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Spontaneous Fission Half-Life of Am'4'"t
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The spontaneous-Gssion half-life for the odd-odd nucleus Am~~ has been measured by a prompt-neutron
6ssion-fragment coincidence method to be (9.5&3.5) X10"years. A correlation of experimental spontaneous-
tission half-life data for nuclei of all classes was found to be logmr —(p Zz/A)b—M = —9.268(Zz/A)+374. 0,
where P takes the values 42.22, 40.67, and 40.40 for even-even, odd-A, and odd-odd nuclides, respectively,
r is the spontaneous-fission half-life in years, and b3f is the mass difference in milli-mass-units (mmu)
between the values obtained from Green's smoothly varying mass formula and the experimentally
measured values.

INTRODUCTION

S PONTANEOUS-FISSION systematics has been the
subject of considerable study in recent years. It is

of interest from the point of view of understanding
fundamentals of the 6ssion process, as well as from the
aspect of heavy-element production. A large number of
even-even nuclides are available, and their spontaneous-
6ssion half-lives have been measured. Similarly, a
number of even-odd nuclides have been measured.
However, there are very few odd-odd nuclides available
for investigation, although they are necessary for a
thorough study of the systematics. Am'4' is one of the
few odd-odd fissionable nuclei available for such study.
It is formed by neutron capture in the isomeric state
Am'" which decays by the emission of a 48-kev

gamma ray with a half-life of 152 years. ' The ground
state decays with a half-life of only 16 h, so that at
equilibrium the ratio of Am'4' atoms to those in the
ground state is approximately 10'. The present report
describes measurements on the spontaneous-6ssion
half-life of Am242m

EXPEMMENTAL PROCEDURE

A sample of Am"' was prepared by thermal neutron
irradiation of Am'4'. At the end of the irradiation it
contained approximately 1%%u~

Am"' . The sample was
then passed. through a mass separator to achieve a 20%
Am242m enriChment.

Cm. contaminant bujlds up in the Am242m sample
through the following sequence:

Am242nb
IT

Am242
(g4Vo)P: Cm242

CE . PU238
152 years (16%)1e 16 h 163 days

Pu242
86.4 years

Since Cm'" has a spontaneous-fission half-life of
7.2X10' years, the fission rate from this daughter
product gives rise to a large background of 6ssion
events which must be eliminated, insofar as possible,
for an accurate spontaneous-6ssion half-life measure-
ment. By repeated chemical separations it was found
that the Cm/Am ratio could be reduced to less than
3X10-7.

Two independent experiments were performed. The
6rst y&elded only an upper limit to the spontaneous-
fission half-life of Am'"", whereas the second established
a definite value. For the erst experiment, about 50 mg
of the sample was electroplated on a foil to a thickness
of about 500tzg/cm'. A corona spark chamber' was
chosen as the 6ssion-fragment detector because of its

t Work performed under the auspices of the U. S. Atomic
Energy Commission.

i F. Asaro, I. Perlman, J.0. Rasmussen, and S. G. Thompson,
Phys. Rev. 120, 934 (1960).

~ C. D. Bowman and R. Vf. Hill, Nucl. Instr. Methods 24, 213
(1963).

property of excellent discrimination against 0, particles.
The measurements which were started 24 days after
the Cm separation were made intermittently over a
period of 6 days. At the time t, the observed count rate
R from the spark. chamber containing the Am'~ is
given by the expression

R=rt(1 e"' ')+/t, — (2)

where the constant e is proportional to the spontaneous-
6ssion decay constant of Cm242, Xz is the o,-decay
constant for Cm2~, and k is the rate due to spurious
backgrounds in the detector and to spontaneous 6ssion
of Am242m,

A least-squares lit of Eq. (2) to the data is shown
in Fig. 1. The error bars in the 6gure represent the
counting statistical errors on the points which were
used to weight the data for the least-squares 6t. The
constants of Eq. (1) were found to be st=1 112000
+125 000 counts/day and b =3000+15 400 counts/day.
These constants can then be combined to 6nd the
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FIG. 1. Fission-count rate versus days after chemical separation
of Cm'~ from Am~ . The straight line is given by the relation
F,= 1.112&(10'(1—e "o~')+3000.

R(Am) =NAm~FA01roFFFA, (3)

where X~ is the number of Am'" atoms in the
sample, X» is the decay constant for spontaneous
fission of Am'4', e~ is the spark-counter fission-detector
efficiency, ~& is the neutron-detector efficiency, and

3 S. C. Fultz, J. T. Caldwell, B. L. Berman, R. L. Bramblett,
M. A. Kelly, H. D. Wilson, M. S. Coops, R. W. Lougheed, J. K.
Evans, and R. W. Hoff, Phys. Rev. 152, 1046 (1966).

spontaneous-6ssion half-life for Am'~ . Since the error
on the constant b was so large, the error itself, 15 400,
was used to determine a lower limit to the half-life
of 2X10"years.

