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Light-mass yields and fine structure of mass distributions in232Th photofission
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~Received 4 November 1999; revised manuscript received 9 March 2000; published 27 June 2000!

Fission-fragment mass distributions in the232Th(g, f ) reaction have been measured from the cumulative
yields of radionuclides following activation at bremsstrahlung endpoint energiesEe57.5, 12.0, and 24.0 MeV.
The yields of the light nuclei24Na and28Mg were detected following activation atEe516.5 and 24.0 MeV.
Energy dependences of the symmetric mode and light nuclide yields are discussed. Fine-structure manifesta-
tions near asymmetric and symmetric masses were observed.

PACS number~s!: 25.85.Jg, 25.20.2x
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I. INTRODUCTION

The detection of fission fragments from their activity u
ing radiochemistry andg-spectroscopic methods is reco
nized to be the most accurate way to perform measurem
of final mass distributions. In232Th(g, f ) photofission, indi-
vidual mass yields were measured in Refs.@1–3# and fine-
structure peaks were seen to modulate the asymmetric hu
in the mass distribution. This fine structure was explained
a result of odd-evenZf staggering in the fragment yields@2#.
Near symmetry, however, the mass distribution has b
studied with limited accuracy due to low reaction yields, a
it has remained an open question whether fine structure
exists for the symmetric mode. The authors of Ref.@4# as-
sumed, based on some theoretical considerations, that
would be a reduction of the odd-even staggering effect
the symmetricZ partition relative to the asymmetric one. It
reliably known that the relative intensity of mass-symmet
fission grows with an increase in the excitation energyE*
@1–3,5#, and this is evidenced in a higher value of the fiss
barrier in 232Th for the symmetric mode compared to th
asymmetric mode. Clearly improved studies of fine struct
near symmetric mass remain important, as well as obtain
detailed confirmation of asymmetric peak modulation.

Similarly, emission ofA>20 nuclei in ternary fission can
not be considered to be well understood. In the series
experiments performed by the group of Ref.@6#, light
charged particles from1H to 20O were successfully detecte
with individual yields greater than 1027 per fission event.
Other groups@7–9# observedA520230 nuclide emission in
thermal-neutron-induced fission of actinide targets fr
229Th to 249Cf. The results given in Refs.@10,11# on the
detection of the24Na and28Mg radionuclides in products o
232Th fission induced by charged particles and photons
unfortunately, not very reliable. Geiger counters were u
in the work of Ref.@10# and these could not differentiat
between radionuclides by their radiation. Likewise, chemi
separation alone is insufficient to ensure that the whole
tivity of fragments is completely removed from the appare
Na and Mg fractions. In addition, a background yield of24Na
and 28Mg nuclides may be induced in Al foils exposed
4He ions, as shown in separate measurements by the g
of Ref. @12#. Such foil catchers were used in the4He ion
0556-2813/2000/62~2!/024601~8!/$15.00 62 0246
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irradiations of Th targets in@10#.
The measurements of Ref.@11# were also significantly

disturbed by another type of background. In Refs.@13,14# it
was shown that weakg lines present in the daughter radi
tion from the 112Pd and 132Te fragments can simulate th
major g lines of 24Na and 28Mg, respectively. This back-
ground was not removed in the experiment of Ref.@11# and
the results were therefore unconvincing. Thus, there is c
siderable motivation for new experiments on the emission
light nuclei in the photofission of232Th.

In the present work, the radioactive products of232Th
photofission were analyzed by theirg radiation using a high
quality g spectrometer and radiochemistry methods in or
to further investigate fine structures in mass distributions
light-mass yields in the photofission of232Th.

II. MASS DISTRIBUTIONS

Historically, the existence of an asymmetric mass dis
bution was revealed shortly after the discovery of nucl
fission, and during many decades the asymmetric mass y
and peak-to-valley ratios were investigated. The concep
there being two independent modes of fission was form
lated as early as 1951@15#, and since then, the shape an
yield of the symmetric peak were also within the scope
experiments. The multimodal fission model has been d
cussed since the 1960s@16–18#. Now over the last decade i
has become most popular to consider the assumption
Brosaet al. @18#, that there are two asymmetric modes~stan-
dards I and II!. The model of Brosaet al., which additionally
predicts two modes of ‘‘cold’’ fission, was used successfu
to interpret many experimental results. At the same tim
precision studies of the fine-structure modulation of t
asymmetric mass peak@1,2,19# showed the presence of thre
peaks of fine structure correlated with the odd-evenZf stag-
gering of the yield. This is outside the predictions of sta
dards I and II for asymmetric fission. Separately, it w
shown~see the discussions in Refs.@2,19#! that the relative
intensities of the fine-structure peaks depend significantly
the nucleon composition of the fissile nucleus. The details
fine structure in the mass distribution remain of interest
experimental confirmation and quantitative studies.

