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Ternary particle yields in 249Cf„n th ,f …
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An experiment measuring ternary particle yields in249Cf(nth , f ) was carried out at the high flux reactor of
the Institut Laue-Langevin using the Lohengrin recoil mass separator. Parameters of energy distributions were
determined for 27 ternary particles up to30Mg and their yields were calculated. The yields of 17 further ternary
particles were estimated on the basis of the systematics developed. The heaviest particles observed in the
experiment are37Si and 37S; their possible origin is discussed.
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I. INTRODUCTION

The nuclear fission process usually proceeds in suc
way that two fragments are formed. These fragments at
about 90% of their kinetic energy within a time interval
several times 10220 s. Within the same time interval, there
also a probability of three particles being formed. Theore
cally, fission with the formation of three particles—terna
fission—includes the formation of a third particle, wi
masses ranging from scission neutrons to middle-heavy f
ments when a compound nucleus splits into three part
comparable mass. Leaving aside the scission neutrons, a
90% of ternary particles area particles; about 7% are triton
and the rest are heavier nuclei@1,2#.

Since the yield of the lightest ternary particles is comp
rable to that of binary fragments of given mass and cha
detailed studies could already be performed in 1960s
1970s@3–7#. It was observed that most of the ternarya ’s are
emitted perpendicularly to the fission axis, and only a sm
fraction ~about 3%! are emitted from accelerated fragmen
~i.e., along the fission axis! @8#.

As in binary fission, odd-even effects in the yields of lig
ternary particles were found; particles with even proton a
neutron numbers~such as4He, 10Be, and14C) appear more
frequently in ternary fission than those with oddZ and N
numbers@1#.

Experimental data on the properties of particles hea
than carbon (Z56) is scarce—due to the very low probabi
ties for their production—and quite contradictory. The ea
est and probably most extensive study on heavy ternary
ticles was carried out by Mugaet al. @9,10#, who recorded
triple fragment coincidences in solid-state detectors fr
252Cf(s f) and thermal-neutron-induced fission of233,235U
and 239,241Pu. The authors of@9,10# report having observed
light particles with masses 30<A<70 with an emission
probability of 1025–1026 per binary fission, at least two
orders of magnitude higher than the value given by rad
chemical investigations@11#. Schall et al. @12# investigated
ternary fission from the252Cf(s f) reaction with a powerful
detection system@13#. They studied particles with masse
from A512 to 23, with emission probabilities down to abo
0556-2813/2003/67~3!/034610~10!/$20.00 67 0346
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1026 per binary fission. The probability of symmetric tripa
tition (70<A<95) was estimated in Ref.@12# to be lower
than 1028 per binary fission.

Recently, precise ternary fission experiments were p
formed on the fissioning systems of234U* and 240Pu* @14#,
236U* @15#, 242Pu* @16#, 243Am* @15,17#, and 246Cm*
@17,18#, using the Lohengrin mass separator at Institut La
Langevin. The most comprehensive data sets were obta
for the last three nuclei, for which yields and energy dist
butions have been precisely determined for several isoto
of elements from hydrogen to oxygen (242Pu* ) and to fluor
(243Am* and 246Cm* ). Some other, heavier, nuclei~up to
34,35Si) were also observed@17#.

Despite the experimental and theoretical efforts expen
on understanding the ternary fission process, our insight
this phenomenon is still rather poor. It is, e.g., not clear
cording to which law the observed yields of the heavy t
nary particles decrease and whether the upper limit for
ternary particle mass, which is reached in a symmetric trip
tition of the compound nucleus, is attained in low-ener
ternary fission at a yield level amenable to detection
nowadays experiments. Of particular interest is also
question of how magic shells in complementary fragme
influence the ternary particle yields. In consequence, ev
measurement on yields and energies of heavy ternary
ticles is of importance.

In this study, yields of radioactive neutron-rich terna
particles were determined for the compound nucleus250Cf* ,
with special emphasis to the heaviest ternary nuclei.250Cf*
is the heaviest compound system studied so far in lo
energy fission reactions on Lohengrin.

II. EXPERIMENT

The targets used in the experiment were prepared,
Hentzschel@19#, by electrolytic deposition of Cf(OH)3 on a
titanium backing (f42 mm and thickness of 0.05 mm! in the
form of rectangles of dimensions 0.2532 cm2. The isotopic
composition of the targets was 99.73%249Cf, 0.15% 250Cf,
0.07% 245Cm, and 0.05% other products relative to thea
decay of 249,250Cf. Two targets with masses of 22.7 an
©2003 The American Physical Society10-1
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10.15mg of 249Cf were used in the experiment. The fiss
material was protected with a thin nickel foil (0.25mm)
against sputtering by fission fragments. The thermal stab
of the target was ensured by dehydration of Cf(OH)3 to
Cf2O3, which has a melting point of 1750 °C.

