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The absolute yields of prompt and delayed fission in-
duced by negative muons in “h, W and ** ' have
been measured. The yields of delayed fission are much lo-
wer than could be predicted from | {7 systematics for
15-20 MeV nuclear excitation. The systematics of prompt
fission yields is compared with photofission data recent-
ly obtained. It is suggested that prompt fission can be
used for investigating the channel structure of the fission
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1. Introduction

The muon can interact with the nucleus on both stages
of the capture: in atomic processes, cascading down its
orbits, and in the absorption process: (Z,N) + x - (Z-1,N+D.

In heavy nuclei the latter proceeds with a characteris-
tic mean-life time about 80 nsec and the mean excita (}n
energy of the nucleus is estimated to be 15-20 MeV 1/,
This is sufficient to open the fission channel in the de-
excitation modes of the nucleus. 2/

As has been pointed out by Wheeler 2, the interaction
between the muon and the heavy nucleus in the muonic
atom could lead to the excitation of the nucleus also
sufficient to involve the fission channel. But that kind of
fission differs clearly from the other one mentioned. It
proceeds in time interval characteristics for muon cas-
cading, e.g., 10714 - 10 “!5 sec from the moment of
p -atomic capture. Therefore, it is referred to as the
prompt fission process. There are some of its features
which seem to be quite interesting from the point of view
of fission barrier investigations.

2. Experimental Set-Up

In the present experiment we used the fast many-plate
methane-{filled ionization chamber. In the control measure-
ment of the f - y prompt coincidences the resolution time
was 2.5 nsec. The chamber was loaded with about 300 mg
of 235U and the fragments were detected with effici-
ency not poorer than 909,



All our measurements were performed simultaneously
for two isotopes: the investigated one and 238y as a
reference. The targets were deposited by sedimentation
on the aluminium foils about 13 mg/cm2 thick. The
natural uranium and 235y (95% of isotopic purity) were
deposited in the form of U,0, oxides. A thorium target
(monoisotope 232Th ) was prepared in the form of ThO,
oxide.

The targets were prepared in the form of discs with
a diameter of 47 mm and 2.6 mg/cm? R 0.7 mg/cm? -
and 3.1 mg/cm?  thick for 2%y , 25y | and
232 Th, respectively. In the measurements the chamber
contained: 857 mgof 2¥y ,237Tmgof 23U ,and
1020 mg of 232 T

The measurements were performed with the =~ and
7~ separated beams of the Dubna 680 MeV synchrocyclo-
tron. The ¢~ beam of 98% purity with a mean energy of
85 MeV and dispersion AE = 9 MeV was slowed down
in the moderator of 30 g/cm2 equivalent thickness.

tission chomber

deadtimeless
discriminator

Fig. 1. A block-diagram of the electronics used in con-
junction with the fission chamber and telescope counters.
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Two identical fast systems working in the constant
fraction regime were used for developing the signals from
both halves of the fission chamber. The used system is
described in details in ref/3/ and only the preamplifiers
have been adapted specially to operate with our chamber.

3. Measurements and the Analysis

In every run typically 30-35 hours long both ¢~ and
»— beams were used. Due to the measurements with
7 we could control the stability of the timing system and
analyse the response curve of prompt coincidences for
every run independently.

The monitoring system included the control of:

a) the beam intensity - (1,2) coincidence rate;

b) the rate of p -stops - (1,2,3,4) coincidences;

c) the rates of the counts in the chamber;

d) the rates of (1,2,3,4,f) coincidences.

All these quantities had fluctuated but normalized to
the beam intensity or , -stop rate were quite stable.
The ratio of the coincidence rates (1,2,3,4,f). from the two
halves of the chamber was very stable in all measurements.

All these measurements were analysed in the standard
procedure order. Firstly, the primary spectrum was
summed over every 20 channels and fitted by an exponen-
tial curve on the whole interval except the prompt peak
region and the region, where the background was compa-
rable with the measured effect. The random coincidence
fevel was measured in the negative part of the time
¢pectrum (to the left of the prompt peak). The sensitivity
of the results to the choosen fitting interval and the esti-
mated background level was checked.

