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We discuss how the measurement of photon angular correlations can reveal information about
the orientation of the fission fragment angular momenta. Photons from identified stretched E2
collective transitions in even-even fission product nuclei are particularly suitable because they do
not affect the orientation of the nuclear spin. Their angular distribution relative to the direction of
a fission fragment may reveal the orientation of the fragment spins relative to the fission axis. A
novel means of probing the correlated fission fragment spins is the distribution of the opening angle
between E2 photons from even-even partner fragments which reveals the mutual correlation of the
fragment spins, if the photon helicities can be determined, demonstrating the potential power of

helicity measurements in fission.

I. INTRODUCTION

The interest in the generation of angular momentum
in fission fragments and its observational consequences is
currently intensifying and quite a number of papers on
this topic have appeared recently, both theoretical and
experimental [1-12].

Low-energy fission leads to fragments that typically
carry about half a dozen units of angular momentum.
The average spin magnitude exhibits a sawtooth-like de-
pendence on the fragment mass number [2, 4, 13] as well
as a dependence on the total fragment kinetic energy
[2, 13]. Furthermore, recent measurements of photons
from identifed rotational transitions in certain product
nuclei led Wilson et al. to conclude that the magnitudes
of the two fragment spins are largely uncorrelated [4],
though the associated correlation coefficient has yet to
be determined. Regarding the fragment spin directions,
it has long been known, from measurements of the photon
angular distribution relative to the direction of the frag-
ment motion [14, 15], that the angular momenta of the
primary fragments tend to be perpendicular to the fission
axis, but the large error bars associated with those pio-
neering measurements preclude a precise determinnation
of the spin direction. Finally, nothing is known exper-
imentally about the directional correlation between the
two partner fragment spins.

The main purpose of this paper is to show how suitable
photon measurements may provide information about
the directions of the fragment angular momenta, either
with respect to the fission axis or relative to one another,
and to discuss how such measurements may help to de-
termine the relative presence of the various dinuclear ro-
tational modes at the time of scission.

In order to establish the conceptual framework for our
study, we first, in Sect. I, discuss the angular-momentum

bearing modes in the dinuclear complex as scission is ap-
proached. Subsequently, in Sect. III, we briefly recall
those elements of the Nucleon-Exchange Transport model
that are relevant for the generation of fission fragment
angular momentum, including the relaxation times asso-
ciated with the various normal rotational modes. Then,
in Sect. IV, we briefly describe recent improvements in
the treatment of the photon cascade in the FREYA fission
simulation code. Section V discusses how the angular dis-
tribution of the E2 photons reveals the orientation of the
the fragment spins relative to the fission axis and Sect. VI
discusses the use of the opening angle between helicity-
tagged E2 photons from partner fragments to probe the
relative orientation of the fragment spins. Finally, Sect.
VII presents our concluding remarks.

II. FRAGMENT ANGULAR MOMENTA

We review here a convenient framework for discussing
the fission fragment angular momenta.

As the fissioning system approaches scission, it pro-
gressively develops a binary character and eventually
it consists of two nascent fragments in close proximity.
While these may be significantly distorted (relative to
their individual equilibrium shapes) and still be subject
to the inter-nuclear (proximity) force, their nucleon num-
bers, (Z1,N1) and (Zg, Ng), are now frozen in.

The two proto-fragments are generally in relative mo-
tion and their angular momentum is L = R x P.
Here R = R;, — Ry is the position of the light proto-
fragment relative to the heavy one; the direction of
R at the time of scission is referred to as the fission
axis. Furthermore, the relative momentum is given by
P = (V1 — V) with V; being the velocity of fragment
tand p = mALAg /(AL + Ag) denoting the reduced



mass of the fragments. The individual proto-fragments
also generally have angular momenta, S; and Sy, so
the total angular momentum of the binary complex is
So =S+ Sy + L. Because the system is isolated, both
its total linear momentum, Py ~ m(ALVy + AgV ),
and its total angular momentum, Sy, are conserved.

There is currently considerable interest in both the
magnitudes and the directions of the fragment spins. A
convenient reference for these discussions can be obtained
by bringing the angular-momentum bearing modes in the
dinuclear complex on normal form [16-18],
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Here Z;, and Zy are the moments of inertia of the in-
dividual fragments, Zp = uR? is the moment of inertia
for the orbital motion, and Zy = Z; + Zy + Zg is the
total moment of inertia. The various normal modes were
imaginatively named by Nix and Swiatecki [16] and we
now discuss them in turn.

