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Charge-exchange reactions, which are currently the most universal means of study of isobaric
transitions, are reviewed. The main attention is paid to experiments made recently with beams of
®Liand "Liions at energies higher than 10 MeV/nucleon at the cyclotron of the 1. V. Kurchatov
Institute of Atomic Energy and with other cyclotronsin the world. The importance of the one-
step charge-exchange mechanism in the (°Li, “He) and (L4, "Be) processes is demonstrated.
Specific examples of the use of these reactions for the study of the spin—isospin structure of nuclei
are considered. A comparison is made with other charge-exchange reactions induced by both
light and heavier ions. The results of (°Li, °He) experiments to investigate precritical effects are
analyzed, and the radial dependence of the form factor of the quasielastic process at short

distances is also considered.

INTRODUCTION

Charge-exchange reactions are nuclear processes in
which a neutron of a target nucleus is transformed into a
proton or vice versa. They are the most universal means of
study of isobaric transitions, since they permit investigations
in the complete region of excitation of nuclei, including the
region that is inaccessible for 8 decay. Indeed, it was in these
reactions that isobar analog states were discovered already
at the beginning of the Sixties. These states take up all the
strength of the single-particle transitions that take place
without change of the orbital angular momentum and spin
(AL = 0, AS = 0) and correspond in the language of S-de-
cay theory to transitions of Fermi type. In recent years the
interest in charge-exchange reactions has grown tremen-
dously in connection with the discovery at the beginning of
the Eighties of a new giant isobaric resonance corresponding
to Gamow-Teller transitions (AL = 0, AS = 1). Both of the
monopole isobaric resonances were discovered in the ( D)
reaction—the first at proton energies 10-20 MeV," and the
second at energies 100-200 MeV.? This success was due not
only to the fact that the (p, #) reaction has a unique kinemat-
icselectivity with respect to AL = O transitions but also toits
dynamical properties, namely, the dominance of Fermi tran-
sitions at low proton energies and of Gamow—Teller transi-
tions at high energies.

Experiments with protons also showed that the charge-
exchange excitations are not exhausted by monopole transi-
tions and that multipole isobaric resonances (AL>0) are
also possible.” However, in this case the (p, n) reaction com-
pletely loses its advantages over other charge-exchange reac-
tions in which heavier incident particles are used. The reason
for this is that the differential cross sections for AL >1 transi-
tions decrease so strongly that the result depends strongly on
the manner in which the background is subtracted. In this
case, charge-exchange reactions in which complex particles
participate may be preferable, first because the kinematic
selectivity with respect to AL » 1 transitions increases and,
second, because the physical background associated with
processes that differ from the direct charge-exchange mech-
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anism, for example, knockout, ‘pre-equilibrium emission,
and many-step processes, can be much smaller.

The extent to which the direct charge-exchange mecha-
nism will dominate over the other mechanisms also depends
on the extent to which the wave functions of the incident and
emitted particles overlap. Let us consider from this point of
view various reactions in which complex particles partici-
pate. Table I gives possible charge-exchange reactions in
which a proton of the incident particle is transformed into a
neutron. Table II gives examples of the inverse reactions
with the transformation of a neutron into a proton. A mea-
sure of the overlap of the wave functions of the ground states
of the initial and final particles is log ft, which can be deter-
mined from S-decay experiments and is related to the transi-
tion matrix element M, (K /ft = M 2).

It can be seen from Table I that *He and ®Li have struc-
tures that are most nearly identical: between them a superal-
lowed Gamow-Teller transition with a record value of log ft
is realized. For example, the square of the matrix element of
the *He-Li transition is two times and an order of magni-
tude greater than the corresponding quantities for the n—p
and "“B-'2C transitions.

With regard to reactions with transformation of a neu-
tron into a proton in the incident particle (Table I1), the
most promising reaction for the study of isobaric transitions
is the ("Li, 'Be) reaction. Although log f for the "Be-"Li
transition is somewhat greater than for n—p and (—*He,
beams of "Liions do not now present a severe technical prob-
lem compared with the difficulties that arise in the prepara-
tion of monoenergetic and intense hi gh-energy beams of neu-
trons and radioactive tritium.

When choosing a specific charge-exchange reaction for
the study of charge-exchange excitations one must also bear
in mind how many stable states the emitted particle pos-
sesses. In this respect lithium ions also are generally advan-
tageous compared with heavier ions (see Tables I and T1).

These are the reasons why the present review is devoted
to charge-exchange reactions with lithium ions. We begin by
considering properties of charge-exchange reactions and
general relations for calculating differential cross sections
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TABLE 1. Charge-exchange reactions of (p, n) type.

Number of
a Jn b T 1zt |Typeof decay| ,ound states
P 1/2+ n 1/2+ 3.07 F+GT 1
He 1/2% H 4/2+ 3.03 F46T 1
SLi 1 ‘He o+ 2.8 GT 1
“Be 3/2- Li 3/2- 5.31 F+GT 2
g 3+ 10Be 0 13.42 GT * 6
3G ol || Gow | TE|
067
130 1/2- 133 3/2- 4.0 T 7
14N 1+ 140G o+ 9.04 GT 7
160 o+ 18N 2= 9.1 GT ** 4

*Transitions forbidden in the second order.
**Transitions forbidden in the first order.

when the incident particles are °Li and “Li. Section 2 con-
tains the main results of the experimental investigation of
charge-exchange reactions obtained using beams of the light
particles p, n, d, and *He. These results are needed for better
understanding of the position occupied by heavy ions in the
general problem of the charge-exchange excitations of nu-
clei. The following sections present the results of investiga-
tions of the mechanism of the (°Li, °®He) and ("Li, "Be)
reactions and of their use in the study ot;spin—isospin struc-
ture of nuclei. The final section is devoted to applications of
the (°Li, ®°He) reaction. Two experiments are discussed. The
first is associated with the search for manifestations of the
proximity of nuclei to the threshold of 7-condensate insta-
bility. The second is associated with the determination of the
form factor of the quasielastic process at short distances.

1. GENERAL PROPERTIES OF CHARGE-EXCHANGE
REACTIONS

A characteristic and important feature of charge-ex-
change reactions is that through them isovector excitation
modes can be studied separately from isoscalar modes. This
cannot be done, for example, in inelastic scattering of pro-
tons and electrons.

In the general case, when the target nucleus has isospin
T[T, = (N — Z)/2], isovector transitions lead to three
types of states characterized by isospins—T7;, — 1, T}, and
T, + 1 (Fig. 1). They are all excited in charge-exchange re-
actions in the direction of a decrease of the projection of the
isospin (AT, = — 1). Inelastic scattering (A7, = 0) gives
two states: 7, and 7;+ 1. Even greater selectivity is
achieved in the other branch of charge-exchange excitations
proceeding in the direction of increasing projection of the

TABLE II. Charge-exchange reactions of (n, p) type.

isospin (AT, = + 1). In this case only transitions to states
with T= T, + 1 are possible.

The strength of isovector transitions to different T
states in charge-exchange reactions and in inelastic scatter-
ing can be gauged from the isospin Clebsch-Gordan coeffi-
cients, which are given in Table ITL. Under otherwise identi-
cal conditions, the transition cross sections will be
proportional to the squares of these quantities. Therefore,
for nuclei with a sufficiently large neutron, excess reactions
of the (p, n) type will predominantly populate states with
T = T, — 1, while inelastic scattering will populate states
with T,

The reaction mechanism imposes certain restrictions
on the spins and parities of the final states of the nuclei. If a
reaction is realized by one-step charge exchange, then in the
case of complex projectile nuclei we have the following selec-
tion rules:

Jo=Ly+ 8 An = (— 1)
Jp=Lp+ 8, An = {— 1),

where the subseript 7 identifies the system of the target nu-
cleus and the product nucleus, while the subscript p identi-
fies the system of the projectile nucleus and the emitted par-
ticle; J, L, and S are the total angular-momentum transfer,
the orbital angular-momentum transfer, and the spin trans-
fer. For charge exchange without spin flip § = 0, and with
spin flip = 1.

If °Li nuclei are used as projectiles and *He is detected,
then, as was first noted in Refs. 4 and 5, only the value § = 1
is allowed, since the ground states of the °Li and “He nuclei
are characterized by quantum numbers (LST) equal to

|
a g b % g7t [Typeof decay‘ bNOuunggesl;;is
n 1/2* P 1/2+ 3.07 F4-GT 1
H 112+ 3He 1/2* 3.03 F-GT 1
"Li 32" ‘De ofa~ .32 F+4-GT 2
up J2- 1 32- 3.509 F=-GT 8
12C 0 12N 1* 4.12 GT 1
180 1:2- 1N 142 3.667 F--GT 1
N 1* 140y 0+ 7.266 GT 1
180 o+ 1BF i* 3.554 GT 18
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FIG. 1. Scheme of isovector transitions in charge-exchange reactions and
in inelastic scattering.

(010) and (001), respectively. This means that transitions
to the final states of the nuclei must be indvced exclusively
by the spin-isospin term in the central part of the nucleon~
nucleon interaction potential. For § = 1, the 0* — 0 transi-
tions are strictly forbidden, and there will also be strong sup-
pression of excitations of particle-hole states of normal par-
ity constructed on “diagonal” ( JI-1) configurations. It is
also readily seen that anomalous-parity states can be exicted
only with spin flip, while normal-parity states can be excited
withboth§ =0and S= 1.

For the ("Li, "Be) reaction the selection rules do not
give the selectivity with respect to.§ that occurs in the (°Li,
%He) case. However, as we have already noted, it has un-
doubted methodological advantages over the analogous (7,
p) and (z, *He) reactions.

