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ABSTRACT

An interfereonce analysis of tho slow-neutron fisvion crosm-soctions of

U235 and Pu239

was carried out. In Jntorprotinp tho dnta, uge wao made of 7
end total crosn—geat¢on meusgurenonts carried out wwth o pulsod-cyclotron
neutron spoctromster (1, 2).

Using tho cross-soction-anulysis mothod devolopod in (2), tho authors
obtainoed a patisfactory fit betwoon the computed crose-section trends und the
experimontal resulto, Thanks to tho comparatively high spectrometer rosolution
used (O 3 usec/m) it was possible to carry out the analysis in a noutron range

of up to 20 oV for Pua”9 and 8 eV for U235. Information was obtained on the
relative signd of the reduced width amplitudes and the dugreo of interforence
for tho strongly interfering levels. A correlation wus found bstween the

signsg of the amplitudes. The number of effcetively open fission channcls was
239 and 2 for UZBS.

-are drawn with regard to the spins ol several levels of plutonium and tho

found to be in the repion of 1 for Pu Various conclugions
relative spins of the resonances of U‘3% Data werce also obtained on the mean

fission widths of levels with various spins.

Various authors (4, 5) have drawn attention to the fact that a noticeable
resonance asymmetry - absent in the case of radlatlve -capture cross-sections -

235 239

is tv be found in the slow-neutron fission cross-sections of U and Pu
This asymmetry can be accounted for in terms of interference from nearby

resonance levels.

'The idea of a possible interference bgtween resonancestdgfiveé from the
concept of fission as a process which proceeds via a small number of open .
channels. By analyzing the interfercnce effects in the fission cross-sections,
it is possible to arrive at a number of conclusions with regard to the )
mechanism of the reaction and also to ontabllsh the number of channels that
are actually open; in some cases spins can be determined and other luvel

parameters established.

On the basis of the data hitherto available it has been possible ta
compare cross—sectlons w1th interference. formulas only for the flrsb resonance

levels, which has detractcd from the valuo of the information obtalned° In
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the case of tho U232 orosm-soction onalysis doesoribed in (6) and (7), for
example, investigations were corriod out up to o noutron oncrgy of ~ 2.5 oVy
for highor cnergioes, qualitative resﬁlts wore obtainod. The intorforenco
analysis of the Pu239 fission cross-~soction described in (7) only coverod the
firgt two resonance levels and even in this range the results werc not
absolutely certain. The analyscs of the ye33 (radiation and fission) and the
Pyt ($otal) cross-sections described in (8) and (9) cover a somowhat broader

enorgy range.

A detailed study has now been made of the fission and radiative-capture
crogg~scction trends with the‘help of data on m and the total cross-sections
of U230 and Pu?>? obtained with a pulsed-cyclotron neutron spoctrometor (2).
In this way it has becen possible to carry out an interference analysis
covering a broader neutron—onergy range. Details of this analysis are given

below together with a discussion of the results.

Method Used for Cross-Section Analysis

In attempting étrictly to apply the theory of nuclcar reactions to the
analysis of cross—scctions; it is essential to makc a number of simplifications.
In investigations (3) and (10) two mothods of analysis are developed, on the
basis of a matrix-R formalism, applicable to cases of intersecting cross-
sections. We have made use of an approximation, studied in detail- by Vogt
in (3), which takes account of interference between a small number of levels.
The number of channcls effectively opcn is not limited and can be assessed on

the basis of the results of the analysis.

The following considerations can ho adduced in support of this approach.

235 239

Preliminary analysis of the fission cross-secctions of U and Pu show it
to be possible to break down the orosslsections into a number of cnergy ranges
in such a way that the interference between resonances in different ranges is
small. Tt is possible to represent the contribution of ﬁeighbouring groups of
levels as a slowly changing térm in the cross-sections, only taking into
account interferences with a small number of broad and sufficiently strong

levels.

Beducing the number of levels analysed at one time considerably
facilitates the calculations and has practically no effect on the accuracy
of the results. At the same time this method substantially increases the

reliability of the analytical data obtained. -
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In accordance with (3), the scattoring matrix dotormining tho onorgy

distribution of- the cross-scctions can bo writton am followss

T i (p + (P 'c" ) A N ‘?)' "1.'
U;c' = (,o ¢ )Lécc' o fﬁ'(rhc>N(Pk'C')N Akk'1 (1)

L . -
whore (Pho)z is the root of tho obscrved partial width of transition from
level M into channel "C", with thu corrosponding sign (the matriz hag lovols

of ono spin only). Ahh' is obtainod from tho cquation:
=L - @y 1 ' F & |
(& I)M\' = (11';‘ - E)FDAAl - % i E (I‘Ac)”’(l}\'c)"’. : , (2)
where E is the rescnance encrgy of lovel A.

