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The neutron-induced fission eross sections of 242%m and 24° ' have been measured over an energy
range of 107% eV to ~20 MeV in a series of experiments at thier fecilities during the past several

vears. The combined resuits of these

ca2asurements, in which on

ly sub-milligram quantities of

enriched isotopes were used, yield cross seclions with uncertainties of approximately 5% below 10

MeV relative to the #3% slandard

cross section used to normalize the data, We sumarize the

resonance analysis of the 242™n(n,{) cross section in the eV region. Hauser-Feshbach slatistical
caleulations of Lhe delailed fission cross sections of 235U and 295Cm have been carried out over

the energy regior from 0.1 to 5 MeV and these results are compared wilh our experimenlal data.

[*42mam(n, 1), 24%m(n,f), fission cross section measurements, E, = 10~3 eV to 20 MeV; 23%U(n,f).
2‘5’(.‘m(n.f), Hauser—Feshbach statistical calculations, E, = 100 keV to § MeV]

lntroduction

A series of measurements ol the neutron-induced
f1ssion cross sections of 24%%4n and 245cm have been
carred out al three  facilities during the pasl
several years (sce Table I). These measuremenls span
an energy range of 107 to 2x10*" eV. In this report
we summarize the resulls of the low energy 24¢Mam
resonance analysis and then outline the resulls and
comparisons of our high energy (MeV) measurements with
previously reported dala. Hauser-Feshbach stalistical
calculalions of the [ission cross section over the
energy region of the fission neutron spectrum are
discussed end results of these calculations for the
235 and 245Cm f)ssion cross sections are presented.

Table f. Summary of experimental measurements on
the neutron-induced fission cross sections of 242%Am
and 245Cm at verious facililies since 1977,

YEAR  FACILITY ISOTOPE ~ ENERGY RANGE (eV)
1977 LLNL-Linac! 2a2mpy 1072 - 2x10*7
1979 LLNL-Linac H2mpy 1074 - 2x10*7
24501t 1074 - 2x10*?
1980 LANL-WNRY Mgy g8 - ~10%7

g“’Cm ,.,mm - ~10"7
242my, 14.1 MeV
2a5ey 14.1 MeV

1960 LINL-irTH

fLivermore 100-MeV Eleclron Linae, Ref. 1.
tLivermore 100-MeV Electron Linac, Ref. 2.

{Los Alamos Wespons Neutron Research Facility
Hiivermore Insulaled Core Trensformer Accelerator

Experimental Techniques

The experimenlal techniques of the 1877 and 197¢
Linac measuremenls. as well as preliminary statistical
analysis of the low energy resonance parameters of
both 242%Am  and 45Cm,  have been reported
previously.!+2 The 292Pan and 245Cm fission samples
used in these measurements were prepared by the LLNL
Nucleer Chemistry Division and were electroplated on
0.05mm thick hemispherically  shaped ionization
chambers. As the semples were extremely radicactive
with a-decay, the hemispherical geemetry helped lo
differentiate between Lhe a-decay and fission signals
by limiting the path-length of alphas and fission
fragnents through the gas in the fission chambers,
Teble Il gives Lhe pertinent data on the fission
samples used.

Until 1977, the only high energy data on 242Mn

Teble 11,  Masses of 42®n and 245Cm used in 1979
end 1980 measurements,!

JSOTOPE SAMPLE MASS (ug) STATISTICAL SYSTEMATIC

daemy gy 207.3 + Log —_
2450y I 195.3 +0.4% ~ 2%
f2 201.0 +0.5% ~

Note: While these samples were isolopically
enriched to >98%, there  existed isalopic
contamination which gave Tise 1o spontanecus
fission backgrounds which were random in time and
could therefore  be subtracted as constant
backgrounds. The sponleneous fissien rates were
approximately as follows:

242muy 41 - 3.2 spontencous [1ssions/sec
30, 1 - 0.7 " N
24%m 42 - 9.0 " " "

"The 1977 linac messuremenl (see Table ]) used a
mass of ~800ug of 24%mpm,

YThis number represents the lotal (statislical plus
systematic) error on the mass assay of 242%m.

