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The neutron-unstable odd-isotopes®He, "He, and®Li (in its excited state oE* =2.26 MeV) were
measured to show up as short-lived=(10"2'—10"?° s) intermediate light charged particl¢sCPs in
ternary fission of?>2Cf. For the study a high-efficiency angular correlation measurement between neutrons,
LCPs, and main fission fragments has been performed. The evidence for the teaand "He particles
(lifetimes: 1X 10 %' s, and 4<10° 2! s, respectivelywas disclosed from the measured angular distributions
of their decay neutrons focused by the emission in flight towards the direction of motidHeofind ®He
ternary particles. Similarly, neutrons observed to be peaked around Li-particle motion could be attributed to the
decay of the second excited stat€E4t=2.26 MeV (lifetime: 2x10 2% s) of 8Li. The fractional yields of the
intermediate®He and "He ternary fission modes relative to the “true” ternatfle and®He modes, respec-
tively, were determined to be 0.&) for both cases. The mean energy of tiide residues resulting from the
SHe decay was determined to be 13)4MeV, compared to 15(2) MeV for all ternarya particles registered,
and to 16.43) MeV for the true ternaryr particles. The mean energy of tfiele residues from théHe decay
is 11.015) MeV, compared to 12(8) MeV for all ternary®He particles. The population &Li* was deduced
to be 0.062) relative to Li ternary fission, and 0.@&) relative to the yield of particle stabléLi. The
perspective of using the observed intermediate LCPs for probing the ternary scission configurtef in
fission with the aid of trajectory calculations is briefly discussed.
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[. INTRODUCTION It is expected that LCPs are born not only in their respec-
tive ground states, but also with some probability in excited
Light-charged-particle{LCP) accompanied fission, also stateq5,6]. In particular, in they-ray spectra taken simulta-
known as ternary fissiolfiTF), is a rare process=1/260 neously with Be LCPs and the two fission fragments in the
relative to binary fission, foP®2Cf) [1,2]. In TF, nucleons present experiment on the TF é¥<Cf [7,8], the 3.37 MeV
from the neck formed between the main fragments right aty-ray line from the 0.18 ps disintegration of the first excited
scission cluster into a light third nucleus that is ejected atevel in 1°Be was observed. Currently, much attention has
about right angle to the fission axis, due to the focusing bybeen attracted upon the unexpected result that a fraction of
the Coulomb field from the nascent fragments. In about 87%he °Be vy radiation seems to appear as a non-Doppler
of ternary fission events a so-called long-rangeparticle  broadened line in thes ray spectrum, indicating that the
(LRA) is present, characterized by a continuogreear- decay occurs at least partially from a source at rest. More
Gaussiah energy spectrum with=16 MeV mean energy recent high-resolution data with germanium detectors seem
and =11 MeV width [full width at half maximum to confirm this observatiof9,10], supporting the suggestion
(FWHM)] [3]. Other LCPs with still sizable partial yields are already pointed out in Ref7] of the possible existence of a
3H (=7%), theneutron-rich He isotope&He (=3.5%) and molecular type of nuclear structure at the scission point in
8He (=0.2%), and the "“®%i (=0.5%) and °!%Be  9Be accompanied ternary fissip8—11]. However, for this
(=2%) nuclei. For the time being, a large variety of otherconjecture to be true, th&’Be nucleus is to be held in the
much rarer species, predominantly the neutron-rich isotopgsotential well between the main fission fragments for an in-
from elements up to silicon, have been measured in variousredibly long time at least comparable to the lifetime of the
thermal-neutron induced fission reactigfimm 23U(ny,,f)  '%Be excited state, i.e., for=10"% s before the system
to 2*°Cf(ny,,f)] [3,4]. For spontaneous fission of’Cf  breaks up into the three charged products. Besides the inter-
[ 252Cf(sf)] no fractional isotopic yields of LCPs withi>>3  esting perspective of signaling a new type of intermediate
are hitherto available from experiment. nuclear structure, the population of excited states in the ter-
nary particles is of considerable interest on its own, since
information on the exit channel of fission, e.g., on the energy
*Present address: Gesellschaft'r fuSchwerionenforschung, dissipation in the saddle-to-scission stage, might be inferred

D-64291 Darmstadt, Germany. by measuring ratios of excited and ground states in the same
"Present address: Section Physik, Ludwig-Maximilians-LCP [8]. Experimentally, the population of excited states in
Universitd Mlinchen, D-85748 Garching, Germany. LCPs can be traced also by a neutron measurement, in the
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few cases at least when excited levels in the neutron-riclergy distributions to the velocity distributions of the LCPs

light nuclei disintegrate by neutron emission rather tharyby during their decay, when the LCPs still experience a strong
decay, e.g., the neutron-rich helium isotogése and®He,  Coulomb repulsion. In the present work, these correlations
and the odd-odd lithium isotopéLi. In the present work, have been modeled by a trajectory calculation for the mea-
8Li at E¥x=2.26 MeV is identified as the first case of an sured intermediate LCPs decaying in the vicinity of the fis-

LCP being emitted in a neutron-unstable excited state. sioning nucleus into neutrons and LCP residues.

Formation of LCP species iR%U(ny,,f) and 252Cf(sf) It should be stressed that when the decay times @nd
that are unstable against neutron decay from their grounzjalues for the neutron-uns_table species can be7|nferred from
states was discovered already some 30 years ago in coind@SOnance spectroscopys it is the case forHe, "He, and
dence experiments between ternarparticles and neutrons. i~ [18]) the novel kinematic data from the present work
An enhancement (272%) of the neutron intensity in the MY p_row_de valuabl_e |_nformat|(_)n ab(_)ut t_he scission con-
direction of motion of the ternary particles, as compared to figuration in ternary fission. The issue is briefly addressed in
the opposite direction, was observed first by Nefedoal. € Paper.
[12] in 2*(ny,,f). Later Cheifetzet al.[13] and Graevskii
et al. [14] measured for°2Cf(sf) the neutron velocities and
correlateda-particle energies at the relative emission angles A. Experimental setup and procedure
around 0° and 180°. The data provided a stringent proof for
the occurrence of intermediatéle which decays by neutron He
emission into*He close to the fissioning nucleus. The au-
thors of Ref.[13] deduced the fractionalHe yield to be
0.11(2) relative to all LRAs, and a mean energy of 124

Il. EXPERIMENT

In the present experimen{7,19], the Darmstadt-
idelberg Crystal Bal(CB) [20], serving as a homoge-
neous and highly granulatedmneutron detector, was com-
bined with an efficient detection system for fission fragments
and ternary particles. The CB is a dense spherical package of

4 ; .
MeV for the “He residues from 5théHe Qegay. Besides the 162 large(20 cm long Nal(Tl) crystals of highy-ray detec-
direct measuremen{d 3,14, the °He emission was also at- tion efficiency (=90%)[20]. Results ony emission in252Cf

tempted to be inferred from the shape of the LRA eNerG¥%arary fission have been reported in R§%21,24. Simul-
spectrum, assuming its weak non-Gaussian low-energy tajl

[15.16) to be entirely due to théHe decaysee also reviews A neously toy rays, the CB registers neutrons from fission
[1,2]). The conclusions from these studies were not un
equivocal, and the energy distribution attributed to fivée
residues in the recent work of R¢fL7] is inconsistent with
the data from the neutroa-coincidence experiment of Ref.
[13].

with a rather high efficiency of=60%, mainly by the
(n,n’y) reaction in ioding 23]. The v rays were separated
from the neutrons by a time-of-flight measurement. The neu-
tron response of the CB, being of prime interest for the
present work, is discussed in Sec. lIB. Inside the CB a
spherical space of 50 cm diameter is available which can

In the present work a new experimental study e accept the detectors for the fission fragments and LCPs. In
emission in ’Cf fission is presente_d, measuring the angulage present study, the assembly of particle detectors was
correlation of neutrons and LCPs in a wide range of mutual,qunted inside a Ciifilled spherical aluminum vessel

emission angles and with a previously unachieved statistica} hich also contained thé>%Cf sample (4 10° fissions/s
accuracy. Also, the angles with respect to the fission fraggnin packing located at the center. The kinematic spectrom-

ments were determined, and the energy spectra of all chargeg,, CODIS(see Fig. 1, described also in Relf$9,21) con-

reaction products were deduced. As the LCPs are focused E]sts of a novel Frisch-griddedm4twin ionization chamber

the fragment Coulomb field about orthogonally to the fission(lc) for measuring fission-fragment energiasd emission

axis, the set of kinematic parameters obtained has helpeéangs and of a ring of 12E-E telescopegmade fromAE

considerably to disentangle the neutrons of the LCP decay~.g 4 silicon p-i-n diodes, with a solid angle of/4)

processes from the more frequent prompt fiss_ion neUtron%urrounding one half of the fragment IC for measuring the

