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Emission of light charged particles in photon induced fission
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The emission of light charged particles in the photofission of ' Th, ' ' ' U, "Np,
and Pu has been studied with bremsstrahlung with end-point energy of 12) lsd and 20 MeV. The
light charged particles are measured using a setup consisting of eight AE-E particle identification
detector telescopes. The kinetic energy distributions and the emission probabilities of tritons and
long-range alpha particles were determined. The presence of photoprotons obscures the identification
of ternary protons while He particles were observed clearly, however, with insufBcient statistics to
allow meaningful conclusions concerning their energy distribution or emission probability. The
average kinetic energy of the ternary tritons and o. particles and the width of the triton kinetic
energy distributions seems to be practically independent of the compound nucleus excitation energy
or Z /A. Only the width of the long-range alpha particle kinetic energy distribution shows a
slight increase with increasing Z /A of the compound nucleus. Our results point toward a slight
increase of the ternary alpha particle yield with increasing excitation energy of the compound
nucleus. As already observed by Wild et al. for spontaneously fissioning nuclei, this yield shows a
clear correlation with (q) —(Et;,), where E;„ is the total kinetic energy, suggesting that the light
charged particle emission probability is determined by the deformation of the system at scission,
and that, for the compound nucleus excitation energy studied in our experiments, the excitation
energy transferred to the compound nucleus remains in the system as internal heat, and is not
transformed into deformation energy. The triton emission to binary fission ratio, t/B, for Np
is not substantially higher than for the neighboring nuclei, indicating that the unpaired proton in

Np does not in6uence in an important way the triton emission probability.

PACS number(s): 25.85.Jg, 27.90.+b

I. INTRODUCTION
Although in spontaneous and low energy induced fis-

sion only in one out of about 500 6ssion events are the
two &agments accompanied by a light charged particle
(LCP), predoxninantly a high energetic a particle (LRA,
long-range alpha particle), this phenomenon has been
studied extensively for the spontaneous fission of 2 Cf
and for the thermal neutron induced fission of the fis-
sile actinides like 2s U and 2s Pu (see, e.g. , [1,2]). This
was stimulated by the expectation of being able to de-
duce information about the scission configuration &om
these measurements via trajectory calculations. It was
assumed that this information would also be valid in the
case of binary fission, in which only the two heavy &ag-
ments and no light charged particle are emitted. Mean-
while, it became clear that trajectory calculations cannot
yield unambiguous information on the scission configu-
ration, and that light particle accompanied fission is a
specific process, in which the light charged particle is not
a spectator but an active participant. This process is not
necessary representative for binary fission (see, e.g. , [2]).
Comprehensive data sets, yielding a complete kinematic
description of the three-body breakup, are now available
from multiparameter experiments, in which the kinetic
energies and angles of the LCP and the two fragments
were measured. Much less detailed information is avail-
able concerning the compound nucleus Z, A, and excita-
tion energy dependence of the LCP emission during the
fission process.

Light charged particle emission in fission is a fast pro-

cess that takes place in the final stages of the fission re-
action. The energy required to release particles turns
out to be a very large fraction of the available energy.
This energy therefore must be stored in readily available
energy sources, involving only a few degrees of &eedom.
These conditions are fu161led by the few deformational
degrees of freedom of the fissioning system, and not by
the complex spectrum of nuclear states reached by the
excitation of quasiparticles (see, e.g. , [1—6]). As a con-
sequence, the LCP-emission probability will strongly de-
pend on the deformation energy of the fissioning nucleus
at the scission point. In this sense a correlation of the
LCP yield can be expected with all kind of parameters,
such as (v), Z2/A, . . . , that show a more or less expressed
dependence on the deformation energy of the system at
the moment of scission [2,4].

Based on these ideas, Wild et al. [5] plotted for the
spontaneous fission of a number of actinides the ternary
to binary fission yield ratio (T/B) as a function of the
difFerence between the average reaction Q value and
the average total kinetic energy of the binary fragments

(Q) —(Ei t), where Et t is the total kinetic energy. The
quantity (Q) —(Et t) contains the intrinsic excitation and
deformation energy, but for spontaneous fission it repre-
sents to a large extent the deformation energy at scission
[7,8]. Wild et aL found indeed a correlation between
T/a and (Q) —(E...).

The compound nucleus excitation energy dependence
of the LCP emission appears to be fairly weak. The LGP
emission for spontaneous fission seems to be about 25%
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higher than for thermal neutron induced fission. Above
15 MeV excitation energy some evidence for an increase
in the LCP yields has been found [3]. It is generally
assumed that the intrinsic excitation energy of a com-
pound nucleus at the barrier remains in the nucleus dur-
ing the descent &om saddle to scission point as intrinsic
excitation energy, and is only to a very small amount
transferred into deformation energy. This means, in the
picture of Wild et al. [5], that it can be expected that
the yield of the LCP's emitted during the fission process
at different excitation energies will only be influenced by
the changes of (Q) and (Eq q) at difFerent excitation ener-
gies, and not by the difFerences in excitation energy itself.
This provides us with a convenient basis to compare at
the same time LCP emission in spontaneous fission and
in induced fission at different excitation energies. This
will be treated in more detail in the discussion of our
results.

