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both Cl and 0 . Expressed in the common coordinate system (xys) we find, via (9), a spin-pair ex-
change

3C~y 80(s~„sg„+s~sgg) + 408~ysgy+ 40(8~„8gg —s~gsg„), (10)

with coefficients in degrees Kelvin.
Further measurements have been made on closely related complexes Cu,OBr,[OP(C,H, ),], and Cu,O-

Cl, (C,H,N), with qualitatively similar findings. Agreement with orbitally degenerate theory can again
be obtained with exchange parameters conforming qualitatively with physical expectations.
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The p-delayed neutron energy spectrum from ' I has been studied with a high-resolu-
tion neutron spectrometer. . The neutron energy distribution is found to exhibit prominent
line structure. The overall shape of the distribution indicates that y-ray emission strong-
ly competes with d-wave neutron emission over a large excitation energy interval. The
line structure is shown to be in general agreement with spin-dependent level-density ce,l-
culations.

Delayed neutron spectrometry is a potentially
fruitful technique for precise level-density mea, -
surements above the neutron binding energy. No
vrork has been reported previously on this sub-
ject because of the difficulty of producing delayed
neutron precursors in sufficient strength, and
the limited energy resolution of most fast neutron
spectrometers. The recent development of a SHe

ionization chamber' with high detection efficiency
and superior energy resolution for fast neutrons,
in combination edith an on-line mass spectrometer,
has permitted the investigation of neutron-emit-
ting energy levels in "'Xe following P decay from

The OSIRIS on-line isotope separator' was used
to separate by mass the fission products from a
~'U sample located near the core of a 1-MV re-
actor. Ions with mass 137 were collected on
magnetic tape and transferred to the remote

neutron spectrometer, giving an initial source
strength of about 3 pCi and a fast neutron count-
ing rate of more than l count/sec. Fresh sam-
ples were collected simultaneously with the mea-
surement and transferred to the counting station
at 60-sec intervals.

The experimental pulse-height distribution is
shown in Fig. 1 for delayed neutrons emitted
from excited levels in '"Xe. The prominent line
structure seems to suggest neutron emission
from widely spaced levels, particularly towards
the low-energy end of the spectrum. An interpre-
tation of the structure as arising from statistical
fluctuations would appear to be less probable.
Analysis of the pulse-height distribution in terms
of the energy-dependent spectrometer response
function gives the individual energy components,
shown in Fig. 1 by vertical lines with appropriate
relative amplitudes. Two series of peaks are
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FIG. l. Experimental pulse-height distribution of
delayed neutrons from ' Xe. Error bars on data in-
dicate statistical uncertainty. Solid curve is suml of
energy-dependent r6sponse filQctions, whose energy
and relative amplitudes are shown as vertical lines.

evident in the experimental spectrum. The most
prominent series occurs at neutron energies 270,
380, 488, 570, 685, 756, 863, 965, and 1140 keV,
and many of the lower-energy peaks are widely
spread and remarkably well defined. A second
series of peaks with much lower intensity can be
seen at energies 155, 325, 425, and 460 keV and
a large number of higher values. The overall
average intensity distribution can be described

Rs 11sing rRpldly to R maximum Rt 350—400 keVq
followed by a gradual reduction in intensity with
increasing energy up to about 1300 keV.

The energy resolution of the spectrometer was
30 keV full width at half-maximum for neutrons
up to 1500 keV, and the experimental widths of
the peaks at 270, 380, and 863 keV are vexy
close to this value. The other prominent peaks
are broadened or asymmetrical, suggesting the
presence of two or more closely spaced neutron-
emitting levels.

In this Letter we shall discuss both the general
shape of the neutron energy distribution and its
fine structure. The diagrammatic energy-level
scheme shown 1n Pig. 2 1nd1cRtes thRt the shRpe
of the spectrum is determined by the probability
of populating levels in R given energy rRnge ln
'"Xe coupled to the probability that these levels
will decay by neutron emission to the ground
stRte of Xe. The first excited state of Xe 1s
at 1.32 MeV and will hardly be attainable judging
from the estimated Qz value of '"I and neutron
binding energy of 3'Xe.

The '"Xe level population density can be writ-
ten

+(E)dE= const Q (M~, ('

xg(Z+1,@s -E)p~, (&)dE, (1)

vrhere M~„ is' the matrix element for the transi-
tion to a level of spin 7 and parity m, and f is the
Fermi function. p~, (E) is the density of levels of
p' J d p ty

-8
n

~34 MeV

~n=

4 45 Ivlev

FIG. 2. Energy-level diagram for P-delayed neutron emission from '3 Xe.
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Following Jahnsen, Pappas, and Tunaal~ we
assume that CMt' is independent of energy, but
changes by about 2 orders of magnitude from al-
lowed to first-forbidden P transitions. An alter-
native approach, in which IMI2p is assumed to be
independent of energy, has been suggested by the
decay of heavy neutron-deficient nuclei to highly
excited daughter states' and in delayed proton
emission. ' However, the applicability of these
results to the case of heavy neutron-rich nuclei
ls fRx' from obvious, ln view of the vex'y different
energy relationship between the isobaric analog
state and the neutron-emitting levels. Indeed,
recent measurements' indicate that the pxoduct
IMI p increases with energy for neutron-rich
nuclei, although usually not as rapidly as the
level density.

%6 replaced the Fermi function by the approxi-
mation (Qs -E)' and employed the Fermi gas mod-
el' to obtain a level-density expression of the
form

p(U) =hp'~'g '~U '~'exp(24aU), (2)

where p(U) is the total level density at an excita-
tion U above the degenerate level.

