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Emission of intermediate mass fragments during fission
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Ternary fission in the reaction4He 1 232Th at Elab5200 MeV has been observed. Intermediate mass
fragments~IMF: 3<Z<8! with unique energy and angular distributions have been measured consistent with
emission from the neck zone during fission. The widths of the energy spectra are relatively constant for neck
fragments withZ>4, suggesting little variability in the scission configurations. A linear dependence of^E& on
Z is observed for the neck IMFs. The observed trend is compared with a Coulomb trajectory model.
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PACS number~s!: 25.85.Ge, 24.10.2i
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Ternary fission is of considerable interest as it provid
information not only about the deformation at the time o
scission@1,2#, but also about the magnitude and tensor
nature of the dissipative forces as the fissioning nucleus
forms @3,4#. Ternary fission allows one to study these fund
mental properties of nuclear matter at low excitation. A ke
question in multifragment breakup of excited nuclear mat
is the influence of deformation on the multifragmentatio
probability @5#.

The salient features of neck emission of charged partic
during scission are illustrated in panel~a! of Fig. 1. Due to
the near cancellation of Coulomb forces parallel to the sci
ion axis, the neck-emitted particle is propelled essentia
orthogonal to the scission axis. Consequently, a relativ
narrow angular correlation with the scission axis is observ
for particles originating from this source. In addition, rapi
postscission motion of the fission fragments along the sci
ion axis yields a neck fragment that is lower in kinetic en
ergy than one emitted prior to significant deformation. The
signatures of angular distribution with respect to the sciss
axis and kinetic energy are characteristic of the neck em
sion process.

In a recent experiment@6#, low-energy intermediate mass
fragments ~IMF: 3<Z<6! were observed in coincidence
with fission for the reaction3He1 232Th atElab5270 MeV.
As shown in the lower panel of Fig. 1, the low-energy IMF
in that reaction, exhibit an angular distribution peaked ess
tially orthogonal to the scission axis, indicative of stron
focusing by the Coulomb field of the scissioning system. A
shown in Fig. 1, while the high-energy10Be fragments~open
symbols! have no strong preference relative to the scissi
axis, the low-energy10Be fragments are peaked at approx
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mately 97° relative to the fission axis, corresponding
'90° in the center-of-mass system. The strong resembla
of the measured IMF energy and angular distributions to t
distributions measured for neck emission ofa particles dur-
ing scission@7–11# suggests a common origin for both the
IMFs and neck-emitteda particles@6#. Subsequently, neck
emission of IMFs has also been observed in the decay
transient dinuclear systems formed in intermediate-ener

ity,

sity

FIG. 1. Panel~a!: Cartoon illustrating the cancellation of forces
for charged particle emission from the neck zone during fissio
Panel ~b!: Angular distribution relative to the scission axis fo
10Be fragments emitted in the reaction3He1232Th at Elab5270
MeV @6#. The solid symbols are associated with the low-energ
fragments and the open symbols with the high-energy fragme
measured in coincidence with two fission fragments.
R2114 © 1996 The American Physical Society
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54 R2115EMISSION OF INTERMEDIATE MASS FRAGMENTS . . .
heavy-ion collisions@12,13#. In contrast to intermediate-
energy heavy-ion collisions, where both excitation and d
formation can play a role in the breakup process, fissi
~both spontaneous and in light-ion induced reactions! pro-
vides an opportunity to study this phenomenon in a doma
where the shape degree of freedom dominates the instabi
It is presently unclear, however, whether emission of t
considerably more massive neck IMFs originates from t
same mechanism as neck emission ofa particles.

In order to understand this novel decay mode better
have investigated emission of intermediate mass fragme
~IMF:3<Z<8! in the reaction 4He1232Th at Elab5200
MeV. The experiment was performed at the Indiana Unive
sity Cyclotron Facility where beams of4He nuclei acceler-
ated by the K200 cyclotron impinged on a self-supportin
'700mg/cm2 232Th foil. The beam intensity was typically
'93109 p/s.

Fission fragments were detected in two hybrid large-ar
parallel-plate avalanche counter/multiwire proportion
counter~PPAC/MWPC! detectors. The centers of these de
tectors were located atu lab51100.3° and260.0° to account
for the reaction kinematics. Each detector subtend
DV50.170 sr with an angular range ofDu lab530.4° and
DF>17.8° and a position resolution of'0.5° in u lab and
F. IMFs were detected in four large and five small low
threshold detector telescopes located essentially 90° to
scission axis. Two additional large telescopes were located
an angle'50° to the scission axis. Each IMF telescope co
sisted of an axial-field ionization chamber operated at 18 t
of CF4, a 300mm passivated ion-implanted silicon detecto
and a 3 cmthick CsI~Tl! crystal readout with a photodiode
The small Si detectors each had an active area of 3 cm33
cm. The large Si detectors each had an active area
5 cm35 cm and consisted of a quadrant design. Each qu
rant was read out separately, allowing for greater angu
resolution. Detailed descriptions of the performance chara
teristics of detector telescopes of this type have been pre
ously published@14,15#.

