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ABSTRACT 

For neutron-induced fission , intermediate structure in sub­
threshol d-fissioning nuc lides is rel ative ly simple and is thought
to be wel l understood . For suprathreshol d fissioning species, the
existence of strong intermediate structure is more difficul t to
establ ish. There are two reasons : l )  The magnitude of the
observed effects rel ative to that of the expected statistical 
background structure is much less . 2 ) There may be nonstatistical ·
effects in the entrance ( neutron ) channe 1 as we l l  as in the exit 
fission channels. In  this paper, the evidence for intermediate 
structure in suprathreshol d neutron- i nduced fission is reviewed,
and the probl em of extracting quanti tative information from the
data is addressed. I n  the l anguage of doorway-state models  of
neutron capture and of fission , the observed correl ations between
average neutron and fission widths in the unresol ved resonance
region of ( 235u+n ) suggests that a common doorway shou l d  be
considered. 

INTRODUCT ION 

The discoveryl , 2 of intermediate structure in neutron­
induced fission of certain fissionabl e  isotopes provided strong
confi rmation of the importance of she 1 1  correct ions l eading to a
daub le -humped fission barrier. 3 In  the case of fission occur­
ring at excitations below the top of both humps in the barrier
(subthreshol d fission ), the structure is quite pronounced. The
problem was treated theoretical ly by Weigmann4 and Lynn, 5 who
provided a model of the fission process and a formalism to
describe the structure . It  is usual ly assumed that one can repre­
sent motion in the fission degree of freedom by the traversing of
a two-humped one-dimensional potent ia l  barrier : the fissioning
nucl eus initial ly finds itse l f in one of the states in the first
wel l  ( Cl ass I states ) ;  these are coupled through the first barrier
A to states in the second wel l  ( C l ass I I  states }, which are
coupl ed to the continuum through the second barrier B. The fis­
sion components of the wave function correspond to the vibrations
in the first and second wel ls. Cl ass I states are expected to
show re l atively l arge neutron widths and smal l fission widths,
while Cl ass I I  states show smal l neutron widths and l arge fission
wi dths. The coupling between the two gives rise to intermediate
structure . Analysis of subthreshol d fission data6 has been car­
ried out to provide information on the shape of the barrier : The
magnitude of the fl uctuations is re l ated to the barrier coupl i ng
parameters, and the l evel dens i ty of the Cl ass I I  or intermediate
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structure states al l ows one to i nfer the effect ive exc i tati on i n  
the second wel l . In t h i s  connect ion ,  the s i gn i f i cant 
advantages of a pol arized-neutron and po l ari zed-target measurement 
i n  studying i ntermed i ate structure shoul d be noted . For 
( 237Np+n ) ,  Keyworth et a l . 7  showed that each resonance bel ong­
i ng  to an i ntermed i ate-structure cl ump has the same sp in . Th i s  
imp 1 i e s  that such po 1 ar i zat ion measurements can b e  used as a n  add i -
t i onal tool to reveal nonstat i st ical behav ior .  

I NTERMEDIATE STRUCTURE I N  SUPRATHRESHOLD FISSION 

Shortly after the d i scovery of i ntermed i ate structure i n  sub­
threshol d  f i ss ion , nonstat i st ical behav ior was reported in the f i s­
s i on cross sect ions of f i s s i le target nucl i des , i n  part i cul ar 
239pu and 235u .  The ev idence was far l ess conc l u s i ve than that 
for the subthresho l d-f iss i onab l e  target spec ies , however . Th i s  i s  
pr imar i ly because the no i se l evel of  f l uctuat ions ar is ing  from the 
expected stat i st i ca l  processes is re l at i vely much l arger for f i s ­
s i l e  targets . Certa i n  of  the stat i st ical  tests ( e . g . , the u se  of 
ser i al correl ations9 that had seemed to i nd i cate nonstat i st ica l 
behavi or were found to be subject to m i s i nterpretation because of 
end effects and f i n i te s amp l e s i ze . a  On ly for ( 239pu+n ) i n  the 
1 + state (wh i ch is very nearly a case of subthresho l d f i ss ion ) was 
the ev i dence9 for nonstat i st ica l structure in f i ss i on strong 
enough to be genera l ly accepted . Even here , the ev idence is cl ouded 
because of the very marked qual i tat ive d i fference in the s i zes of 
the average o+ and 1 + f i ss ion widths and the strong probab i l i ty 
that sp i n  ass i gnments are not comp l ete l y correct . 1 0  

