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Studies of the influence of the continuous spectrum (the continuum) on the properties of discrete
nuclear states in the framework of the nuclear shell model are reviewed. Coupling between the
discrete states and the continuum leads to the appearance of an additional term in both the
Hamiltonian and the discrete-state wave function. These terms characterize the finiteness of the
nucleus. They are responsible for a definite breaking of the symmetry of the residual nuclear
interaction, such as breaking of the charge symmetry, and they describe the nuclear surface. The
energies and widths of the nuclear states are determined by complex eigenvalues of the nuclear
Hamiltonian. It is shown that the partial widths factorize in the form of a product of a spectro-
scopic factor and a penetrability factor under the condition that the spectroscopic factor is large.
Anexpression is obtained for the.S matrix containing not only the so-called resonance parameters
but also functions calculated in the framework of the model. The shape of the resonances is
sensitive to these functions. In some cases, the resonances may appear in the form of cusps. These

conclusions are confirmed by the results of numerical calculations.

INTRODUCTION

In attempting to describe a finite nuclear system, we
encounter the problem of solving the Schrddinger equation
(H — E }¥ = 0 using a basis of wave functions that contains
states which depend on energies both discretely and continu-
ously. Since the two types of wave functions have different
mathematical properties, this problem can be solved alge-
braically only approximately. It is therefore not surprising
that in nuclear physics two directions have arisen—investi-
gation of nuclear structure restricted to the properties of the
discrete states, and nuclear reactions, in which the proper-
ties of the continuum states are studied. The Schrodinger
equation is solved correspondingly using sets of wave func-
tions that depend on the energy discretely or continuously.
The influence of states of the one kind on the other is taken
into acecount approximately. Although this method of solu-
tion leads, as a rule, to good quantitative agreement with
experiment, some basic problems have not yet been solved.

One such problem is the calculation of the lifetime of a
nuclear state. The structure of the state is calculated using a
Hamiltonian that is a Hermitian operator in the subspace of
the wave functions of the discrete spectrum. The eigenvalues
of this Hamiltonian are real and are interpreted as the ener-
gies of the excited nuclear states. The lifetime of the excited
nuclear states can be estimated by means of overlap struc-
ture integrals (spectroscopic factors) and penetrability fac-
tors. It is not surprising that the results obtained in this man-
ner describe the experimental data only partly. For example,
the problem of a decay of heavy nuclei has not yet been
solved despite the fact that it is one of the oldest problems in
nuclear physics and the subject of much effort.

Since the majority of excited states of finite nuclei decay
by the emission of one particle, the Hamiltonian describing
the nuclear structure must be a non-Hermitian operator that
goes over into a Hermitian operator when the bound states
lie below the particle-emission threshold. Then the imagi-
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nary parts of the eigenvalues of the Hamiltonian describe the
lifetimes of the corresponding nuclear states, while the real
part determines their energies. The non-Hermitian part of
the Hamiltonian cannot be completely reproduced solely by
introducing an additional term into the two-particle residual
forces, since it characterizes the many-particle nature of the
finite nucleus. The non-Hermitian part of the Hamiltonian
depends, for example, on the decay threshold energies.
There is no analog of this in nuclear matter, and this is there-
fore a specific feature of finite nuclei.

The condition that the Hamiltonian for finite nuclei
must be a non-Hermitian operator is not taken into account
in any of the existing calculations of nuclear structure. The
results of such calculations with a Hermitian Hamiltonian
give discrete energies for all excited nuclear states. They are
to be regarded as a first approximation to the solution of the
problem. Allowance for the continuum leads to corrections
that influence not only the decay states but also the bound
states lying below the threshold for the emission of one parti-
cle. Finally, the lifetimes of the decay states can now be ex-
pressed in terms of the imaginary parts of the eigenvalues of
the Hamiltonian.

The aim of the present paper is to review the influence of
the continuum states on the structure of nuclear states. In
Sec. 1 we consider a formalism (the shell model in the contin-
uum) that makes it possible to take into account states with
one particle in the continuum. Spectroscopic characteristics
such as the energy, width, and wave function of a nuclear
state are determined in Sec. 2. We then derive an expression
for the S matrix in terms of functions that determine the
energy and width of a state. Their significance is clarified by
analyzing the line shape of an isolated resonance. In Sec. 3
we consider the symmetry breakings due to the finiteness of
the nucleus. Such symmetry breaking does not occur in nu-
clear matter. We discuss surface effects in finite nuclei. The
conclusions about the mutual influence of the discrete and
continuum states are given in the last section.
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1. THE SHELL MODEL IN THE CONTINUUM
Formulation of the Approach

The shell model in the continuum formulated by Barz et
al.! is a formalism for solving the Schrédinger equation for
both discrete and continuum states. It is based, on the one
hand, on the shell-model approach to nuclear reactions de-
veloped by Mahaux and Weidenmiiller* and, on the other,
on the truncation technique for single-particle resonances
proposed by Wang and Shakin.? In this approach, no statisti-
cal assumptions are employed. The problem is formulated in
such a way that from the very beginning one solves a tradi-
tional nuclear problem (shell model with Woods—Saxon po-
tential). On the basis of its solution the coupled-channel
method is developed, and calculations by it yield the ener-
gies, widths, and wave functions of all nuclear states (" reso-
nance states,” including both bound and decay states), and
also the reaction cross section and the .S matrix. The approxi-
mations used to derive the equations in Ref. 1 are as follows:

a) only the proton and neutron decay channels are taken
into account;

b} the state of the residual nucleus with 4 — 1 nucleons
is stable.

In numerical calculations, two approximations are
used:

a) a density-independent spin-exchange residual inter-
action of zero range;

b) the configuration space for the nuclei with both 4 and
A — 1 nucleons is truncated in the standard shell-model
manner (i.e., for 1 p-shell nuclei a restriction is made to the
configurations 15,5, 19372, 12,2, 28,3, 1ds;5, 1d5/2).

Thus, the method generalizes the traditional shell mod-
el by including nucleon decay channels.

A solution of the Schrédinger equation (H — E )¥ = Ois
sought in the form

P — 2 b (i) @, + 2 j dE'ds (E'; ¢ )y, ()

g'==l e

where the first term is the shell wave function with all A
particles bound, whereas the second term corresponds to the
channel wave functions with 4 — 1 particles in a bound state
and one particle in a scattering state. The index ¢ denotes the
channel and ¢, the threshold energy for channel ¢. To find
the wave function ¥¢, the total function space is decom-
posed into the two subspaces of the states of the continuum
and discrete spectrum by means of projection operators P
and Q. In contrast to Feshbach’s traditional method,* the
technique of projection operators is used here not to separate
the part of the problem in which we are interested from the
other parts with a view to using different approximations for
the different parts, but rather to employ approximations of
the same kind (truncation of both the number of configura-
tions and the number of channels) for functions that have
quite different mathematical properties. Therefore, the de-
composition of the space of functions into two subspaces in
the shell model in the continuum differs from the analogous
decomposition in Feshbach’s theory. In the shell model in
the continuum, the @ space contains the wave functions of
all the discrete states, whereas the P space includes wave
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functions corresponding to one particle in a scattering state
and the remainder in discrete states. If there is a narrow
single-particle resonance in the continuum, it is included in
the subset of discrete states up to the cutoff radius R,
whereas the remaining part is put in the P space. By means of
such a procedure the @ space is constructed from a subset of
discrete states analogous to those used in traditional shell-
model calculations for bound states. This subspace contains
the part of the total wave function that has a large amplitude
within the nucleus. In the model space thus chosen, the con-
dition P + @ = 1 holds, and also the condition of orthogona-
lity between the two subspaces if there is a certain renormal-
ization of the wave functions.

Single-Particle Spectrum

The Hamiltonian describing the system of A4 nucleons is
taken in the form

H=H,+V, 2)

where V is the residual interaction. The unperturbed shell-
model Hamiltonian H , is a sum of single-particle operators:

Hy=7) ho (ry). (3)

The operator 4, which depends on the coordinate of one
nucleon, generates the spectrum of single-particle states in a
shell-model potential of finite depth. These single -particle
states form a basis by means of which the total wave function
is constructed.

Assuming that the shell-model potential is spherically
symmetric, we can classify the wave functions @, by means
of the total and orbital angular momenta / and j:.

Pu (1) =1 Y1 m (D) %, e, (T)- (4)

o oot e

The index ¢ identifies the quantum numbers /, and j, the
projection m, of the total angular momentum, the third
component of the isospin 7, and also the energy e, . The func-
tion ¥, is obtained by adding a spherical function to the
nucleon spin function. The function y, is an eigenfunction of
the third component of the isospin operator with eigenvalue
7. In accordance with (4), we represent the single-particle
operator % in the form

Ei}r!im(g} 'X.r',lh ﬁ, dg’i_£Y?jm (Qr) Xn:[s)

ai(r)r
Tlim

Here, the operator 4., depends only on the radial coordi-

nate:

bty (1) = o (= + L) 4 Vs (), (6)
It contains the finite-depth shell-model potential ¥, which
depends in general on the quantum numbers of the states.
The parameters of this potential are chosen in such a way
that the eigenvalues of the Hamiltonian #_,; reproduce the
known experimental single-particle energies. The reduced
nucleon mass is m, = (1 — 1/4 )m_,..

Using the truncation method proposed by Wang and
Shakin® for single-particle resonances, we can represent the

discrete states in the form

Uperj (1) =Upetj (r), m=0, 1, ..., M—1: (7a)
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M-1
JVMtijﬁ (Rcul —r) Ueprlj (r)+ ‘S}i Nnrl_fun'l:!j (r).
bl

(7b)
The functions i are solutions of the radial Schrédinger equa-
tion with the single-particle operator A, (¥):

(Enetj—has (1) g (1) =0, n=0, 1,

(e—hg; (M) Ueas (1) =0, 0. 9)

The M discrete solutions correspond to energies
e =E,; <0, and the index e is replaced by the number # of
nodes of the wave function. The continuum solutions are
determined by the energy eigenvalues e = £> 0. The step
function @ (R, — ) cuts off the single particle function 77
at the point » = R_,. The energy £, lies near a resonance
ENErgY: U, =My . The constants N, (n =0,1,...M ) en-
sure the normalization and mutual orthogonality of the
functions (7). The state defined in (7b) is called a quasibound
single-particle state.

