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The state of the problem of 7 condensation in nuclei is reviewed. It is concluded from an analysis of various
nuclear phenomena in which pionic degrees of freedom play an important part that there is probably no 7
condensate in nuclei but that they are close to the point of instability. The possible manifestations of this
proximity in the inelastic scattering of nucleons and electrons by nuclei are discussed.
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INTRODUCTION

The problem of 7 condensation in nuclei has a his-
tory of almost a decade.'™ Initially, v condensation
was regarded as an interesting but improbable conjec-
ture, but it is now clear that although the phenomenon
itself is not, apparently, present in real nuclei, its
“rumblings”’ have an appreciable influence in many nu-
clear properties. In addition, it is now believed that a
7 condensate does exist in neutron stars, which leads
to a number of very interesting astrophysical conse-
quences.**

In the present review, we consider only the nuclear
aspect of the 7-condensate problem.

The first estimates of Migdal' showed that the situa-
tion in real nuclei is nearly critical, i.e., the param-
eters of the effective quasiparticle interaction in nuclei
are close to the values at which the frequency of the
“pionic mode” (spin—isospin zero sound) in nuclear
matter vanishes. This occurs at a finite value k=%,
~py of the wave vector. It was immediately suspected
that 7 condensation has already occurred in nuclei,
and that they possess a periodic spin—-isospin structure
with characteristic period of order 1/k,. Further in-
vestigations showed that this is probably not the case.
We shall discuss this question in detail and mention
here the absence of appreciable single-nucleon widths
of the levels of 7 atoms,® contradicting the theoretical
prediction should a 7 condensate exist,” and also the
absence of doublets of levels with opposite parity®:? in
the spectra of the low-lying states of heavy nuclei. On
the other hand, it is possible that nuclei are close to
the point of the m-condensate instability. Such a possi-
bility is interesting not only in that it leads to a num-
ber of important consequences for nuclear physics at
low and medium energies but also in making probable
the existence of anomalous superdense nuclei in which
7 condensation has occurred. The resulting energy
gain in this case fully or partly offsets the contribution
of nuclear compressibility. The conjecture of the exis-
tence of superdense nuclei of this kind!*® appears more
realistic than the analogous conjecture by Lee and
Wick!? of anomalous nuclei produced by rearrangement
- of the so-called o field.

Hitherto, all arguments in favor of relative proxi-
mity of nuclei to the point of 7 condensation have been
quantitative and based on analysis of the spectra of
states of anomalous parity (07,1*,27,...) and the M1
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characteristics of nuclei.!'™® It is therefore natural

to look for phenomena in which the proximity of = con-
densation leads to qualitative effects. These are known
in the literature as precritical effects, and the main
aim of the present review is to analyze such phenomena
in nuclei. However, we shall not consider the many
problems associated with the interaction of slow pions
with nuclei, which could be the subject of a separate
review,

In Ref. 14, one phenomenon of the kind in which we
are interested was pointed out—inelastic scattering of
nucleons by nuclei with the excitation of states of
anomalous parity. It was shown that if nuclei are
near 7 condensation the differential reaction cross
section at angles corresponding to momentum trans-
fers k~pg will contain a characteristic maximum,
whose height and width are determined by the proxi-
mity to the point of 7 condensation.

The possibility of precritical phenomena was also
discussed by Gyulassy and Greiner!® in connection with
the collision of relativistic heavy ions and, in a larger
aspect, by Ericson and Delorme,'® in which precritical
phenomena in nuclei were considered as “critical
opalescence” (by analogy with phenomena in classical
liquids near the critical temperature). In collabora-
tion with Figureau and Giraud, the same authors'’
considered precritical effects in the inelastic magnetic
scattering of electrons by light nuclei with the excita-
tion of anomalous-parity states. Precritical effects in
the inelastic scattering of protons by nuclei have also
been discussed by Toki and Weise.'®

The review is arranged as follows. In Sec. 1 we for-
mulate the equations of the theory of finite Fermi sys-
tems with separated one-pion exchange, and in Sec. 2
we consider the conditions of stability with respect to
7 condensation in finite nuclei. In Sec. 3, we discuss
the arguments which indicate that there is no 7 conden-
sate in nuclei, Section 4 analyzes the spectroscopic
characteristics of nuclei [the spectra, magnetic mo-
ments, and B(M1)] with the aim of extracting the inter-
action parameters that govern the phenomenon of 7
condensation. The set of constants found in the analysis
indicates that nuclei are near the point of 7 condensa-
tion. In Sec. 5, we discuss the physical picture which
arises in nuclei near 7 condensation. Sections 6 and 7
occupy a central position in the review. We here dis-
cuss precritical effects in the scattering of nucleons
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(Sec. 6) and electrons (Sec. 7). Section 8 contains the
main conclusions.

We thank S. T. Belyaev, V. M. Galitskii, A. B. Mig-
dal, I. N. Mishustin, V. M. Timofeev, M. A. Troitskii,
and V. A. Khodel’ for very helpful discussion of the
questions considered in the review.

1. SEPARATION OF ONE-PION EXCHANGE IN THE
EQUATIONS FOR FINITE FERMI SYSTEMS

The basic equations in the theory of finite Fermi sys-
tems are the equation for the two-particle scattering
amplitude

I'=F . FAT (1)
and the equation for the effective field:
V = eV, + FAV. (2)

Here, A is the particle-hole propagator, an integral
over the energy of the product of two quasiparticle
Green’s functions,

A(r,r';m)zj;—;G(r,r’;s--%)@(l".l‘; e+5), (3)

and #is the irreducible amplitude of the quasiparticle
interaction, which does not contain diagrams with two
lines in the annihilation channel. It differs from the
vacuum nucleon-nucleon amplitude by having more
complicated diagrams, these leading moreover to the
appearance in (2) of the local charge e, of the quasi-
particles relative to the external field V,. Initially, the
theory of finite Fermi systems was intended to de-
scribe phenomena in which small momentum transfers
k («<pg) play the dominant part. In this case, & in Egs.
(1) and (2) is the amplitude of quasiparticle scattering
at the Fermi surface through zero angle. However, it.
soon became clear that there are few such phenomena
in nuclei. Large momenta are important, although for
entirely different reasons, in the description of low-
lying excitations for both electric'®*" and magnetic!! 2!
type. In this case, it is necessary to introduce a de-
pendence of Fon k. In the first case, this is usually
done phenomenologically"; in the second, one sepa-
rates from # the amplitude %, of one-pion exchange in
the annihilation channel.®'!!

This separation is justified by the circumstance that
one-pion exchange induces the nuclear forces with the
longest range; for the characteristic momentum over
which %(k) varies is k~m ,~pz/2 (here and in what
follows, 7=c=1), whereas the characteristic momen-
tum over which #,=% - %, varies is of the order of the
reciprocal core radius v, (k~1/7.>2p3). Therefore,
in a first approximation the dependence of %, on k£ can
be ignored. Note that %, also includes the amplitude
of one-pion exchange in the scattering channel, since
it does not have a strong dependence on the momentum
transfer .}

Thus, we represent ¥ in the form
F =T+ 7 (k) (4)

where %, does not depend on k, and

F o (K) = Cot (K¥) (0,k) (0,K) T, (5)
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FIG. 1. The amplitude %, of one-pion exchange in the annihila-
tion channel in a nuclear medium. The broken lines exclude
the diagram which, by definition, does not occur in %,

Here, Cy=(dn/deg)™ =7%/pym* =360 MeV - F3. Since
we shall be interested in only low frequencies w < Ep
<m,, We can ignore the » dependence in %, as in %,
and set w =0 in both. Because of the effects of the me-
dium, #(k?) in (5) differs from the vacuum function

to (k%) = C&' (gnn/2m)* By (@ = 0, k) = — 1.45/ (k* + m), (6)

where Zy(w, k) =w* —k* —m? is the propagator of the
free pion.

Let us analyze the diagrams which cause f to differ
from #;. The amplitude % corresponds to the diagrams
in Fig. 1, in which the thick wavy line represents the
propagator 2 of the pion in the nuclear medium, this
being irreducible in the same sense as . It is related
to &, (the thin wavy line) by the usual Dyson equation:

D=F,— D,PD, (7)

As is clear from the foregoing, the polarization opera-
tor P in this equation is not complete, since it does not
contain the particle-hole term A. The most important
term P(P,) is associated with virtual production of the
A isobar (Fig. 2). In Ref. 3, there is a detailed inves-
tigation of the various terms in P, including the con-
tribution of s -wave scattering and the contributions

of the more distant p-wave resonances. Here, follow-
ing Refs. 1 and 11, we use for P an expression in which
the contribution of the s -wave scattering is ignored;

it is important for a neutron medium,® but in the case
of symmetric nuclear matter is small. The influence
of the distant resonances is taken into account pheno-
menologically by the introduction of a dependence of
the 7NA form factor on k by extrapolating the experi-
mental data® to the region w~0,k~pg:

_09(l—e)k® n(r)

P=— oo ny - (8)

Here, n(r) is the density of nuclear matter at the point
7, and n)=0.147 F? is the density of normal nuclear
matter.®® The factor 1 —a in (8) is introduced to take
into account the possible difference between the TNA

N

FIG. 2. The polarization operator P ,. The black point in the
upper diagram is the vacuum nNA interaction vertex, and the
black triangle is the corresponding vertex in a medium; the

black square in diagram b is the amplitude of NA scattering.-
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vertex in the medium and in vacuum, It is due to not
only the loop diagrams (Fig. 2b) but also more compli-
cated diagrams (Fig. 2c¢). In some papers, P, is cal-
culated with allowance for diagrams of only the first
type.24?5 But one then has in them the poorly known
amplitude of AN scattering (the square in Fig. 2b),
about which rather arbitrary assumptions are made.
We prefer to regard « in (8) as a phenomenological
parameter. In Ref. 3, the estimate 0.3> a>-0.2 is
obtained for a. The expression for P in Ref. 3 with
allowance for s -wave scattering and the distant p-wave
resonances differs little from (8) at 2~py.

The function #(%k?) in (5) is obtained from (6) by re-
placing 9, by 9 and multiplying by the factor (e})?, and
each vertex in Fig. 1 includes the local charge e, with
respect to the field (o - k)7,. The characteristic scale
of the momenta that determine the dependence of e; on
k is the same as in the case of %, and for the same
reason this dependence can be ignored, so that one
takes!!

ey (k) = e (k=0)=1—2L,, (9)

where £, is the constant which occurs in the local
charge for the field 0,7; (Ref. 26): e [o,7s]=1—2¢,.
It is known from analysis of the magnetic moments
that 0<¢,=<0.1. As a result,

¥, — k) (0,k
Fa= —145(1 -2 SO (10)

where P(k) is given by Eq. (8). In the expression for
., we have restricted ourselves to the contribution of
the zeroth harmonics:

Fo=Cylfo + fori®s + (g0 + gi7,%2) 0,0,]. - (11)

2. T-CONDENSATE INSTABILITY IN NUCLEI

Symmetric nuclear matter. The existence in the spin-
isospin part of the amplitude .# of a repulsive (~g’ >0) a
and an attractive (%,) term makes it possible for com-
plex frequencies to arise in Egs. (1) and (2), which
means that the system is unstable. We consider first
the conditions for the occurrence of such instability in
infinite nuclear matter, for which the particle-hole
propagator is

A (k, ©) = — C;\D (k, o), (12)

where @(k,w) is the well-known Linhard function.?’
Going over in (1) to the dimensionless amplitudes y*
=C;'Fandy =C;'T, we obtain in the spin—isospin
channel

vk, @) =y° (k) — y° (k) D (k. o)y (k. o), (13)
where
. (14)
¥¢ (k) = 2g'0,0, + 2t (k*) (o.k) (0,:k);
vk, 0) = 26" (k, v) 0,0, + 27T (k, ©) (0.k) (o:k). (15)
Equat-ion (13) can be readily solved:
¢k ©) =g/ U+ 2Dk, o)} (16)

T (ko) = ¢t () 1 + 28D (k, 0)] [ +2 (g + t (&%) &%) D (&, @),
(17

Equation (2) for the effective field V in nuclear mat-
ter in the presence of an external field (V,)2 =v,(k)
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Xg,Tgexp (ikr) can be solved similarly:

VE (ky, ©) = [Vy (k, ) 0g + Vs (k, ©) (0k) ko/k*] T, (18)
where

Vy (b, ©) = v (k)1 + 2g'@ (K, w)], (19)
and

Vo ey ©) = — v () 2¢ (k%) 42D (k, o)1 + 2g'D (k, )] (20)

X2 (g + ¢ (k) k) D (& o)l

It can be seen from (16)—(20) that the spectrum of spin—
isospin excitations is determined by the dispersion
relations

(21)
(22)

1+ 2 @k, o)=0;
142 (g +t (&) E) O (k, o) =0.

Since the constant g’ is positive, g’ > 0, the first of
these equations has a solution only for w> kvg (vy=py/
m*) and never leads to instability.® In the second equa-
tion solutions with negative w?, indicating instability
of the system, are possible in the case of certain re-
lationships between g’ and the parameters {; and o
in t(kz). This instability is called the 7-condensate in-
stability.

