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I. INTRODUCTION

Spontaneous fission (SF) has beeﬁ found ;)nly in elements with Z>90 where Coulomb forces
make the nucleus unstable toward this mode of decay. Although SF was discovered in 1940 as a
natural l.node. of decay 238y with a partial SF half-life of nearly 1016 years, detailed studies of SF
properties were not conducted until higher Z elements with shorter SF half-lives were synthesized.
The availability of 2520Cf, which has a high specific activity and became ‘available in milligram
quantitites during tﬁe 1960's, stimulated numerc;us detailed measurements of the mass, charge, and
kinetic energies’of the fission fragments, and of prompt neutron and photon emission from the
excited fragments. Such studies have been extended to numerous isotopes of still heavier elements
as they have been synthesized at accelerators and techniques have been deyeloped for measuring
ever shorter half-lives.
| Since the comprehensive Hoffman and Somerville reviewl of experimenté.lly determined
spontaneous fission properties published in 1989 (literatufe through mid-1986 considered), major
conferences have been held at Berlin and Washington, D. C. in 1989 to com.memorate the 50th an-
niversary of the discovery of nuclear fission. Many review papers aﬁd much new information con-
cerning spontaneous fission were presented and are given in thé proceedings of those confer-
ences2:3. The intent of the present review is to update the iﬁfonhatioq of Hoffman and Somervillel
(H&S) on spoﬁta‘neousﬂﬁssibn (SF) half-lives, fission fragment kinetic-energy, massr and charge
distributions, neutron and photon emission at scission or from the excited fragments, and new theo-
retical developments. ‘Discussions of fission isomers by D. N. Poenaru4, particle-accompanied fis-
sibn by J. P. Theobald, N. Carjan, and M. Mutterer®, and beta-delayed emissions by B. Jonson and
G.N ymane, are given elsewhere in this Handbook, and will not be covered in this chapter. |
In the current article new experimental results on SF phenomena are reviewed. The rele-

vant published literature through mid-1992 has been considered.
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II. HALF-LIVES

A. Introduction

_Table 1A is a revised and updated version of Table 1 from H&S1L. Mbre recentvreviewsso'32~
of SF partial half-lives have also been publisﬁed, but no.complete tabulation of new or revised SF
_ half- lives or branching ratios together with the overall half-livés has been published since the H&S ,
review. Table 1A lists values fof all of the half-livés and partial SF half-lives and/or SF branches
which Have been assigned to speciﬁc.nuclides as of mid-1992. References are given only for those
entries which are new or revised since the H&S review. In contrast to thaf, review, the half-lives of
fission isomers are not included because they are given by D. N. Pognéru4 in this Hgndbook; SF
decay from ordinar}; electromagnetic,isomers,v designated by (m) is still included. Half-lives or limits
for electron-capture and beta*-delayed fission havé been removed and collected separately in Table
1B. (For additional information on delayed fission, see the review of delayed fission recently
completed by Hall and Hoffman.46) If no other decay mode except SF is known, the partial SF half-
life and its vuncertainty are #ssume(i to be the same as the half-life and its uncertainty. Unless
another reference is indicated, the overall half-lives for decay of these nuclides are taken from J. K.
’I‘uli,7 Table of Nuclides, given in this Handbook. ‘The'tot,al number of SF activities reported in

Table 1A is still about 1.20; 70 of these are revised or new values.

B. Nuclides with Even Proton and Even Neutroﬁ Numbers

The partial SF half-lives_ of even-even .(e-e) nuclei in th_eir ground states are plotted vs. neu-
tron number in Fig. 1A and a co_mpérison wif,h theqry is shown in Fig.‘ 1B. Although the half-lives
generally decrease with increasing atom'ié number, Z, f,here is an overlapping of half-life values so
that it is very difficult to identify a new SF activity bésed on vhalf-life alone. The extra si:ability
obséﬁed for N=152 beginfiing around curium (96) extends through nobelium (102), but seems to
have beén "washed out" for elements heavier than l;utherfordium (104). This change has beén'

discussed in detail in Refs. 1, 30-32 and has been attributed not only to destabilization of the N=152
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subshell, but to the lowering of the energy of the second barrier to fission (see Poenaru?) below the
ground-state enérgy. Because of the extreme sensitivity to details of the height and shape of thé
fission barrier (barriers), calculatioﬁ of SF half-lives is extremely dif_ﬁcult( Furthermore, thev
barriers may be dependent oh the exa?t route in the potential energy surface which the nucIeué
follows en route to fission. Shell effects are of prime importance in stabilization of the heavy

element isotopes toward decay by SF and must be included in any realistic calculation of half-lives.

C. Nuclides with Odd-Proton and/or Odd-Neutron Numbers

In recent reviews30:31 of SF half-life data and systematiés, it was pointed out that hin-

‘drance factors have long been known to be associated with the SF decay of nuclides having an odd

number of protons or neutrons compared to those of their e-e neighbors. This makes the theoretical
calculations of these half-lives even more difﬁcﬁlt than for the e-e nﬁclei and requires calculation of
the hindrance due to the specialization energy arising from the conservation of spin and parity of
the odd particles during fission. The experimentally observed hindrance factors (HF) for_' the SF de-
cay of odd proton or neutron nuclides are calculated relative to the SF half-lives of their adjacent
even-even (e-e) neighbors as follows:k | |

For odd Z and even N, o-e, (0dd A):

HF = Tl,z(AZ)/[Tm(A-1z-i)xT1,2(A+1Z+1)j1/2.

Similarly, for even Z and odd N, e-o, (odd A}: |

HF = T2 TyoA12)xTp(A+12)112,

The logarithms of the hindrance factors calculated for the known SF partial half-lives of o-e
and e-o isotopes are plotted in Fig. 2 as a function of odd Z and odd N. New values (not just lower
limits) for proton hindrance factoré for 259Lr, 2ﬁlLr, and 263Ha (N=156 and 158) have been ob-
tained since the 1989 reviews and éeem to be consistent with _the previously measured values for
Z=103 and 105. They actually seem to show that the HF's are larger than the earlier limit values.

In general, the logs of the HF's for actual measurements (not just limit values) are about 5 for both

N
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odd protons and neutrons, but for some of the high spin states such as N=157 [9/2+(615)] and Z=101
[7/2- (514)], the HF's are much larger. | |

It has been postulated that the HF's for ‘o-o nuclei are the’pri)‘duct .of the odd p_rot:on and odd
neutron HF's which would result in log'I-IF‘s'of the order of 10, if the log HF's average about 5.
Now that a revised lower limit for the partial SF Half-life for the o0-o0 nuclide 258Md ana new values
for 258Lr, 2621, 262Ha, 262107, and 266109 have been obtained, they can be compared with this
estimate. The 258Md shows hindrances of 21.5 x 107 relative to its e-e neighbors 256Fm and 258No.
2581, (>78 sec) shows HF's of >8x104 and >5x103 relative to its e-e neighbors 256No and 25,8Rf. No
hindrance can be calculated relative to its e-e neighbor 256No whose SF partial half-life of 550 sec is
actually longer than the lower limit value of >78 sec_fdr 2581r. The unusual stability of the e-e iso-
tope 256No can bé attributed to thé sta—bilizing influence of thé N=152 subshell which has disap-
peared by Z=104 (see Fig. 1) and may _actua]ly no longer be a stabilizing influence in Lr (Z=103)
either. F'

Lougheed et al.17 have calculated the HF for the o-o nuclides 260Md as 9 x 10° (log HF=10)
from their estimates of a hindrance of 3.6 x 106 (log HF=6.6) for the odd protoﬁ (101) in 25_9Md and
2.4x103 (log HF=3.4) for the odd neutron (159) based 6n Ithe hindrance from 259Fm, They bropose
assignments of 7/2- [5 14] for the 101st proton in 260Md and 259 and 3/2+(622] for the 159th neutron
in both 269Fm and 260Md. These are very close to the values given by Hoffman30 'and in Fig. 2 for"
~ 2=101 and N=159, respectively. The lower log HF of 3.4 for the 159th neutron, 3/2+(622], is
consistent with the hypothesis t_hét there is less hindrance associated with the lowe’r spin states.
However, 26214 (102 sec) exhibifs HF's of only (2-5) X 103 relative to 2603104 and 2'62104, wher(__eas
based on a log HF of aboui; 3 f;or the 105th proton (sée FFig. 2) and  >4 to. 77,4 for the 157th neutron‘ in

Rf, No, and Fm, a log HF of 7 or more might hav_e' been expected.
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" [II. PROPERTIES OF THE FISSION FRAGMENTS

A. Introduction

A knowledge of the masses, atomic numbers, kinetic energies, and deformation energies of

the individual fragments at scission, as well as their deexcitation modes, is necessary for under-
standing fhe SF process itself. An early comprehensive réview of these properties for SF and low-

energy fission was made in 1974 by Hoffman and Hoffman.48 The book on nuclear fission by |