The LCP yield is the only parameter that seems to
change with Z and A of the compound nucleus. The
LCP-energy distribution [(E), o.(E)] seems to remain re-
markably invariant over a considerable range of fissioning
nuclides [1,4].

Infiuenced by the theoretical treatment by Carjan [9],
who described the emission of ternary o. particles as a
process of n decay of the compound nucleus in the scis-
sion region, Wagemans [10] proposed and could show a
correlation between the LRA-emission probability and
the ground state a-decay constant A of the compound
nucleus.

Light charged particle emission in photon induced fis-
sion was only studied by Titterton and Howard [11]and
by D'hondt et al [12]. Tit. terton and Howard investi-
gated the einission of LCP's for the photofission of ~s5U

with 23 MeV bremsstrahlung, using photographic emul-
sions (they observed 4 LCP's), and D'hondt et al. , in
this laboratory, measured the energy of the LRA parti-
cles, together with the LRA to binary fission yield ratio,
for the photofission of ~ssU with 20 MeV bremsstrahlung.
They used one single AE-E detector telescope setup to
identify the ternary o. particles.

To study at the same time the excitation energy and
compound nucleus mass and charge dependence of LCP
emission, we have measured the energy distributions
and the yields of LCP's emitted in the photofission of

Th 233,234,235,238U 237Np and 242Pu with 12 15p, an uwi )

and 20 MeV bremsstrahlung. A setup consisting of eight
AE-E detector telescopes was used. Part of the results
have been previously communicated in Refs. [13)and [14].

II. EXPERIMENTAL SETUP AND METHODS

Experiments were performed with electrons of 12, 15,
and 20 MeV energy at the linac of the Nuclear Physics
Laboratory of the Gent University. The bremsstrahlung
was produced in a 0.1-mm-thick gold foil, cleared of elec-
trons using a cleaning magnet, and collimated to a diam-
eter of 2 cm at the target position. The actinide targets
were pIaced at 90 with respect to the bremsstrahlung
beam, with the active layer directed towards the pho-

ton beam. They consisted of an actinide oxide, acetate,
or fluoride layer with a thickness of the order of 400—
500 pg/cm (see Table I) on a 50 pg/cm polyimide back-
ing. Eight AE-E detector telescopes similar to the one
described in Ref. [12], were used to identify the LCP's,
and to measure their kinetic energy. They were placed
axially symmetrically around the beam axis, facing the
active layer of the target, at an angle of 45' with re-
spect to the target surface. The fission &agments were
counted using a 600 mm~ heavy ion surface barrier de-
tector, placed on the back side of the target, at an an-
gle of 45' with the target surface. The AE (totally de-
pleted, transmission type) detectors had a thickness be-
tween 27.4 and 32.1 pm. The thickness of the E detectors
was typically 500 pm. The thickness of the E detectors
is sufficient to stop all LCP's that we want to study. The
area of the AE-E telescopes was 150 mm . In &ont of
each telescope a 20 pm aluminum absorber was placed.
The absorbers are stopping (or reducing sufficiently the
energy of) the fission fragments and the radioactive n
particles emitted by the actinide targets. These absorber
foils are also needed to suppress the background due to
secondary electrons produced by the photon beam in the
thick actinide targets. These secondary electrons are con-
tributing to the p-Bash signal due to pileup of photons
scattered off the actinide target during the linac pulse.

The energy calibration of the E detectors was done us-
ing the o. particles of the radioactive decay of the U
target and by a ~ Th source, in combination with a pre-
cision pulser. As the highest energetic n particles from
~~sTh (E ) 6 MeV) are not completely stopped in the
AE detectors; these AE detectors were calibrated in the
same way as the E detectors but using only the lower
energy o. particles.

The pulses &om the E and 6 detectors were ampli-
fied, coded, and stored event by event on a PDP11/10
system via a CAMAC interface. The p flash is moni-
tored continuously in all detectors, and its average value
is subtracted on line &om the measured LCP signals.
The measured N(E, EE) spectra are transformed into
N(T/a, ET) spectra. Here ET = E+AE is the measured
kinetic energy of the LCP, and T/a = (E + b,E)i'
Ei 7s, the identification signal of the LCP (here a is a
constant, and T the thickness of the AE detector) (see
[15]). Our setup enables the identification of 4He, He,
and tritons in the presence of the important proton back-
ground in our experiments, as can be seen in Figs. 1 and
2, giving as an example the QE-E spectrum, and the
identification spectrum for the photofission of U with
12 MeV bremsstrahlung. The energy spectrum of the
different LCP's is corrected for their energy loss in the
20 pm Al foils in front of the AE-E telescopes, a Gauss
curve is fitted to the corrected energy spectrum, and the
parameters of the energy distribution are determined. As
an example we give in Fig. 3 the energy spectrum of the
LRA particles emitted in the photofission of U with
20 MeV bremsstrahlung, and in Fig. 4 the energy spec-
trum of the tritons emitted in the photofission of U
with 12 MeV bremsstrahlung. The total number of mea-
sured LCP's is obtained from the area of the fitted Gauss
curve. In the case of ternary n particles (LRA) a correc-
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FIG. 1. Typical AE-E spec-
trum of the LCP's emitted in
the photofission of U with
12 MeV bremsstrahlung.

