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5He, 7He, and 8Li „E*Ä2.26 MeV… intermediate ternary particles
in the spontaneous fission of252Cf
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The neutron-unstable odd-N isotopes5He, 7He, and 8Li ~in its excited state ofE* 52.26 MeV) were
measured to show up as short-lived (t.10221210220 s) intermediate light charged particles~LCPs! in
ternary fission of252Cf. For the study a high-efficiency angular correlation measurement between neutrons,
LCPs, and main fission fragments has been performed. The evidence for the ternary5He and 7He particles
~lifetimes: 1310221 s, and 4310221 s, respectively! was disclosed from the measured angular distributions
of their decay neutrons focused by the emission in flight towards the direction of motion of4He and 6He
ternary particles. Similarly, neutrons observed to be peaked around Li-particle motion could be attributed to the
decay of the second excited state atE* 52.26 MeV~lifetime: 2310220 s) of 8Li. The fractional yields of the
intermediate5He and 7He ternary fission modes relative to the ‘‘true’’ ternary4He and 6He modes, respec-
tively, were determined to be 0.21~5! for both cases. The mean energy of the4He residues resulting from the
5He decay was determined to be 12.4~3! MeV, compared to 15.7~2! MeV for all ternarya particles registered,
and to 16.4~3! MeV for the true ternarya particles. The mean energy of the6He residues from the7He decay
is 11.0~15! MeV, compared to 12.3~5! MeV for all ternary6He particles. The population of8Li* was deduced
to be 0.06~2! relative to Li ternary fission, and 0.33~20! relative to the yield of particle stable8Li. The
perspective of using the observed intermediate LCPs for probing the ternary scission configuration in252Cf
fission with the aid of trajectory calculations is briefly discussed.

DOI: 10.1103/PhysRevC.65.044614 PACS number~s!: 25.85.Ca, 24.75.1i, 23.20.En, 29.30.Ep
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I. INTRODUCTION

Light-charged-particle-~LCP! accompanied fission, als
known as ternary fission~TF!, is a rare process (.1/260
relative to binary fission, for252Cf) @1,2#. In TF, nucleons
from the neck formed between the main fragments righ
scission cluster into a light third nucleus that is ejected
about right angle to the fission axis, due to the focusing
the Coulomb field from the nascent fragments. In about 8
of ternary fission events a so-called long-rangea particle
~LRA! is present, characterized by a continuous~near-
Gaussian! energy spectrum with.16 MeV mean energy
and .11 MeV width @full width at half maximum
~FWHM!# @3#. Other LCPs with still sizable partial yields ar
3H (.7%), theneutron-rich He isotopes6He (.3.5%) and
8He (.0.2%), and the 7,8,9Li ( .0.5%) and 9,10,11Be
(.2%) nuclei. For the time being, a large variety of oth
much rarer species, predominantly the neutron-rich isoto
from elements up to silicon, have been measured in var
thermal-neutron induced fission reactions@from 233U(nth , f )
to 249Cf(nth , f )] @3,4#. For spontaneous fission of252Cf
@ 252Cf(sf)# no fractional isotopic yields of LCPs withZ.3
are hitherto available from experiment.

*Present address: Gesellschaft fu¨r Schwerionenforschung
D-64291 Darmstadt, Germany.

†Present address: Section Physik, Ludwig-Maximilian
Universität München, D-85748 Garching, Germany.
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It is expected that LCPs are born not only in their resp
tive ground states, but also with some probability in excit
states@5,6#. In particular, in theg-ray spectra taken simulta
neously with Be LCPs and the two fission fragments in
present experiment on the TF of252Cf @7,8#, the 3.37 MeV
g-ray line from the 0.18 ps disintegration of the first excit
level in 10Be was observed. Currently, much attention h
been attracted upon the unexpected result that a fractio
the 10Be g radiation seems to appear as a non-Dopp
broadened line in theg ray spectrum, indicating that theg
decay occurs at least partially from a source at rest. M
recent high-resolution data with germanium detectors se
to confirm this observation@9,10#, supporting the suggestio
already pointed out in Ref.@7# of the possible existence of
molecular type of nuclear structure at the scission point
10Be accompanied ternary fission@9–11#. However, for this
conjecture to be true, the10Be nucleus is to be held in th
potential well between the main fission fragments for an
credibly long time at least comparable to the lifetime of t
10Be excited state, i.e., for.10213 s before the system
breaks up into the three charged products. Besides the i
esting perspective of signaling a new type of intermedi
nuclear structure, the population of excited states in the
nary particles is of considerable interest on its own, sin
information on the exit channel of fission, e.g., on the ene
dissipation in the saddle-to-scission stage, might be infer
by measuring ratios of excited and ground states in the s
LCP @8#. Experimentally, the population of excited states
LCPs can be traced also by a neutron measurement, in
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few cases at least when excited levels in the neutron-
light nuclei disintegrate by neutron emission rather than bg
decay, e.g., the neutron-rich helium isotopes6He and 8He,
and the odd-odd lithium isotope8Li. In the present work,
8Li at E* 52.26 MeV is identified as the first case of a
LCP being emitted in a neutron-unstable excited state.

Formation of LCP species in235U(nth , f ) and 252Cf(sf)
that are unstable against neutron decay from their gro
states was discovered already some 30 years ago in co
dence experiments between ternarya particles and neutrons
An enhancement (2762%) of the neutron intensity in the
direction of motion of the ternarya particles, as compared t
the opposite direction, was observed first by Nefedovet al.
@12# in 235U(nth , f ). Later Cheifetzet al. @13# and Graevskii
et al. @14# measured for252Cf(sf) the neutron velocities an
correlateda-particle energies at the relative emission ang
around 0° and 180°. The data provided a stringent proof
the occurrence of intermediate5He which decays by neutro
emission into4He close to the fissioning nucleus. The a
thors of Ref.@13# deduced the fractional5He yield to be
0.11~2! relative to all LRAs, and a mean energy of 12.4~9!
MeV for the 4He residues from the5He decay. Besides th
direct measurements@13,14#, the 5He emission was also at
tempted to be inferred from the shape of the LRA ene
spectrum, assuming its weak non-Gaussian low-energy
@15,16# to be entirely due to the5He decay~see also reviews
@1,2#!. The conclusions from these studies were not
equivocal, and the energy distribution attributed to the4He
residues in the recent work of Ref.@17# is inconsistent with
the data from the neutron-a coincidence experiment of Re
@13#.

In the present work a new experimental study on5He
emission in252Cf fission is presented, measuring the angu
correlation of neutrons and LCPs in a wide range of mut
emission angles and with a previously unachieved statis
accuracy. Also, the angles with respect to the fission fr
ments were determined, and the energy spectra of all cha
reaction products were deduced. As the LCPs are focuse
the fragment Coulomb field about orthogonally to the fiss
axis, the set of kinematic parameters obtained has he
considerably to disentangle the neutrons of the LCP de
processes from the more frequent prompt fission neutr
The latter ones are evaporated from the moving fragme
and, thus, have angular distributions peaked around the
sion axis. Besides the decay of5He we were also able to
investigate, for the first time, the similar case of7He by
identifying the neutron component that is correlated with
direction of motion of the much rarer6He particles discrimi-
nated from thea particles by aDE-E measurement.

The very short radioactive decay times of the neutr
unstable nuclei under study are comparable with the pe
of LCP acceleration (.10220 s) in the time-dependent Cou
lomb field of the fission fragments flying apart. The neutro
from intermediate LCP decay are thus a probe of the co
tions at a very short time after scission. Since the neutr
are not affected by the fragments’ Coulomb field, their an
lar distribution is the most stringent experimental quan
for probing the LCP starting conditions. After the LCP
released simple kinematics links the neutron angular and
04461
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ergy distributions to the velocity distributions of the LCP
during their decay, when the LCPs still experience a stro
Coulomb repulsion. In the present work, these correlati
have been modeled by a trajectory calculation for the m
sured intermediate LCPs decaying in the vicinity of the fi
sioning nucleus into neutrons and LCP residues.