In accordance with the definition of the discrete states
(7) we obtain for the continuum the equation

Upregi (T) =

ey _[I,[._,‘}_; (8]

le— (1 —quy) by (r) (1 — qus)] thewr; (r) = 0 (10)
in which the projection operator
M
qui= 2 Ui (1) \ Ar'tg s (r') (11)

n=0

projects onto the single-particle states. Equation (10) ensures
orthogonality between the discrete and continuum states.
Thus, the single-particle spectrum can be chosen in such a
way as to satisfy the orthogonality conditions

j Artt gy () Ui (F) = B (12)
S ATt (1) Uergy (r) =0 (13)
§ dritect; () verwis (1) =8 (e —¢) (14)

and the completeness condition
M o
Ut (T) Unry (F) S A8y (1) Ueqy; (r') =0 (r—1r7)
h=10 0
(15)
Since the function (7b) and the continuum functions are
not eigenfunctions of the single-particle operator %, we can
define a new operator /4, which generates the complete sin-
gle-particle spectrum:
M
h-c[_r (r)= Z Unrj (r E “ntli S dr’u‘ntli (r')

n=0
+ (1 —quys) has (1) (1 —guj)- {16)
The Hamiltonian H, of the complete system is determined

by Egs. (3) and (7), in which the operators 4., . must be re-
placed by the operators 4

i+

Basic Equations

The Schrodinger equation HY¥ = EW with discrete and
continuum states is solved as follows.
1. Solution of the standard shell-model problem with
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Woods—Saxon potential:

(ER" — Hqq) ©p=0, (17)
where H,, = QHQ. The operator
Q = ij Ide) ((DRl (18)
R

projects onto the subspace of discrete states. This subspace
corresponds to the function space of the standard shell mod-
el by virtue of the use of the truncation technique for the
description of narrow single-particle resonances. The states
described by the functions @, and the eigenvalues E 3™ of
the operator H,,, are called quasibound states embedded in
the continuum (QBSEC). In such states, all nucleons occupy
bound or quasibound single-particle orbits. The QBSEC
states correspond to the states obtained in the standard shell
model.
2. Solution of the equations for the coupled channels:

(EW) — Hpp) B8V = (19)

with incident wave in the entrance channel and outgoing

waves in all channels as boundary conditions. Here
Hp,»=PHP. The operator
p=3 \ dE B &5 (20)

¢ E‘

projects onto the subspace with one particle in the contin-
uum and the réemainder in discrete states (¢ channels). The
threshold energies are denoted by £, . In numerical calcula-
tions, the operator P is represented by

P=1-—0, (21)
by means of which the given configuration space is defined.

3. Solution of the equations for the coupled channels
with a source:

(£ — Hpp) o' = HpeD g, (22)
where H,, =PHQ. The source describes coupling of the two
subspaces.

The solution ¥ is expressed in terms of the three func-
tions @, £4*, and w5

IF;;H) E(Jr) oft 2 (DR"' wCH) — M’ (‘DR |HQP|EE£+))
R, R’
(23)
Here, My are the matrix elements
Mgr =3 \dE' (D H | Dy + 0ff? (24)
¢ e,
of the operator
HE — Hoq+ HyuG8 Hpg. (25)

The operator H g, is the part of the Hamiltonian that arises
effectively in the O space when the continuum is taken into
account. The Green’s function G =P(ET — H,,)"'P
describes the motion of the particle in the P space.
The ei genfunctions
D = 2, 2 afih Ops

(26)

and the eigenvalues K, — (i/2)T  of the Hamiltonian H &
determine the wave functions, energies
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Numerical calculations in the framework of the shell
model in the continuum are made using zero-range forces:

V (1! 2) = Vu (Cl T bP?g) 6 (rl - 1'2), (52)

where P§, is a spin—exchange operator. In this case, the
channel-coupling equations for the radial wave functions
£Y)(r) have the form'

(E—Ei—h) & () — S VD (r) = — g0 (R (7)

e’

+ VRN E (1) (53]

In deriving (53), we have used the relation g, £ ' = 0, where
q. is defined in (11). It is obvious that the solutions of Eq. (53)
also satisfy this condition.

The operator g, in (53) ensures fulfillment of the Pauli
principle for the many-particle function ¥. If we compare
{53) with the original equation (19), writing it formally as

Z (Eécc' - Hcc’) E.S:“’r) = Z_‘ Qcc’flc'c"gg)s (54)

we readily see that the operator Q is diagonal in the channel
representation and has the form:

Qr.'c' = acc’gc‘ (55]
Equation (22) is solved by functions w';"' describing the

tails of resonance wave functions. Using the formalism of the
coupled-channel method, we can represent (22) in the form

; (Eacc' - Hcc’) OJ‘(:{U = wiﬁ>7 9c (Z Hcc'wgzj’“ '5_ ws‘,R))l (56)

if we use the relation (55). The channel wave functions o!® /(7)
are determined in accordance with (51). Asymptotically,
they behave as purely outgoing waves and are generated by
the sources &!*', which arise from the interaction H,,,, the
coupling of the discrete spectrum to the continuum.

The projection of the quasibound states embedded in
the continuum @, onto channel ¢ can be expressed as fol-
lows:

M
Dle= 2 Sltuuy ()[1), (57)
where
L (’ff I-’ )(flamzfmlq’n) (58)
M,m Mim | M

is the spectroscopic amplitude for the single-particle state
n7lj. The relations (57) and (58) for the discrete state @ r are
analogous to Eq. (51) for the continuum state £, The source
terms ™' can be calculated using the channel wave func-
tions£Y and @7 ..

It now remains to solve (54) and (56) numerically. Using
(11), we can represent both equations in the form

Z (Eacc'_Hcc’) gc’ (T) = Ic
M ’ =
= 3 s () § s () [ L0+ 3 Mot ()] (59
n=0 ~id

Here, £ is a function of  in Eq. (56) and a function of £ in
(54), and I, = w!® for (56) and I, = 0 for (54). Equations (59)
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form a system of coupled differential equations with an inho-
mogeneous term on the right-hand side that is a linear com-
bination of . and u,,.,;. The weight coefficients are integrals
containing the solutions &_. The solutions £, can be found
numerically as superpositions of two types of solutions, one
of which satisfies the system of equations without the term
containing the operator g but satisfying the same boundary
conditions as are imposed on 7, , namely, outgoing waves in
all channels and, for the case I, = 0, an incoming wave in the
entrance channel.

If instead of (19) we solve (34), then it must also be re-
written in the form (59) with an inhomogeneous term on the
right-hand side.

Details relating to the solution of the equations for the
coupled channels can be found in Ref. 1.

2. INVESTIGATION OF NUCLEAR STRUCTURE IN THE
FRAMEWORK OF THE SHELL MODEL IN THE CONTINUUM

Energies and Widths of Nuclear States

The shell model in the continuum is a generalization of
the traditional shell model by the inclusion of a set of basis
functions of continuum states. The subspace Q in this model
corresponds to the function space employed in standard
shell-model calculations. All nucleons occupy bound and
quasibound states. The QBSEC states are discrete states of
the continuous spectrum. The eigenvalues of the Hamilton-
ian Hy, are real because this operator is Hermitian. They
are the energies E 3 of the QBSEC states, and the functions
corresponding to them are eigenfunctions of Hy, . Thus, the
results obtained by solving (17) are the results of traditional
shell-model calculations with the Woods—Saxon potential.
The QBSEC states are the states of the shell model.

The coupling of the nuclear states to the continuum is
described by the operator H g, defined in (25). This opera-
tor is non-Hermitian for states above the threshold for emis-
sion of one particle. It is Hermitian only when the cnergy is
below the lowest threshold for emission of a particle, and
alsoin the limit E— co . Thus, the operator H gy, is Hermitian
for bound states and non-Hermitian for decay states. Its
eigenvalues are real for bound states and complex for decay
states. They describe, therefore, not only the energies but
also the lifetimes of the states.

The eigenstates of the operator H g,

Hyi®n~ (En— Tg) Op (60)

depend on the energy because of the explicit energy depen-
dence of the propagator GL"' (25). The energies E,and
widths I'r of the resonance states can be calculated by
means of (27) and (28). Usually, (27) has a solution lying in
the neighborhood of the shell-model energy E 3 of the cor-
responding QBSEC. In the majority of cases, the shifts
AE=E; —E3}" are negative because the configuration
space is increased by the addition of the P space. As a rule,
the shifts and widths are of the same order.

As was established by Lemmer and Shakin,” Eq. (27) in
the solution of such a problem can also have solutions at
energies E ;; = E . In Ref. 1, in the framework of the shell
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model in the continuum, it was shown in a numerical exam-
ple that such additional solutions are associated with low-
lying single-particle resonances, to which the truncation
technique was not applied. Eliminating these resonances
from the P space by means of the projection operator ¢ (11),
we obtain a curve Ej (E) that has a smooth energy depen-
dence and ensures a unique solution. This means that (27)
and (28) have unique solutions if all wave functions with
large amplitude within the nucleus are included in the Q
space, and the contribution from the wave functions of the P
space within the nuclei is small. This result shows once more
that the Q space must be similar to the space of the standard
shell model, for which the contribution from the wave func-
tions within the nucleus is important, and not their asympto-
tic behavior. Therefore, to investigate properties of nuclear
structure in the framework of the shell model in the contin-
uum it is necessary to use the truncation technique for the
single-particle resonances. Of course, the cross section of a
nuclear reaction does not depend on the method of division
of the complete space into two subspaces.

