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neutron is discussed and shown to be of the order of 8 MeV, in the case of the Ccf

spontaneous fission. This includes the effect of the observed 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,
acgular distributions) are summarized. These features appear to be in agreement with
a statistical de-excitation of the fregments provided angular mamentum effects are
suitebly taken into account.

The variances of the excitation energies of the fission fragments ss a function
of m and Ek are obtained from the ébservation of neutron number distributions. Here
again it is shown that, at present, the use of lerge neutron detector is the safer
technique. The knowledge of these variences allow en improved estimation of the
différence between the total energy releasse in fiszion and the minimum potential
energy of the scissica configuration. This difference is found to be at most of the
order of T MeV in the 25-'Ectf of spontaneous fission.

One of the basic ssswumptions of the "fission band" mecdel of W. NESremberg(hl) is
strongly supported by the observation of 1.7 MeV difference 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 then being a general survey of all experimental evidence on the
neutron end gemme emission in the fission process, this paper will focus on some
of the recent detailed measurements relative to this subject. In the first
section we shall examine the average neutron numbers as measured as a fuaction
of both mass and kinetic energy of the fission fragments. Although recent
measurements do not show new qualitative features they quantitatively differ
from previous ones, especially with respect to the velue of the energy carried
gwgy per neutron. The disagreement may be traced to different experimental
approaches; one set of experiments makes use of low efficiency plastic
seintiliators and the other of high efficiency loaded liquid scintillators. We
shall discuss the relative advantages and drawbacks of these two techniques.

In the second section we shall examine some of the detailed measurements of
galme-ray energy, gemma-rey multiplicity and gamme-ray angular anisotropy which
have been carried out as a function of the energy, mass or charges of the
fragments. Combiring the neutron, gamms snd fragments kinetic energy measurements.
the measured energy release in fission can be compared with predictions of mass
tables. We shall preasent evidence of even-odd effects when the neutron, gamma
emission and the fragments kinetic energies are measured as a function of the
charges of the fregments. We conclude this section with a discussion of the
engular mcmenta of the fragments. In the third section we shall discuss the
Cetalled measurements of the varlances 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 neutron detectors, respectively.
We show how the variasnces of neutron number can be transformed into 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 varlance

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 kinetlc energy of

the fragments were obtained using low efficiency neutron detectors(l’2’3), with

the noticeable exception of the mezsurement made by Whetstone(h) 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
(6)

fission of U236, Maslin ggg;_.(” and Boldeman et al. used a large gadolinium

loaded scintillator as a high efficiency neutron detector. On the other hand,
we have o'btained('” the neutron number distributions in the spontaneous fission
of Cf’252 and, thereby, their first moments; our results are to be compared to
those of S, L. Whetstone(s) and H. R. Bowman ggl_.(l) Figure 1 shows the vari-
ations of the average neutron number V(m) as a function of the mass of the
fragments as obtained in these experiments. Although the general trends of the
representative curves v(m) are similer in ail measurements, gquantitative
discrepancies as high as 30% can be noticed on the figure. The situation is
hardly better when one considers the variationms of the average neutron number '\"'(Ek)
as a function of totel kinetic energies of the fragments as can be seen on Fig. 2
(3)

vhere the results obtained by H. R. Bowman _elg.l.(l), S. G. Whetstone'~’, and
ourselves are compared. This sitvation gives rise to a wide renge of values of
the energy carried away per neutron from the 6.6 MeV/n advocated by H. R.
Bowman _e_t_&l_.(l) to the 18.5 MeV/n claimed by E. E. Maslin.(s) The origin of

these discrepancles seems to rest mostly in the different methods used to teke
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into account the following factors:

-~— The assumed geometrical efficiency of the detector which depends, 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 detection system

—— For the large liquid 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
studied in detail by A. Ga.vron(s) and found to be most sensitive for small
efficiency detectors.

As shown by Terrell(g) the low efficiency neutron detector experiments are much
more sensitive to the first two factors. For exemple, the 1:se of the super-
position of two Maxwellian shapes for the center of mass neutron energy spectrum
increases the number of neutrons measured in the direction of the emitting
fragment by 10% as compared to the walue ocbtained with only one Maxwellian
distribution. If the detector subtends an angle of 90° the increase is reduced
to 0.4%. When a large liguid scintillator is used in a Ur geometry to measure
total number of neutrous the efficiency problem is obviously minimized, beiﬁg
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 ghe radius of the detector is greater than .
approximately 30 cms. It, therefore, appears that, provided the last two factors

of possible systematic errors could be satisfactorily dealt with, the total
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number of neutrons measurements carried out with large 4 detectors should be

used to check the more error-prone determinations of average number of neutrons

emitted per fragment. It has been pointed out by Fraser(Q) that neutron

evaporation could lead to a non~colinearity of the fragments paths. This lack

of colinearity could cause an unwanted selectivity in the detection of the

fragments in double time of flight or double energy experiments. This effect

can be overridden by using an asymmetrical disposition of the fragments detector

with respect to the fission source. This condition is especially easy to fulfill

by measurements of the total number of neutrons where the fission fragments direction

needs not be defined, thereby allowing for a compact source-fragment detector

geometry. Such a geometry has the additionel advantage of increased signal to

background ratio. As far as mass and energy resoluticas are concexned the

performances obtained with the most widely used double-energy technique provide

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

These figures ere small enough compared to the physicel widths of the structures

appearirg in the fission process *o ellow a satisfactory correction for resolu~

tion effects. This is in contrast with the situstion in the pioneering work(l’B)

in this field where experimental energy widths as high as 20 MeV werc «stimated.
A. Gavron has recently(a) shown that the very fect that a neutron is

detected in a preferential direction requires that the masses and kinetic energies

of the fragments be corrected for recoil effects. This recoll correction appears

to be especially important when the kinetic energy dependance of neutron numbers A

is studied. The magnitude of this correction is shown in Fig. 3 end appears to

be able tc account for most of the differences observed befween the high and low

efficiency measurements. In 4T 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 details about dead-time
corrections and optimization of the large liquid scintillatnré 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) sumation of the pulses
of the phototubes after equalization of their gain. As pointed out by several e.uthors(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 V and 02(\)) be the mesn value
and the variance of the neutron number distribution of the source. Let g and GE(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
.a.nd (1.1)
oe(q) = €2 02(\:) +e(l-€)V
Substituting for €

(1.2)

¥

i) _
i

@l l-
<| =

The first member cf equation (2) must then be indepg_:}dent of the efficie_ncy
of the neutron detector. Figure 4 shows to what extent thi;',é:ondition can be realized
in an actuel system. It is fulfilled for efficiencies lower tha.n.QO%. For higher
efficiencies the influence of at;terpulses in the phototubes end of ﬁultiple—fviring
of the discriminators starts to be félt. It is noteworthy that the observed

invariance of expression (2) is an indication that delayed gsmme-reys
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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
measurements we found that the results obtained for the values of both the means
;T(m,Ek) and the variances of 02(\),1,: m Ek) of the neutron number distribution
measured as a fuuction of the mass and total kinetic energy of the fragments agreed
within statistical accuracy for two experiments where the detectors efficiency were
80% and 55%, respectively. Finally, an independent check of the validity of the

measurements of total number of neutrons with 47 high efficiency liquid scintillators

is provided by the sgreement between those measurements and those recently(lz) carried

out with 3I-!e counters placed in a paraffin moderator. This rather lengthy

Justification of the use of large neutron detectors for measurements of total number
(13)

of neutrons was felt useful in view of recent doubts which have been raised in

their behalf. In particular, it has been argued that these experiments gave
unreasonably high velues of the energy necessary to emit one additional neutron. The
variation of the averege total of neutrons emitted by both fragments as a function of

their total kinetic energy is very nearly linear. The inverse of the slope of this
v, -1
variation < === > has been found to be 16.7 MeV/neutron by J. N. Boldeman g__t__ai.(s)

in the thermmal neutron induced fission of 2360 and, by us, to be 13.0 MeV/neutron in

the case of the spontaneous fission of 25201‘. However, these quantities should not be

interpreted as the energy necessary for a given pair of fregments to emil one more

neutron. This is mostly becsuse different mass distributions are obtained for

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

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

av,
the nlope < L > can be expressed as a function of the variance 02(Ek) of the total

kinetic energy and of the co-variance of \)T and Ek
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vy C(\)T,Ek)

€ —— > =

By 02(Ek)

(1.3)

Then, up to first order in the variaetions of Ek and \)T ags a function of
fregments masses the over all co-variance C(vT,Ek) can be expressed as a function
of the mass averaged value of the conditional co-variances C(\)T,Ek: m) of Vp end E

for a fixed mass by

dv :
C(vgeE, ) =< 2L 5< %‘» ’@) + vk s =) VpE o m (1.4)

dm
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Due to the small veriastion of \’T as a function of m the first tem of

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

C(\:T,Ek) = chT,Ek:mi (1.5)

A relastion similar to eguation (3) holds between quantities measured
at a8 fixed mass ratio of the two fragments so that

CoE ) = (= ) (& im) (1.6)
vT'Ek'm - dEk n Ek'm » '

[sY)
Assuming a negligible correlation between the values of (E-Ef )m and

Uz(Ek:m) for different mass values, one cen then write that
(.7)

In the cese of Cf252 using resoluticn corrected values of G(Ek:m) = 9.2 MeV

and G(Ek) = 11.33 MeV one obtains an approximaste value of

ETC; -1 '
(d—E— )m = 8.6 MeV/neutron .

This figure can be considered to be a determination of the energy
necegsary to emit one additional neutron and can be compared with estimates
based on neutron binding euergies, kinetic emergies and, as will be seen later,
-n gemma-neutron competition. We shall meke this comperison in the

=1

computed for each mess

(s V]
next section using the more detailed values of (-‘E;T- )m

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 veriations wi'l;h 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 fzjagment flying towards the neutron detector and to rthe total kinetic
energy Ek of the two complementary fragments. The "average number of detected

neutrons for & glven fission configuration is then equal to
a(mE) = dm,E ) V(mE) + r(M - m,E ) V(M - m,E) (1.8)

where \_)'(m,Ek) and v (M - m,E, ) sre the average number of neutrons emitted by the
fragments moving towards and awey from the neutron detector, respectively.
E(m,Ek) and r(M - m'Ek) are the probabilities of detection of these neutrons.

A similar reletion holds when the fragment of mess M - m moves towards the

detector, namely

oM - m,Ek) = oM - m‘Ek) viM - m,Ek) + r(m,Ek) \T(m,Ek) (1.9)

Provided the set of forward and backward efficiencies e(m,Ek) end
r(m,Ek) the average numbers of neutrons emitted per individuel fragment V| (m,Ek)
cen be obtained. The sets of efficiencies can be computed by means of & Monte-
Cerlo simulation. (1k) 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 forwerd 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,Ek) cannot, by any means, be neglected. We have found that
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the efficiencies provided by the Monte-Carlo simulation were slightly but
consistently overestimated by 2 to 3%. Thus, & constant nommalization factor was |
applied to them so that the over all averasge total number of peutrons per fission
could be reprcduced.

The veiues of the average neutron numbers per fragments U(m,Ek) were found to
vary by less than 2% over their entire range when two different assumptions were made
on the neutron spectra; in one cese we assumed & constant temperature Maxwellian
spectrum, and in the other we used the actual spectra as determined by H. R.
Bowmen ﬂﬂ.(l) The sum U(m,Ek) + (M - m,Ek) of the average neutron mumbers emitted
by two complementary fragments should be equal to the average total neutron numbers
;T(m,Ek) as determined in the 4r geometry experiments. This egreement was obtained
by Whetstone,(3) Maslin et &1_.(5) In our experiment the agreement is better than 2%
for the all range of masses and kinetic energies. This seems to be a good check of
the efficiency correction procedure.

Up to now we have not considered the possible existence of an isotropic
component in the neutron angular distribution. This camponent has been first

(15) (2) and Kapoor e_t_a_l_.(l6) It is

suggested by Skaraveg et al., Freser et al.,
shown in Appendix I that in the case of a large detector subtending a 90° angle from
the neutron source end assuming a constant detection efficiency for all neutrons
entering the detector, the neglect of the isotropic camponent is equivalent to its
sharing in equsl 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 rigse to differences between the results of the two types of measure-
ment of up to 5%.

The varistions of the average nuumber of neutrons emitted by complementary

fragments of selected messes as e 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 fregments. Thereby, for a given mass spllit, the

* fraction of excitatinn energy teken up by one of the fragments cannot be held as

constant.

