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Abstract

The sequential decay of nuclei resulting from damped nuclear reactions is
considered with an emphasis on observables related to the angular momentum
accumulated during the réaction. Two types of observable are cosidered:
multiplicity distributions and angular correlations. For both types; the
effect of particle evaporation prior to the observed decay is derived, and
particularly detailed calculations are made for bump-region y-rays and
fission.

The derived expressions are employed for confronting the nucleon exchange
transport model with data. Overall good agreement is obtained with a few
exceptions. A significant discrepancy is found for small total kinetic energy
losses, where the calculated spin magnitude increéses too rapidly (by
approximately a factor of two). This discrepancy may be reduced somewhat by
certain modifications in the treatment of the neck dynamics. Other
discrepancies are mostly ascribed to uncertainties in the knowledge of the
properties of the sequential decay. A modified description is tentatively
proposed for fission of highly excited reaction products. It is based upon
the assumption that the relaxation of the K quantum number is relatively
slow, so that the angular correlation is determined by the precessionél motion
of the fissioning reaction product.

A separate discussion is made for double fission angular correlations.
The existence of covariances between the spins of the two reaction products
implies that the detection of fission from one nucleus may break the
reflection symmetry of the angular correlation of fission from the other
nucleus. The nucleon exchange transport theory predicts a substantial
symmetry breaking (up to a factor of two) while a statistical model, which

yields much smaller spin covariances, predicts a 20 percent effect only.
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1. Introduction

In the preceding paper, henceforth referred to as I, we discussed the
accumulation of angular momentum as caused by stochastic nucleon transfer in a
damped nuclear reaction. 'After the reaction stage, the excited product nuclei
dispose of their angular momentum by vafious decay processes. Only the

observation of ejecti]es from this secondary reaction stage enables us to

- ascertain the amount of angular momentum carried by the product nuclei at the

end of the primary reaction stage.

1)

Ever since the first experiment™’/, increasingly detailed information

has been obtained‘about damped nuclear reactions by observation of sequential

decay products. Measurementsl“4)

of the multiplicity of y-rays indicated
that damped reactions endow the product nuclei with substantial angular
momenta. StudiesS) of the circular polarization of yérays gave evidence of

6-7) of the angular correlation of

negatiVe—ang1e's¢attering. Investigations
sequentié1'fissidn fragments demonstrated that there is not a unique relation
between impact parameter and energy loss. |
The damped reaction product nuclei have a distribution of excitation
energy and angular momentum which is different from that in compound nuclei
produced in fusion reéctions. Therefore caution must be exercised in the
theoretical treatment of their sequential decay. For studies of
light-particle sequential decay (including y-emission) one may make use of
data gathered from (HI,xn) reactions, but often this information must be

extrapolated to higher excitation energies and, sometimes, also to higher

angular momenta.
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Fission of very heavy damped reaction products present a special
problem. The fission angular distributions observed in fusion

reactions®) do not agree with the angular correlation data for

9) and both are in

sequential fission following damped reactions,
disagreément with the standard theory which relates the fission angular
distribution to the effective moment of inertia of the fission saddle
shape, as predicted by the rotating liquid drop mode],g'lo)

.+ Scalar quantities characterizing the sequential decay process, such
as the y-ray multiplicity and the fission probability, can readily be
ana]yzed*ih~$equéntia]"decay:studies, provided that the model parameters
are. known' from compound nucleus studies.

On the other.hand, it is not so straigthforward to describe the
correlations. between the directions of motion -of the nucleus and
sequential ejectiles. -The first analysis of angular correlationst=7>11)
emp15yedf§ﬁécia¥'parémetrizations of the distribution of angular momentum

7,11)

diréctions. “Some ‘of these use a gaussian form of the spin distribution,

good accordance with the theoretical distributions. Under certain

conditions, ‘analytical expressions can be derived, and a comparison

between theory and data, though not very accurate, can be carried out.
Another ‘method of”anaTysislz)'takes a more fundamental starting point by
deriving a general expression for the angular correlation. Applied to
fission data7this;fbrmu1ation has had some success in describing the
alignment of the Spin;12'13)
Theﬁburpose of the present paper is to follow up on the calculations
in I of the accumulation of angular momenta by addressing the sequential
decay processes after the reaction and, in turn, compare the theoretical

results with available data.

in
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For those quantities which involve only the spin in one of the two
reaction products, we aim at a rather precise calculation of the
sequential  decay properties, integrating over the entire spin distribution
and emp]oying detailed information about the decay processes.

For quantities involving both nuclei simultaneously, such as the
width of the y-multiplicity distribution and the double fission angular
correlation, we resort to analytical approximations.

First, in Section 2, we give an introductory discussion of the
symmetries of the spin distributions .and of the experimental quantities.
Then, in Section 3, approximate analytical expressions are derived for
average values and variances of the spin magnitude distributions, as
re]eﬁant for y-multiplicity studies. Section 4 presents the main
expressions. for the angular correlation and gives. angular correlation
parameters for continuous y-rays and fission products. In Section 5 we
compare .the calculated results to data. In Section-6 we derive analytical
expressions for double fission angular distributions and discuss, with
reference to a specific reaction of‘experimental 1nterest3 how the
correlation between the spins in the two reaction products can be probed
in such an éxperiment. Section 7 concludes our study and attempts to -
evaluate how well the data can be described by the nucleon exchange
transport model. |

Appendix A evaluates the change of the spin distribution, both with
regard to magnitude and direction, caused by unobserved neutron decéy
prior to the sequential decay actually observed. Appendix B describes our
calculation of the fission angular correlation parameters and compares the
results with more involved and consistent calculations, and with

experiment.



2. General remarks .

We first make some general remarks about the spin distributions and

the related observables.

2.1 Reflection in the reaction plane “

The detection of one of the damped nuclear reaction products defines
the reaction plane. If only scalar quantities, such as the charge and the
kinetic energy, are measured together with the direction of motion, the
density matrix for the system is invariant under an overall reflection in
the reaction plane. Assuming that the forces acting during the reaction
conserve parity, the expectation value must vanish for any quantity which
changes sign under such a reflection. Specifically, for the angular
momentum the two components in the reaction plane change sign under the

reflection while the component along the reaction normal is invariant.

2.2 Coordinate system

As we have discussed in I, when studying the reaction dynamics it is
convenient to use the relative dinuclear position as the z-axis and the
instantaneous direction of relative tangential motion as the x-axis so
that the instantaneous reaction normal is the y-axis. Therefore, when
discussing observables in an externally defined reference system, it is
natural to adopt the reaction normal as the Y-axis, (and also as the polar
direction). The XZ-plane is then the reaction plane, but the orientation -

of the in-plane axes will depend on convenience.
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. <A =B
Let the angular momenta of the two reaction products be S° and. S°.
It then follows from the above symmetry considerations that the following

mean values- and covariances vanish,

. (S¢>=(8;> =0
O Fe L o6 (21
~ Oxy *Cy;. =0
so that only the following moments are non-trivial
F
(Sy>
FG FG FG FG& FG
0/><xJ CyY\( ) cSzz ! °Jx2) Szx (2.2)

where the labels F,G refer to either of the nuclei A,B. (For
explanation of the notation we refer to 1I.) Spin«distributions
satisfying the - above requirements -are said to be of standard form.

The symmetry requirement is also valid at any time during the
reaction when the quantities are referred to the body-fixed (L-aligned)
system xyz - mentioned above. Therefore the dynamical spin distributions
are always of standard form and generally all the non-trivial moments are
non-vanishing. [Although any individual nucleon transfer may produce a
non-zero in-plane spin component, there is an equal probability for a
transfer producing the opposite in-plane spin component so that the

-

distribution remains on standard form.]



2.3 Higher moments

In our current tréétment, only the mean values and the covariances.of
the spins are determined, rather than the entire distribution. When
higher ﬁoments are required to make contact with the experimental
quantities, we assume the theoretical spin distribution to be of

multivariate gaussian form . The higher moments can then be expressed in

, ¥

terms of the first and second moments. For'example, for the product of

four spin variables with vanishing mean values,

(Si>=<K8;> = 55 =45,>=0 , (2.3)

the expectation value is

2.4 Experimental quantities

At preseht, our information about angular momentum in damped nuclear
reactions arises from three types of observable: the multiplicity of
y-rays, the éircuiar polarization of y-rays, and the angular correlation
between the direction of motion of a reaction product and a sequential
ejectile. In the present study we shall not address the polarization data
since they are yet'fair1y crude with respect to the dependence on energy

loss.
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The y-multiplicity data gives information about the distribution of
the total magnitude of fragment spin, specifically,
i) rn
ISP +1881> |
' ‘ . (2.5)

<r'”ﬂl+l$ l

The angular correlation data gives information about the distributibn
of the spin directions. The moments of the directional distribution are
the statistical spherical tensors. The information about thé'statistica1
tensors is modulated by the angular distribution coefficients and the
decay probabilities, which depend on the spin sizev The most 1mportant
tensors are those of rank ‘two, namely the alignment along the react1on

normal

3 SY S : o
PYY < 222 > (2.6)
and the asymmetry between the in-plane components

Xz =

2.5 Unobserved intermediate decay

| Mést of the observed deCay'producfs are not emitted directly from the
primary reaction product. Indeed, y—réys, and also fission to soﬁé
extent, are preceded by the emission of (usually unobserved) light
particles, mostly heutrons. Therefore it is necessary to determ{ne how
the moments of the spin distribution and the statistical tensors are
affected by a nedtron cascade. The appropriate expressions are derived in

Appendix A.



3. The spin magnitude distribution

In this section we derive expressions for mean values and variances
of the spin magnitude distributions. We assume that the spin distribution

for the two reaction products is of normal form and, furthermore, that the

fluctuations are not dominant, i.e.

(SY>LSY> > trafe

We shall then derive results to second order in o§2/<:55:><15$>’.

First, we consider the spin E in one of the nuclei and expand its

-5

> <> _ >
magnitude S = |S| to fourth order in the deviation aS =S - <S>:
- > 21"
= [ (<> + AS) ]

-
=S [1+2 1T T@”e

- > .2
= 1+ ¢8> A% Lftél
NS)'{ L Sh
(3.2)
| 1 u
'§l<s>|'1[”(5 ISIRER TS TH VS
11 3



9

By applying relations similar to (2.4), valid for gaussian distributions,

we obtain, to second order in /<s\F(>2
FF
F _ F 6&; o \ .

2 L : 2
8<S’>3[q6YY S - S - 2(6yx dez F )]

where oii = oii ZZ For the second mqment‘we obtain
F2 FF
(S"7> = <Sy> + ‘SYY + &), (3.4)
so that the variance of Sf is
2 FF2 FF2 FF 2

gr = Syy * -‘lLZST> lt“‘xx +26,7 + 673 -26yy S )
(3.5)
Considering now both reaction products, we find that the mean value ’
of the sum of the two spin magnitudes is just the sum of the individual
mean va]ues;

A 2] - A 8
{8+ 8%> = (87> +<(87> (3.6)

while the variance on this quantity depends on the correlation between

S
SA and gB:

6.2

ags = Sav Of +.2(LshsBy - ¢shrests)

(3.7)
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To second order, the result for the variance is then

2 2 8
o4 ag 2 Ag 2 ne" "8‘)
+ — Gxy + GOxz 1 Szx + O 3.8
STy S% ( & 22 (3.8)
1 AA
- ( Cu + 2 (SLL ) (Y

882 <

3.1 Effects of neutron evaporation

The evaporation of neutrons from the primary reaction products
modifies the spin distribution. In this section we derive approximate
analytical expressions for the changes in mean spin magnitudes and the
associated covariances.  We thus consider the'evaporation chains
Sp > Sy > e > Sho i and 5p e S >SS s L
in the projectile-like and target-1ike nuclei, respectively. As shown in
Appendix A (A.17), at a given stage, when the evaporating nuclei have
definite spin magnitudes S?1 and S?_',the change in spin magnitude and

the incurred variance are approximately given by
Biy= <§T- 80> =(1-3% % ) %
<AJ->§ CsP-sf>y =(1-32) s,
< (S? _ SF_,)") - Az‘- = -23: 3T

8 2 2 o
o2 = (8] - S )27 By = R
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where 'Qa = mRi and '3 = ng are the respective moments of iner-
tia of the evaporated neutron at the barrier.

In general, the evaporating nuclei have an entire distribution of
spin magnitudes, rather than a definite value. After i evaporations
from A -and j evaporations from B thévspin magnitude distribution is.
characterized by the mean magnithdes <IS$>V and <1S§>>, the‘cor- .
responding variances ZSA and qzsg, and the covariance cSASB. _By
use of (3.9) it is easy to calculate the change in these quantities

effected by a single step in the evaporation chain, for example (S? 1,SB) >

A B,
(S1QSJ)'

,,dS;A*SB = d.a +65 + 2<$ S D - 2<S ><S> (3.10)

1
—
et
i
WiN

2Yom +33T + ok
'Y 3 SJ

= ( 1- -JF ) CY " , S8 + 3 Ek;Tl
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By recursive use of this result, the effects of the entire neutron

cascade of nA neutrons from A and

"B
calculated:

neutrons from B can be

A 8 3, n A &35 “8‘8
st SE > = (1-3 3™+ (-3
2 y 3. \" 3 2
S vse = (1-35)7 01330 o
A " Ng :
Na ~2alng-i)
2 3a A 2
+ 23 (1 T3 3; ) 3 <;1}
P (3.11)
"8 3, \2(ng-i) 2
*55_31 (1-33) 34T
-2 30 ) 2% )" (-2 %) 2
s (-3 003507 - 0-3%)° ) 3
3, \" '3 Ne 3.\ 70 2
CO- RO R - (-3 %)™ ) o

When the temperatures in the primary nuclei are nearly equal, as is

expected for not tooc small energy 1osses,14)

Na
Ng

Lad

o>

we have approximately

(3.12)

When this is the case, the last two terms in the above expression (3.11)

A
n

for the variance of S and SB
B g

36/3A ~ 1/A and 3’b/3'B - I/B:

are quite small, since

3 -2 e
(1‘%'59;) “(1 338)
3 3
zQXP(‘nR335)-€XP(“h82'§§:)zO

(3.13)
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The sums in (3.11) can be approximated by integrals,

N\ -13. 2(“5") 2
L (1 33:) 330."7
=1
(3.14)
n
A .
= 23, T g Na-i (1. 23 )2ma-4) g
3 Va1 . —ji;- (1 3:3h )
For the relation between excitation energy and number of
evaporated neutrons we shall use (A.25). Since the integral can be
approximated as
(3.15)
o« x % oh ., n+d
X R X
S Vx e - S > n! dx
° 0 hxp *
5/2. aQ ., . 3
-2, % o VTR 2 3 2 R
the sum can finally be written as
: ’ : (3.16) .
Na )
_2 %\l ag o
(1 33,,‘) 33’aq-|

=1

y y
% 3 3aTyng exp (-3 “ﬂ%‘:)
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Altogether we then obtain the following approximate result,

(SE o+ S8y = (shyepl-naid) « (s expl-ned )

2 2 ' 23 2 3 '
~ O expl{~-n __9) expf{-n, %2t
s:“... S?‘a 52.,52 P( A3 3, P( B3 B) (3.17)

N | 43 u cn i
+na;3;qex|>(—n”3:) + ng g 3T, exp(-ng s )
The temperatures in the first daughter nuclei can be calculated from
(A.26) once the excitation energy in the primary nuclei A and B is
known. In the above expression we have used the same temperature T

for both daughter nuclei which is most often a good approximation.

