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ABSTRACT

Probing Fission Time S
ales and Dynami
s via GDR 
 Raysand Neutron Angular Distributions. (De
ember 1999)Tye William Botting, B.S., Texas A&M UniversityChair of Advisory Committee: Dr. Ri
hard P. S
hmitt
This dissertation presents a study of �ssion dynami
s and time s
ales for thefollowing rea
tions; 133 MeV 16O + 208Pb, 104 MeV 4He + 209Bi, 133 MeV 16O+ 176Yb, and 104 MeV 4He + 188Os. Two disparate means were utilized: �ssion
oin
iden
e measurements of pre- and post-s
ission neutrons and of 
 rays. Thesemeasurements were a

omplished simultaneously and analyzed similarly, so as tominimize experimental di�eren
es and systemati
 model-dependent biases.Fission fragments were dete
ted via large x-y position-sensitive parallel plateavalan
he 
ounters (PPAC's) mounted in 
ompa
t geometry to maximize their ge-ometri
 eÆ
ien
y. The �ssion fragment emission angles and relative velo
ities wereused to re
onstru
t masses via standard kinemati
s.The 
 rays were dete
ted by 144 BaF2 
rystals from the U. S. Barium FluorideArray (BFA). These dete
tors were arranged into two pods of 72 
rystals pla
edat ba
kward angles to minimize the neutron 
ux. The high granularity made itpossible to re
onstru
t the event showers to obtain the total energy deposited byea
h dete
ted 
 ray. The re
onstru
ted energy spe
tra were then analyzed in thegiant dipole resonan
e (GDR) region with the aid of statisti
al model 
al
ulations,



iv
giving the time s
ales for �ssion, �fiss
. From the 
-ray data, the time s
ales obtainedfor the rea
tions 16O + 208Pb, 4He + 209Bi, and 16O + 176Yb were �fiss
= 67 � 10zs, 45 � 9 zs, and 84 � 16 zs, respe
tively.Neutrons were dete
ted by 8 liquid s
intillator dete
tors from the DEMONArray, whi
h were positioned around the target to ensure separation of neutrons and
 rays and to obtain the multipli
ities of pre- and post-s
ission neutrons. With thehelp of statisti
al model 
al
ulations, these multipli
ities were also analyzed to extra
tthe �ssion time s
ales, �fissn. From the neutron data, the time s
ales obtained for therea
tions 16O + 208Pb, 4He + 209Bi, 16O + 176Yb, and 4He + 188Os were �fissn= 105� 10 zs, 72 � 7 zs, 112 � 12 zs, and 31 � 4 zs, respe
tively.
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CHAPTER I

INTRODUCTION

I.1 Overview
Some of the most spe
ta
ular developments in the nu
lear s
ien
es have been

the events leading to the dis
overy of nu
lear �ssion in the late 1930's [1{4℄. This
dramati
ally showed that an atom of one element 
ould 
ata
lysmi
ally rearrange into
wholly separate and di�erent atoms. The most widely used tool for understanding
this behavior is the liquid drop model of the nu
leus [3, 5℄. Fission has in
uen
ed
all of our lives individually and on a global s
ale. The so
io-e
onomi
 impli
ations of
�ssion 
annot be overstated, ranging from alternative power sour
es to the problems
of nu
lear waste disposal.

In 
ontradistin
tion to outward manifestations su
h as the \
old war" and its
various ba
klashes, �ssion remains an ex
eedingly interesting pro
ess from a s
ienti�

perspe
tive. In spite of all the work on �ssion motivated by everything from greed
to world domination, �ssion has always remained a mysterious pro
ess. A deeper
understanding of �ssion will improve our knowledge of nu
lear pro
esses in the short
term, but from a more general perspe
tive, will enhan
e our understanding of many-
body systems. The latter is obviously the major reason for the study of �ssion.
This dissertation follows the style and format of Physi
al Review C.
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Over the years [6℄ the relative importan
e of the dynami
al and statisti
alnature of �ssion has been hotly debated. A dynami
al pro
ess is sensitive to theinitial 
onditions in whi
h the system was produ
ed. Its subsequent time evolution isgoverned by equations of motion su
h as Hamilton's equations or the S
h�odingerequation. In 
ontrast, a statisti
al pro
ess treats all possible time evolutions ofthe system on an equal footing. In the verna
ular, a dynami
al behavior re
e
tsa strong governing for
e, su
h as a monar
hy, while statisti
al evolution representstotal demo
ra
y. Using s
ienti�
 terms, dynami
al pro
esses involve spe
i�
 phasesof motion while statisti
al pro
esses pla
e all phases of motion on an equal basis.In many respe
ts, the division between the two approa
hes is arti�
ial. There islittle doubt that �ssion is inherently a dynami
al pro
ess. The real questions are howwell 
an �ssion be des
ribed by statisti
al models and when must dynami
al e�e
tsne
essarily be taken into a

ount.One of the major tests of the relative strengths of the dynami
al and statis-ti
al 
ontributions in �ssion involves the measurement of �ssion time s
ales. Su
hinformation gives valuable insight into the types and relative importan
e of dissipa-tion of 
olle
tive ex
itation into internal degrees of freedom, i. e. fri
tion or damping.Of 
ourse, fri
tion is a somewhat arti�
ial term whi
h addresses the relevan
y ofthe overall 
olle
tive parti
ipation of many nu
leons. Nevertheless, it is very usefulfor des
ribing the 
oupling between the behavior of single nu
leoni
 and 
olle
tivemotion.The remainder of this introdu
tion will fo
us on spe
i�
 aspe
ts of �ssioningsystems, espe
ially in regard to the time s
ale. The next se
tion presents a brief
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review of �ssion time s
ales and basi
 
onsiderations in their study. This is followedby dis
ussion of the methodologies used for investigating �ssion time s
ales, in
ludingthe history and theoreti
al bases. Finally, a brief summary will review what 
an belearned by 
omparing and 
ontrasting these two methods.
I.2 Review of Fission Time S
alesOver the years, �ssion time s
ales have mainly been determined from neutronemission a

ompanying �ssion [7{14℄. Studies have also been 
ondu
ted using light
harged parti
le emission [15{22℄ and giant dipole resonan
e 
-ray emission [23{32℄.Some newer studies have utilized the method of 
rystal blo
king for very asymmetri
entran
e 
hannels and inverse kinemati
s [33℄. Using the various de
ay modes tomeasure �ssion time s
ales has met with limited su

ess. In parti
ular, the time s
alesobtained by the various methods have di�ered by an order of magnitude or more [14,34, 33℄. This puzzling situation indi
ates that further work is needed to re
on
ile thesedi�eren
es. The work dis
ussed here is intended to distinguish e�e
ts attributableto experimental te
hniques, the underlying physi
s, and systemati
 model analyses.This should provide a better understanding of the physi
s involved. Two of the majortools for determining the time s
ale for the �ssion pro
ess have been employed here:neutron emission and giant dipole 
-ray emission.When two nu
lei 
ollide and fuse, the resulting 
ompound nu
leus 
an de
aythrough a variety of 
hannels. Frequently the system de
ays through emission ofneutrons, 
 rays, 
harged parti
les, and by �ssion. At any given time in the de
aypro
ess, ea
h of these will 
ompete with ea
h other a

