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Fission of ?2Pu induced by radiationless muonic transitions is studied. By solving the
time-dependent Schrodinger equation for the muonic wave function in an axidlly symme-
tric spatial grid, one finds an observable dependence of the muonic final state—both in
the localization of the muon and its excitation probability—on fission dynamics. More re-
fined studies should allow one to extract information about the friction coefficient in fis-

sion.

PACS numbers: 25.85.—w, 24.75.+i, 25.30.Ei

Mean lifetimes of muons bound to the fission
fragments of actinide nuclei have recently been
measured by Schroder et al.! yielding 7, ~ 130 ns
for Np and Pu isotopes. By an analysis of these
data in terms of the Goulard-Primakoff formula®
which describes the muon-capture rates for a
wide range of elements, it was found that the mu-
on is predominantly captured by the heavy frag-
ment (with a probability P, ~0.9). Since this prob-
ability is expected to depend upon the fission dy-
namics, a comparison of these results with theo-
retical calculations may shed some light on the
time scale and nuclear shapes involved in fission.
We will demonstrate in this Letter that experi-
mental values for P, can be utilized to learn
more about the friction parameter.

In an excited muonic atom the E1 and E2 cas-
cade transitions to the 1s ground state may pro-
ceed in radiationless fashion by transferring en-
ergy to the nucleus. The maximal transition en-
ergies in actinides exceed the neutron separation
energy and fission barrier height so that prompt
neutron emission or fission becomes possible.

In a fission event the muon will either be ionized
or remain at one of the fragments from where it
decays by weak interaction (muon capture) result-
ing in delayed-neutron emission. From a meas-
urement of the delayed-neutron production rate

in coincidence with the fission fragments, the
probability P, can be deduced.’

Since the primary purpose of this Letter is to
investigate the presence and order of magnitude
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of the effect, we decided to use a relatively sim-
ple parametrization of the nuclear charge den-
sity, not introducing too many parameters while
trying to make it sufficiently realistic for this
purpose. Therefore, a homogeneous charge dis-
tribution and a sharp nuclear surface were util-
ized. We restricted the shape parameters to the
two essential ones in this problem—an elongation
parameter and one describing mass asymmetry.
The nuclear shapes used consist of two overlap-
ping spheres with a distance of z between their
centers. The elongation parameter @ is defined
as @ =z/R, and the mass asymmetry o = (R,/R,)?,
which in turn are fixed by the requirement of vol-
ume conservation. Note that there is no provi-
sion for an elongated neck joining the two nascent
fragments; for a long neck the wave function
should separate into two parts at a later stage,
and the effect discussed in this paper should be
even more pronounced.

The time development of fission is now approx-
imated by solving the classical equations of mo-
tion for @(¢), whereas « is given implicitly as
a(t)=a(@()), chosen to reproduce the behavior
observed in Strutinsky-type calculations: sym-
metric shapes, o =1, up to the second minimum
and then a swift increase to the final value around
the second barrier. Figure 1 shows o (z) and al-
so the potential V(z) entering the classical equa-
tions of motion for @ =z/R,. This potential was
deduced from the experimentally observed bar-
riers and frequencies.® The equation of motion
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FIG. 1. (a) Empirical fission potential V(z) for %4iPu.

The experimental barrier heights and curvatures are
taken from Ref. 3. At large separations V(z) is joined
continuously with the Coulomb potential between the
fragments. (b) Volume asymmetry parameter « = (R,/
R,)3. The effect of friction upon the probability Py was
found to be largest for an asymptotic value o ~A,/A;
=1.2.

for @ reads
Bog@=-dV/dQ -dE,/dQ -)Q. (1)

As this is an exploratory calculation, we simply
used the reduced mass for evaluating B,,. This
is certainly not a good approximation for small
values of @, but around and beyond the second
barrier it does not appear to be too far off* and
this proved to be the important region. Also, a
true By is expected to be larger than the re-
duced mass, so that our calculation with no fric-
tion should give some indication of the upper lim-
it of rapidity in the process. E,(Q) denotes the
muonic energy at a given separation @ of the fis-
sion fragments. The final term in Eq. (1) is a
phenomenological friction term that allows us to
study our primary interest: the dependence of
the muonic final state on the speed of the fission
process.

