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The generation of angular momentum in the primary fission fragments
is discussed on the basis of the nucleon exchange transport treatment. Such
an analysis leads to the expectation that the wriggling mode (in which the
fragments have mutually parallel spins that are perpendicular to the fission
direction) is fully populated, while twisting (where the fragments spins
are opposite along the fission direction) is unlikely to play a major role;
bending (where the fragments have mutually antiparallel spins that are
perpendicular to the fission direction) probably has some presence which
increases with mass asymmetry and with lower fragment kinetic energies.
It is also briefly discussed how measurements of collective E2 photons may
reveal the relative presence of the various dinuclear spin modes.
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1. Introduction

The interest in the generation of angular momentum in fission fragments
and in the observational consequences of specific mechanisms is currently in-
tensifying and quite a number of papers on this topic have appeared recently,
both theoretical and experimental [1–14].

The present discussion considers particularly the mechanism of nucleon
exchange between the two emerging fragments as scission is approached, the
mechanism that was found to be of primary importance for damped nuclear
reactions [15–19].
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As illustrated in Fig. 1, it should come as no surprise that a fission
fragment typically carries about half a dozen units of angular momentum
because that is fully consistent with the fact that the intrinsic temperature
at scission is about one MeV. The theoretical task is thus to determine the
consequences of a particular mechanism for the specific properties of the
correlated fragment spin–spin distribution, while the experimental task is to
determine those properties.
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Fig. 1. The distribution of the perpendicular fragment spin S⊥ in equilibrium,
PA(S⊥) ∼ exp(−S2

⊥/2IAT ), for 98Sr and 154Nd, using rigid moments of inertia IA.

2. Dinuclear rotational modes

As the fissioning system approaches scission, it progressively develops a
binary character and eventually it consists of two nascent fragments in close
proximity. These carry individual angular momenta, SL(ight) and SH(eavy),
their relative motion gives rise to an orbital angular momentum L, and the
total angular momentum of the system, S0 = SL+SH+L, remains constant
throughout the fission evolution.

The six normal modes of internal rotation emerge when the rotational
energy, Erot = S2

L/2IL + S2
H/2IH + L2/2IR, is brought onto diagonal form

Erot =
S2
0

2I0
+

s2wrig

2Iwrig
+

s2bend
2Ibend

+
s2twst

2Itwst
+

s2tilt
2Itilt

. (1)

The six internal modes, denoted wriggling (swrig), bending (sbend), twisting
(stwst), and tilting (stilt) [20, 21], carry no net angular momentum and are
illustrated in Fig. 2. When none of those are agitated, the system rotates
rigidly (the total moment of inertia being I0 = IL+IH+IR with IR = µR2).
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Fig. 2. The six normal modes of internal rotation in the dinuclear complex: the
doubly degenerate wriggling and bending modes have the spins perpendicular to
the dinuclear axis and mutually either parallel or opposite, respectively, while the
two remaining modes have their spins along the dinuclear axis, being mutually
either opposite (twisting) or parallel (tilting).

The angular momenta of the emerging fragments are thus built up of con-
tributions from the various normal dinuclear rotational modes. The models
for fission fragment spins differ in the degree to which those modes are popu-
lated, which is reflective of the mechanisms invoked. In thermal equilibrium
(first considered by Moretto [21]) the fluctuations associated with mode m
have the form Pm(sm) ∼ exp(−s2m/2ImT ), with the variance of these angu-
lar momentum fluctuations being ⟨s2m⟩T = ImT .