The experiment was carried out at the high flux reacto
the Institut Laue-Langevin. Its recoil mass spectrometer
unslowed fission products, Lohengrin, is presently the o
instrument allowing the precise study of very rare fiss
events, such as heavy ternary products@20#. A detailed de-
scription of the instrument, its experimental setup and p
ticular features of the measuring technique for ternary fiss
events can be found in Refs.@21,16#.

Due to the presence of the250Cf isotope in the targe
material, with its very high neutron capture cross sect
~2000 b! @22#, the actual use of targets in the neutron be
was limited to only nine days for each, in order to keep
fission rate from the251Cf isotope, which is bred from250Cf
by neutron capture, to a negligible level~less that 10% of
total value!. The results obtained in this study are, therefo
to be attributed almost exclusively to the250Cf* compound
system.

III. DATA EVALUATION

The Lohengrin mass spectrometer provides separatio
particles with ratiosA/q and E/q with A, E, and q being
particle mass, kinetic energy, and ionic charge state, res
tively. The ratiosA/q andE/q are selected by the settings fo
the magnetic and electric fields of the separator. Freque
different fission products fulfill the same conditions. In co
sequence, they will not be separated in Lohengrin, he
forming multiplets. The components of such multiplets we
identified by the difference in their kinetic energy, using
ionization chamber as a detecting device, placed in the fo
of the separator. In the case of ternary fission, using a s
anode (DE-ER technique, withDE andER being the signals
from the first and second parts of the anode of the ioniza
chamber!, the nuclear charge of the ternary particles could
directly determined from their specific energy losses. T
separation of isobars is perfect for ternary particles and
lows clean and background-free measurements. An exam
of typical ternary spectra measured with the ionization cha
ber with a split anode is shown in Fig. 1.

In the experiment, fission rates decrease with irradiat
time, since the quantity of the fissile material decreases
result of (n, f ) and (n,g) reactions. The change in targ
activity ~burnup! was monitored for each target by dai
measurements of the ternary10Be yield. For a given targe
with known isotopic composition, the half-life in the neutro
beam can be calculated with a decay function, using the n
tron flux of the reactor and the data on fission and cap
cross sections. The half-life calculated for our target com
sition amounted to 7.18 days; experimental values extra
from the burn-up data for two targets used were 7.23
7.29 days, i.e., very close to the theoretical value. This
nifies that practically no other losses of the target mater
apart from ‘‘natural’’ burnup in the neutron flux, occurre
during the experiment. Hence, the data corrected for
03461
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burnup can be compared to each other in a reliable way; t
features will reveal those of the ternary fission process.

The fragments’ energies measured in the experiment
those of fragments having passed through the target mat
and the nickel foil. The loss of energy in these substan
was estimated for each measured ternary particle with
TRIM code @24#. Additional energy losses can occur whe
part of the particle kinetic energy is taken away by the em
sion of neutrons or other particles. In our study, we assum
zero probability for the ternary particles’ decay.

Another process to be considered is the ionization of
nary particles due to their interactions with atoms of the t
get and nickel foil. This ionization is a statistical process,
the ternary particles may end up in different ionic char
statesq at the entrance of the separator. Hence, to get cor
values for the fission product yield at Lohengrin, the ion
charge distribution of each particle needs in principle to
measured completely. For most particles this would of
require very long measuring times and is, therefore, not p
sible in practice. In addition, for technical reasons there is
upper limit to the separator field strength. Therefore, so
assumptions about ionic charge distribution have to be ma

Since the characteristic kinetic energy for fragments fr
a fission reaction is about 1 MeV/nucleon, according
Shima @25# a Gaussian distribution can be used for the d
scription of ionic charge state probabilities. The paramet
of a Gaussian function~mean ionic charge and width! de-
pend on the particle kinetic energy, mass, and atomic n
ber. To obtain their values in cases where they could no
determined from the experimental data a simple prescrip
given by Nikolaev and Dmitriev@26# was used. To this pur-
pose, the set of constants in the equations from Ref.@26#
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FIG. 1. Ternary particle scatter plot (DE,DE1ER) taken with
the DE2ER ionization chamber at separator settingsA/q53 and
E/q54.5. Since theDE signal is proportional to the atomic num
ber, spots located along~roughly! horizontal lines correspond to th
same chemical element. Spots on~roughly! vertical lines~approxi-
mately constant kinetic energy! belong to isobaric chains. The
events in the lower left corner are tritons. Those on the diagonal
close to it are ternary particles scattered on the entrance windo
the ionization chamber and stopped in central collisions with
separating grid placed between theDE andER anode sections~for
details, see Ref.@23#!.
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TERNARY PARTICLE YIELDS IN 249Cf(nth , f ) PHYSICAL REVIEW C 67, 034610 ~2003!
characterizing the ionic charge was adapted to our exp
mental data. The particle-yield correction with respect toq
could then be performed with average values for ionic cha
and standard deviation, which were either measured or
culated with formulas from Ref.@26#, and taken as param
eters of Gaussian functions.