ording to their de
ay widths,
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� (see below). In the 
ase of �ssion, the daughter nu
lei 
an also be suÆ
ientlyex
ited to de
ay by these modes, although a se
ond �ssion is very unlikely at modestex
itation energies (�100-200 MeV).Neutrons emitted from the 
ompound nu
leus, i. e. before s
ission, have anessentially isotropi
 distribution in the 
enter of mass frame, whereas those emittedfrom the �ssion fragments are kinemati
ally fo
ussed in the dire
tion of their fragmentof origin. Thus, separation of the isotropi
 
omponent from the fo
ussed 
omponent inthe neutron angular distribution leads to pre- and post-s
ission neutron multipli
ities(�pre and �post), respe
tively. Similarly, giant dipole resonan
e 
 rays emitted fromthe 
ompound system and the daughter fragments 
an be re
ognized by their di�erentenergies.The giant dipole resonan
e (GDR) is a strongly 
olle
tive mode of ex
itationwherein protons and neutrons os
illate out of phase with respe
t to ea
h other. Thisos
illation of 
harge 
reates an ele
tri
 dipole. This is dis
ussed in greater detail inSe
tion I.3.Being a 
olle
tive mode of ex
itation involving nearly all nu
leons, 
 rays fromthe GDR are typi
ally quite high in energy. For a GDR built on the nu
lear groundstate, the energy spe
trum peaks at about

E = 79A1=3 ; (1)
where A is the mass number [35℄. For a nu
leus with mass around 220 amu, this
orresponds to about 13 MeV. In 
ontrast, the peak energies from symmetri
 �ssionfragments should be about 3.5 MeV higher. A �t to the overall energy spe
trum thus
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provides the relative number of ea
h, from whi
h an estimate to the time s
ales of�ssion 
an be derived.In the 
ase of neutron measurements, the time for �ssion 
an be approximatedby a sum of time s
ales of several di�erent pro
esses. This 
an be written as [36℄

� = �form+ �sadd+ �s
is+ �a

; (2)
where �form is the time asso
iated with the formation of the 
ompound nu
leus, �saddis the time required to a
hieve quasi-stati
 equilibrium at the saddle point, �s
is isthe time for the system to evolve to s
ission, and �a

 is the time for the fragments togain most of their asymptoti
 velo
ities. The last term is te
hni
ally not part of the�ssion time s
ale, but is in
luded be
ause neutrons emitted by the fragments beforethey have attained their asymptoti
 velo
ities are indistinguishable from neutronsemitted by the 
ompound nu
leus. Analogously, for GDR 
-ray measurements theform would be � = �form+ �sadd+ �s
is: (3)
Note that �a

 is not present in the time s
ale given by analysis of GDR 
-ray datasimply be
ause the energies of the GDR 
 rays are dependent upon the shape andsize of the nu
leus. On
e �ssion has o

urred, any GDR 
 rays observed from thefragments will have higher energies than those from the parent system.The quantity �sadd is of spe
ial interest, as it is identi�ed with the so-
alled�ssion time delay or transient time [37℄. Determination of this quantity is expe
tedto provide the value of the nu
lear vis
osity. Following Kramers' work in 1940 the
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values for the e�e
tive �ssion de
ay width in
luding dissipative e�e
ts should besmaller than the standard Bohr-Wheeler de
ay width [5℄ a

ording to the vis
osity ofthe system [38℄, i. e. �eff = �BW(p1 + 
2� 
); (4)
where �eff is the e�e
tive de
ay width, 
 is the nu
lear fri
tion 
onstant, and �BW isthe Bohr-Wheeler de
ay width. This expression for the dissipative �ssion width hasbe
ome a 
ornerstone for many works on nu
lear time s
ales.Ideally, one would like to determine experimentally ea
h of the 
ontributionsto the �ssion time separately. So far this has not been a
hieved reliably. One mightbe able to set some limits on �form by forming the same 
ompound nu
leus throughdi�erent entran
e 
hannels, as in the 133 MeV 16O + 176Yb and the 104 MeV 4He+ 188Os 
ases investigated here. For a lighter proje
tile �form should be shortersimply due to the lessened importan
e of dynami
al 
ompli
ations in the entran
e
hannel, e. g. ne
k formation, di�usion, and vis
osity. This would be re
e
ted inthe measurements as smaller values of the pre-�ssion neutron multipli
ity, �pre, anda redu
ed yield of pre-�ssion GDR 
 rays. Similarly, it might be possible to gaininsight into �a

 by 
omparing the � 's from the two te
hniques. A 
ompli
ation withthis approa
h is that the nas
ent fragments in the vi
inity of s
ission 
an be quitedeformed. Some additional time is required for the fragments to shape equilibrate.The separation of �sadd and �s
is has proven to be a tri
ky business. In some earlyworks, deviations in the yield of pre-�ssion neutrons and 
 rays from statisti
al modelpredi
tions were used as a measure of �sadd [39, 40℄. However, it is now 
lear that
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failure of statisti
al models to reprodu
e �pre does not ne
essarily mean that there isa signi�
ant time delay before the system rea
hes the saddle. Conventional statisti
almodel 
odes do not a

ount for neutron evaporation during �ssion. Neutrons emittedduring both time intervals 
annot be separated kinemati
ally. This has prompted theuse of other approa
hes, su
h as studies of the mass distributions [21, 41, 42℄, �ssionex
itation fun
tions [43{47℄, and evaporation residue 
ross se
tions [48℄. Still, thereis no 
onsensus on �sadd. Possibly more 
onstrained measurements and analyses, su
has those presented here, will o�er some new insight into the problem. Even if theydo not, they should yield a better determination of the overall �ssion time.
I.3 Statisti
al Approa
h to Neutron Evaporation and Fission Time S
alesThe evaporation of neutrons from ex
ited nu
lei has been studied for manyyears. Our knowledge of neutron emission has proven to be a valuable tool inestimating ex
itation energies [49{51℄, momentum transfer [52℄, time s
ales [7{14℄,and other properties of ex
ited nu
lei. This has mainly been a

omplished with theaid of the statisti
al model of nu
lear de
ay.From �rst order perturbation theory the de
ay rate, �, of any quantum system,su
h as an ex
ited nu
leus, should follow Fermi's se
ond golden rule [53℄,

� = 2��h jh f jOpj iij2�(Efinal); (5)
where h fjOpj ii is the nu
lear matrix element for the transition, jMifj, and �(Efinal)is the number of �nal states per unity energy, i. e. the density of �nal states.The operator Op depends on the nature of the transition. The  's in
orporateall \knowable" information about the initial and �nal states. For transitions between
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spe
i�
 states (the low ex
itation energy regime), � is often easy to 
al
ulate. In
ontrast, for many-body systems, the  's 
an only be approximated, usually with
onsiderable e�ort. At ex
itation energies where many initial and �nal states arepossible (high ex
itation regime), the reverse is true. In this 
ase, the e�e
ts of theMif's are washed out, making � the determining fa
tor in �. Su
h is the 
ase in thesystems studied here.Spe
i�
 examples of � for statisti
al de
ay are abundant in the literature [5, 54,55℄, to whi
h the reader is also referred. If there are many modes of de
ay, the totalde
ay width is simply the sum of the �'s over all the n available de
ay widths,