In Ref. @2#, 232Th photofission yields were measured f
radioactive products whose lifetimes were longer than 1
©2000 The American Physical Society01-1



o
ld
e

gh

e

c
o
ed
e
ve

e
ve
ro

se
in

en

ur
24

y
na
ea
s
re
ta
T
ne

-

s.
b
si
he
he
tia
a
di
r

en
de
th
o
s

0%
uc
th
to
u
ve

. 1
e

at
the
ss
rly
tted

ry
ttrib-
e
the

uc-

aks
ous
er-
ary

ic
oce-

the
he

etric
are
c-

om-
ng
or-

ng
ents
tho-

la-

ient
et-

%.
o
ider
of

to
, but
ers
ul-
he

etric
f

-
tion
axi-
ard
f a

the
ca-

and

S. A. KARAMIAN et al. PHYSICAL REVIEW C 62 024601
and data both on charge and mass distributions were
tained successfully from the independent post-neutron yie
In the present experiment, cumulative mass yields have b
measured. Short-lived nuclides, produced from a hi
intensity irradiation, create an extremely largeg radiation
flux, and it is necessary to apply ‘‘cooling’’ and in som
cases chemical separations before starting theg-ray spectra
measurements. After ‘‘cooling,’’ the two-coordinate (Z, N)
distribution becomes projected on the mass axis by the de
of short-lived isobars. This means a loss of information
the charge distribution, but high overall sensitivity is gain
in such an experimental scheme, so that it was possibl
investigate some details on masses yielded at lower le
that could not be reached in the work of Ref.@2#. The present
technique also made it possible to avoid uncertainties du
inaccuracies in some tabulated properties of the short-li
isotopes and due to the need for corrections to escape p
abilities in the method of catcher foils. Apart from the
considerations, it was simply interesting to determ
whether the fine structure details of Ref.@2# could be repro-
duced in the another experiment carried out by a differ
method. This was shown to be the case.

The final fragment mass distributions have been meas
at bremsstrahlung endpoint energies of 7.5, 12.0, and
MeV. The targets, made of 1 g purified thorium oxide or
chloride, were irradiated with the photon flux generated b
W converter from the electron beam of the MT-25 Dub
microtron. Gamma spectra of induced activity were m
sured over a period of a few weeks after the irradiation,
nuclides with lifetimes ranging from hours to months we
detected. For energy and efficiency calibrations, both s
dard sources and internal calibration methods were used.
source-to-detector distance and the lead-absorber thick
~in front of the Ge spectrometer! were varied to provide an
optimum sensitivity for theg lines of interest while conserv
ing the best resolution~1.8 keV determined from60Co lines!
and reasonable dead time (<20%) during the measurement

The relative yields of the nuclides were determined
their g-line counts, taking into account the quantum inten
ties of theg lines, decay factors, and efficiency values. T
yield of an individual mass was normally collected in t
cumulative yield of the longest-lived nuclide after sequen
b decays of precursive isobars. Over 50 cumulative ch
yields were directly measured and from which the mass
tribution was plotted. The cumulative fission products a
listed in Table I with decay properties taken from the curr
Nuclear Data Sheets. Incomplete cumulativity and the
layed neutron effect were taken into account, although
corresponding corrections typically did not exceed 10%
the measured yield. The absolute calibration of the ma
distribution curve was based on a normalization to a 20
value for the integral yield of all masses. For the reconstr
tion of the mass distributions, neither any recalculation of
final to the initial masses nor any reflection of the points
the complementary masses was performed since any sim
tion of the effect of prompt neutron emission could ha
introduced additional uncertainty.

