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The absolute value of (n, P) reaction cross sections, as given by the pre-equilibrium exciton
model is estimated using Fermi gas approximation.

A general agreement with experimental data, particularly in the gross A dependence is ob-
tained. The energy range considered is 10-20 MeV, and the nuclei are those with A& 100: In
these ranges evaporation is negligible and the analysis is rather easy. The approximate life-
time of one single-particle exciton in nuclear matter is also deduced.

1. INTRODUCTION

It has been shown recently that the pre-equilib-
rium emission mechanism suggested by Griffin'
and developed mainly by %illiams„' Blann, "Harp
and Miller' is responsible for proton emission in
some (n, p) reactions around 10-20 MeV of inci-
dent neutron energies. '

In order to study the validity of this model for
nuclear reactions, the analysis has been extended
to (n, p) reactions in nuclei with A & 100. Indeed,
it was shown' that in this mass and energy range,
proton emission cannot be accounted for by the
statistical evaporation theory (see Fig. 1). Up to

now, the bulk of results on (n, P) reactions on
these heavy nuclei, consisting of about 75 cross-
section values at a 14.5-MeV neutron energy mea-
sured by activation method, and of a few proton
spectra around these energies, could not be
interpreted.

This paper presents an estimate of the absolute
value of the expected cross section for (n, p) reac-
tions based on pre-equilibrium emission theory,
as a function of A, using the Fermi gas model;
then the results of calculation are compared with
experimental data. As a consequence the lifetime
of a single-particle exciton in nuclear matter is
estimated.
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2. CROSS-SECTION CALCULATION

The absolute cross section for precompound
emission, integrated over the solid angle, which
can be deduced with minor modifications from the
treatment given by Williams, ' is

do„, mao„„(e) 5 1 1

]pal'

4v IM I' g'E'

U n

x g — (n + 1)'(n —1),
(~ &=2)

where s =-,' =proton spin; cr, is the optical reaction
cross section for the neutron, e is the kinetic en-
ergy of the proton; a.„„(e)is the inverse reaction
cross section for the proton, ' E is the excitation
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FIG. 1. Plot of experimental (x) and calculated ()
ratios between a(n, p) and 0 (n, n') as a function of mass
number A for 100 &240, as given in Ref. 6. The calcula-
tion is done on the basis of statistical evaporation at
equilibrium. Experimental points are at least an order
of magnitude higher than the calculated ones. Evapora-
tion at equilibrium does not seem responsible for proton
emission.

energy of the compound nucleus; U is the excita-
tion energy of the residual nucleus; g is the aver-
age single-particle level spacing in the Fermi gas
model, for compound and residual nuclei; n is the
number of excitons (particles+holes} in the pre-
compound nucleus; m is the nucleon mass; IM I'
is the average value of the matrix element square
in the intranuclear cascade process n- n+ 2; n is
the limiting value for n (when equilibrium is
reached). In the summation the index n varies
in steps of 2 from 3 to n.

The basic assumptions in formula. (1) are:
(a) the presence of a pure two-body residual in-
teraction, so that process n- n+2 is the dominant
one in the cascade;
(b) the statistical assumption in matrix elements;
(c) the principle of the detailed balance, taken in-
to account with conservation of energy;
(d) the independence of the behavior of an exciton
from the presence of other excitons;
(e) the Fermi gas model for level densities;
(f) negligible depletion due to particle emission;
(g) charge conservation.

It can be observed at this point that (n, p) reac-
tions in these energy and A ranges are well suited
for a test of this mechanism, since, after a pre-
liminary examination of formula (1), it can be
easily seen that the first term of the sum (n = 3)
is by far the highest one. Hence the main contri-
bution to proton emission comes from the first
step in the nuclear cascade, so that the correction
for the depletion4 due to emission itself is negli-
gible, as requested by point (f). This is physical-
ly due to the Coulomb barrier on outgoing protons,
which depresses both proton emission from the
latest steps of the cascade and proton (but not
neutron) evaporation once equilibrium is reached.

As for point (g), it is responsible for the factor
appearing in formula (1).
Indeed a more refined treatment of the detailed

balance, taking into account charge conservation,
requires use of level densities with fixed numbers
of protons (particles and holes) and of neutrons
(particles and holes) separately. Let P„h, be
the numbers of proton particles and proton holes,
and p, h those of neutrons. Then it can be
shown that the corresponding level densities are
(at equal neutron and proton single-particle level
density —,g)

Pp ap a &)=
&(&E}P+a-x

3""p+!h+!P !A !(p h —1)! '

being p=p, +p, A = h, +h .
To avoid unnecessary complications, we calcu-

lated the resulting correction factor (-', ) for the
first term (n=3) of the summation, which is dom-
inant and applied the same factor to all terms,
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though rigorously they should undergo smaller
corrections.