The latter ones are evapqrat_ed from the moving fragmen_tECPS[s]_ Angular resolutiongFWHM) were<5° for both

a.nd, thl.JS’ gav% angﬁlarddlstrlbg;:ons peaked ellroungl the figpe fragments and LCPs. The respective kinetic energies and
sion axis. Besides the decay OHe we were also able to angular distributions of the particles may be correlated to the
investigate, for the first time, the similar case Gfle by information on the neutrongand y rayg from the outer

identifying the neutron component that is correlated with theg,ore The number of measured coincidences between the
direction of motion of the much raréiHe particles discrimi-

. ternary particles, fission fragments, and neutr¢asd
nated from thex particles by aAE-E measurement. y P g ¢ Y

Th h di ve d : ¢ th ray9 which were registered and stored as list-mode data on
e very short radioactive decay times of the neutrony e in four weeks of measurement are listed in Table |,

unstable nuclei under st_uz%y are comparable with the periogy,eher with other experimental parameters for the different
of LCP acceleration10 """ s) in the time-dependent COU- | cpg measuredSec. 11l A). Simultaneously to TF events,
lomb field of the fission fragments flying apart. The neutrons; . 1y binary fissions were recorded, the data acquisition

from intermediate LCF.) decay are ths a pr.obe of the condigyre for this event type being reduced by a factor of 1/64.
tions at a very short time after scission. Since the neutrons

are not affected by the fragments’ Coulomb field, their angu-
lar distribution is the most stringent experimental quantity
for probing the LCP starting conditions. After the LCP is  The discrimination of neutrons from rays was achieved
released simple kinematics links the neutron angular and ey measuring the neutron flight time from tR&’Cf sample

B. Neutron detection with the CB
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ing to 100 keV vy energy was set in all the pulse-height
spectra. With similar experimental conditions, the neutron
efficiency of the CB crystals was measured in an early CB
design study[23] to be =60% for E,=2 MeV, dropping
down to=50% forE, below 0.5 MeV. In the present analy-
sis, the neutron efficiency was assumed to be independent
from energy. The value of=60% overall efficiency was
verified in the present experiment by a comparison of the
measured neutron multiplicity fof°2Cf binary fission with
literature data. Relative efficiencies of the individual crystals,
although subtending equal solid angles#/40, each, var-
ied by up to=10%, mainly caused by the absorption in the
charged-particle detectors mounted inside the CB. The cor-
responding corrections were derived directly from #3&Cf
spectra measured.

To determine the angular resolution for neutron detection

FIG. 1. Schematic view of the CODIS spectrometer with the (résulting from the granularity of the CB, and the cross-talk
upper part of the aluminium vessel removed. One half of the doublélue to internal scatteringio Monte Carlo simulatiorie.g.,
ionization chamber is surrounded by the ring of AE-E tele-  Wwith the GEANT codg was made due to the lack of relevant
scopes. The vessel was filled with gldounting gas at 570 Torr. Cross sections data needed as an input. The problem was
The whole setup was placed inside the hollow sphere at the centaolved by applying a first-order correction for double hits in
of the CB spectrometer. neighboring crystalsdeduced from the measured datand

then extracting the angular response function empirically

to the crystalg(distance 25 cm exploiting fast timing sig- [26] by relating the measured binary-fission angular patterns
nals from the fragment-IC cathode and from each individuabf neutron-fragment coincidences to reference {27 The
CB module. For the various results garay emission, pub- resulting angular response functigg( 6) for the registration
lished elsewher¢21,22, narrow time windows of2 ns  of neutrons by the full CB is depicted in Fig. 2, with
were set onto the prompg-ray coincidence peakéWHM  denoting the angle between measured and true directions of
=3.5 ns) in the time-of-fligh{ TOF) spectra. For the neu- nheutron emission.
tron registration, the discrimination threshold was set at the
pronounced minima in the TOF spectra betweenhaeak I1l. DATA ANALYSIS
and neutron bump, evaluating the threshold positions as a
function of pulse heighf24]. Since no pulse-shape discrimi-
nation is possible with N&Tl), the present neutron results  The goodAE-E resolution of the particle telescopes al-
include a small contaminations(10%) of delayed fissiony ~ lowed the isotope separation of H and He ternary particles,
rays[25]. The calibration of the CB pulse-height spectra inand the atomic number separation of heavier species up to
terms ofy energy was performed with varioysray sources, carbon. The LCP energy spectra obtained with the CODIS
following standard procedures. Since the pulse-height spespectrometer on the ternary fission modes with, “He,
trum induced by the neutrons has no direct relation to thé’He, and Li emission are displayed in the left-hand panels of
neutron energy, the latter has to be inferred, albeit with rathefig. 3, all spectra being corrected for energy loss in the ab-
low precision, from the measured flight tinigee below. As  sorber foil and the fission chamber gas. The full set of data
for the counting efficiency, a common threshold corresponden LCP kinetics and correlations with the measured fission

A. LCPs and fission fragments

TABLE |. Spectral parameters and yields for LCPs wik<3 measured in coincidence with fission

fragments. All energies in MeV. The fission neutron multiplicitiesvere also deduced from the present
experiment(see Refs[19,26)). For 3H yields see text.

LCP Events  Egyes (ELcp) FWHM Yield 2 (OLcp)/ FWHM v

3 5.6x 10 3 8.26)° 7.26)° 95090) 84.5°/33.6° 2.9
‘He 1.3x10° 8 15.712) 10.92) 10t 84.1°/21.7° 3.1
fHe 2.6x10° 10 12.35) 9.0(5) 27030) 83.8°/19.4° 2.8
Li 2.5x10° 17 14.310°¢  14.310°  60(10)¢ 84.9°/19.0° 25
(binary) 0.7x10° - - - - - 3.8

®Normalized to 16 LRAs.

®Evaluation of Wagemanid] for 25%Cf.

‘Taken from systematics, Rdf7].

d0btained from a Gaussian fit to the measured energy spectrum with(f&ed) and FWHM.
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FIG. 2. Angular response functiof%,(5) for the registration of ] ]
fission neutrongfull line) with the Crystal Ball spectrometef FIG. 3. Left-hand sideEnergy spectra ofH, “He, °He, and Li
being the angle between real and measured direction of neutrdrCPS: The dashed lines mark experimental low and high-energy
emission. For comparison, the response funcig(s) for the reg- cutoffs. nght-hand S|de_: Respective _angular dlStI’IbutIQl’]S
istration of y rays, deduced by @eanT simulation, is shown by the dN/d6icp, With 6, cp denoting the angle with respect to the direc-

dashed line. Arrows indicate the widths of the distributions at haftion of motion of the fission fragment from the light mass group.
maximum. Solid lines are Gaussian fits. Parameters of energy spectra and an-

gular distributions, as well as the fractional yields deduced with

) i respect tow particles are listed in Table I.
fragments will be the subject of a subsequent artj@8). P P