were those of Seeger of al.? and Bowmen ef al.* In
1977 Browne ¢t al.! measured the 242™am(n,f) cross
a2nlion to 20 MeV. We repeated this measurement in
1979 (see Table 1) with a new sample and in the same
experiment measured the 243Cm(n.f) cross section using
two different samples (see Table II). Addilionrl
measurements of the 24%Mam(n.f) and 245Cm(n.f) cross
sections were subsequenlly carried out al the Les
Alamos Weapons Neutron Research (WNR) facility (see
Table 1) to verity the Livermore Linec results in the
~§ to ~10 MeV region. Bolh facililies provided a
‘white’ source of neutrons and standard time—of-{1ight
techniques were used to determine incident neutron
energies. For these high energy measurements and for
thermal energies, the cross seclions were measured
relalive to the cross section of 33%. In the
resonance region, the neutron flux shepe was measured
with thin lithiun glass detectors and the relative
cross sections obtayned were Lhen normalized to Lhe
thermal data. An overlap check with the hl%h energy
doia, measured independently with respect te #35U, was
then made in each case. Table III summarizes the
errors for the 242Wam(n f) and #4%Cm(n,f} final data
sels relative to the ENDF/B-V 235U(n,f) cross section
uged to normalize these data.

Resonence Analysis of 242%m(n, 1}

a Breit-Wigner sum-of-single-level

Results of

YWork performed under the auspices of the U.3.

National Laboratory under contract mmber W~7405-ENG-48.

Department of Energy by the Lawrence Livermore
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Table 111, Summary of statistical end systematict
errors for 2429Am(n, ) and 245Cm(n.!) cross section
measurements at the Livermore Linac.

STATISTICAL ERROR SYSTEMATIC ERROR
Energy 24%man 245Cm 242myy 245op 2385y

Thermal 0.5% 0.7% Mass + 1% +2 % + 2%
1 kev 357 3.5% Bt 217 i 213
UMeY  0.5% 1.1%

14 My 2.0% 4.5%

tThe known systematic errors evolve from Lhe
measured masses of 242MAm, 245Cm, and the 3%
‘standard” as well as [rom the efliciency ol the
corresponding fissien chamber of each sample.
3Estimaled uncertainty in efficiency from [ission
pulse-height distribulion and calculalion of
percent of fission fragments lost in sample
deposit,

enalysis of 48 fission resonances in the 242mpm(n ()
cross section up to 20 eV are swimerized in Ref. 1,
These data show 0 complicated siructure with many
levels and a lack of any obvious interferences. This
implies a |arge number of Bohr trensilion slates
(fission channels} open for this nucleus since the
level-level inlerlerence 1s es.entially nonexislent in
the case of meny channels. This ic further supported
by the fact that the dislribution of fissien widths
for these levels follows a generai chi-squere
distribution having at least 10 degrees of {reedom.
It is therefors more meaningful to fit these dats with
a sun of single levels then with a multilevel
(R~malr(x) spprosch which allows for interference
between levels and whach would require many chennels
per level to fit Lhese data.

The complicaled resonance  structure in the
242mumin,{) crogs section in some regions between 1
and 20 eV requires a ‘synthesis' of enough levels to
fit the magnilude of the cross section while al the
same Lime preserving ils shape. Therefore, the
average level spacing, <D>, which we determined Lo be
0.4 eV, is a meximum value since we have almost
certainly missed ilarrow resonances in this region.
When compered with even-even fissioning syslems, the
2433 nucleus should be expected lo have a reduced
average level spacing becsuse the unpaired proton
allows population of additional intrinsic excitations
without the expenditure of energy necessary to first
break a nucleon-nucleon pair. Beceuse of the higher
level density. lhe probabilily of the first resonance
occurring lower in neutron energy is more likely. The
first observed resonance in the 2%Z™n(n,f) cross
section® occurs at E=0.178 eV. The low energy of
this first resonence together with Lhe fact that it
also has a very large reduced neutron v ith gives
242npm the lergest thermal fission cross section
known.

