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The neutron-unstable odd-TV isotopes 5He, 7He and 8Li (in its excited state of E* = 2.26 MeV)
were measured to show up as short-lived (T a 10~21 — i.0~20 s) intermediate light-charged-particles
(LCP) in ternary fission of 2o2Cf. For the study a high-efficiency angular correlation measurement
between neutrons, LCPs and main fission fragments has been performed. The evidence for the
ternary 5He and 7He particles (lifetimes: 1 x 10"21s, and 4 x 10~21s, respectively) was disclosed
from the measured angular distributions of their decay neutrons focused by the emission in flight
towards the direction of motion of 4He and 6He ternary particles. Similarly, neutrons observed to
be peaked around Li-particle motion could be attributed to the decay of the second excited state
at E* = 2.26 MeV (lifetime: 2 x 10~20 s) of 8Li. The fractional yields of the intermediate 5He and
7He ternary fission modes relative to the "true" ternary 4He and 6He modes, respectively, were
determined to be 0.21(5) for both cases. The mean energy of the 4He residues resulting from the
5He decay was determined to be 12.4(3) MeV, compared to 15.7(2) MeV for all ternary a-particles
registered, and to 16.4(3) MeV for the true ternary a-particles. The mean energy of the 6He residues
from the 7He decay is 11.0(15) MeV, compared to 12.3(5) MeV for all ternary 6He particles. The
population of 8Li* was deduced to be 0.06(2) relative to Li ternary fission, and 0.33(20) relative to
the yield of particle stable 8Li.

The perspective of using the observed intermediate LCPs for probing the ternary scission
configuration in 2o2Cf fission with the aid of trajectory calculations is briefly discussed.

PACS numbers: 25.85.Ca, 24.75.+i, 23.20.En, 29.30.Ep.

I. INTRODUCTION

Light-charged-particle (LCP) accompanied fission, also
known as ternary fission (TF), is a rare process (p± 1/260
relative to binary fission, for 252Cf) [1, 2]. In TF, nucle-
ons from the neck formed between the main fragments
right at scission cluster into a light third nucleus that
is ejected at about right angle to the fission axis, due
to the focusing by the Coulomb field from the nascent
fragments. In about 87% of ternary fission events a
so-called long-range a-particle (LRA) is present, char-
acterized by a continuous (near-Gaussian) energy spec-
trum with ~ 16 MeV mean energy and a 11 MeV width
(FWHM) [3]. Other LCPs with still sizeable partial
yields are 3H (~ 7%), the neutron-rich He isotopes 6He
(~ 3.5%) and 8He (~ 0.2%), and the 7-8'9Li (~ 0.5%)
and 9'10'11Be (~ 2%) nuclei. For the time being, a large
variety of other much rarer species, predominantly the
neutron-rich isotopes from elements up to silicon, have
been measured in various thermal-neutron induced fis-
sion reactions (from 233U(nth,f) to 249Cf(nth,f)) [3, 4].
For 252Cf(sf) no fractional isotopic yields of LCPs with
Z > 3 are hitherto available from experiment.

'present address: Gesellschaft fur Schwerionenforschung, 64291
Darmstadt, Germany
t present address: Section Physik, Ludwig-Maximilians-Universitat
Munchen, 85748 Garching, Germany

It is expected that LCPs are born not only in their
respective ground states, but also with some probabil-
ity in excited states [5, 6]. In particular, in the 7-ray
spectra taken simultaneously with Bo-LCPs and the two
fission fragments in the present experiment on the TF of
252Cf [7, 8], the 3.37 MeV 7-ray line from the 0.18 ps dis-
integration of the first excited level in 10Bc was observed.
Currently, much attention has been attracted upon the
unexpected result that a fraction of the 10Be 7-radiation
seems to appear as a non-Doppler broadened line in the
7-ray spectrum, indicating that the 7-decay occurs at
least partially from a source at rest. More recent high-
resolution data with germanium detectors seem to con-
firm this observation [9, 10], supporting the suggestion
already pointed out in Rof. [7] of the possible existence
of a molecular type of nuclear structure at the scission
point in 10Be accompanied ternary fission [9-11]. How-
over, for this conjecture to be true, the 10Bc nucleus is
to be held in the potential well between the main fission
fragments for an incredibly long time at least comparable
to the lifetime of the 10Be excited state, i.e. for ~ 10"13 s
before the system breaks up into the three charged prod-
ucts. Besides the interesting perspective of signaling a
new type of intermediate nuclear structure, the popula-
tion of excited states in the ternary particles is of consid-
erable interest on its own, since information, on the exit
channel of fission, e.g. on the energy dissipation in the
saddlc-to-scission stage, might be inferred by measuring
ratios of excited and ground states in the same LCP [8].
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1 Introduction