Overall rotation: Generally, the fissioning system
has an overall angular momentum So. The lowest rota-
tional energy occurs when none of the normal modes are
agitated and the combined system rotates rigidly. The
various normal modes, which carry no net angular mo-
mentum, then provide fluctuating contributions on top
of this rigid rotation. Typically, in low-energy fission,
these contributions are dominant [8] while the rigid rota-
tion is negligible. In the present study, which is primarily
exploratory, we focus on 252Cf(sf) for which the total an-
gular momentum is strictly zero, Sy = 0. The results are
expected to remain essentially unchanged for other com-
mon fission cases, such as 23°U(ng,,f) or 239Pu(ngy,f).

‘Wriggling: The spin contributions from wriggling are
perpendicular to the fission axis R and mutually parallel,
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with Zyyig = (Zr + Zu)Zr/Zo. The associated change
of L is mandated by angular momentum conservation
which also reduces the moment of inertia by the factor
Zr/Zy. Because the space perpendicular to R is two-
dimensional, there are two independent and degenerate
wriggling modes.

Bending: The contributions to the fragment spins
from bending are also perpendicular to the fission axis
but perfectly opposite,

687 = Spena , 0SHE™ = —spena , SL"I =10, (4)

with Zpena = Zr.Zr/(Zr,+Zr). Because the contributions
to the fragment spins are exactly opposite, bending has
no effect on L. As is the case for wriggling, there are two
independent and degenerate bending modes.

Twisting: Twisting is similar to bending but directed
along the fission axis, Stwst = Stwst L,
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with Itwst = Ibcnd-
Tilting: In tilting the two fragment spin contributions
are parallel along the fission axis, st = St R,
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with Zyjy1w = Zr + Zy. Because the system is isolated,
this mode cannot be excited directly and appears only
as a result of the tilting of the orbital plane of motion
in response to wriggling recoils perpendicular to L. The
characteristic time scale for tilting is therefore very long
[18] and we may disregard this mode in the present study.

The above discussion shows how the angular momenta
of the emerging fragments are built up of contributions
from the various normal dinuclear rotational modes. The
models for fission fragment spins then differ in the degree
to which those modes are populated, which is reflective
of the mechanisms invoked. The purpose of the present
paper is to demonstrate how some light may be shed on
this issue by suitable photon measurements.

A further useful reference is provided by the thermal
limit in which all the modes are populated in accordance
with the appropriate statistical distributions, as first con-
sidered by Motetto [17]. Then the distribution of the
spin fluctuations associated with mode m has the form
Pr(8m) ~ exp(—s2,/2Z,,T) and the corresponding spin
variance is (s2,)r = Z,,T, where T is the effective tem-
perature of the dinuclear complex. Whether this limit
is realized in fission depends on the characteristic time
scales for the agitation of those modes.

III. ANGULAR MOMENTUM DYNAMICS

In the preceding section, we have discussed the various
angular-momentum bearing modes in the dinuclear sys-
tem. For each of the normal modes there is a relaxation
time, t¢,,, which gives the time scale for the mode to ac-
quire its equilibrium form. If ¢, is significantly shorter
than the time associated with the descent of the barrier
towards scission, it can be expected that the mode will
have its equilibrium form at the time scission occurs, but
otherwise the mode is not fully adjusted at scission. It is
therefore important to investigate these time scales.

Our expectations regarding the dinuclear rotational
time scales may be guided by the Nucleon Exchange
Transport model [19, 20]. Although it was developed
primarily for understanding the dynamical evolution of
damped nuclear reactions [21, 22], the basic physics ap-
plies equally well for the late stages of fission when the
system acquires a binary character.

