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INTRODUCTION

The intensive use of radioactive beams in the last ten
years has led to the discovery of a number of unusual prop-
erties of light exotic nuclei, i.e., nuclei far from the
B-stability line (see, for example, the reviews of Refs. 1-4
and references therein). Analysis of the cross sections for the
interaction of He, Li, and Be isotopes with large neutron
excess with stable target nuclei at intermediate energies has
indicated the presence of an extended neutron density-
distribution tail. This effect is especially clear for ''Li,
which, according to the additional information about the
11i—°Li+2n fragmentation cross sections and the °Li mo-
mentum distribution in this reaction, shows that the !'Li
nucleus possesses a neutron halo. The existence of a neutron
halo has also been confirmed for °He, ®He, and !'Be. In Ref.
5 a similar phenomenon was discovered for 8B, which has a
proton excess. Further studies showed that in this case there
is either a proton halo or a sizable proton skin.

The elastic scattering of light exotic nuclei at energies
from 20 to 100 MeV/nucleon, on the one hand, gives infor-
mation additional to that provided by experiments on frag-
mentation, breakup, nucleon transfer, Coulomb dissociation,
etc. On the other hand, it gives specific information about the
effect on the cross section of the interaction potential be-
tween an exotic projectile and the target nucleus, and in a
microscopic analysis it provides information about the matter
density distribution in the exotic nucleus. Therefore, there is
reason to think that the elastic scattering of light exotic nu-
clei can serve as an indicator of the properties of the nucleon
halo. The first arguments for this were presented in Ref. 6.
Various methodological studies of the expected properties of
the interaction potentials of light exotic nuclei and their scat-
tering on stable target nuclei are described in Ref. 4. How-
ever, when that review* went to press there were no reliable
experimental data on the elastic scattering of light exotic
nuclei, and so actual experimental situations were not re-
flected there. Two reviews’® have recently appearcd in
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which the properties of the structure of light exotic nuclei are
analyzed.

By now, experiments have been performed at various
sites to obtain the angular distributions of the elastic scatter-
ing of ''Li on 28Si at 29 MeV/nucleon (Ref. 9), ''Li on '*C at
60 MeV/nucleon (Ref. 10), '?Be and '“Be on '2C at 56 MeV/
nucleon (Ref. 11), and "Be and ®B on !2C at 40 MeV/nucleon
(Ref. 12). We note that in all these cases the experimental
conditions are such that the contributions of elastic and in-
elastic processes to the angular distributions are not sepa-
rated. Therefore, the experimentally studied processes can be
referred to as quasielastic scattering. In addition to these
quasielastic scattering reactions, there have also been experi-
mental studies in the inverse kinematical regime of the elas-
tic scattering of °Li and !'Li nuclei with energies 60 and 62
MeV/nucleon, respectively, on protons'? and of *He nuclei at
energy 73 MeV/nucleon on protons.14 The angular distribu-
tions of the elastic scattering of ''Li at energy 75 MeV/
nucleon and of ®He at 66 MeV/nucleon on protons have
recently been measured.'> The elastic scattering of SHe and
8He on protons at intermediate energies has been studied in
Refs. 16 and 17. The angular distributions for the elastic
scattering of '°Be and !'Be on protons at 59.3 and 49.3 MeV/
nucleon, respectively, have been obtained in Ref. 18.

Various theoretical approaches have been applied to
these reactions: the standard optical model with fitted
parameters,'® the optical model with potentials calculated
microscopically (see, for example, Ref. 20), and the Glauber
approximation.?! In those cases (the folding model and the
Glauber approximation) where the scattering cross sections
were analyzed on the basis of information about the matter
density distribution in the nucleus, they were calculated us-
ing various nuclear-structure models. Among the other ap-
proaches to solving this problem is the density-functional
met:hod,22 in which the neutron and proton densities for both
the target nucleus and the projectile are calculated on a uni-
fied basis.

Along with the angular distributions of elastically scat-
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tered particles, another quantity sensitive to the optical po-
tential is the total reaction cross section oz . Experimental
data on o at various energies are available for a number of
light exotic nuclei.

~ The goal of the present study is to analyze the available
experimental data on the elastic scattering of light exotic
nuclei and the corresponding total reaction cross sections. In
Sec. 1 we discuss the various theoretical approaches for de-
scribing the mechansims of elastic scattering of light exotic
nuclei and the theoretical schemes for calculating the neutron
and proton density distributions in these nuclei. In Sec. 2 we
analyze the experimental data on the quasielastic and elastic
scattering of these nuclei and present the results of calcula-
tions of the total reaction cross sections. In Sec. 3 we discuss
the appearance of a soft dipole mode in connection with the
phenomenon of the nucleon halo. In the Conclusion we sum-
marize the results and discuss further possibilities for study-
ing the properties of light exotic nuclei by means of experi-
ments on elastic scattering and other nuclear reactions.

1. THEORETICAL MODELS

It is natural to analyze elastic scattering in the potential
approach, using a complex optical potential. The general
theory of the optical potential was developed by
Feshbach.?*?* According to it, the generalized optical poten-
tial is given by

Vour={@0lV|@o) + {0l VO(E—H o) "' OV]gg). (1)

Here ¢, is the ground-state wave function of the colliding
nuclei, V is the interaction between the projectile and target
nuclei, Q is an operator which projects the exact wave func-
tion of the entire system onto the subspace of inelastic and
closed channels, E is the total energy of the system of pro-
jectile plus target nucleus, and H is the projection of the
total Hamiltonian of the entire system onto the Q subspace.
If the interaction V is written as a sum of effective nucleon—
nucleon forces, the first term in (1) will be of first order in
the effective forces, and the second term will contain terms
of second and higher order.

In the standard macroscopic model the entire expression
(1) is replaced by a complex, local, energy-independent po-
tential with parameters determined from comparison of the
theoretical and experimental angular distributions of the elas-
tically scattered particles. In the microscopic approach the
first term in (1) is calculated using information about the
effective forces and the matter density distribution in the
nuclei, and the second term is usually omitted. If the effec-
tive forces are real, the second term completely determines
the imaginary part of the optical potential and represents an
addition to the real part of the potential. This addition is
referred to as the polarization potential, because it is related
to excitation effects (“‘polarization of the core’’) in nuclear
scattering. Its inclusion in the optical potential represents go-
ing beyond the ‘‘frozen’’-nucleon approximation.

The calculation of the second term in (1) is an extremely
complicated problem, and so the polarization potential is of-
ten either completely omitted, or somehow parametrized.
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1.1. The macroscopic optical model

The standard potential of the phenomenological optical
model has the form

Uop(r)= = Virfr(r)—iW,fi(r)+4ia,W(d/dr)fi(r)
+2(himye)?- Ur-(dldr)V psfs(r)(LS)
+ Vcoul(r)’ (2)

Ri=riA",  fi(r)=(1+exp((r—R})/a))”",
i=R,ILS. (22)

Here the first term is the central part of the real potential, the
second and third terms are the volume and surface absorption
potentials, and the next term is the spin—orbit term. The last
term in (2) is usually written as the Coulomb interaction of
two charged spheres. The scheme of analyzing the elastic
and inelastic scattering cross sections with the potential (2)
and using a fit with x? minimization possesses a certain sim-
plicity. However, in the case of light exotic nuclei it rarely
leads to a successful description of the experimental data.
This is because in Eq. (2) the radial dependence of all the
form factors is fixed and is the Woods—Saxon dependence.
However, already in the case of nucleons and « particles it
has been shown®?% that the potential constructed using ef-
fective forces differs from the Woods—Saxon form.

Nevertheless, analysis of the elastic scattering of light
exotic nuclei using the phenomenological optical model can
be meaningful, because it tells how strongly the properties of
the optical potential of an exotic nucleus differ from those of
the potential of an adjacent stable nucleus (for example, ''Li
versus ''C or *He versus °Li). Some of the results of such an
analysis will be presented below in Sec. 2.

1.2. The microscopic optical model

Let us consider the interaction of two composite par-
ticles. In first order in the effective nucleon—nucleon forces
the interaction potential can be written as a sum

UR)=UER)+UP(R), 3)

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

UD(R)=f fp(l)(rl)VD(S)P(Z)(TZ)drler- 4)

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:Z’

UE(R)= J f p (v +85)Vie(s)pP(ry,ry—s)
X exp(ik(R)s/ )dr,dr,. (5)
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This is the localized form of the exchange term. Here V .(s)
is the exchange component of the effective interaction, p'”
X(r,r') are the density matrices of the colliding nuclei
(i=1,2),

pO(rr) =2 o), ©)
k(R) is the local momentum given by
K*(R)=(2mn/A*)(E~ U(R) - V(R)), (7
where
A
T A t4y (7a)

A; (i=1,2) are the nuclear mass numbers, and V.(R) is the
Coulomb potential. The calculation of the density matrix us-
ing the one-particle expression (6) is rather complicated, and
so p(r,r’) is usually calculated using the modified Slater
approximation, which has been validated in the description
of the interaction of nucleons, « particles, and heavy ions
with nuclei:?®

p(r,r+s)=p(r+ ;)fl(keff(r+ ;)s) (8)

Here jl(x) is the exchange correlator. For s—0, i.e., in the
approximation of zero interaction range, j 1(x)—1. The ef-
fective momentum k¢ includes boundary effects and coin-
cides with the local Fermi momentum in infinite nuclear mat-
ter. Expressions for fl(x) and k¢ can be found in Ref. 28. It
follows from Eq. (5) that an iteration procedure is necessary
for constructing UX(R), because UZ(R) also enters into the
right-hand side of this expression via k(R) [see Egs. (7) and
31

Let us briefly discuss the application of the density-
matrix formalism for analyzing scattering processes. This
formalism was first used in Ref. 29 to describe inelastic pro-
ton scattering on deformed nuclei. An iteration-free scheme
for calculating the exchange potential was developed in Ref.
30. It allowed the explicit construction of the contribution of
exchange effects to the nucleon—phonon interaction®' and
the use of the density-matrix formalism for describing the
inelastic scattering of nucleons and « particles on vibrational
nuclei.*?~34 In Refs. 35 and 36 an iteration-free procedure
was developed for Eq. (5) and used to analyze nuclear-
rainbow effects in the elastic and inelastic scattering of «a
particles on nuclei (see also Ref. 37). However, analysis
showed that in the case of heavier projectiles, small R, and
low energies the iteration procedure is more accurate, and it
was used in the subsequent applications of the density-matrix
formalism for describing scattering processes.?*®

To isolate explicitly the isospin dependence of the po-
tential, we introduce the isoscalar p(’)(r,r’) and isovector

p{’(r,r’) components of the density matrix:

pe(r,r)=p(r,r") + pJ ("), ©)

pi(r,r)=p{(r,r" )~ pP(r,r"), (10)
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where p(')(r r') and p(r,r') are, respectively, the proton
and neutron components of the density matrices of the col-
liding nuclei. Substituting (7)-(10) into (5), expanding all
the functions in multipoles, and making a Fourier transfor-
mation, for the spherically symmetric part of the exchange
potential we find

VER)=47| 3 G

0 7=0,1

AR, $)VE(s) jo(k(R)s! )s2ds,
(11)

<Ler=£gJ:ﬂWnnﬂ9mnh0Ry%n (12)

ﬂ%nn=4wf PRI joler)r2dr. (1)

In Eq. (11) the summation over 7 implies summation over
the isoscalar (7=0) and isovector (7=1) channels, V0 and
Vl are, respectively, the isoscalar and isovector exchange
components of the effective interaction, and j,(x) is the
spherical Bessel function.