IT. Gemma-ray emission snd 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 experimentel
difficulties:

-~ The need to discriminate between fission Y rays and Y rays produced
following neutron capture or inelastic scattering

—= The time-distribution of fission Y rays which covers a wide range from
less than 10'11&; to severel microseconds. This circumstance makes difficult
the camparison between experiments using different arrangements

—— The moderate amount of anisotropy in the angular distribution of the
figsion Y rays, which mekes it much more difficult to measure the relative share
of each fragment in the Y emission than it is in the case of neutrons.
The Pirst difficulty is ususlly overcaae by the conjunction of a time discrimination
between the gamma rays o .-iginating from the fission fragments and those produced
in neutron capture or inelastic reactions and a careful ccllimation of the y ray
beam. For total gumma ray energy measurements, lerge liquid scintillators of the type
deseribed in Sec. I can also be used with the adventage of a very high efficiency;
in this case a satisfactory correction for neutron parasitic effects can be maie,

provided e simultaneous measurement of neutron multiplibity.(”)
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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.

I7.1. Angular digtribution of fission y rays

There are two causes of anisotropy in the fission Y 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 rige to a distribution in the laboratory system of the form:

Wp(8) = W (14 (24 1) lc'- cost) (11.1)

vhere v is the velocity of the fregment, ¢ the velocity of light, O the angle
with respect to the fragment direction and r a small correction term accounting
for the change in energy of the Y rays. This Doppler anisotropy obviously
disappears when the two fragments are not distinguished by the experimental set
up or when they are stopped before the Y emission takes place. On the other
hand, it can be used to determine the share teken by each of the two complementary

(18,19) in the total Y ray emission and to obtain information on the time

{20)

fragments

dependence of that emission.
The other cause of anisotropy of the fission Y rays is a consequence of

a prefcrential orientation of the fragments' spins with respect to their direction

of flight. J. B. Wilhelmy et 2.(21) have measured the angular distribution of

several 2+ -+ 0+ transitions in the ground state bands of geveral even-even fission

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

direction of the fragment with enisotropies ranging between 8.3% and 33.4%. Because
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of possible attenuaetion effects in the plstinum catcher they used, these velues

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

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

M. M. Hofﬁnan.(ze) In more recent experiments the enisotropy of the whole fission

Y rey spectrum has been studied as & function of fragments kinetic energies,

mass ratios, masses end as a function of Y rey energy. These experiments all

235

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

obtained by 0. I. Iveanov _e_t_gi.(e?’) in their study of fission Yy anisotropy as a
function of total kinetic energy and mass ratio of the fregments. The figure
shows a definite increase of anisotropy with the total kinetic energy of the
fragments for ell mass ratios studied. On the other hand, the anisotropy seems
insensitive to the mass ratio of the twc fragments. This last result has been
confirmed by P. Armbruster et g.(ao) Using the collimator technique pioneered by
S. V. Johansson(zh) these authors have been able to study the anisotropy of the
Y reys emitted between 10 ps and 100 ps after fission 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
fregment mass range vhich averages around 20% as compared to 14% for the light
fregment. When measured as a function of Y ray energy between 0.1 and 1.2 MeV
the anisotrOpy(zo) do not show strong departure from an average value of 13%.
This is only slightly less than the values obtained by J. B. Wilhelmy et _ai.(el)

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 a
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possible admixture of between 10% and 20% of dipolar rediation. This conclusion
holds for Y energies betweer 0.1 and 1.2 MeV as quoted above. As a concluding
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 of the
measurements of y ray energy emitted in fission could lead to errors of about

5%; this holds not only for absolute velues but alsc for relative ones, especially

when the fragment's kinetic energy is retalned as a parameter in the measurement.

I1.2. [Time dependence of Yy ray emission by the figsion fregmenty

The gross time dependence of Y emission by the fission fragments of
235U has been most thoroughly investigeted by H. Albinsson.(eﬁ) Using the
collimetor technique this euthor studied the rate of production of fission Y rsys
between 10 and 200 picoseconds, He found that the corresponding decay curve
could be well represented by the sum of three exponentials corresponding to
helf-lives of 7.5 ps, 18 ps, and 60 ps with intensities, relative to the total
gamma rediation emitted within 1 ns after fission, of 35%, 25%, and 10%,
respectively. P. Armbruster et al. ,(20) by e comparison of observed Y ray anisotropy
when both fragments were allowed to fly and when one of them was stopped in the
fission source backing concluded that,‘in the latter case, the averasge velocity
of the stopped fragment had to be reduced to 27% of its original value to account
for the observed residual Doppler anisotropy. They show that, assuming a single
time constant T for the decay curve of the Y emission the reduction factor f
is equel to

te

e
[
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. where tc is the characteristic slowing down time in the source backing. In their

' experiment P. Armbruster et g.(zo) 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 reduction factor one is then led to assume the existence of

| a fast component with minimal relative intensity of 23% corresponding to an

: infinitely short half-life. This component is most probably responsible for the

attenuation of the ¥ ray anisotropy for measurements carried out between 0 to

: 1 ns after fission with respect to those relative to the 10 ps-100 ps range.

It is thus probably of the dipole type. H. Albinsson(zs) has measured the gross

_‘ features of the Y ray energy spectra corresponding to the three decsy 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 this energy both the single particle

lifetime estimates for El and ML transitions and the collective estimates for

E2 transitions are much shorter then 7.5 ps. On the other hand, this value lies

very close to the single particle estimate for E2 transitions. The same can be

said about the energy spectra associated to the 18 ps time component. 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. Chei:etz

ﬂﬂ_’_(ﬂ) in the Californium fission case.

From the preceeding and the average multiplicity of about four gemma rays
per fragment a qualitat.ive picture can be drawn of the average c_a.aeade of Y rays
emitted by the fragments. A first transition, mostly of the electric dipele
type with an average energy greater than 1 MeV is followeéd by two E2 transitions
of a non collective type; the cascade then terminates with an average of about

one trensition in the ground state rotational band when it exists.
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In some cases, after what cun be considered as the prompt y emission,
deleyed Y rays can be emitted. W. John(za) estimeted that approximately 20% of the
total Yy ray number or T% of the total Y ray energy was emitted between approximately

252

100 ns and 2000 ns after fission of cf.

The plicture for Y ray emission by fission fragments presented above is

certainly oversimplified; it should be modified, in particular, according to the

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

II.3. Multiplicitlies and energles of the figsion Y rays

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

in the fission of 25 2Cf, 21“)Pu. and 236U was reported at the Vienna conference
by V. V. Verbuiski gt g._]_..(eg) Their results are shown in Table I, together with
I\
3

the aversge neutron numbers. The values relative to the long range particle

accompanied fission also present in Tseble I are taken fram the work of

(30) 5’

G. Mehta et al. except for the average energy per fission which has been !

asgumed equal in binary and ternary fission.

Table I |

Type . ) Average Y by l

of E_(total energy T |

Fission Y per photon multiplicity |
2%y 4+ n 6.51 0.97 6.69 2.42
239, ¢ n 6.82 0.94 7.25 2.83
2%20¢ Sp. L.R.A. 5.99 0.88 8.7 3,052
2524¢ Binary Sp. 6.8 0.88 7.75 3.756

The measurements of Verbinsky et 5&.(29) refer to a period extending up to

approximately 10 ns after fission and a Y energy range from 0.1% to 10 MeV.

f,

T
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Pleasanton et il_.(lg) report measuremen"ts of total Y ray energies and multiplicities

in time ranges of 5 ns, TO ns, and 275 ‘ns aft=r the slow induced fission of 235U.

Their velues are shown in Teble II and are in very good agreement with the 235U

figures of Verbinsky. From Teble IT it can be seen that the delayed y contribution
in the case of the induced fission of 235 U would account for approximately 2L4%

of the totsl number of Y raeys and 14% of the total Y rey energy. The last figure
(28)

is more than twlce the corresponding one reported by John et al. for the
spontaneous of ecalifornium 252, In summary, we find that the total Y rey emergy
emitted in fission lies around 7.5 MeV with an ebsolute uncertainty of sbout

0.5 MeV for most of the known cases. This value of 7.5 MeV can be compared with

that obtained in stetistical computations such as the recent one by E. Nardi et _a_l_.(31)

of approximately 6 MeV in the 252Cf sponteneous fission case. Although the

‘difference between the expected value and the observed one is much less than
some years ago it is still significant. Tsble I shows that positive correlation

exists between the Yy ray multipliclties and the total number of neutrons per

fission.

(24)

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

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

fragments of 25201‘. John(ze) added a delayed camponent to Johansson's results and

obtained the curve shown on Fig. 9. Siml[lar dsta have been obteined in the slow

(32) using the same collinstor

technique as S. G. Johansson and by F. Pleasanton ;e_j_:_il_.(lg) using the Doppler

neutron induced fission case by H. Albinsson et gl.

anisotropy technijue. 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 Y multiplicities and total Y energles as e function of time after
the slow neutron induced fission of 235{1.

Y energy Time interval K T EyT
ns {y/fission) (Mev /fission)
0.09 - 10 MeV ~5 6.51 6.43+0.3
0.03 - 10.k ~ 70 8.1 T.0%0.7

0.03 - 10.% 275 8.6 T.4%0.7
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fragment mass are different. This difference cannot be attributed in its
entirety to the different time renge after fission studied in the two experiments,
since, if it were so, the velues cobteined by F. Pleasanton should always be in
excess to those obtained by H. Albinsson. The correlation between Y ray and
neutron emission is best visualized by plotting the points corresponding
to the various couples (EY(m) w(m}} on the (EY,\)) plene. This is done on Fig. 11
for both celifornium and 236U cases. In preparing Fig. 11 we have used

Albinsson's dete for 236U end the relative yields given by John divided by a
normelization factor of 1.55 so that compearison could be made with the total
Y ray energy measuarements on 252Cf‘ which will now be examined.

The varietions of total Y energy or yields as a function of the total

kinetic energy of the fragments have been measured by H. Albinsson et 3-.;_.,(33)

F. Pleasonton gj_:_g.,(lg) and G. V. Valskii g:c_g.mh) in the slow neutron induced

fission of 235(]. A good sgreement is observed between the results obtained by

the three groups. We show on Fig. 12 the results obtained by H. Albinsson. Using

a large liquid scintilletor as & 47 ¥ ray detector( 35) we obtained the variations

of totel Y ray energy as s function of total fragment kinetic energy for the
spontaneous fission of 25201’. These variations are also shown on Fig. 12. The
correletion between the total Y ray energy (or multiplicity) and the total number
of neutrons measured as e function of totel fragment kinetic energy can be
examined as done before for the fragment's mass related values. This is done in
Fig. 13. This figure and Fig. 12 strongly suggest that a linear relation exists
between the Y ray energy and the number of neutrons emitted in fission. The

straight lines appearing in Fig. 12 and 13 correspond to the assumption that

Ey(m'Ek) = [0.75 ;(m’Ek) + Q]Mev‘ | ' " (IIl)
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in the 25201‘ case and
Ky(m.Ek) = [1.1 V¥(m,E ) + 1.75] (11.2)
236

in the U case.
The extent to which such relations are accurate can be estimated from more
detalled measurements where the Yy ray energiss or multiplicities are studied as
a function of both the masses end the kinetic energles of the fragments. Using
the large 1iquid scintillator we have measured'3°) the totel y energy emitted in
fission as a function of total kinetic energy and mess ratio. The results ars
shown on Fig. 1k where the variations of total Y energy as a function of the
fragment's total kinetic energy are displayed for a cholce of mass ratios. It
can be seen from the figure that the variations are very nearly linear. In
Fig. 15 we show the variations of the average total y energy and of the slopes
0:;: > of the above mentioned linear variations as a function of mass ratio
(or mass of the light fragment). It can be seen that the verietions of those
quentities are less than 10% except at symmetry. Since the varlations in the
slopes < %;—:— > as a function of fragment mass as shown in Fig. 5 are themselves

less then 10%, it follnws that equation (II.1l) could be sccurate within 20% for

the whole mass and kinetiic energy range. However, this conclusion might be an

oversimplificetion. The results obtained by F. Pleasanton et _g.(19) seem to indicate

that this is the case. Figure 16 taken from the work of these authors shows the
'variations of the Y energy emitted by one fragment ss a function of total kinetic
energy for a cholce of masses of the fragment. It cen be seen on the figure that
for some heavy fragments the emitted ¥y energy tends to increase with kinetic

energy and is, thereby, anticorrelated with the number of neutrcns emitted by
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this fragment. This tendency sometimes leads to values of Yy ray energy emitted
by one rragment 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 veriations 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
exsmple, from equation (II.1) one sees that the energy necesgsary 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 camputed and
observed energies carried away per neutron is made on Fig. 5. The sgreement is fair
and the energy carried awey per neutron ranges around 8.5 MeV. It is seen, however,
that the experimental value lies consistently higher than the camputed one especially
for light fragment masses higher than 105. This will be explained in the rollowing
section in terms of a not accounted for tailing of the kinetic energy resolution
function. The detailed measurements of average neutron numbers ;’(m,Ek), of total y
ray energies EY(m'Ek) and of center-of-mass neutron kinetic energies 'n-(m,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(ngk) = Ek. + vl(m'Ek)[-B.(m’Ek) + Fl.(m'Ek)] + '\Tl(M - m’Ek.)[E(M - m’Ek) + E(M - m,Ek)]

+ EY(m,Ek)
where ;l(m.Ek) is the average number of neutrons emitted by fragment of mass m,
F(m.Ek) is the average center-of-mass kinetic energy of these neutrons, B(m,Ek)

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

of mass-table values, EY(m.Ek) is the total y ray energy emitted by the two

.