�tot = nXi=1 �i: (6)
The density of �nal states is a fun
tion of the �nal ex
itation energy so it 
anbe 
onsidered as the density of initial ex
itation energy minus all energy 
onsumedin the de
ay, i. e. �i / �(Efinal) = �(E�� Ei); (7)

where E� is the ex
itation energy of the emitting system and Ei is all energy takenaway by de
ay mode i. The quantity Ei is the sum of the binding energy of theevaporated parti
le, Si, and its kineti
 energy, �. The total width for evaporatingi is obtained by integrating over �. In what follows, it will be assumed that thisintegration has been performed.The bran
hing ratio, or relative probability, of ea
h mode is de�ned as the ratioof the de
ay width of that mode to the total de
ay width,�i�tot � �(E�� Ei)nPj=1 �(E�� Ej) ; (8)
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letting the leading 
onstants 
an
el out. This 
an be related through the Bohrhypothesis to a partial 
ross se
tion for a given de
ay mode by [55℄

�i = �CN �i�tot ; (9)
where �CN is the 
ross se
tion for 
ompound nu
leus formation.Expansion of the term �(E�� Ei) in Equation (8) to the se
ond term gives

ln �(E�� Ei) = ln �(E�)� d ln �(E�)dE Ei� : : : : (10)
As in thermodynami
s, this satis�es the relation,d ln �dE = dSdE = 1T ; (11)
whi
h de�nes the nu
lear entropy, S, and the temperature, T . After negle
ting higherorder terms, Equation (10) 
an be rewritten,

�(E�� Ei) � �(E�)e�Ei=T : (12)
Finally, 
ombining this equation with the expression for the bran
hing ratio,from Equation (8), yields �i�tot � e�Ei=TnPj=1 e�Ej=T ; (13)

after 
an
eling out the like terms �(E�). In the 
ase of the systems 
onsidered here, themain 
ontributors are neutron evaporation, light 
harged parti
le (LCP) evaporation,GDR 
-ray de
ay, and �ssion. Thus, the bran
hing ratio for a given type of de
ay
an be expressed �i�tot � e�Ei=Te(�Sn�2T )=T + e�ELCP=T + e�E
=T + e�Bf=T ; (14)
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where Sn is the separation energy of a neutron, and Bf is the �ssion barrier. Sin
ethe denominator is a sum of exponentials, only the largest terms will 
ontributesigni�
antly. For the rea
tions studied here, T � 1.7{2.2 MeV, Sn � 7{10 MeV,ELCP � 20-25 MeV, E
 � 10{14 MeV, and Bf � 5{16 MeV, depending on thesystem and the assumptions made. Thus, Equation (14) 
an be further simpli�ed to

�i�tot � e�Ei=Te(�Sn�2T )=T + e�Bf=T : (15)
The most prominent term in this expression is usually the neutron evaporationterm, espe
ially for low-A or low-angular-momentum nu
lei. For systems with Bf
onsiderably greater than Sn, a number of neutrons 
an be emitted before �ssion.Thus the total neutron de
ay width is given by a sum of terms; i. e.

�n = �n1+ �n2+ �n3+ : : : ; (16)
where �nj is the partial width for de
ay at the jth step. A similar expression holdsfor �ssion.It should be noted that Equations (12){(15) assume a 
onstant T and negle
t avariety of fa
tors. Obviously, T varies throughout the de
ay 
hain, so these equationsgive only a qualitative des
ription. This is nonetheless useful. More a

urateexpressions for the bran
hing ratio 
an be found in the literature [6, 55℄.Another important point that is not obvious in the above treatment is thatthe �ssion width is 
al
ulated in a di�erent way than the other de
ay widths. Forevaporation, � is 
al
ulated for a �nal state in whi
h the de
ay produ
ts are separatedby an in�nite distan
e. In 
ontrast, �f is generally evaluated at the top of the �ssion
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barrier, Bf. This is the so-
alled Bohr-Wheeler transition state approa
h, whi
h willbe further dis
ussed below.The lifetime for a de
ay mode is related to its de
ay width through theHeisenberg Un
ertainty Prin
iple. For neutron emission

�n = �h�n : (17)
The average pre-�ssion lifetime for the �ssioning nu
leus is simply the sum of thelifetimes for neutron de
ay for ea
h step in the de
ay,

h�fi =Xi �ni; (18)
where i refers to ea
h individual neutron emission before �ssion.The determination of the number of pre-s
ission neutrons is 
ompli
ated by thefa
t that neutrons 
an 
ome from a variety of sour
es. This in
ludes the de
ay of the
ompound nu
leus, pre-equilibrium neutrons, and s
ission neutrons whi
h are emittedwhen the �ssion fragments separate. Another 
ompli
ation is that statisti
al model
odes generally ignore the fa
t that neutrons 
an be evaporated as the system evolvesfrom saddle to s
ission. Neutrons 
an also be emitted during �a

.The number of pre-�ssion, �pre, and post-�ssion neutrons, �post, have beenestimated from the neutron angular distributions as already des
ribed. However,neutrons emitted at s
ission or during a

eleration will also be emitted essentiallyisotropi
ally in the 
enter of mass. These neutrons 
an 
ontribute to the apparent �pre.Pre-equilibrium neutrons asso
iated with �ssion are expe
ted to be nearly negligiblefor the systems 
onsidered here.
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TABLE 1. Previous results for time s
ale measurements using the neutron method.