Charged particles that entered the silicon detector we
identified by theDE-E technique. In addition, charged par
ticles were also mass-identified by utilizing the time-of-fligh
technique with reference to the cyclotron RF pulse. The tim
ing resolution achieved in the experiment was sufficient
resolve isotopes of elements withZ<4. Energy calibration
of the detectors was performed by use of a228Th a source
and a precision pulser.

Depicted in Fig. 2~a!–~f! are the two dimensionalDE-E
spectra measured with the ionization-chamber/silicon te
scopes for triple coincidence events. For these events,
fission fragments have been detected in the MWPC/PP
detectors and at least one IC telescope has detected a cha
particle. The spectra observed in panels~a!–~e! of this figure
correspond to the detectors placed orthogonal to the sciss
axis. The spectrum shown in panel~f! corresponds to the
detector telescope situated at'50° to the scission axis. A
striking difference is observed between the spectra in pan
~a!–~e! and the spectrum in panel~f!. The nonorthogonal
detector @panel ~f!# does not detect the low-energy IMFs
measured in the other telescopes because the angular d
bution of the neck-emitted fragments is fairly narrow@6#.
Also noticeable in panel~f! is yield located at very low en-
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ergy in theDE-E spectrum~e.g.,Eoxygen< 25 MeV!. This
yield arises from reactions of thea projectile with light ele-
ment target contaminants~carbon and oxygen!. These ran-
dom coincidences with fission are unrelated to the scissi
axis and thus appear equally in both the orthogonal and no
orthogonal detectors@6#, and thus do not affect our analysis.
Ternary fission in these reactions follows incomplete fusio
of the projectile with the target nucleus and emission o
prescission particles. Based on linear momentum trans
and fusion cross section we estimate an initial excitation
' 120 MeV and an average spin of' 22\.

The energy spectra of ternary fragments with 3<Z<8 are
shown in Fig. 3. Since all the spectra for detectors orthog

FIG. 2. Panels~a!–~e! of this figure depict theDE-E spectra for
detectors positioned atu lab5–163.5°,5–163.5°, –146.8°, –146.8°,
and –155.2°, respectively. The spectra shown in panel~f! corre-
sponds to the detector telescope located atu lab51160.8°. Fission
detectors were centered atu lab51100.3° and –60°.

FIG. 3. Laboratory energy spectra of Li, Be, B, C, N, and O
fragments emitted orthogonal to the fission axis~solid symbols! and
approximately 50 degrees with respect to the fission axis~open
symbols!.
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R2116 54S. L. CHENet al.
nal to the scission axis are the same, these spectra have b
summed and are represented by the closed symbols. The
ergy spectra for the nonorthogonal detector are represen
by the open symbols. These two groups of energy spectra
significantly different. For beryllium fragments, for example
the energy spectrum for the orthogonal detectors is bimod
~closed symbols! and manifests a low-energy componen
peaked at 15–20 MeV. This low-energy component is abse
in the energy spectrum of the nonorthogonal detector~open
symbols!. Moreover, the high-energy component centered
35–45 MeV is observed in both spectra. It is important t
note that the absolute differential yield of the high-energ
component is the same for both the orthogonal and nono
thogonal detectors. No renormalization has been perform
for the two sets of spectra shown in Fig. 3. While the high
energy component exhibits an ‘‘isotropic’’ angular distribu
tion with respect to the scission axis, the low-energy comp
nent exists only for those detectors located near the norm
to the scission axis, as noted qualitatively in Fig. 2.

These qualitative observations can be understood as f
lows: The high-energy IMFs originate from the excited com
posite nuclear system in its more compact shape and hen
are subject to a larger Coulomb energy and lack angu
focusing. The high-energy peak occurs at the energy usua
associated with IMF emission from a heavy nucleus@17#.
The arrows shown in the figure indicate the calculated Co
lomb barrier for emission of Li, Be, B, C, N, and O frag-
ments, respectively, from a composite system ofZ590,
A5232. The semiquantitative agreement indicates that t
high-energy IMFs are emitted from the composite syste
prior to significant deformation. In contrast, the low-energ
fragments, which arise from neck emission near the time
scission, experience a lower Coulomb field~Fig. 1!. As a
result of their emission in the anisotropic Coulomb field o
the two fission fragments, they manifest the strong angu
focusing of the deformed nuclear system. In the angul
range where it is observed, this neck component is signi
cantly larger~for Z>4! than the high-energy isotropic com-
ponent and increases in relative importance with increasi
atomic number over the measured range.