2.CALCULATION OF DIFFERENTIAL GCROSS SECTIONS FOR
THE DIRECT CHARGE-EXCHANGE PROCESS

General relations
In the distorted-wave method, the amplitude T, of the
reaction A (a, b) B is expressed in the form

Tip= {477 e 1) F (1) 4 (k1) (1)

where ¢,y are the distorted waves that describe the relative
motion of the nuclei in the entrance (respectively, exit)
channel, and F(r) is the reaction form factor:

Fr)~ X (Bb |V, | Aa). (2)

»t

Here, B, b and 4, o are the internal wave functions of the
nuclei that participate in the reaction, and the subscripts ¢

TABLE III. Clebsch-Gordan isospin coefficients,

and p label the “active” particles of the target nucleus and
the incident particle, respectively.

Restricting ourselves to just the central and tensor com-
ponents, we can express the interaction responsible for the
charge exchange in the general form

Vit ={VZ (rp1) -+ Vee (rps) 0,00 + V7 (r) Sp) 0% (3)

where o and 7 are spin and isospin Pauli operators;
Sy =3(0, P, ) (0,7,,) — 0,0, g R Vg;(r,,,),
V [(r, ) determine the radial dependence of the central (0
and tensor (7") interactions with respect to the distance P
= |r-r, —r, | between the nucleons, where, 7 is the dis-
tance between the centers of mass of the colliding nuclei, and
r, and r, are, tespectively, the coordinates of the p and ¢
nucleon with respect to the center of mass of the nucleus @
(respectively, 4).
One generally uses the Gaussian form

V() = Vexp(—ap?), agt =18F (4)

or a superposition of Yukawa potentials with a term 8 (7) to
imitate exchange effects,®

3
Vr)=2 aexp(— bir)ibar - e8 (r), (5)
i=1

=

and the form factors F(r), which contain all information
about the properties of the nuclei, can be expanded with re-
spect to partial waves:

Firy= ¥

L.MJ BTy

KT A M QT My | T M ) (JoMyJ M, | T M)

ol

X (Lrn[r'fp]”—}’t | Jtﬂ[t) [-_Lr If‘r‘Mr (Qr) o erJt (r) (6)

For this it is convenient to use a Fourier—Bessel transforma-
tion of the radial part of the interaction:

V(rps) = (20)= S dk V (k) etkrp: (7)
V (k) = o § V (rp) Jo Ui rie dry . (8)
Then, taking into account only the central components of

the interaction for the radial part of the form factor, we ob-
tain the expression”"

T

z To—1 Ta To+ 1
(p, n) {p, p) n, p)
T
S B T
T 1 l/———m_ 1
wrk? @0 F I, 1) Vo7

T ]/-__1_ T
o ToF1 V Ty+1

i l/ 2Tg—1 _
2T+ 1
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F = S G (— T
TM 5L L,
X P TEN &5 T pLpl (TAMATM 2 | T3 M)
X (T, MyTMy | T,M,)
% (L 0L | LO)W (J Lpd L SLy) Isz (r), (9)

where 3= (2x 4+ V4, Gy =V, G, = Vs

i ¢ ; ~L . e : 7
Tor (1) = § @Rz, () oo™ T () 0370 T (9 V (R;
il . (10)

oLy T (k) =4 | drorije, (kry) o™ v Tirp)i (1D
0

Lo T (R =4 | drrdip, (kro ol e (). (12)

0
The transition densities p,; and p 45 refer to the “light” and
“heavy” systems, respectively, and their actual form also

depends on the chosen nuclear model and is determined in
the standard manner:

. S(rp—r. .
P () = T || 3 2

x(p) T (p) | T T (13)
T (6) =i" Y 1 (Q0) x 05 ()] (14)

Here, J, and J, are the total angular momenta transferred in
the process of the reaction to the incident ion and to the
target nucleus, and L, is the change in the angular momen-
tum of the relative motion of the colliding nuclei.

From (6) and (9) we obtain the selection rules

A(T.TTy), A(TATTg);
A (Jad pdg)s ALLS8T ). Aty = ( — 1)
AT g F5) B (L 8T )y Any p == 1'%
AWy Ty L), ALy LiLy), Astgy ~Ana g = (— 1)Er,

Details of calculations for the (5Li, °*He) reaction

Since the °Li and He nuclei are “fragile” systems, the
(°Li, °He) reaction has a surface nature. Therefore, the wave
functions of these nuclei, and also of the target nucleus and
the product nucleus, must be calculated with sufficiently
good accuracy at large distances. In this paper, we use shell
wave functions for the target nucleus and product nucleus,
corrected at large distances by means of the well-depth pre-
scription (WDP), the °Li and °He wave functions obtained
in the framework of the three-particle @ + N + N model be-
ing used. In accordance with Refs. 9 and 10, the *Liand “He
wave functions can be expressed in the LS-coupling scheme
in the form

M
Wi (%:Y:08,0x,)

() S (LMSM | JM) S (ox,0n,)

LSM;Mg

S i " -
<, DIy (Aqwgdimy | LM L) Y, (20) Yigm, (9) Dy (230)
itiMi™i

(15)

where Y, (%), ¥, (J;) and ngMS(JNI oy,) are spherical
and spin functions, respectively, @4, (x, p) is the radial part
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FIG. 2. Coordinate system for the (°Li, "He) reaction.

of the wave function, and #,, is the a-particle wave function.
As a consequence of the method chosen to describe the °Li
and “He nuclei, the nucleons of the a-particle core do not
participate in the reaction. In what follows, we shall use the
coordinate system illustrated in Fig. 2. Then

Spi=1'":*rp_ftia;¢x+bpy+r'*rh (16)

where the coefficients @, and b, are determined in Refs. 9
and 10. As can be seen from Fig. 2, we take into account the
recoil effects for the light system °Li or °He, which in many
cases are very important.'? Allowance for the three-body
aspects of the problem has the consequence that the form
factor F(r) (2) contains nine-dimensional integrals, and not
six-dimensional integrals, as was the case in the approxima-
tions of Refs. 7 and 11.

The radial part of the function (15) was expanded ©
with respect to a basis set of functions of Gaussian type:

Oy (zays) = 2 C3N syt exp { — o2t — Bu i) an
J

Such a representation of the radial functions makes it possi-
ble to integrate with respect to the coordinates x and y expli-
citly and to obtain a simple integral with respect to the coor-
dinate 7,.

Details of calculations for the (“Li, 7Be) reaction

We assume that the "Li and "Be nuclei consist of two
clusters: an a particle and a three-nucleon nucleus CH or
3He). Both clusters are in their ground states, and the a
particle is treated as an inert structureless core that does not
participate in the charge-exchange process. Then the wave
function of the nuclei with 4 = 7 can be expressed in the
form

i = (1) D (Im 5l JM,)

frep
1
Al
X Y (Q) @y (B) w00 (2, 3, 4), (18)

where ¢, (1) and 3 (2, 3, 4) are the wave functions of the
a particle and the nuclei with 4 =3, respectively, and
&, (R)is the radial part of the wave function of the relative
motion of the clusters with the given angular momentum /.
The employed coordinate system is shown in Fig. 3, from
which we see that

T, = apYs -+ b]l“& -+ S}"R (p = 17 2, 3; 4)' (19)

The coefficients @, , b, , and ¢, are givenin Ref. 13. The wave
functions of the nuclei with A4 = 3 are taken from Ref. 14 in
the LS-coupling scheme, and the radial part ¢, (R) of the
wave function of the relative motion of the clusters was ex-
panded with respect to Gaussian functions'*:
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FIG. 3. Coordinate system for the ("Li, "Be) reaction.

®; (R) = 2\C R'exp ( — o, RY). (20)

The details of the calculation of the form factors can be
found in Ref. 13; here we merely note that in the considered
model /, =/, = 1, and therefore L, =0,2,since A(LL1L)
and Ar = (— 1)+t

3.CHARGE-EXCHANGE REACTIONS WITH LIGHT NUCLEI

The (p, n) reactions as a means of study of monopole isobaric
transitions

The (p, n) reaction is ideal for the study of monopole
isobaric transitions. By making a measurement at angle 0°,
one can ensure conditions of maximal similarity between the
charge-exchange process and 8 decay, in which the neutron
is transformed into a proton essentially with zero momen-
tum transfer. In charge exchange at angle 0°, the momentum
transfer is determined by the well-known expression

¢=0110/VE, F ', (21)

where Q is the reaction energy, and E » (MeV) is the energy
of the protons. Thus, the most favorable conditions for ob-
serving monopole transitions, and also maximal similarity
with £ decay, are obtained when the proton energy is higher.
In this case, it is natural to expect the differential cross sec-
tions of the reaction to be proportional to the squares of the
B-decay matrix elements, and, therefore, through this reac-
tion the strength of the B transitions can also be readily mea-
sured in the region that is energetically inaccessible for B
decay.

In the distorted-wave impulse approximation
(DWIA), the dependence of the cross section of monopole
transitions of the (p, #) reaction on the proton energy (£,),
the target mass (4), the momentum transfer (g),the change
intheenergyw = E, — Q..,, and the structure of the initial
and final states of the nuclei can be expressed '® in terms of a
product of three factors:

0 (g, ©) = 0, (E,4) F (q0) B (a), (22)

where the subscript @ characterizes the Fermi (F) or Ga-
mow—Teller (GT) transition type. The first factor is a “‘ref-
erence’ cross section &(E, , A) corresponding to unit transi-
tion strength in the limit g = 0, @ = 0:

ol =0,0=0)/B(a)
=K (Ep 0 =0)|J, |Pexp (— 242 4 a,).  (23)
Here, K(E,,0) = (E,E./(#c*r)?)(k,/k,) is a kinematic
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factor, and J,, is the exchange integral of the effective inter-
action (1,°7,) or (¢,°0,) (7,1,). The dependence on the
target mass (4) is given in the exponential, in which
X =4W,r,(#cf,; ), Wis the depth of the imaginary part of an
optical potential of range r,, and 8 = #ick /E.