Equations (11)-(13) form the starting point for the cal-
culation of the contribution of one-nucleon exchange effects
to the potential in both the isoscalar and the isovector chan-
nels. Let us isolate the isovector part of the full interaction
potential. Taking the isovector component UID (R) and the
corresponding term with 7=1 from Eq. (11), we obtain

MR%ifJ ey vP(s)pl?(ry)dr,dr,

+47rf0 G (R,s)VE(s)jo(k(R)s/ 7)s%ds,

(14)

where G(R,S) is given by (12) for 7=1. In Eq. (14) the
first term can be viewed as the generalization of the known
expression from the folding model to the case of different
neutron and proton distributions in the nucleus:*°

UI(R):Tleﬁ/AlAZ'fJp(l)(rl)vli)(s)

Xp(z)(rz)drldrz, (15)

where T, and T,, are the values of the third projection of
the isotopic-spin vector of the colliding nuclei. For protons
or neutrons interacting with a nucleus, Eq. (15) gives the
isobaric-spin potential of the Lane model.*’ The second term
in (14) represents the contribution of one-nucleon exchange
effects. The nucleon isobaric-spin potential has been studied
by several authors (see, for example, Refs. 41 and 42) using
the density-matrix formalism. The isospin—isospin potential
for the interaction of composite particles explicitly including
nucleon—nucleon exchange correlations was first constructed
in Ref. 43 and was studied in detail in Ref. 44. Since the
isovector potential is small compared with the isoscalar po-
tential, it does not have as strong an effect on the elastic
scattering cross section. However, it is necessary to include
the isovector part of the potential in a comparative analysis
of the elastic scattering of two isobars on the same target
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nucleus with N#Z. This type of analysis has been per-
formed for the elastic scattering of *He and ¢ at low energies
on the '“C target nucleus in Ref. 45. The part of the isospin—
isospin interaction nondiagonal in the charge is responsible
for charge-exchange transitions. In relation to this, it is inter-
esting to study experimentally charge-exchange processes in-
volving light nuclei with a neutron excess and to compare
the corresponding angular distributions with the theoretical
results. The first such studies have been carried out recently.
Charge—exchange reactions were studied in Ref. 46 using an
IILi beam of energy 65 MeV/nucleon on 'H and 2H targets,
and in Ref. 18 the angular distributions for excitation of the
isobar-analog state in the reaction *He(p,n)®Li were mea-
sured. It was noted'® that combined analysis of elastic scat-
tering and charge—exchange reactions allows better determi-
nation of the neutron distribution in nuclei with a neutron
excess.

Earlier, it had been shown (see, for example, Ref. 26)
that the resulting potentials are more sensitive to the method
of including one-nucleon exchange effects than to the form
of the effective interaction. We shall use the complete M3Y
interaction’ based on the G-matrix elements of the Reid and
Elliott interactions as the effective nucleon—nucleon interac-
tion. For the isoscalar and isovector components of this in-
teraction we have

exp(—4s) exp(—2.5s)

VO(5)=7999 ——-2134———=—,  (16)
V5(s)=4631 exP(4—s 4s) "-"P(Z'*5 i-SS)

~7.847 %ﬂ, -
Vi()=—dsse exp(4: o exp(zgi'SS) . ()
vE(s)=—1518 exP(4—s Y a4 eXP(Z;i.SS)

42616 XR070725) o

0.7072s

The scheme for constructing the real part of the optical
potential presented in this section was used in Ref. 20 to
analyze the quasielastic scattering of light exotic nuclei. The
results of this analysis will be discussed in the second part of
this review. A simplified version of this scheme is obtained
by neglecting the second term in Eq. (3), but then it is usual
to add a pseudopotential of zero range to the direct part of
the effective forces.*8*

In another widely used version of the microscopic poten-
tial, only the first terms in Eq. (3) are kept, as before, but the
DDM3Y interaction is used as the direct part of the effective
nucleon—nucleon forces.’®! The quasielastic scattering of
light exotic nuclei has recently been analyzed using an ap-
proach in which the DDM3Y effective interaction is used
within the density-matrix formalism.>?

In addition to the real part, the total optical potential
must include the imaginary part responsible for absorption of
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the incident particle in inelastic channels. There are three
basic methods of including the absorption potential in the
microscopic optical model. In the first case the standard form
of the imaginary part of the optical potential with Woods—
Saxon radial dependence is used:

W(R)=Wys(R), (20)

where the right-hand side can contain both a volume and a
surface term [see Eq. (2)]. In this case the analysis of the
experimental data requires many fitted parameters, which
can introduce uncertainty in the results. Another approach is
to choose the absorption potential td be proportional to the
calculated real part:

W2(R)=iNywU(R), (21)

where Ny is the only fitted parameter in the absorption po-
tential. However, Eq. (21) 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 there-
fore been proposed that the imaginary part of the optical
potential be taken to be?0

dU(R)

GYRY=i —
WY(R)=i| NyU(R)— aR 2R |

(22)

where U(R) is the potential calculated in the microscopic
approach. In Eq. (22), Ny and « are parameters respectively
characterizing the volume and surface parts of the absorption
potential.

1.3. The polarization potential

Let us briefly discuss the basic methods of including the
polarization addition to the potential [the real part of the
second term in Eq. (1)]. This addition, which we denote by
AU, is small compared with the first term for nucleons at
distances from the center of the nucleus for which the scat-
tering cross section is sensitive to the optical potential.*’ This
may not be true for composite projectiles. It was noted above
that it is difficult to calculate AU in the entire volume using
(1), but the contribution of individual processes to AU can
be estimated. The calculation of the contribution of fragmen-
tation ''Li—°Li+2n to AU is described in Ref. 4. The sepa-
rability of the channel-coupling matrix elements and the
WKB approximation were used in the calculation. Another
variant of estimating AU using Eq. (1) is given in Ref. 54.

If the left-hand side of (1), i.e., the total optical potential,
were known, AU could be represented as the difference

AU=Re Vopt_<¢0ivl ¢0> (23)

The second term on the right-hand side of (23) is defined in
the discussion of Eq. (1). In some studies AU was calculated
from this expression, and the potential calculated in the
Glauber approximation was taken for Re V,y, (see, for ex-
ample, Ref. 55). An ideologically similar method of finding
AU was used in Ref. 56, where a term AU, determined by
the spline procedure from comparison of the theoretical and
experimental angular distributions, was added to the calcu-
lated folding potential.
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There are various phenomenological approaches for cal-
culating AU. The simplest is to renormalize the microscopic
potential calculated using (1), i.e.,

U(R)+AU(R)=N,U(R). (24)

Depending on the specific system and the energy considered,
N, can be either larger or smaller than 1. This means that the
polarization potential can be either repulsive or attractive.
However, AU cannot always be included using Eq. (24),
because the radial dependence of the second term in (1) can
differ from that of the folding potential. Another method of
phenomenologically including AU is to assume that AU(R)
is proportional to the derivative of the Woods—Saxon form
factor.”” Yet another method is to use the representation®-

AU(R,E)=a(E)W,(R,E)+B(E)W(R,E), (25)

where a and B are free parameters.

1.4. The eikonal approximation and the Glauber
theory

For a long time, nuclear scattering at intermediate ener-
gies was analyzed using the eikonal approximation and the
Glauber theory.?'™® As experimental data on reactions in-
volving radioactive beams became available, these ap-
proaches have come to be used for analyzing the interaction
of light exotic nuclei with stable targets, and also experi-
ments with inverse kinematics. The Glauber theory was first
used in Ref. 60 to analyze the total cross sections for the
interaction of ''Li at 790 MeV/nucleon with various target
nuclei. It was concluded that an extended neutron density tail
exists in ''Li. In Ref. 61 the Glauber approximation was
used to analyze charge-exchange reactions, and in Ref. 62
the elastic scattering of light exotic nuclei was studied. A
four-body approach combined with the Glauber theory was
developed in Ref. 63, and in Ref. 64 a lower limit of 30
MeV/nucleon was established for the validity of the Glauber
approximation.

Let us briefly consider the formalism of the eikonal ap-
proximation and the Glauber theory. The standard expres-
sions for the cross section and for the scattering amplitude
(see, for example, Ref. 4) in the eikonal approximation have
the form

dUel 2
0 =|F(®)|?, (26)

F(©)=1.(0)+ik foxbjo(qb)CXP(ch(b))

X (1—exp(ixo(b)))db, (27)
q="2k sin(0/2). (27a)

Here f.(®) is the Coulomb scattering amplitude, k is the
momentum of the relative motion, jy(x) is the Bessel func-
tion, the integration in (27) runs over the impact parameter
b, and x.(b) and xo(b) are, respectively, the eikonal Cou-
lomb and nuclear phase shifts:

1 [+=
Xo(b)=—;; f_x U(Vb*+22)dz, (28)
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2Z,Z,e*
X(b)= E— In(kb). (29)

In the case of intermediate energies the nuclear potential U
can be expressed in terms of the two-particle nucleon—
nucleon transition matrix (the ¢ matrix). For nucleon—
nucleus and nucleus—nucleus scattering we have

UNA(R)=<tpn>pn(R)+<tpp>pp(R)v (30)

UAlAz(R)=J. (taw)p1(R=1")py(r")dr". 3D

The averaged ¢ matrix is usually parameterized in terms of
the nucleon—nucleon scattering cross section. Since the po-
tentials explicitly involve the matter density distributions in
the colliding nuclei, it becomes possible to extract informa-
tion about the matter distribution by using this formalism to
analyze elastic scattering.