With the assumption of an energy-independent
IMI, the level population density ~(E) is a smooth
function, rising from zero at the paring energy
Pg)+P(N) to a maximum value, and decreasing
to zero at the energy Qs. Blatt and Weisskopf'
suggested a value of 9 MeV ' for the level-density
parameter g, although more recently" a value
closer to I5.5 MeV ' has been proposed. A pre-
diction" by semiempirical shell-correction sys-
tematics gives an intermediate value of j.3 MeV '
for this parameter. However, in no case can the
observed maximum neutron intensity at energy
4.85 MeV (B„+0.38 MeV) be attributed to the
maximum in the level population density, which
occurs between 2.8 and 3.4 MeV for values of a
in the range 9 to 15.5 MeV '.

Allowed p transitions from the a7' ground state
of "'I can lead to 4-wave neutron emission from

levels Rnd g-wave Qeutlon emission from +7,
, ' levels in '"Xe. Competition by y emission is
expected' to be severe for neutrons up to 300-400
keV in the former case, and up to much higher
energies in the latter case. Consequently we con-
clude thRt the shRx'p drop ln 1Qtenslty of neutx'ons
below 250 keV is due to y competition, rather
than to the energy dependence of the level popula-
tion density.

Sevexal spin-dependent level-density expres-
sions have been developed, "'"giving the frac-

tion of the states with spin J. We have adopted
Ericson's fox m,

2m+1, z(@+1)
p(Z, Z)=

( „,,p(E, )exp—

together with a value" of 4 for the spi.n cutoff
parameter o. Combining Egs. (2) and (3), assum-
ing equal probabilities for states with even and
odd parity, ' and employing the value of 9 MeV
for the parameter a, we obtain an average sepa-
ration for —,'+ levels in '"Xe ranging fxom 133 to
27 keV, over the neutron energy range from 0 to
I.34 MeV. These figures agree well with the ob-
served neutron energy distribution, and provide
R measure of suppox't fol the 1QltlRl 1Qtelplet8-
tloQ of Qeutx'on emission from lndlvldual widely
spaced levels,

In summary, the p-delayed neutron energy spec-
trum from "'I has been determined, and the max.-
imum observed energy of about 1300 keV is in
agreement with the Qs and B„val ues. The sharp
falloff in neutron intensity below 300 keV is
shown to be due to y competition and not to the
shape of the P strength function. A series of
pxominent peaks in the spectrum is interpreted
as allowed P decay to —,

'+ levels in '"Xe, followed
by d-wave neutron emission to the ground state
of "'Xe. A second series of peaks with lower
intensity is interpreted as first-forbidden P de-
cay to —,

' levels in '"Xe, followed by p-wave neu-
tron emission. Level spacings are compatible
with simplified calculations using the Fermi gas
model of the nucleus.

It should be pointed out that the remarkably low
density of neutron-emitting levels in '3'Xe is
pxobably due to a combination of factors. With
only one neutron outside a closed shell, both the
level density parameter and the neutron binding
energy have low values. Furthermore, because
of the high spin value of '"I, the transition rules
for allowed P decay and the dependence of y com-
petition on neutron wave number, only —,

"levels
contribute effectively to neutron emission. It is
hardly to be expected that other delayed neutron
emitters will show this combination of factors,
and consequently they will tend to exhibit more
complex or even continuous neutron energy spec-
trR.

%6 are indebted to J, M. Cuttler for assistance
in measuring the spectrometer response function
and analyzing the pulse-height spectrum into its
energy components. Y. Dagan, Z. Fishelson,
S. Greenberger, and D. Barak contributed to the
development of the spectrometer and data analy-



VOLUME 28, NUMBER 11 PHY SISAL RKVIKW LKTTKRS 1$ MARcH 1972

sis techniques. The expert technical assistance
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fully acknowledged.
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The validity of Strutinsky s theory of renormalization is examined by comparing its
predictions with those of a Hartree-Fock (HF) calculation for the nucleus 32S. Very good
agreement is obtained if the single-particle states from the HF calculation are used in
the Strutinsky calculation. For a conventional Strutinsky calculation using a phenomeno-
logical ¹ilsson potential, agreement with HF results is not as good. The latter agree-
ment is improved if one treats the quadrupole moment of the density rather than that of
the average potential as the independent variable.

Recently, a theory of renormalization to take
into account the effects of shells on the deforma-
tion energy has been proposed by Strutinsky. "
The theory has since been adopted in a number of
calculations of nuclear structure throughout the
periodic table. ' '

In essence the theory of renormalization postu-
lates that the total energy of a system is given as
in the liquid-drop model but with a correction
term which can be derived in a prescribed way
from the single-particle spectrum of the average
field. As a result, relative equilibrium minima
are correlated with the presence of generalized
"sheIIs. " The validity of such an approach has
been discussed in great detail in terms of fluc-
tuations in density, in quadrupole moments, and
in the forces acting at the equilibrium deforma-
tion. '

. Here we wish to examine the validity of

the theory by comparing its predictions with
those of a Hartree-Fock (HF) calculation.

Previous work along similar lines has been
undertaken by Bassichis et a/. 'who did a HF cal-
culation for '"Ru and '"Xe. They obtain a quali-
tative correlation between the HF results and the
results from a calculation with renormalization
(henceforth called a, Strutinsky calculation). How-
ever, in their work the comparison of the HF and
Strutinsky calculations is made difficult by the
complexity of the single-particle spectrum.
Further, in interpreting their results, an am-
biguity arises in extracting the smooth part of
the liquid-drop deformation energy ELD from the
HF results. The latter is accomplished with a
free-hand drawing through and around the calcu-
lated points.

It is simpIer and more constructive to 1ook at
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