tion of 6%%uo was applied to this area to take into account
the deviation of the energy spectrum of the LRA's from
the Gaussian shape in the low energy region [16—18]. For
the other LCP's no such a deviation was observed, and
hence no correction was applied in our exper1ments. The
total number of fission fragments is counted in a separate
detector (see above). The LCP/B ratio (ratio of binary
fission to LCP accompanied fission yield) is deduced from
the count rates in the AE-E telescopes and in the fission
&agment detector. The necessary correction factors to
take into account the different geometries and the coin-
cidence losses in the AE-E telescopes were determine

The average excitation energy of a compound nucleus,
excited with bremsstrahlung with end-point energy E„
is given by

with k the photon energy, 0'~ y(k) the total photofission
ross section and 4(E„k) the bremsstrahlung spectrum.

The bremsstrahlung spectrum was calculated using e
EGS4 code [19]. The photofission cross sections for the
different targets were taken from the work of Berman
et aL [20], Caldwell et aL [21], and Thierens et al. [22].
For Th no (p, f) cross section is known. The emis-
sion 0f LRA articles and tritons for the following nucleipar

~I~» d. 230,232Th 233' 234&235&238U 2 Np37has been stuaie:
7

2Pu. The main characteristics of the targets and the av-
erage excitation energies of the different compound nuclei
are summarized in Table I. The calculated (E,„,(E,))
values in Table I do not take into account the reduction
of the average compound nucleus excitation energy due
to the preceding neutron emission in the case of second
chance fission.

j '
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FIG. 2. Typical identification spectrum of the LCP's emit-
ted in the photofission of U with 12 MeV bremsstrahlung.

FIG. 3. The energy distribution of the LRA particles emit-
ted in the photofission of U with 20 MeV bremsstrahlung.
The line represents a Gaussian fit to the data for E values
above 12.5 MeV.
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12
234U t2 MeV

TABLE II. Upper limits ('%) for the contribution of the
second chance fission probability at difFerent bremsstrahlung
end-point energies.

Isotope
230Th

233U
234U

235U
238U

237N

242p

12.6
11.9
12.5
11.3
12.3
12.2
12.2

0
1
0
12
0
0
0

14
17
21
32
27
17
8

28
21
29
36
38
23
18

Bs(p, nf) 12 MeV 15 MeV 20 MeV

io 20

B~(p, nf) indicates the second chance fission barrier.

FIG. 4. The energy distribution of the tritons emitted in
the photofission of U with 12 MeV bremsstrahlung. The
line represents a Gaussian fit through the data for E~ values
above 6.0 MeV.

A substantial contribution of second chance fission can
be expected in our experiments at 15 and 20 MeV elec-
tron energy. As the (p, n f) threshold lies around 12 MeV,
the second chance contribution in our 12 MeV measure-
ments can be neglected. Based on the work of Caldwell
et al. [21], and Berman et al. [20], who determined neu-
tron emission I'„, and fission widths I'y, for a number
of actinides, and who deduced a relation between I'„/I' f
and Z2/A, enabling us to obtain I'„/I'y values for non-
measured nuclei by interpolation, we estimated an upper
limit for the second chance fission contribution in our
experiments. The results are given in Table II.

The photofission cross section of the actinide nuclei
studied shows a maximum value (giant El resonance)
around 14 MeV. This maximum does not exceed 400 mb.
If we assume that only in one out of 500 fission events is
a LCP emitted, it can be concluded that the maximum
value of the cross section for LCP accompanied fission
is smaller than about 1 mb. The targets used and their
backings and supports contain, besides the actinide nu-

clei, also a number of light isotopes, such as H, C, 0,
isF, etc. It can be verified that the (p, p) cross section
on these nuclei in the energy region of our experiments

can be of the order of several mb (see, e.g. , [23]). On the
other hand, calculations in a preequilibrium model [24]
show that at 20 MeV we can expect (p, p) cross sections
on the actinide nuclei of the order of 0.5 mb. All these
protons have energy spectra that can overlap with the en-

ergy spectrum of the studied LCP's (especially LRA par-
ticles), showing the necessity of using EE-E telescopes
for the detection of the ternary LCP's, proving also that
we will not be able to identify ternary protons in our
photofission experiments.

A contribution of the (p,a) process in our experi-
ments can be excluded. This was tested using PbO
targets. The Q(n) values for the stable Pb isotopes
are 2osPb(Q = 1.136 MeV), Pb(Q =0.398 MeV),
and 2osPb(Q =0.519 MeV). The Q(o.) values for the ac-
tinides studied vary between 4.082 MeV for 2Th and
4.983 MeV for 242Pu [25]. Taking into account the higher
Coulomb barrier for the actinide nuclei, we may consider
that the nonobservation of the n particles in our test
experiments using a PbO target proves that we can as-
sume that all the observed a particles in our experiments
on the actinide nuclei are due to ternary fission. From
calculations in the preequilibrium model a cross section
0 (p,n) 10 mb is expected for Th for 25 MeV pho-
tons [24]. Thus also these calculations indicate that (p,a)
contributions in our experiments are very unlikely.

