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Fission of 232 Th , ~ 38 r and 21 ~ 1 Induced 
by Negative Muons 

The absolute yields of prompt and delayed fission in-
duced by negative muons in 2 ·1 ~ ·11, , 2'1H 1 and 2"1"; T have 
been measured. The yields of delayed fission are much lo­
wer than could be predicted from 1·". I" 1 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 
barrier· Preprint. Joint Institute for Nudear Re!!f'&rt'h. 
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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) + 11--. ( Z-l,N+l). 

In heavy nuclei the latter proceeds with a characteris­
tic mean-life time about 80 nsec and the mean excita~? 
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 Wheeler1 < 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., 10- 14 - 10 - 15 sec from the moment of 
ll -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 235 U and the fragments were detected with effici­
ency not poorer than 9()%. 
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All our measurements were performed simultaneously 
for two isotopes: the investigated one and 23Bu, as a 
reference. The targets were deposited by sedimentation 
on the aluminium foils about 13 mgjcm 2 thick. The 
natural uranium and 235 u (95% of isotopic purity) were 
deposited in the form of U 30 8 oxides. A thorium target 
(monoisotope 232 Th ) was prepared in the form of Th0

2 
oxide. 

The targets were prepared in the form of discs with 
a diameter of 47 mm and 2.6 mgjcm 2 , 0.7 mgjcm 2 · 
and 3.1 mgjcm 2 thick for · 238 u , 235 u , and 
232 Th , respectively. In the measurements the chamber 
contained: 857 mg of 238 U , 237 mg of 235 u , and 
1020 mg of 232 Th • 

The measurements were performed with the 11 - . and 
"-separated beams of the Dubna 680 MeV synchrocyclo­
tron. The 11- beam of 98% purity with a mean energy of 
85 MeV and dispersion AE = 9 MeV was slowed down 
in the moderator of 30 gjcm 2 equivalent thickness. 

ccunter s No: 1 2 

===> 
,IJ-beam 

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./31 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 p.- and 
"- beams were used. Due to the measurements with 
"-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) coinciden_fe rate; 
b) the rate of p. -stops - (1,2,3,4) coincidences; 
c) the rates of the col!..nts in the chamber; 
d) the rates of (1,2,3,4,!) coincidences. 
All these quantities had fluctuated but normalized to 

the beam intensity or f.l. -stop rate Wf:lre 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 the~;e 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 
hH•el 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. 

ln the second step, the time distribution of fission 
induced by p.- were fitted by the curve composed of: 
1) a prompt coincidence response curve defined in the 
measurements with rr - , 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 final 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 235 u relative to 
the yield of fission in 238 u . 

The yield of fission per !l-capture, y f , has been 
measured for 238 U . 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 cern, coaxial Ge(Li) spectrometer was used. 

The X-ray spectrum was measured in coincidence 
with ll -stop events with the time resolution of 2r =10 nsec. 
The chamber contained aboutl.6 g of U 3 08 • 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 - ls 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 ll -beam 
have been practically identical to that for the uranium 
targets. It made possible to find the total ll -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 

N Af 
y N Af 

ll = 
£ I Af 

y 2p - 1 s 

where N Af e is the number of muons stopped in alumi-
nium, ll N/. is the observed intensity of the Ka ( AO 
transition, £ is the efficiency of thf 'Ge(Li) detector 
for the energ/ of this transition and I¢ _ 1 s is the inten­
sity~~~ K a transition per ll -captur~ in 'Af taken from 
ref. . 

As soon as the number of ll -captures in uranium 
targets N stop f is. established, the fission yield per 
p. -capture, Y P. , 1s: 

f 
yf= N 

P. Nstop X£ f 

6 

where N f 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)%. 