3.2 Transport description of neutron evaporation

In the preceding, we have derived expressions for the effect of the
neutron evaporation process by solving approximately the iterative
equations (3.9) for the spin distribution. A simple approximate treatment
of the same problem can be given within the framework of transport theory.

To this end we consider Nes the number of neutrons evaporated
from the nucleus F = A,B, to be a continuous variable. We then wish to
consider the distribution of the total nuclear spin magnitude
Z(nA,nB) = SA(nA) + SB(nB) as a function of the number of evaporated
neutrons. The evolution of I 1is a transport process with Ny and
ng acting as generalized time variables. The evolution of the
individual nuclear spin magnitudes SF is governed by the transport

coefficients VF and DFF which can be determined by considering the
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effect of a single evaporation step.on a nucleus prepared with a sharply

defined value of SF’ Thus, it follows from (3.9) that

- _aJ3
(3.18)
_ 1
| Dee = 33 T¢

for the drift and diffusion coefficient, respectively, while the mixed

2/3 is the

1/3

diffusion coefficient Do vanishes. Here 3$.= mrﬁF

moment of inertia of the neutron at its barrier distance rnF and

2
e = 2 Sl

- is 'the moment of inertia of the nucleus Fs
Tg s the nuclear temperature. As usual (see for example ref. 30)), the
corresponding Fokker-Planck equation can be reduced to equations for the mean

value and variances of SF,

9 2 3

BnF<SF> = <VF> s - 3 -.-3-;<SF>

P - <2D. oVe

,b‘;.": GFF - < 2 DFF + 2. S—SF G_FF > (3.19)
= 2 Y ¥
* 33T 33 Sk

Assuming for the time being that the temperature T., as well as
g F
]f and jF’ remain constant throughout the evaporation chain, we obtain

the following solution for SF:

n

wiw

3
3¢ F

N«

<S> (ng) = <5.)>(0) e

(3.20)

_i.}}n T: _!_fn‘
Ore (Ng) = Gep(0) €735 77 + {3,(1—6 3% F)
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Furthermore, we find for the evolution of the covariance between the
two spins

° 2 3
na Or8 = "3 3 Cms
(3.21)
0 2 3
g Cns = 33 Chs

so that

_9.!* _gjbn
g (Ma,ng) = G, (00) € 33" € 1% '8 (3.22)
“For the total spin magnitude 3 = SA + SB we therefore have
<Z> (Nng,ng) = ¢8> (ng) +<Sg> (Nng)
-2 3l (3.24)
=¢8> (0) 73 3™ 4 ¢g> () e 3% Ng

which is identical to the expression in (3.17), and
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c’zz(nmna) = Q‘AR(nn) + :G’BB(T\.B‘) + QGHB(nA)nB)

2%
St hg g 2k 1%,
=g, (0)e 33 " + cgg(0)e % ° + 26, (00)e " E %
T - -E%ﬂnn T -%%bna
+ 23, (1-e33%"") + £3, (1-€ %% B)
* ' - (3.25)
2% _ad
= Gy, (0,0) @ 3% g PR
3%n ’%b"a 2y ad,  .3dap).-id,
+0’n(0)(e'33~ A_e Pk S 3%70 + cfag(o)(e 33" 35 ")e 33"
-4 Y
SRR LY E PRI 1

If, as before, we assume that the excitation energy is initially equally
partitioned between A and B we have that Ne ~F so that

dn /3, =3.n /3. The factors multiplying o0,,(0) and opg(0)

in the last expresSibn above then cancel and, furthermore, the remaining
exponents are pairwise identical.

The nuclear temperatures T and Tg are initially equal and
decrease to zero through the cascade. This variation of the temperatire
has been ignored'so far but can be approximately accounted for by
replacing the temperature in the final expression by the average

temperature through the cascade, s TR +.§ Ty. We then obtain
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_23 %n, 33 ng
-~ 33 e
Cﬁrz = (0) e a e
- 1y 43
T3, (1-e38™) s Ty (1-e3%™)
(3.26)
zjﬂn g} n .
-IHM e 33"
o’z(o) e
3; 23,
g. 3’"a(1 2’ n + . ) T3 ne(' 33 8 qur)

In the 1ast»re1ation we have expanded the exponentials through first order
3

in the small quantity %-3f << 1. This result is practically identical
F

to the result (3.17).

3.3 Relation of spin length to y-multiplicity

The moments of the y-multiplicity distribution give a fairly good
measure of the moments of the spin‘distribution for nuclei with mass
number larger than approximately 60. Below mass number 60, evaporation
of « particles removes too much angular momentum, and this obscures the
relation between angular momentum and y—multip1icity.15)

The y-lifetime is only short enough for multipolarity one and two, so

an absolute maximum of the average spin can readily be inferred from the

average y-multiplicity

(Sp> + (SB.> € admyp (3.27)
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Since the y-multiplicity may vary for different events starting at the
same spin in the same nucleus, a similar relation does not exist for the
second moments.
Empirically the unresolved y-rays deexciting nuclei of high spin have
been studied in considerable detail. For rotational nuclei, all except

16) so for

approximately three y-rays are stretched E2 transitions,
these nuclei one has a firm basis for relating the average y-multiplicity
to the average spin. For other nuclei, the picture is not so clear, but
still a lower limit to the proportionality between spin and multiplicity
seems to be approximately 1.5 spin units per'y-ray.17)
In-our -analysis of y-multiplicity data we employ the relation between
average multiplicity and spin when given in the experimental paper.
Otherwise, we shall employ simple relationships in terms of propor-

tionality factors and subtraction of a certain number of statistical

y-rays. -
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4.  Angular correlations

Starting from the density operator for the primary reaction products,
and employing the helicity representation for the final states, a general
expression can be derived for the angular correlation between the
direction of nuclear motion and the emission direction of sequential

_radiation.‘12 This expression can be interpreted in terms of c]assicé]

distributions of the angular momentum vector in the nuclei. Since so far
all theories of damped rections addressing the angular momentum variances
consider the angular momentum as a classical quantity, we shall here

discuss the classical version of the angular correlation description.

4.1 Distribution function and statistical tensors

For a given energy loss, the normalized distribution of angular
momentum S in one of the nuclei, as calculated by theory, is denoted by
£(3).

The decay width at a given excitation energy depends on the
magnitude S but not the direction S of the angular momentum 3. In
order to describe the angular properties of the sequential decays, it is
useful to define for each magnitude S a normalized distribution

A

function fs(g) of the directions S,

£(3) = 4§, £(S) )

[£6)d8 =1

The direction S is conveniently expressed in terms of the polar angles

(\95,?5), using the reaction normal as the polar direction.
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For each S, the associated directional distribution function

fs(g) is characterized by the statistical tensor components

g;ﬁ(s) = V"%Eq ( YM«)
(4.2)

'm j‘ou,osﬁ flth)'f (%,9s) Yy, (5,9)
A+ N ESARE TR £30 £

The reflection symmetry in the reaction plane ensures that pxu(S)

vanishes for odd values of .

4,2 Effects of unobserved intermediate decay

The directional distribution fs(g), as giveﬁ By the statistical
tensors (4.2), is affectgd by the unobserved intermediate decay.
The angular mqmenfa; Si-l’j’si’ of the ri-l'th daughter nucleus; the
emitted particle, énd the i'th daughter nucleus, determine the size of the

angle between S. and S, ; by

> & .
cos (955 ) = SiSee | STe S -i® (0.3
TGS 288

For the emission of an unobserved particle, all directions of 'gi with

and g%-l are equally probable.

this angle 195 S, between 31
i-

Consequently, the angle X shown on fig. 1 is uniformly distributed. For .

a definite set of angles (195 ’?S ) and X we have
i-1 77i-1

| ) -
D) = L A 096, 8, 9e.) Vi (B, %) (40
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Averaging over X leaves only the terms with ' = 0. A final averaging
over the distribution of directions of 31_1 described by the

statistical tensors °xu(si—1)’ yields for the statistical tensors for
N .

Si:

S
Pl = Pa(E2) g (e (0.5

For an entire unobserved cascade, with angular momenta

SO,Sl,...,Sn, this relation can be applied at each step, so we

obtain for the final daughter nucleus

Pan(Sn) = <P“(%%)> P (So)

- (S ><P Sl

For a statistical cascade of neutrons, analytic expressions for these

4.
1

(S.)
(4.

6)
factors are derived in Appendix A.

4.3 Expression for the angular correlation

- By Sn we denote the angular momentum magnitude of that nucleus
which emits the sequential decay product being observed, after n
unobserved intermediate emissions.

For a fixed direction and size of gn’ the angular distribution of
the momentum 3' of the sequential decay product is only a function of the

.
angle between Sn and 3, and so can be expanded on Legendre

polynomials
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W) = T 8,60 Palcos b ) D

The angular distribution coefficients Bx(sn) are then given by

B, (Sn) = (1}+1)<P,\(_§L__>> © (4.8)
TR
5. ,
Here 5 is the helicity of the emitted radiation. For a decay mode
n® ' '
e . oy 12)

conserving parity Bx is zero for odd .

For a fixed size of Sn the angular correlation of the sequential
decay is obtained by folding the basiclangular distribution (4.7) with the
distribution function fsn of the directions of _§ Denoting by (9 P)

the polar coordinates of the momentum 3 and app1y1ng again the re]at1on

between spherical harmonics and Legendre polynomials, we obtain

__L B (Sn) *
w(ﬁ,¢)=m£ RS GaplSa) Tape (.1,9(?) (,4'9)

In principle, the observed sequential decay can be emitted at any
step in a cascade of unobserved particles. By Ndecay(si) and
Bx(si) we denote the decay probability and angular distribution
coefficients along the chain of unobserved intermediate decay. The:

effective decay probability, °”h and angular distribution

‘ ecay’
coefficients for the entire cascade, ng, are then

(/rde“:‘3 (So) = Z Ndec03 ( St)

i: ol"'

- S S hjdeua (S )
B, (s,) .§ B,(s; )<P » Trecng (55 (4.10)
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We shall later, in figs. 2 and 3, give examples of these functions.
Summing the angular corre]ation (4.9) over all angular momenta S of
the primary reaction product, and over all decay steps (and keeping only

terms with 1 = 0,2,4), we can write the angular correlation as
b W (9,9) = ¢, + ;P (os®) +4 Cap $in*Y cos2y
+ Cy Pq(cos Y) + ¢y, (Tcos*V - 1) sin®¥ cos 29
+ Cuyy .sin“é cos e | (4.11)

with the coefficients giyen by

(4O Myecay(s) 48

¢ =
c, = S f(S)J);emS(S) B3,(5) 35{5;5 4

Cqa= 3[;(5)%,3%(5)33,_(5) ,_S" ds (4.12)
o= [ 46 Miecay(8) BylS) 355;'123‘1‘51’354 oS
Cua= %fﬂ?)uﬁma(s)@q(s) (755")(q5ﬁza‘5:) 4s
Coum [ $03) accay (I RYS) 22 51+ 5x chsisi ds

We have here employed a standard right-handed coordinate system with the
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Y-axis (equal to the reaction normal) as the polar.direction and the
orientation of the Z-axis determined so as to yield an extremal value

of <:S§3>. This choice ensures that the following moments vanish,

<Sx Sz, { Sy Sv S0, €5% $2> (5% S > = 0 (4.13)

for the entire distribﬁtion f(g), as well as for each of the directional
distributions fs(g).

For y-decay.of multipolarity L, the angular distribution .
coefficient E& vanishes for A > 2L, so for multipolarity one and
two, which are the only muitipolarities of interest for angular
correlation studies of damped reactions, the expression (4.11) is exact.
For other decays, even fission, where the anisotropy of the angular
correlation can be of the order of 20, angular distribution coefficients
are generally small for x > 4. In an actual application to a -very
anisotropic case, the expansion up to A = 4 only failed for angles close
to the polar direction, where the angular correlation has its minimum.
Integral quantities of the angular correlation, as for example the
dispersion in .the polar angle, discussed in section 5, are extremely well

determined by the coefficients (4.12) up to a = 4.

4.4 Angular correlation parameters for bump region y-rays

We consider the emission of a y-ray of multipolarity L,
- transforming a state with spin magnitude S0 to. a state with spin

magnitude S1 in the same nucleus. For stretched transitions, i.e.
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L = ISO - Sll’ the angular distribution coefficients are independent
of 50.12) For stretched dipole and quadrupole y-rays, the angular

distribution coefficients are

L=2: Ba-.--%., 8":-% (4.14)

For damped reactions between heavy nuclei with mass numbers above 50
or so, many different nucleides emit y-rays, and the intensity of any
discrete y-ray of known multipolarity is very weak. Consequently, angular
correlation studies of heavy nuclei have been limited to unreso]ved.'
y-spectra. - .

Information about the multipolarity composition of continuum y-rays
has been gained from multi-y-ray angular corre]atioh studies with compound

~nuclei formed in fusion reactions. In a careful study,16)

these angular
correlation data for many nuclei could to a high accuracy be accounted for
by only stretched y-rays of dipole and quadrupole multipolarity. For
_given compound reaction and y-energy interval, only one parameter then

need be specified, namely the ratio of stretched quadrupole y-rays to the

total number of y-rays.

Especially the energy interval between 600 keV and 1200 keV, situated

4,17)

in the so-called rotational bump for rotational nuclei in the middle

of the rare earth region, has a very high percentage of stretched

quadrupole y-rays, between 90 and 97 percent17’18).

y-rays in this energy
interval have been used4) for the study of angular correlations in the

collision of 165Ho with 165Ho.



27
To determine the angular distribution coefficients, we combine the
information about the multipolarity composition with other experimental
information. The lower 1imit of 600 keV y-ray energy corresponds to an
angular momentum of 17 h, obtained as an average for all isotopes between
Tb and Yb and with mass number between 156 and 164. The upper limit of.
1200 keV y-energy corresponds to" an angular momentum of 45 h, as

19). For a feeding

determined on the basis of continuum spectroscopy.
above angular momentum 45 #r, there will then on the average be 14
stretched quadrupole y-rays within the interval. Considering the high
multiplicity for the y-rays in thié interva117) and the fact that the
multiple correlation enhances the upper part of the mulfip]icity
distribution, the average number of quadrupole y-kayé in the energy
interval in the multicorrelation experiment will only be slightly lower
than 14, With 14 stretched quadrupole ‘y-rays and pqrity percentage
between 90 and 97, there will be between 0.4 and 1.6 stretched dipole
y-rays.

Except for an insignificant change of the 334, cdefficient, the
same angular correlation can be explained by 14 stretched quadrupole
y-rays and in addition 0.8 to 2.9 y-rays with ‘isotropic angular
distribution. Above 2.5 MeV y-ray energy, statistical y-rays dominate,
and the angular distribution is almost isotropic. For the statistical
y-rays the isotropic angular distribution is expected to-arise from a
mixture of stretched and unstretched-y-rays. For the lower energy
interval we consider here, we also heljeve that the interpretation in
terms of stretched quadrupole transitions and isotropic statistical

transitions is the more correct one.
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With this information, we can now define the number of decay products
and the angular distribution coefficients (4.10) for y-rays in the energy
interval between 600 keV and 1200 keV in the decay of nuclei in the middle
of the rare earth region.