In the second step, the time distribution of fission
induced by ;- were fitted by the curve composed of:
1) a prompt coincidence response curve defined in the
measurements with r— , 2) its convolution with the
exponential curve of the mean life-time defined in the
first step of the analysis, 3) the constant background.

The f{inal results of the described procedure have
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given us the ratios of prompt to delayed fission and the
yields of fission induced in 232Th and 235U relative to
the yield of fission in 238y ,

The yield of fission per ,-capture, yf , has been
measured for 238U . We detected simultaneously the
number of the fission events and the mesic X -ray spect-
rum of uranium, aluminium and other materials being
inside the chamber. For X-ray spectrum detection a
27 ccm, coaxial Ge(Li) spectrometer was used.

The X-ray spectrum was measured in coincidence
with ;. -stop events with the time resolution of 2-=10nsec.
The chamber contained aboutl.6 g of U, Oq. It has occured
to be too small an amount to observe the muonic transiti-
ons in uranium with sufficient statistics. At the same
time the known 2p -1s transition of aluminium has been
observed with good statistics. As in our chamber the
aluminium was present only in the form of the electrodes,
the geometrical conditions relatively to the ¢ -beam
have been practically identical to that for the uranium
targets. It made possible to find the total . -capture
rate in uranium having this quantity for aluminium and
using the range-energy relations for muons in Af and U .

This quantity for aluminium is

Al
N AL _ Ny
[/ ) IAZ ’
Yy 2p —-1s

where N Al ¢ is the number of muons stopped in alumi-
nium, “NA" is the observed intensity of the K,(Af)
transition, ‘¢ is the efficiency of thf '‘Ge(Li) detector
for the energyy of this transitionand I; _1s Isthe inten-
sity o} K, transition per . -capture in 'Af taken from
ref. /3 .

As soon as the number of u -captures in uranium
targets N, t is established, the fission yield per
p -capture, Y# , is:

where N; is the number of fission events measured
simultaneously with the X -spectrum, and ¢; means the
efficiency of the fission chamber.

We found the efficiency of the chamber in the
experimental conditions to be (58 + 5)Y.

4. Results
4.1. »~ Induced Fission

The examples of the time distribution of »_ induced
fission and the results of the Gaussian curve fitting are
shown in fig. 2.
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Fig. 2. Two examples of the time distribution of fission
induced by = ~.
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We have obtained the relative probability of fission
induced by =~ in 28T , 25U, ,and 28U .
They are (43+3)%, (120+5)% and 100%, respectively. Many
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papers have been published (for instance seerefs. /5:6/ )
in which the fission probability per 7~ -capture in 28 g
has been measured. If one takes the rznean value 0.45 +
+ 0.10, then the values 0.22 +0.05 for 2 T, and 0.54 +
+0.12 for 225y are obtained from our results.
4.2, y~-Capture Mean-Lives

The time distributions of fission events induced by
¢~ inthree investigated isotopes are shown in fig. 3. To
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Fig. 3. Time distribution of the fission events in
3 (Background has

8U , and 235U indiced by pu~
been subtracted).

obtain them, every 20 channels in the primary spectra
have been summed. The mean lives have been found by
the least squares method, with the confidence level of
0.05. Our results are compared with the known data in
Table 1. Satisfactory good agreement for the 2381 jsoto-
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pe (2ee?zcept Sens’ result) and significant disagreement
for and U are observed.

