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LOW- ENERGY FISSION SYSTEMATICS OF THE FERMIUM ISOTOPES: THE TRANSITION FROM MASS ASYMMETRY AT FERMIUM-254

10_SYMMETRY AT FERMI'M-259"
Darleane C. Hoffmq

Los Alamos Scientific Laboratory, Los Alamos, New Mexico 87545, USA,

Abstract

Recent measurements have shown that **°Fm
gives the highest total kinetic energy release and
the most symmetric mass division so far observed
for spontaneous fission. These results continue
the trends observed previously in the fermium
{sotopes toward higher total kinetic energies and
more symwetric mass division with {ncreasing mass
of the fermium {sotopes. The transition from asym-
metric mass division s’"rn to highly favored syn-
metric mass division (?'°Fm) now appears to have
been complated. These features are consistent with
the simple postulate that the more neutron-rich
fermium isotopas show an increase in the yleld of
symmetric fragments and in the total kinetic energy
because symmetric wass division of fermium (Z =
100) nuclef results in two fragments which have the
magic proton number of 50 and are close to the
magic neutron number of 82. The proximity of the
fragments to the doubly magic configuration seems
to have a profound effect on the mass division and
iztal kinetic energy release in fisgion,

1. Introduction

uUntil about six yeers ago all the mass distri-
butions measured for low-encrggefissioN. i.e,
spontanecus fission (SF) and rpal neutron-in-
duced fission, had been found to be strongly asﬁm-
metric!), and 1t was commonly believed that suc
low-energy fission proccsses a1u0ﬁs resulted in
wmass distribytions which were highly ssymmetric,
Even though the SF of ?%“Fm had also been found?)
to result in asymmetric mass division, some of us
continued to speculate that the more neutron-rich
fermium isotopes might show an increased yield of
) tric fragmants as thair configurations more
closely approached the stable, doubly-magic !?3Sn
core, Two doubly magic fragments wou1d' of course,
result from sywmetric mass division of "¢*Fm. 1
1910' two-parameter kinetic-energy measuremeants’®
of *'Fm gshowed substantially increased yields at
symetry and a higher average total kinetic snergy
(TKE) than would have been expected based on ex-
trapolation from values for lower Z actinides. The
TKE as a function of mass fraction increased mono-
tonically with approach tc mass symmatry in con-
trast to the decrease at symmatry observed for
Yower 7 actinides.

Thermal neutron-induced fission of !7fm
sthowed®) o sti1l more symmetric but ver{ broad mass
distribution, the nost probable mass split bein
symmetric. These observations stimulated consid-
erable interest and since then kinet{c-energy and
radiochemical measurements have been made for a
number of fermium fsotopes® !!}), The results have
{ndicated clear trends toward more symmetric mass
distri{butions, higher TKE's, and decreased neutron
enission with increasing mass of the fermium {to-
topes. The recent measurement!) of 31%°Fm showing
& narrow peak at synmetry 1n the mass distribution
and a very high TKE are consistent with these
trends.

2. Mass Distributions

The mass distributions for the SF of ¥%“Fm,
838Fy, 1376 and thermal neutron-induced fission of
187Fm (%% m ) are plotted in Figure 1 and show the
increasing ylelds for symmetric moss splits as a

function of increcsing mass of the fissioning fer-
aium isotope. Differences in mass distributions
between SF and thermal neutron-induced fission
caused by the excitation energy of about 6 MeY in-
troduced by the neutron-binding can by seen
P* comparing the mass dispribution'®) for SF of