It should be stressed that when the decay times anQ
values for the neutron-unstable species can be inferred f
resonance spectroscopy~as it is the case for5He, 7He, and
8Li* @18#! the novel kinematic data from the present wo
may provide valuable information about the scission co
figuration in ternary fission. The issue is briefly addressed
the paper.

II. EXPERIMENT

A. Experimental setup and procedure

In the present experiment@7,19#, the Darmstadt-
Heidelberg Crystal Ball~CB! @20#, serving as a homoge
neous and highly granulated 4p neutron detector, was com
bined with an efficient detection system for fission fragme
and ternary particles. The CB is a dense spherical packag
162 large~20 cm long! NaI~Tl! crystals of highg-ray detec-
tion efficiency (>90%) @20#. Results ong emission in252Cf
ternary fission have been reported in Refs.@7,21,22#. Simul-
taneously tog rays, the CB registers neutrons from fissio
with a rather high efficiency of.60%, mainly by the
(n,n’g) reaction in iodine@23#. The g rays were separate
from the neutrons by a time-of-flight measurement. The n
tron response of the CB, being of prime interest for t
present work, is discussed in Sec. II B. Inside the CB
spherical space of 50 cm diameter is available which
accept the detectors for the fission fragments and LCPs
the present study, the assembly of particle detectors
mounted inside a CH4-filled spherical aluminum vesse
which also contained the252Cf sample (43103 fissions/s,
thin backing! located at the center. The kinematic spectro
eter CODIS~see Fig. 1, described also in Refs.@19,21#! con-
sists of a novel Frisch-gridded 4p twin ionization chamber
~IC! for measuring fission-fragment energiesand emission
angles, and of a ring of 12DE-E telescopes~made fromDE
IC’s and silicon p-i -n diodes, with a solid angle ofp/4)
surrounding one half of the fragment IC for measuring t
LCPs @8#. Angular resolutions~FWHM! were<5° for both
the fragments and LCPs. The respective kinetic energies
angular distributions of the particles may be correlated to
information on the neutrons~and g rays! from the outer
sphere. The number of measured coincidences between
ternary particles, fission fragments, and neutrons~and g
rays! which were registered and stored as list-mode data
tape in four weeks of measurement are listed in Table
together with other experimental parameters for the differ
LCPs measured~Sec. III A!. Simultaneously to TF events
73107 binary fissions were recorded, the data acquisit
rate for this event type being reduced by a factor of 1/64

B. Neutron detection with the CB

The discrimination of neutrons fromg rays was achieved
by measuring the neutron flight time from the252Cf sample
4-2
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5He, 7He, AND 8Li ( E* 52.26 MeV) . . . PHYSICAL REVIEW C 65 044614
to the crystals~distance 25 cm!, exploiting fast timing sig-
nals from the fragment-IC cathode and from each individ
CB module. For the various results ong-ray emission, pub-
lished elsewhere@21,22#, narrow time windows of62 ns
were set onto the promptg-ray coincidence peaks~FWHM
.3.5 ns) in the time-of-flight~TOF! spectra. For the neu
tron registration, the discrimination threshold was set at
pronounced minima in the TOF spectra between theg peak
and neutron bump, evaluating the threshold positions a
function of pulse height@24#. Since no pulse-shape discrim
nation is possible with NaI~Tl!, the present neutron resul
include a small contamination (<10%) of delayed fissiong
rays @25#. The calibration of the CB pulse-height spectra
terms ofg energy was performed with variousg-ray sources,
following standard procedures. Since the pulse-height sp
trum induced by the neutrons has no direct relation to
neutron energy, the latter has to be inferred, albeit with ra
low precision, from the measured flight time~see below!. As
for the counting efficiency, a common threshold correspo

FIG. 1. Schematic view of the CODIS spectrometer with t
upper part of the aluminium vessel removed. One half of the dou
ionization chamber is surrounded by the ring of 12DE-E tele-
scopes. The vessel was filled with CH4 counting gas at 570 Torr
The whole setup was placed inside the hollow sphere at the ce
of the CB spectrometer.
04461
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ing to 100 keVg energy was set in all the pulse-heig
spectra. With similar experimental conditions, the neutr
efficiency of the CB crystals was measured in an early
design study@23# to be .60% for En>2 MeV, dropping
down to.50% forEn below 0.5 MeV. In the present analy
sis, the neutron efficiency was assumed to be indepen
from energy. The value of.60% overall efficiency was
verified in the present experiment by a comparison of
measured neutron multiplicity for252Cf binary fission with
literature data. Relative efficiencies of the individual crysta
although subtending equal solid angles (.p/40, each!, var-
ied by up to.10%, mainly caused by the absorption in th
charged-particle detectors mounted inside the CB. The
responding corrections were derived directly from the252Cf
spectra measured.

To determine the angular resolution for neutron detect
~resulting from the granularity of the CB, and the cross-ta
due to internal scattering! no Monte Carlo simulation~e.g.,
with the GEANT code! was made due to the lack of releva
cross sections data needed as an input. The problem
solved by applying a first-order correction for double hits
neighboring crystals~deduced from the measured data!, and
then extracting the angular response function empirica
@26# by relating the measured binary-fission angular patte
of neutron-fragment coincidences to reference data@27#. The
resulting angular response functionRn(d) for the registration
of neutrons by the full CB is depicted in Fig. 2, withd
denoting the angle between measured and true direction
neutron emission.

III. DATA ANALYSIS

A. LCPs and fission fragments

The goodDE-E resolution of the particle telescopes a
lowed the isotope separation of H and He ternary partic
and the atomic number separation of heavier species u
carbon. The LCP energy spectra obtained with the COD
spectrometer on the ternary fission modes with3H, 4He,
6He, and Li emission are displayed in the left-hand panels
Fig. 3, all spectra being corrected for energy loss in the
sorber foil and the fission chamber gas. The full set of d
on LCP kinetics and correlations with the measured fiss

le

ter
n

nt
TABLE I. Spectral parameters and yields for LCPs withZ<3 measured in coincidence with fissio

fragments. All energies in MeV. The fission neutron multiplicitiesn̄ were also deduced from the prese
experiment~see Refs.@19,26#!. For 3H yields see text.

LCP Events Ethres ^ELCP& FWHM Yield a ^uLCP&/FWHM n̄

3H 5.63104 3 8.2~6! b 7.2~6! b 950~90! 84.5°/33.6° 2.9
4He 1.33106 8 15.7~2! 10.9~2! 104 84.1°/21.7° 3.1
6He 2.63104 10 12.3~5! 9.0~5! 270~30! 83.8°/19.4° 2.8
Li 2.53103 17 14.3~10! c 14.3~10! c 60~10! d 84.9°/19.0° 2.5
~binary! 0.73108 – – – – – 3.8

aNormalized to 104 LRAs.
bEvaluation of Wagemans@1# for 252Cf.
cTaken from systematics, Ref.@7#.
dObtained from a Gaussian fit to the measured energy spectrum with fixed^ELCP& and FWHM.
4-3
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fragments will be the subject of a subsequent article@28#.
There is a lower energy limit in the LCP energy distributio
because of the energy loss of the LCPs in the fragm
chamber gas and an additional absorber foil protecting
DE-E telescopes from the intense 6.1 MeVa radiation of
252Cf. The lower cutoff energy for ternarya particles is at 8
MeV, allowing us to deduce correlations with all other p
rameters over a wide energy range. For the heavier L
species, the accessible range of LCP energy is more serio
limited by the cutoff. For particles heavier than6He, ener-
gies accessible to measurement exceed the most prob
energies. For the3H spectrum there is also an upper limit
11.5 MeV for full energy registration due to the limite
thickness of the silicon detectors. This further impose
strong distortion on the energy spectrum, as the high en
particles deposit only part of their energy in the detectors
are, hence, registered at lower energies. As a result, the s
tral maximum is shifted and the width observed is too n
row. The data are, however, valuable for extracting3H
yields.