Vandenbosch and Huizenga49 and a recent_reviéw of fhé nuclear fission procéss31 contain more -
detailed information on the nuclear fission process in general. Recent reviews of SF30,32,50 have
tended to concentrate on the SF properties of the heavier isof,opes because of the interest in the
dramat‘;ic change in properties which occurs in the region of {:he heavy Fm isotopes. There are other
reviews of specific properﬁes such as neutron emission or kinetic-energy distributions, but they
usually include other types of fission as well. The SF process is unique in that no energy is put"t into

the nucleus before fission occurs which makes it much more sensitive than induced ﬁssion to the
effects of relatively small changes in the nuclear structure and shell effects in both the fissioning
nucleus and the resulting fragments; The total energy released in binary fission, Eg, is simply the
_energy equivalent (or Q-value) of the diﬁ’erence in mass of the fissioning nucleus and the masses of
the two resulting fission fragments. There is, of course, a wide distribution of: Q-values for SF of a

given nuclide because of the mulfitude of different mass and charge divisiéms which are possible. |
The energy of fission is divided between the kinetic energy, Ei, and the excitation or ﬂeformation
energy, E;, of the two resulting fission fragments. This fragment excitation energy can be subse-
Aquent]y dissipated by prompt neutron or photon emission. From measurements of the kinetic
energies, masses, and atomic numbers of the primary fragments, tﬁe excitation energy of the
fragments can be deduced. Ey can also be inferred from measurements of the total numbers and
energy distributions of both the prompt neutrons and gamrﬁa-rays emitted from the fragments, but
these are generally not available for the heaviest isotopes which hav.e small production croés

sections and short half-lives. Average or most probable values derived from the distributions for all
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of these quantities are usually tabulated. As the total kinetic energy (TKE) of the primary frag-
ments approaches the Q-value for the reaction, there can be very little excitation (or deformation) )

energy in the fragments and consequently fewer neutrons or photons can be emitted. '

B. Fragment Mass, Atomic Number, and Kixietic-Eniugy Distributions
‘Information concerning fragment mass, atomic number or "charge" and kinetic-energy dis-
tributions can be obtained from time-of-ﬂight, kinetic-energy, and radiochemical measurements.
Much detailed information for the lighter nuclides and 252Cf has been obtained via all of these
~ methods. However, for the tr;ms-Cf isotopes, most of‘ the information about_ mass and kinetic-en-
ergy distributions has been derived from measurements of the kinetic enefgies of coincident fission
fragments, usually with solid-state (SS) detectors, although a few radiochemical measurements of
mass distributions after neutron emission have been made. Although the mass resolution for SS de-
tectors does not apprbéch that obtained from the other types of measurements and requirés that the
.mass of the fissioning nucleus be known or assumed, it does allow determination of the most prob-
-able values of the mass and total fragment kinetic-energy distributions.

Fission is often characterized according to the fission fragment mass yield plotted as a func-
tion of fragmeﬁt mass as being "symmetric” or "asymmetric". Fission into two nearly equal-mass
fragments is called symmétric while fission into two unequal mass fragments giving a bjmodal dis-
tribution is called as&mmetﬁc. A distribution of different mass spljts around the most probable one
has been found for ail cases studied so far, but the widths of the.mass peaks can vary widely. A
schematic representation of mass-yield distributions (all normalized to fragment yield of 200%) for v
the SF of some heavy trans-Bk isotopes is g'ive_h in Fig. 3 Distributions for 256No, 262No, 260Rf,
and the odd-Z isotope, 259L1" have been added bsince the H&S review. The distribution for 262Ha
has not been included since it is still not certain Whet;,her itsvm_ass division is asymmef;ric or braaaly
symmetric. Most of these distributions have beefx deﬁved'froﬁ -SS measurements of the kiﬁetic-en-
ergies of coincident fragments. From such _data, the masses are obtained via the conservation of

-momentum relationship, M;V; = MyV,, by assuming the mass of the fissioning nucleus and a
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prompt neutron emission distribution for the fragments. Caution should be excercised in comparing
‘these wifh radiochemical measurements because of the difference in mass resolution. - Although the
radiochemical measurements have "perfect” A and Z resolution becausg speciﬁé isotopes are identi-
fied, the information is for tfxe frag'rhents after prompt Vneutron and gamma-ray emission and often
after beta decay and delayed ﬁeutron emission as well, depending on the time of the radiochemical
separation.

The peak-to-valley ratios for the mass distributions, the average or m(;st probable TKE's for
.the TKE distributions and their full-widths at half ma‘ximum (FWHM) which are known for the
spontaneously fissioning isbi;opes are given in Table 2. FWHM's for.symmet.ric massrdivision ahd
the method used for determining the mass distributions are indicated. There are entries from 238y »
through Ha (element 105) although for many SF isotopes the information is incomplete and for
many others only the half-lives are known.

Prior to 1971 it was commoply believed that all SF resulted in asymmetric division, bu_t with
the discovery69 of enhanced yields for symmetric m‘ass division of 257Fm, there was a rené‘issancev
of interest in SF of the heaviest isotopes and the unexpected and abrupt change in properties shown
in Fig. 3 for the Fm isotopes with increasing mass was found. Measurements for sﬁll higher Z iso-
topes also showed symmetric mass division, but some had rather ]arge FWHM's. Measurements for
four No isotopes have now been made and they exhibit a .similar trend toward symmetry with in-
creasing mass although 262N, .does not appear to have quite as narrow a distﬁbﬁtﬁon as
258,259,

The TKE distriby.itions also showed unexpeéted changes and Fig. 4 shows a plot of the aver-
age or most probable TKE's for SF as a function of ZZAL3. Anomalously high vaiues which ap-
proach the fission Q-values are observed for 258Fm, 259Fm, and 259Md. The very high TKE's and
the narrowly symmetric mass distributions observed for these isotopes have been explained on the
basis of symmetric division into two fragments with conﬁéurations close to doubly magic, spherical

. 132gn. Coulomb repulsion would be near maximum for touching spheres, leading to much higher

TKEs than "normal”.
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Schematic TKE distributions for some trans-Es isotopes are given in Fig. 5 taken from H&S.
Careful measurements by Hulet et al.21 of the TKE distributions for 258Fm, 259Md, 260Md, 258No,

and 260104 show evidence for "skewed" distributions which can be decomposed into two Gaussian

distributions of varying intensities centered near 200 and 235 MeV. (See Table 2.) They called this o

“bimodal” symmetric fission, postulating that one symmetric mode leads to nearly spherical
fragments ‘with anomalously high TKE due to the 'higﬁer Coulomb repulsion and the other to
elongated fragments with lower TKE. The recently measured TKE distribufion for 262No has been
similariy resolved2_2:23 into two Gaussians. The early vda‘ta for the "transition" nucleus 257Fm
which give a most probable TKE of about 200 MeV aiso show a bump on the high-é;lergy side. The
range of TKE's for symmetric mass division of 25;7Fm is ex_tremely large, and may indicate shapes
ranging froin nearly spherical with TKE's ~approaching the Q value to deformed shapes with low
TKE, and perhaps combinations of spherical and elongated shapes, which might be dubbed multi-
modal. Howevgr, the TKE distributions for 259Fm (240 MeV), 260704 (200 MeV), and recent
measurements20,25 fo;‘ 256No and 259L1'. (214 MeV) do not appear to show more fhan one
component. . |
_ | Essentially n§ information on atomic number (nuclear charge) division exist_;s for SF except
for 252Cf. A recent comprehensive review by A. C. Wah177 gives an evaluation of data concerning
nuclear-charge distribution for SF of 252¢Cf and t‘;xermal neutron-induced fission of 235U, 233U, and
239P1_1. -He derives pafémeters for empirical models which describe charge dispersion for constant
.mass number and mass number dispersion for constant atomic number. Evaluated experimental .
independent yields supplemented by values from the models are used to obtain recommended
independent yields. The element yields as a function of atomic number whi}ch he has obtained for
252Cf (SF) are given in Fig. 6. He notes that the 1arge increasevin yielci bét.ween Z=49 and Z=50
indicates that there is a preference for formation of miclidés With Z=50 due to the stability of the 50- |
proton shell, although the maximum yields occur at higher Z valﬁes of 52,> 54, 56 and at the 82

