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Probing fission fragment angular momenta by photon measurements
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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.
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I. INTRODUCTION

The interest in the generation of angular momentum in fis-
sion 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 dependence 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 identified rotational transitions
in certain product nuclei led Wilson et al. to conclude that the
magnitudes of the two fragment spins are largely uncorrelated
[4], although 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 fragment 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 pioneering measurements preclude
a precise determination of the spin direction. Finally, nothing
is known experimentally about the directional correlation be-
tween the two partner fragment spins.

The main purpose of this paper is to show how suitable
photon measurements may provide information about the di-
rections 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 determine the relative
presence of the various dinuclear rotational modes at the time
of scission.

To establish the conceptual framework for our study, we
first, in Sec. II, discuss the angular-momentum bearing modes
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in the dinuclear complex as scission is approached. Subse-
quently, in Sec. 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 associated with the various normal ro-
tational modes. Then, in Sec. 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 distribution of the E2 photons reveals the orientation
of the fragment spins relative to the fission axis and Sec. VI
discusses the use of the opening angle between helicity-tagged
E2 photons from partner fragments to probe the relative ori-
entation of the fragment spins. Finally, Sec. 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 progres-
sively 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 internuclear (proximity)
force, their nucleon numbers, (Z;, N;) and (Zy, Ny ), are now
frozen in.

The two proto-fragments are generally in relative motion
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 = u(V — V) with V; being the velocity of
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fragment i and u ~ mA; Ay /(AL + Ap) denoting the reduced
mass of the fragments. The individual proto-fragments also
generally have angular momenta S; and Sy, so the total an-
gular momentum of the binary complex is Sg = S, + Sy + L.
Because the system is isolated, both its total linear momentum
Py~ m(ALV, +AgVy) and its total angular momentum Sy
are conserved.

There is currently considerable interest in both the magni-
tudes 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 individual
fragments, Zp = 1R? is the moment of inertia for the orbital
motion, and Zyg = Z; + Zy + Z 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 Sy. The lowest rotational 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 momentum, then provide fluctu-
ating contributions on top of this rigid rotation. Typically, in
low-energy fission, these contributions are dominant [8] while
the rigid rotation is negligible. In the present study, which is
primarily exploratory, we focus on >2Cf(sf) for which the to-
tal angular momentum is strictly zero, Sop = 0. The results are
expected to remain essentially unchanged for other common
fission cases, such as 2°U(ng,f) or 2Pu(ng,f).

Wriggling. The spin contributions from wriggling are per-
pendicular to the fission axis R and mutually parallel,

Iin
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with Zyie = (I + Zg)Ir/Zo. The associated change of L
is mandated by angular momentum conservation which also
reduces the moment of inertia by the factor Zg/Z,. 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,

887 = Sends S = —Svenss  SL*M =0, (4)

with Zyena = Z1Zg/(Zr + Zg). 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, Siwst = Stwst,

Ssiwm = Stwst, Sszvm = —Stwsts SL[WSt = 01 (5)

with Ziwst = Zoend-

Tilting. In tilting the two fragment spin contributions are
parallel along the fission axis, s = iR,

8 = Togy, SLM = —sy, ©)

tilt

with Zyy = Z; + 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 wrig-
gling recoils perpendicular to L. The characteristic timescale
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 P, (s,,) ~
exp(—s2,/2Z,T) and the corresponding spin variance is
(s2)r = I, T, where T is the effective temperature of the
dinuclear complex. Whether this limit is realized in fission
depends on the characteristic timescales 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 system.
For each of the normal modes there is a relaxation time
t, which gives the timescale for the mode to acquire 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 timescales.

Our expectations regarding the dinuclear rotational
timescales may be guided by the nucleon exchange trans-
port model [19,20]. Although it was developed primarily for
understanding the dynamical evolution of damped nuclear
reactions [21,22], the basic physics applies 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 ¢, =
Ln/M,,, where Z,, is the moment of inertia for the mode (see
above) and M,, is its mobility coefficient. Expressions for the
mobility coefficients were derived in Ref. [18] based on the
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FIG. 1. The calculated relaxation times f,, for wriggling (bottom
curve, green), bending (middle three curves, blue), and twisting
(top curve, red), shown as functions of the neck radius ¢ 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 t35 = 1 and t55 = 4 zs
(horizontal lines).

