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IMPROVED CALCULATION OF THE PROMPT FISSION NEUTRON SPECTRUM
FROM THE SPONTANEOUS FISSION OF 252Cf: PRELIMINARY RESULTS

David G. Madland
Theoretical Division, Los Alamos National Laboratory
Los Alamos, New Mexico, USA

Abstract: An improved calculation is presented for the prompt fission neutron spectrum N(E)

from the spontanecous fission of

. In this calculation the fission-spectrum model of Madland

and Nix is used, but with several improvements leadin

to a physically more accurate representation

of the specrum. Specifically, the contributions to N(g) from the entire fission-fragment mass and
charge distributions will be calculated instead of calculating on the basis of a seven-point approxi.

mation to the

of these distributions as has been done in the past. Therefore, values of the

energy release in fission, fission-fragment kinetic energy, and compound nucleus cross section for
the inverse process will be considered on a point-by-point basis over the fragment yield distribu-

tions instead of considering averages of

ese quantities over the peaks of the distributions.

Preliminary results will be presented and compared with a measurement, an earlier calculation, and

a recent evaluation of the spectrum.

(Keywords: calculation, prompt fission neutron spectrum, spontaneous fission, 232Cf)

(ntroduct]

The prompt fission neutron spectrum N(E) from the
spontaneous fission of 232C¢ is important due to its usc as a
standard ne Jtron field, In addition, becauuse of extensive ex-
perimental st..dies on this spectrum, it is used as a test case in
the development of theoretical models of prompt fission neu-
tron spectra for spontancous as well as neutron-induced fis-
sion. In this paper, a incasurement, an earlier calculation, an
evaluation, and preliminary results from an improved calcula-
ti:;icgf N(E) for the 252Cf(sf) reaction are presented and com-
P .
Our previous calculations!-3 of the prompt fission
neutron spectrum have utilized input parameters based upon
average vilues of the fission-fragment mass, charge, and
kinetic energy distributions. In particular, values of ihe
average energy release in fission, < and the total average
fission-fragment kinetir energy, <E.™>, have been used
instead of the specific values occurring from all possible
binary mass and charge divisions in fission. Likewise, the
calculations of the inverse process 1o neutron emission,
compound nucleus formation, have been restricied to two
nuclei: the average central light fragment and the average
ientral heavy fragment. Finally, it was noted that in the
vicinity of the average fragments, the average numbers of
neutrons emitted from the light and heavy fragments are ap-
proximately equal. The spectrum N(E) has therefore been
given by the averoge of the spectra criculated from the light
and heavy fragments, namely

NE) =4 [NEEF b + NRELOEH ]

where E is the laboratory neutron cnergy, EX and EF are the
avcrage kinetic energies per pucleon ;i thé light :‘\d heavy
fragments, respectively, and o mid o are the cross sections
for the inverse tgl'oceu in fhe average light and heavy
frag;ments, respectively.

In the present work, the use of irput parametcrs based
upon averags values of the fission-fragment niasy, charge, and
kinetic energy distributions is veplaced by direcs use, on a
point-by-point basis, of the distributions themseives.
Following a descripton of the refinements to our original
calculations, in the next section, preliminary resuits are
presented and discussed and some tentative conciusions are
given.

Reflnements in the Model

) The energy release E; for zach binary fission considered
is given by

Er = M(LvAg) - ML(A'AL) - MH(ZH'AH) ’ (2)

where M is a mass excess expressed in MeV and ¢, L, and H
refer to compound fissioning nucleus, light fission fragment,
and heavy fission fragment, vely. Use of Eq. (2) over
the fission-fragment mass and charge distributions replaces the
average vaiue <E;> obtained using the seven-point
approximation given in Ref. 1 and used in Refs. 1-5 (note that
in Ref. 2, an exact calculation of <E¢> was also performed).
In evaluating Ii.a (2), experimental masses from the 1986
Audi-Wapstra mid-strcam mass evaluation6 are used where
tNh;y_,exist and otherwise the calculated masses of Mdller and
ix.

The total fission-fragment kinetic energy EX* for each
binary fission considered is take m tﬁ ef(perimenul
results of Schmitt et al. ,8 in which B is given as a function
of heavy fragment mass,

T gtot  tot
B, =E. (A . (3

fq&all values of Ay observed (126 £ Ay < 166). These
E;"(AH) values are thernselves averages due to the fission-
fragment distributions in charge P(Zy) and P(Zy), for fixed
values of Ap and Ay, respectively. Recal’ that the binary
fission assumption demands that the sets (AL, AH.Ac) and
(ZL,ZHveuc) simuluneo&‘l sadsfy complementarity. Use of
the measurements of E Schmitt er al.,8 represented by
Eq. (3), replaces Im;v ¢ value of the total fission-fragment
kinetic ener <1?8 in Refs. 1-8.

