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When a heavy atomic nucleus splits (fission), the resulting fragments are observed to
emerge spinning’; this phenomenon has been a mystery in nuclear physics for over
40 years*?. The internal generation of six or seven units of angular momentumin
each fragmentis particularly puzzling for systems that start with zero, or almost
zero, spin. There are currently no experimental observations that enable decisive
discrimination between the many competing theories for the mechanismthat
generates the angular momentum* ™2, Nevertheless, the consensus is that excitation
of collective vibrational modes generates the intrinsic spin before the nucleus splits
(pre-scission). Here we show that there is no significant correlation between the spins
of the fragment partners, which leads us to conclude that angular momentumin
fissionis actually generated after the nucleus splits (post-scission). We present
comprehensive data showing that the average spin is strongly mass-dependent,
varying in saw-tooth distributions. We observe no notable dependence of fragment
spin on the mass or charge of the partner nucleus, confirming the uncorrelated
post-scission nature of the spin mechanism. To explain these observations, we
propose that the collective motion of nucleons in the ruptured neck of the fissioning
system generates two independent torques, analogous to the snapping of an elastic
band. A parameterization based on occupation of angular momentum states
according to statistical theory describes the full range of experimental data well. This
insightinto the role of spinin nuclear fission is not only important for the
fundamental understanding and theoretical description of fission, but also has
consequences for the y-ray heating problem in nuclear reactors*, for the study of
the structure of neutron-rich isotopes™*, and for the synthesis and stability of
super-heavy elements''8,
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The stability of heavy atomic nuclei is governed by a delicate balance
between the Coulomb repulsion of the protons that attempt to deform
the nucleus, the nuclear surface tension driving the nucleus towards
spherical configurations, and quantum shell effects, which add extra
stability for certain nuclear shapes. Fission occurs when there is a
perturbation of this balance in favour of the Coulomb repulsion. It is
an exothermic, dynamical process that begins as an instability in the
nuclear shape, which, after passing the point of no return (the saddle
point), becomes more and more elongated. The nascent fragments
formaneckas they move rapidly apart, which quickly snaps (scission).
Shell effects in the nascent fragments give rise to certain favoured
mass splits, which for low-energy fission of actinide nuclei (typically
containing about 240 nucleons) produces a light fragment of mass
A=100and aheavy fragment of mass A =140. After scission, the decay
of each excited fragment is a statistical process. It initially proceeds
through efficient removal of excitation energy via emission of typically
0-2neutrons and 1-3 high-energy y-rays. Subsequently, the emission
of several more y-rays, which usually carry away two units of angular
momentum each, removes the majority of the angular momentum and
the remaining excitation energy. This prompt de-excitation process
ends at the fragment ground states, usually within a few nanoseconds®.

There are many competing theories for how afissioning nucleus gener-
atesitsintrinsicangular momentum, and where in the above sequence
of eventsitoccurs. One class of explanations proposes that it arises from
the excitation of collective vibrational modes such as bending, wrig-
gling, tilting and twisting of the system before it splits (pre-scission).
Thesetheories suggest that the vibrations are either initiated by thermal
excitations* ¢, arise from quantum fluctuations, or both’. Post-scission
theories suggest that the angular momenta are generated either from
Coulomb forces™ or from deformed fragments that have coupled orien-
tations™?, Since the angular momentum is quickly carried away by the
y-rays, the experimental study of the generation mechanism necessarily
involves detailed observation of the prompt y-ray emission.

Experimental attempts to understand the intrinsic spin generation
started with low-resolution detection of prompt fission y-rays correlated
withtheindirect detection (plasticscintillator® and surface barrier detec-
tors®) of fragment mass, which revealed saw-tooth shapes in the y-ray
yieldsthatare strongly related to spin. The major difficulty was the separa-
tion of y-rays emitted from the two fragments, and the existence of these
patternswas called into questioninalater experiment where no saw-tooth
pattern was observed?. Another experimental approach involves spec-
troscopy of isomeric (long-lived) excited states found in certain nuclei.
Measurements ofisomer populationare highly sensitive to small relative
changesinspin. However, only asmallsubset of all the isotopes produced
in fission have such isomeric states and it is difficult to measure trends
overalarge range in mass?. In this work, we use a third technique* based
on high-resolution spectroscopy, which allows both separation of y-rays
from the two fragments and the study of trends over large mass ranges.

To probe intrinsic generation of angular momentum also requires
systems with initial spin of zero or almost zero, namely spontaneous fis-
sionorneutron-induced fission. Heavy-ion or charged-particle-induced
fissionreactions are unsuitable because they generate highinitial angu-
lar momenta®, which can obscure the origin of the intrinsic spin.

We present here unique and extensive experimental data obtained
from fission experiments carried out at the ALTO facility of the IJC
Laboratory in Orsay, France, with the LICORNE directional neutron
source®*? coupled to the high-performance v-Ball y-ray spectrometer®,
We carried out high-resolution spectroscopy of fast-neutron-induced
fission of 2*Th and 28U, and the spontaneous fission of *>Cf with the
addition of an ionization chamber?.

Results

For each ofthe three systems studied we identified characteristic y-ray
decay patterns of excited states in around 30 even—even nuclei (with
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Fig.1|Dependence of average spin onfragment mass. Average spins
extracted for even-even nuclei produced in fast-neutron-induced fission of
232Th, 28U and the spontaneous fission of *2Cf are presented along with
statistical uncertainties (error barsrepresent +1standard deviation, s.d.).
Single-parameter fits to the data areshowninblacklines. Thefitting
parameterization developed to explain the mechanism that generates
angularmomentum s presented in the section ‘Discussion’.

even numbers of both protons and neutrons). For each even—-even
fission fragment we extracted the average spin after neutron emission
using a method developed at the University of Manchester?, which
combines all the available y-ray transition intensity and coincidence
information (see Methods).

Our results (Fig. 1) definitively confirm that fragment spins vary
strongly as afunction of fragment mass in saw-tooth distributions, simi-
lar to the patterns previously observed in y-ray yields?>?. We note that
agiven fragment spin appears to depend only on the fragment mass,
with no observable relationship to the mass of the system that emits it
nor to the mass or charge of the partner nucleus with which it emerged.
This observation does therefore not support theoretical explanations
based on post-scission Coulomb effects!®, where a dependence of spin
onthe product of the fragment charges, Z,7,, would be expected.

Additionally, large asymmetries in average spin are observed for
certain fragment pair combinations (for example, %Se and *°Ce from
8U(n,f)), where the spin of the heavy fragment can be more than double
that of its light partner. The existence of such asymmetries does not
support the post-scission explanation based on coupled orientations
of deformed fragments™", which explicitly predicts spins of equal
magnitudes. Indeed, the existence of such large spin asymmetries
provokes the question of how spin generation could possibly occur
pre-scission if the fragments are in contact and participating ina cor-
related collective motion. In that case, expected fragment spins at
scission would be +/and -/ units. To investigate further, we studied
the correlation between spins of the most strongly populated frag-
mentsinthe 2%U(n f) reaction. For agiven nucleus, y-ray transitions of
increasing spin were selected from its partner nucleus, constraining the
partner population to higher and higher spins. We then examined how
the average spin of the given nucleus evolved in response (Fig. 2). For
example, the most strongly populated partner nucleus of *°Sr is **Xe.
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Fig.2|Correlationbetween fragmentspins. Correlations between fragment
and partner spins for the six most strongly populated fragments in the 28U(n,f)
reaction with associated statistical uncertainties (error barsrepresent +1s.d.).
Weighted linear fits to the data points for each nucleus are shown. The fitted
slopes are compared to the expected slopes for the spin mechanisms
pre-scission with correlated spins (‘Pre-scission’) or post-scission with
uncorrelated spins (‘Post-scission’) inthe inset. The blue band (‘Pre-scission’)
was determined from Monte-Carlo simulations of the de-correlating effects of
the neutrons and statistical y-rays (see Methods and Extended Data Fig. 3).