Another approach to the use of Egs. (26) and (27) is,
instead of introducing the nuclear potential explicitly, to ex-
press the eikonal phase shift in terms of the profile function*
Ynn » Which is the Fourier transform of the nucleon—nucleon
scattering amplitude:

1
YNNZM f exp(—igb)fyn(q)dq. (32)

Use of the expansions of multiple scattering theory leads
to the well known expressions for the scattering amplitude in
the Glauber theory. For the nucleon—nucleus scattering am-
plitude we find

ik A
Fun@=5 | e iqb( =TI (1= 0o

—-sj))) | W ,|2d%bdr, ...dr, . (33)

Here y(b) is the profile function, and ¥4 is the wave func-
tion of the target nucleus in the ground state. The nucleus—
nucleus scattering amplitude is a generalization of Eq. (33):

A B
ik
F,m(q)=gf exp iqb(l—Hl IT (1-y(b=s
LS

+ r,,))) | 42| W 5| 2d%bdr, ...dr,dt, ... dtg .
(34)

Here ¥, and ¥ are the wave functions of the ground state
of the colliding nuclei. The calculation of the elastic scatter-
ing cross sections using Eqs. (33) and (34) directly is diffi-
cult. The various approximations used for Egs. (33) and (34)
are analyzed in Ref. 65. Results of evaluating the multiple
integrals of the Glauber theory by the Monte Carlo method
are also presented there.
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1.5. Inclusion of inelastic scattering

The standard method of describing inelastic scattering in
the case where elastic scattering is analyzed in the macro-
scopic optical model is to use the following expression as the

form factor of the inelastic transition:'
dfr(R) . dfi(R)
F(R)=ﬁ)\RRV T"'lﬂ)\le W‘. (35)

The deformation lengths of the real and imaginary potentials
are taken to be identical:

B\Rr=B\R; . (36)

In Eq. (35), fi;(R) (i=R,I) is the usual Woods—Saxon radial
form factor, and \ is the angular-momentum transfer. Using
the distorted-wave Born approximation or the coupled-
channel method, the cross section for inelastic scattering can
be calculated using the form factor F(R).

If elastic scattering is analyzed in the microscopic opti-
cal model, it is natural to use derivatives of the microscopic
optical potential in (35) instead of derivatives of phenomeno-
logical potentials. A more systematic approach is one in
which the form factors for inelastic transitions are con-
structed using the transition densities and effective forces,
taking into account nucleon—nucleon exchange correlations
in the density-matrix formalism.*® In this case not only is the
description of elastic and inelastic scattering consistent, but
also it becomes possible to verify the transition densities
constructed in microscopic nuclear-structure models by ana-
lyzing inelastic scattering. This is especially important for
light exotic nuclei in connection with the prediction that they
have a soft excitation mode (for example, for 'Li).56

1.6. The nucleon densities

The analysis of quasielastic scattering requires the
nucleon density distributions in the ground states of the col-
liding nuclei and the transition form factors, especially for
low-lying collective states, which can play an important role
via channel-coupling effects. For this it would be best to use
the data of other experiments. For example, the proton dis-
tributions can be extracted with good accuracy from electron
scattering. However, such data are available only for a lim-
ited number of stable nuclei. As far as the neutron densities

are concerned, there are no data at all for them which are
close in accuracy to the proton data. It is therefore necessary
to use theoretical models. For light exotic nuclei, in which
cluster degrees of freedom and effects of nearness to three-
particle thresholds are important, it is usual to use models
based on the explicit isolation of several principal clusters
with the introduction of an effective interaction between
them, taken from independent experiments. For example, in
the case of ®He viewed as a three-body system a+n+n, the
a—n and n—n interactions are introduced, and then the
Schrodinger equation is solved by the Faddeev method, ex-
pansion in K harmonics, the variational method, and so on.
The difficulties of this approach are associated with the ap-
proximate inclusion of the Pauli principle and the freezing of
the clusters, the properties of which are assumed not to
change in excitation or breakup of the system. In micro-
scopic cluster models,®% exchange effects arising from an-
tisymmetrization of the total wave function are taken into
account rigorously by calculating the corresponding matrix
elements of the nucleon—nucleon interaction entering into
the system Hamiltonian. The advantage of such models is
that the same effective N—N interaction can be used to at-
tempt to reproduce the properties of individual clusters at
large separations from each other (i.e., the properties of the
ground and excited states of real nuclei, whose fusion can
form the system in question) and the phase shifts of their
scattering on each other, and to include cluster-
rearrangement effects at small relative separations. In practi-
cal applications, the still insufficient computing power makes
it important to restrict the number of basis configurations
included in these models. This difficulty can to some degree
be avoided by an approach recently proposed for solving the
multinucleon Schrodinger equation, called the stochastic
variational method.” It uses a correlated Gaussian basis and
the method of trial and error for choosing the most important
configurations, which prevents the ‘‘explosive’’ growth in
dimension of the basis with increasing accuracy of the cal-
culations. In self-consistent models of the mean-field type
[the Hartree—Fock—Bogolyubov (HFB) method] the Pauli
principle is rigorously satisfied, and rearrangement effects in
going from one nucleus to another (for example, when the
number of nucleons changes by 1-2 units, which is espe-
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FIG. 1. Density distributions of neutrons (dashed lines),
protons (dotted lines), and matter (solid lines) calculated
using the density-functional method.”
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cially important in light nuclei) are taken into account to a
known degree. Here, strictly speaking, all the nucleons par-
ticipate in forming the excited states described in the (quasi-
particle) random-phase approximation (RPA), ie., the
nuclear system is ‘‘thawed out.”” However, this approach
allows the description of only specific states (particle—hole,
pair-vibrational), and not states of a cluster nature or three-
particle dynamics, including complex decay channels. Nev-
ertheless, in describing quasielastic scattering, when it is ac-
tually necessary to know only the ground-state densities, it is
tempting to use the HFB method, because it allows the
nucleon distributions for an arbitrary combination of collid-
ing nuclei (except, of course, the lightest nuclei) to be ob-
tained on a unified basis, with a single set of parameters.
This approach was used in Ref. 20, and here we shall de-
scribe it in some detail.

The density-functional method was used in Ref. 20 on
the basis of the Hohenberg—Kohn theorem’" and the Kohn-
Sham quasiparticle formalism,”? which allows the introduc-
tion of a quasiparticle Hamiltonian with free kinetic-energy
operator in which the effective nucleon mass m* coincides
with the vacuum mass m (m*/m=1). The nucleon density p
is represented as a sum over filled one-particle orbitals, i.e.,
the shell sum minimizing the energy of the system. The qua-
siparticle spectrum and wave functions are calculated in the
self-consistent mean field, which is the first functional de-
rivative of the total energy with respect to the corresponding
density, and the effective interaction is found as the second
functional derivative. This approach can be viewed as a ver-
sion of the self-consistent theory of finite Fermi systems,”>~"
which has much in common with the HFB method based on
density-dependent effective forces.”® The main problem is
the choice of parametrization of the functional suitable for
practical applications. One form was proposed in Ref. 22,
where the p dependence is introduced via linear-fractional
functions, and surface effects are included via finite-range
forces.

One of the sets of functional parameters used success-
fully for describing nuclear properties is given in Ref. 77.
The neutron and proton density distributions and also their
differences for lithium isotopes with mass number
A=6,7,8,9,11, calculated using the density-functional
method with the parameters of Ref. 77, were used in Ref. 44
to analyze the isoscalar and isovector optical potentials in the
double-folding model with M3Y effective interaction in the
scattering of lithium isotopes on various targets. The differ-
ence of the rms radii Ar,,=(r,)"?~ (r,)"* increases mono-
tonically from nearly zero in ®Li to 0.52 F in °Li, and then
jumps sharply in !'Li, reaching 1.02 F, which indicates the
appearance of a neutron halo. The behavior of the nucleon
densities in ''Li is shown in Fig. 1, where we also show the
distributions for the ‘‘exotic’’ nucleus ®B. They were ob-
tained using the density-functional method with the same set
of parameters. It is these densities that were used in Ref. 20
to analyze quasielastic scattering. The corresponding rms ra-
dii are given in Table I.

The value Ar,,=1.02 F for "Li was obtained from
these calculations, which confirms the presence of a long tail
(neutron halo) in this nucleus. This has been seen both
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TABLE 1. Rms radii of several nuclei calculated using the density-
functional method (F).

Nucleus (r,z,) 112 (r,z,) 2 (r,z,,) 1 Ar,,

"Be 2.237 2.549 2.420 -0.312
g 2.190 2.680 2.507 —0.490
MLi 3.255 2.235 3.011 1.020
lic 2.326 2.456 2.398 -0.130
12c 2.387 2.406 2.396 -0.019
B3 2.953 2982 2967 -0.029

. 60,78,79 .
experimentally and theoretically (for example, Refs.

67 and 80). Calculations using the HF method®® gave the
value (r2)"?=2.846F, and for the charge radius
(r})"2=2.249 F. Convolution of the point density distribu-
tions shown in Fig. 1 with the nucleon charge form factors
gives the value (r2,)2=2.344 F for the rms charge radius of
Ui, In three-dimensional cluster models, the method of
Faddeev equations or hyperspherical harmonics gives the
rms radius for ''Li in the range from 2.94 to 3.39 F, depend-
ing on the interaction used.®” One can try to extract the val-
ues of the effective radius (r2)"? and even the matter distri-
butions themselves from experiment by analyzing the data
on the total cross sections for reactions on various targets at
various energies, using models of the Glauber type. In this
way, the value (r,)ee=3.10£0.17 F was obtained for ''Li
(Ref. 78), and the density profile shown in Fig. 2 was ex-
tracted in Ref. 79. The matter distribution for ''Li found
using the density-functional method and shown in Fig. 1 is in
good agreement with these results.

