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The time distribution of neutrons from radiationless muonic transitions and muon capture has been
measured for muonic "Th, 'U, 'U, "Np, "Pu, and "'Pu. Evidence is found for muon capture in
fragments from prompt muon-induced fission. Muon-capture rates are deduced and compared to the
prediction of the Goulard-Primakoff theory. Isotopic effects of the capture rate are found to be smaller than
expected from the systematics. Ratios of 1 „/I & are deduced for radiationless transitions. No clear evidence is
found for isomeric-state excitation in muonic cascade transitions.

RADIOACTIVITY Muonic atoms Th ' U Np ' Pu Measured neu-
tron-time distribution, deduced total muon-capture rates and isotopic effect,

I"„/I"& ratio for radiationless muonic transitions.

I. INTRODUCTION

%hile a number of groups"' has studied the in-
teractions of negative muons with nuclei of Z ~ 83
in recent years, comparatively little is known

about muon-induced reactions on the very heaviest
nuclei. These heavy muonic atoms are of particu-
lar interest for several reasons:
1. Recently developed theories~' on nuclear muon
capture predict a strong rate dependence on the
neutron excess. Examination of capture rates
characteristic of actinide nuclei provides a test of
these theories for very neutron-rich nuclei.
2. Since the energies of muonic transitions be-
tween the low-lying atomic states' are larger than
the neutron-binding energies and the fission bar-
riers, ' radiationless muonic cascade transitions
may result in neutron emission or fission in the
presence of a bound muon.
3. The presence of the muon itself leads to a per-
turbation"' of the double-humped fission barrier
owing to the muon-nuclear Coulomb interaction.

Information on these subjects may, in principle,
be gained by studying any of Several processes
occurring after a muon stop in the target; for in-
stance, by observing fission fragments emitted
following muon capture and subsequent nuclear ex-
citation, or by detecting electrons from the normal
leptonic decay of the bound muon. These tech-
niques have been employed by several groups" "
in order to deduce muon-capture rates. However,

for actinides, such experiments a,re difficult to in-
terpret owing to the diversity of reaction histories
possibl. e with heavy muonic atoms, as pointed out
by Bloom and Hade rmann.

A sampling of reaction histories possible after
the muon has proceeded through the initial stages
of its cascade is shown in Fig. 1. Most frequently,
muonic x-ray transitions will occur until the muon
reaches its 1s ground state, whereupon it will.
either decay or be captured, the latter process
causing nuclear fission and/or the emission of
neutrons and y rays. In addition, there is a sig-
nificant probability for radiationless muonic cas-
cade transitions""" such as the 2p-1s or 3d-1s
(Ref. 27) transitions leading to prompt neutron
emission or fission followed by the subsequent
capture of the muon by a daughter nucleus. Fur-
thermore, as suggested by Qlocki et al."and
Bloom, " radiationless transitions ma. y result in a
population of shape-isomeric states in the second
well of the nuclear potential following yet other
reaction channels.

The expected differences in the contributions of
the various reaction channels. to the tota, l yield of
different fina, l products h3ve led Bloom ' to suggest
that the population of isomeric states by radiation-
less transitions may be inferred from a compari-
son of muonic lifetimes measured by means of de-
tecting decay electrons and fission fragments.
Clearly, a positive identification of such excitation
processes would initiate new and interesting nu-
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FIG. 1. Simplified diagram of muon-induced reaction channels for actinides. For reasons of clearness, several
possible reaction paths have been omitted and products are only identified by their atomic number Z.

clear research directed to a study of electromag-
netic properties of shape-isomeric states. How-

ever, recently Hadermann" has argued that possi-
ble differences in the experimental lifetimes may
be indicative of the muon's history after a prompt
fission event. Available data on muon-decay
'rates" "and muon-induced fission' are not
conclusive in this respect, although some re-
sults' "are consistent with isomeric-state exci-
tation in muonic "'U.