Rea
tion Fission time s
ale (zs) Referen
e216 MeV 40Ar + 141Pr �23192 MeV 12C + 175Lu �50 [7℄220 MeV 20Ne + 165Ho �110205 MeV 36Ar + 169Tm 10-100 [11℄838 MeV 32S + 197Au,232Th 5-30 [13℄many systems (see ref.) 20-50 [14℄838 MeV 32S + 144;154Sm �10 [58℄many systems (see ref.) �30 [59℄(180,190,216,249) MeV 40Ar + 180Hf 17-40 [60℄
On
e �pre has been determined, various statisti
al model 
odes (e. g.Julian [11℄,Joanne [20℄, Cas
ade [56℄, and Pa
e [57℄) have been used to determine the timerequired for neutron emission at ea
h step before �ssion. From this, Equation (18)
an give the average pre-�ssion lifetime of the 
ompound system.This pro
edure has been 
arried out by a number of resear
hers, as mentionedpreviously. The 
onsensus of past work is that �ssion seems to be a mu
h slowerpro
ess than given by the Bohr-Wheeler formalism [7{14℄. A summary of some ofthe results is given in Table 1. For standard fusion-�ssion rea
tions over a range ofex
itation energies (60-200 MeV) and a wide range of massnumbers (100-250 amu)there is little variation. Fission appears to take on the order of 5-110 zs, where 1 zs =10�21 se
onds. This is mu
h longer than previous estimates, by a fa
tor of 10 or more,from a number of statisti
al model 
al
ulations that do not in
lude �ssion hindran
e.The fri
tion 
oeÆ
ient, 
, required for a number of similar neutron analyses seems to
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range from 8{50 [9, 36, 59, 61℄. (Most of the authors listed in Table 1 did not report
 values.)The disparity in �ssion time s
ales has sparked quite a bit of interest in the�eld. Explanations for the long �ssion time in
lude in
reased nu
lear vis
osity [39,62℄, the in
reased importan
e of one- and two-body dissipation [63, 64℄, and samplingof di�erent portions of the time distribution [33℄, among other reasons.
I.4 GDR 
 Rays and the Fission Time S
aleBefore dis
ussing the use of GDR (giant dipole resonan
e) 
 rays to investigatethe �ssion time s
ale, it is useful to brie
y review the emission of these energeti
photons. A GDR 
orresponds to an os
illation of neutrons and protons in the emittingsystem. There are many other types of GR's (giant resonan
es) whi
h have beenextensively investigated. A GDR 
 ray is produ
ed when a 
 ray is emitted in thede-ex
itation of a dipole resonan
e built on ex
ited nu
lear states.The various GR's are 
olle
tive modes of nu
lear ex
itation involving the
oherent movement of many nu
leons within the nu
leus. In general, these typesof nu
lear ex
itations have been of great interest sin
e they were �rst dis
overed (theGDR in 1947 [65℄ and other multipolarities after 1971 [66℄). There are a number ofgeneral reviews on the subje
t [35, 66, 67, 68, 69, 70℄.Giant multipole resonan
es are 
lassi�ed by the type of 
olle
tive motion. Forthe GDR the isospin-phase, �T, refers to whether protons and neutrons are os
illatingagainst ea
h other (�T=1, \isove
tor") or with (�T=0, \isos
alar"). In the isove
toros
illation the 
harge density in the nu
leus is in phase, 
reating a ve
tor of 
harge
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di�erential along the axis of the os
illation. The other modes and multipolarities 
anbe found in the literature.The GDR 
an be understood in either of two ways. In one limit, a sphere of pro-tons 
an os
illate ba
k and forth against a sphere of neutrons, without 
onserving thetotal volume of the nu
leus. This is the so-
alled Goldhaber-Teller (GT) displa
ementmode [71℄, whi
h exhibits an energy-dependen
e proportional to A�1=6. In the se
ondmode, imagine an os
illation of the neutrons and protons within a 
on�ned volume.This is the so-
alled Steinwedel-Jensen (SJ) a
ousti
 mode [72℄, whi
h exhibits anenergy dependen
e proportional to A�1=3. In nature, one expe
ts some 
ombinationof both modes. In 1975, Berman and Fultz devised an empiri
al expression similarto that of Equation (1) that a

ounted for both of these 
ontributions by 
orrelatingGDR energy peaks from many experiments [73℄,

E = 31:2A1=3 + 20:6A1=6 : (19)
This shows that neither the a
ousti
 nor the displa
ement e�e
ts dominate therestoring for
e. Thinking wholly in terms of one or the other type of os
illationis in
orre
t. However, the GT mode seems to provide a somewhat larger 
ontributionfor heavier 
ompound nu
lei. Still, over the whole periodi
 table there is no regionwhere either mode 
an be said to truly dominate [74℄.The asso
iated os
illations of GDR's 
an de
ay by a variety of means. Thesein
lude neutron emission, �ssion, as well as 
-ray de
ay. Crude estimates usingEquation (13) suggest that GDR 
-ray emission has a probability of 10�3{10�4. Ifthe de
ay of a GDR by 
-ray emission leads to the ground state, the energy of the
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photon 
orresponds to the ex
itation energy of that giant resonan
e. Examples ofthe A-dependen
e of this energy are given in Equation (1) and Equation (19). Theenergy distributions are Lorentzian, with typi
al widths of 4{5 MeV. The strength ofthe GDR resonan
e is expressed in terms of the Thomas-Rei
he-Kuhn (TRK) sumrule [75℄,Z 30MeV0MeV �abs(E
)dE
 = 2�2e2�hM
 NZA � 60NZA (1 + �) MeV�mb; (20)
where �abs(E
) is the absolute 
ross-se
tion as a fun
tion of 
-ray energy. Forthe 
entral portion of the equation, M is the mass of a nu
leon, 
 the speed oflight, N the number of neutrons, and Z is the atomi
 number. The value � is anempiri
al enhan
ement fa
tor as dedu
ed from a high-energy photo-absorption tailextending beyond E
=100 MeV. Usually, 100% of the TRK sum rule is re
overed inGDR studies, though it is not unusual for greater amounts to be used when �ttingexperimental spe
tra.In 1955, Brink �rst proposed that giant resonan
es 
ould be built on all ex
itedstates [76℄. This was somewhat hinted at by early �ssion 
-ray 
orrelations [77℄ butwas not 
on�rmed until 1981 by Newton et al. [78℄. This opened the �eld to manymore studies of 
 rays from the de
ay of GDR's built on ex
ited states [35℄. A numberof these were devoted to the determination of �ssion time s
ales [23{32℄.GDR 
-ray investigations of the �ssion time s
ale also rely on the statisti
almodel of nu
lear de
ay. As mentioned above, the bran
hing ratio for GDR 
-rayemission, �GDR=�tot, is �0.1% or less for the rea
tions 
onsidered here. Neverthelessit is possible to observe 
ompound-nu
leus GDR 
 rays in the �ssion-
orrelated 
-ray
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TABLE 2. Previous results of time s
ale measurements using the GDR method.

Rea
tion Fission time s
ale (zs) Referen
e120,140 MeV 16O + 208Pb �290 [24℄252Cf (spont. �ssion) �100 [26℄(180-245) MeV 32S + natW,208Pb �30 [31℄216,238 MeV 40Ar + 116Cd �140 [32℄420,600 MeV 40Ar + 232Th 60-200 [79℄120 MeV 16O + 208Pb 96�24 [80℄
spe
trum. This 
ontribution is visible as a broad enhan
ement in the region around11 MeV for the systems 
onsidered here (see Chapter III for examples from the 
urrentstudy).The �rst studies of GDR 
-ray emission a