The second measurement on the spontaneous-Qssion
half-life of Am'4' was carried out with a method of
prompt neutron-6ssion fragment coincidence. This
experiment will be discussed in more detail than the
previous one, since it yielded a specific value for the
spontaneous-fission half-life rather than a lower limit.
The apparatus used and the method of measurement
have been described in detail in a report on the measure-
ment of r for thermal-neutron —induced 6ssion in this
isotope. Fission fragments were detected in a 3-in.-

diam corona spark chamber. The n-particle activity of
the Am'4' source was about 10'/cm'/sec. Since the
spontaneous-fission rate was about 10 " of the total
n-particle rate, only a small n-particle pileup spark rate
could inQuence the results markedly. To minimize this
effect, true spontaneous-Gssion events were distin-
guished from O,-particle pileup pulses by placing the
spark counter in the center of a 4x paraffin-moderated
neutron detector and observing coincidences between
fission fragments and the prompt neutrons moderated
in the detector.

The fission-fragment-prompt-neutron coincidence
rate for Am24'~ is given by

r~~ is the average number of neutrons emitted per
fission for Am"' spontaneous fission.

Similarly, for times short compared to the Cm'4'

n-particle half-life (163 days) the fission-fragment—
prompt-neutron coincidence rate for the Cm"' which
grows in is

R(CI11)=NAmXAmXFCeF oA FFC$ ~ (4)

where v~g is the average number of neutrons emitted
per fission from Cm'4' spontaneous fission, t is the time
measured from the zero time for the Cm'~ which grows
in, and XA is the isomeric-transition (IT) decay con-
stant for Am'~, with an 84% branching ultimately
through to Cm'4'.

At a given time t, the total observed coincidence rate
0 is

ol
Ro ——R(Am)+ R(Cm)

Ro =NAmeN &F(&FA~ FA+ FFC~Am~ FC~) ~

(5)

(6)

Thus, the total observed rate of spontaneous-fission
neutron coincidences is linearly increasing with time,
with a zero-time intercept b proportional to P p~ and a
slope rate proportional to XFc. On taking the ratio rr4/b,

we get
r44/b= (vFc'AA & Fc)/F-FAXFA, (7)

which is independent of detection efficiency. Further-
more, an examination of F systematics indicates that
FFA PFc is valid to within 10%.Taking the IT half-life
of Am'"" as 152+7 years and expressing Eq. (7) in
terms of half-lives ~, we get

rate/b=4 37X10 r(rFA/rFc),

where XA =5.20X10 ' (h) 'X0.84 (branching to
Cm'4'). Taking'

we obtain
rs e= 7.2X 106 year,

rFA = 1.65X10"(m/b) year.

On plotting the spontaneous-fission rate of the
sample versus time in hours, starting immediately after
the Am'~ sample was separated from the Cm"', the
growth of the spontaneous-fission rate of the Cm'~ can
be followed and is superposed upon a constant back-

ground of Am'" spontaneous fission. Such data were
obtained and are shown in Fig. 2.

As previously noted, two separations of the Cm were

made, after which the ratio of Cm'~/Am'4' was assured

to be less than 3X10 ~. The zero time for completion

of the chemical separation was found by following the

4 L. D. Gordeeva and G. N. Smirenkin, At. Energ. (USSR} 14,
530 (1963).

5 G. C. Hanna, B. G. Harvey, N. Moss, and P. R. Tunniclif7e,
Phys. Rev. 81, 466 (1951).
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2. Relative spontaneous-fission —neutron-coincidence rate versus time after separation of the Cm'4' from the Am'4'~ sample.
Fig. 2(a) shows data obtained from the first sample, while Fig. 2(b) shows data obtained from the second sample. The solid lines are
obtained from a least-squares fit to the data, with the dashed lines representing the rms deviations to these fits.

growth of the Cm'" n activity for a period of a few hours
after the last chemical separation, then extrapolating
linearly back to zero Cm"' n rate. Approximately f70 h
after the last chemical separation, the n-particle rate
gave 8.2X 10 ' for the ratio Cm'"/Am'~ The
spontaneous-fission data correspondingly gave (8+3)
0&10 ' for this ratio, which is in good agreement.