Equation (22) was considered in detail in Ref. 3. In
fact, a more general dispersion relation was studied
with allowance for the w® dependence of P and the pion
propagator. This general relation gives three branches
of solutions, of which we consider only the lowest,
which leads to 7 condensation, for which these depen-
dences are not important. At small k, the solution of
(22) is virtually the same as the solution of (21). With
increasing %, it approaches the straight line w=Fkvg
(Fig. 3), and then the stationary solution of (22) vanish-
es (because of the imaginary part in @ for w < kvg).
For w®< 0 and k~pp, a solution which increases with
the time and corresponds to the 7-condensate instabi-
lity can be obtained. In finite nuclei, the imaginary
part of ¢ is nonzero only for w > Ag,, where Ag, is the
first particle-hole difference. Having in mind finite
nuclei, we can represent ® in the interval 0 < w < Ag,
in the form

D (k, ©) = O () + (o5 ) ,_, ©* (23)
Then from (22) we obtain
~ 142D,
O] e e =22 ey vl D)
&JE

agt

FIG. 3. Qualitative form of the dispersion law for spin—isospin
sound in nuclear matter. The region in which there are no
solutions with real w because of Landau damping is hatched.
The continuous curve corresponds to the case with r-conden-
sate instability, and the broken curve to a situation close to
instability (the lower part of the broken curve fork 2~ p},. gives
a nominal description of the excitation spectrum in a

finite nucleus; Ag, is the first difference of the single-particle
energies).
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where

2.3 (1—2L,) KD,

(k) = m& + K2+ P (k) — e, (25)

The expression in the square brackets in (24) is posi-
tive and for k~py has the estimate ~p¥(~1/10), and
therefore

o = oF (k) vhg (K), (26)

where ¢(k) is a smooth function of % (of order unity).
Thus, the vanishing of w? is due to the vanishing of
w*(k), i.e., the condition of r-condensate instability
can be written in the form

0 (ko) = 0 (ko ~ pr), @7
where &%(k) is determined by (25).

Figure 4 shows the dependences g.(a) and ki a) for
several values of ¢,.

The m-condensate instability in finite nuclei. The
instability of nuclear matter in the channel with pionic
quantum numbers arises at wave vectors k of the or-
der of the Fermi momentum pg. Therefore, in suffi-
ciently large nuclei with diameters much greater than
Py, the picture of the instability must be approximately
the same as in an infinite system, and the effects of the
finite size must be important only near the boundary of
the nucleus. Such a situation is considered in Ref. 28.
However, it is still not clear whether real nuclei are
sufficiently large for this situation to occur. In addi-
tion, in light nuclei the picture of the condensation may
be different. All these questions were considered in
Ref. 29 on the basis of an exact solution of the equa-
tions of the theory of finite Fermi systems in the co-
ordinate representation for specific nuclei.

Expanding the effective field V with respect to spheri-
cal tensors and separating the angular variables (see
Appendix 1), we obtain from (2) an equation that deter-
mines the eigenfrequencies w, for the different modes:

vl (r; wg) = 5 ridr, 5 ridry > Fli(r,r)
0 0 L'L"
X Ai'[:‘ (ry, 15 ©,) Uf‘ (ras ©5). (28)
Here, vi(r;w,) is regarded as the amplitude for produc-
tion of the state |s) with angular momentum J and par-
ity m=(-1)*=(-1)"*', so that the symmetry of the con-

o, F

14
12

0

04 -02 0 02 Qo

FIG, 4, Critical parameters of the amplitude F and the cor-
responding momenta k ; (broken curves) at which the r-conden-
sate instability arises in infinite nuclear matter. The param-
eters are found from the condition &7 ; (k) =0 i:'.'ufn.n is the min-
imum of the expression (25)] for m 0= 0.684 F~!, p.=1.27 F~1,
and n¢=0.138 F-3, which corresponds to ry=1.2 F-1
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sidered external field corresponds to states of anoma-
lous parity 07,1*,27,...(V,~0,7g). For the amplitude
vy, we have the normalization condition?®

dAd
(v a5 v e (29)

where the brackets indicate integration over all the co-
ordinates and summation over the spin-isospin indices
[to simplify the expressions, these indices are omitted
in (28)].

We consider first the neutral channel (V,~o73). In
this case, instability corresponds to vanishing of the
square of the eigenfrequency w in Eq. (28). To eluci-
date the nature of the 7-condensate instability, it is
sufficient to find the critical values g/, as functions of
the angular momentum J and the mass number A4, i.e.,
to solve Eq. (28) with w =0 for some fixed values of
the other interaction parameters (g, @, and ¢,). For
simplicity, we shall in what follows discuss the case
£=0.65 and a=¢,=0. For other sets, all the qualita-
tive conclusions remain valid.?® Calculations were
made with Woods—Saxon potential taken from Ref. 30
for spherical nuclei in the range from 'O to the hypo-
thetical nucleus **®114. The results are given in Table
I. Analysis of them shows that g/. does not have any
systematic dependence on A . Shell effects, particularly
for magic nuclei, have a much stronger effect. It can
be seen from Table I that in light and heavy nuclei
these effects lead to two different situations.

Suppose that we could, by fiat, reduce the constant
g' or, equivalently, increase the density » (the relative
change 6n in the density is related to the relative
change in the constant g’ by 6n/n~-6g’/g’). Then in
light nuclei instability of the 0 mode occurs first.
Estimates show?® that the distance Ag’ =0.05 (for ex-
ample, in %0 and *’Ca) to the nearest instability point
of the 2" mode is sufficiently great for the influence of
the remaining modes on the 0~ instability to be ignored.
Therefore, in the case of a phase transition of the sec-
ond kind, or of the first but nearly one of the second,
the structure of the condensate must correspond to the
0" symmetry (alternation of layers with radial depen-
dence ~j (k) and angular dependence ~Y (n); ky~pg,
and ji(x) is a spherical Bessel function).

TABLE I. Critical values g/, for different modes in nuclei
(for g=0.65, a=¢ =0).

Jn 160 40Ca BENj 1008 #2 11487 208 P 208444 #2
(- 0.87 0,99 0.98 0.94 0,95 0.97 0,96
1* 0.76 0.83 0,87 0.88 0.91 0.89 0.91
2= 0.82 0.92 0.95 0,94 0.96 0.96 0.95
3* 0.50 0.79 0.89 0.93 0.92 0,90 0.93
4= - 0.82 0,88 0.9% 0,93 0.96 0.95
5* — — 0.67 0.86 0.86 0.92 0,91
6~ — — — — 0,86 0.94 0,95
7+ — s = = — 0.87 0.91
8- — - — — — 0.86 0,92

*It is meaningful to consider the instability for modes with
angular momenta J< A 3,

2+These nuclei do not exist in stable form, but this is not
important for the considered problem.
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A different situation is realized in heavy nuclei, in
which the instability points are divided into two groups—
for the modes of negative and positive parity, respec-
tively. Within each group, the instability points virtu-
ally coincide, but the distance between the groups is
Agl.=0.05-0.08. The splitting is due to the circum-
stance that in nuclei the states in neighboring shells
have, as a rule, opposite parity. This is a reflection
of the quasioscillator form of the nuclear self-consis-
tent potential well. In the limit A -, the splitting
must vanish, states of both the same and the opposite
parity being equally represented in a broad rectangular
well. In real heavy nuclei, all the modes of negative
parity condense first when the density increases
smoothly. This means that for g’ < g}, we have the
onset of spontaneous growth of fluctuations of the spin
density with coordinate dependence ~sinky», and in the
case of a phase transition of the second kind it is natu-
ral to assume that in such nuclei a condensate with the
same spatial structure will arise. Note that such a
situation is characteristic of magic nuclei, which are
mainly represented in Table I. For the nonmagic nu-
cleus '"8n, this effect is much weaker.

With regard to the regular dependence of the con-
stant g/, on the mass number A, it is rather difficult
to draw any definite conclusions on the basis of the cal-
culations. If a comparison is made with the value of
the critical constant in infinite nuclear matter (gl «
=0.91), it can be seen that the phase transition to the
7-condensate state in nuclei occurs at approximately
the same value. However, a literal comparison is dif-
ficult, since there is a certain arbitrariness in the
choice of the parameter used to make dn/de; dimen-
sionless [the constant C; in the amplitude (5)]. Com-
parison of the critical constants in light nuclei, on the
one hand, and heavy nuclei, on the other, with a view
to establishing the nuclei in which 7 condensation oc-
curs earlier is not very sensible, since the amplitude
contains terms ~(N - Z)/A,% whose contribution we
have ignored. In principle, allowance for them can
lead in heavy nuclei to corrections equivalent to a
change in g¢. by =0.05. There is some point in com-
paring the constants g, for fixed J" in nuclei with N
=Z, i.e., 0, ¥Ca, **Ni, and !""Sn (the last, it is true,
does not exist, but this is not relevant to the consider-
ed question); it can be seen that with increasing A the
constants g;, do indeed approach on the average the
value in the infinite system. However, on the back-
ground of this approach fluctuations of shell nature are
observed.

The critical conditions in finite nuclei were investi-
gated from a somewhat different point of view by Mey-
er-ter-Vehn,®® The calculations were also made in
the coordinate representation, but the particle-~hole
propagator was found by summing over single-particle
states in a large but nevertheless finite oscillator
basis. It was not the critical values of the interaction
parameters that were sought but rather the critical
density n.; the variation of the density was achieved
by varying the oscillator parameter. It was shown that
stable results are obtained only when one takes into
account not less than 16-18 principal oscillator shells;
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FIG. 5. Critical values g, (J) from Ref. 25.

this confirms once more the fact already noted in Ref.
29 that standard RPA calculations with truncated (two
or three shells) basis cannot pretend to quantitative
accuracy in the description of phenomena associated
with the m-condensate instability. The shortcoming of
an oscillator potential is that for heavy nuclei it differs
strongly from the realistic potential. Nevertheless,
the conclusions of Ref. 32 are qualitatively close to the
results of the more realistic calculations of Ref. 29.

In Ref. 25, Toki and Weise also used an oscillator
potential, but made the calculations in the momentum
rather than the coordinate space. They calculated the
so-called response function R(k,k’;w) up to a factor
equal to the amplitude T [Eq. (1)]. Such an approach
makes it possible to find not only the critical constants
but also the critical momentum for given mode J”,
which permits a more direct comparison with the re-
sults of the calculations for infinite matter. Approxi-
mations of a numerical nature were made in the cal-
culation of R, but qualitatively the results obtained in
Ref. 25 agree with ours. It can be seen from Fig. 5
that, as in our calculations, g/, undergoes “even—odd
jitter,” remaining approximately constant up to J
~A'3 after which it decreases rapidly. The appreci-
able differences between the g, values in Table I and
in Fig. 5 are due primarily to the different method
used to take into account the contribution of the A iso-
bar. Namely, Toki and Weise® introduce a 6-func-
tional repulsion between the A isobar and the nucleon
with the same constant g’ as for nucleons. This cor-
responds to @ = 0.5 inthe polarization operator (8), i.e.,
to a weakening of the contribution from the A isobar by
approximately two times. It is this that causes the de-
crease in gi,.

The m-condensate instability in the charged channels
(V*~07.) can be investigated by essentially the same
scheme as in the neutral channel. However, there are
some differences due above all to the actual definition

\ R e
wMe! / o~ g
8+ 0
o~ B —

2 rw =12 ¥
-6

-

FIG. 6. Position of the first excited 0~ states in *'Ca as a
function of g’ (the neutral and charged excitations are indicated
by 0, +, and —, respectively).
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of the stability conditions and the choice of the physical
branches. We shall discuss these differences for the
example of two nuclei: *’Ca and ***pb,

It is simplest to illustrate the procedure for choosing
the physical branches by examining graphs of the eigen-
frequencies of Eq. (27) as functions of the constant g’.
As an example, Fig. 6 shows such graphs for the 0~
mode in #’Ca for a =¢,=0 and g=0.65 (for a neutral
field; the constant g does not occur in the equations for
charged fields). The indices + and — indicate the char-
ged channels (respectively, for the field V*~gT,,
which produces a pn (proton-neutron hole) pair, and
the field V"~g7., which produces a pn pair); the in-
dex 0 corresponds to the neutral channel (for the field
VY~oT7,, which produces nz and pp pairs). The effec-
tive field V? is a function of w?, and therefore the
curve with index 0 is nearly a parabola at low frequen-
cies. The curves with the indices + and — are shifted
relative to it by the Coulomb energy (or rather, by Ap
=[Es("'Sc) —E(*!Ca) +E 5(**Ca) —E 5(**K)]/2, where
E(X) is the binding energy of nucleus X). These cur-
ves are the mirror images of each other with respect
to the abscissa, which corresponds to the condition
V*(w)=V7(-w). Their shape almost exactly repeats the
0 curve, which is a consequence of isotopic invariance,
which works rather well in the case of 'Ca.

The prescription for choosing the physical branches
in the language of the meson & function is considered
in Ref. 3. In our case, this choice is much simpler,
since in nuclei, in contrast to neutron matter, the
branches that beginat small w do not get entangled with
the branches that begin at w~m,. The prescription for
the choice can be formulated as follows: With increas-
ing repulsive interaction, i.e., with increasing con-
stant g, the energy of the level must rise. The upper
parts of the curves represented by the continuous lines
meet this criterion. These are the physical branches.
The “true” instability point for the charged channels,
i.e., the point at which complex solutions arise (in the
terminology of Ref. 3, the point of “pairing” instabi-
lity), is the point g’ =g¢ (at it, the derivative dw/dg’
becomes infinite). This point virtually coincides with
the instability point in the neutral channel. The point
g1 at which the frequency w7(g’) vanishes (apart from
small corrections containing the electron mass, the
neutron—proton mass difference, etc.), corresponds
simply to the g-decay instability. The analogous point
for the + branch in the case of neutron matter is called
the point of 7§ condensation in Ref. 3. If there is non
condensate in the nucleus “Ca, i.e., g’ > g}, then it
follows from the fact that *°Ca is stable against g decay
that the constant g’ in the amplitude % must satisfy
the inequality g’ > g{.