The relaxation time for the mode m is given by t,, =
I/ M., where T, is the moment of inertia for the mode



(see above) and M,, is its mobility coefficient. Expres-
sions for the mobility coefficients were derived in [18]
based on the Nucleon Exchange Transport model pre-
sented in [20],
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Here the rate of nucleon transfers from one fragment to
the other is given by N &~ Ypvmc? (23] where p is the
standard nucleon density, v = %’UF is the mean nucleon
speed, and c is the neck radius. Furthermore, 2, = 3¢?
is the average value of ¢?. Miys; is an order of magnitude
smaller than M,z because ¢ < R?, 50 tywst > twrig-
The first term in Mypenq vanishes for symmetric divisions,
giving Mpend = Miwst, but Mpenq is significantly larger
than Myt for typical mass divisions (and small neck
radii). These relaxation times are shown in Fig. 1 as

functions of ¢, using R = Ry, + Ry + d with d = 4 fm.
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FIG. 1: The calculated relaxation times ¢,, for wriggling (bot-
tom curve, green), bending (middle three curves, blue), and
twisting (top curve, red), shown as functions of the neck ra-
dius c¢ for a tip separation of d = 4 fm. For wriggling is also
shown the result for touching spheres, d = 0 (dashed green).
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 tgss=1 and tgss=4 zs (horizonthal lines).

In order to put the calculated relaxation times into
perspective, they should be compared with ¢g4s, the time
it takes the fissioning system to evolve from the first ap-
pearance of a dinuclear geometry to the rupture of the
neck. This quantity is difficult to measure experimen-
tally and it is not well known [24, 25]. The discussion
below assumes that tgss is in the range of one to several
zeptoseconds (1 zs = 10721 g).

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

By contrast, tiywst is likely similar to or longer than g,
so the twisting mode will adjust only slowly as scission
is approached. Therefore, for spontaneous fission, where
the rotational modes are probably not agitated 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 excitation
energy in the barrier region is small and even though
the system spends a fairly long time there, the low lo-
cal temperature will limit the degree of agitation of the
rotational modes and, consequently, it may not be possi-
ble for the twisting mode to adjust to the ever-increasing
temperature as scission is approached. But, as the neu-
tron 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 with-
out a more precise estimate of tggs it is not possible
to make specific predictions. But if scission occurs at
c = 2fm and tge is several times 1072! s, then the bend-
ing 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 measure-
ments.

Furthermore, because ty,enq depends on the mass asym-
metry, the degree of bending at scission should increase
with the asymmetry. Because the fragment mass is a
readily measurable fission observable, this feature is sus-
ceptible to experimental investigation as well.

On the basis on these estimates, we expect the wrig-
gling 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 in-
formation because small TKE values are associated with
elongated scission configurations which take more time
to reach. Consequently, if the bending mode is only par-
tially equilibrated, it should have a larger presence in
events with small TKE and a smaller presence in events
with large 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.



IV. EVENT-BY-EVENT SIMULATION

The angular momentum treatment described above
has been incorporated into the fission simulation code
FREYA [26-28].

At the time of scission, each of the normal modes m is
sampled from a Boltzmann distribution with an effective
temperature T, = ¢, Ty where Ty is the temperature of
the dinuclear complex at scission and the coefficient ¢,
can be adjusted to allow exploration of different degrees
of agitation. Thus the distribution of the mode amplitude
Sm is P(sm) ~ exp(—s2, /2L, Tr).

In our studies, we shall explore the sensitivity of the
observables to the degree of agitation of the various rota-
tional modes. For this purpose, it is convenient to char-
acterize a particular physical scenario by the coeflicients
(Cwrigs Chend; Ctwst ). The standard version of FREYA uses
(Cwrigs Chend; Ctwst) = (1,1,0), d.e. wriggling and bending
are both fully agitated while there is no twisting [27, 28].
When other proportions are employed, the coefficients
{em} are renormalized to ensure that the fragment spin
magnitudes remain unchanged on average.

After their formation at scission, the primary fission
fragments separate along Coulomb trajectories, leading
to two freely moving compound nuclei. The associated
rotation of the dinuclear axis R = R; — Ry amounts to
only a couple of degrees [27], so the free fragments are
moving approximately along the direction of the fission
axis. Subsequently, each fragment evaporates a number
of neutrons, vy, and vy, until its statistical excitation
energy has fallen below the neutron separation energy,
at which point the remaining excitation and rotation is
disposed of by photon radiation.

We concentrate here on the photon radiation stage.
For the purpose of the present study, FREYA has been
modified relative to the standard version. Because of
the (largy unknown) complexity of the fragments and
their decays, we must employ a simplified description.
The aim is to retain the essential features to a degree
that makes it possible to bring out the physical effects
we wish to discuss. If these turn out to be sufficiently
promising to warrant experimental investigations, more
refined treatments should be developed.