There is a lower energy limit in the LCP energy distributions
because of the energy loss of the LCPs in the fragme
chamber gas and an additional absorber foil protecting thg
AE-E telescopes from the intense 6.1 MeVradiation of
252Cf. The lower cutoff energy for ternary particles is at 8
MeV, allowing us to deduce correlations with all other pa-
rameters over a wide energy range. For the heavier LCP
species, the accessible range of LCP energy is more seriously
limited by the cutoff. For particles heavier th&ie, ener- For the presentation of neutron angular distributions we
gies accessible to measurement exceed the most probalsteade use of the sharp angular correlation between LCPs and
energies. For théH spectrum there is also an upper limit of fragments by sorting the measured emission angles of the
11.5 MeV for full energy registration due to the limited registered neutrons into amsitu coordinate systemyz(see
thickness of the silicon detectors. This further imposes &ig. 4) that permits us to deduce neutron angular correlations
strong distortion on the energy spectrum, as the high energgoth with respect to the direction of the fragment motion and
particles deposit only part of their energy in the detectors antb the emission direction of the LCPs. For the notation,zhe
are, hence, registered at lower energies. As a result, the speaxis was chosen to coincide with the light fragmehF)
tral maximum is shifted and the width observed is too nar-direction. Thex axis was chosen to be in the plane defined by
row. The data are, however, valuable for extractitiy  the three charged reaction produ¢tise fragment pair and
yields. the LCP such that it is closest to the direction of the LCP
The distributions of emission angles of the LCPs withmotion. They axis is perpendicular to thez plane making a
respect to the fragment motion are displayed in the rightright-handed coordinate systexnyz
hand panels of Fig. 3 taking, following convention, the angle The left-hand panels in Fig. 5 give an overview of the
0, cp With respect to the fragment from the light-mass group.resulting projectionsv,, of the differential neutron yields on
The data in Fig. 3 confirm that the LCPs are emitted preferthe planezxin which the momenta of the LCP and the frag-
entially at right angles to the fragment direction, as expectednents are coplanar, as a function of the ange defined in
The angular widthA 6, p is getting smaller with increasing Fig. 4. The angular patterns, in coincidence witH, “He,
atomic number of the LCP. This tendency is known from ®He, and Li emission, show the well known emission pat-
previous data for triton and-particle emission only29]. It  terns of prompt fission neutrons with maxima in the direc-
should be noted that in case the LCPs would have been metiens of the two fragmentsd,,=0° and ¢,,=180°) and

sured over full energy ranges even narrower angular widths
ad to be expected since, as it is known from ternary
mission[30], the angular dispersion increases with the en-
ergy of the LCPs. Spectral parameters and yields for the
LCPs at hand are summarized in Table I.

B. Neutron angular distributions
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v coincidence with*He, ®He, and Li emission the neutron
intensity is higher around the LCP emission anglg,(
n =+83°) as compared to the opposite direction. We attribute
the difference in the neutron yield at the minima of the neu-

g tron angular distributions to the neutron decay of the LCPs.
Note that no difference in the neutron yield between forward
: and backward angles with respect to the direction of motion
of the LCP is observed in coincidence withi.

The surplus neutrons along the direction*sfe, ®He, and
Li motion are manifested more clearly in the projectiong
onto the plane orthogonal to the fission axis and, even more,
when only events are selected for which the relative afgle
between the neutron and the I(fee Fig. 4 is restricted to
60°=< 6=<120°. In this angular window prompt fission neu-
trons emanating from the fragments naturally have low in-
tensity. Such conditioned projectioms,, of the differential
7 neutron yield are displayed in the right-hand panels of Fig. 5
as a function ofp,, . One observes a rather wide peak in the
neutron angular distribution around the direction’*bfe par-
eticles, which is superimposed on the distribution of prompt
fission neutrons. The angular width measured for the LCP
neutrons is remarkably narrower in the case®se and Li

with the neutrons more sharply focused along the fragment&@ccompanied fission. It is noteworthy that again no sign for
from the light mass groupd,,=0°). These data were used such surplus neutrons along the LCP direction is observed

to determine the average multiplicities of fission neutrons, when the fission event is accompanied by a triton.

[3,28], included in Table I. In the angular patterns obtained in To analyze the neutro? angular c_orrelat_lons in terms of the
neutron decay frontHe, "He, and Li nuclei we have calcu-

, 0 lated the angular distributions for the neutrons from the re-
a3 spective decays. For this purpose, the time evolution of the
T g ] L4f 1 LCP velocity was simulated by trajectory calculations, as-
T 1 suming initial ternary fission configurations as given in Ref.
N [31] (for details see Sec. V)AAs the intermediate neutron
w0 oy x0* A sources, the lowest neutron-unstable LCP states were as-
I 1 sumed to be the dominant ones, i.e., the ground statéslef
0} A ‘He | and "He, and the second excited stafg*(=2.26 MeV) of

. g it . T L ) 8Li (spectroscopic data are listed in Table. IMoreover,

T VHe isotropic neutron emission in the LCP center-of-m@ase)
x10° L 102 e system was assumed, and the neutron c.m. energies were
taken from theQ values.

i c 1 Figure 6 illustrates the different steps in our analysis of
il by L] the angular distributions of the LCP neutrons observed. The
f 19He 1" Y left-hand panels display the projectiong, of the calculated
xio® | — +’+ AR xzozz: R neutron angular distributions with respect to the LCP direc-

, Li \ thn, and the corresponding dIS'FI’IbutIOI’lS when gonvqluted

3h + t | i H * * { ’ with the angular response function of the @& given in
A +“ + +++ R 0sl { \H { * H § Fig. 2. The convoluted distributions were used as the fit
i ' , } 1ML \ functions to thew,, data, together with a function that de-
-180 -120 -60 0 60 120 180  -180 -120 60 O 60 120 180 scribes the contribution from the more frequent neutrons

0, (deg) by (deg) evaporated by the fragmer(see below. The intensity ratios
between LCP neutrons and prompt fission neutrons were
intensity on thezx plane in the coordinate systexyz (see Fig. 4 Eiech?rTgarseltzt(ievferi/?elp dzzrgg]cet?\r/SAl?) tf_}_iélt:gISQUI%:]OgC%?SUE Iﬁre de-
built up by the linear momenta of the fragments and LO®Right- : AR g .
hand side:Projectionswy, of the measured neutron angular distri- Méasured neutron angular d'smbu“?nsv with no constraints
bution on thexy plane perpendicular to the fission axis, with the 0N & angles in the cases dfHe and "He (in view of the
additional restriction that the angtebetween neutron and the light larger angular widths involved are shown in the central
fission fragment lies in the range 9830°. Data refer to théH,  panels of Fig. 6. The data are well describgd/(N=1) by
“He, ®He, and Li accompanied fissiaifrom top to bottory. The  the fitted curves, confirming that the above neutron-unstable
respective directions of the LCPs are indicated by arrows. nuclides are in fact produced as ternary particles. Finally the

yommmmmmmmmmas

VN

FIG. 4. Coordinate systemyz for analyzing the angular distri-
butions of neutrons with respect to the emission direction of th
LCPs and the fission fragmen(isF = light fragment, HF= heavy
fragmeni.

N Ww A
T

. . 12F .
o NI il

l' . AENAT m,*w*n mom,*m

. 1k 3H b

Counts
Counts

+
-
+
«—
. /P
A N

—~

oo

FIG. 5. Left-hand sideProjectionsw,, of the measured neutron
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TABLE 1l. Spectroscopic parameters of the neutron-unstable nudle, "He, and 8Li (E*
=2.26 MeV), taken from Ref[18], observed as intermediate ternary particle$%cf fission.

Nucleus Resonance widih Lifetime 7 Q value

SHe(3/2°)— “He+n 60020) keV 1.1x10 % s 0.89 MeV
"He(3/2°)— °He+n 160(30) keV 4.1x10°% s 0.44 MeV
8Li*(83M)—="Li+n 33(6) keV 2x10° %0 s 0.25 MeV

resultingw,,, projections of the particular LCP neutron com- also breaks the symmetry of neutron emission with respect to
ponents are plotted in the right panels in Fig. 6, i.e., with thethe fission axis valid for the binary fission process. Fele
prompt fission neutron components subtracted. TF, the fragment directions deviate from 180° on average by
Particular attention has been paid in the present analysi#.5°, measured, e.g., in R¢B0]. For ®He and Li emission
to the angular characteristiog,, of the prompt fission neu- the angular deviations are calculated to be 5.1° and 7.1°,
trons in TF, shown as dashed lines in the central panels irespectively. Taking the recoil effect into account, we have
Fig. 6. Since the latter neutrons dominate the total neutrosimulated the projections,, on thexy plane for the prompt
intensity at all angles, their angular distributién the w,,  fission neutrons in TE22], using precisely knowrf>“Cf bi-
projections has to be reliably established for unambiguouslynary fission dat4d27] on neutron angular distributions with
extracting the angular distributions and yields of the extrarespect to the direction of the light and heavy fragment as the
neutrons in question. The analysis of the prompt fission combasis. As seen in the central panels of Figdéshed lines
ponent was performed in the following way. the LCP recoil momentum acting on the fragment motion
Due to conservation of linear momentum in the three-causes thev,, projections of the prompt fission neutron in-
body TF process, the emission of LCPs imposes a noticeabtensity to become slightly suppressed in the direction of the
recoil upon the motion of the paired fission fragments, causLCPs, and slightly enhanced in the opposite hemisphere. In
ing their linear momenta to deviate from collinearity. This the present experiment this behavior, though being obscured

<0 ox0* ___xi0’
10

Counts

| M_:

i

8, &
Li

08l

| !

