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A Review

Abstract

Some of the characteristics of neutron and gamma emission in fission are

reviewed. Recent measurements of the average number of neutrons as a function of

fragment masses m and total kinetic energy Ek show distinctive differences with

previous ones. The reasons for these discrepancies are analyzed and it is shown that,
at present, the use of large neutron detectors yields safer results than that of
small neutron detectors. The energy necessary for the emission of one additional

* .
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neutron is discussed and shown to be of the order of 8 MeV, in the case of the
‘spontaneous fission. This iﬁcludes the effect of the obser&ed correlation between
neutron multiplicity and total Y ray energy. This correlation cannot be explained on
the basis of neutron binding energy variations alone and is interpreted as an effect
of the spins of the fragments. ‘

The gross features of the Y ray emission by fission fragments (time, energy,
angular distributions)_are summarized; These features appear to be in agreement with
a statistical de—excit@tion of the fragments provided angular momentum effects are
suitably taken into account. |

The variances of the excitation energies of the fission fragments as a function
of m and Ek are obtained from the observation of neutron number distributions. Here
again it is shown that, at present, the use of large neutron detector is the safer
technique. The knowledge of these variances allow an improved estimation of the
difference between the total energy release in fission and the minimum potential
energy of the scission configuration. This difference is found to berat most of the’

2520f of spontaneous fission.

order of T MeV in the
One of the basic assumptions of the "fission band" model of W. Narembérg(hl).is

strongly supported by the observation of 1.7 MeV differencé in the total kinetic

energy of fissiOns_giving rise to odd Z-odd Z and even Z-even Z pairs of fragments.

This model also accounts for many of the aspects of the neutron and Y emission in

fission.
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Introduction

Rather than being a general survey of all experimental evidence on the
neutron and gamms emission in the fission process, this paper will focus on some
of the recent'detailed measurements relafive to this subject. In the first
section we shall examine the average neutron numbers as measured as a function
of both mass apd kinetic energy of the fission fragments. Although recent
measurements do not show new qualitative features they quantitatively differ
from previous ones, especiglly with respect to the value 6f the energy carried
away per neutron. The disagreement may be traced to different experiméntal'
approaches; one set of experiments makes use of low efficiency plastic
scintillators and the other of high efficiency loaded liquid scintillators. We
shall discuss the relativé advantages and drawbacks of thesé two techniques.

In the second section we shall examine some of the deﬁailgd measurements of
gama~ray energy, gamma—ray multiplicity and gamma-ray angulér anisotropy which
have been carried out as a function of the energy, mass or charges of the
fragments. Combiring the neutron, gamma and fragﬁents kinetic energy measurements
the'measured energy release in fission can be compared with predictions of mass
tables. We shall present evidence of even-odd effects when thé neutron, gaﬁma
emission and the fragments kinetic energies are measured as a function of the
charges of the frégments. We conclude this section with a discussion of the
angﬁlarvmomenta'of the fragments. In the third section we shall discuss the
defailed measurements of the variances of the neutron number distribution in
view of the large discrepancies observed between the results obtained in experi-
ments using low efficiency and high efficiency neufron detectors, respectively.

_ -
We show how the variances of neutron number can be transformedbinto variances of

the excitation energies of the fragments. In the last section we shall discuss the
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significance of the even-odd effects and the possible use of the variance

measurements for testing different theories of fission.

I. Variations of the average neutron number as a function of mass and kinetic
energy of the fission fragments

At the time of the Salzburg conference most of our knowledge of the

average neutron number variations as a function of mass and kinetic energy of

the fragments were obtained using low efficiency neutron detectors(lf2’3), with

(L)

the noticeable exception of the measurement made by Whetstone on the

Californium spontaneous fission. In an effort to resolve the existing

discrepancies between some of those experiments in the case of the neutron induced

(5) ' (6)

fission of U236, Maslin et al. and Boldeman et al. used a large gadolinium

loaded scintillator as a high efficiency neutron detector. On the other hand,

(1)

we have obtéined

252

the neutron number distributions in the spontaneous fission

of Cf and, thereby, their first moments; our results are to be compared to

(3) (1)

those of S. L. Whetstone and H. R. Bowman et al. Figure 1 shows the vari-
ations of the average.neutron number me) as a function of the mass of the
fragments as obtained in thesé experiments. Although the general trends of the
representative curves ka) are similar.in all measurements, quantitative
discrepanéies as high as 30% can be noticed on the figure;‘ The situation is
hardly better when one considers the variations of the avgrage neutron number GKEk)
as a function of total kinetic energies of the fragments as cén be seen on Fig. 2
where the results obtained by H. R. Bowman gﬁ_gl.(l), S. G. Whetstone(3), and

ourselves are compared. This situation gives rise to a wide range of values of

the energy carried away per neutron from the 6.6 MeV/n advocated by H. R.
. =4
Bowman g}_g&,(l) to the 18.5 MeV/n claimed by E. E. Maslin.()) The origin of

these discrepancies seems to rest mostly in the different methods used to take

74

'S
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into account the following factors:

— The assumed geometrical efficiency of the detector ﬁhich deéends, some-
times critically, on the assumptions made regarding the neutron energies and angular
distributions

—— The efficiency of detection of neutrons penetrating the detector

— The energy and mass resolution and possible asymmetry of the fission
fragments detectiqn system

— For the large 1iquid scintillator, the dead—time corrections and the
possible multiple firing of the>phototubes

—— The recoil correction which has to be used for the determination of the
masses and kinetic energy of the fragments. This correction has recently been

(8)

studied in detail by A. Gavron and found to be most sensitive for small

efficiency detectors.

(9)

As shown by Terrell the low efficiency neutron detector experiments are much
more sensitive to the first two factors. For example, the use of the super-
position‘of two Maxwellian shapes for the center of mass neutron enefgy spectrum
increases the‘number 6f neutrons measured in the direction of the emitting
fragment by 10% as compared to the value obtained with only one Maxwellian
distribution. If the detector subtends an angle of 90° the increase is reduced
to 0.4%. When a large liquid scintillator is used in a L4m geometry to measure
total humber of neutronsvthe efficiency problem is obviously minimized, being
reduced to the question of neutron detection efficiency. Monte-Carlo simulations
have shown that, es expected, this last quantity is itself almost insensitive to
center of mass energy spectra provided ﬁhe rgdius of»the detector is greater than

!
approximately 30 cms. It, therefore, aﬁpears that, provided the last two factors
. | |

of possible systematic errors could be éatisfactorily dealt with, the total
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number of neutrons measurements carried out with large U detectors should be
used to check the moréferror-prone detenminations of average number of neutrons

2)

emitted per fragment. It has been pointed Qut by Fraser( :that neutron

evaporation could iead to a non-colinearity of the fragments paths. This 1aék

of colinéarity coﬁld'cause an unwﬁnted selectivity in the detéction of the

fragments in double time of flight or doubie energy exﬁeriﬁents. This effect

can be overridden by using én asymmetricél disposition ofvthé fragments.detector
with respect to the fission source. This condition is espeéiélly easy to fulfiil

by measurements of.the total number of neutrons where thé fission fragments direction
needs not be defined, thereby allowing for a compact source-fragment detector
geometry. Such a gedmetry has the additional advantage of increased signal to
background ratio. As far as mass and energy resolutions are concerned the
performances obtained with the most widely used double-energy‘technique pré&ide

mass and energy resolution of around 4 a.m.u. and 2 MeV, respectively (FWHM).

These figures are small enough coﬁpared to the physiéal widths of the structures
appearing in the fission process to allow é satisfactory corréction forlresolu-

tion effects. This is in contrast with the situation in the pionéering work(l’3)
in this field where‘experimental energy widths as high as 20 MeV were estimafed.

(8)

A. Gavrbn has recently shown that the very fact fhgt 8 ngutron is
.detected in a preferential direction requires that the masséS'and kinetic energies
of the fragments be corrected for recoil effects. This recoil correction appears
to be especially important when the kinetic energy dependance of neutron numbers ‘
is studied. The maghitude of this correction is shown in Fig. 3 and appears to
be able to account for moét of the differences observed ﬁetweén the high and low

efficiency measurements. In 4w neutron counting this correction does not exist

and in the high efficiency 27 measurements it is drastically reduced.

=
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It is outside the scope of this paper to go into détails about dead-time
corrections and optimization of thé large liquid scintillatoré operation. We found
it most satisfactory in our work to use the following conditions: (1) a 200 nsec
fixed dead-time, (2) low voltages on the phototubes, and (3) summation of the pulses
of the phototubes after equalization of their gain. As pointed out by several authors(lo’ll)
it is'possible to confirm that the dead-time and background corrections have been made
properly and that the detector worked correctly. Let Vv and 02(v) be the mean value
and the variance of the neutron number distribution of the source. Let g and 02(q)

the same quantities relative to the distribution obtained after correction of the

experimental one for background and dead-time but before the efficiency correction.

Let € be .the efficiency of the detector. Then

q = €v
and (1.1)
o°(q) = €° o2(v) + (1 -€) v
Substituting for €
= (1.2)

02(92 _ 025\)) _
e N

Q| {H-
<| i~

The first member of equation (2) must then be independent of the efficiency
of.the neutron detector. - Figure 4 shows to whaf extent this condition can be realized
in an acﬁual system. It is fulfilled for efficiencies lower than 80%. TFor higher
efficiencies the influence of afterpulses in the phototubes and of muitiple—firing
of the discriminators starts to be felt. It is noteworthy thgt the observed

invariance of expression (2) is an indication that delayed gamma-rays
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from the fission fragments do not impair the measurements. In a more detailed check
of the operational and correction procedures in the total number of neutrons
méasurements we found that the results obtained for the values of both the means
Gf(m,Ek) and the variances of 02(vT: m Ek) of the neutron number distribution
measured as a function of the mass and total kinetic energy of the fragments agreedk
.wifhin statistical accuracy for tﬁo exﬁeriments where the detectors efficiency were
80% and ‘55%, fespectively. Finally, an indepeﬁdent check of the validity of the

measurements of total number of neutrons with U4m high efficiency liquid scintillators

(12)

is provided by the agreement between those measurements and those recently carried
out with 3He counters placed in a paraffin moderator. This rather lengthy
Justification of the ﬁse of large neutron detectors for ﬁeasurements of total number
of neutrons was felt useful in view of recent doubts(l3) which have been raised in
their behalf. In particular, it has been argued that these experiments gave
unreasonably high wvalues of the energy necessary to emit one additional neutron. The

variation of the average total of neutrons emitted by both.fragments as a function of

their total kinetic enefgy is very nearly linear. The inverse of the slope of this

av -1 : , ‘ :
variation < > has been found to be 16.7 MeV/neutron by J. N. Boldeman gﬁ_gl.(6)
k ' : ' :
in the thermal neutron induced fission of 36U and, by us, to be 13.0 MeV/neutron in
) [
“the case of the spontaneous fission of 2520f. However, these quantities should not be

interpreted as the energy necessary for a given pair of fragments to emit one more
neutron. This is mostly because different mass distributions are obtained for

different total kinetic energies. The argument can be put on a more quantitative

basis with the help of relations similar to those,alreédy used by Terrell.(g) First,

av

the slope < > can be expressed as a function of the variande 02(Ek) of the total

K
kinetic energy and of the co-variance of Vi and Ek

\'lf}

ek,
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av (v, ,E ) _
< ==t - (1.3)

iy 02(Ek)

Then, up to first order in the variations of Ek and vT as a function-of

fragments masses the over all co-variance C(VT,Ek) can be expressed as a function

: m) of v, and E

of the mass averaged value of the conditional co-variances C(vT,E o .

k

for a fixed mass by

dEk

C(vT,Ek) =< EEI' el Oz(m) + C(vT,Ek: m) | (I.4)
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Due to the small variation of‘VT as a function of m the first term of

the second member of equation (4) can be neglected so that

c(v

) = chT,Ek:m5 (1.5)

T’Ek

A relation similar to equation (3) holds between quantities measured

at a fixed mass ratio of the two fragments so that

g

T 2
im) = (== ) : .
C(V By im) E, w 0" (E, :m) (1.6)
‘ : » dvT
Assuming a negligible correlation between the values of (EE—- )m and
v k
GE(Ek:m) for different mass values, one can then write that
2
Gy -1 LY -1 0°(E_:m)
T - T k
(', =¢{F 5 (1.7)
k O X o (E, )
252

In the case of Cf using resolution corrected values of o(Ek:m) = 9.2 MeV

and 0(E, ) = 11.33 MeV one obtains an approximate value of

k
dvT -1
(EE—- )m = 8.6 MeV/neutron

-

This figure can be considered to be a determination of the energy
necessary to emit one additional neutron and can be compared with estimates
‘based on neutron binding energies, kinetic energies and, as will be seen later,

on gemma-neutron competition. We shall make this comparison in the
‘ d -1 :
next section using the more detailed values of <5E2- )m computed for each mass
k

of the heavy fragment. Figure 5 shows the result of this comparison.
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As compared with total number of neutrons measurements the study of neutron
emission by each irdividual fragment presents the added difficulty of detector
efficiency variations with the angular and energy distributions of the neutrons.

We shall assume that the fission events are sorted out according to the mass m
of the f;agment flying towards the neutron detector and to the total kinetic
energy EkgOf the two complementary fragments. The average number of detected

neutrons for a glven fission configuration is then equal fo
-q(m",Ek) = e(m,’Ek) v(m,E ) + r(M - m,E, ) v(M - m,E, ) (1.8)

where V (m,E, ) and v (M - m,Ek) are the average number of neutrons emitted by the

k
fragments moving towards and away from the neutron detector, respectively.

dm;Ek) and - r(M - m,Ek) are the probabilities of detection of these neutrons.
A similar relation holds when the fragment of mass M - m moves towards the

detector, namely

EKM - m,Ek) = gM - m,Ek) V(M - m,Ek) + r(m,Ek) ka,Ek) | (1.9)

Provided the set of forward and backward efficiencies E(m,Ek) and
r(m,Ek) the average numbers of neutrons emifted per individual fragment GYm,Ek)
‘can be obtained. The sets of efficienciesvcan be computed by means of a Monte-
Carlo:simulation.(lh) They depend on the fragment velocity and the center of mass
neutron energy spectrum. We have already noticed that, in the case of large
neutron detectors, the forward efficiencies were not sensitive to the assumption
made for the center of mass neutron energy distribution. However, in this case,
the ratio of the backward to the forward efficiencies can be as high as 20% and

the quantities r(m,E cannot, by any means, be neglectéd. We have found that

)
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the efficiencies provided by the Monte;Caflo simulation were slightly but
consistently overestiméted By 2 to 3%. Thus, a constant normalizafion factor was
applied to them so that the over all average total number of peutrons per fission
could be reproduced. |

The values of the average neutron numbers per fragments ka,Ek) were found to
vary by less than 2% over their eﬂtire range when two diffefent assumptions weré made
on the neutron spectra; in one casevwe assumed & constant temperature Maxwellian
spectrum, and in the.othér we used the actual spectra as determined by H. R.
Bowman gz_gi.(l) The sum ;(m,Ek)_+ V(M - m,Ek) of the average neutron numbers emitted
by two compleméntary'fragments should be equal to the average total neutron numbers
G&(m,Ek) as determined in the Um geometry experiments. This agreement was obtained

(3) (5)

by Whetstone, Maslin éE.Ei‘ In our experiment the agreement is better than 2%
for the all range of masses and kinetic-enérgies. This seemé to be a good check of
the efficiéncy correction procedure.