The distributions of emission angles of the LCPs w
respect to the fragment motion are displayed in the rig
hand panels of Fig. 3 taking, following convention, the an
uLCP with respect to the fragment from the light-mass grou
The data in Fig. 3 confirm that the LCPs are emitted pre
entially at right angles to the fragment direction, as expec
The angular widthDuLCP is getting smaller with increasing
atomic number of the LCP. This tendency is known fro
previous data for triton anda-particle emission only@29#. It
should be noted that in case the LCPs would have been m

FIG. 2. Angular response functionsRn(d) for the registration of
fission neutrons~full line! with the Crystal Ball spectrometer,d
being the angle between real and measured direction of neu
emission. For comparison, the response functionRg(d) for the reg-
istration ofg rays, deduced by aGEANT simulation, is shown by the
dashed line. Arrows indicate the widths of the distributions at h
maximum.
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sured over full energy ranges even narrower angular wid
had to be expected since, as it is known from ternarya
emission@30#, the angular dispersion increases with the e
ergy of the LCPs. Spectral parameters and yields for
LCPs at hand are summarized in Table I.

B. Neutron angular distributions

For the presentation of neutron angular distributions
made use of the sharp angular correlation between LCPs
fragments by sorting the measured emission angles of
registered neutrons into anin situ coordinate systemxyz ~see
Fig. 4! that permits us to deduce neutron angular correlati
both with respect to the direction of the fragment motion a
to the emission direction of the LCPs. For the notation, thz
axis was chosen to coincide with the light fragment~LF!
direction. Thex axis was chosen to be in the plane defined
the three charged reaction products~the fragment pair and
the LCP! such that it is closest to the direction of the LC
motion. They axis is perpendicular to thexz plane making a
right-handed coordinate systemxyz.

The left-hand panels in Fig. 5 give an overview of th
resulting projectionswzx of the differential neutron yields on
the planezx in which the momenta of the LCP and the fra
ments are coplanar, as a function of the anglefzx defined in
Fig. 4. The angular patterns, in coincidence with3H, 4He,
6He, and Li emission, show the well known emission p
terns of prompt fission neutrons with maxima in the dire
tions of the two fragments (fzx50° and fzx5180°) and

on

lf

FIG. 3. Left-hand side:Energy spectra of3H, 4He, 6He, and Li
LCPs. The dashed lines mark experimental low and high-ene
cutoffs. Right-hand side: Respective angular distribution
dN/duLCP, with uLCP denoting the angle with respect to the dire
tion of motion of the fission fragment from the light mass grou
Solid lines are Gaussian fits. Parameters of energy spectra an
gular distributions, as well as the fractional yields deduced w
respect toa particles are listed in Table I.
4-4
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with the neutrons more sharply focused along the fragme
from the light mass group (fzx50°). These data were use
to determine the average multiplicities of fission neutronsn̄
@3,28#, included in Table I. In the angular patterns obtained

FIG. 4. Coordinate systemxyz for analyzing the angular distri
butions of neutrons with respect to the emission direction of
LCPs and the fission fragments~LF 5 light fragment, HF5 heavy
fragment!.

FIG. 5. Left-hand side:Projectionswzx of the measured neutro
intensity on thezx plane in the coordinate systemxyz ~see Fig. 4!
built up by the linear momenta of the fragments and LCPs.Right-
hand side:Projectionswxy of the measured neutron angular dist
bution on thexy plane perpendicular to the fission axis, with th
additional restriction that the angleu between neutron and the ligh
fission fragment lies in the range 90°630°. Data refer to the3H,
4He, 6He, and Li accompanied fission~from top to bottom!. The
respective directions of the LCPs are indicated by arrows.
04461
ts

coincidence with4He, 6He, and Li emission the neutro
intensity is higher around the LCP emission angle (fzx

.183°) as compared to the opposite direction. We attrib
the difference in the neutron yield at the minima of the ne
tron angular distributions to the neutron decay of the LC
Note that no difference in the neutron yield between forwa
and backward angles with respect to the direction of mot
of the LCP is observed in coincidence with3H.

The surplus neutrons along the direction of4He, 6He, and
Li motion are manifested more clearly in the projectionswxy

onto the plane orthogonal to the fission axis and, even m
when only events are selected for which the relative anglu
between the neutron and the LF~see Fig. 4! is restricted to
60°<u<120°. In this angular window prompt fission neu
trons emanating from the fragments naturally have low
tensity. Such conditioned projectionswxy of the differential
neutron yield are displayed in the right-hand panels of Fig
as a function offxy . One observes a rather wide peak in t
neutron angular distribution around the direction of4He par-
ticles, which is superimposed on the distribution of prom
fission neutrons. The angular width measured for the L
neutrons is remarkably narrower in the case of6He and Li
accompanied fission. It is noteworthy that again no sign
such surplus neutrons along the LCP direction is obser
when the fission event is accompanied by a triton.

To analyze the neutron angular correlations in terms of
neutron decay from5He, 7He, and Li nuclei we have calcu
lated the angular distributions for the neutrons from the
spective decays. For this purpose, the time evolution of
LCP velocity was simulated by trajectory calculations, a
suming initial ternary fission configurations as given in R
@31# ~for details see Sec. V A!. As the intermediate neutron
sources, the lowest neutron-unstable LCP states were
sumed to be the dominant ones, i.e., the ground states of5He
and 7He, and the second excited state (E* 52.26 MeV) of
8Li ~spectroscopic data are listed in Table II!. Moreover,
isotropic neutron emission in the LCP center-of-mass~c.m.!
system was assumed, and the neutron c.m. energies
taken from theQ values.

Figure 6 illustrates the different steps in our analysis
the angular distributions of the LCP neutrons observed. T
left-hand panels display the projectionswxy of the calculated
neutron angular distributions with respect to the LCP dir
tion, and the corresponding distributions when convolu
with the angular response function of the CB~as given in
Fig. 2!. The convoluted distributions were used as the
functions to thewxy data, together with a function that de
scribes the contribution from the more frequent neutro
evaporated by the fragments~see below!. The intensity ratios
between LCP neutrons and prompt fission neutrons w
taken as the free parameters in the fitting procedure for
ducing relative yields~Sec. IV A 1!. The resulting fits to the
measured neutron angular distributions, with no constra
on u angles in the cases of5He and 7He ~in view of the
larger angular widths involved!, are shown in the centra
panels of Fig. 6. The data are well described (x2/N.1) by
the fitted curves, confirming that the above neutron-unsta
nuclides are in fact produced as ternary particles. Finally

e
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TABLE II. Spectroscopic parameters of the neutron-unstable nuclei5He, 7He, and 8Li ( E*
52.26 MeV), taken from Ref.@18#, observed as intermediate ternary particles in252Cf fission.

Nucleus Resonance widthG Lifetime t Q value

5He(3/22)→ 4He1n 600~20! keV 1.1310221 s 0.89 MeV
7He(3/22)→ 6He1n 160~30! keV 4.1310221 s 0.44 MeV
8Li* (31)→7Li1n 33~6! keV 2310220 s 0.25 MeV
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resultingwxy projections of the particular LCP neutron com
ponents are plotted in the right panels in Fig. 6, i.e., with
prompt fission neutron components subtracted.

Particular attention has been paid in the present ana
to the angular characteristicswxy of the prompt fission neu
trons in TF, shown as dashed lines in the central panel
Fig. 6. Since the latter neutrons dominate the total neu
intensity at all angles, their angular distribution~in the wxy
projections! has to be reliably established for unambiguou
extracting the angular distributions and yields of the ex
neutrons in question. The analysis of the prompt fission co
ponent was performed in the following way.