FREYA treats the neutron evaporation cascade in a clas-
sical manner, leaving the resulting product nucleus with
a classical spin vector S. The spin magnitude S = |S]|
is now being replaced by a discrete value J that is ei-
ther an integer or a half-integer according to whether the
product mass number A is even or odd. Furthermore,
it is assumed that the post-evaporation fragment is now
in a quantum state that is maximally aligned along the
spin direction S, so the initial state, before the photon
radiation cascade, is given by |i) = |J, M =J) when S is
used as the quantization axis.

In its ground state, the product nucleus may have an
angular momentum directed along its symmetry axis; its
magnitude is denoted by K. The possible values of J
are then J = Kg, Kgs + 1,... and the associated rota-

tional energy is
J(J 4+ 1) — Kg(Kgs + 1)

Ero = )
' Z,(A)

(10)

which vanishes in the ground state, E5y, = 0. We use 50%
of the rigid moment of inertia, Z, (A) = 0.5x 2mAR%.
The statistical excitation energy is then given by FEgtar =
FEiot — Erot, where Eio; denotes the total excitation of the
mother state.

As in the standard FREYA treatment, we assume that
the nucleus first disposes of its statistical excitation en-
ergy through a sequence of E1 dipole photon emissions,
continuing until the nucleus has reached the yrast line,
i.e. the ground-state rotational band, along which there
is no statistical excitation. For even-even nuclei, Kgg
vanishes and the yrast states have even J values only,
J=0,2,4...

The simulation of the E1 cascades is carried out with
a recently developed semi-classical method [29] that re-
places the generally complicated daughter state with a
state that is also maximally aligned but along a direc-
tion that may be tilted relative to that of the mother
state. This method is introduced elsewhere [29] and the
details are not important for the present objective.

In this study, we concentrate on the sequential emis-
sion of collective E2 photons along the ground-state band
in even-even product nuclei. Such emsssion processes are
particularly simple, because when the mother state is
maximally aligned, then so is the daughter state, and,
importantly, the emission does not change the alignment
direction of the nuclear spin, it only reduces its magni-
tude by 2h,

|, J) = |J—2,J-2) — ... = ]0,0). (11)

It follows that all the photons emitted in each collective
cascade are mutually uncorrelated and they all have the
same angular distribution.

The angular distribution of a photon emitted from a
maximally aligned state |J, J) has a particularly simple
form when expressed in polar coordinates (6, ¢) defined
relative to the quantization axis (which we shall refer
to as the spin direction). Generally, the distribution has
azimuthal symmetry (.e. it is symmetric around the spin
direction and thus independent of ¢). For a stretched E2
transition, the distribution of the polar angle is given by

P2,(0) = 3(d3,(0)” = 2(1+hcosh)’sin?0, (12)

where d3 , (0) is a Wigner d-function. It is important for
the discussion in Sect. VI that the photon helicity h = +1
enters in the angular distribution of each photon. The
above distribution is normalized, [P3,(0)dcos6 = 1.

V. ANGULAR DISTRIBUTION OF
COLLECTIVE PHOTONS

It is experimentally possible to identify specific E2
transitions that stand out sufficiently clearly above the



backgound, a feature that can be used to identify the
emitting product nucleus. To exploit this, we have se-
lected a number of even-even product nuclei and hence-
forth focus on events that lead to those. The FREYA
simulation treatment allows us to include all collective
photons emitted in the course of the deexcitation of the
selected product nuclei. While this would not be possi-
ble experimentally, because not all transitions in a given
collective cascade can be indentifed, nor can all of the
photons emitted in an event be detected, this practical
challenge should not be prohibitive because the signal we
seek receives additive contributions from each identifed
E2 transition at any stage of the collective cascade and
from all even-even product nuclei. Therefore, for illus-
tration, we present angular distributions averaged over
all those collective transitions; this automatically takes
account of the increased intensity of the lower transitions.

The key observable we discuss here is the angular dis-
tribution of the collective photons, measured relative to
the direction of motion of the corresponding product
emitter. Thus, photons emitted from the light product
are measured relative to the direction of the light prod-
uct, while photons emitted from the heavy product are
measured relative to the direction of the heavy product.
This may not be what would be done in an actual ex-
periment in which typically only one of the two product
nuclei is detected, but that complication matters little
because the two fragments move very nearly oppositely
and it is, by assunption, possible to tell which fragment
any given E2 photon came from.

