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Correlated spins of complementary fragment pairs in the spontaneous fission of252Cf
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A study of theg-ray decay of low-lying excited states in fragments produced in the spontaneous fission of
252Cf has revealed a significant correlation between the angles of emission of the 21

1→01
1 transitions of

complementary fragment pairs. Calculations of the amount of dealignment that is needed to reproduce the
measureda2 values, and a comparison with the results of previous fragment-g angular distribution measure-
ments, suggests that at scission there may be significant population ofmÞ0 substates associated with the
projection of the fragment spin vector on the fission axis. Fragments from the spontaneous fission of248Cm
emit 21

1→01
1 g rays that show markedly reduced interfragment correlations, suggesting that either a larger

role is played by the relative angular momentum of the fragments, or that the dealignment introduced by the
neutron emission and statisticalg decay to the 21

1 state is larger in248Cm than252Cf fission.
@S0556-2813~99!03412-3#

PACS number~s!: 25.85.Ca, 23.20.En, 27.90.1b
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Spontaneous fission is a reaction mechanism that
duces fragments with a mean spin of 6 –8\. This internal
angular momentum has its origin in dynamical processes
occur in the fissioning system, the so-called bending
wriggling modes@1–3#, as well as in Coulomb torque imme
diately following scission@4#. Investigations of the proper
ties of fission-fragment angular momentum provide one
the few means open to the experimentalist to explore
behavior of the fissioning system near the point of sciss
providing a particularly crucial test in the case of sponta
ous fission where the initial angular momentum of the s
tem is well defined. For example, the spontaneous fissio
an even-even nucleus results in a binary system whose
trinsic and relative angular momenta must sum to give ze
For many years it has been known that the spin of a fragm
from spontaneous fission tends to be aligned in a plane
pendicular to the fragment direction, suggesting that twist
modes about the fission axis play at most a minor role in
generation of fission-fragment spins. This conclusion
been drawn from measurements of the angular correla
between the fission axis and the direction ofg rays emitted
in the prompt decay of the excited fragment. Such exp
ments have been performed with NaI detectors@5#, and also
with germanium detectors, whose superior energy resolu
allows fragment-g correlations to be measured for particul
g-ray transitions from low-lying states@6#. Recent measure
ments of fragment-g correlations for spontaneous fission
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252Cf accompanied by light-charged-particle emission@7#
have shown that the particle emission does not influence
fragment spin alignment.

In this paper we present, for the first time, measureme
of angular correlations betweeng rays emitted from one
fragment withg rays from the complementary fragment, fo
decays from low-lying excited states. We discuss the re
tionship between such correlations and the alignment of
spin vectors of the complementary fragments at scission

A 120mCi 252Cf source, sandwiched between tw
20 mg cm22 Gd foils @8#, was used as a source of neutro
rich fission fragments, whoseg-ray decays were detected i
the Euroball array@9# of germanium detectors. Over th
course of 21 days, 9.73109 events in which three or more
g-rays were detected were written to magnetic tape. Th
events were then sorted off-line into a hypercube@10# con-
taining 231010 triples, for the purpose of angular correlatio
measurements. The first axis of the hypercube represe
the energy of ag ray (g0) detected at any angle. The seco
and third axes represented the energies ofg rays (g1 ,g2)
detected in coincidence withg0. The cosine of the angle
between the detection axes ofg1 and g2 (cosu) was re-
corded using the fourth hypercube axis in twenty bins c
ering the range21,cosu,1. Gates were applied to the firs
axis ~isotropic! to help select the decay sequences of inter
and to the second and third axes to select pairs ofg rays that
defined the angular correlations. The resulting projections
©1999 The American Physical Society11-1
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the gated data on the fourth axis represented the ang
correlation functions sampled at twenty points and were
ted using the method of least squares to the functional f

W~u!5a0@11a2P2~cosu!1a4P4~cosu!#. ~1!

In each case, the anisotropy,A, could then be calculated from
the deducedW(u) as

A5
W~180°!

W~90°!
21.

The relative detection efficiency of each angle bin on
fourth axis of the hypercube was calibrated using the e
strongest known E2-E2 correlations, namely, the 41
→21 , 21→01 pairs ofg rays in 144Ba, 146,148Ce, 100,102Zr,
104Mo, and the 61→41 , 41→21 pairs in 144Ba and 148Ce.
These are the first eight intrafragmentE2-E2 data points
shown in Fig. 1. The anisotropies of intrafragmentE2-E2
transitions show no dependence on the lifetime of the in
mediate state, over a wide range, from 0.70 ns@11# for the
21 state in 144Ba to 65 ps for the 61 state in 150Ce @12#,
hence ruling out spin-lattice relaxation as a major factor
dealigning the fragment-fragment spin correlation. Oth
E2-E2 and E1-E2 transitions were fitted as a test of th
determined efficiencies; these are shown in Fig. 1 as the
six data points on theE2-E2 intrafragment plot and all the
points on theE1-E2 plot, respectively. Note that the larg
negative anisotropies of theE1-E2 coincidences provide a
good test of the reliability of the efficiencies. Interfragme
g-ray angular correlations were measured by setting an
tropic gate on the decay directly precedingg1 in the heavy
fragment, to improve selectivity. Heavy fragmentg rays
were used for this isotropic gate as they tended to prod