Due to conservation of linear momentum in the thre
body TF process, the emission of LCPs imposes a notice
recoil upon the motion of the paired fission fragments, ca
ing their linear momenta to deviate from collinearity. Th
04461
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also breaks the symmetry of neutron emission with respec
the fission axis valid for the binary fission process. For4He
TF, the fragment directions deviate from 180° on average
4.5°, measured, e.g., in Ref.@30#. For 6He and Li emission
the angular deviations are calculated to be 5.1° and 7
respectively. Taking the recoil effect into account, we ha
simulated the projectionswxy on thexy plane for the prompt
fission neutrons in TF@22#, using precisely known252Cf bi-
nary fission data@27# on neutron angular distributions wit
respect to the direction of the light and heavy fragment as
basis. As seen in the central panels of Fig. 6~dashed lines!,
the LCP recoil momentum acting on the fragment moti
causes thewxy projections of the prompt fission neutron in
tensity to become slightly suppressed in the direction of
LCPs, and slightly enhanced in the opposite hemisphere
the present experiment this behavior, though being obscu
of

for LCP
s
n

FIG. 6. Different steps in analyzing measured angular correlations of neutrons with respect to the direction of motion of4He, 6He, and
Li LCPs ~from top to bottom!: Left-hand panel:Neutron angular distributionswxy deduced from trajectory calculations for the decay
intermediate LCPs5He, 7He, and 8Li* , respectively. Distributions are shown without~dotted lines! and with taking account of the
experimental angular resolution~full lines!. Central panel:Measuredwxy distributions, with an additional cut (60°<u<120°) being applied
for the 8Li* data. The solid lines represent the fits to the measured distributions with the sum of the resolution-broadened curve
neutrons and the background from prompt fission neutrons~dashed lines!. Right-hand panel:Experimental neutron angular distribution
from the decay of the intermediate LCPs, compared to the simulated ones~solid lines!, after subtraction of the neutrons from fissio
fragments. For details, see text.
4-6
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TABLE III. Spectral parameters of residue particles, fractional yields, and spectral parameters fo
ciated neutrons of the intermediate5He, 7He, and8Li* ternary fission modes in252Cf(sf). All energies in
MeV. The 5He (7He) yields are given relative to both, the true4He (6He) yields and the total4He (6He)
yields ~including residues!. The 8Li* yield is relative to the yield of particle stable8Li.

TF mode ^ERes& FWHM Yield ^uLCP&/FWHM En
max

Ēn

5He 12.4~3! 8.9~5! 0.21~5! a 0.17~4! b 83.6°/22.6° 4.9c 1.2c

5He @13# d 12.3~9! – 0.12~2! a 0.11~2! b – – 4.0~3! e

5He @14# – – – – – – 4.6~2! e

7He 11.0~15! 8~2! 0.21~5! a 0.17~4! b 84.0°/18.2° 2.3c 1.0c

8Li* – – 0.33~20! – 2.5c 1.6c

aRelative to true ternary4He and6He particles, respectively.
bRelative to all ternary4He and6He particles, respectively~including residues!.
cDerived from the trajectory calculations.
dFor residues measured above 9 MeV threshold.
eFor neutrons measured in the forward direction.
f 8Li( E* 52.26 MeV)/8Li.
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in the 5He data because of the rather wide angular sprea
the LCP neutrons, manifests itself clearly in the data for7He
and 8Li* . Furthermore, our treatment has also proven to
valid when analyzing the data taken for3H TF ~and also for
Be TF!, in which case a neutron decay from LCPs eviden
does not occur. It is worthwhile to note that the registrat
of the different LCP species in the present work was imp
tant for allowing us to check our procedure of disentangl
the neutron yields from the two different sources.

IV. EXPERIMENTAL RESULTS

A. The odd-N helium isotopes5He and 7He

1. Emission probabilities

The probability for emission of the short-lived5He and
7He isotopes in ternary fission of252Cf was deduced from
the ratios of LCP neutrons and prompt fission neutrons,
ing for the average multiplicity of fission neutronsn̄ the
values of 3.1 and 2.8, deduced for the4He and6He accom-
panied fission modes, respectively. For4He and 6He ener-
gies above the registration thresholds~8 MeV for 4He, and
10 MeV for 6He) we have obtained for the5He and 7He
yields, relative to the yields of true ternary4He and 6He
particles, a value of 0.19~5! each. A correction for the sub
threshold events~see below! gives our final results~included
in Table III! for the ratios of primary yields

5He/4He50.21~5! and 7He/6He50.21~5!.

These values mean that (17.464.0)% @calculated from
21(5)/(110.21)%# of all ternary 4He and6He particles ob-
served in 252Cf fission are actually residues from the5He
and 7He breakup reactions, respectively. We note that
emission of 5He has the second highest yield among
LCPs, being only superseded~by a factor of.5) by 4He
emission, but downgrading3H ~by a factor of.2) to the
third most abundant LCP. In the present experiment (
60.5)3105 measured events are attributed to5He. The
quoted errors represent the systematic uncertainty which
04461
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estimated conservatively from the assumptions made for
evaluation. Statistical errors are comparably low, i.
.0.5% for 5He, and.4% for 7He. The stated systemati
errors include the uncertainty in the procedure for the ba
ground correction~Sec. III B!, and a possible difference in
detection efficiency for the LCP and fission neutrons. So
uncertainties also result from the assumption that the neu
decays of intermediate5He and7He LCPs from their ground
states are the only source for the neutron component
served along the direction of4He and 6He particles; the
present results might be affected, albeit little, by a poss
formation of 6He and 8He LCPs in excited states that a
particle-unstable with respect to the two-neutron break
into 4He and 6He, respectively~see Sec. IV A 2!. On the
other hand, noticeable formation of intermediate5He and
7He in their respective excited states~at E* .4 MeV) can
be disregarded since these decay modes should lead to
tron angular widths much larger than the measured ones.
present figure of 0.16~4! @[0.19(5)/(110.19)# for the ratio
of 4He residues from5He relative to all ternarya particles,
both with energies above the experimental threshold o
MeV, has to be compared with the figure of 0.11~2! from
Ref. @13#. In view of the quite different ways of deriving
both figures the agreement is fairly good.

2. Energies of the4He and 6He residues and decomposition of
the ternary4He and 6He spectra

For both the5He and7He accompanied fission, the goo
statistical accuracy of the present data has allowed us to
termine energy spectra of the residual4He and 6He nuclei,
and, furthermore, to examine how the experimental tern
4He and 6He energy spectra are composed by contributio
from true LCPs and those due to the neutron-unstable
cursors.

The energy distributions of the4He and 6He residues
were deduced from the measured energy spectra by se
constraints on the neutron angular distributions shown in F
6 ~central part!. The projected neutron yieldwxy was divided
into the forward region~FW! at the angles290°,fxy
4-7
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,190° with neutrons directed towards the LCP motion, a
the backward region~BW! at the anglesfxy,290° and
fxy.190° with neutrons going in the opposite hemisphe
Coincidence4He and 6He energy spectra,dN/dELCP, were
then generated from the list-mode data with the conditi
that neutrons were registered either in the forward or ba
ward hemisphere. Since the energies of4He and 6He resi-
dues are only weakly affected by the direction of the cor
lated neutrons, the energy spectradN/dERes can in good
approximation be deduced from the difference

~dN/dELCP!Res5~dN/dELCP!uFW20.97~dN/dELCP!uBW ,
~1!

the factor 0.97 being the corresponding FW/BW ratio for t
intensity of neutrons emitted from the fragments. Figure
shows the resulting energy spectra for the residual4He and
6He nuclei in comparison with the normal~ungated! ELCP
spectra for4He and 6He accompanied fission, respectivel

As seen from the left panel of Fig. 7~and the spectra
parameters listed in Table III!, the mean energy of the4He
residues,̂ ERes&512.4(3) MeV, is 3.3~1! MeV lower than
the mean energy,̂Ea&515.7(2) MeV, of the ungateda
spectrum, and also the spectral width is somewhat narro
The error quoted for the energy difference is smaller th
those of the mean values as the latter are mainly affecte
the uncertainty brought in by the energy calibration and
energy loss correction. The4He residue spectrum is we
described by a Gaussian down to the 8 MeV threshold. T
fact gives confidence that a substantial6He* (2n) admixture
to the measured4He residues can safely be excluded, sin
residuala ’s from the 6He decay should have just.8 MeV
mean energy, as estimated from the mass ratio~2/3! and the
mean energy of 12.3 MeV for the6He spectrum.