Table 1

mean lives T}J(nsec)

232Th 238U
J.C.Sens & 88+ 4

235U

JADiazetal¥ | 7%.2+56[756*28 |665* 42
B.Budick et al® 7,128 |653%28
present work | 87+ 4 760% 10 84 %6

4.3 Ratio of the Prompt-to-Delayed
Fission Yields

The final analysis of the time distribution is shown
in fig. 4. The weighted yield ratios of the prompt-to-de-
layed fission for the three measured isotopes are compar-
ed with the other results in table 2. In connection with
some evident disagreements in table 2 it should be noted
that treating simply the prompt component as a deviation
from the exponential law, a systematic error of 509
is possible if the time resolution of the used system is
about 3+5 nsec.

44. The Fission Yield per p -Capture
The compilation of all available data on the fission

yield per .~ -capture is presented in table 3. Using the
data from tables 2 and 3 we obtain our final experimental
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Fig. 4. Illustration of the time distribution analysis pro-

cedure.

Table Z

prompt to delayed fission yields ratio

232Th

238U

235U

JADiaz et al.”

B.Budick et all.o)

present work

0064+ 0022

0130+ 0012

|0.072 +0014
0.048+0.025

0071+0.003

amz+ 0021
0063+0025

017+ 0.01
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Table 3
fission yield per u-capture
232Th 238U 235U
W.Galbraith and 14) :
W.JWhitehouse <£J.25
W.John and WFFry :?; {8})575 003
MGPetrascu AKMihl | 00182 Q012
G.E. Belovitskii et al “ 0070+0008
present work * lo0043:00010/0031 £Q007 {0037:0009

fr232
x) the errors of the relative fission yield: YT(TYJB‘) and

are about one order lower

YH( 2280)

Y( nsu
)

Table 4
fission yield per u-capture
232Th 238U 235U
prompt | (5.0¢12)1G" |(2.03+045110° |(51¢ 1.2)x10°
delayed |(38+0.9)0|(2.90+065)102((3.2£08)x10 2




results: the absolute probability of the prompt and delayed
fission yields. They are presented in table 4 and make the
" basis of the discussion in the next section.

5. Discussion

Figure $ suows our results as a function or the fissi-
lity parcmeter x , defined accordingly to Meyers and
Swiatecki 11 - The quoted errors represent uncertainty
in the relailve yields only and do not include the 25%
unicertainty in the absolute yield values (see, table 4).

5.1. Delaved ¥ission

If the nuclear u~ -capture reaction is weil described
ia the ezquilibrium process terms, i.e., as going via the
compound system from the very beginning, then our re-
sults ou the fission vields of 2327, 28 p,  and

235 Pa  should be describable in the r, /'y terms. As
for these isotopes we have no data we inter- and extra-
polated the inown systematics of /Ty values/ 15/ The
resuits of the analysis are presented in table 5.

It iz quite evident from this table that the assumption
on the nucleus attaining the equilibrium state at the full
excitation energy 15-20 MeV characteristics for = -cap-
ture is unacceptable-in any case even taking into account
the uncertainties of the extrapolation procedure (estimated
to be mostly the factor two).

5.2. Prompt Fission

Figure 5 shows the photofission probability for photon
energy corresponding to K, mesic transitions in the
nuclei under consideration. The results published in
refs./16 =18/ and Huizenga’s estimation of the photoabsorp-
tion cross section in the actinides 1%/ wereus d. Figure 6
shows )ihﬁ measurements of Khanand Knowles /1¢/  Yester

et al. and Anderl et al./!8 dealing with the near
threshold photofission cross section of 227, , 28 y |
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Fig. 5. The absolute yield of prompt and delayed fission
induced by ;= capture as a function of the fissility para-
meter x/7/.'q‘he probability of the photofission for the
photon energy corresponding to K, transitions is also
quoted (cross sections o4 (y) from ref. /16/ and
or(y) from ref./19/ are taken).