The non-diagonal components of the matmnix (A—;)AA'% which determince the

interference effects in the cross-—scctions, can bo written as follows:

(A

o

-1 i I % & . '

' The paramcter Cos Bt the interference phasc - is linked with the
number of channels participating in the rcaction and with the signs of the

reduced width amplitudes of the levels.

For the sclection of lovel and intorference-phasc paramcters,  simultoncous
use was made of'energy—dobondence data for fission and radiativo-capturc cross—
scetions and the value 1, = vugi. The value of v (numbcr of sccondary ncutrons
por Tission) was assumed to beqconstant for all resonances (of’and o, reproesent
fission and absorption cross-sections, rospcctivoly),

The first step was to analysc the radiation cross—sections: Becausce of
the occurrcnce of a large number of transitions which arc accomparied by the
emission of gamma quanta, it is not possible 1o observe aﬁyuinterforonce
effects in the total radiation cross-sections. Formally this is'described by
the vanishing of the non-diagonal componcnts of the matrix (A—l)xx|._.At the
same timc formula (1) bocomes a sum of terms similer to tho Broit-Wigner

single~level formula.

Wherc the corrections required for the Doppler broadening. of the levels
and spoctfometor resolution are small, rcsonance cnorgics and the total widths
and sigos of thc cross-sections in the resonance peaks can be obtaincd
dircetly from a graphical analysis of the radiation cross—scctions. The

partial (radiation and fission) widths can then be obtained by making o



- -

combined analysis of the fisslon and cupture cross~ﬂoct10nu. This procedure
was adopted in dealing with the cross-sections of U™ 35 in the neutron-onurgy
range of up to 4 eV. EBxperimental dota and an approximution of the radiwtive-
cupture cross~settion in this rangoe are shown iﬁ Pig, 1. BSix resonance levels

were inoluded, account was also taken of the contridution of the level bolow
the binding energy.

At higher neutron enorgies use was made of the method fér,obtaining level
parameters first proposed in (11). Radiation widths are assumed to be constant
for all levels and the fission widths are obtained from the energy dependence
of Nn. Once the contribution of the non-interfering levels is excluded, the
value of L in the centre of the resonance can be stated, with sufficient
accuracy, ato be equivalent to Eil PY was taken to Dbeiequivalent to 0.04 eV
for the Pu239 (12) as well as fgé the U235 levels (in the case of the' latter
isotope, this was based on the results of our cross-section analysis at neutron
energies of up to 4 eV (2)). The values for PAn'were taken from (12). The
inaccuracy caused by lack of knowledge about the spin was small in the case of
o35 (IO = 7/2)3 in the case of pu2? definite spin values were assigned to
all levels included in the analysis.

In most cases the choice of the relative sign of the interference phase
was made by analysing the variation of n as a function of energy. The degree

-of interference (the absolute value of *he pgdse) was asgessed by means of an

-approximate formula, valid for (B, - E)2:>>(%§)2 ;
: ‘1 .
NE =32 a,_+ 2 (0, o0,, )" cos &,, (4)
N AT AT At AT AA .
r
where 0, . = AL g
- 2
- 02T,

The level parameters obtained were used for substitution in equations
(1) and (2). After corrections had been made For Doppler broadening of the
levels and for resolution, the computed results were compared with the

experimental data; .the parameters were correcied where necessary.
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Results of Analysis

Migo. 2, 3 and 4 illustrate threo resonance groups in the U235 fission
croge~soection on which interferonce analyses were carried out, and also the

results of the approximation of the c¢ross-sections.

The group of closely spuced levols in the region of 3 eV (Fig. 2) is the
least controversial one. In the first place; only minor corrections for
resolution and Deoppler effect arec involved and, secondly, there is no uncer—
tainty as a result of the presence of u negative level., The energy dependences
of the fission and radiative—cuptufe cross—-sections in this range also provide
the clearest evidence of the importanco of the interference effects. The diﬁ
in the fission crosséseption curve at around 2.7 eV (Fig. 2) can only he
accounted for in terms of strong "negative" interference of a level below the
binding enefgy and with a resonance at B = 2.80 eV. The asymmetry of the
resonance at E = 3,60 oV leads one to assume that there is a "positive" inter-
ference on the part of this level with the "negative" one. If the experimental
points are compared with calculations which take into account the interference
of these three levels, it is found that the contribution of the resonance to
the cross-section at an energy of 3.13 eV is well described by a single-level

Breit-Wigner formula.