Up to now wevhave not considered the possible existepce of an isotropic
component in the neutron angular distribution. This cénponent has been first

suggested by Skarsvag g}hgi.,(lS) Fraser gz_gi.,(Q) and Kapoor gglgk.(l6)

it is
shown in Appendix I that in the case of a large detector subtending a 90° angle from
the neutron source and.assuming a constant detection efficiency for all neutrons
entering the detector, the neglect of the isotropic component is equivalent to its
.sharing in equal parts between the two fragments. On the contrary, with a small

neutron detector, the sharing will depend on the fragments and neutron velocities.

This could give rise to differences between the results of the two types of measure-

ment of up to 5%.

/

. The variations of the average number of neutrons emitted by complementary

fragments of selected masses as & function of their total kinetic energy Ek are
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shown on Fig. 6. It can be seen that, while the variations of the total number
of neutrons with Ek'are very nearly linear, this is not so for the number of

neutrons emitted by one of the fragments. Thereby, for a given mass split, the
fraction of excitatinn energy taken up by one of the fragments cannot be held as

constant.

II. Gamma~-ray emission and energy balance in fission

The emission of gamma rays by fission fragments is not as well known as
their neutron emission. This is the consequence of several experimental
difficulties:

— The need to discriminate between fission Y rays and y rays prdduced
following neutron capture or inelastic scattering

— The time-distribution of fission Y rays which covers a wide range from
less than 10'1ls to sevéral microseconds. This circumstance makes difficult
the cbmpafison between experiments using different arrangements

— The moderate amount of anisotropy in the angular distribution of the
fission Y rays, which makes it much more difficult to measure the relative share
of éach fragment in the Y emission than it is in the case of neutronms.
The first difficulty is usually overcome by the conjunction of a time diécrimination
between the gamma rays originating from the fission fragments and those produced
in neutron capture or inelastic reactions and a careful collimation of the y ray
beam. For total gamma ray energy measurements, large liquid scintillators of the type
described in Sec. I can also be used‘with the advantage of a very high efficiency;
in this case a satisfactory correction for neutron pérasitic éffects can be.made5

(17)

provided a simultaneous measurement of neutron multiplicity.
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To deal with the two last difficulties a knowledge of both distribution
in time and angular distribution of the fission Y rays is needed. In the

following we first summarize this knowledge.

IT.1. Angular distribution of fission Y rays

There are two causes of anisotropy in the fission Yy rays angular
distribution. The first one is a Doppler effect similar to what is obserVed in
the neutron case. An isotropic distribution of Y rays in the fragment referential

will give rise to a distribution in the laboratory system of the form:

W (8) = W _(1 + (2 + 1) -‘cicose) | (11.1)

where v is the veloéity of the fragment, c the velocity of iight, 0 the angle
_ with respect to the frégmentvdirection and r a smail correction term accounting
for the change in energy of the Yy rays. This Doppler anisotropy obviously
disappears when the twd fragments.are not distinguiéhed by the experimental set
up or when they afe_sfopped before the Y emission takes place. On the other
hand, it can _be used to detefmine the share taken by each of the two complementary

fragments(18’l9) |

dependence of that emission.(20)
The other cause of anisotropy of the fission Y rays is a consequence of
a preferential orientation of the fragments' spins with respect to their direction

(21)

of flight. J. B. Wilhelmy et al. have measured the angular distribution of
several 2+ ad 0+ transitions in the ground state bands of several even-even fission

isotopes. They found a preferential emission of the E2 radiations along the

direction of the fragment with anisotropies ranging between 8.3% and 33.L%. Becausev

. in the total Y ray emission and to obtain information on the time
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of possible attenuation effects in the platinum catcher thej used, these values

are to be considered as lower limits for the actual anisotropies. These anisotropies
can only be explained if the initial spins of the fragments are preferentially
oriented perpendicular to the fragments' paths, in agreement with the results

of the early analysis of the gross angular distribution of fission Y rays by

(22)

M. M. Hoffman. In more recent experiments the anisotropy of the whole fission

Y ray spectrum has been studied as a function of fragments kinetic energies,

mass ratios, masses and as a function of Y ray energy. These experiments all

235

dealt with the slow neutron induced fission of U. Figure T shows the results

(23)

obtained by 0. I. Ivanovvgg.gl; in their study of fission Y anisotropy as a
function of total kinetic energy and mass ratio of the fragments. The figure
shows a definite increase of anisotrop& with the total kinetic energy of the
fragments for all mass ratios studied. On the other hand, the anisotropy seems
insensitive to the mass ratio of the two fragmgnts. This lasf result has been

(20)

confirmed by P. Armbruster et al. Using the collimator technique pioneered by

L .
(24) these authors have been able to study the anisotropy of the

S. V. Johansson

Y rays emitted between 10 ps and 100 ps after fiséion as a function of the

fragment's mass. Their results are shown on Fig. 8 ; they show some structure

but no definite trend except for a tendency to higher anisotropies in the heavy

fragment mass range which averages around 20% as compared to 14% for the light

fragment. When measured as a function of Y ray energy between 0.1 andvi.2 MeV
(20)

the anisotropy do-not show strong departure from an average value of 13%.
This is only slightly less than the values obtained by J. B. Wilhelmy gﬁ_gl.(EI)
for pure E2 transitions. It therefore appears that measured anisotropies of

fission Y rays indicate that those Y rays are mostly of the E2 type with s
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possible admixture éf between 10% and 20% of dipolar radiation. This conclusion
holds for Yy energies between 0.1 and 1.2 MeV as quoted abové}- As avconclﬁding
remark concerning the question of anisotropy of Y ray emission by the fission
fragments it is worthwhile noting that the neglect of this effect in some 6f the
measurements of Y ray energy emitted in fission could lead to errors of about

5%; this holds not only for absolute values but also for relative ones, espécially

when the fragment's kinetic energy is retained as a parsmeter in the measurement.

II.2. Time dependence of Y ray emission by the fission fragments

The gross time dependence of Y emission by the fission'fragments of

235 (25) Using the

U has been most thoroughly investigated by H. Albinsson.
collimator technique this author studied the rate of producfion of fission Y rays
between 10 and 200‘picoseconAS. He féund that the éorresponding decay curve
could be well represented by the sum of three exponentials correéponding to
half-lives of 7.5 ps, 18 ps, and 60 ps with intensities, relative to the total
gamma radiation emitted within 1 ns after fission, of 35%, 25%, and 10%,

(20) by a comparison of observed Y ray anisotropy

respectively. P..Afmbruster et al.,
when both fragments were allo#ed to fly and when one of them was stopped in the
fission source backing concluded that, in the latter case, the aversge veldcity
of the stopped fragment had to be reduced to 27% of its ofiginal value to account
for the observed residual’ Doppler anisotropy. They show that, assuming a single

time constant T fcor the decay curve of the'Y emission the reduction factor f

is equal to

LI
!

RRPSRS X

o
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where tc is the characteristic slowing down time in the sourcé'backing. In their

(20)

experiment P. Armbruster SE.EL; estimated this slowing down time to be approximately
1.7 picosecond. One.then finds that if the fastest time components were those
reported by Albinsson the reduction factor would amount to approximately 4%. To
explain the observed reductiqn_factor.one is then 1led té assume the existence of
a fast component with minimal relative intensity of 23% corresponding to an
infinitely shqrt half-life.  This ccmpdnent is most probably responsible for fhe
attenuation of the Y ray anisotropy for measurements carried out between 0 to
1 ns after fission wifh respect to those relative to the»lO-ps-lOO ps range.
It is thus prdbably‘of the dipole type. H. Albinsson(26) has ﬁeasured the gross
features of the Y ray energy spectra corresponding to the three decay constants
reported earlier. The bulk of the Y rays corresponding to the 7.5 ps half-life
has an energy centered around 1 MeV. At thisvenergy both the single particle
lifetime estimates for El and Ml transitions and the collegtive'estimates for
E2 transitions are much shorter than 7.5 ps. On the other hand, this valué'lies
very cioSe to the single particle estimate for E2 transitions. The same can be
said aebout the energy spectra associated to the 18 ps time combonent. The_60 ps
component displays a strong peak around 200 keV which very probably corresponds
to E2 rotational transitions similar to those reported in the work of E. Cheifetz
EE.EE'(27) in the Californium fissiohbcase. | |

From the preceeding and the average multiplicity of about four gamma rays
per fragment a qualitative picture can be drawn of the average cascade of Y rays
emitted by the fragments. A first transiﬁion, mostly of the electric dipole
type with an average energy greater thaﬁ 1 MeV is followedvby'fwo E2 transitions

of a non collective type; the cascade then terminates with an average of about

one transition in the ground state rotational band when it exists.
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In some. cases, after what can be considered as the prompt Yy emission,

delayed Y rays can be emitted. W, John(28)'estimated that'approximateiy'ao% of the.

total Y'ray number or 7% of the total Y ray energy was emitted between approximately

2520,

100 ns and 2000 ns after fission of
The picture for Y ray emission by fission fragments presented abo?e is
certainly oversimplified; it should be modified, in particular, according td,the

measured photon-multiplicities or total Yy ray energies‘which are, now reviewed.

II.3. Multiplicities and energies of the fission Y rays

A very careful measurement of total Yy energy and photon average.energy

. 4 » »
in the fission of 2520f, 2 OPu, and 236U was reported at the Vienna conference
by V. V. Verbuiski EE.E&-( 9) Their results are shown in Table I, together with

the average neutron numbers. The values relative to the long range particle
accompanied fission also present in Table I are teken from the work of
G. Mehta gghgl.(3q) except for the average energy per fission which has been

assumed equal in binary and ternary fissiong

Table I

Type Average v ' >
of E (total) energy o T
Fission ' Y per photon multiplicity
235y 4 n ' 6.51" 0.97 6.69 2.k2
23¥by + n 6.82 0.94 7.25 _ 2.83
2520¢ Sp. L.R.A. 5.99 0.88 6.7 3.052
2520¢ Binary Sp. 6.84 0.88 | 7.75 3.756

(29)

The measurements of Verbinsky et al. refer to a period extending up to

approximately 10 ns after fission and a Y energy renge from 0.1l4 to 10 MeV.
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(19)

report measurements of total Y ray energies and multiplicities
235

Pleasanton et al.

in time ranges of 5 ns, 70 ns, and 275 ns after the slow induced fission of U.

Their values are shown in Table II and are in very good agreement with the 235U

figures of Verbinsky. From Table II it can be seen that the delayed Y contribution

235

in the case of the induced fission of U would account fof approximately 24%

of the total number of Y rays and 14% of the total Y ray energy. The last figure
' (28)

is more than twice the corresponding one reported by John et al. for the
spontaneous 6f californium 252. 1In summary, we find that the total Yy ray energy
emitted in fission lies around 7.5 MeV with an absolute uncertainty of about
0.5 MeV for most of the known cases. This value of 7.5 MeV can be compared with

that obtained in statistical computations such as the recent one by E. Nardi gg‘gk.(Bl)

2520f spontaneous fission case. Although the

of approximately 6 MeV in the
difference between the expected value and the observed one is much less than

some years ago it is still significant. Table I shows that positive correlation

exists between the Y ray multiplicities and the total number of neutrons per

fission.

(2k)

Such a correlation had been observed by S. G. Johansson when he first

determined the Yy multiplicity as a function of the mass of the emitting fission

252 (28)

" fragments of Cf. John added s delayed component to Jchansson's results and

obtained the curve shown on Fig. 9. Similar data have been obtained in the slow

(32)

neutron induced fission case by H. Albinsson et al. using the same collinator -
(19) using the Doppler
anisotropy technijque. The results obtained by both groups are shown on Fig. 10.

Although the two experiments agree qualitatively and both show a pronounced saw-

tooth structure the rates of variation of the y multiplicities as a function of
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Table II. Average Yy multiplicities and total Y energies as a function of time after

. the slow neutron induced fission of 235U.

Y energy . Time 1nteryal NYT S | EYT
ns (y/fission) - (MeV /fission)
0.09 - 10 MeV | ~5 ' - 6.51 ~ 6.43%0.3
0.03 - 10.k4 ~ 70 | 8.1 - 7.0%0.7

0.03 - 10.4 - 275 ' . 8.6 - ' 7.4+0.7

~

74
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fragment mass are different. This difference cannot be attributed in its

entirety to the different time range after fission studied in the two experiments,
since, if it were so, the values obtained by F. Pleasanton should always be in
excess to those obtained by H. Albinsson. The correlation between y ray and
neﬁtron emission is best visualized B by plotting the points correspondihg

to the varibus'couples'(Ey(m),v(m)) on the (EY,V) plane. This is done on Fig. 11 °

for both californium and 236U cases. In preparing Fig. 11 we have used

236

Albinsson's data for U and the relative yields given by John divided by a

normalization factor of 1.55 so that comparison could be made with the total

252

Y ray energy meésurements on Cf which will now be examined.

The'variations of total Y energy or yields as - a function of the total

kinetic énergy of.the'fragmeﬁts have been measured by H. Albinsson gﬁ_gl.,(33)

(19) (34)

F. Pleasonton et al., and G. V. Valskii et al.

fission of 235U. A good agreement is observed between the results obtained by

in the slow neutron induced

the three groupé. We show on Fig. 12 the results obtained by H. Albinsson. Using
(35)

a large liquid scintiliator as a 4T Yy ray detector we obtained the wvariations

of total Y ray energy és a function of total'fragmént kinetic energy for the
spontaneous fission of 2520f. These variations are also shown on Fig. 12. The
correiation between‘the total Y'fay énergy (or multiplicity) .and the total number
of neutrons measured as a function_of'total fragment kinetic energy can be
examined as done béfore for the fragment's mass related valueé. This is done in-
Fig. 13. This figure>and Fig. 12 strongly7suggest that a linear relation exists

between the Y ray energy and the:number of neutrons emitted in fission. The

straight lines'appeafing in Fig. 12 and 13 corfespond to the assumption that

TE'Y(m,Ek) = [0.75 U(m,Ek) + ,2]Mev (II.1)
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'in the 252Cfacase and
'ﬁY(m,Ek) =[1.1 V(m,E ) + 1.75] - | -(11.2)
in the 236U case.

.The extent to which such relations are accurate can be estiﬁafed from more
detailed measureménts'where the Y ray energies or multiplicities‘are studiéd aé
a function of‘both¢the masses and the:kinetic energiés of the fragments. - Using
the large liquid scintillétor we have measuréd(BS)
fission as a function of total kinetic energy and mass raﬁio; ‘The results are
shown on Fig. 14 where the vériations of total Y energy as_é-function of the
fragment's total kinetic energy are displéyed for avchoicé.of mass ratios. It
can be seen from the figure that the variations are very hearly linear. In
Fig. 15 we show the variations of the averaée total Y energy and of the slopes-
<fg§[ > of the above mentioned linear variations as a function of mass ratio |
K _ ,

(or mass of the light fragment). It can be seen that the variations of those

quantities are less. than 10% except at symmetry. Since the variations in the
av , .

 _slopes < === > as a function of fragment mass as shown in'Fig, 5 are themselves -

less than 10%, it follows that equation (I1.1) could be aécu?ate within 20%vf§r
the whole mass and kinetic ehergykrange. However, this conélusion might be an
o&ersimplification.- The results obtained by F. Pleasanton gg‘g;.(lg)
that this is the case. Figure 16 takeﬂ from the work of these authors shows the
variations of thé Y ehefgy emitted by onevffagment as 8 function of total kinétic
energy for a choice‘of masses of the fragment. It can be'éeen on the figufe that

for some heavy fragments the emitted Yy energy tends to incréase with kinetic

energy and is, thereb&, anticorrelated with the number of neutrons emitted by

the total Yy energy emitted in

seem to indicate

v
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this fragment. This tendency sometimes leads to values of y ray energy emitted
by one fragment well under a half neutron binding energy for fission events where the

fragment emits about two neutrons. Such a behavior is very difficult to understand.