FIG. 1. Measuredg-ray anisotropies from252Cf fission. The
dashed lines show theoretical values of the anisotropy for the
trafragment stretchedE2-E2 andE2-E1 correlations.
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cleaner spectra than gates ong rays in light fragments. For a
range of complementary fragment pairs, the interfragm
correlation was measured between the 21→01 g ray in the
heavy fragment and the 21→01 g ray in the light fragment.
Measurements were also made of the interfragment ang
correlations between 41→21 g rays. For complementary
even-even fragments, the weighted mean interfragment
isotropy, for 2→0,2→0 coincidences, was found to beA
50.101(7) with weighted mean valuesa250.057(4) and
a450.021(5). The corresponding result for 4→2,4→2 in-
terfragment coincidences wasA50.05(1) with weighted
mean valuesa250.035(5) anda4520.003(8).

Data from a previous experiment using a248Cm fission
source@13# were reanalyzed with a method analogous to t
used for 252Cf. Angular correlations were again fitted usin
Eq. ~1! and anisotropies extracted. The weighted mean in
fragmentg-ray anisotropy for 2→0,2→0 coincidences was
found to beA50.016(4) with weighted mean coefficien
a250.014(2) anda4520.009(3).

Interpretation of the above results requires not only c
sideration of the mechanisms that produce the internal an
lar momenta, and whether these necessarily produce co
lated spin vectors, but also of the dealignment that occur
the decay of the fragments. Following scission, the prim
fragments decay by neutron evaporation and statisticalg-ray
emission to yrast and near-yrast states, processes whic
sult in a loss of alignment, as has been shown to occu
heavy-ion evaporation reactions@14#. The alignment lost in
the deexcitation process has previously been calculated u
statistical models which can reproduce the measu
fragment-g anisotropies@5,6#, but require assumptions to b
made regarding the nuclear level densities, the probab
distribution of angular momentum in the initial hot fragmen
and the number of statisticalg rays that are emitted.

As a means of parametrizing the degree of alignmen
heavy-ion fusion-evaporation reactions, Yamazaki@15# in-
troduced a procedure whereby the fully aligned (m50) sub-
state population is distributed over otherm substates accord
ing to a Gaussian distribution of widths. In this procedure,
measurements ofa2 anda4 coefficients for angular distribu
tions of g rays of given multipolarity can be translated in
values ofs. Here we adopt a similar procedure for thegg
angular correlations between complementary fragment pa
In the case of two 2→0 decays, the situation is illustrate
schematically in Fig. 2. Thez axis is defined as the detectio
axis of g1 , g2 being detected at an angleu with respect to
g1. This definition of thez axis, together with helicity argu-
ments, means that the only possiblem substates of theI 52
spin vector in fragment 1 arem1561. If we assume that the
spin vectors of fragment 1 and fragment 2 are fully aligne
this implies that them substate distribution for fragment 2, a
I 52, has equal populations ofm2561. Such a fully
aligned case would give values ofa2 and a4, equivalent to

those found for the sequence 0→
E2

2→
E2

0, i.e., 0.357 and
1.143, respectively. We assume that the combined statis
decay and neutron evaporation that occurs in both fragm

n-
1-2
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introduces a width (s), which determines the population dis
tribution of m2 substates,P(m2), according to the formula,

P~m2!5 (
m52I

I

Pa~m!expS 2~m22m!2

2s2 D 1 (
n50

`

(
m52I

I

3Pa~m!expS 2@m21m12I ~112n!#2

2s2 D
1 (

n50

`

(
m52I

I

3Pa~m!expS 2@2I ~112n!2m22m#2

2s2 D ,

wherePa(m) is the fully aligned substate distribution andI
is the spin of the decaying level. The second and third te
on the right-hand side of the above expression are inclu
to account for ‘‘reflections’’ of the Gaussian smearing dist
bution atm56I , with the integern counting the number o
complete cycles inm space. The new population distributio
P(m2) can be easily translated into statistical tensor coe
cients and thereby into theoretical values ofa2 anda4 @16#.
An analogous procedure can be used to generate theore
fragment-g angular distributions~for a given s) starting
with the fully aligned state in which the population is e
tirely m50.

Figure 3 shows the effect of varyings on thea2 coeffi-
cient for interfragmentgg correlations, assuming two quad
rupole 2→0 transitions, as well as for fragment-g distribu-
tions with a quadrupole 2→0 g decay. The measured valu
of a250.057(5) for the interfragmentgg correlations in