The final fragment mass distributions are given in Fig
as they appear from the cumulative yields of radionuclid
02460
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Being plotted in a logarithmic scale, they show clearly th
the symmetric mode probability strongly increases with
growth in photon endpoint energy. The fine details of ma
distributions near the maxima, however, are more clea
seen in Fig. 2 where the same mass distributions are plo
on a linear scale. In agreement with Ref.@2#, narrow peaks at
mass numbersAf5134, 140, 144 and at the complementa
mass values are observed. These fine structures can be a
uted to odd-evenZf staggering of the fragment yield. Figur
2 shows that the amplitude of staggering decreases with
growth of the excitation energy because of pairing destr
tion, also in agreement with the results of Ref.@2#. Despite
quite different methods, the existence of fine-structure pe
was reproduced. The stability of these features in the vari
experiments is important, meaning that their origin is inh
ent in the fundamental fission process, not in any second
processes or in the detection scheme.

The integral yield ratio of the symmetric to asymmetr
modes was deduced using the bimodal decomposition pr
dure. The total yield of the symmetric~asymmetric! peak
was calculated as a sum of individual mass yields using
interpolation and peak decomposition procedures. T
Gaussian fit was not applied since the shape of asymm
peak is not well described by a Gaussian. The results
compared with the literature data in Fig. 3; different rea
tions are reduced to the mean excitation energy of the c
pound nucleus for comparison. The points in Fig. 3 belo
mostly to the bremsstrahlung-induced fission; thus, the c
respondingEe values for the points are also given accordi
to the upper horizontal axis scale. The present measurem
are in reasonable agreement with other data taken for
rium fission induced by photons@1,5# and neutrons@20,21#.
Only the 232Th(p, f ) reaction shows a somewhat higher re
tive yield of the symmetric mode@22#.

The accuracy of the present measurements was suffic
to search for a manifestation of fine structure at the symm
ric mode maximum, at least in the case ofEe524 MeV
where the probability of this mode approaches about 6
Enhanced yields were found forA5112 and 113 masses. T
understand the origin of this enhancement, one must cons
the possibility that it reflects a double yield for products
the absolutely symmetric partition:Af5Ac/2 ~whereAc is an
even number!. Such a delta-function peak can be expected
be shifted and smoothed due to prompt-neutron emission
a lower amplitude relic can survive. The final mass numb
Af5113 for both fragments correspond to the neutron m
tiplicity n56 and consequently to an excitation energy of t
fragments of about 40 MeV (B̄n'5.5 MeV!. Such an exci-
tation energy can be expected to be released in the symm
fission of the232Th nucleus at the initial mean excitation o
14 MeV ~corresponding toEe524 MeV!.

The symmetry of scission figure~Fig. 4! suggests an ex
planation for the presence or absence of the delta-func
peak at the center of the mass distribution. Consider the
ally symmetric figure with an elongated neck as the stand
scission configuration. Each individual mass number o
fragment~and its complementary one! corresponds to a well-
defined position of a rupture plane in the neck. When
figure possesses reflection symmetry, the left and right lo
tions of the corresponding rupture planes are identical
1-2
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TABLE I. Decay properties of nuclides accumulating the isobaric chain yields in fission. The designation D indicates ag line emitted by
decay of the daughter nucleus. When lifetimes of precursor and daughter are comparable, bothT1/2 are given.

Nuclide T1/2 Eg @keV# I g @%# Nuclide T1/2 Eg @keV# I g @%#

72Zn→72Ga 46.5h→14.1h 2202 27.1
73Ga 4.86 h 297 80
75Ge 1.38 h 265 11.3
77Ge 11.3 h 714 6.8
78Ge→78As 1.47h→1.51h 277, 614 96, 54
83Se 0.37 h 357 68.6
84Br 0.53 h 1898 14.5
85mKr 4.48 h 151, 305 75, 14
87Kr 1.27 h 403, 2555 50, 9.2
88Kr→88Rb 2.84h→0.3 h 1836, 2392 22, 35
89Rb 0.25 h 1032, 1248 64, 47
91Sr 9.63 h 750, 1024 24, 33
92Sr 2.71 h 953, 1384 3.6, 90
92Y 3.54 h 934 13.9
93Y 10.1 h 1918 1.4
94Y 0.31 h 919 56
95Zr 64.03 d 757 55.4
97Zr 17.0 h 658~D! 100
99Mo 2.75 d 740 12.1
103Ru 39.3 d 497 89.5
105Ru 4.44 h 469 17.3
105Rh 35.4 h 319 19
106Ru 373.6 d 622~D! 9.8
111Ag 7.45 d 342 6.7
112Pd
→112Ag