Formula (1) is the combination of the expres-
sions

doI„~ dW" 1

de ' ~ de &'„(E) '

dWo" macr„(„( e)(2 S+1) p& d „(U) 2

de w h pp„(E) 3'

E g(gE)'" '

p!h!(p+h —1)! '

(2)

(3)

where P, h are the numbers of particles and holes
in the precompound nucleus (p + h = n, p —h = 1),
p~ „(E)is the level density with p particles and h

holes, !(.„'(E) is the rate for process n- n+2 (the
cascade process), dWo"/de is the specific rate
of proton emission from the precompound nucleus.
The absolute value of do„/de depends therefore
on )M ~' through A.„'(E).

The value of )M ~' is not given by Williams and
the other quoted authors, and it is implicitly as-
sumed to be independent of F.. This value is re-
lated to the two-body residual interaction in nu-
clear matter.

3. CASCADE DESCRIPTION THROUGH

TWO-BODY COLLISIONS

An old treatment of the intranuclear cascade
was given by Goldberger' with Monte Carlo calcu-
lations. There the basic assumption was that nu-
cleon collisions inside the nucleus can be treated
in a semiclassical way, related to the Fermi gas
model, with the same cross section as that of
free nucleons collisions, and with conservation
of energy and momentum; the only important dif-
ference was that the final states forbidden by the
Pauli principle were suppressed.

The Goldberger treatment was proposed for an
energy range around -100 MeV, to have short
wavelengths of nucleons in the cascade.

Apart from the mathematical treatment, the
physical assumptions in the two models (Gold-
berger and exciton models) are quite similar and,
namely, the dominance of the two-body interaction
and the effect of the Pauli principle. Goldberger,
however, does not take into account hole-hole
scattering. He uses free-nucleon cross sections
and the Pauli principle to calculate the mean free
path of a fast nucleon in nuclear matter. This
mean free path is strictly related to our ~M ~

',
and therefore to d(.'„(E).

This procedure has the virtue of accounting also

for the conservation of momentum in the intranu-
clear cascade, which has not been included so far
in the exciton model. Conservation of momentum
is useful only for calculation of X„'(E), and not for
the detailed balance [formula (2)], since in the
processes of neutron capture and proton emission
a large and variable fraction of momentum is
taken by the nucleus as a whole, particularly at
energies not too high with respect to Fermi ener-
gy ~z

This line was again followed by Kikuchi and
Kawai' with a simpler procedure to calculate the
phase space integral allowed by the Pauli principle,
again ignoring hole-hole scattering and using free-
particle collision cross sections. The results are
summarized in the following section, with a dis-
cussion on the changes required when applying the
results around Fermi energy.

4. MEAN FREE PATH OF AN EXCITON

The mean free path of an exciton (for instance
a particle) of momentum P, & P is calculated in
semiclassical approximation assuming that a
sphere S of radius P (Fermi momentum) is filled
in the momentum space, and that the particle con-
sidered is outside this sphere. The average cross
section (integrated over the solid angle) for a
collision with a particle in S is given, according
to Goldberger, by

(d) = d'P, Jl d'Pp fd'P, d(P, +P, —Pq —P, (
0

x 6(Pp +P,' -Pt —Po')o(pp, pox')

g Z 0 j 2~ O ~f

~(pod po py)

jr d'P, |d'p iP, —P, i —,5(p, —p )

XQ(Pp ppxp&), (4)

where A is the mass number of compound nucleus;
Pp is the momentum of initial exciton (particle 0);
P, is the momentum of target particle 1 (P, & P);
Pz is the final momentum of projectile (P&& P);
P, is the final momentum of target particle (P,
& P); pp is the momentum of initial particle 0 in
the c.m. system of 0 and 1; pf is the final momen-
tum of projectile in the previous c.m. system, '

g =Pt -Pp=transferred momentum; o(Po, PpxPf)
is the differential cross section in nucleon-nucleon
collision, indicated also simply as o; v is the nu-
cleon density in momentum space =A/(4/3)P'. The
integral is extended to the volume in momentum
space allowed by the Pauli principle.
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16m'vv m u
(6)