In Fig. 7, the analogous curves for the physical
branches are shown for different J*, It can be seen
that everything we have said remains true for the other
J”,and the charged branches are obtained from the
neutral branches by a shift along the vertical by Ap.
Note the very different slope of the curves for the
modes of different parities. This is due to the fact that
in the case of negative parity a contribution to the
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FIG. 7. Dependence of the energies of the first excited states
with JT=0", 1*, and 2~ in %Caong’.

propagator A(»,7;;w) is made by transitions between
neighboring shells, whereas in the case of positive
parity transitions through a shell contribute. We shall
show how this happens for the example of the neutral
channel. At low frequencies, the position of the level
wy s for given J” can be found from the formula w2+
=C;1/B;s, where C;r is the rigidity for the mode J",
and B, r is the corresponding mass coefficient. In this
region, C;r is small and at g’ =(g/;),r it vanishes,
whereas the mass coefficient is not small and can be
assumed constant. The values of C;r are determined
basically by summation over states far from the Fermi
surface, as a consequence of which the difference
between the critical constants (g¢;),r is small. But
states near the Fermi surface make an appreciable
contribution to the mass coefficients B;r, so that, for
example, Bj-is appreciably greater than B, and,
since the slope of the w;r(g’) curves is determined by
the mass coefficients, the curve for 1* is much steeper
than for 0~.

For the nucleus *°®Pb, the picture is fundamentally
the same. However, here isotopic invariance is broken
rather strongly. Therefore, the charged branches (Fig.
8) are shifted relative to the neutral branches (at the
same J”) along the horizontal, and all three branches
have very different profiles. Note that the displace-
ment of the charged branches along the vertical is here
appreciably less than in *°Ca. This is due to the cir-
cumstance that in 2°®Pb the Coulomb energy and the
symmetry energy of the quasiparticles almost exactly
compensate each other.

As in the neutral channel, the charged branches in
“8ph are divided into two parity groups, but these
groups change places. In Fig. 8, this is illustrated for
the example of the 0" and 1* modes; for the other
modes, the relative disposition of the branches is the
same, In **®pb, the population by neutrons and protons

wMeV|

FIG. 8. Positions of the first states with J"=0" and 1* in 2%pb
as functions of g’.
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differs by just one shell, so that for the charged chan-
nel the minimal energy differences in the propagator
arise for the modes of positive parity (and not for those
with negative parity, as in the case of the neutral
channel). At the same time, the critical constants g
and g{ (at which, in the terminology of Ref. 3, the
“pairing” and 7% instability, respectively, occur) for
the modes of positive parity are very nearly equal and
virtually coincide with the critical constant gi,, at
which instability occurs in the neutral channel for the
modes with negative parity.

These considerations show that the nature of the 7
condensation in light and heavy nuclei may be very
different. When g’ decreases (the density increases)
in light nuclei, the first mode to become unstable is
the 0" mode, and the influence of the other modes on
its condensation can be ignored. In heavy nuclei, the
situation resembles that in an infinite system, in which
all modes become unstable simultaneously, though here
too shell effects lead to a separation of the instability
points depending on the parity. Thus, for the neutral
channel in *"®Pb all the negative-parity modes condense
before the positive-parity modes, while for the charged
channels the situation is reversed.

3. IS THERE A w CONDENSATE IN NUCLEI?

In his very first papers on the problem of 7 conden-
sation, Migdal discussed the possible existence of a 7
condensate in nuclei. At the first glance, such a con-
jecture appears to contradict all the experience of nu-
clear physics. However, analysis showed that a
condensate of small amplitude has a weak influence on
the majority of nuclear properties. Moreover, it is
difficult to find phenomena sensitive to the presence of
a condensate and such that analysis of them would es-
tablish whether a condensate is present.

The physical picture of the 7 condensate is formu-
lated in the language of the pion field. We are in fact
speaking of excitations of the medium that have pion
symmetry and are a superposition of pions, particle—
hole excitations, and A-isobar-hole excitations. The
m condensate is a system of standing waves of such
“pions.” In other words, 7 condensation corresponds
to the occurrence of a periodic spin-isospin structure,
and if it is to be revealed we require phenomena in
which such structure if manifested.

One such phenomena is the elastic scattering of elec-
trons by nuclei.’® The existence of a 7 condensate must
lead to an additional maximum in the differential cross
section (do/df),, for scattering of fast electrons at mo-
mentum transfers k~3 F~. The maximum is due to the
fact that the 7 condensate leads to the occurrence in the
nucleus of a periodic pion field:

@ = a sin kyz, (30)

where the constants a (the amplitude of the condensate
field) and k, (1/k, is the period of the structure) are
determined from the equation for the energy of the
pions in nuclear matter.’ This equation differs from
(25) by the addition of the term due to the interaction
of the pions with each other. In the second order in the
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amplitude @, there is a correction to the density:

8n (r) = ny (r) & cos 2kz, (31)
where
£ = 3f%2a%/16¢}. (32)

In the Born approximation, the electric form factor
of the nucleus acquires the correction

O8F (k) = — E?sin (k — 2k) R/ (k — 2k,) R, (33)

which has a maximum at k= 2k, of width Ak~1/R.
Accordingly, at k~2k;~3 F™! (the calculations of Ref.
3 give ky=1.5 F!) an additional maximum must occur
in the cross section.

A fair body of data has by now been accumulated on
the cross sections of ee’ scattering in the considered
region of k. There have also been a considerable
number of calculations of these cross sections.®™¢
All the calculations differ rather strongly (by up to a
factor 2) from the experiments at 2 = 2 F~!. However,
the nature of these discrepancies is different, namely,
the differences between the theoretical and experimen-
tal cross sections increase monotonically with increas-
ing & and do not have a clear maximum in the region of
k=3 F. They are most probably due to the circum-
stance that at these large momentum transfers the dif-
ferences between the particles and quasiparticles in
the nuclei begin to have an influence.*® Thus, although
the difficulties in the theoretical description of the data
on electron scattering at the present time prevent us
drawing the conclusion that there is no 7 condensate in
nuclei, the absence of a clear maximum in the elec-
tron-scattering cross section at k=3 F™ is an argu-
ment against a 7 condensate rather than for it.

A second phenomenon, discussed by Migdal® and
Dmitriev,? is the doubling of levels if a 7 condensate
is present. The doubling occurs for the following rea-
son. Since the pion field is pseudoscalar, it follows
from parity conservation that its expectation value in
a given state of the nucleus must vanish. In the case
of 7 condensation, the mean square of the condensate
field must have a large macroscopic value. Then the
field operator ¢ can be represented® in the form @
=q¥(r), where ¥(r) determines the coordinate depen-
dence of the pion field, and g is a collective coordinate,
proportional to the amplitude of the condensate field and
a pseudoscalar. Thus, in the case of a condensate of 0~
symmetry § ~¢-n.! From the Hamiltonian of the sys-
tem, we can separate a collective part, which has the
form of an anharmonic oscillator with the potential
(Fig. 9)

U (g) = — ogg*2 + Mg*/4, (34)

where w, and x, are constants (w} is the minimum of
@*(k), andx;~x/V,” where ) is the effective interac-
tion constant of two condensate pions, and V is the
volume of the system). The expansion of U(g) near the
points g, hag the form of an oseillator well: U,(q)
=-wi/4\ + wig Fq,)*. We denote by x} the solutions in
these wells, respectively. Obviously, (x}'"|q |X5'

Y For a two-dimensional condensate, A,=3A/2V.
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W ;

FIG. 9. Potential of the equation for the collective wave func-
tion y(g) [see (34)].

=#q,, i.e., these states do not have definite parity. In
the case of a low barrier penetrability, solutions with
definite parity are the symmetric and antisymmetric
combinations of xj:

L
7 (5 £ x%3)- (35)
Here, x; corresponds to the ground state (0*) of the
nucleus, and xj to an excited state (07). The energy of
the antisymmetric level can be readily calculated in
the quasiclassical approximation"’:

A o=

w, V2 noj
AEy-= “n exp(——m)_

(36)

Since A, ~1/V, this quantity is exponentially small in

a large system, and in the limit of an infinite system
the two states are degenerate. To estimate AE , Mig-
dal® took the values wj =0.2m% and A =10, which gives
AE =28e™1-04/100 Mey . For A =208, we have AE ~4
MeV. Thus, in the 2*8Pb nucleus at <4 MeV above the
ground state there must be a 07 state having a similar
wave function. Such a state is very collective and

must be strongly excited in reactions capable of induc-
ing a 0* - 0" transition (for example, in nucleon scat-
tering). A similar doubling must occur for the other
nuclear states, i.e., =4 MeV above the system of
“ordinary” nuclear levels there must be a band of
states of opposite parity which overlap strongly with
their “ partners.” The *°®Pb spectrum has been well
studied up to the single-particle threshold (~7-8 MeV),
and it does not contain any levels whose nature cannot
be understood from the point of view of the simple
quasiparticle picture. In our view, this fact is a strong
argument against the existence of a condensate in nu-
clei. However, one can ask how realistic is the esti-
mate for AE if a 7 condensate exists in nuclei. Now al-
though this estimate does contain some uncertain fac-
tors, it is probably an upper bound (for example, the
estimate of Ref. 3 for 2*®Pb gives AE =1 MeV). Finally,
if one supposes that AE > 8 MeV and that the 0~ level is
in the continuum, it should still be manifested as a
very collective (collectivity of order A) giant 0~ reso-
nance, which is not found.

Finally, the last phenomenon that we shall discuss in
this section is the single-nucleon width of the levels of
7 atoms or, which is physically almost the same thing,
the probability of single-nucleon capture of slow pions.

In Ref. 7, and also in Ref. 37, it was shown that this
process is critical from the point of view of establish-
ing whether a 7 condensate is present or absent in nu-
clei.
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FIG. 10. Skeleton diagrams of the pion polarization operator
in nuclear matter that determine the probability of single-
nucleon capture. The wavy line denotes the static condensate
field. At the hatched vertices, the renormalization effects due
to the spin-dependent Fermi-liquid interaction are taken into
account, '

In infinite nuclear matter, such a process is forbid-
den by the energy and momentum conservation laws if
a 7 condensate is absent. In finite nuclei, nonconser-
vation of the momentum (~1/R, where R is the radius
of the nucleus) permits this process, but to a very
small extent. In the presence of a 7 condensate, single-
nucleon capture also becomes possible in infinite mat-
ter. This is because the periodic structure of the spin—
isospin density permits “transfer” processes, in which
the nucleon momentum p changes by p zk; (k, is the
“momentum” of the condensate). This effect leads to
an appreciable increase (by about two orders of magni-
tude) in the probability of single-nucleon capture in
finite nuclei as compared with the case without a con-
densate. In Ref. 7, this effect was considered for a
weak condensate field, when perturbation theory with
respect to it can be used. The probability of single-
nucleon capture is proportional to the imaginary part
of the pion polarization operator I,y7(w,k). The skel-
eton graphs for II calculated in Ref. 7 are shown in
Fig. 10. Here, the broken lines represent the “exter-
nal” pion with frequency w and wave vector %, and the
wavy line represents the static condensate field with
momentum k, and amplitude . Because of the sym-
metry of the condensate field (o - k)7, the expansion of
Il is with respect to only even powers of the amplitude.
The need to take into account terms of fourth order in
a is due to the circumstance that the second-order
terms contribute to Im II only if 2> 1.1pg.

In Table II, we give the results of the calculations in
Ref. T of the relative probability W, (W, = I';/T, where
T, is the single-nucleon and T the total width) of sin-
gle-nucleon capture of pions from different mesoatomic
levels of various nuclei from *°Ca to ***U. The cal-
culation was made both without and with condensate. In
the latter case, the following assumptions were made:

TABLE II. Partial probability of absorption of 7~ mesons
by nuclei with emission of a single nucleon in a situation
with and without pion condensate.’

Relative probability Relative probability
of emission of a of emission of 3.
Level of nucleon, % Level of nucleon, %
Element Element
matom wihout  fwith matom  yithout  |with
5 .13 4 1 3d 0.50 8
1 | og 0. : .
aey \ 4f 0,08 4 N { 2p 0.28 4.5
208Ph 4f 0.12 5 5 { 3d 0.36 7
1193 3d 0.30 2 Ca 2p 0.16 4
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The condensate exists in the region where the nucleon
density satisfies n> 0.Tn, (n; is the density at the cen-
ter of the nucleus), the square of the condensate ampli-
tude is a®=0.05, and ky=py. At such k,, only the
terms of fourth order ( the lower row of diagrams in
Fig. 10) contribute to ImI[I. For ky=1.25p;, when
second-order processes are allowed, ImI] is increas-
ed by about four times. Finally, allowance in II for
terms in which there is virtual production of the A
isobar leads to an increase in the numbers in the last
columnof Table I by about a further 1.5 times. Thus,
when a 7 condensate exists in the nuclei, the values in
the last column are a lower bound for W,. They are
about two orders of magnitude greater than the values
in the absence of a condensate.