neutron shell and above.
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'C. Prompt Neutron Einission s
1. Average neutron emission and neutron multiplicity distributions.
For moét spontaneously.ﬁssioning nuclei, ;)nly the average number of prompt neu;
trons emitted per fission, '\TT, is known, rather than the average number of neutrops emitted 'és a
function of fragment mass. - In some cases, the neutron multiplicity distributions are also kﬂown
and it was early shdwn that these "multi;a\licity" distributions could be fit by a Gaussian
distribution9® with a variance, 6,2, = 1.17 for the thermal neutron-induced fission50 of 2_35U. As
measurements were made for SF of 252Cf and other heavy actinide isotopes, larger values of the’
variance were rﬁeasured, reaching a value of about 4 for 252No. Table 3 lists the VT's for SF,
together with the variances for their neutron distributions, if known. ’ﬂwse values of' VT are also
plotted in Fig. 7 as a function of the A of the fissioning nucleus. In general, they increase with the
Z of the fissioning nuclide, and for trans-Pu nuclides, they incrgase with mass for a given Z. At Fm
this trend is reversed and the avefage n_eutrdn emission is actually lower for 256Fm and 257Fm
-than for 254le For 260Md, the value is only.2.57 compared to about 3.8 fc;r 257pm, as‘ might be
expected because of its bimodal TKE distribution which has a much more Iabundant high energy
mode than does 257Fm (see Table 2). Thus, there is less excitation energy available in the
fragments for neutron émission. Similar argumeﬁts can be made that other nuclides which show
large variances in the neutron multiplicity distributions should also show. large FWHM's (or
variances) in the TKE distributions. However, caution must be excercised in comparing the TKE
distributions because of the potential differences in the energy resolution of different systems andr \
the observation that many of these cannot be fit by a single Gaussian component.
For a more detailed discussion of neutron multiplicities measured as a function of mass and
TKE for SF of some Cf and Fm isotopes, contour plots of TKE as a function' of mass fraction and the
implications for neutron emission, see H&S, pp. 22-27. No additional new data have been reported

except for 252Cf.
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2. Neutron emission as a function of fragment mass.

As dxscussed earlier, a knowledge of prompt neutron emlssmn as a function of frag-

ment mass for each ﬁssnonmg syst,em is required in order to obtain pnmary fragment (pre- neutron -

emission) mass-yield distributions from radiochemical or kinetic-energy measurements of the fission
fragments. However, very little information of this type eiists except for SF of 252Cf. From an
evaluatlon of the experimental data obtained from a variety of methods for the average number of
neutrons emitted by the fragments from 2520f and thermal neutron-mduced ﬁsswn of 233U 235y,
and 239py, Wahl’7 has derived a v A function which gives reasonable agreement with the experi-
| mental values. He plots the average number of prompt neutrbns (_Vf) emitted by fission fragménts
with mass number Ag before prompt-neutron emission vs. A=Apvy, the average fragment mass
number after prompt-neutron emission. (See Fig..8.) These typical "saw-tooth" functions can be re-
lated to variation with mass number of the the fission-fragment excitation energy which is related
‘to fragment deformation at scission. |

The existence of even-odd proton eﬁ'ects on the v(A)b distribution for 252Cf with excitation
energy has been 1'ein\_restigat,ed92 and observed to increase as fragment excif.atidn energy decreases.
Recent measurements for 252Cf of neutron multiplicif.y distributions from the individual fission
fraginentsg3, and of the numbers of neutrons?4 emitted as a function of the mass and TKE of the
fragments, have provided information on properties of the fragments immediately after separation
and on the process of deeicitation of the exvcited fragments, ar:d the distribution of excitation energy
between the fragments. Measurements99 of the co;'relations between ﬁeutron emission, and frag-
ﬁent angle, mass, and kingtic energy have shown isotropic neutron erﬁission in the c.m. system
.over. the whole fission neutron energy range, permitting th‘e conclusion that fission neutron are

emitted from the fully accelerated fragments and that the scission neutron component is much

smaller than the previously assumed 15-20%. (Other studies96,97 of the anisotropy of prompt neu-

tron emission put limits of only 3 to 5% for the contributions of scission neutrons.) The mass range

for v(A) was extended beyond previous measurements and revealed two new “"sawteeth" near
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T

masses 80 and 176. The measured fission neutron spectra allowed evaluation of the average neu-

—

tron energy and the nuclear temperéture.

3. Neﬁtron-énergy spectrum

Numerous 'additional measurement598'101 of the neutron-energy spectrum for
2520f have béen reported recently. Although the spectrum is reasonably well represent,ed98 over a
wide energy range (0.124 to 15.0 MeV) by a Maxwellian distribution with T=1.42 MeV, some devia-
tions have been observed. The negative deviation observed above 5 MeV has been described by a
complex statistical model approach99.’ A comparison in Ref. 100 of all measured neutron energy
distributions showed deviations of up to 15% from the Maxwellian distribution while a cascade
evaporation model calcﬁlation gave reas;mable agreément. Recent calculations102,103 of the
prompt fission neutron spectrum have been presented, and Ma;dland104 has given a reviéw of the

theory of neutron emission in fission.

D. Prompt Gamma-Ray Emission

As discussed earlier, the excitation enefgy of the fission fragments can be dissipated by
emission of gamma-rays as we]l as neutrons. However, the gamma rays emitted in fission have
been less well investigated; most studies have been of 252Cf but the SF of 238U, 24OPu,. and 244Cm
have also been investigated. Gamma-ray multiplicity, enérgy, and anisotropy were discussed rather
thoroughly in H&S. Measﬁrements up to then showed that about ‘80% of the gamnia rays are emit-
ted within 1010 sec after fission and 11% of those from 252Cf are erﬂitt.ed within 10-13 sec after fis-
sion. A significant fractién are emitted with a mean lifetime of 10'1_4 sec which suggests that a
competition between neutron and gamma emission may exist. Gamma-ray multiplicity measure-
ments for 252Cf were found to follow a double-Poisson dstribution with a mean of about 10 gamma
rays per SF. The total gamma-ray energy per SF of 252¢f was found to'..be 6.7 to 9 MeV, in agree-
ment with calculations from both the statistical modei for gamma rays in competition with neutrons
a‘nd with a liquid-drop model. No satisfactory model had been found to fit the higher energy reg‘ioﬁ '

(4 to 16 MeV) of the gamma-energy spectrum. Investigations of the anisotropy of gamma emission
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indicated that the excess emission along the fission axis is caused by large fragment spins aligned_.
perpetidicular to the fission axis. The statisticély model for evaporation of rieutrons in competition
with emission of gamma rays was found to agree with most experimental results except for the ob-
servation of high-energy neutrons and the gamma spectrum between 4 and 16 MeV for SF of 238y
and 252Cf. | |

New information105-110 repin_‘ted since mid-1986 deals entirely with 252_Cf. Gléssel et
al.105 measured gamma-ray energies and multiplicities and neutron multiplicities togethetr with
the mass and kinetic energy of the fission fragments at the Heidelberg-Darmstadt Crystal Ball with
high efficiency. The neutron multiplicity for selected mass bins as a function of TKE is quite linear,
but the slopes show a definite mass dependence. They found the total gamma-multiplicity for both
fragments to vary by only about 10%, with lower multiplicity for symmetric and very asymnietric
mass splits. Most of this variation waé due to energies below 0.8 MeV. Their unfolded data for the
gamma yield of individual fragments exhibited a rather flat behavior, unlike earlier measurements
which resemble the néutron "sawtooth" function. They believe the earlier data were incorrect be-
- cause the accuracy of the absolute mass scale was inadequate. They also found a high-energy com-
ponent in the gamma spectra in tiie 'vicinity of symmetric fission. ’i‘hey investigated the competition
of neutrori and gamma emission in the life-time raiiges of 10-13 to 10-14 sec and a rather linear,
nev’gative correlation with a decrease of 0.02 emitted neutrons per total gamma multiplicity for both
fragments, independent of the excitation energy range. This gives the first evidence of neutron-
gamma competition m the last steps of deexcitation. Varma et al.106 measured the mean .and
standard deviation of the proinpt gamma-ray multiplicity distribution as a function of tiie charge
ratio of the fission fragment pairé. - Their results show a small odd-even effect (larger values for -
even Z) as a function of the'ifragment charge ratio while tiie résult;s of Gliissel et al.lq5 for the meaix
muitiplicity as a function of the mass of the emitting fragments is nearly sti-uctureless. Varma ét
al. 106 determined an average spin per fragment of 6.5 to. 9handa étandard deviation of the spin

distribution of each fragment in the range of 4 to 7 h from an analysis of their data using a
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statistical model.of fragment deexcitation. Odd-even difference in the deduced values of the spin
distribution widths could not be explained. - » o, |

Although Kasagi et al. 107 from measurements of gamma rays with energies up to 160 MeV,
reported evidence for very " high energy gamma rays from ‘the SF of 252¢f, other
invest;igat;oi's108:109 found no evidence for this. Pokotilovskiil08 examined gamma emission in the
20 to 160 MeV raﬁge and set upper limits of about 10-8 to about 10-10 photons/M(eV over the energy
range from 20 to 120 MeV, more than an order of magnitude lower than reported. Luke et al.109
also set upper limits at the level of 109 to 10-8 photon/MeV for the emission of gamma rays with
energies above 30 MeV. | |

A comparison of the angular distributions of prompt gamma-rays from binary and light-
charged particle (LCP) accompanied fission in 252(f has been reported by Pilz and Neubert110.
Double- differential emission probabilities as a function of angle and gamma-energy were measured.
Previous results for the anisotropy of gamma emission in binary fission were confirmed and similar
anisotropic gamma emission v‘.ra‘s observed for LCP fission, but the shapesv of the angular
distributions differed considerably. They attributed this to the influence of the equatorial alpha
particles on the alignment of angular momentum produced in bending modes. They also examined
the gamma-emission probabilities as a function of complementary fragment masses and found less
‘structure in the LCP fission, »which may be due to the larger variances of the kinetic energies
compared ;o those for biﬁ#r} fragments. Model .calculations predicting a loWer number of emitted
gamma-rays for pseudospherical fragments characteﬁzed' by lower moments of inertia than for

deformed fragments are in rather good agreefnent With the data.

