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TOTAL AND FISSION CROSS SECTIONS OF23'Np
D. Paya, H. Derrien, A. Fubini, A. Michaudon , P. Ribon
CEA, Saclay, France

Proc. of the Conference on Nuclear Data, Microscopic Cross Sections and

Other Data Basic to Reactors, Paris, 1966. IAEA, Vienna, Austria, 1967, Vol. I, p.128.
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RESONANCE GROUPING STRUCTURE
IN NEUTRON INDUCED SUBTHRESHOLD FISSION OF *°Pu

E. MIGNECO and J. P. THEOBALD

Central Bureau for Nuclear Measuremenis
EURATOM, Geel, Belgium

Nuclear Physics A112 (1968) 603—608.
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An Interpretation of the Structure
of Subthreshold Fission Cross Section of **’Pu

H. WEIGMANN
Central Bureau for Nuclear Measurements, EURATOM, Geel — Belgium

Zeitschrift fiir Physik 214, 7—15 (1968)

STRUCTURE PHENOMENA IN NEAR -BARRIER FISSION REACTIONS

J.E. Lynn
UKAEA Research Group, AERE, Harwell, UK

Proc. of the 2-nd IAEA Symposium on Physics and Chemistry of Fission
IAEA, Vienna, Austria, 1969, p.249.
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DOUBLE - HAMPED FISSION BARRIER
proposed by V.M. Strutinsky
Nuclear Physics A95 (1967) 429, A122 (1968) 1.
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CLASS-| AND CLASS-II STATES

Fission width of the fine structure (class-I) resonances at energies E_;
a-l 2 gl
_ /']" "f
G}'f - 1

E-E)V+,@)

where "C + I 0 G" G® total width of a class-Il states

\/< are typically about 10-100 eV

T, 2ch T, - 2,005 épczp@-l 3
|| | | I

TB - outer barrier transmission TA' inner barrier transmission

~S ~S

U ~- escape (fission) width U ~- spreading (coupling) width
D” I class-Il average level spacing D| I class-l average level spacing

a-| 2,/ 6 - average value of the square coupling matrix element
between class-I level a and class-Il level &/



CLASS-I AND CLASS-II STATES

I .
D" > :G, - very weak coupling
Two alternative coupling schemes are possible:

@ E,>E; (G®< $G’)  The sum rulein this case: /SGH =G

One very broad state (the original class-Il) taking 99% of the sum rule.
This state is unobservable in neutron-induced reactions because of its
small neutron WidthGh . Fine structure resonances - pure class-| states.

Expected properties of the capture o

gamma-rays for the observed fine * U

structure resonances in clusters: /’W‘ /

(1) shape of the gamma-spectra.is
the same as for the other capture
resonances;

(2) capture widths are of the same
value as the ordinary resonances
and distributed according to the
Gaussian statistics.

class-Il background

pure class-| states




CLASS-I AND CLASS-II STATES

b) E,<E; (G® > X%5') The doorway (class-Il) state is mixed into the
fine structure resonances. The following sum
SG;.f =G rule is applied, the sum extends over all states
/' including original doorway (class-Il) state.

Central resonance (C.R.), which is
predominantly class-Il state, carries the
largest fission width

,.'\ .70% class-Il 0 1
"™ G(CR)® (06- 089S &)
: P‘i width© G;".. Expected properties of the capture gamma-

—'J “\‘ rays for observed resonances in clusters:
/ \ (1) shape of the gamma-spectrum for C.R.
- ; should be softer than for the other
E resonances;

(2) capture width of the C.R. should be
smaller than that for the other resonances

since the 2-nd well is ~ 2 MeV shallower than the 1-st well!



NEUTRON RESONANCE CAPTURE INVESTIGATIONS AS A MEANS
OF STUDYING THE COUPLING CONDITIONS IN SUBBARRIER FISSION

H. Weigmann, G. Rohr, T. van der Veen, G. Vanpraet

CBNM, Euratom, Geel, Belgium
RUCA, Antwerp, Belgium

Proceedings of the 2-nd International Symposium on Neutron Capture
Gamma-Ray Spectroscopy and Related Topics, Petten, 1974.
Reactor Centrum Nederland, Petten, 1975, p.673.