In view of the above discussion, it is obvious
that measurements have to be performed to a high
accuracy, in order to be able to disentangle the
contributions of various reaction channels. There-
fore, in this work, neutron emission due to radia-
tionless transitions, muon capture, or muon-in-
duced f j.ssj,on j.s stUdj. ed for muonj. c Th, 5' U,
"'Np, and """'Pu. Because subsequent neutron
emission is a frequent process in muon-induced
reactions and since thick targets can be used,
this technique provides muon-capture rates to a
higher precision than is easily attainable in decay-
electron or fission experiments. As will be shown,
coincidence experiments allowing a discriminattion
against certain reaction channels are feasible em-
ploying this method, and the contribution of prompt
neutron emission may be assessed. The experi-
mental procedure and the results are presented in
the fol.lbwing section. Section III relates to a dis-
cussion of the experimental results on muon-cap-
ture rates and the importance of prompt neutron
emission and fission in muonic actinides.

II. EXPERIMENTAL PROCEDURE AND RESULTS

p. BEAM
2

QUADRUPOLE

~ LEAD ~s TARGET ~ SCINTILLATOR gg POLYETHYLENE

FIG. 2. Schematic diagram of experimental setup.
For explanation, see text.

The experiments were performed using the
LAMPF stopped-muon channel at the Los Alamos
Scientific Laboratory. A schematic diagram of the
experimental counter array is shown in Fig. 2.
Targets were metallic sheets of 5-10 g/cm' thick-
ness. Incident muons were identified using a four-
element plastic counter telescope and a muon stop
in the target was defined by the coincidence re-
quirement 1234. A 2.5 cm&&12.5 cm diam NE 213
scintillator coupled to an Amperex XP2041Q photo-
multiplier served as a neutron detector. It was
calibrated using standard radioactive y sources.
A fast pulse-shape discrimination circuitry (de-
veloped and provided by the Hahn-Meitner Instit-
tut, Berlin, Germany) provided an efficient (&98%%uc)
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FIG. 3. Part of the experimental neutron-time dis-
tribution (points) for muonic Th. The peak in the
region near t = 0 plotted with higher resolution corres-
ponds to promptly emitted neutrons. The peak on the
left side of the distribution is due to y-ray events not
suppressed by the pulse-shape discrimination. The
horizontal dashed line represents the fit of the back-
ground distribution adjusted at large positive and nega-
tive times with respect to the arbitrarily chosen origin
of the t axis. The curve drawn through the data points
for positive times represents the total fit to the data,
the straight line gives the exponential part of the distri-
bution.

separation of neutrons from p rays. Fast timing
signals generated by a muon-stop event and aneu-
tron signal in the time range between-200 and
+ 800 nsec with respect to a muon stop were used to
start and stop a time-to-amplitude converter, re-
spectively. Typical time resolutions obtained were
of the order of 2 nsec for y rays above a threshold
of 70 keV. In the case of '"Pu, a 12.5 cm &&12.5
cm NaI detector was set up to detect high-energy
muonic x rays (E„&6MeV), in coincidence with
neutrons. In the geometry used, this arrangement
provided a coincidence efficiency of 1%. In order
to check the time calibration and systematical un-
certainties in measurement and data evaluation,
a Cu target was used for a test experiment. The
measurement yielded vc, = (163.6 +0.8) nsec for the
muonic lifetime in Cu, in excellent agreement with
the literature value. "

Figures 3 to 8 show the important sections of the
neutron-time distributions averaged over four to
five original channels, as measured for the pres-
ent six target nuclei. The background measured
at negative and large positive delay times with re-
spect to a muon stop turned out to be flat and well

FIG. 4. Neutron-time distribution for muonic 3 U.
The solid curve through the data points corresponds to
the total fit accounting for muon capture in fission frag-
ments (ff), according to Eq. (3}. Otherwise same as
Flg. 3.

describable by a horizontal line as indicated in the
figures. Superimposed on this background appears
the time distribution of neutrons emitted promptly
with respect to a muon stop or delayed after muon

capture in a target nucleus or a fission fragment.
Neglecting the finite experimental time resolution,
the time distribution of the delayed neutrons is
given by

dt, C e-"'F(t), t ~ t,
C e "'F(tr), t ~ tr, F(tr) = const,

where C is a constant, A. is the total muon-disap-
pearance rate, t~ is the maximum time of flight
determined by the energy threshold of the neutron
detector and the length l of the flight path. The
function E is defined as

dN~ l E'+ mc'

