ref. 11.

The cluster approach in the Glauber approximation has
been used®’ to analyze oy for !'Li at 800 MeV/nucleon. The
analysis scheme is the same as for °He (see the preceding
section). The results are given in Fig. 6. We see that, as in
the case of ®He, R, (''Li) is significantly increased when
correlations between nucleons in the clusters forming ''Li
are included. The new value found for the rms radius was
R ms=3.53%0.10F, which is 14% larger than the earlier
value obtained in Ref. 57. Another result obtained in Ref. 57
follows from analysis of the effect of the choice of cross
section oy on the calculation of o . In Fig. 7 we show two
calculations of o for the !'Li+'%C system together with two
experimental points. The solid line corresponds to the calcu-
lation using oy taken from Ref. 52, and the dashed line to
oyy from the systematics in Ref. 55. Unfortunately, experi-
mental data are available only for two values of the energy,
and for these two values the theoretical results are nearly the
same. The two calculational variants give similar results at
energies above 300 MeV/nucleon, while at intermediate en-
ergies (~100MeV/nucleon) the discrepancies reach 8%.
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FIG. 6. The same as in Fig. 2, for ''Li.

The analysis of o, at energies below 100 MeV/nucleon
should be performed using optical-model calculations. Re-
garding the cluster approach, we note that already in Ref. 77
the cluster model was used to show that calculations in the
optical limit of the Glauber theory overestimate o, the er-
ror being larger, the smaller the projectile energy.

A semi-microscopic approach with density functional
was developed in Refs. 39 and 78 for describing the interac-
tion of light exotic nuclei with stable nuclei. Its main features
are the following: (1) the neutron and proton densities for all
nuclei, both projectiles and targets, are calculated with a
single set of fixed parameters, using the density-functional
method,?! where no additional conditions such as the re-
quirement that the experimental values of the nucleon sepa-
ration energies be reproduced are introduced into the calcu-
lation; (2) at low and intermediate energies
(E/A<100MeV/nucleon) the total reaction cross sections
oy are calculated in the semi-microscopic optical model us-
ing double-folding potentials with the explicit inclusion of
one-nucleon exchange effects in the real part of the optical
potential. The imaginary part is made up from the real part in
accordance with Eq. (14); (3) at high energies
(E/A>100MeV/nucleon) oy is calculated in the optical
limit of the Glauber theory. This approach has been used” to
analyze the potentials for neutron-rich Li isotopes interacting
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FIG. 7. Experimental (points) and calculated (in the Glauber approximation)
total reaction cross sections o for ''Li interacting with '2C.
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TABLE IV. Total reaction cross sections o (mb), calculated in the Glauber
approximation with the densities of the density-functional method.

System E/A (MeV/nucleon) oy, theor. o, exp.
8B+12C 800 838 798+6%
Li+'2C 400 959 989+21!
"Li+'2C 800 1050 1056+14"

with stable nuclei. In Refs. 39 and 80 the semi-microscopic
approach with density functional was used to obtain a rea-
sonable description of the quasielastic scattering of light ex-
otic nuclei at intermediate energies. Isobar scattering on a
target nucleus with N# Z was analyzed in Ref. 81. In Refs.
82 and 83 the semi-microscopic approach with density func-
tional was used to analyze the energy dependence of o, and
in Ref. 84 to describe the experimental o; for nuclear isobars
with A =20 at energy 950 MeV/nucleon. Some of the results
of those studies will be discussed in this and the following
sections.

In Table IV we give the oy calculated in the semi-
microscopic approach with density functional at high
energies.84 We see that the agreement between theory and
experiment is fairly good. In Fig. 8 we show the calculated
(lines) and experimental (points) values of oy for the
11 i+12C system. The calculations were performed using the
semi-microscopic approach with density functional and
double-folding potentials.®* As noted earlier in this review,
when the optical model is used an arbitrariness associated
with the choice of parameters of the absorption potential
arises. This arbitrariness can be eliminated if the measured
angular distributions of (quasi)elastic scattering and the total
reaction cross sections o are available at the same energy.
Unfortunately, for 'Li+!?C the angular distributions have
been measured only at 60 MeV/nucleon,*® and o at other
energies. The curves for oz(E) in Fig. 8 were calculated for
three sets of absorption parameters. Here N, =0.3 and the
values of «,, are given in the figure. The points correspond to
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FIG. 8. Experimental (points) and calculated (in the double-folding model)
total reaction cross sections oy for ''Li interacting with '?C. The solid curve
is for =0.02, the dashed curve is for =0.035, and the dotted curve is for
a=0.05.
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the experimental data from Refs. 15 and 85. We see that o
depends strongly on energy, falling off at lower energies (not
shown in the figure). Good agreement with the experimental
data is obtained for reasonable values of the absorption pa-
rameters.