;
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complenmentary 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
Ek' The extent t6 vhich 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
the spontaneous fission of 25201‘ with the help of Fig. 1k. On this figure both
the Y ray energies obtalned from direct measurement and those obtained with the
assumption of energy balance are displayed for several masses. The condition
that total eﬁergy release be independent on Ek is equivalent to the requirement
that the varistions of the above quantities be parallel. This appears to be the case, fo
most masses, within statistical accuracy. However, although the two quantities plotted
on Fig. 1ib display parallel variations their absolute values differ. The
magnitude of the disagreement is shown on Table III where the differences between
the experimentally determined energy release and the values obtained from the
Garvey et g,l.(36) mass tables are displayed. The experimental values are 1 to 2 MeV

higher than the computed ones. Recent evidence(37) seem to indicate that fragments

total kinetic energles 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 exemple, in the case of the spontaneous

 fission of 25201’

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

exprosses the total energy releasc for a fission glving rise to a fragment with

Z protons and N neutrons. When the fissile nucleus has an even charge the
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Table III. Comparison of experimental and camputed energy releases in the fission of
252

cf.

A Q(A)Garvey Q'1:".::p - QGarvey
90 203.33 1.22
91 20k4.39 1.61
92 205.81 1.62
93 205.83 1.65
9k 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 -0.47
103 212.55 0.97
10k 213.11 1.35
105 21h.32 0.93
106 215.73 0.91
107 216.01 2.5

108 217.47 1.32
109 218.21 1.7k
110 219.36 1.57
111 220.64 2.01
112 222.82 0.63
113 223,66 2.07
114 225.05 1.92
115 226.65 1.62
116 228.31 2.33
117 229.40 3.6

118 230.97 2.25
119 231.63 2.19
120 231.93 1.95
121 232,47 2.05
122 233.75 G.0

123 233.14 1.30
12k 232.95 2.63
125 233.02 T.37
126 232.97 =h4.2
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fragments have both either an cdd or an even charge. Because of the pairing enerzy
of the protons it then follows that a fission giving rise to two even-charge
fragments will be, on the average, 2.5 MeV more cenergetic than.a fission

giving rise to two odd-charge fragments. Studies of the variations of average
total kinetic energies, neutron and gemme emission as a function of the fragments
charges can therefore provide information on the partition of this even-odd
energy difference; such information cannot be obtained from mass measurements.

We have measured the average total Y ray energy, total neutron number emitted in
the fission of 2523f as well as the fragments total kinetic energy as a function
of the charges of the fragments. Since no detailed report of this work has been
made earlier we now shortly describe the experimental technique involved as well
as some aspects of the data analysis.

In the peutron multiplicity and total Y ray energy measurements, a
californium fission source was placed near a silicon/lithium drifted x-ray
detector at the center of a diametrical hole mansged into & big gadolinium-loaded
liquid scintillator. For each detected fission event the pulse height of the
coincident pulse produced in the scintillator was analyzed as well as the pulse height
delivered by the x-ray detector; the number of neutrons detected by the
scintillator was counted between 1 us and 36 us after fistion. The three
quantities were then stored on an event-by-event basis on & magnetic tape. The
fission events were detected either by the requirement of a coincidence between
an suxiliary fragment detector and the x-rey detector or by the requirement of a
»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.

Vie have been able to show that the two techniques fér detecting fission events
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were equivalent. In the later cese both fragments could be stopped in the
source and the Doppler broadening of the x-reys emitted by the fragments was
thereby minimized. In that case the resolution of the x-ray detector was 350 eV

at 35 keV,

The fission fragments x-ray spectrum obteined in this experiment is
showa on Fig. 17.

The kinetic energy determination made use of data obtained by E. Cheifetz
.eill_.(m) in the course of their study of y rays emitted by fission fragments. In
52

one of their experimental set-ups the 2 Cf source was deposited on a solid state

detector, which detected one of the fragments. The other fragment was detected
in another solid-state counter. Both fragment detectors were operated in
coincidence with an x-rey detector positioned behind the source. The pulse
heights delivered simultaneously by the three detectors were stored on event-by-
event basis on & megnetic tape. When the data were processed only events vhere
the x-ray had been emitted by the stopped fragments were considered. From the
two pulse heights provided by the fragment detectors the total kinetic energy of
the fission event was obtained using the calibration scheme first proposed by

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

The data from the two experiments 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 reay
energy, neutron multiplicity and total kinetic energy). Thus, if xi is a

particular x-ray bin we obtained

N(x,), Ey(xi). vx), E(x)
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In the following we shall denote by K(Xi) the measured average value of
the quantity A corresponding to the x-ray smplitude xi. Let y(Z,A) the number of
fissions producing a fragment of charge Z and a value A of the quantity under
study. Let Y(Xi »A)} the number of fission producing an x-ray pulse in channel
xi and the same value A of the quantity under study. For each fission producing
a fragment of charge Z we assume that we count a pulse in the x-ray chennel xi
with the probability R(Z.Xi) which corresponds to the elemental response of the
detector. Then the charge ylelds y(Z,A) can be obtained from the observed yields

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

n
2
€= 1-2:1 Wy (Y0KA) - 3 R(E) y(z.A)

The solution of the least=-squares equetion then expresses the charge

yields as linear functions of the channel yields

y(Z,A) = fi_j B(2,X,) Y(Xi,A) (11.3)

The matrix elements B(Z.xi) depend exclusively on the weights wi and the
response matrix elements R(Z.xi); they do not depend on A.
A relation similar to equation (II.3) obviously holds for any lineer

function of the yields

L(y(2,4)) = 3 B(Z,X,) L(¥(X,,A))
i

In particular if



-29- LBL-1950

N(x,) = X ¥(X,4) ¥(z) = ¥ y(2,4)
A A
o ON(X) (X)) = X A Y(X,A) Y(2)A(z) = ¥ A y(2,A)
i A A

we cen write that

¥(z) = ? B(2,X,) N(X,) (11.%)
¥(z) A(z) = 21: B(2,%;) N(X,) A(X)) (11.5)

The eque*ions (II.%) end (II.5) are identicael to those which would result from

e least-square analysis of the quantities N(Xi) and N(Xi) K(Xi), respectively.
Thus, the charge rields y(Z) and average values A(Z) can be obtained from only
two least-gguares treatments operating on the channel yields N(Xi) and on the
products N(Xi) i xi) of the channel yields by the channel sverage values. This
snalysis was applied to the experimentel data in order to obtain the charge
dependent yields Y(Z), average total Y ray energies fY(Z), neutron multiplicities
V(Z) and average total kinetic energles Ek(z).

Since the k x-ray emitted by fission fragments are mostly produced by
electron conversion processes, their ylelds are expected to depend strongly upon
the nuclear cheracteristics of the fragments, and this has been confirmed in
numerous experiments. The question then arises of the extent to which the values
of average Yy energles, neutron multiplicities and total kinetic energies obtained
in experiments such as described sbove are not seriously biased. Since, if such
a blas exists, it 1s not probable that it acts identically on different fragments,

1t is pussible to check its existence by comparing the values of Ey(z), VT(Z) .
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and Ek(z) obtained for a pair of complementary charges Z and 98-Z. This comparison
can be made on Fig. 18, 13, 20. Figure 18 shows the varis’ions of the measured
total Y energy as & function of the charges of the fragments. It can be seen
that the complementary condition is fulfilled within stetistical accuracy for
almost ell charges. Alsc apparent on the figure is a clear even-odd effect on
EY(Z). As csn be seen on Fig. 19 the complementary condition is notva.lways
fulfilled for the veriations of totael number of neutrons vT(Z). We have
superimposed on Fig. 19 the variations of the total number of neutrons as a
function of mass ;T(m) a6 obtained in experiments such as those refered to in
Sec. I. The mass and charge scales of the figure reflect the charge to mass
ratios of the fission fragments. It can be seen that, whenever the complementary
condition is fulfilled the values of \_)T(Z) lie close to the corresponding values
of UT(m). The complementary condition is not fulfilled for the charge pairs
45-53, 44-54, 46-52 and several pairs with a light fragment's charge smaller
than 39. It appears that in those pairs one of the values of vT(Z) lies close
to the corresponding value of vT(m) while the other has a smeller velue. We have
assumed that the vaiue closer from vT(m) was not biased by the x-ray emission
process. Figure 21 shows the values of vT(Z) obtained when keeping the highest
of the two observed values of ;T(Z) and ;T(QS-Z). No even-odd effect is apparent
on the figure.

The values of Ek(Z) show an even-odd effect for both heavy and light fragments.
Valves for complementary charges differ by 0.5 to 1 MeV. This i3 mostly a
consequence of the existence of a aigh background under the x-ray peaks, due to
intersctions of high energy gamme~-reys with the detector. Figure 22 shows the

values of Ek(Z) obteined when keeping the highest of the two. observed values of
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Ek(z) and Ek(98-Z). 21s0 shown for comparison are the values of -E-k(m) obtained
in & double fragment kinetic energy measurement. It is clear that the even-o0dd
effect observed on the values of -F;{(Z) reflects itself ia the modulations
appearing on the Ek(m) curve.

In summary, while the calculated difference in energy release between

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

fregments is

Ags= Qe(z) - QO(Z) = 2.7 MeV

It is found experimentally that:

the difference AvT in the total number of ueutrons is less than 0.0k corresponding
to a difference In excitation energy AEY smaller than 0.3 MeV, the difference in
total gamme-rey emounts to AEY = 0.66%0.05 MeV and the difference in fragments
totel kinetic energy amounts to AEk = 1.58 MeVi0.1 MeV. The sum

AEY + AEY + A-ﬁk is then equal to 2.2430.Lk5 MeV. Within statistical accuracy it

is in egreement with the computed value of 2.7 MeV.

II.6. De-excitation mechanism of the fission fragments

We should like, in the following, to summarize the experimental results
on the fregments de-excitation which have been presented a.;laove and discuss whether
these results can be explained in a coherent theoretical frame. We shall mostly’
concentrate on the features of the gamma-ray emissidn by the fission fregments.
However, we 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 include shell effects. Such

(31) .end Fig. 23"

calculations have been performed, emong others, by E. Nardi et al.
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shows a comparison between the experimental and computed values of the average
center of mass kiretic energies of th;. neutrons. Those computations made use of
the technique developed hy 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 &nd neutron
emissions by the fission fragments Johansson(eh) made the hypothesis that the y rays
corresponded muinly to vibrational trﬁnsitions through which the fregments could
lose the derformation they had at scission. The high proportion of E2 radistion
in the fission y spectrum seemed to confirm this point of view. However, very
strong objections stand against this hypothesis. It seems to be well esteblished
exper mentally that at least TO%® of the total Y ray emesgy is emitted more than one
picosecond after fission while the neutrons are emitted in a time shorter than
10-1h seconds. We have shown earlier that the fastest Yy ray transitions were
probably E1 in cheracter éince they tend to decrease the angular anisotropy. It
thus appears that the colle_ctive Y ray transitions, i1f they exist, occur after
neutron emission. The Y ray emission should reflect the stete 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
remaining fraction, if it éxists, has no reason to be proportional 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 neutron binding energy.
Furthermore, the success of the eveporation theory 'sf neutron 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 “vpothesis is tha.t_ the 1ifetimes

of the possible vibratiorsl transitions should be »: least“an 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 that the de-excitation
of fission fregments is governed by the statistieal theory. Using the shell plus
pairing model Nardi et g.(&l) were not able to reproduce thé variations of the
Y ray energy as a function of fragment's mass. Their model did not fully inclu@e
the influence of the spin on the levél density. Such models predict some
cuirrelation between the neutron and the Y ray emission by the fragments. Thig
correlation reflects mostly the increase in the binding energy of the last ax‘xitf.ed_ ‘
neutron when the number of neutrons emitted by the fragment increases. Fromvthe
mass tables it is seen that, in the fission fragments region, 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 ;hould be re_fle'cte". by
an increase of 0,15 MeV of the y ray energy. This gffect bis. certainly pz_'esgnt‘

252

in the experimental data, but it leaves, in the case of Cf, an increase of .

Y ray energy of approximately 0.6 MeV for each additional emj;tted neutron
unexplained.