The mean free path of an exciton of energy p, is

V

A&a)
'

V being the nuclear volume. The average lifetime
is then

We are interested in relatively low energies (un-
like Goldberger), and therefore o is assumed to
be isotropic, and to have a value or/4w corre-
sponding to laboratory nucleon energy ~Er =P'/2m.
The nucleus is assumed to be composed of equal
numbers (-,'A) of protons and neutrons, and the
exciton to be with equal probabilities a neutron or
proton, particle or hole. The value of o~ has to be
taken -()'))or(n, p) = —', xtotal (n, p) cross section, to
average properly over all types of collisions, as
explained in Goldberger's paper.

The calculation of the integral (4) was performed'
in the case Pp+ PW2, with a complicated method.
Other authors' have calculated the same integral
with a simpler method, taking cr constant with en-
ergy or in the approximation o~ 1/k'. Numerical
results are almost the same in a wide energy
range and we use the analytical result correspond-
ing to v constant with energy.

In the case P, & PvT, the result is

16v vo P Po 7
A 3 Po' P 5

In the case P& P, &v2 P, it is

1 16m'vo P' Po 7 2 P
A 3 Po' P' 5 5 P

(5)
This result can be written as a power series with
respect to the exciton energy u = (P,' —P')/2m.
For P,& v 2 P the first term was found to be a
good approximation; it gives for the bracket the
value 3m'u'/P. Furthermore we found that to take
into account only this first term is equivalent
to Performing calculations in the equidistant
sPacing model, and as a consequence the hole-
hole scattering behaves in a fully symmetric @ay.

Therefore

which is A -independent.

5. A DEPENDENCE OF THE MATRIX

ELEMENT

In the treatment by Williams' r '(u) = X,'(u) is
written as

x,'(u) =—lM l'pf(u), (8)

where pt(u) is the density of final states which
can be reached in a single collision of one speci-
fied exciton, and pz(u) = —,'g(gu)'. This pf does not
account for momentum conservation.

To account for it, a new p& is more properly
defined as given implicitly by the integral appear-
ing in the expression of &o)[formula (4), first
expression; recall u = (Po' —P')/2m]:

pj( )= 'J d'P, f d'p, J(d'p, )))p, +p, —pI —p, )

Po +P, —Py —P2

Here r is a factor taking into account the spin
and isospin degeneracy together with charge con-
servation, ' it turns out, however, that r=1.

Comparing with (4), we have

8vcr 1, 4cr
&)=AP 2 .P'()=

A P'(.) ~

A P0 2m v' m A.Pv

Comparing with (6), we obtain

9 A3 3 2 1
pt(u) =47t'v'm'u' =—

since v =A/ ,' vP . -
Being that g= ~A/Er = 3mA/P', we have finally

g'u' 1""'=
12A =6A P'"'

Hence the effect of momentum and charge con-
servation is simply equivalent to adding a factor
1/6A, as far as the density of accessible levels
in formula, (8) is concerned.

Also lM l' in (8), however, has to be reconsid-
ered. Indeed our value of v ' [formula (7)] can be
written as

V Vm Vr(u) = —=
v A&a) v A&a)P 16m'emu'v'

v =P/m being the velocity around Fermi energy.
Since V/v=2 ' v' &we have

r(u) =
mh' 4m 53

8amu 8x v5x or(n, p)mu'

4m' k'
5 o r(n, P) mu' ' (7)

r '(u) = x' (u)) =
p IMo I pf(u) =

lM, l' being the square of the newly defined ma-
trix element.

Substituting pz(u) with (9), we have

15 mar(n, P) A
2V3 h2 g' '

which is proportional to A

(10)
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~M ~' in formula, (8) (Williams's formula) is then
given by

IM I'= IM, I' —,„-A-',2 1

and it is energy-independent.
This is the final result obtained: In our approxi-

mations,
~ M~ aPPearing in formula (1) is given

simply by ~Mo ~'/GA and is found to depend on A
like A and to be energy-independent. Of course
this energy-independence comes from taking the
first term in a power series development, and is
expected to hold for incoming energies ~20-25
Me V.

Formula (3) can be written now as follows:

) +(E) = Z~+(E)
2

This relationship between A.„' and ~,', which is im-
plicit in Williams's paper' and there deduced from
an appropriate averaging procedure, is not
changed at all by our treatment.

