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Actinide muonic atom lifetimes deduced from muon-induced fission
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Time distributions of fragments from delayed fission after muon capture have been measured for muonic
U, U, Np, Pu, and Pu. Comparison of these data with previously measured lifetimes using muon

decay electrons, neutrons, and y rays emitted after muon capture indicates that the observed systematic
discrepancies are due to atomic muon capture by fission fragments after prompt fission induced by radiation-
less muonic transitions. The deduced capture rates are compared with theoretical models, and very good
agreement is found with a giant-resonance excitation model.

BADIOACTIVITY Muomo atoms U U Np Pu, aud Pu Measured
fission fragment time distributions, deduced total muon-capture rates and iso-
topic effect, present data compared to lifetimes based on all other decay channels.

I. INTRODUCTION

The interaction of negative muons with actinide
nuclei has been studied by numerous experi-
ments' "in recent years. These heavy muonic
atoms are of particular interest because theories
on muon-capture rates, which have been applied
successfully for lighter nuclei, can be tested more
stringently with very neutron-rich, heavy nuclei.

Experiments designed to determine the capture
rate usually measure the time difference between
the arrival of a muon in the target and the appear-
ance of any reaction product associated with the
capture of the muon by the nucleus. Since muon
capture excites a heavy nucleus on the average to
approximately 15 MeV, various reaction products
including neutrons, fission fragments, and y rays
can be observed. In addition, it is possible to in-
fer the muon-capture rate from the time distribu-
tion of electrons emitted in the leptonic decay of
muons in the 1s state of a muonic atom. It was
generally assumed that all these methods yield
the same lifetimes for a particular muonic atom,
but it soon became obvious that lifetimes measured,
by detecting fission fragments emitted after muon
capture were consistently slightly shorter than
lifetimes determined with any other method. Had-
ermann" pointed out the likely cause of this dis-
crepancy: It is well known that "prompt fission"
may occur during the atomic cascade of a muon
to its ground state due to a radiationless transfer
of the muonic transition energy to the nucleus. In
the course of such a prompt fission process, the
muon may become bound in an atomic orbital of
one of the fission fragments and may later be cap-

tured by the fragment or undergo leptonic decay.
In a singles experiment as described above, elec-
trons, neutrons, and y rays resulting from muon-
ic fission fragments cannot be distinguished from
those stemming from muon capture by the actinide
nuclei. Hence, the time distributions of electrons,
neutrons, and p rays consist of a superposition of
two exponential components. The characteristic
lifetimes are V0-80 nsec for muonic actinides and
about 130 nsec"" for heavy muonic fission frag-
ments. The capture of muons by the light fission
fragment does occur only with low probability. '~'"
However, the statistics of most experiments is not
sufficient to allow a distinction of the various com-
ponents of the measured time distributions such
that least-square fits assuming a simple exponen-
tial decay law for these distributions will yield
lifetimes that are too long.

In contrast, because muon capture by a fission
fragment cannot induce fission of this fragment,
time distributions of delayed fission fragments
produced by muon capture are not disturbed by
prompt fission events. There are, however, two
secondary effects that lead to insignificant con-
tamination of these time distributions: The radia-
tionless atomic transition of a muon can cause the
emission of one neutron from the target nucleus
before subsequent fission of the daughter nucleus
occurs after muon captu. e.. This process has a
probability similar to prompt fission, but since
the lifetime difference between two neighboring
isotopes is only about 1.5 nsec for actinide nuclei
(as estimated from a study" of'"

"'Gaud�

"9 24'Pu),
the effect of this admixture on the lifetimes de-
duced is more than one order of magnitude smaller
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than the effect of prompt fission on measurements
of electrons, neutrons, and y rays described a-
bove, and is well within the statistical uncertain-
ties of all experiments performed so far. The
second mechanism that may affect the time dis-
tribution of fission fragments is the possible ex-
citation of shape-isomeric nuclear states during
the muonic cascade, as suggested by Bloom. " A
quantitative discussion" shows, however, that the
influence of this effect on the measured lifetime is
very small.