Starting at spin magnitude S, let <1Sn > denote the average
spin-magnitude after emission of n neutrons (A.24). The average number
of stretched E2 y-rays within the energy interval between 600 keV and

1200 keV is then:

r—"'l for {5, 2 4YSHh

Nyex = <§'%3-1—7 for 174 £ <S> < 4SH

L0 jor {Sp> < 17+

(4.15)
This result is not rigorously correct since we have ignored the fact that
the evaporation chain contributes to the variance of Sn‘ However, |
since there is already an appreciable variance in the injection spin
magnitude S the committed error is negligible.

To the E2 y-rays we add a number of isotropic y-rays, and although
there seems to be some increase in the number of statistical y-rays with

1ncreasing=angu1ar momentum,zo)

we use a constant number, ‘/Efat° For
the isotropic part of the y-rays, the angular distribution coefficients
are zero. The resulting number of y-rays within the interval and the

corresponding angular distribution coefficients are then
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MS) = Myga (S) + Mgy
' ~ TS W pect
‘CB?-(S) ) -g'drxez(S)'<P1(_s_sf')>"/&(S)
B, (8) = -2, (6) (R (32n)) WACK
- Co : - (4.16)
where °4:tat is’ between 0.8 and 2.9,'54352(5) is defined in (4.15) and the

average P2 and P4,' factors are estimated in (A.24).’

Figure 2 shows these coefficients as functions of -spin magnitude for
different excitation energies of 165Ho.

The kinks on the curves in the figure would be smoothed . out if one
also took into account the evaporation-induced fluctuation in the
magnitude of the angular momentum Sn; As- mentioned above, for the
quite broad primary spin distributions in question, the neglect of this
fluctuation is of minor importance.

For large spins the angular distribution coefficients approach. the
asymptotic values obtained with 14-stretched E2 and 1.2 isotropic
y=rays and no dealignment due to neutrons. With the average‘spin

typically around 35 h (cf. fig. 6), the coefficients are significantly

different from these asymptotic values.

4.5 Angular correlation parameters for fission

In the-standard theory of nuclear fission it is assumed that the
angle between the nuclear symmetry axis, along which the collective

separation proceeds; and the total angular momentum remains constant
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beyond a certain transition configuration, usually identified with the
fission saddle shapé. This assumption is motivated by the expectation
that the motion from the saddle region to the scission point is fast
compared with the relaxation time for the K quantum number determining the
tilting angle. The angular distribution of the fission fragments is then
directly related to the distfibution of saddle configuration
orientations. This distribution, in turn, is assumed to be statistical,
depending on the nuclear temperature at the saddle. A recent review of
fission angular distributions, including a comprehensive analysis of data,
is given in ref. 21).

Before proceeding to calculate the angular distribution parameters,
we wish to point out certain problems concerning the fission of heavy
nuclei which, if solved in some way, may modify our results significantly.

The first such problem concerns the role of the preceding reaction
dynamics on the transition stage at which the helicity distribution is
frozen out. [We prefer to discuss the angular distribution in terms of
the helicity representation because of its generality and the maximal
simplicity of the expressions for the angular distribution coefficients in
this representation.] For sequential fission of very heavy nuclei

9) the width of the helicity

following a damped nuclear reaction,
distribution is approximately constant as a function of the nuclear charge
all the way up to Z = 115, as evidenced by the nearly constant width of
the out-of-plane fission fragment angular distribution. [In making such a
direct connection between the angular distribution and the helicity

distribution we ‘assume that there is only a weak correlation between the

mass number and the spin of the nucleus. This assumption is supported by
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the fact that the out-of-plane angular distribution is practically
independent of the mass of the reaction partner.] On the other hand, for

8) the width of

fission of very heavy nuclei. formed in fusion reactions,
the helicity distribution, as given by KO in the standard
parametrization, increases significantly with the nuclear charge,

although Ko"is-sma11er than expected from rotating liquid drop -
estimates of the saddle shape for K = 0. Thus, for the heaviest‘nuclei,
the angular distributions:-indicate that fission after fusion is quite
different from fission after a damped reaction.

The second problem concerns the dependence of.the saddle shape upon
the orientation of the nuclear symmetry axis relative to the angular
momentum vector. Until now, one common shape has been used for all values
of K, namely the one determined by the rotating liquid drop model with
K = 0. Generally, this is expected to underestimate the elongation of the
saddle shape since a finite value of K will reduce the centrifugal force
acting on the rotating nucleus.

The third-problem concerns the calculation of the probability for
fission relative to neutron evaporation. This quantity is determined by
the ratio of level densities associated with the respective’transition
configurations (namely the fission saddle shape and the residual daughter
nucleus with a neutron at the barrier).

It is.not clear which degrees of freedom should be treated explicitly
in the two decay modes, apart from the disintegration coordinate
itself.zz) In the traditional approach, the two coordinates
perpendicular to the disintegration coordinate for the free motion of the

neutron at the barrier are treated explicitly whereas for fission only the
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disintegration coordinate is considered. This leaves opeﬁ the question
which other degreeé of freedom require different treatments in the two
cases. In our calculations we shall take a Fermi gas level density of the
same form for both the residual nucleus after neutron emission and for the.
fission saddle shape. This assumes that degrees of freedom not treated
explicitly, such as for example collective vibrationé, wif] give the same
enhancement factors on the Tevel densities for the (quite diffefent)

transition shapes associated with either fission or neutron emission.

- 4.5.1 Angular distribution coefficients for specified E and S

With an orientation-independent, axially symmetric saddle shape the
distribution of helicities, in this case the distribution of K quantum

numbers, will at medium and high excitation energies be gaussian-like:

PK) exp(-;:l) (4.17)

with Ko‘ given by

k>= JotT 1 1 (4.18)
h O

Here T 1is the excitation temperature and Eff) and qu) the
parallel and perpendicular moments of inertia of the fission saddle shape,
respectively. For a given spin, the classical angular distribution

coefficients (4.8) are given by
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B.(9) = (ax+ 1) (P (%))

so, for example, BZ(S) = 5(3<1K23> - 52)/252, where the average of K

(4.19)

2

is with respect to the distribution (4.17) with K within the interval

between -S and S.

4,5,2 Competition between fission and neutron evaporation

The fission of a highly excited heavy nucleus competes with 1light
particle emission. Often this competition is important not only for the
primary reaction broduct but aTso at later stages After emission of one or
more neutrons. In a given nucleus with a definite spin S and
excitation E , ,thé ratio between the two decay widths is approximately
given by the ratio of the level densities for the respective transition

states,

(4.20)

B fn(E-Bn,S) 2mRpy o
, ~ fe(E -84,9) "

e

Here og is the level density:of the fission saddle configuration which

has a barrier height equal to Bf, and is the level density in

on
the neutron evaporation daughter nucleus with Bn being the neutron

separation energy. The effective barrier radius for the neutron is Rn
and the temperature in the daughter nucleus is T,- The last factor is
the contribution to the level density from the emitted neutron and its

precise form depends on how the neutron's translational degrees of freedom

are treated.
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For the cases of present interest, I‘n/I’f is of the order of
unity so that delayed fission must be taken into account. In order to do
that, we expand the level densities in (4.20) using the same nuclear
temperature T, which is a good approximation.
Including enhancements of the level density corresponding to an

axially symmetric prolate shabe,23)

and integrating over the K quantum

number, we obtain

Here a, and a are the level density parameters for the daughter

nucleus after neutron emission, and for the fission, respectively, and

Jé = 3£f)3£n)/(3£f) - 3{")) is the effective moment of inertia for the
neutron-to-fission competition. The perpendicular and parallel moments of
'inertia of the neutron’emitting shape and of the fission shape are

denoted ‘3£h),3£n) and 3£f),3£f), respectively. The neutron emitting
shape is probably not much deformed, so, although this is not correct for
the highest spins and lowest temperatures, we insert the limit of small’

arguments for the error function containing the neutron quantities to

obtain:
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Mh s+ S+1V'amRa , (BiBa_ ST . aar) (42
ry K, erf(TiK) ha e"”( T - ar3, % )

The most probable shape of the neutron emitting state will be
oblate rather than prolate, but for the 1imiting case of small
deformations, (4.22) is valid for both prolate and oblate deformations..

For small excitation energies it may be very crude to apply
expressions for the level density not taking into account the shell
structure of individual nuclei, but for the higher excitation energies and
.1arger angular momenta we are interested in here it is well justified.
The barrier heights ‘and separation energies are then regarded as smooth
quantities, derived from a macroscopic nuclear model (for example the
1iquid drop model), neglecting shell correction energies and odd-even mass
di fferences.

The above result (4.20) can be used to follow the fission
probability through an entire neutron cascade. Experimental evidence for
fission in the later decay steps comes from lifetime measurements and
detailed calculations have reproduced the observed fraction of slow

fission.24)

4.5.3 Total fission probability and effective distribution coefficients

In the present study we shall content ourselves with a more
schematic calculation of the total fission probability and the effective
angular d{stribution coefficients associated with an entire neutron
cascade.

Let Ngi) be the probability that the nucleus fissions at the i'th

stage in 'the cascade. We then have the equation
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W My (Eict, Siv)
Ny

S

ST (4.23)
) P;(E,--,‘ Sia) ¥ T (Eisy, i) [ ! .iz:‘ N ]

which can be solved iteratively to yield h¢i).

In this ca]culafion, the values of the excitation energy E: and
the angular momentum Si along the decay chain are chosen randomly
according to the statistical decay probabilities, given the approximations
(A.7) and (A.8) to level densities and transmission coefficients. The
fission probability and the angular distribution coefficients, taking into
account the dealignment factors (A.20), are first calculated individually
for each randomly selected decay chain, and finally averaged to obtain the
quantities for the entire cascade.

A brief description of the calculated procedure is given in
Appendix B together with a discussion of how important delayed fission is
for the calculated quantities. Appendix B also contains a comparison
between our calculations and the more detailed calculations of
ref.24) for the fission of 198Pb, as well as a comparison of calculated
angular distribution coefficients to data from the fission of compound
nuclei formed in fusion reactions. The comparison shows that our
calculation gives a reasonably good reproduction of the more refined
calculation, and of data.

208

4,5.4 Fission parameters for nuclei in the vicinity of Pb

The results for the fission probability depend sensitively on the
fission barriers and neutron decay energies. In table 1 we show three
different parameter sets derived from different prescriptions for the

208

nucleus Po. In fig. 3 is shown the fission probabilities and angular

distribution coefficients following from the different prescriptions.



37

With the liquid drop model and the Lysekil parameters, the fission
barrier rapidly decreases as the neutrons are evaporated and the fissility
parameter x thus increases. Given enough excitation energy, all nuclei
will then eventually fission, and the fission will occur after the
evaporation of quite many neutrons. On the other hand, the droplet values:
for the parameters display a weak tendency in the opposite direction. For
the highest excitation energy applied in fig. 3, there is therefore a very
pronounced .difference between the fission probabilities calculated with
the two differenf parameter sets. The lower temperatures encountered at
the later decay steps lead to larger values of the angular distribution
coefficients, but those are, on the other hand, being counterbalanced to
some extent by the dealignment accumulated during the preceding decay
steps. So, although fission on the average occurs later in the decay for
the 1iquid drop model and with the parameters from the folded Yukawa than
for the droplet parameters the angular distribution coefficients are quite
similar.

We shall apply the liquid drop model with the Lysekil parameters for
our comparisons of fission probabilities and correlations to data in .

Section 5.
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5. Comparison with data

In this section we compare calculated spin magnitude moments and angular
correlations with experimental data on sequential decay. The calculated
quantities are obtained by combining our theoretical primary spin
distributions df nuclei leaving the reaction with the description of the
sequential decay.

In some experiments, all scattering angles are covered, and our
comparison is formally correct. For other experiments, only a certain range
of scattering angles are investigated, and the spin distribution will be ‘
biased by the limitation to a particular interval of scattering angle. Some
experimental results, however, indicate that this is. not a strong bias.
Furthermore, for the strong]y focussed reactions which we are mostly concerned
with, thé angular range is often wide enough to encompass most of the
distribution for the smaller energy losses. At present, we cannot include a
scattering angle bias in our theoretical treatment, because we do not include
any coupling between the size of the transport coefficients and the deviation

of a given trajectory from the mean trajectory. .

5.1 Mean value and variance of y-multiplicity

5.1.a The reaction Kr + Sm

The most complete ~y-multiplicity data exist for the collision of

86Kr + 154Sm at the two bombarding energies 490 MeV and 610 MeV.2)

The

data are shown in fig. 4 together with our calculation of the mean values and
variances of the spin. For the mean values we integrate over the
distribution, using the full relations (A.24) for the neutron decay. For the

variances we employ the approximate relations (3.5) and (3.8), modified by the

neutron decay as in (3.17). For the highest TKEL, the relation (3.1) is
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not fulfilled, and for TKEL > 80 MeV and 140 MeV for the two bombarding
energies we just show the calculated values at TKEL = 80 MeV..and 140 MeV,
respectively. - |

For the small TKEL, thé calculated mean value of the spin is rising too
steeply by a factor of two, relative to the experimental results. For the
higher TKEL, the experimental values reach a maximum and then stay almost
constant, showing a veky weak decrease towards the highest TKEL. The
theoretical results reproduce these features and the maximum has approximately
the correct size, but is reached at a too small TKEL, and the decrease for the
highest TKEL is too pronounced.

The variances are in good agreement with the data. About 20 percent of
the calculated variance is due to the correlation between the spins in the
nuclei, especially the appreciable positive covariance °¢$ along the reaction
normal. The presence of this correlation explains in a natural way the rather

large variance of the sum of spin magnitudes seen in the y-multiplicity data.

5.1.b The reaction Ho + Ho

The mean- y-multiplicity has been measured as a function of TKEL for the

reaction of 1400 MeV 165

Ho with 165Ho, which we used as the example to
illustrate the angular momentum transport in I (see figs. 2-3, 6-8 and 12-14
of I). The comparison between experimental and theoretical results for the
spin magnitude after neutron decay is shown in fig. 5. The experimental

86Kr

result shows qualitatively the same behavior as for. the reaction of
~with 154Sm, except that the decrease toward the highest TKEL is
significantly present for the Ho + Ho reaction. The calculated results
deviate in the comparison with experiments for the lowest and highest TKEL in

the same way as for the Kr + Sm reaction.
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5.2 Angular correlation of bump;regibn y-rays

The most detailed experiment on y-ray angular correlations in coincidence
with nuclei from damped nuclear reactions for sufficiently heavy systems has

165 165Ho reaction.4)

been performed for the Ho + Using the mean

values and variances shown in I, figs. 12 and 14 and employing the angular
distribution coefficients given in the equations (4.16), we arrive at the
result shown in the lower part of fig. 5 for the out-of-plane anistropy as a
function of TKEL.

Before discussing the dependence of the angular correlation on the polar
angle ¥ (the out—of—piane angle), where there is a significant variation, we
briefly discuss the dependence upon the azimuthal angle [ (the in-plane
angle). For ¥ = 90° . (i.e. in the reaction plane), the variation of the
experimental angular correlation as a function of @ s less than 10 percent.
Although our calculated spin variances show a considerable asymmetry between
the two in-plane directions, the angular distribution coefficients of
stretched E2 vywrays have such values that the two terms bc22 and Ca2
of the angular correlation (4.11) almost cancel each other for & = 90°.  In
the reaction plane our calculated angular correlation thus only has an
anisotropy of less than 2 percent. Going to polar angles around & =~ 45°,
the two terms interfere constructively, and we have a 10 percent variation of
the angular correlation as a function of azimuthal angle ¢ for TKEL = 150
MeV, dropping to around 4 percent when going to smaller or to larger TKEL.
Generally in experiments on the angular correlation of stretched EZ vy-rays,
the variation with azimuthal angle qD for the fixed polar angle & ~®45° is

expected to give the most sensitive information about the in-plane asymmetry

of the spin variances.
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The calculated out-of-plane anisotropies overshoot the experimental -ones
significantly. To produce a smaller anisotropy, the spin distribution has to
be less aligned with the reaction normal. This can be achieved either by
decreasing the size of the average spin vector or by increasing the in-b]ane
variances, or both. Before reaching conclusions we shall obtain a mbre

complete picture by considering also fission data.