By demanding observation of a y-ray emitted from the lowest 8 state
in%Xe we constrain this nucleus to be populated with average spins of
higher than 8 units of angular momentum. The corresponding average
spinin**Sris deduced by measuring the corresponding coincident y-ray
intensities. By varying the spin conditions and the isotopes studied,
we obtain the fragment spin correlations.

The observedslopes are clearly consistent with zero, suggesting an
uncorrelated, post-scission spin-generation mechanism. The overall
slope from the combined data is within a 2o confidence interval of
[-0.04,0.01], compatible with no significant correlation between frag-
mentspins and incompatible with correlated pre-scission spin genera-
tion. The data do not support pre-scission theoretical explanations*®,
confirming what was suspected from the large spin asymmetries (Fig. 1).
Itappearsthateach fragmenthas no ‘knowledge’ of the spin generated
inits partner.

This unexpected conclusion may resolve the historical controversy
surrounding previous experimental results?® %2, For fragment spins that
are generated independently, the event-by-event correlations meas-
ured in ref. 2 would not be expected to generate a saw-tooth pattern
inthey-rayyield measurements. Hence, this absence of the saw-tooth
pattern may support rather than contradict our current findings.

Discussion

A post-scission, uncorrelated origin of angular momentum suggests
that the fragments have become two separate, independent quantal
systems. This can be viewed from both macroscopic and statistical/
single-particle points of view.

Post-scission generation of two independent torques

Macroscopically, we suggest that fragments acquire their spinina pro-
cessanalogous to the snapping of an elasticband. A neck forms between
the two emerging fragments, which undergoesfirst astretching, then
arupture and finally a relaxation during which the potential energy
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Fig.3|Schematic diagram of post-scission angular momentum generation.
Independent torques for different scission configurations are shown, with
neck nucleonsdisplayed ingreen. The straight black arrowsiillustrate sizes and
exampledirections of the linear momentum vectors that generate the
associated angular momenta. The corresponding positions on the saw-tooth
distribution of the resulting average spins are shownonthe right.

from the deformed neck (analogous to stretched elastic) transforms
into kinetic energy. For asymmetric fission of the actinide nuclei we
assumeadouble cluster, with the cores of the nascent fragments lying
near doubly closed shells and the remaining nucleons from the neck
shared between them after rupture (Fig. 3).

We suggest that the nucleons from both halves of the ruptured neck
drive the generation of angular momentum in each fragment. The
relative sizes of torques will depend on the number of neck nucleons
and thus the precise location of the neck rupture, that is, the configu-
ration at scission. Classically, the neck would rupture in the middle at
its weakest point. However, in the subatomic world a gap can appear
at any point®®, with decreasing probabilities for more extreme parti-
tions. We suggest that how the system arrives at a specific scission
configuration will not have any subsequentimpact on the generation
of post-scission spin and that the fragments retain no ‘memory’ of their
formation after scission.

Atscission, the former neck nucleons arelocated far fromthe centres
of mass of the newly born fragments in two very elongated configura-
tions. Such extreme elongations have large surface energies, which pro-
videtherestoring forces towards more spherical shapes. Fluctuations
in the aggregate direction of motion of these former neck nucleons
generate the twoindependent torques. Small angular deviations from
the fission axis of the collective nucleon motion must occur, owing to
Heisenberg’s uncertainty principle for spin/orientation of a system.
Uncertaintiesin the direction of the resulting linear momentum along
the fission axis will resultin small perpendicular components that will
generate adistribution of angular momenta. Angular momentainboth
fragments will pointin a plane perpendicular to the fission axis, consist-
entwith previous experiments', although there will be no correlation or
constraintontheir relative orientations. The resulting orbital angular
momentum, I, of the fragments withrespect to each other, generated
by the components of the motion perpendicular to the fission axis,
ensuresthe conservation of the totalangular momentum: I, +L,+1,=0.

The dramatic fragment shape-change from elongated to more spheri-
cal shapes will also generate heat as the surface energy converts into
internal excitation energy, setting the stage for subsequent evapora-
tion of neutrons. Angular momentum, excitation energy and emitted
neutron multiplicity will thus be strongly correlated with each other.
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Fig. 4 | Relationship between average fragment spins and average masses.
Fragmentyield-averaged data with statistical uncertainties (error bars represent
+1s.d.) are shown. a, Data are compared to predictions from the parameterization
for the three fissioning systems, with light peak (L), heavy peak (H) and average
for the system (A) marked. The superscripts are the exponentsin the fitting
function of equation (2); see also Extended Data Fig. 4. b, The same data are
plotted as a function of the average fragment mass A with the black lines showing
predictions for other systems from the parameterization. Purple diamonds show
specific predictions for the major fissile isotopes, *>*°U, *°Pu and in addition,
25Cm. The asterisks conventionally denote that the nucleus isa compound
nuclear system, thusindicating the absorption of a neutronin the cases of

28U + n="U* and #?Th+n=">Th* However, *>Cf* has not absorbed a neutron
since it undergoes spontaneous fission.

Indeed, similar saw-tooth distributions are known to occurinaverage
neutron multiplicities as a function of fragment mass®®,

Comparison of the variation in average spins to that
expected from statistical theory

In the statistical/single-particle view, if the newly formed fragments
areindependent, then their excited states would be expected to have
an angular momentum occupation according to statistical theory.
For an excited nucleus, the probability distribution, P(/), of angular
momenta, /, was first derived by Hans Bethe** and is expected to be:

@

P(llo%) = ——ex
(110 " 207

2/+1 (1+1/2)?
202 P T 07

where gisknown as aspin-cutoff parameter describing the width of this
distribution and is directly related to the average spin value, / = 1.150.
From statistical theory (see Methods) we derive asmooth parameteri-
zation that can be tested for compatibility with our average spin data
(Fig.1):

I=cAY* A2 )
where cisaconstant and the only free fitting parameter, A is the frag-
ment mass, and Ay is the mass of neck nucleons. For light and heavy
fragments we use values of Ay =(A; - 78) and Ay =(A; - 130) near the
doubly magic Niand Sn shell closures. The derivation presented here
has limitations and is notintended as a full description, but as anillus-
tration of the idea (see Methods). An extended theoretical description
would involve more complex dependencies of the parameters owing
to structure effects.