The particles’ energy is a unique observable, show
whether these particles originate from fission or we
knocked out from the construction material of the mass sp
trometer. Only particles emanating from a ternary decay p
cess will exhibit a characteristic spectrum with a Gauss
shape, while for recoil particles the Rutherford scattering l
shows that scattering probability increases with decrea
recoil energy. In our experiment, the shape of the tern
particle-energy distribution was well reproduced by a Gau
ian function in all those cases where a comprehensive di
bution was measured~see Table I!. The total relative yields
of the isotopes were then calculated by integration over t
yield at different kinetic energies. Although some stable p
ticles can emanate directly from the ternary fission proce
in the present study only yields of unstable particles w
considered, due to possible contamination of the former fr
the material used in the construction of the mass separat~a
striking example is27Al in Fig. 1!.

In the yield calculation, the width of each particle-ener
distribution plays a crucial role. This parameter is often d
ficult to obtain experimentally, especially for the heavie
ternary species and for those on the wings of isotopic dis
butions where production probabilities are low. Unlike b
nary partition, where due to Coulomb repulsion and mom
tum conservation both fragments always carry a sizable
of the liberated energy, in ternary fission the third partic
being born between two main fragments, may reveal a n
zero probability of production at energies close to zero
netic energy. This can happen in case the Coulomb repul
between the ternary particle and fragment one and fragm
two cancel each other, or nearly so. This is known exp
mentally for all ternary particle distributions, studied for se
eral fission reactions with fissile actinides ranging from
up to Cf, where comprehensive data could be taken~see, e.g.,
Ref. @27#!. It is also borne out from trajectory calculations f
emission of ternary particles from the neck joining the tw
nascent fragments@15#. This feature is essential in the anal
sis of ternary fission data and here especially for the ev
ation of yields of the heaviest particles at the limit of dete
tion where measurements can be taken only at a few en
settings, preferably at those with maximum yields. In pr
tice, it means that one additional data point has to be ad
to the experimental particle-energy distributions near z
energy as a constraint to the spectral shape. Only with
artificial constraint, the shape of the distribution will co
form to the systematics of ternary-particle energy distrib
tions. Evidently the assumption here is that also the heav
ternary particles are emitted from the neck region, i.e., t
are not produced by a different mechanism. In the ac
evaluation, for each particle the corresponding zero-ene
probability was set to a few percent from the maximu
value measured, each time with an uncertainty of6100%.
These artificial points have practically no effect on the wid
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in the case of comprehensively measured energy distr
tions ~most light and middle-heavy ternary particles!; they
are of importance, however, where only a few points in
energy distribution could be measured~heavy particles!. This
is demonstrated in Fig. 2 for the examples of10Be and24Ne.

In some cases, due to the lack of measured data, a rel
fit of particle-energy distributions was impossible, even w
the additional condition of a nonvanishing probability ne
zero energy. To obtain the yield of such particles, one of
particle-energy distribution parameters~either the widthsE

or the average kinetic energyĒ) had to be kept fixed during
the fit procedure. The correspondingsE and Ē values were
deduced from the systematics developed on the basis o
present experimental data. In extreme cases, it was even
essary to fix bothsE andĒ in the yield calculation for those
particles measured only at one kinetic energy or for which
counts at all were observed.

In the literature, the yields of ternary particles are usua
given in comparison with the yield of4He @16,27#, which is
the most abundant ternary particle; sometimes the norma
tions with 10Be or 14C are used@17#. The true value of the
ternary 4He yield is difficult to obtain however; its energ
distribution is perturbed by thea decay of the target materia
and the break up of unstable5He into 4He and a neutron
@28#. In addition,a particles may stem from (n,a) reactions
on 59Ni bred from stable58Ni; the latter was used in ou
experiment as a protecting foil. Therefore, the4He normal-
ization could introduce a systematic error into the final da

To avoid this problem, we used a normalization of partic
intensities based on that of14C. Since the absolute yield o
the latter is reliably known from Ref.@19#, in this paper
yields of all ternary particles are given in absolute valu
i.e., as probabilities per fission event. This presentation of
data brings both binary and ternary fission to the same s
and facilitates their comparison.

IV. RESULTS AND DISCUSSION

Based on the experimental data for energy distributio
extending down to zero energy as explained above, abso
yields could be accurately evaluated for 27 particles~up to
30Mg). For a further 17 particles~up to 37S), the yield was
determined with the parameters for the energy distributi
~width or/and mean kinetic energy! being obtained from sys
tematics. For these particles, the uncertainties could no
calculated properly; in the case of the heaviest observed
ticles ~low statistics! they may amount to 100%. Finally, fo
the two heaviest particles39P and 40S, only upper limits
could be deduced, since for them no counts were obser
The results on yields and kinetic energy distribution para
eters are given in Table I and depicted graphically in Fi
3–5.