‘Fm with that for **Fm . The extra excitation
energy results in increased ylelds st symretry as
f1lustrated 1n Figure 2. In general, the effect of
additional excitation energy on fission 1s to de-
crease the influence of shell structure. At suffi-
clently high energles, 250 MeV, the most probable
mass split becomes symmetric, but the mass distri-
butions are rather broad. Thus the hiihcr_y1eld of
sy!nqtric mass division observed for 2**Fm relative
to **7'Fm (SF) might at least partfally be attributed
to the effect of the increased excitation energy.
However, the recent measuroment!?) of the mass dis-
tribution for 2%%Fm (SF) showing a peak at symmetry
with a FWHM of only 13 mass units seems to have con-
firmed the trend toward mass symmetry in the heavier
fermium isotopes. In fact, the very narrow symme-
tric mass distribution for 2*°Fm appears to have
completed the transition to mass symmetry in th'
fermiwm isotopes. The mass distributions for ®'“Fm,
€37fm and **Fm are plotted in Figure 3 and {llus-
trate this ra}her dramatic change. The narrow
width of the *’Fm symmetric mass distribution can
perhaps be explained qualitatively on the basis of
the proximity of the fragments from s*rmetric mass
division to the stable, doubly magic '}ise confi?-
uration which makes symmetric, or nearly symmetric,
nass division highly favored. Even if one fragment
has the very stable !'?ss configuration, the other
would be 127g4¢, very close to the most s tric
N division possible which results in 2% and
128059, The width of the mass distribution would
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Fig. 2. Mass-yfeld curves for *5*Fm" and SF of

80cm (from Ref. 10).

be very small even though there m{ght be a spread
in total kinetic energy because some of the frag-
ments may still be deformed.

3. Kinetic Enerqy Distributions

The measured and caiculated values for the TKE
for low erergy fission of the fermium {isotopes and
peak-to-valley ratfos for the mass distributions

| DR B A L |

10.0

N |

MASS YIELD (%)

0.

Fig. 3. Normalized mass-yleid distributic.s for
SF of ' Fm sac. Ref. 9), 2“"Fm (SS,

Ref. 3) and I%*Fm (SS, Ref. 12),

are sumarized in Table 1. The calculated values

or TKE, based primarily on liquid-drop considera-
tions, {.e., that, the kinetic energy is a linear
function of Z°/A'/?, show a slight decrease with in-
creasing A while the mea:ured values increase be-
tween '**Fm and '**+2°7Fm and show a precipitous in-
crease at '*'Fm, presumably due to the larger pro-
portion of spherical fragments. (Since the kinetic
energy of the fragments arises primarily from
Coulamb repulsion between the fragments, 1t is a
maximun for spherical shapes.) *"’Fa (SF) shows

the maximum TKE for symmetric mass ’elits in con-
trast to lighter actinides such as ***Cf and *’'Pu
which show a sharp decrease in TKE at symmetry.

This difference between **’Fm and *'*Cf {is shown in
Figure 4. The high THE for symmetric mass division
of **7fm i: prasumably a consequence of the forsa-
tion of two nearly doubly ma?ic spherical fragments.
In the case of symmetric division of the lighter
actinides, the reasulting fragments are farther from
the closed shall configurations and are less se?cr-
ical and have less TKE. It has been suggested

that the v?rx wide spread in TKE observed ng ;¥u-
metry for %" and '**Fm as well as for ?%'Fm
(Figure 4, indicates that some of these frn?monts
arise from syrmetric scission of asymetrically de-
formed nuclei while the high ene fragments come
from symmetric fission arising only from symmetric
deformations of the fissioning systen. Tha TKE
distribution for !**Fm {s also very broad (o = 28
MaV) even though the mass distribution is narrowly
syrmetric. Again, provided the large spread in TKE
is not dye to the contribution from another Sf com-
ponent'?), the large width may indicate that some
of the fragments are still rather "soft" toward def-
ormation and that there is a large difference in
fragment shapes, ranging from complately spherical
to somewhat deformed. Even at '*’Fm we may still

be observing a “transition" region as far as total
kinetic eneryy is concerned.

