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The statistical theory of fission has been used in px'evious works to calculate the energy
and angular distributions of the long-range o. particle emitted bl fission. It is now applied
to calculate the probability of long-range A-particle-RccoInpRnied flsslon relative to binary
fission. For thermal-neutron fission of U235 the calcu]ated rate is 1 o.-particle-accompanied
fission in 461 binary fissions, which agrees well with the experimental vaIue of 1 in 449.
Concerning the mechanism, the large aInount of energy required (more than 24 MGV) to emit
an n particle at the scission point comes Inainly from the reduction of the Coulomb energy
between the IDRln fragments thlough Rn over-stretched fox'In of: deformation, The balRnce of
energy shows that the total excitation energy in o.-particle-accompanied fission is reduced
by about 4.5 MeV compared with 'binary fission. According to the statistical theory this re-
duces the xelative probability by several hundred fold.

In R x'eeent paper' the energy and angular distri-
butions of the long-range n particle (LBA) emitted
in a-particle-accompanied fission (LRA fission)
are studied by trajectory calculations based on ini-
tial conditions determined by the statistical theory
of fission. ' It was found that the most probable
energy and angle of emission as functions of the
mass ratio of the two main fragments obtained
this wRy Rx'6 ln good RgreeDlent with experimental
results. ' This is considered to lend strong sup-
port to the statistical theory because of the sensi-
tive dependence of the distribution curve on the
initial conditions of the trajectory calculation.
Vitta extended the calculation and determined the
dispex'sion of the energy and emission angle. He
found that the dispersion of the scission configura-
tion predicted by the statistical theory is sufficient
to account for the dispex'sion of the energy of the
e particle. Furthermore, reasonable agreement
on angular dispersion may be obtained if it is as-
suIQed that the A particle 18 6IQltted R short tlIQe
after scission, on the ox'der of 3x10 "sec, which
is nearly instantaneous compared with the fission
time —such an assumption has been made by other
workers' and it does not compxomise the statisti-
cal theory, for it deals with an affair after scis-
sion. Thus it seems that the energy and angular
distributions of the LHA particle may be under-
stood in terms of statistical theory. Still re-
mains to be investigated whether the x'ate of LHA
fission relative to binary fission can be accounted
fox' by the stRtlsticR1 theory. This 18 the px'omeIQ
to be considexed in this paper.

The experimental x'ate in the thermal-neutron
fission of U"' ls 1 LBA fission for 449 binary
fissions. ' A related problem is the mechanism of
eIQission of the LHA particle. Experimental evi-

dence shows that the LHA particle is created at
the scission point at the moment of scission. '
Halpern' estimated that to create an o. particle at
the scission point at the moment of scission from
the nucleRx' IQRttex' of the fissioning systeDl would
require an amount of energy of about 28 MeV (5-
MeV binding energy, 19-MeV potential energy,
and 4-MeV kinetic energy; other authors have
smaller estimates of the kinetic energy). He
asked the question, how does the fissioning Sys-
tem obtain such a large amount of energy to make
the emission possible. The total internal energy
of the system (measured by prompt neutrons and

y rays) is only about 24 MeV. ' Of this amount
about ~ is deformation energy. ' The remaining
~, the excitation energy of the two fragments, is
much too smaD to meet the energy requirement
of 0! emission.

According to the statistical theory the scission
configuration is not unique in deformation shape
but assumes a wide distx'ibution. Each shape will
occur with a relative probability determined by its
statistica1 weight. In soIQe of the more elongated
deformation shapes, the potential energy of the
two fxagments is considerably decreased; the en-
ergy thus made available may be used to supply
the potential energy for the creation of the e par-
ticle. The binding energy and kinetic energy of the
a particle may be suppbed from the excitation en-
ergy at the scission configuration. In fact, in the
previous study' of the energy and angular distri-
butions of the LHA particle, we have assumed R

Selsslon configuration which 18 siDlilar to thRt of
binax'y fission except that the two main fragments
are not in contact but moved apart by 3.8 F to ac-
commodate the o. particle represented by a sphere
of 3.8-F diam. Such a scission configuration de-
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scribes the behavior of LRA fission well; in par-
ticular the total kinetic energy of the three par-
ticles is comparable to that of the two fragments
in the corresponding binary fission, in agreement
with experimental results, indicating that the po-
tential energy of the n particle comes from the
reduction of the potential energy of the two main
fragments.

Halpern also has observed the relation between
LRA fission and excessive elongation. On the
other hand, from the statistical-theory point of
view, there is no need to propose a specific mech-
anism that will lead to a specific configuration re-
sulting in LRA fission —all possible scission con-
figurations will occur with a probability determined
by its statistical weight. Thus the only problem
left is the calculation of the relative probability of
the above-mentioned scission configuration that
leads to LRA fission.

According to the statistical theory, ' a scission
configuration with a specific mass and charge di-
vision will occur with a relative probability P de-
termined by the excitation energy E of the system
at the scission point as follows. '