II.4. Energy balance in fission

The observed variations of total Y ray energy as a function of total fragment's
kinetic energies have a bearing on the computation of energy balance in fission. For
example, from equation (II.1) one sees that the energy ﬁecessary.to emit one sup-
plementary neutron will be approximately 0.75 MeV higher than the sum of the neutron
binding and center of mass kinetic energies. A comparison between the computed and
observed energies cafried away per neutron is made on Fig. 5. The agreement is fair
and the energy carried away per neutron ranges around 8.5 MeV. vIt is seen, howevet,
that the experimental value lies consistently higher than the coamputed one especially
for light fragment masees higher than 105. This will be explained in the following
section in terms of a not accounted for tailing of the kinetic energy resolution

function. The detailed measurements of average neutron numbers v(m,E ), of total y

k

ray energies Ey(m’Ek) and of center-of-mass neutron kinetic energies ﬁYm,Ek) as a
function of mass and kinetic energies of the fragments allow equally detailed com-

putations of the total energy Q(m,Ek) released in fission:

Q(m,Ek) =E +V (m,E

1 ) + ﬁ_(M - m,E )]

k

O (Bm.E) + Tn.5)] + 3,06 - m,8,) (30t - n,E

+ E;(m,Ek)

where Gi(m,Ek) is the average number of neutrons emitted by fragment of mass m,

n(m,E ) is the average center-of-mass kinetic energy of these neutrons, B(m,Ek)

k

is the mean binding energy of these neutrons as obtained from a suitable averaging

-

of mass-table values, EY(m,Ek) is the total Yy ray energy emitted by the two
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complementary fragments, m is the mass of one of the fragments, M-m the mass of
the complementary one.
The values of Q(m,Ek) should be independent of the total kinetic energy

E The extent to which'this_condition:is‘fulfilled provides. a very useful. check

=
of the coherency of the experimental data. This check can be made in the case of

2520¢ with the help of Fig. 1L. On this figure both

the spontaneous fission of
the Yy ray energies obtained from direct measurement and those obtained with the
assumption of energy balance asre displayed for several masses. The condition

is equivalent to the requirement

that total energy release be independent on Ek

that the variations of the above quantities be parallel. This'appears to be the case, for
most mesees, within statistical accuracy. However, although the two quantities plotted

on Fig. 14 display parallel nariations their absolute values differ. The

magnitude of the disegreement is shown en Table III where tnevdifferences between
theﬁexperimentally determined energy release and the values onteined from the

(36)

mass tables are displayed. The experimental values are 1 to 2 MeV

(37)

Garvey et al.
higher than the computed ones. Recent evidence seem to indicate that fragments

total kinetic energies could indeed be overestimated'by such an amount.

II.5. Even-odd effects on fission energetics

The energy release in fission can be expressed from the masses of the
fissile species and of the fragments., For example, in the case of the spontaneous

fission of 25'2Cf

Q(N,z) = M(154,98) - M(N,2) - M(154-N,98-Z)

expresses the total energy release for a fission giving rise to a fragment with

Z protons'and N neutrons. When the fissile nucleus has an even charge the
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Table IIT. Comparison'of experimental and camputed energy releases in the fission of

2%20¢,

A ' ‘ Q(A)Garvey ' QExp. - QGarvey
90 - 203.33 1.22
91 20Lk. 39 1.61
92 205.81 1.62
93 : 205.83 1.65
ok o 206.45 2.20
95 207.78 1.13
96 209.03 0.06
97 208.92 1.11
98 . : 209.71 0.37
99 209.84 0.56
100 . 210.45 0.30
101 211.04 0.99
102 212.58 -0.k47
103 212.55 0.97
104 213.11 "1.35
105 21k .32 0.93
106 215.73 0.91
107 216.01 2.5
108 217.47 1.32
109 218.21 1.7h
110 219.36 1.57
111 220.64 2.01
112 222.82 0.63
113 223.66 2.07
11k ' : 225.05 1.92
115 ‘ 226.65 1.62
116 o : 228.31 2.33
117 : 229.540 3.6
118 o . 230.97 2.25
119 231.63 2.19
120 . ' 231.93 1.95
121 ' : 232.47 2.05
122 233.75 - 0.0
123 ' 233.14 1.30
12k ' 232.95 2.63
125 233.02 7.37
126 : 232.97 =42
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fragments have ﬁoth‘either an oddvor an‘eveﬁ charge. Because of the pairing energy
of the protons it then follows that a fission giving risé tQ two even-charge
fragments will be, on thé average, 2.5 MeV more energetic tha#}a fission

giving rise to two odd~charge fragments. Studies of the'variations of‘average
total kinetic energies, neutron and gamma emission as a fuhction of the fragmenfs
charges can therefére provide information on tﬂe partitién-offthis evén—odd

energy difference; such information cannot be obtaiﬁed from»ﬁass measurements.

We have measured the a&erage total Y ray energy, total neutron number emitted in

25

. the fission of 2Cf as well as the fragments total'kihefié énergy as a function
of the charges of the fragments. Since no detailed report_bf this work has been
made earlier we now shortly describe the experimentai technique involved as well
as some aspects of the data analysis, |

In the neutronbmultiplicity and total y ray enefgyvmeasurements, a.
californium fission source was plgced near a siiicon/lithium drifted x-ray
detector at the cente; of & diéﬁetrical hole managed into a big gadolinium-loaded
liquid scintillator. For each detected fission event the'pgise height of the
coincident pulse pfoducedvin the scintillstor was analyzedias;well as the pulse height
delivered by the x—raf detector; the numbef of neutrons detected by the
scintillator was counted between 1 us and 36 us after‘fission} The three
quantities were thén'stored on'ah event-by-event basis on a magnetic tape. The
fission events were detected either by the requirement of a coincidence between
an auxiliary fragment detector and the x-ray detector or by‘the requirement of s
_coincidence between the x-ray detector and the liquid scintillator. In the later
case it was also required that at least one neutron be counted in the 35 us gate.

[
We have been able to show that the two techniques for detecting fission events
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were equivalent. In the later case both fragments could be stopped in the
source and the Doppler broadening of the x-rays emitted by the fragments was
thereby minimized. In that case the fesolution of the x-ray detector was 350 eV’
at 35 keV.

The fission fragments x-ray spectrum obtained in ﬁhis experiment is
shown on Fig. 1T.

The kinetic energy determination made use of data obtéined by E. Cheifetz
g§;§;,<27) in the course of their study of Y rays emitted by fission fragments. In

52

one of their experimental set-ups the e Cf source was deposited on a solid state

detector, which detected one of the.fragments. The other fragment was @etected
in another solid-state counter. Both fragment detectors wefe operated in
 coincidence with an x-ray detector positioned behind the source. The pulse
heights delivered simultaneously by the three detectors were stored on event-by-
event basis on a magnetic tape. When the data were processed only events where
the x-ray had been emitted by the stopped fragments were considered. From the
twé pulse heights provided by the fragment detectors the totai kinetic energy 6f
the fission event was obtained using the calibration scheme first proposed by

H. W. Schmitt.(38)- In this experiment the resolution of the x-ray detector was:
approximately equal to 1 keV.

The data from the two expefiments were processed in a similar way. The
number of counts corresponding to each x-ray amplitude bin was determined as
well as the corresponding average values of the interesting quantities_(Y ray
energy, neutron multiplicity and total kinetic energy)."Thus, if Xi is a

particular x-ray bin we obtained

N(X,), ?E'Y(xi), V(X ), Ek(xi)
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Iﬁ the following Qe“shaii-denoﬁé by.K(Xi)‘the.meésurédvaverage value of
the quantity A corresponding .to the x-ray ampl'it.ude X, Let '.y( Z,A) the number of
fissions producing a fragment of charge 2 and a value A of fhe quantity under
stuﬁy.' Let Y(Xi,A) the nimber of fission producing an x-ray ﬁulse'in channel . S
Xi and thé same vélué A of the.qgantity ﬁnder'study.b For ééch fission producing
a fragment of charge Z we'assume that we count a pulse in the XQray channelei
with the probability R(Z,Xi) which corrgsponds fo thé elemental respthe of-ﬁhe
detector. Then the chérge'yields y(Z,A) can be oftéined from the observed yields

Y(Xi,A) by minimizing the sum of squares

o

= 3 W, (2(x,8) - X R(Z,X) ¥(2,0)°
i=1 Z _

The solution of the least-squares-equation then expresses the charge

yields as linear functions of the channel yields

y(Z,A) = ) B(Z,X,) Y('Xi,A), - - ' (11.3)

The matrix elements B(Z,Xi) depend exclusiveiy on the weights Wi and the

response matrix elements.R(Z,Xi); they do not_depend on A.

A relation similar to equation (IT.3) obviously holds for any linear

- function of the yields

.

L(y(2,8)) = ¥ B(Z,X) L(X(X,A))
i

In particular if
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N(X.) = X Y(X.,A) 1(z) = ¥ y(z,A)
1 A * A
N(X,) A(X,) = X A Y(x, ,A) Y(Z)A(z) = ¥ A y(Z,a)
* 1 A N A .

we can write that.

Y(Z)

2. B(2,x,) N(X,) : (II.4)
i | -

¥(z) A(z) = 32 B(2,X.) N(X;) A(X,) _ | (11.5)
i

The equations (II.4) and (II.5) are identical to those which would result from
a least-square analysis of the quantities N(Xi) and N(Xi) K(Xi), respectively.
'Thus, the charge vields y(Z) and average values A(Z) can be obtained from only
two least—squarés treatments operating on the channel yields N(Xi) and on the
products N(Xi) K(Xi) of the channel yields by the channel average values. This
analysis was applied to the experimental data in order to obtain the charge

dependent yields Y(Z), average total Y ray energies EY(Z)’ neutron multiplicities

v(Z) and average total kinetic energies E#(z).

Since the k x-ray emitted by fission fragments are mostly produced by
electron conversion processes, their yields are expected to depend strongly upon
the nuclear characteristics of the fragments, and this has been confirmed in
numerous exﬁeriments. The question then arises of the extent to which the values
of average Y energies, neutron multiplicities and total kinetic energies obtained
in experiments such as described above are not seriqusly biased. Since, if such

a bias exists, it is not probable that it acts identically on different fragments,

it is. possible to check its existence by comparing the values of E&(z), GE(Z),
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and E#(Z) obtained for a pair of complementary charges Z and 98-Z. This'compérisoni

can be made on Fig. 18, 19, 20. Figﬁre 18 shows the variétiohs ofithe measured
totai Y energy as a funétion of the charges of the fragmenﬁs; It can be seen
that the complementary céndition is fulfilled within statiétical accuracy for
almost all charges. Also apparent on the figure is é clear even-odd'effect oﬁ
E&(Z). As can be seen on Fig. 19 the complementa?y condition-is not élways"
fulfilled for the variations of total number of neutrons vf(Z)f' We have
supefimposed on Fig.¢l9 the variations of the total number of neutrons as a
function of mass'G&(m)-as obtained in experiments éuchvasvthbse refered to in
Sec., I. The mass énd-charge scales of the figure reflect the charge to mass
ratios of the fission fragments. It can be seen fhat, whenevér the complémeﬁtary
.condition is fulfilled the values 6f GE(Z) lie close to the corresponding Values
of Gi(m). The complementary co;ditioﬁ is not fulfilled for the charge pairs
45-53, hh-sh, 46-52 and se&eial pairs with a light fragment's charge smaller
than 39. It appears that in those pairs one of the values of“yT(Z)vlies close

to the corresponding value of VT(m) while the otherlhas a sﬁéller value. We have

. assumed that the vaiue closer from Vv_(m) was not biased by the x-ray emission

T
proceés. Figure 21 shows the values of.vT(Z) obtained when keeping the highest
of the two observed values of CE(Z) and ;&(98—2). No even-odd effect is apparent

on the figure.-

The values of E#(Z) show an even-odd effect for both.heavy and light fragments.

Values for complementary charges differ by 0.5 to 1 MeV. This is mostly a
consequence of the existence of a high background under the x-ray peaks, due to
interactions of high energy gamma-rays with the detector. Figure 22 shows the

values of Ek(Z) obtained when keeping the highest of the two. observed values of

Y
B
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E#(Z) and _£(98-Z). Also shown for comparison are the_valﬁes of Ek(m) obtained
in a double fragment kinetic energy measurement. It is clear that the even-odd
effect observed on the values of fk(Z) reflects itself in the’modulations
appearing on the E%(m) curve.

In summafy, while the calculated difference in energy release between

fission events with two even-charge fragments and those with two odd-charge

fragments is

AQ= Qe(z) - Qo(z) = 2,7 MeV

It is found experimentally that:

the difference AvT in the total number of neutrons is less than 0.04 corresponding
to é difference in excitation energy AEY smaller than 0.3 MeV, the difference in
total gamma-ray amounts to AEY = 0.66%0.05 MeV and the difference in fragments
total kinetic energy amounts to AEk = 1.58 MeV#0.1 MeV. The sum

AE& + Aﬁ; + AE£ is then equal to 2.24*0.U45 MeV. Within statistical accuracy it

is in agreement with the computed value of 2.7 MeV.

1T.6. De-excitation mechanism of the fission fragments

We should 1ike, in the following, to summarize the_experimental results
onvthe fragments de—éxcitation which have been presented gbove and discuss whether
these results can be explained iﬁ a coherent theoretical frame. We shall mostly
concentrate on the features of the gamma-ray emission by the fission fragments.
However, wé must bear in mind that the neutron energy spectra appear to be
satisfactorily accounted for by a standard evaporation theory, provided the
level densities used in the calculation properly inélude shell effects. Such

(31)

calculations have been performed, among others, by E. Nardi,gﬁ_gi. and Fig. 23
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shows a comparison between the experimental and computed values of the average
center of mass kinetic'energies'of the neutrons. Those computations made use of

the technique developed by L. Moretto,(39)

where both Strutinsky shell corrections
and pairing are taken into account for the determination of level densities.
In an attempt .to explain the striking correlation between Yy and neutron

(2k4)

emissions by the fission fragments Johansson made the hypothesis thai‘the Y rays
dbrresponded mainly to vibratiohal transitions tﬁrough which.the fragments could »
lose the deformation they had at scission. The high proportion of E2 radiation

in the fission Y spectrum seemed to confirm this point of view. However, very
strong objections stand against'thié hypothesis. It seems to be well established
experimentally that at least T0% of the total Y ray energy is emitted more than one
picosécond after fission while the neutrons are emitted in a time shorter than
lO-lh seconds. We have shown earlier that the fastest Yy réy transitions were |
probably El in character since they tend to decrease the angular anisotropy. It‘
thus appears that the colleptive Y ray transitions, if they exist, occur aftér |
neutron emission. The Y fay‘emission should reflecf the sﬁate of the system‘at.
’this time and not at the time of scission. The hypothesis assumes that most.of

the initial excitation energy of the fragments is tied into deformation. After
neutron emission most of this deformation energy has been dissipated and the
vremaining fraction, if it éxists, has no reason to be proportiocnal to the initial
‘value. Rather it should be a complicated function of vibrational levels damping,
neutron and Y widths at energies in the neighborhood of the neufron binding energy.
Furthermore, the success of the evaporation theory of neﬁtron spectra points to

“an effective damping of the deformation energy of the fragments in times less than

10_18 sec. The last objection to Johansson's hypothesis is that the lifetimes

of the possible vibrational transitions should be at leastan order of magnitude
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shorter than the observed ones, which, as stated earlier, are close to E2 single
particle estimates;

The alternative to Johansson's hypothesis is to assume thét'the de-excitation
of fission fragments is governed by the statistical theory. Using the shell plus
pairing model Nardi gg_gi.(Bl) were not able to reprcduce thé variations of the
Y ray energy as a function of fragment's mass. Their model did not fully include
the influence of the spin on the level density. Such modéls predict some
correlation between the neutron and the Y ray emission by‘the fragments. This

correlation reflects mostly the increase in the binding energy of the last emitted

neutron when the number of neutrons emitted by the fregment increases. From the

mass tables it is seen that, in the fission fragments regi@n, an increase of one

unit in the number of emitted neutrons produces an increase of approximately
0.3 MeV in the binding energy of the last neutron, which sﬁould bé reflected by
an increase of 0.15 MeV of the Y ray energy. This effect is certainly present
in the experimental data, but it leaves, in the case of 252Cf, an increase of
Y ray energy of approximately 0.6 MeV for each additional emitted neutron

unexplained.