The presentERes spectrum is in good agreement with th
previousn–a-particle correlation experiment of Ref.@13#,
quoting an average energy of 12.3~9! MeV above a 9 MeV
threshold. On the contrary, in the recent work by Hwa
et al. @17#, which is based on a shape analysis of single L
spectra from different experiments@15–17#, much lower
mean energies~between 8.0 and 10.9 MeV! were suggested
for the 4He residues.

In the present work, the LRA energy spectrum
252Cf(sf) can be reliably decomposed into the compone

FIG. 7. Energy spectra of the4He and 6He residues, gated on
forward emitted neutrons. Solid lines are Gaussian fits. Das
lines correspond to Gaussians fitted to the ungated4He and 6He
spectra of Fig. 2, normalized to the same areas. Spectral param
are listed in Tables III and I. The cutoff in the LCP energy me
surement is 8 MeV and 10 MeV, for4He and6He, respectively.
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from true ternarya particles and4He residues by making
use of the detailed knowledge on the5He decay obtained
experimentally fromn-LCP coincidences. For the analysi
the results on the5He/4He ratio and the first and secon
moments of the4He residue spectrum were taken as inp
parameters for performing a least-square fit with Gauss
for each of the two components, on display in the left-ha
panel of Fig. 8. Fit parameters are listed in Table IV. It
important to note that the resulting mean energy for t
ternary a particles, 16.4~3! MeV, is in fact 0.7~1! MeV
higher than the mean energy of the composite LRA spect
usually measured.

On the other hand, the asymmetry in the LRA spectr
caused by the4He residues is not substantial. For demonst
tion, a fit of the measured LRA spectrum~above 8 MeV
threshold! by a single Gaussian is shown in the right panel
Fig. 8. As can be seen, the measured spectrum can be r
sented satisfactorily also by a single Gaussian, with a
MeV larger width than that of the true ternarya spectrum.
Both single and double Gaussian fits yield about the sa
x2/N, showing that the LRA spectral shape alone is har
adequate for disclosing the5He contribution, as attempted i
Ref. @17#. The deviation from unity for thex2/N values ob-
tained may be caused either by the omission of system
errors~on the energy axis! for the fits, or rather indicate tha
LCP spectra may generally deviate, albeit little, from a pu
Gaussian shape. Extrapolation of both fitted spectra to z
energy does not yield a substantially highera-particle inten-
sity of the composite spectrum at lower energies (Ea
,10 MeV) compared to that deduced from a single Gau
ian fit. So, an enhanced yield of low-energy ternarya ’s,
frequently discussed in the relevant literature~see, e.g., Refs
@1,2#!, cannot be explained by the occurrence of ternary5He
alone.

The corresponding data obtained in the present stud
the 7He decay~right panel in Fig. 7! yield the difference in
the mean energies between the6He residues~from 7He) and
the ungated6He LCPs to be.1.6 MeV only. The spectra
parameters deduced are included in Table IV. We note
the energy distributions fitted by Gaussians for both the t
and residue particles have been used to correct the meas

d

ters
-

FIG. 8. Left-hand side:Composition of the total LRA spectrum
of 252Cf(sf) by true ternarya particles~dashed line! and 4He resi-
dues due to the5He decay~dotted line!. The energy spectrum of the
4He residues from Fig. 7 and the5He/4He ratio were taken as inpu
parameters for the fit. The full line is the sum of both contributio
Right-hand side:Result of a single-Gaussian fit to the total LR
spectrum. Spectral parameters extracted from both fits are liste
Table IV.
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TABLE IV. Composition of the ternary4He and6He energy spectra in252Cf(sf) by true ternary particles
and the residues due to then decay of 5He and 7He, respectively. Experimental data are compared w
results from the trajectory calculation performed. All energies in MeV.

Experiment Calculation
LCP ^E& FWHM x2/N ^E& FWHM

4He 15.7~2! 10.9~2! 5.9a – –
true 4He 16.4~3! 10.3~3! 6.6b 14.4 18.2
Residues from5He c 12.4~3! 8.9~5! – 11.1 11.0
6He 12.3~5! 9.0~5! 2.2a – –
true 6He 12.6~5! 8.9~5! 2.2b 9.9 10.5
Residues from7He c 11.0~15! 8~2! – 8.6 8.6

aFit with one Gaussian.
bFit with two Gaussians, taking the measured energy spectra and fractional yields of the residues as th
cExperimental values determined fromn-LCP coincidences~Sec. IV A 2!.
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5He/4He and 7He/6He yields for below-threshold event
~see above!.

We have also attempted to evaluate the difference in
LCP spectra between forward and backward emitted n
trons @according to Eq.~1!# for the data measured on3H
accompanied fission. No signature for anyn-3H correlation
was found which could have been a hint for the occurre
of intermediate ternary4H. These data, on the other han
prove the validity of our analysis of the fission neutron p
using thewxy projections~Sec. III B!.

3. Angular distributions of the4He and 6He residues with
respect to fragment motion

A similar procedure as above was applied for examin
the angular distributiondN/duLCP of the 4He and 6He resi-
dues with respect to fragment motion. The spectra were g
erated in analogy to Eq.~1! by

~dN/duLCP!Res5~dN/duLCP!uFW20.97~dN/duLCP!uBW .
~2!

The resulting distributions are shown in Fig. 9, and co
pared to the ungated spectra shown already in Fig. 3. M
emission angleŝuLCP& and angular widths are listed in Tab
III. Within experimental errors, there is no difference b
tween the gated and ungated angular distributions. Ap
ently, the relatively low neutron c.m. energies do not chan

FIG. 9. Angular distributionsdN/duLCP of the 4He and 6He
residues, withuLCP denoting the angle with respect to the lig
fission fragment. Solid lines show the corresponding ungated di
butions from Gaussian fits to the data of Fig. 2, normalized to
same areas.
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the emission patterns of the residues significantly which
at least in the case of5He still under strong influence of th
fragment Coulomb field~see Sec. V A!.

4. Neutron time-of-flight spectra

In an analogous manner, the time-of-flight spec
(dN/dTOFn)Res of the neutrons associated with the in-flig
decay of the intermediate5He and7He LCPs were generate
from the difference

~dN/dTOFn!Res5~dN/dTOFn!uFW20.97~dN/dTOFn!uBW .
~3!

The results for4He and 6He accompanied fission mode
are shown in Fig. 10, in comparison with the ungated T
spectra representing the dominant prompt fission neutron
Fig. 10 the mean flight times corresponding to 1 MeV and
MeV neutron energies are marked by arrows. The data in
cate a relative enhancement of the (dN/dTOFn)Res spectra
for decay neutrons at high neutron energies. The resul
5He appears to be consistent with data from Refs.@13,14#,
stating the mean energy of the difference spectrum betw
narrow forward and backward angles to be 4.0~3! MeV in
Ref. @13#, and 4.6~2! MeV in Ref. @14#, respectively. In these
experiments, the neutron flight paths were 2 to 3 times lon
~60 cm in @13#, and 100 cm in@14#! than the effective path

ri-
e

FIG. 10. Neutron time-of-flight spectradN/dTOFn correlated
with 4He ~left panel! and 6He ~right panel! residues, for forward
emission angles. Solid lines show the corresponding ungated d
butions, normalized to the same areas. The neutron energies m
by arrows were calculated from the distance of 35 cm betw
source and mean neutron penetration depth in the NaI crystals
4-9
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lengths from 25 cm to 45 cm that the CB geometry and
20 cm long crystals allowed for the present measurem
For the above TOF data no attempt was made to ext
neutron energy spectra because of the rather limited res
tion. The information on the5He and 7He neutron energies
will be inferred, although in an indirect way, from the traje
tory calculations performed for describing the measured n
tron angular distributions~see Sec. V A!.