Six independent fits using the above parameterization for each
light and heavy peak in the three different systems were performed.
The fitted constants are remarkably similar, with a mean of c=0.196
and standard deviation of g, = 0.009, a relative variation of only
about4%, suggesting that the fragment spins fall on auniversal curve.
This simple parameterization thus appears to capture the main ingredi-
ents of the spin—massrelationship. We conclude that the experimentally
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observed variationin the average spins is thus consistent with what is
expected from statistical theory for a post-scission, uncorrelated,
spin-generation mechanism. There may be other second-order effects
(forexample, Coulomb forces) that are not yet accounted for, but these
are clearly small.

A concise suggestion for the mechanism that generates the intrinsic
angular momentum in the light of our data is as follows, although we
recognize that other interpretations may also be possible. A fissioning
nucleus that starts with zero or near-zero spin undergoes: (i) unstop-
pable shape instability from Coulomb forces; (ii) formation of a neck
between the two emerging fragment clusters; (iii) neck stretching and
rupture (scission) with the birth of two deformed, newly independent
quantal systems; (iv) shape relaxation of each fragment as the sur-
face potential energy converts to excitation of the internal nucleonic
degrees of freedom; (v) the resulting occupation of different angular
momentum states occurringin accordance with statistical theory for
twoindependent excited nuclei. Inthe equivalent macroscopic picture,
the last two steps can also be seen as: (iv) a shape relaxation where
aggregate collective motions of the nucleons have off-axis components
generating two independent torques; (v) the statistical distributions
of torques creates two independent distributions of spin.

Consequences

Understanding the angular momentum generated in fission isimpor-
tant for fundamental reasons, but also has consequences for other
fields.Innuclear energy applications, fragment spinisrelated to reactor
y-ray heating effects'", either through the number of prompt y-rays
that transport it during reactor operation, or the delayed y-rays from
isomeric states that contribute to the decay heat after reactor shut-
down. For these reasons, many recent measurements of prompt y-ray
characteristics, such as the average multiplicity M,, have been carried
out®¥, At present, only purely empirical connections between these
characteristics and the mass of the fissioning system have been made?.
However, we are now able to understand better the underlying fun-
damental relationships if we combine our data with known fragment
yieldinformation (Fig.4). Here, we manage torelate twoindependent
average quantities, the mass and the spin, for light, heavy and average
fragment masses, and use our parameterization to make predictions
for other systems.

We also note that fission is a production mechanism used to study
the structure of exotic nuclei®®. Thus, understanding spin genera-
tion will allow determination of which excited nuclear states can be
accessed. Finally, outside the actinide region of the periodic table,
fragment-yield distributions evolve as a result of the changing influ-
ence of shell closures. For example, a transition from asymmetric to
symmetric fission occurs for nuclei beyond »8Fm (ref.*).In the recently
discovered region of B-delayed fission*® around *°Hg, the shell effects
thatdrive the configuration at scission are not well understood. For fis-
sionregions that areless well explored, measurements of spin-sensitive
y-ray data couldyield valuable information on neck formation and the
relevant shell closures involved.

Conclusion

Afulltheoretical description of nuclear fission requires the incorpora-
tion of the mechanism that generates intrinsic angular momentum.
We have presented extensive experimental data on fragment spinsin
different systems from whichitis now finally possible to discriminate
betweenthe many competing theoretical explanations of this mecha-
nism. We show that fragment spins are uncorrelated, revealing the
post-scission nature of the mechanism. Theoretical explanations based
on pre-scission collective vibrations* 8, post-scission Coulomb excita-
tions™ or coupling through fragment deformations are not supported
by our data®". A parameterization based on the expected occupation of



spinstates according to statistical theory describes the experimentally
observed mass dependence of average spins well.
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Methods

Experimental setup

Samples of 28U (81g) and ***Th (129 g) were irradiated with a pulsed
neutron beam from the LICORNE neutron source (400-ns period) in
the centre of the v-Ball spectrometer for total acquisition times of
216 h and 450 h, respectively. The average neutron energy that pro-
voked fission was 1.9 MeV. Triggerless data from the 184 detectors
in the v-Ball array were written to disk at high data rates of typically
1-3 milliony-ray hits per second, and processed later offline. Each detected
y-ray energy was associated with a unique 64-bit time stamp accurate
to sub-nanosecond precision, thanks to the state-of-the-art FASTER
digitization system*. y-ray coincidence events were identified offline
with a minimum trigger condition defined as atleast two unsuppressed
high-resolution germanium (Ge) detectors and atleast one other detec-
tor module (bismuth germinate (BGO) or LaBr;) firing within a short
80-ns time window. These events were subsequently sorted into two-
and three-dimensional histograms for further offline analysis. An addi-
tional dataset was gathered from the *>Cfspontaneous fission source
inside an ionization chamber® placed in the centre of the v-Ball array
for 52 h. With this latter setup, one fragment was detected in-flight,
while the other fragment was stopped in the backing of the sample.

Data analysis

Examples of y-ray coincidence spectra are shown in Extended Data
Fig.1and Extended Data Fig. 2, which support the main findings of
the Article. The lack of dependence of the *°Xe intensity pattern on
the fissioning systemis shown in Extended Data Fig. 1, and the lack of
correlation between *°Xe and **Sr fragment intensity patternsis shown
in Extended DataFig. 2.

The main experimental data on average spins after neutron emis-
sion presented in this Article rely on a method initially developed at
Manchester University in the late 1980s and described fully in ref. >, It
willhenceforth be referred to as the Manchester Spin Method (MSM).

The MSM relies on measuring the relative intensity of every resolv-
able y-ray transition for a given nucleus populated in the reaction of
interest. At eachlevel with spin/, the intensity difference between the
observed ingoing and outgoing transitions is computed. This differ-
ence is defined as the direct side-feeding, S, of the state. The average
spin populated is therefore the side-feeding-weighted average of the
level spins over all nlevels, Iy =Y, 1S/ Yi-1.,S; - Afurther small
correctionintheresultis necessary toaccount for the angular momen-
tum carried away by the statistical transitions, which depends on the
reaction and is deduced fromy-ray decay models at around one extra
unitin the case of fission.

The MSM condenses all the available y-ray intensity and coincidence
datafor agiven nucleus into a single number: the average spin after
neutron emission. It is thus a powerful experimental tool with which
tostudy angular momentum effectsin nuclear reactions. The method
measures a cumulative intensity flow through many different excited
states, all of which will eventually reach the ground state. Thereis a
redundancy in the measured information and the method has alow
sensitivity to individual y-ray intensities (that is, alarge perturbation
in the intensity value of any particular y ray from the decay pattern
has a smallimpact on the result). For example, the inclusion or exclu-
sion of the intensities of transitions from states other than those with
the lowest energy for a given spin (so-called yrast states) levels in the
calculationis seento have very littleimpact onthe result (see Methods
section ‘Non-inclusion of weaker transitions’). If the yrast sequence
of transitionsis observed, then an average spin can be extracted from
the data.

We note that the first experiment where the MSM was applied used
only 12 Compton suppressed small-volume Ge detectors to study
heavy-ioninduced fission. In this work, we measure neutron-induced
fission with a high-performance third-generation y-ray spectrometer

with106 large-volume, Compton-suppressed Ge crystals (that s, y-rays
thatscatter out of the Ge crystal and into the surrounding BGO scintil-
lator are vetoed) and state-of-the-art, triggerless signal digitization
technology.

