FRACTIONAL PARENTAGE COEFFICIENTS 481

The fractional parentage expansions given here
have been obtained for the purpose of using them
for calculations of two-particle interactions in nu-
clei. They can also be applied in atomic spectros-
copy (after the replacements jj — 4, J—0L, T
- S).
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The cross section is computed for the capture of gamma rays by nuclear matter at giant res-

onance energies.

IN theoretical investigations of giant resonance
in photonuclear reactions, extensive use has been
made of two models for interactions between
gamma rays and nuclei. Migdal’,1 Goldhaber and
Teller? and others regarded giant resonance as
the result of an interaction between gamma rays
and the collective dipole vibrations of nuclei. In
contrast with this collective aspect, Wilkinson®
and Burkhardt! have used the shell model in a de-
tailed study of the mechanism of gamma-ray cap-
ture as the result of the excitation of single nucleons.
However, neither model provides an explanation
of all of the experimental data. For example, re-
cent calculations based on the collective model®
give a width of giant resonance in (v, n) reac-
tions which is much smaller than the observed
width. On the other hand, the shell model gives
incorrect frequencies for giant resonance.* The
principal defect of the calculations that have been
mentioned is apparently the use of incorrect wave

*Note added in proof. The computed giant-resonance fre-
quencies are close to the observed frequencies when the ef-
fective nucleon mass is set equal to half of the true mass for
all excitation energies,® but there is no other basis for this
assumption.

functions to describe highly excited nuclear states.

It is shown in several papers®~® that experi-
ments on slow neutron scattering by medium and
heavy nuclei can be interpreted satisfactorily if
in constructing wave functions for highly excited
states account is taken of the possibility that the
excitation energy of a single particle is redistrib-
uted among other degrees of freedom. In our cal-
culation of the photonuclear absorption cross sec-
tion we shall use herein the method of Lane,
Thomas, and Wigner7 for constructing the wave
functions of excited states, taking the above men-
tioned possibility into account.

1. CALCULATION OF THE PHOTONUCLEAR
ABSORPTION CROSS SECTION

The nonrelativistic operator for the interaction
between an electromagnetic field and a system of
nucleons is

H = — %[w%} pA (- —1.,)
o (=) F e (g )V <Al @

If ¥y and ¥, are the wave functions of the nu-
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cleonic system that represent the ground level and
an excited level which is higher by the energy of
the absorbed gamma ray, the gamma-ray absorp-
tion probability per second!? is

2 r
P =2 Hor, |p(Ey), @)

where p (E.y) is the density of levels with excita-
tion energy E‘Y‘ and

Hor, = Wil ¥ ds. &)

For the sake of simplicity we shall consider a
system of A nucleons in a sufficiently large vol-
ume V. In the self-consistent field model the
ground level of this system is represented by a
completely filled Fermi sphere with the maximum
wave number kp. The self-consistent potential
which corresponds to an excited level of the sys-
tem differs from the self-consistent potential for
the ground level. For this reason, and also be-
cause of the strong correlation between nucleons

in a nucleus, the wave function ¥p_  can be rep-
resented as follows: Y
Wi, = X Co®s, “
b

where {<I>b} denotes different Slater determinants
composed of single-particle wave functions that
represent the motion of single nucleons in a con-
stant potential which is self-consistent for the
ground state of the nucleus * Following Ref, 7, it
is assumed that the principal contributions to Eq.
(4) come from states &}, which represent ener-
gies €y in arange of width W around E.. The
width W, which is defined by

W2 = X (Ex— ) |Co 2, (5)
b

is directly related to the imaginary part of the
optical potentia1.7'9 We shall also assume that it
is sufficient to limit ourselves in (4) to states &y,
which represent the emergence of only a single
nucleon above the Fermi surface.

Using (4), (3), and (2), we find

P=20(E) D Col | M, (6)
b
where
Mpp — S D, H' @ dr. (M

In (6), following Refs. 7 and 11, we have omitted

*In the approximation used below ¥, = @,

the interference terms containing the products

* . : 0
CpCyp. Going from a sum to an integral in (6), we
obtain

oo

P =20 (BN Gl Mgl (®)

0

In (8) |Mpg|? is the square of the absolute value
of the transition matrix element averaged over all
levels of energy €p. From the normalization of

D) y it follows that

\1Co 20 (o) dop = 1. )

0
Using the assumption of Ref. 7 that the principal
contributions to (4) come from the states &y, with
energy €} close to E, within a range of width
W, as was done in Ref. 8, we put

B(E,)

1Co 20 (2p) = —55-exp {(—(Ex—=)?/Q2).  (10)

In (10), which satisfies (9),
B(E) = <=1+ @ (), (11)

where
. 2 )f N
x=E./Q, qw(x):,__xe—tdt.
Vo

0

The function @ = Q@ (E,) in the approximation
represented by (10) is, in virtue of (5), related to
W(E.Y) as follows:

Q:(E,)

WEED = 5o o)

2x ,,]
@ — =¥,

1+ ®(x) e I (12)
In calculating the matrix element (7) we neglect
the interaction of the electromagnetic field with
the nucleonic magnetic moments. In this approx-
imation

‘ o Z%h? .

| Moo ? = S (Agks)? ik, - (13)

Here k; and k, are wave vectors that represent
a hole inside the Fermi sphere and a nucleon out-
side. These wave vectors are related* as follows
(kg | > kF >|kyq|):

Wk 2M — WS 2M” = <, (19

In deriving (13) the vector potential was assumed
to have the form

A=Aexp{i 50 piar) (15)

*Here M* is the effective mass of a nucleon in the nucleus.
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By definition,

Moz, = 20 | Mosl?/ ey (16)
be=¢ b
where gg,, is the number of states &, with ex-
citation energy €p. It follows from (13) and (14)
that not all levels with €} give a non-vanishing

- matrix element Mgp. It also follows from these
equations that when (14) is fulfilled Mgy # 0 when*

ki, = M, [ B2Q — Q/ 2=k,. an

Also, from the condition ktz, =< kzF it follows that
Mgp can be non-vanishing only for values of ey
within the limits

2
O<eb<hM?

(kF + %—>E el (18)

For a fixed value of €}, the range of variation of
k; is bounded by

By > B > ky — 2M s, [ h° = kinin, (19)

which follows from (14) and the Pauli principle

(k2 > k}). From (17) and (19) we find that the

end of the vector k;, for states &p (ky =k; +
Q) which give a non-vanishing matrix element

Mgb, lies within a circular ring S in the plane
kyz =ko. The radii of the ring are

2 2
fPmax = l/kF - ko,

(20)
VE —2Me 12—k, for 0<e<¢",
Pmin = 0 for " <ep<(¢’,
where
" -ﬁ'2 A
o= 20 (kp—%}. (21)
Thereforef
Z202H2
D | Mol = Eart A2 2
be=¢y N
Z202h2 | A2 Vs
= Ll g o — ). 22)

In computing the total number of states with en-
ergy €p it must be kept in mind that (14) is the
only limitation on the magnitude of k,. Therefore

v BB 2Me, K —
8ep = (@nys (47‘)2{ 5 + = 3

} . (23)

Thus, from (16), (22), and (23) we obtain
Moo = (2l

*The z axis is chosen to be in the direction Q.
tThe x axis is in the direction of A,.

o 5m (Prmax — in) (24)
8V RS, — k3, (10 M*e, / 302) (B3 — E2) )

Substituting (10) and (24) into (8) and integrating,
we obtain

Zek | Ao | \2 T (M ¢/ hkp)®
P=( Tel) S (s (B, (29)

where
1 hkp |2 2M*Q\* 1 [hkp \*
= [ () 1 (352 3

X[ (x) — © (0] +2202 — 1) P2 (xy VD) — B, (x V2)]

— 0w — o), (26)

where, in turn,

likp 1( Q N\
Y=1—gm;+ 7 \3ra)*

1
() = — —1%]2
1 (t) VZTC 4 ’
Before proceeding from P to the gamma-ray ab-
sorption cross section we shall determine the den-
sity of final levels. The density of states &p with
energy E, is given by

6 (Ey) = dL(Ey) [dE,,

where L(E.y) is the number of states ®p with
€p = E,. For the determination of L(E,) itis
necessary to compute the number of phase cells
contained in the phase volume of the nucleon and
the holes corresponding to all states &, with €
= Ey. Inthis case, as is shown by a simple cal-
culation,

V@
312 (2M*\3 g
p(B) =g (Tr) @ {2 (L ut) 'y, 27)
£(%)
where

v (x) = h2%kE ) 2M Qx,

con VY@ =T, y(x)>1
‘(")"{ 0, vi<l’

Before going from (25) to the cross section, (25)
must be divided by the flux ¢/V. Then, using (27),
we obtain
6 (Ey) = 0.11-10"% AZ*F (x) cm?. (28)
Here
Vv
M*\5 , 1 { Q |
F )= () es0) ) O | (gg)

2. DISCUSSION OF RESULTS
In Fig. 1, F (x) is plotted for different values
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of @ and M*/M. In all cases the photonuclear ab-
sorption cross section given by (28) shows strong
resonance, the frequency and width of which de-
pend essentially on Q. In Ref. 7 a first estimate
was obtained for W, which is related to @ by

Eq. (12); the result was W x 23 Mev (2 ~ 32
Mev). Later and more accurate calculations gave
W =6 —10 Mev, which corresponds to Q = 8.4 —
14 Mev. Because of this indefiniteness in the mag-
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FIG. 1. 1-0 =10, M¥/M = 1; 2-Q = 10, M*/M = ¥%;
3-Q=25 M¥M=1;4-Q =25 M*/M = %.

nitude of @, in Fig. 1 F(x) is given for two val-
ues of @ (10 Mev and 25 Mev). The magnitude of
Q depends generally on E.y and increases some-
what with E.),. However, since the form of the
function Q (E.y) is unknown the curves in Fig. 1
were plotted with 2 assumed to be constant. Even
if the slight dependence of 2 on E., were taken
into account, the curves of F (x) would not be es-
sentially changed. The question of the effective
mass of a nucleon in a nucleus has been discussed
widely in the literature (see Refs. 13 and 14, for
example).