B. 8Li neutron decay from the 2.26 MeV excited state

The probability of populating the short-lived 2.26 Me
8Li excited state in 252Cf(sf) was deduced as describe
above from the measured ratio of LCP neutrons to prom
fission neutrons, for events gated on Li particles. For
accompanied fission, the average number of fission neut
n̄ was measured to be.2.5. Since a discrimination of L
isotopes was not possible with theDE-E method applied, we
can evaluate from the present data only the yield of8Li*
relative to the Li element yield,8Li* /Li50.06(2). However,
relying on published isotope yields for7Li, 8Li, and 9Li
~Ref. @32#! which result in a relative isotopic8Li yield of
8Li/Li 50.19(10), the probability of populating the 2.2
MeV excited state in8Li relative to particle stable8Li ~sum
of the ground state and a contribution of theg-decaying first
excited state! can be estimated as

8Li ~E* 52.26 MeV!/8Li50.33~20!.

Here, the rather large error is dominated by the poor
tistics, and by the still bad knowledge on the8Li isotopic
yield. Moreover, we have also not performed any correct
for subthreshold events (ELi<17 MeV) since counting sta
tistics did not permit a detailed analysis of the spec
shapes.

V. DISCUSSION

A. Comparison with trajectory calculations

In the course of the past.50 years of intense researc
on ternary fission there have been numerous attempts o
terpreting experimental results based upon trajectory ca
lations ~see review@3#! that solve the classical equations
motion for the LCP and fragments in their mutual Coulom
field after the cessation of nuclear interaction. These ca
lations provide the link between the initial phase space c
ditions at scission and the kinematic parameters obse
experimentally. Indeed, many investigations ona-particle
TF were motivated by the perspective of providing valua
insight into the fragments scission-point configuration a
getting access to prescission dynamics. The conclusion
initial dynamical parameters, however, drawn from anal
ing experimental data on energy-angle correlations with
jectory computations have not yet been unequivocal beca
of the complexity of the problem. As pointed out in bo
previous 5He studies@13,14#, the short-lived5He TF might
nevertheless be a favorable case, since LCP decay proc
mostly at a time at which the fragments and5He nuclei are
still close to each other and the decay neutrons are no
04461
e
t.
ct
lu-

u-

t
-
ns

a-

n

l

in-
u-

u-
-

ed

e
d
on
-
-
se

eds

f-

fected by the Coulomb fields of fragments and LCPs. T
neutron emitted from5He is thus a probe of the conditions
a time.10221 s after scission.

As already stated, it is in particular the angular distrib
tion of the neutrons, as measured in the present work, th
carrying the information wanted. As shown in Sec. III B, th
present data exhibit a characteristic change in the neu
angular width for the three cases studied, viz.5He, 7He, and
8Li* . Under the customary assumption of similar initial co
ditions for the three LCPs, the observed variation of the
gular widths~Fig. 6! can easily be understood in terms of th
LCP decay times andQ values: The5He nuclei decay near
est to the fissioning nucleus because of the short lifet
compared to both other LCPs and, related to that, h
gained the least velocity. Furthermore, the neutron c.m.
ergy resulting from theQ value~see Table II! is comparably
high. Both effects lead to a rather wide neutron angular d
tribution in the laboratory system, in agreement with the o
servation. For7He, the lifetime being a factor of about
longer and theQ value being down by a factor of 2, th
neutron angular width becomes remarkably smaller than
the 5He neutrons. Finally, the factor of 5 longer lifetime o
8Li* and the lowQ value of 0.25 MeV lead to an eve
sharper peaking of the emitted neutrons at the direction
the Li particles.

In the following we are going to describe, in more deta
the adopted ternary scission configuration that has serve
the basis for calculating the LCP trajectories during accele
tion and, from that, the neutron angular distributions used
the data analysis performed above~Sec. III B!. However, we
want to note that a comprehensive discussion on the m
details of this rather complex task is not possible within t
frame of the present article. In our approach, the initial co
ditions for the ternary scission configuration were taken
sically from the work of Baum@31#, who aimed at finding a
semi-empirical solution which coherently matches with e
ergy spectra of a large set of LCPs~up to ZLCP58), mea-
sured in TF of235U(nth , f ). The three-particle configuration
at scission is accordingly modeled as indicated in Fig. 11
spherical prefragments, scaling the radii conventionally w
the fragment mass numberA using r A5r 0A1/3.

As pointed out in Ref.@31#, from classical arguments o
energy conservation there are constraints for the th
particle positions near scission, imposing a distinct relat
between the interfragment distance and the location of
LCP starting point. The left-side panel in Fig. 11 illustrat
the assumed starting situation fora-particle-accompanied
TF. The LCP is conjectured to be born in a plane orien
perpendicularly to the interfragment axis and placed midw
between the tips of the two fragments. The displacem
from the fission axis of thea-particle starting point,d0

LCP, is
plotted in Fig. 11 versus the fragment tip distancedFF. As
indicated, small values ofdFF (<5 fm) have to be excluded
since they lead to high fragment kinetic energies exceed
the ternary fissionQ value. For energetically allowed con
figurations the LCPs generally start somewhat off-a
(d0

LCP.0). The lines in Fig. 11 indicate the locations of po
sible d0

LCP and dFF values that would lead to characterist
4-10
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energies of thea-particle spectrum when the initial momen
tum of the a particle, perpendicular to the fission axis,
taken to be a fixed valuesp , which is estimated fromd0

LCP

by applying the Heisenberg uncertainty principle (spd0
LCP

5\).
It is worthwhile to note that from more sophisticate

modeling of the initial TF configuration with consideratio
of effects involving the stretching of the fissioning nucle
prior to scission by relevant shape parametrizations there
well founded theoretical arguments for locating the LC
starting positions off-axis. As an example, in the recent w
of Mişicu et al. @33# the issue was interpreted in a quasim
lecular picture, with the fission fragments developing alm
collinear and the light particle orbiting in the neighborho
of the equatorial region. Ina-particle cluster emission mod
els ~e.g., Refs.@34,35#! placing the LCP starting point off
axis is regarded as allowing the LCP trajectory to start at
exit point from the nascent fragments’ nuclear potential, i
the vertex where the LCP overcomes the Coulomb bar
from the fragment pair at that moment. In a sense, the c
sical calculation adopted in the present work takes LCP
jectories into account from the exit points onwards.

For the purpose of simulating LCP trajectories in t
present approximation some refinements in the choice of
initial conditions compared to Ref.@31# were, nevertheless
made. The calculations were performed with the followi
starting conditions:

~a! The distancesdFF between the fragment surfaces we
distributed following Ref.@31# as an exponential function
with a minimum distancedmin

FF given by the diameter of the
LCP when placed just midway between the fragments (dmin

FF

5231.2ALCP
1/3 fm):

P~dFF!5e2m(dFF2dmin
FF ). ~4!

FIG. 11. Left-hand side:Ternary fission configuration as as
sumed starting situation for calculating trajectories of tern
a-particles, parametrized asa particle offsetd0

LCP versus interfrag-
ment distancedFF. The shaded area indicates the energy forbidd
region. The solid line corresponds to possible initial configuratio
for which the calculated energy matches the experimental m
a-energy^E&. The dashed lines to the right and left indicate co
figurations leading to final energieŝE&1

1
2 FWHM and ^E&

2
1
2 FWHM, respectively. The distribution of starting positions ofa

particles and fragments adopted for the trajectory calculation in
present work are displayed as scatter plot.Right-hand side:The
same situation assumed for intermediate5He emission. The wider
contour plot at the right illustrates how particle and fragment po
tions have developed at timet51.1310221 s, corresponding to the
lifetime t of 5He.
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~b! The LCP offsets were distributed as a two-dimensio
Gaussian in the plane of emission leading to

P~d0
LCP!}d0

LCPe21/2(d0
LCP/s)2

~5!

as the distribution for the off-axis displacementd0
LCP. The

parametersm ands in Eqs.~4! and ~5!, respectively, which
depend on the LCP radii in different ways, were taken
deduced empirically in Ref.@31# from a fit of a number of
measured LCP spectra.

~c! A distribution for the initial LCP energiesE0
LCP was

introduced, which corresponds to that of the LCP linear m
menta related to thed0

LCP distributions by the Heisenber
principle.

~d! Fragment mass splits were allowed to vary within t
margins of the measured fragment mass distribution@19#.