ompanying �ssion were performedby Thoennessen et al., in 1987 [23℄. The reasoning behind their work was that any�ssion time delay should not only enhan
e neutron emission but all other availablede
ay modes as well, in
luding GDR 
-ray emission. Their investigations involving224Th� at various ex
itation energies did indeed exhibit su
h an enhan
ement relativeto 
al
ulations using their extended version [23℄ of the statisti
al 
ode CASCADE[56℄. Initially, the modi�
ations to the 
ode assumed that the �ssion de
ay widthwas de
reased due to �ssion dynami
s. The fa
tor de
reasing �f was termed a �ssionhindran
e fa
tor. In subsequent analyses, the Kramers expression for �f was used toextra
t the �ssion time s
ale. Table 2 lists several of the time s
ales determined inthese and other works using the GDR method. The inferred time s
ales for fusion-�ssion rea
tions from GDR 
-ray studies are on the order of 30{300 zs. This is
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signi�
antly longer than the time s
ales dedu
ed from the neutron studies by morethan a fa
tor of three to an order of magnitude. The di�eren
e in time s
ales needsto be investigated to provide a more 
onsistent understanding of the �ssion time s
aleand the dynami
s of nu
lear �ssion.The fri
tion 
oeÆ
ient, 
, required for the results in Table 2 and other GDR
-ray �ssion studies ranges from 5 to 15 [24, 25, 26, 28, 31, 32, 34, 79, 80℄, whi
hoverlaps the lower end of the range of values reported for the neutron method. Thus,the GDR method would seem to imply less fri
tion than the neutron analyses, leadingto shorter time s
ales for �ssion. This is not borne out in the reported time s
ales,whi
h show the opposite trend. Clearly, there are 
ontradi
tions not only in the times
ales reported by these two methods, but also in their behaviors regarding nu
learvis
osity.
I.5 MotivationsThe 
urrent work is aimed at deriving time s
ales in a more 
onstrained ap-proa
h by using two separate methods applied to the same experimental data andthe same statisti
al model 
ode. This 
ould quite possibly resolve the dis
repan
iesbetween these two time s
ales and fri
tion 
oeÆ
ients (
's). Simultaneous measure-ment of both neutrons and 
 rays for a number of �ssioning systems should limitsystemati
 errors and produ
e time s
ales and 
's suitable for more dire
t 
ompari-son. The appli
ation of both methods in the same experiment has not been attemptedbefore and 
ould provide new insights into any remaining dis
repan
ies.
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CHAPTER II

EXPERIMENTAL TECHNIQUES
This 
hapter presents a detailed des
ription of the experimental apparatus andthe te
hniques used. The �rst se
tion deals with the reasoning behind the equipment
on�guration. This is followed by a dis
ussion of the various 
hara
teristi
s of ea
h
omponent in the equipment. Immediately following this, the experimental setupis presented, in
luding ele
troni
s setup, dete
tor pla
ement, and data a
quisition.Calibration pro
edures are dis
ussed next. Finally, a brief summary is given.

II.1 Experimental Ba
kgroundThe experiments involved dete
tion of 
 rays, neutrons, and �ssion fragmentsand their various 
orrelations. This ne
essitated the use of a wide variety of fa
ilitiesand equipment. The beams were provided from the Texas A&M 
y
lotron. Additional
omponents and support were provided by the Texas A&M Cy
lotron Institute, theNational Barium Fluoride Array (BFA), the Joint Institute of Nu
lear Resear
h(JINR) at Dubna, Russia, and the DEMON Collaboration (for the Fren
h D�ete
teurModulaire de Neutrons, or Modular Neutron Dete
tor) from Belgium and Fran
e.Four rea
tions were investigated: 16O + 208Pb, 4He + 209Bi, 16O + 176Yb, and4He + 188Os. The rea
tions 16O + 208Pb and 4He + 209Bi were 
hosen to illustratethe e�e
t of angular momenta on the dynami
s of �ssion in systems likely to haveenough �ssion 
ross-se
tion to give good statisti
s for GDR 
 rays. Also, systems like16O + 208Pb have been extensively studied in other work, thus allowing 
omparison
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with previous studies. Comparison of the 16O + 208Pb and 4He + 209Bi results
ould provide insight into the formation time, �form, for the 
ompound system. Itis important to note that the saddle and s
ission points for these two systems o

urat very di�erent positions in deformation spa
e while those points should be nearly
oin
ident for the lighter systems. Comparison of the two types of systems 
ouldprovide a measure of any �ssion time delay before the saddle point it rea
hed. Therea
tions 16O + 176Yb and 4He + 188Os were also 
hosen be
ause they form the same
ompound system with di�erent angular momentum. Be
ause the �ssion 
ross se
tionis quite low for the latter systems, they were not expe
ted to yield mu
h informationon GDR 
 rays.The targets, beams, and other important parameters are summarized in the �rstpart of Table 3. The remainder of the table lists various parameters pertinent to theformation and de
ay of the 
ompound nu
leus. The average sustained beam rate forea
h rea
tion was on the order of 1{2 parti
le nanoamps. Ea
h system was formedwith roughly similar ex
itation energy. The fusion 
ross se
tions were taken usingthe work of Wilke et al. [81℄. Fission 
ross se
tions were taken from �ssion ex
itationfun
tion studies in the literature [82, 83, 84, 85℄. Note the mu
h lower �ssion 
rossse
tion for the 4He + 188Os system in parti
ular.The experiments were 
arried out in a low ba
kground area, away from wallsand equipment to avoid neutron s
attering and pile-up. The beam line in Cave 3 ofthe K500 area of the Texas A&M Cy
lotron Institute was 
hosen be
ause of these
on
erns and to allow easy a

ess to the various dete
tors and the rea
tion 
hamber.
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TABLE 3. Summary of important rea
tion parameters for ea
h experiment.

Rea
tion O+Pb He+Bi O+Yb He+OsBeam 16O3+ 4He+ 16O3+ 4He+Energy 133 MeV 104 MeV 133 MeV 104 MeVIntensity 1 pnA 1 pnA 2 pnA 1 pnATarget 208Pb 209Bi 176Yb 188OsThi
kness 600 �g/
m2 650 �g/
m2 325 �g/
m2 350 �g/
m2(on 40 �g/
m2 12C) (on 50 �g/
m2 12C)CN 224Th� 213At� 192Pt� 192Pt�E� 77.0 MeV 92.7 MeV 100.0 MeV 99.3 MeVB
 (lab) 82.5 MeV 21.7 MeV 73.6 MeV 20.4 MeVB
 (CM) 76.5 MeV 21.3 MeV 67.5 MeV 20.0 MeVECM 123.5 MeV 102.0 MeV 121.9 MeV 101.8 MeVvCM .2851 
m/ns .1325 
m/ns .3326 
m/ns .1470 
m/ns�fus 1350 mb 1450 mb 1550 mb 1325 mb�fis 1340 mb 630 mb 635 mb 7 mb�
rit 50.0Æ 13.4Æ 41.5Æ 12.2Æ`
rit 56 �h 32 �h 62 �h 31 �h`max 72 �h 44 �h 74 �h 43 �h`Bf=0 76 �h 82 �h 84 �h 84 �h
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The beam transport system had to provide a nearly parallel beam with a diameter ofno more than 5 mm in order to avoid hitting the target frame. Transport downstreamof the target to the remote beam dump required negligible intensity loss. A magneti
quadrupole lens was 3 meters upstream of the target and was used to fo
us thebeam into the target. Another magneti
 quadrupole 5.5 meters downstream fromthe target was used to refo
us the beam. The beam dump was lo
ated in the MDMSpe
trometer, some 9 meters downstream from the target. A phosphor viewer nearthe Faraday 
up in the spe
trometer was used to view the beam position. Boththe BaF2 arrays and the DEMON neutron 
ounters were used as a
tive ba
kgrounddete
tors during beam tuning. Ba
kground levels were examined by sending the beamthrough a blank target frame and monitoring the various 
ount rates. A s
hemati
layout of the experiment is shown in Figure 1, and will be des
ribed in detail below.A thin-walled rea
tion 
hamber was used to minimize absorption and s
atteringof neutrons. It was 
onstru
ted to allow dire
t mounting of the target ladder and the�ssion fragment and trigger dete
tors. Standard view-ports and beam line 
onne
tionswere provided. The 
hamber was relatively small to allow 
lose pla
ement of theBaF2 pods. It was spe
ially designed and 
onstru
ted by the Dubna group, whi
halso provided the 188Os target. The remaining targets were produ
ed at Texas A&M.Parallel plate avalan
he 
ounters (PPAC's) were used to dete
t �ssion frag-ments. These were used be
ause they are fast, resistant to radiation damage, and
an be 
onstru
ted with large volumes. They were pla
ed at a 
lose geometry toobtain high geometri
al eÆ
ien
y. The PPAC's were x-y position sensitive to allow