For the second factor we have the expression

k(E,, o)
F (g, 0)= iy oxp (— 402 (%)) exp [p (o) —aol, (24)

where p(@) = a; + a,w + a-w". It can be seen that in the
limit g, w— 0 the factor F(g, @) tends to unity.

The f-transition strength is B(a). If the lifetime is
known, it can be calculated in accordance with the expres-
sion

(Gv) B(F) +(Ca)* B(GT) =%, (25)
where K /G = 6166 sec and (G, /G, )2 = 1.260".

Numerous investigations of the ( P, n) reaction made at
intermediate energies with the cyclotron of the University of
Indiana in the United States®*'2° have shown that Ga-
mow-Teller transitions are dominant in the spectra mea-
sured at angle 0°, while isobar analog states are weakly excit-
ed. As was expected, the ratio o(0°) /B(GT) was found to be
constant for a given spectrum, and, therefore, the differen-
tial cross sections at angle 0° can serve as a measure of the
strength of the Gamow-Teller transitions. This is illustrated
by the example of the *"Al(p, 1)?’Si reaction, which is
shown in Fig. 4, taken from Ref. 16.

However, if we compare o(0°)/B(GT) and
a(0°)/B(F) for different nuclei, then, as was shown in Ref.
16, a considerable spread of these values is found (Fig. 5),
and this spread cannot be reproduced by distorted-wave cal-
culations, which give a smooth dependence on 4. The reason
for this is still obscure. Thus, extrapolation or interpolation
from nucleus to nucleus of the constants 0y and &, which
relate the cross sections to the transition strengths in Eq.
(22), can be done presently only with an error of ~20-50%.

The relatively weak excitation of isobar analog states in
the (p, n) reaction at intermediate energies can be readily
understood by plotting

R (Ep) = (0g2/0p) 12

>
(&)
=
T [ :
L1 |
1S B |
=] - |
g
(=)
I
Ly |
2 -
@ ﬁ'ﬂ\'l_n_l ‘\_.- bt
b& 1 ] 1 [ 1 1 1 I | 1 i | 1
2 4 g 2 7 1)
E., MeV

FIG. 4. Energy spectrum of the "Al(p, #)*'Si reaction obtained with 120-
MeV protons at angle 0°. The height of the vertical lines is proportional to
the strength of the Gamow-Teller transitions. The broken line shows the
expected contribution of the Fermi transitions.
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FIG. 5. Cross sections of the (p, #) reaction, normalized to unit transition
strengths B(GT) and B(F). at proton energy 200 MeV. The curves are
drawn through the points.

as a function of the proton energy. The best source of infor-
mation about such states is the "*C(p, n)"*N reaction, for
which measurements have been made of the cross sections of
the transitions to the states 07 (2.3 MeV, isobar analog
state) and 1" (3.95 MeV, Gamow-Teller resonance) in the
interval E = 12-200 MeV, The values of R(E,), obtained
for this case and calculated from the expression

ogr {0°)/B (GT)

RZ(EP): oy (OB (F) '

(26)
are shown in Fig. 6, which is taken from Ref. 16. We observe
a linear dependence on E,, R(E,) =E, /(554 & 0.4),
where E, is expressed in mega-electron-volts.

The same dependence is observed for other targets. If
we return to the expression in which R(E ) is expressed in
terms of the ratio &, /&, then we readily see that this ener-
gy dependence can be related to the ratio |Fgr /4. |. There-
fore, the dynamics of the (p, n) reaction is such that as the
proton energy is increased the importance of the spin—iso-
spin interaction increases, so that at energies above 100 MeV
the Gamow-Teller transitions (S= 1, T'= 1) dominate
over the isobar analog states (S =0, T'=1).

The selectivity of the (p, n) reaction at intermediate
energies to Gamow-Teller transitions that we noted above,
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FIG. 6. Ratio of the strengths of the spin—isospin (G7) and isospin (F)
interactions as a function of the proton energy.

and also the fact that the cross sections at angle 0° were found
to be proportional to the strength of these transitions, made
it possible to investigate the spin-isospin structure of alarge
number of nuclei. Figure 7 shows typical neutron spectra
obtained by the time-of-flight method at angle 0° at proton
energy 200 MeV for a number of intermediate and heavy
nuclei.?®?” The isolated peaks observed in the spectra are
associated with the excitation of collective 17 states, name-
ly, Gamow-Teller resonances. Thus, the Gamow—Teller
strength is concentrated in a relatively narrow range of exci-
tation energies of the nuclei.

For the spin—isospin excitation mode there exists a very
simple sum rule, which follows from the commutation rela-
tion for the operators £ . and 7_:

Sy-—Sge=3(N—12), (27)

where S, is the strength of the B~ (and B 7) transitions,
summed over all states. For nuclei with large neutron excess,
Sp - is small, since all the final states associated with trans-
formation of a proton into a neutron are blocked.

Figure 8 shows the fractions of exhaustion of the sum
rule observed in the (p, #) reaction at £, = 160 MeV in the
region of excitation energies £, <30 MeV.?" It can be seen
that experimentally only about 50% of the theoretically pre-
dicted strength was found. Two possible reasons for the
weakening of the Gamow-Teller transitions are currently
being discussed. The first arises from the existence of inter-

&
TTTT T T

Ill_ll[

FIG. 7. Energy spectra of neutrons from the (p, n) reaction, obtained
at proton energy 200 MeV at angle 0" on different nuclei.
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FIG. 8. Fractions of exhaustion of the sum rule for the Gamow-Teller
transitions in the (p, ) reaction at E, =160 MeV.

nal structure of the nucleon, as a result of which the neutron
can be transformed by the same spin-isospin interaction into
the A isobar. The second possibility is associated with mix-
ing of simple particle-hole excitations with more complicat-
ed configurations. Both possibilities can have the result that
some of the Gamow-Teller strength is shifted to higher exci-
tation energies or is smeared over the spectrum and thus
becomes indistinguishable from the background. Recently
discovered™ variations of the coefficient of the weakening as
a function of the filling of shells clearly indicate the impor-
tance of configuration mixing, at least for a number of cases.

The (*He, f) reaction

The next reaction in which, as in the case of (p,n),a
neutron of the target nucleus can undergo charge exchange
into a proton is (*He, #). Investigations made with the cyclo-
trons at Jiilich,**' Grenoble,3? Groningen,”* and Mary-
land* have shown that this reaction excites the same states
as the (p, n) reaction, but at energies of the *He ions at least
below 200 MeV the charge-exchange mechanism in the in-
clusive spectrum of the tritons is only a small fraction of the
cross section. The sought-for structure of the particle-hole
excitations is situated over a very strong background, which,
according to Refs. 30, 31, and 33, is probably associated with
breakup of the *He nucleus (*He, dp) and subsequent (d, 1)
pickup. For this reason, the analysis of the spectra of the
(*He, 1) reaction at E ;. < 200 MeV is often ambiguous, and
here the (*He, 7) reaction is ineffective as a method for the
study of isobaric transitions.

g=0° 2 =g
- "C(p,n) = 20k "c(3He,t)
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F1G. 9. Comparison of spectra of the (p, n) and (*He, 1) reactions on the
"*C nucleus, obtained at energy 200 MeV./nucleon of the incident particle.
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As the beam energy is increased, the one-step charge-
exchange mechanism can be better scparated. In Fig. 9 we
compare the spectra of the (p, n) and (*He, 1) reactions,
obtained at energy 200 MeV per nucleon on the '2C nu-
cleus.* The angles are chosen in such a way that the momen-
tum transfers in the two reactions are the same. Under these
conditions the (*He, 7) and (p, n) reactions are obviously
equivalent.

For all that, the (*He, ¢) reaction does have a region of
application in which as yet no other reaction can compete
with it. Using *He beams of several giga-electron-volts from
the accelerator Saturn at Saclay***" and the synchrophaso-
tron at the Joint Institute for Nuclear Research, Dubna, ***
it proved possible to investigate nuclei at excitation energies
around 300 MeV, corresponding to a (o) transition of a
nucleon into a A isobar. However, discussion of this question
goes beyond the scope of the present review.

The (n, p) reaction

Charge-exchange excitations in which the neutron ex-
cess is increased can in principle be studied using beams of
light particles on the basis of the (x, P). (d, "He), and (s,
*He) reactions. However, the spectra published for the last
reaction are restricted to a comparatively narrow interval of
excitation energies*’ on account of technical difficulties in
obtaining high-energy beams of radioactive tritium.

The first reaction was investigated with the cyclotron of
the University of California at neutron energies of about 60
MeV. A quasimonoenergetic neutron beam was obtained by
means of the "Li( p, n)"Bereaction. Usually, its intensity was
10° sec ~' with an energy resolution around 1 MeV. Mea-
surements were made on many target nuclei, from *He to
*°Bi (Refs. 41-45). The main result of the investigations
was the discovery in the experimental proton spectra of
structures corresponding to giant dipole resonances of the
target nuclei. The fact that reactions of the (1, p) type select
Ty + 1 states, where T, is the isospin of the target nucleus,
makes them a promising tool for the study of the isotopic
splitting of giant resonances.

With regard to the (n, p) reaction itself, it should be
said that its possibilities are severely restricted. First, the
intensity of the neutron beams is too low. As a rule, the inten-
sity is 10° times lower than that of the beams of charged
particles generally employed. In addition, the energy profile
of the beams is not, strictly speaking a monoline, but also
contains a continuous component, which makes a si gnificant
contribution to the total cross section. Second, the resonance
structure at E, < 100 MeV is situated on a very intense dis-
tribution associated with multistep processes, and this distri-
bution increases strongly with the excitation energy. An ex-
ample of a typical spectrum of the **Zr(n, p)*°Y reaction is
shown in Fig. 10a. Third, and last, the (n, p) reactionat E
< 100 MeV does not possess selectivity with respect to spin
flip. Transitions with both § = 0 and § = 1 occur equally in
it. Taken altogether, these factors introduce a significant un-
certainty into the estimate of the background and into the
analysis and interpretation of the results.