When the average number of emitted neutron is less than one t_hervazjj‘.atg,qg‘;‘g:“ .
of the Y ray energy emitted by the fragment should reflect fhe effects of t‘wo._'.v . B
opposite trends. For the cases where the increaae_ in excitajbion energy qf & .
given fragment does not allow the opening of an gdditionq.l neutron :cha.n.pel fhe N
Y ray energy should increase with excitation energy. On t\he_n_contrary when»}t}j;t‘a o ‘
excitation energy sweeps through the region of opening of an a.dditional‘, n}eutrorj;‘“ o
channel the y ray energy should d_rop abruvptly‘. Therefgre, for lqw valu_.t_eg of U |

such as those which can occur in the slow neutron induced fission of ?35U
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additionel correlation or anticorrelation of the totel ¥y ray energy with neutron
number could be observed. Correlation is to be expected if the variance of the
excitation energy distribution is large.

Sta.tisticalicomputations which treat the influence of pairing in a
phencmenologicel way by introducing the effective excitation energy have had some
success in reproducing the trend of the variation of the Yy ray energy emitted as
a function of the fragment's mass. Such a calculation has slso been performed
by E. Nerdi et g.ul) However, the physical Justification of such phencmenologl.cal
models .is not clear and it 1s possible that the introduction of an effective
excitation energy simulates the effect of the spins of the .ﬁssion fragments which
will be discussed later. Furthermore, these models cannot account for the observed
increase in Y ray energy with excitation energy for fragments of given masses.

That spin considerations should enter into statistical camput.ation of
Y ray emission by the fission fragments stems from the following considerations:

1) Most evaluations of the spins of the fragments before neutron emission
indicate that these spins are a.pproxima.tely 6h to 84 higher than the ground state
spins. Neutron emission is not expected to decrease that spin by more than one
u.it of angular momentum. When the fragments are left with an energy only slightly
higher then a neutron binding energy they have still from 5 to Th units of angular
momentum to dissipate. Further neutron emission which would leave the residual
nucleus in the vicinity of its ground state is thus expected to be strongly
inhibited except for odd-odd nuclei. To obtain level with spin differing from
the grot_md state one by more fhan 5 units of sngular momentum requires the coupling
of at least two unpeired nucleons, and thus the breaking of a pair in both even-

even and odd-A nuclei. The observed even~odd difference in totel Y ray energy
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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, g.nd that the increeses are eq}xa; in
the other cases we find that angular momentum effects should add _2 MeV to the .
Y rey energy release in fission. The total Yy ray emitted in fission would then )
lie between 7.5 and 8 MeV, in reasonable agreement with experiment. .

2) Tuc dominantly E2 character of the fission Y ray es well as their
relatively high multiplicity cannot be understood when ccmpa.red with the fea.tures
of neutron capture gemma-ray spectra without the assumption that y emission by ‘
the fission fragment is strongly influenced by the absence of a.va.ila.ble‘ states
for E1 transitions. . o

After neutron emission has teken place the residusl fragment is left w;;l;th
an average energy of approximately U MeV, and an aversge spin of a.pprd:fima.tgly
6h. In thece conditions electric dipole emission should not »be :lnhibitc(edva.nd“
we can essume it tekes place with an average energy of ‘approximateély 1.5 to'2 MeV.
This emission should not reduce the spin o:t’ the fragment signiﬁcantly a.nd.

thereby leaves it with an excitation energy of approximately 2 to 2.5 MeV a.nd a.n S

average spin exceeding Sh, that is, in the region of the yrs.st" 1ine. However, o

the "yrast" line should not be considered as the ground state rota.tional ba.nd
but rather as the intrinsic levels yra.st" region at which energy the density of
levels of given spin and parity can be trea.ted.statistically‘ In this Yyrast"

region E2 trensitions dominates, because of spin a.nd pa.rity 1imitations, until ‘

the ground state band is reesched. In this picture the E2 transitions reduce

the spin of the fregment by the maximum possible amount, that is two units of
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angular momentum. The average energy of the E2 transitions of approximately
1 MeV thus ‘represents the averege 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 interesting to see what this simple picture would predict
if the initial spin of the de-exciting nucleus is increased. The nucleus would enter
the yrast region at a higher.energy'a.nd' would then decey along this region until
it reaches the grou.nd state. On the average when the spin is seduced to its
foimer value the de-excitation scheme would be the same as in the lower initial
spin' csse.

In particular, it is Il)o‘ssi‘ble to predict how the feeding of the rotationel
states of the ground state band will vary as a f‘unction‘of initiel spin. Let
¥(I ’IM) be the feeding intensities of the ground state band when the initial spin

is I With the initial spin increase to Jy the intensities Y(I,Jy) will

accordingly be

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

the consta.nt term b reflects the possi’ble direct feeding of the ground state
band when the nucleus goes through states with angu.ls.r momenta between JM and IM

Comparison or the feeding intensities are usually made by normalizing them

to the intensity of the 2 -+ 0 transition. Then

‘ ’Y(I,lJ’M) Ca¥(I,I,) +b Y(I,IM) + bfa
,.}ria,JMi aY(2,1 ) +b Y(2,IM) +b/a

and

- Y(I’JM) - Y(I’IM) - b/a
ylz,JMT Y(2,1,)- xiz,IM) Tb/a
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the quantity b/a is small since it represents the ratio of the feeding probability of
the highest members cf the rotational band to that of the 2t state. It is, then, seen
that the difference between the two reduced feeding intensities is approximately a
constant. Figure 24 which was taken fram J. B. Wilhelmy et e.l.(21) shows that for

both fission and (a,xn) reactions the experimental data seem to agree with that picture.
It should be noted that when b/a increases the above formulsation leads to & feeding
through the highest states as the ground state band which corresponds to the situation
in (HI,xn) reactions.

The consequence of thils oversimplified model of the Y de-excitation of fission

fragments is that the increase of Y ray energy with excitation energy which have been
) reported would be the conseguence of an increase of the avérag'e spin of the fragments
with their excitation energy. Using the experimentally determined increase of 0.6 MeV
in vy energy for each additional neutron, a value of 8 MeV for the energy necessary to
émit one more neutron and a difference_ of 2 spin units for 1 MeV mdditional Y energy
oné finds that the aversge spin of the fission fragmeﬁts should increase by one unit
for an inérease of excitation energy of approximately T MeV. Such a result does not
(21)

contradict that of J. B. Wilhelmy et al. who found that the increase in spin of the

fragments was less than 2 for a decrease of the total kinetic energy of a.pproximateiy
15 MeV.

P. Ammbruster _gt__g;.(eo) 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
suggested by ¥ NSremberg.“_‘o‘hl) This model also predicts the observed prererentiai
orientation of the fragments' spins in the plane perpendicular to_ the fission direction.i
On the contrary, the statistical theory of fission as outlined by P. Fong(ha) cannot’

"account for the Pestures of the Y ray emission mentioned earlier. It could be
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advocated, in this case, that the fragments acquire most of their spin by Coulomd
excitation after scission; this would, however, lead to unreasonably low values of

spins at scission.
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ITII. Variances of the exritation energies of the fission fragments
With the exception of the pioneering work of S. G. Whetstone(3) it is only

recently that detalled measurements of the variances of the number of neutrons

emitted in fission have been carried out. In the following we shall assume that the

neutrois aere all emitted by the fragments, after fission has taken pla.ce. One
should, however, bear 1n mind the possible exiatence of an isotropic component

in the f:.ssion neutrons which could aeriously mpair the results and interpretation

of variances measurements. With that assumption we w:-:.te the probabllity that

\)1 neutrons are emitted by one of the fragments a.ﬁd v, i)y the other as & b:.i.-va.ria.te

distribution P(\Jl.vz). We have shown elsewhere(,la) hew it is possible, in principle;

to derive this distribution fram the probaisility &g, sg,) that g a.n‘d'g neutrons
1252 1 2 ,

are detected simultaneocusly by two suitably arrenged detectors. Such a progra

is not feasible, however, because of the statistical errors in the definition
of the observed distribution Q(gl.gz) and because of our uncertain kncwl_edge of
the efficiencies of the neutron detectors. We must therefore content ourselves
with the extraction of some significant features of the distribution P(\Jl,va)
from the experimental date. Such features are, for example, the five lowest

moments of this distribution defined as follows:

'\71 =f/vl P("l"’z) v, av,
ffv P(vl,v ) v, dv,
ce(vl) =ff (v, - '\?1)2 P(v), V,) v, av, | | ‘. ” f
02(\)2) =ff (v, - 32)2 P(v,, v,) dv, av,

!



=4o- LBL~-1950

C(Vl, v2) =ff(v1 - T)'l)(\)2 - 32) P(vl, v,) v, av,

We heve dealt with the determination of the two first moments in Seec. I.
We have seen thet, as soon as the masses of the fragments ere measured, & single
measurement with one neutron detector provided the velues of the two average
numbers of neutrcns. Similarly only two independent measurements are necessary
to determine the {hree second-moments. As in Sec. I two different technigues
have been used in thet purpose. The low efficiency technique makes use of two
- small neutron detectors in c_:on,‘]unction with two fragments detectors.(hh) 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, z-:(\)l 1)

2
< {e \)1) >

where it is assumed that both neutron detectors have the same efficiency €. 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
<v1(v1-1),=<v1> L,u(vl) L,,
2 -2 ™ -—2 T -
< vl > v, vy vy vy

A similar relation holds when the complementary fragment flies in the

direction of the neutron detector, allowing to obtain 02(\)2).

i
i
:
i
|
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When the two neutrons are situated on opposite sides of the source one

then obtains, in the seme mamnner as above
> >
<E Vv E5 VY, =< v, Y, =C(v1 \)2)+1
< €,V >< €V, > - = - =
171 2 72 vy, Yy vy Yy

This technique assumes a complete separation of the neutrons emitted by the two
fregments 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 concequences of these uncertainties are, however, amplified here. We show

that thiz is so for the co-variance measurement. Let M bhe the measured ratio of

coincidence rates. Then

The relative error is thus approximetely given by

A cv,, "2) Av, Av, Ly
vy = "= *N-1 (111.1)
1 2 vy vy

The first two terms of the second member of Eq. (III.1l) do not lead to
unacceptable errors on the co=variance, thay include exfects such as errors in
the efficiency determination or maess and kinetic energy‘ resolution. The lest
term includes principally two effects: the first effect is related to the

(8) to be very impc “ant

fragment recoil correction, which was found by A. Gavron
in average neutron number measurements. Starting from Gavron's considersations

we show in Appendix II that the dominant term in the error on the co-variance is
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B (Y2, M) fvesse ) AR
M\ T\ Ve o

A C(vl, v2) =

where E‘.k is the total kinetic energy, Ml and M2 the ‘masses »of t_he fragments, V

the laboratory velocity of the neutron,-Vf that of the fragment, 02 the variance
“end Ek_the meen value of the kineticyehergy distribution.

Inserting realistic values for the different parameters one oﬁtainé:

Y oaclvy, vy # 0.03(E - E)
it is seen that for Ek - EL = 10 MeV A C(vl, vz):,# 0.3 & value which wi;l be
seen to be of the same order of mgé;itudé as the co-variance itself.

The second inportant cau§;~of error in the co-variance measurements stems
from the dependence of the effi@jeuciés on the neutron multiplieities. It is
also shown in the appendices thatw}f one essumes a linear dependence of the

efficiency on “l

-~

€ =€ + a(vl - vl)
€, =6, + b(v2 - v2)

the co~variance is given by the modified equaetion

clv., v,)) [ k M v,
A2 1+ ——L)=u-1
v, Y, €, €,

vhere we have assumed
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Since

we obtain

a v,

A C(vl, v2) # Civys v2)

€2
For higher multiplicities the averasge neutron energy decreases so that

the efficiency decreases and a is negative. The magnitude of & depends on the

experimental set up and is difficult to evaluate, however, a ratio of % of

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

Since published results(hh) on the variences of the neutron

multiplicity distributions which made use of low efficiency detectors do not‘“
account for the ebove two causes of error they appear strongly in doubt. However,
if an asccurate treatment of the experimental date became available the'smali
neutron detector technique would be the easlest and most elegant way of measuring
the momenis of the neutron number distributions.

The mgaaurements making use of large neutron detectors, although rether
cumbersome, are essentielly free from the errors mentioned in the case of small
neutron detectors. They require a knowledge of both backward and forward neutron
detection efficlencies. Two independent aeasurements are necessary to obtain
the three second moments of the neutron number distributions, but, in contrast

with the low efficlency case, the two messurements must be considered together;

this is a consequence of the finite values of the backward efficilencies.
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The first messurement uses a Uw geometry and provides the variance of
the total number of neutrons for the different kinetic energy and mess ratios of

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

02(\)T: m Ek) the unknown variance and 0'2(3,1.: m Ek) the measured one
then:

2, . o2, 2, =l =ly =

a(vT. mEk)-cr(gt.m,Ek)» +¢ (1-c¢ )gT

where ET is the aversge number of detected neutrons and m the mass of one of the two

compliementary fragments.