The values of E\L are used in two ways in the calculaton
of N(E). The first way is in the cdﬁnlntion of the average
kinetic energies per nucieon, E; and E.', of the light and heavy
fragments, These are obtdined l;y use of momentum
conservation, as before, and are given by

L
Ef = (A/AD) B VA ), and @)

H tot
B =(A /A (BTTAY) . (3)

In all of our previous work these same equutions have been
used, but they have been evaluated using <E.',°‘> instead of



E{™, the average central light fragment instead of AL, and the

average central heavy fragment instead of Ay,

The values of E; ar: also used, together with the values
of the energy release in fission E;, to calculate the maximum
temperatures T of the temperature distributions P(T)
representing the corresponding distributions of fission-
fragment excitation energy. In the present calculations this is
done for each binary jgtzsion considered, whereas in our
previous calculations one average value of Ty was used. For
spontaneous fission, Tm is now given by

T = (B -Ef )", ©
where Er and E,"” are given by Eqs. (2) and (3), respectively,
and a is the Fermi gas level density parameter

a= AJ(const) . )]

Previously, the average values <E;> and <E}°‘> were used in
evaluating Eq. (6).

The compound nucleus cross section O for the inverse
process is computed for the two fragments occurring in each
binary fission considered. Thus, G; = &¢(e,Z,A), (Zy, or Zy,
AL or Ap), where e is the center-of-mass neutron energy. The
optical-model potential of Becchetti and Greenlees? is used on
a 100-point grid extending to 40 MeV, as in our carlier work
for the average light and heavy fragments.

Given the above refinements to calculate the prompt
fission neutron spectrum for each pair of complementary
points on the fission-fragment mass and charge distributions,
it remains to combine the results from all contributing pains.
For a given fragment mass number A, (A or Ay), the charge
distribution in Z, (ZL or Zy), approximaies a Gaussian
distribution

P(Z) = (1SR ) expl-(Z - zp)’/cl : ®)

or ZH), is obtained

where the most probable charge (
A distribution (UCD)

using a corrected unchn:fe% charg
assumption due to Unik et al.,}

@ VA = (ZJA =@ + duAy. @)
and where the width parameter, c, is given by
cm 2t + ) (10)

where 0 is the average charge dispersion. A value of ¢ = 0.40
4 0.05 is used, which was determined in the experiments of
Reisdorf ef al.ll for the pre-neutron emission charge
distribution in the thermal-neutron-induced fission of 235U,

Given the charge distribution P(Z) for each fragment
mass number A, the contributions from all fragment masses
ure sumined. This is accomplished by use of weighting
factors comprised of (a) the fragment mass yields Y(A), (Ag,
or Ay), and (b) the average nuraber of prompt neutrons
emitted for each fragment mass 9(A), (AL or A4). In the
present work, the pre-neutron emission experimental
fragment-yields of Schmitt er al.8 are used and the average
prompt neutron multiplicities menurgd as a function of
fragment mass by Walsh and Boldeman!? are also used.

Using Eqs. (2)-(10), the expression for the prompt
fission neutron spectrum N(E) in the preliminary refined
model is given by

NE) = TI& YW, PON[EE, A0 2T @A)
Yot an

where V,,, = § V(A)Y(A) is the total average prorapt neutron

multiplicity and the sums occurr’ g are over Z; and Zy as well
asover AL and Ay.

Preliminary Results

The first-calculation using the refined mode! summarized
by Eq. (11) is for the spontaneous fission of 252Cf. In this
calculation, the fission-fragment mass and charge distributions
are represented by 28 fragments:

(a) 14 approximately equispaced fragment masses in the
range 88 < A < 164, with a spacing of about 6, in
mass number, and

(b) 2 isobars per fragment mass, with values of Z that are
the nearest integer values above and below the most
probable charge Z,,

The contributions to the prompt neutron spectrum from each
binary fission considered thereforz include:

(a) 28 optical-model calculations of the compournd
nucleus formation cross section ©c(Z,A) for the
inverse process, usii.g Ref. 9,

14 calculstions of the ¢ release in fission E,, one
for each fragment pair, with values spanning the range
198.061 MeV S E; £236.421 MeV,

7 experimental values$ of the total fragment kinetic
energy E.™, each lccountinhfor 2 fwem airs,
;ﬁa{\lning the range 16591 MeV < E;™ < 155.22