The utility of this observable lies in the fact that it
is sensitive to the direction of the angular momentum of
the emitting nucleus. For example, rather trivially (and
unrealistically), if the fragment spin was directed along
the direction of the fragment motion before the emission,
then the resulting angular distribution of the emitted E2
photons, in terms of 6., the angle between the emission
direction and the velocity of the emitter nucleus, would
be given by

W (0y5) ~ 1+ hPi(cosbs) — 2Ps(cosb.yy)
—hPs(cost,f) — 2Ps(cosbyy), (13)

as follows directly from Eq. (12).

However, a much more realistic (though still somewhat
idealized) scenario is that the spin of the emitting nu-
cleus is perpendicular to the motion of the fragment. In
that case the basic angular distribution, which is given
in Eq. (12) in terms of the angle between the photon mo-
tion and the emitter spin, 6,5, must be averaged over all
the equally likely perpendicular directions of S. Gener-
ally, if the basic distribution is given by dN/dcosfs =
> @nPp(cosfys) then the directional average yields the
distribution dN/dcosf,5 = >, o, Py(cos f,5) where the
al, coefficients vanish for odd orders and the even ones
are given by ab,, = ¢ a9, with (see the Appendix)

_ (=1)" (2n)!
" T 9 ()2

Thus the directional average removes the odd orders, and
thereby also the helicity dependence, and the observable
distribution in the perpendicular scenario becomes

Wi(0y) ~ 1+ %Pg(cos&yf)— %R;(cosﬁ,yf), (15)

which differs qualitatively from the above distribution for
the parallel scenario, Eq. (13).

As disucssed in Sect. I1, it is expected theoretically that
the angular momenta of the primary fragments are nearly
perpendicular to the dinuclear axis at the time of scis-
sion, R(tsiss) and this is also what experiment suggests
[14, 15], so the observed distribution may not differ very
much from (15). However, even if the spins were origi-

nally perfectly perpendicular to R(tsciss), they would not
be perpendicular to the direction of the asymptotic frag-
ment motion, not only because of the (slight) Coulomb
rotation mentioned above but primarily because of the
recoils from the evaporated neutrons and the preceding
statistical (E1) photons.

Figure 2 shows the angular distribution dN/dcosé., ¢
for different assumptions about the presence of the vari-
ous dinuclear rotational modes, as obtained by specifying
the parameters {¢,,} in the FREYA event-by-event simu-
lation. As a useful reference, the idealized distributions
Py(0.,r) and Py (0,,s) are shown for each scenario.

All the distributions are well represented by a fourth-
order Legendre fit,

dN/dcos® ~ 14+ A;Pi(cosf)+...+ AgPy(cosh) . (16)

The calculated angular distribution coefficients {4, }, av-
eraged over all 22 product nuclei considered and over all
stretched transitions up to 8 — 6, are shown in Table I.
While the idealized distributions Pj(6,, ) and Py (6 5)
are symmetric around 90°, the simulated distributions
are forward skewed due to the motion of the emitting
fragment relative to the laboratory frame. For the rel-
atively small fragment velocities occurring, it is a good
approximation to correct for this focusing effect by re-
taining only the even Legendre terms.

The top panel (a) shows the standard FREYA scenario
in which both wriggling and bending are fully present.
Both of these modes contribute fragment spins that are
perpendicular to the dinuclear axis and the symmetrized
distribution is therefore close to P, (6,¢). The difference
is due to the spin dealignment caused by prior emissions.
These results are consistent with those obtained in the
earlier experiments [14, 15]. [However, those data, which
were taken over fifty years ago, have relatively large error
bars and exhibit significant variations from nucleus to
nucleus; some of the reported Ay values are inconsistent
with E2 transitions; the overall average of the values are
(A2)exp = 0.30 £ 0.16 and (As)exp = —0.07 £ 0.21.]

The second panel (b) shows a perhaps more realis-
tic scenario in which bending is not fully agitated while
twisting is somewhat agitated. The resulting angular
distribution has become more isotropic but differs only
slightly from the standard FREYA scenario in (a) and still
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FIG. 2: The angular distribution of the collective E2 pho-
tons relative to the direction of the emitting product nucleus
for four different scenarios: The standard FREYA scenario, in
which the perpendicular modes (wriggling and bending) are
fully agitated, while the parallel mode (twisting) is absent (a);
a perhaps more realistic scenario in which bending is not fully
agitated while twisting is somewhat agitated (b); a (probably
less realistic) scenario in which the perpendicular and the par-
allel modes are equally agitated (c); and an extreme scenario
in which only twisting is present (d). The specified values of
(Cwrig, Chend, Ctwst) are indicated for each scenario. The Leg-
endre fits (solid curves) and their symmetric parts (dots) are
shown, as are the distributions for perfectly perpendicular or
perfectly parallel emitter spins.

has a pronounced prolate appearance. This scenario is
also consistent with the data in Refs. [14, 15].