In South Devon a deposit of uranium minerals has been found. Native
copper has also been found in the deposit. At a meeting at SKB July 2001
with participation of A. Milodowski, M. Styles, V. Oversby, L. Werme, and
H. Christensen the possible production of oxidants by radiolysis was
discussed. Actually, there is no experimental evidence for oxidation in the
vicinity of the uranium deposit although further away (far outside the range
of a-particles) oxidized iron (red) has been found. As it is known that a-
radiolysis of water will produce H2O2 and H2 (and in addition small yields
of the radicals OH, H, e'aq, and HO2) it was decided that an estimate of the
maximum production of H2O2 should be made.

c:\dokument\nuclear\n(k)0l-025.doc/EA
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2 Assumptions and conditions

During the meeting it was decided to use the following assumptions and
experimental conditions:

2.1 Mineralization time

Estimates shall be carried out for three different times: 140,170, and 240
Myears.

2.2 Characteristics of the nodule

A sketch of a typical nodule with its immediate surroundings is shown in
Figure 1.

A 50 Jim U-
containing layer
(10%coffinitein
quartz and illite)

Figure 1
A sketch of the nodule and its surroundings. The diameter is 4 cm. The
water content of the inside and outside clay is 5 and 10 %, respectively.

The volume of the U-containing rim is 50 • 10"4 • 4rc • 22 = 0.25 cm3.
The mean density of quartz/illite is about 2.7. Thus, the layer weight is
0.675 g and the coffinite weight is 0.0675 g. The molecular weight of
coffinite is 330, so the number of

U-238 atoms = 6.02 • 1023 • 0.0675/330 = 1.23 • 1020

U-235 atoms = 8.6 • 1017

c:\dokumeitt\nucleu\n(1001 -025.doc/EA
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3 Integrated oc-doses

Simplified decay schemes of U-238 and U-235 showing only a-decays are
given in Table 1. Both isotopes decay eventually to stable lead isotopes in 8
and 7 a-decays, respectively. Because the half-lives of all the intermediate
daughters of each uranium isotope are short relative to the half-life of the
parent uranium, each decay series is in secular equilibrium and the activity
of each daughter isotope will be identical to that of the uranium parent.
Therefore, the decay energies can be added together to give a total decay
energy using the half life of the mother uranium isotope. The following
decay equations apply:

= N- A
dt

. In2
A =

t'/2

t - l n 2

= N 0 - N = N ( e
A t - l ) = N(e VA -1)

where

N is the number of atoms
No is the number of atoms at time zero
AN is the integrated number of decays
t is the present time
A is the decay constant
ti/2 is the half life

From N, the number of U atoms today, No is calculated for the different
times and for the two uranium isotopes. No - N is then the integrated number
of decays. It can be seen that the number of decays of U-235 is less then 5 %
of the number of U-238 decays. The contribution from U-235 will therefore
be neglected. Today natural uranium contains 0.7 % of U-235. 240 Myears
ago the contribution of U-235 was 0.9 %. Multiplication with the total oc-
energy in each decay (see Table 1) gives the integrated energy developed in
the 50 Jim U-containing rim on top of the nodule.

The range of 5.5 MeV oc-particles in water and illite has been estimated to
be 40 and 15 am, respectively. Consequently, for simplification we assume,
conservatively, that the full cc-energy from a range of 8 urn (or half of the

c:\dokument\nuclear\n(k)01 -O25.doc/EA
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energy from the full range) will deposit in a water-containing 8 \im thick
surrounding quartz/illite layer. Inside the nodule the water content is 5 %.
Outside the content is 10 %. The weight of the 8 |xm surrounding layer is
0.675-8/50 = 0.108 g.

Table 1
Simplified decay schemes including decay energies.