For ( 235u+n ) , a cons iderab l e amount of structure was observed 
in the f i ss ion cross sect ion , 1 1 - 1 3 but tota l cross sect ion meas­
urements l 4 showed that much of th i s  structure cou l d be exp l a ined 
as fl uctuat ions i n  the entrance channe l , and these were general ly 
assumed to be of stat i st ical or i g i n .  The question i s  not to be 
answered as s impl y as i n  the case of subthreshol d-f i ss ion ing  
spec ies ; i t  i s  requi red that one extract the average f i s s i on 
wi dths . More near ly compl ete data are needed : e ither the tota l , 
scatteri ng,  or absorpt ion (capture ) cross sect ions in add i t  ion to 
f i s s i on .  One must al so cons ider reso l ut ion effects . Denn i s  et 
a l . 1 5  noted that tests based on runs d istr ibutions l 6  and l engths 
of runs 1 7 are to be quest ioned if  the energy step s i ze is compar­
abl e  to the coherence w idth ( i . e .  in suprathresho ld  f i ss ion , to the 
reso l ut ion w idth ) .  Several studies l B-21 have suggested that the · 
structure observed i n  < r f > for ( 235u+n )  i s  nonstat i st i ca l , and
aga i n  po l ar ization measurements22 showed that each of the anoma­
l ous structures has def i n i te spi n .  Beer and Kappe l er23 very 
recently  analyzed the structure in < r f > for ( 235u+n ) to i nfer
propert i es of the deformation potent i al , concl ud i ng that the second 
we l l  i s  s i gn i f i cantly deeper than ear l i er work had i nd i cated . 
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INTERMEDIATE STRUCTURE I N  THE NEUTRON { ENTRANCE ) CHANNEL 

In 1 975 , Perez et al . 24 reported evi dence for intermediate
structure i n  the rad iat i ve capture cross section of 238u .  Very
recently, these and add it ional data obtai ned by a d ifferent experi ­
mental technique , but which showed the same nonstatistical behav­
ior ,  were analyzed by Perez et al , 25 who used a doorway-state
mode 1 26 i n  order · to obtai n  a parameterization of the i ntermedi ate
structure resonances. Perez et al . relied on Monte-Carlo simula­
tions and on two statistical tests, the Wald-Wolfowitz runs
stat istic 1 6 and an autocorrelation test , to check consistency of
their results . _The conclusions reached have far-reaching implica­
tions . If intermediate structure exists and is important in the
entrance neutron channel i n  (238u+n ) ,  then , followi ng Muller and
Rohr27 and Kerouac , 28 i t  should be taken into account for all
the actin ide nucl i des, includi ng the fissile species .  The
analysis22 of the polari zed-neutron and polarized target measure­
ments on the fission of ( 235u+n ) d id  suggest a possibility of
i ntermedi ate structure in the average reduced neutron widths, i n
that the f1 uctuat ions were found to be 1 arger than expected , and
the average fission and reduced neutron widths are correlated ,
rather than slightly anticorrelated as expected from- the models
used to explai n  intermedi ate structure i n  subthreshold fission .  If
further study shows that this is a real effect (not an  artifact of
the analysis ) , then one has evidence of common doorways: the vib­
rational levels in the fission degree of freedom and certai n  of the
few-quasiparticle levels consti tuting entrance channel doorways
have a large overlap . In th is connection ,  the doorway-state model
of fission recently developed by Goldstone and Paul 29 may provide
a clue . This model di ffers from those suggested earlier by
Back30 and by Gl'assel et a1 . 31 i n  that Gol dstone and Paul
recogn ize f irst-well vibrations as fission doorways . At subbarrier
energies these first-well v ibrations are i neffecti ve as fission
doorways , but at energi es above the first barri er this is
no longer the case , and the large vibrat ional amplitudes in the
first well carried by such a doorway may allow the possibilizy of
overlap with entrance channel doorways, thus leading to correlated 
wi dths . 