It has thus been shown that 1M < M* < M,
where M is the mass of a free nucleon. The
curves of F (x) for each value of @ were plot-
ted for the two limiting values of the effective
mass. Figure 1 shows that independently of the
magnitude of €, when the effective mass is re-
duced from M*=M to M* = M/2 the cross sec-
tion is reduced by one half at the peak while the
half width increases by 20 —30%. The resonance
frequency and the width depend slightly on M,
which is in disagreement with Ref. 15. For dif-
ferent values of @ these quantities change con-
siderably. It is difficult to make a numerical
comparison of the foregoing calculation with ex-
perimental findings, because for no single nucleus
have the cross sections been measured for all
processes that pass through the compound nucleus

V. M. AGRANOVICH and V., S. STAVINSKII

stage as a result of excitation by gamma rays* in
the considered energy range (E'Y < 50 Mev). The
available experiments with medium and heavy nu-
clei (the only nuclei for which it is meaningful to
compare theory and experiment) are not qualita-
tively in disagreement with the foregoing calcula-
tion. Thus the observed resonance frequencies
for the (v, n), (v, 2n), (v, p), etc. reactions
correspond to Q ~ 15 Mev, For this value of Q
the half width of the cross section curve is 17 —
28 Mev, as follows from Fig. 1, which exceeds the
observed half width for (v, n) by a factor of 2 to
3," and for (y, y) and (v, v') by a factor of 1.5
to 2. This discrepancy of the half widths can be
accounted for by the following considerations:

(a) The theoretical cross section for photonu-
clear absorption when E. is below the Bethe-
Hurwitz characteristic level® (Eg_j ~ 4 —6 Mev
for non-fissioning nuclei) appears too large, be-
cause in this energy range there occurs resonance
scattering of gamma rays at particular levels
which experiment!® shows to be considerably
below the result calculated above. This reduces
the calculated photonuclear absorption half width
by ~ 5 Mev.

(b) The cross sections for (v, x) reactions
which pass through the compound nucleus stage
are obtained by multiplying the cross section of
(28) by the relative probability of the respective
process.

Since the thresholds of these reactions (Ex)
lie above the Bethe-Hurwitz level by 2 — 3 Mev,

Mev
2nf— AW
MY P
\
£z
! \J k\
| [be
| X
Jﬁ 25 P4 75 z 290
FIZ. 2

the half width of the (v, x) curve is less than that
of the photoabsorption curve by 2 —3 Mev and is
thus 9 — 14 Mev. This is still greater than the

*Thus, there is a complete absence of data on the (y, y')
threshold below the (y, n) threshold.
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observed half width of 6 —8 Kev. The agreement
between theory and experiment is somewhat im-
proved by taking into account the dependence
Q (E.y), which follows from Eq. (26). When E

’
< Ex only the processes (v, ¥) and (y, y') can
occur. However, the (v, y) cross sections in this
energy range are small'® compared with the cal-
culated photoabsorption cross section, which ap-
parently indicates that in this energy range con-
siderable inelastic scattering of photons should be
observed. Unfortunately, the requisite measure-
ments are not yet available. Since, according to
Ref. 7, @ depends slightly on atomic weight, the
maximum and half width of the photonuclear ab-
sorption cross section should also depend slightly
on A., Therefore, we should observe a correla-
tion between the frequency at the (v, n) cross
section maximum and the binding energy of the
emitted neutron (with increasing Epe, Eppax
should increase and vice versa). The available
experimental data actually reveal this tendency
(Fig. 2).*

The model of infinite nuclear matter which has
been used cannot yield the observed relation be-
tween the cross section for gamma-ray capture
and A. This is due principally to the fact that the
level density which has been calculated above de-
pends more strongly on the number of particles
than the density of the corresponding levels in
real nuclei. In addition, the same circumstance
increases by more than one order of magnitude
the maximum of the gamma-ray capture cross
section. Thus for A = 100, °'-y(Emax) ~ 6 barns,
and for A =200, 0, (Emax) =50 barns. Better
agreement between theory and experiment results
from consideration of a finite nucleus.

In conclusion the authors wish to thank A, S.

*The experimental data were taken from the review article,
Ref. 17.

Davydov and A, I. Leipunskii for their interest
and for discussion of the results.
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