Application of the MSM to v-Ball data

We measured the average spin in around 30 even—even nuclei in each
system (see Extended Data Tables 1, 2 and 3). Even—even nuclei have
relatively simple, well known decay schemes and are generally much
easier to study. Even—-odd and odd-odd isotopes often have highly
fragmented decay patterns with many low-energy transitions, which
aredifficult to detect. The presence of aneutron beam pulsation, or—as
for the case of the spontaneously fissioning >*Cf(SF)—direct detection
of one of the fission fragments in the ionization chamber, is crucial for
distinguishing between y rays from prompt fission and those from
subsequent fragment S-decays. This latter source of y rays is usually
associated with low multiplicity events (M, = 2-3), but for certainiso-
topes can be comparable to that of fission. Emission of y-rays after
[-decaysisuncorrelated intime, whereas 95% of prompt fission y-rays
are emitted within a few nanoseconds of the beam pulse or fission
event. Without the beam pulsation, y-rays from -decay and prompt
fissionevents are difficult to discriminate. This can lead to difficultiesin
extracting fragment average spin fromintensity measurements, since
population of nuclei viaboth processes occurs. The closer to stability
the nucleus, the more of a problem this represents. >2Cf(SF) has been
extensively studied with spectroscopy over the last twenty years*>**but
mostly from datasets without direct fission fragment detection, where
the primary focus has been on extending knowledge on the nuclear
structure of exotic neutron-rich nuclei. Spin effects in *>Cf(SF) may
have been difficult to study without an ability to discriminate y-rays
from fission and S-decay.

y-ray coincidence data and efficiency calibrations

Application of the MSM requires determination of the y-ray full energy
peak detection efficiency over awide range of energy: 100 keV to 5 MeV.
Each of the three systems studied (**?Th, 28U, %*Cf) has its own unique
efficiency curve owingto different target/chamber geometries produc-
ingslightly different self-shielding effects at lower energies. These were
determined by combining GEANT IV* simulations of the setup for the
highest-energy part (2-5 MeV), source measurements, and measure-
ments from the fission coincidence data for the lowest-energy part
(100-500 keV). For the lowest part of the energy range, self-shielding
effects in the massive **Th and 2*®U targets are particularly impor-
tant, and are difficult to simulate owing to the complex, non-uniform
distribution of fissions within these targets. The drop in efficiency below
200 keV is substantial and is measured from the experimental data
by gating on y-ray yrast cascades in rotational nuclei (for example,
Ce and Mo) from above and measuring efficiency ratios for the transi-
tions below. Uncertainties on these efficiencies areincluded in the data
analysis for the measurement of y-ray intensities and in the subsequent
deduction of average spins after neutron emission.

Fitting procedures

Global fits of many thousands of y-ray coincidences were performed
in two dimensional (2D) y—y coincidence matrices using the Radware
software package®. Two dimensional analysis is essential to measure
4+ state side-feedings. Since many nuclei share similar transition ener-
gies, a global 2D fitting procedure is needed for accurate measure-
ments of transition intensities. Odd—even and odd—odd nuclei also
need to be included so that all the possible coincidences can be iden-
tified in a particular matrix slice or region. Level scheme information
from the evaluated ENSDF libraries*® containing level spins, excita-
tion energies, transition energies and coincidence relationships are
used as the starting point for each nucleus. Peak width parameters are
fixed froma pre-determined width calibration as afunction of energy.



Theintensities, G,, and energies of the observable transitions are then
fitted simultaneously for all nucleiin aglobal fit with thousands of free
parameters. Subsequent localfits for each nucleus are then performed
to check convergence at the local level, with global parameters fixed
and only local parameters free to vary. Global and local fits are then
repeated iteratively until convergenceis achieved. At each stage, Rad-
ware calculates a y?/degrees of freedom, which is used to verify and
assure convergence for each nucleus. Additionally, Radware also allows
for powerful visual comparisons between the fitted y-ray coincidences
and the experimental spectral data. This facilitates a large number of
visual checks to ensure the level scheme of each fragment is correctly
fitted and the local fit has fully converged. Global fits serve only as
second-order correctionsto fit properly the rare occasions when one
fragment contains a pair of transitions of similar energies to those in
another fragment.

To process the results of the fitting procedure and to extract
side-feedings and average spins for each nucleus, new software has
been developed that operates on the fitted intensity and peak position
output from Radware. The side-feeding S; of each level is computed
from the sum of all observable transition intensities, G, feeding in
and out of each level.

The software checks the level scheme transition intensities for
self-consistency. Negative side-feedings are unphysical and if detected
may signal a potential problem with the fitting of transitions feeding
in or out of a particular level. Finally, the code computes the average
spin for each nucleus studied by combining the level spins /;and the
side-feeding S;information{/) =%,_; , S/ Y1, Si-

Propagation of uncertainties and variance-covariance

The computed statistical uncertainty on the intensity of a particular
transitionis dependent onstatistical variations in the number of counts
at coincident peak positions intwo dimensions. A relative uncertainty
inthelevel of background of 5% is assumed along with a typical relative
uncertainty in the detection efficiency of 3%. For transitions below
200 keV the relative uncertainty on the detection efficiency rises to
20% owing to the substantial drop in detection efficiency over this
energy range.

To determine the uncertainties on the extracted average spins </>,
the uncertainties on the fitted experimental intensity data are propa-
gated through the MSM. However, the intensities, G,, and side-feedings,
S, arenot necessarily independent and correlations may exist between
these parameters. Therefore, correct mathematical treatment of error
propagationrequires the incorporation of potential correlated sources
of uncertainty. Analysis of variances and covariances are needed first
fortheintensities, G, to determine the uncertainties onthe S;and then
for the side-feedings to determine the error onaverage spin o ,yin the
following way:

o= 2 IfoiS)+ Y X

i=l..n i=l.n j=l..n (i#))

1713 cov(S;, S))

where cov(S, S)) is the matrix of covariances.

Giventhat the v-Ball detector array uses Ge detectors with excellent
resolution, a high detector granularity, and a ‘low’ overall efficiency
(-5%), the vast majority of covariances between intensity parameters
are zero. Withinthe same level scheme, the off-diagonal elements of the
variance-covariance matrix are typically (<0.05), so theindependence
ofthe Gyvalues canbe considered arealistic assumption. However, the
same cannot be said of the S, values, which are computed from inten-
sity differences between neighbouring transitions inthe scheme. The
adjacentside-feedings S;are thus strongly correlated with each other,
givingrise tobothlarge negative and positive off-diagonal elementsin
the corresponding covariance matrix (about|0.4-0.8|). Toperformthe
propagation requires the computation of a covariance matrix cov(S,S))
for each data point of </>. This is complex and laborious, and given

the number of data points, each one derived from a separate level
scheme and having its own unique set of coincidence relationships, this
procedure for uncertainty calculation is challenging.