90 180

_ {
n l 0-1. m

180 90 0 90 180 -180 90 0 90 180 -180 -90
0,,(deg) 0,,(deg) 0, (deg)

FIG. 6. Different steps in analyzing measured angular correlations of neutrons with respect to the direction of nftien®efe, and
Li LCPs (from top to bottony: Left-hand panelNeutron angular distributions/,, deduced from trajectory calculations for the decay of
intermediate LCPs’He, "He, and 8Li*, respectively. Distributions are shown witho(dotted line$ and with taking account of the
experimental angular resolutidfull lines). Central panel:Measuredv,, distributions, with an additional cut (6626<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 for LCP

neutrons and the background from prompt fission neutfdashed lines Right-hand panelExperimental neutron angular distributions
from the decay of the intermediate LCPs, compared to the simulated (sokd lineg, after subtraction of the neutrons from fission
fragments. For details, see text.
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TABLE Ill. Spectral parameters of residue particles, fractional yields, and spectral parameters for asso-
ciated neutrons of the intermediatele, "He, and®Li* ternary fission modes iR>’Cf(sf). All energies in
MeV. The 5He ("He) yields are given relative to both, the trdele (°*He) yields and the totatHe (®He)
yields (including residues The 8Li* yield is relative to the yield of particle stabfé.i.

TF mode (Eged FWHM Yield (Ocp)/FWHM  EMa E,
SHe 12.43) 8.905) 02152  0.174)" 83.6°/22.6° 4.9 1.2¢
SHe[13]¢ 12.39) - 01222  0.112)° - - 4.03) ¢
SHe [14] - - - - - - 4.62) ¢
He 11.G15) 8(2) 02152  0.174)° 84.0°/18.2° 2.3 1.0¢
8Li* - - 0.3320) - 2.5°¢ 1.6°¢

®Relative to true ternaryHe and®He particles, respectively.

bRelative to all ternary’He and®He particles, respectiveliincluding residues
‘Derived from the trajectory calculations.

dFor residues measured above 9 MeV threshold.

®For neutrons measured in the forward direction.

fBLI(E*=2.26 MeV)PLI.

in the °He data because of the rather wide angular spread ¢fstimated conservatively from the assumptions made for the
the LCP neutrons, manifests itself clearly in the data’ide  evaluation. SStatisticaI errors _are comparably low, i.e.,
and 8Li*. Furthermore, our treatment has also proven to be=0.5% for °He, and=4% for ‘He. The stated systematic
valid when analyzing the data taken féid TF (and also for ~ errors include the uncertainty in the procedure for the back-
Be TP, in which case a neutron decay from LCPs evidentlyground correctior(Sec. IliB), and a possible difference in
does not occur. It is worthwhile to note that the registrationdetection efficiency for the LCP and fission neutrons. Some
of the different LCP species in the present work was importncertainties also result from the assumption that the neutron
tant for allowing us to check our procedure of disentanglingdecays of intermediateHe and’He LCPs from their ground

the neutron yields from the two different sources. states are the only source for the neutron component ob-
served along the direction ofHe and ®He particles; the
IV. EXPERIMENTAL RESULTS present results might be affected, albeit little, by a possible
formation of ®°He and ®He LCPs in excited states that are
A. The odd-N helium isotopes°He and "He particle-unstable with respect to the two-neutron breakup

into *He and ®He, respectively(see Sec. IVA2 On the
N o ) other hand, noticeable formation of intermedizide and

The probability for emission of the short-livetHe and "He in their respective excited statést E*~4 MeV) can
"He isotopes in ternary fission df“Cf was deduced from pe disregarded since these decay modes should lead to neu-
the ratios of LCP neutrons and prompt fission neutrons, takiron angular widths much larger than the measured ones. The
ing for the average multiplicity of fission neutronsthe  present figure of 0.1@) [=0.195)/(1+ 0.19)] for the ratio
values of 3.1 and 2.8, deduced for thde and®He accom-  of “He residues fronPHe relative to all ternaryr particles,
panied fission modes, respectively. Fie and ®He ener-  both with energies above the experimental threshold of 8
gies above the registration threshol@MeV for “He, and MeV, has to be compared with the figure of Q21from
10 MeV for ®He) we have obtained for theHe and ‘He  Ref. [13]. In view of the quite different ways of deriving
yields, relative to the yields of true ternaRHe and ®He  both figures the agreement is fairly good.
particles, a value of 0.19) each. A correction for the sub-
threshold eventésee belowgives our final resultéincluded
in Table Ill) for the ratios of primary yields

1. Emission probabilities

2. Energies of the®He and ®He residues and decomposition of
the ternary“He and ®He spectra

SHe/*He=0.21(5) and "He/’He=0.21(5). For both the®He and "He accompanied fission, the good
statistical accuracy of the present data has allowed us to de-

These values mean that (1%4.0)% [calculated from termine energy spectra of the residd&le and ®He nuclei,
21(5)/(1+0.21) %] of all ternary “He and®He particles ob- and, furthermore, to examine how the experimental ternary
served in 2°2Cf fission are actually residues from tiié¢le  *He and®He energy spectra are composed by contributions
and "He breakup reactions, respectively. We note that thérom true LCPs and those due to the neutron-unstable pre-
emission of °He has the second highest yield among allcursors.
LCPs, being only supersedéby a factor of=5) by “He The energy distributions of théHe and ®He residues
emission, but downgradingH (by a factor of=2) to the  were deduced from the measured energy spectra by setting
third most abundant LCP. In the present experiment (2.Zonstraints on the neutron angular distributions shown in Fig.
+0.5)x 10° measured events are attributed tble. The 6 (central part The projected neutron yiel,, was divided
quoted errors represent the systematic uncertainty which wasto the forward region(FW) at the angles—90°< ¢y,
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FIG. 7. Energy spectra of théHe and °He residues, gated on FIG. 8. Left-hand sideComposition of the total LRA spectrum
forward emitted neutrons. Solid lines are Gaussian fits. Dashegf 252Cf(sf) by true ternaryr particles(dashed lingand *He resi-
lines correspond to Gaussians fitted to the ungdted and®He  dues due to th&He decay(dotted ling. The energy spectrum of the
spectra of Fig. 2, normalized to the same areas. Spectral parametefige residues from Fig. 7 and tiféle/*He ratio were taken as input
are listed in Tables Ill and I. The cutoff in the LCP energy mea-parameters for the fit. The full line is the sum of both contributions.
surement is 8 MeV and 10 MeV, fdiHe and®He, respectively. Right-hand sideResult of a single-Gaussian fit to the total LRA

) ) ) spectrum. Spectral parameters extracted from both fits are listed in
< +90° with neutrons directed towards the LCP motion, andrable IVv.

the backward regioBW) at the angless,,<—90° and
¢xy>+90° with neutrons going in the opposite hemisphere o e ternarye particles and*He residues by making

NG 4 6
Coincidence"He and”He energy spectralN/dE, cp, were use of the detailed knowledge on tR&le decay obtained
then generated from the list-mode data with the conditions . - .
. . ) experimentally fromn-LCP coincidences. For the analysis,
that neutrons were registered either in the forward or back 9 ; '
X ) ! 6 ~““"the results on the’He/*He ratio and the first and second
ward hemisphere. Since the energies®bfe and °He resi-