III. EXPERIMENTAL RESULTS AND
DISCUSSION

TABLE I. Characteristics of the targets and average exci-
tation energies of the compound nuclei in our LCP emission
studies.

10.7
11.3
11.2
11.5
11.1
10.9
11.1

12.4
12.6
12.6
12.8
12.7
12.3
12.5

Isotope Enrichment Thickness (E,„,(E,)) for E
(%) (pm/cm ) 12 MeV 15 MeV 20 MeV

Th 91.54 583
Th nat. Th 413 8.8

453
U 99.07 462 9.5
U 97% 416 9.7
U nat. U 495 9.4

Np 100% 382 9.4
Pu 99.75% 487 9.4

A. Energy distribution of the light charged particles

1. Ternary alpha particles (LRA)

In Table III the parameters of the energy distribution
of the LRA particles (ternary long-range a particles) ob-
served in our experiments are summarized. For each nu-
cleus the end-point energy E of the bremsstrahlung and
the total nuinber K of LRA particles (obtained by a
Gaussian extrapolation of the measured results over the
whole energy region —see experimental setup and meth-
ods) are given. The average energy of the LRA particles
(E ) and the full width at half maximum (FWHM) are
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TABLE III. Yields and parameters of the energy distribu-
tion of the LRA particles, observed in our photo6ssion exper-
iments.

Isotope Z /A 1V~ E,
(MeV)

902 20
919 20
1073 12
2340 15
2774 20
1166 12
1780 15
2654 20
842 12
1720 15
8433 20
1531 15
1361 20
1985 15
2008 20
954 12
2109 15
1481 20

230Th
232Th
233U'

233U'

233U
234U
234U

234U

235U
235U

235U
238U

238U

237N

237N

242p
242p
242p

35.22
34.91
36.33
36.33
36.33
36.17
36.17
36.17
36.02
36.02
36.02
35.56
35.56
36.49
36.49
36.51
36.51
36.51

(E-)
(MeV)

16.0+0.2
16.0+0.2
15.7+0.2
15.5+0.2
15.5+0.2
15.7+0.1
15.8+0.1
16.0+0.1
15.5+0.2
15.8+0.2
15.9+0.1
15.7+0.1
16.4+0.2
16.0+0.1
15.6+0.1
15.5+0.3
15.9+0.1
15.9+0.1

FWHM
(MeV)
9.1+0.2
8.9+0.3
9.5+0.3
9.3+0.3
10.0+0.2
9.4+0.3
9.5+0.2
9.2+0.2
9.5+0.2
9.7+0.1
9.7+0.1
9.3+0.2
9.2+0.2
9.6+0.2
10.2+0.2
9.7+0.2
9.5+0.1
10.0+0.2

10 LRA/B

1.25+0.08
1.35 +0.08
1.88+0.11
2.07+0.07
2.17+0.08
1.57+0.16
2.03+0.22
1.62+0.19
1.62+0.23
1.80+0.08
1.86+0.24
1.32+0.07
1.37+0.09
1.59+0.08
1.75+0.08
1.56+0.09
1.98+0.09
1.91+0.08

obtained from a Gaussian fit to the experimental data,
with an energy E ) 12 MeV.

The average energy of the LRA particles seems to be
practically constant within the experimental accuracy.
The average value of (E ) over all our measurements
is 15.8+0.1 MeV. For the U U U, and Pu
nuclei, where measurements at the three bremsstrahlung
end-point energies were performed, we calculated an av-
erage LRA energy for each bremsstrahlung end-point en-

ergy separately. The results are

E, = 12 MeV, (E ) = 15.60 + 0.06 MeV;
E, = 15 MeV, (E ) = 15.75 6 0.09 MeV;
E, = 20 MeV, (E ) = 15.83+0.11 MeV .

E, = 12 MeV, (FWHM) = 9.53 + 0.06 MeV;
E = 15 MeV, (FWHM) = 9.50 + 0.08 MeV;
E = 20 MeV, (FWHM) = 9.73 + 0.19 MeV.

The small differences that are observed cannot be con-
sidered to be significant; they are practically within the
error bars. In addition the p Bash, observed in the E
detectors, increases with increasing end-point energy of
the bremsstrahlung, while also the p flash in the AE de-
tectors starts to show up. Both contributions can be re-
sponsible for the small differences in (E ) that can exist
between the measurements at difFerent bremsstrahlung
end-point energies.

The F%'HM of the LRA-particle energy distribution
seems to be practically independent of the compound
nucleus excitation energy. For the four nuclei for which
measurements at E = 12, 15, and 20 MeV were per-
formed, we obtain the following averaged FWHM values:

Wagemans et cl. [18] showed that the FWHM of
the LRA-particle energy distribution for 2 ' 3 U and
2ss24ipu(nti„ f) increases with Z2/A. They found the
relation

FWHM = (—8 + 5) + (0.50 6 0.14) Z /A.

