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Heavy Ion Fission - An Inherently Non-Equilibrium Process?

A. Gavron
Los Alamos National Laboratory, Los Alamos, NMB87545

Recent measurements of neutron emission in coincidence with
fission fragments indicate a strong enhancement of the neutron
multiplicity preceeding fission compared with statistical model
calculations. This enhancement has enabled the aetermination of
the reduced nuclear dissipation coefficient B8 which, in turn,
indicates that nuclear collective motion is overdamped. Ve examine
some possible sources of error in this determination and speculate
on the consequences of the obtained value of 8.

Introduction

Over the past decade, numerous measurements of charged-particle and
neutron emission in coincidence wvith fission fragments in Heavy-Ion
reactions have been made!™®. The dominant feature in all the measurements
vas the increase in the multiplicity of particles preceeding fission
compared to expectations based on statistical-model calculations. The
implication of this enhanced emission is that the compound nucleus, formed
by the colliding heavy-ions, moves relatively slovly tovards scission,
compared to the time scale of particle emission. The particles can be
emitted as the collective deformation coordinate starts moving towards the
saddle poin: and up to the point when the fragments have completely
separated and obtained their final relative velocity. Details of the modei
used to analyze the data of ref. 1 vere presented in ref. 5. In this
report ve will analyze several sources of errors vhich affect the value of
the reduced dissipation coefficient B, inferred firom these models. 4We find
that despite a possible uncertainty in the magnitude of 8, the conclusion
that the motion of the fission coordinate 1is overdamped :1emains
unchal'anged. Je examine possible consequences of this high dissipation.
whi-k include: 1) the inherent non equilibrium nature of the fission decay
A lb”F‘.r. and 2) the effect of the reaction -hannel dependence of crompound

nucleus decay, which has been observed in the 1565: systemb.

Exj)i_r_i:nept..l

The experimental techniques that were nsed have been described in derail
i previous publications: Neutrars are detected, in coincidence with tission
{tagments, wusing a comhined time ot flight and pul<e shape discrimination

techingie., The angular distribution ot the neytrons, «with paspect to the



fragments, can be fit usirg a model which cent.ins three emission sources.
1) Non-equilibrium neutrons that can be described by a moving-source model,
2) Neutron emissjon from the composite system, which 1is approximately
isotropic in the C.M. system, and 3) Neutron emission from the fission
fragments during and aiter accaleration. The efficiency of the neutron
detectors 1is calculated for tne detector pulse-height threshold that wve
select and checked by neutron measurements with a 252c¢ source mounted in n
geometry on a solid-stated surface-barrier detector. For the 169, 14254
system at 207 MeV team energy, we obtained 2.7:0.4 neutrons preceeding
fission: in addition. 0.9+0.1 non-equilibrium neutrons are emitted. In a
recent paper, Hinde et al obtained 4.2+0.3 neutrons preceeding fission for
the same system at a beam energy of 178 MeV?. Evaporation calculations
using PACEZ7 (which reproduce xn results on rare-earth nuclei) predict 7.5
neutrons in coincidence with evaporaticn residues. We obtained 5.7+0.2
neutrons, a discrepancy we attrihute to contamination of the residue singles
spectrum, and which has no obvious bearing on the fission neutron results.
If, hovever, we arbitrarily assume that we have a normalization error in the
fission data, the maximum factor that should be applied to th: data is
7.5/5.7. The rerormalized number of neutrons preceeding fission wvould then
be (2.7+0.4)X(7.5/5.7) = 3.6+0.5 which is still lower than Hinde's value
extrapolated to 207 MeV*. e consider this discrepancy to be due, moast
probably, to angular-momentum effects. In our original analysis, -e

neglected it since we estimated it to be only a fev-percent effect on the

in-plane angular distribution of neutrons. This estimate is correct for
neutrons in coincidence «“ith evaporation residues. Hovever, <hen
considering aeutron emission preceeding fission, one is dealing w“ith an
angular momentum wvindov spanning acproximately 65 to 7Z2h {or the 158Er
system. If *he quanti:ation axis is defined ac the perpendicular to the
plane - ontaining the beam axis and the fission axis, eraporarion

calculatlons'7 show that the angular distribution of neutrons preceeding
fission 15 sharply peaked in-plane as shown in Fig. shown in Fig. la. If
the quantization axis is defined as the heam axis, the neutron angular
distribution 1s significantly forward peaked in this angular momentum vinaow
(Fig. ‘h). This effect would lead us to underestimate the pre fission
neutron multiplicity when assuming an isotropic distribution. In fact, e
do not know how well the quantization axis is defined with respect to the
heam ax1s and the teaction plane: The tission process hreaks the azimuthal

<ymmetr, ot the reaction, hut does not select A “ell  detined xis

perpendicular 1o the plane.