&(t) dE' c 8"+ 2me'E' '~'

with e(E) being the known" detection efficiency for
a neutron with energy E and dN~/dE the delayed-
neutron energy spectrum. The total time distri-
bution results from the sum of the distribution
given by Eq. (1) and the prompt-neutron time-of-
flight spectrum dN&/dt manifesting itself by an
additional peak appearing in the time distribution
near the arbitrarily chosen origin of the t axis.
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FIG. 5. Same as Fig. 3, but for muonjc 3 U. FIG. 7. Same as Fig. 4, but for muonic 3~Pu. The
thin solid line includes contributions from muon capture
in 239Pu (dashed line) and fission fragments (ff).

This region is plotted with higher resolution in
Figs. 3-8.

In the determination of the muon-disappearance
rate A. , the region affected by the shape of the neu-
tron energy spectrum according to the discussion
above, was excluded from the fit. Furthermore,
the effect of various muon-induced reactions (cf.
Fig. 1}on the time distribution and sources of
background were considered.

Following a prompt neutron emission process,
the muon may be captured in an isotope of the tar-
get element with a rate higher than that corres-
ponding to the target nucleus by an amount 5X™

&Xc„/(1 —c„). Using an estimated isotopic effect"
of the capture rates of &X=4 & 10' sec ' and as-
suming a probability of &„=0.1 for the above pro-
cess, one concludes that prompt neutron emission
prior to muon capture will influence the deduced
capture rate by less than 0.5%, which is statistic-
ally insignif icant. Similarly, the contamination of
the '"Th neutron-time distribution by y-. ray events
caused by a less efficient pulse-shape discrimina-
tion is estimated to have a negligible effect on the
deduced capture rate.
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FIG. 6. Same as Fig. 3, but for muonic 23~Np. FIG. 8. Same as Fig. 7, but for muonic 242Pu.
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FIG. 9. Background-subtracted neutron-time distri-
bution for muonic 2~9Pu. The dashed line represents a
fit according to Eq. (3) with C =n&= 0, the full curve
represents a fit with nf & 0.

The target materials of "U, "'Np, and" " 'Pu
were clad in O. l g/cm' Cu foil expected to lead to
some background in the neutron-time distribution
associated with the muonic lifetime in Cu which is
about twice as long as that of the actinide targets.
From the measured muon-range curve, it is esti-
mated that about 1% of the incident muons may be
stopped in the Cu foil. Due to the fact that the
multiplicity M of neutrons from muon capture is
empirically found" to depend on the mass A of the
capturing nucleus according to M =0.3A' ' the rel-
ative contribution of neutrons from these back-
ground events can be estimated to amount to only
~0.5%, being smallest in the case of the "'Pu
target.

The statistical accuracy of the present experi-
ments is not high enough to detect the above effect.
However, the data clearly indicate the presence of
a longer-lifetime component in the neutron-time
distribution. This is shown in Fig. 9 exhibiting the
background- subtracted time distribution for '"Pu
where the effect is largest. It demonstrates a sig-
nificant deviation of the data points at large times
from an exponential fit applied to the distribution
in the region 25 nsee & t ~ 250 nsec that is indica-
ted by the dashed line in Fig. 9. These singles
data are compared in Fig. 10 with the results of
the x-ray neutron coincidence experiment exclud-
ing muon-capture events following a high-energy
radiationless transition. A constant background
has been subtracted from both distributions which
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FIG. 10. Background-subtracted singles (solid curve)
and x-ray neutron coincidence data (points) normalized
to each other, for muonic Pu. The thin line repre-
sents a fit corresponding to muon capture in 239Pu

neglecting contributions for fission-fragment muon cap-
ture.