4. Results 
4.1. rr- Induced Fission 

The examples of the time distribution of rr- induced 
fission and the results of the Gaussian curve fitting are 
shown in fig. 2. 

m• ~ 

.,.~ 

2liU+II- 2:1!iU +JI-

eaHbraUon. 0 58 nste/chan c:allbratton O.S'7nsec/c:hon 

t~ , ...... i ~1 
Fi(•)•A/I•P _b_~ for • ., 

i(i+ij'JI 

d•(lSS!:QlO)chon 
&la(aD!O.S)chon 
'l't•.Qtl(~.21} 

If! 

" e.tnr.tO.lSJchon 
.. :(O.Ot05}chen 

'(f ~ 
~ 

x~.tX(MU 
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4 n 

l 
m' 

110 120 110 fill 

channels 

Fig. 2. Two examples of the time distribution of fission 
induced by rr -. 

We have obtained the relative probability of fission 
induced by rr- in 238 Th , 235 U , , and 238 u 
They are (43±3)%, (120±5)% and 100%, respectively. M~y 
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papers have been published (for instance see refs. / 5 , 6 1 ) 
in which the fission probability per "--capture in 238 U 
has been measured. If one takes the mean value 0.45 ± 
± 0.10, then the values 0.22 ± 0.05 for 232 Th and 0.54 ± 
± 0.12 for 235 u are obtained from our results. 

4.2. p.--capture Mean-Lives 

... 
• • 

"' • • 

"' • 
6 

10° 

• 
6 

The time distributions of fission events induced by 
11- in three investigated isotopes are shown in fig. 3. To 

232Th .... 'llu mu . 
I 

T:(87!4lnsec 
.. .. ... 't':(760! lO)nsec '1::(85 !6)nsec 

calibration. 9.3nsec /chan .... calibration:§ 9 nucJehan 
I 

calibralion:5.1nsac/chon . 
11it 

.. , 
I 

,, ,, ''JIIn 'I'J 'l, ''un, Ill! 

f llj!ll 
I !Ill! IIIJI!l!I I 
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j 

l.JL,.___,_ 
0 s I'J 15 20 :z5, 30 35 
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s m ~ ~ ~ ~ ~ ~ e ~ ~ s m ~ ~ ~ ~ 35 ~ 
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Fig. 3. Time distribution of the fission events in 232 Th, 
'23BU , and 235U indiced by 11- (Background has 

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 238 u isoto-
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pe (except Sens' result) and significant disagreement 
for 23~ and 235 U are observed. 

Table 1 

mean lives ~(nsec) 

232Th 2Jau 23su 

J. C.Sens a) 88!. 4 

J.A.Diaz et al 9) 74.2 '!. 5.6 75.6 :t 2.9 66.5! 4.2 

B.Budick et al
10 74.1 ± 2.8 65.3 :t 2.8 

present work 87 ± 4 7 6.0 :t 1.0 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 50% 
is possible if the time resolution of the used system is 
about 3+5 nsec. 

4.4. The Fission Yield per p.--Capture 

The compilation of all available data on the fission 
yield per 11- -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 2 

prompt to delayed fission yields ratio 
232Th 23eu 23su 

J.A.Diaz et at.9
> QOGL.! 0.022 O.a72 ±0.014 Q111 .± 0.021 

8 8 . 10 . ud 1ck et al. 0.048 ±0.025 0.063:!:0.025 

present work 0.130:!: 0.012 Q071 t0.003 0:17 ± 0.01 



Table 3 

fission yield _per }!_-capture 
232Th 23au 23su 

W.Galbraith and 14) 
W. J.Whitehouse <0.25 

13) {0.15! 0.06 
W.John and W.FFry 0.07!: 0.03 

11) 
0018!0012 M.G.Petrascu.A.KMihul 

~.E.Belovitskii et al 
12) 

0.070±0008 

present work *) 00043!00010 0031±0007 0037±0009 

'<zu ) Y~l~~ x) the errors of the relative fission yield ~f( ua1} and ~ 
are about one order lower 

Table 4 

fission yield per p-capture 
232Th 23au 235u 

prompt ( S.O:t 1.2)xH)4 (2.03±Q45)x103 -3 (5.1± 1.2)x10 

delayed ( 18± 0.9)><10-3 ( 2.90:t0.65}x102 (3.2±Q8)x10-2 

w 



results: the absolute probability of the promptanddelayed 
fission yields. They are presented in table 4 and make the 

- basis of the discussion in the next section. 