Table 5
fission yield per u-capture

delayed
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and 285 . The vertical bars indicate the energies of

K, mesic  transitions in these nuclei. The prominent
structure in the excitation curves is discussed by the
authors as revealance of the sub- and near-barrier
channel structure. The neutron competition can be practi-
cally excluded as responsible for such a structure, but
a fluctuation in the photoabsorption cross section cannot
be a priori rejected.
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Fig. 6. The comgilation of photofission excitation functions
for 232y, 238y ,and 2357 as measured by Khan
and Knowles /16/ ~ Yesteretal./17/ and Anderletal, /18/
The energy and relative intensities of the spin-orbit
muonic doublets 2p3/9 ~1s7 and 2p;/p -1s;/p are
‘also indicated.

Below we shall discuss to what extent our results on
the radiationless transition fission are coherent with the
photofission data and their interpretation, and what additi -
onal information about the fission barrier could be obtain-
ed dut to this analysis.

Firstly, we should analyse if Kg (andhigher Lyman’s
series transitions) and quadrupole transitions 34 -1s could
compete with K, transition in the observed prompt fission
yields.

One general assumption, as it has been pointed out
in section 1, is unavoidable: The nuclear excitation in the
radiationless transitions of the muon in its atomic orbits
is governed by the same interaction like photoabsorption.
We understand this assumption in the sense presented by
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Zaretsky and Novikov /20 /Thus, we mean that photoabsorp-
tion cross sections for thorium and uranium isotopes are
in the same relation like the radiationless tramsition
probabilities

Lo

+
X

wom(y),
Lo T
where I}, and I, are the widths of radiationless and
muonic transitions. Secondly, we state thatthenonradiati-
ve fission is not affected by the moun bound in the |s or-
bit, if the excitation energy -is > 9 MeV (the region of
Kg,K,and 3d-1s transitions).

In view of that we can reject the supposition that the
observed fission yields are conditioned up for all three
isotopes by higher than K , transitions.

In fact, the photofission cross sections for the investi-
gated nuclei are comparable in theregionof8.5 - 9.0 MeV
(see, fig. 6). Thus, if the o4 (y) values are also compa-

rable, then
Pl(m) = P (D)

but: ¢
pl(m)<<P'()
1 1

as follows from our results ( pf , P! are the photo-
fission probabilities for the nucﬁeus wi‘.‘h and without the
moun in its 1s orbit).

It is easily seen that any other relation between the
oq(y) values for thorium and uranium isotopespreserves
the same strong difference between P, and P, . But it is
hardly understable as far as the excitation of 9 MeV is
considered.

Resuming, we state:

a) it is impossible to explain all the fission yields
observed in our measurement as conditioned up by higher
than K ,transitions;

b) higher tramsitions as well as K4 transitions can be
responsible for the fission yield in 232Th case.

We present our results once more in fig. 7. It was
assumed here that only K ;, radiationless transition con-

" tribute to the measured fission yields. Consequently these

yields were normalized to the probability of the K non-
radiative transitions. It was taken as equal to 0.2, on
average, for all three nuclei in view of relatively large
errors quoted in ref./21/ -

1 1

Ry/P, theor.value,see:ref 22)

R- tission yield per photoabs. probability
Pu-fission yield per radiationless transition probability
A g,

& .

v rrry — —rrr —r
) N
~~e
'l

M 107, Mg, A 1) 237y, itp, P,

B U W A

Q730 Q%0 070 Q77 0780 0780
x

Fig. 7. Comparison of the photoﬁssio? g.nd radiationless
trz:ins%(s)r{J tission probabilities for  “3%Th , 238 ¢
an .

Figure 7 shows the photofission probability also. The
ratio P, /P ,, as the comparison of the photofission
yields with and without the muon in the Is muonic orbit



is presented along with its theoretical value for 238y
taken from ref. /22/,

Two features are quite clear. Firstly, the photofission
probability of the investigated nuclei with the muon in the
ls orbit P! is much lower than P{) (without the muon
in the s grbit). Secondly, quite steep variation of the
ratio ?P, /Py from one nucleus to the other is observed
when practically no variation is observed for P, alone.