21.1h→3.12h 617, 1388 43.5, 5.4

113Ag 5.37 h 299 10.6
115Cd 2.23 d 336 46

117Cd 2.49 h 1303 18.4
117mCd 3.36 h 1997 26.2
125Sb 2.73 y 428 29.4
127Sb 3.85 d 686 35.3
128Sn 0.99 h 482 58
129Sb 4.4 h 813, 915 43.5, 20.3
131I 8.02 d 637 7.3
132Te→132I 3.20d→2.3 h 668 100
133I 20.8 h 530 87
134Te 0.7 h 767 29
134I 0.867 h 847, 884 95.4, 65.9
135I 6.61 h 1678 9.52
138Cs 0.56 h 1436 76.3
139Ba 1.38 h 166 23.8
140Ba→140La 12.75d →40.2

h

537, 1596 24, 96

141La 3.92 h 1355 1.64
142La 1.52 h 1901, 2398 7.2, 13.3
143Ce 33 h 293, 722 43, 5.33
144Ce 285 d 134, 697~D! 11.1, 1.34
145Pr 5.98 h 676 0.51
146Pr 0.4 h 1525 16
147Nd 10.98 d 531 13
149Nd 1.73 h 211, 270 26, 11
149Pm 2.21 d 286 3.1
151Pm 28.4 h 340 22.4
156Eu 15.2 d 812, 1231 9.8, 8.0
s.

tw
o
is
r
t
o
n
ti

d

nu
,

y
se

ity.
-
eir
tec-

fter
c-

as
c-
on
er-
d 1

was

e
ifi-
both lead to the same mass asymmetry of the fragment
this case, theAf5Ac/2 yield is not exceptionally high, with
other partitions also having doubled yields because of
possibilities for rupture plane locations. Another situati
takes place when there is reflection asymmetry of the sc
ion figure. Only one rupture plane corresponds to any pai
fragments, so all products have a single yield, except
Af5Ac/2 yield which is doubled because this is a pair
identical mass numbers. Thus, any observation of a fi
structure peak at the center of the fragment mass distribu
indicates the reflection asymmetry of the scission figure.

III. LIGHT NUCLIDE YIELDS

To search for yields of such light nuclides as7Be, 24Na,
28Mg, 38S, and 59Fe in photon-induced fission, purifie
ThCl4 targets were irradiated by bremsstrahlung withEe
512, 16.5, and 24 MeV. The decay properties of radio
clides sought in the measurements are listed in Table II
given in Nuclear Data Sheets. The24Na and 28Mg nuclides
0246
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have half-lives of 15 and 21 h and abundant high-energg
lines of 2753.9 keV and 1778.8 keV, respectively. The
properties enabled them to be identified with high sensitiv
The radionuclides7Be, 38S, and59Fe do not have such con
venient decay properties, and so only upper limits for th
yields could be deduced. The following describes the de
tion of 24Na and28Mg radionuclides in the products of232Th
photofission.

The purity of the target was verified by the absence, a
irradiation, of such typical products of photonuclear rea
tions as22Na, 51Cr, 54Mn, 58Co, and65Zn. Radiochemical
isolation of the fraction of alkali and alkali-earth metals w
performed after 4 h ‘‘cooling’’ of the target, which was ne
essary for the decay of a high activity of short-lived fissi
products. Theng spectroscopic measurements were p
formed using an absorber composed of 10–20 mm Pb an
mm each Cd and Cu plates. The transmission coefficient
nearly 30–60 % for the high-energyg quanta of 28Mg and
24Na, whileg quanta withEg,500 keV were absorbed. Th
energy resolution and calibration were not degraded sign
01-3
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cantly even at a count rate of about 20 000 Hz, when
dead time reached 20% of the real time. The source c
tained Sr, Ba, Ra, and other radionuclides and gamma l
of 140Ba, 228Ra, and224Ra were used for internal calibratio
of the spectrometer. Lines from91Sr and140Ba were used to
normalize the yield per fission event. As an example, Fig
shows a fullg-ray spectrum taken with a 17 mm Pb a
sorber.