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

{43)

less than & 27 solid angle as viewed from the fission source. it has been ghown
that the veriances of the observed distributicns could be expressed in terms of

the five first moments of the bl-variat:. distribution P(V.!‘, v2)
Ple: mE) = e¥(mE) Alv: mE) +rPm,E) Ay B oE, )
+ ZE(m,Ek) r(m,Ek) C(vl v, m,Ek)
+ e(m,B (1 - e(m,E)) V(m,E) + r(m,E)(L - r(m,E)) Vm,,E )
0255: mC'Ek) = ee(mc.Ek) 02(\:: mc.Ek) + re(mc,Ek) ce(v: m Ek) (111.2)
+ EE(mC,Ek) r(mc,Ek) C(vl. Vyi m Ek)
+ elmeB (1 - e(m,E,)) FaspB) + =(my,E (2 - e(mg,8)) Wm,E)

Here the quantities labeled by the mass m corresponds to the case when the

fregment of mess m is fiying towards the neutron detector and those labeled by

'
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m to the case when the complementary fragment flies towards the detector. '

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

2( ’ = oo T

Vi o= Ek)

02(\)1: m Ek) o
(\J2: n Ek) = 02(\J: mc,Ek)
;l(m'Ek) = ;(m.Ek)

Gz(m,Ek) = '\T(mc,Ek)

The varisnce of the total number of neutrons is relested to the three

second moments of the distribution P(v,, \J2) by ‘ _ .

2

02(\),1,: m Ek) :12(\)1 +v,iom Ek) =g (vl: o Ek) +'02(vé_: m Ek) + 2 c(vl, v m E.]

o%(v: mE) + o?(v: mesE ) + 2 C(vy, w2 wE) (II1.3)

The Eqs. (III.2) and (IT£.3) can then be solved simultaneously to provide
02(v1), 62(\)2). and c(vl, v2) since the average values G-l and \-)'2 are known.
As a more detailed account of both the experimental technique involved

(45) ve shall

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

excitation energy varisnces from the neutron multiplicity meagurements.
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1) Va.rlances of the total number of neutron distrlbutlons

The variances of the total number of neutrons have been measured as &
function of both the mess of one of the fragment and the total kinetic energy.
The velues cbteined are written 02(\),1,: m Ek)' For e given mass split we define

the average velue of these quantities as

02(\),1,: D Ek) = 772 02(\),1,: m Ek) = f oa(vT: n Ek) P(Ek) 4 E,
<o 5, -

Uéing the relations found in Appendix III the veriance of the total number of
neutrons reasured frr & given mass split and for all possible kinetic energles is

given by

2
- gk > 02(Ek: n) + ce(vT: m E,) (1II.4)

02(\),1,: m) =<

the quantities !12(\),1,: m) and 02(\),1.: m Ek) as obtained from the experiment are

252

plotted on Fig. 24 for the case of the sponteaneous fission of Cf. It is possible

to use Eq. (III.l1) to compute the velues of the kinetic energy variance 02(Ek:
d
If the values of < Ek > obtained in the experiment and shown on Fig. 5 were

used one would, then, obviously obtain values of O (Ek m) equal to those that can
be determined from the fission yield curves alone. This is because Eq. (III.k)

stands es an identity in such a case, provided only that the regression of V‘I‘ on
dv calc.

”x

have been calculated from the neutron binding and kinetic energies and from the

Ek is linear. If, on the other hand, one uses the values of < which

rate of change in ¥ ray energy as a function of Ek one cbtains another set of

values for az(Ek: m). Both sets are shown on Fig. 25. It can be seen that the
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two sets diverge, especially for masses which range“betweén' the most probable
mass and symmetry. This divergence reflects the one observed on Fig. 5 for the =
two corresponding sets of values of < ?I-'E; >ne “Pigure 25 sﬁgéests "tha.t. kinetic
energy resolution effects rere not campletely ra.Ccounte‘d for; inspevctioxi'fo'f' the
fragment yields show that a low energy tgilin'g appears for the masses wl;le'i"e the
experimental and celculated values of < T;; >m‘ diverge. It is probable that

such a tailing has en experimental origin. If this is true the velues of

02(Ek: m) computed from the values of 02(\),1,: ‘'m) as indicated sbove 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 0'2(Ek: m) near .ymmetry does not occur for the calculated velues
which stay remarkably constant. On the other hand, it is well known that

tailing of the fragment energy resolution functions will i‘esult in a shift of

the experimental masses towards symmetry end in an increase of the variance of
the total kinetic energy for the more symmetricel fragments ]§&ir5. Since the
neutron and gamme-ray results should not be very sensitive to this tailing it is

possible that, in the future, they will be used to correct the kinetic energy

data.

2) Variances of the excitation energies of the fissicn frazments

We have seen that experiment could provide the values of the variances
2 2, . .
o (vl. n Ek)’ o (v2. m Ek) and the co-variances C(vl Vi m Ek) of the neutron
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 neutrorn evaporation process. Even

if a fragment is produced with given mess, charge and excitation energy, a
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finite varisnce of the number of neutrons will be observed due to the statistical
nature of this evapcration process. .

Since, as will be shown beloir. we are chiefly infereéted in the excitation
energy variances for _fi:sed messes and charges of the fragmex;fs and since the
i e)cperiment;al quantities are measured as a function of masses or cherges alone it
_is also necessary to determine in what respect the exper:l;mental data are
representative. A

We first examine this question. Using the formulas of Appendix III we

cen write that

. - 2 2 .
av
2 _ 1 2. 2,
of(v;: mE) =< = >""Ek o(z: mE) + ?gl o°(v;: mZE)
.

2(v.: )-<&> 2(zs M Py,
0°(vy: mE) =<3 m'Ek o(Z: 'mEk)"' " o(va. mZEk)

dvl dV2 o
c(v; vy: m E ) =< T >‘."Ek< ET’m,Ek g (.z: n E’F) + 7Z)z c(v; vy: mZE)

"TTI.5)

dav
We shaell assume that the isotoplc widths Oa(Z: m Ek) and the slopes < == >
daz m,Ek

d> not depend sensitively on the total kinetic energies so ‘that Eqs. (III.S)
would also hold when the totael kinetic energy varisble is disregardead.

Neutron emission is very sensitive to shell effects so that it hes more
'phy.sical grounds to express the rates of variation of average number of neutrons
as a function of the charge and neutron number of & nucleus than as a function of
ite number of mass. Iet us then consider the slopes < % >11‘ and < %‘ >Z whiéh '

express the rate of variation as a function of :charge (or neutron number) of the
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averege number of neutrons emitted by & fragment having a fixed mumber of héuif&hs -

(or of protons), Then sincem =N + Z

N

€ e > S = > w =D _ _(iII..G)

PRI E N R

2
av . av L e te L
02(V : m) = (< =5 < dN_l>Z) 02(Z: m) + Zl_ca(vl:’ m.Z.) ..

- ({;I;T).

On the other hand, the slope of the representative curves 'Vi'(m) which havé been '

presented in Sec. I can be written as

av dv. - d

\Y
1 1 dz 1 aN
§ i > m g —> — < ==> -
dm daz Ni aN -2 3

assuning that the charge density is the same in the fregments n. - the fissile B g

nucleus, we obtain for 2520f ‘f.‘isrs;lon _ ‘
<-:—:%>-o.39 <dlzl->N+o.61 <:NL1'>Z
dvl : R P
typical values of < e Zv;-ange a.roungdivo.l. It appeva.rs reasvona.bl‘e t? ~g§sme that * ) ‘:
for most of the cases < EE]-'- >y -and < d_N“;'-)Z have the sage' éi‘;‘gn, since the closed
shells at 50 protons .and 82 neutrons ocﬁcixr in the seme mass region. Then the.. . ?

: : oo av P
first term of the second member of Eq. (III.7) is maximun for < -dTl- >, = 0 &and..
‘<

av ;
A >N # 0.25
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(46)

2 .
av av
(< —t > =< 1 >z) a?(z: m)

Taking a value of‘_qa(m:: Z) # 0.25 ve obtain for

a meximm value of 0.015. This value is epproximately 1% of the observed values
of 02(\)1: m) end less than 10% of the values of 02(\)1: m Ek)' We conclude that
for most messes the existence of & charge distribution for the fragments should not

impair the conclwsions _whi__ch ccn;:!.d be drawﬁ _fr_cm’the study of the variances of

neutron nuaber messured 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 write that

2 |

av |

02(\)1: n Ek) =< dE—i >m‘Fk 02(E1: n Ek) +Z:Il 02(‘)1: n Ek El) ;
1 :

= |

dv
2, . 2
o (v2. nE)=< —dE2 >0

f ¢

OE(E: | ) + 2( : E,)
’Ek ot mE Zia\v? m B E,

v av, L |

« —> — . |

o{v; v: mE) =< =, Tmas, < =, >m'Ek ¢(E; B+ mE) %
+ E7g ¢(v; Vy: mE, E Ep) _ (111.8)

12

The second terms of the second members of Eqs. (III.8) represent the
contributicn of the evaporation process to the neutron nutber variances and
co-variences, In particular, the term ('1(\!1 vy: mE E Eé) ‘measures the

correlation between the numbers of neutrons emitted by two complementary fragmerts

2 fixed masses and excitation energles., Except for possible weak spin effects,
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the two evaeporation processes should not be correlated and therefore

c(vl Vy: mE E E2) # 0

av av .
< — L — > ;
The inverses of the slopes dEl >m,Ek and < dE2v- m'Ek are the energies

necessary for the fragment to emit one additional neutron. These can be
computed, as indicated previously, from the mass-tables, -average neutron numbers .
and kinetic energies, and from vhe variations of the’,Y ray energy with neutron:
number.

The two excltation energies El’ E2 and the total kinetic energy Ek are - .

obviously related by energy conservation reguirement:

Qm) - B =E, +E, - v (111.9)

The velue of Q is not strictly defined by the l;nowleﬁge of the masses of
the fragments because of _the:l.r charge distribution. Using again the relations

of Appendix III one can write

5 . )~<ﬂ>2 2(. +m 2(E' )
g (El‘ mE ) = ) m’Ek a~(Q: nm) 4 0"(E; s m:Ek Q ‘
a, 2 - ’
BlEy: mE) =< G maz, 0%(Q: m) +1g o®(Ey: mE Q) . (II1.10)
(l . ) =< Eﬂ. > < fia_ > 2( e ) (& ;
C(E; E,: mE) = R mE, ) m-Ekc Q: m+'lex.lE2: mEkQ)

Because of Eq. (II1I.9) we have

dE dE,
c=2>4+<c 2521

aQ aQ
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e - ST N
We assume that < Eé' > =< EQ- > = '-é- in order to estimate the first terms of the

second members of Eqs. (II1.10). This choice meximizes this ‘corrective term for
the third equation. .Usin the mass tabieé and thé data relative to the charge
‘distribution of the fission fra.gments one can see that ¢ (Q. m) fluctusates
between 1 Me\'2 and 12 MeV2 (h7) Retaining this last number: one sees that the
corrective tems in the co-variance. are at most equal to 3 MeV . Expressed in
neutron number these ‘quantities are epproximately equal to 0.05 n2 which iz of
the order of 10% of the observed values. In the following we have neglected this
effect and have, therefore, assumed that; for a .given value of m and Ek the total
excitation energy El’-l- E2 wag determined. In that caese one has evidently
oe(El: m Ek) = Ue(ﬁ'e: m Fk) = - C(El E,: m'Ek)

and the system III.1C ca.n be solved. Fig. 26 shows the vai;iations of the variances
2(E :r m Fk) obtained as eb:pla:.ned above with the total kmetic energy Ek for &
choice of masses of the light fragment. The experimenta.l data had been smoothed
before the background and efficiency correoctions were made. The estimated errors
on the curves presen-ted in Fig. 26 a.ife‘ of the order of 20%. .The parabolic behavior
of the variances appeer to be well established. Fig. 2T shows the variations of
the variances averaged over Fk u.s a ;‘unction'of o as well as the value of the
maximum variance forl each mass., Lastly, Fig. 28 which is taken from Ref. 48 shows
the values of the va.rﬁmces @d co=variances of the" neutrqn_mmber as a function
of ness alone. These quantities are reiated to the previous ones by relations
such as

av av, .
1 2
c(\»1 Vi m) =< -—dEk > < —dEk > 02(Ek) +7IlEk c(\»1 Vot m Ek)
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From Fig. 28 it can be seen that the co-va.:z‘iia.nces”C(\J.L v2: m) are

venishing except for masses between 95 and 105,
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IV. Scome theoretical conseguences of the experimental results

We should like to conclude this review of neutron and gamma emission in

fission by an evaluation of the information which the experimental results provide
for a theory of nuclear fission. We shall first deal with the knowledge of the

potential energy surface of the system undergoing fission which can be obtained fram
the study of the de-excitation of the fragments.