When the average number of emitted neutron is less than one the variations

" of the Y ray energy emitted by the fragment should reflect the effects of two

opposite trends. For the cases where the increase in excitation energy of a
given_fragment does not allow the opening of an additional neutron channel the
Y ray energy should increase with excitation energy. On the contrary when the
excitation energy sweeps through the region of opening of an additional neutron
channel the Y ray energy should drop abruptly. Therefore, for low values of v

235

such as those which can occur in the slow neutron induced fission of U
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additional correlation or énticorrelafion of the total y ray energy with neutron'
number could be obser#ed. Correlation 1s to be expected if the variance of_theb
excitation energy distribution is large.

Statistical.computations which treat the influence of péiring in a
phenomenological veay by introducing the effective excitationvenergy have had some
success in reproducing the trend of the variation of thé Y. ray energy emitted as
a function of the fragment's maés. Such a calculation has also been performedA
by E. Nardi et al.'3!)
models is not cleﬁr and it is possible that the introduction of an effective

excitation energy simulates the effect of the spins of theAfission fragments which
will be discussed later. Furthermore, thése models cannot'éccount for the observed
-increase in Y ray énergy with excitation energy for fragments of given masses.

That spin considerations should enter into statiétiéal>computation of |
Y ray emission by thé fission fragments stems from the folléﬁing considerétions:

1) Most evaluatidns of the spins of the fragments before neutron emissioh
indicate that these spins are approximately 6h to 8h highef than the ground state
spins. Neutron emission is not éxpected to decrease that spin by more than one
unit of angular momehtum. When the fragments are left with ah energy only slightly
higher than a neutron binding énergy they have still from S to Th units of angular
moméntum to dissipate. Further neutronvemission which would leave the residual
nucleus in the viéinity of its ground state is thus expectedvtb be strongly
inhibited except for odd-odd nuclei. To obtain level with spin differing from
the ground state one by more than 5 units of angular momentum reqﬁires the coupling

of at least two unpaired nucleons, and thus the breaking of a pair in both even-

even and odd-A nuclei. The observed even-~odd difference in total Yy ray energy

Howéver, the physical justification of such phenomenological
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emitted in fission is easily explained in that context. From the experimental
value of 0.66 MeV for this difference, we can derive the increase of Y ray
energy emitted in fission induced by angular momentum effects. If we assume that
there is no increase‘for odd-odd fragments, and that the iﬁcreases are equal in
the other cases we find thaf angular momentum effects shoﬁld add 2 MeV to the
Y ray energy release in fission. The total Yy ray emitted in fission would then
lie between 7.5 and 8 MeV, in reasonable asgreement with experiment.
2)_Tﬁe dominantly E2 character of the fiésion Y ray as well as their

relatively high.multiplicity cannot be understood when coﬁpared with the features
of neut;qn captﬁre gamma-ray spectra without the assumption that y emission by
the fission fragment is strongly influenced by the absencé of available states
for El_trénsitions. |

After neutron emission has taken place the residual fragment is left with
an average energy of approximately 4 MeV, and an average spin of approximately
6h. In these conditions electric dipole emission should not be inhibited and
we can assume it takes place with an average energy of approximately 1.5 to 2 MeV.
This emission should hot reduce the spin of the fragment significantly ahd
thereby leaves 1t with an excitation energy of approximately 2 to_2.5 MeV and an
average spin exceeding 5h, that is, in the region of the "yrast" line. However,
the "yrast" line should not be considered as the ground stafe roﬁational band
bﬁt rather as the intrinsic levels "yrast" region at which energy the density of
levels of given spin and parity can be treated statistically. In this "yrast"
region E2 transitions.dominates, because of spin and parity limitations, until
the ground state band is reached. In this picture the E2 transitions reduce

. the spin of the fragment by the maximum possible amount, that is two units of



_36_‘ - "LBL~1950

angular momentum. The average ehergy of the E2 transitions Qf apprdximately

1 MeV thus represeﬁts_the averagé energy which is necessary to reduce the spin

of the fragment by 2 units along the path followed by the system in the (E,I)
representation. - It.is ihteresting to see what this.Simple’picture woﬁld‘predict

“if the initial spin‘of the de-exciting nucleus is increased. -The nucleus would enter
"~ the yraSt region at a higher energy and would then decay aiong this fegion until

it reaches the ‘ground state. On the average when the spin is reduced to its .
former value the de-excitation scheme would be the same as ih the lower initial

spin case.

In'particular, it is possible to bredict how the feeding of the rotational
states of fhe ground state band will vary as a function of initial spin. Let
Y(I,IM) be the feeding intensities of the ground state band when the ipitial spin
is IM. With the initial spin increase to JM the intensities‘Y(I,JM) will

accordingly be

Y(I,JM) = aX(I,IM) +b

the constant term b reflects the possible direct feeding of the ground state
band when the nucleus goes through states with angular momenta between JM and IM.
Comparison of the feeding intensities are usually made by normalizing them

to the intensity of the 2' - 0% transition. Then

Y(I,JM) '_aY(I,IM) +b Y(I,IM) +b/a
1(2,3,) = a¥(2,I,) + b = ¥(2,I,) + b/a

and

Y(I,JM) Y(I,%M)

. M_ v - b/a
| YYé,JM) Y(2,IM)‘ ¥§2,I

M) Tib/a
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the quantity b/a is small since it represents the ratio of the feeding probability of
+ B

the highest members of the rotational band to that of the 2 state. It is, then, seen

that the difference between the two reduced feeding intensities is approxXimately a

(21) shows that for

constant. Figure 2L which was taken from J.EB.'Wilhelmy et al.
both fission and (a,xn) reactions the experimental data seen to agree with that picture.
It should be noted fhat when b/a increases the above formulation leads to a feeding
through the highest states as the ground state band which corresponds to the situation
in (HI,xn) reactioms.

The consequence of this oversimplifiedvmodel of the Yvde—excitation of fission
fragments is that the increase of Y ray energy with excitation energy which have been
reported would be the consequence of an increase of the aVeragé spih of the fragments
with their excitation energy. Using the experimentally determined increase of.0.6 MeV
in Yy energy for each additional neutron, a value of 8 MeV for the energy necessary to
emit one more neutron and a difference of 2 spin units for 1 MeV additional Yy energy
one finds that the average spin of the fission fragments should increase by one unit
for an increase of excitation energy of approximately 7 MeV.f‘Such a result does not
contradict that of J. B. Wilhelmy gﬁ_gl.(zl) who found that. the increase in spin of the
fragments was less than 2 for a decreasé of the total kinetic énergy of approximately
15 MeV.

(20)

P. Armbruster et al. have pointed out that such a behavior of the spins of

the fragments could be explained in the frame of the collective model of fission
. A
(40,41)

suggested by W. Noremberg. This model also predicts the observed preferential

orientation of the'fragments'rspins in the plane perpendicular to the fission direction.

(Lk2)

On the contrary, the statistical theory of fission as outlined by P. Fong cannot

account for the festures of the Y ray emission mentionedbearlier. It could be
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advocated, in this case, that the fragments acquire most of their spin by Coulomb
excitation after scissionj this would, however, lead to unreasonably low values of

spins at scission.

"
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of the fission fragments

With the exception of the pioneering work of S. G. Whetstone’

(3) it is only

-

" recently that détailed measurements of the variances of the number of neutrons

emitted in fission have been carried out.

neutrons are all.émitted by thebfragments,

should, hbwever, bear in mind the possible

In the following we shall assume that the
after fission haé taken place. One

existence of an isotropic component

in the fission neutrons which could seriously impair the results and interpretation

of variances measurements. With that assumption we write the probability that

vl neutrons are emitted bj one of the fragments and v

distribution P(vl,v2

). We have shown elsewhere

o by the other as a bi-variate

how it is possible, in principle,

(43)

to derive this distribution from the probability Q(gl,gg) that g, and g2 neutrons

are deteéted siﬁultaheously by two suitably arrénged detectors. Such a program

is not feasible, however, because of the statistical errors in the definition

of the observed distribution Q(gl,gg) and because of our uncertain knowledge of

. the efficiencies of the neutron detectors.

with the extraction of some significant features of the distribution P(v

from the experimental data. Such features

We must therefore content ourselves

l’\)2)

'ére, for example, the five lowest

moments of this distribution definéd as folldws:v

v, ='[/vl P(vl,v2) dv, av,
v, =./:/‘ v, P(\)l,ve) av,

dV2

- \2
1 —” (\)l - vl) P(\)l, \)2) d\)l_d\)2
= (v, = V)% P(v.;v.) dv. av
2 2 1° "2 1 72
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C(vys v,) =-/:/- (\);‘L :— v ) (v, = V) P(_vl, v,) av, v,
We have deéltlwith the determinafion of;the two fifstimbménts iﬁ Sec. I.
We have seen that;'as soon as tye magées of the fragments afe ﬁéasured, ébsingle
measurement with oéevneutron detector peridéd thg value$ §f‘ﬁhe t&o average
numbers of neutr¢ns} Similarly énly tw0'independent'measﬁ?ements arevnecessarj
to determine the three secénd—moments. ‘As in Sec. I‘two'different techniques
have been used in that purpose. The low efficiengy techniéue‘makes use of two

(Lk)

small neutron detectors in conjunction with two fragments detectors. When the
two neutron detectors are on the same side of the fission source the ratio of the
rate of quadruple 'coincidences to the square of the rate of triple coincidences

is equal to:

<ev e(vl 1)
2

) >

< (g v

\

1

where it is assumed that both neutron detectors have the-samé efficiéncy e. It
is further assumed that this efficiency does not depend on the neutron multiplicity

at least when the fragments mass and kinetic energies are specified. One then

obtains:
2 2
- > < >
< vl(vl 1) _ v, 1 o} (vl) 1
> == -~ =—3 - +1
< v, > AV] AV] \V Vv

1 1 o1 1 1

A similar relation holds when the complementary fragment flies in the

direction of the neutron detector, allowing to obtain 02(v2);
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When the two neutrons are situated on opposite sides of the source one

then obtains, in the same manner as above
- > < >
< €V €5V, SV vy > clv, v,) 1
< e, Vv, >< g, v, > - = o= = :
11 2 2 v, Vo vy Yy

This technique assumes a complete Separation of the neutrons émitted by the two
fragments due to the fragments velocity. It is subject to the same causes of
uncertainty that have been mentioned for the average number of neutron measurements.
The consequences of‘these uncertainties are, however, amplified here. We show

that this is so for the co-variance measurement. Let M bébthe measured ratio of

coincidence rates. Then

) =V, v,

1 Vo (M-1)

C(vl, v,

The reiati#e'errér is thus approximately given by

Ac(vl,v2).AU A Y, .
C("l’ \)_2) =——+ = T (111.1)

The first two terms of the second member of Eq. (IIT.1l) do not lead to
uﬁacceptable errors on the co-variance, they include effects such as errors in
the efficiency determination or mass and kinetic energy rééolution. The last
term includes principally two effects: the first effect is related to the
fragment recéi; correction, which was found by A. Gavron(8) to be very important

in average neutron number measurements. Starting from Gavron's considerations

we show in Appendix IT that the dominant term in the error on the co~variance is
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B - By
2

N b Ek M2 Ml V _cosf
pelvp V) == \w, * i, ) \ Ty, ! |
T 1 2 1 2 F o o] i .
where Ek is the total kinetic energy, M1 and M2 the masses of the fragments, V° .
the laboratory velocity of. the neutron, VF that of the fragm'e_nt,vc2 the variance'

and Ek the mean value of the kinetic energy distribution.:

Inserting realistic values for the different parameters one obtains:
A clvy, v,) # 0.03(E - E)

it is seen thatvfor>Ek -1E£ =VlO_MeV A C(Vl, v2) # 0.3 a:Value which will,be
seen to be of the same order of magnitude as the co—variance itself.

The second important cause of error in the-co-varianqe_méasurements stems
from the depéndence of the efficiencies on éhe neutroﬁ mulfiﬁiicities. It is
also shown_in the appendices that if one- assumes a linear.depéndence of the |

efficiency on vl

the co-variance is given by the modified equation

-
C(Vs\)) kMvV
..._—_% 1+_————_T_ =M-1
V1 Vo € &

where we have assumed’
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1 2
Since
M # 1
we obtain
a\)T
A C(vl, v2) # —6—2— C(vl, V2>

For higher multiplicities the average neutron energy decreases so that
the efficiency decreases and a is negative. The magnitude of a depends on the
experimental set up and is difficult to evaluate, however, a ratio of;% of

s €
around 0.1 could be found and would lead to a 40% error on the co-variance.

Since pubiished results(hh) on the variances of the neutronr
multiplicity distributions which made use of low efficiency detectors do not
account for the above two Causeé of error they appear strongly in doubt. However,
if an accurate treatment of the experimentsal data became available the small
neutron detector technique would be the easiest and most elegant way of measuring
the moments of the neutron number distributions.

The mgasuremeqts making use of large neutron détectors, although rather
_ cumbersome, are essentially free from the errors mentioned in the case of small
neutron detectors. They require a knowledge of both backward and forward neutron
‘detection efficiencies. Two independent measurements are necessary to obtain
the'three second moments of the neutron number distributions, but, in contrast

with the low efficiency case, the two measurements must be considered together;

this is a consequence of the finite values of the backward efficiencies.
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The first measurement uses'a Ler geométry and provides the variance of
the total number of neutrons for the different kinetic energy and mass ratios of

the fragments. If e(m,Ek) is the computed efficiency of the neutron detector

02(\) :

o ‘m Ek) the unknown variance and dz(gT: ‘m Ek) the measured one

then:

2 - 2. -1 -1, =
o(vT. mEk)—o(gt. _m,Ek)e +¢e (1-c¢ )gT

where g& is the average number of detected neutrons and m the mass of one of the two

complementary fragments.

' The second measurement uses a geometry such that the neutron detector subtends

(L3)

less than a 2T solid angle as viewed from the fission source.- It has been shown
that, the variances of the observed distributions could be expressed in'terms of

the five first moments of the bi-variate distribution P(vl, v2)

02(

g: m Ek) = € V: m Ek) + r2(m,Ek) Oz(v:v mC,Ek)

+ 2¢(m,E ) r(m,E) (v, vyi mE)

+ e(xg,Ek)(l - E(m,Ek)) _\')-(m,Ek) + r(m,Ek)(l - r(m,Ek)) U(mC,Ek)

) + r2(mC,Ek) o?(v: mE )  (1II.2)

QE k

C

2, . _ 2 2, .
0 (g: mC’Ek) =€ (mc’Ek) o°(v: m .