The normal modes of rotation have the following moments of inertia,
Iwrig = (IL + IH)IR/I0, Ibend = Itwst = ILIH/(IL + IH), Itilt = IL + IH,
and the individual fragment angular momenta SL and SH are given in terms
of the normal spins swrig, sbend, stwst, stilt as

SL =
IL

IL + IH
swrig + sbend + (stilt + stwst)R̂ , (2)

SH =
IH

IL + IH
swrig − sbend + (stilt − stwst)R̂ , (3)

where R̂ is the direction of the dinuclear axis.
The tilting mode is agitated when the overall dinuclear rotation causes

the wriggling rotation to acquire a component along the dinuclear axis and
it is thus insignificant in low-energy fission where the overall rotation is slow.
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3. Nucleon exchange

Our expectations regarding the agitation of the dinuclear rotational
modes may be guided by the Nucleon Exchange Transport model [15, 17].
Although this mechanism was invoked primarily for understanding the dy-
namical evolution of damped nuclear reactions [16, 18], the basic physics
applies equally well to the late stages of fission when the system acquires an
ever more prominent binary character.

In this description, individual nucleons are continually being transferred
quasi-elastically between the two parts of the dinuclear system, as illustrated
in Fig. 3. To a degree depending on the specific nucleonic orbitals involved,
each transfer changes the linear and angular momenta of the two parts, as
well as their intrinsic excitation energies. As a result, not only the mass and
charge partition but also the rotational modes of the system exhibit a dif-
fusive evolution. The net effect on the angular momenta can be expressed
in terms of the relaxation times tm = Im/Mm, where Im is the moment of
inertia for the mode and Mm is its mobility coefficient.

Fig. 3. Schematic illustration of how the transfer of an individual nucleon affects
the angular momenta of the two dinuclear partners: When the orbitals involved
have high ℓ values (left), the resulting spin changes are large, mutually parallel,
and preferentially perpendicular to the dinuclear axis; when the orbitals involved
have low ℓ values (right), the resulting spin changes are small, mutually opposite,
and preferentially perpendicular to the dinuclear axis.

Expressions for the mobility coefficients were derived in Ref. [19] based
on the Nucleon Exchange Transport model presented in Ref. [17]

Mwrig = mNNR2 , Mtwst = mNN c2ave , (4)

Mbend = mNN

[(
IHRL − ILRH

IL + IH

)2

+ c2ave

]
. (5)
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Here, mN is the nucleon mass and the rate of nucleon transfers from one
partner to the other is given by N ≈ 1

4ρv̄πc
2 [22], where ρ is the standard

nucleon density, v̄ = 3
4vF is the mean nucleon speed, and c is the neck

radius. Furthermore, c2ave = 1
2c

2 is the average value of c2. Mtwst is an
order of magnitude smaller than Mwrig, so ttwst ≫ twrig. The first term in
Mbend vanishes for symmetric divisions, giving Mbend = Mtwst, but Mbend

is significantly larger than Mtwst for typical mass divisions (and small neck
radii). These relaxation times are shown in Fig. 4 as functions of c, using
R = RL +RH + d with d = 4 fm.
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Fig. 4. (Color online) The calculated relaxation times tm for wriggling (bottom
curve, green/light gray), bending (middle three curves, blue/black), and twisting
(top curve, red/gray), shown as functions of the neck radius c for a tip separation of
d = 4 fm. For wriggling there is also shown the result for touching spheres, d = 0

(dashed green/light gray). For bending, the solid curve is for the mass division
108:144 (the most probable), while the dashed curves are for 100:152 (lower) and
118:134 (upper) which are each half as probable. Also shown are tfiss = 1 zs and
tfiss = 4 zs (horizontal lines). (From [13].)

In order to put the calculated relaxation times into perspective, they
should be compared with tfiss, the time it takes the fissioning system to
evolve from the first appearance of a dinuclear geometry to the rupture of
the neck. This quantity is difficult to measure experimentally and it is not
well known [23, 24]. The present discussion assumes that tfiss is in the range
of one to several zeptoseconds (1 zs = 10−21 s).

The calculated twrig stays well below the expected range of tfiss and one
should therefore expect that the wriggling mode maintains full equilibrium
until the time of scission, which is expected to occur for c ≈ 2 fm.