IV. COMPARISON WITH THEORY

As shown in Fig. 1,. the known half-lives for SF-of e-e isotopes are étill reasonably well fit by
the early calculations of Randrup et al.47 who predicted that the extra stability observed for N=152

‘nuclei would no longer be present for Z=104 and higher. Based on the current data shown in Fig. 1
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this appears to be the case. Comparison of the experimental partial half-lives for SF with various ~

predictions, the disappearance of the N=152 shell for elements with 22104, and the effect of odd
particles in lengtheﬁing SF half'—lives (Section IIB) has been disqussed previously in H_&S and more
recent:.reviewsi.go'?’2 |
Some recent theoretical investigations will be discussed here. Lojewski and Baranlll used
a realistic single-particle Woods-Saxon poﬁentiaj to estimate the halfflives for elements w1th Z=104
to 111. (They used k=i4.1 rather than 11.5 which was used by Randrup et a1.47; see Fig. 1.) This is
" one of the very few studies in which o-e and o-0 as well as e-e nuclei were considered and hindrance
factors for odd systems were estimated. For Z=104, ,105’ 106, the difference betweenv_thé calculated
" half-lives and the experimental values was less than an order of magnitude. * They calculate
comparable half-lives for alpha and SF decay for the light isotopes of the-se elements, consistent
with the recently measured (see Table IA) alpha to SF ratios for 262105 and 263105 of 33% and
57%, resbectively, and the resultant SF half-lives of 102 and 47 seconds. However, they predict SF
half-lives for Z=107 to 109 which are 3 to 5 brders of magnitude larger than calculations using the
Nilsson model and microscopic mass parameters, and 4 orders of magnitudév larg_er than the existing
exﬁerimental data. Their calculations indicate a maximum in the SF half-lives at N=162. For Z>
107, they found that the alpha half-lives were shorter than the fission half lives up to N=166 where
the SF half-lives are predicted to be shorter and of the order of 10-3 to 10 seconds.
, In 1989, Maller, Nix, and Swi_ai;ecki112 reviewed the development of theoretical models for
the calculation of fission barriers and half-lives, giving eiamples relevant_, to the rapidly varying
fission properties of eleménts at the end of the periodic systeﬁ\. They note the large discrépfancies ‘
between calculated and experimental half-liv;s, especially in the region of N=158 énd.he‘avier.
_ They point out thaf although two dif’fefent general classes of models can be used to ;iﬂéulate the
nuclear potential eﬁergy of deformation, the more fundamental models, s.uchl as the Hartfeg-Fock
approximation with an eﬁ‘ectix)e two-body interaction, have not yet been applied to these very heavy
systems because of the coxﬁpléxity of the computations required. Most results have been obtai‘ned- '

using the macroscopic-microscopic model which in general gives the total binding energy of a nucle-
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us to about 10 MeV, compared to the total binding energy for a heaVy nucleus of about 2000 MeV, a
difference of only 0.5%. vHowever, since a change in the calculatéd ground-state energy éf 1 MeV
changes the calcufated half-life by six orders of magnitﬁde, even this deﬁee of precision is totally
.. inadequate for predicting actual half-lives with the degree of accuracy required for comparison with
experimental results, or for designing experiments for detecting vnew SF activities. Moller et al.112 |
discués the evolution since thé discovery of nuclear fission of models for the fission barrier from the
simple liquid-drop model to the moi‘é complex picture in which the calculation of shell effects leads -
to a multidimensional potential-energy surface with much structure. Both their results, which use
a Yukawa pfus exponential model and a folded Yukawa single-particle potential, and those of Cwiok
et a1.113, which use different calculational methods, show the appearance of a new, second valley to
fission in the potent';ial. energy surfaces calculated as a function of deformation energy via the
macroscopic-microscopic model using the Strutinsky shell correction method.n4 The new valley is
associated with lower inertia and leads to compact (near-spherical) shapes and shorter half-lives, in
better agreement with the half-lives of the heavier Fm isotopes and consistent with mexallsured30
fragment mass and kinetic-energy distributions which show narrowly s&mmetric mass distributions
and unusually high total kinetic energies. | |
Patyk et al.115 ysed both static and dynamic methods t6 calculate SF half-lives' for a wide
region of e-e nuclides with Z= 100 to 130. They also obtain two disﬁnct valleys to fission, one leading
to elongated and the other to compact (spherical) shapes. Fufthermoré, their calculations show that
half-lives for Fm and No isotopes should increase for neutron numbers larger than 158 to 160 due to-
the influence of deformed parent shells in the region of N=162 to 164. They predict that til'e SF
half-lives will continuously increase with increasing neutron number for 'element 104 and beyond,
and that well-deformed superﬁeaw element (SHE) nuclei with 164 to 168 neutrons exist for proton
numbeérs near 112 to 114, in addition to those near the spherical N=184 shell. This would result in
a péninsula of a relatively stable deformed nuclei extending from the presently knowﬁ heavy nuclei

to the spherical SHE's, rather than just'an isolated island of stability.
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The role of shell effects on the properties of the e;e nuclides with Z=92 through 108 was also
investigated by Patyk et al. 116 They find that shell effects decrease thé mass of the heaviest nuclei
by up to 5 MeV and increase the ﬁssion barriers by about 3.5 MeV. They calculate that the effect on
the half-lives increases wit,h\ incréasing Z and that the SF half-lives Are delayed by a few orders of
magnitude for Pu iscl)topes and the effect increases to a hindrahce of some 15 orders of magnitude
for 252Fm and 260106. In the case of 260106 this hindrance constitutes its "entire” lifetime of 7 ms;
without shell effects it would have a lifetime approaching that of the comppund nucleus. Suéh large
effects for deformed nuclei were not expected. They find that there is almost no contribution to the
SF half-lives of the heaviest nuclides which changes smoothly with Z and N. Thus, there should be
less_regularity in their systerﬁatics than for the lighter isotopes. Because of this, they caution _that
theoretical desqriptions should incorporate as little averaging. aé possible over Z, N, and
deformation, the parameters upon which the shell effects so strongly. depeﬁd.

Patyk and Sobiczewskill7,118 have studied properties of the heaviest nuclei in
multidimensional deformation space and find that the use of more dimensions in this deforﬁaﬁon
space improves the description of the experiméntal results and significantly changes predictions for
as yet undisCox}ered nuclides. They find the nuclei in the region of Z=90 to 114 and N=136-148 to be
well deformed with deformation energies ranging from 2 MeV at the bouﬁdaﬁes up to 11 MeV at
the center of this region. Quadrupole deformation is calculated to be the most important component
although the. hexadecépole deformation is signiﬁcant in some regions. They emphasize the
importance of the role of the defoﬁnation of multipolarity six énd that it mt_ist not be diéregarded in
the consideration of‘ the‘ properties of nuclei in this region. It increases the binding enefgy of some
nuclei by more than 1 MeV which results in an increase in the calculated SF half-li?es of a few
orders of magnitude and is important for formation of some of the main defomiéd shells in heavy
nuclei. Their calculations reproduce the experimentally observed shell at N#152 which is mainly
due to the quadrupole deformation. A smaller but signiﬁcant proton shell is found at Z=100 which
~ they propose as a proton partnér for the N=152 shell.. They confirm the previbusly _p.red.ict,edv strong

neutron shell at N=162 and attribute it mainly to the hexadecapole deformation in addition to
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| quadrupolg deformation. A strong, deformed shell is found at Z=108; thus, 270108 is predicted to
be a strongly bound "doubly-magic" deformed nucleus with a half-life of about 0'.1 second. |

Cwio\k' and Sobiczewskill? have calculated the potential energy and fission bar_riers of
superheavy nuclei with Z=112 to 130 and N=152 to 210 in mlxitidimensional deformation space.
Three axiélly symrﬁetric deformations and quadmpole and hexadecapole non-axial deformations
were included. They calculated SF and alpha-decay half-lives. Fission Baﬁers were 3 to 7 MeV
l,owe.r than obtained préviously, but the SF half-lives were still found to be longer than the alpha-.
decay half-lives for most of the nuclides studied and alpha decay is predicted to be the main def:ay
mode. The longest half-lives of 'aroﬁnd 12 days are found near 294112, The nuclei with N>176 are
expected to be spherical, 'alrx‘xost spherical transition nuclei are between N=166 and 176, and well-
deformed nuclei occur below N<166. Significant energy gaps were obtained for Z=114 and N=184,
thus making 298114 a doubly magic spherical nucleus, in agreement with most previous
calculations. However, the shell corrections for the well-deformed nuclei around 276112 are not
much smaller and thé barrier- heights, and presumably the half-lives, are similar to those in the
region of 298114. Again, it appears that there is not an isolated "isiand of stability” but a peninsula
extending from the known, relatively long—li{red r.luclides_. , |

Méller and Nix120 ha§e recently reported results obtained by use of a new mass model that
_ includes Coulomb redistribution_eﬁ‘ects and fg and Bg shape degrees of freedom. They now predict
a superheavy island centered around 288, 290110 for which they calculate alpHa-decay half-lives of
161 and 438 years, fespectively. They obtain shorter SF half-liveé in the SHE region than before
and give a "ballpark” estimate of 1 ms for nuclides in the vicinity of 272110. However, they point
out that the specialization energy in odd-nucleon systems could lead to large increases in SF half-
lives as has already been measured. (See Fig. 2.) . .