nucleon exchange transport model presented in Ref. [20],

Mg = mNR?, (7
TuR, — TRy \* )

Miend = S , 8
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MlWSt = mNCazve. (9)

Here the rate of nucleon transfers from one fragment to the
other is given by N ~ i pvmc? [23] where p is the standard
nucleon density, v = 3%1}1: is the mean nucleon speed, and
c is the neck radius. Furthermore, c2,, = %cz is the average
value of c?. My is an order of magnitude smaller than Mg
because ¢ & R?, SO fywst > twrig- The first term in Myeng van-
ishes for symmetric divisions, giving Myend = Miwst, but Mpena
is significantly larger than M, for typical mass divisions
(and small neck radii). These relaxation times are shown in
Fig. 1 as functions of ¢, using R = R, + Ry +d with d =
4 fm.

To put the calculated relaxation times into perspective, they
should be compared with #5g, 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 is not well known [24,25]. The
discussion below assumes that #g is in the range of one to
several zeptoseconds (1 zs = 10721 s).

The calculated fye stays well below the expected range of
tqss 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, fyg 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 en-
ergies the local excitation 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 degree of agitation of
the rotational modes and, consequently, it may not be possible
for the twisting mode to adjust to the ever-increasing temper-
ature 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 #g; it is not possible to make specific
predictions. But if scission occurs at ¢ =2 fm and fg i
several times 102! s, then the bending mode is expected to be
agitated to an appreciable degree, although 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 fpeng 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 susceptible to
experimental investigation as well.

On the basis on these estimates, we 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, total kinetic energy—gated (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 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 s, is P(s,) ~
exp(—sfn/ZIme).
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In our studies, we explore the sensitivity of the observables
to the degree of agitation of the various rotational modes.
For this purpose, it is convenient to characterize a particular
physical scenario by the coefficients (Cyrig, Cbends Cewst)- The
standard version of FREYA uses (Cwrig, Cbend» Cowst) = (1, 1, 0),
i.e., wriggling and bending are both fully agitated while there
is no twisting [27,28]. When other proportions are employed,
the coefficients {c,,} are renormalized to ensure that the frag-
ment spin magnitudes remain unchanged on average.

After their formation at scission, the primary fission frag-
ments 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 [28], 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 are 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 (largely 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 classical
manner, leaving the resulting product nucleus with a classi-
cal spin vector S. The spin magnitude S = |S]| is now being
replaced by a discrete value J that is either an integer or a
half-integer according to whether the product mass number
A is even or odd, respectively. Furthermore, it is assumed
that the postevaporation 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
liy = |J, M = J) when S is used as the quantization axis.

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

JJ 4+ 1) = Kgs(Kgs + 1)

, 10
Z.(A) (10

rot —

which vanishes in the ground state, Ef, = 0. We use 50% of
the rigid moment of inertia, Z, (A) = 0.5 x %mARﬁ. The sta-
tistical excitation energy is then given by Egy = Eiot — Eior,
where Ey denotes the total excitation of the mother state.

As in the standard FREYA treatment, we assume that the nu-
cleus first disposes of its statistical excitation energy 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, Ky, vanishes and the yrast states have
even J values only, J =0,2,4,....

The simulation of the E'1 cascades is carried out with a
recently developed semiclassical method [29] that replaces

the generally complicated daughter state with a state that is
also maximally aligned but along a direction 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 emission of
collective E2 photons along the ground-state band in even-
even product nuclei. Such emission 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 magnitude by 24,

I, J) = |J — 2,0 —2) — -+ — |0, 0). (11)

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

The angular distribution of a photon emitted from a maxi-
mally aligned state |/, 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 direc-
tion). Generally, the distribution has azimuthal symmetry (i.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

P3,(0) = g[d;h(@)]2 = 3(1 + hcos)*sin® 0, (12)

where dzzy »(0) is a Wigner d function. It is important for the
discussion in Sec. VI that the photon helicity # = %1 enters in
the angular distribution of each photon. The above distribution
is normalized, [ Py ,(6)d cos6 = 1.