A least-squares fit to our experimental points leads to
the following results:

E, =12MeV,

FWHM = (—6+20) + (0.43+0.56) Z'/A;

E, = 15MeV,

FWHM = (10 + 7) + (—0.009 +0.2) Z /A;

E, = 20 MeV,

FWHM = (—18+5) + (0.75+0.14) Z /A.

It turned out that only for 20 MeV bremsstrahlung
could a sufficient number of nuclei be studied with high
enough accuracy to observe an increase of the FWHM
with Z /A, although here again one has to be cautious
because of the broadening in the T/a particle identifica-
tion spectrum, due to an increased p-flash signal and the
associated higher fluctuations, when working at higher
bremsstrahlung end-point energy.

Trajectory calculations [26] indicate that the final en-
ergy of the LRA particle is mainly determined by its
acceleration in the Coulomb field of the two fragments,
the initial energy of the LRA particles being small. The
observed constancy of the final LRA energy would then
indicate that on the average the Coulomb field of the
fission &agments in the neck region is practically con-
stant for fissioning nuclei varying &om ~ 2Th to 2s2Cf.

(Assuming that the majority of the LRA particles are
emitted &om the neck region [2].) The average position
of the heavy fragment peak (MIr) remains practically
constant as a function of the compound nucleus charge
and mass [27]. The assumption that the A/Z ratio of
the fissioning nucleus is conserved in the &agments [28]
leads to the conclusion that also the average position of
the heavy fragment charge (ZIr) will remain practically
constant when going &om Th to Cf, while the aver-
age mass and charge of the light fragment will increase.
The constancy of the average Coulomb Geld between the
two fragments is only possible when the scission configu-
ration of the heavier fissioning nuclei is more elongated.
The higher charge of the light fragment is then compen-
sated by the increased distance between the fragments
and the LRA particle.

The width of the final energy distribution of the LRA
particles is predominantly determined by the Buctuations
of the initial energies of the LRA particles. These small
fluctuations are amplified by the Coulomb field. The cal-
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culations of Pik-Pichak [26] show that an increase of these
Buctuations can be related to an increase of the initial
distance between the &agments with increasing mass of
the fissioning nucleus. On the other hand, the liquid
drop model expects an increase of the prescission kinetic
energy with increasing Z /A (see Ref. [29]).

Extended studies of the LRA-energy distribution for
U (see Refs. [16,17]), U and Pu(nti„ f) (see [18])

have shown that at the low energy side (below about
11 MeV ) this energy distribution shows a deviation from
a Gaussian shape, resulting in a 6'%%uo higher yield than ex-
pected from a Gaussian fit to the higher energy points.
In Fig. 3 we show the energy spectrum of the LRA par-
ticles emitted in the photofission of U with 20 MeV
bremsstrahlung. It is clear that also our results show the
deviation of the LRA-energy spectrum &om the Gaussian
shape in the low energy part of the spectrum. As done
in Refs. [30,31] we fitted several Gauss distributions to
these LRA-energy data points, starting at diR'erent LRA
energies. We found as in Refs. [30,31] that when decreas-
ing the lower limit of the fitting interval, the width of
the fitted Gauss curve increases, indicating an increased
yield of low energy LRA particles. As we are using a
shielded detector telescope, only LRA particles with an
energy above 9 MeV could be observed. For this rea-
son we did not estimate the size of the deviation of the
LRA-energy distribution &om the Gaussian shape.

Other light char'ged particles

With the detector telescopes used in our experiments
we could also observe tritons. However, due to interfering

(p, p) reactions this was only possible for 12 and 15 MeV
bremsstrahlung, and not for 20 MeV bremsstrahlung.
Even at 15 MeV there was already a partial interference
of the identification signal of the tritons and the (p, p)
protons. As a consequence at this bremsstrahlung end-

point energy only tritons with an energy above 6 MeV
could be measured. As an example the energy distri-
bution of the tritons for the photofission of U with
12 MeV bremsstrahlung is given in Fig. 4.

In Table IV we have summarized our results concern-
ing the parameters of the energy distribution of the tri-

tons emitted in photofission. The average triton energy
(Ei) and the full width at half maximum (FWHM) of the
triton energy distribution, together with the number of
tritons obtained by a Gaussian fit to the data points with
an energy Eq ) 6.0 MeV, Xq, and the bremsstrahlung
end-point energy E„are given. The average triton en-

ergy over all our measurements is 8.2+0.2 MeV, while the
average of the FWHM of the triton energy distribution
over all our measurements is 5.9+0.4 MeV. The average
energy and the width of the energy distribution seem to
be independent of E, or Z /A; however, the accuracy of
our results is too low to allow a conclusion concerning the
dependence of these parameters on the fissioning nucleus
Z /A or excitation energy

B. Yield of the light charged particles

Ternar y alpha particles

The last column of table III gives the number of
ternary LRA particles per 1000 binary fission events
LRA/B As des. cribed in Sec. II, the number of LRA's
is obtained via a Gaussian fit to the data points of the
LRA.-energy spectrum (Ei,RA ) 12.5 MeV), and a cor-
rection of the result for the deviation of this spectrum
&om the Gaussian shape in the low energy region. In
the LRA/B ratio also a correction for diferent geome-
try between the fission detector and the LCP detector
telescopes is included.