are normalized to each other. One notices that
the peak of prompt neutrons is absent in the coin-
cidence distribution as expected, since these neu-
trons are associated with high-energy radiation-
less easeade transitions. Although the statistical
accuracy of the coincidence data is somewhat low-
er for large delay times, it appears that the data
points in this time region lie consistently below
the heavy curve representing the singles data. In
fact, the coincidence-neutron time distribution is
well described by the exponential line obtained
from a fit to the singles data at an intermediate
time region as indicated by the thin line in Fig. 10.
Of course, the coincidence requirement also elim-
inates background events from the Cu wrapping
material, but their contribution is negligibly small,
as discussed earlier. From these observations,
one is led to conclude that the long-lifetime com-
ponents of the time distribution, clearly identified
also. j.n the eases of U and ~ Pu, are also due to
radiationless transition processes followed by
muon capture. Prompt neutron emission with sub-
sequent muon capture can be excluded as an origin
of these components, because such processes
would give rise to shorter lifetimes than the ma-
jority of the capture events. This then implies
that the effects of muon capture in the fragments
from a muon-induced prompt fission process is
seen in the neutron- time distributions, as sugge s-
ted by Hadermann. "

Since the statistical accuracy of the present ex-
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periments is not high enough to determine inde-
pendently the muonic lifetimes for the fission frag-
ments, assumptions have to be introduced for
these quantities in order to deduce the actinide-
muonic capture rates. Hadiationless muonic tran-
sitions excite an actinide nucleus in a range of ex-
citation energies of magnitude similar to that pop-
ulated in thermal-neutron capture. From fission
systematics, ' one is then led to adopt a represen-
tative value Az/A„=Z~/Zz =0.75 for the mass and
charge ratio, respectively, of the two fission
f ragments produced in a radiationless transition.
Assuming one and two neutrons to be evaporated
from the light and heavy fragment, respectively,
and adopting the systematics" of muon-capture
rates also for these neutron-rich fragments, av-
erage muon lifetimes of v'~-200 nsec and v~-120
nsec are predicted. ' It is, presently, an interest-
ing but unresolved question, to what extent the
muon resides at the light and heavy fragment, re-
spectively, after fission has occurred. For the
application in estimating a correction, the ratio
of the relative capture probabilities is arbitrarily
chosen as W(Zz)/W(Zz, ) =Zz/Zz.

According to the above discussion, a theoretical
function

&(t) = C+no exp(-t/s) +n&[W(Zz)exp(-t/&H)

+ W(Z~)exp(-t/r~)]

was fitted to that part of the neutron-time distri-
bution not affected by the shape of the neutron en-
ergy spectrum, in order to obtain the true muonic
lifetimes &=&„'"'for the actinides. Here, C de-
notes the constant background and n~ and n& are the
contributions of neutrons from muon capture in
the target nucleus and the fission fragments, re-
spectively. The results of these fits indicated in
Figs. 3 to 9 are collected in Table I and compared
to those of other techniques. Also included in Ta-
ble I are values &„ for the muonic lifetimes result-
ing from a fit neglecting the contribution of muon
capture by fission fragments, i.e. , setting g&=0
in Eq. (3). The errors quoted include statistical
errors and uncertainties of the fit procedure.
The assumptions made above concerning the mu-
onic lifetimes for fission fragments may introduce
another systematical error of ™1nsec common to
the quoted values for the highly fissionable targets
"Np and '"'"'Pu, for which the corresponding

relative contributions amounted to 2—6%%up. On the
other hand, the consistency of the value &„'~' ob-
tained for '"Pu by the above procedure with the
value &„ resulting from the coincidence experi-
ment (cf. Table I) for which no correction is nec-
essary, lends some confidence in this procedure.

The present experiment was not designed to
measure the energy spectra of prompt and delayed
neutrons. Hence, in order to deduce the physical-

TABLE I. Experimental lifetimes in nsec of muonic actinides deduced from measurements of fission fragments (~&),
decay electrons (7,), capture y rays (7&), and neutrons (~„). Values 7~~" are obtained from fits to the present data ac-
counting for long-lifetime components (see text). Underlined values correspond to weighted averages.