5.3 Angular correlation of sequential fission

5.3.a The reactions Pb + Ni and Pb + In

Figure 6 shows the average and the dispersion of the magnitude of the.
angular momentum, together with the alignment and other tensor components of
rank two and four, as calculated with our version of the Nucleon Exchange

Transport Model for the reactions of 208Pb at 7.5 MeV per nucleon with

targéts of 58Ni and 9OZr. The fourth order alignment is defined as
Y 2.2 4
_ A 3SSY'30$ SY + 38§
Rvvy = (R(S) - < 357 (5.1)

(in the classical 1limit). The angular correlation between the outgoing

target-like fragments and fission fragments from the sequential fission of the

lead-1ike nuclei has been measured by von Harrach g}_gl.,7) and the inverse
reaction for the case of 58Ni on 208Pb at the same‘center—of—mass
29)

energy has been measured by Steckmeyer et al. In fig. 7 we show the
results by von Harrach et al. for the dispersion in the polar angle and the
fission probability as functions of the total kinetic energy loss. By using
angular distribution coefficients and fission probabilities equivalent to the
ones shown in fig. 3, combined with our calculated spin distributions in the

lead-1ike nuclei, we arrive at the results shown in fig. 7 for the dispersion
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in the polar angle and for the fission probability. (In the calculation, the
dissipated energy is divided between the reaction products in proportion to
their mass.) With increasing TKEL, the charge and mass of the reaction
products change. The different curves labelled a, b and c show calculations
performed with the average value for the mass and charge as obtained with our
model for different kinetic energy losses. Curve a corresponds to TKEL = O,
curve b to TKEL in the middle of the interval, and curve ¢ corresponds to the
highest calculated energy losses.

With the angular correlation written in the form(4.11) the variance in the

polar angle is given by:

= (-1 W(Bg)sindddag - 122425, L %, (5.2

Since (19—;’2')2 is a smooth function of angle, it is well described by
the expansion coefficients for the second and fourth Legendre polynomials.
The coefficient for the 6'th order term will-be around 0.01.

As shown in ref. 13)

, applying the absolute limitations to the 332
angular distribution coefficient makes it possible to derive an absolute lower
limit to the alignment of the nuclei emitting the sequential decay product

observed:
<PYY%ecay -z (o", - — 2) (5.3)
For TKEL above 140 MeV for the nickel collision and above 200 MeV for the
zirconium collision, more than 90 percent of the heavy nuclei fission, and the
relation(5.3) applies to the entire spin distribution to a good accuracy. The

absolute 1imits derived on the basis of the polar angle dispersions are shown

in fig. 6.
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Following the full drawn parts of the curves a, b and ¢ on fig. 7 within
the intervals of TKEL where they should apply, we see that there is an
interval around TKEL = 80 MeV for the nickel case and around TKEL = 110 MeV"
fbr the zirconium case, where we have a good agreement with the data. For the
smaller TKEL, the statistics of the data is not so good, while for the larger

TKEL there is a clear discrepancy between calculation and experiment.

5.3.b The reactions U+ Ni and U + Zr,

Following the same procedure, we arrive at the results shown in figs. 8

and 9, equivalent to figs. 6 and 7, but now with 238

U as the heavy
projectile. The uranium-1like nuclei have larger fission probabilities and the
saddle shapes are more compact than for the case of the lead-like nuclei. The
dispersion in the polar angle is thus much larger in fig. 9 than in fig. 7.
Our calculations show reasonable agreement with the data for TKEL smaller than
70 MeV for the nickel collisions and for TKEL smaller than 120 MeV for the
zirconium collisions. For the higher TKEL, the calculated polar angle
dispersion-is far too large. With the present treatment of the sequential
fission, a significant increase of the average spin vector is required to

obtain agreement with the data for the highest TKEL. (However, see the

further discussion in section 5.5.)

5.3.c In-plane angular correlation for the reactions- Kr + Bi and Kr + U

The first experiment on sequential fission was performed by Vandenbosch

et al. for the reaction of 86kr with 20981’, and then Tlater with
238U as the target.6) These ‘data are in good agreement with the results
by von Harrach et 317’9) concerning the variation of the angular correlation

with the polar angle. Our comparison to the polar angle variance in figs. 7
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and 9 thus addresses both sets of data, and, besides, a calculation of the
angular correlation itself close to the pole will require terms beyond the.
4'th order in (4.11), since the main 0'th, 2'nd and 4'th order terms tend to
cancel each other.

The data sets are, however, in mutual disagreement concerning-the
dependence of the angular correlation with respect to the azimuthal angle.

The Kr + Bi and Kr + U data show an appreciable in-plane anisotropy, up to
a factor of two, whereas the Pb + 7Zr and U + 7r data display less than a
20 percent variation. For directions close to the reaction plane, ¥ =~:90°,
the leading terms of the angQ]ar correlation (4.11) add up, and we only
introduce a minor error by terminating at the 4'th order.

Figure 10 shows the experimental and calculated in-plane angular
correlation for three different kinetic energy losses for each of the two
reactions Kr + Bi and Kr + U. The data are summed over intervals of TKEL,
and we calculate the angular correlation at the average TKEL in each case,
except for the lowest TKEL, where we use the centroid of the interval, TKEL =
20 MeV instead'of the average TKEL = 13 MeV, since both our model for the
nucleon transfer and our description of sequential fission are not expected to
be realisfic at such low TKEL. For each TKEL we apply fission parameters for
the average mass and charge of the heavy nucleus as calculated in the model.
The data are taken for fixed detector positions, and this introduces a bias on
the spin distribution relative to the spin distribution for fixed TKEL only
and this additidﬁél bias we cannot take into account in the calculations. We
have not included a fourth data set at the very highest TKEL in our comparison
because of this bias, whereas the bjas is less severe for the lower energy

Tosses, where the reaction is quite focussed in scattering angle.
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Our calculation agrees well with the experiment on the position of the
maximum and minimum of the in-plane angular correlation, along the minor and
major principal axes of the spin variance tensor, respectively. Only. for
TKEL = 170 MeV in the Kr + Bi reaction do we get a discrepancy here, but
this TKEL is in our calculation located at the upper edge of the energy loss
distribution and is not focussed in scattering angle, so the discrepancy is
not so serious. The amplitude of the calculated variation is too small

relative to the data by a factor of two.

5.4 Discussion

5.4.a Information on the spin moments from the combined data

In fig. 11 we show, as functions of the energy loss relative to the
maximum energy loss for each reaction, the most important characteristics of
the spin distribution in the heavy reaction partner for some of the collisions
we are studying. The figure displays a strong similarity between the
different spin distributions, although the basic parameters determining the
dynamical evolution, such as for example the grazing orbital angular momentum
in the reaction, the relaxation times, and the moments of inertia, do not
scale in a simple way between the different collisions. The similarity of our
results allows us to give a general discussion of the discrepancies between
calculations and experiment, as functions of TKEL. One should be aware,
though, that actual spin distributions may be more diverse, depending upon the
specific reaction. Since the comparison to different kinds of data will lead
to opposing conclusions in some cases, we must evaluate which kind of data has
the most significance.

For small TKEL, the fission data with 238

U as a projectile are well
reproduced by the calculation, whereas the y-multiplicity data, on the other

hand, indicate that the calculated average spin vector is too large. A
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substantial part of this conflict between the two types of data may be due to
the excitation energy ascribed to the heavy nucleus being too large. A more
equal division of the dissipated energy (than in proportion to the mass) would
leave the y-multiplicity results almost unaffected, whereas the resulting
lower temperature in the fissioning nucleus would reduce the width of the K
distribution thus resulting in a smaller polar angle dispersion., Since the
y-multiplicity data give the more direct information, our conclusion for this
interval of TKEL is based upon these data.

For medium TKEL all data\sets are in agreement with our calculation,
except for the angular correlation of bump region y-rays. This may be due to
the lack of precise knowledge of the structure of the y-rays, with respect to
the multipolarity and the average amount of angular momentum removed by each
y-ray. With increasing TKEL, the mass width becomes larger, and the nuclei
emit more neutrons. Consequently, an increasing number of the y-emitting
nuclei will not have good bump spectra. Experiments utilizing known discrete
y-ray lines in damped nuclear reaction studies will be very valuable to check
the continuum y-ray data.

For the largest TKEL, the comparison to all data sets, except for the
angular correlation of bump region y-rays, indicate that the average spin
vector decreases too much in the calculation. Again, we disregard the
continuum y-data because of the above mentioned difficulty.

Since our calculated spin distributions are dominated by the average spin
vector, it is natural to point to this quantity as the source of the most
pronoUnced discrepancies, as we are doing here. Indeed, it is not possible to
turn the conclusions around, postulating that the average spin vector is in
accordance with data and that the variances are the sources of the-

discrepancies. For small TKEL, the calculated average spin vector alone will
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result in too large average y-multiplicities, even with zero variances. For
the largest TKEL, agreement with the y-multiplicity data may be achieved by
increasing the variances, especially the in-plane variances (cf. eq. (3.3)),
but this would worsen the comparison to the fission data. Asckibing the
disagreement at the largest TKEL to a too small value of the average spin
vector, as we do, gives the right direction for both kinds of experiments.

Turning now to the spin variances, fhe variance along the reaction normal
(the Y-axis) is rather directly related to the spin magnitude variance which
in turn is related to the second moment of the y-multiplicity distribution,
and this quantity is well reproduced by our calculations.

The in-plane variances enter the results in two ways:

(i) The difference between the two principal in-plane variances,
quantitatively expressed through the asymmetry PXZ (2.7), is directly
tested through the azimuthal angle variation of the angular correlations. The
calculated directions of the principal axes of the in-plane covariance tensor
are well in accordance with the data, and the calculated asymmetry is too
small according to one data set and too high according to the other.-

(ii) The two in-plane variances combine to give alignments and fourth
order alignments smaller than the maximal value of 1. The alignment is the
main quantity controlling the out-of-plane correlation, but the alignment is
always multiplied by the second-order angular distribution coefficient, which
is a function of the magnitude of the angular momentum. The average
y-multiplicity and the fission probaility give us a handle on the size of the
angular momentum, -and for medium TKEL the agkeement of all data sets (except-
for. the bump region continuum y-ray angular correlation) supports the

calculated values of the sum of in-plane spin variances.
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5.4.b Sensitivity of results to the neck dynamics

Throughout the present study we have employed the standard implementation
of the model, as described in detail in App. A of ref. 30). In order to
assess the significance of the disagreement_with the data it is of interest to
study the sensitivity of the central results to éertain less well-founded
details of the implementation. They all concern aspects of the neck dynamics
about which we have little direct evidence.

~In the standard version of the model, it is assumed that the neck
contains nuclear matter at normal density Py Of course, it might well be
that the density in the interaction zone is somewhat below normal. We have
therefore made calculations.with the (probably extreme) assumption that the
neck density is on]y.-% L This change reduces the Fermi momentum of
the nucleons being transferred and thus inhibits their dissipative
efficiency. The result of this modification is shown as the thin line on fig.
12. - However, since the energy dissipation and the angular momentum transfer
are both affected, the resulting effect is only moderate. As regards the rise
of the spin magnitude with TKEL, there is about a 20 percent decrease, which
is in the direction of the data but far short of the 50 percent reduction
needed for agreement. It should be noted, though, that this change in S
versus TKEL is produced without any noticable change in the NZ-distribution,
so that the good agreement with the aspect of the data is not affected.

The second type of modificaton explored concerns the damping of the
neck. In the standard implementation, the transfer of nucleons takes place
partly though a (fully open) cylindrical neck of radius c¢ and partly across
the gap between the two juxtaposed nuclear surfaces outside the cylinder.
Therefore one may introduce an effective neck radius Coff which is the

radius of that slightly larger uniform cylinder which would allow the same
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total nucleon current. During the early approach phase, the cy]inder radius
is zero but ¢, cc is not. Since the overall form factor for nucleon transfer
is governed by Coff rather than ¢ it may be more appropriate to use &eff
in‘the;energy dissipation rate. This can be accomplished through suitab]e
technical modifications. The main effect is an effective 1ncréésé 1n.the
-‘radial diésipation rate. In consequence, the two nulceides wi]f not approach
as closely and the form factor will remain smaller. Althogh the evolution of
the nuclear shape, as given by R(t) and c(t), will thus be noticeably
different, the resulting effect on the various observables as functions of
VTKEL will be oh]y minsr. For example, both og and S will decrease by
‘about‘10 percent for a given value of TKEL.

THe third type of modification examined concerns the damping of the neck
towards the end of the reaction. As argued in ref. 30), one wou]d'generally
expect the one-body wall dissipation to be reduced for long narrow necks.
Therefore, a reduction factor, exp(-d/(c + b)), was introduced in the neck
diésipation rate. (Here .d is the neck length, ¢ the neck radius, and
b =1 fm the nuclear surface diffuseness.) In order to explore the
seﬁsitivity to this somewhat arbitrary ‘element in the model, we have madé
calcuations without the reduction factor. The neck then grows longer before
rupture occurs, resulting in a somewhat larger energy loss for a given number
of transferred nucleons. In order to get an 1mpfession of the maximum effect
of such modifications we consider the results of making both the second and
the third modification in the same calculation. The effect is then around‘30
percent on the mass dispersion and around 50 perceht on the mean spin
magnitude. The effect on the spin magnitude is just what is needed to bring
agreement with the data (cf. fig. 2) but at the same time the géod agreement

for the NZ-distribution is spoiled.
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We thus find that while various modifications of the more uncertain
details in the implementation of the model can produce substantial effects in
éoﬁe of the observables, no combination of the modifications considered
appears able to achieve a substantial reduction in the slope of S versus
TKEL without at the same time significantly affecting the behavior of the
NZ—diétribution.' In.view of this finding we consider the discrepancy in S

versus TKEL to have some significance.

5.5 Prescession determined angular correlation for fission

For the angular correlation of fission fragments, the discrepancy between
calculation and experiment is very pronounced for the largest TKEL, and it
would requife a much larger adjustment of the average spin vector to obtain
agreement with these data points than with the thu1tiplicity data.

Part of this problem may be that the fission of the heaviest nuclei
fo]]owihg damped nuclear reactions is not a truly sequential process, since
the time scale associated with a full equijlibration of the nuclear orientation
may be comparable to a typical fission life time. In order to examine this
possibility, we explore below an idealized situtaion in which the fission
angular distribution is determined by the prescession of the fission precusor
around its spin vector.