22

Pod 1Pod 2

n7n6 n8n5 n2n4

n3
n1

Beamdire
tion

FIG. 1. S
hemati
 of the experimental. The DEMON dete
tors are indi
ated byn1{n8. The dete
tor n1 is below the rea
tion plane, while n2 and n6{n8are above. The two pods of BaF2 dete
tors are also shown. The two largePPAC's are indi
ated by the thi
ker straight lines between n6, n7, and n8.The PPAC's are at their lo
ations for the 16O + 208Pb experiment, 90Æ and80Æ.
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re
onstru
tion of the fragment energies and masses. A total of four PPAC's were
onstru
ted at Texas A&M, together with two smaller PPAC's without position sen-sitivity for use as start dete
tors. Only half of these were used during the experiments.Measurement of the 
-ray energy spe
tra required a high geometri
 eÆ
ien
ywhile maintaining a reasonable distan
e from the target to allow for time-of-
ightseparation of neutrons. The BFA was separated into two re
tangular \pods" of 72
rystals (9�8) and pla
ed at ba
kward angles to minimize the neutron ba
kground.These dete
tors 
ould operate at high 
ount rates and gave good time resolution.Sin
e a
quisition times were likely to be long, it was important that they have goodele
troni
 stability. The whole of the National Barium Fluoride Array and its supportele
troni
s and a
quisition system were required for these experiments.The DEMON modules [86℄ were used for neutron dete
tion and were based onthe liquid s
intillator NE213. These dete
tors were relatively eÆ
ient and gave goodtime resolution. Eight dete
tors from the DEMON Array were used. These werepla
ed at a various angles about the target 
hamber to gain insight into the angulardistribution of �pre and �post.The remainder of this 
hapter will present more detailed a

ounts of theapparatus used, the pro
edure in
luding the pla
ement of dete
tors, ele
troni
s,trigger 
onditions and data a
quisition, and the 
alibrations.
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II.2 ApparatusThis se
tion presents a des
ription of the experimental apparatus. First, therea
tion 
hamber and its 
onstru
tion will be dis
ussed. Following this, the PPAC's,the BaF2 dete
tors, and then the DEMON neutron 
ounters will ea
h be examinedin detail.
II.2.1 Rea
tion ChamberThe rea
tion 
hamber was designed and 
onstru
ted in Dubna, Russia spe
if-i
ally for these experiments. Figure 2 shows detailed side and front views. The
hamber is a prolate spheroid, 39.3 
m in diameter with a 48.1 
m long axis. It is
onstru
ted of thin-walled (2.5 mm) aluminum hemispheres to avoid ex
essive neu-tron absorption. The hemispheres are atta
hed to a 9.65 
m wide 
entral supportring of stainless steel. The hemispheres 
onsist of two halves of a sphere with aninner diameter of 38.4 
m. The 
entral support ring provides 24 BNC feed-through
onne
tors, a 4 
m lu
ite view-port, beam line �ttings on either side, and support fora dete
tor mounting table. There is also a 
onne
tion for an existing ele
troni
ally-
ontrolled target ladder assembly, 
apable of being 
ontrolled remotely. This assemblya

ommodates �ve standard-sized targets. The two aluminum hemispheres are heldin position on either side of the ring with metal restraining straps to form a va
uumseal using Viton O-rings.
II.2.2 Parallel Plate Avalan
he CountersParallel plate avalan
he 
ounters (PPAC's) were 
hosen to dete
t the �ssionfragments for a number of reasons. They are relatively inexpensive, easy to fabri
ate
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96 393 96

12.5 95
viewport va
uum lamp �tting

remote-
ontrolled targetladder assembly

high voltage �tting

BNC feedthrus (12/side)CP75 �ttings (4/side)

192 96.5 192
FIG. 2. S
hemati
 of the rea
tion 
hamber. Top depi
ts the side view of the
hamber. Dotted line indi
ates the level of the dete
tor support plate insidethe 
hamber. Bottom shows the view from the 
y
lotron. All measurementsin mm.
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in a variety of geometries, are resistant to radiation damage, 
an have quite largesolid angles, and are reusable. In addition to these 
onvenien
es, properly designedPPAC's exhibit ex
ellent time resolution and 
an be made position sensitive. Thelatter 
hara
teristi
s are 
riti
al in the event-by-event re
onstru
tion of the �ssionfragment mass distributions.The rise time for the 
enter foil signal is generally very fast and is largelyresponsible for the ex
ellent time resolution of the dete
tors (�150 ps). This timeresolution 
orresponds to a position sensitivity whi
h is usually on the order of thespa
ing between the wires [27℄, typi
ally 1 mm. Be
ause of these 
hara
teristi
s,PPAC's have proven useful in previous works investigating �ssion time s
ales [14, 27,34℄. A good des
ription of PPAC design and 
hara
teristi
s is given by Mazur andRibrag [87℄. The dete
tors des
ribed therein are similar to those used in the 
urrentwork [88℄.The PPAC's used here 
onsisted of two planes of thin, parallel wires runningorthogonal to ea
h other and parallel to a thin, 
ommon 
enter foil plane. The foilplane was supplied with negative bias (� -0.7 kV) and a
ted as the 
ommon 
athodefor the anode wire planes. These 
omponents were 
ontained in a low pressure ofn-pentane. The a
tual experimental operating 
hara
teristi
s are summarized inTable 4.Dete
tion of energeti
 
harged parti
les in a PPAC is a multi-step pro
ess.Ele
trons are produ
ed as a �ssion fragment ionizes this gas and intera
ts with the
enter foil. These ele
trons are then a

elerated in the strong ele
tri
 �eld, produ
ing
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TABLE 4. Operating 
hara
teristi
s for the PPAC's.