The neutron and proton densities enter separately into
computational schemes using the semi-microscopic approach
with density functional, both in the optical limit of the
Glauber theory and in the double-folding model. All the cal-
culations for 'Li were performed with densities constructed
by the density-functional method, with rms radii R ,(n)
=3.255F, R (p)=2.235F, and R, (m)=3.011F (Ref.
39). This result for R, (m) differs by only 3% from that
obtained for ''Li (Ref. 11) by analyzing high-energy experi-
ments. It follows from these values of the radii that in the
semi-microscopic approach with density functional, Ar,,
=Rims(n) =R ns(p)=1.20F. Therefore, the analysis per-
formed in the semi-microscopic approach with density func-
tional confirms the hypothesis that a neutron halo exists in
HLi.

Double-folding potentials were also used in Refs. 35, 40,
and 41 to calculate o for 'Li. The calculation for the
HLi+28Si system at energy 29 MeV/nucleon with potential
parameters extracted from a description of elastic scattering
did not result in agreement with the experimental data' at
25.5 MeV/nucleon. The angular distributions and o were
analyzed simultaneously for the ''Li+!’C system at 60
MeV/nucleon in Ref. 40. The value op=1473 mb, close to
that found from the systematics in Ref. 38, was obtained
when the absorption-potential range was increased by 10%
and polarization terms were included at the phenomenologi-
cal level in the real and imaginary parts of the optical poten-
tial. Theory and experiment for o are also compared in Ref.
40 for two values of the energy, 75 and 87 MeV/nucleon.
However, the angular distributions of the quasielastic scat-
tering of i on 'C at these energies have not yet been
measured. Yet another combined analysis of the angular dis-
tributions and oy for the ''Li+!2C system was performed in
Ref. 41. That analysis used double-folding potentials con-
structed with the JLM interaction.”® Inclusion of the renor-
malization factors Az and A; for the real and imaginary parts
of the optical potential allowed the experimental data to be
described at the former level.®* The calculations per-
formed in the same study*! in the Glauber approximation
gave values of o lying below the experimental points and
the values obtained in the folding model.

2.3. Be and B isotopes

Among light nuclei, the Be and B isotope chains are
distinguished by the fact that at their ends are nuclei with
opposite types of proton and neutron distributions: for Be
isotopes, 'Be has R, ,(p)>R,(n), while !'Be and “Be
have the clearly expressed properties of a neutron halo. For
B isotopes, ®B is the first candidate for a nucleus with a
proton halo, while BB, "B, and 9B show signs of a neutron
halo.

The interaction cross sections for Be and B isotopes
were first measured at 790 MeV/nucleon in Refs. 9 and 10.
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TABLE V. Total reaction cross sections oy (b) and interaction cross sec-
tions o (b) for ''Be, experiment and theory.

E/A =33 MeV/nucleon E/A =790 MeV/nucleon

System exp. Glauber Kox exp. Glauber Kox

""Be+'’C
!'Be+27Al

1.30 0.942+0.008 1.02 0.839
1.38£0.03 146  1.227

1.56+x0.03  1.60
227+0.05 225 176

The results are given in Table I and were discussed in Sec.
2.1 of the present review. The cross sections oy for !'Be
interacting with '>C and ?’Al targets at 33 MeV/nucleon
were obtained in Ref. 86. The corresponding data and the
results of their analysis are given in Table V, along with the
data'® at 790 MeV/nucleon. We see that the Glauber calcu-
lations give a good reproduction of o at intermediate ener-
gies and o at high energies, while the Kox parametrization
underestimates the cross sections compared to experiment.
Analysis of the matter distribution in !'Be led the authors of
Ref. 86 to conclude that 'Be, like ''Li, has a neutron halo.
In Ref. 10, using two variants for Be. the values
R.ns=2.71%£0.05F and 2.52+0.03 F were found, while the
analysis of Ref. 53 gave the values 2.772 and 2.722 F. A
calculation using the semi-microscopic approach with den-
sity functional®! gave R, =2.517F for '"Be, with
Ar,,=0.411F. Finally, in a review of the values of R, in
connection with including correlations between nucleons in
clusters, the larger value R, (!'!Be)=2.90+0.05F was
obtained.”’