4 H .
dues are only weakly affected by the direction of the Corre_moments of the"He residue spectrum were taken as input

lated neutrons, the energy specttt/dEe., can in good parameters for performing a Ieast—squ_are fit'with Gaussians
approximation ’be deduced from the diffgreesnce for each of the two components, on _dlspla_y in the Ieft—hand
panel of Fig. 8. Fit parameters are listed in Table IV. It is
important to note that the resulting mean energy for true
ternary a particles, 16.43) MeV, is in fact 0.71) MeV
higher than the mean energy of the composite LRA spectrum
the factor 0.97 being the corresponding FW/BW ratio for theusually measured.
intensity of neutrons emitted from the fragments. Figure 7 On the other hand, the asymmetry in the LRA spectrum
shows the resulting energy spectra for the resididg and  caused by théHe residues is not substantial. For demonstra-
®He nuclei in comparison with the norméingated E,cp  tion, a fit of the measured LRA spectrufabove 8 MeV
spectra for*He and®He accompanied fission, respectively. threshold by a single Gaussian is shown in the right panel of

As seen from the left panel of Fig. (&nd the spectral Fig. 8. As can be seen, the measured spectrum can be repre-
parameters listed in Table )|lthe mean energy of théHe  sented satisfactorily also by a single Gaussian, with a 0.6
residues(Ere9 =12.4(3) MeV, is 3.81) MeV lower than  MeV larger width than that of the true ternaay spectrum.
the mean energyKE,)=15.7(2) MeV, of the ungatedr ~ Both single and double Gaussian fits yield about the same
spectrum, and also the spectral width is somewhat narrowex? N, showing that the LRA spectral shape alone is hardly
The error quoted for the energy difference is smaller tharadequate for disclosing thitHe contribution, as attempted in
those of the mean values as the latter are mainly affected bigef.[17]. The deviation from unity for tha?/N values ob-
the uncertainty brought in by the energy calibration and theéained may be caused either by the omission of systematic
energy loss correction. ThéHe residue spectrum is well errors(on the energy axjsfor the fits, or rather indicate that
described by a Gaussian down to the 8 MeV threshold. Thi CP spectra may generally deviate, albeit little, from a pure
fact gives confidence that a substanfiele* (2n) admixture ~ Gaussian shape. Extrapolation of both fitted spectra to zero
to the measuredHe residues can safely be excluded, sinceenergy does not yield a substantially higheparticle inten-
residuala’s from the ®He decay should have just8 MeV  sity of the composite spectrum at lower energids, (
mean energy, as estimated from the mass @@ and the <10 MeV) compared to that deduced from a single Gauss-
mean energy of 12.3 MeV for th&He spectrum. ian fit. So, an enhanced vyield of low-energy ternar,

The presenEg.sspectrum is in good agreement with the frequently discussed in the relevant literat(see, e.g., Refs.
previous n—a-particle correlation experiment of Rdf13], [1,2]), cannot be explained by the occurrence of terrraty
quoting an average energy of 1@B8MeV abow a 9 MeV  alone.
threshold. On the contrary, in the recent work by Hwang The corresponding data obtained in the present study of
et al.[17], which is based on a shape analysis of single LRAthe "He decay(right panel in Fig. 7 yield the difference in
spectra from different experimen{d5-17, much lower the mean energies between thée residuegfrom "He) and
mean energietbetween 8.0 and 10.9 MeéWvere suggested the ungated®He LCPs to be=1.6 MeV only. The spectral
for the “He residues. parameters deduced are included in Table IV. We note that

In the present work, the LRA energy spectrum ofthe energy distributions fitted by Gaussians for both the true
252Cf(sf) can be reliably decomposed into the componentsind residue particles have been used to correct the measured

(dN/AE cp)res= (AN/E cp) | Fw—0.971dN/d ELCP)lBWE
1
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TABLE IV. Composition of the ternaryHe and®He energy spectra ifP?Cf(sf) by true ternary particles
and the residues due to tmedecay of °He and ‘He, respectively. Experimental data are compared with
results from the trajectory calculation performed. All energies in MeV.

Experiment Calculation
LCP (E) FWHM X?IN (E) FWHM
“He 15.712) 10.92) 5.92 - -
true *He 16.43) 10.33) 6.6° 14.4 18.2
Residues fronPHe © 12.43) 8.95) - 11.1 11.0
fHe 12.35) 9.05) 2.28 - -
true ®He 12.65) 8.905) 2.2b 9.9 10.5
Residues fronfHe ¢ 11.015) 8(2) - 8.6 8.6

it with one Gaussian.
bFit with two Gaussians, taking the measured energy spectra and fractional yields of the residues as the input.
‘Experimental values determined framLCP coincidence$Sec. IV A 2.

SHe/*He and "He/PHe yields for below-threshold events the emission patterns of the residues significantly which are
at least in the case ofHe still under strong influence of the

(see above

We have also attempted to evaluate the difference in th§agment Coulomb fieldsee Sec. V A
LCP spectra between forward and backward emitted neu-
trons [according to Eq(1)] for the data measured ofH

accompanied fission. No signature for amfH correlation

4. Neutron time-of-flight spectra

In an analogous manner, the time-of-flight spectra

was found which could have been a hint for the occurrencgqN/dTOF,) z.s of the neutrons associated with the in-flight

prove the validity of our analysis of the fission neutron partfrom the difference

using thew,, projections(Sec. Il B).

3. Angular distributions of the*He and ®He residues with

the angular distributiomlN/d 6, cp of the “He and®He resi-

respect to fragment motion
. . . . . 6 . . .
A similar procedure as above was applied for examining The results for*He and °He accompanied fission modes

(dN/ATOF,) gec= (dN/ATOF,)|py— 0.9 dN/ATOF,) | gy -
3)

are shown in Fig. 10, in comparison with the ungated TOF

dues with respect to fragment motion. The spectra were gergPectra representing the dominant prompt fission neutrons. In
Fig. 10 the mean flight times corresponding to 1 MeV and 4

erated in analogy to Ed1) by

(dN/d 6 cp)res= (AN/d O, cp) [pw— 0.9TdAN/d 6 cp) [gw -

)

MeV neutron energies are marked by arrows. The data indi-
cate a relative enhancement of th@N/dTOR,)res SPeCtra

for decay neutrons at high neutron energies. The result on

SHe appears to be consistent with data from RES8,14),

The resulting distributions are shown in Fig. 9, and com-stating the mean energy of the difference spectrum between
pared to the ungated spectra shown already in Fig. 3. Meamarrow forward and backward angles to be(3)MeV in
emission angleé6, cp) and angular widths are listed in Table Ref.[13], and 4.62) MeV in Ref.[14], respectively. In these
[ll. Within experimental errors, there is no difference be-experiments, the neutron flight paths were 2 to 3 times longer
tween the gated and ungated angular distributions. Appa60 cm in[13], and 100 cm irf14]) than the effective path
ently, the relatively low neutron c.m. energies do not change

x10° T «10% .
x10° - x10° - fpd MeV ‘He V4 Mev He
Lsp ‘He He . i ﬁ 1 Mev .
It g g
= I 3 3
g Ir 3 3 5
g 3
© C osf ¢
05 Mm X ey 5
ol s’ st ol tusbda, Wt ZOTOF 40 60 oF
0 30 60 90 120 150 180 0 30 60 90 120 150 180  (15)  (15)
6,cp (deg) 0,5 (deg)

FIG. 9. Angular distributiongIN/d6, p of the “He and ®He

FIG. 10. Neutron time-of-flight spectrdN/dTOF, correlated

with *He (left pane) and ®He (right pane) residues, for forward

residues, with6 cp denoting the angle with respect to the light emission angles. Solid lines show the corresponding ungated distri-
fission fragment. Solid lines show the corresponding ungated distributions, normalized to the same areas. The neutron energies marked
butions from Gaussian fits to the data of Fig. 2, normalized to theby arrows were calculated from the distance of 35 cm between
same areas. source and mean neutron penetration depth in the Nal crystals.
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lengths from 25 cm to 45 cm that the CB geometry and thdected by the Coulomb fields of fragments and LCPs. The
20 cm long crystals allowed for the present measurementeutron emitted fron?He is thus a probe of the conditions at
For the above TOF data no attempt was made to extraci time=10"2! s after scission.
neutron energy spectra because of the rather limited resolu- As already stated, it is in particular the angular distribu-
tion. The information on th€He and 'He neutron energies tion of the neutrons, as measured in the present work, that is
will be inferred, although in an indirect way, from the trajec- carrying the information wanted. As shown in Sec. 11 B, the
tory calculations performed for describing the measured neYsresent data exhibit a characteristic change in the neutron
tron angular distributionésee Sec. VA angular width for the three cases studied, Vide, "He, and
8Li*. Under the customary assumption of similar initial con-
B. ®Li neutron decay from the 2.26 MeV excited state ditions for the three LCPs, the observed variation of the an-