Dala Comparjson - High Energy Region

The high energy portions (10 keV to 10 MeV) of
the 1977 end 1979 Linec measuremenls of Lhe
242mm(n, 1) cross section are plolted for comparison
in Fig. 1. These were independent experiments using
differenl sumples of 242mpm and the egreement in these
two data sets 1S excellent. Also included in Fig. 1
are lhe recently published results of Fomushkin el
al.

The high erergy portion {10 keV to 10 MeV) of the
1979 Linac measurement on the 24%¢m{n,1) cross section
is given 1n Fig. 2 along with the previously measured
245Cm(n,{) dala of Moore and Keyworth’ which were
derived from a nuclear explosion used as a pulsed
neutron source. From ~30 eY to 100 keV their daia are
in very good agreement with the present measurement
and above 100 keV their data agree fairly weil in
shape with the present resuits.

Because of the poorer statistical quality of the
‘white’ neutron source data above 10 MeV, an
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Figure 1. Comparisen of the 1977 and 1979 Linac measure=
aits of the 242%m{n,t} eross section. Also included
are the recent data of Fomishkin et af .6
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Figure 2. Comparison of our 1978 Linac measurement of
the high energy 43Cm{n,f} cross section wilh the data of
Moore and Keyworth.”

indepandent mongenergelic measurewenl, using lhe same
fission chambers, wes conducted ot Lhe LLNL-ICT
facility (see Table 1). AL the ICT. a pulded 400-keV
deuteron beam was used with a tritialed tergel tlo
produce an intense flux of neutruns via the 3H(d.n)*He
reaction. Collimaling the neutron flux at 90° lo the
incident deutron beam produced a 14.1 MgV neutron beam
of minimum energy spread.  Time-of~Ilight techniques
were employed Lo enhance the signal-to-background
(sponlaneous fission) ralio, The values oklained for
the lission cross sections (relative to 205)) at 14.1
MeV, along with the 14.8-MeV resulls of the
242Mam(n ) measuremenl of Ref. 6, are given in Table
IV. As cen be seen in the teble, the 14-MeV cross
section data for *¥2"am(n,[) are in good agreerrt.
For both 242Man and 245Cm these data also agree with
our Linac measurements within the experimental
uncertainly.

Table V. Results and comperison of Livermore-ICT
measurement of 2%%®am(n.f) and 245Cm(n.f) cross
sections al  Ey=14.1 MeV and 242mpn(n 1) cross
section of Ref. 6 ut Ey=14.8 MeV.

[SOTOPE  PRESENT NORK ERROR REF .8 ERROR

ofn.f} Stat. Sys. afn,t}  Stat.
242maym 2,41 barns 5,17 ~5% 2.81 barns 2.2%
2450n  2.55 barns  2.8% ~B% = —
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Calculation of the Fission Cross Section

Oar present efforl involves caleulating these
tissiea cross seclions over the energy region of the
fission neutron specirum (~100 keV to ~5 Mev). In
this energy region many of the fissile actinides have
‘macroscopie’ structure clearly seen in the 23%U(n,r)
and 2450m(n,1) cross sections shown below. Bjgraholm
and Lynn® heve determined trends in fission barrier
parameters over the actinide region. ¥e have written
a statistical code, FISCAL, utilizing their results,
lo investigate this structure as well as the general
thape end magnitude of the fission cross section in
this :nergy region.

For neutronr-induced reactions, proceeding through
channe! x. we wrile the cross section as follows:
o

a, (lE) = 2 ag;(E)—x—
Y

'

where U;‘;(E) is the compound nucleus formation cross
section (for a given I") written:
B \
ol™(E) = ﬂzg";" T"(E)
5

and J™ is the lolal compound rucleus angular momentum
and parity, $ is ihe channel spin (neutron+target) and
L is the orbital angular momentum. For the neutron
Lransmission coelficients we used the Moldeuer form®
suggested in B)grnholm end Lynn, Ty is Llhe total
{ransmission coefficient for Ihe decay of the compound
nucleus through channel x and§,T_ is the sum of the
tatal transmission coefficients for decay through all
channeis. The modes of decay inportanl to this work
are (n,n), (n.n°). (n,7), end (n.f). Above a few
hundred keV the competing decay modes are mainly the
inrlastic and fission  channels. The total
transmssion coefficient for elastic/inelastic
scattering is wTitten:

R

TaE) = 2 T slByme )
b, L, §

Etl

\ "
+ Z Tﬂ SIEcu—c)p(t,l“) de
Ins

d

where Ec,{ is center-of-mass energy, t, is the energy
of the ith djserete level in the residual pucleus. and
p(t.17) is the level density (used above the known
discrele levels) of the residual nucleus. For the
gamma-decay channel we used the total transmission
coefficient gyven in Ret. B, For the energy region
constdered here. the total transmission cosfficient
for lission is given by: .

i"lé"
Y =
T =

”
+ T

"
T
where A and B are the inner and outer barriers of the
double-humped fission barier and

T{“:Z
i

1

I+e2ME~Fy-r ) /hay

@

pled")

—_— (it
14e~2e(E,-B,~¢) Mhay

d
where the sum is over discrete berrier leveis (fission
channels) and the inlegral is the centriution from
higher levels. E, is the barrier height, Ey'is ihe
excitation of the compound nucleus and a aimilar
expression holds for barrier B.

Calculation of the 23%)(n ) Cross Section

To test our code and Lo explore the sensitivity

of the calculated cross section to the various input
paremeters, we chose to start with the best-known

fission cross seclion, 233U(n,f), end have used the
recent evaluation of Poenitz!® as our stendard
relerence data. For the inelastic chennel, 93
(discrete) levels'!»!2 yp 1o | MeV in excilation were
included for the residual 23% nucleus. Mot all of
these levels {particularly above 500 ke¥) have known
spin and parity but u piot of the spin distribution of
the known (and Lentatively known) spins yir!ded & spin
dispersion coefficient consistent with o=4,
Therefore. levels of unknown spin were assigned spins
consistent with a spin dispersion coefficient o=d.
Above | MeV, a level density representation of the
Gilbert~Cameron cunstant lemperature form.'

plE.IM) = c(2t+1)e~(1+4)%/20% E/0
wes enployed. Values for C, 8, and ¢ were taken from
Ref. 8 ag were the parameters for the gammu channel
which employed the same form.

For the fissen channel, the barrier reference
peramelers, E,=5.83 MeV, tw,=1.04 MeV, E;=5.53 MeV,
fwp=0.6 MeV, of Ref. B were used. The fiSsion barrier
level dengities were represented by Lhe constanl
temperature form given above, with severa! temperature
regions (see. Ref. 8) employed for each barrier.
However, in order to calculate the detailed cross
seetion, it was found neccssary to replace the “shape’
of the barrier level densities represented by the
several constemt lemperalure regions with a level
density function which maintained that general shape
end which had & continuous first derivative.'* The
resulting caleulation for the 233y(n,f) cross section
is plotted in Fig. 3. No width fluctuation
correction, which will reduce the crogs section below
~1 MeV in the fission channel,!% 15 yel incorporated
inzlqhis caleulation.

HO WIDTH FLUCTUATION °
CORRLCTION IWCLUDED ¢
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Figure 3. Houser—Feshbach calculations of the *3%U(n.()
cross seclion compared Lo the evalustion of Poenitz.!

The step in the 235U(n,[) cross section between
800 keV and | Mev is about B% and, while the exact
shape is not well known, the fact thal this
‘macroscopic’ structure really exists isdr:lul‘l)' seen
in the various fission data sets on 235U (ses for
example Ref. 10). This structure appears .in the
calculation because the decreasing [fission cross
section up o ~1 MeV is governed mainly by the
increasing inelastic scattering cross section which is
competing with fission. The shape of the increasing
‘inelastic cross section with energy is governed by the
increasing number of levels in the residual 235y
nuoleus to  which the neutren can inelastically
scatter, Therefore, if the fission cross section is
to be calculated correctly in this region. it i very
important to represent the discrete levels in 238y yp
to | MeV as complete as possible. From ~1.5 ta -5
MeV, the level densily in the residual *%°U nucleus
appears to be represented satisfectorily by & constant
temperature form using the parsmeters of Bjgrnholm and
Lynn. However, if our representation of the discrete
Jevels is reasonable, ‘hen there exists structure in
the leve] density in the 1 MeV :egion of excitation in
238) in order for our discrete representation to ‘tie
onio’ the comstamt temperature form which fils \he
data ot higher energies. This structure is seen, to &
greater or  lesser  degree, in the level density
representations of Bjfroholm and Lynn in the 1-3 MeV




region of excilation above the [ission barriers in
2381, Withgul this struclure in the level density our
caleulation would not reproduce the detailed REVERS)
cross section.