L e S I S T T T T

D

o
T
|
1
L

do /dQ) (mbarn/sr)
S
T
t
\
1

(b) @

]
o
T

JU SRR ST U BTN U BT S U N N

% 20 40 80 80 0 20 40 60 80
CM. Angle (deg]

Fig. 1. angular distribution »f neutrons preceeding tission. a)

Quantization axis perpendicular to plane. (Angle is with repect to normal
to plane). b) Quantization axis perpendicular to beam axis. (Angle is =«ith
respect to beam axis) Results are for 1-65hA. There is no signitizant
difference for l=72M.

Other effects should be considered when comparing the two results. hese

are -

{) The shape of the neutron evaporation spectrum wve used was E%et T:

o ? : : :
pacameter a vas taken from PACE2 calcula ions' te e Q. &, which is rloge to
the value determined by Madiand and Nix8 [n comparison, Hinde nsed Fe LT
~here E 1is the neuiron (.M, Kiaetic  energy. There ol giio e

systematic error in our subtraction of the non equilibiium neutron uomrpenent

at lov energies, due to our dssumption ot the spectrum shape bLeinyg Ee BT

It ve were to assume a E% F'T .hape with aszl we would abtain <omevhat

different multiplicities.

4) There 15 an angular vorrejation hetween the plane detined hy ‘the
fission fragments .and ‘'he heam axis, and the emission directian ot
non-equilibriam paxvx-lvs). e angnbar brstoabition s oot gyt ad Ly

symmetric around the heam a<:i nd the wttect ot this dastiahatpon aeeda o

he considered 1n both cvperrnental - ontipatians.,



3) Our configuration employs two large solid-angle gas detectors to detect
the fission fragments. The detectors were both position sensitive which
enabled us to eliminate edge effects. The :onfiguration of Hinde et al is
more constrained - it is conceivable that the fragment coincidence selection
requirement introduces a bias into the measured neutron distributions!?.

4) An important parameter that these experiments should provide is the
“little-a" parameter a . Ve find that a, =A/f, wvhere A is the atomic mass
and fa7.5:1.5; Hinde et al use a value of f=10. These values of a, result
in an error of approximately +50% in the calculated lifetimes of the emitted
neutrons. In principal, this parameter can be determined for the compound
nucleus by accurate measurements of neutron spectra in coincidence with

evaporation residues,

Theory

The theoretical apparatus wve used to determine the reduced niclear
dissipation coefficient B also contains many assumptions and simplifications
1n order to achieve its goal. These need to be clarified, and, if possible,

closely sc-utinized.

An :mportant assumption often made 1s that the non-equilibrium neutrons
are emit:ed on a much shorter time scale than the equilibrium nentrons,
This enables us to analyze the data in terms of twvo distinct neutron
sources: The tirst - a non equilivrium source - completes 1ts emission

hefore the second - a compound-nucleus (equilibrium) source - commences
11

negtion emis

4]

100, In a recent paper, Blaun

on calcuiates the equilibration
. 6()"7().\‘

A\
i system and obtains (4-5)l0 “° <econds at a .M.
16

rime 'or th

L

energy omparable to that of our 07 MeV ) measurement. This 15 about «
times faster than the emission time of the first neutron which would fustify

the ronsi1deration of the two distinct soutces.

An  additional assumption otten made 1s that the varinus parameters,
ronsidetred in the evaporation and diffusion problems, are temperature
independent. ‘he temperature dependence of the tission harrier ot “"Bph has
heen - al-ilated by Guet et 4113. They tind that at T-'.6o MoV ("he
temperatinne ot 1:HFH tolloving non equilibrinm  neutron  emisstond. the



fission bparrier is reduced by 30% compared to the T-0 -alue. ar T:2.) MeV
(after emission of the pre-fission neutrons) the barrier is still 20% lover
than the T:0 value. Incorporation of this temperature dependence -ould
decrease the number of pre-fiscion neutrons in the framevork ot standard
statistical model calculations. In the diffusion model, the motion over the
saddle-point would prcceed more rapidly, leading us to increase B8 to retain
the agreement betveen the calculations and the measured values of ‘the

pre-fission neutron multiplicity.