When the two nuclear fragments lose contact at the end of the damped
reaction, the heavy nucleide is 1ikely to be deformed with its largest
principal axis lying close to the reaction plane. [The occurrence of large
deformations at the scission stage is indicated by calculations within the
TDHF and the Coherent Surface Excitation models which both include the
deformation degrees of freedom. However, so far no calculation has been made

to study the out-of-plane orientation of the fragments at scission so our
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assumption that the major axis 1ies near the reaction plane is guided by
intuition.] After scission this deformed fragment will §tart precessing
around its angular momentum vector. At the same time, its intrinsic
excitations will couple to its orientation, and the distributién in
orientations re]ati?e to thé spin vector will tend to relax toWards the
standard statistical distribution. In analogy to what happens during the
reaction phase, the diffusion in orientation is accompanied by the excitation
of the tilting mode in the deformed fragment. If the time for fission is :
shorter than the tilting relaxation time, but on the other hand larger than
the time for a full prescession revolution, each orientation on the
prescession circ]es described by the poles of the deformed shape will hecome
an equally probable emission direction for the fission fragments. Denoting
by 85 the angle between the reaction normal and the spin vector, the angle
between the spin vector and the emission direction of fission fragments will
be either .n/2 —195 or n/2 +'8S' Expanded on Legendre polynomials, the
angular distribution of the momentum 3 of the fission fragments will depend

upon 198 and is

W) = ¥ (a1 Py(sinds) R cos &) (5.4)

even A

Applying the addition theorem for the spherical harmonics, the angular
correlation for an entire distribution of magnitudes and orientations of the

spin can be written

W) =Y o, Y. (99) |
i eg"e'nx,,.’\" w8 (5.5)
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and the expansion coefficients are

O ® ~g‘f(g)"jrﬁssion(S‘) Yxp}(ﬁs)?s)%(sin ﬂs)dg (5.6)

Evaluating the terms, as it was done for the standard case (4.11-12), we

obtain for the second-order Legendre term:

Ca

o 15 18
[ O L <PYY>fu'ss.'on -9 <PYYYY>fiSSion (57)

where the subscript indicates the restriction to the part of the distribution
undergoing fission. Cutting off at the 4'th order term, the variance in the

_out-of-plane angle is

(5.8)

1$Sion

o, = 0.2807 + 0.2081(PYQ“,SSI_M-o_szn(PYYYY)

The cut-off at the 4'th order term is less justified in this case than for the
standard fission decay, but still this expression is expected to be accurate
within a few percent for our calculated spin distributions.

To illustrate the angular correlations resulting from this picture, we
show (by crosses) on fig. 9 the polar angle dispersions calculated on the

basis of expression (5.8) for the U + Zr reaction. For the largest TKEL,
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where the present picture is expected to be most relevant, the prescession
determined angular correlation is in better agreement with the data. The
remaining discrepancy in the polar angle dispersion at high TKEL may be
remedied by increasing the aligned spin component; such a'modificatfon would
also improve the agreement with the y-multiplicity data, aé discusséd earlier.

The prescession angular correlation picture outlined here will also be
able in part to resolve the discrepancy (mentioned in section 4) between the
fission data for fused compound nuclei and nuclei having undergone damped
nuclear reactions. In the present context we have found it sufficient to just
sketch the main idea of this picture; a proper treatment would require not
only a refined treatment of the reaction dynamics, so that the orientatiohs of-
the deformed fragments can be better ascertained, but also a careful
consideration of the fission'dyhamiCS, so that the relevant time scales can be

estimated.
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6. Correlated fission angular distributions

In this chapter we derive simple approximate expressions for the
correlated angular distributions of fission fragments from the damped

reaction products.

6.2 Definitions

The normalized correlated spin distribution for the spins '§A and

=B . - : *A B .

S” of the two reaction products A and B is given by fAB(S ,SU)  with
>

j;SA;}‘d§BfAB(§A,§B) = 1. The normalized spin distributions for the nuclei

separately are given by

"

£(S) = [d8® £,0 (8" 8%

o

$5(3%) = [dS" f,a(3%,5°)

We now assume that the reaction products A and B may undergo
fission after their mutual interaction has ceased. Let the corresponding
probabilities be given by PA(Z;§A) and PB(E,gB) where P and B
are the spins of the fissioning nuclei and e and B are unit vectors
indicating the fission directions, as seen in the respective CM frames of
the fissioning nuclei. Taking into account the distribution of spins in
the fissioning nuclei, we find for the‘corresponding angular distributions

of fission products

P(2) = fds*“ £,(S*) P (2,37
(6.2)
P (@) = [a®16(3%) R(R.3®)
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respectively. The joint probability for A fissioning in the direction

2 and B fissioning in the direction g s

P (&2 = (43, [ade 4 (380 R0, S PR, 38) (6.3)

Since the two nuclear spins -are correiated;‘the detection of -a
fission product from one of the nuclei introduces a bias on the spin

distribution of the other. These biased spin -distributions are given by

};(3,(5) -(olS fae(s" SS)P((; S‘)/P (2)

(6.4)
SEIN PEYREE ST

where fA(gA,g) is the probability that the nucleus A has the spin §A

when its reaction partner B is known to fission in the direction ?;
T~ > -+
analogously for fB(SB;a); they are thus normalized to unity when integrated

. . . A *A > >

over the spin variable. It is clear that we have d8 f ) = PB(B)
>R -

and gdSBfB(SB,a) = P(3).

>
a

6.2 The basic fission probabilities

We shall assume that the nuclei A and B always fission,

regardless of the magnitudes of their spins. We then have

e R } -
> 2 Y, K Sh 1t -(SR-x) /2
P(a, S*) = [(am) ?-_gfh erf (—ﬁz)] e

&« 2

& ' -(S8.8) 2 (6.5)
er}( S )] o /2Ke

> 2 3/3K
P (£,8%) = [(aM) "5 et ( 5,
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where KA and KB are the mean K-values associated with A and B; they
depend on the nuclear temperatures but need not be further discussed
here. If the spin distribution is fairly narrow the spins in the

preexponential factor may be replaced by an appropriate mean value:

A : - A Gxx <Szz

<SY>(1 xx*Gzz)

3
-
3 L Y

Furthermore, if these mean values are large in comparison with the
respective K-values the error functions are nearly unity and may be
ignored. With these assumptions we arrive at the simple approximate

expressions

_3 - ')ﬂ.i— 2
Pa(2, 8% =ari® 2 (S E 2k
- - 8.np) 2
32 Se e (s*-p /Ez|(8
Ks

Ps (@.8%) = (am)

6.3 Notational tools

Throughout our discussion of the fragment spin correlations two
different spaces are intertwined: 1) the three-dimensional space

associated with the nuclear spins and 2) the two-dimensional space
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associated with the fragment labels A and B. It is therefore useful to
introduce a six-dimensional superspace in which both of thosé spaées are
embedded. In analogy with our notation in three-dimensional space, -we .
shall use double arrows over quantities assdciated with the superspace.
Thus, we introduce the supékspin

& = (229

and the associated covariance matrix

“ ?AA ‘G"AB | |
6 = =84 <88 S (6.9)

It is also natural to imbed the individual fragment spins as

Sh = (3°3)

(6.10)
=2
$P = (3. 5°)

For pedagogical reasons we adopt the symbol * +to denote multiplication
=A <=B A < > <

of supervariables. Thus, for example, we have S * S =S"+« 0 +0 .+« S° =0.
-,w{fh this notation the gaussian approximation to the spin-spin
distribution can be written |
. 2 = et e 5

2 3l (S-S (S ($?)
e (S) =@M e . (6.11)

It is helpful to introduce the reduced directional vectors
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> _ & -~ 2 (6.12)
Q= = J b= =~
Ka Ka
and the associated tensors
&> <« > S e» 2
A=Gd=-%% | B=bb-=0C0E (6.13)
Kﬂ kB
These quantities are imbedded in superspace as
> ->
S > ->
o =(,3) , b= (0,b)
(6.14)
& " &> & D
As%? , B= bb

Finally, for calculating the joint fission angular distributions, the

following supertensor is of interest,

& & s
- R <§> K (6.15)
= -+ x « = .
g &¢
Ke2

With this notation the basic fission angular distributions (6.7) can be

written
' : o & & D &> &
-y, S -LgR AR S, -1 SH%AS
P(& SA) = (am) 2 22 72 Qm P e?
‘ Ka Ka
(6.16)
g < D & Eg
> > ~¥, Sg -+ ¢8pg. g8 y S .t B+S
Folp,s?) = (am) * = e ? = (2%) -E"B s 8%

and their product can be written as
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» o> &
S»?*S (6.17)

1

> QA "-)B - r'3§ESQ ~3
P.(& SRY P (¢, 88) = (2m) X, €

It is also useful to introduce the reduced spins S, E'§A . ='§A -'(&/KA

and sB =

BB %/KB which are dimensionless measures of the
alignment of the fragment spins with the respective fission directions.

For this we introduce the operator

\ . N

= (] %hea O o

I ={2)=|l 5" 2 : (6.18)
b 0 /KB

which transforms supervectors into vectors in label space. We shall adopt

the use of arrows under quantities associated with label space and the
for the multiplication in label space. (Again, the explicit

symbol o
use of multiplication symbols is redundant since the dimensionality of the

matrices involved automatically indicates the type of multiplication

involved.) We then have for the reduced spin

> &
§ = (8,,Ss) S+ __‘; - (6.19)

The associated reduced covariance matrix is

G, G,
= = oo «fp
s = F+TAF - )
px re
IR »
where, for example, o = E e g . E . We note that 3 is symmetric,
B B

yg = %a - We also note that

@ = =
C = 1-T (6.21)
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6.4 The fission-fission angular distribution

We first consider the joint fission-fission angular distribution.
This is the most complicated case and the other cases can readily be
obtained subsequently by appropriate specializations.

Combining egs. (6.3), (6.11) and (6.16) we have

P& {)= (2r) ‘(dg i[(§-<3>);?‘a(6§-<§>)+§*<C=>~§](6.22)
n .

Since the exponent is of second order in the integration variable it is
possible to evaluate the integral by bringing the integrand on quadratic

form ( "completing the square®). The integrand is of the form

D> B =S <> & E &
[-] = (S-<S>-Ac)*(<?“+6):«(5-<S>-Ac)
(6.23)
3 S <.-> S -1 &
+ (S)* * (T +G+C) »¢8>
provided that the induced shift is given by
o & = & > (-1
AC=-—<$))«C*%>4(I+ Cx6) (6.24)

It expresses the bias introduced in the mean spins as a result of the
joint detection of the two fission fragments at a and B. After

=
carrying out the S-integration we are left with

) 1 S S ®» . &=
2 - = &2z T3 Gs S
b (@@ 5 5P RE I CATONED
A
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The rank of € s only two, and therefore it is possible to reduce
the six-dimensional determinant and exponent to quantities in the

two-dimensional label space. We first note the following identity:

<E> S

*(I+0‘*C) ? T%(I+ :«io !

7)

L

)n

i
()
-

= &=
T2 T (-€x L
h2o ' . '
(6.26)
2 e &\ =
55; (-;I'a NN ) °.;I

J,—I’i‘

where éj is the identity in label space. The inverse matrix is readily

calculated,

(;+g)"=(“‘“°‘ S ) _ %(hc{,(, - Syg ) (6.27)

6@«? 1*’5ﬁp ~ Cpa 1*’“&«'

. where d = IA.+.3| = (1 + 0,4 (1 + UBB) =~ 946%8a

is
(6.28)

In order to calculate the preexponentﬁa] factor we make use of the

identity

6 .o, . Thus the exponent in (6.25)
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IT+E«Cl = |T+C*T| (6.29)

S D S E

=fT+T+8+T| = 12+8) =d
We thus arrive at the following expression for the joint angular
distribution

-1
>, 355 4 =3gde(L+8) o (g
PAB(“'("’) =(2aw) Rn K |<:_[‘ <§>I e (6.30)

6.5 The individual fission angular distributions

The individual angular distributions of the fission fragments from
one of the reaction products are given by eqs. (6.2). Due to the results
(6.16), these expreésions are of the same form as the expression (6.17)
for the joint angular distribution, the only difference being the
replacement of the supertensor €' of rank two by either of the rank one
tensors A or ZEZ The result (6.25) can then immediately be taken over
for PA(K) and PB(E) with the appropriate replacements of ?; By

proceeding in .an analogous manner we then arrive at the results

-5<s~>(1+«“)"<s~>

O b

() =@ ™2 (e, V2 e
A

> ¥ Sg -5 =348y (1+ 6, Y (8D (6.31)
PB ((5)=(2u) ?s(1+ P)" 2% 6 6

With these results we can derive an expression for the enhancement

factor
, > >
F(L,E) = —mel® @) | |
Ple) R () (6.32)
, 2
=(1— S«p S Y il ('*% hﬂc) CRURERRE
(1*6«.‘\(1**6,,‘;)
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6.6 Biased spin distributions

The biased spin distributions can also be derived 'in a manner
analogous to the one used for obtaining the joint angular distribution.
Let us consider the biased distribution for the spin of nucleus A; the

other one follows analogously. Using (6.4), (6.7) and (6.11) we have

» &> &=

B (5 -(5)+ S B5]
TGN -%, S -4 8 [(S (S> 6 »
Pa(g)fn(salﬁh (2m) R‘: 1’| 1gots

(6.33)
In analogy to (6.23) we find for the exponent
[1 = (3-(D-B)+(F4B)+ (5-(5-B,)
+ (?)*?*(? +‘?*<‘é )-‘4& (?') o2
Here the biased shift is given by
§ﬁ= (BT (T+ BT (6.35)

The integrand in the above expression for fA is thus a six-

= = =
dimensional gaussian centered at S = <S> + Ay and with covariance tensor

<1, 91 . . 2B T
(o + B)™". The integration over S~ then leaves a distribution in
A . , , . A ZA
S™ which is a three-dimensional gaussian centered at §" = <S"> +
Kﬁ where Kﬁ = (2;)A . is the A-part of the supervector :?E.
Furthermore, the corresponding biased covariance tensor 3AA is the AA-part

of (? -1, §>)-1.

We now make use of the following relations
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and

(6.36)

(6.37)

(6.38)

Thus, the detection of a fission fragment from B in the direction 7

shifts the mean spin of A to
3 >
SA = (3> -

- (3 (3% BEGen (148 G

IQf

‘E -1
> ) (6.39)

Furthermore, the mean spin of those target-like nuclei which fission in

the direction of 8 is given by
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wnt
)

]

“«— > _
(3> [T-BE (18 %
8

a ,dee,E )-1] (6.40)
Ke Ka
It also readily follows that
4 e D e
(?"-v B) =5+ (I+Bx6)
<> | &= > = e (6'41)
= 6 - - @ % B" 1
- da

so that the biased covariance for the gA—distribution is given by

P >
?g“ = 6"“—5— @gae B,‘&’BA
A
Y Y < - | .42
=6AA~?AB-@.?BR(1+E.<EBB,@)1 - (6.42)
Ke Kg K,

The biased spin distribution can therefore be written

=~

-
F\(S",'(_:l?)