By contrast, ttwst is likely similar to or longer than tfiss, so the twist-
ing mode will adjust only slowly as scission is approached. Therefore, for
spontaneous fission, where the rotational modes are probably not agitated
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much as the system emerges from the tunneling, it may not be possible to
build up very much twisting before scission occurs. The situation is more
complicated for induced fission. For thermal neutron energies, the local ex-
citation energy in the barrier region is small and even though the system
spends a fairly long time there, the low local temperature will limit the de-
gree of agitation of the rotational modes and, consequently, it may not be
possible for the twisting mode to adjust to the ever-increasing temperature
as scission is approached. But, as the neutron energy is raised, the local
temperature in the saddle region increases correspondingly and the twisting
mode is more agitated prior to the descent towards scission. Therefore, one
should expect an ever-increasing degree of twisting as the impinging neutron
energy is raised, an effect that might be observable.

The bending mode is somewhat intermediate and without a more precise
estimate of tfiss, it is not possible to make specific predictions. But if scission
occurs at c = 2 fm and tfiss is several times 10−21 s, then the bending mode is
expected to be agitated to an appreciable degree, though likely not fully. If
bending is not fully agitated, wriggling will dominate, and the fragment spins
will tend to have parallel directions and their magnitudes will fluctuate in
concert. The recent experimental results by Wilson et al. [4], suggesting that
the spin magnitudes are in fact mutually fairly independent, puts a limit on
the possible suppression of the bending mode. It would be very interesting
to quantify this by further measurements.

Furthermore, because tbend depends on the mass asymmetry, the de-
gree of bending at scission should increase with the asymmetry. Because
the fragment mass is a readily measurable fission observable, this feature is
susceptible to experimental investigation as well.

We thus expect the wriggling modes to have reached full equilibrium
at scission, while the bending modes may fall somewhat short of that, and
though some twisting may be present, it is not likely to play a major role.

Finally, TKE-gated data may also provide valuable information because
small TKE values are associated with elongated scission configurations which
take more time to reach. Consequently, if the bending mode is only partially
equilibrated, it should have a smaller presence in events with large TKE
and a larger presence in events with small TKE. This should be reflected,
for example, in the degree of correlation between the two fragment spin
magnitudes, something that should also be readily measurable.

4. Effect of the post-scission Coulomb force

After scission has occurred, the fission fragments are still interacting via
the Coulomb force which exerts a torque on deformed fragments, thereby
accelerating their rotations. A particularly simple feature of the Coulomb



Generation of Angular Momentum in Fission 2-A11.7

spin amplification is that its dependence on the initial spin and the moment
of inertia is only through the ratio S/I and, furthermore, the effect on one
fragment is essentially independent of the other.

A recent idealized study [14] has suggested that the effect of the Coulomb
torque on the angular momenta of the receding fragments is significant,
though not overwhelming, as illustrated in Fig. 5. Therefore, an accurate
dynamical treatment of fission should include the effect of the Coulomb force
during the post-scission evolution.
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Fig. 5. (Color online) Distributions of pre- and post-Coulomb angular momenta for
the fragments 98Sr (top panel) and 154Nd (bottom panel) from the 252Cf → 98Sr+
154Nd reaction, as obtained by either the perturbative calculation (blue solid circles)
or by solving the complete coupled equations for 10,000 sampled events as described
in [14], with the two fragment spins being either parallel (green triangles pointing
up) or anti-parallel (red triangles pointing down). For each of the fragments, the
dashed curve is the statistical distribution that has the same rms width. The
initial statistical distributions of the angular momentum magnitudes, before the
action of the Coulomb torque, are indicated by the solid curves with open circles.
(From [14].)

However, this presents a delicate challenge because the fragments are
distorted away from their equilibrium shapes when released at scission and
the resulting Coulomb effect is therefore sensitive to the time scale of the
subsequent relaxation of the fragment shapes. In principle, this interplay
makes it possible to gain information on the shape relaxation dynamics from
the final angular momentum distribution.