Calculation of the 283Cm(n,f) Cross Section

er the initial caleulation of the 2¥%tm(n.1)
cross section, we maintawned the same leve] density
parameters ax in the 23%M(n.f) calculation and used
the barrier parameters, F,=5.7 MeV, hw,=1.04, 'F.E=4.Z
MeV. fwy=0.6 MeV. of Bjgrnholm and Lynn for #16cm.
With these parameters, we calculated the cross section
to be in gualitative agreemenl with the magnitude of
section (~].7 barns) in the Me¥

the measured cross

region. However, Lhe detniled shape was complelely
wrong. We should not expecl the [evel densities used
tor the 23 cateulation to Iyt the detail of the

B45Cm(n. 1) cross section.  Since less 1s known nbout
the discrete Jevels up lo ~1 MeV 1n 245Cn Lhan 1n
2380, we allowed the shape of the leve] denstly in the
residunl 449Cm nueleus lo vary while mantaining the
came {iss10n barrier  level densities as used i the
2330 calcuiation. The height of the ouler barrer.
Eg. n 270 was also changed te 4.5 Me¥ to fit the
measured crass soctson better.  The results of the
f1nAl caicuiation are  shows n Fig, 4 with no width
fluctuation rpreection yet included in Lhe rode. A

in the case for the *3n.f} caleulations, we could
onty 11t the *¥0m{n.{} data by allowing same
structure in the level density representation ef the
restdual 2150 i feux at an exeitation enecgy af ~1
[RIESRY
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Figure 4. Hauser-Fashback caleulation of the 245Cm{n.1)
zross section compered to cur €79 Linac measurement.

Conclus; ms

¥%e have completed measurements of the 232mam and
245%m f1ssion cross sections from thermal enmergies to
~20 MV 1n a series ol experiments at several
factlilies. These measurements were accomplished to
good accuracy  wilh  subsmilligram quantities  of
isotopical Iy enriched 242™am and 2450,

Kauser-Feshbach calculations have been carried
oul which reasonsbly represent the detarled #¥% and
2450 [1ssipn cross sections in the energy ronge from
Ito 5 MeV. Our calculalions do not yel inciude a

width fluctuation correction nor do they include a
second chance  fission calculation. We have been
putded 1n this calculatianal  efforl mainly by

Bjgrnhoim and  Lynn. Our
calculat:ong indicate that, in order lo reproduce the
detailed crogs  section, we require level density
functions which have continuous {irst derivatives end
which contain some structure in both Lhe residual end

paramelerizat ions of

compound nucleus in the lower  energy region of
excilation.
While we conclude from these calculations that

the ‘macrostopic’ structure seen in the 1 lo 2 NeV
region of these [ission ¢ross sections is mosl likely
ceused by struclure in the leve] densities, we cannol
posilively rule out the possibility of this slructure
entering through the fission (barrier) iransmission
coeificients, If indeed this were the case, i.e..

that the  macrescopic struclure  were really
intermediate structure, our preseht method of
calculaling the total fission lrensmission would not
produce 1t. It seems unlikely that such intermediate

struclure should be presenl at an excilation of 2 Lo J
MeV above the fission barriers.

imporlant  arrax in which our
wmpraved beyond the existing
above. The first 1x an the
Lransmisston coelficients

There exist  Lwo
calculalions are deing
limtalions discussed
caleulalion of the neutron
and the compound nucleus formation cross seclion.
Neutron transmisstan coefficients calenlated from a
deformed aptical potential which will fit the lotal
eross sections over & range of aclimdes and over the

energy region of interesl here should improve the
energy dependence of these coefficienls and give a
more physically reslislic compound reaction crose

seclion. The second area of mprovement ard probably
the more important one 1s lo calculate correclly the
level densitv (intrinsic and colleclive) to at least a
few MeV both at ground state deflormation for the
target nucleus and al delormations corresponding to
the two barriers n the compound fucleus. It as
essential Lhat these density caleulations be included
1 we allempt to use statistical calculalions te
accurately predict  Lhose cross sections for which
measurements are nol how [easible.