Concerning the compound nucleus excitation energy
dependence of the LRA-particle yields, not much infor-
mation is available. It is known that the LRA yield for
spontaneous fission is about 25%% higher than for the fis-

sion of the same compound nucleus induced by thermal
neutron capture (see Introduction). Based on results on
the LRA emission in p- and a-induced fission of Th
and 2ssU, Rajagopalan and Thomas [32] came to the
conclusion that for compound nucleus excitation ener-

gies E,„, above about 15 MeV, the LRA yield changes
only slightly with E,„,. The changes can be represented
by

Y = 1.82 + 0.13 + (0.019 6 0.006)E,„, ,

Isotope Z /A Nt,

233U
233U
234U
234U

235U

235U

238U

237+
242 p
242p

36 33 67
36.33 210
36.17 154
36.17 184
36.02 69
36.02 163
35.56 138
36.49 176
36.51 86
36.51 171

(MeV)
12
15
12
15
12
15
15
15
12
15

(&~)
(MeV)
7.8+1.0
8.0+1.0
8.8+1.0
8.1+1.0
7.7+1.0
7.6+1.0
9.4+1.0
7.8+1.0
8.6+1.0
8.0+1.0

FWHM
(MeV)
5.1+1.0
6.0+1.0
7.6+1.0
5.1+1.0
7.1+1.0
6.4+1.0
5.8+1.0
6.5+1.0
5.4+1.0
3.5+1.0

10 t/B

0.12+0.02
0.19+0.03
0.21+0.04
0.21+0.03
0.13+0.03
0.17+0.03
0.12+0.02
0.15+0.03
0.14+0.02
0.16+0.03

TABLE IV. Yields and parameters of the energy distribu-
tion of the H particles observed in our photo6ssion experi-
ments.

where the yields Y are given in o, s per 1000 fission events
and E,„, in MeV. For the E,„, region between about
6 MeV (thermal neutron induced fission) and about
15 MeV, no information is available concerning the E,„,
dependence of the LRA yields.

We have fitted a straight line through our results for
the difFerent nuclei as a function of the average compound
nucleus excitation energy. The slopes of these lines are
given in Table V. In this fitting we did not take into ac-
count a possible second chance fission efFect. Our results
point towards a slight increase of the LRA yield with in-

creasing (E,„,). The slight increase of the LRA/B ratio
with (E,„,) is in agreement with the assumption that the
LRA yield depends on the deformation energy of the sys-
tem at the scission point [5]. The decrease of the average
kinetic energy of the fragments with increasing (E,„,)
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TABLE V. Slope of the straight line Stted to the LRA/B
results as a function of (E,„,).

Isotope
233U
234U
235U
238U

237N
242p

Slope

0.09+0.04
0.03+0.08
0.08+0.10
0.03+0.07
0.11+0.08
0.11+0.04

20 MeV

IX

iO

0
34

)
'

)
3'Th '30Th '"u

36
Z'/A

"U U N Pu

37 38

FIG. 5. LRA/B ratio as a function of 2 /A for the
photofjssjo f 230 232Th 233 234 235 238U 237Np and 242Pp, an
with 20 MeV bremsstrahlung. The solid line represents a lin-
ear St to all the data, the dashed line a Bt restricted to the
U data.

[28] shows that indeed the deformation of the system de-
creases slightly with increasing (E,„,).

As discussed in the Introduction, the LRA yield can
be related to all kind of parameters that are inQuenced
by the deformation of the system at scission. Liquid
drop model calculations show that the deformation en-

ergy at scission increases with increasing fissility param-
eter Z2/A [29]. Our results too show an increasing LRA
yield with increasing Z /A. However, when we take only
the results for the U isotopes, the increase of the LRA
yield with Z2/A is about a factor of 2 higher. This is
illustrated in Fig. 5, in which our LRA-yield results for
20 MeV bremsstrahlung induced fission are plotted as a
function of Z2/A. In this figure the solid line indicates
a fit of a linear relation between LRA/B and Z2/A to
all the data, and the dashed line a fit restricted to the
U data. It should be remarked here that in all our mea-
surements the linear fit through the U data alone is much
better than a fit through all the data.