The diagonal matrix elements of the operator H ¢, have
the form

(@r|HEOm) = ER'+ 3 | db" 0l H |85y -

ER g
c g,
X {Ez | H | Dp). (61)
Their real part is given by
ESD — g2y AE, (62)
where

AE{ = 3o S AE" (D H |Ef) ————

e

(e | H|Dg), (63)

and the imaginary part has the form

3 T8O = 3} (| H|E) (Gl #| D). (64)
The quantities

ER*® - B (B = Ep); (65)

1—.(150) N(]SO} (E— Ep) (66)

are the energy and width of an isolated resonance. Generally
speaking, they differ from Ey and I'p through the influence
of the external mixing described by the nondiagonal matrix
elements (P |H 3 | P, ) in (32). In traditional nuclear cal-
culations, the ex,ternal mixing is not taken into account. It
cannot be fully taken into account by the introduction of an
additional term into the residual interaction, since it has a
many-particle nature, depending, for example, on the
threshold for separation of particles.

It is well known® that any truncation of the function
space can be formally compensated by the addition of an
effective part to the Hamﬂtonlan i.e., by replacing H,, by
an effective operator H 3. Here, QW is part of the function
space taken into account exphcntly, and P¥is the part trun-
cated. In our case, QQ contains the effects of the influence
of the continuum on the properties of the discrete state.
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Wave Function of a Nuclear State

In accordance with (30) and (31), the wave function of
the discrete nuclear state R is

EZH)(E=E ):?DH)(E E )4L (+)(E:ER). {67)

Here, @ = 18 an eigenfunction of H Y0 and & Op 1s its continu-
ation to the P space. The wave functions £2, are obtained
directly. Their asymptotic behavior in the form of outgoing
waves corresponds to the concept of a resonance state.” But
this concept is meaningful only when the difference between
2, and 5}2 is negligibly small in the interior region, i.e., if
the amplitude of the resonance wave function {2, within the
nucleus is sufficiently large compared with the amplitude of
the function @, .” This condition is satisfied in the shell mod-
el in the continuum, since the functions £ $ of the P space do
not have large amplitudes within the nucleus by virtue of the
truncation technique for the single-particle resonances. In
the shell model in the continuum, the expectatlon value of A
is calculated by means of the wave functions @,

(A): ((I,RlAlq)R)/((DR[q)R)' (68)

The term & in (67) describes the surface properties of
the nucleus. It explicitly contains a coupling to both the open
and closed channels and characterizes singularities of the
state. The virtual particles associated with closed channels
form the nuclear surface. The appearance of nucleons in the
nuclear surface in the form of individual particles or in the
form of clusters depends on the position of the thresholds for
the emission of a nucleon or, for example, an & particle. If the
thresholds for « decay are the lowest, one must expect clus-
tering of the nucleons in the nuclear surface. Individual nu-
cleons will appear in the surface of the nucleus if all the
cluster thresholds lie above the single-nucleon thresholds. A
surface term arises not only for states lying above the parti-
cle-emission thresholds but also for states in which all chan-
nels are closed.

Despite the apparent similarity, the concept of a reso-
nance state in the shell model in the continuum is different
from the one formulated by Mahaux and Weidenmiiller? in
their shell-model approach to nuclear reactions. In their the-
ory, as was shown in Ref. 5, the energies £ and widths I'y
are not determined uniquely by (27) and (28). Only the use of
the truncation technique for the single-particle resonances?
ensures uniqueness of the solution. Therefore, the isolated
resonances observed in the cross section correspond to the
QBSEC states introduced by Barz ef al." and not, in general,
to bound states embedded in the continuum (BSEC), which
were determined in Ref, 2 by Mahaux and Weidenmiiller.

The concept of an isolated resonance state R in the shell
model in the continuum corresponds to its definition in R-
matrix theory,® since the QBSEC states are states of the shell
model that takes into account the main contribution from
the single particle resonances within the nucleus. Thus, in
the case of an isolated resonance the calculations in the shell
model in the continuum are in general agreement with the
results of numerous calculations in the framework of the
standard shell model.

In the approach considered here, no statistical assump-
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tions are made. Thus, the shell model in the continuum also
applies in the case of overlapping resonances, i.e., when the
cross section is an interference pattern.

The correlations between levels are determined by two
factors, the relative importance of which depends on the de-
gree of overlapping of the levels: 1) the configuration or in-
ternal mixing, which is calculated in all nuclear -structure
models; 2) external mixing, due to coupling of each state to
the continuum. The QBSEC states contain only internal
mixing, described by H,, . The real nuclear states contain an
additional external mixing described by the nondiagonal
matrix elements of (32). The external mixing is important at
higher excitation energies, when the resonance states over-
lap. The difference between @, and @, and between the
cigenvalues of Hy, and its diagonal matrix elements
(P |H 5 | P ) reflects the effects of the external mixing on
the wave function and, accordingly, on the energy and width
of the resonance state.

We must point out the difference between the definition
of external mixing here and the one used in the literature.
Robson® defines external mixing as the coupling of states
with different isospins through the continuum. In Ref. 10,
internal and external mixing of states with different isospins
was calculated in the p,,, isobar analog resonancein* K. In
Ref. 11, Harney ez al. estimated the contribution from exter-
nal mixing to the isospin-mixing matrix elements, using sta-
tistical assumptions. In all the quoted studies it was assumed
that, like internal mixing, external mixing leads to fragmen-
tation, i.e., no allowance was made for the signs of the exter-
nal and internal mixing.

In the present paper, the concept of external mixing has
a more general meaning. It is defined on the basis of a dyna-
mical model (the shell model in the continuum) without any
statistical assumptions. Thus, there are here no restrictions
to isospin matrix elements or to the case of weak absorption
in all channels. Moreover, the sign of the external mixing is
not assumed from the beginning to be the same as that of the
interior mixing but is caleulated in the framework of the
model, i.e., the interior and external mixing are described in
a unified manner.

Partial Widths
The partial width I'y . of the decay state R is defined as
Fp.= |yR < |% where

= @) 71V 06 | 5z (69)

Here, 2 i is the wave function of the decay state (67). The
function y7; describes the final state and is determined by
Eqgs. (1), (10), and (46):

o =Uegrj|t)- (70)
It differs from the function £ by absence of the channel-

coupling contribution due to the residual interaction V.
Using (22) and (30), we obtain

O IVIRE Y = (E 71V (14 657V | 0. (71)
It follows from (19) and (11) that
EE.(-H P(VH#»G(;)VX%‘;-H. \(72}
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Using these relations in (71), we obtain
" )[VIQH] EL VDY, (73)
Thus, the matrix element (69) can be rewritten in the form
oo = (2m)"/* G| H B g, (74)
in the derivation of which we have used the relation
(e4- )IHOICD(H)‘“

For isolated resonance states, the total width is deter-
mined by (64) and (66). Using (74) for the amplitude of the
partial width, we obtain

E I.(ISO (75}

i.e., the decay width I"'5® is the sum of the partial widths
ri.

In standard nuclear-structure calculations the total
widths are not determined directly, since the calculations are
made with an Hermitian Hamiltonian. Therefore, to deter-
mine the total width the relation (75) is used always. In the
shell model in the continuum, the relation (75) is obtained by
direct diagonalization of the non-Hermitian Hamiltonian

oo» and, moreover, both sides in (75) are calculated. Thus,
the relation (75) can be used to verify the results. We empha-
size that (75) holds only for isolated resonances.

The diagonal matrix elements H g, can be expressed as

=3 o (D, HE D )Srs,  (76)

ij

T(ISD)

E—Eg++ Ty

if we use the representation (26) for the wave function @, .

Multiplying (76) by a %, @y, and summing over R ' and &, we

obtain:

{E *E’R'F % FR) Z [otgn|?= 2 ap ki (D) H gD @y, (77
SR ij

bearing in mind that £, @, @z,; = 8, ;. The real part of the
right-hand side of (77) has the form:

BB(ZC"H:&R:(CD |HE D)) = 3 oum, 2B

1

(CD | H | £5) (8% | 7 | O%)

e ., (78)

+Z

g

£,

and the imaginary part is

Im(Z an i (D, | HYG | D,)) = w"‘" (DA H (&) (e | H | D).

(79)

Using (74) for the amplitude of the partial width, we find
from (77) and (79) that

T lom[t= 3 Tn.c. (80)

Here, the energy-dependent matrix elements (73) are de-
noted as (277)"/? ¥ . or (2m) =2 I"'{2.. The relation (80) is
very general.” It is not a consequence of the special definition
of the wave functions @5 and £ § used here. Bearing in mind
that g |ap, |*> 1, and using also the relation (28), we obtain
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Tp <2 T, e (81)
The equality sign holds here only for isolated resonance
states, 1.e., in the cases when the external mixing disappears.

In accordance with (81), the sum of the absolute magni-
tudes of the partial widths for a nonisolated resonance state
is greater than its total width. Therefore, it is difficult to
extract information about the partial widths from measure-
ments of lifetimes. Indeed, there were, for example, prob-
lems in interpreting lifetime data in®*® U, in which it was
found'*'* that the lifetime is effectively independent of the
excitation energy at a high level density. This contradicted
theoretical estimates obtained for the neutron partial widths
on the basis of theories with statistical assumptions. Similar
problems also arose in the interpretation of lifetime data for
nuclei of medium mass. In proton scattering by Ni, for exam-
ple, the experimentally determined mean lifetime of the
compound nucleus was found to be much longer than that
predicted by purely statistical theories."”

Usually, the partial widths 'y, are calculated by
means of the overlap integrals of the nuclear wave functions
before and after decay. In accordance with (69) and (67), ¥z .
for an isolated state R consists of two parts, proportional to

a,= (5" |V Dg) (82)
and

ay= {337 | V] ef ). (83)
Projecting the wave function @5 onto channel ¢, i.e., using
Eqgs. (57) and (58), we obtain

M

ay &~ }.:J" S'Ef)c (ustljtlvlunrljt)‘ (84)
Here, S 'F) is the spectroscopic amplitude for the single-par-
ticle state n7/j, and the matrix element describes penetration
of a particle from the interior part of the nucleus to the exte-
rior part. The relation (84) justifies the factorization approxi-
mation for a, that is generally used to calculate the partial
width. But @,, which has the form

¢ I} ef{— 4 1 ol

ag = Z S dE' (x5 1V|EE ) —F EE | H | Dp), +(85)

c’ a0

does not factorize.