+ 2€(mC,Ek) r(mC,Ek) C(vl, Vyim Ek)

+ elag,B)(1 - elng,B ) VmgB) + rlng,B)(1 - elng,5,)) Vm,5)

' Here the gquantities labeled by the mass m corresponds to the case when the

fragment of mass m is flying towards the neutron detector and those labeled by

1
i
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m. to the case when the complementary fragmenf flies tbwards the detector.

The notations used in Egqs. (III.2) are such that

Volm,By ) = Vimg,E)

The variance of the total number of neutrons is related to the three

second moments of the distribution P(Vl, v,.) by

2

m E ) ='02(\)l + Vv mE ) = o°(v.: @ Ek) + 0?(V2= m Ek) + 2 C(Vla v

o* k 1

02(

mE ) (III1.3)

2
V: m Ek) + o (v: mC’Ek) + 2 C(vl, v2, 5

The Eqs. (III.2) and (III.3) can then be solved simultaneously to provide

02(vl), 02(V2), and C(vl, v2) since the average values Gi and Gé are known.

As a more detailed account of both the experimental technique involved

(45) we shall

. and the results is given in another communication to this conference
now deal only with two specific questions, namely the comparison between total
kinetic energy and total number of neutrons variances and the extraction of

excitation energy variances from the neutron multiplicity measurements.

2:

m Ek)
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1) Variances of the total number of neutron distributions

The variances of the total number of neutrons have been measured as a
function of both the mass of one of the fragment and the total kinetic energy.
The values obtained are written OQ(VT: n Ek). For a given mass split we define

the average value of these quantities as

og(vT: m'Ek) =£7_k2 02(\)T: m Ek) = f '02(\)T: m Ek) p(Ek) d E
B _

k

Using the relations found in Appendix III the variance of the total number of
- neutrons measured for a given mass split and for all possible kinetic energies is

given by

2
v, 2
. ) = > :
V: m) <dEk 0 O(Ek m) + 0

2(

o

V.: m Ek) | (IIT.4)

the quantities og(vT:' m) and 02(vT: m Ek) as obtained from the experiment are

plotted on Fig. 24 for the case of the spontaneous fission of 252Cf. It is possible
to use Eq. (III.L) to compute the values of the kinetic energy variance OQ(Ek: m).

dv : .
L > obtained in the experiment and shown on Fig. 5 were

d Ek m

2
used one would, then, obviously obtain values of © (Ek: m) equal to those that can

If the values of <

be determined from the fission yield curves alone. This is because Eq. (III.L)

stands as an identity in such & case, provided only that the regression of_\)T on

dvT calc.

Ek is linear. If, on the other hand, one uses the values of < d.Ek > vhich

have been calculated from the neutron binding and kinetic energies and from the
rate of change in Y ray energy as a function of Ek'one obtains' another set of

values for 02(E : m). Both sets are shown on Fig. 25. It can be seen that the

k
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two sets diverge, especially for masses which range between the most probable

mass and symmetry. This divergence reflects the one observed on Fig. 5 for the

dv :
two corresponding sets of values of < 3 gk >m. ‘Figure 25 suggests that kinetic

energy resolution effects were not completely accounted for; inspection of the
.fragment yields show that a low energy tailing appears for the masses where the

dv
experimental and calculated values of < af_->m diverge. It is probable that

k
such a tailing has an experimental origin. If this is true.ﬁhe values of
E . : m) computed from the values of oe(vT: m) as indicated above would be
better estimates of the true total kinetic energy variances than the values
obtained directly from the fragment yields curves. It is interesting to see
that the rise”of 02(Ek: m) near symmetry does not occur for the calculated values
which stay remarkably éonstant. On the other hand, it is well known that
tailing of the fragment energy resolution functions will reéult in a shift of
the experimental masses towards symmetry and in an increase df the variance of
the total kinetic energy for the more’symmetrical fragments pairs. Since the
neutron and gamma-rasy results should not be very sensitive to this tailing it is
possiblé that, in the future, they will be used to correct the kinetic energy |
data.

2) Variances of the excitation energies of the fission fragments

We have seen that experiment could provide the values of the variances

2 ' 2 .
: : : ~ i : h

o (vl m Ek), o (v2 m Ek) and the co-variances C(\)l Vyiom Ek) of the neu@ron

- distributions for selected values of one of the fragment's mass and of total
kinetic energy. These quantities cannot be immediately transformed into fragment's
excitation energy variances because of the neutron evaporation process. Even

if a fragment is produced with given mass, charge and excitation energy, a
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finite variance of the number éf neutrons will be‘observed dué to the statistical
nature of this evaporétion process.

Since, as'wili be shown beloﬁ,<we are chiefly infereéted in the excitation
energy variances for fixed masses and charges of the fragmenfs and since fhe
experimental quantities aré measured as a function of masses_qr charges alone it
isvalso necéssary'to determine in what respeét the experimental dats are
representative. |

We first examine this question. Using the formulas of Appendix IIvae

can write that

. 2 :
. dv v .
2 1l .- 2 2 ,
= — > o N
of(v;: mE) =< = n,E, o°(z: mE) + Zg o“(v;: m 2 E)
2 v, 0, 2
g : = < > . :
(v2 m Ek) 17 m’Ek o (Z: m Ek) + 7” 0»(\)2 m7Z Ek)
A .
dVl' dv 5
: . = > —_— > : N .
C(vy' v,y mE) =< = m5, ‘% mE O (z2: mE)+ M clvy Vor mZE)
. . : k : . Z
(111.5)
o . dVl
We shall assume that the isotopic widths 07(Z: m Ek) and the slopes < —5= > _
: - R dz m,Ek

do not depend sensitively on the total kinetic energies so that Egs. (III1.5)
wpuld also hold when the total kinetic energy variable is disregarded.

Neutron emission is very sensitive to shell effects so that it has more
.phjsical grounds to express the rates of variation of average nﬁmber of neutrons
as a function of the charge and neutron number of a nucleus than as a function of

dv < dv

its number of mass. Let us then consider the slopes < Eif->N and < W >Z which

express the rate of variation as a function of charge (or neutron number) of the
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average number of neutrons emitted by a fragment having a fixed number of neutrons

(or of protons). ~Then sincem = N + 2

av. v v |
1 1 1
‘T nT 2 v T z | - (111.6)

2
av dv
2 1 1 2 2
. - —_— > - —_—> . y .
o (v.: m) << _ <5 Z) o (Z: m) + 772 q (\)1. m7)

(111.7)

On the other hand, the slope of the represéntative curveslsi(m) which have been

presented in Sec. I can be written as

v v v
<?ai%>=<€z_l'>wd—?-+<éi\r_l'>z <
am am

assuming that the. charge density is the same in the fragments as in the fissile

252

nucleus, we obtain for Cf fission

av, dv AV
l>=o,'39 « =15 + 0.61 < 1

< — ——
dm iz N dN Z

dv -
typical values of < aﬁ—‘> range around 0.1. It appears reasonable to assume that
av. dv 3

> < —= > a1 i
KT N and a 7 have the same>31gn since the closed

shells at 50 protons and 82 neutrons occur in the same mass region. Then the
dv

first term of the second member of Eq. (III.T) is maximum for < oW >y = 0 and

for most of the cases <

3 dv '
< 3z >N # 0.25
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Taking a value of Gg(m: Z) # 0.25 we obtain for

: 2
dv av
(< 1, _« 21 >Z) 02(2: m)

dz N~ an

a maximum value of 0.015. This value is approximately 1% of_the observed values
of 02(vl: m) and less than 10% of the values of 02(vl: mka). We conclude that
for most masses the existence of a charge distribution for the fragments should not
impair the conclusions which could be drawn from the study of the variances of
neutron number measured only as a function of total kinetic energy and masses.

We now turn to the extraction of the excitation energy variances. Insofar

as the formulas of Appendix III can be applied, we can writé that

av, °
2 1 2 2
. : =< — > : :
o"(vy: mE) . mE ° ()2 mB) +WM o°(v: mE E)
.E]_
w2
2 _ 2, .
0(\)2. mEk)..< = >m,Ek0(E2 mEk)+')710(\)2 mEkEg)
2 E,
d\)i d\)2 )
C(v, v.: mE ) =< > < —==> C(E, E.: m,E )
1 2 k dEl m,Ek dE2 m,Ek 172 k
+ M (v, v,: mE_E E,) (111.8)
E,E, ,

The second terms of the second members of Eqs. (III.8) represent the
contribution of the evaporation process to the neutron number variances and
co-variances. In particular, the term C(\)1 v2: m Ek El E2)'measures the

correlation between the numbers of neutrons emitted by two complementary fragments

:° fixed masses and excitation energies. Except for possible weak spin effects,
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the two evaporation processes should not be correlated and therefore

¢(v, v.: mE # 0

12 k El E2)

dv dv2 , :
The 1nverses of the slopes < ———-> and < -——-> : are the energies

m, By By m,E
necessary for the fragment to emit one addltlonal neutron.' These can be
computed, as indicated previously, from the mass tables,vavérage neutron numbers
and kinetic energies, and from the.variations of the ¥y réy energy with neutron

number.

The two excitation energies E

1> B, and the total ikin"gtic energy E,_ are

obviously related’by energy conservation requirement:

Qm) - E =E +E, | o | (1I1.9)

The value of Q is not strictly defined by the knowledge of the masses of
the fragments because of their charge distribution. ‘Usiqg.again_the relations

of Appendix III one can write

o®(E, : E)-<§l-> o%(q: m) +M o E Q)

O R MRy Q “m,E_ q S

o2 (E,: E ») =< d—E—2- >2 02(q: m) +M o%(E, o Q) (I111.10) °
, ot M BT R m,E, Pon 2 ot mE Q) ¥

| dEy dE, 4P
Byt mE) =< G ap <@ ’mp 0 (@ ® *7" o8, By m 5, @)

Because of Eq. (III.9) we have
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We assume thét’<'dQ > =< Q > %’in order to estimate the first terms of the

"

‘seéond members'of Eqs; (III.lO);__This choice maximizes this correctiVe.term for
the third equation. ;Using the mass tables'and the data relative to the charge
distribution of the fission ffagments one can see £hat:02(

betwéen 1 MeV2 andsi2.MeV2;(h7)’-Retaining'thié last numbérlohe,sees that the

infm) fluctuates

corrective_termsbin ﬁhe_éq-variaﬁcé»are at most equal to 3-MeV2._ Exprésseq in;
neutron number these Quanfities are ﬁppfoiimatel&'equal to 0.05 n2 which is of
the order of 10% of the obserVed_valués. In the following we haﬁe néglected this
effect and héve,'theréfore, assﬁmed that; for a giyen valge of m and Ek thé total

excitation energy,El'+ E, was determined. 1In that case one has evidently

02(E :

1 'mlEk)f= GQ(Eé: m Ek)-= —_C(El E.: mE)

ot ME

and the systém III.iO can be solyed.' Fig. 26‘§hoﬁs thé vafiations of the variances
02(E1: m E, ) obfginéd as éxpléined above with the”total;kinétic eﬁefgy E, for a
choice of masses of the light fragmeﬁt. The experimentalbdatg had been smoothed
before the background_and efficiency.cbfrections were-mad¢;  The estimated errors
on the curves presentéd'in Fig. 26 are of the order of 207,'_The parabolic behavior
of the variandes,apbeér-to be well established. Fig. 27 shows the‘variafions of
the vériaﬁces averéged o&gr Ek aé a fuﬁction of m as we11~§s the value of the
maximum variancé for.each mass. Lastly, Fig. 28 Which islﬁaken froﬁ Ref. 48 shows

the values of the variances and co-variances of the neutron number as a function

of mass alone. TheSe quantities are related to the previous ones by relations

such as
.dv -dv i ' .
' : =< 1 2 2 Yy .
C(\)l Vv, .m) -T< > <‘F > O (Ek) + 772 c(\)l Vyiom Ek)

k. k. ¢ E
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From Fig. 28 it can be seen that the co-variances C(v. v m) are

1 Vo'

vanishing except for masses between 95 and 105.
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Iv. Sqme tﬁeoretical consequenées of the éxperimeﬁtal results'

We shéuld like to conclude this review of neutroﬁ aﬁdfgamma emission in
fission by an evaluatiﬁn of the inférmation which the éxperiﬁental results prévide
for a theory of nuclear fission. . We shali firs£ deal with thg;knowledge of the
potential energy surface of the system undergoing fissioh whiéh can be obtained from
the study of the de-excitation of the fragments. |

1) Potential energy surface

Studies of thevpfoﬁerties of the fission fragments can only provide information
.on the potential energy near the scission stage of the fissibh process. It is
convenient, at that stagé, to split the potential energy of the system in three parts:
The mutual Coulomb interaction energy C |

~and D

1

The deformation energies of the two nascent fragments D 5

Since the pofential energy surface can be considered.as the adiabatic ground
state of the system for fixed values of a set of shape paramétérs,'the potential
energy does not absorb. the whole available energy. The reﬁaining energy can also
be split into three parts: . |

The pre-sciséion-kinetic energy €.
The intrinsic excitation energies of the fragments Xi éndixg

vaonevneglects the post scission Coulomb effect thevexpefimentally measured
quantities can be expressed as a function of the "scission".énesi

The total fregment kinetic energy as

E =C+e . _ (Iv.1)
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The fragments excitation energies as:
(Iv.2)

The comparisons(ug’so’sl’sz)

betweén potential energy éomputations and
experiment have beén based on the averaée'values of kinetiq-and‘excitation energies

of the fragment. it’was, thus, necessary to make assumptioné on the magnitude of the
pre~scission kinetic energy and intrinsic excitations ofvthe ffagments. Those
assumptions were, in fact, related to a picture of the dynamics of the fission process.
The knowledge of the variances of the fragments excitation enérgies allow one to avoid
the need of such ambiguous assumptions. We can see from Fig. 26 that the

representative curves of these variances can be qxtrapolated to zero. For each mass
ratio there are twé resulting points characterized by two valﬁes of the kinetic energies
Eél)(m) and Eﬁz)(m). Fof those points the variance 02(El: ﬁ Ek) vanishes. From

equation (IV.2) we can write

2(x,)

) + 0 "

2 2
o (El) =g fDl) + 2c(Dl,xl

Since
. - : <
|C(D1,Xl)| \.G(Dl) O(Xl)

the variance GZ(El) can only vanish if both Gz(Dl) and oe(xl) vanish, or if the
deformation and intrinsic energies Dl and El were totally anticorrelated. The last

possibility is obviously unphysical.
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When the total intrinsic excitation ehergy of the sysﬁem.isrnoﬁ;vanishing, one
expects that it will be shared in a fandom-mannér between thé two fragments; this
random sharing will produce a non-vanishing value of ‘the vafiance 02(Xl). Thereby
the vanishing value qf.02(Xl) implies that both'intrinsic.é#éitation energies Xl and

X_. vanish.

o2 .
Using the formulas of Appendix III one .can write that
dD . . .‘ ‘. . :
2 1 2 2 ' Co
. =< —= > : : .
by Bom) =< gy o(er Bow) 7Z2 o°(D,:. E_m) (1v.3)
. . e e . (1) (2)
Since we have shown that for the kinetic energies Ek (m) and Ek (m)
OQ(Di: Ek m) =-0 the two terms of the second member of equation (IV.3) should cancel.
The slope
dD ' le
< —_— T o e D>
de m,Ek dc m,Ek

has no reason to vanish so that we obtain the result that

(1,2)

2
(e ;