Amore practical method for obtaining good estimates of the statis-
tical errors associated with each average </> is to fit the side-feeding
distributionas in Extended DataFig. 4 and use the resulting uncertainty
onthefitted average of this distribution. Here, there may be some small
dependence of the uncertainty on the exact form of the fitting function
chosen. This procedure for uncertainty estimation yields uncertainties
comparableinsize to the application of variance—covariance analysis.

Using the example of the 2%U(n,f) coincidence data, the observable
intensities vary fromthe strong, for example, *°Xe 4">2" at 3.42(11)% of
thetotalyield, to the very weak 14>12"in *°Ce at 0.024(16)% of the total
yield. The medianrelative statistical uncertainties on transitioninten-
sities from the global fitis 13%, and for level side-feedings is 24%. This
givesrise to a typical relative average spin uncertainty of around 5%.

Sensitivity of the MSM

Thelevel of accuracy, or sensitivity, of the MSMis animportant ques-
tion. Towhat extent are side-feeding distributions measured at or near
theyrast line distorted by local quirks of the nuclear structure, leading
to non-statistical inaccuracies in the average spin measurement for a
particular nucleus? There are two empirical answers to this question, as
follows. Thefirstis addressed by the sensitivity analysis of the method
to the inclusion or exclusion of non-yrast states (root-mean-square
average difference 5.9%). This implies a potential variation in the sen-
sitivity of the method in the range of 0.37-0.6/4 owing to the degree
of incompleteness of the spectroscopic information.

A second estimation of the sensitivity, or accuracy, of the MSM can
be obtained from analysis of the non-statistical variations of the data
points around the fitted trends. The correlation coefficients obtained
from the fits (see Extended Data Table 4) have values of typically
R*=0.85, implying that ~15% of the variation is not accounted for by
the fit. The statistical uncertainties account for an additional ~5% of
the variation (for example, aroot-mean-square average of 5.5% for the
8U(n,f) reaction). Hence ~10% of the variation of the variation remains
unaccounted for. This can originate from three sources: second-order
physics effectsnotincludedin the smooth parameterization, local spin
mis-assignments/errors in the literature level scheme information,
and local biases due to peculiarities of the local nuclear structure. The
trend is measured over a range of approximately 47-10A4 and hence
we deduce that in the worst case, the sensitivity of the method is in
the range 0.47-1.0A.

Corrections applied in the MSM

The MSM involves some further small corrections due to possible
residual coincidences from -decay, for the side feeding of the first
2" state, for the presence of isomeric states, and finally for statistical
transitions from the continuum of unresolved non-yrast states. The
correction methods are outlined below, followed by a description of
how a transition intensity can be deduced indirectly, if it cannot be
obtained directly or accurately fitted.

B-decay. The experimental conditions were arranged to strongly
suppress -decay, achieved by tagging one fission fragment in the
ionisation chamber for »2Cf(SF) and by pulsation of the neutron beam
with 400-ns period in the cases of **Th(n,f) and >8U(n,f). Additional
corrections were employed to remove any residual y-ray coincidences
from B-decay in the neutron-induced reaction data by subtracting an
uncorrelated background. Background coincidence matrices were
created using a pre-prompt trigger window 200 ns before abeam pulse
of exactly the same size as the prompt window (80 ns). Typically, the
correction applied is very small, since these matrices contained only
1-2% of the total counts of the prompt matrices, yet these subtractions
are potentially important for the fragments closest to stability towards
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the end of the B-decay chainsin fission (for example, *®Zr,*Ba, and so
on). y-ray coincidences from these nuclei will have larger components
produced by thisunwanted population process. If the correctionis not
applied this could lead to underestimates of the average spinin these
particular nuclei owing to the presence of unwanted -decay popula-
tion pathways at lower spins.

Determination of the side-feeding of the first 2* state. The side feed-
ing of the first excited state (2" in almost all even—even nuclei) cannot
be measured directly from the y—y coincidences of a particular nu-
cleus. However, as noted in the original MSM paper?, it is possible to
determinethis side-feeding by selecting astrong transitioninapartner
fragment. The intensity ratio of the transition from the first excited
state to the ground state, and the transition(s) feeding the first excited
state can then be measured from the resulting spectrum and uncer-
tainty determined. Thisratio, labelled G,, and shownin Extended Data
Tables 1and 2, is always greater than or equal to unity, since negative
side-feedings are unphysical.

These ratios cannot be determined directly for all of the fragments
studied, either because they and their partners are weakly populated,
or because in some cases the transition energy is a doublet common
to both fragment and partner, or to two neighbouring partners. We
therefore fit the trends of G4, ratios as a function of fragment mass
in the light and heavy peaks for both the 2?Th and **®U, and use the
fitted values with appropriate uncertainties. The G4, ratios for the
light peak show a gradual trend towards unity at the highest masses.
However, the G/, ratio in the heavy peak s initially high (around 2.5)
near the doubly magic Snshell closure and decreases rapidly towards
unity with increasing mass. Inthe most extreme case, the side-feeding
of the 2* state in *>Sn populated in the 28U(n,f) reaction accounts for
some 60% of the total side-feeding intensity. This phenomenon may
thus account for some of the observed anomaly at Z= 50 when using
the y-ray coincidence method to determine fission yields*.

For theZ*Cf(SF) systemitis not possible to deduce the 2 side-feedings
fromgating on the partner fragments since the partner fragment decays
in-flight, soits transitions are Doppler broadened. In the case of **Cf(SF)
we use G4, ratio values deduced from the fits to the *U(n f) data. The
22Th(n,f) G4 ratios show similar variations with mass, but we assume
that the 28U(n,f) trends provide better estimates. This is preferable
to assuming 2" state side-feeding values of zero for >*Cf(SF), since it
allows a better comparison of average spins in all three systems, but
may necessarily introduce some small systematic bias.

Statistical transitions. The statistical side feeding transitions will also
carry away asmall quantity of angular momentum. In the original MSM
paper calculations were used to estimate the average number of statis-
tical transitions (2.5) and average angular momentum per transition
(0.4 units)*®, Here, we use these same values to facilitate comparison
of results. These do not affect the shape of the observed saw-tooth
distributions but will instead just shift them globally up or downin spin.

Isomeric states and delayed transitions. Calculating the average
spin for a nucleus with a strongly populated isomer requires an addi-
tional step in the analysis. Forisomeric transitions with lifetimes in the
nanosecond to microsecond range, the y-ray decay below the isomer
can occur outside the trigger window and thus the y-rays and their
coincidences with states above the isomer are not observed, leading
toanunderestimate of the average spinif no correctionis applied. The
correction for >*Cf(SF) data are very simple, since we canjustincrease
the size of the prompt window from 100 ns to 4 ps. This results in an
increase in the average spin of the most affected nuclei, *>Sn and **Te, of
12% and 14% respectively. No other nuclei show statistically significant
(>2s.d.)increasesin the deduced average spin for an extended coinci-
dence window. Applying corrections for isomers in the *?Th(n,f) and
28(n,f) datasets is more difficult. The prompt window is increased

from 80 nsto 400 ns, and the correspondingincrease inspin for these
key isomeric nuclei is measured. A further correction is then applied
using anextrapolationto account for the missing isomeric coincidences
beyond the 400-ns window.