B8 1s also assumed to be independent of temperature in the framework of rhe
vall-¥indov formalism!d. at energies close to the fission bariier. ve nay
expect B to decrease due to the lack of available states for quantum
transitions. Such an effecr is not presently considered. "ne may also need
14

to consider quantum Brownian motion at these energies,

Discussion

The possible discrepancies be'veen experiments and the existing
uncertainties 1n the model applied to the data do not seem to be sutfic:ent
to challenge the major conclusion obtained by the warious groups involved :n
neutron emission studies: The motion towards scission 1s overdamped'! The
uebate :s only over the question w“hether B8-6 or whether 82'!0 in units of
loxlsec‘l. 'n the tollowving, ~e use the value of ﬁ-bxl\)2 sec‘l “e have
obtained using four reactions leading to the same composite systen =«ith a
“ery similar angular-momentum sindovl. Je can nov follow the evolution of
T¢+ the tission decay width. and compare 1t to the total particle decay
width fp tor 11fferant values ot the angular-momentum 1. The :esul*s are
presented 1n Fig. 2. For 1:65M. asymptotically. rf-rp. This 5 “he
angular momentum, above which, fiscion exceeds chatgea-particie emissiecn.
For .='#, ?'f passes I'p afrer t-l.Bxl‘J';[) seconds. At *his point, f:i1ss10n

decay =11l dominate, e-en though Ty 1s strll a factor of rhree helow irs

equllibrium vaiue. The situation 5 even more accute tor 1-'Zh, <here
fission will «aveur, on average, -+hen rf treaches 1. 1.) of 1r's asymptotac
value. This .mplies that even rhough we have considered a reaction 1a <hich
a "compound nucleus" is formed 1nside a vell-defined saddle point, ‘he
nucleus may tission long hefore rthe tission degree ot t:ieetom 3

equiithrared Jith the nther degrees ot treedom, This ~eems <omevhat



paradoxical since the “compound nucleus" coicept 1s :onstitied 3 -ply

complete equilibration of all degrees of freedonm.

The saddle-point approach ‘o 10 = -
fission width calculations is - :
assumed to be val:d as long as -
the fission barrier Bg(l is
greater than the temperature at = - :

- " 4

the saddle—pointls. Indeed.

this was the rationzle behind /////’</ii

our selection of reactions and 8 107 = 7
L e
beam energies for this study. — z L :
\f- - .
The selection resulted :n &= -
ial 163K and — o '
artial vaves vetveen .=6-H and ‘
o = 49-i < =70
= ; ! - = £ X
1=72K, <here B(i)T e had &= = :
assumed that tais partial wave - :
sindov 1in ‘98Er i1l avoid the -
complications associated with 10 .
"quasi-fission". Nevertneiess, z :
we find that at rthe highest ~ =6 .
excitation energies, *he .
oo , -
transition over the riss:on 10
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barrier occurs ~“hen the fission
ptobability is far helcv its
asymptotic (equiiibrium) value!

Fig. Calculated decay widths as a
fanction of time. Horizontal .:.nes are
T(l1), +he tntal particle decav .idrh.
Curved lines are T:(l.t). The 1nrtred
vine s tnr »S5 A, *he dashed line :»nr " A

and the solid iine for 'tH.

Another possihle :impiiratinon ot 'ne iarge degree of dissipation perrains

i

hay, .
N v reaction”, Jifferences hetveen evaporated neutron

‘ -
H

*o the
multiplicities 1n rhis react.on and in ‘he ;ZH.:““Sm reaction have heen
considered evidence !nr non s*itistical behavior 1n the MNi.lt ivsrten, The
possibility nt a <nuper delormed minimum :n rhe potential energy <uttace ot

LY R
the fusing auc.el #as aisu beer ~onsidered n this onrexr . <e b "9



polint out that tne relative kinetic energy betwveen the i and the Jr nu-,e1
1s comparable ‘o trat between outgsing fission fragments ot thne l-:t.’Er
system. Thus. when the distance be.wveen the :ndividual centers-of-mass of
the Ni and Zr decrease and approach that of the saddle point, the moticon
should e descr:i:red bv the Fokker-Planck equation. This :mplies a very slow
fo-mation time for tne compound nucleus; during this time, particle emission

-

can take piace from the deforned fusing system, Indeed, w“e calcu.ate the
. .9 :
lifetime of :n. first neutron to be -it ‘“sec whicn 1S comparabie to the
\
transit time over the f{iss‘on barrier for near-symmetric svstems‘'. Howvever,

why tnis should result :n a supression of neutron emission® :s s+:1l not

clear.
The autnor wouid ..ke !0 thank DJr. F. Plasil for reminding rim of ‘the
Importance ot a;gular =omentum, and DOr. . R, Nix for other +valuable

comments.,
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