Unfortunately, there have been very few measure-
ments of the single-nucleon widths. In Ref. 38, Ander-
son ef al. measured the energy spectrum of neutrons
with energies up to 150 MeV in reactions with the cap-
ture of a slow pion by Pb and U nuclei. The estimate
W,~107 (true, with a large error) was given. In Ref.
39, the value W, ~10™® was also obtained for the reac-
tion '®Ho(n",¥n). Such values agree well with the as-
sumption that there is no condensate in nuclei. If one
assumes that there is nevertheless a condensate, then
for its amplitude very small values are permitted: a®
<5x107 if ky=pg, and @’ < 4X10™ if ky=1.25p;. An
even stronger restriction can be deduced from the data
of Ref. 6, in which a probability less than 107 was ob-
tained for the reaction ' Ta(r",n)!®™Hf (T,,, =5.5 h,
J'=80). However, the structure of the final state is
evidently such that the reaction is determined by the
surface region, where a condensate does not exist.
These strong limits on the amplitude of the conden-
sate field indicate that there is probably no conden-
sate in nuclei. In any case, a condensate with such a
small amplitude does not admit description in terms
of a classical field, as assumed in Refs. 3 and 7, i.e.,
it is a much more complicated entity. However, the
main circumstance which here makes it impossible to
conclude definitely that a condensate is absent is the
insufficient completeness of the experimental data.

The situation with regard to the existence of a 7 con-
densate in nuclei can be summarized as follows:

1. No clear indication of the existence of a conden-
sate is known.

2. There are no absolutely rigorous proofs that it
does not exist in nuclei.

3. There are some nonrigorous indications that
there is no 7 condensate.

4. PARAMETERS OF THE EFFECTIVE INTERACTION

In the first estimates of the proximity of nuclei to

_ the point of 7 condensation,! the value of the constant
g' found in the theory of finite Fermi systems by ana-
lyzing the experimental data without explicit separation
of the amplitude of one-pion exchange %, was used.
However, as a rule not only small but also large (~pg)
momentum transfers k are represented in the analyzed
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phenomena. Therefore, explicit allowance for %, in
the analysis of such phenomena may change g’.

In Refs. 11-13, the equations of Sec. 2 with explicitly
separated amplitude %, were used to describe the mag-
netic characteristics and the spectra of the states of
anomalous parity (07,1*,2%,...). The same method of
exact solution of the equations for finite Fermi sys-
tems in the coordinate space as in the investigation of
the 7-condensate instability was used. From the analy-
sis, the parameters of the amplitude % were deter-
mined and their values were found to be close to the
critical values.

Spectra of the states of anomalous parity. The prob-
lem of finding the spectra of the states of particle-hole
nature is the most natural for determining the param-
eters of the effective interaction. This is because the
level shift relative to the position given by the indepen-
dent-particle model is proportional to the interaction
amplitude I and does not contain other unknown factors
such as those, for example, that oceur in the local
quasiparticle charge ¢, in the calculation of the mag-
netic moments or B(ML).

However, in the spectral problem we come right up
against the question of the approximation of & by the
comparatively simple form (4), (10), and (11), in
which, in particular, the one-pion exchange amplitude
%, in the transverse channel (in the scattering channel)
is approximated by a loecal function and assumed to be
included in %,. Such an operation is justified in the
equation for the effective field, in which, as a rule,
F{q) is integrated over a wide (~2p;) range of momen-
ta g transferred in this channel. The situation is the
same in the eigenfrequency equation (28) when the state
|s) is collective. By a collective state, we mean one
in whose transition density

P (r) = \ A(r, x5 0g) ve (1) dr’ == ) pif 9 (r) @ae (1) (37)
i A

there are no distinguished components pi%.. The ma-
trix elements p}} are normalized as follows:

?é (. — ) ol 2= — 1. (38)

For the collective states, all |ptl | < 1. But the ma-
jority of states that we consider are not collective, and
for them the sum (37) has a few (generally just one)
distinguished components, and the others are each
separately small, so that only their coherent super-
positions are important. In such cases, the fine de-
tails of ¥ frequency come into play, especially one-
pion exchange in the transverse channel, which makes
the analysis much harder. We note that the separation
from % of a term &, with “bare” pion, as is done in
Ref. 40, does not solve the problem, since it is in fact

R A N i
i
fﬂz 2& = { ot { +, : +
\/ N\ Ja
p-k p+k . ’A\ \
FIG. 11. Amplitude of one-pion exchange in the transverse
channel (scattering channel).
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a “fat” pion (Fig. 11), which differs strongly from a
vacuum pion because of the polarization of the medium,
that is exchanged. In the general case, the correct
separation of %, is a difficult problem.

To describe the noncollective states, it is convenient
to represent the particle—-hole propagator A in Eq. (28)
in the form

ny,—

Aty v Ty, 15 0) = 3 —a B g () @ (57) 01 (1) G (53)
e (39)

AL
and make a decomposition into the sum
A=4,+4, (40)

where A, includes only the terms that make a dominant
contribution to p*(r). Then from (28), we obtain

v, = I (0,) 44 (0;) s (41)
where
I (0) = .F + FA' (0) 1" (0,) (42)

To be specific, we consider the most common case
when just one particle-hole state |12) is represented
in A,. We introduce the notation

Wy = & — E35 (Vo2
= } Uy (13, 72) BT (ry, o) drydry,

M ja—ma I e .
Yiz (g )= E (— 127 Cigmaigmy Wismatang (F1) @ia—malana (rg),
mims

[T (rar)lia= | 7 (s oo i 00) W2 (0, ) dirdr
and
(T518E = 10 @, vl o W33 (11, 12) vy
Then it follows from (41) that
0g= w1z + (17 (013 (43)
and

v, (ry, Tp) = [ (ry, ma)l4a (V) 12/ (@05 — o) (44)

Equations (42)—(44) are completely identical to the
original (28). However, as a rule, they are much
more convenient, since, first, they admit a simple
iterative solution,* and, second, they are well adapted
for qualitative estimates and approximate calculations.

Thus, for noncollective states the energy shift Aw
=w, —wyy is equal to the individual matrix element
[T% ], which is a weak function of the frequency w near
ws, the estimate for it giving ~[F: 13 <epA™/%. Another
criterion for a state to be noncollective is a small value
of Aw, which is the case for almost all the states of
anomalous parity in 2*Pb (Table III). The matrix ele-
ment [T(w,)]i? is related in a simple manner to the
matrix elements [T'}]3 with fixed angular momentum [
in the transverse channel (Fig. 12):

Py {j.”:Z

2l
2[ | 1 _1J.+J,+I+JF .
: w}‘ i g : (45)

In general, the summation over I leads to a certain
averaging over the momentum ¢, which predetermines
an advantage of the annihilation channel over the scat-
tering channel in the cases when the angular momenta
ji and j, are both large, S0 that in (45) the summation
is over a large number (2 min {71,4a}+ 1) of angular
momenta I. But if either of the angular momenta j;
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and j, is small, the number of terms in the sum over I
is also small (for example, for j=3 only I"=0" and 1*
are possible), and then it is a priori quite unclear in
which channel the equation for I’ must be developed.

In Ref. 11, a careful analysis was made of the anoma-
lous-parity states in **®Pb with a view to finding “pure”
cases in which averaging over g occurs to a sufficient
extent in the transverse channel for the approximation
(4) for F to be fully admissible. It was found that this
is the case for the states 27, 07, and 1} (true, the ex-
perimental situation with regard to the 1* levels is not
entirely clear). The results of calculation of w, for
these states are given in the upper part of Table III.
The calculated variant with g=0.65 is taken from Refs.
12 and 41. To investigate the sensitivity of the results
to the isoscalar constant g, a calculation was also
made for g=0.3. It can be seen that in the majority

of cases the dependence on g is very weak, although
overall the agreement with experiment-for g=0.3 is
somewhat better. For both values of g, the experimen-
tal data are reproduced best for g’ =0.80-0.85, which
is fairly close to the point of 7 condensation (we recall
that for @ =0 and ¢, =0.05 the instability arises at gir
=0.70).

Cases are known when the distribution over the mo-
mentum % in the “direct” channel is more or less
smooth but it is not over the momentum ¢ in the trans-
verse channel. It is then more expedient to use the ex-
pansion (45) and develop the equation for I’ in the trans-
verse channel. Such a program without allowance for
one-pion exchange was carried out in Ref, 42 for, in
particular, the doublet (5*,4") in **?Bi, which has the
pure configuration |1k3,,3p7";). The center of gravity
of the doublet is determined by the matrix element
T;sp+, and the splitting by the matrix element I'jr 4+,
The experimental value of this splitting is AE ==11
keV, and the calculation of Ref. 12 for g=0.3, a=0;
£,=0.05, and g’ =0.85 gives AE =-T4 keV. Thus, this
set of constants describes rather well all the “pure”
cases.

In the lower part of Table I, we give the results of
calculations for the other anomalous-parity states in
lead. It can be seen that the best agreement with ex-
periment is generally obtained for the same sets of
constants near the critical sets, although in individual

TABLE III. Energies of particle—hole states of anomalous
parity in 208pp,

wtheor» MeV [a=0, §5=0.05]
g Mo oy, MeV 2= 0.6 [ g=0.3
g =0.80 | g’ =0.85 | g"=1.00 |gr=0.80] g =0.85
27 4.23 4.0 4,13 4.27 4.39 4,04 4.20
iy 5.28 5.46 4,80 5.23 5.51 4,64 5.156
13 7.2(0 5.57 6.97 7.07 7.27 7.05 7.24
25 5.04 5.00 4.97 5,13 5,19 4.85 5.07
47 3.48 3.43 3.51 3.52 3.04 3.48 3.50
3 3.92 4.0 4.05 4.09 4,12 4,01 4,06
43 4.13 4.2 4,12 4,20 4,28 4,10 417
[iFg 3.99 4.00 4,04 4,04 4.05 4.02 4,03
63 4.24 4.21 4.22 4,24 4.21 4.19 4,22
83 4.39 4.33 4.35 4,42 4,49 4,27 4.36
12; | 6.42 6.49 = = = 6.63 | 6.65
123 7.06 7.22 = — — 7.35 7.45
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cases the positions of the levels are not reproduced so
well as for “pure” states.

We note that in light nuclei (**C, '%0) the single-par-
ticle angular momenta j, and Jp in (45) are small, so
that the direct solution of (28) in the annihilation chan-
nel4? yields little information. We shall demonstrate
this for the example of the first two 0" states in %0
(Ref. 43). The level 0" (T=1; 12.78 MeV) is frequently
discussed in connection with the question of the proxi-
mity of nuclei to the T-condensate instability, %4

Its energy is 360 keV higher than the value wyp=12.42
MeV given by the independent-particle model. A
straightforward calculation in the direct channel with
the same set of parameters as for ?°®Pb lowers the
level by Aw =-1 MeV. This is because in this case ir-
regular components of the amplitude in the transverse
channel play an important part. An indication of their
importance can be deduced, in particular, from the
fact that the level 0™ (T'=0) is shifted downward by the
interaction, and appreciably (Aw e, =-1.2 MeV), where-
as the isoscalar spin part of the amplitude % is evident-
ly repulsive.’® In Ref. 43, an alternative calculation
was made of the positions of these levels using the equa
tion for T in the transverse channel (note that in this
case the level shift is determined not only by the spin
components of % but also by the scalar components f
and f*, which are rather well known?®), The calculation
yielded the correct order of the levels, the level with
T=1 being raised and that with 7=0 lowered. How-
ever, in both cases the shift was too large: Awg-,r.y
=+2.6 MeV, Awy-,p.0=-4.3 MeV. Evidently, simul-
taneous allowance for both channels will make it pos-
sible to describe both levels correctly with the same
interaction parameters as in the heavy nuclei, although
the '%0 nucleus is too light for the reliable use of the
many-body methods on which the theory of finite Fermi
systems is based, so that a certain variation of the
parameters on the transition from 28pb to %0 is quite
admissible. Whatever the case, it appears to us incor-
rect to rely on calculations for the %0 and 2C nucleit?
in attempting to establish how close nuclei are to the
point of 7 condensation.

Wave functions of anomalous -parity states. For the
three states 2{, 4, and 6] in *®Pb phenomenological
“wave functions” are known, i.e., the components p}5
of the transition density (37), which for these states
could be extracted directly from data on g andy tran-
sitions.*® In such a prccedure, of course, one can
determine only the principal components pf‘{-, one of
which is of order unity, p;,~1, several are of order
0.1, and the remainder, which are very small, are

FIG. 12. Nucleon interaction amplitude that determines the
shift of the noncollective level with respect to the dl.ffel_.'.ences
between the energies of the particle—hole levels ji and j,.
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TABLE IV. Principal components pyy of the transition
densities of the first anomalous-parity states in 2®Pb,

g v

e v | ofe | Mie | e
gl iRe | tHe | t2e | 0%
] -t bw® | e | (Ba | e

Note. In the brackets, the numbers of the particle—hole
configurations, which are numbered as follows, are given:
1) 2g3,.2— ‘_‘j;’,’;: 2) 2!.'5’,.2 — 3P 3 ) 200 -
= i) 1T,y — 30780 5) 260, ~ 2775 (8) 3d% 5 — 3 77% () Bl 5.

(8) 35— 3p3 /35 (9) 1hf g — Ldg -

ignored. In Ref. 41, the components p'%. were calcu-
lated for a set of constants (Table IV) chosen from
analysis of spectra. It can be seen that the principal
components p;, are well reproduced, but this is not
surprising, since their proximity to 1 depends little
on the details of #. The components p next in mag-
nitude are much more sensitive to the choice of the

parameters of #.

It can be seen from comparison with Table III that
there is a correlation between the correctness in the
description of the spectra of the states and the accu-
racy in the reproduction of their wave functions. The
best reproduction is obtained for the wave function of
the state 2f, which, as we noted above, is “pure” in
the sense that the irregularities of the amplitude in the
transverse channel are not important for it. Overall,
one achieves a satisfactory description of the principal
components of the transition densities of the considered
states, which is an additional indication that the em -
ployed interaction is realistic.