5. Discussion 

Ftgure 5 SilOWs our results as a function oi the fissi­
Hty parameter x , defined accordingly to Meyers and 
Swiatecki "h / , The quoted errors represent uncertainty 
in ~'1e z~lative yields only and do not include the 25% 
uncertainty in the absolute yield values (see, table 4). 

5.1. Delayed F' iss ion 

If th-e nuclear 11 - -capture reaction is well described 
ia the &rtuilibrium process terms, i.e., as going via the 
compound system from the very beginning, then our re-
sults 0::1 the fission yields of 232 Ac , 238 Pa , and 

235 Pa should be describable in the rn ;r f terms. As 
for these isotopes we have no data we inter- and 'xtra­
polated the :known systematics of rn ;r f valuesl15 • The 
results of the analysis are presented in table 5. 

U ~s 'tuite evident from this table that the assumption 
on the 'llucleus attaining the equilibrium state at the full 
excitation energy 15~ 20 MeV characteristics for p.- -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 Ka mesic transitions in the 
nuclei under consideration. The results published in 
refs/16 -181 and Huizenga's estimation of the photoabsorp­
tion cross section in the actinides 11 9 I were us~d. Figure 6 
shows me measurements ofKhaq~dKnowles 1161 , Yester 
et al. 177 and Anderl et at.118 dealin~ with the near 
threshold photofission cross section of 23 Th , 238 u , 
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Fig. 5. The absolute yield of prompt and delayed fission 
induced by ~- capture as a function of the fissllity para­
meter x/7/. The probability of the photofission for the 
photon energy corresponding to K a transitions is also 
quoted (cross sections a f ( y) from ref. I 16 I and 
a T ( y) from ref./19 I are taken). 
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and 235 U . The v_ertical bars indicate the energies of 
Ka 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. 

.'"232n, 

11 'i' 

•'"au 
(r,n) 

I 

... ... 
lO 

25 

20 

t 15 

oi 
10 

Fig. 6. The compilation of photo fission excitation functions 
for 232Th, 231lu , and 235u as measured by Khan 
and Knowles /16 / Yester etal./17 I andAnderl etal,/18/ 
The energy and relative intensities of the spin-orbit 
muonic doublets 2p 3 j 2 -1 s 1 j 2 and 2p 1j 2 - ls 1; 2 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 K f3 (and higher Lyman's 
series transitions) and quadrupole transitions 3d -Is could 
compete with Ka transition in the observed promptfission 
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 assumptioq, 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 transition 
probabilities 

rr~ 
oo:aT(y)' r o +r r L X 

where r;~ and r x are the widths of radiationless and 
muonic transitions. Secondly, we state thatthenonradiati­
ve fission is not affected by the moun bound in the 1 s or­
bit, if the excitation energy· is > 9 MeV (the region of 
Kf3, K and 3d-ls transitions). .. 

In \riew of that we can reject the supposition that the 
observed fission yields are conditioned up for all three 
isotopes by higher thanK a 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 aT( y) values are also compa­
rable, then 

f f 
P

0 
(Th) "'P 0 (U) 

but: 
Pf(Th)<<Pf(U) 

ll ll 

as follows from our results ( pf , P f are the photo­
fission probabilities for the nucteus wiUt and without the 
moun in its ls orbit). 

It is easily seen that any other relation between the 
u T ( y) values for thorium and uranium isotopes preserves 
the same strong difference between P0 and P 1t • 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 a transitions; 

b) higher transitions as well as K a 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 a radiationless transition coli-

18 

·tribute to the measurea fission yields. Consequently these 
yields were normalized to the probability of the K non­
radiative transitions. It was taken as equal to 8.2, on 
average, for all three nuclei in view of relatively large 
errors quoted in ref. /21 ~ 
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Fig. 7. Comparison of the photofissioy3~d radiationless 
transition fission probabilities for T h , 2 38 U , 
and 235 U. 