AN

(%)

()

(d) 14 calculations of the average kinetic energy per
nucleon, one for each pair of isobars, with 7 such
airs for the light fra ts having values in the range
777 MeV S E; £ 1,227 MeV, and 7 such pairs for
the hea nts having values in the range 0.353
MeV <€ 27" <0.729 MeV,
(¢) 14 calculations of the most probable charge
for each ga‘h of iosbars, yielding 7 vﬂuel of
the light fragments and 7 values of Zp for the

fragments,

7 experimental values$ of the fragment mass yield
Y(A), each accounting for 2 fragment pairs, spanning
the range 0.17% £ Y(A) <€ 5.55%, and

OfM
or
Heavy

)

14 experimental values!Z of the average neutron
multiplicity as a function of fragment mass 9(A), one
for each pals of isobars, spanning the range 0.7% <
9(A) £ 3.89.

The preliminary results obta'ned using Eq. (11) with 28
fission fragments to expiicitly represent the total fission-fiag
gmcnt mu:ﬂand charge Mbun?cm}' t?re i(l’lfu:!:md in Figs. 2-4,

or comparison purposes, a calcvlation spectrum repro-
duced from our enrlier work* is shown in Fig. 1. The solid
curve here shows the spectrum calculated using Eq. (1), for
two averge fragments the yield peaks, with a nuciear
level-density parameter a = A/(9.15 MeV) obtuined in a least-
squares ldjultmsnt to the experimental spectrum of Poenitz
and Tamura.!3 Ratios to the least-squares adjusted
Maxwellian spectrum (Tm = 1.429 MeV) were used as the ba-
sis for comparison.

In Fig. 2 ‘ve show our earlier calculation again, as tl.¢
dashed curve, together with the present calce! -won usinf E1
(11), as the solid curve. The effects of the t¢'ined model cal-
culution compared with the previous model calculatjon are that
the spectrum is increased in the reglons below approximately

.4 MeV and above approximately 8.8 MeV, and s decreased

(®
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comparison of Figs. 1 and 2 clearly shows that these effects
are in eactly the right direction to give cven better agreement
with the experiment of Poenitz and Tamura!3 than was ob-
tained in the previous calculasion.# However, it is equally
clear that the refined calculation does not yet exactly reproduce
the experiment. Namely, an even larger increase would be
possible in the low and high energy regions of the calculated
spectrum. Note that the spectra shown in Fig. 2 are both cal-
culated with a level»density parameter, 3 = Ag/(9.15 MeV),
identical to that used in Fig. 1, and also that the reference
Maxweliian of Fig. 2 is calculated with Ty = 1.42 MeV.

The present calculation shown in Fig. 2 is compared
with a recent evaluation of the spectrum by Mannhart!4 in Fig.
3. The "data” shown are from the "group averages” spectrutn
obuined by Mannhart, Again, a reference Maxwellian with
TM = 1.42 MeV has been used. The agreement between the
present calculation and the evaluated spectrum is not nearly as
good as in the case of the experimental spectrum of Poenitz
and Tamura.!3 A least-squares adjustment w the level-density
parameter was then gerformed resulting in the value a =
Ac/(9.40 MeV), which improved the x2 approximately by a
factor of two. The companson of this spectrum with the eval-
uation of Mannhart is shown in Fig. 4 using the same refer-
ence Maxwellian spectrum. Although the agreemcat with the
evaluated spectrum is improved, it is again not nearly as good
as in the case of the experimental spectrum of Poenitz and
Tamura and the unadjusted present calculation.

Canclusions

It has been shown that the preliminary calculations using

the rcfined medel calculstion embodied in Eq. (11) yields im-
proved agr:ement with the experimental spec

as large as the difference between the

the evaluation. On the other hand, the convergeace of the

refineii medel calculation with the number of fragments

included must be demonstrated. In addition, tl.e physical

cffects of (a) center-of-mass anisotropy, and (b) explicit

gamma-ray deexcitation should both be taken into account.
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Fig.l. Ratio of the previous least.squares ndjusted Los
Alamos spectrum and the experimental spectruin of Poenitz
aud Tamura (1982) to the leas:-squares adjusted Maxwellian
spectrum, for 232Cf(sf).

trum of Poenitz
and Tumura!3 and unsarigfactory agreement with the evaluated
spectrum of Mannhart.!4 The discrepancy probably arises
from two sources. On the one hand, the spectrum of Poenitz
and Tamura is one of seven experiments used in the Mannhart
evaluation, Therefore, the differences between the various
experiments making up the evaluation are likely to be at least
sent calculation and
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