Magnetic characteristics of nuclei. In Ref. 13, the
method described above was applied to the analysis of
the magnetic moments and probabilities of M1 transi-
tions.

The effective single-particle operator of the magnetic
moment (in nuclear magnetons) has the form

(46)

where j*=1%+30%, and I* is the operator of the orbital
angular momentum. The spin part p® is determined
by the equation
V [u#] = equ +F AV [pg];
ug= %[(".‘p_‘%) (147t +v. (1 —Ta)] 0%,

B = 5 (4 (1 —20) %) j%+ V [u2],

(47)
(48)

where y,=2.793, y,=-1.913, and ¢, is the operator of
the local quasiparticle charge relative to the field Hg:

Cabte =5 (¥ +Vn — 1/2) 0%

1 = (49)
3 (Ve —¥a—1/2) (1 —20,) £ 1] 0715+ €t

Here, ¢, and ¢, are known constants in the theory of
finite Fermi systems,’® and &! is the tensor part of &,
induced by the velocity and noncentral forces. The
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amplitude ¥ is determined by the expressions (4), (10),
and (11).

The analysis of the magnetic moments and B(ML) is
difficult because of the complicated structure of the
operator ¢, of the local charge. In the expression (49),
the constants ¢, and £, are known relatively well. The
constant ¢, ensures suppression of the spin gyromag-
netic ratio, and also of the probabilities of Gamow-
Teller g transitions in mirror nuclei with closed spin—
orbit doublets, for which the integral term in Eq. (47)
is absent. The constant ¢, is needed to reconcile the
magnetic moments of states with large /. The opera-
tor €,, in contrast to the first terms in (49), contri-
butes to the /-forbidden M1 transitions with Al =2, Aj
=1. At the present time, its structure has not been
fully elucidated. In an infinite system, éf, is propor-
tional to (¢* p)p, [the term ~(o- k)k, does not contribute
to p®]. In a finite system, there are also surface
terms containing the derivatives of the density » [for
example, ~(o* Vn)r,]. In particular, they are induced
by the spin-orbit interaction.!”*? '

The main aim of the analysis was to establish the
extent to which the magnetic characteristics of nuclei
are sensitive to allowance for %, and, in particular,
to the proximity of nuclei to the point of 7 condensa-
tion. Therefore, we took the constants £,=0.05 and &,
=-0.04 from Ref. 26, in which they were determined
by analyzing the magnetic moments of a large number
of nuclei, and we ignored the contribution of ét. The
constant a in (10) was set equal to zero. To simplify
the calculations (no pairing and no low-lying 2* levels)
we restricted ourselves to neighbor nuclei of 2"*Pb.

To establish the part played by one-pion exchange,
we compared the results of calculations with and with-
out introduction of the amplitude #,. The results of
the calculations are given in Tables V and VI. The
general result of the analysis is as follows. First,
the inclusion of %, has little influence on the magnetic
moments and the B(M1) of allowed transitions. Sec-
ond, these quantities depend weakly on g and g’ in the
intervals g = 0.4-0.8, g’'=0.7-1.0. An appreciable de-

TABLE V. Magnetic moments (in nuclear magnetons) of
the *®Ph neighbor nuclei for different values of the con-
stants g and g’ (£,=0.05 and a =0).

Constants State A,
g g 3oy | gl | Yiggge | 268 | i | thbe | 1i%a
Without allowance for Fi
0.4 1.0 0.4 0.1 |—1.19 | —1.30] 1.91 3.69 7.97
0.6 0.46 | 0.84 |—1.39 | —1.47[ 2,08 | 3.55 | 8,15
0.8 0.8 044 | 077 |—1.290 | —1.38 1.98 | 3.64 | 8.04
£ 1.0 .41 0.72 |—1.21 | —1.31] 1.89 3.72 7.95
1.2 0.39 [ 0.67 |—1.14| —1.25( 1.82 | 3.78 | 7.88
1.2 1.0 .41 0.72 |—1.22| —1.32( 1.88 | 3.73 | 7.9
With allowance for F;
0.4 1.0 .44 0,68 |—1.20 |—1.25| 1.89 3.78 7.97
0.7 .80 0.82 | —1.32 [—1.19 | 2.33 3.9 8.06
0.8 0.8 0.53 | 0.74 |—1.29 |—1.26| 2,00 | 3,81 | 8.03
< 1.0 44 | 0,69 |—1.21 |—1.26 | 1.87 | 3.87 | 7.95
1,2 0.40 | 0.65 |—1.15(—1,22 | 1.80 | 3.83 | 7.88
1,2 1.0 0.44 | 0.70 |—1,22 | —1.26 | 1.86 | 3.82 | 7.94
Experiment 0.59 | .79 |—1.00 |—1.83 | 1.83 | 4.08 8.07
+0.03 | £0.06 +0.19
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TABLE VI. B(M1) [in the units (nuc.magn.)?] in the 2®pb
neighbor nuclei for different values of the constants g and
g’ (£,=0.05and @ =0),

Allowed I-forbidden (X 10%)

g~ (2 = | 28,5 | pg o+ 1]y 0| 35 fn ~ | 25 5

g £ = = = 2
sy |- 205 | - 2 | 2y 3| - 26| - 35T/ thhy
Without allowance for Fy
0.4 1.0 0,38 0,43 0.94 1.78 0.08 | 2,02 | 0.47
0.6 0.50 0.59 1.19 1.56 0.12 | 1.81 0,28
0.8 0.8 0.44 0.51 1.04 1.73 0.2 1.9 0,368
1,0 0,39 0,44 0.91 1.78 0,42 | 2,02 0,41
1.2 0.35 0,39 0.82 1,77 0.12 | 2.00 0.44
1,2 1.0 0.39 0.45 0.90 1.82 0.45 | 1.98 0.37
With allowance for Fpy
0.4 1.0 (1,34 0,36 0.81 2.15 1,85 1.41 0.0
0.7 0.37 | 0.7 | 0,38 | 2.33 | 14.4 | 3.54 | 5.16
8 0.8 0.37 0.32 0.69 .82 5,65 | 2.14 4,33
L 1.0 | 035 | 037 | 079 | 2.06 | 1,98 1.45 | 0.002
1.2 0.32 0,35 0.76 2.15 1.00 | 1.39 0.9
1.2 1.0 0.35 | 0.38 | 0.77 | 2.2 2.4 1.46 | 0
Experiment 0.41 0,49 | 0.76 48 9.9 23 4.1
+0,06 | +0,15 | 0,14 | +13 =+0.9 +9 +0.9

pendence on g’ arises only near the critical value (gl)+
=0.6 for the mode 1* (see Table I), i.e., in the region
that is forbidden if there is no 7 condensate [since
(&4r)o-=0.7]. Finally, the probabilities of /-forbidden
M1 transitions are sensitive to %, and to the value of
g’. This fact was noted in Ref. 11, in which Eq. (47)
was solved approximately, and the anomalously large
(compared with standard calculations in the theory of
finite Fermi systems) B(M1) values of the [-forbidden
transitions were explained by the proximity of nuclei to
the point of 7 condensation. The exact calculation of
Ref. 13 did not confirm this conclusion, and the neces-
sary enhancement of B(M1) occurs only in the “forbid-
den” region g’ <0.7.

To explain the data on the I-forbidden transitions, a
tensor term of large magnitude of the form ~n,(o°r)r,
was introduced in the operator €, in a number of studies
by the Jilich group.*?"® Theoretically, the introduction
of such a “charge” appears entirely unjustified, since
it represents a bulk force and is moreover translation-
ally noninvariant. In addition, its contribution in dif-
ferent nuclei will increase as A%/? with increasing A.
Finally, the inclusion of such a large term in €, leads
to a discrepancy with the experimental magnetic char-
acteristics of other nuclei. The most successful de-
scription of the /-forbidden transitions was obtained by
Sadovnikova in Ref. 51, who took into account the con-
tribution of spin—orbit forces in the Hartree—Fock
method. In individual cases, the influence of low-
lying collective states is also important.”? To explain
the data on the l-forbidden transitions, it is obviously
necessary to take into account simultaneously all the
factors listed above.

If we leave out of account the as yet not fully eluci-
dated question of the /-forbidden transitions, the re-
sults of the calculations in Refs. 49 and 50 are close to
ours and give for g and g’ values in the indicated inter-
val. The calculations of Ref. 40 with separation of one-
pion exchange (in the direct and transverse channels),
and also with explicit allowance for p-meson exchange,
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also demonstrate the weak influence of these compo-
nents on the majority of the magnetic characteristics
of nuclei. To explain the I -forbidden transitioris, a
value of the constant », even larger than in Refs. 49
and 50 was proposed in Ref. 40; moreover, it was very
different for neutrons and protons,

Overall, this analysis shows that the magnetic char-
acteristics of nuclei can be fairly well described by the
interaction % with the chosen set of parameters, which
confirms the realistic nature of the interaction we have
used; as we have noted, this indicates that nuclei are
near the point of 7 condensation. In the following sec-
tion, we shall consider more closely what we mean by
this and discuss its consequences.

5. PRECRITICAL PHENOMENA IN NUCLEI

The problem of 7-meson condensation is frequently
formulated® in terms of a “pion” field ¢, whose source
is the distribution of the spin—isospin density of the
nucleons:

(02 — k% — mi) (p,,:if%: ¥ (0k) Tofp e (50)
In their turn, the nucleon operators ¢ are coupled to the
field @,:

\e—atp) Yp= —if Z (ok) Tp ki, (51)

where J7, is the single-particle Hamiltonian of the
quasiparticles. As a result, one obtains a system of
coupled equations, which are sometimes used!® to con-
sider precritical phenomena in nuclei. But since the
field ¢, is so strongly mixed with the particle—hole
excitations of the medium, which is very different from
free pions, it is in fact convenient to eliminate the field
and formulate the problem in the language of an effec-
tive field acting on the nucleons. At the same time,
bearing in mind that the phenomena in which we are in-
terested occur at large wave vectors & ~py, We can use
Eqgs. (18)—(26) for the effective spin—isospin field in an
infinite system for qualitative estimates.

As we have seen, proximity to the point of 7 conden-
sation means that the denominator of the longitudinal
~(0 *k)k,7s component of the field V,(k) at small w and
k~Fky is small. This leads to an enhancement of V, in
the region k ~k,. We consider first the static case.
Then from (20),
3K (1—=22)2 Dy (K

@2 (k) (1+2g"D, (k) (52)

% (k)=

where &%(k) is given by (25). The quantity x(®) is the

longitudinal component of the isovector magnetic per-
meability of nuclear matter. Near the point of 7 con-
densation, the denominator of (52) can be represented
in the neighborhood of %, in the form

0 (k) = @F (ko) =+ [0F () lams, (62— k2)2/2, (53)

where &, is determined by the condition [éz(k)];_,,ﬂ =0
(the prime denotes differentiation with respect to k?),
For parameters near the critical set (0o,8%, ¢4 o),
for which @*(k,) vanishes, this quantity can be expand-
ed in a series in powers of the differences a — Qo
~&e> and {5 —&Lgo. Thus, for one of the sets, a,
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=0,8,,=0.05, and g4, =0.63 (see Fig. 4; the corre-
sponding critical momentum is k,=1.33 F™'), we ob-
tain after variation of (25) and substitution of the nu-
merical coefficients

@ (ko) = m [1.8 (00— tr) + 2.6 (g — gie) + 13 (L — Lo ). (54)

The smallness @*(k,) determines the enhancement fac-
tor x(k) of the effective field at & =Ky

There is a similar enhancement for the pion field
@p{w=0). This phenomenon recalls the growth of the
electric or mangetic susceptibility of a condensed me-
dium near the critical temperature T, in a phase tran-
sition of the second kind. Near T,, such media are
characterized by so-called critical opalescence, and
in the case of a liquid this is reflected in an abrupt
darkening of the material due to the growth of Rayleigh
scattering of light by fluctuations of the permittivity;
in the case of a ferromagnet or antiferromagnet it is
reflected in an increase in the scattering of neutrons
at the Bragg angles due to the growth near T, of the
fluctuations in the magnetic susceptibility.

When we consider the proximity of nuclei to the point
of 7 condensation, nothing similar occurs, since the
coefficient of enhancement x(k) of the effective field
does not undergo any fluctuations. Essentially, the
refractive index of static pions increases, and not
their scattering. Nevertheless, this effect has been
known as critical opalescence since Ref. 16. In our
view, this is not a suitable name.

The expressions (52)-(54) make more precise the
sense in which we say that nuclei are close to the point
of 7 condensation, namely, it is necessary that for &
~ky the inequality x(%) > 1 hold, which, in its turn, re-
quires the conditions @%(k,) « m?=pk/4. It is in this
sense that proximity to the instability was understood
in Ref. 3. It is not important which of the parameters
has not yet reached the critical point—the only impor-
tant thing is the shortfall. Therefore, to investigate
precritical effects we can fix the parameters a and Ls
(setting, for example, & =0 and ¢,=0.05) and investi-
gate the effects of proximity to 7 condensation by vary-
ing only the constant g’.*! We then obtain from (54)

@2 (k= ko) = m% [2.6 (8" — g )+ 1.3 (Re*— kg )21 2K3] (55)

x
18 g'=a7
5 =

a7
Ll

a8
2 a9
0 1 &p’ L I
7 ? g T Rest

FIG. 13. Dependence of the longitudinal component of the mag-
netic susceptibility of normal nuelear matter on the momentum
transfer 2 for some values of the spin—isospin constant g’
The calculation was made for a =0, ¢_=0.05, pp=1.27 F~! (in
this case, g/, =0.637, k,=1.33 F"1),
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Figure 13 demonstrates the dependence of the coef-
ficient x(#) of enhancement of the effective field on the
proximity to the point of m condensation.