The calculations showing the two valleys to ﬁssion, one leading to elongated and the other
to compact fragment shapes, can explain the symmetric mass distributions and high TKE's observed
for 258’259Fm aind 260Mq. They are also consistent with- the observation orf "skewed” TKE

distributions and with the proposal2l of two "modes" of fission, one with near-spherical fragments
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resulting in high TKE; and the other with elonéated or deformed fragments ahd lower TKE.
However, to date only a qualitative prediétion of the fraction of SF proceeding via thése modes has.
been made and no | detailed mass and kinetic-energy distributidns have been: calculated.
Furthermofe, contour plots of the experimental data for such transition nuclides as 257pm, 256No, -
and 259‘L1' shown in Figs. 9 .and 10 indicate a Qide distribution of shapes, not just two_modes of . i
fission. Calculativons of Paskevich121 for 264Fm have shown three valleys on the potential-energy
surface for symmetric fission in the region of the scission point. One corresponds to a compact
configuration of two nearly spherical fragments, another to more separated highly elongated .
fragments, and a third corresponds to a combination of spherical and elongated fragments. Cwiok
et al.113 have also shown thai the addjtioﬁ of reflection asymmetric deformations to theirb_’
calculations for 258Fm have dramatically changed the potentiai energy surfacé between the second |
~“saddle and the scission point. It appears that at least three modes exist in the experimental data for
257Fm‘, judging from the wide range of TKE's found for syr‘nmetri‘c mass division.
- In 1976, Wilkins, Steinberg, and Chas'man122‘ used their static scission-point model‘of

. nuclear fission to calculate mass, nuclear charge, and kinetic-en_ergy sttribul;ions. They were quite
successful in reproducing the experimentally observed trends for a wide range of nuclides from Po

to Fm. The mdde_l is based on the assumption of statistical equilibrium among collective dégrees of
freedom at the scission point; the relaﬁve probabilities (yields) of formation of complementary
fragment pairs are determined from the relative potential energies of two nearly touching, c'oaxiél
' sphéroids with quvadrupoleb deformations. The fissioning vsystem at thé scission point is
characterized by the distance between the tips of the spheroids, the intrinsic exéitatibn energy of
the fré.ments, and the collective.temperature. They did not adjust these paré_meters to give the best
fits to the experimental data, but used the same valués for all the systems they cal_culated. They
showed detailed mass-yield distribgtions for a number of spoﬁtaneously fissioning nuclides. Tﬁeir
scission-point configurations also ﬁrévided a framework for the interpretation of a variety of other -
SF properties including the "saw-tooth" neutron emission.function, the change in average TKE vs. Z

and A, the changes in the variance of TKE divstri'butioxis as a function of fragment mass ratio, and
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’ v
the difference in threshold energies for symmetric and asymmetric mass splits in the fission-of Ra

and Ac isotopes. They presented contour plots for the-neutron- and proton-shell corrections as a =

function of deformation (B) and number of neutrons or protons. Wagemans, Schillebeeckx? and
Deruytter®6 have investigated neutron shell effects and fission channels in the SF of the even-even
Pu iéotopes 236, 238, 240, 242, and 244 which show rapidly varying fission fragment mass and
kinetic-energy distribt;tions witﬁ a charge of only a f;:w neutrons. .They identify two fission modes,
the first centered around a heavy fragment with A=135 and TKE=190 MeV and the second afound
A=142 with TKE=175 MeV. In going from 236P1-1 to 242pu the yield around mass 142 decreases
more thaﬁ a factor of two while that around _135 shows ‘a similar increase and. the.average TKE
increases from 176.3 MeV for 236Pu to 180.7 MeV for 24=2Pu. These fission modes can be
interpreted in the frame of the static scission-point modell22 as due to the. changiﬁg relative
importance of the N=82 spherical fragment and the N=87 deformed fragment neutron shells shown
in those calculations and their interplay with the Z=50 spherical shell. The Pu results were also
explained in terms of the fission channel mode_l of Brosa and Grossmann.123 The agreement
between the calculated and experimental data for 240py lends support to their idea of random neck
rupture and the éxplanatioﬁ of the relative peak mass yivelds on the basis of the relative barrier
heights for their standard I and II fission channels: _ _

The recent data for the "transition” nuclei 256No and 259Lr and earlier dat;a available for
256, 257, 259Fm and 254Cf can also be interpreted124 in terms of ihe scission—éoint model of
Wilkins et al. Three general configurations éorres;gonding to the deformed énd/or spherical shells
generated by that model (see Figs. 1 and 2 in Ref. 122) can be identified: two deformed (elongated)
fragments (d-d); tw<-) compact (spherical) fraéments (c-c); one compact fragment and one deformed
fragment (c-d). The fraction of each of these configurations can be estimated from the contour plots
of the experimental (iata shown in Figs. 9 and 10 _and can be roughly associated with the
configurations representing the deformed and spherical shells shown in the scission-point model.

For example, for the "transition” nucleus 257Fm these are: ~d-d, 70% with TKE=200 MeV with the

following two fission fragments: Bd=0.75, Z=45, N=70, and 8,=0.65, Z=55, N=87; c-d, 20% with TKE .
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=215 MeV (8,=0.1, Z=52, N=82, and B4=0.75, Z=48, N=75); c-c, 10% with TKE=235 MeV (both
fragments 'are 8.=0.1, Z=50, N=78.5). For 256No, they are: d-d, 95% with TKE=198 MeV (84=0.60,
Z=44, N=66 and B4=0.65, Z=58, N=88); c-d, 5% with TKE=215 MeV (8,=0.1, Z=55, N=82 and
B84=0.75, Z=47, N=72); c-¢, <1%. For 259Lr: d-d, 20% with TKE~200 MeV (84=0.75, Z=47, N=70
and B4=0.65, Z=56, N=86), c-d, 79% ﬁth TKE=215-220 MeV (8.=0.1, Z=54, N=82 and B4=0.75,
Z=49, N=74); ch, =1% with TKE=240 MeV (both fragments with 8,=0.1, 2=51.5, N=78). For 259Fm, .
which shows a narrowly symmetric mass-yield distribution with very high TKE, the configurations
are estimated to be: d-d, 0%; c-d, 20% with TKE=220 MeV (8.=0.1, Z=52, N=82 and 84=0.8, Z$48,
N=77); c-c, 80% with TKE=245 MeV (both fragments 8.=0.05, Z=50, N=79.5). It should be possiblg
to generate detailed calc_ulétions of mass-yield and kinetic-energy distributions for all of theseb
nuclides from the scission-point model based oﬁ the potential enefgies of the corhplémenta'ry '
nascent fragment pairs, their respective neutron and proton mimbers, and their deformations'at or
near the scission point. |
- The relafive success of this static rﬁodel implies that there is a state of quasi-equilibrium
near the scission point. However, the fundamental problem of the importaﬁce of the dynamical
aspects of the ﬁ'séio'n process on the varioﬁs measurable distributions is still not well understood.
Although much progress has been xﬁade in understanding general trends in half-lives and fragment
properties, their extreme sensitivity to the nuclear structure in bpth the ﬁssioﬁihg nucleus and the -
fragments, and to details of the 'ﬁssio_n' barriers and fission paths, make the deve]opment of
predictive models especially ciiﬂicult. Much more'theoretical investigation will be required to
develop a comprehensive, dynamic model‘ of nuclear'ﬁssioh which can predict not 6n1y the lifetimes
of as yet uhdiscovered spontaneously fissioning nuclides, including hindrances due t,o odd particles,
but which can also predict the complex and often fapidly changing p;'operties of the fragments. A
fundamental understanding of spontaneous fission, the pfocess which will ultimately limit the
~number of elements which can exist, presents a formidable, bu; fascinating, challenge to

experimentalists and theorists alike.
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237Np, g4

©.7° 22101 Tsec

(7.5440.03)x10% years

(1.40+0.01)x1010 years

(3.254+0.01)x104 years

6.7540.03 hr
1.17640.003 min

2.340.1 min

20.8 days

7041 years
(1.5911i0.0015)x105 years
(2.455;|;0.0b6)x105 years
(7.04+0.01)x108 years
(2.342+0.004)x107 years

(4.47+0.02)x10° years ° }

(2.1420.01)x108 years

Table lA
RECOMMENDED VALUES OF HALF-LIVES AND PARTIAL SF HALF-LIVES
OR BRANCHES FOR SF ACTIVITIES2

: Tf;or%SF

6.7°22)10 1 sec

>2x1018 years

>(1.0+0.8)x1021 years

>2x1017 years
<3x10-109, SF
310-10% SF

<2.6x10°69% SF

>4. x 1010 years

(816)x.10 13 yearsb .
>2.7x1017 years

(1.5_-1;0.2)1:1016 years
(1.0:0.3)x1019 years
(2.51£0.1)x1016 years
(8.2+0.1)x1015 years

(9.8640.29)x1015 years®

>1x1018 years '

Hoffman, D. C.