For the ®B nucleus the density-functional method gave
Ar,,p= —0.49 F, which is close to the value —0.52 F calcu-
lated using the cluster approach based on the resonating-
group method in Ref. 69, and to the value —0.42 F obtained
using the generator-coordinate method in Ref. 68. On the
other hand, this value of Ar,, is considerably larger in mag-
nitude (by 50%) than the value found in Ref. 12, where it
was concluded that there is no proton halo in 8B. As far as
the experimental data for this nucleus are concerned, the first
measurements at the Berkeley accelerator’® obtained the
““normal’’ value (r2)"?=2.39%0.04 F typical of p-shell nu-
clei, but the value 2.71 F was obtained from later measure-
ments of the quadrupole moment.> The calculation using the
density-functional method gives the intermediate value
(r2)2=2.507 F.

Finally, for "Be the density-functional method gives
Ar,,p= —0.31 F, which is considerably smaller in absolute
value than for B, but nevertheless suggests that this nucleus
also has a proton skin. This value of Ar,, for "Be is also
larger in absolute value than that in Ref. 12.

This discussion is illustrated in Fig. 1. The tail of the
neutron distribution is expressed most clearly in the exotic
HLi nucleus, and also it is quite clear that the proton density
in ®B significantly exceeds the neutron density for r>3 F.
No features are observed in the ‘‘normal’’ nuclei '"'2C and
28Si. The charge radii for '>C (2.541 F) and 28Si (3.093 F)
calculated with the same density functional are in reasonable
agreement with the experimental values 2.471(6) and
3.086(18) F, respectively.®!
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FIG. 2. Nucleon density distribution in ''Li ex-
tracted from experiments to measure the total
interaction cross sections on various targets and
at various energies.” The shaded region is the
error corridor. The dashed and solid lines are
obtained under the assumption that the neutrons
of the halo are located in lp and 2s orbitals,
respectively. The dotted line is the calculation
using the HF method®® with neutron separation
energy fitted to experiment.

2. ANALYSIS OF THE EXPERIMENTAL DATA

2.1. The angular distributions

2.1.1. A general characteristic of the experimental
scattering data

As noted in the Introduction, two types of experiment
have been carried out on the scattering of light exotic nuclei:
scattering on compound nuclei (using, for example, 28Si and
12C as targets) and scattering of light exotic nuclei on protons
in the inverse kinematical regime. Measurement of the angu-
lar distributions in reactions involving radioactive beams is
very difficult experimentally. By now the angular distribu-
tions for the scattering of light exotic nuclei on compound
targets have been obtained in an angular range of up to 20°,
and the errors at large scattering angles are rather large.
Moreover, the contribution of inelastic processes related to
excitation of both the target nucleus and the projectile has
not been isolated from the elastic scattering cross sections.

In the case of the scattering of light exotic nuclei on
protons (experiments performed in the inverse kinematical
regime), the angular range accessible to measurement is sig-
nificantly larger, up to 65°. Here the cross sections for purely
elastic scattering are measured, and in some cases the angu-
lar distributions are obtained for inelastic scattering with ex-
citation of the projectile ¥He (see Sec. 2.1.5).

2.1.2. "Li+?8S at E/A=29 MeV/nucleon

The angular distributions of ''Li nuclei elastically scat-
tered on a 2Sj target at energy E/A =29 MeV/nucleon and
also of "Li at energy E/A=25.4 MeV have been measured
in Ref. 9. In Fig. 3 we show the experimental data with the
corresponding errors for the ''Li projectile. We see that in
the given angular range the ratio o/oy for ''Li is nearly
constant and close to unity, while for stable projectiles this
ratio behaves diffractively and decreases rapidly in magni-
tude (see, for example, the experimental data for "Li in Ref.
9).

The quasielastic scattering of ''Li on ?8Si was analyzed
using the optical model with phenomenological® and micro-
scopic potentials.>? In Table II we give the optical-potential
parameters obtained from phenomenological analysis of the
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elastic scattering of 'Li and ''Li on 2Si. We see that two
sets of reasonable parameter values are obtained for "Li.
However, it was not possible to find reasonable values for
describing !'Li.

A more systematic approach to analyzing the quasielas-
tic scattering of ''Li on 2Si is to construct microscopic op-
tical potentials. This approach has been realized in Refs. 9
and 20. An approximate version of the microscopic approach
was used in Ref. 9 to analyze the scattering of ''Li on 2Si.
The microscopic potentials were calculated using the
DDM3Y effective interaction without explicitly including
one-nucleon exchange effects. The nuclear matter-density
distributions were constructed using the standard Hartree—
Fock scheme with Skyrme-2 effective forces.’®

These experimental data were analyzed in Ref. 20. In
Fig. 3 we show the results of calculating the scattering cross
sections in the density-matrix formalism (see Sec. 1.2) using
the neutron and proton densities constructed by the density-
functional method (Fig. 1) and the absorption potential in the
form (24). To test this theoretical approach, an analogous
scheme was used to analyze the scattering in a system of two
stable nuclei '2C+'2C at energy E/A=20 MeV/nucleon. It
can be seen (see Fig. 3) that the description of the experi-
mental data on the quasielastic scattering of '2C on '?C (Ref.
82) taking into account inelastic processes is quite good.

The qualitative description of the angular distributions
for ''Li can be considered completely satisfactory: on the
whole, the value of o/ ok and the mildly sloping dependence
of o/oy on the scattering angle are reproduced. As noted in
Sec. 1.2, the densities of all nuclei, both projectiles and tar-
gets, are calculated using the same theoretical scheme. Since
the curves shown in Fig. 3 correspond to the neutron and
proton densities of ''Li, the integrated characteristics of
which are given in Table I, it can be concluded that this
microscopic analysis confirms the hypothesis that a neutron
halo exists in ''Li.

The contribution of inelastic processes with excitation of
the 27 state in the 28Si target nucleus at E,=1.78 MeV and
in '2C at E,=4.44 MeV (dashed lines in Fig. 3) was calcu-
lated using the inelastic form factor in the form (37) with the
condition (38). The values of the deformation lengths were
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chosen in accordance with the values of B(E2) from Refs.
83 and 84 for 28Si and '2C, respectively. The angular distri-
butions for elastic and inelastic scattering were calculated
using a specially modified?® version of the ECIS-88
program.®® It can be seen that the contribution of inelastic
processes is important only at large scattering angles and has
practically no effect on the location and value of the first
maxima and minima. The solid lines in Fig. 3 correspond to
the incoherent sum of the elastic and inelastic scattering
Cross sections.

The analysis of the quasielastic scattering of ''Li on 28Si
at energy E/A =29 MeV/nucleon leads to the following con-
clusions. The macroscopic optical model does not give a
reasonable description of the experimental data if one uses
the standard set of optical-potential parameters. Meanwhile,
the two different microscopic approaches give equally good
descriptions of the experimental angular distributions. Both
microscopic descriptions confirm the hypothesis that a neu-
tron halo exists in ''Li. However, the question of the dis-
agreement between theory and experiment at scattering

angles ® = 6°—10° remains open. In a recent study3® another
attempt was made to analyze microscopically the quasielastic
scattering of !'Li on ?8Si at E/A =29 MeV/nucleon, but no
improvement in the description of experiment was obtained.

2.1.3. MLi+'2C and ''C+'2C at E/A=60 MeV/nucleon

The quasielastic scattering of the isobars ''Li and !!C on
12C at energy E/A =60 MeV/nucleon was studied in Ref. 10.
The experimental data together with their errors are shown in
Fig. 3. The quality of the data is somewhat better than for the
scattering of ''Li on 28Si. In contrast to that case, the ratio
o/ay for the !2C target has a more pronounced structure at
small scattering angles and decreases rapidly in absolute
value beginning at the scattering angle ® = 14°. Comparing
the angular distributions for the !'Li and ''C isobars, it can
be seen that the shapes of the angular distributions are dif-
ferent at small scattering angles (@~ 4°), and that o/oy for
"Li is 2-3 times larger in magnitude than for ''C.

TABLE II. Parameters of the optical potentials and o for "Li and ''Li interacting with a 2Si target.

Projectile

nucleus Ve rr ag w, r a; (ray\2 (r3Hn or
Li 226.75 1.286 0.853 37.26 1.739 0.809 4.38 5.08 1820
"Li 114.2 1.286 0.853 29.75 1.739 0.809 4.38 5.08 1700
ML 204.48 0.585 1.737 8.23 2.18 0.425 6.604 5.36 1445.2

Note: In this and other tables where optical-potential parameters are given, V and W are in MeV, r and a in F, and the total reaction cross sections oy in mb.
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TABLE III. The same as in Table II, for ''C and ''Li interacting with a '>C target.

Projectile

nucleus e 1y 1

N 1 1 2

Vi 40.0 40.0 40.0 Vi 226
rr 0.990 0.810 1.015 TRs 1.950
ag 0.981 1.907 1.055 ags 1.201
w, 25.92 25.09 20.73 W, 118
ry 0.986 1.226 1.077 r 1.646
a; 0.407 0.396 0.457 a 0.544
oR 800.6 1180.8 1248.

Note: See the footnote to Table II.

The quasielastic scattering of ''C and !'Li on >C was
analyzed according to various models: the macroscopic op-
tical model,m'88 the folding model,“"zo’53 and the Glauber
and eikonal approximations.®=>89-! In Table III we give
the values of the optical-potential parameters obtained in
Ref. 87 for the isobars !'C and ''Li scattered by the '2C
target nucleus. The optimal (and far from satisfactory) de-
scription of the experimental angular distributions of ''Li
using the standard optical model leads to an anomalously
large (compared with !'C and other potential systematics)
value of the diffuseness ap=1.907 F, whereas for the set
from Table III the quasielastic scattering of ''C is described
completely satisfactorily. Another attempt®’ to reproduce the
experimental angular distributions of ''Li involved the intro-
duction, into the real and imaginary parts of the potential, of
surface terms whose parameters are given in the third line of
Table III. The use of six additional parameters makes it pos-
sible to obtain a fairly good description of the quasielastic
scattering cross section. However, the question of the mean-
ing of these additional parameters arises. The conclusion of
Ref. 87, that the scattering of !'Li on !2C at
E/A=60 MeV/nucleon indicates the presence of much
stronger refraction than that seen in other heavy-ion scatter-
ing, is rejected in Ref. 92. In the latter study it is concluded
that the results of Ref. 87 instead indicate that the scattering
of ''C is more strongly refractive than that of !'Li. The best
candidate for testing the refractive nature of the scattering
process is scattering in the '°0+!%0 system at 350 MeV
(Ref. 93).