Thus, the first precritical effect is the enhancement
of the static effective symmetry field (o k)k,Ts near
k=ky=py or, in the terminology of Ref. 16, critical
opalescence. As we have seen, the influence of this
effect on the spectroscopic characteristics of nuclei
[the magnetic moments, B(M1), etc.]is, as a rule,
small because the result always contains integrals
over k in which the enhancement region is weakly rep-
resented. Therefore, to find a clearer manifestation
of the effect it is natural to turn to nuclear reactions
in which one can “adjust” the momentum k transferred
to the nucleus. In this case, the source of the external
field V (k) acting on the nucleus is the weak, electro-
magnetic, or strong interaction of the incident particle
with the nucleus. From the point of view of theory, the
first two are preferable, since the interaction with the
nucleus is simpler for them. The ideal reaction would
be inelastic scattering of neutrinos with excitation of
anomalous-parity states, but the experimental possi-
bilities are here very restricted. Electron scattering
is rather unsuitable because the magnetic field pro-
duced by the electron is transverse and does not excite
the longitudinal component V, of the effective field,
i.e., the component of V that is enhanced near the point
of 7 condensation. In this case the effects of the proxi-
mity to the point of m condensation are possible only to
the extent of the momentum nonconservation due to the
finite size of the nucleus, and they should be sought in
the lightest nuclei.!’

The most suitable reaction appears to be the inelastic
scattering of protons with the excitation of anomalous-
parity levels. This reaction was proposed by the pres-
ent authors in Ref. 14 and also by Toki and Weise'®
as a test of the proximity of nuclei to the point of # con-
densation.

Another effect of proximity to 7 condensation is the
softening of the “pion mode.” There is a widespread
delusion that softness of the pion mode signifies a
strong lowering and collectivization of the low-lying
anomalous-parity states,'” and the absence of such
a phenomenon experimentally is taken to prove that
nuclei are far from the point of 7 condensation. As we
have seen in the previous section, a significant lower-
ing of the individual particle-hole levels occurs only
in the immediate proximity of the condensation point,
when the frequency determined from (26) satisfies w
= D(Rg)Vp < AEymige FOT @ > AL, mia, the expression (26)
becomes invalid and on the right-hand side we must
add an imaginary term (for w € ¢ and k~pp, an esti-
mate gives Im &(k,w)~y |w|/es, Where y ~1; see Ref.
27). As a result, all the solutions w(k) of the disper-
sion equation (13) become complex. As before, Re w;
is given approximately by the expression (26), and
Im w,~Re w,. Solutions of this type do not correspond
to stationary states of the system but describe broad
resonances in the pion-absorption cross section with
frequency ~Rew,. Since such excitation, like the static
pions discussed above, are strongly virtual, it is
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again necessary to scatter particles on nuclei to pro-
duce them.

Leaving aside the question of the choice of a suitable
incident particle, Alberico ef al.’* calculated the rela-
tive cross section of quasielastic scattering by a nu-
cleus, using the expressions for infinite nuclear mat-
ter. The cross section of the process is proportional
to the imaginary part of the polarization operator
(e, k) for the external field produced by the scattered
particle; it can be found from the equation

I (0, k) = O (@, k) — .7 (0, k) ® (0, k) I (o, k). (56)

The source of the imaginary parts is here . After
some simple manipulations, we obtain from (56)

o Im @ (0, k)
Imll (o, ) =17 G nied o BELF @ Do, oF (57)

The first term in the denominator of (57) is the ex-
pression that determines the dispersion law (22) in the
absence of inelastic processes (Im ® =0). The esti-
mate of its « dependence is ~[w? — @j(k)]/e%, Where
@4k)~v2@¥(k) [see (26)]. If nuclei are far from the
point of 7 condensation, then wy~&r and for w < &g this
term is a smooth function of w and k of order unity,
and therefore ImII~Im &, i.e., the correlations in the
nucleus do not lead to a singnificant change in the cross
section of inelastic processes compared with the ap-
proximation of noninteracting particles. In this case,
the quasielastic peak at k~py is at w ~£; and is not
clearly expressed. A different situation arises if the
nuclei are near rm condensation, when &, depends
strongly on k and at k=Fky (~pr) there is a minimum
@mia(Ry) K €p. Then for w K &g, (57) can be approxi-
mated by

I T (@, 4) ~ Tm ® (0, R)/[(0F—ahua()eb+10%/e3l.  (58)

It can be seen that Im I now begins to depend strongly
on k: far from k, the difference between ImII and Im &
is again small, but for k ~k, the expression (58) has a
sharp maximum in the region of w ~wmia(Ry) ¥ €, i.€.,

ImII, Mev~! ’7

00201

§'=08,k=kg=19F"1
i {ngr=2ng)
g'=0.7,k=kg=215F"

00ICY: (ner=3.8m0)

0005

50 Jalm 750 w, MeV
FIG. 14. Imaginary part of the response function of infinite
nuclear matter in the spin—isospin channel as a function of the
excitation energy at fixed momentum transfer equal to the
critical valuek, and at pormal nuclear density »n ¢ (pp= 1.36 F1),
The broken curves correspond to a free Fermi gas, and the
continuous curves to interacting nucleons. The calculation was
made in Ref. 54 for two values of the constant g, for which

the corresponding critical densities are indicated. It should

be borne in mind that the interaction in Ref. 54 differs some-
what from ours.
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the quasielastic peak is shifted to the region of small
w. This shift signifies softening of the pion mode,
which, thus, is one of the manifestations of proximity
to the point of 7 condensation.

In Fig. 14, we have plotted graphs of Im II(w, k) for
k=Fk, as calculated in Ref. 54 for two values of g’ cor-
responding to different degrees of proximity to the point
of 7 condensation. The calculation took into account the
contribution of virtual production of the A isobar, which
does not change the qualitative estimates.

Esseatially, the same phenomenon was considered by
Toki and Weise in Ref. 55, in which they studied the
collectivization of anomalous-parity states at large
momenta. They calculated the distribution of the tran-
sition strengths in an external field of the form (0°k)
Xexp(ik-r) for k= pr in the nucleus 2°*Pb for the modes
with J*=07,1*,2". The computational scheme was con-
structed as follows. The equation for the response of
the system to an external field of the type of Eq. (28)
was solved in a truncated basis of two or three shells,
and the remaining particle-hole excitations were taken
into account by the introduction of a factor g s, the
“dimeson function,” which renormalizes the pion .
propagator in accordance with the formulas for an in-
finite system (analog of the permittivity). The stan-
dard calculation in the truncated basis without intro-
duction of the factor ¢, does not lead to appreciable
collectivization of the states in the lower part of the
spectrum (Fig. 15a). When ¢, is taken into account,
the transition strength is transferred from the “dis-
tant” transitions to the lower part of the spectrum,
and this is more pronounced, the closer the nuclei to
the point of 7 condensation, i.e., the smaller g'. Of
course, allowance for the fragmentation of the indivi-
dual particle-hole states and coupling to the continuum
lead in the case of a realistic interaction to merging of
the individual lines into a broad resonance, whose cen-
ter of gravity for % ~py is shifted downward strongly
compared to calculations in which there is no softening
of the pion mode. It is only very close to the point of
m condensation, for g’ =0.4,2 that an individual strongly
collectivized state appears in the lower part of the
spectrum (in Ref. 44, it was just such states that were
regarded as precursors of 7 condensation).

It is evident that the calculations of Ref. 55 somewhat
exaggerate the effect, since the contribution of the
states at the Fermi surface is in fact taken into account
twice: first, in the direct calculation and, second, in
the calculation in accordance with the formulas for an
infinite system. Qualitatively, however, the picture is
correctly reproduced, and the main result agrees with
the conclusions of Ref. 54. The problem is the experi-
mental verification of the effect. Probably, the best
“tool” is again a proton, but now polarized, since it is
necessary to measure spin-flip cross sections—other-
wise the considered resonances will be “ drowned”’ on
the background of giant resonances of electric type.

91n Ref. 55, approximately the same interaction as in Ref. 25
is used; it differs slightly from the one we use, and there-
fore corresponds to the different value gh=04.
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FIG. 15. Probability of excitation (in relative units) of states
of the 2®Pb nucleus in the external field (o~ k) exp (ik- r) as
calculated in Ref. 55. In the lower part of the figure (a) we
have the result of the standard calculation in a truncated basis
without introduction of the “dimeson funection” (the factor E;=1);
b), e), and d) are with introduction of the factor &, for different
values of the constant g’

6. PRECRITICAL EFFECTS IN THE INELASTIC
SCATTERING OF NUCLEONS

A nucleon scattered inelastically by a nucleus pro-
duces an external field which, in the general case, is
nonlocal and depends on the energy:

Vo= 5 U vy, v, 13, 145 €, &7, @) F (ra) s () dry di,. (58)

Here, y; and , are the wave functions of the incident
and scattered nucleon in the field of the nucleus, and
%, which is irreducible in the particle-hole channel, is
the set of interaction diagrams of the nucleons. The
external symmetry field o, 74 in which we are interested
arises from the spin-isospin components of %. If the
nuclei are near the point of 7 condensation, the corre-
sponding effective field V(k) at k~k, will be enhanced,
which must lead to maxima in the differential cross
section of inelastic scattering with the excitation of
anomalous-parity states.!*''® As a rule, in the case of
the excitation of low-lying states the contribution of
direct processes is dominant, and the distorted-wave
Born approximation can be used to describe the reac-
tion.

The distorted-wave Born approximation in the theory
of finite Fermi systems. The matrix element M,, for
the excitation of the states [s) of an even—even nucleus
in the case of inelastic scattering of a nucleon is rep-
resented by the diagram

M= s=(%,%¥%), (59)

where v, is the vertex for production of the state |s).
If the state has a particle-hole nature, then v, is de-
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termined by the homogeneous equation
vs 1y, ¥2, 8) = \'“H (ry, 1o, X3, ¥y B, B, @)

X G (x5, 15, &' — 0s/2)v; (x5, To; £7) (60)
X G (rg, ¥y, &' -+ we/2) drydry drydrg ;—:l,i :

where G is the single-particle Green’s function. In the
theory of finite Fermi systems, the Green’s function
G is represented as the sum of a quasiparticle part
aG? and a regular part G® (a is a renormalization fac-
tor). Equation (60) can be renormalized in the theory
of finite Fermi systems, i.e., it can be formulated in
the language of quasiparticles, by means of the stan-
dard decomposition of the product GG into two parts:

GG = a*A + B, (61)

where
A(ry, Ty, T3, Ty €, @)
= 28 (e —p) | 69 (e, ra. 8 +0) GO (r, Tan &) . (62)
Here, p is the chemical potential of the system. Re-
placing % by the renormalized amplitude F':

F (e, &', 0)=a®l (e, &', )

—{—S a*ql (e, &4, ©) B (g4, &5, @) F (&5, &7, ©) ‘;;;;E’ A (63)

we obtain from (60)
v, () = F (e, n, w5) 4 (0,) vs (P) {64)

The amplitude F in (64) differs from the ordinary amp-
litude 7 in the theory of finite Fermi systems by the
dependence on £ and goes over into the latter for e=p.
The quantity v,(u) on the right-hand side of (64) al-
ready satisfies the usual equation (28) of the theory of
finite Fermi systems, this containing the amplitude
F=F(u,u) for the interaction of quasiparticles at the
Fermi surface. Introducing the transition density ma-
trix p¥(r,, 1) =(s [#*(r)¥(r,)| 0) for the excitation of the
state |s), which is related to the amplitude v,(p) by

i (ry, 1y) = SA (T4, Ta, T3y 145 @) Vg (Fa. Tyj 1) drg diy, (65)

we rewrite (64) as
Vs (Ty, Ta; 8) = \‘F(l'u Ta, T3, Fai € Wy @) p'7 (rg, 7) drsdry. (66)

The expression (66) is very convenient for analysis. In
it, the matrix element of the process is represented as
the product of the purely structural quantity p'*, which
characterizes the state |s) and can be completely cal-
culated in the theory of finite Fermi systems, and the
amplitude F(g, 1, w,), wWhich contains all the informa-
tion about the reaction mechanism. The expression
(66) is exact. The approximations begin when the amp-
litude Fin (66) is approximated by some simple expres-
sion. Neglect of the dependence of F on the frequency
ws leads to the distorted-wave Born approximation
(DWBA). The dependence on w in F is important when
next to the considered state |s) there is another state
with the same J7 but not of a particle—hole nature.

The explicit separation of this dependence in F leads

to the system of equations of the coupled-channel
method. We shall now briefly describe the calcula-
tions made in Refs. 41 and 56 of the cross sections

for the excitation of states of anomalous (negative)
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parity in the nucleus **®Pb at the height 4-5 MeV. The -
lowest states of negative parity in this nucleus having

a more complicated nature are two-phonon states with
energy ~wsz-+wq+= 6.7 MeV. Therefore, to analyze the
excitation of the considered states we can use the
DWBA method.

In the actual calculations, we use F of the form (4),
(10), and (11), which contains no velocity dependence:

F (vy, ra, Tg, 14) = F (v, 15) 8 (ry—12) & (r5—1y).