For all three fissioning systems the nucleus *°Sn presents a unique
problem. A10%, 1.6-pus isomer decays to the 7™ state through an unob-
servable 96-keV transition and this 7 state has a half-life of 1.7 min.
Hence, there is missing intensity for this nucleus. We include *°Sn in
ourdata, butacknowledge the existence of a potential systematic error
inthe calculation of the average spin for this particular case. However,
since the neighbouring **Sn also has a similar high-spin isomer, and
theinclusion or exclusion of these decays changes the average spin by
only12%, we assume that the systematic underestimate of average spin
for *°Sn will be smaller than the statistical uncertainties.

Redundancy and the indirect deduction of intensity information.
Asmentioned previously, there issome redundancy in the y-ray transi-
tionintensity, given that we measure acumulative intensity flow. This
redundancy canbe exploited to recover missing intensity information
in the rare case that it is necessary. A problem that can occur during
atwo-dimensional coincidence analysis is that occasionally, certain
coincidences or transitions can be obscured by the presence of others
if they are too close in energy. This generally presents more of a dif-
ficulty for asmall number of weak transitions in nuclei with the lowest
productionyields. For example, thereis a strong background of random
511-keV y-rays fromelectron—-positron annihilation. For anucleus that
hasaweak transition very close to this energy it is often impossible to
measureitsintensity directly owing to the large statistical fluctuations
present after subtraction of this dominating background.

If such doublets or multiplets are too close in energy to resolve
by two-dimensional peak fitting, information on the intensity of the
obscured transition canstill be recovered fromthe intensity flows into
and out of itsinitial and final states. For the general case, the intensity, G,
ofay-ray transitionbetweeninitial state A and final state Bcan never be
smaller thantheintensity balanceinto state A and never be larger than
the intensity balance out of state B, since this would result in negative
side-feedings for A or B, which is unphysical.

If G,; and G,, are the measured ingoing and outgoing intensities
from state A, and Gg; and G, those for state B, then the intensity of
the missing transition intensity, G,, must obey the following relation
(Gpi— Gpo) 2 G, = (G, - Gg;). The best estimate of the intensity G, is thus
the average ((Gn; — Gn,)+(Gg, — Gg1))/2 of the upper and lower bound
and implies that the side-feedings of state A and state Bare equal. The
impact of deducing ay-ray intensity on the average spin measured fora
particular nucleusis negligible because the measurement integrates the
intensity information from many transitions and the deduced intensity
isusually a very good estimate of the real intensity.

Potential sources of bias
The MSM has several sources of potential bias outlined below.

Level schemes. Since we are observing neutron-rich nuclei far from
stability in these experiments, the level schemes in the literature (see
the ENSDF databases*¢) may have spin assignments of certain levels
which are only tentative, and in some cases incorrect by 1 or 2 spin
units. This may have a small impact on the average spin extracted for
aparticular nucleus. However, the main side-feeding branches usually
occur at lower spins with the 2*,4"and 6" yrast levels accounting for a
large fraction of the total side-feeding intensity in most cases. These
states are usually well measured with unequivocal spin assignments.
Mis-assignment of the spins of certain states may either slightly lower
or slightly raise the average spin deduced for a particular nucleus.
However, the effect will be local, can occur in either direction, and
will be confined to a particular nucleus. No global systematic effect
isexpected.



Ground state feeding. The direct side-feeding of the ground state
is impossible to measure using y-ray spectroscopy. However, we can
estimate it from an extrapolation of the spin distribution toward
zero. Extended Data Fig. 4 shows how this extrapolation is performed
from fits to the spin distribution associated with each data point. The
extracted O* feedingis given an appropriately large relative uncertainty.
The 0" feeding is typically 3-5% of the total side-feeding intensity in
most cases, butincreasesin the vicinity of closed-shell nuclei (up to 18%
in the case of *2Sn). The impact of this correction on the average spin
values resultsin aslight lowering, which is smaller than the statistical
errors. However, for *2Sn and its near neighbours with substantial 0
feeding the average spin values drop considerably more by typically
0.3h. Performing this correction has noimpact on the conclusions.

Non-inclusion of weaker transitions. A potential bias in extraction of
average spin could occur as afunction of the fragment yield. Nuclei that
are more weakly populatedin general may have fewer observable transi-
tions and levels available for inclusionin the weighted sum. However,
we conclude that the MSM method is very insensitive to the inclusion
or exclusion of non-yrast levels. Provided transitions fromlevelsin the
yrast sequence are visible, areliable extraction of average spin can be
made. The non-observation of weak transitions at the top of the yrast
sequence has little impact on the final result, since if the transitions
are weak at this point, the side-feedings are also weak and contribute
little to the result. To quantify this potential bias, average spins in the
15most strongly populated nuclei were recalculated after fitting only
the yrast sequences and ignoring the presence of all other non-yrast
states and transitions. The root-mean-square difference between the
two sets of values was found to be 5.9%. The transition rates of statisti-
cal side-feeding transitions are orders of magnitude faster than the
intra-yrast cascade transitions and this probably accounts for why the
differenceis small. Finally, if the measured average spins for all nuclei
studied are plotted against fragment yields, the two quantities are seen
to be almost entirely uncorrelated.

The trigger condition. For the case of the »*Cf(SF), the trigger condi-
tion was an anode signal of the ionization chamber corresponding to
detection of one fragments in flight, with the other stopped rapidly
in the backing of the sample. This gives a clean, unambiguous signal
that a fission has occurred. For the 2’Th(n,f) and 28U(n,f) reactions
thefission discriminationisless perfect. Although the beam pulsation
allows discarding of events which are uncorrelated in time, a mini-
mum multiplicity conditionis also usedin the prompt trigger window.
This is essential to distinguish fission from the complex background
of other low-multiplicity processes that also occur during the beam
pulse, such asinelastic scattering 2%U(n,n’), ¥ Al(n,n’),”>">"*7*Ge(n,n’),
p(Li,’Li’) Coulomb excitation of the primary beam, and the intrinsic
activity of the targets. The intrinsic activity is a particular problem
for the *’Th target, as a fraction of its decay also occurs during the
prompt beam pulse. Since the majority of y-rays detected during the
experiment come from these low-multiplicity processes, a minimum
trigger condition of M, > 3 is essential in order to preferentially select
fission events. For the best discrimination the trigger condition should
be placed at even higher multiplicities but we have deliberately kept it
at 3 to minimize any potential trigger biases, even though this results
in larger backgrounds. From the #>Cf(SF) data it is possible to study
theimpact of the multiplicity trigger condition on the results. Raising
the minimum trigger condition from the ionization chamber fission
tag from a minimum multiplicity of two to three has no noticeable
impactonthe measured average spins. Effects are, however, observed
athigher-multiplicity conditions. Aglobal increase in the average spin
for all nuclei of around one spin unit is observed for an increase of
around 4 unitsin detected multiplicity. This correlation is completely
expected and gives us further confidence in the key observation of

this paper, namely the absence of spin correlations between fragment
partners. The reason the slope of the correlation of average spin with
detected multiplicity is not larger is mostly due to the imperfections
inthe v-Ball calorimeter (68% efficiency for detecting a single y-ray at
1MeV). An event of detected multiplicity (or fold) of 4 will thus have
sizeable contributions from emitted multiplicities of 4,5, 6,7 and 8.