A probably less realistic scenario in which the perpen-
dicular and the parallel modes are equally agitated is
shown in the third panel (¢). The symmetrized angular
distribution has now become nearly isotropic.

Finally, the bottom panel (d) shows the distribution

Scenario Al A As Ay
perpendicular spin 0 0.357 0 -0.107
(1.0, 0.0, 0.0) 0.068 0.234 0.020 -0.088
(1.0, 1.0, 0.0) 0.070 0.236 0.019 -0.089
(0.0, 1.0, 0.0) 0.071 0.233 0.020 -0.081
(1.0, 0.8, 0.2) 0.075 0.187 0.017 -0.057
(0.5, 0.5, 1.0) 0.070 0.005 0.010 -0.040
(0.0, 0.0, 1.0) 0.091 -0.448 -0.045 -0.115
parallel spin 0 -0714 0 -0.286

TABLE I: The average angular distribution coefficients {A,, }
for a variety of scenarios characterized by the indicated val-
ues of (Cwrig, Chend, Ctwst ). Also shown are the values for the
idealized scenarios when the spin of the emitting fragment is
either perpendicular (top) or parallel (bottom) to its velocity.

for a (probably quite unrealistic) twisting-dominated sce-
nario. As would be expected (see above), the angular
distribution is now sidewards peaked with an oblate form
approaching that of the idealized distribution Py (6, y).

The angular distribution coefficients { A, } are shown in
Table I for a number of scenarios, including those shown
in Fig. 2. The first three scenarios are purely perpen-
dicular, but have different proportions of wriggling and
bending. As expected, these all lead to similar angu-
lar distributions, bringing out the fact that dN/d cos# is
not sensitive to chend : Cwrig but only to the admixture of
twisting.

A suitable observable for determining the degree of
twisting may be the W (0°):W(90°) yield ratio, the for-
ward yield relative to the sidewards yield. This is illus-
trated in Fig. 3 showing the yield ratio as a function of
the relative presence of twisting, as measured by the sup-
pression coefficient ctywst. There is a pronounced, nearly
linear, decrease as ciwst 1S increased from zero to one and
it is noteworthy that even the visually small change in
dN/dcosf in Fig. 2 when going from no twisting (top
panel in Fig. 2) to 20% twisting (second panel in Fig. 2)
produces a significant decrease in the yield ratio. It is
also important that the yield ratio, while quite sensitive
to cwst, 1S practically independent of the relative propor-
tion of wriggling and bending: The results for three very
different values of cpend : Cwrig are nearly identical.

VI. ANGULAR CORRELATIONS OF
COLLECTIVE PHOTONS

We noted earlier that the angular distribution of the
collective photons depends on the photon helicity h==1:
Positive helicities tend to be associated with emission
in the “northern” hemisphere, i.e. in the same direc-
tion as the spin of the mother nucleus, whereas photons
with negative helicity are preferentially emitted into the
“southern” hemisphere. This feature is intuitively ex-
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FIG. 3: 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 coefficient ciwst controlling the degree of
agitation of the twisting mode, Ttwst = Ctwst Lsc-

pected: the photon tends to spin in the same sense as
the emitting nucleus.

Consequently, the measurement of the helicities could
provide information about the fragment spin direction.
In particular, photon-photon correlation measurements
could reveal information about the relative orientation of
the spins of the two fragment partners.

As a quantitative illustration of this novel type of
observable, we consider the distribution of the relative
opening angle between two collective (E2) photons whose
relative helicity is also being measured. (The term “rela-
tive” helicity refers to whether the two helicities are the
same, h1he = +1, or opposite, hihy = —1.)

We concentrate on events leading to two even-even
product nuclei for which (at least some of) the collec-
tive transitions can be experimentally identified and we
then consider one such photon from each of the product
partners. (The counting statistics can be improved sig-
nificnatly by utilizing the fact that all such photon pairs
contribute additively to the observable.)