Then v,(r;, ;) =v,(r{)0(r; - 13), etc., as a result of
which Eqgs. (65) and (66) simplify:

vy (r, &) = | F(r, s &, p, 0,) o (') dr’, (67)
where
p (r) = SA (r, r'; ws) vs (r', p) dr’. (68)

Qualitative analysis. In the qualitative analysis of
the effect, it is convenient to calculate v () using Egs.
(40)—(42) with separated transition 12, which makes
the dominant contribution to the transition density p'*.
Substituting A, explicitly in (41) and going over to the
momentum representation, we obtain (without writing
out explicitly the obvious summation over the magnetic
quantum numbers)

L (T e, 5 00 2 () 28, () v () B (60)

W5 — W12

vs (k)=

where
taz ()= § exp (ike) @7 (1) gu (1) dr.

Now, since we are interested in the region k~py, we
can use the approximation I'(k,k’)=(27)%(k —k')T(k),
where T'(k) is given by Egs. (13)—(17) for infinite nu-
clear matter. Ignoring the term dA’/dw in the nor-
malization condition (29) (this is justified for noncol-
lective states) and separating the angular variables by
means of the formulas in the Appendix, we obtain

ok (=g 21T G @ Gl sl (70)
Here, L,L'=dJ+1,

e (]) = | o (hr) By (1) Ra () r2dr, (T1)

5 () = Co (16 (0) + G () 1] 80+ CHT W kv, (TV)

where the coefficients CZ* are given by (A6), and
G(k), G'(k), and T(k) by Egs. (16) and (17). The de-
nominators in T'(k) and the longitudinal component
Vo(k) of the effective field [Eq. (20)] are the same, and
therefore near the point of 7 condensation when k ~ %,
the amplitude T(k), and with it v}(k), has the same
amplification as V,(k) (see Fig. 13).

Rewriting Eqs. (67) and (68) in the momentum repre-
sentation and using the circumstance that for k~pg
we have A(k,k')~—-C;l'®(k)o(k -k'),F(k,k’;e, 1)
~F(k;e,1)8(k -k'), where &k) and F(k;&,p) are
smooth functions of £, we arrive at the conclusion that
the maximum at 2 ~Fk, in v,(p) is also transferred to
v4(€). This effect must lead to the appearance of a
characteristic maximum in the inelastic-scattering
cross section at angles corresponding to k ~k, [at
least in the plane-wave Born approximation (PWBA)].
As we shall see, the introduction of distorted waves °
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significantly complicates the picture, but at proton en-
ergies E,= 100 MeV the effect must survive.

Exact calculation of the transition density. The main
uncertainties in the calculation of the reaction cross
section on the basis of Eqs. (59), (65), and (66) are due
to the fact that the energy dependence of the amplitude
F(e,p) is not well known. At the same time, the entire
considered effect in Eq. (66) is contained in the transi-
tion density p'*, which can be calculated fairly reliably
by the methods of the theory of finite Fermi systems.
It is therefore natural to divide the problem into two
stages. The first stage, the structural calculation of
p* for a given form of #, can be done exactly in the
coordinate representation by means of the method de-
scribed above. This part of the calculation was car-
ried out in Ref. 41 for three anomalous-parity states
in *®Pb(27, 47, and 6;) and with several values of the
constants that measure the proximity to the point of 7
condensation. The results were tabulated in a form
convenient for use in calculations of the reaction cross
sections by the DWBA method or by Glauber’s method,
and also for the calculation of the form factors of in-
elastic electron scattering. In Fig. 16, we give the
amplitude v(k, u) for production of the 0~ state in 2'3pp
as a function of k obtained as a result of the exact solu-
tion. It can be seen that in the exact solution for v, the
effect is expressed as clearly as in the approximate
solution (see Fig. 13). In Fig. 17 we show the Fourier
transform of p“’(k), which corresponds to the transition
density. One can clearly see a maximum at k ~Ry.
Finally, Fig. 18 demonstrates the effect in the Born
differential cross section calculated in the approxima-
tion F(e,p)=F(u, u)F [with v,(e) =v,(p)].

Calculation of cross sections by the DWBA method.
The calculation of the matrix element (58) by means of
Eq. (66) includes two new elements: the amplitude
F(g, u) of the interaction of the incident proton with the
nucleons of the nucleus and the optical potential of the
nucleus, which is needed to calculate the functions ¥,
and ¥,. The energy dependence of the spin components
of F is not well known, and our main hope here is that
their dependence on the momentum transfer k at k~1-2
F*! is rather weak and cannot smear the % peak in the
Fourier components of the transition density at k=Fk,
(see Fig. 17).

To investigate the part played by the distorted waves,
an attempt was made in Ref. 56 to calculate the cross

400f

300

FIG. 16. Amplitude v, (¢, p) for production of 0~ states in 2%Pb
as a function of k, calculated for different values of the con-
stant g’.
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FIG. 17. Transition density p'T(%) for the 0~ states in 2%Pb as
a function of k for different values of the constant g'.

sections at different proton energies E, with F(g,p) in
(66) replaced by the amplitude F=F(p,p) of quasi-
particle interaction at the Fermi surface.

The differential cross sections were calculated in the
framework of the DWBA method by means of the pro-
gram DWBAX, which was specially written for this
purpose. This program makes it possible to describe
elastic and inelastic scattering of protons by nuclei at
energies E ,< 200 MeV in an optical potential of stan-
dard form (see, for example, Ref. 58):

2

r

U=V (r)—=Vi(r; Ry, ao) +(Vis+iWy) :—rf(ri Ris, ais) (0l)

i (= WokdWaa, L) £ i R, a), )

where V¢ is the Coulomb potential of a uniformly char-
ged sphere with total charge Ze and radius R, =v7,A!’3,
V is the depth of the real part of the central potential,
W, and W, are the intensities of the volume and surface
imaginary parts of the optical potential, and V,, and
W, are the parameters of the real and imaginary parts
of the spin-orbit potential. The radial dependences of
the functions f are specified in the Woods—Saxon form,
fr;Ry,a)={1+exp[(r ~R{)/a;]I"" with radius R,
=7yA''% and diffuseness a, (i=v, s,Is).

Successive inclusion of the real and imaginary parts
of the optical potential U showed that the modification
of the momentum distribution is mainly due to ReU.
The peak at k=Fk; in the Born cross section is strongly
smeared up to E , < 60 MeV. The effect of the distor-
tions decreases with increasing E, and becomes slight
when E ,> 100 MeV. The imaginary part ImU of the
optical potential has little influence on the profile of

~

— do/dQ, mb+ 1r"l

A=)
&

0 50 fgms. deg
FIG, 18. Born cross section for inelastic scattering of protons
with execitation of 0~ states in 2%Pb, calculated under the as-
sumption F (g, p) =F (u, p) = F for different values of the con-
stant g’.
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FIG. 19. Cross sections for inelastic scattering of protons
with excitation of a 2] state in 2®Pb, calculated with the tran-
sition densities from Ref. 41. For a description of optical
potential, see the text. The experimental data for E, =35 MeV
are taken from Ref, 57.

the cross section, but strongly (by up to an order) re-
duces its magnitude. This effect persists at higher
energies.

The results of calculation of the excitation cross
sections of the levels 2j, 4[, and 6] in *'!Pb for 35, 60,
and 100 MeV are given in Figs. 19-21. The param-
eters of the optical potential for the energy 35 MeV
were taken from Ref. 58, and for the energies 60 and
100 MeV from Ref. 59. It can be seen that at E,=35
MeV the distorted waves smear the effect so much that
virtually nothing remains of the peak at k=k;. AtE,
=60 MeV, the peak survives, though it is rather broad,
while at E ,=100 MeV the cross section has a profile
near that of the Born cross section.

We now consider the problem of comparing calcula-
tions with the experiment of Ref. 57 at E, =235 MeV. At
this energy, the replacement of the amplitude F in (66)
by & appears reasonable. Indeed, F is some mean
value between the amplitude #=F(p,u) in the theory of
finite Fermi systems and the vacuum amplitude F™%E ,,
1), but at such energies they differ little.* More im-
portant is evidently a different defect of our amplitude—
the neglect of the nonlocality of the exchange terms
(for example, %,). Allowance for the nonlocality of '
in Eqgs. (65) and (66) leads to a nonlocal form factor
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FIG. 20. The same as in Fig. 19 for the 4] state in ?®Pb, For
E, =100 MeV, the experimental data from Ref. 62 are given.
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FIG. 21. The same as in Fig. 19 for the 6] state in *®Pb,
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vy(r,r'). Replacement of it by the “ equivalent” local
v,4(r)8(r —r') leads to appreciable errors at small scat-
tering angles. The reason for this can be readily un-
derstood by considering the example of the plane-wave
Born approximation. In the case of a local form factor,
M ;= [ v,(r) exp (ikr)dr =v, (k) and at small angles 8 we
have v, (k) ~%k* [see Eqgs. (70) and (71); L = |7 -1|]and
as a result the cross section decreases very rapidly as
6~0 (as 6°£). When allowance is made for the nonlo-
cality, the expression for the matrix element M if con-
tains not only the momentum k but also the vector p
(the momentum conjugate to the coordinate ry —r;), SO
that terms of the form ~k*%"» < L) arise. As a re-
sult, the cross section is finite at small angles. When
the distorted waves are taken into account, the differ-
ence between the local and nonlocal form factors is not
so striking, but it is still appreciable.’” Neglect of the
exchange effects is evidently the main reason for the
discrepancy between our calculations and experiment at
small angles; as follows from the estimate, the dis-
crepancy increases with increasing multipolarity /.

As a whole, our calculations clearly favor a choice of
the constant g’ =0.8-0.85, which agrees with the values
obtained by analyzing the spectra and magnetic mo-
ments,

With regard to the calculations at higher energies,
one can hardly hope for them to have predictive power
for the absolute values of the cross sections, and it is
evident that at such energies the amplitude F(e, W) dif-
fers appreciably from the interaction % we have used.
For E,> 100 MeV, it would be more realistic to make
calculations with the vacuum amplitude F™Y(E pr 1), but
unfortunately such calculations have not yet been made.
Our calculations indicate only that a qualitative effect
at such energies must be noticeable, although the mo-
mentum dependence of F™(E s> L) may somewhat modify
the angular distribution.

“C(p,07 15.11MeV
B 1 T=7
i Ep =800 MeV
2
E
8§
b
©
\
b/ \\
§§§ \
SN
?0'3 -
;IQ"‘—I——J__A_l_J

O 4 8 12 Bgmg deg

FIG. 22. Cross section for inelastie scattering of protons with
~ energy E, =800 MeV by '2C with excitation of the level 1* (I'=1).
The continuous curve is the calculation by Glauber’s method

in Ref. 63 for the value g’ =0.5, which is close to the point of

= condensation; the broken curve is the calculation in the same
paper without allowance for the effects that lead to “critical
opalescence.” The experimental points are taken from Ref. 64.
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FIG. 23. The same as in Fig. 22 for E, =135 MeV. We made
the calculation in the framework of the DWBA method (see the
text). The experimental points are taken from Ref. 65.

Experimental verification of the considered effect re-
quires high resolution in a proton beam at energy E,
=100-200 MeV. In this respect, the accelerator at the
University of Indiana in the United States is evidently
optimal; in it, at energies <150 MeV the achieved res-
olution is AE ~ [some text missing in the Russian ori-
ginal] preliminary experimental data (see Fig. 20) have
too large an error for one to be able to draw a smooth
curve. The fact that the absolute values of the experi-
mental cross section are somewhat below the results
of our calculations (and for all values of g’) indicates
that at E ,~100 MeV the amplitude F(E » 1) is two or
three times smaller than F(p,p).

0!
] "Cip, 0%
Ep =155 MeV
1 T=1
x
10°-
e
's
4 .
c
_g
L]
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W op I g0 gp AR IEEo R W G ohy

FIG. 24. The same as in Fig. 23 for E,=155 MeV, The ex-
perimental points are from Ref. 66.
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Recently, the level 13(T=1) in *C has attracted much
interest. It was largely stimulated by Ref. 17, in which
the appreciable discrepancy between the experimental
form factor of inelastic (e,e’) scattering and the results
of shell calculations in the region k=1.5-2 F™! was in-
terpreted as a precritical effect (critical opalescence).
In Ref. 63, Toki and Weise calculated the differential
cross section for excitation of the same level by fast
(E,=800 MeV) protons. In the calculation of the cross
section, they used Glauber’s method. This method is
effectively close to the PWBA, and the calculations in
Ref. 63, like ours in the DWBA, include the use of a
factor that is not well known—the NN forward scatter-
ing amplitude, whose spin components have not been
well studied. It is therefore no surprise that the recent
experiment® does not agree with the prediction of Ref.
63 in the absolute magnitude of the cross section (Fig.
22). More important is the fact that the profile of the
theoretical curve of the differential cross section with
the characteristic peak at angles corresponding to the
momentum transfer k=1.5 F'—the “precursor” of pion
condensation—is not reproduced in the experiment. It
is interesting that at lower energies E ,=135 MeV (Ref.
65) and E ,=155 MeV (Ref. 66) this peak does become
noticeable (Figs. 23 and 24, respectively). Our calcu-
lations (see Fig. 24) reproduce rather well the profile
of the curve, but, as in the case of the 4] state in *®Pb,
lead to absolute values of the cross section which are
too large. The main reason for this is evidently the
same.