1) Potentisl energy surface

Studies of the properties of the fission fragments can only provide information
on the potential energy near the scission stage of the fission process. It is
convenlent, at that stage, to split the potential energy of the system in three parts:

The mutual Coulomb interaction energy C
The" deformation energies of the two nascent fragments Dl and D2
- Since the potentisl energy surface can be comsidered as the adiabatic ground

state of the system for fixed values of a set of shape parameters, the potential
energy does not absorb the whcle available energy. The remaining energy cen also
be split into three parts:
The pre-scission kinetic energy e
The “.‘.ntrina:l‘c excitation energies of the fragments X.l and x2
If one neglects the post scission Couiomb effect the experimentally measured
quantities can be expressed as a function of the "scission” ones:

The total fragment kinetic energy as

(1v.1)

Ek=C+€
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The fragments excitation energies as:
(1v.2)

The comparisons(hg’so’sl’sg) between potential energyb_ccmputations and
experiment have been based on the average values of kinetic and excitation energies

of the fragment. It was, thus, necessary to make assumptions on the maegnitude of the
pre-scission kinetic energy and intrinsic excitations of the fragments. 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 energies allow one to avoid
the . <d of such ambiguous assumptions. We can see from Fig. 26 that the
representative curves of these variences cen be extrapolated to zero. For each mass
ratio there aere two resulting points characterized by two values of the kinetic energies

Ek(l)(m) and Eliz)(m). For those points.the va.ri.an.ce 02(E1: n 'Ek) venishes. ¥From

equation (IV.2) we can write

o®(E,) = o®(p,) + 20(D,,X,) + o°(x))
Sfince

lc(nl,x1)| <o(D,) o{X))

the variance 02(E1) can only venish if both 02(D1) and 02(){1) vanish, or if the

deformetion and invrinsic energies Dl and El were totally anticorrelated. The last

possibility is obviously unphysical.
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When the total intrinsic excitation energy of the system is non-vanishing, one
expects that it will be shared in a random manner between the two fragments; this
random sharing will produce a non-vanishing value of the variance 62()&). Thereby

the vanishing value of 02(5(1) implies that both .intrinsic excitation energies Xl and

X2 vanigh.

Using the formulas of Appendix III one csn write th'ét

D .
02(Dl: E m) =< Ee_l >’“’Ek 02(6: B m) + 7Z2 02(Dl: E m) (1v.3)

Since we have shown that for the kinetic energies El({l)(m) and El(f)(m)

02(D1: Ek m) = O the two terms of the second member of eguation (IV.3) should cancel.

The siope
dD dap

S Y
ae m,Ek ac m,Ek

has no reason to venish so that we obtain the result that
02(8: El((l’g)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 we have schematically drawn the minimum potential energy of
the system along the scission line (curve A). This curve has been labeled according
to the potential Coulomb interaction at each point. We also show the horizontal
line corresponding to the total energy available to the system. The shaded area
corresponds to the excess energy in the system which can be split more or less at
random in pre-sciscion kinetic energy, additional potential energy or intrinsic
excitation energy. For all points between 1 and 2 the system can occupy a whole
range of states and thereby the variances of the excitation energies of the fragments
should not vanish. At points 1 snd 2 all the available energy is necessary to providev

the necessary potential energy, and the system hes no additional freedom. At these

points we can therefore write that

¢, = BN ) o)« e (m) i) = gV m)
¢, = £ (m) p(®) = £ (m) {®) = 5B @)

[
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The above treatment therefore provides, for each mass ratio of the fragments two
points along the minimum potential energy scission line where the Coulomb interaction
energy end the fragment's deformation energies are known. Fig. 31 displays the values
for these quantities as obtained from the experiment on the sponteneous fission of
25201‘. It would be interesting to study the behavior of the wvariances of the
excitation energy as a function of the excitation of the nucleus undergoing fission.
Such studies could perhaps provide additional points on the potential energy surface.
Some additional information can also be obtained using a slightly modified two
spheroid model. We assume that the potential energy P along the scission line has

a minimum for a value C0 of the Coulomb potential. We further assume that the

potential energy cen be satisfactorily aspproximated by a parsbola so that

the potential energy can therefore be written as
= = ( 2
P=C+D=P + alC-C)
o o
which gives for the deformation energy
2
b=P +alC-C)° -cC
o o
If Q is the energy released in the fission we also can write that

_ 2 2 _ 2
Q-P°+a.(Cl-C°; -Po+a(ca_ co) =P+ alC

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 in the two spheroids model that there

*
exists a value C where both

D(c") = 0 and (M) =0
csc

ac

These conditicns are written:

Q

1

«Q

]
Bl

e Ac® - ha(q - c)+1=0

*
We make the further assumption that C > @ (this is equivalent to the assumption that

the fragments are always elongated at scission) end obtain that

[(c - c)? - ac?] g
P=g+ 2 x[Q-CO-(Q-CO)z-ACEJ

2 ac®

The maximum energy of the system which is not tied up in potential energy is

obtained for C = Co and amounts to

Q - P(CO) = %—((Q - co) - /(-c-a-- co)2 - ac®)

The variations of this quantity as a function of the'ﬁass of the light
fragment are shown in Fig. 32, It is an upper limit for both the pre-scission kinefié
energy and totel intrinsic excitation energy. Also shown in the figure is the .aecond:.
derivative of the potentiel energy which is equsl to 7

- - 2 2
(@-c)-7(Q-c)°-ac)

Ac®




~60-- LBL-1950

It can be seen on Fig. 31, that the values of the maximum energy which is not tied up
in potentiel energy is surprisingly small. It rises slightly from the most asymmetric
splits to the most probable ones where it reaches a value of approximately T MeV.
Although the error on that number is difficult to estimate, it should not exceed 50%.
(42)

It appears doubtful that the statistical approach of P, Fong could be Justified with

excitation energies of the fragments as low as 4 MeV. On the other hand, pre-scission
kinetic energies of 40 MeV which have been cbtained in some computa.tions(sa’sh) seem to be
ruled out. In that respect it is worth recalling that the early o accompanied

fission experiments(SS) which seemed to confirm this high figure hsve veen improved

and yield much smaller values.(56'57) The study of the even-odd effect reported in

Sec. IT provides an additional experimental approach to figsion dynamics.

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

The production of two odd-charge fragments in the fission of an even-charge

nucleus requires the breaking of at least one proton-pair bond. For low excitation
fission where the nucleus cen be considered as cold at the saddle point as well as
for epontaneous fission the corresponding two quasiparticles excitation must occur
somevhere between saddle and scission. If the time difference between the instant
when this excitation takes plece and the instant of scission is longer than the

-225 ) the two

characteristic time of & nucleon in the nucleus (approximately 2.10
unpaired protons can be freely exchanged between the two nascent fragments before
scission tekes place. At scission the positions of the two protrns can be considered
| to be uncorrelated. The probabilities to observe two odd-charge or two even-charge
- fragments will therefore be equal. IT two even-charge fragments are observed one of
- them would have at least one two-quasiparticle excitation. While the excitation
energies of the even-Z fragments will be higher by approximately ".5 MeV than those
of the 0dd-Z ones, the observed totel kinetic energies should not differ for the

’
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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

4 prediction. We conclude that most of the even~7 fregments are produced in the absence

of quasipertiecle excitation.

It is known that the yields of odd-Z fregments do not differ merkedly 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 odd-Z fragments occurs at a relatively

. long-time before scission and that the energy of approximately 2.5 MeV, necessary to

- statistical model of P. Fong.

-who found that the probability of level-slipage at thé croséing of.two‘ levélé

break the proton-proton bond comes entirely from the kinetlc energy of the fragments,

" an averasge 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 ebove. Since the

experimental figure is again higher than the predicted one, itsell an '

" upper limit, the hypothesis that the quasiparticles excitation occur e long time
- before gcission must be abandoned. It, therefore, appears that quesiparticle
': excitations occur only at the very late stage of the fission process with a

probability close to 0.5.

These findings are contradictory to the basic assumptions ofithe
(42) They agree well with the cﬁlculations of W. N,Srember’gy(’,fl‘

~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 probé.bility

for quasiparticle excitations from saddle to scission is small.

w : o . ) [P
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An interesting check on the ideas just outlined would be to study the even-

odd effect on fragments' kinetic energies as a function of the excitation energy of

the fissile nucleus. As socn as quasiparticle excitations would be possible at the

saddle point this even=-odd effect should decrease markedly and eventually vanish.

3) Variances of tne excitation energies

We heve noticed the remarkeble experimental result that the co-variance of the

excitation energies for a fixed mass ratio C(El,E2: m) was very close to zero

except around mass 100. We now show that this can be expected on the basis of a

very schema.tici' two spheroid model with the essumption of equipartition of the energy.
Let ¢ and B be the deformetion perameters of the two fragments. The

defoz;ha.tion energies of these fragments are assumed to be

We further assumé that around the minimum potential energy of the system the

Coulomb energy is a linear function of o and B

¢ =V -K(a + B8)
The potential energy is then equal to

_ 2 2
PfV-K(a+B)+d1a +4,8
and can be written around the minimum

P-P

in = 2 0y - )% + 2 08 - )° |

f
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If we assume thermal equilibrium the probability to observe a deformation

couple «,B is:

P(Q,B) - P( ’B )
P(0,8) = exp M~ pa) p(g)

it follows that the two deformations behave independently and that

and also that C(Dl,DQ) = 0,

We had previously assumed(sg) that the variances of the deformation energies for

e fixed velue of the total kinetic energy
2
a (Dl. m Ek)

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

have

1 2 2
= : —— —_5 > + : \
o] C(Dl,D2 m) =< d.Ek >< dEk e} (Ek) M C(D-_L,D2 n E )

B

end

- 2,

.
M ¢(D},Dy: mE) =-< L, 259 E)

contrary to our original assumption(sg) we find that the variances or the deformation

energies are more important than those of the intrinsic excitation energie’s. ' Assumiﬁé o

that

C(El,EE: m) = C(Dl,D2: m) =0
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we obtaein an average value of C(El’EE: m Ek) of approximately
02(Ek) 2 o
- -20 MeV™ = b(El,E2: m Ek) =g (El: m,Ek)

in good agreement witk the experimental values shown on Fig. 26.

The above treatment implied that the fluctuations of the intrinsic excitation
energies were small., This is to be expected if the system behaves statistically
except when the fluctuations became criticel. It is possible that this is the
situation when the light fragment has a mass number around 100.

While in the previous sub-section we have shown that almost no quasipsarticle
¢ .itations occured in the descent fram saddle to scission, we had not ruled out the
possibility of a strong coupling of collective states within what W. Nb'remberg(hl)
defines as a fission band. W. NOremberg predicts that such a strong coupling should
exist and that a statistical trestment of the system near scissiun should be adequate.
ﬁe have shown sbove that such a trestment predicts, at least qualitatively, the values
of the variances of the excitation energy. We have not vhown; however, that otner
models would fail to predict these values. It appears, at this time, that the
strongest argument in favor of the "fission bend” model comes from arother kind of
experiments where the total kinetic energies obtained in induced and spontaneous
(60)

fission of the seme nucleus are comj!ared. It appears that only s small fraction of

the increese 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 conclusion, we should like to summarize the information which aprears to us
relevant to the fission theory and has been explained in detail previously. We also
wish to suggest some possible future developments as regards the experiments.

The gamms-ray emission by the fission fregments can be explained within the
frame of the theory of statistical decay of excited nuclei provided anguvlar momentum
effects are included. The anisotropy of the fission Yy rays appear to be in
contradiction with P. Fong's(ha) stetistical theory of fission. It can be explsined,
as well as the correlation between total Y rsy energies and excitation energies in
the frame of the "fission band" model of W. NSremberg.(hl)

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

The study of the even-odd fluctuations of the total kinetic energy of the
fragments points to a very small probébility for two-quasiparticle excitations in tke
descent from saddle to scission. On the other hand, the comparison between tot:il
kinetic energy in induced and sponteneous fission is easily explained in terms o?

a strong demping of the fission mode into other excitation modes. Those two features
ere reconciled in the "fission band" model which predicts the rignt crder of
magnitude for the wvariaences of the excitation energies.

As far as the experimental situation is concerned, we have seen that same
discrepancies remein with respent to a satisfactory account of energy balance in
fission. The main cause of uncer uwinty lies in the kinetic energy measurcuments; our
kinowledge of the energy resolution snd tailing obtained with fragments detectors

needs to be improved; The‘a.vailability of heavy ion beams or of separated beams of

fission fragments should help to obtain this information.
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The better accuracy obtained in measﬁrements of average neutron numbers has
not been accompanied by s similar .progress in obtaining the average neutron kinetic
energies; the time has perhaps come to improve on the measurements of H. R. Bowman gg_gl.(l)
In particular, the question of the isotropic component in the neutron emission remains
mostly opened not only with respect fo its behavior as a function of the masses and
kinetic energies of ‘.the fragments but regarding its very existence. A better
knovledge of the neutron kinetic and angular distributions could in turn ellow an
improvement of the neutron variance measurements; it could also help resolve the
present discrepanciesAbetween variance measurements using large or small detectors,
respectively. It is important that this discrepancy be resolved so that the less
cunhersome small detector method could be used safely.
The neutron varisnce 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 fission dynamics.
Regarding the gamma-ray measurements it has usually been assumed that their
angular distribution was not significantly perturbed by the hyperfine interaction.
I} appears* that such an assumption might not be justified since deorientation effects
Qére very important for highly ionized rare-earth nuclei.
Finally, the studyvof even-odd effacts on kinetic energies as a function
i of excitation energy of the compound nucleuszghould be a useful test of the conclusions

: we have reached here snd eventually provide information on the number of 2-quasi-

. particles excitations at the saddle point.