The mass distribution for fission events from
¥87F;m with total kinetic enerQy greater than 235
MeV has been obtained and 1t 1s highly symmetric!?)
with a FWHM of only about 7 mass ynits. (See Fig-
ure 5.) The TKE at symmetry for 3%7Fm of 220 MeV
{s comparable to that of 230 MeY obtained for ''fm
(SF) for which the mass division 1s primarily sym-
metric.

4. Neutron Emission

The total energy release in fission can be
accounted for in the kinetic energies of the frag-
ments prior to neutron emission and the excitation
energfes of the fragments. Thus as the kinetic
energy gocs up, the excitatiun energy, and hence
neutron and/or gamma emission from the fragmants
must go down. From the data given in Table I, it
can be seen that v., the average number of neutrons
emitted Eer fissig , does indead qo down 8z TKE
goes up between **“Fm, and **Fm and ?*7Fm. Studies
of neutron emission in SF of *"Fm and Y*ICf as a
function of TKE show!’s'*) that for fission events
with TXE > 240 MeV (75X of the fissions), drops
to only 0.9 while for *%2Cf, 1t 13 2.2 for the 3%
of the fissfon events having the highest TKE's,

The variances, o= , for SF of 2%%Fm and "*’Fm

(Table 1) are very large compared to that for '*“Fm
and reflect the lar?e spread in total kinetic ener-
g{ and hence in excitation cnergy for those nu-
clides. The fragments with very high TKE emit very
few neutrons and those with low TKE emit a larger
number of necutrons,

Neutron emission for *®'Fm would be expected
to be axtrcmely low since 1t3 TKE of 230 MeV 1y
approaching the total enerjy of about 250 Me¥
avajlable from fission. However, as discussed in
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PROPERTIES OF LOW ENCRGY FISSION OF THE FEMMIUM 1SOTOPES®

TREC (Mav)

Muc)ide e _exp. et
2hey ~ 60 (RC) 198 198.7
6, 12 (n¢) 197.9 198.2
B6p,* 2.6 (re) 198.¢6¢ 198.2
87y, 1.8 (55) 197.6 197.9
268, ° Brosdly (SS.RC) 197.6

Symmatric
g Marrowly (SS) 230 197.4

Symatric

®Data from sussaries given in Refs. S, 9 and 13,

“‘

3%t oY
3.70 : 0.18

3.77 2 0.02

4

1492 0.20
2.30 2 0.88

sea

"mn:-m-mm ratios for the mass distributions from efther radiochemical /RC) or solid-state detactor

(SS) measurements.

cAnraoc values for pre-neutron total kinetic energy except for those designated by # which are most
able values obtained from » Gaussfan fit to the pesk region.

elative to Ty » 3.738 for TVicr,

(A1l correctad to TKE = 186.1 MaV for

BTver.)

®Colculated from the Vinear relationship, TRE o (0.1332322/A"/). 11.64 obtatned by Unik et al. (Ref. 9)
from best it to data for SF und tharmal neutron-induced fission of nuclides from 7°Th to !%¢fm,

Section 3, the large tpread in TKE for !''Fa may
indicate that some of the fragacnts are still
deformed.

5. Dicession

The trends in the fermium {sotopes toward
higher yieclds for sywmatric sass division, higher
total kinetic energies, and reduced neutron emis-
sion ss the mase of the fermium {so 1s in-
creased, sre consistent uith the simpie portulate
that the closer the fragments resulting fros sym-
metric mass division are to the doubly magic 2 »
50, N = 132 configuration, the moure highly favored
symmtric fission becomes. The fragments become
wore spherical which results in increased kinatic
energy, decressed excitation energy and decressed
neutron emission. The varisnces for ‘he mass,
kingtic energy and neutron distridbutions appear to
be largest in the “"trantition” region including
formium-257 and 258 (ond perhaps sven forlim-ZS‘Jz
where sysmetric russ division apparently can result
fn fragment |ha§m ranging from rather deformed to
nearly spherical as evidenced by the observation of
sysmgtric mass division with both very high and
v!fg low total kinytic energics. However, at
V% m, symmetric mass division gives fragments with
79 or BC neutront which are now close enough to the
8? neutron shell so that most of them are guite
spherical resulting in the observed highly symme-
tric muss distribution, very high total kinetic
energiet  low excitation energies and resultant low
neutron emission. 1f fermium isctopes up to mass
264 could be observed, one might expect nearly all
sywmetric mass division with tho tetal kinetic
encrgy approaching the total fission ene avail-
able. Contequently, there would be very little
excitation eneryy and essentially no neutron or
gawa emission.