These limitations can be partly overcome in experi-
ments with the neutron beams obtained recently with the
TRIUMEF facility,*™ which make it possible to investigate
the (n, p) reaction at intermediate energies (200500 MeV).
Neutron beams with energy up to 800 MeV have also recent-
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ly become available at the meson factory at Los Alamos, and
with energy up to 200 MeV at the cyclotron at Uppsala in
Sweden®! and at the cyclotron of the University of Indiana.*
At such energies, the (n, p) reaction becomes selective with
respect to transitions with spin flip (§=1). In addition,
with increasing beam energy the maximum of the back-
ground from the multistep processes must be shifted to high-
er excitation energies, and this changes the signal-to-back-
ground ratio in favor of the one-step charge-exchange
mechanism in, at least, the hard part of the spectrum.

Figure 10b shows the energy spectrum of the
907Zr(n, p)*Y reaction obtained at angle 1.8° at neutron en-
ergy 198 MeV."” The maxima observed at E, =5 and 10
MeV are associated with the dominant excitation of a spin-
dipole resonance (L = 1, §=1). Note that these maxima
are not observed in the analogous spectra measured at E,,
= 59.4 MeV (Fig. 10a). Instead we observe a group with
center at E, ~7 MeV corresponding to excitation of the T',
component of the ordinary dipole (without spin flip) reso-
nance. The neutron excess leads to an appreciable asymme-
try in the charge-exchange transitions in which the charge is
increased (AT, = —1) or decreased (AT, = +1).
Whereas in (p, #) a Gamow-Teller resonance is dominant in
the energy spectra measured at angle 0° (see Fig. 7), in the
inverse (n, p) reaction on heavy nuclei strong Gamow
—Teller transitions should not be observed, since the neutron
subshell ¥j, ,,», to which these transitions could take place
from the proton subshell 7j, , ,,, is already occupied. This
facilitates investigation of spin-dipole and other resonances
of higher multipolarity.

The (d, 2He) reaction

Whereas in the (n, p) reaction selectivity to spin-flip
transitions arises only at higher beam energies, in the case of
the (d, *He) reaction it exists from the very beginning and is
due to the structure of the deuteron, which has the quantum
numbers (LST) = (010) and a system of two unbound pro-
tons. It is merely necessary to make an experiment with pro-
tons in coincidence with a small relative energy, when the
main contribution is made by the singlet state (LST = 001).
The (d, *He) reaction has been studied at E;, = 55 MeV
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(Ref. 53), E, =99 MeV (Ref. 54), 70 MeV (Ref. 55), and
650 MeV (Ref. 35) using several light nuclei from °Li to 4N,
and the selectivity of this reaction to spin-flip transitions has
been fairly well demonstrated. However, this reaction too
has its methodological difficulties, which explain why there
are still no systematic investigations on intermediate and
heavy nuclei. The main problem in the measurements is that
the most probable process with deuterons is disintegration,
which gives a large number of single protons accompanying
correlated pairs. Therefore, in a (d, *He) experiment it is
necessary to select these pairs by coincidence, and this leads
to a loss of efficiency and difficulties in determining the abso-
lute value of the cross section.

Thus, none of the charge-exchange reactions with light
jons considered in this section can completely satisfy us, par-
ticularly as regards the reactions in which the neutron excess
is increased.

4.INVESTIGATIONS OF THE (€Li,¢He) REACTION
The (5Li, °He) reaction at low energies

The first investigation of the (°Li, “He) reaction was
made in 1970 at the cyclotron of the 1. V. Kurchatov Insti-
tute of Atomic Energy. The energy of the beam of ®Li ions
was 32 MeV.**

The energy spectra measured on the nuclei “Li, "Be, and
13C (Fig. 11) were in fairly good qualitative agreement with
the assumption of a quasielastic reaction in which the odd
neutron is transformed into a proton solely through forces
that change the spin and isospin.

Later, at beam energies 30-40 MeV, the (°Li, “He) re-
action was studied more systematically.’*** It was estab-
lished that the one-step charge-exchange mechanism ex-
plains the greater part of the observed cross sections.
However, there were some reports of appreciable variation
of the strength parameter of the spin-isospin interaction V.
deduced from the analysis; it was found to take unrealistical-
ly large values, particularly for normal-parity states. There
were also reports of the excitation of 0 states, forbidden in
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FIG. 11. Energy spectra of the (°Li, "He) reaction on the nuclei ’Li, “Be,
and "C, obtained at energy 31.8 MeV of the “Li ions at angle &, = 12°
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the one-step mechanism, whose differential cross sections
could reach 10% of the corresponding values of the stron-
gest transitions. These facts indicate that at energies 30-40
MeV the (°Li, “He) mechanism is more complicated. For
example, 10% of the cross section of the '*C(°Li, *He) reac-
tion was explained in the analysis of Ref. 64 by a mechanism
with formation of a compound nucleus. Other work > in-
dicated that quasidirect multistep processes make an impor-
tant contribution to the reaction. These processes can be di-
vided into two types. The first is associated with charge
exchange, which precedes Coulomb excitation or follows it.
The second is associated with successive transfer of one nu-
cleon from the target nucleus to the incident particle and
back ("Li-"Li-"He). It is obvious that the second process
must have a larger cross section, since in both the first and
the second stage strong single-nucleon transfer is involved.

Mechanism of the (5Li, *He) reaction at E/4 > 10 MeV

The mechanism of the (°Li, ®He) reaction at higher
energies was investigated in detail in Ref. 12. Measurements
were made on a '“C target, and the energy of the lithium ions
was 93 MeV. The angular distributions obtained for a num-
ber of anomalous-parity states of the '*N nucleus (1*, 2
4~ ) were analyzed in the framework of the on e-step charge-
exchange mechanism as described in Sec. 2. The form factor
was calculated using only a central potential reponsible for
spin flip, f(r)(o',,o-, ) (7,7,), and shell-model wave func-
tions. Figure 12, which is taken from Ref. 12, compares the
experimental and theoretical angular distributions for tran-
sitions to the ground state and excited 1% state of the "N
nucleus at beam energies 62 and 93 MeV.

Experimental data for 62 MeV were obtained in Ref. 11.
Equally good descriptions of the shape of the angular distri-
butions were obtained for two forms of the interaction F.
In the case of a potential of Gaussian form
frn=V,e e (g = 1.8 F), the theoretical absolute
cross sections agreed with the experimental cross sections
for interaction strength ¥, = 10.7 MeV." A similar result
was obtained in Ref. 64, but for measurements with the ener-
gy of the lithium ions in the range 30-60 MeV. Thus, the
interaction strength deduced from the experiments does not
vary in the range of beam energies 30-90 MeV, and it is also
independent of the excitation energy.

The strength of the spin—isospin interaction given above
is in reasonable agreement with a further empirical estimate,
V.. =300g'/(7**a®) (Ref. 66), if in this expression we sub-
stitute the value of the Landau—-Migdal constant found from
the position of the Gamow-Teller resonance in a nurber of
nuclei, namely, g' = 1.1 (Ref. 67).
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FIG. 12. Angular distributions of “He nuclei from the "“C(*Li, *He) "N
reaction for transitions to 1* states with E, equal to 0 and 3.95 MeV and
energies 62 and 93 MeV of the lithium ions. The continuous curve is a
calculation with a Gaussian interaction (V,.=10.7 MeV), and the
broken curve is calculated with the M3Y interaction (in the second case
the calculated cross sections have been multiplied by 1.7).

In another version, the interaction was represented as a
superposition of Yukawa potentials with an additional term
to imitate exchange effects and with the parameters of Ref. 6
(interaction M3Y). To achieve agreement between theory
and experiment, the theoretical cross sections had to be mul-
tiplied by N = 1.7; in the first place, this could have been due
to neglect of tensor forces in the calculations. It should be
noted that additional normalization factors must also be in-
troduced for an interaction of Gaussian form in the case of
transitions to states with the large spin values 2~ (N = 2)

& .., deg
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and 4~ (N = 3) in the "*C(°Li,"He) "*N reaction (Fig. 13).
Recently, the (°Li, “He) reaction was investigated on a
number of nuclei at beam energy 210 MeV.*® The transition
to the 17 state (E, = 3.95 MeV) of the "*N nucleus was
analyzed by means of the Yukawa interaction
f(r) =V, e "°/(r/a) with length parameter a = 1.0 F.
Both central and tensor forces were taken into account. Nor-
malization to the experiment gave V,,, = 14.4 MeV, which is
fairly close to the value 11.7 + 1.7 MeV obtained from the
(p, n) reaction at the same value of the energy per nucleon. o
If the (°Li, ®He) reaction is realized by the direct one-

step mechanism, then the differential cross sections mea-
sured for Gamow-Teller transitions at some fixed momen-
tum must be proportional to the Gamow-Teller strength. As
is shown in Fig. 14, which is taken from Ref. 68, there is
indeed a clearly expressed correlation between the differen-
tial cross sections at the second diffraction peak of the angu-
lar distributions (g = 100 MeV/c for '*C) and the known
values of G(GT). Thus, the graph of Fig, 14 is actually an
empirical calibration by means of which one can determine
the strength of Gamow-Teller transitions from measured
differential cross sections. The question arises of the extent
to which the empirical dependence found at £' = 210 MeV 1s
suitable for other energies of the bombarding particles. The
answer depends on the magnitude of the differences in the
distortions of the wave functions of the relative motion. Fig-
ure 15 compares the angular distributions for the transition
to the 1+ state with excitation energy 3.95 MeV of the N
nucleus measured for three energies of the “Li jons: 62 MeV
(Ref, 11), 93 MeV (Ref. 12), and 210 MeV (Ref. 68). The
angular distributions are constructed in the scale of the mo-
mentum transfer without additional normalization. It can be
seen from Fig. 15 that in all three cases the same diffraction
structure, with peaks for ¢ =0.5 and 1 F~' is observed.
However, whereas the angular distributions for the energies
62 and 93 MeV are the same in the complete measured range
of momentum transfers, at 210 MeV the differential cross
sections in the region of the first and third diffraction peaks
are significantly smaller than in the first two cases. The dis-
crepancy between the relative values of the differential cross
sections at 62 and 93 MeV, on the one hand, and 210 MeV,
on the other, is reproduced by theoretical calculations with
distorted waves and, therefore, can be completely explained
by effects of distortions. We note at the same time that the
distortions do not vary strongly as the energy of the °Li ions
is varied from 60 to 210 MeV; such variation leads to a de-
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FIG. 15. Angular distributions for transition to the 1" state with excita-
tion energy 3.95 MeV of the "N nucleus, plotted in the scale of the mo-
mentum transfer.

crease of the cross sections by a factor of about 2 only in the
regions of the first and third diffraction peaks. Thus, apart
from a factor, the two differential cross sections of the (°Li,
SHe) reaction characterize the strength of the Gamow-
_Teller transitions at any energy of the °Li ions from 60 to
210 MeV.