8; SF:9

8; SF:9

8; SF:9

7, SF:9

10

10
10

10

10

36



RECOMMENDED VALUES OF HALF-LIVES AND PARTIAL SF HALF-LIVES
OR BRANCHES FOR SF ACTIVITIES2

Nuclide

228py

236py
238py,
239py

240py
241p, |
242p,

244p,

241pam
242Am, m

243Am

2320m

240cm
2420

2430m

Table 1A (contmued)

Ty

If T)p=2 min, then

2.87+0.01 years
87.740.01 years
(2.410i0.003)x104 years
(6.56+0.01)x103 years
14.440.1 years
(3.75+0.02)x10° years |

(8.00+0.09)x107 years

432.710.6 years
14142 years

(7.3720.02)x103 years

- If T{p=1 min, then

26.8 days

162.840.2 days

© 29.110.1 years

18.1;1;0.1 years |

3412 msec
(8.48+0.06)x103 years
(4.7620.04)x103 years

(3.48+0.06)x10° years

Typ or % SF

T, 5>22 min
(2.1£0.1)x107 years
(4.753;0.09)x1010 years
(8;1;2)x1015 years
(1.143;0.01)x1011 years

< 6x1016 years

(6.77+0.07)x1010 years

(6.6+0.02)x1010 years

(1.0£0.4)x1014 years
>3x1012 years

(2.0+0.5)x1014 years

T,5>3.3 min
(1.940.4)x106 years
(7.0+£0.2)x106 years

(5.5;1;0.9)):1011 years

(1.3210.02)x107 years -

21.41{102 years
(1.4+0.2)x1012 years
(1.8110.02)x107 years

(4.1540.03)x106 years

Hoffman, D.. C.

10
10
10
10; SF:14

10

10

10

10

10 -

10

10

- 10

10

15

10

10

10

37
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Table 1A (continued)
RECOMMENDED VALUES OF HALF-LIVES AND PARTIAL SF HALF-LIVES
OR BRANCHES FOR SF ACTIVITIES®

Nuclide Ty Ty or % SF Ref.
250y ~9.7x103 years (1.13£0.05)x104 years =~ 10
249y 32517 days (1.8740.09)x109 years
238¢f If T, 5 =1 sec, then -1,.1;>4 sec
246cf 35.7+0.5 hr (1.840.6)x108 years 7; SF:9
248¢f 333.5+2.8 days (3.240.3)x104 years
249¢r 35142 years (8+1)x1010 years 7; SF9
250¢cr 13.08+0.09 years (1.7+0.1)x104 years 7;SF:9
252¢f 2.645+0.008 years 85+1 years -7, SF:9
254¢f 60.5+2 days 60.9+0.9 days 7,SF:9 .
256¢f 12.3+1.2 min 12+1 min 7; SF:9
283gs ' 20.47+0.03 days © (6.310.2)x105 years 7; SF:9
25‘1‘Es, g 275.740.5 days >2.5x107 years

m 39.3+0.2 hr >1x10° years
255g; 39.8+1.2 days (2.4440.14)x103 years 7; SF:9
257gg 1-3 sec 7? 1.3 sec?? -
242py, 0.840.2 msec 0.840.2 msec
243Fm 0.18%5 5 sec >50 sec >
244pny 3.340.5 msec

3.310.5 msec
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Table 1A (continued)
RECONIM'ENDED VALUES OF HALF-LIVES AND PARTIAL SF HALF-LIVES
OR BRANCHES FOR SF ACTIVITIES2

Nuclide Ty , B\ P Ref.
245pm 4.2+1.3 sec | >4000 sec
| 246Fm 1.110.2 sec 1515 sec . T;SF9

248py, 3643 sec : 10+5 hr : | 7; SF:9
250Fm, g . 3043 min ' . 0.83+£0.15 years : 15

| m ,1.810.1 sec 20.07 years 15
252Fm 25.3940.05 hr _ | 12518 years © T;S8F9
254Fm 3.24010.602 hr 228+1 days 7, SF9
255Fm 20.07+0.07 hr | (1.0+£0.6)x104 years ~ 7;SF9
256Fm 157.6+1.3 min 2.940.1hr 7, SF:9
257Fm 100.5£0._2 days -~ 13143 years
258pm 0.37+0.04 msec 0.37+0.04 msec 1; SF9
259Fm 1.5+0.2 sec 15102 seé_ . 9; SF:9
260 . - ~4 msec C ~4 msec | 16
248Md = 743 sec ,’ '£0.05% SF
255Md 2742 min : 512.5 days
266Md. 78.1+1.8min | <2.8% (>1.9 days) 17;SF9
25TMq 5524005 hr = <1% (223 days) . 17
258Md, g 51.5+0.3 days © <3x10-3% (25x103 years)v 17
259M4q 160+0.06 hr = ~100% | 17
260Mq 27.8+0.8 days j >73% 16

27.8 days<Tsl,§<38.1 days)



Table 1A (continued)

Hoffman, D.C. 40

RECOMIVIENDED VALUES OF HALF-LIVES AND PARTIAL SF HALF-LIVES

v Nuclide

250N,
251N,

252N,

254N0, g

256N°
258N,
259N,
2601,

262N,

2521 »
: 2531 ,r
2541
2551y
2561,
2571 ¢
2581,
2591 r

2611,
2621,

-OR BRANCHES FOR SF ACTIVI'I‘]:ESa

Ty

0.25+0.05 msec 7?

+0.25
0. 60+ 0.15 Sec

+0.18
2.25 416 S€c

5545 sec '

2.91+40.05 sec
1.240.2 msec
5815 min .
10618 msec ??

~b msec

If Typ >1 sec, then
1.3:':'36 sec

13:1:3 sec‘

2245 sec

25.941.7 sec

0.64610.025 sec

+0.35
3.92 54, sec

6.14 +0.36 sec

39+12 min

216%15 min

Tf,g or % SF

0.25+0.05 msec ??

'>7.5 sec

26.9% (8.36 sec)

(3.2+0.9)x104 sec
2.2 )x104 sec

550‘}4,8 sec

- 1.240.2 msec

>9.7 hr
10648 msec 7?

~5 msec

'I‘SIEZIOO,sec

22.2 min

>104 sec

26 hr

>10° sec

2109 sec

<5.0% (>78 sec)
(2012%)d 3144 sec

100%?

<10.0% (>2160 min)

18
15; SF:7

7, SF:15
19

20

21

22, 23

25

22

22
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Table 1A (confinued)

RECOMMENDED VALUES OF HALF-LIVES AND PARTIAL SF HALF-LIVES
OR BRANCHES FOR SF ACTIVITIES®

Nuclide

253Rf
254pe
 28bpe
256R¢
257R¢
258p¢
259Rpf
260Rs
261Rs

262Rgs

2554

256y,
25THq,

2581,
260y,

2611,

262,
2631,

259106

Ty

1.8 sec ?7?

0.5+0.2 mseg?

1.440.2 sec

6.7+0.2 msecd

4.76+0.53 sec
1342 msec
3.110.7 sec |
20.11+0.7 msec
65:t1_0 sec |

4715 msec

1657 sec |
2.6 sec?? . |
1.3+_ng sec

44707 sec -
1.52140.13 sec

1.840.6 sec

3444 lsec :

10
27*_7 sec

| o028
0.48 .0.13 Sec

Ty or % SF Ref.

3.6sec?? '

0.540.2 msec?
2.740.5 sec

406
6.9 02 Msec

200425 sec 77 .
1342 msec <Tp,<1542 msec

0.7+0.4 min  7,SF9

-20+1 msec o 7, SF9

>650 sec

4745 msec

> 3 sec

<40%7? | 26
(17+11%)4 816 sec 7; SF9
213:;1 sec

15..8i1.7 sec?