Therefore, for a,>a, the factorization method is justi-
fied for calculating the partial width. But for transitions with
small spectroscopic factors, when a, and a, are of the same
order, the partial width cannot be factorized in the form of a
spectroscopic factor and a penetrability factor. In these
cases, the problem of obtaining the partial widths from the
spectroscopic factors is nontrivial. It is necessary totake into
account the channel coupling for the continuum states like
the configuration mixing of discrete states in accordance
with the representation (74) for the partial width.'®

We consider below an example in which the factoriza-
tion assumption is not satisfied. It is the excitation of the
isospin-forbidden analog resonance J” =3/27, T=3/2 at
15.1 MeV in the mirror nuclei *N and " C (Fig. 1). In the
calculations of Ref. 17, isospin mixing was taken into ac-
count by means of perturbation theory. It was shown that
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FIG. 1. Level schemes of the nuclei *C, N, and '*C.

internal mixing alone does not explain the observed decay
widths. Only when an isotensor component in the charge-
dependent residual interaction is taken into account do the
calculated decay widths agree with the experimental ones.
But in the investigations of Marrs ef al."® of mirror Ml transi-
tions in 4 = 13 nuclei it was shown that there are no indica-
tions of the presence of an isotensor component in the elec-
tromagnetic interaction. Thus, there was no understanding
of the reason why the charge-dependent matrix elements are
large for the 3/2™, 3/2 resonance at 15.1 MeV in the *C and
BN nuclei.

In Ref. 19, the shell model in the continuum was used
for numerical calculations for the '*C + p and *C + »n
reactions, and excitations of two resonance states in the mir-
ror nuclei at the energy 15.1 MeV were considered.

The shell-model calculations for the nuclei **N, 13C,
and '? C are done in the complete (1p5,,, 1p,,,) configuration
space. The parameters of the nucleon—nucleon interaction
(52)for ¥, = — 650 MeV/F* were taken, and three different
sets were used for a and b. The parameters of the Woods—
Saxon potential are analogous to those for the systems with
A = 16. They were taken to be the same for protons and
neutrons to simplify the discussion of theresults: V' (/ = 0) =
56.36 MeV, V(I=1) = 57.67 MeV, V(I =2) = 54.65 MeV
and V(I =1)=9.76 MeV, V,(I=2)=5.27 MeV. With
these parameters, the Q values calculated without coupling
to the continuum and also the level scheme are reproduced
fairly well.'® Internal isospin mixing was allowed both in the
calculation of the QBSEC states and in the calculation of the
states of the target nucleus. Calculations with coupled chan-
nels were made with all eight 3/27 resonances for the sys-
tems with 4 = 13 and with six channels corresponding to the
0+ states at 0, 7.66, and 17.77 MeV and the 27 states at
4.41,16.11, and 18.80 MeV. After the choice of the nucleon—
nucleon interaction, the size of the configuration space, and
the number of channels, no other approximations were made
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TABLE I. Width I" ¥ of the 3/2~, 3/2 resonance state at 15.1 MeV in the *N nucleus.

Number of Corresponding states of '*C

channels

(0%, 03 | (0%, 0)a | (0%, 4)g

(2%, 0) | (2%, 1n

(2+, 1)e

i
T{s0) keV

D et e 1
B |
[ 4] 54 | >
o O B
S A

(S S SERIUH U o
N

6.44
0,19
0,37
0.38
0,42
1,01
4.69

Note. X’ means that the corresponding state is taken into account and “—” indicates

absence of the state in the calculation.

in the solution of the equations of the shell model in the
continuum.

The numerical calculations show that both the internal
and the external mixing of the nuclear compound states are
weak."” This agrees with the results of Ref. 17. However, the
widths Iz (28) obtained in the shell model in the continuum
are not small. They are of the same order as the experimental
values, although there was no explicit introduction of either
an isotensor component or even a Coulomb term into the
residual interaction. The width is not small because of the
difference between the neutron and proton wave functions.
To understand why the widths are large despite the small
isospin mixing, the influence of channel coupling on the
width "5 (66) was investigated. The results show that the
coupling of the open isospin-forbidden channels to the
closed but isospin-allowed states increases the width of the
3/27, 3/2 level by at least an order of magnitude (Table I),
although external mixing was not taken into account in the
calculations. The extent to which the different channels in-
fluence the width I"§° through the channel coupling de-
pends on the degree of isospin purity and the structure of the
corresponding nuclear states (Table I).

The reason why the channel coupling has a strong influ-
ence on the width I"§” = |y . |* in the considered case re-
sides in the fact that a, (82) has a small value by virtue of the
isospin selection rules. Therefore, the component a, in (83)
cannot be ignored. Its value can be expressed in terms of the
scattering wave function £ %. In this connection, it should be
noted that from the point of view of the shell model in the
continuum the channel coupling is not only a property of the
considered reaction. It is also present in the asymptotic be-
havior @, of the wave function 2, of the resonance state.
Thus, channel coupling is a property of the resonance state
itself. This interpretation is in agreement with the conclu-
sions from the experimental data, which indicate that the
charge-dependent matrix element in the case of '° O is deter-
mined by the properties of the resonance state.?

In the majority of partial-width calculations (see, for
example, Ref. 17), the Pauli principle is not taken into ac-
count between the bound complex and the particle in the
continuum. In Ref. 19, this approximation was investigated.
It was shown that both the energies and the widths calculat-
ed with and without allowance for the Pauli principle differ
appreciably. The discrepancy is particularly large when the
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widths are small, this being due to the selection rules with
respect to the isospin variables. Finally, in calculations with
allowance for the Pauli principle the external mixing has a
weak influence on the widths and energies of the resonance
states, in contrast to the calculations that do not take into
account this principle. This example illustrates that the
widths of isclated resonance states can be calculated with
good accuracy without allowance for external mixing if one
takes into account correctly the completeness relation for
the single-particle wave functions of the bound states and the
scattering states, and also the channel coupling.

S matrix

The general expression for the S matrix is?

8o exp (2i8.) Boer — 2ati 5 TV IE . (86)
Using (29), we can obtain®’

Seer = Ste! — 87, (87)
where

Stet == exp (218) Oeer — 2ati (' |V EET) (88)

is a smooth function of the energy, and
2 - X o — g 1
8t =2ni > (a5 VIR %) e
R E—EptTr

@V g

1|

(89)

contains a contribution from the resonance states R. Using
(73), we can rewrite the term $§'), in the form

T-) 7 el )
T (DR VIEE .
bid = 'R'!'_., I'p

S =2mi 3 @& WO ———
E—E

(90)
Denoting the matrix element (73) by (27)~ 2T ¥2
= (2m)~'/? ¥r, . in accordance with (69) and (74), we obtain

0 . '\‘R VR ¢
f-i g 91)

The expression for the .S matrix through (87), (88), and
(91) is obtained here without any approximations. It is valid
for arbitrary energies and contains:

a) threshold effects, described by the functions 'y
which we discuss below;

b) correlations of all the resonance states R; these arise
from the configuration mixing, the channel coupling, and
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the external mixing, which, being due to the residual interac-
tion ¥, may lead to nonstatistical effects;

c) arestriction that follows from the unitarity condition
for the S matrix for all resonances, including, by means of
the truncation technique,”® different types of giant reson-
ances.

For isolated resonances, Egs. (87), (88), and (91) can be
approximated by means of the parametrized S matrix em-
ployed in standard theories of nuclear reactions. Then the
energy-dependent functions 7 ., ER and Iy are replaced
by the so-called parameters |y .|, Ex, and Iy . For over-
lapping resonances, this approximation is invalid, since the
functions FR,C depend strongly on the energy, and the phases
of the resonance states are correlated in accordance with the
unitarity conditions. In this case, the resonance behavior of
S, is not determined by a sum of Breit-Wigner terms but

has a more complicated form. Indeed, it follows from the
unitarity condition of the § matrix that Imy yR . i1s a function
of all the denominators (E — E)* + 1/4]1" ,»and the rela-

tion

FR(ElVR.r“z

[see Eq. (81)] also holds, and this contradicts the assump-
tions generally employed to represent the cross section as a
sum of isolated resonances.

It was shown some years ago?® that for reactions with
one open decay channel the S matrix can be parametrized
identically in the different cases corresponding to different
models of nuclear structure. The following two examples
were considered > : first, when all levels are directly coupled
to the entrance channel and, second, when only one of the
levels is directly coupled to the entrance channel. Although
the two cases are entirely different from the point of view of
nuclear structure, experimentally they are indistinguishable
if the analysis is done, as usual, by means of a parametrized §
matrix. The reason for this is that there is a one-to-one corre-
spondence between the parameters of the S matrix used for
its representation under different physical conditions. In the
case of all M + 1 resonance states coupled to the entrance
channel, the S matrix has the form

M

N (]
-1 4 %5
e Y‘ 731
I+i 2 E—7;

J=u

whilefor M + 1 resonance states of which only one is direct-
ly coupled to the entrance channel the $ matrix has the form:
M =
E—-E,,—-%I‘T— ? 'm

-~ E‘—Fm
S~ exp (2i6) br= . (93)
$ . i 4 1’-;)1
Bt TH— 2 Y

a1

In both cases, there are 2M + 2 parameters: ¢; and 4, in the

first case, and also v,,, €,,, £, and I" 1 in the second. The

realistic situation is between these two extreme cases.
Thus, it was shown in Ref. 22 that the presence of inter-
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mediate structure in the cross section of a nuclear reaction
when only one decay channel is open does not contain indi-
cations of the existence of a doorway state. To explain the
observed structure, calculations on the basis of a dynamical
model are needed.