Muon capture by fission fragments as proposed
by Hadermann" and delayed fission after prompt
neutron emission, however, have been observed
directly in coincidence experiments, where the
emission of fission fragments in coincidence with
decay electrons'~ and neutrons" was measured.
In addition, a measurement" with very good sta-
tistics confirmed the presence of a long-lifetime
component in the singles time spectrum of neu-
trons emitted from muonic '"Pu. Therefore, it
is concluded that measurements employing the
experimentally rather unambiguous fission tech-
nique are required to provide meaningful data on
muon-capture rates for actinides that can be com-
pared to theoretical models of muon capture. Co-
incidence experiments would be even better, but
their statistical accuracy is inherently lower than
that of singles measurements. Since the effects
of prompt neutron emission and isomeric-state
excitation on fission time distributions are negli-
gible, the present study of singles fission mea-
surements was initiated with the aim of obtaining
data of high statistical accuracy.
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FIG. l. Schematic drawing of the fission ionization

chamber. The insert shows the arrangement of the tar-
get foils used to avoid cross talk between different sets
of foils: The foil on the left is part of the adjacent elec-
trically decoupled chamber which uses the same gas
volume.

tions were performed frequently with several in-
dependent methods. In addition, only two isotopes
were replaced at a time, so that the third isotope
remaining in the chamber served as an additional

The experiments were performed using the
stopped-muon channel of the Los Alamos Meson
Physics Facility (LAMPF). Muons from the chan-
nel passed through a three-element plastic scin-
tillator telescope and were stopped in a fission
chamber containing nine Ti foils, on which the
actinide targets ("""U, "'Np, and '"""Pu) were
deposited as 0.5 mg/cm' thick oxide layers. Since
inspection of previous experiments' '2 indicated
that systematical errors are frequently more im-
portant than statistical ones, care was taken to
minimize the former by measuring three isotopes
simultaneously. As shown in Fig. I, three foils
carrying one particular isotope formed an ioniza-
tion chamber, and three such chambers constituted
the whole fission chamber. All timing signals
were processed in the same time-to-pulse-height
converter and the same analog-to-digital convert-
er (ADC), using routing signals to distinguish the
ionization chamber that had fired. Time calibra-
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FIG. 2. The experimental fission-fragment time dis-
tribution for muonic ~3~Pu. The peak in the region near
t = 0 corresponds to prompt fission events caused by
radiationless muonic transitions. The horizontal dashed
line represents a fit to the background to negative and
large positive times. The curve drawn through the data
points represents the sum of the exponential and the
background distributions.
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cross cheek for the consistency of the results for
different runs. A typical time spectrum is shown
in Fig. 2. The data were analyzed with a least-
squares code and a fitting function representing
an exponential distribution on a constant back-
ground. A trial fit assuming two exponentials
failed to find a second lifetime component in the
spectra, as was to be expected.

HI. EXPERIMENTAL RESULTS AND DISCUSSION

The experimental results are compiled in Table
I along with all previously published data on mu-
onic actinide lifetimes &,. The indices e, n, y,
and f refer to electron-, neutron-, y-ray-, and

fission fragment measurements, respectively.
The weighted averages 7+ 0 have been calcula-
ted" by weighting the data &,. according to the
published error v',. + o,. using the following equa-
tions:

(4)

Equation (2) for the error o'„of the weighted mean

can yield unphysical values for very small sam-
ples. Therefore, o~ was introduced which sets a
lower limit for 0 based on the published errors.
Inspection of Table I shows that for all isotope's
the averaged lifetime ~& is shorter than either v„,
7@~ or 1

Although there is no question about the occur-
rence of muon capture by fission fragments, it has
not been shown that this mechanism is the only one

responsible for the differences between measured
lifetimes. A systematical study of all muonic ac-
tinides may be helpful to shed light on this ques-
tion, since a monotonic increase of the (positive)
difference ~„—7& is expected with increasing prob-
ability for prompt fission, if muon capture by fis-
sion fragments were the dominant contribution to
these differences. It is possible to define a char-
acteristic parameter allowing a systematic classi-
fication of muonic actinides. Such a suitable para-
meter is represented by the product of the proba-