Various theoretical attempts to explain the
cxfstence of both asymmetric and symmetric mass
distributions in low energy fission have been
wada'?" %), Tuo main approaches can be tdentified:
those in which the mass division i3 determined

primarily
taddle
in whi

the dafnrmation ene
and the "fragment
the sess division 14 correlated with the

surface Bt the
17 ap; roaches

potantial energy surfaces in the nef{ghborhood of
scission, 1.e., with the properties of the frag-

ments. .

The trenci cbserved {n the fermium {30uLepos

seew %0 indicate that any complete theorwticit

treatment will have to in some way recogn

1ze the

influence of the fragment shells on the fission

propar Alt diss
fission barrior'm? at’?

rence of the second
fa con explafn the

sudden decressa in spontarecus fisifon half 14ife

end 3 cho

to sysmetric sass division, tome

mechanism for incorporating the fragment shall
effects seemt to be required in order to account

for the
divi
at!?

Mustafs

1 transition from asysmetric mass
‘fa !.? highly sywmetric mass division
1) has calculated this transi-

tion in the fermium 1sotopes on the basis of the
potential energy surfaces and fragment shell of-
fects in the two-center shal) mode) and shows that
the fermium 1sotopes up to mess 256 should fisslon
asymmptrically, while mass 258 and heavier ferm'ua
{sotopes should ’inion )

Wilkins et 81.2?

Recently,

have calculated total kinetic-

enargy and fragment mass distributions based on
differences in the total putential energy of com-
t pairs, the highest yields being

plementary fr
predicted for
find the proportions of symeetr
fission to be about equal for !

lowest potentia

energiet. They
(1) tric

t higher mess

mmbers symmetric fission becomes 1ncmnml¥
favored. The yleld of symmetric russ splits {is
found to be a meximum for '*fm rather than ?%‘fa
because of the effect of an 80 neytron shell in the
t. They further predict that the

deformed fra
TXE will maximize and be
MeY in the region between

inpained gt sbout 2%

fm due to

the formation of s somewhat deforwed fragment with
80 neutrons in roincidence with a spherical frag-

ment with 382 neutrons,
spherical 2 maximum TKL approaching

(If both fra

gﬂﬂtl were
50-260 Mev,

the Q-value for fission, would bo exuacted to occur

at a fernium mass of 264.)

They calculate a return
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Mted on dats ,rwplags § Fe¥ x 0.0)
vaits of mats fraction (from Ref, 3).

to mats ssymmetry for -iill Migher mass fermium

uotom.

surempnts of the mass and kingtic eneryy
distributions for SF of mucliider with 2 grester
than 100 wil) be porticularly valushle in tasting
various theoreticel prediccions. If the second
fission barrier 13 gone and cast Givivion s de-
ternined ot Lthe first 1addle point which s sym-
sstric, then sywwelric mass division for low energy
fission should continve. If the effect of the
fragment shells 1s the most important influence,
thon & return (0 ssyveetric fission might be ex-
‘cclod. Comparison of {sotopas of elements 102 ond
04 with those of fermium hiving the same aveber of
neutrons will also be {mportsnt in assessing the
relative strength of the proton snd ncutron shells
in determining fission propertict.