Derivation of the spin parameterization from statistical theory. The
expected probability distribution, P(/), of angular momenta, /, for an
excited nucleus, following the work of Hans Bethe®, is:

21+1 (I1+1/2)°
P(llo?) = exp| -
o’) 20° p[ 20°

where gisknown as a spin-cutoff parameter describing the breadth of
this distribution. In the Fermi gas model, the spin cut-off parameter
depends directly on the nuclear temperature, T, and is related to the
excitation energy £, and the level density parameter, a.

o [E
a

Inthis model, the spin cut-off parameter is then usually defined as the
productoftherigid body momentofinertia, Z,;5;4 and the temperature:
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where for a spheroidal nucleus

2
Liigia= gAFRZ

SO Zyigia A?3. Using a level density parameter a that is proportional
to Ay, the variation in the spin cut-off parameter with fragment mass
can then be defined in the following way:

0% « [EALS

Ifwe assume that the excitation energy of the fragment s proportional
to the mass of the nucleons from the ruptured neck (that is, £, =< Ay),
we obtainthis final parameterization based on statistical theory, which
can be used to fit our average spin datain Fig. 1:

I=cAV* AL

where/=1.150. This smooth parameterization of the mass dependence
withonly onefree parameter canbe used as afitting function, analogous
to the smooth fitting of nuclear mass variations with the Weissacker
formula®. An extended theoretical description would also have addi-
tionallocal variations in £,(Ay), level density a(Ag) and Z,;5;4(Ar ) OWing
to structure effects. However, the smooth functional dependence of
I(A;) captures the major ingredients of the variation.

Monte Carlo code for correlated fragment spins. For the data pre-
sented in Fig. 2, a dispersion propagation Monte Carlo code was de-
veloped to understand what experimental slopes we would expect to
seeiftheintrinsicangular momentum were generated by pre-scission
mechanisms that produce correlated spins at scission (thatis, the pre-
cise width and location of case ‘Pre-scission’ in the inset of Fig. 2). The
emission of neutrons and statistical y-raysin each fragment will have a
de-correlating effect on any spin measurements carried out at or near
theyrastlines. The precise and only purpose of this code is to propagate
realistic spin dispersions from scission to yrast simultaneously inboth
fragments owing to emission of neutrons and statistical y rays. It allows
for (i) complete user control over the spin distribution parameters at
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scission, (ii) total control over the widths of the spin dispersions due to
emission of both neutrons and y-rays, and (iii) the ability to output the
resulting spin distribution observed at yrast when setting conditions
onthe spindistributioninthe partner fragment.

Dispersions in spin due to neutron emission were taken as random
+0.5h per emitted neutron. To obtain statistical y-ray spin dispersions,
the RAINIER code® was used to fully model the y-decay of several repre-
sentative spherical and deformed fission fragments. Typical statistical
y-ray spin dispersion distributions with a width of around 1.5/ were
thenimported into our Monte Carlo code.

The placement of different gating conditions at yrast on one fragment
could then be simulated and the effect on the resulting spin distribution
atyrast in the partner fragment could be determined (see Extended
DataFig.3).Asimulated experimental relationship between the gating
condition at yrastin one fragment and the ‘measured’ average spinin
the other could then be probed and an ‘experimental’ slope deduced.
With these tools, a sensitivity analysis of the results to the parameters
of the initial spin distribution and neutron/y-dispersions could be
performed. The blue band in the inset of Fig. 2 for case ‘Pre-scission’)
givesarange of expected slopes (0.4-0.6) for fully correlated spins at
scission for reasonable variations of these parameters. The conclusion
is that statistical emission will slightly weaken any spin correlations
present at scission but will not destroy them.

We also note that similar experimental data exists for 1n partners.
These are not shown in Fig. 2, which would have become much too
cluttered. However, the results obtained are similar, with comparable
slopes observed.

Anextension of this Monte-Carlo code toinclude the y-ray spectrom-
eter granularity and detection efficiency was also developed. Here,
the concern was that demanding observation of a ‘high spin’ state in
one fragment might reduce the overall efficiency of detection owing
to potential biases towards higher-multiplicity events involving many
detectors. Since v-Ball is a highly granular array (106 separate Ge ele-
ments at large distances) this effect on the expected slopes proved to
be completely negligible. However, for the case of very close-packed
detector arrays (for example, 6 clover detectors placed in cubic geom-
etry) small negative slopes could arise from such biases, suggesting an
artificial anti-correlation between fragment spins.
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Extended DataFig.1|y-ray coincidence spectrafor'*®Xe.Spectraare gated
by the 2*>0" transition for the three different fissioning systems studied in this
work. The spins of states emitting the yrast sequence of transitions are marked.
Strongy-rays from the binary partner fragments are indicated. y-rays from
fragment partners in 22Cf(SF), such as "?Ru, were detected in flight and are thus

notvisible owing to Doppler broadening. The 2Cf(SF) spectrum has many
fewer counts, but similar experimental sensitivity is achieved owing to the
elimination of backgrounds from other processes by direct detection of the
fission fragmentin theionization chamber with the y—y coincidences.



Article

9000
6000
3000

0
6000

3000

24000
=

3
8 2000

3000
2000
1000

Extended DataFig. 2| Coincidenty-ray spectrafrom the >**U(n,f) reaction
gated on transitions from*°Xe emitted fromstates ofincreasing spin. The
fits to transitions decaying out of specific states of the partner nucleus **Sr are
showninred. The492-keV transition from the 6+ state in **Srin the third panel

—! | ! [12+ ! ! | |
96 140
- Sr Xe (2"
— 4+
oo 8"
+
7- 2+ 10,9l 1124 Aﬁ’f 4+ 2+ 2+
—
96 2+ 140
ST Xe (4"
B 4=
4_6+ 86+
e H 2+
N 7' 10+9- 12+ 6+ 4+ 2+
AAI A I A_UI A | | | | ) | 2|+
9I6 | 1 oy | | | | | | 1
B 140
S Xe (6")
__6+ 6+ B
4+
8+12+ 10ko-
T 4 12 6+ 4+ 2+
lﬁ: kot ) g Dby o) i
[ 96 2+
- 140
— SF Xe (8")
— 4+
;__k6+ 86+
+
2+11049- 6+
Tr 4+ 2
AL TR kL 2t W AT SR

800 1000

1

200

v-ray energy (keV)

1400

isdeduced fromits neighboursrather thanfitted, owing to contamination. The
intensity patternis notobserved to vary and the average spinsin **Sr show no
notable changes. The relationships between partner spins for several more
nucleiareshowninFig. 2.



02 [ I [ I [ I [ | I | [ |

0.15— Scission

0.1
0.05

- 4+ gate °F ¢

o

—h
ol

|

oo @
+
Q
Q
@

- g?//;\\y l
/

0.05 | \

Probability
o

0 2 4 6 8 10 12 14 16 18
Spin (h)

Extended DataFig. 3 |Monte Carlosimulations of events with correlated spins at scission. Placing conditions on the minimum spin at yrast of eventsin
fragment1affects the yrast distributions of event spinsinfragment 2.