Target

74.2~ 5.6 (Ref. 14)
87.0+ 4.0 (Ref. 17}
82.7 + 6.7

80.4+ 2.0 (Ref. 12-)

79.2+ 2.0 (Ref. 13)
79.8 +0.6

80.1+0.6

7 colI

235U 65.3+ 2.8 (Ref. 16)
66.5+ 4.2 (Ref. 14)
75.6+ 2.3 (Ref. 17}
70.7 + 3.4

78 + 4 (Ref. 12)
75.4+ 1.9 (Ref. 13)

75.9 ~1.5

75.0 + 0.7 73.7 ~0.8

75.6+ 2.9 (Ref. 14)
74.1~ 2.8 (Ref. 16)
76.0+ 1.0 (Ref. 17)
75.8 + 0.7

88 + 4 (Ref. 11)
81.5+ 2.0 (Ref. 12)
73.5~ 2.0 (Bef. 13)
78.7 +4.5

79.5+ 0.5 (Ref. 31)
78.6+ 1.5 {Ref.20)

79.4 + 0.6

78.3 + 1.0

72 + 2 (Ref. 18) 73.5 ~1.4

"'Pu 74 ~ 14 (Bef. 15)
70 + 3 {Ref. 18)
70.2 +2.7

77.5+ 2.0 (Bef. 12)
73.4~ 2.8 (Ref. 13)
76.1 + 2.2

74.5+0.5
72.9+ 2.3 '.

72.6 +0.6

242Pu 79 + 5 (Ref. 18) 81.1 + 0.7 77.2 %1.1

' X-n coincidence measurement;



WI'I CKE, JOHNSON, SCHRODER, HUIZENGA, AND PERRY 18

ly interesting ratio n~/n~ of prompt to delayed neu-
tron emission probabilities, information obtained

by other workers on the shape of the corresponding
spectra is employed. For some heavy elements,
it is known" "that both the spectra of delayed" "
and prompt'"" neutrons are approximately de-
scribable by an evaporation shape corresponding
to a nuclear temperature parameter T = 1.2-1.4
MeV, in a constant-temperature evaporation mod-
el. In the analysis, the function determined by
Eqs. (1) and (2) and a constant background were
subtracted f rom the neutron-time distribution as-
suming a delayed neutron energy distribution
dN&/dE-E' 'exp(-E/T) and the calculated" detec-
tion efficiency a. Assuming the same shape also
for the prompt neutrons, the ratio n&/n~ was de-
termined for a detection threshold of &~=0.5 MeV.
The results are of the order n~/n~ = 5-17%, as will
be discussed below in further detail.

'"Pu agree within the errors with the fission data.
This finding supports the suggestion put forw'ard

by Hadermann" according to which apparent dif-
ferences of muonic-lifetime measurements can be
understood as a manifestation of the muon's fate
in a prompt-fission event. However, this effect
cannot account for the lifetime difference observed
for "'U because of its smaller prompt-fission
probability. "

Using the values ~„and, where available, &„'"'
collected in Table I, the experimental muon-cap-
ture rates A.,'"' can be evaluated according to A.,'"'
= I/v„-RA, Here, X, is the free-muon decay rate
and R(&.85 for heavy elements} accounts for the
reduction of the decay rate due to effects of atomic
binding. ""The resulting experimental capture
rates are listed in Table II for each target. They
are compared with the predicti;ons of the Goulard-
Primakoff formula'.

III. DISCUSSION OF RESULTS

The experimental lifetimes ~„of actinide muonic
atoms obtained in this work by studying the neutron
decay channel are compared in Table I with those
resulting from measurements of decay electrons
(T,), muon-capture y rays (7„), and fragments
from muon-induced fission (v'&). In general, the
present very accurate muonic lifetimes are con-
sistent with the weighted averages of lifetimes ob-
tained from the other methods. However, for
"U and '"Pu, the present uncorrected lifetimes

&„ are definitely larger than those corresponding
to the fission measurements, although the latter
show considerable scatter. In the case of "'Pu,
this discrepancy can be ascribed to the effect of
muon capture in the fragments produced in a
prompt muon-induced fission of the target nucleus,
because both the corrected lifetime &„'"' as well as
the result of the coincidence measurement for