The chemically isolated fraction was specially purified
remove any radioactive fragments of Pd and Te. This w
necessary since weakg lines from the decay chains112Pd

FIG. 1. Final fragment mass distributions measured for232Th
photofission at~a! Ee57.5 MeV, ~b! 12.0 MeV, and~c! 24.0 MeV.
Solid curves are given to guide the eye to the experimental po

FIG. 2. Data of Fig. 1 plotted on a linear scale. Solid curves
given to guide the eye to the experimental points.
02460
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→112Ag→112Cd (g 2752.8 keV! and 132Te→132I
→132Xe (g 1778.6 keV! could have simulated the yield o
24Na and28Mg, respectively, on a level of 1025 per fission.
After chemical purification, the remaining background w
calibrated by the most intense lines of the nuclides in Ta
II and subtracted. Having done so,24Na and 28Mg radionu-
clides could be detected with yields below 1026 per fission
event atEe516.5 and 24 MeV. The relevant sections of

s.

e

FIG. 3. Symmetric-to-asymmetric yield ratio as a function
E* andEe from ~closed circles! Ref. @1#, ~crosses! Ref. @5#, ~open
circles! present results,~open squares! Ref. @20#, ~inverted triangles!
Ref. @21#, and ~triangles! Ref. @22#. The data correspond to
232Th(g, f ) reactions from Refs.@1,5# and the present work
232Th(n, f ) from Ref. @20#, 229Th(nth , f ) from Ref. @21#, and
232Th(p, f ) from Ref. @22#.

FIG. 4. Illustration of the scission for the different reflectio
symmetry cases. The rupture planes corresponding to fragm
masses of (0.5Ac1n), n50, 1, 2, and 3, are shown schematicall
1-4
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LIGHT-MASS YIELDS AND FINE STRUCTURE OF . . . PHYSICAL REVIEW C 62 024601
typical g spectrum, taken atEe524 MeV, are shown in Fig.
6. The statistics accumulated atEe516.5 MeV were worse,
although the lines of28Mg and 24Na were still observed
clearly and their decays agreed with the tabulated half-liv
The sensitivity of the measurements decreased as the
point energy was reduced because of the overall reductio
bremsstrahlung flux. The upper limits of the24Na and28Mg
yields were only estimated atEe512 MeV. The results are
given in Table III.

Yields of 24Na and 28Mg, being about 1026 per fission,
are consistent with previous results@13#. There upper limits
were established to be<(122)31027 per (g, n) reaction
event, and the well-known ratio of fission to photoneutr
reaction yields is about 0.1 for232Th. The present, smaller
upper limit for the59Fe yield is in agreement with the resu
of the Munich group@23#, which observed an absence
60Fe in products of thermal-neutron-induced235U fission.
The present yield estimates for7Be and38S have no physica
significance because the sensitivity was limited by ba
grounds.

The mechanism for third-fragment emission from an elo
gated fissile nucleus does not imply a strong energy dep
dence of the yield since the Coulomb barrier penetration

TABLE II. Gamma lines used in measurements of the lig
nuclide yields.

Nuclide T1/2 Eg @keV# I g @%#

7Be 53.3 d 477.6 10.4
24Na 15.0 h 1368.5 100

2753.9 100
28Mg→28Al 20.9 h→2.2 min 1342.2 54.0

1778.8 100
38S→38Cl 2.84 h→37 min 1941.9 84.0

2167.6 42.4
59Fe 44.5 d 1099.3 56.5

1291.6 43.2
91Sr→91mY 9.6 h→49 min 555.6 61.3

112Pd→112Ag 21.1 h→3.1 h 617.4 43.5
2752.8 0.11

132Te→132I 76.3 h→2.3 h 667.7 100
1778.6 0.08

140Ba→140La 12.75 d→40.3 h 537.3 24.4
1596.2 95.4
02460
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tor is insignificant in this case. Third fragment emission
regulated by the formation and partition probabilities at t
scission point, when the barrier has already been overco
A steep energy dependence in this case should be repl
by a weaker one originating from the deficit of free ener
for third-fragment formation. Experimentally, the probabili
of long-rangea particle emission@20#, shown in Fig. 7~a!,
indeed demonstrates a surprising stability over a wide ra
of excitation energies. The present results do not show s
a strong dependence of the light nuclide yields on the co
pound nucleus excitation as was reported in Ref.@10#. The
yield is decreased by a factor 0.5 when the meanE* is
reduced from 14 to 11 MeV; in fact, at 8 MeV no yiel
above the sensitivity limit could be detected, although t
limit was not particularly restrictive. The present results su
port the conclusion that emission from scission configurat
is the preferable mechanism not only fora particles, but also
for nuclei as massive asA524 and 28. The present results o
24Na and 28Mg are compared in Fig. 7~b! with the yields
reported in Refs.@10,11# and are not in good agreement. Th
can be explained, as discussed above, by considering the
effective nature of the methods used in@10,11#. This dis-
agreement requires, nevertheless, some additional comm