V. ANGULAR DISTRIBUTION OF COLLECTIVE
PHOTONS

It is experimentally possible to identify specific E2 transi-
tions that stand out sufficiently clearly above the background,
a feature that can be used to identify the emitting product
nucleus. To exploit this, we have selected a number of even-
even product nuclei and henceforth 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 possible
experimentally, because not all transitions in a given collective
cascade can be identified, 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 identified £2 transition at any stage of
the collective cascade and from all even-even product nuclei.
Therefore, for illustration, we present angular distributions
averaged over all those collective transitions; this automat-
ically 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 product, while photons
emitted from the heavy product are measured relative to the
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direction of the heavy product. This may not be what would
be done in an actual experiment 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 assumption, possible to tell which
fragment any given £2 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 unrealis-
tically), 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
0, r, the angle between the emission direction and the velocity
of the emitter nucleus, would be given by

W6, 7) ~ 1+ hPi(cosf, ;) — 3Ps(cos b, f)
—hPs(cos 0, ) — 2Py(cos By, p), (13)

as follows directly from Eq. (12).

However, a much more realistic (though still somewhat
idealized) scenario is that the spin of the emitting nucleus 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 motion and the emitter spin,
0, s, must be averaged over all the equally likely perpendicular
directions of S. Generally, if the basic distribution is given by
dN/d cosb,s = > anPy(cos 0,s) then the directional aver-
age yields the distribution dN/d cos6,, = )" o, P,(cos6, )
where the «;, coefficients vanish for odd orders and the even
ones are given by o, = ¢z, With (see the Appendix)

(—1)" 2n)! 1
= =1

5
22n (n')Z ’ 2’

3
IRTAR

(14)
Thus the directional average removes the odd orders, and

thereby also the helicity dependence, and the observable dis-
tribution in the perpendicular scenario becomes

5 3
Wi 0,5) ~1+ ﬁPZ(cos Oyr) — 2—8P4(coseyf), (15)

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

As discussed in Sec. II, it is expected theoretically that
the angular momenta of the primary fragments are nearly
perpendicular to the dinuclear axis at the time of scission,
R(tsciss) 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 originally perfectly
perpendicular to R(tsciss), they would not be perpendicular
to the direction of the asymptotic fragment 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 (E'1) photons.

Figure 2 shows the angular distribution dN/d cos6, ;
for different assumptions about the presence of the various
dinuclear rotational modes, as obtained by specifying the
parameters {c,,} in the FREYA event-by-event simulation. As

L S e e e s e e
~07F o252
o F Cf(sf)
Q E - mmm e -,
c 0.6 o So a =]
2 N 3
305 ER ]
= C / X 1
2B . o 8” 1
S 04pE v/ == FREVA V]
< - — Fit(n<4) V]
S 03F / Fit(evenn) | —
g’ o __ s ]
< E/ (1.0,1.0, 0.0) s‘ \ ]
02 - s, =
o) A R SR SR
1.0 -0.5 0.0 0.5 1.0
R e e e
~07F o5 -
c F *cish (o) ]
a L. e —— ]
S 06 =~ E
= T W 3
305 ”“*,s 1
= C / ]
S 04 =="""e FREVA \
bS] F/ — Fitn<y \ 7
§) 0.3 :— /' __ Zit (even n) '\‘ —:
< E ! (1.0,0.8,0.2) s‘ \ ]
0.2 -l - I 3
ST N S N TR SR S (NS ST N N N R
1.0 -0.5 0.0 0.5 1.0
L e e e e LA e
~07F o5 —
o F Cf(sf (c) ]
P S (sf) i - ]
g 0eE T L N~
g 05 - 7S °. M ]
_:g B E- --------- /‘/:/ .\‘ ‘\-g
2k S~ - L
'E 04 ¢ /'/ “““ ® FREYA \ 1
® - . — Fit(n<4) ‘\ .
> 0.3F ,I Fit (even n) ‘\ —
8’ C 7 __. s .
- o (0.5, 0.5,1.0) ! v
0.2 = - 5y \J
ey g
1.0 -0.5 0.0 0.5 1.0
L e e e e L e e
~07F o5 -
c F ®oish (d) ]
Q. . _1
c 06 3
RS C ]
Sos i
@ [ .
© 04 -
© . — Fit(n<4) ]
3 03 Fit (even n) '\
o X
<
. A T
-1.0 -0.5 0.0 0.5 1.0
cos(@yyf)