Wagemans attributed the deviation of the behavior of
the LRA/B ratio from the expected liquid drop behav-
ior (and the expected correlation with Zz/A) to neutron
shell effects [1]. He explained the increasing LRA/B ra-
tio in the spontaneous fission of Pu isotopes, when going
from the heavier to the lighter Pu-isotopes, by the de-

creasing in8uence of the spherical N=82 shell, expressed
by the decreasing yield in the mass region around 134,
and by a decreasing kinetic energy of the &agments. Also
for the photo6ssion of SU an increased yield of masses
with N=82 was observed, while this was not the case for
2s4U and U(p, f) (see Refs. [33,34]). Also the aver-

age kinetic energy of the &agments is higher for sU:
(Ei i) = 168.49+0.30 MeV for zs4U, 170.03+0.65 MeV
for U, and 171.78+0.56 MeV for U . All these val-
ues are for 12 MeV bremsstrahlung. We should remark
that the value for U has to be increased with about
2MeVwhencomparing withtheresults of U and U,
because of the use of the Schmitt calibration procedure
with the ssU(nth, f) parameters for ssU and 2 sU, and
with the Cf spontaneous fission parameters for 2 U
[35]. Here too this would indicate that in the case of the
photofission of U the fragments are less deformed, re-
sulting in a lower probability of the emission of a ternary
particle.

We investigated a possible correlation between our
LRA yield results and parameters of the natural ot de-
cay (ln A, with A the decay constant, or ln P, with P the
penetrability of the Coulomb barrier for the a particle).
We came to the conclusion that the correlation of our
LRA/B results with ink or lnP is not convincing. This
is not really surprising as the A values used are those for
the ground state o. decay of the actinide nucleus, while
an excited actinide nucleus at the scission point has a re-
ally diferent con6guration compared to its ground state
configuration. Also the nuclear potential felt by the a
particle in a nucleus at the scission point is likely to be
very difFerent from the potential felt in a nucleus in the
ground state.

If we assume that the LCP-emission probability is de-
termined by the deformation energy at scission, and if we
assume that (Q) —(Ei i) is a good estimate for the total
deformation energy at scission for spontaneous 6ssion-
ing systems, we have to expect a correlation between the
LCP-exnission probability and (Q) —(Ei t) (see Introduc-
tion). If we assume in addition that for the compound
nucleus excitation energies in our experiments the exci-
tation energy of the compound nucleus is transformed
into internal heat [36], we coxne to the conclusion that
also for higher energy induced fission, like in our exper-
iments, there should be a correlation between the LCP
yields and (Q) —(E«&).

In Table VI we summarize, for the different nuclei and
bremsstrahlung end-point energies, E, , the LCP to bi-
nary fission yield ratio LCP/B, and the (Q) —(Ei i) val-
ues deduced from our experiments. As usual the aster-
isk indicates preneutron values. As for Th, U, and

Np no photo6ssion mass and Et t data are available;
these nuclei are not included in the table. The (Q) values
were calculated based on the tables of Moiler and Nix
[37], averaging over the mass and charge distributions.
The roost probable &agment Z values were calculated
following the method proposed by Nethaway [38]. The
mass distributions and the (E~' i) values were obtained
f'rom the results of Refs. [6,34,39—41]. Analogous to the
work of Wild et al. [5], the (E~ t) values were reduced
by a factor 1.0104, to correct for the dHFerence between
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TABLE VI. LCP emission probabilities and (Q) —(E;,)
values for the photofission of a number of actinides. For
the number between parentheses in the first column, refer to
Fig. ?.

Isotope

232Th(3)
234U(6)
234U(g)

234U(1 0)
235II(2)
235U(5)
235U(7)
233U(1 )
233II(4)

Pu(9)
Pu(11)
PU(12)

g
(MeV)

20
12
15
20
12
15
20
15
20
12
15
20

(Q)
(MeV)

174.32
187.59
187.55
187.62
188.05
187.90
187.93
186.63
186.53
197.59
197.48
197.46

(E~;4)
(MeV)

159.44
168.62
168.32
168.15
171.30
170.97
170.51
172.10
171.60
175.03
174.47
174.09

(Q) —(E;,) 10 LCP/B
(MeV)
14.88
18.97
19.23
19.47
16.75
16.93
17.42
14.53
14.93
22.56
23.01
23.37

the fission &agment energy calibration based on the pa-
rameters of Schmitt et aL [35] and the recent calibra-
tion parameters by Henschel et aL [42]. The inaccuracy
on the (E„' 4) values is assumed to be of the order of
0.5 MeV. For calculating the LCP/B ratio the following
procedure, analogous to the one used by Wild et al. [5],
was applied: In the cases where we measured the triton
yields (see further Sec. II B), the sH yields were added to
the LRA yields and the result was multiplied by a factor
1.053+0.006, while in the other cases the measured LRA
yields were multiplied by a factor 1.130+0.009. Both
procedures yielded within the experimental accuracy the
same results in those cases where both LRA and H yields
were measured.