FIG. 5. Complete energy rangeg-ray spectrum of232Th photo-
fission products atEe524 MeV. The spectrum was taken with
17-mm Pb filter inserted in front of the Ge detector. The indica
intense lines correspond to the alkali-earth metal radionucli
91Sr, 140Ba→140La, and 224Ra. The latter radionuclide, being
precursor of208Tl, is present in the target as a daughter product
232Th decay, and the fission fragment140Ba is a precursor of the
shorter-lived140La emitting the marked lines.

t

TABLE III. Experimental results for light nuclide yield estimates from the232Th(g, f ) reaction at three
values of bremsstrahlung endpoint energy.

Reaction Yield per fission event
product 24 MeV 16.5 MeV 12 MeV

7Be <1.131024 – <1.031024

24Na (1.060.2)31026 (0.3360.10)31026 <0.531026

28Mg (0.8560.15)31026 (0.4660.15)31026 <1.231026

38S <2.531025 – <1.031026

59Fe <1.031027 – <2.631026
1-5



nt

ng
er
ll
us

c
r
c
o
de
nt

im
o

e

n-
In
ther

es

rves

and

on-
ver-
Fig.

-
ent

ef.

r
m

–
k
the
e-

b-
e

se

b-
t-
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to specify and distinguish the conditions of the experime
which are being compared. Background production of24Na
and 28Mg in Al catchers is really characterized by a stro
energy dependence@12# and this background can be high
than the yield of products in Th fission. Also, it is we
known that the nonselective method of activity detection
ing Geiger counters required an extremely high degree
chemical purification. In such an experiment, the efficien
of chemical isolation can be easily decreased or even
duced essentially to zero and this would strongly influen
the results to suggest a too-small yield. These two reas
may explain both the lower yields and stronger energy
pendences given in Ref.@10# as compared to the prese
results.

A characterization of the yield energy dependence is
portant to clarify the mechanism of light nuclei emission. F
the case of bremsstrahlung induced reactions~the present
experiment and that of Ref.@11#!, the E* distribution of
fissile compound nuclei can be calculated using the incid

FIG. 6. Sections ofg-ray spectra showing signatures of~a!
28Mg and ~b! 24Na in the experiment on232Th fission atEe524
MeV.

FIG. 7. Excitation functions for the relative ternary fission pro
ability. Panels show~a! long-rangea particle emission in the cas
of uranium fission induced by neutrons and4He ions@20# and ~b!
24Na and28Mg radionuclide yields from Refs.@10,11#, as given by
open circles and solid squares, respectively, and from the pre
experiment open squares for24Na and open triangles for28Mg.
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radiation spectrum in combination with the photo
absorption and fission-probability excitation functions.
Fig. 8, the calculated bremsstrahlung spectrum and two o
functions, deduced from Refs.@24–26# for 232Th, are shown.
The giant dipole resonance~photon-absorption! cross section
was taken in accordance with@24#, and the probability of
(g, xn f) fission events was calculated from those valu
known for (n, xn f) reactions@25#. Reference@26# and cita-
tions therein define this probability functionPf(E* ) near the
232Th fission barrier atBf56.0 MeV. TheE* distribution of
fissile compound nuclei was evaluated as a product of cu
1, 2, and 3 shown in Fig. 8. Finally, meanE* and half-width
values were found. These define the horizontal positions
error bars for the data of Fig. 7~b!, corresponding both to the
present measurements and to those of Ref.@11#. This is the
only correct presentation possible for data taken with a c
tinuous bremsstrahlung spectrum. The discrepancy is, ne
theless, evident between the three sets of data shown in
6~b!.