P-E" 4(l ——',9 [(a, +a, )E] "'jexp(2[(a, +a,)E]"'),
(&)

where a, and a, are the level-density parameters
of the two fission fragments. This applies equally
well to LRA fission because the LRA particle has
only one quantum state. Thus our problem is fo-
cused on the value of the excitation energy. A cal-
culation of the excitation energy based on first
principles is not feasible. For our purpose we can
take advantage of the available experimental infor-
mation to obtain the values desired. The excita-
tion energy equals the internal energy less the
deformation energy of the two fragments, and the
internal energy may be measured by the total en-
ergy of the prompt neutrons and prompt y rays.
According to Apalin et al. ' the number of prompt
neutrons emitted per fission in LRA fission is
1.77+ 0.09 based on a value of 2.45 for this quan-
tity in binary fission. The decrease of 0.68
prompt neutrons corresponds to a decrease of
internal energy of 4.47 MeV calculated on the
basis that each prompt neutron takes up an aver-
age binding energy of 5.38 MeV' and a kinetic en-
ergy of 1.2 MeV, "the energy of prompt y rays
being assumed to be the same in binary and LRA
fission. In our model the deformation energies of
the two main fragments in binary and LRA fission

are about the same (this does not contradict our
earlier statement that LRA fission is associated
with excessive elongation and thus with larger de-
formation energy, because part of the larger de-
formation energy is used to create the a particle
and the remaining part in this particular model of
calculation may be about the same as the deforma-
tion energy in binary fission). Therefore we con-
clude that the excitation energy in LRA fission is
less than that of binary fission by 4.47 MeV. The
most probable excitation energy in binary fission
E, is estimated to be 13.1 MeV, "taking into con-
sideration the more recent value of the prompt y-
ray energy. The most probable excitation energy
in LRA fission E, is thus 8.63 MeV. From these
figures we calculate the relative probability of
LRA to binary fission P, /Pb according to the sta-
tistical theory by the following formula:

Et'"'(i —'O' Hsl+s2)E 1
"')exp(2((~1+ s2)Et]"']

(2)

where a,' and a,' are the level-density parameters
of the two main fragments in the corresponding
LRA fission. The values of a» a„a,', a,' are ob-
tained according to Eq. (8) of Ref. 2. This way we
obtain the ratio of 1 LRA fission to 461 binary fis-
sions. The result agrees well with the experimen-
tal ratio of 1 to 449 + 30.'

Some information is available to enable us to
make an estimate in the case of spontaneous fis-
sion of Cf . Nardi and Fraenkel reported the
number of prompt neutrons in LRA fission in this
case to be 3.11+0.06 based on a figure of 3.71 for
binary fission. The decrease in excitation energy
is thus 4.10 MeV based on an average neutron-
binding-energy value of 5.64 MeV." On the other
hand we have no definite information on the most
probable excitation energy in binary fission. A

very rough estimate is to take —,
' of the total inter-

nal energy, which may be estimated from the
prompt-neutron and y-ray energies to be about
32 MeV. The probability ratio thus calculated for
spontaneous fission of Cf'" is 1 LRA fission to
149 binary fissions. The experimental value is 1
to 299+18.' %hile no exact agreement is expected
in this case, the fact that LRA fission is more fre-
quent in spontaneous fission of Cf'" than in ther-
mal-neutron fission of U"' seems to be related to
the fact that the excitation energy in the case of
Cf js higher than that jn U
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Energy levels and differential cross sections for the Pb(o,', d) ~Bi reaction have been de-
termined at an incident bombarding energy of 42 MeV. Two-nucleon distorted-wave Born-
approximation (DWBA) analysis was performed for the ground and first excited levels of
20~Bi in order to obtain a norxnalization for the (O. , d) and (d, e) reactions. The results of
calculations using this normalization were compared with data for the 1.097-MeV 7 level
of 4 Sc excited in the 5 Ti(d, n) Sc reaction and for the first excited state of 6Tl excited in
the Pb(d, 0.) 6T1 reaction. This latter comparison confirmed an earlier agrument that
cross sections to the low-lying Tl levels are considerably enhanced over pure two-hole
configuration estimates. The normalized DWBA was then used to study higher-lying two-
particle —one-hole excited states in 20~Bi.

I. INTRODUCTION

Recent interest in the structure of nuclei near
"'Pb, as well as the growing interest in the two-
nucleon transfer reactions, has led us to investi-
gate the 2O'Pb(n, d)"'Bi reaction. Neutron and pro-
ton stripping' ' and pickup' reactions, "'Pb(t, d)-
09Pb 208Pb(3He d)209Bt 208Pb(d t)207Pb and 208Pb

(d, 'He)"'Tl, are all consistent with nearly unity
spectroscopic factors for the ground and lowest-
lying levels. In this work we use our knowledge
of single-nucleon transfer reactions as a point of
departure for studying the 'O7pb(o. , d)'"Bi reaction.
The purpose of this work is specifically to exam-
ine the quantitative aspects of the (n, d) or (d, o)
reaction and not attempt to fit the shapes of angu-
lar distributions, particularly since it has al-
ready been shown' that one should not expect much
structure in the angular distributions of (d, n) re-
actions when l mixture is allowed, as is the case
for the "'Pb(n, d)'"Bi reaction.

On the other hand, the '07pb(o. , d)"'Bi reaction
is ideally suited for studying the absolute cross-
section predictions by distorted-wave Born ap-
proximation (DWBA). This is true because of the

relative simplicity of both the initial target state
and at least the ground and first few final excited
states in the reaction. This can readily be seen
by expressing the (n, d) one-step reaction cross
section in the notation of Glendenning'.

do. 2J, +1 B
dQ 2J ldQ 2J,+ 1~& y

where J,' and Jf are the initial and final spins in the
reaction; L, l, J, and M refer to the orbital, spin,
total, and orbital-projection angular momentum
quantum numbers of the transferred neutron-pro-
ton pair. The Pz contains all the (shell-) model
configuration amplitudes of initial and final states
and related angular momentum coupling coeffi-
cients, while the amplitude B~& is analogous to the
similarly denoted amplitude' in the case of one-
nucleon transfer reactions. The sum over L, J,
and M is incoherent as in one-nucleon transfer re-
actions. On the other hand, the sum over P& is
in effect a coherent sum over the configuration
amplitudes including their sign. We attempt then
to choose a reaction in which this coherent sum
is effectively reduced to one term with unity con-
figuration amplitudes. This implies a reaction in