TABLE I. Experimental lifetimes in nsec of muonic actinides deduced from measurements
of decay electrons (Ye), neutrons (T'„), capture p rays (T&), and fission fragments (Tf). As dis-
cussed in the text, the electron, neutron, and p-ray lifetime measurements yield values sys-
tematically too high, because these three measurements are sensitive to contributions from
muon capture by fission fragments after prompt fission. The lifetimes 7f deduced from a de-
tection of delayed fission fragments, however, are not affected by this effect. The weighted
average 7f of the fission lifetimes is therefore believed to represent the best values for the
true muonic actinide lifetimes.

Isotope

233U'

235U

238U

237Np

239pu

242PU

80.4 + 2.0
79.2 ~2.0'

78 +4
75.4 ~ 1.9'

ss +4'

81.5 + 2.0
73.5 +2.0

77.5+2.0
73.4 + 2.8

79.8+ 1.4

75.9+ 1.7

78.7+3.5

76.1 + 1.9

80.1 + 0.6~'

75 0+0 V~'

78.3~1 0"

73 5+1 4"

74 5+0 5~'

81.1+0 7'~

78.6 ~1.5'
79 1~0 5ic

T)f ~

79.0*0.5

. 74.2+ 5.6'
87.0 + 4.06

77.3+ 0.3"
61.7 + 3.8
65.3 + 2.8
66.5~ 4.2'
75.6 + 2.3
72.9 + 0.9
74.1+ 2.S4

75.6 + 2.9
76.0 + 1.06

V7.1+ 0.2"
77.9+ 0.5'
72 + 2'
71.3 ~.0.9'
74 +14
70 + 3
70.1+ 0.7
V9 ~5
75.4+ 0.9'

77.4*0.5

61.7+ 3.8

72.6 + 1.5

77.2 + 0.2

71.4 + 0.8

70.1~0.7

75.5+ 0.9

Present study.
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bility of a radiationless muonic transition and the
fissility of the target nucleus. As has been shown

by Zaretski and Novikov, the ratio of radiation-
less to radiative transition probabilities is given
approximately by
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FIG. 3. The upper part shows the difference v„—7& of
the lifetimes measured by detecting neutrons and fission
fragments, respectively, after muon capture, plotted
versus the product p of liquid-drop fissility and prob-
ability for radiationless transitions. Large values of
this quantity, which is an approximate measure for the
prompt fission probability, are correlated with large
lifetime differences. The lower part shows the lifetime
difference 7~- v„between results of experiments detect-
ing electrons and neutrons, respectively. Since V~ is
more sensitive to contributions from muonic fission
fragments than r„, this difference is also weakly cor-
related with p.

where n =e'/Se is the fine-structure constant. The
probability of fission after a radiationless transi-
tion depends in a complicated way on the detailed
shape of the double-humped fission barrier, which
is augmented in the presence of the muon. It is
assumed, however, that the general trend of the
fissility be still given by the liquid-drop expres-
sion for the fissility" &-Z'/A. Combining X with
Eq. (5), one obtains a suitable scale p(Z, A) for
discussing the lifetimes:

= g~"p+RXD.
Tf

(8)

Here X, is the free-muon decay rate, and R (-0.85)
accounts for the reduction of the decay rate due to

In the upper part of Fig. 3 the difference &„—&& of
lifetimes is plotted versus P. Except for "'Th, the
difference v'„—7& is seen to increase with increas-
ing values of P as expected, if muon capture by
fission fragments were the dominant cause of the
lifetime differences. It is known, ' however, that
the prompt fission probability of muonic "'Pu is
very large, even larger than that for '"Pu.
Hence, the high value of T„—7& for "'Pu is under-
standable, but the result for "'Th is puzzling. It
js known that Th has a very low probability
(5 && 10 ') for prompt fission, which is consistent
with its low P value. Therefore, muon capture
after prompt fission cannot explain the large dif-
ference of the lifetimes. It should be pointed out,
however, that the weighted average of 7& for '"Th
is dominated by one measurement. ' More data
are needed to firmly establish the abnormal be-
havior for '"Th shown in Fig. 8(a).