"several times" 2 sec

23.6 sec
=33%4 (=102 sec) 7; SF:27
570094 4T7se) . 21

>2.4 sec

41



Table 1A (conﬁnued)
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RECOMMENDED VALUES OF HALF-LIVES AND PARTIAL SF HALF-LIVES

Nuclide

260106

261106

263106

2617107

262 107, g

m

263 108
264108

265108
266109

272110

OR BRANCHES FOR SF ACTIVITIES2

Tus

+0.9
. 3.6 (¢ msec

0.26+,8:(1,¢1; sec

0.9+0.2 sec

11.84:;'2 msec

102426 msec

8.0+2.1 msec

<1 sec
76":336(;1 usec

+2.2°
1.8 ;; msec

+6.1
3.4 ;3 msec

+4.0
8.6 54 msec 7?

Tf,l; or % SF

+4.8
7.2 5, msec

>2.6 sec

1.3 sec??

" <10% (>0.12 sec)

<20% (>510 msec)

<30% (>27 msec)

"mainly o decay"

>5 msec

220 msec

262 msec

+4.0
8.6 5, msec ??

28; SF:7
28; SF:7

28; SF:7

29; SF:1

& This table is a revised and updated version of Table 1 from Ref. 1. Referencgs are given here for

all new or revised values. Half lives of fission isomers are given by D.N. Poenaru, Strutinsky

Method and Fissic;n Isomers, in this Handbook.

b This activity, originally attributed to spontaneous fission, is now believed to be due to 24Ne

emission (Refs. 11 and 12).

€ This value has been recommended for use in fission track age calculations.

d  These fission branches assume the priméry modes of decay are SF and alpha decay.



Nuclide®
1807y

228,
230p,
232y

232,

228Np

232Am

234Am

Ty

0.70} e sec

39 sec
19 sec
5 sec

35 sec

6045 sec v

61.4+1.4 sec

1.4+0.25 min

0.9240.12 min

1.311+0.04 min

2.6+0.2 min

2.6+0.2 min

© 2.32+0.08 min

- Table 1B
" DELAYED FISSION

Pae®

~10-6

<2x10°7

<3x10-6

. <2x10°6

<106

nr

2.040.9x104

nr

1.3%,x10"2

(6.9+1.0)x104

nr
nr -

(6.6+1.8)x10-5

Measurement®C

Ty

T, ParKE, ©

' MY, TKE,RC,XF

Ty

Ty

T o Par KE,

- MY, TKE XF,RC

Hoffman, D C.

Ref.

R

35

36

35,37
38

39

35, 37
40

41

43



Table 1B (continued)
DELAYED FISSION

Hoffman,D.C. 44

Nuclide? Ty Pa® Measurement®  Ref.

238BK 14445.8 sec T 0. XF,TKE, 42
MY KE

240k 4 min 105 Ty 43

242547 5 - 25 sec (1.4£0.8)x10-2 T.m Par 44

é : ’

2445 37 sec 104 Ty 43

2465 8 min 3x105 Tiye 43

248 - 28 min 3x10°7 - Ty 43

256gsm 7.6 hr 2x105 Ty Pas 45
level structure

250m4 52 sec 22104 TP 43

a The nuclide undergoing p or EC decay is given. !

b ~ Probability for delayed fission (Pgg) for nuclei not marked with "Pgs" in the measurements

column was obtained from systematics or evaporation codes; nr = not reported.

¢ KE = kinetic energy of fission fragment; MY = mass-yield distribution; TKE = total kinetic

energy distribution; XF = x-ray-fission coincidence measurements; RC = radiochemical con-

firmation of Z.
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Table 2
PROPERTIES OF MASS AND TKE DISTRIBUTIONS FOR SF

Nuclide. Peak-to-Valley ~ TKED:C FWHM of TKEd  Ref.

Ratio? MeV) - (MeV)
238y >500 (RC) 16313 - 48,55
. g
236py >700 SS)E 176.3:0.5 , 24 56
238py >700 (S9)° 177.0+0.5 25 56
240py - >270 (RC), 24000 (SS)€179.410.5 28 56
242py ~500 (SS)e 180.7:05 27 56
244py s 28 57
22000 (SS)f 1812 27 | f
2420 >700 (RC) 186¢10 N 48,55 -
244Cm 55700 (RC) 183.78 ' o 48
86 (SS). . 183.6+1 | 58
| 1886 : ‘ 48
246Cn 142 (SS) 1842403 27 59
- 183.9+0.5 | | 25 60 /
248cm asym (SS) | 182.2+0.9 % 60
2500m >10 (SS) 179.8:2.7 29 61
248cf T © 1s09s13h o - 62
250c¢ >300(RC)  187.0405 27 1,60
| 1843128 30 61
252¢f 2750 (RC) © 1865(1839) © 21 515253

254¢¢ 2145 (RC) - 186.940.5 28 60



Hoffman, D C.

. . Table 2 (continued)
PROPERTIES OF MASS AND TKE DISTRIBUTIONS FOR SF v

Nuclide Peak-to-Valley TKED:C . FWHMof TKEd  Ref.
Ratio® (MeV) - (MeV)
256Ct asym (SS) | 189.8+0.9 34 63
253 326 (RC) 18831 31 64,65
244pm asym (IC) 1964 - 66
246pm asym (SS) _ 199+4 ' 35 6T
248ppy asym (SS) 198+4 34 6T
254Fm 60 (RC) 195.1+1 27 68
256Fm 12 (SS) 197.9+0.5 34 60
257Fm =1.5(SS) - 197.6+3 (194, 227) 36 69
258 _ sym (SS), 8 238+3* 34 63
230.6% (205, 50%; 230, 50%) 21
259Fm  sym(SS), 11 242:+6# | 49 70
sym (SS), 12 234+2% 48 n
259Md sym (SS), 27 200.6% (202, 88%; 234, 12%) =60 .21
260Mm4 sym (SS), 7.9 232.5% (200, 42%; 234, 58%) ~35 21
252N, asym (SS) b 2024 36 72
~1.6 (SS) 194.3% - 73
256No 1-1.5 (SS), ~50 196+3# 42 .20

258N0  sym (SS) 203.2% (204, 95%; 232, 5%) . =50 - 21

46
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Table 2 (contmued) -
PROPERTIES OF MASS AND TKE DISTRIBUTIONS FOR SF

Nuclide Peak-to-Valley TKEDb:C FWHM of TKEd ' Ref.
: . Ratio® - (MeV) (MeV)

262No  sym(SS),12 (237, 65%; 200, 35%) 22.23
2591, =sym (SS), 20 21443 40 25
256Rf 207+13 : o 74
258Rs . 220+15 - 7475
-260Rf sym (SS), 36 200 4 21
26214 asym (SS) or if sym, >47 ' ‘ 76

- 2631, sym (SS) =210k : , 27
&  Ratios derived from radiochemical (RC) data, or from ionization chamber (IC) or solid-stét’e (sS)
detector measurements of the kinetic energies of the fission fragments. For symmef;ric fission,
values of the full-width-at-half maximufn (FWHM) are given after the method. |
These are average values of the pre-neutron emission TKE's except for those denoted by (#)
~which are most probable values of the pre-neutron emission TKE's or by (*) whxch are most
probable TKE's from a provxsmnal mass analysis without corrections for neutron emissionasa”

function of fragment mass.
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Table 2 (continued)

PROPERTIES OF MASS AND TKE DISTR.IBUTIQNS FOR SF
Solid-state measurements of‘TKE prior to about 1982'were usually ﬁormali_zed to a post-ne
utron emissioh average TKE (ﬁ) value of 183.1 MeV (cbrresponding toa pre-neutroﬂ emis-
sion value of 186.5+1.2 MeV) for 252Cf according to the method of Schmitt et al.51,52 Mea- )
surements of TKE denoted by (#) have been normalized to a post-neutron emission value for
2520f of 181.0 MeV (corresponding to a pre-neutron value of about 183.9 MeV), recently rede-
termined by Weissenberger et al.53 and are derived from a ;;rovisional mass analysis without
corrections for neutron emission. Henschel et al.54 have also redetermined the TKE of 252Cf
as 181.25i1.3 MeV and 184.07+1.3 MeV for the post- and pre;neutron emission values, respec-
tively. |
Full width at half maximum of TKE distribution as measured, or calculated from 2.35 times ¢
for the TKE distribution.
Va]ue derived from' data in Ref. 56 based on the absence of events in a valley region of 5 mass
units (C. Wagemans, private communication, 1992)." |
Values based on measurements .in progress; peak-to-valley ratio based on a valley width of 5
mass units (C. Wagémans, private conimunication, 1992). |
Time-of-flight measurement. '\,
Corrected to pre-neutron emission TKE for 252¢f = 185.7 MeV, in Ref 62.
Relative to pre-neutron emission TKE for 252Cf = 183.0 MeV.
Values in parentheses are t;nosel of the two Gaussian functions by w_hich tﬁe TKE distributions
could be represented (Ref. 21-é3). ‘
A pre-neutron emission value was estimated from the post-neutron emission Qa]ue of 207+7

~

MeV given in Ref. 27.