The shell model in the continuum is a dynamical model
in which the structure of the nucleus and the cross sections of
nuclear reactions are described in a unified manner—by
means of Eqs. (87), (88), and (91) for the S matrix and Egs.
(27), (28), and (69) or (74) for E , I = and ;VR .- Intermediate
structure can arise in the cross section because of either the
presence of a short-lived nuclear state strongly coupled to at
least one of the decay channels or fluctuations in the level
density of long-lived nuclear states with the same spins and
parity. In the second case, a short-lived nuclear state can be
absent. Then the intermediate structure in the cross section
is a nonstatistical effect due to the correlation of the long-
lived, strongly overlapping states. The two extreme cases
described by (92) and (93) may be different in the framework
of the shell model in the continuum. Although the reaction
cross section in both cases has the same form, the partial
widths determined from the ratios of the cross sections for
the different channels make it possible to distinguish these
two extreme cases experimentally as well if more than one
channel is open.

It follows from such an analysis of the .S matrix that not
every intermediate structure is due to a short-lived nuclear
state strongly coupled to at least one of the decay channels.
There are also intermediate structures associated with fluc-
tuations in the density of levels having the same spin and
parity. This result must be borne in mind in discussing the
problem of resonances in heavy-ion reactions. The results of
the numerical calculations for such problems are given in
Refs. 23 and 24.

Threshold Effects and the Shapes of Isolated Resonances

The eigenvalues Ex — (1/2); of the operator H o
which determine the energies £, and widths Iy of the reso-
nant states R [see Eqs. (27) and (28)], depend on the energy.
The imaginary part (1/2)1 g vanishes in the limit £—¢,, and
also as E— o, since the operator H o becomes Hermitian in
accordance with (25) and (80). The quantlty £, is the lowest
threshold of decay with emission of a particle. Therefore,
Iy (E) increases with the energy at low energies but de-
creases at very high energies.

The partial width of an isolated resonance is determined
by the matrix elements (69) or (74). In accordance with (61),
the partial width vanishes as E—« ,. Therefore, threshold
effects are manifested in the function I (E ), which increases
when a new decay channel is opened. In accordance with
(84), this increase depends on the magnitude of the spectro-
scopic factor of the state R with respect to the channel that
becomes open.

Different types of threshold effects in nuclear reactions
were considered in Ref. 235, in which the "N 4+ »r and
' Q -+ y reactions were calculated using realistic wave func-
tions. It was shown that the density of levels near the thresh-
olds for particle emission hardly increases when a channel is
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FIG. 2. The functions I"®°{E ) and " (E ) of the resonance state 1 with J7,
T=07%, 1in *N. The sequence of inclusion of the remaining 0, 1 reson-
ances is 1, 2, 3, 4, 5, 6 (brcken curve}; 3, 2, 1, 4, 5, 6 (chain curve).

opened. Moreover, the particle-emission thresholds are
hardly affected by the presence or absence of correlations of
the resonance levels established through the continuum. The
only observable manifestations of the threshold effects are in
the behavior of the functions I'x and T,

Figure 2 illustrates threshold effects in I" (K ). The
calculations were made for six resonance levels with J7,
T'=0", 1 in the "°N nucleus with 2p2# structure based on
the  shell-model  configurations  (1p,,,)?[(1ds )%
(ds)2, 25y70), (1dsjn0 1dsp), (25172)), (1p3sa)™" (1pyse) ™!
s/ (1ds/2 25,720), (1ps2) 2 (1ds,.). Allowance was
made for four channels corresponding to the four lowest lev-
els in '° N. It was assumed that the states 1/2~ and 3/2,
which have negative parity, are hole lp ,_ and lp, -
states. States with positive parity were obtained by diagona-
lizing the shell model Hamiltonian in the complete 1p24
configuration space with one particle in the (1ds», 25,4,
1d;,,) shell and two holes in the (1py),, 1py/-) shell. The
threshold effects manifested in the functions I"&°(E) also
occur in I'g (E ) (Fig. 2). The difference between I (E) and
T'$°(E) is due to the effects of external mixing with other
resonances. The shell-model energies E $M of the other five
levels were chosen such that E $™ < E 3™ (broken curve) and
EY' <E™M < EM (chain curve). Although it was assumed
that resonance 1 does not overlap with the remaining five
resonances, in both cases " and T, differed by about a
factor of 2. In all the curves, the width increases when a new
channel is opened.

The line shape of an isolated resonance is usually de-
scribed by the Breit-Wigner formula

0~ "R_‘”'f*‘cl o (94)

(-~ Eg)*+ (5 Tn)

if interference with the direct part of the reaction can be
ignored. Here, % .. Ex, and I'y are, respectively, the am-
plitude of the partial width, the energy, and the width of the
resonance state R. It is assumed that they are constant pa-
rameters in the resonance region. Thus, the line shape is
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symmetric. Some deviations from symmetry arise because
the energies £, are finite. Such deviations are taken into ac-
count in the Lorentz formula. In this formula I'y is also
taken to be constant.

In the shell model in the continuum, in accordance with
Egs. (29), and also (27), (28), and (74), the quantities ¥ .. Er,
and I'; in (94) are replaced by the energy-dependent func-
tions ;R,c, Eg, and Iz, This leads to correction , factors:
Ey (E)/Ey for the energy and I’ (E )/I'y for the width in
(94). Thus, the line shape is symmetric only when E (E ) and
I« (E)are constant in the complete resonance region.

In the majority of cases, the functions I' increase with
increasing energy of a giant resonance. For this reason, the
majority of giant dipole resonances calculated in the shell
model in the continuum for light nuclei decrease more slow-
ly at high energies than at low. As an example, we consider
the giant dipole resonance with J”, T= 1", 1in*Q at 22.6
MeV, in the structure of which the (1p5,,) — ! (1d 5, ) config-
uration is dominant.”” In this case, the direct part of the
reaction is weak and, ignoring the interference with other
resonances, the calculation can be made by the coupled
channel method with one QBSEC state. The asymmetry of
the line shape, i.e., the slower decrease at the higher energies,
is due to the increase in I, with increasing energy. Another
exampleis the J, T =17, 1 resonance in '°O at 19.6 MeV,
whose structure is determined by the (1p;,,) " (2s,,, ) con-
figuration.”® Here, the asymmetry takes the form of a more
rapid decrease of the right-hand arm of the resonance, this
being explained by the decreasein I with the energy. In the
general case, the position of the maximum of the function
T (E) depends on the threshold energies of the channels
whose reduced width is not small compared with the sum of
the reduced width of all the channels.

The threshold behavior of the functions I'y (E ) may lead
to strong deviations from the shape of the resonance lines
predicted by the Breit-Wigner or Lorentz formulas. Figure
3 shows the energy dependence of the function 7'y fora0+

4% 5.. 0% resonance in
> *
2 "Npm"N
- 4'2 - |
X 5 ‘
3,5 o J
— EF'=53940MeV  £5"'=53980 MeV £3"= 54000 MeV >
S { 5a001 |
120
100 |-
e
< f
5ot ;
40} /
20}
y
0 e — =i .
5.6%0 5,645 5.650 5655  E'Y™, MeV

FIG. 3. Cross section for elastic neutron scattering by '*N with one 0"
resonance. The shell-model energy E 3 of the QBSEC state was varied.
The function I (E ) is shown in the upper part of the figure: E™ is the
threshold energy of the 1/2" neutron channel, and “Direct” denotes the
direct part of the reaction.
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resonance in the ' N nucleus. The calculation was made in
the same function space as in the case of the 0 * resonancein
Fig. 2. The calculations with channel coupling were made
with only one QBSEC state in order to study the properties
of this resonance in the absence of overlapping with other
resonances. The function I"9(E ) has an unusual behavior
near the 1/2" neutron threshold at E™ = — 5.299 MeV,
this behavior being due to the large reduced width of the 0 +
resonance relative to the channel which opens at E*™ =
5.299 MeV. The partial widths corresponding to the elastic
channel is approximately constant (3.8 keV) in the energy
interval shown in Fig. 3. The cross section of elastic’®> N + »
scattering with such a 0 resonance in '*N is shown in the
lower part of Fig. 3. The shell-model energy E 5™ for the
QBSEC state was chosen variously: E, < E'"", E, > E™",
and E; = E™ . In the first case, the resonance is not com-
pletely symmetric, despite the fact that I" (E ) is approximate-
ly constant. This is due to the effect of interference with the
direct part of the reaction. In the second case, the resonance
decreases more slowly at the higher energies because of the
increasein I' (E ). For Ep ~ E™ , a cusp rather than a reso-
nance is observed in the cross section. For
E 3" = 5.400 MeV it is similar to the cusp observed experi-
mentally in the ? Li( p, p) reaction.?” It is also similar to the
cusp obtained theoretically in Ref. 28 without particulariza-
tion of the resonance structure, and also in Ref. 29, in which
the three-particle problem for a single-particle resonance
near a threshold was solved.

The results in Fig. 3 indicate that in real cases cusps
appear very seldom, since they depend strongly on the bar-
rier properties of the system and also on the nuclear struc-
ture of the resonance and the channel that opens up. Thus, a
cusp is simply a resonance in the neighborhood of a thresh-
old.

These examples illustrate the strong influence that the
properties of the nuclear structure have on the cross section
of nuclear reactions.

3. SYMMETRY BREAKING IN FINITE NUCLEI
Hamiltonian for a Finite Nucleus

Traditional nuclear-structure calculations are made
with an Hermitian operator H 00 A certain part of the sec-
ond term of the Hamiltonian H §, o o (23) is taken into account
by choosing the parameters in such a way that E}" =~ E,
where E 3 is an eigenvalue of H,, and E, an eigenvalue of
H 5. The matrix elements

(+) 1 preff T4
((IJ | Hod— Hyy 1OF

1

dE’ ([-D(Jr) | H | &5 (- r-) El

T__m'+] I H |q)

=3 . 195)
which explicitly contain the scattering wave functions & %,
including all the effects of the channel coupling, the matrix
elementsy, . = (D |H |£%), and the threshold energies £,
of the decay channels, have a many-particle nature. There-
fore, it is impossible to take into account such matrix ele-
ments simply by introducing an additional term into the po-
tential or into the residual interaction.