A good additional test of the (°Li, °He) reaction mech-
anism is comparison of the cross sections for excitation of the
0" state at 2.31 MeV, which is forbidden in the one-step
charge-exchange mechanism, and the 1™ state at 3.95 MeV
of the "™N nucleus. As the beam energy is changed, their
ratio, measured at small angles, is 0.05 at E/4 =35
MeV/nucleon and 0.1 at E /4 = 10MeV/nucleon according
to Ref. 68. A comparison that we made in a larger range of
angles (10-30°) shows that this ratio changes appreciably
already for an increase of the energy E /4 from 10 to 135
MeV/nucleon, decreasing by a factor of about 2. This fact
indicates that the multistep processes become less important
with increasing beam energy.

Thus, all the currently available data indicate that at
least at energies above 10 MeV /nucleon the direct one-step
charge-exchange mechanism with spin flip is dominant in
the (°Li, ®He) reaction.

The (5Li, He) reaction on intermediate nuclei

The direct one-step mechanism of the (°Li, “He) reac-
tion makes it possible to use this reaction as a probe of the
spin—isospin structure of heavier nuclei. Figure 16 shows ex-
amples of spectra of the (°Li, He) reaction obtained on
52Cr, 29917y, 129Sn targets at beam energy 93 MeV. The spec-
tra are similar, and in all cases we observe broad distribu-
tions with maxima orresponding to excitation energies
10—15 MeV of the residual nuclei. Comparison of the energy
spectra of the (°Li, “He) and (p,n) reactions studied at pro-
ton energies above 100 MeV under conditions for which the
spin—isospin component of the interaction is dominant (Fig.
17) demonstrates their important differences. Whereas in
the (p, n) reaction at § = 0° the Gamow-Teller resonance is
predominantly excited, in the **Zr(°Li, “He) reaction a
more complicated structure is observed, though the maxi-
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on Cr, "™ Zr, and '™Sn targets, obtained at beam energy 93 MeV:
1) the assumed contribution of the two-step process of the type
°Li + *Zr—7Li* + ¥Zr—*He + p + “Zr; 2) the contribution of
the one-step charge-exchange process; 3) the sum of contributions 1
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FIG. 17. Comparison of the energy spectra of the (°Li, "He) and (p,
#) reactions. The spectrum of the (p, n) reaction is taken from Ref. 2.
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mum of the spectrum is at the Gamow—Teller resonance.
The main reason for the difference between the (°Li, ®He)
and (p, n) spectra is that they were investigated in different
ranges of the momentum transfer (Fig. 18), so that in the
(°Li, ®°He) reaction transitions with a large value of the orbi-
tal angular momentum were kinematically preferred. For
nearly equal momentum transfer the difference between the
(°Li, “He) and (p, n) spectra can be due to the difference
between the physical backgrounds, which in the first case is
expected to be smaller than in the second. Moreover, it must
always be borne in mind that the (°Li, *He) reaction has a
more rigorous selectivity with respect to spin-flip transi-
tions.

The *°Zr(°Li, “He)°°Nb reaction was investigated in
detail in Ref. 66. Because the observed structure was compli-
cated, the spectra were analyzed by dividing them into indi-
vidual sections without subtracting any background. The
angular distributions for each energy interval were calculat-
ed in the framework of the microscopic distorted-wave
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method with a central spin-isospin interaction potential, in
i 070 o 9Oy which the coordinate part was described by a Gaussian func-
tion; as a result the recoil effects in the light system could be

taken into account fairly easily. The transition densities of
the target nucleus, which occur in the form-factor integrals
[see Eq. (13)], were calculated on the basis of the theory of
(°Li,"e) finite Fermi systems.®” All the levels and resonances of the

M particle-hole structure up to J" = 8~ were taken into ac-

'W,;—' {. count in the calculations of the cross sections. The theoreti-
E, = 120 MeV \H‘ cal angular distributions obtained for V,, = 10.7 MeV are
il\ given in Fig. 19. The contributions of all multipolarities
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At higher excitation energies, the contribution of the transi-
tions having AL equal to 0 and 1 decreases, giving not more
than 10-15% of the total cross section, so that in the section
E, = 15-25 MeV the nature of the angular distribution is
basically determined by the multipolarities L = 4and . — 5.

Comparison of the total theoretical angular distribu-
tions with the experimental distributions shows that up to
E, ~11 MeV the calculations agree well with the experi-
ment. The nature of the angular distributions is also correct-
Iy described at higher excitation energies, but the difference
between the experimental absolute cross sections and the
theoretical values obtained for V.. = 10.7 MeV increases
rapidly. Thus, in the region £, = 11-15 MeV the theoretical
cross section is 50% of the experimental one, but in the re-
gion E, = 15-25 MeV it is only 26%. This fact can be under-
stood by assuming that in these regions processes different
from the one-step charge-exchange mechanism begin to play
a part.

The part played by the quasielastic processes is more
clearly revealed by comparing the theoretical and experi-
mental energy spectra (Fig. 16). The theoretical spectrum
was obtained by introducing a smearing of Breit—Wigner
type:

d2g do { T;

M‘g(m)iﬁm@, (28]
where (do/dQ), is the total differential cross section at an-
gle @ in the energy interval i. The expression (28) is the sum
of the contributions of all the multipolarities in this interval;
E\,‘ are the centroid energies, taken to be E, = 1.5, 5.6, 8.8,
13.0, and 18.0 MeV in accordance with the nature of the
spectra observed in the (°Li, ®°He) reaction. It can be seen
from Fig. 16 that the assumption of a quasielastic reaction
mechanism (curve 2) leads to a good description of the low-
energy part of the spectra up to E ~ 10 MeV. Thereafter the
contribution of this mechanism decreases rapidly and is only
a small fraction of the observed cross section. If from the
experimental spectrum we subtract the theoretical spectrum
corresponding to the direct one-step mechanism, then in
what remains we obtain roughly a broad distribution with a
maximum corresponding approximately to the excitation
energy in the *’Nb nucleus: £, ~ 18-20 MeV (curve 7). This
distribution can evidently be associated with other mecha-
nisms ignored in the calculation. Among them the most
probable is the two-step process involving pickup of one neu-
tron into excited states of the "Li nucleus situated above the
threshold of its disintegration into “He + p:

Zr + OLi — ®Zr 4 "Li* — %Zr 4 *He 4 p.

The fact that the maximum of the observed distribution cor-
responds to the velocities of the excited "Li nuclei is evidence
in support of this mechanism; moreover, the width of the
maximum does not contradict the kinematic bounds for this
two-step process.

The investigation of the “°Zr (°Li, “He) reaction in Ref,
66 also showed that the spin-flip transitions with L>2 are
strongly fragmented and do not form localized giant reson-
ances, as they dofor L = Oand L = 1. But if we set ourselves
the task of separating in the reactions with light ions reso-
nance structures with definite multipolarities, then it is evi-
dently promising to make measurements at small angles and
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FIG. 20. Energy spectrum of the Al(¢°Li, *He)2'Si reaction at E., =93
MeV.™

raise the beam energy appreciably in order to widen the re-
gion of excitation energy of the residual nucleus accessible to
investigation. This requirement is dictated by the sharp de-
crease of the cross section of the quasielastic process with
increasing excitation energy (Q dependence). Thus, for E.;
=93 MeV the calculated cross section of the 7 (°Li,
°He)*’Nb reaction for the quadrupole resonance in the re-
gion £, = 25 MeV was about two orders of magnitude less
than in the region E, = 18 MeV.

An investigation of the (°Li, He) reaction on a 2’Al
target was reported in Ref. 70. The energy of the °Li ions was
also 93 MeV. An example of the spectrum of this reaction,
measured at angle 3°, is shown in Fig. 20. In its form it is very
similar to the spectra given in Fig. 16. Besides low-lying dis-
crete groups of states, we observe a distribution with FWHM
of about 10 MeV and centroid at E, ~ 10-12 MeV. The an-
gular distribution for this structure is shown in Fig. 21. An
analysis based on the microscopic distorted-wave method
with an NN interaction of the type M3Y shows that the ob-
served angular distribution can be explained by a mixture of
multipolarities in the interval I = 3-5.