Figure 7 shows the photofission probability also. The 
ratio P IL /P 0 , as the comparison of the pbotofission 
yields with and without the muon in the ls muonic orbit 
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is presented alof!g with its theoretical value for 238 U 
taken from ref. 1221. 

Two features are quite clear. Firstly, the photofission 
probability of the investigated nuclei with the muon in the 
ls orbit P r is much lower than P b (without the muon 
in the ls ~rbit). Secondly, quite steep variation of the 
ratio P

11 
/P 0 from one nucleus to the other is observed 

when practically no variation is observed for P 0 alone. 
One can try to explain these facts by the effect of the 

muon bLr1ding energy on the fission barrier height. In the 
region of uranium according to Zaretsky and Novikov' s 
result /20 I the heights of the first and second barriers 
increase by 150 MeV and 600 keV, respectively 122/ But 
these calculations have been performed only for the reflec­
tion symmetric -shapes of the nucleus. It seems to be 
a generally accepted point of view that the second saddle 
appears at the stabilized reflection-asymmetric shape for 
which the correction of its height du~ to the muon pre­
sence m. the ls 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 ,o-) channel of the first barrier. It follows 
from ;:.'le fact that the first and second barrier for thorium 
and uranium ;:_r{ comparable according to the experimental 
systernatics 23 . For thorium, they are: S A=(5.9±0.2)MeV 
and s B '·' (6.1±0.2)MeV and for uranium: (5.7±0.2) MeV and 
(5.iH0.2) MeV, respectively. This relation can be changed 
in the presence of the muon and excited energy of the 
(1,0"") 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 keV 
out off the (1 ,0-) resonance and phenomenologically it 
corresponds to the shift of the energy scale in fig. 6 by 
150 keY on the left. 

In the region of the second barrier the nucleus 232 Th 
excited by the 2p'V2 -ls 1; 2 component of K a muonic tran­
sition is maximally 700 keV below the barrier and excited 
by a 2pl/2-ls112 component not more than 400 keV. In the 
case of 218 U the first component excites the nucleus to 
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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 Th and unity for 238 U in accordance with Yester's 
et al.e/17/ and Anderl's et al. 1181 results. The second 
factor, the ratio of penetrabllities 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 232 Th and 30% for 238u. We see that the observed 
difference for these two isotopes is well reproduced. But 
thf observed absolute' values of the fission probabilities 
PfL cannot be reproduced being hundred, ten and five 
times lower than P f for 232 Th 238 U and 235 U 
respectively. ll ' ' ' ' 

We can explain such deep depression of the fission 
probability if the resonances observed in refs./I6-l8/ in 
the region of 6.3 MeV for 232 Th and 238u andinter­
preted there as the (1,0-) fission channel are in fact com­
posed of the (2,2+) channel, i.e., agamma-vibra~o~nature 
one, probably lying in the region of 6 MeV 25 and the 
(1,0-) channel of octupole vibration nature. It would mean 
that the widths of the dipole resonanc;~~rr1 considerably smaller than those observed in refs. 1 1 

• So, in radia­
tionless transition fission the excitation energyofthenuc­
leus is much more out off the dipole resonance than it 
can be judged from fig. 6. 

This conclusion is even more evident for 23 '2Th, if in 
the observed fission yield we have some contributions 
from higher than K a 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 open 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 
slstematics described in this paper on such nuclei like 

40pu and 242 Pu. As it is claimed in Vandenbosch's 
analysis 1 24~the first dipole channel (1,0-) in 242 Pu.should 
lie in the region of 6.7 MeV. In this nucleus the upper edge 
of the Ka transitions is about 6.5 MeV. It means that 
the 242 Pu nucleus excited in the radiationless K a transi­
tion will be about 0.5 MeV off the (1,0-) resonance and 
the relatively low yield of the prompt fission should be 
observed. 
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