~e! For each fragment mass split and initial ternary spa
configuration theQ value and the three-body potential Co
lomb energyV were calculated and only those initial cond
tions were selected, for which the energy balanceQ2V
2E0

LCP was positive.
~f! For the remaining configurations, the available ene

at scissionQ2V2E0
LCP was attributed to the fission frag

ments, and was randomly partitioned into the fragment to
excitation energy~TXE! and prescission kinetic energyE0

FF.
This selection accounts for the customary view that w
increasing elongation of the fragment scission configurat
~corresponding to small values ofV) both, the TXE andE0

FF

increase on the average. Considering the fragment excita
energy TXE in the energy balance at scission~which partly
compensates for the approximation of taking a spherical p
fragment! was shown in Ref.@31# to be important for repro-
ducing measured energy correlations between fragments
LCPs @30#. The resulting distribution ofE0

FF provides the
starting fragment energiesE0

LF andE0
HF .

~g! Trajectories for both, the fragments and LCPs~the
latter being assumed to come into existence right at scissi!,
were calculated by solving the classical equation of mot
in the common Coulomb field. The distribution of startin
positions for fission fragments and4He (5He) LCPs at this
step of the calculation is inserted as a scatter~contour! plot in
Fig. 11.

~h! As for the intermediate5He, 7He, and 8Li* LCPs,
their exponential decay~according to the mean lifetimest)
was taken into account immediately when acceleration sta
After neutron decay, the trajectories of the further acce
ated residues were followed.

Figure 12 displays the resulting time evolution of avera
LCP velocities for the intermediate5He, 7He, and8Li* par-
ticles, which were used for simulating the angular distrib
tion of the decay neutrons~Sec. III B!. Crosses in Fig. 12
mark mean velocities at the average decay timest. At time
t, the 5He particles have gained a fraction of 65%, on av
age, from the maximum velocity at large distance. This c
responds to an average energy of.5 MeV at the time of
breakup. The authors of Ref.@13# deduced a value of 6.3~8!
MeV from the energies of residues and neutrons measure
the forward angles investigated. At timet, the 5He nuclei
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are, on the average, only.12 fm from the starting posi-
tions; the right-hand panel in Fig. 11 illustrates the distrib
tion of the 5He and the fragment positions at timest50 and
t5t. As for the longer-lived7He and8Li* ternary particles
the corresponding average distances at the mean lifetimt
are already 40 fm and 330 fm, and the fraction of the fi
velocities they have gained at these distances are 90%
99%, respectively.

A crucial test for the assumptions made in the traject
calculations is how well the measured LCP energy distri
tions are reproduced. This is demonstrated in Fig. 13, wh
calculated energy spectra are displayed, both for true ter
a particles and4He residues, and also for true6He particles
and 6He residues~values are included in Table IV!. Com-
pared to the data shown in Fig. 7, the simulated spe
somewhat underestimate the mean energies and overest
the widths. There is also some deviation from a Gauss
shape in the spectrum of4He residues which might be rathe
due to the limited accuracy of the calculations than bein
real effect. Nevertheless, the overall agreement is fa
good. In particular, the measured energy shifts between
ternary particles and residues are correctly described by
calculation.

The satisfactory description of the data on the interme
ate 5He and7He TF modes concerning neutron angular d

FIG. 12. Time dependence of mean velocities during accel
tion for the intermediate5He, 7He, and 8Li* LCP particles, de-
duced from trajectory calculations. Crosses indicate mean veloc
at the lifetimet for each isotope.

FIG. 13. Left-hand side:Calculated energy spectra for true te
nary a particles~full line! and residual4He particles from the5He
decay~dashed line!. Right-hand side:The same spectra for true6He
and residual6He particles from the7He decay. The correspondin
experimental data are displayed in Fig. 7. Measured and calcu
spectral parameters are compared in Table IV.
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tributions and energies of residues also gives confidenc
the neutron energy distributions obtained after the trans
mation from the intermediate particles’ c.m. system to
laboratory system. The results are shown in Fig. 14, wh
the calculated neutron spectra, multiplied by the correspo
ing residue yields relative to binary fission, are compa
with the 252Cf prompt fission neutron spectrum. Calculat
maximum energiesEn

max and average energiesĒn for the
LCP neutrons are listed in Table III. It should be noted th
the surprisingly sharp drop of the neutron spectrum at h
energies is due to the particular kinematics of neutron de
for an emitter which is being accelerated. For5He TF the
average energyĒn is 1.2 MeV, as compared to 1.9 MeV fo
the prompt fission spectrum. The low value forĒn only
seemingly contradicts the figures exceeding 4 MeV quote
Refs. @13,14#. Neutron energies of.4 MeV coincide with
the high-energy part in the calculated spectrum in Fig.
and result from neutrons emitted at near forward angles w
respect to the5He direction. Only forward angles were i
fact measured in Refs.@13,14#. At this point it is important to
note that all neutrons emitted into 4p in the LCP c.m. system
were taken into account by our procedure used for fitting
angular distributions of neutrons and deducing the interm
diate particle yields~Secs. III B and IV A 1!. However, for
deriving experimental parameters of residue particles, as
the energy spectra given in Secs. IV A 2–4, it is sufficient
consider only that fraction of the decay processes where
neutrons are mainly emitted towards forward angles with
spect to the LCP direction.

In summary, the present study on the scission configu
tion provides a widely consistent picture of the energet
and dynamics furnished by the intermediate LCPs at v
short times after the system’s separation. It is believed
the fragment configurations used as a starting point in
calculations are representative. However, at the present s
of our investigation no attempt has been made to extr

a-

es

ed

FIG. 14. Simulated neutron energy distributions from interm
diate 5He, 7He, and8Li* decay, in comparison with the standa
252Cf fission neutron spectrum~labeled ‘‘binary’’!. Intensities are
normalized to binary fission according to the fractional yields d
termined in the present work. Average and maximum energie
LCP neutrons are listed in Table III.
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vice versa, from the measured data characteristic scis
point parameters such as the value for the initial fragm
energyE0

FF ~as was attempted in Ref.@13#!. In the evaluation
of the latter quantity the deformation of the fissioning syst
at scission can no longer be neglected as it was done fo
purpose of the present analysis.

B. Yield systematics of the He isotopes„4ÏAÏ8…
in ternary fission

The present data on the emission probabilities of the o
N helium isotopes5He and7He in the TF of252Cf permit to
establish the yield systematics for the helium isotopic ch
for mass numbers from 4 to 8, by using in addition data fr
literature for the ratios6He/4He and 8He/4He for even-N
isotopes~Refs. @32,36,37#!. The yields are displayed in Fig
15. Surprisingly, there is no neutron even-odd effect
served in the helium particle yields. A neutron even-odd
fect, superimposed on a more pronounced proton even
effect, is known to characterize the yields of particle-sta
LCPs from other elements; the emission of even-N isotopes
is generally found to be favored compared to their oddN
neighbors@3#.

The rather high5He/4He and7He/6He ratios of 0.21 each
deduced in the present work are also not borne out by av
able theories@38–40#. The LCP yields are usually estimate
from the ‘‘standard’’ formula, which results from quite dif
ferent theoretical approaches@38–40#:

YLCP}exp@~Q2V!/T#. ~6!

HereQ denotes, as in Sec. V A, the total energy release
ternary fission. For yield calculations often a single fragm
mass split is chosen with a common heavy fragment aro
the doubly magic132Sn that maximizesQ. The potential en-
ergy V at scission is calculated for a configuration with
educated guess for the location of the LCP between the
fragments. In fitting Eq.~6! to experimental data, the de

FIG. 15. Fractional yields for helium LCPs in ternary fission
252Cf(sf) for the isotopic chain 4<A<8, normalized to 104 a par-
ticles. The 6He and 8He yields are taken as averages from pu
lished data@35–37#. The straight line is to guide the eye.
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nominator, denoted as an ‘‘effective temperature’’T in Refs.
@38,39#, or as an ‘‘action integral’’G in the adiabatic ap-
proach of Ref.@40#, is used as a free parameter. By applyi
Eq. ~6! a 5He rate of only about 5% relative to4He is
estimated, which is a factor of 4 smaller than observed.