The difference kinetic energy spectra~orthogonal minus
nonorthogonal! constructed from the measured energy spe
tra presented in Fig. 3 are shown in Fig. 4@panels~a!–~c!#.
These spectra are approximately Gaussian in shape. A st
ing qualitative feature of Fig. 4 is the significant enhance
ment in the beryllium and carbon yield over the boron yield
A similar enhancement~24%) of Be fragments over Li frag-
ments was observed in spontaneous fission of252Cf @18#.
This enhancement of stability of evenZ nuclei over oddZ
nuclei may provide information about the excitation of th
system at the time of neck IMF emission.

Also noticeable in Fig. 4~a!–~c! is the shift of the cen-
troid of the difference IMF energy spectrum towards highe
energy with increasingZ. This trend is qualitatively consis-
tent with a larger Coulomb effect due to the increasedZ of
the IMF. In contrast, the width of the energy spectrum
which is sensitive to both variations in the scission configu
ration as well as temperature, does not differ dramatica
between Be and C.

Evidence that the low-energy component arises from
neutron-rich source is displayed in Fig. 4@panels~d!–~f!#. In
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this figure, the difference energy spectra for isotopical
identified beryllium fragments is shown. The overall yield o
7Be ~not shown! is low in comparison to the yield for9Be,
10Be, and 11Be. This preference for neutron-rich isotope
provides evidence that these fragments do not arise fro
reactions with light element contaminants on the target~C
and O! since such reactions result predominantly in the pr
duction of light isotopes@16#. The most abundant neck iso-
tope appears to be10Be. Since theN/Z of the four isotopes is
0.75, 1.25, 1.5, and 1.75, respectively, the preference
10Be correlates with theN/Z of the composite system, which
is 1.56.

While emission of10Be over emission of7,9,11Be is ap-
parently favored, any substantial emission of11Be provides
evidence for emission from a neutron-rich neck. One o
serves in Fig. 4 that the peak in the energy spectrum f
9Be is shifted towards higher energy when compared to t
peak of the energy spectrum of10Be. The same trend has
been observed in spontaneous fission of252Cf for neck emis-
sion of 4He, 6He, and8He @18#. This trend can be qualita-
tively understood if the initial kinetic energy of the neck
fragment is constant or decreases with increasing mass fo
given Z. If the kinetic energy is constant, then a heavie
isotope has a smaller velocity and remains close to the sci
ion axis for a longer period of time resulting in a smalle
Coulomb energy for the neck fragment. This qualitative ex
pectation is confirmed by the Coulomb trajectory calcula
tions described below.

The trends observed in Figs. 3 and 4 are quantitative
examined in Fig. 5. Shown in panel~a! are the cross sections
for both low-energy/focused~solid symbols! and high-
energy/isotropic~open symbols! emission of fragments with
2<Z<8. The cross-section was calculated from the numb
of interactions, the integrated beam current, and the targ

FIG. 4. Panels~a!–~c!: Difference energy spectra for Be, B, and
C fragments. Panels~d!–~f!: Difference energy spectra for isotopi-
cally identified beryllium fragments.
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54 R2117EMISSION OF INTERMEDIATE MASS FRAGMENTS . . .
thickness and agreed with the previously measured bin
fission cross section to within 5%. The efficiency for detec
ing ternary events was calculated using the measured I
energy distribution. The angular distribution of neck frag
ments was assumed to be a Gaussian with a width of 1
We estimate the uncertainty in cross section to be less t
10%. While theZ distribution for both low-energy and high-
energy fragments follows the general trend of decreas
yield with increasingZ, the decrease in yield with increasin
Z is less for the low-energy fragments than it is for the hig
energy isotropic fragments. This same observation has b
noted in the3He induced reaction on232Th @19#. Emission of
heavy IMFs is strongly favored by the neck mechanism.
addition, both the neck component and the isotropic comp
nent manifest preferential emission of evenZ nuclei. This
preferential emission of evenZ nuclei is stronger for the
neck component than for the isotropic component.

The dependence of the average energy onZ is shown in
the second panel. These average energies^E&, have been
extracted from the difference energy spectra shown in Fig
Essentially a linear dependence of the average energy onZ is
observed. The open symbols shown in Fig. 5~b! correspond
to the measured̂E& transformed into the center-of-mas
frame ~v cm50.1 cm/ns! consistent with the measured linea
momentum transfer. The open diamonds in this figure cor
spond to the measured^E& for 4He, Li, and Be in spontane-
ous fission of252Cf @18#.