The muonic wave function ¥ (¥,¢) is determined
from the Schrodinger equation

2
Zﬁ —=—-2_k;n—vzw+VCou1(_f:Q(t))lp‘ (2)

V coul®, @) is the Coulomb field produced by the

nucleus, determined from the charge density as
described above. Since the binding energy of the
muon is of the order of 10% of its rest mass, the
nonrelativistic treatment is not fully justified,
but should, on the other hand, not alter the con-
clusions dramatically. The instantaneous muon
energy E p(Q) is obtained by computing the ex-
pectation values of the Laplacian and the Coulomb
potential operators numerically. The term in-
volving the derivative of E, (®) in Eq. (1) accounts
for the reaction experienced by the nucleus from
the muon. It ensures overall energy conserva-
tion and also takes into account the change of the
fission barrier due to the presence of the muon;
this effect was first studied by Leander and Mol-
ler.?

As the initial conditions we used a spherical
nucleus with the muon in the 1s ground state and
a nuclear excitation energy E* =8 MeV, which
places the fission mode roughly 2.5 MeV above
the fission barrier. Even though the nucleus
2:2Pu considered has a deformed ground state,
we started the calculations with a spherical state,
as it was relatively easy to obtain the 1ls-muonic
wave function for radial symmetry. This is not
a serious approximation, as the wave function
develops adiabatically up to the second saddle
point and its later behavior does not depend on
the precise starting point. We have tested this
by utilizing different functions «a(z) leading to the
same final mass asymmetry 4,/A4 ;.

The Schrodinger equation (2) was solved nu-
merically in an axially symmetric spatial grid
of 100 points along the symmetry axis of the fis-
sioning system and 40 points in the radial direc-
tion with a spacing of 1.5 fm between grid points.
The algorichm employed is similar to the one
used in time-dependent Hartree-Fock calculations
in nuclear physics® and recently also in atomic
physics.”

The algorithm was tested very extensively to
ensure its accuracy and stability. In the muonic
case we do not have to deal with a singular poten-
tial as in the atomic problem, where it caused
some numerical difficulties.” Thus, our main
concern was the other difference from the well-
tested nuclear problem: the long tails of the
wave functions allowed by the infinite range of
the Coulomb potential. Tests showed that the
size of our mesh as given above was sufficient to
reproduce the binding energy of the 1s state to
within 2%, and we were able to propagate this
wave function in time for a nucleus at rest or a
uniformly translating system with a change in en-
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ergy of 3x10™* and in norm of 2% 10™* over 450
fm/c, which is about 3 of the duration of the fis-
sion process considered.

Figure 2 exhibits the time development of the
separation z between the fission fragments for
different friction parameters x and the corre-
sponding probabilities P,(z) that the muon con-
centrates at the heavy fragment. Since we re-
quire mass symmetry, o =1, until the second
minimum is reached (see Fig. 1), the probability
P, equals 0.5 in this region. Between the second
minimum and the outer barrier, P, increases
slightly to 0.56 and then starts oscillating during
the acceleration period from the second saddle to
scission. For separations z >20 fm, the prob-
ability increases smoothly towards its asymptot-
ic value which is reached around z =50 fm. In
Table I we have listed the measurable quantity
P,(t - ) as a function of . Apparently, P, in-
creases by about 10% if the friction parameter is
changed from x = 0 to 3000 MeV fm/c.

To give an idea of the order of magnitude of the
friction in these cases, we have compared the
energy dissipated and the time spent in the de-
scent from saddle to scission with the liquid-
drop calculations by Davies, Sierk, and Nix.?
Since the models and the cases studied do not al-
low for an exact comparison, we can only infer
that our friction coefficient x =3000 MeV fm/c
corresponds to a viscosity of the order of 0.01-
0.03 TP in Ref. 8. So the realistic viscosities
found in that paper should lie in the range of sen-
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FIG. 2. (a) Probability Py to find the muon bound to
the heavy fission fragment as function of the separation
z between the fragment centers. (b) Time development
of the separation coordinate 2. The results are dis-
played for different friction parameters A (MeVfm/c):
A =0 (solid line), A = 2300 (dotted line), and A = 3000
(dashed line).
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sitivity of the muonic effect studied here.