This discrepancy is solved when considering, besides
energetics at scission, also the spins of the LCPs. In a
tematic statistical approach, theoretical yields should be m
tiplied with the statistical weight factor, (2I i11), with I i
being the spin of the LCPs in statesi. This was proposed
earlier by Valskii @6#, who established an interpolation fo
mula for the description of relative LCP yields. The formu
works rather successfully for atomic numbersZ<8. In that
work also the population of excited levels~up to .5 MeV)
was considered. In the LCP-yield calculation the result
yields for excited states were added to the respective grou
state yields in case ofg decay, or to the ground-state yield
of the neighboring isotopes (Z,A21) in case of neutron
emission.

Following this view, the yield formula in Eq.~6! is gen-
eralized by taking into account excited states and spin m
tiplicities of the LCP:

YLCP}(
i

~2I i11!exp@~Q2V2Ei* !/T#. ~7!

With this ansatz, theoretical yield ratios5He/4He, and
7He/6He will increase by a factor of about 4 due to the 3/22

spin of the5,7He ground states as compared to the 01 spin of
4,6He. Thus, the consideration of the multiplicity of the LC
states brings the calculated yields into close agreement
the present experimental data. The accuracy of Eq.~7! for
calculating the LCP yields is, however, still questionab
@41#. While the spin statistic and the population of excit
LCP states should be accounted for in calculating L
yields, the simplifications generally made in deducing t
energy termsQ andV result in substantial ambiguities in th
evaluation of the parameterT ~or G @40#!. It is evident that
accurate data on the relative population of states in the s
LCP would allow to obtain more reliable estimates forT ~or
G). Moreover, in most of the available TF theories the p
formation probability of the LCP clusters is disregard
which, as concluded from recent systematic studies@42#,
seems to influence the LCP yields as well. In this contex
would be interesting to investigate whether ‘‘exotic’’ cluste
as 5He and 7He ~with an ‘‘unbound’’ neutron attached
weakly to a nuclear core! can be treated as the stable spec
inside the parent nucleus or whether some final state inte
tion with neutrons from the surrounding nuclear mat
might come into play when setting free the ternary5He and
7He particles.

VI. SUMMARY AND CONCLUSIONS

We have investigated the formation of the neutro
unstable5He, 7He, and8Li nuclei in ternary fission of252Cf
by an angular correlation measurement of neutrons, fiss
fragments, and LCPs. The use of highly efficient ang
sensitive detectors for all particles has yielded valuable
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formation on emission probabilities and kinematic para
eters. The present results on5He confirm and supplemen
earlier work @13,14#, while the intermediate7He and 8Li*
LCPs were identified for the first time.

The full angular distributions of neutrons with respect
LCP motion were measured for the first time in the pres
experiment. The data could be well reproduced by traject
calculations for the LCP motion and by simulating their su
sequent neutron decay according to known spectrosc
data. The5He and 7He data could be well described by th
formation of these nuclei in the neutron-unstable grou
states; other conceivable LCP decay channels, such as
two-neutron breakup reactions of excited6He and 8He nu-
clei, are assumed to give only minor contributions to t
neutron yields observed. The measured energy spectrum
the 4He residues from the5He decay does support this a
sumption.

It is worthwhile to note that ternary fission with the emi
sion of neutron-unstable LCPs provides a source of neut
that are emitted at about right angles to the fission axis.
dominant part of LCP neutrons comes from5He ~see Fig.
14! with about one neutron in every 1500 binary fissi
events. This is only one order of magnitude below the c
rently accepted yield of 0.011~3! for so-called scission neu
trons from 252Cf binary fission@43#, i.e., the 5He neutrons
mimic at least part of those early neutrons thought to
related to the binary fission process. As inferred from traj
tory calculations, the kinetic energy distribution of5He neu-
trons has only a slightly different spectral shape as compa
to the prompt fission neutrons, the energies being limit
however, toEn,5 MeV ~Fig. 14!.

The remarkably high intensity of5He emission in252Cf
fission urges one to think about more extended and pre
experimental studies of this TF mode. Modern neutron
tector arrays, such as the DEMON setup@44#, combined with
particle detectors similar to CODIS, would permit to me
sure angularand energy distributions of neutrons from th
5He decay with considerably higher precision than in
present work. These studies should aim at covering the c
plete kinematics of the decay, which will have to be trad
off with a lower counting efficiency than that of the CB us
in the present experiment and, consequently, will require
use of stronger sources.

As shown in Fig. 8, the residual4He nuclei from the5He
decay contribute to the ternarya-particle spectrum mainly a
low energies. However, the asymmetry in the tern
a-particle spectrum imposed by the5He decays was show
to be rather weak. Hence, the present analysis indicates
the frequently discussed enhancement ofa-particle yield at
low energies (Ea,10 MeV) compared to a Gaussian sha
~see, e.g., Refs.@1,2#! cannot be fully attributed to the5He
emission. On the other hand, the mean energy of true ter
a particles in 252Cf fission was found to be 0.7~1! MeV
higher than the energy usually determined by experime
without discrimination between true and residuea particles.
It is worthwhile to note that the present result with abo
17% of registereda particles being actually due to5He
emission also implies that LCP yield systematics have to
corrected accordingly; for practical reasons LCP yields
04461
-

t
ry
-
ic

d
the

e
for

ns
e

r-

e
-

ed
,

se
-

-

e
-

d

e

y

at

ry

ts

t

e
e

often normalized to the yield of the ternarya particles@1–3#.
Neutrons coming along with Li particles were found

have quite a narrow angular distribution peaked along
Li-particle motion. Well supported by trajectory calculation
these neutrons are attributed to the decay of the second
cited state (E* 52.26 MeV) in ternary 8Li. This is clear
evidence for the formation of excited particle-unstable L
states. A more detailed theoretical analysis should also c
sider the population of theg-decaying 0.98 MeV first excited
state in 8Li and higher-energy neutron-unstable states w
E* >3.21 MeV. Also, neutron decay branches from10Li
and 11Li cannot be excluded to have contributed to the m
sured LCP neutrons, although those contributions are
pected to be relatively weak. In this context, it is interesti
to note that yet another decay channel from excited tern
Li particles was discussed by Feather@5#, who interpreted the
observed coincident emission of tritons anda particles@45#
to originate from the decay of7Li when created in its excited
state at 4.63 MeV. For the reactions233,235U(nth , f ), coinci-
dent 3H-a emission was recently reexamined in Ref.@46#
confirming the occurrence of these rather highly excited7Li
LCPs in TF. Also the appearance of8Be in short-lived ex-
cited states was recently established in TF of233,235U(nth , f )
@46# and 252Cf(sf) @47#, as an admixture to the emission o
8Be in its ground state. Since8Be is particle-unstable for a
decay into twoa particles, ternary8Be from both, the
ground and excited state, disintegrate in flight, but at diff
ent stages of acceleration and with differentQ values. The
decay from the different states can thus be distinguished
the mutuala-a angular correlations. Both recent expe
ments on the subject proved also the occurrence of ‘‘qua
nary’’ fission where two LCPs (a-a and 3H-a) are emitted
apparently independently from each other right at scissio

The possible existence of long-lived complex nucle
molecules in particular ternary scission-point configuratio
has been hypothesized from investigating theg decay of
10Be-accompanied252Cf(sf) @7–11#. It has to be stressed
that the neutron decay from excited ternary8Li* nuclei gives
no hint for a comparably large delay in the8Li* emission.
The measured neutron angular distribution tells that
breakup of8Li* , being faster than theg decay of 10Be* by
seven orders of magnitude, occurs after the LCP is fully
celerated, hence leaving no indication for the formation o
nuclear molecule with lifetime larger than;10220 s ~see
Fig. 12!. However, the formation of nuclear molecules m
depend on the LCP structure and/or be more likely for LC
with nuclear chargesZ.3 and massesA.8. Unfortunately
the very low yields of these processes make further exp
ments on the issue rather difficult.
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