In Ref. 13, o was measured for a large group of nuclei,
including B isotopes, at intermediate energies. For 1°B the
value ry=1.284 F was obtained using the strong-absorption
model. This is considerably larger than the standard value
ro=1.1F. A large group of light exotic nuclei, including the
new mirror pairs °C—°Li, °C—°Be, and '*0—"°B was stud-
ied in Ref. 19. In particular, the interaction cross sections o;
were measured at an energy greater than 730 MeV/nucleon
for 13B. The results are given in Table VI. We see that the
cross sections o; grow with increasing mass number of the
target nucleus, and increase slightly with increasing energy
for a '2C target. Analysis using the Glauber approximation
led the authors of Ref. 19 to the conclusion that '°B is a
candidate for a nucleus with a neutron halo. Recently, ¢; has
been measured at 740 MeV/nucleon for *Be and "B in-
teracting with a '>C target.’” The analysis was carried out
using the Glauber approximation. The authors confirm the
conclusion that the nuclear radii are larger, the smaller the
nucleon separation energy. They also conclude that !”'°B

TABLE VL. Interaction cross sections ¢; (mb) measured for '°B.

Target E/A

nucleus (MeV/nucleon) o, (mb)

Be 770 93117
C 760 100020
C 740 965+15
Al 760 138430
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TABLE VIL Total reaction cross sections g (mb) for "Be and ®B, calcu-
lated in various approaches.

"Be+'’C 'B+'7C
JLM? 1026 1104
Kox® 1037 1186
Kox* 1062 1179
Glauber? 1034 1111
Glauber® 1080 1130
Exp.f 738%9 784+ 14

“Folding model with JLM interaction and shell-model densities.
bKox parametrization with modification from Ref. 36.

°Kox parametrization with shell-model radii.

4Glauber approximation with densities of the Hartree-Fock method.
°Glauber approximation with shell-model densities.

Ref. 10.

have a neutron cloud and discuss the structure of the possible
neutron halo in '“Be and "°B.

Calculations using the Glauber approximation with zero
and finite interaction range have been performed for Be iso-
topes at 790 MeV/nucleon in Ref. 53. As in the case of Li
isotopes (see Fig. 5 in the present review), for lighter iso-
topes ('01L12Be) the approximation with zero interaction
range reproduces the experimental values of o7 better, while
the approximation with finite interaction range works better
for '“Be. The angular distributions of the elastic scattering of
12Be and “Be on '2C at 56 MeV/nucleon were measured in
Ref. 36, and in analyzing these data the values of oy were
calculated using the macroscopic optical model. The values
1238 and 1900 mb were obtained for ?Be and l4Be, respec-
tively. These results are consistent with the experimental
data at high energies. Considerably smaller values, 911 and
1123 mb, respectively, were obtained in a review of the
optical-model analysis of these data in Ref. 37. In concluding
our review of the situation regarding the more massive Be
isotopes, we note that a good description of o for 10Be at
intermediate energies (see Fig. 4) has been obtained'® in the
Glauber approximation, while the strong-absorption model
underestimates the values of o compared to experiment.

Many studies have been devoted to the lightest Be and B
isotopes, namely, the "Be and ®B nuclei, in order to deter-
mine the dimensions of their proton cloud. Other properties
of these nuclei have also been studied. As noted above, the
first measurements of o; for 'Be and 8B at high energies
were made in Refs. 9 and 10. The analysis gave R ,;=2.39
+0.04 F for ®B. The electric quadrupole moment of 5B was
measured in Ref. 12 and turned out to be considerably larger
than predicted by the shell-model calculations. It was there-
fore concluded that ®B is the first candidate for a nucleus
with a proton halo.