FIG. 2. The angular distribution of the collective E2 photons
relative to the direction of the emitting product nucleus for four
different scenarios: (a) The standard FREYA scenario, in which the
perpendicular modes (wriggling and bending) are fully agitated,
while the parallel mode (twisting) is absent; (b) a perhaps more
realistic scenario in which bending is not fully agitated while twist-
ing is somewhat agitated; (c) a (probably less realistic) scenario in
which the perpendicular and the parallel modes are equally agitated;
and (d) an extreme scenario in which only twisting is present. The
specified values of (Cyyrig, Cvend Ciwst) are indicated for each scenario.
The Legendre fits (solid curves) and their symmetric parts (dots)
are shown, as are the distributions for perfectly perpendicular or
perfectly parallel emitter spins.
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TABLE 1. The average angular distribution coefficients {A,}
for a variety of scenarios characterized by the indicated values of
(Cwrig» Cbend» Crwst)- Also shown are the values for the idealized sce-
narios when the spin of the emitting fragment is either perpendicular
(top) or parallel (bottom) to its velocity.

Scenario Ay A; Az 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 —-0.714 0 —0.286

a useful reference, the idealized distributions P(6, s) and
P, (6, 5) are shown for each scenario.

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

dN/dcos6 ~ 1+ AP (cosO)+ -+ AsPy(cosB). (16)

The calculated angular distribution coefficients {A,}, averaged
over all 22 product nuclei considered and over all stretched
transitions up to 8 — 6, are shown in Table I. While the ideal-
ized distributions Py (0, s) and P\ (6, ) 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 relatively small fragment velocities occurring,
it is a good approximation to correct for this focusing effect
by retaining only the even Legendre terms.

Figure 2(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, r). The difference is due to the spin dealign-
ment caused by prior emissions. These results are consistent
with those obtained in the earlier experiments [14,15]. [How-
ever, 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 A, values are
inconsistent with £2 transitions; the overall average of the val-
ues are (Az)expt = 0.30 £0.16 and (A4)expe = —0.07 £ 0.21.]

Figure 2(b) shows a perhaps more realistic 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 Fig. 2(a) and still has a pronounced prolate ap-
pearance. 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 Fig. 2(c). The symmetrized angular distribution has now
become nearly isotropic.

Finally, Fig. 2(d) shows the distribution for a (probably
quite unrealistic) twisting-dominated scenario. As would be
expected (see above), the angular distribution is now side-
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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 ¢, controlling the degree of agitation of the twisting
mode, Tiyst = Crwst Tic-

wards peaked with an oblate form approaching that of the
idealized distribution P (6, ).

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 perpendicular, but
have different proportions of wriggling and bending. As ex-
pected, these all lead to similar angular distributions, bringing
out the fact that dN/d cos 0 is not sensitive to Cpend : Cwrig but
only to the admixture of twisting.

A suitable observable for determining the degree of twist-
ing may be the W(0°) : W(90°) yield ratio, the forward yield
relative to the sidewards yield. This is illustrated in Fig. 3
showing the yield ratio as a function of the relative pres-
ence of twisting, as measured by the suppression coefficient
Crwst- Lhere is a pronounced, nearly linear, decrease as cewst
is increased from zero to one and it is noteworthy that even
the visually small change in dN/d cos6 in Fig. 2 when go-
ing from no twisting [Fig. 2(a)] to 20% twisting [Fig. 2(b)]
produces a significant decrease in the yield ratio. It is also
important that the yield ratio, while quite sensitive to cyys, 1S
practically independent of the relative proportion of wriggling
and bending: The results for three very different values of
Chend : Cwrig are nearly identical.

VI. ANGULAR CORRELATIONS OF COLLECTIVE
PHOTONS

‘We noted earlier that the angular distribution of the collec-
tive photons depends on the photon helicity 7 = =£1: Positive
helicities tend to be associated with emission in the “northern”
hemisphere, i.e., in the same direction as the spin of the
mother nucleus, whereas photons with negative helicity are
preferentially emitted into the “southern” hemisphere. This
feature is intuitively expected: 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 par-
ticular, photon-photon correlation measurements could reveal
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information about the relative orientation of the spins of the
two fragment partners.

As a quantitative illustration of this novel type of observ-
able, we consider the distribution of the relative opening angle
between two collective (E2) photons whose relative helicity
is also being measured. (The term “relative” helicity refers
to whether the two helicities are the same, h1hy = +1, or
opposite, hihy = —1.)