As has been discussed in the introduction, both
electron and neutron measurements are influenced
by the occurrence of prompt fission, whence the
difference of lifetimes 7, —~„should be small.
This difference maybe nonzero, however, since
the two methods are of different sensitivity to the
admixture of events resulting from muon capture
by a fission fragment: The multiplicity M„of neu-
trons emitted after muon capture in a P-stable nu-

cleus of mass A is approximately given" by

M =O.u. '~'
n

In addition, the muon-capture rate decreases ra-
pidly with. decreasing atomic mass, whereas the
muon deca& rate remains essentially constant.
Thus the ratio of electron-to-neutron multiplicity
is about twice as high for heavy muonic fission
fragments as compared to muonic actinides.
Therefore, the difference v', —7„should increase
slightly with p, consistent with experimental re-
sults shown in the lower part of Fig. 3. With the
possible exception of ' 'Th, the systematic com-
parison of the data indicates that muon capture
by fission fragments is the dominant contribution
to the differences in lifetime. Therefore, T& rep-
resents the best approximation to the true lifetime
of a muonic actinide.

The experimental results may be compared to
existing theories for muon-capture rates & that
are related to the measured lifetimes 7& by
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effects of atomic binding. ' Two theoretical ap-
proaches have been applied to the study of muon-
capture rates in the actinide region. The well-
known Goulard-Primakoff formalism" has been
proved useful in predicting muon-capture rates
over a wide range2' of isotopes and provides a
closed-form equation for the total muon-capture
rate XG~:

x 1-0.03 +0.25
A. A. —2g

Isotope gGP

232Th

233U

235U

238U

23?Np
239PU

242PU

125+1
158 +9
134 ~1
125 ~1
137+1
139+2
129+2

110
131
122
108
123
129
116

134
122
138
139
128

TABLE II. Comparison of experimentally detezmined
muon-capture rates ~'""with the predictions of the Gou-
iard-Primakoff (A, ) and Koz)'owski-Zglihski (A"z) theo-
ries. Units are 10 sec

-324 ~ +
W-Z (X 2Z)&

m 2 3
XKz= " G a+ ~(M~)z~

L~O

(IO)

The notation is that of Ref. 11. A comparison of
the Goulard-Primakoff predictions to the experi-
mentally observed capture rates is given in Table
II. The predicted rates are systematically small-
er than the measured ones. The Goulard-Prima-
koff capture rates are proportional to the value of
Z,«', which has to be calculated independently,
but a comparison of several isotopes of the same
element, which nearly eliminates the dependence
on Z,«4, indicates that this theory consistently
overrates the sensitivity of the capture rate to the
neutron excess. In the alternate model ' of Koz-
P'owski and Zglinski the capture mechanism pro-
ceeds solely via the excitation of giant-resonance
states. The transition amplitude M~ is given by
the overlap integral of Pustovalov's muon wave
function'4 and the neutrino wave function within the
nuclear volume with an isovector transition opera-
tor and nuclear wave functions taken from the hy-
drodynamical model. " Multipolarities L from
monopole to octupole are taken into account, and

the total muon-capture rate X z is the sum of the
rates for each multipolarity:

This model has been applied~ to the nuclei under
investigation (Table II), and the agreement be-
tween theory and experiment is excellent. It has
been shown" that for light nuclei (e.g. "0) the gi-
ant resonances are very effective doorway states
for muon capture. In heavy nuclei, however, nu-
merous noncollective states at 15-20 MeV excita-
tion energy are expected to exist, which also ful-
fill the spin and isospin selection rules of the op-
erators describing muon capture. Therefore, it
is rather surprising that a model which incorpor-
ates only giant-resonance states describes the
capture rates so well. It appears important to
check other consequences of the proposed capture
mechanisms by experiment. Measurements of the
neutron multiplicity and energy spectra after muon
capture in actinides currently under way will yield
information on the excitation energy spectrum and
can be compared to this model.
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