RESULTS

The data shown in Fig. 2 are the Gssion-fragment—
prompt-neutron coincidence-rate data plotted as a
function of the time measured from the extrapolated
time for zero concentration of Cm"'. The coincidence
counting rate was corrected for cosmic-ray background
(less than 3%) and for the small nonlinear effect due
to the Cm'4s n half-life decay of 163 days (a 2.5%%u~ cor-
rection after 140 h). As indicated in a previous report,
two independent runs were made with separate Am'4'

samples. The results from the 6rst and second samples
are shown in Figs. 2(a) and 2(b), respectively. The solid
lines in each are least-squares Gts to the data, while the
dotted lines represent the rms deviations. Values of
res/b were determined from each run, and when sub-
stituted into Eq. (9) yielded values for the spontaneous-
fission half-life of Am"' For the 6rst run, the
spontaneous-fission half-life of Amp~, rs ~, is (8.3&3.7)
X10"years and from the second run it is (1.38+0.98)
5&10"years. The weighted average of the two runs is

r&z= (9.5+3.5) X10"years,

or the ratio of

r p~/r pc= (1.32+0.42)X10 s.

The errors indicated are based upon rms deviations
of the least-squares fits to the data. Included are the
effects of a 10%%u~ possible systematic error.

DISCUSSION

It is of interest to see how the measured half-life for
spontaneous 6ssion of Am'4' Gts into possible system-
atics for other spontaneously fissionable nuclei.
Swiatecki' derived an empirical correlation of
spontaneous-fission data by using the parameters Zs/A
and 8M, where Z'/A is the usual fissionability parameter
and 8M is the mass excess as determined from the
difference between a smoothly varying mass formula,
such as that given by Green, ~ and the ground-state,
experimentally measured mass. He found that an
empirical relationship of the form below fitted observed
spontaneous-fission half-lives quite well.

loggpr p„+Kb3f=Kg+B
+higher-order terms in 0, (10)

where v&, is the spontaneous-ission half-life in years
of a nuclide denoted by X, and 8= (Zs/2) —37.5.

For values of Zs/2 less than 39, only the IQ+B
terms are necessary for an adequate 6t. Nuclides, when
separated into even-even, even-odd, and odd-odd
types, were found to be distinguished by a different
value of 8, while the coeKcients of the powers of 8 re-
mained identical for good its to the data. Other corre-
lations based upon various semiempirical mass formulas

W. J. Swiatecki, Phys. Rev. 100, 937 (1955).' A. E. S. Green, Phys. Rev. 95, 1006 (1954).
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the data. Thus it is hoped the results of the present
correlation will serve usefully as a guide to the general
relationships among the three classes for all values of
Z'/A. The treatment in detail of particular half-life
values for Z'/A )39 should be approached more
fundamentally.

For this correlation, the parameters Z'/A and 5M
were used in a generalization of the Swiatecki' method.
Here, 8M is given as the difference in mmu between the
mass value given by Green7 and the experimental mass
values given by Hyde et ul." The correlation is ex-
pressed in the relation

log rer —(P—Z'/A )8M =o'Zs/A +y,

where the parameters n, p, and y are determined from
the data. The nuclides used in this correlation, with

f
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Fro. 3. Plot of logqor —(p —Zs/A)SM versus Zs/A for even-even
(6lled circles), odd-A (ulled triangles), and odd-odd (crosses)
nuclei. The values for P are 42.22, 40.67, and 40.40, respectively,
for these classes of nuclei.

TABLE I. List of nuclides used in the least-squares correlation
procedure. Z2/A is the usual 6ssion parameter, 7. is the
spontaneous-6ssion half-life in years, and 5M is the mass difference
in millimass units between the values obtained from Green's
smoothly varying mass formula (Ref. 7) and the experimentally
measured values. Values of r used (other than for Am'4' ) were
obtained from the compilation by Hyde et ul. (Ref. 11). The
Am242 value is from the present experiment.

have been advanced by Dorn, ' Johannson, ' and Viola
and Wilkins' and have extended the correlation beyond
measured mass values.

For the odd-odd case considered in these investiga-
tions, only the spontaneous-Gssion half-lifp of Es"4 was
available to determine the correlation constants. With
the exception of the article by Johannson, ' in which
no attempt was made to account for odd-odd system-
atics, values for the spontaneous-fission half-life of
Am'4' inferred from the correlations are high compared
to that measured in the present experiment. Values for
log~ore~, as deduced from the results of Swiatecki, '
Born, and Viola and Wilkins, ' are 14.7, 15.3, and 18.5,
respectively. The value from the present experiment
is 12.0.