Article

0.6
0.4
0.2

0
0.6
0.4
0.2

0
0.6

0.4
0.2

Probability

0.6
0.4
0.2

0
0.6

0.4
0.2
0

1 |I|I
o &5 10 15 0 5 10 15 0 5 10 15 0 &5 10 15 20

Spin (h)

Extended DataFig. 4 | Examples of experimental spin distributions fora two neighbouring evenspins. Thered curvesarefitsto the experimental data
range of nucleiobserved in the 2*®U(n,f) reaction. Statistical uncertainties withone free parameter and are used to extract O+side-feedings viaan
areshown. To eliminate the odd-even staggering effect and facilitate easy iterative procedure.

visualization, side-feedings of odd spins are redistributed equally between the



Extended Data Table 1| 22Th(n,f) average spin data

Nucleus <I> O<> Geuy Oces 0 feed  Yield(%)

Ge 410 010 - - 0.11 0.64
%Ge 392 078 - - 0.09 0.32
845e 385 0.03 - - 0.17 1.09
86Se 426 005 113 0.16 0.11 4.68
8Se 441 016 - - 0.10 2.21
8Kr 475 014 199 035 0.12 0.85
9OKr 472 004 - - 0.08 5.34
92Kr 510 0.12 194 0.19 0.07 3.92
Mir 6.02 052 - - 0.05 0.60
%2sr 405 061 157 041 0.09 0.20
Hsr 444 011 144 004 0.10 2.04
2SI 552 0.09 107 0.10 0.06 3.54
%sr 6.01 020 - - 0.06 1.32
Zr 640 065 - - 0.04 0.37
100Zr 6.07 091 - - 0.03 0.88
120Sh 329 068 - = 0.15 0.84
1%2Sh 364 015 264 140 0.19 1.54
%Te 338 048 - - 0.13 0.35
15Te 344 020 351 048 0.18 3.1

1%Te 483 013 218 0.15 0.07 3.44
1%Te 474 032 - - 0.07 0.76
1%8Xe 453 038 - - 0.13 2.08
140Xe 770 062 125 0.10 0.02 5.73
42Xe 760 024 112 0.5 0.04 2.25
42Ba 587 073 127 0.14 0.05 0.64
4Ba 749 027 100 0.04 0.03 4.49
4Ba 703 031 112 0.11 0.04 2.76
148Ce 770 070 100 0.25 0.03 0.56
¥ce 874 065 - . 0.03 0.41

Measured values are given for average spin, </>, its associated uncertainty o.,,, the measured intensity ratio G, and its associated uncertainty, g, the O feeding value and the fragment
yield. Fragment yields are taken from the evaluated nuclear data files ENDF.BVII®".
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Extended Data Table 2| 22U(n,f) average spin data

Nucleus <I> O<> Geuy ogese 0ffeed  Yield(%)

8Ge 441 067 - - 0.09 0.12
845e 398 0.18 - - 0.16 0.17
86Se 488 024 148 030 0.07 0.84
8se 472 036 120 023 0.10 0.54
8Kr 437 032 - = 0.10 0.37
OKr 476 010 - = 0.08 1.85
2K 521 008 166 037 0.06 250
Mir 527 042 160 031 005 0.73
%sr 476 010 122 0.09 0.09 1.51
P51 511 0.05 1.31 0.06 0.06 413
%sr 6.08 012 095 0.14 0.04 227
Zr 598 032 094 010 0.06 0.49
1997r 6.14 0.1 - - 0.05 3.30
L 6.12 0.08 1.11 0.12 0.05 4.09
194 7¢ 571 024 - - 0.06 1.01

12Mo 787 050 - - 0.02 0.08
%Mo 6.53 017 145 030 0.04 1.08

1%Sh 346 040 - - 0.12 1.65
1%2Sh 375 025 284 064 019 1.88
1%4Sh 465 116 - - 0.05 0.18
2Te 356 040 - - 0.10 047
Te 426 017 233 024 012 3.95
1%6Te 582 0.06 1.61 0.11  0.04 3.53
1¥Te 560 020 156 021 005 0.55
138Xe 562 0.18 0.05 2.04

140Xe 741 010 116 003 0.03 4.04
142Xe 753 0.21 112 011 0.04 153
142Ba 702 076 - . 0.04 0.69
4Ba 794 016 143 035 003 246
45Ba 760 022 1.07 006 0.03 1.98

4Ba 6.10 042 - = 0.06 0.25
"ce 724 059 - = 0.04 0.75
e 9.01 054 - = 0.03 0.86

Measured values are given for average spin, </>, its associated uncertainty o.,,, the measured intensity ratio G, and its associated uncertainty, g, the O feeding value and the fragment
yield. Fragment yields are taken from the evaluated nuclear data files ENDF.BVII®".



Extended Data Table 3 | 2Cf(SF) average spin data
Nucleus <[> O«> 0O feed Yield(%)

St 4.74 033 0.11 0.55
%gr 5.92 040 0.05 0.89
%8gr 6.89 061 0.03 0.37
9%8Zr 6.22 0.37 0.05 0.59
e 5.76 0.10 0.06 2.06
1027y 5.84 0.13 0.06 1.45
1047y 5.34 059 0.07 0.22

%Mo 5.96 025 0.05 0.46
%Mo 6.22 0.07 0.05 2.83
%Mo 542 0.07 0.07 3.47
%Mo 6.13 0.09 0.05 0.67
1%8Ru 6.47 032 0.06 1.98
10Ru 7.23 0.11  0.04 3.62
"2Ru 6.77 020 0.04 0.94

112pq 7.26 0.34 0.04 0.75
14pq 7.37 054 0.03 1.82
116pq 8.55 028 0.03 0.82
108n 3.46 059 0.12 0.36
12Sn 3.95 068 0.11 0.14
1Te 4.08 0.08 0.13 2.35
1%Te 5.67 030 0.03 0.91

28Xe 543 0.11  0.04 3.63
140Xe 7.11 0.19 0.03 2.55
142X e 6.35 054 0.04 0.37
142Ba 6.04 0.10 0.05 2.70
4Ba 8.11 0.09 0.03 3:37
146Ba 7.58 024 0.04 0.98
4Ce 7.56 0.16 0.03 2.35
%0Ce 9.12 035 0.02 0.94
192Nd 8.94 049 0.02 0.83
"%Nd 1081 0.76 0.01 0.42

Measured values are given for average spin, </>, its associated uncertainty o.,,, the measured
intensity ratio G/, and its associated uncertainty, 0,4, the 0" feeding value and the fragment
yield. Fragment yields are taken from the evaluated nuclear data files ENDF.BVII®".
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Extended Data Table 4 | Fitting parameters for the light and heavy peak data for the three fissioning systems

System Mass peak  Fitted constant ¢ Correlation coefficient R?
Z2Th(n,f)  light 0.189 0.837
238U(n,f) light 0.192 0.806
252Cf(SF)  light 0.186 0.803
22Th(n,f) heavy 0.195 0.848
28U(n,f)  heavy 0.202 0.854
22Cf(SF)  heavy 0.213 0.884

The fitting function is defined as (/) =cAY* A" with a single free parameter, c.
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