U VR N WA (.0 2 [ZaaY!, “a_%n
___(2"_.,)—?!2,'?2“'-/1 e 1[(S S@) (6(3 ) (S S(s)]

(6.43)
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6.7 Illustration: 8.5 MeV/n U + Pb

We now wish to illustrate the theory by considerng the reaction 8.5 MeV/n"

238U + 32) We have

’

208Pb which is of actual experimental interest.
carried out dynamical trajectory calculations for specified J-values and
subsequently integrated over those to obtain the final spin distribution
as a function of the kinetic energy loss TKEL. We consider in some detail
the results for a moderate energy loss, TKEL = 140 MeV, and a large one,
TKEL = 280 MeV. For a specified energy loss, the joint fission-fission
angular distribution PAB(Z;E) is a function of the four angles =
(ﬁA,?A) and ® = (ﬂB,th) and thus not easy to display. We

therefore choose to fix the direction 8 at a specified value and then
study P,p as a function of a. We wish to recall that « denotes the
fission direction for the projectile-like reaction fragment A as seen in
its rest frame whfle E denotes the fission direction for the target-like
reaction fragment B as seen in its rest frame; thus the two directions

« and E do not refer to the same inertial frame, and the appropriate
transformations need be carried out to relate PAB(Z,E) to angular
distributions obtained in the laboratory system. Our particular choice of
frames is made in order to best bring out the physical effects of the
correlation between the fragment spins.

In order to give a global impression of the effect of the correlation
of the two fragment spins gA and §B on the joint fission-fission
angular distribution we show in fig. 13 contour plots of the quantity
PAB(Z,E)/PA(Z)PB(E). The fission direction of the target-like

reaction product has been fixed at either B = (t% = 45°, P = 60°)

e o o . ‘ .
or g = ('98 = 45", ?B = =30 ). The directions ?B = 60, -30

(-
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correspond to the major and minor in-plane principal directions,
respectively, at the specified energy 1os$ of TKEL=140 MeV. [At both
energy losses considered, the calculated scattering.angle is G%M ~ 70°
so that the major in-plane principal direction is expected to form an
angle of approximately 35°_(z=6%M/2) with the beam direction. In
actuality this angle is close to 30°. Consequently in the adopted
coordinate system, which has the Z-axis perpendicular to the beam and the
X-axis along the beam, the major in-plane direction has 8, ~ 60°.] When
B is taken to be out of (but not perpendicular to) the reaction plane
(i.e. when 9, = %° and 6, #0°) the distribution of fission
fragments from the projectile-like reaction product is no longer
reflection symmetric with respect to the reaction plane (nor with respect
to any other plane, as we shall discuss later). This is clearly seen from

the figqure. It is also noted that the effect is considerably larger when

8 is chosen in the major principal direction (¢% = 60°) than when E
is chosen in the minor principal direction (?E =>—30°), as is to be
expected since it is easiest to tilt the spin in the major principal
direction. 7

The division by the product of the individual distributions PA(Z) and
PB(E) of course enhances the effect in the polar regions where the absolute
yields are the smallest. In order to gain an impression of the absolute
size of the effect we show in fig. 14 the absolute yield PAB(Z,E) as a
function of a single angular variable, namely the.polar angle ﬁk,_ with
qh fixed to be the same value as 1% (since the largest effect
is expected when a ~8). Figure 14a corresponds to - & = (45°, 60°)
while fig. 14b has 8 = (45°, -30°). The upper portions are for a

moderate energy loss of TKEL = 140 MeV while the lower portions are for a

large energy loss of TKEL = 280 MeV.
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We note that the distribution in fig. 14 is biased towards 3,
particularly at the moderate energy loss. This is expected since this
particular angular selection will probe the major in-plane components of
the spin distribution which arises predominantly from the in-plane
wriggling mode and consequently has positive signature. Towards the
largest energy losses the distribution will relax more towards equilibrium
which is characterized by a slightly positive covariance for the in-plane
wriggling mode (c.f. fig. 14 of I). Thus, the correlated fission
distribution PAB is significantly different from the uncorrelated
product PAPB at the moderate energy loss, whereas, for the larger
energy loss, the difference is less pronounced.

In fig. 14b, where B is in the minor principal direction, we probe
mainly the twisting and tilting modes. Generally, the tilting mode
‘dominates at the small TKEL, leading to small positive oAB along the
minor princpal axis. For larger TKEL, the tilting relaxation time becomes
very long, whereas the twisting relaxation time decreases, and 9nB along
the minor principal axis decreases at some point and ultimately turns
negative with increasing TKEL (c.f. fig. 14 of I). Thus, at the moderate
TKEL, where oAB is still positive along the minor principal axis, the
maximum of PAB is shifted slightly towards the direction E, whereas
the negative value oAB at the large TKEL induces a shift of the
maximum in the opposite direction.

The fact that the location of the maximum of PAB’ as a function of

the direction & for fixed E, moves toward B for positive oAB and

AB can qualitatively be understood as a

away from & for negative o
three-step process: (i) Fission into the direction B imposes a strong

.+ .
bias of the spin SB of nucleus B towards directions perpendicular
(
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to & (c.f. eq. (6.40)). (if) For positive oS, this bias of S induces
a bias of gA in the same direction and in the opposite direction for negative
oAB. (ii1) The fission fragments emitted from nucleus A will.
preferably be emitted perpendicular to ‘the spins gA biased in this
way, and this favours the direction 8 over directions perpendicular to
8 for positive ohB and disfavors it for negative UAB."-

Figure 15 shows the average spin and contours for the variance in-the
two planes containing the Y- axis and, respectively, the minor and major
principal axes for the unbiased spin distribution invnucleus A, and for
the distribution biased by a detection of fission fragments from nucleus
B. The angles of maximum PAB restricted to the planes shown -
correSpbnd roughly to the directions perpendicular to the biased average
spin 52 ~in the two cases. Since the bidsed variance tensor does
not have the biased average spin direction as a principal axis, PAB is
not réfTection symmetric with respect to the plane perpendicular to

=A
Sg ', or anyother plane..

It is instructive to contrast the above results with the expectations
of a statistical model. For this purpose we assume that all spin modes
are fully relaxed at the time of neck snapping, as already discussed in
I[. As already pointed out there, the resulting principal system is
rotated approximately -45° relative to the dynamically calculated
distribution. In order to maximize the effect we therefore choose either
8= (45", 0°) or B = (45", 90°), corresponding approximately to the
major and minor principal directions of the statistical spin distribution.

The results are shown inufig. 16. It is clearly seen that the effect

is much smaller (nearly an order of magnitude) and probably hardly

experimentally detectable. The results exhibit the qualitative feature of
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a slight positive shift when biasing along the major principal detection
and a slight negative shift when biasing along the minor principal
direction, as specified.

In summary, we wish to state the following. Our calculations
indicate that the dynamically accumulated correlated structure in the
spin-spin distribution of the reaction products gives rise to significant
effects in the joint fission-fission angular distribution. Moving 6ne
fission detector out of the reaction plane breaks the symmetry with
respect to reflections in that plane. The resulting reflection asymmetry
of the fission distribution from the other reaction product is fairly
sizeable and shows a characteristic variation with direction and energy
loss. In contrast, calculations based on the assumption of full
statistical relaxation of the spin modes yield very little effect. It
would be of great interest to observe such structure. Given sufficient
data quality, it should be possible to determine the principal directions
and, from the character of the correlations, obtain an indication of the

relaxation times for the various dinuclear spin modes.

#e
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7. Concluding Remarks

Theories of damped nuclear reactions are often expressed in’ terms of
degrees of freedom which are familiar from simpler nuclear reactions, such
as surface vibrations and nucleon transfer. However, the clean
characteristics of such elementary nuclear excitations are largely washed
out due to the complexity of a damped reaction where high temperatures' and
large distortions occur. [One exception may be the substantial overall
deformations of the reaction products at the time of scission, as
suggested by the.fact that the nuclei often emerge with relative energies
well below the exit channel Coulomb barrier. Another exception may be the
(still conjectured) Fermi jets, which are transferred nucleons directly
transmitted through the recipient.]  The experimental study of damped
reactions is - therefore practically limited to observables subject to"
overall conservation after the reaction: - the mass and charge numbers, the
momentum and energy, and the angular momentum. (Parity is also conserved,
prior to sequential decays, but is of little use.)

Observables related to the mass and charge partition, for example as
expressed in terms of the mean neutron and proton numbers of the
projectile-1like reaction product and the associated three second moments,
can be obtained experimentally in a fairly direct manner and have been
studied thoroughly in the past. The present series of two papers has
focussed on the angular momentum observables. Being vectors, the angular
momenta enrich the descfiption considerably, adding two first moments and
thirteen second moments as functions of the kinetic energy loss, but the

experimental methods for obtaining this information are less direct.
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The most direct experiments so far are y-multiplicity experiments,
which probe the spin magnitude distribution. The mean multiplicity of
y-rays is closely related to the mean spin component along the reaction
normal while the y-multiplicity variance is mostly determined by the spfn
variance in that direction.

An ideal experiment for probing the directional distribution of the
spin would be the measurement of angular correlations of y-rays associated
with known discrete rather low-lying E2 transitions, through which most of
the intensity passes. This would permit the determination of the
ref]ectioh symmetric moments of the spin directional distribution, i.e.,
the statistical tensors of even rank. (Of course the dealigning effect of
sequential decays preceding the particular transition studied must be
incorported in the analysis.) 1In this way the tensors of rank two and
four could be determined fairly unambiguously. Ideally the entire 4s
angular region would have to be covered, or, exploiting the symmetries,
one quarter thereof. Recent improvements in discrete y-ray detection
techniques may soon make such an experiment possible.

At present, angular correlation experiments are using less perfect
sequential decay modes. They introduce a bias on the spin distribution
which must bé taken into account in terms of decay probabi]ities and
angular distribution coefficients. The variation of the angular
correlation with respect to the polar angle (using the reaction normal as
the polar axis) is primarily determined by the magnitude and alignment of
the spin relative to the reaction normal. Sometimes fission data directly
yield a lower bound on the spin a]ignment for large TKEL. Since most
theories do not conflict with such absolute bounds, it is necessary to

perform detailed calculations to compare theory and data. The variation
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of the angular correlation with azimuthal angle yields, to the extent it
is statistically significant, information about the directioh_of the
principal in-plane axes for the spin variance tensor. This is important
since different theories predict quite different results for this
quantity. The amplitude of the variation with azimuthal angle depends on
.the spfn magnitdde and the difference between the major and minor. in-plane
variances, and again'the comparison between theory and experiment requires
detailed calculations.

of particu]ér'interest is the correlation between the spins in the
two product nuclei, since:different'assumptions about the reaction
dynamics yield duite different results for this quantity. The spin-spin
covariances can be probed'in'a double angular correlation experiment.
Again, discrete y~-rays would be ideally suited to obtain precise
information on the correlation coefficients. However, for the time-being,
a more practical method is offered by the double fission process. On the
basis of our approximate analytical analysis of the double fission angular
correlations, it appears that this type of experiment should suffice to
give a rough indicator of the sign and size of the spin-spin. correlation.

The:preseht'stUdy is carried out within the framework of the nucleon
exchange transport model. This model has arisen as a natural consequence
of our genera1 understanding of low-energy nuclear dynamics in terms of
nearly indepehdent nucleons moving in a time-dependent effective one-body
field. 1In this piéture'the dissipation of the macroscopic motion is
caused by the inelastic interactions of the individual nucleons with the
mean field. In the case of a binary system, as is temporarily created
during a ddmped reaction, this mechanism appears as the transfer of

individual nucleons bétwéen the two reaction partners. The strong
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spin-spin correlations predicted directly reflects this character of the
angular momentum exchange in the reaction and thus appear to be an
important test case for the theory.
In the present paper we have compared theory and experiment for.a

33) on the

number of angular-momentum related observables. [Data
correlation between angular momentum and charge partition have not been
considered since the theory has not yet been developed sufficiently
regarding this type of observable.] Throughout our studies we have kept
the various model parameters fixed at their standard values and no
attempts have been made at fitting the data. On the whole, the theory is
supported as far as the variances of the spin are concerned, but the
situation is less favorable for the mean spin. For small TKEL the
calculated mean spin increases to rapidly, reaches a maximum for
intermediate TKEL in accordance with the data, and proceeds to decrease at
higher TKEL somewhat too markedly. [However, the picture is somewhat
obscured by the fact that the different sets of data are not in mutual
accordance. ]

As we have discussed, the disagreement for small TKEL can be reduced
by more refined treatment of the neck dynamics but only at the cost of
affecting the behavior of other observables. We therefore attach some
significance to this discrepancy. The cause of this failure is not clear
to us at this point but the problem might be helped by an improved
treatment of the nucleon transfer process and future studies may be
focussed in this direction.

The disagreement for large TKEL is probably caused by the mean
trajectory method of solution, which prevents dynamical fluctuations, for

example in the nuclear separation, from coupling back into the mobility
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coefficients. If the fluctuations were allowed to accentuate themselves
through the induced changes in mobility coefficients, potentials, etc, the
highest TKEL-values might receive contributions from a wider range of
impagt parameters, in turn giving rise to a larger méah spin.

The present study has developed the description of angular momentum
in damped reactions to a considerable detail, within the nucleon exchange‘
transport model, and has carried out a fairly broad confrontation with.
data. It would be very helpful 'to our assessment of the situation if
other models would be subjected to an equally complete treatment. This
would amount to deterﬁining‘the characteristics of the spin evolution
implied by the degrees of freedom considered, as well as comparing to data

in order to test the qualitative and more quantitative predictions.
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Appendix A.

In this appendix we derive expressions for the changes in magnitude and
statistical tensors for the spin in a nucleus caused by a statistical cascade
of unobserved neutrons.

By So we denote the spin magnitude in the nucleus leaving the damped
reaction and by Si’ i=1,...,n we denote the spin magnitudes in the
first, second, etc. daughter nucleus after neutron emission. Then Sn is
the spin of the n'th daughter nucleus, which finally emits the decay product
being observed, whether a y-ray or a fission fragment.

At each step in the cascade we imagine (for the time being) that the
mother nucleus has a definite spin magnitude Si-l' We then wish to

determine the distribution of the spin magnitude Si in the daughter

nucleus, as characterized by the average change

<A = S-S BERCRY

and the incurred variance
2
ot = - Sy Y - S-S (A.2)

For the statistical tensors we are interested in the average values of
the factors (4.5) relating the statistical tensors of rank A = 2,4 at the
i'th step,

P. E; '?55-1 )
5 | —
SiS[-1
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to those at the previous step.

Denoting by j the angular momentum of the evaporated neutron, we obtain

2 &« i a 2
S - Si-y _ Sl'l* S -3'1 3 *2_6‘ -$i4)
PQ( S.'Si-a) B P"( 25;5‘5-1' ) =13 5% (A-3)
and S e - 2 ( )z
P (S8 ) = 1o s B
i 2i-1

Si-u

where we have kept leading order terms in j/Si and (Si - 51_1)/51-
For one step in a statistical cascade, starting from definite values of
the angular momentum Si-l and the excitation energy Ei—l’ the relative

probability for the angular momentum sequence Si—l’ J, Si is given by
RS, 4,Si) = zfde Ty €) (E-B-¢€,S;) (A.5)
2

where the summation runs over the orbital éngu]ar momentum of the neutron and
its kinetic energy «. T](e) is the tranémission coefficient. o =
°(Ei’si) is the level density in the i'th daughter nucleus, evaluated at
the angular momentum S. and the energy E; ; - B - ¢ after neutron
emissioﬁ, where B 1is the binding energy.