Table 3

Hoffman, D. C.

— 2
EXPERIMENTAL VALUES OF vy AND O ,, FOR SPONTANEOUS FISSION

Nuclide

238y

236py
238p,

240p,

242p,
244p,

2420,

2440m

Vg8

1.98+0.03

1.99+0.034

2.2310.19
2.12140.13
2.2610.08 -
2.21+0.07
2.1910.03

2.14£0.01

. 2.141140.016

2.1510.05

2.12+0.01

2.30£0.19

2.5710.09

2.51+0.06

2.562+0.020 -

2.5410.020d
2.73:004
2.76+0.09
2.69+0.01

2.721+0.021

0.80+0.15

1.2610.20
1.29+0.05

1.32+0.01

1.3099

1.31+0.01

1.21+0.03

1.3312

122

1.2310.05

1.3246

Standard ©

2520f-3.735

25201 = 3.757

240py = 2.19

. 252073735

240py = 2.19
25201 3.735

2520r=3.77

2520f - 3.735

25201 = 3.743

2440 =273 -

252¢f- 3.735

252¢f = 3.77

240py = 2.19

2520f = 3.735
25201 = 3.743
252¢f = 3.757

240p, - 219

240py =2.19

2520 = 3.735

25201 = 3.743

78

79

80
78
80
78
80
78
81
80
78

80

80
78
81
82
80
80
78

- 81

49



Nuclide
246Cm
‘ 2480m
2500m

249pk

246¢

250¢r

252¢f

vra

2.72+0.02d

13.19+0.22

2.94+0.03
2.93+0.03d
3.11+0.09
3.10+0.01
3.13+0.03d
3.31+0.08

3.3020.08d
3.40+0.054

2.83+0.19

3.1410.09

3.1+0.1d
3.5340.09
3.49+0.04

3.53+0.02

3.51+0.04d

3.771+0.031

3.738+0.015

Table 3 (continued)
—_ 2
EXPERIMENTAL VALUES OF V1 AND o, FOR SPONTANEOUS FISSION

1.26

1.3140.02

1.28

1.37+0.01

1.29

1.66+0.31

1.68
1.49+0.03
1.52+0.02

1.53

1.56610.003

Standard €

25201 = 3.757

252¢f=3.77

252¢f = 3.735

252¢f = 3.757

2520f=3.77

252¢f = 3.735
252¢f = 3.757
252¢f = 3.77

252¢f = 3.757
252¢f = 3.757

240py = 2.19

252¢cf = 3.735

2520f=3.757

252¢f = 3.77
252¢f = 3.735
252¢r=3.735

252¢f = 3.757

Abs. m., 1963

Abs. m., 1974

Hoffman, D.C. 50

82
80
78
82
80
78
82
80

82
82

80

78

80

82

85



Nuclide

254¢¢

2534

. 254,

256 fp

25TFm

Vya

3.7509+0.0107

3.77310.007

3.757+0.010d

3.93+0.05
3.77+0.05

3.85+0.064d

4.7¢

3.96+0.14
4.0040.19
4.010.3d

3.91+0.03

3.7310.18

3.59+0.06
3.63+0.06d
3.77+0.02
3.8520.05
3.77+0.02

3.87+0.05d

‘Table 3 (continued)
i . 2
EXPERIMENTAL VALUES OF V1 AND ¢, FOR SPONTANEOUS FISSION

2
o,b

1.5824

1.59

1.56+0.01

1.53

- 1.5010.20

2.02+0.13

2.30+0.65

1.82+0.08

- 2.1640.05

2.494+0.06

2.51+0.02

2.4910.06

Standard ©

Abs. m., 1985

Abs. m., 1981

252¢f = 3.757
252¢f = 3.77
252¢r= 3.735

252¢f = 3.757

25205 - 3.735

252¢r=3.77

25201 = 3.757
25201 = 3.755
252¢r=3.735

25201 = 3.735

2520f= 3735 -

252¢f = 3.757

252¢f - 3.735
2520£-3.735
2520f-3.735

252¢f = 3.757

Hoffman, D.C. 51

Ref.

86
87
82

80
82

60

78
80
82
88
78
83
89

82
83
78

82
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Table 3 (continued)
. —_ 2
EXPERIMENTAL VALUES OF vy AND o, FOR SPONTANEOUS FISSION

— 2 .
Nuclide vra \ o,b Standard © - Ref.
260M4 2.58+0.11 2.57+0.13 2520 = 3.773 91
252No0 4.1510.30 4.0+13 252Cf=3.735 78

4201030 42 252¢f = 3.757 82

v is the average number of neutrons emitted per fission event.

2
oy is the variance for the neutron multiplicity distribution.

€ Abs. m. means "Absolute measurement".
d  Evaluated value from Holden and Zucker, Ref.v 79 (1983) and Ref. 82 (1986). -

€ Estimated by comparison of pre- and post-neutron-emission mass-yield curves from SS and RC

measurements.



Figure 1a.

Figure 1b. .

Figure 2.

Figure 3.

Figure 4.

Figure 5.
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FIGURE CAPTIONS

-~

- Comparison between the experimental half-lives and the partial half-lives calculated

or estimated by Réndrup et al.47 for SF of even-even nuclei. A square for the pos-

sible assignment of 106-msec 260N, i's connected to the square for 258N,111-113 by -
a dot-dashed line. The squares for 260106 ("I‘f/F2 = 7.2 msec, Ref. 114) and 264108

| (T?,F2 >5 msec, Ref. 115,116) are shown connected by a vertical dashed line and a

dashed curve, respectively, to the filled circles for the half-lives estimated by
Randrup et al. In the case of 264108, the lower limit of 5 msec onvits_ partial SF half-

life is shown as a diagonal-pointing arrow. Taken from Ref. 1 except for the follow-
ing changes: 232y (T;Fz' = 8x1013 years, Ref. 10), 234y (Tij2 =1.5x1016 years, Ref.

10), 262No (T}, ~5 msec, Ref. 23).

The logarithm of the spontaneous fission half-lives of even-even nuclei plotted

against the neutron number, N. Arrows are used for 238¢f and 264108 to indicate

lower limits. All data are from Table 1A.

Logarithms of SF hindrance factors (HF) for odd-neutron and odd-brotoh nuclides

(from Ref. 30). Lower limit valués are indicated by arrows. An open bar indicates

. that the HF was calculated relative to only one even-even neighbor. A filled or

hacked bar indicates that the HF was calculated relative to two even-even neigh-
bors.

Schematic representation of mass-yield distributions (normalized to 200% fission
fragment yield) fof SF of trans-Bk isotopes (frqml Ref. 1). Distributions for 256No,
262N‘o, and‘ 2591y have been added. Data for tﬁese distributions are from Réfs. 20,
23, and 25, respectively. | |

TKE vs. Z2/A1/3.> The dashed line is the linear fit of Unik et'al.GO; the solid lipe is
the linear fit of Viola62. All data are taken frorﬂ Table 2. | |

TKE distributions for SF of trans-Es isotopes (from Ref. 1).
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Element yield, Y(Z), vs. atomic number for the spontaxieous fission of 252Cf. (From

Ref. 77.)

Experimental values of ;T for SF plotted as a function of A of the compound nu-

" cleus. All data are taken from Table 3.

Average number of prompt neutrons emitted, v A to form fission products with
mass number A for the spontaneous fission of 252Cf The derived function used is
shown by the solid line. Symbols represent experimental values of the average

number of neutrons emitted by fragments, \_/f , Dlotted against A - ;f = A, A

. being the average fragment mass number before prompt-neutron emission. (From

Ref. 77.)

Contour plots of pre-neutron-emission TKE vs. mass fraction for 2540f, 2561?‘111,
257Fm, and 259Fm, For 254Cf (104,937 events), 256Fm (47,366 events), and 257rm
(17,951 events), the contours represent lines qf equal nqmbers of events based on
groupings 5 MeV x 0.01 units of mass fraction (from Ref. 1). The relative intensities
range from 1 to 9. The contours for 259Fm are based on grbupings of 10 MeV x 0.02
units of mass fraction. The relative intensities range from 1 to 6. vData are from Refs.

50 and 71.

Contour plots of pre-neutron-emission TKE vs. mass fraction.

a) 259Lr. The contours indicate equal numbers of events based on data gréupings of
10 MeV x 0.02 units of mass fraction. Contours labeled 1 through. 5 represent 10
through 50 events, respeci:ively.25

b) 256No. The contours indicate equal numbers of events based on data groupings 20
MeV x 0.04 units of mass fraction. Cont,ours labeled 1 through. 6 represent 10

through 60 events, re_spect:ively.20 .
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