VOLUME 20, NUMBER 24

PHYSICAL REVIEW LETTERS

10 JUNE 1968

SHORT-RANGE INTERMEDIATE STRUCTURE
OBSERVED IN THE 2**Np NEUTRON SUBTHRESHOLD FISSION CROSS SECTION
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The 23"Np nucleus is not fissionable by slow
neutrons, because the fission barrier in 2®¥Np is
650 keV above the neutron binding energy. Nev-
ertheless, the penetration of this fission barrier®
leads to a small subthreshold fission cross sec-

tion which can be measured using the intense neu-

tron sources now available.

The interaction of resonance neutrons with
23"Np has been studied with the Saclay linear ac-
celerator used as a pulsed neutron source, in or-

der to obtain more information on the fission bar-

rier and the mechanism of subthreshold fission
induced by slow neutrons.®? This study has been
undertaken in the same manner as earlier inves-
tigations of 233U ® and #**Pu,* by measuring both
the total and fission cross sections of 2*Np up to
about 4 keV. The overall resolution at 100 eV
was 3.7 nsec/m for transmission and 18 nsec/m
for fission measurements.?>™”

(1) The total cross section is very similar to
those of odd-A nuclei with mass numbers close
to 237. Individual resonances have been analyzed
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FIG. 1. Curve A shows the cumulative sum of the reduced neutron widths 2gI‘n° plotted as a function of E.

Curve B shows, in the same manner, the cumulative sum of the fission widths.
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up to 230 eV using standard methods.®* The cumu-

lative sum of the reduced neutron widths is plot-
ted as a function of E in Fig. 1 (curve A). There
is no evidence of any systematic variation in the
distribution of the resonance parameters either
from this curve in the range 0-125 eV or from
the behavior of the total cross section at higher
energies (up to 4 keV) where broadening of the
experimental resolution prevents a detailed anal-
ysis.

(2) The behavior of the fission cross section is
radically different from that of the total cross
section and of the fission cross section of the
other nuclei studied up to now. Instead of show-
ing a regular pattern, it is composed of high
peaks (which may contain several resonances) at
definite energies: 40, 118, 198, ---, etc. up to
4 keV. There are 17 such peaks (or “structures”)
below 1 keV with a mean level spacing of about
60 eV, which is roughly 100 times greater than
the average level spacing of the compound nucle-
us states observed in transmission. Between the
peaks, the fission cross section is almost too
small to be measured.

Relatively poor resolution limits the analysis
to the fission resonances situated below about 80
eV. The large resonances in the “structure” at
40 eV were resolved and can be analyzed. Out-
side this “structure,” a large number of very
weak fission resonances do not emerge above the
background. It is possible nevertheless to set an
upper limit (Ffmax) on the fission width of these
resonances; arbitrarily, their fission width was
taken equal to 3T yax (With an uncertainty of
3T max)-

The cumulative sum of the fission widths for
all the resonances observed in transmission up
to 80 eV is plotted as a function of energy in Fig.
1 (curve B). Curve B shows a very sharp rise
around 40 eV which corresponds to the energy of
the first “structure” observed in fission. Al-
though the resonances situated between 35 and 45
eV represent only 14% of the total number of res-
onances observed in transmission below 80 eV,
they contribute 90% to the total sum
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The fission-width distribution of all transmis-
sion resonances below 80 eV is plotted in Fig. 2
(curve B). This histogram is clearly inconsis-
tent with one single distribution of an x* family.
It can be fitted (curve D) with the sum of two dis-
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tributions: one having (I's); =0.009 meV and v
=1 (small fission resonances), the other having
(T£)2=0.4 meV and v=1 (large fission resonanc-
es). The parameters of the former distribution
are approximate since only half of the small fis-
sion resonances were actually observed. Never-
theless, the large fission width of the 39.9-eV
resonance is still outside the fit. The ratio of
the populations of the two distributions is 0.18.

It seems, therefore [in contrast to the case® of
239 Py], that these two distributions do not corre-
spond to the two spin states, whose statistical
factor ratio here is 2.