U-238
U-234

Po-214
Po-210

a-Decay

•
•
•
•
•
•
•
•

Th-234
Th-230
Ra-226
Rn-222
Po-218
Pb-214
Pb-210
Pb-206

Energy
MeV

4.18
4.75
4.67
4.77
5.49
6.00
7.69
5.31

Tot 42.86

Comment

Mean value
Mean value
Mean value
Mean value
100%
-100%
-100%
-100%

Average 5.36 MeV

t% = 4.5M0 9y

a-Decay

U-235
Pa-231
Th-227

Bi-211
Tl-207

^

•

•
•
•
•

Th-231
Ac-227
Ra-223
Rn-219
Po-215
Pb-211
Tl-207
Pb-207

Energy
MeV

4.40
4.98
5.90
5.67
6.75
7.38
156
3
t o t 41.64

Comment

Mean value
Mean value
Mean value
Mean value
Mean value
-100%
Mean value
100%

Average 5.95 MeV

t'/2 = 7 .M0 8 y

c:\dokument'jiuclea^i(k)0l-025.doc/EA
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4 Production of hydrogen peroxide

The water content of the outer clay layer is 10 %, i. e. 0.0108 g and of the
inner layer 5 %, i. e. 0.0054 g. The total water weight is 0.0162 g. The G
value for H2O2 production from a-radiolysis of water is 0.985 [1]. From the
G value (= number of molecules formed or destroyed per 100 e V absorbed
energy) and the total dose D in rad (1 rad = 100 Erg/g absorbed energy) the
final concentration C in mol/dm3 can be calculated:

C = G D f

where

f is a factor obtained by insertering the proper units:

lev=1.6-10- 1 2Erg

1 rad =100 Erg/g

1 mol/dm3 = 6.02 • 1023 molecules/dm3. Consequently:

f = 1/ (6.02 • 1023 • 100 • 1.6 • 10"12 )(mole/Erg) x 1000 • 100 (Erg/dm3) =
1/9.6 108 = ~10-9.

The production (P) of H2O2 is according to the equation:

P(H2O2) = C • W = G • D • lO"9 W, mole

where

W = volume of water in dm3

The production in gram is obtained by multiplication with 34 (= mole
weight of H2O2). The results are shown in Table 2. The results show the
production from one nodule with a diameter of 4 cm. The total production in
240 Myear is 2.5 g of H2O2, corresponding to 1.0 • 10"8 g/year.

The production of such a high quantity requires a certain transport of water
to the vicinity of the U-containing layer.

If the U-containing rim contains 5-10 % water the total production of H2O2
may be about three times higher than shown in Table 2.

c:\dokiunent\nuc leai\n(k)OI -O25.doc/EA
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Table 2
Calculation of integrated a-doses and production of H2O2.

Storage
time
Myear

140

170

240

tin 2

1.146

1.180

1.264

U-235

AN*

1017 atoms

0.146N

0.180N

0.264-N

1.3

1.5

2.3

tin 2

1.0217

1.0265

1.0376

0.0217N

0.0265N

0.0376N

AN*

1018 atoms

2.67

3.26

4.62

U-238

Integrated
energy**
1019 MeV

1.83

2.23

3.17

Integrated
dose***
10I2rad

2.7

3.3

4.7

Integrated production
ofH2O2

10"2 mole g

4.3

5.3

7.5

1.5

1.8

2.5

D
CO

O

* In the whole 50 Mm rim.
** In an 8 p n part of the rim.
* * * In an 8 pm clay layer outisde both sides of the rim.
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o
o

o
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5 Discussion

It is unlikely that the actual production of H2O2 would be higher than the
estimate made above. However, there are a number of processes that could
decrease the production.

1 The radicals produced by radiolysis will probably give some
recombination of H2O2 and H2.

2 A possible catalytic decomposition of hydrogen to H atoms on
a UO2 surface has been discussed [2]. A production of H atoms
would reduce the H2O2 concentration.

3 H2O2 is known to decompose catalytically on many surfaces.
The product O2 may diffuse out of the system to a certain
degree such as H2 is assumed to do to a high degree. O2 is
known to react with UO2 about 200 times slower than H2O2.

4 If, for some reason, there was an initial surplus of H2 this
might be sufficient to quench radiolysis.

The total effect of these processes has not been evaluated.

According to experiments, carried out at AECL, Whiteshell, oxidation of
UO2 beyond the UO2.33 state does not take place at a sufficiently low
corrosion potential of a UC^-electrode [3 and 4]. With the extremely low
dose rate applicable in the present case the potential would be far below the
limit for oxidation of UO2 beyond the UO2.33 state (above this oxidation
state the uranium oxide becomes much more soluble).

c:\dolcument\micleir\n(k)OI-025.<ioc EA
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