,_-,"_.--d

€
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The matrix elements (95) characterize the properties of
a finite nucleus. To a certain degree they violate the symme-
try properties established theoretically in nuclear matter.
For example the Coulomb forces form different threshold
energies €, for the proton and neutron decay channels. Thus,
the matrix elements (95) depend on the charge even when
Hp is charge symmetric. The matrix elements (95) are also
nonvanishing for bound states when all channels are closed.
Therefore, symmetry-breaking effects hold for all states of a
finite nucleus, including the ground state. This type of sym-
metry breaking is specific to finite nuclei and does not arise
in nuclear matter.

Breaking of Charge Symmetry in a Finite Nucleus

As was noted in Ref. 30, one of the problems in nuclear
structure is the problem of the Coulomb energy. Nolen and
Schiffer®* noted that there is an approximately 8% discrep-
ancy in calculations of the mass difference for mirror nuclei
or the mass difference between a nucleus and its analog. The
reason for this anomaly has been intensively discussed since
then. Numerous mechanisms have been proposed for its ex-
planation: a lower valency of the orbits, core polarization, an
interaction that violates the charge symmetry, and so forth.
Measurement of the difference between the radii in the pro-
ton and neutron distributions in nuclei could help to solve
this problem. Numerous studies have been devoted to the
extraction of this difference from data on high-energy scat-
tering of protons, pions, and other particles. However, the
uncertainties in the interpretation of the data make it as yet
impossible to draw clear conclusions. It remains unclear
whether the Hartree—Fock method yields a correct calcula-
tion for the difference between the neutron and proton radii.

In 1974, Nir*? showed that there is a correlation
between the Coulomb energy shift and the binding energy
through the complete periodic system. Both these quantities,
which characterize general properties of nuclei, depend on
the position of the nucleus in the periodic table and on the
quantum numbers of the nuclear state. They also depend
similarly on shell effects. Hartree—Fock calculations do not
take into account many-particle effects of such type.

The effective interaction determined by the matrix ele-
ments (95) is directly related to the binding energy through
the channels ¢ that describe the real and virtual decays of the
considered nuclear state. It depends on the charge even in
the cases when Hy, is charge-symmetric, since the decay
thresholds for the protons and neutrons are different. The
magnitude of the violation of charge symmetry in H ¥ oo 18
directly related to the difference between the neutron and
proton binding energies. Therefore, the effective interaction
determined by (95) depends strongly on the nuclear struc-
ture, i.e., it contains shell effects.

The numerical calculations of Ref. 33 made in the shell
model in the continuum showed that the number of channels
taken into account has a strong influence on the Coulomb
shift. This is illustrated by the results for the case " N-">0O
given in Table I1. The calculations were made with the resid-
val interaction (52) with the parameters V, = — 650
MeV/F? and a, = 0.30, b, = 0.24 for the bound states and
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TABLE II. Dependence of the energy shift A on the number of channels taken into ac-

count in the calculation.

Number of channels

HUN +n UN+p

A, MeV

[SSRTRIY

===

-] =1=]
—

13,42
0,22
—.07

a;, = 0.70, b, = 0.30 for the decay states. Thus a certain de-
pendence on the density was introduced into the residual
interaction. It was assumed that the °N and "> O ground
states are 1p,,; hole states. The normal-parity states of the
N, C, and O nuclei were constructed from the shell-
model states 1p;,, and 1p;,7, as in Refs. 34 and 35. States
with different parity were not taken into account. The un-
bound single-particle states were calculated in the same
Woods-Saxon potential as the bound states. The single-par-
ticle d 5,, resonance was truncated at 7.5 F. The number of
channels taken into account was restricted to the lowest
states of the final 4 = 14 nuclei (Fig. 4). The energy shift
between the analog states resulting from the coupling of the
discrete states to the continuum is

A = Fp (P0) — AF (% (N). (96)

This quantity characterizes the charge dependence of the
effective Hamiltonian described by (95). It gives an addi-
tional contribution to the Coulomb energy shift of the two
mirror nuclei. The magnitude depends strongly on the num-
ber of channels taken into account in the calculation (see, for
example, Table Il in Ref. 33).

There are two possibilities for truncating the contin-
uum in numerical calculations:.

a) an equal number of channels in '* N and ** O is taken,
i.e., the analog states are taken into account in the same man-
ner;

b) the continuum is truncated at the same energy, i.c.,
all channels below a certain energy are taken into account.

The numerical results of Ref. 33 show that a suitable
truncation of the continuum lies between these two extreme
cases. The difference between them is due to the difference
between the Coulomb energies of the two nuclei '* C and 'O.
The "N nucleus is manifested both in AEg(**0) and in
AEy (" N), and therefore there is virtually no contribution
from it to (96).

It is immediately seen that the effects of a closed shell
must be manifested in the Coulomb energy shifts: For nuclei
with one nucleon outside closed shells the neutron or proton
separation coefficients are dominant, and the binding energy
of these channels is small. Therefore, analog channels asso-
ciated with one and the same final nucleus having a closed
shell determine the shifts for both nuclei, so that their differ-
ence 4 (96) and the charge dependence of the effective nu-
clear force are small. In contrast, in nuclei with one hole in
closed shells both a proton and a neutron channel associated
with different final nuclei are important. Therefore, for such
nuclei the charge dependence of the effective nuclear force is

354 Sov. J. Part. Nucl. 15 (4), July-Aug. 1984

strongly manifested. Thus, the Coulomb energy shift, like
the binding energy, decreases strongly at the beginning of
each shell. This corresponds to the effects noted in Ref. 32 in
the analysis of experimental data.

Figure 5 shows the difference between the binding ener-
giesford—(4 —1) + nand A—{4 — 1) + pfor nuclei with 7
£A<41. We observe a regularity in its behavior with
A4 = 4, Consider the ground states of even-4 nuclei. For the
nuclei consisting of 41 + 1 nucleons (n integral), the differ-
ence Q" — QWP is significantly larger for nuclei with

T, =(1/2)(N — Z)= — 1/2, thanfor nucleiwith T, = 1/2.
E, MeV -
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FIG. 4. Level schemes of the nuclei **C, "N, and "*O and the level posi-
tions relative to the ground states of the nuclei >N and '30.
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FIG. 5. Differences between the binding energies of neutrons, @', and
protons, Q) for light nuclei [T, = | (N — Z)]. The data are taken from
Ref. 58.

Therefore, the charge dependence of the effective nuclear
force is greater for nuclei with T, = 1/2 than for nuclei with
T, = 1/2. For nuclei with 4n — 1 nucleons, the value of
Q" — QW for nuclei with 7, = — 1/2and T, = — 1/2 s
much smaller. Therefore, the charge dependence of the ef-
fective nuclear force is relatively large in these nuclei.

Thus, the Coulomb energy shifts for nuclei with 4n +- 1
nucleons and 4n — 1 nucleons differ systematically.>® This
effect is well known from the analysis of the experimental
data as the even—odd effect® and is interpreted as a conse-
quence of Coulomb pairing effects, i.e., it is assumed that
there is an additional Coulomb energy shift for paired pro-
tons.” It should however, be noted that the observed differ-
ences in the Coulomb energy shifts between neighboring nu-
clei behave like the binding energies. This correspondence
indicates the existence of charge-dependent effective nuclear
forces, which were discussed above without the introduction
of additional phenomenological forces.

In Sec. 2, the width of the isospin/forbidden decay of
the 3/27, 3/2 level for * N was investigated. It was shown'’
that the coupling of two channels strongly influences the
width (see Table I) because of the presence of the charge-
symmetry breaking part @y in the wave function of the de-
cay state in accordance with (67), (82), and (83), or, in other
words, because of the charge-asymmetric part H 3, — Hgg
of the Hamiltonian (95). It can therefore be expected that in
the case of isospin-forbidden transitions there will be 4 de-
pendences similar to those for the Coulomb energy shift.

The experimentally observed behavior in the isospin-
forbidden decays indicates that the isospin mixing is not pri-
marily due to fortuitous degeneracy of states with different
isospin but is the result of a mechanism that reflects general
properties of nuclear structure.*® Investigation of the widths
of isospin-nonconserving decays in light nuclei brings to
light the following behavior. For nuclei with 4 = 4 + 1 nu-
cleons the reduced widths of the neutron decays of the lowest
levels with isospin T'=3/2 and T, = 1/2 are usually ap-
proximately ten times greater than the widths of the analog
proton decays of the nuclei with 7, = — 1/2. In Ref. 39,
this effect was explained in terms of matrix elements between
analog states and their antianalog configurations. However,
it follows from Fig. 5 that for nuclei with 4 =4n 4 1 the
charge dependence of the nuclear forces in the case
T, = —1/2 is significantly less than for the analog nuclei

z
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with T, = 1/2. Therefore, the neutron decay widths must be
greater than the analog proton decay widths.

Discussion of the A4 = 4 features can of course explain
only general features of the charge-dependent effects. For
each specific nucleus there will be certain deviations due to
the spectroscopic factors and the density of the levels in the
final nuclei at low excitation energies. Certain regularities in
such deviations are observed both in the experimentally
measured Coulomb energy shifts®” and in the widths of the
isospin-nonconserving decays.*® For their explanation, it is
necessary to make calculations in the shell model in the con-
tinuum. More detailed experimental data are necessary. The
observed A4 = 4 features in the widths of isospin-noncon-
serving decays and also in the Coulomb energy shift can be
explained by variations in the number of channel wave func-
tions taken into account.

Because of the difference between the neutron and pro-
ton wave functions, the wave functions 2, = @ + wy of
the resonance states of mirror nuclei are not coupled by an
isospin raising or lowering operator. The additional differ-
encein the wave functions 2 is only to a small degree dueto
the difference between the parameters of the Woods~Saxon
potential for protons and neutrons. This can be seen from the
results of the calculations of Ref. 19 for nuclei with 4 = 12
and 13 given in Sec. 2, in which the parameters were taken to
be the same. Basically, the difference is due to the Coulomb
single-particle interaction. Moreover, the difference
between the neutron and proton wave functions leads to an
energy shift in the mirror nuclei. Such a shift was described
in Ref. 41 by the introduction of a phenomenological charge-
symmetry violating nuclear interaction. In the shell model in
the continuum there is no need for the phenomenological
introduction of such an interaction. It arises naturally from
the coupling between the discrete and continuum states.