Figure 3 shows that the average kinetic energy of tern
particles increases with their atomic numberZ. This increase
is estimated to be approximately 2 MeV per charge num
as observed for the most abundant isotopes. This trend
lows, and was used for, extrapolations towards heavy ato
numbers. The dependence of kinetic energy on the par
atomic number is expected and is mainly determined by
0-3
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TABLE I. Mean kinetic energyĒ, width of energy distributionsE and absolute yield of ternary particles
Values given initalics are those from an ‘‘enforced’’ fit, as explained in the text; they should be consid
as preliminary.

Ē ~Mev! sE ~MeV! Yield

8Li 15.161.4 7.161.3 (2.660.7)31026

9Li 12.560.9 5.561.0 (3.861.0)31026

10Be 17.560.4 7.760.6 (3.860.7)31025

11Be 16.561.3 7.460.9 (4.761.2)31026

12Be 15.161.1 7.161.1 (2.760.7)31026

12B 21.860.8 8.261.8 (1.560.4)31026

13B 20.161.1 8.160.9 (2.460.6)31026

14B 17.061.2 7.360.7 (1.460.4)31027

15B 16.861.9 7.061.0 (9.164.1)31028

14C 27.060.3 9.960.5 (1.360.2)31025

15C 25.160.5 8.960.7 (5.361.1)31026

16C 24.461.1 9.661.2 (4.861.1)31026

17C 21.361.7 8.360.9 (7.562.8)31027

18C 20.462.8 8.561.4 (2.460.7)31027

16N 25.962.2 9.861.7 (1.560.4)31027

17N 25.061.6 9.461.2 (8.162.0)31027

18N 23.861.5 9.961.2 (4.561.1)31027

20N fixed 7.060.9 1.331028

21N fixed fixed 3.431029

20O 31.461.7 10.661.9 (2.560.7)31026

21O 24.261.2 10.760.7 (6.461.3)31027

22O 33.067.4 14.364.2 (4.261.6)31027

24O fixed 9.563.2 5.831028

20F 25.463.3 fixed 9.731029

21F 26.562.1 9.861.3 (1.660.4)31027

22F 33.8610.5 12.264.6 (1.460.8)31027

24F 26.362.8 12.162.0 (8.364.0)31028

24Ne 33.962.9 14.261.9 (2.460.6)31027

27Ne 35.965.9 fixed 2.031028

28Ne fixed fixed 1.831028

27Na 38.468.2 16.364.5 (8.263.2)31028

28Na fixed fixed 1.031027

30Na 31.768.6 11.966.1 (2.262.2)31028

30Mg 34.963.7 13.061.8 (1.360.4)31027

32Mg fixed 10.862.7 3.731028

34Mg fixed fixed 1.031029

30Al fixed fixed 9.031029

32Al fixed fixed 1.131028

33Al fixed fixed 1.831028

32Si fixed 12.061.7 8.931029

33Si fixed 11.361.4 1.531028

34Si fixed 11.361.3 2.231028

37Si fixed fixed 2.031029

39P fixed fixed ,5.631029

37S fixed fixed 4.731029

40S fixed fixed ,3.331029
is
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Coulomb repulsion between all three fragments at the sc
ion point.

The average kinetic energy is in addition expected to d
within isotopic chains. This can indeed be seen from furt
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inspection of Fig. 3: apart from theA522 isobars~where,
however, error bars are very large perturbing the oxygen
fluorine data!, for practically all isotopic chains, the kineti
energy decreases as a function of mass. This decrease
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again estimated to be 2 MeV per mass unit, and this fig
was used in the calculations of the corresponding part
yields.

For the same ternary particles but different compound
clei, one should expect the kinetic energy to scale with
atomic number of the fissioning nucleus. This expectat
was indeed confirmed by Baumet al. @15#, who compared
the average kinetic energies of ternary particles with mas
up to A520(20O) from the fission of236U* and 243Am* .
Experimental data for some ternary particles given in Ta
II extend the observations made in Ref.@15# to the heavier
masses and to other compound systems. Although mean
ergies for some particles from Table II (10Be, 30Mg) appear
to be approximately equal, one can nevertheless conc
that the kinetic energy of ternary particles grows with
creasing atomic number of the fissioning nucleus.

The observations made above on the properties of ave
kinetic energies of ternary particles from fission of t
250Cf* compound nucleus are consistent with those kno
for other nuclei@14,16#. However, to develop systematics fo
the parameters of kinetic energy distributions, the beha
of the widthsE also needs to be examined. From the point
view of the systematics, it appears to be more convenien
work with full width at half maximum ~FWHM! values
rather than with standard deviationssE . In Fig. 4, the
FWHM data recalculated from Table I are plotted versus
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FIG. 2. Experimental energy distributions of10Be and 24Ne,
showing the zero kinetic-energy point as explained in the text.
drawn-out curves represent a fit of the data with a Gaussian f
tion.
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corresponding average kinetic energiesĒ. A one-to-one cor-
relation is seen in Fig. 4 between the average and the w
of the energy distributions. Again, this is in a rather fa
agreement with previously known experimental resu
@14,16,18,32#. Hence, it is obvious that, in general, a terna
particle tends to keep constant the ratio between second
first moments of its energy distribution.