A standard macroscopic model for analyzing the scatter-
ing of ''C and !'Li on !>C was also used in Ref. 83. The
values of the optical-potential parameters were taken to be
the values of the potential for the 'O+ '2C system. The de-
scription of the experimental data was not satisfactory, but
the method of expansion of the elastic scattering amplitude
proposed in Ref. 88 (see also Ref. 94) may be useful for
analyzing the refractive properties of the potentials of light
exotic nuclei.

A microscopic optical model for analyzing the scattering
of the isobars !'C and !'Li on '2C at energy 60 MeV/nucleon
was used in Refs. 10, 20, and 53. One-nucleon exchange
effects were explicitly left out in constructing the micro-
scopic potentials in Ref. 10, and the DDM3Y interaction was
used as the effective interaction. The densities calculated in
the Hartree—Fock method®® were used for !'Li, and the shell-
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model densities were used for !'C and >C. The optimal de-
scription of the experimental data required the introduction
of renormalization constants for the real and imaginary parts
of the potential: N,=1.175 and N,,=0.725.

The results of calculating® the cross sections for quasi-
elastic scattering using the scheme described in Sec.1.2 and
above are shown in Fig. 3. It can be seen that the theoretical
cross sections reproduce the experimental data for ''C, but
have a more pronounced structure as a function of the scat-
tering angle. In the case of ''Li this structure is manifested
only at small scattering angles; in particular, the theoretical
curve has a minimum at 4° and a maximum at 6°, which are
not observed experimentally (the calculations in Ref. 10 lead
to the same disagreement between theory and experiment).
The values of the parameters N,, and « obtained for the
optimal description of the experimental data are identical for
e and YL, i.e., ''C and ''Li are described with the same
set of parameters in Ref. 20.

Yet another microscopic calculation for the systems
NLi+12C and ''C+!2C was performed in Ref. 53. The ex-
perimental angular distributions were described just as well
as in the microscopic analyses discussed above by varying.
two parameters W, and r; of the absorption potential and
phenomenologically introducing [see Eq. (27)] polarization
additions to the optical potential. A recent study®® which
used a microscopic version close to that described in Sec. 1.2
also analyzed these experimental data, but there was no im-
provement in their description.

The Glauber approximation has been used in a number
of studies®*~638%% to analyze the data on ''C and ''Li scat-
tering on '2C. The first thorough analysis of the interaction
of Li with '2C using the four-body model and the Glauber
approximation was performed in Ref. 89. It was shown that
"Li—%Li+n+n fragmentation processes play an important
role in the interaction of 'Li with stable nuclei.

In Fig. 4 we show both the experimental data and the
results of calculations®® of the angular distributions of !'Li
scattered on ''C at E/A=60 MeV/nucleon in the Glauber
approximation with !'Li densities constructed using various
models. In Fig. 4a we give the results for purely elastic scat-
tering, and in Fig. 4b we give the results for quasielastic
scattering.

Let us remark on some important features of these re-
sults. It can be seen that when inelastic processes are not
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FIG. 4. (a) Cross sections for the elastic scattering of !'Li on '?C, calculated
using various three-body models for ''Li and also only with the potential of
the °Li core. (b) The same as in (a) for quasielastic scattering.

included, all the theoretical curves lie below the experimen-
tal points, except in the version where the calculation in-
cludes only the core nucleons, i.e., 9Li, in ''Li. When inelas-
tic processes are included, all the theoretical curves lie near
the experimental points, and the cross section calculated by
taking into account only the core nucleons is considerably
larger than the experimental one for scattering angles larger
than 10°. It can therefore be concluded that the nucleons of
the halo play an important role in the correct description of
the experimental data. The picture presented in Fig. 4 is also
typical of the results of calculations using microscopic opti-
cal models. In Fig. 5 we show the cross sections for the
elastic scattering of the isobars ''C and 'Li at
E/A=60 MeV/nucleon on '?C calculated by the Monte
Carlo method in Ref. 65. We see that the differences between
the isobar cross sections are insignificant.

Let us discuss several studies in which the scattering of
'1C and '"'Li on '°C is analyzed using the Glauber or semi-
classical approximation. The few-body model was used in
Ref. 55 to construct a dynamical polarization potential on the
basis of the Glauber approximation. It was shown that this
potential is repulsive and therefore does not support the con-
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FIG. 5. Differential cross sections for ''Li+!2C and '2C+'2C elastic scat-
tering at 60 MeV/A (the solid and dashed lines, respectively). The points are
the experimental data of Ref. 10 for ''Li+"2C.

clusion from the phenomenological analysis of Ref. 87 re-
garding the contribution of a long-range attractive part (see
Table III). In Ref. 57, the scattering of ''C and !'Li on '*C
was analyzed using the semiclassical approximation with a
polarization potential introduced phenomenologically. It was
concluded that in !!Li scattering the refractive properties of
the potential are not manifested more strongly than in !'C
scattering.

The four-body model in the Glauber approximation was
used to analyze ''C and !'Li scattering in Refs. 64 and 90. It
was shown that the breakup process !'Li—°Li+ n+ n signifi-
cantly affects the elastic scattering cross section. The most
important part of the dynamical polarization potential is the
absorption potential, and the addition to the real part is re-
pulsive with large radius.®® Several experimental situations,
including the quasielastic scattering of ''Li on '?C at
E/A=60 MeV/nucleon, were analyzed in the eikonal ap-
proximation in Ref. 91. When inelastic processes are in-
cluded, the description of the experimental data is as good as
in other studies.

Let us summarize our conclusions. As in the case of ''Li
scattering on 28Si, the standard macroscopic optical model
does not describe ''Li scattering on '2C for reasonable values
of the optical-potential parameters. The various microscopic
approaches (the folding model, the eikonal approximation,
the Glauber theory) give roughly the same, completely satis-
factory, qualitative description of the experimental angular
distributions. However, all the theoretical calculations give a
minimum at ®=4° and a maximum at ®=6°, which are
not observed experimentally. It has not been possible to de-
termine the reason for this disagreement. The analysis per-
formed in Ref. 20 is consistent with the hypothesis that a
neutron halo exists in ''Li.

2.1.4.°Li+p at E/A=60 MeV/nucleon and ''Li+p at
E/A=62 MeV/nucleon

The elastic scattering of °Li and !'Li nuclei on protons at
the energies E/A =60 MeV/nucleon and 62 MeV/nucleon,
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FIG. 6. (a) Angular distributions for °Li and ''Li scattering on protons at
energies of 60 and 62 MeV, respectively. The renormalization factor is
N;=0.7 for °Li and 0.9 for ''Li. (b) Dependence of the calculated angular
distributions on the structure of the ''Li wave function. The dashed line
corresponds to the wave function with smaller rms radius.

respectively, has been studied in Refs. 13 and 95. The ex-
perimental data are given together with the errors in Fig. 6.
They cover the angular range from 25° to 65°. The relatively
small measurement errors (compared with the case of ''Li
scattering on '2C and 28Si) should be noted. Another advan-
tage of experiments with inverse kinematics is that, in con-
trast to scattering on complex nuclei, the angular distribu-
tions of purely elastic scattering are measured. Comparing
the results for °Li and ''Li, two features of the scattering
cross section for ''Li can be noted: first, the diffraction mini-
mum is shifted to smaller angles than for °Li (0 ,;,~44°)
and, second, the cross section is smaller than that for °Li in
the entire range of scattering angles accessible to measure-
ment.

As in the case of !!Li scattering on complex nuclei, these
experimental data were analyzed using various models: the
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FIG. 7. Angular distributions of ''Li—p elastic scattering calculated
with (solid line) and without (dashed line) the polarization term.

standard optical model,'**>** the microscopic optical
mode],s“"’”'g8 and the Glauber and eikonal
approximations.®'**1% The angular distributions for the elas-
tic scattering of Li isotopes were analyzed using the macro-
scopic optical model in Ref. 13. Here the optimal description
of the experimental data for °Li, "Li, and °Li required only
an insignificant change of the parameters of the imaginary
part of the optical potentials belonging to the global
systematics.'?! Meanwhile, for !'Li some of the parameters
(rg, ag, r;, and a;) essentially drop out of the set of sys-
tematics. Therefore, as in the case of !'Li scattering on com-
plex targets ('2C and 28Si), all the geometrical parameters
take values far from the standard ones.

A microscopic analysis of proton scattering on Li iso-
topes was carried out in Ref. 97. Here the real and imaginary
parts of the optical potential were constructed using
the local-density approximation of nuclear-matter
theory, 219219 and the parameter N,, the renormalization of
the strength of the absorption potential, was introduced to
describe the experimental data. The results of the analysis are
given in Fig. 6. It can be seen that for the parameter N; equal
t0 0.7 and 0.9 for the isotopes °Li and !'Li, respectively, it is
possible to describe successfully the experimental data, ex-
cept for the-region of small scattering angles for !'Li. An
interesting result is presented in Fig. 6b. The solid line cor-
responds to the calculation with effective forces leading to
the value (r?)"2=3.24 F, while the dashed line corresponds
to (r2)2=2.82 F. Therefore, the 15% change in the value of
(r?)y? for 'Li, used as an input parameter in the micro-
scopic analysis, significantly improves the description of the
experimental angular distributions. This calculation confirms
the existence of a neutron halo in !'Li. The problem of the
disagreement between theory and experiment at small scat-
tering angle remains for both °Li and !'Li. A similar conclu-
sion was drawn in Ref. 98, where a microscopic analysis of
elastic scattering of !'Li on protons showed that the optimal
description of the experimental data is obtained by assuming
that R,,=3.20 F for ''Li.

The role of the nucleons forming the halo in !'Li is
illustrated in Fig. 7, where we present the results of the cal-
culation from Ref. 54 with (solid line) and without (dashed
line) the polarization term in the potential due to the valence
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FIG. 8. Differential cross sections of ''Li+ p and '*C+ p elastic scattering
at energy 60 MeV/nucleon. The points are the experimental data of Ref. 10
for "'Li+ p, the solid and dashed lines are the calculations in the Glauber
approximation for ''Li and '>C, and the dotted line is the calculation using
the folding model.

nucleons in !'Li. The results of another microscopic
calculation® are shown in Fig. 8. The calculation using the
Glauber approximation (solid line in Fig. 8) gives a good
description of the experimental data except at small scatter-
ing angles, while the calculation using the simplified folding
model (dotted line in Fig. 8) disagrees with experiment in a
large angular range. Since the difference between the
Glauber cross section and the cross section calculated using
the folding model is related to the polarization potential, the
role of this potential can be seen in Fig. 8.