Irrespective of the agreement or disagreement of
particular calculations for 2¢ with the experimental
data, it should be noted that this nucleus is too light
for any reliable application of the theory of finite Fer-
mi systems or similar many-body methods, so that, in
our view, the study of this nucleus can hardly cast light
on the question of the proximity of nuclei to the point of
7 condensation. Much more promising in this respect

@12 0
DWEA

@p) 2 ™o
DwBA
Ep=35MeV

do/dse, mb s 5!
8
K

19724

0 1 1 I L 1 L L L I
0 0 20 0 40 50 &0 20 40 60 &0 00

Ocms, deg

FIG. 25. Cross sections for inelastic scattering of protons with
E,=165 MeV (@) and E, =35 MeV (b) by 28pp, calculated for
different “equivalent” sets of parameters corresponding to the
same degree of proximity to the point of 7 condensation [cor-
responding to the same value of @*(% ¢ in (54)]. The chain
curve corresponds to the “standard” set @ =0, £,=0.05, g’
=(.85; the broken curve, to a@ =0, { ,=0.1, g’ =0.55; the con-
tinuous curve, to & =0.3, £,=0.05, g’ = 0.592,
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are experiments on the scattering of fast (E ,z 100 MeV)
protons with the excitation of anomalous-parity states
in 2%Pb and other heavy nuclei; such experiments have
already been started using the accelerator at the Uni-
versity of Indiana.

To conclude this section, we shall demonstrate that
although the considered enhancement of the effective
spin-isospin field near the point of 7 condensation does
depend strongly on the parameters of the amplitude 7,
this dependence is greatly weakened if the value of
@%(k,) in (54) is fixed. For this, calculations were
made for three sets of the parameters (a,g’,{,) cor-
responding to the same @*(k,) (Fig. 25). It can be seen
that for all three sets the considered precritical effect
is, at least qualitatively, reproduced, so that it really
is a result of the small value of &*(ky), which indicates
that nuclei are close to the point of 7 condensation.

7. SEARCH FOR EFFECTS OF PROXIMITY TO THE
POINT OF » CONDENSATION IN THE MAGNETIC
SCATTERING OF ELECTRONS

At the present time, electron scattering is the “clean-
est” tool for studying the structure of nuclei. The in-
elastic scattering of an electron with excitation of the
state |s) is determined by the diagram in Fig. 26. In
contrast to the case of proton scattering, the form of
the “external field’ exerted by the scattered electron
on the nucleus (V, =jyA.n) does not contain unknown
factors, which makes it possible to obtain reliable in-
formation on the structure of the transition density
of the excited state. Moreover, up to almost the heav-
iest nuclei one does not have to employ a cumbersome
method such as the DWBA in an approximate calcula-
tion of the cross sections but can use the eikonal ap-
proximation, which reduces to the Born approximation
by the simple replacement of the electron momentum
p by poe=p(1+3/2 Ze*/RE,), where R is the radius of
the nucleus, Z is its charge, and E, is the electron
energy. In the case of inelastic magnetic scattering,
the differential cross section in the ultrarelativistic
limit (E, > #m,,w,) in the Born approximation has the
form

BN
o= {2+ §) P8 (13)
Here, oy is the Mott cross section,
Ze? \2 cos? /2
S (Z—E':) sind @/2 "’ (74)

and F, (k) is the magnetic form factor, which for 0*
—J" transitions without allowance for the convection
current has the form

Pat)= L b S 5 VT T 1685 =V T o2 (1),

=p, n

(75)

where k is the momentum transfer, y,=v,=(r,—¥als
Yn=YnT(¥p=¥n)ls» and py ,z(®) is the Fourier transform
of the transition density p¥,.(7): .

oY (k) = Sp_'," L () jo (kr) P2 dr.

L’\ &Yy i
/'/_ s ls>
’ =

(76)

FIG. 26, Diagram of ine-
lastic electron scattering.
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FIG. 27, Fourier transforms of the individual components
PJys the transition density of the 2] state in *®Pb, calculated
for different g’. Curves 1 and 2 show p}'y (k) for g’ =0.8 and
g’ =1.0, respectively; 3 and 4 are the same for p3fs (k).

The possibilities of using electron scattering to in-
vestigate the effects of proximity to the point of 7 con-
densation are restricted by the circumstance that the
spin component of the nucleon current has only a trans-
verse component (~[oXk]). Therefore, in electron scat-
tering the longitudinal modes of the effective field,
which include the “pion” mode enhanced near the point
of 7 condensation, are excited only by virtue of the
momentum nonconservation due to the finiteness of the
nucleus. Thus, in inelastic magnetic scattering by a
heavy nucleus proximity to the point of 7 condensation
need not be clearly manifested. This fact is demon-
strated by the example of the level 2] in 2pb. Figure
217 shows the neutron components of pi*;(k), L =1,3,
calculated for the value g’ =0.8, which is close to the
point of 7 condensation, and for g’=1. It can be seen

FIG, 28. Square of the magnetic form factor (multiplied by z?)
of the 2] state in 2®Pb for real g*.
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FIG. 29. The same as in Fig, 28 for the 47 state in 2%pp,

that each of the components is enhanced near ~1,5 F!
appreciably for g’ =0.8 and much less for g'=1. But
when we consider the total result, the two p¥ L com-
ponents, which occur in (75) with opposite signs, al-
most cancel each other at the maximum, so that as a
result the form factors in the cases g’ =0.8 andg’=1
are nearly equal (Fig. 28). The situation is the same
in the case of the state 4] in 2'®Pb (Fig. 29).

The almost complete canceling of the effect in heavy
nuclei forces us to light nuclei, in which the canceling
may be reduced by the effects of momentum noncon-
servation. In Ref. 17, the excitation by electrons of the
1* level in "%C was considered. The well-known anom-
aly of the form factor in the region 2~2 F™! (a dis-
crepancy by almost an order of magnitude between the
experimental form factor and the theoretical one found

i o R
15.11 MeV

:
L |
./"‘\\i I

20 25 0 gyET

107
2

FIG. 30, Square of the magnetic form factor of the state 1+
(15.1 MeV) in !2C. Curve 1 is the caleulation in the shell model
without interaction. Curve 2 corresponds to g’ =0.8, curve 3
tog’=0.6, and curve 4 to g’ =0.5.
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on the basis of shell calculations) was discussed. This
discrepancy can be eliminated if it is assumed that the
nucleus '2C is very close to the point of 7 condensation
for the 1* mode in this nucleus. In Ref. 17, an inter-
action somewhat different from ours was used together
with an oscillator single-particle potential. We made
a similar calculation with our interaction and with a
Woods~Saxon potential. The results are shown in Fig.
30. It can be seen that the calculation with the realistic
value g’ =0.8 (curve 2) leads to a maximum at the
necessary place, but its value is much less than in the
experiment. Even when the constant g’ is reduced to
0.6 (curve 3) the enhancement effect is very slight.
The necessary enhancement is achieved only very close
to the point of 7 condensation: Curve 4 corresponds to
g'=0.5, whereas g/, =0.48 for the 1* mode in *C. This
result agrees with the results of the calculations in
Ref. 17. However, the conclusion in Ref. 17 that eriti-
cal opalescence has been discovered in 2C does not
convince us for the following reasons. First, although
there are no particular reasons for assuming that the
constant g’ in °C is the same as in heavy nuclei, such
a large change, from g’=0.8-0.85 in **®Pb to g’~0.5
in C, appears improbable. But the assumption that
in heavy nuclei too g’ =~ 0.5 would mean that in them 7
condensation has already occurred, which contradicts
the entire general picture described above. Second, in
the nucleus C itself the choice g’ =~ 0.5 means either
that condensation of the 0~ mode has already occurred
or such a proximity to 7 condensation that in any case
the use of the “self-consistent field” approximation as
used by us and in Ref. 17 is impossible (see, for ex-
ample, Ref. 67). Finally, there have been fairly suc-
cessful attempts to eliminate the anomaly of the form
factor by more traditional means, %%

Thus, electron magnetic scattering is hardly suitable
for detecting or demonstrating the effects of proximity
to the point of 7 condensation. However, bearing in
mind the reliability of the theoretical description of the
interaction of electrons with nuclei and the high accu-
racy achieved in recent years in such experiments, it
can be hoped that data on the excitation of anomalous-
parity levels by electrons will permit better determin-
ation of the form of the amplitude ¥ at large momentum
transfers. The high resolution (<30 keV) (Ref. 70)
achieved in recent years for electron beams of high
energies (up to 500 MeV) makes it possible to obtain

127 ™pp

W ; j’\

A
o 20 25 getr, !

FIG. 31. Square of the magnetic form factor of the 127 state
in 28pb, The calculation was made for the interaction param-
eters a =0, £,=0.05, g’ =0.8, g=0.3.
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FIG. 32, The same as in Fig. 31 for the 12; state in 2®Pb,

the inelastic form factors of individual states even in
20%ph, Thus, the form factors of the states 12] and 12;
in this nucleus were measured in Ref. T1. They are
shown in Figs. 31 and 32, respectively, together with
the results of our calculations. It can be seen that the
calculations agree very well with the experiment, which
indicates once more that our interaction is realistic

and that its parameters have been correctly found in a
first approximation.

8. CONCLUSIONS

This review has been devoted to the problem of 7 con-
densation in nuclei. We posed three questions.

1. Is there a 7 condensate in nuclei ?

The answer to this question is probably negative.
This is based on the absence of the effects predicted
if a condensate does exist: anomalies in elastic elec-
tron scattering, the “doubling of levels,” and an ap-
preciable single-nucleon width of 7 atoms.

2. Are nuclei close to the point of 7 condensation?

The answer to this question is apparently positive (by
proximity, we understand significant softening of the
“pion mode”). Our answer is based mainly on analysis
of the spectroscopic characteristics of nuclei (the spec-
tra of the anomalous-parity states and the M1 charac-
teristics), but it is also confirmed by some data on
the inelastic scattering of protons and electrons.

3. What effects must result from the proximity of
nuclei to the point of 7 condensate ?

The main effect predicted in this connection is the
presence of a characteristic maximum in the differen-
tial cross section for inelastic scattering of fast (E,
= 100 MeV) protons by nuclei with the excitation of
anomalous-parity states. Suchan experiment in heavy
nuclei requires a high resolution of the proton beam
and is at present possible in only a few accelerators.
The commencement of such experiments using the ac-
celerator of the University of Indiana has been announ-
ced.

In this review, we have not considered a very large
and interesting field—the interaction of slow pions with
nuclei, which is intimately related to the problem of
the proximity of nuclei to the point of 7 condensation;
nor have we considered interesting questions such as
the manifestations of such proximity in collisions of
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heavy nuclei, the problem of the existence of anomalous
nuclei, and some other problems in the study of which
we have not participated. Each of these subjects is so
extensive that it could serve as the subject of a sepa-
rate review.

Finally, we should like to express our confidence that
the rapid development of experimental techniques, and
above all the improvement in the resolution of proton
and electron beams, will soon provide a definite ans-
wer concerning the proximity of nuclei to the point of 7
condensation. Whatever the answer, the corresponding
experiments will greatly deepen our understanding of
many aspects of the problem of nuclear structure and
the interaction of nuclei with particles of medium ener-
gies.

APPENDIX

Here, we give the formulas for expanding the ampli-
tude 5 and the propagator A in Egs. (1), (2), and (28)
with respect to the spin—angle tensors:

Tyrsar (ny0)= s‘ ch'ﬂA mSm) La-m () [0,]%.

= (A.1)

Here, C‘,’,#{s is a Clebsch-Gordan coefficient, ¥ ,(n)
is a spherical function, [0,])'=06,9, and [0,]'=0,. For
the case of anomalous parity (S=1)

F = N1 glilg %
dn. o .r.'.fi.uj'rl e ) Tip a0 Ty gy (20 O2)- (A.2)
For % defined by Egs. (4), (5), and (10) we have
FHbe i, b =F 1 (. )+ FL (. ), (A.3)
where
8 (ry— 5
.?#JLz (ryy r2)=Cq -—%(g—f—g't,'r;) BLng’ (A 4}
Fhlr(ry, ra= —1,15C, (1 — 2592 cinbeflale (ry, ) 1yevs. (A.5)
Here, the angular coefficients CZ1%2 are
Ci- LIt rlera1, oIt It o s 44,
CJ 1, J41_ c.H-l Ao Y TTED (2T <1). (AG)

and fi1%2 (for ~1.4< a < 0.7) is determined by the ex-
pression

Y2 (ry ra) =8 (o —ro) (rr) — (Y 7ira)-Refabt [K | (bry)
Lyt

X L OO =g, L Ord T, L GrBtre—m), (A.7)
where I,(z) are modified Bessel functions, and K (z)
are MacDonald functions. The constants ¢ and b depend

on the parameters of the amplitude %;:

1 —by ¥ m3

= —...— =77
2) —B“—ﬂ Ho R (A.8)
where

W= B ]/——B*z 0.23, B=1+0.23—-09 (1—a). (A.9)

Similarly, we have the definitions

ARV, ry, @)= 3 (L T |50
Ty

K GLIT gpe 17 TVRT 1] 3 EnggeRage (ry)

= (A.10)

X Rpgje(ra) Gr"j' (r1y 725 enl]tﬁ@)Tz Fepepe jrs

X G (r1s Tai Equprjrgr+0) Ryefijone (1) Bypogojogs (R}
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Here, k,;;. are the population factors of the single-
particle level with the quantum numbers zlj7, and
R,.;r is the radial wave function of this level; G(r,,
¥5;€) is the Green’s function of the radial Schrodinger
equation, and (jI||T; 51”7"1') is the reduced matrix ele-
ment of the spin-angle tensor. The method of calcu-
lating G%;(r;,7;; €) in the coordinate representation is
described in Refs. 20 and 29,
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