We have decomposed that part of the muonic
wave function localized at one fragment into dif-
ferent angular momenta. Table I also shows the
probabilities W (I=1) and W (I =1) for the muon
to be in any p state, given that it is around the
heavy or light fragment, respectively. Since the
numerical method employed requires a complicat-
ed expansion in the radial direction, these re-
sults are estimated to be reliable only within a
factor of 2. The trend, however, can be estab-
lished with confidence. There is very little exci-
tation at the heavier fragment, but the excitation
of the muon at the light fragment can be quite
considerable and depends strongly on the fission
dynamics.

From the above results, it is clear that there
is a definite observable dependence of the muonic
final state on fission dynamics, both in the local-
ization of the muon and in its excitation probabil-
ity. For the future we plan the use of a more re-
fined and realistic model for the behavior of the
nuclear charge distribution during fission and a
more accurate determination of the final-state ex-
citation probabilities.

During preparation of this article we have ob-
tained a preprint by Olanders, Nilsson, and Mol-
ler® yielding similar results for P,. However,
in that paper the fissioning system is approxi-
mated by point charges and the muonic wave func-
tion is made up of just two basis states. Since
our theoretical treatment does not rely on these
assumptions, it is felt to be more accurate.

The authors would like to thank Dr. W. W.
Wilcke for drawing their attention to this prob-
lem. One of us (J.A.M.) also wishes to express
his gratitude for the hospitality extended to him

TABLE 1. Final probability Py that the muon is
bound to the heavy fission fragment, as a function of
the friction coefficient A. The mass asymmetry is
fixed at Ay/A; = 1.2, where the influence of friction is
largest. Wy (I=1) and Wy (I = 1) denote the probabilities
for the muon to be in any p state (angular momentum
1=1), given that it is around the heavy or light frag-
ment, respectively.

A
(MeV £fm/c) Py (final) Wy(l=1) Wy (1=1)
0 86% 2% 3%
1500 88% 2% 6%
2300 93% 2% %
3000 97% 2% 10%
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The 800-MeV (p, p’) inclusive proton spectra at forward angles are considered. A plane-
wave impulse approximation is used to calculate quasifree nucleon knockout and quasifree
isobar production. When the quasifree peaks are normalized to data, it is found that the
integrated cross section for the two processes can account for the total reaction cross

section.
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When intermediate-energy protons are scatter-
ed from light nuclei, the inclusive proton spec-
trum shows strong quasifree knockout peaks at
forward angles. Tandy, Redish, and Bolle!
pointed out that for 160-MeV protons scattering
on 2C, the angle and energy integral of the
quasifree knockout peaks? accounts for nearly the
entire reaction cross section. This implies (i)
that quasifree processes are the dominant reac-
tions, and (ii) that the loss of flux from the elas-
tic channel should be well approximated by the
single-scattering term of the optical potential.!?

Although the (p, p’) inclusive spectra show a
strong signature of quasifree scattering in the
form of a broad peak that moves with the same
kinematical relation as free scattering, it is not
likely that most of the reactions corresponding to
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the protons in this peak are actually quasifree
knockout, i.e., (p, pN) reactions. Indeed, (p, 2p)
cross sections suggest that only a small fraction
of the struck protons will actually emerge.from
the nucleus carrying all of the energy decrement.
Rather, we conceive of the quasifree scattering
process as forming a doorway state in a sense
similar to those found in low-energy processes.
The projectile strikes a target nucleon as if it
were free. The struck system then evolves in a
complex way. The validity of the quasifree door-
way model only means that as far as the projec-
tile is concerned, the reaction can be treated as
quasifree.

It was pointed out in Ref. 1 that for 1-GeV pro-
ton data,* integration of the quasifree nucleon
peaks accounts for one-third of the observed total
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