Since our analysis of experimental results will
be based on formula (1), we extract from (1) the
factor ~M ~'g' in the denominator, which now we
know to be proportional to A 'A' =A and estimate
the ratio ~M ~'g4/A in our model. Using (10) and
(11) it is obtained:

i2 g 5 mar(n, p) g
A 4 ' 8 A

(12)

If a is the level density parameter, "we know that

6 6 Ag= —a= — MeV '
w 71 75

from the slow-neutron data, " so that g/A =0.081
MeV '. Proportionality of a and g to A is related
to the Fermi gas model.

For or(n, p) we take the value of the total neutron-
proton cross section" at a neutron energy around
Fermi energy E~. To be completely consistent
with a Fermi gas model in a square well, the
value of Er should be given by Er = (A/g) x (2/3),
which is near 20 MeV. However such a model is
oversimplified, and we prefer to use independent
results from other precompound reactions, "based
also on the behavior of excitation functions.
These results give an EF value around 40 MeV.
Therefore we take" «r(n, p) =20x10 "cm'.

At this point a discussion is required on the
validity of our approximations. The effective two-
body residual interaction in the nuclear matter is
expected to be much lower than the free collisions.
The average potential seen by a nucleon in the
Fermi gas model takes into account the largest
fraction of the two-body potential in an average
way. It cannot however account for the strong

oscillation of the two-body potential, due to the
change from attractive to repulsive force, at
small distances between nucleons. Therefore the
two-body free interaction has to be renormalized
to a two-body residual interaction which is expect-
ed to give effective cross sections roughly smaller
by 1 order of magnitude than free cross sections.

Other less important effects are due to:
(a) the fact that wavelengths/2« inside the nucleus,
for incoming energies around 10-20 MeV, are not
small as compared with internucleon separation,
but of the same order; the effect on (6) is difficult
to be estimated, since coherence may give cancel-
lation as well as addition of matrix elements;
(b) the velocity of an exciton in the nuclear matter
has been taken equal to that of a free particle with
energy E~.

These considerations may change drastically the
value of (M (' to a smaller value (M,«('. The
Pauli-principle effect, however, is unaltered;
and the value of EF being quite high and roughly
A-independent, the value of (M,«~'g' /A is still
expected to be roughly A-independent and energy-
independent for a wide range of exciton energies
of the order of 20 MeV. Our formulas for A. ', can
indeed be essentially expressed as a first term of
a power series with respect to (u/Er). Density of
states, roughly proportional to (u/E~)' (owing to
the Pauli principle} is separated from the matrix
element square

~

M
~

', which for exci tons around
the Fermi top should have a nearly energy-inde-
pendent value, even if the effective two-body in-
teraction is quite different from free-nucleon in-
terac tion.

The value deduced from (12) being -0.0035
MeV ', the comparison between experimental data
and formula (1) is expected to give for ~M,«~'g'/A
=o. a value somewhere between 10 4 and 10 '
MeV ', and roughly A-independent.

6. SHELL-EFFECT CORRECTIONS

We have considered the usefulness of taking into
account shell effects on level density, relying on
g values deduced from experimental data, "and
distinguishing g, (compound nucleus) from g, (re-
sidual nucleus). Some doubt, however, can be
raised about the correctness of this procedure.
Indeed in the exciton model the residual- and com-
pound-nucleus level densities are those described
by the model, that is the density of states with def-
inite number of excitons, often having large angu-
lar momenta.

This density may be quite different from the
"true" level density deduced for each nucleus by
slow-neutron measurements, which have in addi-
tion low angular momentum, although some rela-
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tion with it is to be expected. Therefore this cor-
rection has not been made in our analysis, except
for one closed-shell nucleus. Nevertheless, the

procedure which should be followed to make it,
is given here below. In the deduction of formula
(1) both g, and g, appear. The value of A.„' com-
pletely depends on g, . It is found also for our

(n, p) reactions that the first term (n = 2) of the
series dominates: that is the whole theory is
simply a statistical theory of (n, p) knockout. For
the first term only, ratio 1/IM I'g' is to be writ-
ten as g, '/I MI g„' where again I M I' (coming from
X„') is proportional to A ', and therefore to g, '.
Hence the appropriate procedure should be to de-
duce the value of o. from the bulk of the experi-
mental data far from the closed shells, and then
to replace IM I'g' with

500
C5 I (p, p)

400--

500-

200—

100—

~
I

0 2 4 6 8 10 12 14 16 18 20
Ep (MeV)

FIG. 2. Experimental proton energy spectrum at 21.5-
MeV neutron energy for CsI. The solid line represents
the precompound emission calculated in relative units

by means of W~iliams's formula (Ref. 2).

g being the Fermi gas value of single-particle
level density, and g„g, the "true" values.