The opening angle between photon 1 and photon 2,
112, is obtained from

cos 12 = cos 1 cos By + sin 64 sin 05 cos ¢p12 (17)

where (6;, ¢;) is the direction of photon i = 1,2 and ¢13 =
@1 — ¢2 is the difference between their azimuthal angles.
It is elementary to show that if the angular distributions
of the individual photons are

dN;/dcosb; = Zan’Pn(COS&-) (18)
n>0

relative to a common axis, then the distribution of the
opening angle is given by

INOINE)
P(y12) =2 Z

ErERE Pp(cosyrz) (19)
n>0

If only the positive perpendicular modes (wriggling)
were populated at scission, the two fragment spins would

be perfectly parallel. Conversely, if only the negative per-
pendicular modes (bending) were populated at scission,
the two fragment spins would be exactly opposite. If any
subsequent realignment of the spins could be ignored, the
corresponding individual angular distributions (w.r.t. the
angle between the photon and the spin direction of the
light product nucleus) would then be of the form (18)
with the respective coeflicients being

a(()z) _ %7 agz) _ i%hiag) _ _%7 Ozél) _ :':%hiaiz) :_(2%6)

where upper signs refer to wriggling and lower signs refer
to bending. The distribution of the opening angle be-
tween (any) two collective photons emitted from a pair
of even-even product nuclei would therefore be

PE(¢12) = $Po(costr2) £ 2hihoPr(cos o) (21)
+%P2(COS 1/112) + ﬁhlthg(cos 1/112) + E21P4(COS ’lﬁlg).

Thus the odd-order terms change signs when the frag-
ment spins change from being parallel to being anti-
parallel. Because the signs of these terms also depend
on the helicities through their product hihse, those must
be measured for the effect to be visible. (If the helicities
were not detected, then the odd terms in P(¢) would
average out.)

In order to examine the sensitivity of P(t¢12) to the
degree of agitation of the various dinuclear rotational
modes, we have simulated a number of scenarios with
FREYA. The results are illustrated in Fig. 4. (These re-
sults are obtained for photon pairs that have the same
helicity; if the detected pairs have opposite helicity, then
all the graphs are reflected around 115 = 90°.)

In each panel, the dashed curves show the form of
P(t)12) if the two emitting fragments had their spins ei-
ther perfectly aligned or perfectly anti-aligned at the time
of the emisison of the detected photon, given in Eq. (21).

In the top panel (a) only wriggling is included so the
two fragments are formed with perfectly parallel spins
and each of them are subsequently subjected to (rela-
tively small) changes due to recoils from any neutron
and photon emissions prior to the emission of the de-
tected photon. It is seen that the resulting opening-angle
distribution is very close to the ideal form PT(3)12), the
most notable difference occurring at small opening an-
gles, 112 =~ 0°.

The second panel (b) shows the opposite extreme in
which only bending is included, so the two fragments
are formed with perfectly opposite spins. The resulting
opening-angle distribution is then very close to the ideal
form P~ (t12), the most notable difference occurring at
large opening angles, ¢12 ~ 180°.

The third panel (c¢) demonstrates that a similar result
would ensue if only the twisting mode were agitated at
scission, because that would also render the two fragment
spins exactly opposite.

The standard FREYA treatment includes wriggling and
bending equally while excluding twisting. As discussed
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FIG. 4: The distribution of the opening angle 112 between
pairs of E2 photons emitted from even-even product partners,
for various scenarios for the dinuclear rotational modes at scis-
sion: Only wriggling is present (a); only bending is present
(b); only twisting is present (c); and the standard FREYA sce-
nario: wriggling and bending are equally present (d). Each
panel shows the result of the 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 in-
cluded; the results for photon pairs having opposite helities
would be reflected around 112 = 90°.

recently [8], this leads to fragment spins that are very
nearly uncorrelated. As a result, the opening angle 112
has a nearly constant distribution, as borne out in the
bottom panel (d) of Fig. 4. This standard FREYA sce-
nario is only a rough approximation to what would be
theoretically expected (see Sect. IT). A more realistic sce-
nario would likely have somewhat less bending and some-
what more twisting, as considered in the second panel

(b) of Fig. 2. However, because the reduction of bending
is largely compensated by the addition of twisting, this
change in the relative presence of the various rotational
modes has an almost negligible effect on P(t12).