The angular distributions of the quasielastic scattering of
"Be and ®B at 40 MeV/nucleon on a '’C target were mea-
sured in Ref. 88. As a part of a semi-microscopic analysis of
the experimental data, the densities were constructed by the
Hartree—Fock method, and the values R,(m)=0.075 and
2.207 F were obtained for "Be and ®B, respectively.*® The
values of oy calculated in different variants at energy 40
MeV/nucleon® are shown in Table VII along with the ex-
perimental data at high energies. It can be seen that the the-
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FIG. 9. Energy dependence of the total reaction cross sections o for the
88+ 28Sj system. The solid curve is for =0.03, the dashed curve is for
a=0.06, and the dotted curve is for @=0.09; the points are experimental
data.

oretical cross sections oy are close to each other and signifi-
cantly larger than the experimental cross sections o at high
energy. The latter reflects the fact that at intermediate ener-
gies the NN-scattering cross section is larger than at high
energies.

The experimental data from Ref. 88 were analyzed using
the semi-microscopic approach with density functional in
Ref. 39. A reasonable description of the angular distributions
was obtained when using the densities of the density-
functional method, and the calculated rms matter radii R
for "Be and B turned out to be 2.420 and 2.507 F, respec-
tively, i.e., significantly larger than in Ref. 83. The size of
the proton cloud was found to be 0.49 F for 8B and 0.312 F
for "Be. The cross sections oy calculated in Ref. 39 with the
absorption parameters determined from the description of
elastic scattering turned out to be 1102 mb for "Be and 1201
mb for B, which is quite close to the results in Table VIL

The values of ok for ®B nuclei interacting with a 88
target were measured in the energy range from 20 to 60
MeV/nucleon in Ref. 17. It was possible to obtain a good
description of the data in the Glauber approximation by us-
ing the densities from Ref. 12, for which R, (m)=2.72 F
and Ar,,=—0.78 F, ie., for geometrical parameters even
larger than those found in Ref. 39. In Fig. 9 we show the
values of o calculated using the semi-microscopic approach
with density functional® for the ®B+28Si system along with
the experimental data from Ref. 11. The angular distributions
of the elastic scattering of ®B on 28Si have not yet been
measured, and so several sets of absorption parameters were
used in the calculations of Ref. 82. We see that there is good
agreement between theory and experiment for reasonable
values of the absorption-potential parameters.

New experimental data on "Be and ®B were obtained in
Ref. 18, and as a part of their analysis the ideas of Ref. 838
about the size of the proton cloud in *B were reviewed. The
cross sections op were measured in Ref. 18 for "Be and °B
on a 28Si target in the energy range from 10 to 40 MeV/
nucleon. The results are given in Table VIIL. The values of
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TABLE VIII. Total reaction cross sections o (b) for Be and B interacting
with a '’C target nucleus at intermediate energies.

Be B
E/A, MeV/nucleon o (mb) E/A, MeV/nucleon o (mb)
38.46+0.56 1491+84 37.96+0.76 1642+75
36.48+0.58 1476+ 56 35.23%£0.82 1698+ 70
31.80+2.15 1597+ 56 28.34+3.23 1861+ 67
23.46+2.76 1603+48 15.28+4.88 1940+ 97

op decrease with increasing energy for both projectiles, and
for 8B the specific change of oy, i.e., the change per unit
energy range, is larger, because the measurements for ®B
pertain to the energy range in which the reaction cross sec-
tions ok are most sensitive. The values of o, measured for
8B are smaller at the corresponding energies than those mea-
sured in Ref. 17. The distribution radii used in Ref. 18, along
with the data of other studies, are given in Table IX, taken
from Ref. 18. Now the values of R, ((m) for ®B are consid-
erably larger than in Ref. 88, and the value 0.487 F for the
proton cloud is very close (a difference of less than 1%) to
the value 0.49 F predicted earlier in Ref. 39.

The energy dependence of o for 'Be and ®B, along
with the results of the Glauber and optical-model calcula-
tions, is shown in Fig. 10, taken from Ref. 18. Here the light
(dark) circles are the experimental oy for 'Be (®B). We see
that for ®B at lower energies the semi-microscopic optical
model gives a better description of oy, whereas for 'Be the
predictions of the optical model and the Glauber approxima-
tion with finite interaction range are roughly the same in this
energy range. In Fig. 11, also taken from Ref. 18, we show
all the results for 'Be and 8B, including the data on the
breakup reaction, and also the cross sections oy for *B+28Si,
measured in Ref. 17 (dark triangles), and the cross sections
o, for "Be and ®B interacting with Al at high energies, mea-
sured in Ref. 10 (stars).