5.INVESTIGATION OF THE (7Li, ’Be) REACTION
The ("Li, 7Be) reaction on light nuclei
The simplest way to obtain a qualitative picture of the

mechanism of the (Li, "Be) reaction is to compare its ener-
gy spectra with the spectra of the reference (°Li, *He) reac-

201(°L1,50e) P51 (10-18 MeV)

da/dQ, 10727 gmz.gr— 1

B, deg

FIG. 21. Comparison of the experimental angular distribution for the
broad group observed in the “AI(“Li, *He)"Si reaction at E, ~ 10-12
MeV with theoretical calculations for different values of the orbital angu-
lar-momentum transfer L.
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FIG. 22. Energy spectra of "He nuclei from ("Li, °He) reactions
on the nuclei “Be, '>'*'*C, and '*0 {a). The energy spectra of the
"Be nuclei from the (7Li, "Be) reactions on the same nuclei (b).
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tion, the mechanism of which can be regarded as established.
Recently, these two reactions were investigated on the same
nuclei, °Be,'>'*1*C, and '°0, under similar kinematic condi-
tions.”! Examples of spectra obtained for °Li energies of 93
MeV and "Li energies of 78 MeV are shown in Fig. 22. Tt is
particularly interesting to compare the energy spectra of the
("Li, "Be) and (°Li, “He) reactions on the nuclei with
N = Z: '2C and '°O. In this case, the conditions of charge
exchange for a neutron and for a proton are the same, and,
therefore, if the two reactions have the same mechanism, one
can expect their spectra to be similar. It can be seen from Fig.
22 that in the spectra of the (°Li, “He) and ("Li, "Be) reac-
tions on the '*C and O nuclei we do indeed observe the
same level system of the mirror nuclei *N~"?B and '°N-'°F.
Moreover, the ratios of the differential cross sections be-
tween the individual groups of levels in the ("Li, "Be) and
(°Li, *He) reactions are approximately the same. For ("Li,
"Be), as for (°Li, *He), we note the predominant excitation
of the anomalous-parity states 1%, 2, and 4 ~. This is a
remarkable fact, since the selection rules given above by no
means predict that spin-flip transitions should be kinemati-
cally distinguished in the ("Li, "Be) reaction.

But if we compare the spectra of the ('Li, 'Be) and (°Li,
®He) reactions with the (p, n) and (n, p) spectra at approxi-
mately the same momentum transfers (Fig. 23), we can see
that the spectra of both of the reactions with lithium are
similar to the spectra of the (p, n) reaction obtained at a
proton energy above 100 MeV, while they differ strongly for
the (n, p) case at E, = 60 MeV. The main difference is that
in the (n, p) case transitionsto 1 ~ and 2 ~ states occur most
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strongly. As we have already noted, the abrupt changein the
nature of the excitation in (#, p) and (p, n) when the beam
energies changed from 60 to 100 MeV is due to the dynami-
cal features of charge-exchange reactions with nucleons,
these being expressed by the fact that the ratio V,,, /¥, in-
creases with increasing energy. This has the consequence
that at energies above 100 MeV the spin—isospin charge-ex-
change mechanism is dominant.

The angular distributions for the strongest groups of
states observed in the energy spectra of the *C(’Li,"Be) '“B
and 'O (7Li,’Be) '°N reactions for E, equal to 4.5 and 6.2
MeV, respectively (Fig. 24), were analyzed in Ref. 13 in the
framework of the microscopic distorted-wave method for
one-step charge exchange (see Sec. 2). The calculation was
made with central forces, the radial dependence of which
was described by a superposition of Yukawa potentials with
the addition of a term to imitate exchange effects. The transi-
tion density for the "Li-"Be system was calculated in accor-
dance with the "Li(a + ¢) and "Be(e + *He) cluster model
with three “active” nucleons. The transition densities in the
heavy systems '>C~'?Band '°O-'°N were calculated for sev-
eral (experimentally forbidden) states (4=, 37, 27,
1~ )with a simple particle-hole structure. Oscillator wave
functions were used. The results of the calculations together
with the experimental data are shown in Fig. 24. The theo-
retical angular distributions reproduce the experimental dis-
tributions well for the normalization coefficient N = 6 in the
case of the '2C target and N = 7 for '°O, corresponding to
renormalization coefficients ~2.4-2.6 of the interaction
strength. Similar results were obtained in other calculations
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("Li, "Be) reaction with central forces.””* In our opinion,
the renormalization is probably due to the neglect in the
calculations of the tensor component of the effective interac-
tion. For in recent studies’"* it was shown that allowance
for the tensor forces can decrease the renormalization coeffi-
cients by a factor of about 2. Thus, the contemporary data
indicate that a direct one-step charge-exchange mechanism
in which spin flip plays an important part is dominant in the
("Li, "Be) reaction. However, if the part played by this
mechanism is to be more accurately estimated it will be nec-
essary to calculate two-step processes of successive one-nu-
cleon transfer.

The (7Li,’Be) reaction on intermediate and heavy nuclei

A comprehensive experiment in which the energy spec-
tra of the ("Li, "Be) reaction at beam energy 78 MeV were
investigated on many target nuclei from *’Al to **Pb was
made in Ref. 75. The example of the spectrum on Al is

=
12, (6r By 312 16 4
c(®Li,’re) N 0(®L1,%He)F
12°
20 (711 7ge) 2 \ .
1,0138 B 0 (% 7Be) o) FIG. 23. Comparison of the energy spectra qftlxe (°Li, "He)
12 2. ? reaction at E., = 93 McV, ('Li, 'Be) reaction at £ ,, = 78
”i: ) MeV (p,n) reaction at E, =991 MeV (Ref 19), and (n,p)
reaction at F, = 59.5 MeV (Ref. 41), obtained at different
_ angles on a "*C target (a), and spectra of the same reactions
: obtained on a 'O target at different angles (b). The energy
spectrum from the '*O(p,n) reaction at E,=1352MeV is
T taken from Ref. 23, and the one for the (#,p) reaction is from
(py ) _— ' Ref. 41,
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shown in Fig. 25. There are four strong groups of states with
centers at excitation energies 2.0, 4.1, 6.2, and 9.3 MeV of the
*’Mg nucleus in a broad distribution with centroid at E_
= 18 MeV. For comparison, the figure also shows the spec-
trum of the (#, p) reaction measured at neutron energy 60
MeV.* The main difference between the two spectra is that
for ("Li, "Be) we can hardly observe the group of transitions
at £, = 15 MeV, which is dominant in the (#, p) reaction
and corresponds to excitation of the electric dipole reso-
nance of the *’ Al nucleus. The different selectivities in (7, p)
and (’Li, "Be) can be explained by the difference between
the contributions of the spin-flip mechanism to these reac-
tions.

The main reason for the appearance of a continuous
spectrum in the (Li, "Be) reaction is probably either decay
of an intermediate *Be nucleus into "Be + n [this mecha-
nism was already discussed in the analysis of the spectra of
the ("Li, °He) reaction] or breakup of the "Li nucleus al-

FIG. 24. Differential cross secfions of the "C(’Li, "Be) "B
reaction with excitation of a group of states at £, = 4.5 MeV
and of the '*O(’Li, "Be) '*N reaction with excitation of a group
of statesat £, = 6.2 MeV. The curves are the partizl and total
theoretical cross sections. The total theoretical cross sections
are multiplied by a factor N = 6 in the first case and N =7 in
the second.

L 2%c(’ti,"Be) B EN_ 00714, 7Be) N
E » d,
= B \
~ - 4p=1
-t  E N
| w =
LR T r
= = £ B
G - &
& i o=
o M -
= 10-.5_ % =
g i = L
= - s
# I ¥ ik
2' =
-3 2 -
L 3 -
= z3] i
| 1 L 1 1 i 7; 1 1 1 1 2-;
75 20 25 30 g, deg 1520 25 30 ¢ deg
561 Sov. J. Part. Nucl. 20 (6), Nov.-Dec. 1989

Gareev et al. 561



i 9.3
2701 (711, 7Be)* Mg 1 a
5001 E; =78 MeV T4 5 5}2
p=15° - VoAs0
'_'.';'«-‘.-" .'_[\. J,
250 . .“.:-'.."-,. A 1
o= (%]

(mp)

£, =60 MeV
g=15"°

1 1 1 1 A i

E,, MeV 20 10 ;

FIG. 25. Energy spectrum of 'Be nuclei from the *’Al(’Li, "Be)*Mg
reaction, obtained at £.,; = 78 MeV at angle § = 15° (a, Ref. 75); energy
spectrum of protons from the 2’Al(n, p) Mg reaction, obtained at angle
8= 15"at E, = 60 MeV (b, Ref. 42).

ready in the first step, "Li— °Li + n, with subsequent pickup
of a proton from the target nucleus. Results of investigation
of the ¥’ Al("Li, "Be) reaction with lithium-ion energies from
100 to 180 MeV were recently published.” Examples of
spectra taken from this study are shown in Fig. 26, It was
found that the *’ Al("Li, °Li + X) continuous spectrum has a
shape similar to the broad distribution observed in the ("Li,
"Be) case. This shows that of the two mechanisms men-
tioned above the second is the stronger. Comparison of the
spectra of the ("Li, "Be) reaction at 78 and 180 MeV shows
that the growth of the "Li— ®Li + #n disintegration cross sec-
.tion with increasing beam energy may hinder investigation
of the isovector resonances at high excitation energies.
Figure 27 shows the energy spectra of the ('Li,” Be)
reaction for four nickel isotopes.” We observe the picture
characteristic of the ("Li, "Be) reaction on intermediate nu-
clei—a peak at excitation energies 4-5 MeV and broad dis-
tributions with centroids at £, ~13-16 MeV. With increas-
ing neutron excess, on the transition from **Ni to *Ni, the
peak at E, ~4—5 MeV becomes much narrower, as we see in
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FIG. 26. Energy spectra of the *?Al1("Li, "Be) reaction, obtained for three
different "Li energies.
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FIG. 27. Energy spectra of the (“Li, "Be) reaction on nickel isotopes at
E, =78 MeV.