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

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

cos Y12 = cos B cos B, + sin ) sin 6, cos ¢, (17)

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

dN;/d cos6; = ) _ a"P,(cos ;) (18)

n=0

relative to a common axis, then the distribution of the opening
angle is given by
(1) (2)

En 2 p, (cos Y12). 19)

P(yp) = 22 0

n>0

If only the positive perpendicular modes (wriggling) were
populated at scission, the two fragment spins would be per-
fectly parallel. Conversely, if only the negative perpendicular
modes (bending) were populated at scission, the two frag-
ment spins would be exactly opposite. If any subsequent
realignment of the spins could be ignored, the corresponding
individual angular distributions (with respect to the angle be-
tween the photon and the spin direction of the light product
nucleus) would then be of the form (18) with the respective
coefficients being

o =1 o =+lned = -3

(i)

oy =F5 ha — (20)

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

P*(Y12) = 5Po(cos Yri2) £ $hihaPi(cos Yrip)
+ 5:P2(cos Yrip) = 151y Py(cos Yrip)
+ g7 Pa(cos yrp2). (1)

Thus the odd-order terms change signs when the fragment
spins change from being parallel to being antiparallel. Be-
cause the signs of these terms also depend on the helicities
through their product hjh,, those must be measured for the

08— T T T T T | T T T E
[N 252 7]
0.7 N Cf(sf) (a) /¢
/;,! F \\\ wriggling ]
= - N 1.0, 0.0, 0.0 3
T 06F . ( ) ]
c r ]
S o5 .
> F g e=e®= == ]
2 E ]
s 04 -
%’ Vo Legendre fit SN J
0.3 o — — —  parallel spins -
F — ——  anti-parallel ]
oo v v 1 L ]
-1.0 -0.5 0.0 0.5 1.0
0.8 f\ T 2.52. T T T T T T T T T T |/,_
Lo b ]
07RO Cf(sf) (b) =
F 7]
§ » bending e E
= 0.6 s -
o F (0.0, 1.0, 0.0) 7 E
c r ]
S 05F .
5 E == ]
o] E ]
= 04F -~ FREYA -
a L.~ Legendre fit \'
03f — ——  parallel spins 3
F — ——  anti-parallel ]
ool v v 1w by 1 ]
-1. -0.5 0.0 0.5 1.0
0.8 f\ T 2.52. T T T T T T T T T T T |/,_
o k) ©
] F s ]
— [ - ’ ]
3 06k twisting L7 E
Q. r (0.0, 0.0, 1.0) PRe ]
c u - ]
._g 0.5F ]
5 E == ]
o] u ]
= 04 -7 FREYA e
a F.- Legendre fit a
03fF — ——  parallel spins 3
» — ——  anti-parallel ]
0 )72 TS ST TSNS A S T S Y Y Y Y W
-1. -0.5 0.0 0.5 1.0
0.8 f\ T 2.52. T T T T T T T T T T ./,_
FY Cf(sf (d) /'
o7, et e
s 06 3 N wriggling & bending /,’ E
a cvf AN (1.0,1.0,0.0) L ;
c Fo o SO _-7 ]
.g 0.5F L -8 —— v
> F T T T T T - P
Q C -7 DN ]
= 04 -~ ®  FREYA S
a £~ Legendre fit ~J
0.3 ol — — —  parallel spins -
» — ——  anti-parallel ]
0.2 c. . v 5 oy oy by
-1.0 -0.5 0.0 0.5 1.0
cos(v,,)

FIG. 4. The distribution of the opening angle y;, between pairs
of E2 photons emitted from even-even product partners, for various
scenarios for the dinuclear rotational modes at scission: (a) Only
wriggling is present; (b) only bending is present; (c) only twisting
is present; and (d) the standard FREYA scenario: wriggling and bend-
ing are equally present. 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 antiparallel fragment spins
at the time of emission. Only photon pairs with the same helicity
are included; the results for photon pairs having opposite helicities
would be reflected around v, = 90°.

effect to be visible. (If the helicities were not detected, then
the odd terms in P(y|,) would average out.)
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To examine the sensitivity of P(i2) 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 results are obtained for photon
pairs that have the same helicity; if the detected pairs have
opposite helicity, then all the graphs are reflected around
Y12 = 90°)

In each panel, the dashed curves show the form of P(i1;)
if the two emitting fragments had their spins either perfectly
aligned or perfectly anti-aligned at the time of the emission of
the detected photon, given in Eq. (21).