Fig. 3 shows the fission cross-section of pe3d

in a neutron-energy rango
of 4.5 to 6.5 eV. To account for the observel energy dependence of the cross-
section, it is necessary to assume maximum interference of a "negative" level
with a resonance at k.2 eV. Interference with tho 5.5-eV level is less obvious;
however, if this is ignored, the width that has to be assigned to the 6.2-eV

level is too large to fit the cross-section in the region of 4.5 eV,

The energy range up to 2.5 oV has been investigated‘iq detail in (6) and
(7). 1In spite of the very great care cxercised in performing the cross-section
measurements in this range (12), there is coﬁsiderabie uncertainty about the
results of tho analysis because of the proximity of a "strong" negative level.
Sailor (6) obtained the best fit betweon computed and experimental date by
assuming total interference between the 0.3 and 1.15~c¢V levels and inserting
two non-interfering levels at onergies of -0.02 ¢V and -1.45 cV. Vogt (7)
found it sufficient to introduce one interfering negative level (E = —-0,95 eV).
Gordeev (13) postulated onc strong interfering level in the nega;ivq rggion and

total interference of the 0.29-c¥V and 1,15-eV lovels.
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Our measurcments (2) yiel@gdnyesults.that woere somewhat different from
the data quoted in (12) for noqtronsmWith.éﬁéféies of over 1.2 eV, Our
experimental data provida a clear iﬁdication of.étrong'interfcrence botween
the 1,15-0V level and ohe or twov"n@gativo“ levels. The(O.29~éV resonance
can bo reasonably described as ﬁoﬁ—interfcring. Fig: 4 shows thd shape of
this recsonance after subtraction of that part of the cross-section which is
attributable to the contribution of the "negative" and 1.15-eV levels (dotted

line).

. ' . . 2 . .
The interference analysis of the cross-sections of Pu 39 was carried out

in the T ~ 24 eV energy range.

Figs. 5 and 6 show the trend of the fission cpossfsgption.for these
energies. To explain the cross-section risc between resonances, 10.98 and
11.95 eV (dotted line indicates symmetrical part of cross—section), one has
“to-assume maximim intorference of thesc two lovels between one anéthop and

with a broad. resonance at 15.5 ¢V.

The'aﬁalysis of the 14.3 - 14.7 - 15.5 - '17.6 eV group of levels was morc
coﬁplex. The approximafibn:shown in the diagram was obtainecd assuming maximum
interference Dbetween resonances'14;3 - 15.5 - 17.6 ¢V. The strong asymmetry of
the level at 17.6 ¢V can easily be accounted for in terms of interfercence with
the 15.5 eV resonanece. This means postulating identical spins for both levels.
Direct measurement of the spins (14) yielded a value of J = 1 for the ievel at
17.6 eV and O for 14.7 eV. These two resonances cannot therefore interfaﬁe'
with one another. The irrcgularity in thc cenergy dcpendence of 0 ofsefved_at
around 14.5 eV seems to bc due to interfcrence on the parﬁ pf thc.l4;3 and
15.5-¢cV levels; ‘interferencs between resonances 14.3 and 15.5 eV,would be
insufficient to account for this. The spin of level 14.3 must thercfore be
equal to unity. A fﬁrfher point in favour of this aréument'is that it scems
fairly imprpbéblg that two levels could be obsorved at a diétance of less than

1/20 of the average distance for the spin in question, J = 0 (3).

The results of the Pu239 cross—-section anglysis at neutron cenergies up
to '8 eV confirm the data obtained by Vogt (7)s thesc are thorefore not

discussed in the present papcr.

'Table 1 sums up fhe data obtained from our U235 and Pu239 cross—section

ahalyses; ‘Data aré shown for level widths, thé -value of COSu%Ax' and. the
relative signs of the reduced amplitudc: widihs (Pkn Pxf)ﬁ. SRS
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Table 1