EXPERIMENTS OF INTEREST 

Three experiments that could illuminate the si tuat ion are sug­
gested . First , i t  would be of i nterest to show what the mechanism
of i ntermediate structure i n  the capture of neutrons by 238u
might be . Perez et al . 25 have assumed i n  their analysis that i t
is structure i n  the p-wave entrance channels . This could be
checked by using the method developed by Corvi et al . 32 ,33 for
ass ign ing p-wave resonances in neutron capture by 238u and 
232Th . The measurement has the addi tional advantage that it in­
creases the sensiti vi ty to i ntermediate structure by separating ·
pos it ive and negati ve par i ty entrance-channel contributions . 



- 30 -

Next, it is crucial to verify the neutron- and fission-channel
correl ation for ( 23Su+n) .  Keyworth found that the gamma-ray
background associated with the pol arization measurement on 235u
was so high that no meaningful data coul d be obtained on the spin­
dependent capture cross section, and the sampl e was too thin to
permit the total cross section to be determined . We feel that the
measurement should be repeated, with the objective of measuring
spin-dependent capture as wel l  as fission yields . 

In the interim, a third experiment, the measurement of sel f­
indication fiss ion yields, might be useful . Fol lowing a suggestion
by · Wei gmann, 34 who hopes to use the technique to rev ea 1 the Cl ass
II state or states in the 40-eV intermediate-structure <:lump in
(237Np+n } fission, one might be abl e  to extract some information
on the correl ation of neutron and fission widths in certain of the
unresol ved structure in ( 235u+n ) by measuring the sel f-shiel ded
fission yiel d with cooled samples . Whil e the analysis of such data
is not as simpl e  as if the data were separated in spin, the meas­
urement wou l d  be rel atively easily done, and could be instructive . 

ACKNOWLEDGEMENTS 

Thanks are due to R. B. Perez of Oak Ridge National Laboratory,
for co11111unicating resul ts of the analyses of intermediate structure
in (238u+n ) capture prior to publ ication and for permission to
show several of the figures contained ; and to P .  D. Gol dstone of
the Los Al amos Scientific Laboratory and J. E. Lynn, UKAEA,
Harwel l ,  for il l uminating discussions .  

REFERENCES 

1 .  E .  Migneco and J . P .  Theobald, Nucl . Phys . Al l 2  ( 1 968} 603 . 
2. D .  Paya , H .  Oerrien, A .  Fubini, A. Michaudon, and P. Ribon,

in "Nucl ear Data for Reactors, 11 IAEA, Vienna ( 1 968), Vol .
I I, p .  1 28 .  

3 . V .  M .  Strutinsky, Nucl . Phys . A95 ( 1 967 ), 420 .  
4 .  H .  Weigmann, Z .  Phys . 214 ( 1 96lff, . 
5 . J .  E .  Lynn, UK Report AtRE-R-5891 ( 1 968) . 
6 .  A .  Michaudon, "Advances in Nucl ear Physics, 11 6 ( 1 973 ) l .  
7 . G .  A. Keyworth, J. R .  Lemley, C .  E .  Ol sen, F .-T. Seibel,  

J. W .  T .  Dabbs, and N. w .  Hil l ,  Phys. Rev . ea ( 1 973)  2362. 
8. R .  B .  Perez, G .  de Saussure, and M .  N. Moore, "Physics and

Chemistry of Fission, 11 IAEA, Vienna ( 1 969 ), 283 .  
9 .  D .  Paya, J .  Bl ons, H .  Derrien, and A .  Michaudon, ibid .,  307 

10 .  G. A. Keyworth and M. S. Moore, 11 Neutron Physics and
Nucl ear Data for Reactors and other Appl ied Purposes,
"OECD, Paris ( 1 978 ) 24 1 .  

1 1 .  B .  H .  Patrick, M.  G .  Sowerby, and M .  G .  Schomberg, J .  Nuc .
Energy 24 ( 1 970 )  269 .  

1 2. J .  R .  Lemley, G .  A. Keyworth, and B .  C .  Diven, Nucl . Sci.
Eng . 43 ( 1 971 )  1 81 . 