The probability of populating the short-lived 2.26 MeV gular widths(Fig. 6) can easily be understood in terms of the
8Li excited state in2%Cf(sf) was deduced as described LCP decay times an@ values: The’He nuclei decay near-
above from the measured ratio of LCP neutrons to promp€st to the fissioning nucleus because of the short lifetime
fission neutrons, for events gated on Li particles. For Li-compared to both other LCPs and, related to that, have
accompanied fission, the average number of fission neutrorgained the least velocity. Furthermore, the neutron c.m. en-

v was measured to be-2.5. Since a discrimination of Li €rgy resulting from th& value(see Table i is comparably
isotopes was not possible with thé&E-E method applied, we high. Both effects lead to a rather wide neutron angular dis-
can evaluate from the present data only the yield®oif* tribution in the laboratory system, in agreement with the ob-
relative to the Li element yielo‘fLi*/Li=0.06(2). However, servation. For’He, the lifetime being a factor of about 4
relying on published isotope vyields fofLi, 8Li, and °Li  longer and theQ value being down by a factor of 2, the
(Ref. [32]) which result in a relative isotopiéLi yield of neutron angular width becomes remarkably smaller than for
8Li/Li =0.19(10), the probability of populating the 2.26 the °He neutrons. Finally, the factor of 5 longer lifetime of
MeV excited state irfLi relative to particle stabléLi (sum  8Li* and the lowQ value of 0.25 MeV lead to an even
of the ground state and a contribution of thalecaying first  sharper peaking of the emitted neutrons at the direction of

excited statecan be estimated as the Li particles.
o . o . In the following we are going to describe, in more detail,
Li(E* =2.26 MeV)/°Li=0.3320). the adopted ternary scission configuration that has served as

the basis for calculating the LCP trajectories during accelera-
Here, the rather large error is dominated by the poor station and, from that, the neutron angular distributions used in
tistics, and by the still bad knowledge on tfiei isotopic  the data analysis performed aba&ec. Il B). However, we
yield. Moreover, we have also not performed any correctionvant to note that a comprehensive discussion on the many
for subthreshold eventsE(;<17 MeV) since counting sta- details of this rather complex task is not possible within the
tistics did not permit a detailed analysis of the spectraframe of the present article. In our approach, the initial con-

shapes. ditions for the ternary scission configuration were taken ba-
sically from the work of Baunj31], who aimed at finding a
V. DISCUSSION semi-empirical solution which coherently matches with en-
ergy spectra of a large set of LCRPgp to Z,cp=8), mea-
A. Comparison with trajectory calculations sured in TF of?%U(ny,,f). The three-particle configuration

In the course of the past50 years of intense research at scission is accordingly modeled as indicated in Fig. 11 by
on ternary fission there have been numerous attempts of ifsPherical prefragments, scaling the radii conventionally with
terpreting experimental results based upon trajectory calcihe fragment mass numbgrusingr y=roA">.
lations (see review[3]) that solve the classical equations of ~As pointed out in Ref[31], from classical arguments on
motion for the LCP and fragments in their mutual Coulombenergy conservation there are constraints for the three-
field after the cessation of nuclear interaction. These calcuparticle positions near scission, imposing a distinct relation
lations provide the link between the initial phase space conbetween the interfragment distance and the location of the
ditions at scission and the kinematic parameters observeldCP starting point. The left-side panel in Fig. 11 illustrates
experimentally. Indeed, many investigations amparticle  the assumed starting situation far-particle-accompanied
TF were motivated by the perspective of providing valuableTF. The LCP is conjectured to be born in a plane oriented
insight into the fragments scission-point configuration andPerpendicularly to the interfragment axis and placed midway
getting access to prescission dynamics. The conclusions dietween the tips of the two fragments. The displacement
initial dynamical parameters, however, drawn from analyz-from the fission axis of the--particle starting pointg;~", is
ing experimental data on energy-angle correlations with traplotted in Fig. 11 versus the fragment tip distart’&. As
jectory computations have not yet been unequivocal becausedicated, small values @™ (<5 fm) have to be excluded
of the complexity of the problem. As pointed out in both since they lead to high fragment kinetic energies exceeding
previous °He studieg 13,14, the short-lived®He TF might the ternary fissiorQ value. For energetically allowed con-
nevertheless be a favorable case, since LCP decay procedigrations the LCPs generally start somewhat off-axis
mostly at a time at which the fragments aflde nuclei are (85°P>0). The lines in Fig. 11 indicate the locations of pos-
still close to each other and the decay neutrons are not aible 5;°° and d™ values that would lead to characteristic
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(b) The LCP offsets were distributed as a two-dimensional
Gaussian in the plane of emission leading to

P(5LCP)ox 55CPe 112(5510)? (5)

as the distribution for the off-axis displacemes". The
parameterg. ando in Egs.(4) and(5), respectively, which

& (fm) v depend on the LCP radii in different ways, were taken as
deduced empirically in Ref31] from a fit of a number of
FIG. 11. Left-hand side:Ternary fission configuration as as- measured LCP spectra.

sumed starting situation for calculating trajectories of ternary (c) A distribution for the initial LCP energieE'aCP was

a-particles, parametrized as particle offsets;" versus interfrag- introduced, which corresponds to that of the LCP linear mo-

ment distancel™. The shaded area indicates the energy forbidder}nenta related to thesC® distributions by the Heisenberg
region. The solid line corresponds to possible initial configurations 0

for which the calculated energy matches the experimental meaerg'plle' t it I dt ithin th
a-energy(E). The dashed lines to the right and left indicate con- (d) Fragment mass splits were allowed to vary within the

figurations leading to final energieéE)+3FWHM and (E) margins of the measured fragmen_t mass .d.lsmbl[tm‘ .
- %FWHM, respectively. The distribution of starting positionscof (e) For eaCh fragment mass split and initial temafy spatial
particles and fragments adopted for the trajectory calculation in th onfiguration theQ value and the three-body p‘?“?r,‘“a' CO[:"
present work are displayed as scatter pRight-hand side:The me energyVv were calculate_d and only those initial condi-
same situation assumed for intermedidtte emission. The wider tlonfCF\JNere selected, for which the energy balaige V
contour plot at the right illustrates how particle and fragment posi-—Eg = was positive.
tions have developed at timte=1.1x 10 2! s, corresponding to the  (f) For the remaining configurations, the available energy
lifetime 7 of °He. at scissionQ—V—E;°" was attributed to the fission frag-
ments, and was randomly partitioned into the fragment total
energies of thex-particle spectrum when the initial momen- excitation energyTXE) and prescission kinetic energs".
tum of the @ particle, perpendicular to the fission axis, is This selection accounts for the customary view that with

taken to be a fixed value,, which is estimated fronds""  increasing elongation of the fragment scission configuration
by applying the Heisenberg uncertainty principle,6;"  (corresponding to small values @) both, the TXE andES"
=h). increase on the average. Considering the fragment excitation

It is worthwhile to note that from more sophisticated energy TXE in the energy balance at sciss{aich partly
modeling of the initial TF configuration with consideration compensates for the approximation of taking a spherical pre-
of effects involving the stretching of the fissioning nucleusfragmenj was shown in Ref{31] to be important for repro-
prior to scission by relevant shape parametrizations there aiducing measured energy correlations between fragments and
well founded theoretical arguments for locating the LCPLCPs [30]. The resulting distribution oE§" provides the
starting positions off-axis. As an example, in the recent workstarting fragment energie!ééF and EQF.
of Misicu et al. [33] the issue was interpreted in a quasimo-  (g) Trajectories for both, the fragments and LCfise
lecular picture, with the fission fragments developing almosiatter being assumed to come into existence right at scigsion
collinear and the light particle orbiting in the neighborhoodyere calculated by solving the classical equation of motion
of the equatorial region. la-particle cluster emission mod- in the common Coulomb field. The distribution of starting
els (e.g., Refs[34,35) placing the LCP starting point off- positions for fission fragments arftHe (°*He) LCPs at this

axis is regarded as allowing the LCP trajectory to start at a’tep of the calculation is inserted as a scattentouy plot in
exit point from the nascent fragments’ nuclear potential, i.e.Fig. 11.