7. COMPARISON WITH EXPERIMENTAL DATA

A. Proton Spectrum Shape

The starting point of this analysis is the observa-
tion that (n, p) cross-section values at 14 MeV are
at least by 1 order of magnitude higher than those
calculated with the evaporation theory, as shown
in Fig. 1. Therefore, statistical evaporation at
the equilibrium condition is assumed not to give
appreciable contribution, and thus can be disre-
garded.

We will try now to show that the mechanism
responsible for (n, p) reactions in the energy
range 10-20 MeV, and for nuclei with mass A,

& 100 is the pre-equilibrium emission mechanism.
The first point concerns the emitted proton

spectrum shape. There are only a few measure-
ments of the proton spectrum emitted in (n, p)
reactions. One instance is the measurement made
on a CsI crystal between 12 and 22 MeV by
Langkau, "already analyzed in a preceding paper'
on the basis of pre-equilibrium emission. The
calculation was done using Williams's formula,
which does not give the absolute cross-section
value and which is essentially the same thing as
our formula (1) as to the emitted particle spec-
trum shape. A very good agreement was found
with the spectrum shape for the three highest-en-
ergy points (18, 19.6, 21.5 MeV) while in the
other cases an important contribution of pre-
equilibrium emission, certainly exceeding 50%%up,

is evident; it is to be noted that in the lowest-en-
ergy points the experimental errors are important.
The incident energy dependence of the relative

100
E

, CALCULATED PRECOMP.
EMISSION

iEXP. POINTS

50j

0~
l2 l4 16 I8

E„(MeV)
20 22

FIG. 3. Energy variation of cross section for the (n, P)
reaction on Csl as a function of neutron energy, com-
pared with calculated precompound emission in relative
units (Williams's formula).

cross-section values was also found in agreement
with the pre -equilibrium emission hypothesis.
Figs. 2 and 8 show an example of CsI(n, p) spec-
trum and the experimental and calculated cross-
section values as a function of energy.

There are three other proton spectra in the
mass range here considered, and, namely, those
of '~Rh(n, p), '"Ta(n, p), and "'Au(n, p) measured
in our laboratory many years ago."'" The mea-
surement on Rh was made in the best experimental
conditions, that is with mass discrimination of
the emitted particles, so that the contribution
(rather important, as it was found) of deuterons
was subtracted. In the two other cases this was
not done, so that some deuteron contributions
must be expected in the lower-energy part of the
spectrum. Figure 4 shows these three experimen-
tal spectra, together with the calculated ones
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(Williams's formula). The agreement is quite good,
except for the lower-energy part of the two heav-
iest nuclei, where deuterons are certainly present.

B. Absolute Cross-Section Value

In order to study the absolute (n, p) cross-sec-
tion values, we have examined cross-section ex-
perimental determinations made by the activation
method on about 75 nuclei with mass ~100, at a
neutron energy around 14.5 MeV.

In the case of the activation method measure-
ments, there is certainly no contribution by other
reactions (such as n, d), the nuclide under study
is always one and certainly known, and the cross-
section value refers to the emission in the total
solid angle. The last point is generally not ful-

filled in other kinds of measurements.
For our analysis use was made of the experi-

mental o(n, P) values as given in the collection by
Csikai et al."integrated with more recent values. "

Unfortunately, as pointed out by Csikai, these
experimental results seem to be affected by errors
much more important than those given by the au-
thors. Indeed, even when the errors reported to-
gether with the measurement are quite reasonable,
that is +10 or 20%%u~, the same measurement made
in a different laboratory very often gives a result
falling definitely out of the reported uncertainty.
In extreme cases, the disagreement can be of 1
order of magnitude or even more, but a factor of
2 is very common.