FIG. 2. A schematic illustration of the decay of the excit
fission fragments. A possible alignment of fragment spins, suc
might occur in a bending mode is indicated, though the spins
not necessarily aligned in a plane perpendicular to the fission a
The detection of theg ray from fragment 1 defines thez axis for the
system, ensuring thatm1561 only. The decay paths in both frag
ments contribute to the dealignment ofI 1 and I 2. A smearing ofm
substates characterized bysd is attributed to the neutron emissio
andg decay in each fragment.
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252Cf indicates a statistical widthsgg51.40(5). Themagni-
tude of the corresponding theoreticala4(520.01) is very
much attenuated at this value of sigma. The fragment-g dis-

tributions of Wilhelmy et al. @6#, for 2→
E2

0 decays in
100,102Zr, 104,106Mo, 110Ru, 144Ba, and 148Ce, produced in
the spontaneous fission of252Cf, have a mean value ofa2
50.20(4). As seen in Fig. 3, this translates into a statistic
substate smearing withs f g51.35(5). Thesimilarity in the
smearing widths for interfragmentgg correlations and
fragment-g distributions in 252Cf fission is somewhat sur
prising given that thegg correlations suffer from substat
smearing from two independent statistical processes, the
excitation to the 21 states in two fragments, whereas th
fragment-g distributions suffer attenuation due to the stat
tical decay in one fragment only. This suggests that ther
an additional statistical process which contributes to the s
state smearing in fragment-g distributions, but does not af
fect the interfragmentgg correlations. If we simply ascribe a
common width to the statistical decay in each fragment,sd ,
and allow for no other contribution to the dealignment of t
spin vectors, then, by adding the widths in quadrature, a
appropriate for independent statistical processes,

sgg
2 52sd

2 .

If we further suppose that the fragment-g distributions suffer
from dealignment due tomÞ0 components in the spin dis
tribution at scission and attribute a dealignment param
ssc to this effect, we obtain

s f g
2 5ssc

2 1sd
2 ,

allowing us to extract the valuesssc50.92(8) and sd
50.99(4). The assertion that the statistical decays in o
fragment are completely independent of those in the com
mentary is not strictly correct since, for a given split, t
number of evaporated neutrons is a constant. Thus more
trons out of one fragment and larger statistical smearing
imply fewer evaporated neutrons and less statistical smea
in the complementary. The detailed inclusion of this corre
tion may serve to increase the deduced value ofsd slightly,

as
re
is.

FIG. 3. Results of calculations ofm substate smearing and it
effect on thea2 coefficient for fragment-g angular distributions, as
well asg-g correlations between the 2→0 decays of complemen
tary fragment pairs.
1-3
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but is unlikely to be a large effect since once the fragme
are separated, the choice of decay paths within each fragm
is made independently.

It is interesting to compare this value ofsd with those
required to produce the attenuation observed ing-ray angu-
lar distributions for 21→01 decays following (a,2n) reac-
tions. Such reactions tend to populate states of similar s
and excitation energy to those observed in spontaneous
sion and might therefore be expected to have values ofsd
similar to that deduced here. Angular distribution measu
ments 21→01 decays in92,94,96Mo and 96,98,100,103Ru @17#
show a mean value ofa250.30(7), corresponding tosd
51.1(2). Thus the attenuation in the (a,2n) reactions is not
inconsistent with that deduced from spontaneous fission,
pecially since some additional attenuation in the (a,2n) ex-
periments may have been a consequence of spin-lattice
laxation @17#.

From our data we observe that the 2→0,2→0 interfrag-
ment correlation is stronger than that for the 4→2,4→2 co-
incidences. This result is to be expected, since the theore
maximum correlation without any attenuation is the same

that for a 2→
E2

4→
E2

2 decay sequence~i.e., a250.200 anda4
50.092). The decrease in the theoretical maximuma2 val-
ues in going from the 2→0,2→0 interfragment correlation
to that for the 4→2,4→2 coincidence is therefore roughly i
line with the observed decrease of around 40%. More p
cisely, if we assume the same spread in the relative angle
the spin vectors atI 54 as atI 52, then the smearing appro
priate for the interfragment angular correlation atI 54
should besgg

I 5452*sgg
I 52'2.8. According to our calcula

tions, this value ofsgg givesa250.023, a little lower than
the measured mean value, which may reflect a tendency
sgg /I to decrease with increasing spin due to increased
rect feeding.
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Our measurements of interfragment 2→0,2→0 gg cor-
relations for 248Cm fission have revealed a much lowera2

@50.014(2)# than that observed in our252Cf data. Unfortu-
nately, the lack of data on fragment-g correlations for248Cm
makes this result difficult to interpret. The higher level
attenuation in248Cm fission could be due to an increase
the attenuation caused by the statistical decay;sd51.3 is
required to reproduce the observeda2. Such an increasedsd
would produce correspondingly more attenuated fragmeng
correlations. Alternatively, the increased attenuation co
have its origin in the fission mechanism, for example,
larger contributions from wriggling modes that introduce
larger relative angular momentum between the fragme
thus smearing the angular correlation between the inte
angular momenta.

This paper has discussed measurements of interfragm
gg correlations for complementary fragments produced
the spontaneous fission of252Cf and 248Cm. The deduceda2
coefficients are consistent, in252Cf fission, with a smaller
attenuation than would be expected from previous meas
ments of fragment-g correlations. This suggests that the i
ternal angular momenta of the fragments at scission are
correlated with each other, but have a significant probabi
of being tilted with respect to the fission axis. The reduc
correlation observed in the case of248Cm fission demands
further experimental investigation.
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