The present values of the yield look too high in Fig. 7~b!
in comparison with Refs.@10,11#. They are, however, com
patible with other data. The present results are in agreem
with the trend established in Ref.@6# and extrapolated to
higher masses of third fragments using calculations of R
@7# based on the Halpern model of ternary fission@27#. As
measured in Ref.@7#, the yield of the24Ne nucleus is greate
than 231027 per fission event for all heavy targets, fro
239Pu up to 249Cf, and 27Na has an approximately 50%
lower yield. In our case of the232Th(g, f ) reaction, the mean
excitation energy of the compound nucleus is higher by 6
8 MeV than for the (nth , f ) reactions employed in the wor
of Ref. @7#. Even higher energies are present because of
wide E* distribution mentioned above. Thus, the total r
nt

FIG. 8. Excitation functions for the cross section of photon a
sorption by232Th nuclei @24# ~dashed curve 1 plotted by the righ
hand axis!, and for fission probability@25,26# ~curve 3!. Calculated
bremsstrahlung spectra are also shown by curve 2.
1-6
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lease of energy in232Th(g, f ) reactions can be comparab
with that from 239Pu(nth , f ) reactions. In addition, cumula
tive yields of theA524 and 28 isobaric chains were detect
here, while the experimental method used in Refs.@6–9# was
based on the detection of the prompt products emitted w
definite kinetic energy and charge state and selected b
kinematical separator and ionization chamber. In that
stance the individual yields must be integrated over the en
energy spectrum, all charge states and nuclear charge
order to make a comparison with the total yield of specificA
isobars. In such a context, the yields below 1026 per fission
event forA524 and 28 masses measured in the present w
do not strongly contradict to the series of experiments car
out with thermal neutrons@6–9#.

The yields measured here are perhaps slightly higher
could have been expected from the experiments cited ab
One more factor may contribute to this. The authors of R
@28# proposed a new mechanism of ternary fission in whic
mass fragment of intermediate mass remains almost st
unaccelerated by the Coulomb field since it is placed on
axis between the two massive fragments at scission. T
mechanism seems somewhat exotic, but in some special
ditions it can, obviously, provide a significant contribution
the yield of ternary fission. The total kinetic energy of t
three fragments is lower in this case with respect to the v
ant when all three fragments are accelerated. Because o
gain in free energy, a measurable contribution to the to
yield of these rare ternary fission products can be expec
For long-rangea particles, it is probably unimportant sinc
there is not a significant deficit of free energy. Products
low kinetic energy were detected successfully in the acti
tion – radiochemistry –g-spectroscopy method applied
the present work. Thus, the total actual yield may indeed
larger than that detected by the kinematical separ
method. This point should be studied in additional expe
ments.

In general, the magnitude of yield from these reactio
merits future studies. For example, in the well-known bo
The Nuclear Fission Process, edited by Wagemans, th
probability of ‘‘true’’ ternary fission is discussed in a sep
.
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rate paragraph@29#. Large-scale scatter is apparent betwe
yields deduced from different experiments. It is important
note that the value of about 1026 per fission forA520
230 products found here is near the center of gravity of
scattered values referenced in that tome. Thus, the pre
results are consistent with the analysis of Ref.@29#. The
probability for true ternary fission is significantly increas
when fission is induced by heavy ions. This interesting p
nomenon was detected in the experiments of Refs.@30,31#
and explained by an original model assuming the sequen
two-step fission~cascade fission! of systems heavier than
40Ar1238U. It is difficult to compare the results of heavy
ion-induced fission with photon ora-induced fission becaus
new mechanisms can participate, in addition to there bein
large difference inZ2/A and angular momenta values.

A group of inconsistent results was reported in Re
@10,23,32–38# on the yields of fission products with mass
of 30,A,70 andA.170. From the present measuremen
an upper limit of less than 1027 per fission was deduced fo
the yield of A559 nuclei at the bremsstrahlung endpo
energy of 24 MeV. Within an order of magnitude, this val
is in accordance with the results of Refs.@23,33,36,37# which
is quite good considering the different reactions and exc
tion energies.

IV. SUMMARY

Final fragment mass distributions were measured in
232Th(g, f ) reaction at mean excitation energies of 6.5, 8
and 14.0 MeV using cumulative isobaric yields. The relat
probability of the symmetric mode and the fine-structure a
plitudes were found to be in accordance with the results
previous publications. The stability of the observed fine p
culiarities despite variation of experimental methods co
firms their inherent nature, coming from the formation pr
cess of the fragments. The presence of a fine-structure p
near the symmetric mode maximum is tested and the me
nism is discussed. The yields of24Na and 28Mg radionu-
clides are reliably detected and the emission of light nucle
evaluated within some new suggestions to clarify the mec
nism of ternary fission.
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