Dete
tor Bias Pentane Pressure Flow Rate(volts) (torr) (ml/min)Start -590 to -610 5.2 20PPAC1 -680 " "PPAC2 -660 " "
an avalan
he of se
ondary ele
trons. The largest ampli�
ation o

urs near the anodewires [87℄. The nearest wire then 
olle
ts the most ele
trons, produ
ing a negativeele
troni
 signal. This signal is then 
arried through a delay proportional to the wire'slo
ation. By measuring the time di�eren
e between the prompt signal from the 
enterfoil (
athode) and the delayed signal from the wires (anode), one obtains the relativelo
ation of the �ssion fragment impa
t in one dimension. Sin
e there are two planesof wires running orthogonal to ea
h other, the dete
tor produ
es signals in both thex and y 
oordinates.The dete
tors were 
onstru
ted of several layers of 3 mm thi
k G-10 PC board.Ea
h dete
tor was made va
uum-tight with sili
one 
aulk, whi
h also fun
tioned asa stru
tural bond between the layers. Fittings were provided at the rear of thedete
tor for gas entry and exit. Conne
tions for the 
enter-foil bias supply andsignals were made using LEMO �ttings. A se
ond type of PPAC was used in theexperiments to dete
t �ssion fragments. This was a small (4 
m2 a
tive area) PPACstart dete
tor. Two larger position-sensitive PPAC's (231 
m2 a
tive area) were usedto dete
t the �ssion fragments and de�ne the rea
tion plane. The start dete
tor
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PPAC had entran
e and exit windows of 2 �m mylar. This 
ounter was designed tominimize the energy degradation of the �ssion fragments as mu
h as possible. Twofoil planes were fashioned by va
uum evaporation of gold onto mylar to a thi
kness of40 �g/
m2 on ea
h side. The same type of 
enter foil was used for ea
h dete
tor. Amajor di�eren
e between the large and small dete
tors was that the start PPAC wasa transmission 
ounter while the large PPAC's were not. The start dete
tors werealso not position sensitive.In the large PPAC's there were two planes of 50 �m diameter Be-Cu wiresmounted on a 1.5 mm thi
k G-10 support frame. The wire spa
ing was one millimeter,providing 152 wires for ea
h plane. The wires were stret
hed and soldered onto thesupport. Figure 3 shows a s
hemati
 of the alignment of the wire planes on eitherside of the 
enter foil 
athode plane. These wire planes were assembled in the PPAChousing su
h that the wires of one ran perpendi
ular to the other when seen fromthe target. Ea
h wire plane was made 
ontiguous via a 210 ns delay loop of 
opperwire 
onne
ting ea
h wire to its neighbors. This provided a delay of 13.5 ns from wireto wire, whi
h gave suÆ
ient time-separation of the signals for the required positionsensitivity. The wire planes were lo
ated 3.00 � 0.05 mm from the 
enter foil. Adetailed 
ross se
tion of a large dete
tor is shown in Figure 4. A front view (seen fromthe target position) is shown in Figure 5. Note the presen
e of two thi
k 
alibrationwires in the x-dire
tion, allowing for positional self-
alibration. These wires werepla
ed 50.7 mm and 50.5 mm apart for the PPAC's #1 and #2, respe
tively. They-dire
tion was 
alibrated using the physi
al limits of the a
tive area. Ea
h PPAC
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Wire Planes (Anodes)

Center Foil Plane (Cathode)

FIG. 3. S
hemati
 of the wire planes and 
enter foil of the PPAC's. Note thatthe wire planes are perpendi
ular to ea
h other, allowing for the x- and y-position sensitivity. The distan
e between the planes is expanded for easeof viewing.



30

25.5

7
1.251.53 111

21

1.251.25
18.752 2 5 7

3.75 2.5 2.52.5 10 5
Au-plated mylar 
athode Anode wire planeMylar entran
e window Thi
k 
alibration wiresSili
one 
aulkAluminum G-10 PC boardEpoxy

FIG. 4. Cut-away view of part of one PPAC. The 
enter foil, wire planes, entran
ewindow, and 
alibration wire planes all extend to the right of the shadedpart of the �gure. The two bla
k dots near the 
enter of the �gure indi
atesolder beads in order to show how the soldering points are shielded fromview of the 
enter foil, minimizing sparking in the dete
tor. All dimensionsare in millimeters.
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18.75 50.67 50.67 50.67 18.75
18.75

152.00

18.75

FIG. 5. Front view of one PPAC. Most of the dete
tor is a
tive area, with littlewasted spa
e. The two 
alibration wires are also shown. All dimensions arein millimeters.
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provided four outputs; a timing signal from the 
enter foil (start), stops for bothwire planes and an energy output for the 
enter-foil. The latter was not used in theanalysis, but provided an on-line indi
ator of the performan
e of the PPAC's.
II.2.3 Barium Fluoride Dete
torsMyriad dete
tor types are available for 
-ray dete
tion ranging from very highresolution semi-
ondu
tor devi
es, su
h as Si(Li) and Ge(Li), to a wide variety oflow energy resolution s
intillators, su
h as NaI(Tl). Though quite expensive, largearrays of the former type of devi
e have been 
onstru
ted [89, 90℄. These have mostlybeen used for nu
lear stru
ture studies. For GDR-�ssion studies, one does not needsu
h high-resolution dete
tors; s
intillation devi
es are generally employed. Initially,NaI(Tl) dete
tors were generally employed. However, there are great advantages tousing BaF2 as a GDR 
-ray dete
tor. Unlike NaI(Tl), BaF2 is non-hygros
opi
. Theradiation lengths of the two dete
tors are 
omparable. While the energy resolution ofBaF2-based s
intillators is somewhat poorer than NaI(Tl), they have proven to haveex
ellent time 
hara
teristi
s. The BaF2 dete
tors provide a fast 
omponent thatdi�ers from the slow 
omponent in its de
ay properties, depending upon the type ofparti
le dete
ted. This was �rst noted in 1982, by Laval and 
o-workers [91℄. A fewyears later, it was shown that the yield of the 
omponents depended on the in
identparti
le [92℄. This allows pulse-shape dis
rimination (PSD) between neutrons, 
 rays,and other spe
ies.Energy resolution for the BaF2 
rystals obtained with 137Cs (0.661 MeV) isapproximately 35% and 12.5% for the fast and total 
omponents, respe
tively [93℄.
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TABLE 5. Response 
hara
teristi
s for both the fast and the slow 
omponents inBaF2.

Fast Component Slow Componentpeak wavelength 220 nm 310 nmrise time 100 ps n/aprimary de
ay 
onst 600 ps 430 nsse
ondary de
ay 
onst 790 ps 620 ns

The rise times of BaF2 dete
tors obtained by Laval et al. are shown in Table 5 [91℄.The energy response of a BaF2 dete
tor is governed not only by its intrinsi
 propertiesbut also by its geometry, whi
h determines the fra
tion of the ele
tromagneti
 showerprodu
ed by an in
ident parti
le that is a
tually 
ontained in the dete
tor volume.Losses 
an o

ur out the sides of the dete
tor and to the rear. With long dete
tors,losses to the rear 
an be minimized. In these experiments, losses out the sides weremainly seen by the neighboring 
rystals, whi
h a
ted as transverse loss dete
tors forthe 
rystal they surrounded. Se
tion III.2.1 dis
usses simulation of these losses andthe e�e
ts of utilizing the surrounding 
rystals to re
onstru
t the shower.Ea
h individual dete
tor is made up of a sealed 
rystal of BaF2 opti
ally 
oupledto an assembly 
onsisting of a base and a photomultiplier tube (either HamamatsuR2059 or Philips XP2020Q) with fused sili
a windows. The photomultiplier tubesprovided both dynode and anode outputs. The 
rystals are 20 
m long with ahexagonal 
ross se
tion whi
h is 6.5 
m fa
e to fa
e. The �nal 2.5 
m is ground
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into a 
ylindri
al shape to allow opti
al 
oupling to the photomultiplier and magneti
shielding with �-metal. The latter is ne
essary to minimize ele
troni
 