Reforences

1. H. K, von Gunten, Actinides Rev. 1, 275
(1969)

2. R, Brandt, S. G. Thompion, R. C. Ga%td, and L.

Fiy. 5. Rass distribution for '*’fa for fissien

10.
n.
n.

16.
17.
18.

events with TKL > 239 Me¥, opproximatel
g)of the totsl fission events (from Ref,

mm:: Mys. Rev, P_[ 2417 (196)).

J. P, Balegma, G. P. . D. C. Hoffmen sad
J. D. Knight, Mys. Rev. Lett. « 145 (19N},
M, Johm, €. K. Wiet, R, M. L md Js ).
Wetslomski, Pys. Rev. Lett. 27, 45 (19N1).

D. C. Woffmen sad K. . Moffmen, Ann. Rev.
Mect. Sci. 24, 151 (19724),

R. M. Harbowr, ¥, U, Mac Merdo, 0. 1. Troytmer
and . ¥V, Hoghn, Phys. Rev. C B, 1488 (197)).

K. F. Flymmn, . P, Horwitz, C. A, A, Blooe-

1st, R, F. Bormes, &, K, lom, P. R,
{01dt and L. (. Clendentin, . Rgv, §, 1725
(1972).
R C. faf, C. K. Wolet, B, W, L

J. F. Uid, Pys, Rev. c. M (19724).

J. P, Unik, J. €. Gindlgr, L. [. Clendenin, K.
F. Fiysn, A. Corski and R. K. Sjoblom, Proc.
1AMA pg Mys. Chem. Filssion, Jrd, Rochester,
n, 13-} t, 1925 ALA, Vienm), 194,
Voi. I, p. 19,

K. F. Flysn, J. £ Gingler, R. K, Si.lu and
L. [. Clendenia, . Bev. C )1, 1676 (1975),
K. F. Flymn, J. €. Gindler . L. Clendonin,
Mos. Rev, C 12, 1478 {1978).
0. C. Noffmen, J. Ueber, J. 8. Hiimlay, €. X,
Hulet, J. N, Landrum, R. W, I.mfmd and v. F,
Wild, “Discovery of Fecmium-259°, Proc. thfs
confere <q.
0. C. Hoffmen, “Prompt Seutron Emission in Low
tmr? Fission™, Abstractls, V67th ACS Net).
Neet nz. Loy Axgeles, California, March J)-
Aprit &, V974, HUCL-1S; LAUR-73-148),
J. P, Malagna, J. A, Farrell, G. P. Ford, A,
Hemmend | o D. C. Hoffean, L. R, Vaeser and
J. 8. Wilhelmy, Froc. JAEA Syep. Phys. Chem.
Fission, Jrd, Rechester, NY, 13-17 c'ut
1973; IAfA. Vienna 1974, Vol. 1, p. 191,
Proc. 1ALA Syup. Phys, éh- Fisstion, Ird
Rochester, MY, 13-17 August 197); IAEA, Vienma
1974, vol. |.
.(l‘ ;2')'".. Los Alamos Precrint LA-OC-72-769
72).
c. 7.1 and J. B, Wilhalmy, Mucl. Phys. A
84, 07 (1v1?2).
H.76. Mustara, U, Mosel end H. W. Schaitt,



19.

Phys. Rev, Lett. 28, 1536 (1972)1 U. Mose),

N, 6. Murrafa a . W, Schmitt, Phys. Rev. C
;-!! %H?‘.l). -

. 0. Wilkins and . P. Steinberg, PROnvics

Lett. . 141 (1972),

J. rup, C. F. Tsang, P, MUller, S. €.

Nilssom and S. T. Larsson, Nucl. Phys. A 217,

2 (1973).

4]
n.

M. G. Mustafa, U. of Nd. Tech. Report Mo.
75-008, July. 1974,

8. 0. WMikiny, €. P. Stainbarg and R. R,
Chasman, privete cosmunication, May, 197%;
Phys. Rev., to be submitted.