In Fig. 6 we plotted the LCP/B ratios obtained in our
measurements together with these ratios for the sponta-

neous fissioning systems as summarized by Wild et al.
[5] and 244Pu spontaneous fission [43], as a function of
(Q) —(Et*,). The solid line represents a linear least-
squares fit through all the data points. Although there
is a considerable amount of dispersion about the linear
least-squares fit, it is clear that there is a correlation be-
tween the LCP/B value and (Q) —(Et' 4) for the whole set
of data. In first order the assumption that the added ex-
citation energy in our experiments remains in the system
as internal heat and does not add to the deformation
energy, although it is a drastic and crude assumption,
seems to be correct. If we had plotted the LCP yield as
a function of (Q) —(Et 4) + (E,„,), indicating that the
E,„,would have been transformed into deformation en-

ergy, the photofission points in Fig. 6 would remain at the
saine height (same LCP/B value) but at a (Q) —(Et,t)
value about 10 MeV higher, as can be seen in Fig. 7. In
this figure we plotted the LCP/B results of Fig. 6 as a
function of (Q) —(Et,t) + (E,„,). Here the relation be-
tween the LCP yield and (Q) —(Et 4) + (E,„,) is clearly
difFerent for spontaneous fission and for induced fission.
We determined also the LCP/B ratios and (Q) —(E;„)
for a number of thermal neutron induced fission reac-
tions, studied by Wagemans et al. [18,44]. To avoid an
overloaded figure we did not include the results in Fig. 6
or 7, but the results follow the tendency outlined in the
foregoing discussion.

We have to stress here that the assumption that
(Q) —(Et 4) represents the total deformation energy,
or a constant important &action of it, for all the stud-
ied fissioning systems [spontaneous fission, (ntt„ f), and
photofission], together with the assumption that the ex-
citation energy of the compound nucleus remains in the
system as intrinsic excitation energy, and is not trans-
formed into deformation energy, are very crude assump-

2u (aZ Zt. o
Pu Pu Pu Cm ' Cm Cf 0Cf 5F Fm

[ [
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FIG. 6. LCP/B ratio as a function of (Q) —(E,",) for
the spontaneous fission (open squares) and the photofission
(crosses) of a number of actinides. The solid line is a lin-
ear least-squares fit to all the data, the dashed line a linear
least-squares fit to the spontaneous fission and the photofis-
sion results separately.

FIG. 7. LCP/B ratio as a function of (q) —(E;,) +
(E,„,) for the spontaneous (open squares) and the photon
induced fission (open triangles) of a number of actinides. The
lines represent linear least-squares fits to the spontaneous and
photofission data. The numbers between brackets refer to Ta-
ble VI.
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tions. They seem, however, to a first approximation to
provide the possibility to observe a correlation between
the LCP yields of diferent 6ssioning systems. When
looking closer to the results there remain smaller, but still
significant, deviations between induced and spontaneous
6ssion. In Fig. 6 the solid line indicates the linear least-
squares fit to all the data, while the dashed lines represent
the linear least-squares fits through the spontaneous fis-
sion and photofission results separately. It is clear that,
although the 6t to all the data is reasonable, the devi-
ations between the two 6ts represented by the dashed
lines are significant within the experimental accuracy of
the data. Also the linear least-squares 6t to the thermal
neutron fission data deviates from both mentioned fits:
It lies between the fit to the spontaneous fission data and
the fit for our photofission data, closer to the later 6t.

Yield of other light charged particles

In addition to LRA particles we observed in our
photofission experiments also sH and sHe particles. We
will restrict ourselves here to the tritons, as the statis-
tical accuracy for the He particles is too low to permit
any meaningful conclusion. In Table IV we include our
results concerning the yield of ternary tritons, emitted in
the photofission of a number of actinide nuclei. As dis-
cussed in Sec. III A 2 only the results for 12 and 15 MeV
end-point bremsstrahlung can be considered. In the last
column of Table IV the triton yield per 1000 fission events
t/B is given.

The value for Np is interesting. As this nucleus has
an unpaired proton, one could expect that, as a conse-
quence, Np could have a considerable higher probabil-
ity for the emission of a ternary triton. This is obviously
not the case.

On the average the triton yield obtained in our exper-
iments is rather high, compared to the results given by
Wagemans and Mutterer and Theobald in their review
papers [1,4]. We find, averaged over all our measure-
ments, for the ratio of triton to LRA yields the value
t/LRA = 8.8+1.3.

The statistical accuracy of our measurements does not

allow more detailed conclusions concerning the changes
of the triton yields with the compound nucleus excitation
energy or with varying S or N of the fissioning nucleus.

IV. CONCLUSIONS

We have performed a systematic study of the emission
of LCP's (LRA, tritons) in the photofission of a series of
actinide nuclei with bremsstrahlung with end-point ener-
gies of 12) 15) and 20 MeV. For ' Th) ' ' ' U
2s7Np, and 4 Pu(p, f) the yield and the parameters of
the energy distribution of LRA particles and tritons [(E)
and o(E)] were determined. The average LRA energy
remains practically constant for all studied systems; the
width of the LRA-energy distribution seems to increase
slightly with increasing fissility of the fissioning nucleus.
The yield of the LRA particles and LCP's shows also a
slight increase with increasing compound nucleus excita-
tion energy. This is consistent with the few results given
in the literature, and it shows that for the excitation en-
ergy region of our experiments (above the barrier plus
pairing gap) the increasing compound nucleus excitation
energy has only a minor inBuence on the LRA- and LCP
yield. The LRA- and LCP-emission probabilities are not
very strongly correlated with one of the classically pro-
posed parameters (Z2/A, 4Z —A, ink, etc.). The only
rather unambiguous conclusion at this moment is that
the LCP-einission probability is correlated to the amount
of deformation energy at the scission point.
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