The cross sections o have recently been measured for
®B interacting with Be, C, and Al targets at energies of about
40 and 60 MeV/nucleon.®® These data are given in Table X
along with the results of the calculations using the semi-
microscopic approach with density functional.® We see that
there is good agreement between theory and experiment, al-
though the experimental o have a stronger energy depen-
dence. This apparently is an indication of the importance of
including the energy dependence of the absorption-potential
parameters.

TABLE IX. Rms radii (F) of the proton, neutron, and matter distributions
for 'Be, ®B, and %Si.

Nucleus rp r, T r,—r, Model
"Be 2.369 2.155 2.280 0.214 HF Skl
B 2.754 2.267 2.582 0.487 HF Skll+SM
2.759 2.155 2.549 0.604 HF Skl
2.790 2.247 2.600 0.543 WS, B=0.6
2.74 2.25 2.57 0.49 RGM'®
2.88 2.47 2.73 0.41 GcM!
2g;j 3.061 3.025 3.043 HF Skl
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FIG. 10. Energy dependence of the total reaction cross sections oy for "Be
and ®B, compared with the Glauber and optical-model calculations.

The total interaction cross sections for 'Be, *B, and °C,
the cross sections for stripping a proton from *B and °C, and
also the cross sections for stripping two protons from °C
were measured in Ref. 90, using targets ranging from carbon
to lead at energy 285 MeV/nucleon. Additional measure-
ments were also performed for ®B at 142 MeV/nucleon. The
analysis using the Glauber approximation of both the data
obtained by the authors and also the data from other studies
led to the conclusion® that the full set of experimental re-
sults for ®B can be explained only by assuming that ®B is a
nucleus with a clearly expressed proton halo of size appar-
ently smaller than that of the halo in neutron-rich nuclei,
while the use of the standard densities allows a description of
the data for "Be and °C within the error.
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FIG. 11. Total reaction cross sections and breakup cross sections for the
8B+28Si and "Be+28Si systems.
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TABLE X. Total reaction cross sections o (mb) for 8B, calculated in the
double-folding model and the experimental data.

Nucleus E/A N, a oR oy (exp.)
(MeV/nucleon)
Be 40 0.5 0.02 1173 1306(13)
Be 60 0.5 0.02 1058 1087(24)
2c 40 0.3 0.03 1200 1274(12)
2c 60 0.3 0.03 1080 1103(18)
2TA1 40 03 0.045 1730 1803(21)
27A1 60 0.3 0.03 1530 1621(35)

A repeat measurement of o for ®B on a '°C target at 790
MeV/nucleon was performed in Ref. 20. It led to a slight
improvement of the earlier value of o obtained in Ref. 9,
and the experimental error was reduced. This value is given
in Table IV of the present review. We see that the theoretical
calculation using the semi-microscopic approach with den-
sity functional® reproduces the experimental values of o;
well. To conclude this subsection, we note that in the cluster
approach realized within the Glauber approximation,61 the
value Rpn(m)=2.50+0.04 F is obtained for *B, which is
close to the corresponding values discussed above.

2.4. Na isotopes

The total reaction cross sections oy for heavy Na iso-
topes have been measured at 40-50 MeV/nucleon in Ref. 13.
Analysis of the experimental data using the strong-
absorption model led to the discovery of a significant isoto-
pic dependence of the strong-absorption radius, from 1.035 F
for 2°Na to 1.159 F for **Na.

Measurements of o; at 950 MeV/nucleon on a carbon
target were performed for a large group of Na isotopes with
mass numbers A=20—23 and 25-32 in Ref. 21, and then
analyzed in Ref. 22. In Table XI we give the experimental
data along with the results of the analysis. The rms radii of
the proton distribution (third column) were extracted from
data on the isotopic shifts.”’ The analysis in Ref. 22 was
performed in the Glauber approximation, using the Fermi
representation for the proton and neutron densities and tak-
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ing into account the data from Ref. 91. Versions (a) and (b)
in the table correspond to slightly different choices of the
parameters for calculating the densities.