The dependence of the second moment@^(E-^E&)2&1/2] of
the difference energy spectra onZ is shown as the solid
points in Fig. 5~c!. Fitting the difference energy spectra wit
a Gaussian also yielded the same second moments. As
dent in the figure, the width of the energy spectrum for t
neck component is essentially constant with atomic numb

FIG. 5. Panel~a!: Dependence of the emitted IMF cross sectio
on the atomic number of the neck fragment. Panels~b!–~c!: Depen-
dence of the first and second moments of the low-energy and h
energy components of the energy spectra on the atomic numbe
the neck fragment. Solid symbols in panel~b! correspond to the
measured moments. Open symbols depict the first moment tra
formed into the center-of-mass frame.
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for Z>4. Since differences in the scission configuration an
in the thermal distribution at the time of scission are reflecte
in the width of the energy distribution, the constancy of th
measured width suggests rather similar scission configu
tions and thermal distributions, independent of the atom
number of the ternary fragment~for Z>4!. For reference we
have also shown as open symbols the measured@20# second
moment of the4He, Li, and Be energy distributions in spon-
taneous fission of252Cf ~cold fission!. The differences in the
widths for hot andcold fission may also indicate a broade
distribution in scission configurations leading tohot ternary
fission.

In order to examine the observed trends quantitatively w
have compared our observations with the predictions of
classical trajectory model@22#. In this model, the two fission
fragments and the neck fragment interact as point charg
The validity of this approximation has been previously ex
amined@21#. The system consisting of the two fission frag
ments and the neck fragment was assumed to beZ590,
A5232. The two fission fragments were chosen to have
initial separation distanceD526 fm, in agreement with the
fission fragments having attained half of their asymptot
velocity at scission@22#. Choice of a smaller initial separa-
tion distance~e.g., D520 fm! requires a reduction in the
initial fission and IMF velocities to reproduce the asymptoti
kinetic energies. The charges and masses of the two fra
ments were chosen based on symmetric fission. The ne
fragment was specified by its charge, mass, initial positio
initial kinetic energy, and the direction of its initial velocity.
The initial position was chosen to be halfway between th
two fission fragments~X5Y50! @22#. The IMF was emitted
orthogonal to the scission axis (u590°) @22#. For our trajec-
tory calculations we chose initial conditions that reproduce
the phenomenon of neck emission ofa particles in sponta-
neous fission of252Cf @22#.

If the initial energy of the fragment is given by the uncer
tainty in its momentum due to localization of the fragment i
the neck zone, it should be inversely related to the mass
the fragment@21#. Allowing the initial energy to be given by
Einitial516 MeV/Afragment @21# yields the dot-dashed line in
Fig. 5~b!. The predictedZ dependence shows the opposit
trend of the measuredZ dependence—it decreases monoton
cally with increasingZ. This trend indicates that the initial
kinetic energy of the neck fragment exceeds the minimu
required by the uncertainty relation. If we fix the initial en
ergy of the neck fragment at 4 MeV, the dependence
^E& onZ is in approximate agreement with the experiment
data, as shown in Fig. 5~b! ~dashed line!. We also explored
fixing the initial velocity of the neck fragment~v51.39
cm/ns!. The resulting dependence of^E& onZ ~dotted line! is
in reasonable agreement with the252Cf data but significantly
overpredicts the present experimental data, particularly f
the heavier IMFs. Reasonable agreement with the pres
experimental data is achieved in a constant velocity scena
if an initial velocity of 0.77 cm/ns is assumed~solid line!.

In summary, we have measured IMF emission associat
with ternary fission in the reaction4He1232Th atElab5200
MeV. IMF emission orthogonal to the scission axis has
bimodal energy distribution. Fragments associated with t
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R2118 54S. L. CHENet al.
high-energy peak exhibit an isotropic angular distributi
and have energies consistent with emission from the co
posite system prior to substantial deformation. The fra
ments present in the low-energy peak have an angular di
bution peaked orthogonal to the scission axis. Both
angular distribution and kinetic energies of these fragme
are consistent with emission from the neck zone during
sion. TheZ distribution of the high-energy~isotropic! com-
ponent is steeper than theZ distribution of the low-energy
~neck! component. Heavy IMFs are almost exclusively pr
duced by the neck emission process. The widths of the
ergy spectra for the neck component are constant with
spect to Z, suggesting little variability in the scission
configuration as a function ofZ. A linear dependence o
^E& on Z for the neck component is observed. Trajecto
calculations indicate that this trend implies that the init
kinetic energy of the neck fragment exceeds the minim
required by the uncertainty relation. The observed trend
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consistent with emission of the neck fragments with a fixe
initial velocity.
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