the vertex where the LCP overcomes the Coulomb barrier (h) As for the intermediate’He, “He, and 8Li* LCPs,
from the fragment pair at that moment. In a sense, the Cla%eir exponentia| decagaccording to the mean ||fet|mes
sical calculation adopted in the present work takes LCP tragas taken into account immediately when acceleration starts.
jectories into account from the exit points onwards. After neutron decay, the trajectories of the further acceler-
For the purpose of simulating LCP trajectories in thegted residues were followed.
present approximation some refinements in the choice of the Figure 12 displays the resulting time evolution of average
initial conditions compared to Ref31] were, nevertheless, | Cp velocities for the intermediattHe, "He, and8Li* par-
made. The calculations were performed with the followingticles, which were used for simulating the angular distribu-
starting conditions: tion of the decay neutron&Sec. Il B). Crosses in Fig. 12
(a) The distances ™" between the fragment surfaces were mark mean velocities at the average decay timest time
distributed following Ref.[31] as an exponential function, ; the SHe particles have gained a fraction of 65%, on aver-
with a minimum distancelf, given by the diameter of the age, from the maximum velocity at large distance. This cor-
LCP when placed just midway between the fragmenf§(  responds to an average energy=e6 MeV at the time of
=2X 1.2Aﬁ’c3p fm): breakup. The authors of Rdfl3] deduced a value of 68)
FF_ FF MeV from the energies of residues and neutrons measured at
P(dFF) =g~ #(d"~dmin), (4)  the forward angles investigated. At time the He nuclei
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FIG. 12. Time dependence of mean velocities during accelera- 10 |
tion for the intermediate’He, "He, and8Li* LCP particles, de-

duced from trajectory calculations. Crosses indicate mean velocities E (MeV)
at the lifetimer for each isotope.

FIG. 14. Simulated neutron energy distributions from interme-
diate He, "He, and®Li* decay, in comparison with the standard
are, on the average, onk12 fm from the starting posi- 25%Cf fission neutron spectrurtiabeled “binary”). Intensities are
tions; the right-hand panel in Fig. 11 illustrates the distribu-normalized to binary fission according to the fractional yields de-
tion of the °He and the fragment positions at times0 and  termined in the present work. Average and maximum energies of
t=r. As for the longer-lived’He and®Li* ternary particles ~LCP neutrons are listed in Table Ill.

the corresponding average distances at the mean Iifetimest ibuti d . f resid | . fid .
are already 40 fm and 330 fm, and the fraction of the final rioutions and energiés of residues also gives confidence in

velocities they have gained at these distances are 90% aﬁlae nheutron energy distrib_utions obtained after the transfor-
99%, respectively mation from the intermediate particles’ c.m. system to the

A crucial test for the assumptions made in the trajector)Jaboratory system. The results are shown in Fig. 14, where

calculations is how well the measured LCP energy di:stribu—;[he (ﬁgls(i:g:]aetedig}ggtrrgl]a;sgcigabmglrnplfliigigr): tg?eczg;Spi;gg'
tions are reproduced. This is demonstrated in Fig. 13, wher 9 y y ’ P

calculated energy spectra are displayed, both for true ternar‘y'th.the et pr(.)mpriilssmn neutron SPGCWE- Calculated
a particles and*He residues, and also for triféle particles Maximum energie€ ™ and average energies, for the
and ®He residuegvalues are included in Table )VCom- LCP neutrons are listed in Table Ill. It should be noted that
pared to the data shown in Fig. 7, the simulated spectrf€ surprisingly sharp drop of the neutron spectrum at high
somewhat underestimate the mean energies and overestim&ergies is due to the particular kinematics of neutron decay
the widths. There is also some deviation from a Gaussiafel an emitter which is being accelerated. Fide TF the
shape in the spectrum dHe residues which might be rather average energ§, is 1.2 MeV, as compared to 1.9 MeV for
due to the limited accuracy of the calculations than being ahe prompt fission spectrum. The low value fgr] On|y
real effect. Nevertheless, the overall agreement is fairlyseemingly contradicts the figures exceeding 4 MeV quoted in
good. In particular, the measured energy shifts between trugefs.[13,14). Neutron energies o4 MeV coincide with
ternary particles and residues are correctly described by th@e high-energy part in the calculated spectrum in Fig. 14
calculation. and result from neutrons emitted at near forward angles with
The satisfactory description of the data on the intermedirespect to the’He direction. Only forward angles were in
ate °He and "He TF modes concerning neutron angular dis-fact measured in Ref§13,14). At this point it is important to
note that all neutrons emitted intawin the LCP c.m. system
were taken into account by our procedure used for fitting the

x10°3 T T T x10°

. *He (res.) 3F ‘_;,‘_/6He (res) ] angular distributions of neutrons and deducing the interme-

diate particle yieldgSecs. 1lIB and IV A ). However, for
deriving experimental parameters of residue patrticles, as e.g.,
the energy spectra given in Secs. IV A 2—-4, it is sufficient to
consider only that fraction of the decay processes where the
, neutrons are mainly emitted towards forward angles with re-
30 spect to the LCP direction.

In summary, the present study on the scission configura-

FIG. 13. Left-hand sideCalculated energy spectra for true ter- tion provides a widely consistent picture of the energetics
nary a particles(full line) and residuafHe particles from théHe  and dynamics furnished by the intermediate LCPs at very
decay(dashed ling Right-hand sideThe same spectra for trféle ~ short times after the system’s separation. It is believed that
and residuaPHe particles from the€ He decay. The corresponding the fragment configurations used as a starting point in our
experimental data are displayed in Fig. 7. Measured and calculateghlculations are representative. However, at the present stage
spectral parameters are compared in Table IV. of our investigation no attempt has been made to extract,

Counts
Counts

Eycp (MeV) Eyp (MeV)

044614-12



SHe, "He, AND 8Li (E*=2.26 MeV) ... PHYSICAL REVIEW C 65 044614

nominator, denoted as an “effective temperatufeih Refs.
[38,39, or as an “action integral’T in the adiabatic ap-
proach of Ref[40], is used as a free parameter. By applying
Eq. (6) a °He rate of only about 5% relative t6He is
T estimated, which is a factor of 4 smaller than observed.
This discrepancy is solved when considering, besides the
energetics at scission, also the spins of the LCPs. In a sys-
tematic statistical approach, theoretical yields should be mul-
tiplied with the statistical weight factor, (2+1), with I,
being the spin of the LCPs in statésThis was proposed
earlier by Valskii[6], who established an interpolation for-
g mula for the description of relative LCP yields. The formula
) works rather successfully for atomic numbers8. In that

[ )
f =
w L

2

—
(o
[
T
Vi

Yield (per 1 o* a-particles)

10y work also the population of excited leveisp to=5 MeV)
3 4 5 6 7 s 9 was considered. In the LCP-yield calculation the resulting
Mass number A yields for excited states were added to the respective ground-

state yields in case of decay, or to the ground-state yields
of the neighboring isotopesZ(A—1) in case of neutron
emission.

Following this view, the yield formula in Eq6) is gen-
eralized by taking into account excited states and spin mul-

vice versa, from the measured data characteristic scissiot'rPIICItIes of the LCP:

point parameters such as the value for the initial fragment

energyEf" (as was attempted in RdfL3]). In the evaluation Yicr* Y, (21i+1)exd (Q—V—Ef)/T]. 7
of the latter quantity the deformation of the fissioning system !
at scission can no longer be neglected as it was done for the
purpose of the present analysis.

FIG. 15. Fractional yields for helium LCPs in ternary fission of
252Cf(sf) for the isotopic chain £ A<8, normalized to 19« par-
ticles. The ®He and ®He yields are taken as averages from pub-
lished datd35-37. The straight line is to guide the eye.