* : . )
. F. Btephens, .private communication.

T
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Appendix I i
Effect of an isotrogié component on the determinatio~ of the average number of
neutrons emitted by the fission fragments

We ronsider a fission event in which \)1 neutrons are emitted by fragment

by fragment 2 snd assume Ua scission neutrons. When fragment 1 flies towards

1, v,

the neulron detectcr the average number of detected neutrous will be

gl E\)l+r\)2 a\)&

vhere € is the efficiency for neutrons emitted by fregments flying towards the

detector, r the efficiency for neutrons emitted by the complementary fragment
and a the efficiency for detecting scission rautrons. We assume that € and r
are indzpendent of the fragment's characteristics. Then, when fragrent 2 flies

towards the neutron detector we have

= + +
82 € \)2 r \)1 a \)a

and

g * 8, (e + r)(vl + v2) +2av,

‘When we neglect the pre-scission component we assume that n

1 2

and n, neutrons are

emitted by the two fragments so that
1 1
= +
&, € n, +rm,

By = eln;2 + rln1

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

it

1. 1 _
g * 6, (" + r")}n, + n,) = afe + r)(nl +n,)-

with

+ =V, +V, +V =y -
n n o o

so that

ale + r)(vl v, t ua) (e + r)(vl + u2) + 2a v,

from which we obtain

¥
a.=1+-;)-% (-33-—-1)

T g+r
and
=& 1 _i
nl—e[vl(l+a)+v2(l u)+va]
=L L i
=3 [y (1e2) +u (o 1) o]

We now consider two limiting cases. 1In the first one e ia:ge neutron
detector is seen from the source through an angle c‘>‘f 90°. Then, if one assuﬂ:es

that all efficiencies are proportional to the related solid angles, 6Byiqusly-5.'_
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2a

m=l and o =1

so thet

v
a
= + =
"(1,2) " V(1,2) T 2
We gee that in this case, the assumption that all ne{xtrons are emitted
by the fragments is equivelent to ean equael shering of the pre-scission component
between the two fragments. Furthermore, the condition nl + n2 = \JT is always
fulfilled. In the second case we consider a low efficiency detector. We,

thereby, can neglect r uand

“a 28
a=1+—-(—- ) (A.T.1)
Vo \€

Assuming a Maxwellian shape for the center of mass fragment's neutrons

spretrum we have

B .
B - EQ oF, 2E

E.= 2 £ e +l1+P¢} 0 :L+.';Q (A.I.Q)

8 7T * T / <

vhere Ep is the energy per nucleon of the fission fragment, T is the neutron

= o

X
-2

SR

P (V—-Tﬁ) = [ e 2 at
=
- YT

spectrum temperature and

E
Typical values of E‘Q are around 0.5. Then
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P |m
=
&

and ) . ‘

a
a#l-—v x 0.5

From equation (A.I.1} it can be seen that the val'ue of which ensui'es
that the condition n, + ny = Vg is fulfllled will depend on the flssmn event's
v
characteristics with respect to both the value of 2 a.nd tha.t of a Alternatively,
p

if one uses the value of a obtalned t‘or thn a.vera.ge characteristics of the fisalon

fragments one obtains ‘ 4

that

where ni + n;' represents the aversge totel number of néutrons as obtained with

the assumption that there are no pre-scission neutrons, € and €' are the efﬁciencies ’
conputed for the average and the specn‘ic fisgion events, respec.ively. In pai'tiéuia.r,,g“

one obtains for the slopes w1th respect to Ek

1 2 .
alnt + nk) av, v_a ae(E )/a'
1 2 s =< __l>+2 8, Ek

< >
=, E A CTE - :
E
With typical values of the '.rariations of —2 in equation (A I. 2) one obta.ins a

<

\

relative increase in the slopes ¢f the variz uion ‘of the a.verage totel number of

neutrons as a function of Ek of a few percent. The .error on Vp 1tself is of the

order of 0.1 neutroén. .
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Appendix II

A study of two causes of sIstematic errors in the messurement of neutron number

variances

1) Recoil effect

A.bGa.vron(B) has pointed out that .the hypothesis of isotropic emission of the
neutrons, usually made to obta.in pre-neutrcn masses e.nd kinetlc energies from the pogt-~
neutronvevrn;ergles of the flssion fra.gnents ws.s no more valid when the neutrons were
detected with sma.ll detectors. We. ﬁrst reca.ll the trea.tment given by A. Gavron in the
case of average neutron number measurements. We then extend hlS treatment to the

measurement of co--va.ria.nces of the neutron distributions.

Using the notetions of A. Ga.won, VF iz the velocity of the fre.gment before the
detected neutron is emitted, V; its velocity after emission of the neutron, Vl and Gl
are -the’velocities end angle of emission of the neutron in the fragment frame, V and 6
the corresponding quantities in the laboratory system.

The final energy ‘of the fragment when a neutron is detected at the angle § will

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

2e
: = - L [V cosB _
elF(?,) - e, plis) =- ) (——-—YF . l)

¥

where elF(e) is the finel energy of the fragment when & neutron is detected at angle
8, e (1s) the seme energy in the 1sotrop1c case, el end m, the pre-neutron emssion
kinetic energy and mass of the fragment.

The pre-neutron eneréy of the fragment is then eqﬁa.l to

— N o o e R
: v(m,e " V_cosf
e, = e 1+ )-2e ( -1)/m
;.lv‘lF ( ml 1F -‘\F R Vs 1
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' when the recoil effect is not taken into account the pre-neutron energy is written

; Ul(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 two counting rates. The

(v numerator is proportional to the number of triple coincidences between the fragments

end neutron detectors, the denominator to the number of double coincidences between

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

- Nele,m, )

vate) =y e

T
" when it is included one should write :
1l 1
- Nc(e ,m)

Vi ~© NTfe,m)

‘ A. Gavron has shown that the error made in assuming that m = ml

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

R SN B S d Nelem) 4 (el - ) vy Ny
1 1 N’l“ e,m de ) I_IT(e,iD de

dav aN,
1 1 1 -1 T
(e - e) qe T Ny e',m)““l‘(e - e) de

L]

We now assume that NT(e,m) is a gaussien function of the total kinetic energy
: so that B
dNT/de _ (e - 2)

Nl o2
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where e is the most probable value of e.

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

1 1
then obtain
w3, - ﬁ.am%;_y (V_gloﬂ - 1) e (.Zl’.l_ b - e)) (A.11.1)
e Rl F € g
this expression also allows the study of the difference in slope between the corrected
D
and gnco;-rected dava. We neglect the second derivative d vl so that :
de2
& @ 2o, @ le-e) Ve .3 MY (v cos
s "3 mlm cmJ \@ - 2 - 2 de v -1
171 2 o a o F
(A.11.2)
v, e v
the dominent term in the parenthesis is - 5 Setting in A.II.2, cosb = 1, = 2
q F

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

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

S.\:?I‘; - dlr. » - 0,07
de de )
MY
For exampie, if the true value (a-e—T-) is 8.3 MeV, the uncorrected value would

yield 5,26 MeV.

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

“h(e)

Mle) =
Ng(e) Ng(e)

i is provided bx the experiment, the co-variance being given by
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Here the guantity Nh(e) is proportional to the number of juadruple coincidences
between two neutron detectors and two fragments detectors while Ng(e) and Ng(e) are
proportional to the number of triple coincidences between one of the neutron detectors

and the two fregment detectors. Using the definitions of ;J. and '\-)'2 we also can

write that
Ny (e) _— o N(e) _
clvy vp) = 5 hc "1"2"’1"2=: -9 9,
N;(e) N (e) Ny(e)
We define
N,(e)
Ple) = ;
NT(e)

The errors made in neglecting the recoil effect will then be

N, (') - N, (e)
AP = L Y
P=
Ny(e)
and
AC=AP-v1Av2-v2Avl

vhere A -\;1 and A '\72 have been computed above.
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We express A P

ay, (e) . aPle) N(e)
NT(e) Np

4 N le)/de
da P T 1
= [—Eé-ﬂq- 2 P(e) —-ﬁ-;r](e - e)

a ple) Ny 1, 1
=[ r —2P(e;q2 ][e1+e2-e1-e2]

The quantity P(e) is very nearly equal to '\71 v, since C(\)l.\)2) is a small

quantity so that :

<
<

av av -
- 2 - 1 - e =g 1 1
AP'[vlde+v2de Bie AR ][el"ez'el‘ez]

From A.II.1 we also have

av (e - e)V.
Avl-[—i- 1](el—e)

de 02

av, (e - eV,
P Mol 1l
A v, = [EE—' 2 ] (5 =)

We then obtsin :

" LBL~1950
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inserting typical values of V, VF 02 we obtain

1

Av, # 1.4 (0.1-5—‘?3-3—"-1)

# 0.14 _Lea—ge)-

and

Ac # 0.56-Se=¢e) g1y

The correction is of the same order of megnitude of the co~variances themselves.

It has ususlly a tendency to yleld positive correlations.

2) Varlations of the efficiencies with neutron multiplicity

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

neutron detectors. The measured quantity M 1s equal to

€1V1 €2¥2
. o o P
tand it is assumed that € and E, do not depend on vl and v2'. In that case
VY
M= 1°2
Vi V2
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However, even for fixed masses and total kinetic energies of the fragments
it must be expeéted that the éeﬁter of mass ifelocities of the neutrons will depend
on their multiplicity. Therefore, the efficiencies should themselves depend on the

neutron multiplieity. To first order we write
e, (v) = + ke (v, - %))

and similaerly
gy(v,) = €, + kg (v, - 32)

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 sssume

that kl = kz. Then, to first order

€ (1 + k(v) = V) )y, vy(3 + kv, - 9,))e,

M=

g;(1 + k(vl - "1))"1 e2(1 +k ez("z - \»2))\»2

Vv, + k["l"z("l - ul) + \)1\:2(\:2 -»2)]

v, v,

1 Vot kv, (v, - vl)v2'+ \:2(\’2 - v2)1v1 '

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

fixed vl + v2 = "T = vl + \)2 it then comes that:

1V

i , v

r M= )

| o vcz(vl)‘ 02(\,2) 1
! R \,2 1l+k —-:._.4. -

l —-—
V1 Vo

S

— s

S
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and since vl + v2 = vT
2,y _ 2
o (vl) o (ve) = - c(vl,va)

so that

which leads to

clv, v,)

(1+kH\JT)=M-1

V1 Vo

If the variaetions of the efficlency had not been teken into account we would

have

so that Cl -C=AC=kM vT. The quantity M 1is close td one and VT to four so that

AC=>h k., Values of k of the order of -0.2 appear possible and in that case

-0.8.
This is again of the same order of megnitude as the observed quantities.

14

AcC
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Appendix III
Recclls onireggssion analysis -
In the following we derive sane'buseful 'relat‘ions'betw'e'en the conditional
moments of multi-variate distributions. Similar relati-ns can be found in the article
of J. Terrell(h9) end in H, Nifeneck'er.(h'” '

We consider a b-dimensional probability distribution -

P(X,Y,Z.t)

'The first and second moments of this distribution are given by

®|
||
A
®
v

= /x P(x,y,z,t) dx dy dz dt
‘oe(x) =f x2 P(x,y,z;t) dx dy dz df —< x>?
c(x,y) -/ (x =< x>y - < y >) P(x,y,2,t) dx dy dz dt

EC Xy > =< X>< ¥y >

and similar relations for the other variables.

We also consider the marginal probability distribution of z and ¢

sr(z.t) sf/P(x,y,z,t) ax dy : "

and the conditional moments as f¢r example

J[fxy P(x,y,2,t) dx dy ffx P(x,y,z t) dx dy ffy P(x,¥,2 ,t) ax dy

8lz,t) .. elz, +)2

cx,y: zt) =

s<xy > =< x> <y, o (A.II1.1)
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The regression coefficient of y on x , written< % >, 1s defined as the coefficient of
the linear term of the stiraight 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 - )2 P(x,y,2,t) dx dy dz dat

we have
g—A- =-2 f (y - ax - b) P(x,y,z,t) dx dy dz at = 0 (A.I11.2)
or

b=<y>..a,<x>

substituting b in the second relation

-5
[+

==z -2 f x(y - ax = b) P(x,¥,2,t) dx dy dz 4t = 0 (A.111.3)
one obtains
fx(y -< y>) P(x,y,2,t) dx dy dz dt = & fx(x -< x >) P{x,y,2,t) dx dy dz at.

and thus

<&y Sxy) .  (AJTTILE)
dx * Ua(x) s o

Such a relation evidently holds for the conditional 'inmﬁeni_-.s' as well. : For

example:



-86-

<%§>t=0; : zt
2 o {x: zt)

a consequence of this relation is that < % > is not equal to < g_’lc >

&, _Clay) . &, Plx)
¥ G2y & Py

it is also possible to write :

-1 2 =1

dx dx ;7 _Cleay)” _ ax 2

< o—D K =D =< == > p(x,y)
dy ¥ PPy W

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

plxsy) = Sty
* olx) oly

and is only equal to 1 when x end ¥y are completely correlated.