100—
~ ~ ~

~ Ilg

Rh (n, p)

E =14 MeV

20—

50-

0 l

IO

IU
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P& II
Ii

Ilf II

Ta (n, p)
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50—

I ii
4 6

I

IO 12 l4

100—
Au (n, p)
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0 I

4 6 8
l
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I
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I
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10~ a (MeV-2)
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FIG. 4. Comparison betaken experimental proton
spectra and calculated precompound emission (solid line)
in relative units for (n, p) reactions on ' SRh, Ta, and
tsYAu

FIG. 5. Distribution of u values extracted from the
(n, p) reaction cross-section value. A marked peak at
3.3 x 10 MeV is shown.
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(An = 2)
(13)

Giving o(n, P) its experimental value, all the
other parameters being known, the value of n can
be easily extracted. The values of o, and o,„„(e)
were taken by the optical-model calculations by
Lindner" for neutrons and by Mani, Melkanoff,
and Iori" for protons.

It is to be observed at this point that the excita-
tion energy values of residual and compound nu-
clei are calculated taking into account the pairing
energy, "which is subtracted, when the numbers
of protons or neutrons (or of both) are even.

The results of the described analysis are shown
in Fig. 5 which shows the distribution of the e
values extracted from all the 75 (n, p) cross-sec-
tion values. This distribution shows a prominent
peak at n -3.3&&10 ' MeV ', the width of n distri-
bution is what can be expected from the described

The analysis was conducted as follows. Starting
from formula (1}integrated over the emitted pro-
ton energy, the result of the calculations developed
in the preceding section was expressed as

IM I

'g' = nA,

n being a constant to be determined. So that

2 (2s+1)o,m~" ~)=3 4 'n' AZ'

n U rl~2

x g n(An =2) — (n+ 1)'(n —1)de .

experimental situation.
This value is in fair agreement with the theo-

retical prediction, which gives for z the approxi-
mate limitation:

10 ' &n -10 ' MeV '.
The value of a extracted by this analysis can now

be used to calculate the (n, p) cross-section value,
using formula (13).

Applying the remark of Sec. 6, we can try to
introduce the shell-model effect on level density.
This is important for nuclei near closed shells
and for residual nucleus level density. Indeed,
the residual nucleus is left at rather low excita-
tion energies, where the shell-model effect is
impor tant. "

The only case where it seems worthwhile apply-
ing this correction, is the case of Bi(n, P). This
cross section was measured in several laborato-
ries, so that its value is most likely to be correct,
and the residual nucleus ' 'Pb has Z = 82 and N
=127, that is, it is very close to being doubly
magic. Hence, the value of a, (=27.8) given by
the A/7. 5 (Fermi gas model) law is very different
from the value obtained by slow-neutron measure-
ments, "that is a, =9.5. Indeed, the value of
cross section calculated by formula (1}gives o„„
=4.5 mb, which is much higher than the experi-
mental value o, p

0 85 mb Correcting 0 ] by
multiplying it by (9.5/27. 8)', we obtain cr„„=0.39
mb, which is much closer to the experimental

50—

20— R = e (n, p(exp /~(n, p(cctc
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FIG. 6. Plot of +exp(n, P~/'acmic(n, p) ratio, as a function of mass number A. The vertical bars show in some in-
stances the experimental errors. This figure shows that the discrepancies between calculations and experiments are
of the order of the experimental errors and that the gross behavior of the n value as a function of A is that of a con-
stant, within experimental uncertainty and within the approximations implied by the statistical nature of the model.
This fact is supported also by the markedly peaked histogram of Fig. 5.
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value.
In all other cases the correction is not so im-

portant, and practically not out of experimental
uncertainty.

From the Bi analysis, it does not seem neces-
sary to make a correction to a„ the level density
parameter of compound nucleus. As shown in (8)
the dependence on a, is very strong, o~ I/a, ~, so
that if a, = 9.5 a much greater disagreement than
before is obtained. Therefore, it seems that at
a 20-MeV excitation energy, the shell-model ef-
fect is already diminished.

Figure 8 shows the ratio «,„~(n, P)/«, „,(n, P),
where only the Bi value is corrected for the shell-
model effect. It is here shown that the gross be-
havior of the n value seems to be A-independent,
as the theory predicts, within the rather large
experimental errors and within the approximations
implied in the statistical nature of the model.

It can be concluded that n, p reaction cross sec-
tions are represented by formula (1) within the
experimental errors, with only a few exceptions.
The shell-model corrections to the Fermi gas
model probably contribute to the dispersion of n
values around their average, but probably to a
much lesser extent than the uncertainty in the ex-
perimental values does.