X'"(A,,Z) =KZ'„,(P)(1 — " }' 1-
m~ mN ]

x 1 —0.03 —+ 0.25
A A —2Z

8ZA
A. —S )A —2Z)

Here, K = 272 sec ' is an overall constant involving
the weak-interaction coupling constants, a is the
muon 1s binding energy, and. m„and m„are the
muon and nucleon masses, respectively. The val-
ues Z',«(P), representing the overlap integral of
the 1s-muon wave function with the nuclear charge
distribution, were calculated accounting for the nu-
clear deformation in a fashion described previous-
ly" using the parameters" listed in Table II. The
non-negligible effect of nuclear deformations on

the capture rates is demonstrated by the ratio
Z'„f(P)/Z, «(0) of the overlap integrals correspond-

TABLE II. Experimental muon-capture rates AFp compared with the predictions ~+ of the
Goulard-Primakoff formula fcf. Eq.(4)]. The half-density radius &, the skin thickness t, and
the deformation parameter P of the nuclear charge distribution are given that were used to
deduce the overlap integral Zeff(p).

Target
/exp

(107 sec ~)

C

(fm)
t

(fm)
Zeff(P)
(10')

Zeff(P)
Zifr(o)

A, th

(107 sec ~)

232 Th
235U

238U

237Np

'"Pu
242Xu

1.21 + O.Cl
1.32 + 0.01
1.24 + 0.02
1.32+ 0.03
1.34 + 0.01
1.26 + 0.02

7.10
7.14
7.15,
7.2 '
7.18
7.2 '

1.49
1.44
1.46
1.45
1.35
1.45

0.230
0.241
0.253
0.250
0.260
0.250

1.407
1.442
1.430
1.437
1.475
1.464

0.966
0.959
0.955
0.959
0.952
0.955

1.10
1.22
1.08
1.23
1.29
1.16

' Estimated value.
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ing to deformed and spherical nuclear charge dis-
tributions, respectively, as shown in Table II.

In comparing ihe experimental capture .rates .

with the predictions of the Goulard-Primakoff for-
mula [cf. Eq. (4)], it is apparent that the trend of
the data is reproduced by the theory, although the-
oretical capture rates are generally too small. An
improved description of the data may be gained by
increasing the constant factor in Eq. (4) by -10%.
This, however, would deteriorate the agreement
between experiment and theory for the lower-Z
elements. The parameters of the deformed nu-
clear charge distribution l.isted in Table II, em-
ployed in evaluating the overlap integral Z', «(P),
B.re subject to some uncertainty. However, these
could lead to changes of Z,«(P) of the order of only
a few percent, whereas the systematic discrepan-
cies between experimental and theoretical values
amount to about 10%. Hence, significance has to
be assigned to the observed deviation of the theory
from the data.

A more stringent test of the Goulard-Primakoff
theory can be performed by comparing the experi-
mental isotopic effects of the capture rates fo
those predicted by Eq. (4), which is possible for
the isotope pairs "'U-"'U and "Pu-'~Pu. For
the relative isotopic differences of the capture
rates for two isotopes A, and A2, [&~(A„Z)-X,
(A„Z)]/'X„where X~ is the mean value of the two
rates, one obtains experimentally (6 + 2)% for both
the U and Pu cases. It should be noted that the is-
otopic effect for U can be expected to be slightly
smaller in reality than quoted above, because of
the unaccounted effect of fission-f ragment muon
capture for "'U. In comparision, Eq. (4) yields
12% and 11% for the isotopic effects for the U and
the Pu isotopes, respectively.

Although discrepancies between experimental
and theoretical capture rates such as discussed
above, have also been observed-for other elements,
it has been argued by Goulard and Primakoff' that
the coefficients of the various terms in Eq. (4)
representing nucleon-nucleon correlation functions
should show smaller fluctuations with changing 8
and A for the heavier nuclei. However, the sys-
tematic and large disagreement between theory and
experiment observed in this work for.the actinide
region, indicates that such an assumption may not
be valid, despite the. success of the theory for a
wide range of elements. It can be hoped that stud-
ies of the isotopic effects of muon-capture rates,
scarcely performed up to now, may lead to addi-
tional insight into the correlations of nucleons in
complex nuclei.