The four-body model in the eikonal approximation was
used to analyze proton elastic scattering on ''Li in Ref. 99.
The p+''Li system was treated as a four-body system
(°Li+n+n+p), and the interaction between °Li and the
proton was described by an optical potential with a set of
parameters which give a good description of °Li scattering at
60 MeV/nucleon on protons.'> The proton—neutron interac-

tion was parametrized as a Gaussian with the effective inclu-
sion of exchange. The description of the experimental data is
just as good as in the studies described above. One of the
important results of Ref. 99 is the conclusion that the dy-
namical polarization potential due to the breakup process
"Li—’Li+2n gives a repulsive contribution to the real part
of the optical potential, as in the case of ''Li scattering on
12C (Ref. 90).

The eikonal approximation with optical potentials from
Ref. 13 was used in Ref. 91 to obtain a good reproduction of
the experimental angular distributions for the scattering of
°Li with energy 60 MeV/nucleon and ''Li with energy 62
MeV/nucleon on protons. However, significant discrepancies
between theory and experiment, especially for the °Li pro-
jectile, arise in the microscopic version of the eikonal ap-
proximation in the rpp scheme.”® The authors attribute these
discrepancies to the difficulty of taking into account the sur-
face and spin—orbit terms in the optical potential in the mi-
croscopic version of the Glauber theory.®! New experimental
data on ''Li scattering on protons were recently obtained. '
The angular distributions of elastic scattering were measured
at the energy E/A=75 MeV/nucleon. The analysis led the
authors'® to conclude that low-energy elastic scattering is not
really an effective tool for studying the details of the nucleon
halo.

Experiments using inverse kinematics offer good possi-
bilities for studying the properties of the halo in !'Li. How-
ever, as in the case of ''Li scattering on complex nuclei, the
standard optical model does not lead to reasonable values of
the optical-potential parameters.

2.1.5. 8He+ p at E/A=73 MeV/nucleon

Another experiment using inverse kinematics was per-
formed in Ref. 14 in order to study the elastic and inelastic
scattering of ®He at energy E/A =73 MeV/nucleon on pro-
tons. The experimental data along with their errors are
shown in Fig. 9. The angular distributions for elastic scatter-
ing were obtained in the angular range up to ®=65°, al-
though at scattering angles ©>55° the measurement €rrors

V(R), MeV doidoy
[1]8
a
FIG. 9. Folding potentials (a) and the corresponding angular
distributions (b) of ®He+p elastic scattering at energy
E =73 MeV/nucleon relative to the Rutherford cross section,
calculated for various density models, compared with the phe-
nomenological real potential (curve 4). The experimental data
are from Ref. 14.
_Jd A I n i A " lo—l i e A -l
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are quite large. In Ref. 104 the data were first analyzed using
the standard optical model. Two sets of optical-potential pa-
rameters were used to describe simultaneously proton elastic
and inelastic scattering on ®He. The curves for the angular
distributions obtained using these potentials are close to each
other and reproduce the experimental angular distributions
well.!® However, there are sizable differences in the values
of a number of parameters, which indicates that it is impos-
sible to extract unambiguous information about the potential
from analysis of the experimental data according to the stan-
dard optical model.

The folding model with the M3Y interaction in the
pseudopotential approximation for including one-nucleon ex-
change effects was used in Refs. 104 and 105 to analyze the
experimental data on 8He scattering on protons. The main
goal of the analysis was to check the sensitivity of the angu-
lar distributions to the matter density distributions in He
calculated using various models. In Fig. 10 we show the
matter, proton, and neutron densities of 8He obtained in the
following models;: COSM (the cluster—orbital shell
model'®), DROP (the drop model'®'%), and SW (the
Sorensen—Winther model'®). Certain differences in the be-
havior of the densities in the surface region can be seen. The
folding potentials calculated with these densities are shown
in Fig. 9a, and in Fig. 9b we compare the angular distribu-
tions calculated using these potentials with the experimental
angular distributions.

In Refs. 91 and 110 the scattering of ®He with energy
E/A=73 MeV/nucleon on protons was analyzed using the
eikonal approximation. The densities shown in Fig. 10 were
used to calculate the cross sections in Ref. 110. The analysis
showed that (r?) ;,/ 2 for ®He agrees with the value obtained by
studying fragmentation.'!! Models allowing a neutron skin in
8He give a better description of the experimental data, but
the angular distributions are weakly sensitive (for the scat-
tering angles accessible to measurement) to the shape of the
matter distribution. Meanwhile, at higher energies the loca-
tion of the diffraction minimum essentially depends on the
matter distribution in the nucleus.
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FIG. 10. Matter (a) and proton and neutron (b) densities of the
8He nucleus obtained in the COSM (curve /), DROP (2), and
SW (3) models. In (a) we also show the density distribution of
the a core in the COSM case (curve 4). The notation for the
curves in the same as in Fig. 9.

The tpp scheme in the eikonal approximation was used
in Ref. 91 to analyze ®He scattering on protons. The densities
in ®He were calculated by the Hartree—Fock method, but a
correction factor associated with the separation energy was
introduced for the Hartree—Fock potential of the valence
neutrons. These factors must be treated as additional free
parameters. Using this scheme, it proved possible to obtain a
satisfactory description of the experimental data on the elas-
tic and inelastic scattering of ®He on protons.’!

The angular distributions for the elastic scattering of *He
with energy 66 MeV/nucleon on protons were measured in
Ref. 15. The eikonal approximation with 8He densities con-
structed in the cluster—orbital shell model gave a satisfactory
description of experiment. In addition, the angular distribu-
tions for the elastic scattering of the isotope ®He on protons
at E/A=41.6 MeV/nucleon were also recently measured.'®
The calculations carried out using both the macroscopic and
the microscopic optical models gave values of the cross sec-
tions which are too high in relation to the experimental
ones. '8

Measurement of the angular distributions of 8He scatter-
ing on protons using inverse kinematics reveals new possi-
bilities in the study of the properties of the exotic nucleus
8He. However, it is impossible to determine unambiguously
the properties of the interaction potential using the standard
optical model.

2.1.6. ?Be+'?C and *Be+'2C at E/A=56 MeV/nucleon

The cross sections for the quasielastic scattering of '“Be
and '“Be with energy E/A =56 MeV/nucleon on a '’C target
were measured in Ref. 11. The data are shown in Fig. 11.
The experimental errors, which are sizable, especially for
large scattering angles, are not shown in the figure. The scat-
tering cross sections have a weakly expressed structure and
hardly decrease at all in the given angular range. The cross
section for ?Be scattering is about twice as large as that for
14Be scattering. This fact is attributed'! to the presence of a
neutron halo in "“Be which leads to additional absorption. An
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TABLE IV. The same as in Table II, for '?Be and !*Be interacting with a '2C target.

Projectile

nucleus 12Be 1Be

E, MeV 679.0 796.0

N 1 2 1 2

lZBe I4Be
679.0 796.0

Ve 40.0 20.0 40.0 20,0
IR 0.990 0.924 0.838 0.702
ag 0.932 2.466 0.694 0.560
W, 74.76 6.83 86.75 5.44

r 1.003 0.683 1.003 0.762
a4 0.497 1.261 0.716 0.146
Vs 4.99 2916 0.758
rRs 1.115 1.954 1.817

aps 0.843 0.556 0.531
0.359 7.94 2319 424
ris 1.753 1.046 1.806 1.323
a 0213 0366 0.249 0.597
or 1238. 911. 1900. 1123.
Oas 262 29.1 30.0 10.1
o5 4.0 10.8 103 4.1

optical-model analysis of the experimental angular distribu-
tions was performed in Ref. 11 using potentials with the
parameters given in Table IV (second and third columns).
The description of the cross sections is satisfactory. The
cross sections for inelastic scattering with excitation of 2"
and 3~ states in the target were calculated using the collec-
tive model (their values are also given in Table IV) and were
incoherently added to the elastic scattering cross sections.
The data in the table suggest that the optimal description of
the experimental cross sections requires the introduction of a
long-range surface term in the imaginary part of the optical
potentials for both isotopes, while for '“Be a surface term
should be introduced into the real part. The values of the
total reaction cross sections obtained in this analysis are con-
siderably larger than those obtained by extrapolation of the
interaction cross sections measured at intermediate
energies.’®

The optical-model analysis of '“Be and '“Be scattering
on !2C was reviewed in Ref. 112. The incoherent sum of the
elastic scattering cross sections calculated using the poten-
tials given in the fourth and fifth columns of Table IV and
the inelastic scattering cross sections is shown by the solid
lines in Fig. 11. On the whole, the description of the experi-
mental data is slightly better than in Ref. 11. The total reac-
tion cross sections oy are, respectively, 911 and 1123 mb for
12Be and '“Be, and apparently are closer to the values which
can be obtained by extrapolation. However, a number of the
potential parameters from the fourth and fifth columns of
Table IV differ strongly from the values obtained from the
systematics for adjacent stable nuclei. Determination of the
properties of the '2Be and '“Be potentials requires calcula-
tions in the microscopic approach. There has been one cal-
culation in the eikonal approximation using the tpp scheme
for the cross sections for the quasielastic scattering of '“Be
and "“Be on !2C (Ref. 91). However, it was not possible to
obtain a satisfactory description of the experimental angular
distributions. Therefore, at present the question of the inter-
pretation of the experimental data shown in Fig. 11 remains
open.

The angular distributions of the elastic scattering of °Be
and !'Be with energy 59.3 and 49.3 MeV/nucleon, respec-
tively, on protons have been measured recently in an experi-
ment using inverse kinematics.'® The analysis was performed
using macroscopic and microscopic models, but the calcu-
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FIG. 11. (a) Experimental and theoretical angular distributions of '’Be
quasielastic scattering on '*C. (b) The same as in (a) for “Be.
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"Be+'3C, 40 MeV/n

%3+'%C, 40 MeVin

FIG. 12. Quasielastic scattering cross sections of light nuclei.
The experimental points are given with the errors, the solid line
is the sum of the elastic and inelastic scattering cross sections,
the dotted line is the elastic cross section, and the dashed line is
the inelastic cross section.
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0.ms: deg

lated cross sections turned out to be too high in relation to
the experimental ones.