This property of the ternary particles’ energy distributio
strongly differs from that of binary fragments: for the bina
fission process thesE parameter is known to be practicall
independent of the fragment mass number~if not disturbed
by mixing of different fission modes!. This difference insE
behavior could perhaps be understood as follows: in bin
fission the variance of fragment energies is determined fo
fragments alike by the range of compact-to-deformed sc
ion configurations. By contrast, in ternary fission the me
energyĒ of the ternary particles increases with their char
number, but since all distributions are allowed to exte
down to zero energies the variance is tied from the lo
energy side and, therefore, has to increase with the ch
number, too.

A prominent feature of the ternary particle yields is the
exponential decrease with particle mass number~Fig. 5!,
similar to the binary fragment yields on the wings of th
double-humped mass yield curve. An inspection of the i
topic distributions in Fig. 5 shows in addition the presence
some fine structure in the particle yields. For each eleme
staggering is observed, due to shell and odd-even effect
neutrons, as a certain deviation of the isotopic yields from
smooth yield pattern: even neutron numbers appear to
favored though in several cases it is difficult to differentia
between a genuine odd-even effect and data points with
yields in the wings of a distribution. An additional difficult
arises because yields for isotopes on the stability line h
not been measured. More conspicuous is that elements
an even charge number have a larger formation probab
compared to their odd-charge neighbors. In Fig. 5, oddZ
fragments are shown as open data points and even-Z frag-
ments as full symbols. Systematically the yields of evenZ
fragments are higher. The effect is strongest for fragme
with low values ofZ and decreases with increasing atom
number of the fragments. However, the difference in yield
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FIG. 4. Correlation between parameters~FWHM and Ē) of the
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yields of 39P and40S were found.
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largest for isobars: The yield of even-even nuclei sometim
exceeds that of odd-odd ones by two orders of magnit
~compare semimagic20O to 20N and 20F). From the above
observations, one concludes that, as far as the size o
odd-even staggering is concerned, neutrons and protons
have differently in the fission process. The yield depende
on the number and type of nucleons is, therefore, of imp
tance and has to be taken into account when searching fo
heaviest ternary species at the limit of observability.

The odd-even staggering of yields, known as the o
even effect, is one of the general properties of low-ene
fission. The odd-even effect is well known in binary fissi
for the yields of fission fragments and serves as a sens
probe for the excitation energy of the nucleus right at sc
ion. Although in ternary fission the odd-even effect for t
yields of the ternary particles is much more pronounced t
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in binary fission@16,34#, no theory or model has been pro
posed so far to evaluate the excitation energy of the fiss
ing nucleus from these data. From experiments on tern
fission at higher excitation energies of the compound nucl
it is, however, evident that the odd-even effect depends
excitation@35#. At larger excitation the odd-even effect in th
yields of ternary particles is indeed smoothed and eventu
disappears. This may be understood from the fact that, at
excitation energies, the structure in the yields of ternary p
ticles is strongly correlated with the correspondingQ values;
this even allows models to be established to make quan
tive predictions for ternary yields. In contrast, at higher e
citation energies the influence ofQ values can be expected t
become negligible and the odd-even effect should fade a
as observed.

Unfortunately, as stated above, at present the odd-e
ore, the
TABLE II. Mean kinetic energyĒ of energy distribution for some ternary particles~TP’s! from different
fissioning systems.

Ē, Mev/Compound system

TP 234U 240Pu 243Ama 246Cm 250Cf
Ref. @27# Ref. @29# Refs.@17,30–33# Refs.@17,18# @This work#

10Be 17.260.1 16.460.1 17.061.2 19.260.6 17.560.4
16C 20.060.6 21.162.4 22.862.7 24.461.1
20O 24.061.0 24.660.2 26.962.6 23.561.3 31.461.7
24Ne 28.861.3 31.062.8 33.662.0 33.962.9
27Na 35.063.0 35.463.0 38.468.3
30Mg 35.464.0 37.264.0 34.963.7

aFor several of the TP’s the mean kinetic energies reported by different authors are scattered; theref
average values carry quite large error bars. References@30–32# are for 10Be, Refs.@17,32,33# for 16C and
20O, Refs.@17,32# for 24Ne. Data for27Na and30Mg were taken from Refs.@32# and @17#, respectively.
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TERNARY PARTICLE YIELDS IN 249Cf(nth , f ) PHYSICAL REVIEW C 67, 034610 ~2003!
effect of ternary yields cannot be utilized to extract exci
tion energies of the fissioning nuclei. It is all the more r
markable that the method of double-isotope ratios introdu
in the study of intermediate-mass-fragment production
heavy ion physics@36# has been shown also to be suitable
low-energy ternary fission@37#. Making use of the whole
body of ternary yield data, consistent values could be
duced for the temperatures of nuclei at scission.