Experimental details:
- Neutron capture gamma-ray yield in resonances of 22’Np (40-120 eV)
and 238U (72071 1211 eV)
- TOF: CBNM 55 MeV e-Linac, L=30m, 1.5T 5.5 n/s energy resolution
1.37-1073 at/barn (*3’Np) and 6.3-10-3 at/barn (38U) samples
- 4 C.F¢ liquid scintillator gamma-ray detectors



In the case of very weak coupling, since the 2-nd well is ~ 2 MeV
shallower than the 1-st well,
1) the capture width of the C.R. would be smaller
2) the capture gamma-ray spectrum would be much softer
than for the ordinary class-I resonances.
Using the experimentally observed capture gamma-rays, a ratio

can be calculated R = resonancereafor BiasB?2
resonancereafor BiasBl
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Results of data analysis and conclusion

For biases used B1=0.95 MeV, B2=3.7 MeV (%3’Np) and B1=0.6 MeV, B2=2.4 MeV (%38U),
shape of capturegamma-r ay spectra of C. RINpand#fr
Is the same (not softer!) as those for ordinary resonances (class-| states);

bot

experimentally observed ratios are in full agreement with the assumption that the

C.R. 6s ar e

e s s e nltstatasl dupporpng the assumatsiis

E,>E; (G'< G)



Number of resonances / bin

Evidence for 2nd well 9-decay of subthreshold fission resonances #U

J.C. Browne, LLL, Livermore, USA
Proceedings of the International Conference on the Interaction of Neutrons
with Nuclei, Univ. of Lowell, Mass. July 6-9, 1976, v. I, p. 1402.
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The o-ray spectra for capture
resonances of 238U between 600 eV
and 900 eV measured with a Ge(Li)-
detector. The ratio of o-ray yields
was determined:

2.9_!\_/IeV 4.8_I\_/IeV
Ratio= g lg/ alg
0 2.9MeV

Conclusion: the spectrum of 721.6 eV
resonance exhibits a predominance of
low-energy 2-rays, according with the
assumption that.

E,<E (G'> %)

A class-Il capture width 0. = 3.9 mev
was extracted from the experimental
data.




233U neutron-induced fission cross section for incident neutron energies
between 5 eV and 3.5 MeV

F. C. Difilippo,* R. B. Perez, G. de Saussure, D. K. Olsen, and R. W, Ingle
Qak Ridge National Laboratory, P.O. Box X, Oak Ridge, Tennessee 37830

Phys. Rev. C 21,1980, pp.1400 -1410.

A measurement of the ***U neutron-induced fission cross section has been performed in the neutron energy
range between 5 eV and 3.5 MeV. The favorable signal-to-background ratio and high resolution of this
experiment resulted in the identification of 85 subthreshold fission resonances or clusters of resonances in
the neutron energy region between 5 eV and 200 keV. The fission data below 100 keV are characteristic of
a weak coupling situation between Class 1 and Class II levels. The structure of the fission levels at the 720-
and 1210-eV fission clusters is discussed. There is an apparent enhancement of the fission cross section at
the opening of the 2% neutron inelastic channel in ***U at 45 keV. An enhancement of the subthreshold
fission cross section between 100 and 200 keV has been tentatively interpreted in terms of the presence of a
Class II, partially damped vibrational level. There is a marked structure in the fission cross section above
200 keV up to and including the plateau between 2 and 3.5 MeV.
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EFFECTIVE CAPTURE, o £ 2
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de Saussure et al., Nucl. Sci. Eng. 51 (1975) 385.

Capture

{000 - ~—

(7.8)

500 -

661 (128
TOB3 (22]

6931 (42)
7206 - (1.7}
. 730.t  {0.9)
E'—-— .
== T65.1
:
—
o
|

LL ﬂ%' A

Fission 721.6 eV
300 -

200 - =

100 =

600 650 700 750 800 850 900
NEUTRON ENERGY (eV)



EFFECTIVE CAPTURE

FISSION CROSS SECTION (mb)

o2 bev2

de Saussure et al., Nucl. Sci. Eng. 51 (1975) 385

109
34

1=}
Q
ts]
|

500

120 —

100 —

60

|

I

1140
233

Fission _

1.14

116

| | | [ |
168 1Has  1zn 1245 1273 1299
ar a5 e 252 2B 35
"ry 1267
70 - 29
Capture

1211.3 eV

e b

1.26 1.28 1.30

s = o ollnt oo

118 1.20 1,22 .24
NEUTRON ENERGY (keV)



238 class-Il parameters for the intermediate resonance clusters
721.6 eV and 1211 eV

721.6 eV 1211 eV

(1) (2) ) )

G..(eV) 1.8A10 0.8 3 4.61
G;"..C(eV) 0.89 3 461 1. 8A1a@aA10
H/z'/"(ev) 3.1 3 16 6. BAA®H1O0

For analysis, two alternative interpretations have been used:
(1) E,<Eg orT,al. 2-A3>0r;46 A% @ery weak coupling)
(2) E,>EgorT,a6 A% @<Tzal. 2A(ih@erately weak coupling)

Conclusion: both interpretations give the same value of the total barrier
transmission T=T, A J and without additional information it is
Impossible to distinguish between them.




Resolution of the nature of the coupling in subthreshold fission in 2**U + n

George F. Auchampaugh
Los Alamos National Laboratory, Los Alamos, New Mexico 87545

Gerard de Saussure, David K. Olsen, and Rex W. Ingle
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830

Rafael B. Perez and Roger L. Macklin
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830
and Department of Nuclear Engineering, University of Tennessee, Knoxville, Tennessee 37996

Phys. Rev. C 35,1986, pp.125-129.