E m) = 0

An argument similar to that used for the intrinsic excitation energies shows
. that this condition can only be fulfilled if € = O.
An intrinsic understanding of the preceeding arguments can be obtained from

consideration of Fig. 30.
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~On the figure #e have schematically drawn the minimum potential energy of
the system along the scission line (curve A). This curve has been labeled according
Vto the potentiai Coulomb interaction at each point. We also show the horizontal
line corresponding to.the total energy availablevto the system. The shaded area
corresponds to the excess energy in the system which can be split more or less at
random in pre-sciscsion kinetic enefgy, additional potential energy or intrinsic
excitation energy. For all points between 1 and 2 the system cén occupy a whole
range‘of states and thereby the vafiances of the excitation énergieé of the fragments
should not vanish., At points 1 and 2 all the available energy is necessary to provide
the necessaryvpoténtial:energy, and the system has no additional freedom. At these

points we can therefore write that

¢, = BV (m) ) . I SO oY
C, = Eig)(m) Diz) = E§2)(m) o Dég) = Eég)(m)
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The abo#e treatment'therefore provides, for each mass.ratio.bf the ffagﬁents'fwo
points a{o?g the miﬁimum:potential energy'sciésion line whére the Coulomb intefaction
energy and the fragment's aeformation energies are known. Fig; 31 displays the values
for theée quantitiés as obtained from‘tﬁe experiment on the-spontaneous fission of
252Cf. It would be interesting to study thevbehavior of the_variénces.of the
excitation energy as a fuﬁction of the excitation of the nucleus undergoing fiséion.
Such studies could perhaps provide additional points.on the potehtial energy'surface.
Some additional information can also be obtained using a slightiy modified two
spheroid model. We assume that the potential enérgy P along tﬁé scissiqn line has

a minimum for a value CO of the Coulomb potential. We further assume that the

-potentiél energy can be satisfactorily approximatedvby a parabola so that

the potential energy can ﬁherefore be written as
e 2
P=C+D=P + a(C-C)
o v o
which gives for the deformation energy
' 2
D=P +a(C~-C)" -¢C
o o
If Q is the energy released in the fission we also can write that
' : 2 2
= + -—
Q Po a(Cl Co) )

=P +a(C,-C =P + aAC®
6] 2 o o

since the points (1) and (2) are such that the potential energy is equal to the

energy release, as shown earlier.
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We make the further assumption, as iﬁ the twovspheroids model that there

*
exists‘a value C where both

p(c’) = 0 and. (99&91) « =0
C

C

These conditions are written:

Aaz Ac2 - ha(Q‘- co) +1=0

. » M .
We make the further assumption that C > Q (this is equivalent to the assumption that

the fragments are always elongated at scission) and obtain that

[(c -C )2 -'Acz] :
P=Q+ o é x[Q-C - /?é -C )2 - Ace]
2 AC °© °.

‘'The maximum eénergy of the system which is ﬁot tied up in potential energy is

obtained for C = CO and amounts to

q-P(c) =2(q-c /- c,)? - ac%)

The variations of this quantity as a function of the mass of the light
fragment are shown in Fig. 32. It is an upper 1limit for both the pre-scission kinetic
energy and total intrinsic excitation energy. Also shown in the figure is the second

derivative of the potential energy which is equal to

2 2
(Q - co) - /?Q - co) - AC%)

ac?
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It can.be seen on'Fig..3l, thaﬁ the valuéé Qf the maximum énergy which is not tied up
in potential energy'is.surprisingly'small.  It'rises_sligh§ly fr§m the most asymmetric
splits to the moét probable ones where it reaches-a value of approximately 7 MeV.
Although the error on that number is difficult to estimate;lit,should not exceed 50%.

It appears doubtful tﬁat-the statistical épproach of P, FQng(hg) éould be justified with
excitation energies of the fragments as low as U MeV. on fhé’dther hand, pre-scission

(53,5k)

kinetic energies of 40 MeV which have been obtained in somé_éomputations seem to be

ruled out. In that reSpect it is worth recalling that’the’eatly 0 accompanied
(55)

fission experiments. which seemed to confirm this high figufe have been improved

(56,57) The study of the even-odd effect reported in

and yield much smaller values.
Sec. II provides an additional experimental approach to fission dynamics.

2) Even-odd effects and quasiparticle excitations in the fission process

The production of two bdd—charge fragmenté in the fissionvof an even-charge
nucleus requires the breaking of at leaét one‘protoh-pair BqndQ For lov excitation
fission where the nucleus can be cqnsidered as cold at the saddle point as well és
for'spontaneous fission the corresponding two Quasiparticles e#citation must occur
somewhere between saddle and scission. If the fime difference between the instant
when this excitation takes place and the insfant of scission is longer than the

225) the two

characteristic time of a nucleon in the nucleus (épproximatéiy'2.lo-
unpairea protons can be freely exchanged between the two'nascent fragments before
scission takes place. At scission the poéitions of the two protons cen be considered
to be uncorrelated. The probabilities to observe two odd-charge or two even-charge
‘fragments will therefore be equal. If two even-charge fragments are observed one of
thém would have at least one two-quasiparticle excitation. While the excitation

energies of the even-Z fragments will be higher by approximately 2.5 MeV than those

‘of the 0dd-Z ones, the observed total kinetic energies shouldbnot differ for the

i
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two cases. The experimental results show that approximately.two-thirds of the
pairing energy appears as fragment's kinetic energy, in contradiction with the above
prediction. We conclude that most of the even-Z fragments are produced in the absence
of quasiparticle excitation.

It is known that the'yields of 0dd-Z fragments do not differ markedly from

(58)

those of even-Z ones. The radiochemical measurements appear to show a slight
~enhancement by approximately 30% of the even-charge elements;' In the following we
shall assume that this enhancement is 50%. If we again make the hypothesis that the
two quasiparticle excitation required to produce o0dd-Z fragments occurs at a relatively
long-time before scissicn and that the energy of approximatély 2.5 MeV, necessary to
break the proton-proton bond coumes entirely from the kinetic.energy of the fragments,
an average difference of 1.25 MeV in kinetic energy should be observed between

0dd~-Z and even-Z fragments. This is because half of the even-Z fragments should be
formed with at least one two-quasiparticle excitation as explained above. Since the
experimental figure is again higher than the predicted one, itself an

upper limit, the hypothesis tﬁat the quasiparticles excitation occur a long time
before scission must be abandoned. It, therefore, appears that quasiparticle
excitations occur only at the very late stage of the fission process with a
probability close tb'O.S. |

These findings are contradictory to the basic asSumptions of the

S ' o L1
statistical model of P. Fong.(hg) They agree well with the calculations of W. Noremberg( )

who found that the probability of level-slipage at the crossiﬁg of two levels
differing by their number of particle-hole excitations was close to unity. This
means that the structure of the level is conserved and, thus, that the probability

for quasiparticle excitations from saddle to scission is small.
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An interesting check on the ideas Jjust eutlined woﬁld be to study the even-
odd effect on fragments' kinetic energies as a function of the excitation energy ef
the fissile nucleusg- As soon as quasiparticle excitations-woﬁld be possiﬁle at the’
saddle point this even-odd effect should decrease markedly apdueventually vanish.

3) Variances of the excitation energies

We have noticed the remsarkable experimental.result thet the eo-variaﬁce of the
excitation energiesvfor a fixed mass ratio'C(El,Eé: m) was very close to zero
except around mass 100. We now show that this can be expected on the basis of a
very_schematic two spheroid model with the assumption of equipartition of the energy.
‘Let a and B be‘the deformation parameters of the two fragments. The

deformation energies of these fragments are assumed to be

=
"

o

Lo

Wé further assume that around the minimum potential energy of the. system the

Coulomb energy is a linear function of o and B

C=V-K(a + B)

" The potential energy is then equal to

P=V-K(a+B8)+ dl a2 + d2 82

and can be written areund the minimum

2 2
P-P., =2 dl(a - aM) + 2 d2(8 - BM)
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If we assume thermal equilibrium the probability to observe a deformation
couple 0,B is:

7 P(G,B) - P(OLM’BM)

T P(a) P(B)

P(a;B) = exp

it follows that the two deformations behave independently and that
C(a,B) =0

and also that C(Dl,D ) = 0.

2

We had previously assumed(

59)

that the variances of the deformation energies for

a fixed value of the total kinetic energy

02(

Dl: m Ek)

could be neglected. The above result shows that this cannot be the case since we

have
le dD2 5
= : M) < = D> < —— > +
0 C(Dl,D2 m) dEk = o (Ek) M c(Dl,D2 m Ek)
k E
. k
and
ap dD
. 1 2 2
M ¢(D,,Dyt mE )=-< —=>< —==>¢°(E )
E 1°72 k dEk dEk k

k

contrary to our original assumption(59) we find that the variances of the deformation
energies are more important than those of the intrinsic excitation energies. Assuming

that

m) = C(b D.: m) =20

C(E,,Ey: 1272

x
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we obtain an average wvalue of C(El,EZ: m Ek) of approximately

cg(Ek) o | o _-

- = =-20 Mc_eV = C(El,EQ: m Ek)‘:- -0 (El: m,Ek)
in good agreement with‘the experimental values shown on Fig. 26.

The sbove treatment implied that the fluctuations of the intrinsic excitation
energies were small. This is to bé expected if the syétem Behaves statiétically
except when the fluctuations became critiéal. It is possiﬁle fhat this ié the
situation when the light fragment has a mass.numbef around 100.

While in the previous sub-section we have shown that'almost né quasiparticle
excitations occufed_in the descent from saddle to scissidn, we had not ruled out the
possibility of a strong coupling of collective states'ﬁithin what W, N5remberg(hl)
defines as a fissibn band. W. Noremberg predicts that such a strong coupling should
exist and that a statistical treatment of the system near s§ission should be adequate.
We have shown above that such a treatment préaicts, at least qualitatively, the values
of the variances of the excitation energy. We have nof shbwni however, that other
models would fail to predict these values. It appears, at this timé,'that the
strongest argument in favor of the "fission band" model comes from another kind of
expériments where the total kinetic eﬁergies obtained in induced and spbntaneous

(60)

fission of the same‘nﬁcleus are compared. It appears that only a small fraction of
the increase of excitation energy of the fissioning system appears in additional

kinetic energy. This suggests a strong damping of the fission mode in the first

part of the way from saddle to scission.
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Conclusion

: In'concltsion;‘we shouid like to summarize thebinformation which appears to us
relevant to the fission theory and has been explained in detail previously. - We also
wish to suggest soﬁe possible future developments as regafds the experiments.

The gamma—ray emission by the fission fragments can be explained within the
frame of the theory of statistical decay of excited nuclei provided angular momentum
effects are included. The anidotropy of the fission Yy rays appear to be in
contradiction with P. Fong's(he)vstatistical theory of fission. It can be explained,
as well as the correlation between total Y ray energies and excitation energies in
the frame of the "fission band" model of W. NSremberg.(hl)‘,.

The experimentally determined variances of the excitation.eneréies of the
fragments yield values of the minimum potential energy of thedsystem near scission
which are surprisingly high, allowing for less than 10 MeV in pre-scission kinetic
energy or internal excitation.

The study of the even-odd fluctudtions of the totalikinetic energy of the
fragments points to a very small probability for two-quasiparticle excitations in the
descent from saddle to scigsion. On the other hand; the‘comparison-between total
kinetic energy in induced and spontaneous fissioh is easily explained in terms of
a strong demping of the fission mode info othér excitatioﬁ ﬁOdés. Those two features
are reconciled in.ﬁhe "fission band" model which predicts the right order of
magnitude for the variances df the excitation energies.

A§ far as the experimental situation is concerned, we have seen that some
discrepancies remain with respect to a satisfactory account of energy balance in
fission. The main cause of uncertainty lies in the kinetid ehergy measurements; our
" knowledge of the energy resolution and tailing obtained with fragments detectors.

needs to be improved. The aveilability of heavy ion beams or of separated beams of

fission fragments should help to obtain this information.
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The bvetter accufaéy o5£ained in measurements of average neutron numbers has
not been accmnpénied by a‘similarvbrogressnin obtaining the avérége neutron kinetic
energies; the time haé perhaps come to improve on the measwements of H., R. Bowman g&_g£°<1)
In particular, the‘quesﬁioh of the iSotropic component in the néutron emission remains
mostly opened not only with respect fo its behavidr as a function of the masées and
kinetic energies of the fragments but regarding its very existence. A better
knowledge of the neutron kinetic and angular distributions could in turn allow an
improvement of the neutron variance measurements; it could aléo»help resolve the
present discrepancies.between variance méasurements using large or small detectors,
respectively. It is important that this discrepancy be resolved so that the less
cunbersome small detector method.could be used safely.

The neutron variénée measurements, if carried out at varying excitation energies
of the fissile nucleus could provide more points on the potential energy surface and
perhaps more sensitive tests.of models for the fissioh dynamics.

Regarding the gamma-ray measurements it'has usuallyfbeen assumed that their
angular distribution was not significantly perturbed by the hyperfine interaction.
1t appears* that such an assﬁmption might not be Justified since deorientation effects
were very important for.Highly ionized rare-earth nuclei.

Finally, the study of even-odd effects.on kinetic energies as a function
of excitation energy of the coméound nuéleus'should be a useful test of the conclusions

ve have reached here and eventually provide information on the number of 2-quasi-

particles excitations at the saddle point.

E
F. Stephens, privete communication.



-67- o LBL-1950

Acknowledgements

One of us, H. Nifenecker, has greatly benefited of the hospitality of the
Lawrence Eerkéléy Léboratory. He is greatly indebted to S. G. Thompson, who made
available the data used in the study of even;odd effects on the fragments' total
kinetic energy, anc whose conﬁinuous interest has been of great comfort. It is also
a pleasure to thank R.‘é. Jared for his help in sorting out the kinetic energy data.
Most fruitful discussions with J. J. Griffin, S. S. Kataria, M. Kleber, H. Krappe,

L. Moretto, W. Myers, G. Sussmann, W. Swiatecki, C. F. Tsang,.énd J. B.'Wilhelmy have

very much helped in writing this article.

.
( -

o



(1]

(8]

(9]

[10]

[13]
[14]
[15]
[16]
(17]

-68- S LBL~-1950

REFERENCES
BOWMAN, H. R., THOMPSON, S. G., MILTON, I..cC. D., szATEcKi, W. J., Phys. Rev.
126 (1962) 2120, -
MILTON, J. C. D., FRASER, J. S., "Procgedings of the Syﬁpbsium on Physics and
Cheﬁistw of F“ission", Vol. II, p. 39, IAEA, Salzburg (1965). |
APALIN, V. F., GRITYUK, Y. N., KUTIKOV, I..E., LEBEDEV, V;-I., MIKAELYAN, L. A.,
Nucl. Phys. 55 (1964) 249. |
WHETSTONE, S. L., Phys. Rev. 100 (1956) 1016. | |
MASLIN, E. E.,vRODGERS, A. L., CORE, W. G. F., Phys. Rev. 16k (1967) 1520.
BOLDEMAN, J. W., MUSGROVE, A. R. L., WALSH, R. L., Aust. J. Phys. 24 (1971) 821.
SIGNARBIEUX, C., NIFENECKER, H., POITOU, J., RIBRAG, M., Joﬁrnal de Physique
33(8-9) €5-1972(I-23). |
GAVRON, A., Correction of Experimental Results in Fission,Expériments, to be
published. _
TERRELL, J., Phys. Rev. 127 (1962) 880.
RIBRAG, M, POITOU, J., SIGNARBIEUX, C., MATUSZEK, J., Etude d'un ensemble de
detection destiné a mes.urerv lé multiplicité de l'emi'séién neutronique dans les
réactions nucléaiffes, Internal Report, CEA, SNIPNF/853/71.
BOLDEMAN, J. W., DALTON, A. W., (1962) AAEC/E1T2. : |
MACKLIN, R. L., GLASS, F. M., HALPERIN, J., ROSEBERRY,.R.vT,, SCHMITT, H. W.,
STOUGHTON, R. W., TOBIAS, M., Nucl. Instr. Methods 102 (1972) 181.
GAVRON, A., thENKEL, Z., unpublished. -
POITOU, J., NIFENECKER, HF, SIGNARBIEUX, C., unpublished.
SKARSVAG, K., BERGHEIM, K., Nucl. Phys. 45 (1963) T2.