By simply juxtaposing the yields of32Mg, 33Al, and 34Si
with the yields of their neighbors, one may conclude th
there is an increasing influence of theN520 shell on the
ternary-particle formation probability when approaching
34Si the stability line. In other words, one observes a dis
pearance of theN520 magic-shell influence when strayin
from the stability line. The same is also true for theN58
shell: TheN58 magic number dominates in the yield
carbon,1 still plays an important role in the isotopic chain
boron, and is already of minor importance for beryllium
These observations corroborate experimental findings m
in nuclear reaction studies exploring nuclear structure@38–
42#. It is remarkable that the yields of neutron-rich terna
particles directly reflect the much-discussed shift in ma
neutron numbers when coming closer to the neutron d
line.

Another aspect is the most probable mass for the isoto
distributions of ternary particles, which can also be e
pressed as the proton-to-neutron ratioZ/N in these nuclei. In
binary fission, fragments’ masses and charges have bee
tensively studied with special emphasis put on the discus
of Z/N ratios @43#.

In first approximation, the most probable mass for a
isotopic distribution of fission products can be described
the rule of unchanged charge density~UCD!. This rule pos-
tulates that, prior to neutron evaporation, the ratioZ/N in
any fragment is the same as in the fissioning compo
nucleus. In second approximation, for low-energy binary
sion a small correction has to be made: The light fragme
are slightly more proton rich and the heavy fragments
correspondingly proton deficient when compared to the co
pound system. This proton excess or deficiency is usu
given as a displacementDZ of the experimental nuclea
chargeZP relative to the charge predicted by the UCD ru
(ZUCD). GenerallyDZ(5ZP2ZUCD) amounts to about hal
a charge unit (DZ'60.5). Physically, it is due to the Cou
lomb repulsion between protons, that affects heavier fr
ments more than light ones.

In this context, the behavior of ternary particles is int
esting: Will they be even more proton rich (DZ.0.5) than
light fragments due to their considerably smaller size or w
their origin from a position between light and heavy fra
ments lead to a charge displacement intermediate betw
heavy and light fragments, i.e.,DZ'0?

1The dominance of14C in the isotopic chain of carbon follow
from the extrapolation to250Cf* of the experimental data known fo
some lighter fissioning systems (236U* @15#, 243Am* @33#, 246Cm*
@17#!. For all of them, the yield of stable carbon isotopes (12,13C)
was found to be considerably lower than that of14C.
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For this purpose, the experimental yield distribution of t
elements for various masses as shown in Fig. 5 will be co
pared with a most probable mass@AP(Z)# calculated assum
ing UCD, according to

AP~Z!5Z3AF /ZF

with ZF598 andAF5250 the nuclear charge and mass nu
bers of the compound nucleus, respectively. The most p
able massesAP calculated according to this simple recipe a
given in columns 2 and 5 of Table III.

For a more realistic comparison with the maximum
isotopic yield distributions~see Fig. 5!, we have to take into
account the strong modulation of yields due to the odd-e
effect of neutrons. Columns 3 and 6 in Table III give th
massesAPuen with an even number of neutrons which l
closest to the massesAP . Comparing the mass numbe
APuen in Table III with the masses of the isotopes produced
highest yield in Fig. 5 we observe that the calculated m
numbers seem to basically agree with the present experim
for the elements withZ54 (Be), Z55 (B); Z57 (N); Z
58 (O); Z512 (Mg) andZ513 (Al). It has to be noted,
however, that forZ54, 8, and 12 no experimental valu
below APuen could be obtained so that higher yields
masses,APuen cannot be ruled out completely. The distrib
tion obtained forZ56 (C) shows the highest yield at14C
whereasAPuen516. We attribute this mainly to the shell clo
sure atN58, which has already been discussed above.
other effect of this shell closure is observed for the yield
13B. Similarly, it is known from the literature that4He domi-
nates the distribution of ternary helium isotopes whereas
value of APuen amounts to 6—certainly an effect of th
double shell closure atZ52 and N52. Finally, the—less
pronounced—effect of the shell closure atN520 observed in
the yields of 32Mg, 33Al, and 34Si has also been discusse
above.

Even though we are aware that both, more and more
curate data are needed, and that a systematic and cr
study of the body of existing partially contradictory terna
yields of different origin available for various fission rea
tions would be advisable, the formulation of the followin
ideas will be based essentially on the present data.

In consequence, returning to the discussion of a poss
charge displacementDZ keeping in mind the modulation

TABLE III. Most probable massAP of ternary fragments with
the atomic numberZ calculated according to the UCD rule.APuen

are the masses closest toAP with an even number of neutrons.