7235
A = d Pf PY cos & izli?ivz R~“ e
oV | MeV | MeV | MoV AA! vign maris
1 |-22.0 | 227 {187 r 2
(conventional)
2 |- 0.1
3 0.301 135 99 36 1
4| 1,14|150 |112| 38| cos 8 , =-0.40 & 0.05 - 1
5 2,041 481 10| 381 cos 64.6 =-0.5 + 0.3 . 1
6 2.80 | 200 160. cos 81.6 = 0.40 + 0.05 + 1.2
1 3.13 123 | 19} 44)cos B g. =-0.5 £0.3 1
8| 3.60| 83| 43| 40| cos 8 5 =-0.50 + 0.10 - 1
9 4.84 1 44 4 4 ' el 1.2
10| 5.45| 63| 23 cos 9 o =170 T+ 2
11| 6.20| 300 | 260 cos 8 i, = ~(179+2) - 1.2
12! 6.40} 51| 11 cos 8 . = ~(179+2) . 2
13 T.09 €5 25 . 2
P39
E r Relative .
A oV S J cos 8, amplitude . Remarks
sign
1 0 1 .2
-2 -0.30 0 . 1
3. 7.84F 35| 1 Joos d 5 = ~(179-2) 2
4 1 10,9 81 | 1 |woos 9, o = -(1‘2'1) - e
5| 11 23| 1 Joos 9 5 = (1 *2) - 2
.5 14.3 34, 1 Jeos 8 g = —(1‘9‘5) - 2
7| 14.7 23 | 0 | . 2
N 15.5 1000 | 1 |cos 9 o = ~(1792) . 1.2
. . (conventional)
9 | 17.6 29 - 2.
10 | 22.6 - 49 2
Remarkss: 1. Graﬁhic analysis of cross-scctions
2. Constant radiation-width mcthod
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. .Certain remarks need to be made in connection w1th tho level parametcrs
quoted in Table 1. Interference analyscs provide a rellablc means of deilnlng
the relatlve 51gns of 1ntorferonco ‘phases for strongly intcracting levels. The
existence of a strong "negative" U 235 level made it possible to define relative
amplitude. signé not only for the closely spaced 1cvcl° buu a1502§groughout the

whole range of cnergies up to 8 eV. The amplitude signs for Pu™"7 were obtalnod

by analysing the interference of levels with a broad resonance at 15.5 cV.

t

The spin assignments of the Pu239levels were dotcermined on the basis of
the results of (14) and also by taking interference effects in account
(ncgéfive, 0.3 eV, 14.3 eVAand 15.5 c¢V). Since levols having different momenta
cannot interfere with one another, a valuec of J = 1 must be assigned to tﬁe
14.3 eV, 15.5 eV and negetive resonances. - The value of J = O, assigned to
level 0,3 eV, was dotermined on the basis of the absonce ‘of interforence with
a negative level. While this point is not, strlctly speaklng, absolutely
certain, the fact that maximum interference is found between all levels having

an identical spin (J = 1) makos it extremely likely.

Discussion

Taking account ofiinterference cffects resulves in comparatively‘slight
dlfferences 1n thc valuos of tho level parameters as compared with the data
obtainable w1th certaln conventlonal methods. The analy31s of parameter
distributions, which is dealt with in (15), (1€) and (17), will not thercfore
bo..discussed further in the present paper. Instogdhwe shalllattempt‘tp'qulyse
in greater detail the rcsults of the phase analysis of the interference effeéts.

Tablc 2 gives data for the relative phases of cos SAA’ obtained from our

235

interference analysis of thc U and Pu239 levels, and also various .rosults

obtained from analyses of the éross—soczlon of U233 ana Pu241 (8, 9).

The caseshchosen, in our Qiew, are sueh as to pnable unegquivocal ana lytlcal
results to be 6btained. Account was takern-only of sufficiently closé levels
where mutual interference was strong. A good criterion for the sclection is
thc.value of EEQAL (ratio of +the distance setween intorfering lovels to the

D
average distance between levels of the sams spin). In the case of Pu239 the

o E o
analysis included all ;pairs of levels of the same spin where . ‘%K' < 1l. In
the case of the other isotopes the sSpins of she levels were unknown and

different spin valﬁés were assigned to the ncin-interfering pairs.
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Table 2
. Isbtope Ers Eyn AEAK‘/— cos ¢ Remarks
. ‘ AT EA 5 AR
Pu239 10.9 ~11.9 .25 -1 Presont investigation
14.3 -15.5 0.30 -1 Present investigation
. 15.5 -17.5 He -1 Present investigation
723 2.8 - 3.5 0.48 -0.5 Present investigation
5.45- A, 2 0.50 -1 Present investigation
pe33 L.75- 2.3 0,33 -1 (8).
5.8 - 6.8 0.54 . -1 (8)
9.2 -10.5 0.71 -1 (8)
pp24t C=0.2 -~ 0.3 0.19 -1 (9)
. 4.5 - 6.0 0.56 +1 (9)
6.0 -10.0 1.5 -1 (9)
8.5 - 9.5 0.38 -1 (9)

From normal statistical considerations, it follows uhat cos ©

be equal to zero.

It should be noted that,

P! must

out of 11 palrs of Tresonances

exhibiting a noticeable degree of mutual interference, there is only onc case

where the reduced amplitude signs are identical (cos 3hi‘ > 0), i.e. where the

cross—-section between the resonances decreases.