We see that the radii extracted from the experimental
data depend weakly on how the densities are parametrized
(the maximum difference is about 5% for 22Na). In isotopes
with A=20—22, R..{(p)>Rms(n), for all the other iso-
topes Rm(P) <Rms(n), and for 31Na the size of the neutron
cloud is 0.305 F in one parametrization and 0.335 F in the
other. The size of the neutron cloud therefore turned out to
be more sensitive to how the density was parametrized, and
it is necessary to include the errors in determining the radii
(they are given in parentheses in Table XI). As shown in Ref.
22, the quantity Ar,, is correlated with the difference of the
proton and neutron separation energies: the larger this differ-
ence, the larger the neutron cloud. This correlation was pre-
dicted by the relativistic mean-field model.”? Tt was first
shown in Ref. 22 that the change of R,(m) for Na isotopes
is mainly related to the change of R (n).

2.5. Isobars with A=17 and A=20

Measurements of o for isobars with A=17 (*'Ne, '"F,
17N, and !"B) at an energy of about 700 MeV/nucleon were
made in Refs. 93 and 94, and an anomaly was found for 1Ne
and "B: the cross sections measured for these two nuclei on
a carbon target turned out to be considerably larger than for
the two other isobars.

The cross sections for isobars with A=17 and A=20
were analyzed using the Glauber approximation with zero
interaction range in Ref. 95. There, with reference to Refs.
96 and 97, it was noted that in the simple Glauber model
unitarity and invariance under time reversal are violated. It is
stated that these corrections amount to a few percent in the
case of the nucleon—nucleus interaction, and may be larger
in the nucleus—nucleus case. The results of the analysis95 are
shown in Fig. 12. As indicated in the figure, the densities
were calculated by the Hartree—Fock method in the spherical
and deformed bases. The calculations for "Ne (!"N) were
performed for two variants in the spherical basis, assuming
the 1ds;, or 2s,, orbitals for the configuration occupied by
the last protons (neutrons).

TABLE XI. Interaction cross sections ¢; (mb) and rms radii (F) of the proton, neutron, and matter distributions for Na isotopes.

(@ (®)

Ref. 91

A o, 7, Fon 7, Fon 7,

20 1086(11) 2.806(15) 2.742(28) 2.661(57) 2.729(38) 2.631(80)
21 1100(9) 2.862(12) 2.754(28) 2.630(55) 2.735(38) 2.589(76)
2 1092(16) 2.829(11) 2.730(31) 2.627(59) 2.67(6) 2.51(12)
23 1147(12) 2.829(9) 2.833(23) 2.838(44) 2.819(32) 2.811(60)
25 1185(9) 2.794(10) 2.801(14) 2.965(25) 2.874(18) 2.936(32)
26 1211(16) 2.814(10) 2.934(25) 3.020(45) 2.921(40) 2.998(71)
27 1229(18) 2.836(11) 2.965(32) 3.051(56) 2.946(44) 3.020(77)
28 1265(10) 2.862(12) 3.027(15) 3.129(25) 3.021(12) 3.120(30)
29 1281(22) 2.919(16) 3.053(34) 3.133(57) 3.046(53) 3.121(88)
30 1318(15) 2.942(21) 3.117(24) 3.214(38) 3.119(35) 3.217(57)
31 1358(41) 2.982(14) 3.19(6) 3.29(10) 3.20(8) 3.32(14)
32 1395(61) 3.24(10) 3.36(16) 3.27(15) 3.40(19)
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FIG. 12. Total reaction cross sections o, calculated using the densities of the

The results of the calculations” in the spherical
Hartree—Fock basis with SGII forces are given in Table XII.
The energies of the levels of the last occupied orbits for
neutrons (\,) and for protons (\,) are given in the last two
columns. The inclusion of deformation effects tends to in-
crease the radii in accordance with the expression

(r?) =(1+i32)-<r2) (23)
A 4 p=0-
However, it became clear that deformation effects have little
influence on the radii, the dominant factor being the neutron
excess.