Although it has been suggested above that muon
capture by a prompt-fission fragment may account
for the Lifetime differences observed with various

techniques, this effect has not been positively
identified for "'U, in the present experiment. In
this case, a discrepancy may possibly exist be-
tween fission experiments on one hand, and the
results of measurements, where decay electrons,
capture Z rays, or neutrons are detected, . on the
other hand (cf. Table I). It is, therefore, of inter-
est to examine the predictions of Bloom's model"
for the rates associated with the neutron and fis.-
sion channels. In this model, a relative increase
of the muon-induced fission rate with respect to
those of other channels is expected due to the pop-
ulation of shape-isomeric states by radiationless
cascade transitions. Assuming a relative excita-
tion probability e of such states, the difference be-
tween the rates A& and A„of fission and neutron
emission, respectively, canbe calculated follow-
ing the procedure of Bloom:

(X)q + A.~q) 1 —au X, b
"u )

(5)

Here, a denotes the branchirig ratio of fission fol-
lowing muon capture, A« is the isomeric-fission
rate, and Xb, is the rate for the system in the sec-
ond well to tunnel back into the first well. v«(~3)
and v~(=2) are the average multiplicities of neu-
trons associated with isomeric fission and muon
capture, respectively. Equation (5) is a first-or-
der approximation, valid if (A.«+ A~, ) «A,

Taking the present value for the muon-capture
rate of U and the weighted average of the cor-
responding experimental fission lifetimes (cf. Ta-
ble I), one calculates a lower limit of. (A~ —X„)
~1.4&& 10' sec '. With a =0.03+0.007,"A.b, = 5~ 10'
sec ',4' and X,f = 1.2 & 10' sec ',"Eq. (5) leads to a
lower limit for the population of second-wel. l states
of c~ 0.09. This would be consistent with the re-
sults of Andert et al. ,

"who deduced a probability
of -0.35 for the radiationless 2P-1s transition in
muonic "'U. However, the above estimate for t.' is
made using values of A«and Ab, corresponding to
a nucleus in the absence of a muon. Due to the
muon-nuclear Coul. omb interaction, one expects' '"
a relatively smaller decrease of the height of the
inner barrier and a larger increase of the outer
one, with respect to the second-well ground state.
This leads" to a reduction of X«by a factor as
large as 10 and a slight increase of Ab, as com-
pared to the bare-nucleus values. Equation (5)
then would predict a much higher value for e than
estimated above, which is physically unreal. istic,
in particular, as it is known" ""'and confirmed
by this experiment that direct neutron emission is
a process of major importance in radiationless
transitions. Furthermore, charged-particle in-
duced reactions yield values of only 10 ' to 10 4

for c." Hence, there is presently no plausible ex-
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planation for the large rate difference observed for
"U. High-precision fission and X-n coincidence

experiments are needed to settle this question.
A rather interesting quantity pertaining to the

interaction of muons with actinide nuclei is the
ratio I'„/I'& of the probabilities for neutron emis-
sion and fission, respectively, associated with a
radiationless transition leading to excitation ener-
gies close to the perturbed fission barrier. This
ratio is connected to the ratio n&/n~ of prompt-to-
delayed neutron emission determined in this work.
The measured intensity n„of delayed neutrons can
be written as n~ = Qv„, where v~ is the average neu-
tron multiplicity associated with one muon-capture
event and 0 is a factor containing solid angle, ef-
ficiency of the detection system, and the number of
muons stopped in the target. The number of
promptly emitted neutrons is given by n~= Q(P~v„
+ v«, ), where Pz is the probability per muon stop
for prompt fission, v, =3 is the average multipli-
city of neutrons emitted in this process, ' and v«,
is the probability for a neutron to be directly em-
itted in a radiationless transition. One then ob-
tains

n~ P~v~+ v«,
ng v~

and, inserting the identity I „/I'& = v«, /P„,
I „np vg

v
nqP~

(7)