Another definition of the regression coefficient is often used.

define the conditional average of ¥

/; P{x,y,2z,t) dy dz at
<y > =
x ff P(x,y,2,t) dy dz at

and the marginal distribution of x

p(x) =ffﬁ(x,y,z,t) dy dz dt

LBL~1950

rather :

Let us
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The regression coefficient < % > is also the slope of the straight line obtained by

the lesst square fit of the curve< y >x'

In that case we minimize the expression

f(<y>x-ax-b)2p(x)dx

we obtain the two equations

f< Y2, o(x) &x =& fx p{x) ax + b f plx) dx {A.II1.5)

fx( <y>, -ax- b) p(x) dx = © (A.I11.6)

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

result:
be< y>=-a< x>
equation (A.IIT.6) can be written
fx( <y¥>-<y> olx)ax= e o2(x)

or

fx< ¥ % p{x) dx - < x><y>-adz(x)

and using the definitions of < y > and plx)

/ff/xy!’(x,y,z,t)dxdydz at =< x >< y?-aoz(x)

4,-1
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which ylelds

a=< %):M

ae(x)

as in equation (A.III.h4).

We now turn to the conditional co~variance of x and y and see, from its

definition that

E ‘f‘/‘c(x,y: zt) g(z,t) dz at = fxy P(x,¥,2,t) dx dy dz at
- ff< x> <y g(z,t) az at

= C(x,y) + < _x><y>—./"/ <x>zt<y>ztg(z,t)dxd‘

(A.IXII.T)
To first order we can write that
3x(at) o 4 ixlzt) (= _
<x >, = SRS (t - t) + 50 (2 e 2) 42 x>3g (A.111.8)

ay(zt - . ay(zt -
<y, T {(t =t) + = (z-z)f<y>;t

where the partial derivatives are expressed for the value 'z-?, By a weighted integrition

of A.II1.T we obtaln for example :

f< x >, 6(z,t) az at = < X>—o=< x>




-89- 1BL~1950

Substituting A.III.8 into A.III.7 we obtain to first order :

clx,5) =a§a(:,t2‘a'iag:,t) o2(¢) *a;a(:’tz a"xagz-,tz o2(2)
. (?%(.:.;ﬂ@.f%:ﬂ @g_:,ﬂa_ﬂ_z_,ﬂ) c(z,t) + M) clx.y: zt) (AIIT.9)
zt .

where
M clxy: zt) = ff C(xy: zt) glz,t) 4z at
zt o

In the mein article we consider several limiting cases of equation (A.III.9):
1) If we assume that x(2z,t) is independent of t and y(z,t) is independent of z

we obtain

Clxyy) = BEEBLAEL) oz 1) « P cxy: 2t)
zt

and, in that case, using the properties of < %‘:— > and < %>

Cx,y) =< d—z >< 91 > C(z,t) + M clxy: at) (A.I11.10)
zt ) : )
2) If we deal with a three variate distribution P(x y t) formula A.III.9 can ’b_o“

used by considering z to be fixed and therefore that g v‘r
2
o°(z) = ¢(z,t) = 0

thus in that case
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o) =< &> < & o) + M otxy: ) | (A.111.11)

If we consider the variances of x and y ve have
c{x,x) = cz(x)
so that

o?(x) =< &> oPt) + M Pz 1) L (A.111.12)
%
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FIGURE CAPTIONS
Fig. 1. Variations of the average neutron number Vim) with the fragment mass as

obtained in different experiments
235,

(a) For the slow neutron induced fission of U
A Maslin'_e_t_‘,;g}_.(ﬂ
(6)

e Boldeman et al.
O Milton g&g&.(g)
¥ Apalin _e_g_ai.(w

This figure is teken from Ref. 6.

252

(v) For the spontareous fission of cr

(1)

4 Bowman et al.

(7

e Signarbieux et al.

Fig. 2. Variations of the total neutron number '\TT(Ek) with fragments' total kinetic

5201‘ spontaneous fission

(1)

energy for the 2
4 Bowman et al.
v Hhetstone(S)
¢ Our resuits
Fig. 3. Effects of neutron recoil correction on the averaée zneutron nugber meagsured
with low efficiency detectors
a. On -\Tl(m) results S
b, On V(E ) results
¢ Uncorrected results
o Corrected results ]
The continuous line denotes the input data. This rigﬁ.re is taken from Ref. ‘8,
Fig. 4. ' Varietions of the "invarient” R = g:ég)_ -1 as 2 function of efficiency in (
n q q . ‘

an actziul Ln neutron detection system.

vy
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Fig. 5. Exrerimental and calculated energies carried eway per neutron. The
dv, -1 '
experimental values were obtained from < =< > . The calculated values were

obtasined from
B+0+0.75
¢ Calculated values for each fragment mess
A Calculated values for a fragment pair
A Experimental values 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 for d range of fragments

masses
‘e Light fragment

o Heavy fragment

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

235
2
m : m
o —Ex=1.35-1.45, v =La=x1.151.65, 0 2L . 1.65-1.9
my B2 oz
b) For &ll realized mass ratios. The solid curve shows the fragment kinetic
energy distribution
This figure is taken from Ref. 23.
Fig. 8. Anisotropy of the prompt radiation as a function of fragment mass Aex:

(a) Anisotropy without collimator: the contributions of the two fragments are
not separated. '
(h) Anisotropy with collimator selecting y quenta in the time region (10-100)
pesec after flssion .
This figure is taken from Ref. 20.
Fig. '9.: Y ray yield per fragment versus fregment mass in the?sa‘cr spontaneous fission.

Figure taken from Ref. 2.

U a) For different fragment mass ratios: DI ;i = 1.1-1.25, A m—l = 1,25-1,35,
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Fig. 10. Y ray yield per fragment versus fragment mass in the slow neutron induced

fission of 2350

® Data taken from Ref. 19
A Date taken from Ref. 32

Fig. 11. Observed correlation between the values of Y (T\fy(m)) and neutron (V(m))

multiplicities
(2) In the case of the induced fission of 235
(b) In the case of the spontaneocus fission of 252Cf

Fig. 12. Variations of total Y energy E (Ek) as a function of total fragment kinetic

energy

(a) In the induced fission of 235,

(b) In the spontaneocus fission of 292t

Fig. 13. Correlation between the total Y ray energy EY(Ek). a.nd the neutron mgltiplicii’iy
V(g )
235

‘a) In the induced fission of U, . .
‘52Cf

s

{b) In the spontaneous fission of

G

Fig. 14, Variations of the totel Y ray energy as a function of the total kinetic eneréfi
of the fragments for &ifferent light fragment masses (22-Cf) .
e Direct measurement L

0  Results obta.ined fran energy ba.lance considerations

N

Fig. 15. {a) Slapes < —Y- >, of the variations of the total’ Y. ray energy versus ihe

dEk

totael kinetic energy oi‘ the fragments as a fl.mction of 1lgh1. fragment'

252

mass (“7°cf)

e Direct measurement C
[} Results obteined from energy balence considerationa

(b) Total Y rey energy as a function of the light, fragnent nass (252“)
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Fig. 16. Slice plots at consta.nt mass ml_ in the 3 Mev x 3 amu a.rre.y E (Ek ,ml )
Figure taken from Ref. 19. _
Fig. 17. (4) Fission x-ray spectrm N()( )
(B) Average value of the Y pulse ‘height as & function of x»ray detector

pulse-height E (Xl) (252

ct fms:.on)
Fig. 18. Average total Y ray enery em.ltted as a function of the
e Light fragment'a cha.rge ’ B

A ‘Heavy fragment's charge (2)201‘ f‘15$1on)

Fig. 19, Average neutron ‘number as ‘a function ‘of the

) Mess of the fragments o
& - Chsrge of the fragments (25291‘ ﬁss:on)
Fig. 20. Average kinetic energies as a"'t"»in‘l‘ct:fon'ovf“
‘ 6“ Light fragment s cha.rge
A Heavy fragment 5 charge
Fig. 2l. Best average neutron number as a functlon of" charge of the blnary fissmn
(25 R L ;

T

fragments. (V4 flss:.on)

Fig.” 22." "Best a.verage total kinetic energy as a. function of cha.rge of ‘the fiss:.on

frazrnents. '1'he contmuous line’ shovs the value of avera,g‘ )total k1net1c energy as

a function of mass of the fragments. The mass and- c_he.rge, .scales reflect the’ cha.rge
to mass ratios of the’ ;ragments. o : P
= \

Fig. 23. Experimental and calqu ate% values -of the average center of mass k1net1c

energy of thc neutrons n. Typical experimental err‘ ere hown v

error ba.rs\. The theoretical values vere obta.:.ned includ:.ng pairing the level

deneities. Figure ta.ken fran Ref. 31.

full. ‘Bots with

e e o et
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: Fig. 24. e Variations of the variance of the total number of neutrons as a function _
of mass of the light fragment 02(\) : m)

o Averasge value over the total kinetic energy of the conditional variances

02(\),1.: m Ek) as a function of the mass of the light fragnent
' Fig. 25. Variances of the total kinetic energy
e As obtained directly from the kinetic energies'_' .'
o As obteined from the neutron variances
The full lines give an idea of the errors on the experimen'tal values.
Fig. 26. Variations of the exc:.tat:.on energy variances (o] (E . m Ek) as a function of

E for a number of masses of the llght fragment.

Fig. 27. e Variations of the excitatiqx\ls»_ep}erg »va.ri‘a.nég}s,td"z(El: m Ek) averaged :.’
over Ek as a function or light i‘rfagment Dass | v
o Variations of the maqd.m}qn/ob_sgryed energy Va!'lanceas s m_ctiqn__.of:_,' 1 ]
fregment mess | ‘ . -
The full lines give en idea of the errors.

Ly

Fig. 28. e Varietions of the va.ria.nces of the total number of neutrons cr (\) v m)-

as a ﬁmction of fregment mass,

Lf. S

A Va.rla.tions of the sum of the two neutron varia.uces ror eunplenenta.ry

2( L3 om) 4 02(

fragments ¢ v, m) as a ﬁnction of ﬁagment ma.ss, L

[~

fragment mass
i o 2(

vyt m)- 2w, 1- ‘.m.)" ;.jdgf\’z’

vl 2'm)

N

The 'quantity‘ shown'on. the figure :I@ p C(VI 'l\\iaz”" g)lk;far' 'tile‘ gai_;e‘ éf_-‘éénr;nié
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F:Lg ‘29". Obsérved reiﬁtive in'i:ra-grouﬁd state band trencition intensities for fission
fragments (trisngles) and for (charged particle, x n) reactions (lines). The
Lfeaét'ion &a.te..é,ré 'iabéled with the avérage angular momentum of the reaction as
calculated from optical m&dél codes. Figu.re taken from Ref. 21.
Fig. 30. Schematic representation of the minimum pbtential energy and "free energy"
along the scission line
Abscissa: Coulomb interaction energy C
Curve At Minimum potential ehergyA
Curve C:' Total energy of the fissioning system
Points.1 and 2: Points where the minimum potentla.l energy 1s equal to the
e " total available energy
The shaded area shows the amount of free enérgy.
Fig. 31. (a) ‘s Values of the maximum Coulomb energy at seission E}(Sl)(m) as a
function of light fragment mass
. o° Vaelues of the minimum Coulomb energy'e.t scission El(:a)(m) as a funetion
- of iigﬁt fraegment mass .
(b) @ Values of the deformation energies of the fragments corresponding
to ‘1".he mihiﬁm .Co'uianb energy ’
'I"r;ev 'shadec\i‘, a&eg brep;;-'es'en‘ts the range of possible velues éf the deformetion energies
fdr“themﬁxa;gimum "C'oulpﬁlb‘ energy cbnfigu:liation‘. The :t‘uil lines give an idea of the
) verrors. e |
Fig. 32. (a) Me.ximum "i‘ree energy available at ‘scission as a f‘u.nction of light
fragment masg » X '
(b) Second der:.vatlve of the: min:l.mum potentia.l energy curve -

The mll llnes g:we an idea of the errors._

et e s e et
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Neutron emission per fragment
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