With this ansatz, theoretical yield ratiodHe/*He, and
"He/®He will increase by a factor of about 4 due to the 3/2
spin of the®He ground states as compared to thespin of
“®He. Thus, the consideration of the muiltiplicity of the LCP
states brings the calculated yields into close agreement with
The present data on the emission probabilities of the oddthe present experimental data. The accuracy of (Epfor
N helium isotopes’He and”He in the TF of?5Cf permitto ~ calculating the LCP yields is, however, still questionable
establish the yield systematics for the helium isotopic chaii41l]. While the spin statistic and the population of excited
for mass numbers from 4 to 8, by using in addition data fromLCP states should be accounted for in calculating LCP
literature for the ratiosHe/*He and 8He/*He for evenN yields, the simplifications generally made in deducing the
isotopes(Refs.[32,36,37). The yields are displayed in Fig. energy term® andV result in substantial ambiguities in the
15. Surprisingly, there is no neutron even-odd effect ob€valuation of the parametdr (or I [40]). It is evident that
served in the helium particle yields. A neutron even-odd ef-accurate data on the relative population of states in the same
fect, superimposed on a more pronounced proton even-oddCP would allow to obtain more reliable estimates Toor
effect, is known to characterize the yields of particle-stablel’). Moreover, in most of the available TF theories the pre-
LCPs from other elements; the emission of eveisotopes formation probability of the LCP clusters is disregarded
is generally found to be favored compared to their dtd- which, as concluded from recent systematic studi&?],
neighborg 3]. seems to influence the LCP yields as well. In this context, it
The rather higiPHe/*He and”’He/®He ratios of 0.21 each would be interesting to investigate whether “exotic” clusters
deduced in the present work are also not borne out by avairs °He and "He (with an “unbound” neutron attached
able theorie$38—40. The LCP yields are usually estimated Weakly to a nuclear cojeean be treated as the stable species
from the “standard” formula, which results from quite dif- inside the parent nucleus or whether some final state interac-

B. Yield systematics of the He isotope$d<A=<38)
in ternary fission

ferent theoretical approachg38—40Q: tion with neutrons from the surrounding nuclear matter
might come into play when setting free the ternaiye and
Yicpeexd (Q—V)/T]. (6)  "He particles.
HereQ denotes, as in Sec. V A, the total energy release in VI. SUMMARY AND CONCLUSIONS

ternary fission. For yield calculations often a single fragment

mass split is chosen with a common heavy fragment around We have investigated the formation of the neutron-
the doubly magict®Sn that maximize€. The potential en- unstable®He, "He, and®Li nuclei in ternary fission of°2Cf
ergy V at scission is calculated for a configuration with anby an angular correlation measurement of neutrons, fission
educated guess for the location of the LCP between the twlragments, and LCPs. The use of highly efficient angle-
fragments. In fitting Eq(6) to experimental data, the de- sensitive detectors for all particles has yielded valuable in-
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formation on emission probabilities and kinematic param-often normalized to the yield of the ternasyparticles[1-3|.
eters. The present results Gie confirm and supplement Neutrons coming along with Li particles were found to
earlier work[13,14], while the intermediate¢He and 8Li* have quite a narrow angular distribution peaked along the
LCPs were identified for the first time. Li-particle motion. Well supported by trajectory calculations,
The full angular distributions of neutrons with respect tothese neutrons are attributed to the decay of the second ex-
LCP motion were measured for the first time in the presengited state E*=2.26 MeV) in ternary®Li. This is clear
experiment. The data could be well reproduced by trajectorﬁ’v'dence for the for_matlon of e.xuted part.|cle—unstable LCP
calculations for the LCP motion and by simulating their sub-States. A more d_etalled theoretlc_al analysis sh_ould als_o con-
sequent neutron decay according to known spectroscopfider the population of the-decaying 0.98 MeV first excited
data. The®He and "He data could be well described by the Stflte in®Li and higher-energy neutron-unstable states with
formation of these nuclei in the neutron-unstable grounoE =3.21 MeV. Also, neutron decay branches frotiLi

11 - . _
states; other conceivable LCP decay channels, such as tﬁ@d Li cannot be excluded to have contrlbu_ted_to the mea
two-neutron breakup reactions of excitéHe and ®He nu- sured LCP neutrons, although those contributions are ex-

clei, are assumed to give only minor contributions to thepected to be relatively weak. In this context, it is _interesting
neutron yields observed. The measured energy spectrum fé? note that yet another decay channel from excited ternary

the He residues from théHe decay does support this as- I particles was discussed by Feath&}, who interpreted the
sumption observed coincident emission of tritons amdarticles[45]

It is worthwhile to note that ternary fission with the emis- to originate from the decay dfLi when created in its excited

. '23 . ._
sion of neutron-unstable LCPs provides a source of neutron fate at 4.63 MeV. For the reactiod¥***U(ny,,f), coinci

that are emitted at about right angles to the fission axis. Th ent_ H_'a emission was recently reexamm_ed n RE.%J
dominant part of LCP neutrons comes frothle (see Fig. confirming the occurrence of these rather highly excifed

14) with about one neutron in every 1500 binary fission LCPs in TF, Also the appearance BBE n Shozgt""’ed ex-
events. This is only one order of magnitude below the curfited states was recently established in TEBU(ny,, f)
rently accepted yield of 0.013) for so-called scission neu- [846] and “Ci(sf) [47], as an admixture to the emission of
trons from 25°Cf binary fission[43], i.e., the *He neutrons Be in !ts ground state.. SincéBe is p8art|cle—unstable for a
mimic at least part of those early neutrons thought to b¢l€cay into twoa particles, ternary”Be from both, the
related to the binary fission process. As inferred from trajec9round and excited state, disintegrate in flight, but at differ-
tory calculations, the kinetic energy distribution te neu- €Nt stages of acceleration and with differénvalues. The
trons has only a slightly different spectral shape as compare cay from the different states can thus be distinguished by

to the prompt fission neutrons, the energies being limitedi® Mutuala-a angular correlations. Both recent experi-
however, toE, <5 MeV (Fig. 14). ments on the subject proved also the occurrence of “quater-

The remarkably high intensity ofHe emission in25%cf ~ nary” fission where two LCPsd-a and °H-a) are emitted
fission urges one to think about more extended and precigdPParently independently from each other right at scission.
experimental studies of this TF mode. Modern neutron de- 1 n€ Possible existence of long-lived complex nuclear
tector arrays, such as the DEMON sefdg], combined with molecules in part|cullar ternary.suss[on-pomt configurations
particle detectors similar to CODIS, would permit to mea-rl‘(")’Is been hypo_thes5|zed from investigating thedecay of
sure angulamand energy distributions of neutrons from the Be-accompanied*Cf(sf) [7-11. It haslio be stressed
5He decay with considerably higher precision than in thethat the neutron decay from excited terndty* nuclei gives
present work. These studies should aim at covering the confl® hint for & comparably large delay in tfei* emission.
plete kinematics of the decay, which will have to be traded' N€ measgrt_ad neutron angular distribution th”S that the
off with a lower counting efficiency than that of the CB used Préakup of°Li*, being faster than the decay of “Be” by
in the present experiment and, consequently, will require th€€Ven orders of magnitude, occurs after the LCP is fully ac-
use of stronger sources. celerated, hence leaving no indication for the formation of a

As shown in Fig. 8, the residudHe nuclei from the>He nuclear molecule with lifetime larger tham 10 s (see
decay contribute to the ternaayparticle spectrum mainly at F19- 12. However, the formation of nuclear molecules may
low energies. However, the asymmetry in the ternaryd?pe”d on the LCP structure and/or be more likely for LCPs
a-particle spectrum imposed by thée decays was shown with nuclear cr_]argez>3 and masse8>8. Unfortunately _
to be rather weak. Hence, the present analysis indicates thi{e very low yields of these processes make further experi-
the frequently discussed enhancementeparticle yield at  MeNts on the issue rather difficult.
low energies E,<10 MeV) compared to a Gaussian shape
(see, e.g., Refd1,2]) cannot be fully attributed to théHe
emission. On the other hand, the mean energy of true ternary Yu.N.K. wants to thank the DAAD, Bonn for a research
a particles in #%Cf fission was found to be 0) MeV  grant. The experiment was conducted in collaboration with P.
higher than the energy usually determined by experimentSinger, M. Clemens, A. Hotzel, and M. Hesse, and was sup-
without discrimination between true and residugoarticles.  ported by the BMBF, Bonr(Contract Nos. 06DA461 and
It is worthwhile to note that the present result with about06TU669. The authors are indebted to N. V. Kornilov for
17% of registerede particles being actually due t8He  providing the 252Cf neutron data used for calibration pur-
emission also implies that LCP yield systematics have to b@oses, and to S. R. Neumaier for his expertise in performing
corrected accordingly; for practical reasons LCP yields aré CP trajectory and yield calculations.
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