5. Observation of fragment angular momentum modes

Important information on the fission fragment angular momenta can be
obtained via observation of photons from selected collective E2 transitions.
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Being stretched, such transitions preserve the spin alignment and, further-
more, they provide a unique identification of the emitting product nucleus.

5.1. The degree of twisting

The degree to which twisting is populated is reflected in the angular
distribution of E2 photons relative to the fragment direction, dNγ/dθγf ,

W ∥ (θγf) ∼ 1− 5

7
P2 (cos θγf)−

2

7
P4 (cos θγf) , (6)

W⊥ (θγf) ∼ 1 +
5

14
P2 (cos θγf)−

3

28
P4 (cos θγf) , (7)

where the above expressions, which have been averaged over the unobserved
photon helicity, hold when the angular momentum is respectively parallel
or perpendicular to the fragment velocity, see Fig. 6 (left). By utilizing this
feature, it was found that the fragment spins are preferentially perpendicular
[25, 26], thus severely limiting the degree of twisting that could be present.
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Fig. 6. (Color online) Left: The angular distribution of the collective E2 photons
relative to the velocity direction of the emitting product nucleus, V f , when the
product spin is directed either along V f (red/light gray) or perpendicular to V f

(green/black), without any account taken of prior neutron or photon emissions
(from [13]). Right: The ratio of the photon yield in the direction of the fragment,
W (0◦), and the transverse yield, W (90◦), as a function of the degree of twisting
present at scission, as obtained with FREYA event-by-event simulations. (Adapted
from [13].)

Presumably, a quantitative determination of the degree of twisting present
could be obtained by repeating such measurements with modern detection
equipment. Figure 6 (right) illustrates how the W (0◦) :W (90◦) yield ratio,
as obtained from event-by-event simulations with FREYA [27–29], decreases
as the presence of twisting is increased, in a manner that is practically in-
sensitive to the relative presence of bending and wriggling [13].
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5.2. Bending versus wriggling

The angular distribution of a photon depends on its helicity h = ±1:
Those with h = +1 tend to be emitted near the direction of the fragment
spin, while those with h = −1 tend to be emitted oppositely, as would be
intuitively expected. Therefore, provided the helicities can be measured,
information about the relative orientation of the two fragment spins could
be obtained from photon–photon angular correlations.

In particular, the distribution of the opening angle between (any) two
collective photons emitted from a pair of even–even product nuclei would be

P±(ψ12) = 1
2P0(cosψ12)±

1

6
h1h2P1(cosψ12)

+
5

98
P2(cosψ12)±

1

14
h1h2P3(cosψ12) +

2

441
P4(cosψ12) , (8)

where cosψ12 = cos θ1 cos θ2 + sin θ1 sin θ2 cosϕ12 and ± indicates whether
the spins are parallel or anti-parallel. The odd-order terms change sign when
the fragment spins change from being parallel to being anti-parallel and the
helicity dependence is through the h1h2 product. As illustrated in Fig. 7,
helicity measurements would thus provide a powerful means for probing
the relative direction of the angular momenta of fission fragment partners,
information having a crucial bearing on how the spins were generated.

The above example, though beyond our current capabilities, shows the
potential utility of helicity measurements for angular-momentum studies and
it may thus serve to encourage the required technical developments.
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Fig. 7. The distribution of the opening angle ψ12 between pairs of collective E2
photons emitted from even–even fission product partners for two extreme scenarios
with respect to the dinuclear rotational modes at scission: Only wriggling is present
(left) and only bending is present (right). Each panel shows the result of FREYA
simulations (dots) and the associated Legendre fit (solid curve), as well as the result
of perfectly parallel or anti-parallel fragment spins at the time of emission. Only
photon pairs with the same helicity are included; the results for photon pairs having
opposite helities would be reflected around ψ12 = 90◦. (Adapted from Ref. [13].)
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