The above results suggest that helicity measurements
would provide a powerful means for probing the rela-
tive direction of the angular momenta of fission fragment
partners.

VII. CONCLUDING REMARKS

After formulating a convenient framework for the dis-
cussion of fission fragment angular momenta in terms of
the normal modes of rotation in the dinuclear complex
at scission, we invoked the Nucleon Exchange Transport
model for the calculation of the relaxation times for those
normal modes. By comparing these with estimates of
the fission time, we concluded that wriggling should be
sufficiently fast to be fully equilibrated at scission. The
expected degree of bending increases with the mass asym-
metry; while this mode is not expected to be fully agi-
tated, its role may be larger for events with small frag-
ment kinetic energies. Twisting is likely to play only
a minor role, but it may grow more prominent as the
excitation of the fissioning system is increased. These
predicted features can be tested experimentally.

We then discussed how certain photon measurements
may shed new light on the relative presence of the vari-
ous rotational modes in fission. For this purpose, we here
focussed on photons resulting from collective E2 transi-
tions in even-even product nuclei which may be identified
experimentally. These transitions preserve the spin ori-
entation in the course of the collective photon cascade,
so all the associated photons contribute additively to the
observables discussed, greatly improving the statistics.

We particularly considered the angular distribution
relative to the direction of a fission fragment, an observ-
able that was first studied experimentally over fifty years
ago [14, 15]. Using an appropriately refined version of the
fission event generator FREYA, we simulated spontaneous
fission of 2°2Cf for a variety of scenarios with regard to
the initial fragment spins, thus bringing out how sensi-
tive the angular distribution is to the directionality of
the fragment spins. We showed that the W (0°): W (90°)
yield ratio decreases steadily as the fragment spins be-
come less perpendicular to the fission axis. The effect on
this observable is approximately linear in the proportion
of twisting and amounts to a decrease of ~ 6% for 20%
twisting. We urge that such measurement be made, as
our study indicates that sufficiently accurate data would
provide quantitative information on the central issue of
the direction of the fragment spins.

Finally, we discussed a novel observable, namely
the distribution of the opening angle between pairs of
helicity-tagged E2 photons emitted from even-even prod-
uct partners. Contrary to the first observable, this one
does not require the measuremnt of fragment directions.



However, it is essential to determine the photon helici-
ties. Because this is beyond the current capabilites, our
study serves to demonstrate the potential power of helic-
ity measurements in connection with angular-momentum
studies and to encourage the required technical devel-
opments. Based on our FREYA simulations, we demon-
strated how the helicity-tagged opening-angle distribu-
tion is quite sensitive to the distribution of the opening
angle between the initial angular momenta of the two
fission fragment partners. This information has a crucial
bearing on how the fragment spins are being generated at
scission and thus such measurements would be invaluable
for our understanding of this issue.
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Appendix A: From P(0~s) to P(6~y)

As discussed above, the angular distribution of the
emitted photons relative to the spin direction of the emit-
ting fragment can be written as

- S

where 60,5 is the angle between the photon direction,
wy = (0yf,0,¢), and the direction of the spin of the
emitting fragment, ws = (s, dss), where the polar di-
rection is chosen along the fragment motion.

(cosbys), (A1)

dcos 975

Because the azimuthal direction of the spin, ¢g¢, is un-
determined, the observed angular distribution is obtained
by averaging over ¢sy. For that purposse, we invoke the
Addition Theorem for spherical harmonics,

n

Z nm (Ws),

P,(cosbys) = (A2)

where the spherical harmonics are given by

Yom (@) = ] P™(cosf)e™?. (A3)

[277,—1- 1(n—m)!
4 (n+m)!

Using [e™?d¢ = 270,,0 and P2(z) = P,(z), we can
evaluate the azimuthal average of P, (cosf.s),

27
d
dés P, (cosb,s) = P,(cosby) Py(cosbsy), (A4)
and so the observed angular distribution becomes
Z an Py (cosby )Py (cosbsy). (A5)

d cos 9# =

In the special case when the fragment spin is per-
pendicular to the fragment motion, 65y = 7, we have
cosfsy = 0 so may use Pa,41(0) =0 and

(-)" T(n+3) (=1 (2n)!

Py, (0) = N CES I R IR (A6)
leading to the relation used near Eq. (14),
dN —1)™ (2n)!
—Z()(m%ﬂmmm,mn

dcost,s 22n (nl)?

n>0
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