Z AP APuen Z AP APuen

2 5.1 6 10 25.5 26
3 7.7 7 11 28.1 29
4 10.2 10 12 30.6 30
5 12.8 13 13 33.2 33
6 15.3 16 14 35.7 36
7 17.9 17 15 38.3 39
8 20.4 20 16 40.8 40
9 23.0 23
0-7
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TABLE IV. Largest atomic number expected and observed for ternary particles from thermal-ne
induced-fission reactions for U@26#, Np and Pu@16,28#, Am and Cm@17#.

Zmax U Np Pu Am Cm

Expected Z510 Z511 Z512 Z513 Z514
~Ne! ~Na! ~Mg! ~Al ! ~Si!

Observed 24Ne 30Mg 35Si 32Mg
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due to odd-even and shell effects, we observe that for
elements withZ>9, particularly for F, Ne, Na, Si, and S, th
maxima of the experimental distributions tend to be bel
APuen , i.e., the fragments tend to be neutron deficient w
respect to the compound nucleus. The reason can be two
as follows:

~a! As has been discussed above, the size of these ter
fragments is even smaller than that of the light binary fra
ments and the Coulomb energy could be at the origin of
observation.

~b! A second explanation would be that these relativ
large ternary fragments are born with some deformation
will emit prompt neutrons before they are detected.

One argument against assumption~a! and in favor of as-
sumption~b! is that in the first case ternary fragments w
Z,9 should be even more neutron deficient. This is
observed.

On the other hand, an argument supporting assumption~a!
~primary formation of neutron deficient heavier ternary fra
ments! is as follows: Several phenomenological models
produce the whole body of ternary yields as a function
ternary mass and charge reasonably well. In the Halp
model, for example Ref.@44#, it is argued that the yields
depend on the energy it costs to pick up nucleons from
prefragments and to place a charged light particle in betw
the two main fragments. The general trend of the yiel
ranging from the He isotopes to the heaviest ternary elem
such as Si and S, is qualitatively well understood in t
model. According to the model, for a given charge numbeZ
the isotopic yields depend mainly on theQ values. It is then
readily calculated from mass tables that, e.g., for silicon i
topes the favored mass number should beAP534 as ob-
served, while for sulfur several mass numbers below~but
including! A540 are in competition, in agreement with o
servation.

However, it should also be remembered that for light n
clei the neutron drip line comes very close to the stabi
line. Therefore, among the lighter ternary particles, nuc
can be produced in fission, which are particle-unsta
against neutron decay in their ground state~e.g., 5He, 7He)
or in low excited states~e.g., 8Li* , 9Be* ). The presence o
these unstable nuclei in ternary fission is accounted for in
models of ternary fission. Experimentally, neutron emiss
in coincidence with light ternary particles has recently be
studied quite extensively for fission of252Cf(s f) @45#.

The two heaviest particles searched for,39P and 40S,
could not be observed in the experiment, despite relativ
long measuring times~6.8 and 13.6 h, respectively!. Upper
limits for their yields are given in Table I. Longer measur
ments could possibly lead to a positive result. However,
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cannot reject the possibility that these nuclei are not form
in ternary fission, at least at the present level of detect
which is about 1029/ f , wheref stands for fission, in the cas
of the 249Cf(nth , f ) reaction. This supposition is supported b
the observation of surprising stability in the yields of bina
fragments around massesA5132 in the heavy andA580 in
the light peaks of the fission yield curve. The yield in the
mass regions was found to be virtually equal for all fissio
ing systems@46#. This stability undoubtedly results from th
structure of fragments aroundA5132 ~doubly magic, Z
550 andN582) andA580 ~close to doubly magicA578
with Z528 andN550). Assuming them to be preformed
the scission point, one may put the rest of the nucleons
a neck, as suggested in Ref.@47#. Such a naive picture will
then allow us to estimate the maximum atomic number a
mass of the ternary particles expected to be formed fr
such a neck, with intact cores of the prefragments. For c
fornium, this would beZ516. In the particular case o
250Cf* , the heaviest ternary particle would be38S, provided
zero neutron emission takes place from fission fragme
~cold fission!. The nucleus37S observed in the experiment
only one neutron away from this limit.2 Upper limits for
nuclear charges of ternary particles for other fissioning s
tems, estimated in the same way, are given in Table IV
gether with the heaviest ternary particle hitherto observe

As seen, the expected values for even-Z fissioning sys-
tems are in good agreement with the experimental findin
For odd-Z Am, the experiment shows an excess of one p
ton in the heaviest ternary particle. The reason could be
preferential formation of even-Z ternary particles~odd-even
effect!, as discussed above. Being more tightly bound th
the complementary partners~i.e., light fragments; heavy one
being supposed to remain doubly magic!, even-Z ternary nu-
clei will be preferred energetically, even in the case of oddZ
fissioning systems. In summary, at the practical limit of so
1029/ f for the measurements of ternary yield probabilities
the Lohengrin mass separator, the masses and charges
ternary particles virtually exhaust all neck nucleons witho
breaking the magic cores of both fragments. It should
most interesting to study yields of ternary particles beyo