2.1.7. °B+'2C and "Be+'%C at E/ A=40 MeV/nucleon

As a result of the work in Ref. 5, the ®B nucleus with a
proton excess became the first candidate for a nucleus with a
proton halo. Accordingly, it is interesting to study the elastic
scattering of ®B and also "Be on a stable target nucleus. The
cross sections for the quasielastic scattering of 5B and "Be of
energy E/A=40 MeV/nucleon on the '’C target nucleus
were measured in Ref. 12 (the cross sections for 'Be scatter-
ing on !2C at 20 MeV/nucleon were obtained earlier'®). The
experimental data with their errors are shown in Fig. 12. It
can be seen that the cross sections possess some structure as
functions of the scattering angle. The cross section for the
"Be projectile almost does not decrease with increasing scat-
tering angle, whereas for ®B the value of o/ oy decreases by
a factor of 3 to 4 in the same angular range.

A microscopic analysis of "Be and ®B scattering on ?C
was performed in Ref. 12. In that study one-nucleon ex-
change effects were not explicitly included, the effective
forces from Ref. 52 were used, and various models were
used to construct the projectile and target densities. To ob-
tain an optimal description of the experimental cross sec-
tions, renormalization factors were introduced for both the

TABLE V. Total reaction cross sections (mb).

imaginary and the real parts of the constructed potential. In
Ref. 20 the experimental data were analyzed using the
density-matrix formalism, with the neutron and proton den-
sities calculated by the density-functional method.!'* The in-
tegrated characteristics of the corresponding distributions are
given in Table I. In Fig. 12 we show the results of the mi-
croscopic calculation of the angular distributions with the
values of the parameters N,, and « given in Table V. The
microscopic analysis performed in Ref. 20 suggests that the
proton density has considerable extent in 8B and less in "Be.

2.2. The total reaction cross sections

It was noted in the Introduction that a quantity sensitive
to the properties of the potential, and, in the microscopic
approach, to the integrated properties of the matter distribu-
tion in nuclei, is the total reaction cross section og. There-
fore, in order to limit the uncertainties associated with the
magnitude of the potential, especially the absorption poten-
tial, it is necessary to perform a simultaneous -analysis of the
angular distributions and the total reaction cross sections and
to have available the corresponding experimental data. Un-
fortunately, most of the data for oz have been obtained at
intermediate energies (E/A =790 MeV/nucleon). The inter-
action cross sections o rather than the total reaction cross

Reaction

(E/A) Theory Theory (Ref. 20) Experiment

1 i+2si 1402 (Ref. 9) 1970 (N,,=0.25, =0.03) 2947+ 386 (Ref. 115)
(29 MeV/n)

ULi+2c 1350 (Ref. 10) 1488 (N,,=0.30, a=0.05) ~1600 (Ref. 89)°
(60 MeV/n) 1040+ 60 (Ref. 60)°
e+ 12¢ - 1280 (N,,=0.30, @=0.05) -

(60 MeV/n)

2c+12¢ 1453 (Ref. 117) 1486 (N,,=0.30, =0.03) ~1370 (Ref. 118)¢
(20 MeV/n)

"Be+'*C 1026 (Ref. 12) 1102 (N,,=0.50, a=0.) 738+ 9 (Ref. 60)°
(40 MeV/n)

8B+12C 1104 (Ref. 12) 1201 (N,,=0.30, =0.03) 784+ 14 (Ref. 78)°
(40 MeV/n) .

aMeasured at 25.5 MeV/nucleon.
YEstimate from the systematics in Ref. 10.

‘Interaction cross section measured at 790 MeV/nucleon.

“Estimate at 20 MeV/nucleon from the systematics.
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sections o, have been measured. There are differences be-
tween oy and o; owing to the contribution of inelastic scat-
tering. These differences are estimated to be 5-10% at inter-
mediate energies. At low energies oy has been measured
only in a few cases (see, for example, Refs. 115 and 116).
For the other cases o is extrapolated to low energies. It
should be remembered that the reaction cross sections de-
pend strongly on energy,''® and so the extrapolation proce-
dure can involve large errors.

Let us consider some of the results for the total reaction
cross sections obtained in microscopic approaches. In Table
V we give the values of oy calculated in the microscopic
optical model® for all the experimental cases shown in Figs.
6 and 7; we also give the values of the parameters a and N,
for which the optimal description of the experimental data is
obtained, and the values of o calculated in other theoretical
approaches. On the whole, it can be stated that the micro-
scopic model developed in Ref. 20 gives a reasonable de-
scription of both the angular distributions and the total reac-
tion cross sections, while it involves only two free
parameters.

The angular distributions and oz were also analyzed si-
multaneously for the system !Li+!'2C in Ref. 53. The value
o= 1473 mb (cf. Table V) was obtained by increasing the
radius of the absorption potential by 10% and phenomeno-
logically including polarization additions to the real and
imaginary parts of the potential. A comparison between
theory and experiment for o at two values of the energy,
E/A=75 and 87 MeV/nucleon, was also made in Ref. 53.
However, the angular distributions of !'Li quasielastic scat-
tering on '°C at these energies have not yet been measured.
The values of the total reaction cross sections for the system
11i+!2C at low and high energies are discussed in Ref. 8. It
is pointed out that no single model describes o in the entire
energy range.

The total reaction cross sections for the system B+ '2C
were measured at four values of the energy in Ref. 116. The
values of oy calculated in the Glauber approximation are in
good agreement with the experimental values. However, the
angular distributions of the quasielastic scattering of B on
12C were measured only at E/A =40 MeV/nucleon. Good
agreement between theory and experiment for oz was also
obtained in Ref. 119, and the effect of the parameters N, and
@ on oy as well as the calculated angular distributions of *B
elastic scattering on '>C were analyzed in a wide energy
range.

3. THE NUCLEON HALO AND THE SOFT MODE

The existence of nuclear states with unusually extended
spatial distributions was already discussed 25 years ago!20-121
for systems with two resonantly interacting particles weakly
coupled to a third body, the core. However, only recently did
it become clear that a similar situation can occur in nuclei.
For example, in ''Li with two weakly coupled neutrons
above the °Li core, a two-neutron halo was discovered with
associated strong dipole excitations near the continuum
threshold with anomalously small energy. This is called the
dipole soft mode. Anomalously extended matter distributions
and large probabilities for electromagnetic dissociation have
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FIG. 13. Monopole response of the 1s neutron in a spherical square well of
radius 2 F. The numbers on the curves indicate the binding energy of the
neutron level.

also been discovered in other light nuclei (for example, in
1Be, which has a one-neutron halo). These results have been
widely discussed in reviews (see, for example, Ref. 8). How-
ever, we note that so far there has been no experimental
observation of other predicted®'?? strong low-energy exci-
tations in nuclei with small energy separation of the nucleons
which form a packet of multipole transitions near the con-
tinuum threshold. Their appearance can be explained in
terms of a very simple model of independent particles in a
potential well.

Let us consider a 1s neutron in a spherical potential of
square-well form with fixed radius R and find the distribution
of monopole transitions to the continuum in an external field
Voxr?Y o as a function of the neutron binding energy by
varying the well depth U. The transition-strength distribution
is given by

dB(E0) 1

do Z;T— fye(r)rz)’)\(r)dr, (37)

and the energy-weighted sum rule has the form
dB(E0) A7 1

f(x)_dw—d —ﬁ;(r), (38)
where (r2)=[y\(r)riy\(r)dr, y\(r) is the radial wave
function of the bound neutron in the A =15 level with bind-
ing energy €, , y. is the continuum wave function with en-
ergy € normalized to 8(e—€'), and w= e+ €, is the transi-
tion energy. For r>R we have y,(r)~exp(—«r),
Y~ sin(pr+ &), where k=+2me, /A and p=\2me/f. It is
easily seen that for €,—0 the mean-square radius (r?) di-
verges, ~ k2 (ie., ~ 1/€,), and the situation of an ‘‘ideal’’
halo occurs, where the probability of finding the neutron out-
side the well tends to 1 (Ref. 7). Then, when we take the
limit e—0, the leading divergent term in the differential
monopole strength is dB(E0)/dw~pk/(p*+«*)* [ie.,
~ 8(w)/ w?]. As a result, for €,—0 the entire monopole-
transition strength is concentrated at the continuum thresh-
old. This conclusion is illustrated in Fig. 13, where we show
the distributions of dB(EQ)/dw for the case of a well of
radius R=2F. The first s level in this well appears at
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Unin=12.79 MeV. By taking the well depth to be
U=U;,tA and varying A in the range from 12 to 1.5 MeV,
the location of the neutron s level can be shifted from 4.18
MeV to 100 MeV. We see from the figure that the mildly
sloping distributions of the monopole strength beginning at
the corresponding thresholds w> €, are gradually replaced
by a &like peak near w=0. This is the monopole soft mode.

As the orbital angular momentum / increases, the ideal
halo does not appear, owing to the centrifugal barrier: al-
ready for a p neutron the probability of finding it in the
region r>R for €,—0 is =~60%, and for a d neutron it is
only ~40% (Ref. 7). In the case of protons, the situation for
forming a halo is even more unfavorable, especially as the
core charge Ze increases. For example, even for an s proton
there is a 50% probability of finding it outside a core of the
same radius R as in the example above when its separation
energy tends to zero only if Z<8,.

However, these arguments do not mean that there is no
structure in the excitation spectrum for nuclei with a weakly
coupled valence shell. The fact that strong multipole transi-
tions with low energy concentrated near the continuum
threshold can arise in such nuclei can be demonstrated by
using the same simple microscopic model of independent
particles in a self-consistent finite potential by means of the
sum rules.%%23 This is a completely realistic model, because
the excitations in question are separated by a large energy
gap from the core excitations. In this model, for the multi-
pole operator of the external field VE)L)=rLY Lm the inte-
grated sum of reduced transition probabilities is given by

2L+1
mi =2 B(ELT;0.)= = (r*)A
- 2 liviPIa'r "2, (39)

nljn'l'j’'
where the summation runs only over filled orbitals. The
energy-weighted sum rule has the form

£ L(2L+1)?