Let us discuss the results of the analysis shown in Fig.
12. It can be seen that for nuclei with isospin T= 2 the use of
the 25/, orbital increases the cross sections by 4—6% com-
pared to the use of the 1ds, orbital, which is due to neutron
halo effects. On the whole, the theoretical results describing
the behavior of the cross sections as a function of T, are
somewhat higher than the experimental values of ;. The
authors of Ref. 95 note that the inclusion of breakup effects
can lead to a decrease in the calculated values of o and,
therefore, to an increase of the radii extracted from experi-
ment.

The cross sections o; for isobars with A =20 were mea-
sured in Ref. 27 at 950 MeV/nucleon on a '°C target. The
first analysis of these data using the strong-absorption model
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Hartree—Fock method for isobars with A =17, and the experimental data.

with the Kox parametrization and the Glauber approximation
was performed in the same study. In the Glauber calculations
the densities were parametrized in the harmonic-oscillator
representation or as Fermi distributions. The following re-
sults were obtained. The largest difference in the radii, equal
to 0.2 F, was found for the mirror nuclei 2°0 and Mg, It
was suggested that *°Mg has a proton cloud and N has a
neutron cloud. The largest difference in the radii of the neu-
tron and proton distributions was found for nuclei with large
proton excess [**Mg, Ar,,=—0.50+0.28 F] and neutron
excess [2°N, Ar,,=0.33+0.15 F]. The choice of density
parametrization (the harmonic-oscillator representation or
the Fermi distribution) insignificantly (within 1.5-2%) af-
fects the results.

The data from Ref. 27 were also analyzed in Refs. 84
and 95. The results are given in Table XIII together with the
experimental data from Ref. 27. In the second and third col-
umns we give the results of the calculations in the spherical
and deformed Hartree—Fock bases from Ref. 95, and in the
fourth column we give the cross sections o calculated in the
semi-microscopic approach with density functional using the
Glauber approximation.® It can be seen that the use of the
deformed basis insignificantly affects oy (the maximum
change is about 4% for ?°Ne), while the agreement with
experiment remains unchanged. Both of the theoretical ap-
proaches give a fairly good description of the experimental
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TABLE XII. Rms radii of the neutron, proton, and matter distributions for isobars with A=17 and A =20, calculated in the spherical basis of the Hartree—

Fock method.
rn r, rm A, A,

Nucleus Orbital (F) (F) (F) (MeV) (MeV)
By, 2.976 2452 2.832 —2.85 —20.73

(1dsp)4(*) 3.064 2421 2.890 —0.695 —22.49

(2510)2(%) 3.623 2421 3315 —0.695 —2249
c 2.847 2488 2.726 —4.12 —23.49
6 11

(1dsp)>(*) 2915 2473 2.764 —0.729 —21.94

2s1)N ) 3.221 2473 2.979 —-0.729 —21.94
N 2.762 2.563 2.682 —5.67 —15.78
7 10

(1dsp)’(*) 2.777 2.545 2.684 —4.19 —1201

2s1)4*) 2.902 2.545 2.760 —4.19 -12.01
3/0g 2.688 2.631 2.661 —-7.23 —1345
TR 2.610 2.723 2.670 —16.85 -3.57
1"Ne, 2.550 2.819 2.711 —18.72 —-1.68

(1dsp) (%) 2.526 2.843 2.717 —15.03 —0.48

(2512)%(*) 2526 3.105 2.880 —15.03 —0.48
Beis 2.993 2.526 2.861 -5.15 -28.14
N5 2.926 2.592 2.813 —6.47 —20.94
20,, 2.869 2.650 2.784 —17.85 —18.64
27y, 2.817 2.726 2,777 -9.10 —8.07
Neqo 2.764 2.795 2.779 —10.38 -6.36
ONagy 2.705 2.862 2.792 -11.70 -471
PMgs 2,638 2931 2.818 -21.96 -3.11
A1, 2.587 3.017 2.874 -2373 —141
°Be 2.343 2262 2.307 —11.70 —12.62
12c (**) 2.245 2.400 2.324 -27.26 —14.14
Z7Al 2.959 2.960 2.960 —14.48 —-10.57

data. The values of o obtained using the semi-microscopic
approach with density functional are somewhat higher, but
the average deviation of the theoretical results from experi-
ment is only 6%. The experimental value of o, for *°Na,
given in Table XIII, coincides within the error with the cor-
responding value from Table XI.