KAPOOR, S. S., RAMANNA, R., RAMA RAO, D. N., Phys. Rev. 131 (1963) 283.

NIFENECKER, H., SIGNARBIEUX, C., RIBRAG, M., POITOU, J;,‘MATUSZEK, J., Nucl. Phys.

4189 (1972) 285.

L5




(28]
(29]

[34]

[35]

-69- LBL-1950

MAIER-LEIBNITZ, H., SCHMITT, H. W., ARMBRUSTER, P., "Proceeding of the Symposium
on Physics and Chemistry of Fission", Vol. II, p. 143, IAEA, Salzburg (1965).
PLEASONTON, F. FERGUSON, R. L., SCHMITT, H. W., Phys. Rev. C 6 3 (1972) 1023.
ARMBRUSTER, P; LABUS, H., REICHELT, K., Z. Naturforsch 26a (1971) S12.
WILHELMY, J. B., CHEIFETZ, E., JARED, R. C., THOMPSON, S. G., BOWMAN, H. R.,
RASMUSSEN, J. O., Phys. Rev. C 5 6 (1972) 2041.

HOFFMAN, M. M., Phys. Rev. 133 (196k4) B71L.

IVANOV, 0. I., KUSHNIR, Y. A., SMIRENKIN, G. N., ZhETF Pis'ma 6 10 (1967) 898.
JOHANSSON, S. A. E., Nucl. Phys. 60 (1964) 378.

ALBINSSON, H., Physica Scripta 3 (1971) 113.

ALBINSSON, H., Energiés and Yields of Prompt Gamma Rays from Fragments in Slow

Neutron Induced Fission of 235U, Internal Report n® AE-L420.

CHEIFETZ, E., JARED, R. C., THOMPSON, S. G., WILHEIMY, J. B., Phys. Rev. Letters

25 (1970a) 38.

JOHN, W., WESOLOWSKI, J. J., GUY, F., Phys. Letters 30B (1969) 3Lo.

VERBINSKY, V. V., WEBER, H., SUND, R. E., "Physics and Chemistry of Fission", Proc.
Symp. Vienna, 1969 (IAEA, Vienna 1969), p. 929.

MEHTA, G., POITOU, J., RIBRAG, M., SIGNARBIEUX, C., Phys. Rev. C T (1973) 373.
NARDI, E., MORETTO, L. G. THOMPSON, S. G., Phys. Letters 43B (1973) 259.

ALBINSSON, H., LINDOW, L., Prompt Gamma Radiation from Fragments in the Thermal
Fission of 23°U, Internal Report AE-398.

ALBINSSON, H., Yield of Prompt Gamma Radiation in Slow Neﬁtron Induced Fission of
235U as a Function of the Total Fragment Kinetic Energy, Internal Report AE-L1T.
VAL'SKII, G. V., PETROV, G. A., PLEVA, Y. S., Sov. J. Phys. 8 (1969) 171.

NIFENECKER, H., SIGNARBIEUX, C., RIBRAG, M., POITOU, J., MATUSZEK, J., Nucl. Phys.

A189 (1972) 28s.



=70~ : LBL-1950

[36] GARVEY, G. T., GERACE, W. J., JAFFEE, R. L., TALMI, IﬂstELsoN,'I., Rev. Mod.
Phys. kL1 (1969) S1.. |
[37) WILKINS, B. D., FLUSS, M. J., KAUFMAN, S. B., GROSS, c; E.; STEINBERG, E. P.,
Nucl. Tnstr. Methods 92 (1971) 381. - o
[38] SCHMITT, H. W., PLEASONTON, F., Nucl. Instr. Methods 40 (1966) 20k.
[39] MORETTO, L. G., Nucl. Phys. A182 (1972) 6k1.
[4b0] RASMUSSEN, J. O., NOREMBERG, W., MANG, H. J., Nucl. Phyé. A;gg (1969) L465.
(k1] NOREMBERG, W., "Zuy‘mikroskopischen Beschreibung der Kerﬁspaltung",
Habilitationsschrift, Heidelberg University (1970).
[L2] FONG, P., Phys. Rev. 102 (1956) 43k,
[43] NIFENECKER; H., Nucl. Instr. Methods 81 (1970) Ls.
(4] GAVRON, A., FRAENKEL, Z., Phys. Rev. Letters 27 (1971).11#8.
(k5] BABINET, R., NIFENECKER, H., POITOU, J., SIGNARBIEUX, C., ihiS'conference SM-1TL/k1.
[46] REISDORF, W., UNIK,:J._P., GRIFFIN, H. C., GLENDENIN, L. E., Nucl. Phys. A1TT (1971) 337.
(47] NIFENECKER, H., Thesis, CEA RL121.
(L8] SIGNARBIEUX, C., POITOU, J., RIBRAG, M., MATUSZEK, J.; Phys. Letters 39B (1972)
503. |
[L9] TERRELL, J., "Physics and Chemistry of Fission'", Vol. II,'p. 3, TAEA, Salzburg (1965).
[50] VANDENBOSCH, R., Nucl. Phys. 46 (1963) 129. |
[51] DICKMANN, F., DIETRICH, K., Nucl. Phys. A129 (1969) 2h1..
[52] SCHMITT, H. W., "Physics and Chemistry of Fission", IAEA; Vienna (1969), p. 67.
[s3] NIX, J. R., SWIATECKI, W. J., Nucl. Phys. 71 (1965) 1.
[54] HASSE, R. W., "Physics and Chemistry of Fission", IAEA, Vienna (1969), p. 33.
[55] BONEH, Y., FRAENKEL, Z., ﬁEBENZAHL, I., Phys. Rev. 156 (1962) 1305.
[56] JAGOPALAN, M., THOMAS, T. D., Phys. Rev. C 5 (1972) 206&.

[57) FLUSS, M. J., KAUFMAN, S. B., STEINBERG, E. P., WILKINS, B. D., Phys. Rev. C T

(1973) 353.

AR

SO T




-71- ‘ LBI~1950

WAHL, A. C., "Physics and Chemistry of Fission", IAFA, Salzburg (1965), p. 317.
NIFENECKER, H., BABINET, R., SIGNARBIEUX, C., Journal de Physique 33(8-9) €5-1972,
Vol. II (I.2L).

DERUYTTER, A. J., this conference SM-1Tk/35.



-T2~ ' LBL-1950

Appendix I

Effect of an isotropic component on the determination of the average number of
neutrons emitted by the fission fragments .

We consider a fission event in which V. neutrons are emitted by fragment

1

1, Vo by fragment 2 and assume Vo scission neutrons. When fragment 1 flies towards

the neutron detector the average number of detected neutrons will be

= + +
g T€V *rv,*tav,

where € is the efficiency for neutrons emitted by fragments flying towards the
detector, r the efficiency for neutrons emitted by the complémentary fragment
and a the efficiency for detecting scission neutrons. We assume that € and r

are independent of the fragment's characteristics. Then, when fragment 2 flies

towardsvthe neutron detector we have
= + +
8, £V r Vv a va

2 1

and

+ + +
g, * &, (e + r)(vl V2) 2a v,

When we neglect the pre-scission component we assume that ny and n, neutrons are

emitted by the two fragments so that
1 1
= +
g € n, * rn,
1
g, =€mn,*Trn

2 1

the efficiencies El and rl are assumed to be proportional to € and r
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as explained in the main article the proportionality constant is determined by

writing that

+
g T &

(et + rl)(nl +n) = ale + r)(ng + ny)

with

o]
+
=]
1
i}
<

v, + Vv 4V

so that

+ .
+ va) (e r)(\)l + v2) + 2a v,

ale + r)(vl'+ v,

from which we obtaln

va 2a
=1+ o (E n l)
T r
and
= & L _ L .
i Tl [vl(l*-a) +"2(1 a) * Ve
=L ' 1 i
Ny T3 ["2<l+a)+"1<l a)+va_

We now consider two limiting cases. In the first one a large neutron
detector is seen from the source through an angle of 90°.‘.Then, if one assumes

that all efficiencies are proportional to the related solid angles, obviously

ca ey
L
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2a
€ + r

=1 and a =1

so that

<

a

B(1,2) T V(,2) T 2

' We see that in this case, the assumptidn that ali neﬁtrons-are emitted
by the fragments is equivalent to an equal sharing of the pre-scission component
between the two fragments. Furthermore, the condition ni_+ n, = vT is always
fulfilled. In the second case we consider a low efficiencj detector. We,

thereby, can neglect r and

v 5 '
a=1+ —§-<—i'- 1) (A.I.1)
\)T €

Assuming a Maxwellian shape for the center of massvfragment's neutrons

spectrum we have

. ﬁﬂz - oF oE \ -
—=2 pr- }e +{1+pP 'TEQ 1+ —59 (A.I1.2)

where Ep is the energy per nucleon of the fission fragment;.Tvis the neutron

spectrum temperature and

s [y

E .
Typical values of TQ are around 0.5. Then
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E 4oy
a
and
va
o # 1 - o x 0.5

From equation (A.I.1) it can be seen that the vaiue of a which ensures

that the condition n, + n

1 5 = Vp is fulfilled will depend on the fission event's

characteristics with respect to both the value of 35 and that of ?u Alternatively,
d 7 ‘ T

if one uses the value of o obtained for the average characteristics of the fission

fragments one obtains

- that

where ni + n; represents the average total number of neutrons as obtained with
the assumption that there are no pre-scission neutrons, € and €' are the efficiencies
computed for the average and the specific fission events, respectively. In particular,

one obtains for the slopes with respect to Ek

d(n + n2) dv v a2 de(E, )/a-
< 1 2° 5 -« T a k
aE =< T >t < i >
k €
E

With typical values of the variations of TQ in equation (A.I.2) one obtains a
relative increase in the slopes of the variation of the average total number of
neutrons as a functién of Ek of a few percent. The error on vT itself is of the

order of O.l_neutrbn, o N : “Fe
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Appendix 11

A study of two causes of systematic errors in the measurement of neutron number
variances

1) Recoil effect

(8)

A. Gavron ‘has pointed out that the hypothesis of isbtropic emission of the
neutrons, usually made to obtain pre-neutron masses and kinétic'energies from_the post-
neutron enefgies of the fission fragments, was no more valid_when the neutrons were
detectéd ﬁith small detectors. We first recall the treatment given by A. Gévroﬁ in the
case of average’neutron number measﬁrements. We then extend hié treatment to the
measurement of co-variances of the neutfon distributions.

Using the notations of A. Gavroh, V., is the velocity.of the fragment before the

F

etected neutron is emitted, its velocity after emission of e neutron, an
detected t i itted V% it locit ft issi " th Vl a 61
are the velocities and angle of emission of the neutron in the fragmént frame, V and 0
the corresponding quantities 'in the laboratory system.

The fina; energy of the fragment when a neutron is detected at the angle 6 will

differ from that of the isotropic case, when no neutron is detecfed, by :

. 2e
‘. _ 1 V cos® .
elF(G) - elels) = - my ( VF - l) ’

where elF(B)‘is the final energy of the fragment when a neutron is detected at angle

0,

C1F

(is) the same energy in the isotropic case, e, and m, the pre-neutron emission

kinetic energy and mass of the fragment.

The pre-neutron energy of the fragment is then equal t6
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when the recoil effect is not taken into account the pre-neutron energy is written

v(m. ,e)
1 1
€ = €1y '(1 * my )

Gi(m,e) is the average number of neutrons emitted by the fragment of mass m, and for a
total kinetic energy e.

The average neutron number is given by the ratio of tﬁo counting rates. The
numerator is proportional to the number of triple coincidences between the fragments
and neutron detectors, the denominator to the number of double coincidences between

the fragments detectors. When the recoil correction is not included one obtains :

_ .Nc(e,ml)
vyle) = N (e,m)
when it is included one should write :
N Nc(el’ml)
Eih = crya

: 1
A. Gavron has shown that the error made in assuming thatm = m

Is

was not great. If we make a first order development in e we obtain

g 1 o d N,(e,m) ) 1 - o) i"_l_N_T_
1 1 Tyle,m de NT(e,m) S de
dv
= (el -e) L, L U(e1 - e) E§2
de NT(e,m) 1 de

We now assume that NT(e,m) is a gaussian function of the total kinetic energy
so that

Ng T2

.\,‘
3
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where e is the most ‘probé,ble value of e.

The difference el - e arises only from the difference between e and ei. We

then obtain

-1 = my o (v, V(e -e)
\)i -V, = f — (V \(;ose _ l) R (del _ 2 . ) , v (A.17.1)

F

this expression also allows the study of the difference in slope between the corrected

c2=
and uncorrected data. . We neglect the second derivative d vlrso that :
de2 v
& @&, o &, Vle-9) Ve o @
1 1 _ 2 1_2 1l _ele-e) 1) (Vocost
de de mi(ﬁl + m25 de g2 o2 | e de Ve
(A.II.2)
_ Gl e ‘ g v
the dominant term in the parenthesis is - 5 Setting in A.II.2, cosb =1, \7— =2
- o] . F

and writing the same equation for the complementary fragment one obtains an estimate

of the difference in the slopes of the total number of neutrons variations

1
&_%—:_007
de de ‘
-1
| &y |
For example, if the true wvalue Ere is 8.3 MeV, the uncorrected value would

yield 5.26 MeV.

In the small neutron detector measurements of the co-variances the quantity

N#(e)
Mle) = — C
Nl(e) Ne(e)

is provided by the experiment, the co-variance being given by
)
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Here the quantity Nh(e) is proportional to the number of quadruple coincidences
between two neutrohvdetectors and two fragments detectors while Ni(e) and Ng(e) are
proportional to the ﬁmnber of triple coincidences between oné of the neutron detectors

and the two fragment detectors. Using the definitions of V. and V. we also can

1 , 2
write that
C(v, v = ; V., V, =V, VY, = - V.V
1 2 . C C 1 72 l1 2 2 1 72
N (e) Ny(e) No(e)
We define
N-(e)
P(e) = g
N(e)

The errors made in neglecting the recoil effect will then be

Com(eh) - (e)
AP = k4 k
- P)
NT(e)
and
AC=AP-V. AV -V_ AWV

1 2 2 1

where A vl and A Gé have been camputed above.
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) L M) oy 2Ee) No(e) o |
P = e - e) = =— - .
N.?,(e). - de N,i - de ° e
i anN (e)/de |
= Q_giﬁl + 2 P(e) ——E-T;T—_—] 1. e)
= —g__g.ﬁ_%l - 2P(e)ec-; E] [ei + e:2L -e - ee].

The quantity P(e) is very nearly equal to 31 32 since C(vl’VZ) is a small

quantity so that :

dv,
- |- 2

v -~
l == e-e 1 1
Vgt Ay, 2],[e1+ez'el‘e2].

From A.IT.1 we also have

and

We then obtain :

.
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dqv -\ . dv -
_ 2 = = (e - ) 1 — = (e ~-¢e
Ac=(e) ~e) (‘ﬁ.de -V V% 72 ) + (e - ep) (Vz e ~ V1 Vo 2 )
el e el e
51T 1 - = -
S S ST
€ = € € 1

inserting typical values of V, VF 02 we obtain

(e -7
A v, # 1.4 (0.1 T

# o.ih'- ifiigiil

AC # 0.56 - le-e) 49y

The correction is of the same order of magnitude of the co-variances themselves.
It has usually a tendency to yield positive correlations..