Leo8 By < 0 (the cross—section between resonances increases).

In the other cases,

One way of

describing this. phenomenon would be to assume, in addition to the spin, the

- presence of a further parameter defining phase shifts of wave fuﬁctions, In

this case, if 1evclo.pxh1b111ng the same valwe for th1s parameter have Wigner—

. type distributions (18), then the overlap between the two Systems oi levels

will result in the predominance of amplitudes of a dlfferont sign for the

nearby levels.

-alternation in the signs of the reducod width amplitudes.

This effect will take place cven if there is an orderod

The results obtalnod

from our analysis would not be at variancc with this as sumptlon°

1n thc case

,of five interfering levels of - U235 (Table 1) thero is a rcguldr alternation

of positive and negatlve values for (P

r‘)2

Although the probability of a

" sequence of this sort oceurring a001dcntdlly is ‘not great (1CoS than 16%), it

is essential,

in order to arrive at definitive conclusions,; to study the

distribution of amplitude signs for a larger number of lovels.
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The very fact that there is noticeable interference is indicative of bthe
small number of open fission chdnnels. Our interference analysis of the
fission cross—section ylelded a value of fc&gﬁg;irl~ 1 for Pu 239, which
corresponds to one effectively upen channel. In the case of U‘~35 the value
obtalned was |cos 9\711 =~ 0,7 and the number of open channels 1s around two,

The f13510n—w1dth dlstllbutlons of the U‘35 239

and Pu levels are also

1ﬁd1cat1ve of a small number of ohannels. Purthermore; ‘an approximation of
the distributions based on Porter-Thomas curves (19) for a different number
of degrees of freedom of v yields wvalues for v in the region of 1 foxr Pu239

(20) and. 2 for U2 (2).

By using the values for spins and T} given in Table 1, it is possible to

obtain average values of f;'for the Pu239 levels with spins of l+ and O+.
* Obviously, the values of 44 MeV for'?; (I = 0) and 156 MeV for'f; (3 =1) can
only be considered as a first approximations; nevertheless they show that on

average the fission width is greater for levels where J = 1.

In the case of U235 no déta are available for determining the spins of
the levels directly. It is;, however, possible, on +the basis of our aﬁalysis,
to break down into two _groups all lewels up to 8 eV, The first is made up of
resonances which interfere with a negative 1eve1 and w1th one another
'(Exs - 2 eV, 1.13 eV, 2.80 eV, 3.60 eV, 5.45 eV and 6.20 eV), the second
includes non-interfering resonances, with EA equal to 0,30 eV, 2.04 eV,

3.14 eV, 4.84 eV, 6.37 eV and 7.09 eV. The level EA ¥ ~ 0.1 was not used

in the interference analysis because of the arbitrariness of the parameter
selection. The natural explanation for this breakdown -is that there mﬁst be
different values for J for the levels in these groups. 7The number of levels
in each group (six and six) would also fit in with an estim&te based on the
expres;%on~NJ~2J+l (where J = Io-i %) and the value of the target-nucleus spin

(IO = 2) for U232, The average values for the fission widths of the two groups

will be I% 160 MeV and Pf = 37 MeV, respectively. The values ‘of T, for U235

°f
are different from those quoted in (2) (116 and 20 MeV). However, it should
be borne in mind that the number of levels averaged out was small (six), and
also that considerable uncertainty attachee to the Porter-Thomas fission-

width-distribution plots contained in (2).

The small number of open channels would fit in well with the concept of

the “quas;—cold“ fissioning nucleus, first puf forward by Bohr (21). This
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investigator suggested $hat tho proﬁébility of fimsion (fission width) might
be strongly dependont on the magnitude of the momentum (spin) of the inter-
mediafe levels. However, in the case of Pu239 the observed spin-dependence
proved to be at variance with that postulated by ﬁho‘%heoryi

This discrepancy can bc obviated by assuming o nogativoipurity in the

239

casa of the Pu nucleus.

The correlation occurring bhetweon signs of the reduced width amplitudes
of the levels (phases) cannot be accounted for in torms of existing nuclcar
" models. This'correlation hay be bound up with the important rolec playod by
single~particle states at medium oxcitation cnergies, 'Clearly,.moro experi-~
- mental data and further theoretical work arc needed.

In conclusion, wc should like to expréés‘our sincere apprceciation for
the valuable assistance we have received from our mathematics colleagues,

S. Borovlev and L.I. Panova, in connection with the analysis of our measuro-

ment data.

Received by printer — 15 April 1963
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