- 31 -

1 3 . C .  D .  Bowman , G .  S .  Si dhu , M .  L .  Stel ts,  and J .  C .  Browne 
11Neutron Cross Sect i ons and Technol ogy, 11 CONF-7 1 0301 ( 1 971 ) 
Vol . I I ,  584 . 

1 4 .  K .  H .  Bc)ckhoff and A .  Dufrasne , J .  Nucl . Energy 26 ( 1 972)
91 . 

� 

1 5 .  L .  C .  Denn is, S .  T .  Thornton , and K .  R .  Corde l l ,  Phys . Rev . 
C l9  ( 1 979)  777 .  

1 6 .  A.Wald  and A.  Wol fowi tz ,  Ann . Math . Stat . 22 ( 1 940) 1 51 , 
as adapted by G .  D .  James, Nucl . Phys . Al 70 ( 1971 ) 309 . 

1 7. . Y. Baudi net-Rob i net and C. Mahaux ,  Phys . Rev . C9 ( 1 974 ) 723 .
1 8 .  M. Cao , E . · Mi gneco , and J .  P .  Theobal d ,  Phys. Lett 27B 

( 1 968) 409 . 
----

1 9 .  G. D .  James, G de Saussure , and R .  B .  Perez , Trans . Am.
Nucl . Soc . 1 7  ( 1 973 ) 495 .

20 .  R .  B .  Perez-;-G. d e  Saussure , E .  G .  S i l ver , R .  W .  Ingl e ,  and 
H .  Weaver , Nucl . Sc i . Eng .  55 ( 1 974 ) 203 . 

2 1 E .  Mi gneco , P .  Bons i gnore ,G. Langano , J .  A. Wartena ,  and 
H .  Wei gmann , "Nucl ear Cross Sect ions and Technology, 11  NBS 
Spee . Pub . 425 ( 1 975 )  Vol . I I ,  p. 607 . 

22 . M. S .  Moore , J .  D .  Moses, G .  A. Keyworth , J .  W. T .  Dabbs ,
and N .  W .  Hi l l ,  Phys . Rev . C l8  ( 1 978) 1 328 .

23 . H .  Beer and F .  Kappel er ,-l>hys. Rev . C20 ( 1 979 ) to b e
publ ished .

----

24 . R .  B .  Perez and G .  de Saussure , 11Nucl ear Cross Sections and 
Technol ogy, 1 1  NBS Spee . Pub . 425 ( 1 975)  Vol . I I ,  p. 623 . 

25 .  R .  B .  Perez , G.  de  Saussure , R .  L .  Mack l i n ,  and J .  Halpern , 
Phys . Rev . C20 ( 1 979 ) ,  to be publ i shed . 

26 .  R .  B .  Perez , G .  de Saussure , D .  K .  Olsen , and F .  C .  
D ifi l i ppo , Phys . Rev . C1 7 ( 1 978) 964 . 

27. K. N. MUl l er and G. Ro"'fir'; Nuc. Phys. Al 64 ( 1971 ) 97.
28 .  G. J .  K i rouac , 11Nucl ear Cross Sections and  Techno logy 11 NBS

Spee . Pub l . 425 ( 1 975 ) Vol . I ,  p. 338 .  
29 . P .  D .  Gol dstone and P .  Pau l , Phys. REv . C 18  ( 1 978) 1 733 . 
30 .  B .  B .  Back , Nuc . Phys . A228 ( 1 974) 323 ----
31 . P .  Glassel , H .  R'6sl er ,  and H. J .  Specht , Nuc . Phys. A256

( 1 976) 220 .  
-----

32 . F .  Corv i , G. Rohr , and H .  Wei gmann , "Nucl ear Cross Sect ions 
and Technology, " NBS Spee . Pub . 425 ( 1 975 ) ,  Vol . I I ,  p .  
733 . 

33 . F .  Corv i ,  G .  Pasquar ie l l o ,  and T .  Van der Veen , "Neutron 
Physi cs and Nucl ear Data for Reactors and Other Appl ied 
Purposes, 11 OECD, Par is  ( 1 978) , p .  7 1 2 . 

34 .  H .  Wei gmann , pr i vate co11111un i cat ion ( 1 979)  