CONCLUSION

The cross sections for interactions of light exotic nuclei
with stable nuclei have been measured since the very start of
the experimental study of the former. The total reaction and
interaction cross sections were later obtained for many iso-
topes of He, Li, Be, B, C, and Na, and also isobars with
A =17 and A =20 at both high (400, 700-950 MeV/nucleon)
and intermediate (10-80 MeV/nucleon) energies. Even in
the first measurements it was found that the radii of light
exotic nuclei have a strong isotopic dependence, and after
further studies of fragmentation, dissociation, transfer, etc.,
reactions it was suggested that these nuclei have a neutron
halo (''Li, He, ''Be) or, possibly, a proton halo (®B). A
significant neutron or proton cloud was found for many nu-
clei. Interesting regularities in the behavior of the matter dis-
tribution radii were revealed in Na isotopes, and also for
isobars with A =17 and A =20.

The experimental data have been analyzed using various
approaches, including the strong-absorption model, the stan-
dard optical model, the semi-microscopic approach based on
the double-folding model, and the Glauber approximation.
The strong-absorption model and the standard optical model
do not give a completely successful description of the experi-

mental data, and the analyses based on them give only gen-
eral information about the geometrical properties of nuclei.
The use of semi-microscopic approaches like the optical
model with microscopic double-folding potentials and the
Glauber theory requires the construction of the neutron and
proton densities according to specific nuclear-structure mod-
els, and therefore allows such models to be tested by analyz-
ing the cross sections.

Various approaches have been used to calculate the
nuclear densities: the shell model, the Hartree—Fock method
with spherical and deformed bases, the density-functional
method, and the cluster approach. It appears most reasonable
to use a model in which the neutron and proton densities are
calculated within a single scheme for both the target nucleus
and the projectile. At present, such a scheme has been real-
ized on the basis of the density-functional method (which is

TABLE XIIIL Total reaction cross sections o for isobars with A =20, cal-
culated in the Glauber approximation, and experimental interaction cross
sections o .

Spherical ~ Deformed  Density-functional

Nucleus HF basis HF basis method Exp.

N 1145 1152 1227 1121(17)
20 1129 1138 1181 1078(10)
2R 1124 1147 1162 1113(11)
ONe 1125 1168 1163 1144(10)
Na 1131 1155 1172 1094(11)
BMg 1145 1154 1207 1150(12)
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actually one version of the self-consistent theory of finite
Fermi systems).

The optical limit with zero interaction range of the
Glauber theory appears to be a reasonable approximation for
analyzing the interaction cross sections at high energies, but
at intermediate energies (E/A <100 MeV/nucleon) it is nec-
essary to include various corrections (the finite interaction
range, various nucleon correlations, and noneikonal and
Coulomb effects).

At energies of up to 100 MeV/nucleon it is reasonable to
use the semi-microscopic optical model, in which the real
part of the potential is calculated using some version of the
double-folding model, and the imaginary part is param-
etrized. The calculations of the reaction cross sections in this
model can possess predictive power only when the
absorption-potential parameters are fixed either by choosing
them from known systematics, or by comparing the theoret-
ical angular distributions of elastic scattering with the experi-
mental ones measured at the same energy as the total reac-
tion cross section. The systematics of the absorption-
potential parameters for stable nuclei are far from always
applicable to exotic nuclei, and so it is extremely desirable to
measure simultaneously the angular distributions of elastic
scattering and the total reaction cross sections for a single
projectile at a given energy. So far such experimental data
are rather scarce.

It would be very useful to measure the cross sections oy
in the energy range 100—-200 MeV/nucleon. The Glauber ap-
proximation is already valid in this range, and also it is still
possible to use the semi-microscopic optical model. Analysis
of the experimental data in this range would, on the one
hand, allow two semi-microscopic approaches to be com-
pared and, on the other, would supplement the existing
analysis of the energy dependence of oy .

In conclusion, the authors are grateful to G. D. Alk-
hazov, A. A. Korsheninnikov, A. A. Ogloblin, Yu. E.
Penionzhkevich, and N. K. Skobelev for fruitful discussions
about the problems discussed in this review. One of the au-
thors (S. A. F.) thanks D. Zawischa for interesting discus-
sions. This work was carried out with the partial support of
the Russian Fund for Fundamental Research (Project No.
98-02-16979) and the German Research Society (DFG).
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