the figure, and the peak itself is more readily distinguished
on the background of the broader distribution. Note that in
the (n, p) reaction, in contrast to ('Li, "Be), the main struc-
ture is found in the region of excitation energy 7-10 MeV
(Ref. 41) and is associated with excitation of the T compo-
nent of the giant dipole resonance. Thus, the spectra of the
("Li, "Be) reaction on the nickel isotopes differs strongly in
its selectivity from the analogous spectra of the (n, p) reac-
tion, just as we found for the case of “’Al

The complexity of the observed spectra of the ("L, "Be)
reaction leaves us little hope of explaining their characteris-
tic features by a limited number of multipolarities. There-
fore, for more reliable conclusions, we need investigations
that include a complete theoretical analysis of the differen-
tial cross sections with allowance for all states of particle~
hole structure, as was done for the **Zr(°Li, °He) **Nb reac-
tion discussed earlier. Investigations of such type were made
in Ref. 77, in which the *Zr("Li, "Be)*"Y reaction at beam
energy 78 MeV was studied. An example of the energy spec-
trum of the "Be nuclei from this reaction is shown in Fig. 28.
On the background of a broad distribution we clearly ob-
serve peaks at excitation energies 4.6 and 1.5 MeV of *°Y.
The theoretical analysis was made in the framework of the
one-step charge-exchange mechanism. The method used to
calculate the cross sections is described above. The
(°°Zr—°°Y) transition densities which occur in the form-
factor integrals were calculated on the basis of the theory of
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FIG. 28. Energy spectrum of the ("Li, "Be) reaction on **Zr at
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finite Fermi systems with allowance for the continuous spec-
trum and one-pion exchange.®” The transition density of the
"Li—"Be, ("Be, ) system was calculated with the cluster
model. A restriction was made to central forces with radial
dependence described by a sum of Yukawa potentials with
the M3Y parametrization and the inclusion of an additional
term to imitate exchange interaction.® The calculations took
into account all particle-hole states of the **Y nucleus up to
J7=87. The calculated spectrum is shown together with
the corresponding “smearing” of the particle-hole transi-
tions in Fig. 28 (curve 7). The theoretical cross sections
were multiplied by the coefficient 0.5, corresponding to a
renormalization of the interaction by a factor 0.7. It can be
seen that the theoretical distribution reproduces well the na-
ture of the experimental spectrum at not too high excitation
energies (E, < 6 MeV), but with increasing excitation of the
nucleus the difference in the absolute values of the cross sec-
tions increases strongly. The discrepancy between the theory
and experiment in the region E, >7 MeV can be attributed to
the contribution of two-step processes ("'Zr 4+ 'Li—®*Y
+®Be*>™Y +Be+n and "Zr+Li  —-Li+n

+ PZr-*Y + "Be + n), which we have already consid-
ered for the case of *’Al and which lead to continuous spec-
tra (Fig. 28, curve 2).

Figure 29 shows the partial differential cross sections
for transitions of different multipolarities L. It can be seen
that the nature of the spectra up to excitation energy ~3
MeV is basically determined by transitions with L = 1 and
L =3, while for E. > 7.0 MeV transitions with L = 4 and
L = 6 play the main part. As regards the region of the maxi-
mum of the experimental differential cross sections (E,

~=4-6 MeV), one can to almost equal degree speak of a

contribution of all these multipolarities (L = 1, 3,4, 6). The
absence of L = 0 transitions is due to a blocking effect of the
neutron excess.

6. COMPARISON WITH CHARGE-EXCHANGE REACTIONS
ONHEAVY IONS

As we noted in the Introduction, in the charge-ex-
change reaction with lithium ions the contribution of the
one-step mechanism must be greater than in reactions with
other heavy ions if the comparison is made at the same ener-
gy per nucleon of the incident particle. We recall that this
follows from the dependence of the reaction amplitude on
the overlap integral of the wave functions of the incident and
emitted particles [Eq. (1)]. Investigations of the reactions
(°Li, ®°He) and ("Li, "Be), augmented by ('>C, '*N), ('*C,
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FIG. 29. Partial cross sections for the one-step charge-ex-
change mechanism in the ""Zr(’Li, "Be) ™'Y reaction at beam
energy 78 MeV.

E., MeV
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TABLE IV. Strength of the spin-isospin interaction from different charge-exchange

reactions.
| Type of interaction
Reaction E, MeV Gauss, Yukawa, #a Reference
a=18F | a=10F M3
{p, n) 20—50 7—21 1.7 0.43—0.55 | [69, 78, 79]
{°Li, SHe) 34 — 14.2 — [65]
30 11]
93 10.7 1.3 [12, 66]
210 — 14.4 — [68]
("Li, 7Be) 36 10 15.3 1.4—2.4 (6, 72]
50 — - 1.256—2.9 [73]
0.75—-0.9 | 74]
78 = === 2.4—-2.6 [13]
0.7 [77]
(*2C, B) 102 38—55 118—167 6.2—10 [80]
(12C, 12N) 420 — 32—300 — [81]
(180, 15F) 56 25 76 5.3 [82]

*The coefficients of the renormalization of the strength of the effective interaction are

given here.

'*B), and ('®0, '*F), confirm that the one-step mechanism
is especially distinguished in reactions with lithium. Elo-
quent in this connection is Table IV, which gives the values
of the phenomenological strength parameter of the spin—iso-
spin interaction, ¥, _, obtained from analysis of various ex-
perimental data. The analysis was made under the assump-
tion of a pure one-step process. It can be seen that in the ( 12C,
2N), ("*C, ¥B), and ("*0, '*F) reactions the values of ¥,
are, as a rule, appreciably greater than in the (°Li, *He) and
("Li, "Be) reactions. In turn, the values of V. for these last
reactions agree with the values obtained in the (p, n) reac-
tion. This indicates that in reactions with the heavy ions *C
and 'O a large proportion of the experimentally observed
cross section is associated with a two-step process of succes-
sive one-step transfers.

The dependence of the cross sections of the one- and
two-step processes on the beam energy for the ('*C, '*N)
case was estimated in Ref. 81. The case of successive trans-
fers was calculated in accordance with the expression
Aoyo, |, A'ol

VE ©VE®

(29)

Olgag =

where o; and o, are the cross sections for single-nucleon
transfer in the first and second stages, calculated by the
method of distorted waves, and 4 and 4 ’ are constants. The
results of the calculations (Fig. 30) show that with increas-
ing beam energy the cross section of the one-step process
increases up to an energy of about 40 MeV per nucleon,
while that of the two-step process decreases exponentially,
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FIG. 30. Energy dependence of the cross sections of the “C('°C,
"*N) "B, reaction for the one- and two-step processes.
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so that only at £~ 50 MeV/N do the two mechanisms be-
come comparable.

An energy dependence of the cross sections of this kind
is confirmed by more rigorous calculations®®* in which
two-step transfers of a proton and a neutron were calculated
with allowance for channel coupling. Figure 31, which is
taken from Ref. 84, shows the energy dependence of the dif-
ferential and total cross sections of the *C("C, >N} '?B re-
action for transitions to the 17 ground state and to the excit-
ed states 2 (E, =4.37 MeV) and 4 (£, =4.52 MeV) of
the "B nucleus. It can be seen that with increasing spin of the
state the decrease of the cross section for the two-step pro-
cess becomes less steep, and the region in which the one-step
mechanism is dominant is shifted beyond the limit 100
MeV /nucleon.
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FIG. 31. Differential and total cross sections of the ")C( '*C, "N} '*B reac-
tion for transitions to the 1+ ground state and the excited states 2~ (E,
=4.37MeV) and 4~ (E, = 4.52 MeV) of the '? B nucleus, as functions
of the energy of the '*C incident ion. The thin continuous curve represents
the one-step charge-exchange mechanism, the broken curve represents
the two-step process (calculation with allowance for channel coupling),
and the heavy continuous curve represents their coherent sum.
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7.THE (5Li, *He) REACTION. APPLICATIONS

Search for effects of proximity to the threshold of =
condensation

In the theory of finite Fermi systems it is shown that the
energy of a pion in a nucleon medium, ©?(k), has a mini-
mum at a value of the momentum k near the Fermi momen-
tum and may even vanish at a certain nucleon density.* In
such a case, the nucleon matter would have an instability
with respect to the pion field represented by a growth of the
amplitude of the pion field with wave vector k, pions being
spontaneously created. This phenomenon has become
known as pion condensation. It is currently believed thata #
condensate does not in fact exist in real nuclei, but it is very
probable that the pionic degree of freedom is still strongly
softened. Softening of the pionic mode must lead to effects
that can be observed in a variety of nuclear processes. Such
effects, which have been called precritical effects, are ana-
lyzed in detail in the review of Ref. 87. In particular, it is
expected that proximity to the point of the 7-condensate
instability will influence the differential cross sections of re-
actions with excitation of anomalous-parity states.**® Ac-
cording to the theoretical predictions, the greatest sensitiv-
ity must be manifested in the region of momentum transfers
g = (2-3)m,, where the pionic mode is maximally softened.
In this region, a maxima may appear in the differential cross
sections, its height being greater, the closer the nucleus is to
the critical point.

The selective excitation of anomalous-parity states—
states with pionic symmetry—makes it possible to use the
(°Li, ®*He) reaction to seck effects of proximity to the thresh-
old of 7 condensation.