8. LIFETIME OF A SINGLE EXCITON

The value found experimentally for n can now
be used to estimate lifetime v'(u) and mean free
path t of an exciton in nuclear matter, using
formulas (7) and (8) with ~M,«~' instead of

~

M~'.
The value of t has to be interpreted as the

mean free path of a "localized" exciton, whose
wave function is a superposition of quasidegen-
erate single-particle states in the average poten-
tial, and whose position and momentum are suffi-
ciently defined. This is conceptually possible in
the limiting case of nuclear matter: In our ap-
proximations, T and t do not depend on A.

Ratio ~M,«~'/[M ~' has been found to be -0.0035/
0.00033= 10 so that, from formula (7), r,«(u)
=10xv.(u) =10x4.7x10 '"xu„,v'sec, and there-
fore

T,«(u) x u „,v' = 4.7 x 10 "sec Me V'.

The relationship between T,«and a is in general

3 1

2m EF eu

An exciton of energy u= 10 MeV lasts -4.7

x10 "sec. The corresponding mean free path
t=v&&7, with v roughly corresponding to Fermi
energy, is about 30 fm, -4 times larger than the
nuclear radii for the heaviest nuclei. The wave-
length/2«of the nucleons around Fermi energy is
of the same order as the internucleon separation,
and therefore somewhat smaller than the nuclear
radius for A & 100. Owing to the Pauli principle,
T and t are inversely proportional to u'.

One may wonder whether there is some rela-
tionship between T,«and the true lifetime of some
real eigenstates of the nucleus: The answer is that
there is no relationship. Indeed the width F =8/~, ff

represents only the amplitude of mixing of the
single-particle eigenstates (eigenstates of the
Hamiltonian H, associated with the average single-
particle potential) due to the residual two-body
interaction. The true eigenstates of the total
Hamiltonian H, +Vt b dy are different. The eigen-
states of H, represent dynamical states, coherent
superpositions of width I' of the true eigenstates:
The model of pre-equilibrium emission is based
on these dynamical states. Therefore, these con-
siderations cannot be applied to deduce the life-
time of specific states, such as isobaric analog
states, nor the lifetime of residual nucleus, which
could be even for particle emission, when u &

binding energy of particle.
It has been often stressed that the approximate

validity of the shell-model implies long lifetimes
of single-particle states. This is true for very
low excitation only: Indeed we have seen that I'
is proportional to u', and that for u =10 MeV one
has 7,«-—4.7x10 "sec, and hence I'= 1.3 MeV.

9. CONCLUSIONS

The qualitatively successful comparison between
the experimental (n, p) cross sections and the ab-
solute value predicted by the model, together with
the previously found agreement between theory
and experiments for some nuclei as for proton
spectra and excitation function, ' strongly suggest
that the precompound emission as described by
the exciton model is the mechanism through
which (n, P) reactions actually proceed in the en-
ergy range 10-20 MeV for A & 100.

ACKNOW( LEDGMENTS

Thanks are due J. J. Griffin, E. Gadioli, and
M. Blann for useful discussions and criticisms.



ANAL&SIS OF THE TOTAL (n, P) CROSS SECTIONS. . . 1407

*Work performed under the I.N. F.N. —Centro Infor-
mazioni Studi Esperienze collaboration program.

J. J. Griffin, Phys. Rev. Letters 19, 57 (1966)~

2F. C. Williams, Phys. Letters 31B, 184 (1970).
SM. Blann, Phys. Rev. Letters 21, 1357 (1968).
4M. Blann, Phys. Rev. Letters 27, 337 (1971).
5G. D. Harp and J. M. Miller, Phys. Rev. C 3, 1847

{1971).
L. Colli-Milazzo and G. M. Marcazzan-Braga, Phys.

Letters 36B, 447 (1971).
TE. Erba, U. Facchini, and E. Saetta-Menichella,

Nuovo Cimento 22, 1237 (1961).
M. L. Goldberger, Phys. Rev. 74, 1269 (1948).

SK. Kikuchi and M. Kawai, Nuclear Matter and Nuclear
Reactions {North-Holland, Amsterdam, 1968), p. 36;
E. Clementel and C. Villi, Nuovo Cimento 2, 176 (1955);
S. Hayakawa, M. Kawai, and K. Kikuchi, Progr. Theoret.
Phys. (Kyoto) 13, 415 (1955).

T. Ericson, Phil. Mag. Suppl. 9, 425 (1960).
~~U. Facchini and E. Saetta-Menichella, Energia Nucl.

15, 54 (1968).
R. Wilson, The Nucleon-¹cleon Interaction (W'iley,

New York, 1963), p. 96.
3E. Gadioli, private communication.