The analysis of a recent high-resolution neutron capture measurement at 152 m has provided the
first evidence that the strong fission resonance at 721 eV is a class-II resonance. This conclusion is
based on the measured capture width of 4.7+0.6 meV, which is considerably smaller than the aver-
age capture width of 23.5 meV for the neighboring resonances. Furthermore, after analyzing the
fission widths for the 721- and 1211-eV clusters, we conclude for the J*=1 " fission barrier in 2°U

that the inner barrier is lower than the outer barrier by ~ 1.5 MeV.



Neutron capture measurement on 238U at the ORELA

TOF: 140MeV e-Linac, 40kW, 800Hz
gx,=950ns, L =152m

2% ORELAST, 3000l large liquid scintillator
= capture gamma-ray detector

238- metal sample, 0.64mm, 99.99%
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Capture width was calculated from the expression

G=G(a, e )/(G- a,+2,(e- 1)

a;, a, and U, - fission, capture area and neutron width, respectively, measured
in present (as a,) or some other (as a;, U, ) experiments, U contribution to the
capture a,area from fission gamma-rays. Exact value of Uis not known,

for reasonable range of Uk 0-2 the capture width range is 0,=(6.6 - 3.5) meV.
Final data for resonances near 721eV are given in Table | for U 1.

TABLE 1. Parameters for the resonances near 721 eV,

E, I, a, as I,
(eV) (meV) (meV) (meV) (meV)

721.5 1.794 + 0.034 1.328 + 0.036 0.1070 + 0.0013 4.7+ 0.6°
729.9 1.020 = 0.029 1.019 £ 0.033 0.0063 = 0.0003 -
732.4 1.985 = 0.036 1.956 £ 0.043 -

S H|

Probability to observe capture width of less than 4.7 meV from a normal
distribution with average value 23.5 meV and (1=1.96 (exp.) for s-resonances
(class-)of238U i s P( 4. 7) a 10

Conclusion #1: the 721 eV resonance is not a class-l resonance




If the 721 eV resonance is a class-Il resonance, then is its capture width
U,= 4.7 meV consistent with the theoretical estimates for the class-Il width?

Within a simple statistical theory approach, the relation between the capture
widths for the secondary and primary wells is

E-ad -E
G =(— " ) C%GE; ' = 6.9 meV
’ E- d| a ’ G, ’
where: ET excitation energy (for 238U, E = B,,= 4.8 MeV), U, = U, = 0.69 MeV -

pairing energies, &, = @, = 33.4 MeV i level density parameters, E, I energy

of the second minimum, {', - average capture width of class-| resonances
If the gamma-ray strength is derlved from GDR-model, then Q = 3.7 meV.

Conclusion #2: the value of capture width 4.7 meV for 721 eV resonance
of 238U is consisted with that for the class-Il state at neutron- binding energy.

For the 1211 eV resonance analogous calculations give capture width 0, = 6.6 meV
and the average class-II fission width for two resonances Q = 0.401 meV.

Conclusion #3: for fission barrier in compound-nucleus 23°U with J =1/2*
the inner barrier is lower than the outer barrier by ~1.5 MeV.




ON THE NATURE OF THE 721.6 eV RESONANCE in23%J

A.B Laptev, O.A. Shcherbakov
B.P. Konstantinov Leningrad Nuclear Physics Institute, Gatchina, Russia

Report at the International Workshop on Nuclear Fission
June 17-21, Smolenice, Czechoslovakia, 1991
LNPI Preprint -1712, July 1991

PREFISSION AND CAPTURE GAMMA -RAYS IN NEUTRON
RESONANCES OF233U, 233J AND 23%Pu

O.A. Shcherbakov, A.B Laptev
B.P. Konstantinov Petersburg Nuclear Physics Institute, Gatchina, Russia

Proceedings of the 10-th International Symposium
on Capture Gamma-Ray Spectroscopy and Related Topics,
Santa-Fe, N.M., 30 August-3 September, 1999.
AIP Conference Proceedings, vol. 529, N.Y., 2000, p.710.



Polyethylene + H;BO4 Neutron flight tube

Nal(TI) T detector
@150 x h100

- C¢Dg 1 detectors
@102 x h76

Sample changer

TOF: 1 GeV proton SC-1000, GNEIS,  3“nis0pt, = 10ns, L = 45m,
238 highly enriched (99.996%) me t al s a mp-¥agbarn éhicknass 0
1024 TOF ch x 64 PH ch, neutron energy range 400 eV i 1300 eV



TOF-SPECTRUM OF CAPTURE YIELD FOR 238U BETWEEN 0.2 AND 100 KeV

Neutron energy, keV
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DIFFERENCE PULSE-HEIGHT SPECTRA FOR RESONANCES OF 238U

Res;,1 61 ReSygg3 Res;,1 61 Resggg g
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Difference gamma-spectrum (arb. units)
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