The behavior of the differential cross sections was in-
vestigated in Ref. 12 for a number of anomalous-parity levels
excited in the " C(°Li, °He) "*N reaction by 93-MeV °Liions
in the region of momentum transfers 0.6-2.3 F ~ . The angu-
lar distributions were calculated with transition densities ob-
tained in the framework of the theory of finite Fermi systems
on the basis of the approach described in Ref. 87. The effec-
tive NN interaction was a spin-isospin amplitude with ex-
plicit inclusion of one-pion exchange:

v [ ¥ K) (0K
G=C, [g (0,0,) + g% ﬁ%](n%)- (30)

Here, g¥is the effective constant of the one-pion exchange,
P, isthe polarization operator, which takes into account the
contribution of the processes of virtual production of the A
isobar and a nucleon hole, and k is the momentum transfer.
The actual values of the constants that occur in the interac-
tion are given in Refs. 12 and 87. The parameter g', which
characterizes the short-range repulsion in the particle-hole
channel, was regarded as a phenomenological constant and
was determined by comparing theory with experiment. Its
value is very important for conclusions about the proximity
of real nuclei to the point of 7 condensation. The critical
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FIG. 32. Angular distributions of "He nuclei from the ""C(“Li.
“He) "*N reaction for transitions to 1 7 states with £, = 0 and
3.95 MeV at "Li ion energy 93 MeV. The continucus curves
give the calculation with the transition densities for g’ = 1.1,
the dotted curves are for g’ = 0.7, the chain curves are for
g’ = 0.65, and the broken curves are for g’ = 0.61.
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value of the parameter was estimated in Refs. 87 and 88 (g7,
= 0.605for 1 * excitation). Thus, the proximity of the phase
transition is characterized by the difference g’ — g’ .

Figure 32 shows an example of comparison with experi-
mental data of theoretical angular distributions for transi-
tions to the 17 state of the '*N nucleus, obtained for different
values of the parameter g'.'* It can be seen that for g'~0.7 a
reasonable description of the angular distributions is still
obtained. As g' is reduced to a value near the critical value,
the absolute value of the cross section increases strongly in
the complete range of angles. The predicted particular en-
hancemeht of the cross sections in the region of momentum
transfers 1.4-2.1 F ' (23-25°) is not observed. In Ref. 12,
this is attributed to the insufficient sensitivity of the em-
ployed reaction to the putative effect, the reaction being of
surface type. Indeed, calculations show that the transition
density varies little on the surface of the nucleus for variation
of g’ up to about 0.7. In addition, distortions in the optical
potential also lead to an additional and rather strong
smoothing of the precritical effect. However, it should be
noted that these facts do not exhaust all ways for further
search for precritical effects in the (°Li, “He) reaction. Ex-
periments at high beam energies are extremely desirable,
since they increase the sensitivity to the interior region of the
nucleus.

Experimental determination of the form factor of the
quasielastic process at short distances

Over many years great efforts have been made to obtain
from experimental data, principally elastic scattering, un-
ambiguous information about the potential of the internu-
clear interaction. The difficulty here is that the differential
scattering cross section is strongly influenced only by a small
number of partial waves corresponding to the strong-ab-
sorption range (R, ). Therefore, all potentials with a definite
value near this range that correctly predict the phase shifts
for a limited number of partial waves will give similar angu-
lar distributions. As a result, the interaction potential for
r<€R, remains undetermined, since the small partial waves
that are sensitive to the interior region of the nucleus because
of strong absorption make a very small contribution to the
cross section.

Progress was achieved when the beam energy was in-
creased, and the effect of nuclear rainbow scattering started
to be observed in experiments. The characteristic features of
the corresponding angular distributions can be explained by
interference of waves scattered by the “near” and “far”
edges of the nucleus. Under these conditions, the absorption
was not so strong that it entirely washed out the effects of the
refraction of waves with small angular momentum, and it
thus became possible to probe the internuclear potential at
distances appreciably less than the strong-absorption range.

It is natural to consider how much the refraction effects
influence the other nuclear processes different from elastic
scattering. In at least quasielastic processes, by which we
mean interactions with a small change in the kinetic energy
of the masses and charges of the colliding nuclei, we can
expect to observe the same effects as in elastic scattering. It
would then be possible (using knowledge of the potential
determined unambiguously from the elastic scattering) to
obtain important information about the mechanism of the
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FIG. 33. Differential cross sections of the "*C(°Li, “He) "*N reaction (J™
=1% E =395MeV) at E.;, = 93 MeV. The continuous curve gives
the calculation by the distorted-wave method with the theoretical form
factor £, (r); the broken curve gives the calculation with an empirical
form factor.

quasielastic process and investigate the behavior of the form
factors at short distances.

On the basis of this idea the *C(°Li, °He) "N reaction
with excitation of the 17 (£, = 3.95 MeV) state of the N
nucleus was investigated®® at beam energy 93 MeV in a wide
range of angles up to 120°. The corresponding angular distri-
bution is shown in Fig. 33. Data on the reaction were ana-
lyzed by the distorted-wave method in the framework of the
one-step charge-exchange mechanism. Both central and ten-
sor forces were taken into account. The experimental results
and the calculations show that there is indeed a qualitative
analogy between the charge-exchange reactions and elastic
scattering. As in elastic scattering, the angular distribution
of the reaction contains a diffraction structure, which is
damped with increasing angle, and a monotonic decrease of
the cross section at large angles. The observed diffraction
structure can be explained by the interference of waves scat-
tered by the near and far edges of the nucleus.

However, as can be seen from Fig. 33, the calculated
cross section (continuous curve) for angles greater than 40°
is more than 2 times smaller than the experimental cross
section. There are two obvious ways to improve the agree-
ment between the calculations and the experiment. The first
is to give up the assumption that the potentials in the en-
trance and exit channels are identical. In Refs. 89 and 90 it
was shown that a change, for example, of the imaginary part
of the potential W(°He), does not lead to a radical improve-
ment of the agreement between theory and experiment in the
range of angles 45-90°.

The second possibility is to modify the theoretical form
tactor. The empirical form factor was chosen in the form

Figrtn = Py {1+ 220
z=(r-- R)/o. (31)

This corresponds to a slight raising of the theoretical form
factor at distance R with intensity ¥ and width « of the dis-
tribution.
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FIG. 34. Form factors of the "C(“Li, “He) "N reaction (£, = 3.95 MeV,
J7=1%). The continuous curve is the theoretical form factor, and the

broken curve is the empirical form factor calculated in accordance with
Eq. (31).

Fairly good agreement can be achieved if we choose
R=45F, V=0.7, @ = 0.6 F. The broken line in Fig. 34
shows such a form factor. The cross section corresponding to
it is shown by a similar curve in Fig. 33.

Thus, to describe the experimental data in a broad range
of angles we must make a certain modification of the form
factor, and this opens up a real possibility of obtaining from
experiments information about the radial dependence of the
form factors of direct reactions.

CONCLUSIONS

In this review, we have considered the results of investi-
gations of charge-exchange reactions with lithium ions. Qur
main attention has been concentrated on experiments made
recently at beam energies of more than 10 MeV /nucleon.
The investigations have shown that the direct one-step
charge-exchange mechanism with spin flip is dominant in
the (°Li, °He) reaction. Spin flip is distinguished in the (°Li,
“He) reaction because of the selection rules'and the structure
of the ground states of the °Li (1) and °He (0*) nuclei.
The (°Li, "He) reaction differs advantageously from (p, n),
in which (incomplete) selectivity to spin—isospin excitations
arises only as a result of dynamical enhancement when the
beam energy is raised to 100 MeV or higher. In accordance
with the established mechanism, the cross section of the
(°Li, ®He) reaction for Gamow-Teller transitions is propor-
tional to the Gamow-Teller strength and, therefore, is, for a
suitable calibration, a measure of it.

In the review we have analyzed the results of investiga-
tion of the (°Li, ®He) reaction on *’Al and “"Ar. We have
seen that the Gamow—Teller and spin-dipole transitions can-
not explain the nature of the experimental spectra and that in
the (°Li, “He) reaction, particularly at excitation energies
> 10 MeV, spin-flip transitions with L = 3-5 play the main
part. Thus, the (°Li, °He) reaction can be used as a means of
investigating spin-isospin excitations of high multipolarity.
But if we are interested in separating the Gamow—Teller and
spin-dipole resonances, we must make investigations at
small angles and at high beam energies. However, recent
experiments to study the “°Zr(°Li, “He)"Nb reaction®"*?
showed that a 200-MeV energy of the °Li ions is still insuffi-
cient.

As yet, the mechanism of the ("Li, 'Be) reaction has

567 Sov. J. Part. Nucl. 20 (6), Nov.—Dec. 1989

been studied much less. However, the already existing data,
obtained mainly at a beam energy around 11 MeV /nucleon,
indicate that in this reaction the direct one-step charge-ex-
change mechanism, in which spin flip also plays an impor-
tant part, is dominant. The ("Li, "Be) reaction, like (°Li,
“He), differs strongly from other reactions with heavy ions:
("*C, *N), ('°C, '*B), and ('®0, '*F), for which, at least up
to an energy of 50 MeV /nucleon, the main contribution is
made by a two-step mechanism with successive transfers of a
neutron and a proton.

In the ("Li,” Be) reaction on intermediate and heavy
nuclei we observe a universal nature of the spectra, which are
broad distributions with a maximum at £_ = 4-5 MeV. In-
vestigation of the ("Li, 'Be) reaction on *’Zr shows that in
the excitation spectrum of the *°Y nucleus regions in which
transitions with L = land 3 (E, <3 MeV)and L = 4and 6
(£, >7 MeV) play the main role can be identified. To in-
crease the sensitivity to transitions with E, > 7 MeV, it is
necessary to increase the beam energy. But as the energy
increases, so does the cross section of the process that pro-
ceeds through a stage with disintegration of the nucleus, ’
Li-Li + n, with formation of a continuous spectrum, and
this may hinder the investigation at high excitation energies.

In the review we have considered applications of (°Li,
“He) reactions to the investigation of precritical effects and
the behavior of the form factor at short distances. We have
shown that in both cases it is desirable to make the measure-
ments at high beam energies in order to increase the sensitiv-
ity to the interior region of the nucleus. We have also shown
that in calculations of the differential cross sections the low-
er boundary of the region of sensitivity to the form factor
lies, already at energy 93 MeV, at a distance appreciably less
than the strong-absorption range.
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