The experimental fission cross section has
been compared with a “simulated” one, calculat-
ed from a set of parameters selected at random
but obeying the usual statistical distributions. In
particular the “simulated” fission width distribu-
tion was assumed to be the same as the one
shown in Fig. 2 (curve D) and described above.
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FIG. 2. Fission width distribution of the resonances
situated below 80 eV. N is the number of resonances
having a value of VT ¢ greater than the abscissa. A, res-
onances actually observed in the fission cross section;
B,C, all the resonances observed in transmission be-
low 80 eV. For the resonances not seen in fission, I
is set equal either to %‘rfmax (curve B) or to T fpax
(curve C). The dashed area is forbidden. D, theoreti-
cal distribution (see the text). Note the change of scale
at VT =10(eV)¥2 and the break between 30 and 80
wev)¥e,
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Both the experimental and the “simulated” fis-
sion cross sections were then averaged with a
rectangular weighting function (10 eV wide) every
10 eV. Between 0 and 160 eV, the variance of
the averaged values of the experimental fission
cross section is three times higher than that of
the “simulated” one. This comparison confirms
the presence of an intermediate structure in the
neutron subthreshold fission cross section of
237Np.

The total cross section does not show any
anomaly at the energies of the peaks or “struc-
tures” observed in fission. For example, curve
A in Fig. 1 varies smoothly through the energies
40 and 118 eV where two “structures” show up in
fission. Therefore, it does not seem that the in-
termediate structure in the fission cross section
can be explained by the formation of the com-
pound nucleus through “doorway states” in the en-
trance channel.” Rather, it appears that only the
coupling of the compound nucleus states to the
fission exit channels is more intense at some dis-
crete energies (40 eV, 118 eV, etc.). Thus, it
seems that only a more thorough understanding
of the fission process can explain this phenome-
non. It has been suggested’® that the compound-
nucleus states could be coupled to intermediate
stationary states situated between the two humps
of a double-humped fission barrier.!* The inter-
mediate structure could then be due to these in-
termediate stationary states acting as “doorway
states” in the fission exit channels. Consequent-
ly, all the large fission resonances belonging to
any of the observed “structures” should have the
same spin and parity as those of the correspond-
ing doorway state. The need to measure the
spins of the resonances in the “structure” at 40
eV is therefore obvious.

We note that the level spacing distribution of
the big peaks observed in fission seems to obey
the Wigner law (one population only) as if they

were all coupled to the same spin and parity.

It would be of great interest also to determine
whether other nuclei (fissile or nonfissile) exhib-
it a similar behavior for the fission channels
which are above the neutron binding energy. Cor-
relations have already been found in 235U 23 that
could be explained by such an effect of intermedi-
ate structure.

Lastly, the intermediate structure observed in
the 2"Np subthreshold fission cross section pre-
sents a minimum at zero neutron energy. This
fact, by itself, explains the low value of the ther-
mal neutron fission cross section?; it is unnec-
essary to appeal to the mechanism of subthresh-
old fission proposed by Rae,? for it does not seem
to apply to ¥"Np.

*On leave of absence from Comitato Nazionale per
I’Energia Nucleare, Via Mazzini 2, Bologna, Italy.

Ip, 1. Hill and J. A. Wheeler, Phys. Rev. 89, 1102
(1953). E. R. Rae, in Proceedings of the Symposium on
the Physics and Chemistry of Fission, Salzburg, 1965
(International Atomic Energy Agency, Vienna, Austria,
1965), Vol. I, p. 187.

SA. Michaudon, Nucl. Phys. 69, 545 (1965).

Y. Derrien et al., in Proceedings of a Conference on
Nuclear Data, Microscopic Cross Sections, and Other
Data Basic for Reactions, Paris, 1966 (International
Atomic Energy Agency, Vienna, Austria, 1967), Vol.
I, p. 195.

’D. Paya et al., in Proceedings of a Conference on
Nuclear Data, Microscopic Cross Sections, and Other
Data Basic for Reactions, Paris, 1966 (International
Atomic Energy Agency, Vienna, Austria, 1967), Vol.
I, p. 128.

°D. Paya et al., J. Phys. 29, Suppl. No. 1, 159 (1968).

D, Paya et al., to be published.

83. Blons et al., Compt. Rend. 262, 79 (1966).

H. Feshbach, A. K. Kerman, and R. H. Lemmer,
Ann, Phys. (N.Y.) 41, 230 (1967).

105, E. Lynn and H. Weigmann, private communication.

1y, M. Strutinsky, Nucl. Phys. 95A, 420 (1967).

12p, Egelstaff, J. Nucl. Energy 7, 35 (1958).

1375