Thus, correct allowance for the coupling between the
discrete states and the continuum states leads to a charge
dependence of the nuclear forces in the subspace of the dis-
crete states. The general properties of the charge dependence
can be determined by considering the analytic expression for
the effective Hamiltonian. The charge-dependence effect is
directly related to the appropriate allowance for the number
of channel wave functions describing the neutron decay and
proton decay (virtual or real) of the nuclear states. As a func-
tion of 4, the charge dependence behaves like the binding
energy, i.e., in the shell model in the continuum the appear-
ance of shell effects in the charge dependence is explained
naturally. This part of the charge dependence of the nuclear
forces is a consequence of the finiteness of the nuclear sys-
tem.

Symmetry Violation of Nucleon and A-Isobar Correlations in
Finite Nuclei

One of the tasks of nuclear physics is to study spin-
isospin correlations in nuclei; these play an important part in
the excitation of pionlike states. Such states are a strong mix-
ture of nucleon—hole and isobar—hole (NN ~'and AN ~')ex-
citations. In the majority of calculations, the average inter-
action forcesforthe NN ! <> NN "L, NN "' > AN ~ !, and
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TABLE IIL. Positions E 3", shifts AEy, and widths I’y of the J™, T'= 17, 1 states in the

'O nucleus, calculated with four channels.

B, Mev B, Mev AEg: MeV P MY
17.5 17,72 —0.,25 0.27
19.0 20,43 —0.50 0.05
22.9 24,14 —1.77 .92
35,0 25.70 —0.84 48

AN ' <> AN ~'correlations are taken to be the same by vir-
tue of the universality of the spin—isospin correlations that
follows from the naive quark model and from SU(2)x SU(2)
symmetry. ** Microscopic calculations made for infinite nu-
clei* appear to confirm this assumption. Indirectly, this is
confirmed by the part played by the A isobar in suppressing
spin-isospin transitions if the entire suppression is due to the
AN ' screening mechanism,*>** or, which is equivalent, a
shift of an appreciable fraction of the strength of the Ga-
mow-Teller forces to energies significantly beyond the Ga-
mow-Teller resonance.

Despite the fact that the above assertions concerning
the relative importance of the NN '« NN,
NN "'« AN ~'and AN ~' <> AN ~'correlationsareinap-
parent agreement, some questions remain open. Suppression
effects of the same order of magnitude as in the transition to
pionlike states are well known in transitions in which there
are no contributions from a A-# component. For example,
there has been a long discussion of the problem of the disap-
pearance of the strength in photonuclear reactions on light
nuclei. Such an effect is also known in the case of inelastic
scattering of pions, protons, and electrons. The suppression
effect in Fermi transitions was discussed in very precise mea-
surements of isobar analog resonances.*® Its magnitude is of
the same order as in the Gamow-Teller transitions, despite
the fact that the analog resonances are not pionlike states. It
is important that the restrictions which follow from the uni-
tarity of the S matrix on the reaction cross sections are usual-
ly not fully taken into account in the analysis of the data. For
this reason, as was shown in Ref. 47, a suppression effect
arises erroneously in the data. Such a source of “suppres-
sion” for a wide range of nuclei is characterized by a smooth
dependence on the mass number and on the angular momen-
tum like the suppression effect induced by the A-isobar de-
gree of freedom. Therefore, it may be assumed that only part

of the suppression in the isovector spin transitions is due to
the A-A screening mechanism.

Microscopic calculations were made for finite nuclei for
which the greater part of the excited states have a short life-
time compared with the decay to nucleon channels. In this
case, there is a certain breaking of the symmetry in the NN
and AN interactions absent in nuclear matter. This differ-
ence between the NN and AN correlations which arises here
because of the coupling between the discrete states and the
continuum states, corresponds to the difference between the
effective nuclear forces used, for example, in the shell model
and in the shell model in the continuum.

The influence of the finite lifetime of the excited nuclear
states on the results of traditional calculations of nuclear
structure was investigated numerically for the *O(y, V) re-
action with 1~ states having 1plk structure.*® Tt follows
from the results that the effective nuclear forces employed in
these calculations must be significantly changed in order to
obtain the same excitation spectrum in both the standard
shell model and the shell model in the continuum. The nu-
merical values of the energy shifts AE, dueto H &, — Hyp
in the 4 = 16 nuclei for a number of levels with 1p1#% struc-
ture are given in Table IT1, and for levels with 2p2/ structure
in Table IV (configuration space: 1s,,5, 1935, 19,2, 1ds5,
25,2, 1d3;5). In order of magnitude, the shifts agree with the
corresponding values for the widths 'y . Although in the
general case the energies are not very sensitive to the details
of the Hamiltonian, the shifts discussed here are not small.

To describe the particle-hole spin-isospin interaction
one usually introduces a parameter g',** which takes into
account effectively all the correlations except those, such as
one- and two-pion exchanges, taken into account explicitly.
This parameter is obtained by fitting the experimental data.
Therefore, it takes into account all the effects in finite nuclei
associated with the finite lifetime of the excited nuclear

TABLEIV. Positions E 5" and shifts AE, of theJ™, T = 0%, 1 states in the N nucleus as
functions of the number N of channels (I are the widths calculated for seven channels).

£SM AEp, MeV
R r
R MeV

MeV N- 1 Now D N =4 N=17

13473 4] () —0.02 —0.,14 0.20
14.63 0 —0,03 —0.13 —0,13 0.35
15.10 —(,01 —0. —,05 —0, {0 .09
15.48 —h.m 0 —0,M —0,06 0.09
16.25 Q 0.09 —0,10 —0.22 0.28
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states. In the majority of calculations,*>*>-** the parameter is
taken to be the same for A isobars and for nucleons, al-
though, as was noted above, it should be different for the
isobars and nucleons in order to reflect the difference
between their coupling to the continuum. An analytic
expression for this difference is given by the expression (95).

For stable infinite nuclei the term H §, — Hy, disap-
pears together with the effects discussed in this subsection.
In finite nuclei it leads to a certain symmetry breaking of the
system’s Hamiltonian.

Surface Effects and Nuclear Radii

One of the main characteristics of nuclei is the distribu-
tion of the nucleons in them. Quite a lot is known about the
charge distribution, particularly from electron-scattering
experiments, but little is known about the neutron distribu-
tion. It was assumed that pions would be an effective tool for
analyzing the distribution of both the neutrons and the pro-
tons. In contrast to the nucleon-nucleon interaction, a single
P.; wave (4 ;; resonance) is dominant in the pion-nucleon
interaction in the range of energies from 100 to 300 MeV. It
is also important that 7~ mesons interact with neutrons
more strongly than with protons, while for 7 it is the other
way round. Thus, the 7~ are more sensitive to the neutron
distribution, and the 7 * to the proton distribution. There-
fore, it was expected that comparison of the data for =+ and
7~ would make it possible to obtain direct information
about the neutron and proton distributions.

From this point of view, it is of considerable interest to
study 7* scattering by the calcium isotopes*® Ca and **Ca.
A strong effect was expected from the eight neutrons in
48 Ca, which are situated outside the *° Ca core. However, it
was found®? that in inelastic scattering low-lying states were
excited approximately equally by 7~ and 7 mesons. A sim-
ilar result was obtained*? in the case of *' V, which has three
protons above a *¥ Ca core.

In this connection, data on high-energy proton-nucleus
scattering were analyzed in Ref. 53. It was shown that the
differences between the proton and neutron distributions ex-
tracted from these data are in apparent agreement with the
estimates that follow from calculations using mean-field the-
ory. The insensitivity of the proton and neutron distribu-
tions to the charge of the pions can be attributed to the strong
inelasticity (the nucleus is almost black) of the pion—nucleus
interaction in the resonance region.

The analysis of the proton-nucleus total reaction cross
sections in the region from 100 MeV to 1 GeV made in Ref.
54 showed that they are sensitive to the nuclear density in the
region of the effective radius, which is usually larger than the
radius at which the density has decreased by a half. Thus, the
total reaction cross sections are determined by the edge of
the nuclear density. This is a consequence of the fact that the
nucleon mean free path in the nucleus is short in this region
of energies. Therefore, it is difficult to extract information
about the rms nuclear radius from reactions in which the
nuclear surface plays the main part.

In this connection, it is of interest to discuss the prob-
lem that occurs in the study of a-clustering effects in light
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and medium nuclei in { p, pe) and (@, 2a) reactions. > The
problem is that the absolute spectroscopic factors extracted
from the ( p, pa) reactions agree with the predictions of the
shell model, whereas the values obtained from the (@, 2a)
reaction are 100 times larger. This discrepancy is attributed
to the appearance of & clustering, which develops mainly in
the nuclear surface. In the (@, 2a) reaction, the nuclear sur-
face plays the main part, whereas in the ( p, pa) processes a
greater fraction of the nucleons of the nucleus participate.

One of the advantages of the shell model in the contin-
uum over the traditional shell model is the possibility of tak-
ing into account directly surface effects. These effects are
described by the additional term wy in the wave function of
the nuclear state [see Eqgs. (67) and (31)]. This term explicitly
contains the scattering wave function and the matrix ele-
ments (£ ¢ |H |@y ) of the coupling (see Sec. 2). Therefore,
the nuclear surface contains virtual particles associated with
closed channels. The internal part of the nucleus is described
by the wave function @5 (see Sec. 2).

According to the shell model in the continuum, transi-
tions from the ground state of nucleus 4 to an unbound
B + b state under the influence of an external field can be
described by the matrix elements (37)—(39). The two terms of
(38) and (39) contain spectroscopic information about the
excited discrete states R that decay into the unbound B + b
state. The term (39) describes the change in the wave func-
tion of the discrete state R by the continuum. Usually, it is
not taken into account in spectroscopic analysis of data, it
being assumed that @ is a discrete-state wave function. The
term (39) corresponds to the nuclear surface. ‘

The contribution of the channel-resonance scattering
term (39) to the cross section and the spectral function was
investigated numerically in two cases.