In view of the large discrepancy between the meas-
ured value for 7.J~ and the values deduced from the
above results, an effort was made to improve the
empirical correlation of spontaneous-6ssion half-lives.
The emphasis in this correlation was to achieve a better
understanding of the relative differences among even-

even, odd-A, and odd-odd nuclei in spontaneous Qssion.
For this purpose, a rather restrictive range (36—39) of
Z'/A was chosen for the correlation, since in this range
of Z'/A there are representative half-life data for all

three classes of nuclei. In addition, previous empirical
correlations of a similar type'' indicated that only
linear terms in Z'/A would be required for a good. fit to

Nuclide

Pu 244

U232

Pu242

Pu240

Cm'"
Pu~'
Cm~s
Pu236

Cm'4'
Cm'44

Cf254

Cm242

Cf252

Cm240

Cf250

Cf248

Cf246

Pa231

U'235

U'233

Pu'"
Am~'

Cf249

Es2
Fm257

Frn'"
Am~
ES254

Z2/A

36.21
36.48
36.51
36.82
36.86
37.13
37.16
37.44
37.46
37.77
37.81
38.08
38.11
38.40
38.42
38.73
39.04
35.85
36.02
36.33
36.97
37.45
38.57
38.74
38.91
39.22
37.29
38.59

log107

10.4
13.9
10.9
11.1
4.3

10.7
6.7
95
7.2
7.1

—0.8
6.9
1.9
6.3
4.2
3.9
3.3

16.0
17.3
17.5
15.7
14.4
9.2
5.8
2.0
4.0

12.0
5.2

4.67
4.00
4.42
4.19
5,32
3.70
4.33
3.69
3.96
3.91
5.42

3.40
4.39
3.17
3.57
3.26
2.97
5.22

4.81
4.52
4.35
4.33
3.48
5.05
5.74
4.85
5.17
6.25

Class

even-even
even-even
even-even
even-even
even-even
even-even
even-even
even-even
even-even
even-even
even-even
even-even
even-even
even-even
even-even
even-even
even-even

odd-A

odd-A
odd-A
odd-A
odd-A

odd-A
odd-A
odd-A

odd-A
odd-odd
odd-odd

D. W. Dorn, Phys. Rev. 121, 1740 (1961). 11 E. K. Hyde, I. Perlman, and G. T. Seaborg, The Egclecr
2 S. A. E. Johannson, Nucl. Phys. 12, 449 (1959). Properties of the IIeauy Elements (Prentice-Hall, Inc. , Englewood
"V.K. Viola, Jr. and B.D. Wilkins, Nucl. Phys. 82, 65 (1966). Cliffs, New Jersey, 1964), Vol. 1.
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the corresponding Z'/A, logior, and 5M values, are
presented in Table I.

Least-squares fits to Eq. (11) were performed for 17
even-even nuclides and 9 odd-A nuclides, each class of
nuclide being treated independently. It was found that
the parameters o, and y were identical within experi-
mental error for both classes of nuclides, and that only
a different value of p characterized the classes. As only
two points were available for odd-odd nuclei, a three-
parameter, least-squares fit could not be made. How-
ever, it was observed that a single value of p was
obtained when either a or y (or both) were assumed to
be the same as for the other two classes. Thus, all classes
of nuclei follow the empirical relation given by Eq. (11),
with only the parameter p being different for different
classes. By following an iterative least-squares procedure
involving spontaneous-6ssion half-lives from all classes
of nuclides, the constants of Eq. (11) were determined,
and are given by

logior —(p —Z'/A)h3II= —9.268(Z'/A)+3'N. O, (12)

where P takes the values of 42.22+0.15 for even-even
nuclides, 40.67+0.14 for odd-A nuclides, and 40.40
&0.04 for odd-odd nuclides. The stated uncertainties
are those computed by taking the rms sum of deviations
between the experimental spontaneous-Qssion half-lives
and those obtained from the correlation functions.

The three values of p thus obtained offer an interest-
ing comparison of spontaneous fission for the three
classes of nuclides. The even-even nuclei are set well
apart from the other two classes. However, odd-odd

and odd-A nuclei are quite close in their spontaneous-
fission correlations. In fact, considering that values on
only two odd-odd nuclei were available, the difference
in p for these two classes is hardly significant. A plot of
logior —(P Z'/—A)Mf versus Z'/A is shown in Fig. 3.
The agreement for all classes of nuclei is evident.

CONCLUSION

Generally speaking, spontaneous-Gssion half-lives
obtained from the correlation functions of the present
work (for the Z'/A range 36—39) are in good agreement
with those obtained for even-even and odd-A nuclei in
previous correlations. However, the half-life values for
odd-odd nuclei found in the present correlation generally
result in lower values for odd-odd nuclei than had been
predicted previously. The implication for heavy-element
production is thus a negative one, in the sense that
odd-odd nuclides cannot be expected to have a signi6-
cantly greater stability against spontaneous fission
than corresponding odd-A nuclei.
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