To obtain the changes in the magnitude of the angular momentum (A.1) and

the factors for the tensors, we must evaluate the averages

Fy - F R(Si 4 S0/ :
LY o /2;? R(Sivog Si)  (n0)

I 2 .2
of the quantities F =S5, -S. ,, (S; - S;_1)” and j.
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In order to obtain analytic expressions we apply the two standard
approximations: (i) Sharp cut-off transmission coefficients with effective

barrier radius R:

2
1 if €> =3 a
. amR :
T((i)' = (A.7)

O otherwise
Here m 1is the mass of the neutron. (ii) Approximation of the level density

around some set of arguments E',S':

g g ey 2841, T - .
§(E,S) = p(E}S") egp[:,-.(E-E )] mexf[{%(sﬁ.gl)] (A.8)

In this expression & 1is the moment of inertia of the i'th daughter nucleus

and T is the temperature at E',S', given by

(A.9)

where a is the level density parameter. We choose the values E' =E, - B
and S' = Si-l' The level density o(E',S') s common to all the terms of
the summations in both numerator and denominator of expression (A.6), and
therefore cancels.

The integral over the kinetic energy of the neutron, entering into the

first exponential factor of the expression (A.8), yields:

e B

g de Ty exp[f;(E,-.r B-£)-L(E.,8)] -7 exp(- Elm’:) (A.10)
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For particles of spin -%, the sums in the expressions (A.5) and (A.6)

are:

2 S“* Sl\l 6*5'-
S‘-- . { O jor even nudet: é= VS; - Sid _e.:a'_:z
Yy jor odd nucled
For each j the 1 summation yields

ﬂ*}. L 142 142
__ e _ (4-2) _(3*3) )
2= 4! QXP( rrmn‘) ] Q"*’(‘z«rmtz‘) * "‘P( ATmR

i

exp (- sqjmrz“' ) exp (-5;},-:-5:) 2 cosh (zgmlz‘)

exPC%;TQ"") exp( )[ (D.'r Q) ] (A.11)

Finally, the factors containing the spin magnitude Si in (A.8) are

"

approximated:

25+ (Siy + i) s.-"..) _ i 288+
?—P( = = (1+ 3‘_,)‘3"?(_ 373

>
_1(3.?. JESi L 3 )ale.
c 21 221 4 - e (A.12)

The summations over Si and j can be interchanged:

Si+Sia o & I
L L =L I =33 (A.13)
S. - {gz 3:[5; -Sf—ll 3:1/2 A‘ =z Mox (-‘3,- Si-\) a»:'i Ai = -é,

Defining the following variables and constants
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XE.) EA.) b°§—1'—":,b —(_S_L‘_‘__._i——,
¥ 9 | 2TmR ' T3 5.'-1)(A.14)

1S4 _ 3 ) b. = -1 ( S:i ¢ S;- 3
2(7-"3‘ T3/ 3T e 7;33“ —,-31* 'rJS,-.,)

o
e
1l

we replace the sums over Jj and a; by integrals, and combining the factors

(A.11) and (A.12), except for common factors, we then obtain:

norm

norm { $;= S;, Y
norm *((S; - 5, )%
norm ¥{4*)

1
Co X
= g d x exP(-i%x‘)(2+b:X"+---)gd3 3: (1+b|ﬂ+bﬂ‘*bs\f‘_‘_)(A.lS)
1 7y 2
2 X

—+

where norm (the normalisation) represents the numerator in expression (A.6).

The integrals are elementary:

(norm \ 1+ é—" + -b—..z' -+ Ez.,...

< horm 4<S; =S
norm *«Si - S;-,)z>

I

n

o

_norm x (42) J

(R.16)
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Here the last column is due to the lower integration limit being -%

instead of O.

Keeping the main terms plus the first order terms in the small parameters
b 2 and Si_i B we obtain
0’ By’ T3

Ly=€5%-8.,47 = - %._r%g" Sia (14 %}} %Bl)'p %L?%l- I]S;LE:
(5 -5,V = 2rmR* (1+ 3 —f,—'}- -"-;Bz) ‘3
055y = e (1o4 S ) g

o = (S - S D - (i - 5
N NEEET X JPa o

In these éxpressions, the second terms in the parentheses are of the order

b

Bg‘ The expansion of the result as a power series in this parameter, assuming
0

mRY_ 4 (A.18)

by
- 3

2
SF1
b, TS

is the most severe approximation done. For a heavy nucleus, A > 100, the
relation (A.18) is valid, except at the last few steps of a neutron cascade at
the highest angular momenta.

Looking in more detail at the change in the angular momentum <<Si - 55-1:>’

the first term (except for the above mentioned corrections of the order

b2/b0) comes from the orbital motion of the neutron. It can be
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interpreted classically as the average angular momentum of a neutron placed
randomly on the surface of the nucleus at the effective barrier radius and
following the overall classical rotation of the nucleus. The second term,
which diverges for Si-l = 0, comes from the factor -251 + 1 in the
level density. The last term is due to the spin % of the neutron.
Relative to emission of a spinless particle with the angular momentum
sequence -Si_l,l,si, the spin ‘% givesvtwo possibilities of the
daughter nucleus angular momentum, adding or subtracting -%. The
relative probability for addition or subtraction is given by the different
level densities at Si —-% and S, +-%. Expandiﬁg the level
density around Si’ the average change in the angular momentum introduced

by the spin is then

_ -1
£ wr(-280) « s e (20 o) e

(A.19)

473

1

473
Inserting the results (A.17) into expressions (A.3) and (A.4), and

keeping the main terms, we obtain for the changes in the average spin

magnitude and of the tensors:

- . - i vaQ _1___ ) Tsz
<S|> ~ Sl-i( 1 33 urs 3 S2 )

P (gl'-él-_’) ~ 1- leQa_ -3__
2 S;Si-t Si?n' L‘Si?
>

S-S 20 TmR* 5
P (2L 2t ~ - - (A.20)
< H( S; Si-1) 1 3 Sl‘: ' 25{3;
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The change in angular momentum due to the evaporation of neutrons has

34)

also been considered by Blau and Moretto. When the condition (A.18) is

fulfilled, the first two terms of their expression read

S = Siy [1-‘% r (1+ ‘%mm—?]“"z”

which is very similar to our result. Also our expression for the change in
the tensors of second order can be related to their expressions in the same
way.

One advantage of the present derivation relative to the derivation by
Blau and Moretto is that.it is more direct and compact. Another advantage is
that it rests upon the traditional detailed balance principle, which has been
implemented in statistical decay codes and used to discuss data and determine

35) This permits a direct comparison between

parameters for level densities.
our expression§ ahd_the results of statistical decay code calculations, as we
will show be]ow. |

The treatment by Blau and Moretto, on the other hand, is.moke general and
can be applied for the emission pf large fragments also. . The occurrence of
the moment of jnertfé of l3 + inR2 of the transition shape instead of just
the moment of inertia of the daughter nucleus, is thus more correct.

The temperature changes down a decay chain. Assuming that each neutron
roughly takes away the same amount of energy, a summation over decay steps can
be replaced by an integral over the excitation energy of the daughter nuclei.
The highest excitation energy is the one in the first daughter nucleus, El’
and by T we denote the corresponding temperature. For a complete neutron
decay chain down to the entry line for 'y- decay, the lowest excftation energy

above the yrast line in the daughter nucleus is zero. Inserting these limits,

we obtain for a complete decay chain:



Ey E 2
aq - E = 25y L 2
<17 >decm5 chain = J' \l; dE/SE.d.E i 3}I; 2T
° 0 (A.22)
| f'ﬁaa 6 =2
<’T‘ >olecouj chain T j  'E /So o E T,

By repeated use of the addition theorem for spherical harmonics, we

obtain the following approximate result, for a1 = 2,4

(&5

'=< (SS SS: >< ((S>S > < (ﬁréti) Ssn)>

Products of the above type, where the factors differ little from unity,

(A.23)

may to a good approximation be replaced by exponential functions. Therefore,

‘ e}
(5, = S, exp[-n(%rgR +23T - 3 _rl)]

<P2(s§-§:)> = exp[-n msQ::> qs<s>)]

RS S)> exp '”(%mT?&Is +—————ZS5°§‘SH>)]

The amount of excitation energy removed by neutrons is equal to the

(A.24)

original excitation energy minus the entry energy in the last daughter
nucleus. The average entry energy is approximately equal to the yrast energy
plus half a neutron binding energy. The average excitation energy taken away
by the i'th neutron is equal to B + ZTi, B being the neutron binding
energy and T being the femperéture in the i'th daughfer nucleus. So the

average number of neutrons emitted is

3
v
n= (E- S;—%)(B"g’n\ (A.25)
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where the temperature in the first daughter nucleus is given by

x 23 (A.26)

In accordance with the approximative treatment of level densities and
“transmission coefficients some approximations have been made for the
calculation of n and Ty- Thus the yrast energies in both (A.25) and
(A.26) are just represented by the original yrast energy at spin SO in the
nucleus leaving the collision, and the average energy removed by the first
neutron in (A.26) is just represented by B instead of B - 2T1.

The application of the expressions (A.24) to (A.26) requires four
parameters to be inserted, B, mR2, 3 a. Of these, the binding energy
B can be taken directly from tables.

The level density constant a and the moment of inertia 3 enter the
expressions through the approximation (A.8) to the level density around some
éet of values. For energies not too close to the yrast line, the
approximation is very accurate over a quite wide range of energies and angular
momenta, both for numerically calculated level densities on the basis of
independent particle levels, and for standard analytic expressions for the
Tevel density. Often the effect of shell structure in the single particle

" levels and the pairing energy are taken into account in terms of one
additional parameter besides a and 3 for calculating the analytic level
density, namely the back shift energy. For the high exictation énergies and

angular momenta we are mainly interested in here, the back shift should just



86
be subtracted from the energy E0 in the calculating of the temperature,
and this does not affect the quality of the approximation (A.8).

The effective barrier radius R enters the expfgssions (A.24) to (A.26)
through the sharp cut-off appfoximation.to the transmission coefficient. The
calculation of optical potential tfansmission coefficients is, in contrast to
the calculation of level densities, rather involved, and the sharp cut-off
approximation is crude. |

To be able to use the analytic expressions (A.24) to (A.26), we therefore
determine the effective barrier radius R by fitting tﬁe values bf (@p and
c% (A.17) to calculations by a statistical decay code. o o

We use the statistical decay code GROGI 2, and perform the calculation
for nuclei with mass number A = 50, 100, 150, 200 and with various:
excitation energies and angular momenta. In the calculation we apply the
level density constant as A/(9 MeV) and the moment of inertia fok‘rigid
rotation of a spherically symmetric mass distribution with rms radius
1.25 A1/3fm. .These values are in accordance with expérimeﬁts for nuclei in
the mass range around 60.35) The optical potential for heutrons ié; apart
from inessential ‘details, the one used in the new1y deve]opedvcode MBII.36)
Table A.1 gives the parameters for the optical potential. |

Figure A.1 shows the result of the statistical decay code Ca1cu1affbn
together with the results of expressions (A.17) for (Al) and o%, usfhg
the value R = 1.95 A«l/3 for the effective barrier radius. For the neutron

binding energy a common value was inserted in (A.25) and (A.26). So, the four

parameters are:

a = % MeV ™

3 = 0.015 A* Mev. #2
mR> = 0.091 A3 Mev B

B = 8 MeV (h-27)
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The fiqure displays a consistency beeween the two analytic expressions
for <A1) and o%, and shows that the analytic expressions with an

overall common value for R proportional to Al/3

accounts well for the
result of the statistical calculation.

- By enforcing a -common value proportional to .All3 for the barrier
radius, we neglect some dependencies upon the excitation energy and the mass
number. With individual fits of R to the statistical code calculation, the

1/3 in the effective barrier radius will show a

coefficient in front of A
decrease with increasing excitation energy and a slight decrease with

increasing mass number.



88
Appendix B.

In this appendix we discuss the fission decay probabilities and angular

distribution coefficients, taking into account fission in competition with
neutron emission in all decay steps.

- First we give a description of our schematic calculation scheme. ‘For

given excitation energy and spin Ei-l’ Si-l in the i'th decay step,
the temperature T is calculated at energy and angular momentum Ei-l -
Bn’ S]._1 according to the expression (A.9). Next, the ratio between the
fission probability and the neutron decay probability is calculated according
to (4.22). For fission the angular distribution coefficients (4.19) are
calculated, multiplied by the dealignment factors, (A.20) accumulated along
the previous decay steps. The angular momentum in the i'th daughter nucleus
is picked at random from a gaussian distrfbution with first and second moments
given by the main terms of (A.17). The kinetic energy of the neutron e is /
then calculated in two steps. First the orbital angular momentum 1 of the

neutron is picked randomly according to the distribution exp ( - 12/2 TmRZ)

and with Tower limit |Si - Si-l . This neglects the spin 1/2 of the

neutron. Secondly the energy is picked according to the distribution
exp(—-%), with a lower limit given by 12/2 mR2. In this way it is

assured that the average neutron kinetic energy is approximately twice the
temperature. Each particular decay chain simulation is stopped at the

i-1'th step if the average excitation energy in the i'th nucleus, Ei - Bn -2t
would drop below the yrast energy in the i'th nucleus for spin Si-l‘

This is a crude way of taking into account the takeover of the decay by y-rays

close to the yrast line.

X3
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-The total fission probability and angular distribution coefficients for
given excitation energy and spin E | So is found by averaging over the
accumulated simulations of decay chains.

The parameters entering the calculations are of three types. First we
néed the level density parameters a, and A, which we typically take
as . A/10 MeV"l, A - being the mass number. Secondly, we need the smooth
neutron .binding energy Bn and fission barrier Bf, together
with their variation down the neutron decay steps for which we just

dB dB
include a linear dependence with the derivatives aNy * AN “Finally the

effective moments of inertia must be specified, :]é for the neutron-to-
fission competition, jéff for the fission saddle shapes and mR2 for the
neutron at the barrier radius. For MR we use the parameter (A.27)
determined in Appendix A.

The.parameter-va1ues not already specified are derived from the liquid
drop model, with the Lysekil parameters. This readily yields the neutron
separation'energies, and the fission barriers and moments of inertia of the

f.'lo). The moments of-

saddle shapes are calculated by using fiqgures from re
inertia change with increasing spin, and we use the average of the two values
obtained at spin 20 and 50. For the moment of inertia of the daughter nucleus
after neutron emission, we use the value (A.27) for spherical nuclei.

To test the calculation against more complete calculations, which include
barrier penetration and which do not approximate the level densities as
crudely as we do, we apply the present calculation scheme to the well studied

198 £ 182w

case of fission of the nucleus Pb as formed in fusion reactions o

with 160 at various bombarding energies. Taking into account the shell

198

correction energy of Pb, which is approximately -5 MeV, we obtain the
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values E* = 50 MeV and 73 MeV for the excitation energy above the liquid drop
model ground state for the lowest and highest bombarding energies of 90 MeV
and 117 MeV, respectively.

Figure Bl shows the fission probability and angular distribution
coefficients for these two extreme values of the excitation energy as function
of angular momentum for the whole cascade and for the first decay step only.
It is apparent from the figure that it is 1mportant to take into account
fission at all decay steps, especially for the fission probability. The
angular distribution coefficients obtained for the first stop only, on the
other hand, deviate from those obtained for an entire cascade by less than 25
percent in most cases.

The fission probabilities display an almost step-like behavior, being
small and almost constant for the small spins and rising sharply within a:
rather narrow interval towards the asymptdtic value of one. For an entire
angular momentum distribution corresponding to a compound nucleus formed in a
fusion reaction, almost all the angular momenta above a certain value will go
to fission. The properties of the fission probability for the case of a
fusion reaction is then best characterized by the average maximum spin‘SER

remaining in evaporation residues, defined by

| 2
(Sex+1)" = Seezsa = (Smax 1) (1-R)

Here oeR is the evaporation residue cross section, %X is the reduced

wavelength in the entrance channel, Smax is the maximum angular momentum

for fusion, and Pf is the fission probability for the whole distribution.