2Based on the analysis of spectroscopic data, it has been rec
demonstrated@48# that the37S nucleus is the last one where theZ
516 subshell still persists; it disappears for the heavier S isoto
Recalling the major importance of the proton number for the tern
particles yield, it is very likely that the break up of theZ516
subshell at38S results in a smaller formation probability if com
pared to that of37S. But this conjecture should be tested expe
mentally.
0-8
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TERNARY PARTICLE YIELDS IN 249Cf(nth , f ) PHYSICAL REVIEW C 67, 034610 ~2003!
this limit since it is conjectured that these yields should d
much faster with the mass and/or charge of the particles
anticipated from an extrapolation, e.g., in Fig. 5.

Finally, we wish to address the question of whether all
heaviest particles observed in our experiment result from
nary fission~i.e., from the split of the compound nucleus in
three parts!, or whether they could be formed by other pr
cesses, such as binary cluster emission from excited c
pound systems and/or nuclear breeding from surround
materials.

As to breeding reactions, only37S has to be considered
Given our experimental conditions, about 105 atoms of stable
36S on the covering foil (5rectangle of target material!
would be needed for the production of one nucleus of37S
during neutron irradiation. With the high flux of fission frag
ments (;1012 fission/s for the target used! this nucleus could
then be knocked out of the foil. The requirement for knoc
out at the appropriate solid angle of the separator accept
~see Ref.@21#! increases the minimum amount of36S to 1010

atoms. This corresponds to 5.331013 atoms ~or 2.8 ng of
mass! of the most abundant isotope32S. This is already a
macroscopic quantity, allowing its determination with no
nuclear methods. Since the effective Ni layer had a mas
0.111 mg, the required sensitivity of the method to be app
should be better than 2.531025 g/g.

We used a double-focusing sector-field inductive
coupled plasma mass spectrometer~ICP-SFMS ELEMENT,
Finnigan MAT, Bremen, Germany! for the determination of
the sulfur concentration in the nickel foil. A piece of Ni fo
identical to that used in the experiment was dissolved
high-purity nitric acid and diluted with deionized Milli-Q
water. The method applied allowed us to recognize m
interferences caused by molecular ions and doubly cha
matrix ions (16O2

1 , 64Ni21, etc.! and to distinguish them
from sulfur isotopes. The accuracy of the analytical meth
was tested with the NIST SRM 1160 standard. Further
tails on the ICP-SFMS technique can be found in Re
@49,50#. The measurement showed the sulfur concentra
to be lower than 1.031025 g/g of solid nickel foil, leading
to the conclusion that the37S observed could not originate i
a breeding process.

It was shown theoretically@51,52# and found experimen
tally @53,54# that nuclei in their ground states may emit pa
ticles heavier thana ’s ~so-called ‘‘clusters’’!. Since the en-
ergy distribution of 37Si and 37S was not measured in thi
work, we have no direct experimental proof that ternary p
-

03461
p
an

e
r-

m-
g

-
ce

-
of
d

n

ss
ed

d
-
.
n

r-

ticles were indeed observed. Some discussion is, there
required on whether the heavy isotopes observed could
be due to binary cluster decay.

One may first consider spontaneous cluster decay f
the target nuclei249Cf. However, the amount of target mate
rial is small and the half-lives predicted for cluster emissi
are extremely low@52#. Taken together with the short mea
suring times of only a few hours, spontaneous cluster em
sion may safely be excluded as a source for the events
served. One might next consider induced cluster emiss
from 250Cf* following neutron capture in249Cf. Induceda
decay and exotic cluster emission from excited states of238U
have been studied in Coulomb scattering of238U on 238U
@55# with the result that induceda decay has very low cros
sections of 10237 cm2 even for excitation energies close
the Coulomb barrier. For cluster emission, the cross sect
at excitation energies of nuclei having captured a therm
neutron are predicted to be even smaller and speculatio
cluster emission induced by neutron capture as an observ
process is explicitly rejected@55#. A further and probably
even more compelling justification that the events detecte
the present experiment are due to a ternary fission proce
the kinetic energy at which the particles were intercepted
a binary decay, the kinetic energies of the light partners fr
super-asymmetric fission with masses aroundA540 should
have energies roughly twice as large as those measured
Such light fragments at high kinetic energies have been
tensively sought on Lohengrin, with measuring times e
ceeding those of the present work by several times, but
positive result has been reported@17,32#.

We, therefore, believe we can unequivocally attribute
observed heaviest particles to the ternary fission process.
nuclei 37Si and 37S are up to now the heaviest particles o
served experimentally from ternary fission at low excitati
energies.
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