One can try to explain these facts by the effect of the
muon binding energy on the fission barrier height. In the
region of uranium according to Zaretsky and Novikov’s
result /% the heights of the first and second barriers
increase by 150 MeV and 600 keV, respectively 2% But
these calculations have been performedonly for the reflec-
tion svmmetric "shapes of the nucleus. It seems to be
a generazily accepted point of view that the second saddle
appears at the stabilized reflection-asymmetric shape for
which the correction of its height due to the muon pre-
sence it the 1s orbit should be smaller than quoted 600 keV.
On other hand, the height of the second saddle should be
comparable or some hundreds of kiloelectronvolts lower
than the (1,07) channel of the first barrier. It follows
from e fact that the firsi and second barrier for thorium
and vranium r/e comparable according to the experimental
systematics /23/. For thorium, theyare: SaA=(5.910.2)MeV
and Sp. (6.1+0.2)MeV and for uranium: (5.7+0.2) MeV and
(5.8+0.2) MeV, respectively. This relation can be changed
in ike presence of the muon and excited energy of the
{(1,07) channel becomes practically comparable or even
slightly lower than the height of the second saddle. So, the
net result is as follows:

In the region of the first barrier we are about 150 k&V
out off the (1,07) resonance and phenomenclogically it
correspoads to the shift of the energy scale in fig. 6 by
150 keV on the left.

In the region of the second barrier the nucleus 232 Ty
excited by the 2py, -1s,, component of K , muonic tran-
sition is maximally 700 keV below the barrier and excited
by 2 2p,4,-1s;s, component not more than 4C0 keV. In the
case of 28 the first component excites the nucleus to

20

300 keV below the barrier while the second excites it to the
energy of the second saddle height.

We can estimate the decrease of the fission probability
as the product of the decreases in the region of the first
and second barrier. The first factor is maximally 0.7 for
232 T, and unity for 38 U inaccordance with Yester’s
et al.¢/17/  and Anderl’s et al. 1% results. The second
factor, the ratio of penetrabilities for the nucleus with
and without the muon we estimate as 0.25 and 0.7 taking
the data from ref./22

Finally, the total decrease of the fission probability
caused only by the change of the barrier heights in the
presence of the muon in the orbit is maximally six
times for 2327, and 309 for 238y, We see thatthe observed
difference for these two isotopes is well reproduced. But
the observed absolute values of the fission probabilities
P, cannot be reproduced being hundred, ten and five
times lower than P{ for 22T, , U ,and 25 U,
respectively. # :

We can explain such deep depression of the fission
probability if the resonances observed in refs./16-8/ in
the region of 6.3 MeV for 232 Th and 238U andinter-
preted there as the (1,07) fission channel arein fact com-
posed of the (2,2*) channel, i.e., agamma—vibra}io nature
one, probably lying in the region of 6 MeV 25/3nd the
(1,07) channel of octupole vibration nature. It would mean
that the widths of the dipole resonanc',als6 arg /considerably
smaller than those observed in refs. . So, in radia-
tionless transition fission the excitation energy of thenuc-
leus is much more out off the dipole resonance than it
can be judged from fig. 6.

This conclusion is even more evident for 232Th,if in
the observed fission yield we have some contributions
from higher than K, transitions.

In other words our result could be interpreted as the
indication of the complex channel structure in the region
of the 6 MeV excitation.

It does obeﬁ up a new possibility in the barrier structure
investigations: non-radiative transition fission as induced
by the pure dipole transition of the energy near the top of
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the fission barrier can help in revealing the nature of
fission channels.
In view of that it seems very interesting to spread the
s!stematics described in this paper on such nuclei like
Op, ang 242py. As it is claimed in Vandenbosch’s
analysis / 24/, the first dipole channel (1,0 ) in2%*Pu should
lie in the region of 6.7 MeV. In this nucleus the upper edge
of the K, transitions is about 6.5 MeV. It means that
the 2%2Pu nucleus excited in the radiationless K ¢ transi-
tion will be about 0.5 MeV off the (1,07) resonance and
the relatively low yield of the prompt fission should be
observed.
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