Acknowledgment s

We appreciate the efforls of R. . Hoff and Lhe
LINL Nuclear Chemistry Divisyon {or their
contributions to the preparation of the Lransplutonic
f1ssion semples. Qur thanks are aleo due to C. F.
Auchampaugh and P. W.  Lisowski who colluborated 1n
the WNR measurement. R. E. Howe conlributed greatly
measurements  at  both

Lo all phases of  the

laboratories. Discussions with H. Marshall Blann,
D. G. Madiand and E. D. Arthur vere very helplu!
toward our calculational effort. Fipally, special

sppreviation 1s due to R, E. Strout. i of LINL whose
programming ahility made drfficull calculations a joy
10 perform.

References

1. J. C. Browne, et al., "Fission Cross Section fer
242mpp * Neutron Physics and Nuciear Dota for
Renctors and other Applied Purposes, AERE,
Harwell, 867 (1978},

2. R. M. ¥hite. et al., “Fission Cross Seclion of
Seclions for Technology. MBS Special Publication
504, (Knowv-ile, T™, 1979}, p. 496.

P. A Seeger. cf al , Nuel. Phvs. A96, 605 (1967).
_C. 0. Dowman, el al., Phys. Rev. 186, 1219 (1968).
5. J. C. Browne and R. M. White, "The 242mam Pission

Cross Seclion,” ta be published.
6. E. F. Fomushkin. ¢t af., Yadernaya Fizika 33. 620

=

{1981).

9. M. S, Moore ond G. 4. Heyworlh. Phys. Rev. C 3.
1856 (1971}

8. 8. Bygruhaim ued J. F. Lyan, Rev. Mod Phys. 52,
723 (1980},

9. P. A. Moldauer. Phys. Rev. 137, 907 {1967).

10. W. P. Poenitz. "Evaluation 23%U(n.f) Between
100 keV and 20 MeV,"” Argonne Nationral lLaboralory
Reporl, ANL/NDM-45 (1978).

1. C. M. Lederer and V. S. Shirley, eds., Table of
Isolopes, 7'V Edition, John Wiley snd Sons. New
York, NY (1978).

t2. M. R. Schmorak, Nuclear Data Sheets 21. 117
{1977).

13. A. Gilberl and A. G. W. Cameron, Can. J. Phys. 43,
1446 (1965).

14. F. N. Fritsch and R. E. Carlson. "Monotone
Piecewise Cubic Interpolalion,” SIAM J. Numer.
Anal. 12, 238 (1980).

15. E. D, Arthur, "Use of the Statislica) Medel for
the Calculation of Compound Nucleus Conlributions
to the fmalastic Scattering of Actinide Muclei,”
Los Alemos Nalional lLaboratury Reperi, LA-UR
81-3487 (1981).

L

'
'
|

]

i




DISCLAIMER

This decument was prepared as an account of work sponsored by an agency of
the United States Government. Neither the United States Government nor the
Cniversity of California nor any of their emplayees, makes any warranly, ¢x-
press ur implied, or assumes any legal liability or responsibility for the ec-
curacy, compl or usefulness of any infe ion, apparatus, product, or
process disclosed. ot vepresents that irs use wauld not infringe privately owned
rights. Reference herein to any specific commercial products. prucess, of <z7iice
by trade name, trademark, manufacturer, or othersise, does not recessarily
conslitute ar imply its endorsement, recommendatiun, or favaring by the U nired
States Government of the University of California. ‘The views and opinions «i
authors expressed herein do not necesvarily state ar reflect those af the L nit -d
States Government thereof, and shall nat be used for advertising or pradsct en-

dorsement purposes.




Technical Infuormation Depargment - Lawrence Livermore Laboratory
University of Cailifornia « Livermore. California 94550