1. The cross section of '* O(y, n,) photoabsorption with
excitation of a giant dipole resonance.”® The calculations
showed that the direct part of the reaction depends smoothly
on the energy, and the sum of the direct and the channel-
resonance scattering terms has a certain resonance structure
(Fig. 6). The total cross section is determined by the reso-
nance part of the reaction. Therefore, for a giant dipole reso-
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FIG. 6. Giant dipole resonance in the photoneutron reaction on '°Q: o,
is the total cross section, oy;. is the direct part of the cross section, and
Ogir + cne 18 the sum of the direct and the channel-resonance scattering
terms in the cross section.
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nance the usually employed approximation of the standard
shell model, o, = 0., is justified.

2. The spectral function for inelastic electron scattering
by 12C.*7 In these calculations, the relative contribution of
the channel-resonance scattering to the spectral function in-
creases with increasing transfer ¢ (Fig. 7). Forg>1F !, the
contribution of the channel-resonance scattering term to the
spectral function cannot be ignored.

The numerical calculations show that in the general
case both terms in the spectral function must be taken into
account in calculations at medium energies. Besides the con-
tribution from the open channels, the term (39) takes into
account the contributions from the closed channels, the
number of which is large. In practical calculations, the num-
ber of channels must be limited. The most important chan-
nels must be selected not only using energy considerations
(the positions of the thresholds £, of the channel, ¢) but also
by analysis of the structure (the spectroscopic factor of the
state @, with respect to £°). Calculations of nucleon—nu-
cleus reactions at low energies show that the two criteria are
equally important. Since little is known about the properties
of the closed channels, experimental indications are neces-
sary for their selection in numerical calculations.

We list the general properties of the channel-resonance
scattering term (39) or (43) in the spectral function.

1. It takes into account the coupling of the channels not
only to the open but also to the closed channels. This type of
channel coupling differs from the channel coupling which
arises from the inclusion of higher states of the shell model,
which are in reality unbound, as well as from the approach in
which the channel coupling arises through the inelastic cou-
pling of the incident particle and excited states. The channel
coupling considered here determines the properties of the
investigated state, since it is contained in 42 . Therefore, it is
characteristic of the state.

2. In accordance with (40), this type of coupling reflects
averaged characteristics of the system, since it contains a
sum over all channels and an integral over the energies.
Therefore, the sum 4 & + 4 £ in the spectral function Sy
(41) s more or less constant for nuclei with similar structure
and energies £, of the cluster thresholds. Neglect of the term
A 'S in data analysis leads, therefore, to distortion of the
absolute values of the spectroscopic factors of these nuclei,
but does not change their relative magnitudes too strongly.

3. The channel-resonance scattering term is important
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FIG. 7. Spectral function Sy (continuous curves) and its resonance part
5% (broken curves) as functions of the momentum transfer for inelastic
electron scattering by '*C with excitation of some resonance states (from
Ref. 57).

at the periphery of the nucleus. Data analysis without
allowance for it should be done using radii larger than the
rms radius. The real radius depends on the relationship
between 4 £ and A4 £,

4, Its contribution to the spectral function depends on
the energies £, of the thresholds and on the separation coeffi-
cients for decays to the channels ¢’ for which the matrix
elements (£ & |F ) are large. Therefore, neglect of the chan-
nel-resonance scattering term in the analysis of different re-
actions may lead to differences in the absolute magnitudes of
the spectroscopic factors.

It follows from the listed properties that the enhance-
ment of virtual ¢ clustering in the nuclear surface observed
in @-nuclear reactions may be due to the w; termin the wave
function of the nuclear states. This interpretation is support-
ed by the fact that analysis with a radius greater than the rms
radius does not lead to enhancement. Moreover, the relative
spectroscopic factors for transitions to the ground states of
nuclei with low-lying thresholds for & decay agree with one
another, as must be the case in accordance with (41). Because
of the strongly surface nature of e -nuclear reactions, ¢ clus-
tering in the surface of nuclei with low-lying a-decay thresh-
olds is more pronounced than in nucleon-nuclear reactions.

For nuclei with low-lying a-decay channels, there is a
difference between the average values of the spectroscopic
factors obtained, respectively, in proton-nuclear and a-nu-
clear knockout reactions. In '°0, for example, the threshold
for the ?C,, + @ decay channel is at 7.2 MeV and for
2C,amev 4+ @ it is at 11.6 MeV, whereas the nucleon chan-
nel opens at higher energies. Moreover, the corresponding
spectroscopic factors '° O,, are larger than the nucleon spec-
troscopic factors. Therefore, in w; the & channels are impor-
tant, and this leads to the enhancement of the & clustering in
the '°O surface, for which the channel-resonance scattering
term (39) is responsible.

To prove the above assertions, it would be very interest-
ing to have experimental data not only for nuclei with low-
lying cluster thresholds but also for nuclei having low-lying
nucleon thresholds. For example, for '* N the *C + p decay
channel has threshold 1.9 MeV, while the’ B 4+ « channel
has threshold 9.5 MeV. In this case, the surface of the nu-
cleus is enriched with nucleons and not clusters. One must
therefore expect here a value smaller than in the case of °0
for the ratio of the a-spectroscopic factors extracted from
reactions with the participation of « particles and protons
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when the rms radius is used.

For more definite conclusions about the part played by
the term w,, we need more experimental data for different
nuclei. Study of the wz term by means of the knockout reac-
tion will make it possible not only to draw conclusions about
the enhancement of the clustering in the nuclear surface but
also to settle such difficult questions as the problem of the
absolute magnitude of the & width in heavy nuclei (see Sec. 2)
and the problem of determining the proton and neutron dis-
tributions in nuclei from 7-nuclear data.

The symmetry relations established in reactions with
particles of intermediate energies characterize not only the
interior region of the nucleus but also its surface. The ratio of
the two terms (38) and (39) depends on the mean free path of
the incident particle, i.e., on its species and energy. Analyz-
ing data obtained from different reactions at intermediate
energies, it is possible to study the properties of the interior
region of the nucleus and its surface.

The symmetry properties of the surface are determined
by the threshold energies of the channels and their fractional
-parentage relation to the considered state. They differ from
the symmetry properties of the interior part of the nucleus,
which is determined by the total numbers of protons and
neutrons. An example is provided by the **Ca and *® Ca nu-
clei, whose surfaces, as nuclei with closed shells, are similar,
while the interior parts differ because of the different
numbers of protons and neutrons.

The surface properties characterize finite nuclei. They
are determined by general properties of the many-particle
system such as the binding energy and coefficients of separa-
tion in the corresponding decay channels, and they can be
considered analytically in the framework of a model that
describes bound and unbound states in a unified way.

4. CONCLUSIONS

Nuclear-structure calculations are usually made by dia-
gonalizing the Hamiltonian in the space of bound single-
particle states. Because of this, one loses sight of the charae-
teristic properties of a nucleus that distinguish it from
infinite nuclear matter. Characteristics such as the lifetimes
of excited states and surface effects are calculated by means
of approximations whose validity is limited.

In the present paper, besides bound states, we have con-
sidered low-lying decay channels, which characterize the
finiteness of the nuclear system. We have obtained an analyt-
ic expression describing the surface of the nucleus. It arose in
the form of an additional term in the wave function of the
nuclear state, and it contains information about both the
open and closed decay channels. Such a change in the nu-
clear wave functions by the continuum is analogous to the
change in scattering states brought about by taking into ac-
count the discrete spectrum of the system in the unified the-
ory of nuclear reactions formulated by Feshbach.*

The Hamiltonian describing the nuclear structure of
the decay states is non-Hermitian. The non-Hermitian part
of the Hamiltonian has an essentially many-particle nature
and cannot be taken into account by changing the residual
two-particle interaction. The eigenvalues of this Hamilton-

359 Sov. J. Part. Nucl. 15 (4), July-Aug. 1984

ian determine both the energies and the lifetimes of the nu-
clear states. The effective Hamiltonian obtained here leads
to some symmetry breakings such as breaking of the charge
symmetry and the symmetry of the VN —/ and AN — ! inter-
actions. Analysis shows that the parameters g’ describing
the spin-isospin NN ~ ' and AN~ interactions in finite nu-
clei must be different, in contrast to nuclear matter. How-
ever, it is true that this difference may be less than Migdal’s
prediction.*

Another consequence of the unified description of
bound and unbound states is the deviation of the line shape
of the resonance states from the Breit—Wigner and Lorentz
shapes even in the absence of interference effects with other
resonance states and with the background. As a limiting
case, the resonances may appear in the cross section in the
form of cusps.

All the results discussed in the present paper were ob-
tained numerically in the framework of the shell model in the
continuum using realistic wave functions for light nuclei.
The scheme is a natural generalization of the standard shell
model. The approximations used in the calculations were
truncation of the function space, the use of a simplified two-
particle residual interaction, and the limitation to single-nu-
cleon decay channels. The results obtained were compared
qualitatively with the experimental data. The comparison
indicated the possibility of explaining effects such as the
closed-shell effects in the breaking of the charge symmetry of
the nuclear forces, and also some surface effects. For quanti-
tative predictions, it is necessary to include in the calcula-
tions the low-lying a-decay channels and to use a more real-
istic two-particle interaction. A scheme for including a
channels was discussed in Ref. 16, though it does require
more computing time. A more realistic two-particle residual
interaction must depend on the density in the description of
the nucleon—-nucleon interaction both without and within
the nucleus. Numerical calculations for specific nuclei can
be made only when more experimental data are available to
indicate where one must make a sensible truncation in the
number of closed channels.

The surface effects discussed in the present paper may
play an important role in heavy-ion reactions, in which the
surface properties of the nuclei are particularly important.
They are also important, for example, in the pion-nucleus
interaction when the interaction takes place mainly on the
surface of the nucleus. Knockout reactions are of particular
interest from the point of view of obtaining information
about the nuclear surface and effects associated with it.

For fruitful discussions I am indebted to V. V. Bala-
shov, H. W. Barz, and R. Wiinsch.
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