(L) _ . - 2L-2
m gwsB(ELT,ws) s {r 74,

(40)

where A is the number of particles, w, is the excitation en-
ergy, and the angle brackets (...) denote the expectation
value in the ground state. Now we can introduce the energy
centroid of the excitations @2 in the field V§:

aP=mPIm{". (41)

For sufficiently large L the second (two-particle) term in
m§" vanishes (for example, for L=3 in ''Li). When the
binding energy of the valence nucleons &, tends to thresh-
old, the main contribution to the moments mgﬁ) comes from
the diagonal matrix element between the wave function R,
of these nucleons. Taking the case of neutrons for simplicity,
we can easily estimate these moments for £,,— 0, using the
asymptote R, (r)>exp(—«kr)/r, where k=+2me,,/#. Then
(r*y=(L)'/(2k)?*, and

Sy Lt

=257 Eva (42)
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For !Li this expression is applicable for L>0. In the case
L=0, for the field Vg)):rZYOO, in the limit &,,— 0, taking
into account the diagonal matrix element in the two-particle
term, we have

@ D=8g,,/5. (43)

This simple treatment shows that the centroid of the multi-
pole strength distribution for all L tends to zero energy when
the valence level approaches the continuum, so that the total
strength is localized at threshold. It also follows that for suf-
ficiently large multipole orders L>A"? the main contribu-
tion to the nuclear excitation probabilify will come from
weakly bound nucleons, whose wave function has a longer
tail, and in this case the transition strength will be concen-
trated at the same energy @=~2¢g,, where g is the nucleon
separation energy.m’125 We also note that the width of such
‘“‘exotic’’ multipole distributions must be of order ¢,,, be-
cause there are no other parameters with the dimensions of
energy in the problem. Broader distributions should be ex-
pected for other operators containing, in particular, a depen-
dence on the momentum transfer ¢ in the expansion of real-
istic external fields in Bessel functions [VgL)oc Jr@nr)Y il
(Ref. 125). The dipole soft mode determines the probability
for electromagnetic (Coulomb) dissociation of exotic nuclei,
and the contribution of the other modes to this process is
negligible. Unfortunately, so far there are no experimental
possibilities for studying multipole soft modes with L#1 in
electromagnetic processes.

As was noted in Ref. 66, similar soft modes should ap-
pear in any nuclear model, because their existence arises
only from the slow falloff of the valence-nucleon wave func-
tion at large distances, although asymptotically this falloff
can differ from an exponential dependence. Calculations us-
ing cluster models'?*!?’ have confirmed this prediction.
Similar peaks of soft transitions must also exist in other nu-
clei with a neutron excess near the drip line (6He, 8He,
IL14Be). Since these transitions are responsible for a signifi-
cant part of the sum rules, they are called giant resonances at
the continuum threshold: a new soft mode. However, they
are not resonances in the usual sense, but simply correspond
to direct transitions to the continuum, and the time that they
take is several orders of magnitude smaller than expected
from the uncertainty principle.'?®

One can attempt to observe strong low-energy transi-
tions in any nuclear inelastic scattering reaction, because
they should be strongly excited both in isovector and in isos-
calar external fields. In particular, as was shown in Ref. 123,
the probability of exciting the monopole soft mode is large in
forward scattering at small angles. As an example, inelastic
proton scattering on ''Li was studied in Ref. 123. The cal-
culations were performed for two incident proton energies,
E,=60 and 100 MeV, using the distorted-wave method with
the assumption that the one-stage direct (p,p') reaction
mechanism dominates at small scattering angles. The optical
potentials describing the relative nucleon—nucleus motion
were taken from the systematics of data on elastic proton
scattering on 12C (Ref. 129). The effective interaction be-
tween the incident proton and the target nucleons was taken
to be the M3Y interaction'® and the free t matrix'®' at 60
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"'Be(p.p’): E,=30 MeV

FIG. 14a. Inclusive energy spectra of protons
from the reaction !'Be(p,p’) at E,=30 MeV
(a) and « particles from the reaction 'Be(a,a’)
at E,=120 MeV (b) for four different scatter-

ing angles. The contributions from transitions
from the one-neutron halo into the continuum

with various transfers J™ are shown. The verti-
cal lines with the cross correspond to the cross
sections (in mb/sr) for the transition between the
ground (1/2%) and first excited (1/27) states in
Be.
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and 100 MeV, respectively, taking into account the central,
tensor, and spin—orbit components. Exchange effects were
included in the pseudopotential approximation.

Another example of inelastic hadron scattering on the
exotic 'Be nucleus, which has a one-neutron halo, has been
studied by one of the coauthors of the present review (S.F.)
and S. N. Ershov at Dubna. They studied the 'Be(p,p’)
reaction at E,=30 MeV and the UBe(a,a’) reaction at
E_=120 MeV. The cross sections of these reactions were
calculated in the distorted-wave Born approximation with the
optical potentials from Ref. 132 for (p,p’) and from Ref.
133 for (a,a') and the M3Y effective nucleon—nucleon in-
teraction. In the case of proton scattering the central, tensor,
and spin—orbit components of the effective forces were in-
cluded, while for a-particle scattering the central and tensor
ones were used. The transition densities were taken to have
the form of products of one-particle wave functions in a self-
consistent potential calculated using the density-functional
method described above with additional variation of the
depth in order to reproduce the neutron separation energy of
505 keV (from the 25, level) and the first excited bound
state (1p,,,) with energy 320 keV. The results of the calcu-
lation are shown in Fig. 14. We see that for scattering at zero
angle these reactions are dominated by the process with ex-
citation of the monopole soft mode, especially in the case of
a particles. However, as the scattering angle increases other
multipole soft transitions rapidly become important. Never-
theless, at all the angles studied the sum of these leads to a
characteristic asymmetric maximum in the spectra of inelas-
tically scattered particles.

The excitation of soft transitions in the inelastic scatter-
ing of 'Li on !2C at intermediate energies was also studied
in Ref. 134, using the eikonal approximation with the micro-
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scopic HF-RPA transition densities. It was concluded that it
is possible in principle to distinguish the contributions from
monopole, dipole, and quadrupole transitions at small angles.

Thus, inelastic hadron scattering may prove to be a very
useful tool for studying soft excitation modes in exotic nuclei
with weakly bound nucleons. The rapid progress made in
recent years in experimental techniques involving the use of
radioactive beams and methods of measuring reaction prod-
ucts allows us to hope that in the very near future new soft
modes will be discovered and studied in sufficient detail to
check the predictions. These hopes are supported by the re-
cent first experimental data on the spectroscopic study of
!11j inelastic scattering on protons at 75 MeV/nucleon (Ref.

15).

CONCLUSION

The study of the quasielastic and elastic scattering of
light exotic nuclei has become an important component of
the investigation of the properties of nuclei far from the
B-stability line. So far there have only been a few measure-
ments of the angular distributions for the projectiles *He,
8He, ''Li, "Be, ®B, ’Be, and “Be at energy E/A ranging
from 20 to 75 MeV/nucleon. The experimental conditions in
studying scattering on a compound target
(*2C, 28Si) have been such that the contribution of inelastic
scattering processes with excitation of states of the target
nucleus or the projectile is not separated from the elestic
scattering cross sections, and the angular range accessible to
measurement is limited to the scattering angle ® =20°. Ex-
periments on the scattering of SHe, 8He, °Li, !'Li, '°Be, and
!1Be on protons have been carried out using inverse kinemat-
ics for a wide range of scattering angles and involve smaller
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experimental errors. In addition, the problem of separating
the contributions of processes with excitation of target-
nucleus states from the elastic scattering cross sections does
not arise in such experiments.

The experimental data have been analyzed using the
macroscopic and microscopic optical models and the eikonal
and Glauber approximations. The use of the standard optical
model with potentials of Woods—Saxon form has shown that
it is not possible to obtain a reasonable description of the
experimental cross sections using the values of the potential
parameters taken from the systematics for stable adjacent
nuclei.

The use of microscopic approaches—the optical model
with microscopic potentials and the Glauber theory—
requires the construction of the matter density distributions
in the nucleus using nuclear-structure models. It is reason-
able to use a model in which the neutron and proton densities
for the target and projectile nuclei are calculated within a
single scheme. At the present time such a scheme has been
realized using the density-functional method of the theory of
finite Fermi systems.

On the whole, the microscopic approaches lead to a rea-
sonable description of the experimental data on the elastic
and quasielastic scattering of light exotic nuclei, but in some
cases there are serious discrepancies between theory and
experiment  (for  example, for 'YLi+'?)C at
E/A=60 MeV/nucleon; ®B+12C at E/A =40 MeV/nucleon;
2Be and '“Be+'2C at E/A=56 MeV/nucleon). The various
microscopic models give equally good descriptions of ex-
periment, and differences from the cross sections predicted
by theory are observed either at angles where the experimen-
tal errors are large, or at scattering angles which are pres-
ently inaccessible to measurement. Nevertheless, for most
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models it is preferable to describe the experimental data us-
ing information about the considerable extent of the neutron
density tail in ®He and ''Li and the proton density tail in "Be
and ®B, which confirms the hypothesis of a neutron halo in
8He and !'Li and a sizable proton skin in 'Be and ®B. How-
ever, at present the quality of the experimental data and the
level of development of the theoretical models do not allow
information about the structure of the neutron (proton) halo
and details of the proton and neutron distributions in nuclei
to be extracted from analysis of the quasielastic and elastic
scattering of light exotic nuclei.

Therefore, the following areas are especialy important in
the study of the quasielastic scattering of light exotic nuclei.
In experiment: (1) extension of the angular range in measur-
ing the angular distributions; (2) separation of the contribu-
tion of inelastic scattering processes from the elastic scatter-
ing cross sections; (3) experimental study of the contribution
of the soft excitation mode to the scattering cross section; (4)
measurement of the angular distributions of the elastic scat-
tering of isobars on the same target nucleus with N#¥Z in
order to analyze the isospin dependence of the optical poten-
tial and the role of differences in the neutron and proton
distributions in the projectile; (5) simultaneous measurement
of the angular distributions and the total reaction cross sec-
tions at the same energy; (6) study of, in addition to scatter-
ing, charge-exchange processes and processes involving
nucleon transfer, the cross sections for which can be sensi-
tive to the matter distribution in exotic nuclei. In theory: (1)
construction of the polarization potential at the microscopic
level; (2) microscopic parameter-free calculation of the ab-
sorption potential; (3) analysis of the approximations of the
Glauber  theory, particularly at low  energies
(E/A<30 MeV/nucleon); (4) theoretical description of the
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soft excitation mode and its contribution to the scattering
cross section; (5) use of the density-matrix technique to de-
velop a theoretical formalism for describing inelastic and
charge-exchange processes, and also reactions involving
nucleon transfer; (6) understanding of the relative role
played by one-particle and cluster degrees of freedom in
forming the properties of light exotic nuclei.
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