Figure B2 shows the S .. value put into the calculation together with

X
SER as calculated with our schematic calculation together with the results
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£ 24,

of the calculation of re Also shown are the angular distribution

coefficients for fission of the entire distribution, defined as

Srnax
| 25+1) Niicsion(S) By(S)
gB,‘(totaL) = sé( bies 2 (8.1)
f"(z $+1) Migsion(S)

For compound nuclei formed in a fusion reaction between spinless nuclei, the
statistical tensors in the classical interpretation (4.2) are independent of
the size of the angular momentum and are equal to pxu(S) = Pl(O)suo,

and the angular distribution as function of the angle 'to the beam axis will be

W(¥) = 41? 2;, B, (total) Py(0) Py (cos¥) (sz)
froh which 33’$tota1) can be extracted from experimental or calculated
angular distributions. Takihg into.account that the scales are quite
expanded, our calculation gives a good account of the more detailed
calculation.

Our angular distribution coefficients have slightly larger absolute
values than those extracted from ref. 24). This may be related to the
neglect of the quite pronounced shell energy in lead-nuclei which, when
inc]uded,vprobab1y would suppress the fission relative to the neutron emission
during the latest decay stops.

In ref. 24) the dealignment due to neutrons is not taken into account,
and fig. B2 shows that inclusion of the dealignment produces variations of the
same order as the deviations between the different parameter sets.

To test the calculation against data, we calculate total angular

distribution coefficients for the decay of the nucleus 211Rn, as formed in
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;14 197, ,37)

fusion o N with A Although these nuclei are not spinless

their spins are very small compared to the angular momentum in the compound
nucleus, so the relation (B.2) can be applied with good accuracy. Figure B3
shows the angular distribution coéfficients extracted from the data of ref. 7)
together with our calculated values. The maximum spins for the various
excitation energies entering our calculation are taken from ref. 21).

The first chance fission makes a stronger selection of the highest spins
than fission including neutron delayed fission. -So, although the angular
distribution for a definite value of the spin becomes more anisotropic when
neutron delayed fission is included, the angular distribution integrated over
spin becomes less anisotropic, except for the lowest excitétion energy.

Apart from the excitation energy 80 MeV, the ca]cu1afed values of the
total angular distribution coefficients are in very good agreement with- data.

(The Tevel of agreement may be somewhat fortuitous since the parameters

‘entering the calculation are not that well defined.)
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'Table Caption

Table 1 a, and ae denote the level density constants the for first decqy

~

step ‘for the fission and neutron decay, respectively. Bn and §f denote the

smooth (excluding shell energies and odd-even mass differences) neutron’ _
dBn d By
d(-N) d-N)

denote their changes per step in a neutron cascade. zﬂfgsph and EHV{; hdenote
o ‘ sp

the moments of inertia of the saddle shape relative to a spherical nuc]eﬁs.

separation energy and fission barrier, respectively, and

The moment of inertia for a spherical nucleus is Jéph and mR2 is the

effectiyé moment of inertia of a neutron at the barrier radius for the first

2

step of the decay. The parameters A g, J and mR® are

sph
chosen according to standard prescriptions identical for all parameter sets,
and they scale slightly with the decreasing mass along the neutron decay

10’25-28). The authoré

cascade. The parameters are extracted from refs.
are grateful to Arnold J.~Sierk for providing the fission barriers and moments

of inertia shown in the third column.



Parameter
ap(Mev-1y
ag (Mev-1)

En (MeV)
dB

ey (MeV)

By (MeV)
dé'f

arny (Mev)
3,

3S|>‘\
3
}sph

Fph (MeV-h2)

mR§ (Mev-h2)
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.98

Table 1
Fission parameters fo} 208Po
,Liduid drop modé]

Lysekil parameters: Droplet model -
| 20;7 20.7
__zo.é 20.8

7.10? 6
0.15 0.14
11.3 11.06
—0.19  0.05
o Y
0.52 0.5
109.5 109.5
3.19 - 3.19

' Yukawa plus

Exponential
20,7
- 20.8
6.81
0.15
10.2
014
| :2.39f
0.55

109.5

3.19
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Table A 1 Optical potential parameters for neutrons employed in the
calculations with the statistical deCﬁy code GROGIZ2. The parameters are
essentially the'samé as fhdge employed {n éhé éodé MBII36). The depth of
the cgntra] potential is obtained by inserting a neutron kinetic energy €, =

4 MeV‘into the energy depéndent potential depth V = 47.01 - 0.267 €n

employed in MBII, and similarly for the depth of the imaginary potential.
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Table A 1
Optical pqtehtial barameters.for néutfons |

.

Mass ‘Real Potentfal .;‘ - Imagfnary’Potential

v ry Ay :_ , W ._ rw: | léw :.; Vso
A- 50 46.00 1.293 0.66 9.3 1.252 0.48 7.00
A = 100 46.00 1.278 0.66 9.30 1.245 0.48 7.00
A = 150 46.00 1.271 0.66 9.30 1.242 0.48 7.00
A = 200 46.00 1.266 0.66 9.30 1.240 0.48 7.00

- Spin-Orbit

Potential

dgo
0.48

0.48
0.48
0.48
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Table B 1 See caption to Table 1 for the definitions of symbols. Parameter

set Il and the level density constants for both parameter sets are taken from

ref.24).
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‘Table B 1
Fission parameters fok 198Pb
Liquid drop model

Parameter Lysekil parameters Parameter set 1I
ap(Mev-1) 20.74 20.74
ag (Mev-1) 20.84 20.84
B, (MeV) 8.00 8.00
d§n
B (Mev) 12.30 11.30
dé"f

-3-* 2.66 3.13

359‘\ . .

3u 0.525 0.49

3'_q>l\
sph (MeV-h2) 100.9 93.4
mRZ (MeV-h?) 3.09 3.09
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Figure Captions

Fig.

1  IMllustration of the spherita] geometry relevant for describing the

change in the directional distribution of the spin caused by the emission

- of the i'th unobserved decay product.

Fig.

Fig.

Fig.-

-momentum for ‘the deformed nucleus

2  Number of decay products and the angular distribution coefficients
for bump region y-rays (full curves, left hand scale) shown together with
the averge angular momentum Tleft in the nucleus after neutron evaporation
(dashed curves, right hand scale), calculated as function of angular
165Ho at three different exictation

energies. The value 1.2 is used for the par'ametei" «/}; denoting the

tat?
number of isotropic statistical y-rays within the bump region (cf..eq.

(4.16)).

3 Decay probability and angular distribution coefficients calculated as

208Po at

functions of angular momentum for fission of the nucleus
three different excitation energies. The parameters from the three
columns of table 1 were applied in the calculation for the three columns

of the figure.

4a Average spin magnitudée <S> ‘and dispersion og as functions of
TKEL for the reaction 610 MeV 86Kr + 154Sm. The dashed lines
correspond to calculated spin distributions right after the collision,
and the full curves include the correction for neutron emission prior to

the emission of y-rays. The data points are extracted from the



Fig.

Fig.

Fig.
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y-multiplicity data of ref.2)

using the fo]]owing relations between

spin magnitude moments and y multiplicity moments: <S> ‘= 2(<:MYﬁ> - 3)'
(open circles), <S> = 1.6<MY> (solid circles), o = ZoM

(open triangles), og = 1.6 oy (solid triangles).  The TKEL gf

the data points has been correzted for neutron evaporation, which

decreases the kinetic energy of the krypton-like nucleus prior to its

measurement.

-4b  Same as Fig.:4a, for thé smaller bombarding energy 490 MeV.

"5 Average spin magnitudé.(top) and out of plane anisotropy of bumip

region y=rays with enérgies between 600 and 1200 keV (bottom), shown as

165 165

functions of TKEL for the reaction 1400 MeV  ~“"“Ho + Ho. The

dashed curves corréspond'to calculated spin distributions right after the
collision, and the full curves include a correction for neutron

evaporation prior to the y-ray emission. The data points are taken

directly from ref. 4).

6 - Average value and dispersion of the spin magnitude (top) shown

together with the values of statistical tensors (bottom), calculated for

the heavy nucleus as functions of TKEL for the reactions 7.5 MeV/n 208Pb +

58, . 90

Ni, Zr. The data points and arrows denote absolute lower limits

to the alignment PYY extracted from data as described in the text..
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Fig.

Fig.

Fig.
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7 Polar angle dispersion (top) and fission probability (bottom) as
functions of TKEL for fission of the heavy nucleus produced in the

208 58 s 9OZr. The'curves labelled a, b

reactions 7.5 MeV/n Pb + “ONi
and ¢ are calculated with the theoretical values for the averge mass and
charge 6f the heavy nucleus, corresponding to small, medium and maximum
TKEL, respectively, and the curves are fully drawn in that region of TKEL

where they apply. The data are from ref.7).

8 Same as fig. 6, but now with 238 45 the projectile.

9 Same as fig. 7, but now with 238U as the projectile. The crosses
show polar angle dispersions as obtained with the precession determined

angular correlation (see section 5.5).

10  Angular correlation in the reaction plane for fission of the heavy
nucleus produced in the reactions 610 MeV 86Kr + 20981 and 730 MeV

cp + 238

u. cp = 90° corresponds to the beam axis. The open arrow
for each TKEL shows the target recoil direction in the lab-frame and the
solid arrows point to the directions of principal axes of the in-plane
components of the spin variance tenser. The data points are taken from
refs. 6’31), and they cover an interval 40 MeV wide in TKEL for each
data set. Some of the error bars in the left hand part of the figure.

correspond to the size of the dots in the figure in ref. 6), and should

thus actually -be somewhat smaller.



Fig.

Fig.

Fig.

104
11 Average value and dispersion of the spin magnitude (top) and

alignment (bottom), calculated for the heavy nucleus as function of TKEL

for the reactions 1400 MeV 10%0 + 16540, 610 mev 80

154 23

Kr +
sm, 7.5 MeV/n 238y + %7r The maximal TKEL, used to define
the relative scale for the energy loss, is picked as 200 MeV for the Kr

+Sm and U + Zr vreactions and as 340 MeV for thé Ho + Ho reaction.

12 Average spin magnitude <S> and dispersion og as functions of"

TKEL for the reaction 610 Mev S0 1544,

Kr + The_data points and the
thick full curves are identical to those shown in fig. 4a. The thick

full curves show the results of the calculation with the standard

prescription for the neck dynamics, and the thin full curves are obtained

with the density in the neck equal to half its sfandard value. Dashed
and dot-dashed curves show results obtained with a neck’wa11 dissipation
rate determined by the motion of the effective neck radius (instead.of
the geometric neck radius); the dashed curves are obtéined including the
standard reduction factor of the neck wall dissipation for elongated neck
shapes, whereas this reduction is removed for the results denoted by the

dot-dashed curves,

13. Contour plots of the ratio between tHe joint fission angular
distribution P,(a,8) and the product of the two fndividua] fission
angular distributions 'pA(&) and PB(E), for the reaction 8.5

MeV/n 238y + 238 at an energy loss of TKEL = 140 MeV. The

fission direction 8 of the target-like reaction product B has been
fixed at either (é% = 45°, P = 60°) (a) or (ﬁ% = 45°, P, =

-30°) (b) and the ratio is displayed as a function of the fission

direction a = (ﬁL’Yh) for the reaction partner A.

LY
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Fig. 14 The absolute joint fission probability PAB(&,E) for the U + Pb
reaction. The direction 8 has been fixed at either (ﬁ% =
% = 60°) (a) or (9, = . Py = -30°) (b), while the
direction a is moved from the north pole, through the point a = §,
and down ‘to the south pole. Two energy losses have been considered, TKEL -
= 140 MeV and 280 Mev. The dashed curves indicate the product of the
individual fission probabilities, PA(&)PB(E). - The curves have been

~

normalized so that isotropy would yield the value one for all a,g.

Fig. 15 Effect on the projectile-like fragment spin §A of the bias

introduced by detection on target fission fragment in the direction B.
The figure shows the distribution of §A projected onto the plane
containing the reaction normal (the Y-axis) and fission direction §,
which in turn has been chosen as either (¥, = 45°, P, = 60°) (a)

or .h9 = 45 s P = -30°) (b), corresponding to the directions
considered in figs. 13, 14. The LHS shows the unbiased mean spins and
the one-sigma contour for §A while the RHS shows the hiased mean

spins (6.39) and (6.40) and the associated one-sigma contour (as

determined from (6.42)).

Fig. 16 Similar to fig. 14 but calculated with a statistical model. The

settings of the fission direction B correspond approximately to the

o

associated major and minor principal directions and are (6% = 45,

= 45°, P, = 90°) (b).

?g = 0°) (a) and (68
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Ala Change in average spin magnitude and dispersion caused by the -
emission of one neutron from typical nuclei of mass number A =50
(Teft) and A = 100 (right), with a sharply defined spin value . So,
shown as function of So for two values of the excitation energy - E*.
The full curves result from a calculation with the statistical decay code
GROGI 2 with. standard parameters, and the dashed and dot-dashed curves
result from ana]yticé] approximations as developed in the text. The
dot-dashed curves present the full result (A.17); whereas the dashed

curves present the result without terms of the order of the parameter

(A.18).

Alb  Same as fig. Ala, but now for typical nuclei with mass numbers A

= 150 and A = 200,

Bl Decay probability and angular distribution coefficients calculated

198p 4t

as functions of angular momentum for fission of the nucleus
two different excitation energies. - The dashed curves show the values for
the first chance fission and the full curves include also fission delayed
by the evaporation of one or more neutrons. The left-hand part of the
figure is calculated with the parameters given by the liquid drop model

with the Lysekil parameters, whereas the right hand part of the figure s

calculated with the parameters used in ref. 24) (cf. Table B..1). .

B2 Upper spin limits (top) and angular distribution coefficients shown

198

as function of the excitation energy in the compound nucleus Pb as

formed.by fusion of 182w with 160. Smax denotes the maximal
spin entering the calculation, and SER denotes the average maximum

spin leading to evaporation residues. Circles denote results extracted
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from the calculation presented in ref. 24), triangles denote results of
the present approximate treatment of the fission, applying the same

parameters as in ref. 24)

, and squares denote results obtained with the
parameters given by the liquid drop model with the Lysekil parameters.
For the open triangles the dealignment of the spin direction due to
neutrons is taken into account, whereas this is ignored for filled

symbols.

B3  Angular distribution coefficients shown as function of the

211

excitation energy in the compound nucleus Rn as formed by fusion

14N.' Circles show results extracted from the data

of 197Au with
shown in fig. 4 of ref. 37) Squares denote calculated resu]ts,pbtained
by restriction to first chance fission only, whereas fission delayed by
neutron evaporation is included in the calculated results denoted by
triangles. The dealignment caused by the neutrons is included inbthe

calculation leading to the closed triangles and neglected for the open

triangles.
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8.5 MeV/n U + Pb — ff (dynamical)

| | | T T

TKEL = 140 MeV

7
0 ————— 1 - ¢ | | | [ —
A Y B Y
Beam Beam
e
8, ¢ (0°, 180°), ¢A = 60° 93 = 45°, 4’5 = 60° -

| I » | T I

TKEL = 280 MeV

XBL 8311-7302

Fig. l4a



124
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