~4R. Langkau, Z. Naturforsch. 18a, 914 (1963).
~5L. Colli, I. Iori, S. Micheletti, and M. Pignanelli,

Nuovo Czmento 21, 966 {1961).
L. Colli, U. Facchini, I. Iori, G. Marcazzan, and

A. Sona, Nuovo Cimento 7, 400 (1958).
~7J. Csikai, M. Buczko, Z. Body, and A. Demeny, At.

Energy Rev. 7, 93 (1969).
~8V. N. Levkovskii, G. E. Kovelskaya, G. P. Vinitskaya,

V. M. Stepanov, and V. V. Sokolskii, Yadern. Fiz. 8,
7 {1968}[transl. : Soviet J. Nucl. Phys. 8, 4 (1968)];
V. N. Levkovskii, G. P. Vinitskaya, G. E. Kovelskaya,
and V. M. Stepanov, Yadern. Fiz. 10, 44 (1969) ttransl. :
Soviet J. Nucl. Phys. 10, 26 {1970}];V. N. Levkovskii
and P. A. Artemiev, Yadern. Fiz. 13, 923 (1971) ttransl. :
Soviet J. Nucl. Phys. 13, 529 (1971); Wen-Deh Lu,
N. Ranakumar, and R. W. Fink, Phys. Rev. C 1, 358

(1970); S. Lulic, P. Strohal, B. Antolkovic, and C. Paic,
Nucl. Phys. A119, 517 (1968); L. Husain, A. Bari, and

P. K. Kuroda, Phys. Rev. C 1, 1233 (1970); A. K. Hankla,

R. W. Fink, and J. H. Hamilton, Nucl. Phys. A180, 157
(1972); P. Venugopola Rao, R. E. Wood, and J. M. Palms,
Phys. Rev. C 3, 629 (1971); J. K. Temperley, Phys. Rev.
178, 1904 (1969).

A. I indner, Institut fur Kernphysik-Frankfurt Report
EANDC(E) 73 "U" (unpublished).

G. S. Mani, M. A. Melkanoff, I. Iori, Centre h l'En-
ergie Atomique Report No. CEA 2379 (unpublished).

2~A. G. W. Cameron, Can. J. Phys. 36, 1040 (1968).

PHYSICAL REVIEW C VO LUME 6, NUMBER 4 OCTOBER 1972

New High-Spin Isomer 2.3-Day Au and the Au Level Structure*
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In 18-MeV deuteron bombardments of enriched Hg, we have produced a new isomer 2.27
+ 0.05-day Au, which is believed to be analogous to the {h&&yp', i&3~2~}12 isomer in Au.
No p branching is observed in the decay of 9 Au. The isomeric transition is followed by a
cascade of 204.10- and 180.31-keV y rays to a 123-nsec level at 312.10 keV which deexcites
to ground by a sequence of 97.21-keV {E1)and 214.89-keV (E2) transitions. A revised inter-
pretation of the results of earlier (n, y) and (d, py) studies of the 9 Au level structure is pre-
sented and shell-model assignments for the levels populated in the isomeric decay are pro-
posed. It is argued that the El deexcitation of the 123-nsec isomer involves the l-forbidden
single-particle transition {d&~27l, i&&y2v)5 —(ds~p, f5~@)4 .

I. INTRODUCTION

Most of the information now available on the
"'Au level structure has been obtained in exten-
sive neutron-capture y-ray studies. ' ' The level
spectrum, including a negative-parity first excited
state at 55.2 keV, has been established mainly on
the basis of energy sums and transition intensi-
ties. ' A 123-nsec isomer, deexciting by a sequence
of 97.2-keV (EI) and 214.9-keV (E2) transitions,
has been studied in "'Au(d, py) by Bonitz' and in

Au(n, y) by Lobner et al.' Since the latter work-
ers obtained some indication that the isomer de-

excites through the 55.2-keV level, they placed
the 123-nsec level at 367.3 keV, thereby accom-
modating a known primary capture y ray; J' val-
ues of 1' or 3'were inferred.

In "'Au, a 12 isomer, arising from the cou-
pling of an h»» proton and an iysg2 neutron, has
been known for several years. ' ' More recently,
we discovered a 19-h isomer in '~Au, which de-
cays predominantly by P emission to high-spin
levels in ' Hg"; very recent NMR measurements
with oriented ~0 Au nuclei have shown that this
isomer is analogous to the 12 isomer in Au.
In the course of a more detailed investigation of