2) Variations of the efficiencies with neutron multiplicity

We shall consider, as an example, the obtention of co-variances with small

neutron detectors. The rieasured quantity M is equal to

€.V, €, V
Mo L 1272

€Y1 &2Y5

and it is assumed that € and €, do not depend on vl and v2.‘vIn that case

<
<

<
<
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However, even for fixed masses and total kinetic energies of the fragments
it must be expected that the center of mass velocities of the neutrons will depend
on their multiplicity. Therefore, the efficiencies should themselves depend on the

neutron multiplicity. To first order we write

X -
epv) =gy *+ ke (v = v))

and similarly

e (v,)) =¢ SEo(V, = _\72)

oVp) = Ep * K

it is expected that the values of the efficiencies should decrease with neutron

numbers so that kl and‘k2 should be negative. For the sake of'simplicity we assume

that kl = k2. Then, to first order

e (1 + k(v - §)—l))\)l vo(1 + k(v, - v.))e

272

e (1 + k(vy = v ))vy ,(1 + k eylv, - V2>)v2

We assume that since the total kinetic energy and masses of the fragments are

1 + - = Ny Ny 3 .
fixed vl v2 VT vl + V2 it then comes that:

" V1Yo
- 2 2
_ o (vl) o (ve)
U RS —
AY] Vv



and since v, #+

so that

which leads to

have

sothat CC - C=AC=kMV

AcC

AC

R

R
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Vo T Vo
02(\))=o(\))=—c(v v,.)
1 2 ] 1°72
" = VYo
- C(v,,v. )V
\Y) 1l -k l?T
2|~ . %
1l 2
c(v v2)

V.

(L+xM vT) =M-1

LBL-1950

If the variations of the efficiency had not been taken into account we would

1

L k.

-0.8.

To

The quantity M is close to one and Vv

to four so that

Values of k of the order of -0.2 appear possible and in that case

This is egain of the same order of magnitude as the observed quantities.
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Appendix III

Recalls on regression analysis

In the following we derive some useful relations between the conditional
moments of multi-variate distributions. Similar relations can be found in the article

(49) (47)

of J. Terrell and in H. Nifenecker.

!
We consider a Y-dimensional probability distribution

P(x,y,Z,t)

The first and second moments of this distribution are given by

XxX=< x> = fo(x,y,z,t) dx dy dz dt

2

Q
n

»

]

f X2 P(x’ysZ,t) dx dy dz dt - < x >
C(XsY) =f (lx - < X >)(y -<y >) P(x,y,z,t) dx dy dz dt
=< xy > =< xXxX><y>

and similar relations for the other wvariables.

We also consider the marginal probability distribution of z and t

glz,t) =ffP(x,y,z,t) dx dy

and the conditional moments 'as for example

choys =) - g(z,t) g(z,t)

< Xy >Zt - < X >Zt < y >Zt ) . : (A.III.l)

R !
- Il

//XY P(X,y,Z,t) dx dy _/:/x P(stszat_)_'d;( dy ffy P(staz’t) dx dy

R
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The regression coefficient of y on x , written < %§->, is defined as the coefficient of
the linear term of the straight line ax + b which minimizes the average value of the

square (y - ax - b)2.

We must therefore minimize the expression

A= f (y - ax - b)2 P(x,y,z,t) dx dy dz dt

we have

Q

A . _ 2 /-(y - ax - b) P(x,y,z,t) dx dy dz dt = 0 (A.I11.2)

Q

or
b=<y>—a<x>

substituting b in the second relation

@
e -3

= -2 f x(y - ax - b) P(x,y,2,t) dx dy dz at = 0 . (A.III.3)

(o34

a

one obtains

/x(y ~-< y>) P(x,y,2,t) dx dy dz dt = a /x(x - < x >) P(x,y,2,t) dx dy dz dt

and thus

< % > = g = Clxay) : - (A.IIT.4)

Such a relation evidently holds for the conditional moments as well. For

example:
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<4y, _ Clxy: zt)
Sax ozt 02'(x: zt)
-1

a consequence of this relation is that < %—;— > is nof équal 1_:,.0 < %ch > rather :

< _d._X_ > = .g_(_}f.:.L)
dy > (y) dx 52

fl

.dt is also possible to write :

-1 2 -1
< ax X ‘—CL}-{-‘IL—=<'d'X'> PQ(X,Y)
dy dy 02(x) 02(y) dy \

where the correlation coefficient p(x,y) is defined as '

e
poy) = GG3EEy

and is only equal to 1 when x and y are compietély correlated.
Another definition of the regression coefficient ivs often used. Let us

define the conditional average of y

/! / X,¥,2,t) dy dz at
/ff xy,zt)dydzdt

and the marginel distribution of x

p(x) =-V/:/:/‘P'(x.,y,z,t) dy dz dt
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The regression éoefficient < %}x{ > is also the slope of thé.straight line dbtained by
the least square fit of the curve< y >x'

In that case we minimize the expression

f(<y.>x-ax—b)2 p(x) dx

we obtain the two equations

f‘- y >, plx) ax = a /x p(x) ax + b f p(x) ax (A.III.5)

fx( <y >x‘- gx - b) p(x) dx‘.v= 0 o (A.IT1.6)

"Equation (A.III.5) is equivalent to equation (A.III.2) and yields the same

resulth:
b=<y>-a< x>
equation. (A.ITI.6) can be written
fx<< y > =<y >) plx) ax = ao’(x)
or. -

fx< y >, p(x) dx - < x >< y > = a 0°(x)

and using the definitions of < y >x and p(x)

f/f/xyP(x,y,z,t) dx dy dz dt - < x >< y>='302(x)
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which yields . . | | - R

o =< &, o Clxy)
dx 2
0" (x)

as in equation (A.III.L).
We now turn to the conditional co-variance of x and y and see, from its

definition that

!‘./:/‘C(x,y: zt) g(z,t) dz dat = f xy P(x,y,z,t) dx dy dz 4t
= C(x,y) + < x >< y > _ﬂ < X >zt< y >Zt g(z,t) dx at

(A.III.T)
To first order we can write that
_3x(zt) - Lox(zt) - = o |
< x> = THET (t - t) + 32 (z - 2) +< X>;t (A',HI»'e)

and
_‘a'igzt) = . 3y(zt) - -
<Y 2 T Ty (t - %) + dz (z-z)+<y>—z-t

where the partial derivatives are expressed for the value zt. By a weighted integra’ciqn

of A.ITI.T we obtain for example :

< > ' =< > — = < >
/ x> . g(z,j:_) dz dt x > x
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Substituting A.III.8 into A.III.T we obtain to f'ir‘st_ order :

c(x,y) =?9ﬁ§:,t)_3%§§,t) o2(¢) + axgz,t),aygz,ﬁ) 62(2)
N (3>§2,t) ay;z,t) + Bf;:,t) aygi,t) ) clz,t) + M clxuy: 2t) (A.TTT.9)
A
where

M clxy: ‘zvt') = ff Clxy: zt) g(z,t) dz dt
zt

In the main article we consider several limiting cases of equation (A.III.9):
1) If we assume that x(z,t) is independent of t and y(z,t) is independent of z

we obtain

2x(2.8) 3r(2at) o(z,0) + M Clxay: 2t)

zt

C(x,y) =

and, in that case, ._using the properties of < g’-’-z(- > and < %%’- >

Clxyy) =< E>< &sclz,t) + M clxy: 2t) (A.ITI.10)
zt ' :

2) If we deal with a three variate distribution P(x y t) formula A.III.9 can be
used by considering z to be fixed and therefore that

og(z) = C(z,t) =0

thus in that case
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clry) =< > < gh>of() « Mctwy: ) o | (A.III.11)
' t - : _

If we consider the variances of x and y we have

- 2, S .
C(x,x) = 0" (x) T ¥

so that

» e |
6%(x) =< %,>_ 2(t) + M ®(x: t) B (A.II1.12)
@ t - |
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FIGURE CAPTIONS
Fig. 1. Variations of the average neutron number V(m) with the fragment mass as

obtained in different experiments

235

(a) For the slow neutron induced fission of U

A Maslin EE.Ei'(S)
(6)

°® Boldeman et al.

(2)
(3)

0 Milton et al.

Y Apalin et al.

—

This figure is taken from Ref. 6.

(b) For the spontaneous fission of 2%20¢

(1)

A Bowman et al.

(1)

e Signarbieux et al.
Fig. 2. Variations of the total neutron number G&(Ek) with fragments' total kinetic
25

20f spontaneous fission

(1)

A Bowman et al.

(3)

energy for the

Y Whetstone
e Our results
Pig. 3. Effects of neutron recoil correction on the averaéetneutron nunber measured
with low efficiency detectors |

a. On Gi(m)vresults

b. On Vy(E ) results
] Uncofrected results
o Corrected results

The continuous line denotes the input data. This figure is taken from Ref. 8.

2
Fig. 4. Variations of the "invariant" R = Q:égl__ %;as a function of efficiency in
q q

an actual 4T neutron detection system.

~Ey
N
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Fig. 5. Experimental and calculated energies carried away per neutron. The
av,, =1 ' _
> . The Calcu1ated values were

experimental values were obtained from <
obtained from
B +n+0.75
° Calculated values for each frggment mass
A Calculéted values for a fragment pair
A Experimental vaiues for a fragment pair
Fig. 6. Variations of the average number of néutrons emitted per fragment as a
function of the total kinetic energy of the fragments fqr § range of fragments
masses |
e Light fraément
0 Heavy fragment

Fig. 7. Anisotropy of the y quanta yield versus fragment kinetic energy in the fission of

235 ~ ! !
U a) For different fragment mass ratios: O = =1.1-1.25, A ;r-= 1.25-1.35,
| 2 2
m : m m .
1. - L. - . -
o = =1.35-1.45, ¥ === 1.45-1.65, { — = 1.65-1.9

2 2 2 ' .
b) For ell realized mass ratios. The solid curve shows the fragment kinetic

energy distribution
Thié figure is taken from Ref. 23.
Fig. 8. Anisotropy of the prompt radiation as a.function of fragmént mass Aex:
(a) Anisotropy without collimator: the contributions of the two fragments are
not separated. |
(b) Anisotropy with collimator selecting y quanta in the time region (10-100)
psec after fission

This figure is taken from Ref. 20.
252

Fig. 9. v ray yield per fragment versus fragment mass in the Cf spontaneous fission.

-

Figure taken from Ref. 2.
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Fig. 10. Y ray yield per fragment versus fragment mass in the slow neutron induced

235

fission of U
. Data taken from Ref. 19
A Data taken from Ref. 32

Fig. 11. Observed correlstion between the values of y (ﬁ;(m)) and neutron (v(m))

multiplicities
(a) In the case of the induced fission of 235,
. . 252 ..
(b) In the case of the spontaneous fission of ct

Fig. 12. Variations of total Yy energy EY(Ek) as a function of total fragment kinetic

energy

235U

252

(a) In the induced fission of

(b) In the spontaneous fission of Ccf

Fig. 13. Correlation between the total y ray energy E§(Ek) and the neutron multiplicity

\)(Ek

235U

252

(a) In the induced fission of
(b) In the spontaneous fission of cr

Fig. 14. vVariations of the total Yy ray energy as a function of the total kinetic energy
2520f)

of the fragments for different light fragment masses (
° Direqt_measurement
o Results obtained from energy balance considerations
Fig. 15. (a) Slopes < g;l >m of the variations of the total Yy ray energy versus the
total kinet?c energy of the fragments as a function of light fragment's
mass‘(ZSQCf)
° Direct measurement

o Results .obtained from energy balance considerations

(b) Total Y ray energy as a function of the light fragment mass (252Cf)
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* *

Fig. 16. Slice plots at constant mass m; in the 3 MeV X 3 amu array EY(Ek My ).

1
Figure taken from Ref. 19.
Fig. 17. (A) Fission x-ray spectrum N(Xi)
(B) Average value of the y pulse height as a function of x-ray detector

(2520f fission)

pulse~height EY(Xi) ‘
)
Fig. 18. Average total Y ray energy emitted as a function of the
o Light fragmént's charge
\ 252\ i s
A  Heavy fragment's charge (“°°Cf fission)
Fig. 19.' Average neutron number as a function of the
] Mass of the fragments

A Charge of the fragments (252

Cf‘fission)
Fig. 20. Average kinetic energies as a function of
e Light fragment's charge
‘A Heavy fragment's charge
Fig. 21. Best average ﬁeutron number as a function of charge of the binary fission

(252Cf fission).

fragments
Fig. 22. Best averagébtotal kinetic energy as a function of charge of the fission
fragments. The continuous line shows the value of average total kinetic energy as
a function of.mass of the fragments. The mass and charée scales reflect the charge
to‘mass ratios of the fragments.
Fig. 23. Experimental and calculated values of the average center of mass kinetic
energy of the neutrons ﬁ: Typical experimental errors are shown by full dots with

error bars. The theoretical values were obtained including pairing in the level

densities. Figure taken from Ref. 31l.
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Fig. 24. o Variations of the variance of the total number of neutrons as a function

of mass of the light fragment 02(VT: m)

o) Average value over the total kinetic energy of the conditional variances.

2
(vT.

¥Fig. 25. Variances of the total kinetic energy

m Ek) as a function of the mass of the light fragment

e As obtained directly from the kinetic energies |
o] As obtained from the neutron variances
The full lines give an idea of the errors on the experimental values.
Fig. 26. Variationé of the excitation energy variances Og(El: m Ek) as a function of

Ek for a number of masses of the light fragment.

Fig. 27. e Variations of the excitations energy variances Qg(El: m Ek) averaged

over E. as a function of light fragment mass

k
o Variations of the maximum observed energy variance as a function of
fragment mass
The full lines give an idea of the errors.
Fig. 28. e Variations of the variances of the total number of neutrons OQ(VT: m)
as a function of fragment mass
A Variations of the sum of the two neutron variances for complementary
fragments Ug(vi:_ m) + 02(v2: m) as a function of fragment mass
o Variation of the co-variance of the neutron aistribution as a function of
fragment mass |

og(vl: m) ’402(V1: m) - 02(v2: u)

C(\)l v, m) = 3

The quantity shown on the figure is - C(\)l V,i m) for the sake of convenience.

\.\
N
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Fig. 29; .Observed'relative intra-ground state bénd transitiéﬁ intensitiéé for fission
fragments (ﬁriangles) and for (charged particle, x n) reactions (lines). The
feactioﬁ aaté are iabeled with the average angular momentum of the reaction as
calculated from optical model codes. Figure taken from Ref. 21.

Fig. 30. Schematic representation of the.minimum potential energy and "free energy"
along the scission line

Abscissa: Coulomb interaction energy C

Curve A: Minimum potential energy

Curvé C: Total energy of the fissioning system

Points 1 and 2: Points where the minimum potentiai enérgy is equal to the
total avai lablev energy |

The shaded area shows the amount of free energy.

Fig. 31. (a) e Values of the maximum Coulomb energy at scission Eil)(m) as a

function of light fragment mass
o Values of the minimum Coulomb energy at scission Eég)(m) as a function

of iight f}agment mass | .

(b) @ Values of the deformation energies of the fragments corresponding
to the miniﬁﬁm Coulomb energy
The shaded area represents the range of possible values éf the deformation energies
for the maxiﬁum Coulomb energy configuration. The fuil lines give an idea of the
errors.

Fig. 32. (a) Maximum "free energy" available at scission as a function of light
fragment mass

(b) Second derivative of the minimum potential energy curve

The full lines give an idea of the errors.

~)
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Neutron emission per fragment
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