Figure 4(a) only wriggling is included so the two fragments
are formed with perfectly parallel spins and each of them
are subsequently subjected to (relatively small) changes due
to recoils from any neutron and photon emissions prior to
the emission of the detected photon. It is seen that the re-
sulting opening-angle distribution is very close to the ideal
form P*(12), the most notable difference occurring at small
opening angles, 1, & 0°.

Figure 4(b) shows the opposite extreme in which only
bending is included, so the two fragments are formed with per-
fectly opposite spins. The resulting opening-angle distribution
is then very close to the ideal form P~ (v/,), the most notable
difference occurring at large opening angles, 1> ~ 180°.

Figure 4(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 oppo-
site.

The standard FREYA treatment includes wriggling and
bending equally while excluding twisting. As discussed re-
cently [8], this leads to fragment spins that are very nearly
uncorrelated. As a result, the opening angle v, has a nearly
constant distribution, as borne out in Fig. 4(d). This standard
FREYA scenario is only a rough approximation to what would
be theoretically expected (see Sec. II). A more realistic sce-
nario would likely have somewhat less bending and somewhat
more twisting, as considered in Fig. 2(b). However, because
the reduction of bending is largely compensated by the ad-
dition of twisting, this change in the relative presence of the
various rotational modes has an almost negligible effect on
P(Yn2).

The above results suggest that helicity measurements
would provide a powerful means for probing the relative di-
rection of the angular momenta of fission fragment partners.

VII. CONCLUDING REMARKS

After formulating a convenient framework for the discus-
sion 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 asymmetry; while this mode is not
expected to be fully agitated, its role may be larger for events
with small fragment 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 various rota-
tional modes in fission. For this purpose, we here focused
on photons resulting from collective E2 transitions in even-
even product nuclei which may be identified experimentally.
These transitions preserve the spin orientation in the course
of the collective photon cascade, so all the associated photons
contribute additively to the observables discussed, greatly im-
proving the statistics.

We particularly considered the angular distribution rela-
tive to the direction of a fission fragment, an observable 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>Cf
for a variety of scenarios with regard to the initial fragment
spins, thus bringing out how sensitive 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 become 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 distri-
bution of the opening angle between pairs of helicity-tagged
E?2 photons emitted from even-even product partners. Con-
trary to the first observable, this one does not require the
measurement of fragment directions. However, it is essential
to determine the photon helicities. Because this is beyond
the current capabilities, our study serves to demonstrate the
potential power of helicity measurements in connection with
angular-momentum studies and to encourage the required
technical developments. Based on our FREYA simulations, we
demonstrated 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 frag-
ment 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: FROM P(0ys) TO P(0y;)

As discussed above, the angular distribution of the emitted
photons relative to the spin direction of the emitting fragment
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can be written as
dN
dcosf,s

= ZanPn(cos 6,5), (AD)

n=0

where 6,5 is the angle between the photon direction, &, =
(6, ¢, ¢y ), and the direction of the spin of the emitting frag-
ment, @s = (Osy, ¢sy), where the polar direction is chosen
along the fragment motion.

Because the azimuthal direction of the spin, ¢sy, is un-
determined, the observed angular distribution is obtained by
averaging over ¢gy. For that purpose, we invoke the addition
theorem for spherical harmonics,

4 -
P,(cosf,g) = —— E Y,
(cosO,s) ol s

m=—n

(@ )Yy (&), (A2)

where the spherical harmonics are given by

Y, (&) = |:2n +1(n—m)!

1

2
— | P" 0)e™? . A3
47 (n+m)!i| v (cosO)e (A3)

Using [ e™?d¢ = 278, 0 and P)(x) = P,(x), we can evaluate

the azimuthal average of P,(cos6,5),

f %P (cosO,5) = P,(cos 0, f)P,(cos bsy), (A4)
0

and so the observed angular distribution becomes

dN

dcosf,; D onPu(0s by )Py(cosbsp).  (AS)

n=>0

In the special case when the fragment spin is perpendicular
to the fragment motion, 05y = %JT, we have cosfsy =0 so
may use Py,11(0) = 0 and

(—1'T(n+3)
JT Tn+1)
leading to the relation used near Eq. (14),

(=1)" @2n)!

Py, (0) = S Ered

(AO6)

= CD @M Pacost,).  (AT)

d cos Gyf p 22 (n1)?
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