Similarly, the multiplicity v„of delayed neutrons
contains contributions from both muon capture and

the deexcitation of fragments from muon- capture-
induced fission. The relative contribution of the
latter process was estimated taking values of I'„/I'&

for various isotopes from the literature' and de-
termining the probabilities of first-, second-, and

third-change fission employing a Monte Carlo
method. The mean initial excitation energy (E*

15—20 MeV) due to the muon-capture process, as
well as the neutron multiplicity in the number of
cases not leading to fission were calculated more
accurately employing Singer's model, "'"which is
able to describe consistently muon-capture neu-
tron multiplicities for a wide range of target ele-
ments. A temperature parameter of T-1.4 MeV
was assumed in the calculations as discussed ear-
lier. Systematic uncertainties of -30/p have to be
assigned to the evaluated quantities v„.

Experimental values for n~/n~ and the theoretical
multiplicities v„are collected in Table III. The ex-
perimental prompt-fission probabilities P„ from
other workers show considerable scatter. The
values adopted in Table III represent recent mea-
surements"'" of Pz covering the nuclides of in-
terest. They allow to compare I'„/F& ratios as

Target &&/n„

3 Th 0.049 (5.0 +1.2) x10 (Ref. 17) 1.9 180

0.11 (5.1 + 1.2) x10 (Ref. 17) 2.4 48

U 0.08 (2.03+0.45) x10 3(Ref. 17) 2.2

Pu 0.14 0.015(Ref. 18)

'Pu 0.17 0.038(Ref. 18)

3.1

2.8-

deduced from Eq. (7) at least for the two U and Pu
isotope pairs, since it can be expected that sys-
tematic errors in the above procedure compensate
in such a comparison.

Some qualitative observations can be made from
the resulting I"„/I'& values for radiationless trans-
itions, which are listed in Table III: Beyond all
systematic uncertainties involved in the present
derivation of I'„/I'&, these ratios for muonic actin-
ides are significantly higher than similar values
for the bare nuclei obtained f rom charged-particle
induced fission"'" or photofission reactions'""
at excitation energies slightly above the neutron
binding energy. For example, I'„/I

&
for the two

muonic U isotopes is increased by a factor of -30
as compared to the ratio resulting from particle-
induced reactions"'" and is larger by factors -10
compared to the (y,f) values'"4 Such a compari-
son has to be made. with caution, however, since
the height and shape of the fission barrier depends
on the nature of the transition state through which
the fissioning nucleus proceeds. %hereas parti-:
cle-induced reactions can populate"'" states of
even-even nuclei at saddle-point deformation that
are similar to those of the ground-state vibration-
al band (K'=0'), the y-vibrational band (fP =0,
1, and 2 ), photoabsorption is generally a much
simpler process. Excitation by radiationless mu-
onic transitions can be expected to be closely re-
lated to photoabsorption, because both processes
are characterized by dominant electric dipole (E1)
and quadrupole (E2) transitions. However, where-
as it is known" that E1 excitation is dominant in
photoabsorption, the relative strengths of E1 and
E2 radiationless transitions are not well known.
Nevertheless, the significant increase of the mu-
onic I'„/I'& ratios over the corresponding values

TABLE III. Experimental ratios +p/+& of prompt and
delayed neutron emission probabilities and the deduced
ratios r„/r~ of the probabilities for neutron emission
and fission for radiationless transitions. P& is the prob-
ability for muon-induced prompt fission. The multiplicity
v& of neutrons associated with muon capture has been de-
rived as described in the text. Uncertainties of -30%
have to be assigned to the 1„/rf values.
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from the (y, f) reactions provides strong evidence
for an increase of the fission barriers in the pre-
sence of the muon, as suggested by Bpocki et al."
Of similar significance is the stronger dependence
of the muonic I'„/I'& va. lue on the fissibility than
that observed with the other reactions. A further
discussion of the present results has to await an
improved knowledge of the excitation function cor-
responding to radiationless muonic cascade trans-
itions. Precise measurements of the missing x-
ray intensities and the prompt-neutron energy
spectra from muonic actinides would be of consid-

erable importance in this respect.
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