rosstalkbetween dete
tors and redu
e the in
uen
e of stray magneti
 �elds from the fo
usingmagnets. All surfa
es are polished, 
overed by light re
e
tor, and wrapped in bla
ktape. Finally, the data a
quisition system 
onsisted of a DEC Alpha 3000 workstationrunning Digital Unix and utilizing the Oak Ridge Physi
s Analysis System (ORPAS).A wide variety of 
ustom software, su
h as photomultiplier bias 
ontrol, dete
torresponse gain mat
hing, and pedestal subtra
tion, was provided to 
ontrol variousaspe
ts of the BFA [94℄. ORPAS was also used to read out signals from all the otherdete
tors via CAMAC.
II.2.4 Neutron S
intillatorsThe DEMON array [86℄, 
onsists of �100 large volume liquid s
intillator (avail-able as NE213 or Bi
ron BC501A) neutron dete
tors. The s
intillator exhibits manydesirable dete
tion properties, in
luding ex
ellent timing, good PSD, the ability to beused in large dete
tors, and a relatively high eÆ
ien
y [95℄. The PSD 
hara
teristi
sare long established and have been well-studied [96, 97, 98℄, and in fa
t NE213 hasbe
ome quite standard for portable neutron dete
tion.Eight units from the DEMON array were supplied for this experiment, alongwith some spe
ial ele
troni
s. Stands and mounting bra
kets were 
onstru
tedin-house. Ea
h dete
tor 
onsists of a 20 
m long � 16 
m diameter 
ylindri
alaluminum s
intillator reservoir opti
ally 
oupled to a 12.7 
m long � 13 
m diameter
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photomultiplier, Philips model XP4512B [99℄. The aluminum reservoir has a 6.35 mmthi
k front entran
e and a 21.5 mm thi
k side wall. The rear window is 10 mm thi
kglass. The dete
tor 
ontains 4 liters of NE213 s
intillator and is surrounded by �-metal shielding and 
ontained in a thin-walled steel 
asing with an overall length of50 
m. The front fa
e was 
overed by a 5 mm thi
k lead plate designed to lower the
ounting rate of low-energy photons thereby improving the separation of low-energyneutrons and 
 rays [100℄.The photomultipliers have a gain of �5.0 � 106. The standard anode pulserise time is 2.1 ns, the intrinsi
 photomultiplier pulse duration at half maximum is3 ns, and the signal transit time is 49 � 1.3 ns for full 
athode illumination [100℄.The DEMON dete
tors have been well studied over the years, providing very goodinformation on the e�e
ts of the photo
oupling [101℄, the size of the dete
tors, theirasso
iated ele
troni
s [99, 102℄, and neutron dete
tion eÆ
ien
y [100℄.Like the BaF2 dete
tors, the NE213 s
intillator has both fast and slow 
om-ponents, thus allowing for pulse shape dis
rimination. This enables the separationof neutrons from 
 rays in most 
ases. The ex
eption is due to rea
tions su
h as12C(n,n0
)12C. This 
an produ
e a 
-ray-like signal. However, this pro
ess 
an gen-erally be a

ounted for in dete
tor simulation 
odes, su
h as MENATE [103, 104℄.Experimentally, many 
 rays from su
h rea
tions 
an be identi�ed by time-of-
ight.Two 
harge-to-digital 
onverters (QDC's) are used to integrate the di�erentportions of the photomultiplier's response. Time gates were set around the wholepulse to obtain a total 
omponent signal and around the slow portion. The total gateusually started 5 ns before the beginning of the pulse and 
ontinued for 220 ns.
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The slow gate was set 50 ns later and 
ontinued for 170 ns. Both gates 
losedsimultaneously.
II.3 SetupA s
hemati
 top view of the overall experimental layout was already given inFigure 1. This �gure shows the two position-sensitive parallel plate avalan
he 
ounters(PPAC's) 
entered at 90Æ and either 60Æ (for the 104 MeV 4He runs) or 80Æ (for the133 MeV 16O runs). The time-of-
ight of the �ssion fragments was determined usingthe start dete
tor. This was pla
ed very 
lose (�2 
m) to the target and 
overed thesame solid angle as the larger PPAC (#1), whi
h was dire
tly behind it. Both thelarge PPAC's fun
tioned as stop dete
tors.The BFA was divided into two pods with 72 BaF2 
rystals ea
h, arranged ina 9�8 fashion to give an overall re
tangular shape with dimensions 55.25 
m wideby 50.03 
m high. Triangular vinyl support spa
ers were used to help support the
rystals to redu
e shearing stress on the dete
tors. Figure 6 shows a s
hemati
 of theBaF2 layout and its housing. The 
enters of the pods were the same height as the
enter of the target. The pods were pla
ed on ea
h side of the beam pipe, 
entered on135Æ at a distan
e of 55 
m and fa
ing the target. The ba
kwards angles were usedto redu
e neutron ba
kground whi
h interferes with dete
tion of 
 rays.The neutron dete
tors were pla
ed around the target at a nominal distan
esof 1.2 meters ea
h. Dete
tors were mounted in-plane at angles of (�=30Æ; �=180Æ),(�=70Æ; �=180Æ), and (�=90Æ; �=180Æ) and out-of-plane at angles of (�=-20Æ; �=60Æ),(�=20Æ; �=80Æ), (�=70Æ; �=90Æ), (�=90; �=90Æ) and (�=110Æ; �=90Æ), taking the
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FIG. 6. Front view of BaF2 Pod 2, in
luding its aluminum housing. The housing
onsisted of 0.75 
m thi
k aluminum with inner dimensions of 55.4 
m wideby 52.0 
m high. The lightly shaded regions indi
ate the vinyl supportspa
ers. The darkly shaded regions represent the plasti
 side supportspa
ers. The numbering s
heme shown for the individual 
rystals is su
hthat the �rst digit is the pod number, the se
ond is the row number, andthe third is the 
olumn number.



38
TABLE 6. Summary of dete
tor pla
ement in spheri
al 
oordinates. The solid anglesfor ea
h of the dete
tors are also indi
ated. For the solid angles for theBaF2 pods, the values in parentheses are the solid angles for the sum ofthe \
ore" 
rystals (see Se
tion III.2 for details).

Dete
tor � � R (
m) Solid Angle (% of 4�)N1 -20Æ 60Æ 120 0.11N2 20Æ 80Æ 117 0.12N3 30Æ 180Æ 159 0.06N4 70Æ 180Æ 122 0.11N5 90Æ 180Æ 124 0.10N6 90Æ 110Æ 122 0.11N7 90Æ 90Æ 114 0.12N8 90Æ 70Æ 123 0.11PPAC1 180Æ 90Æ 12.30 12.15PPAC2 0Æ 60Æ/80Æ 11.86 13.07BaF2 Pod 1 135Æ 0Æ 55 6.62 (4.41)BaF2 Pod 2 135Æ 180Æ 55 6.62 (4.41)
dire
tion of the beam to be (�=0). Figure 1 shows the pla
ement of the variousdete
tors about the target and gives a general sense of their relative lo
ations.Lo
ations and solid angle 
overage are summarized in Table 6. The pla
ement ofthe various dete
tors was 
hosen to optimize the dete
tion of neutrons emitted bothparallel and perpendi
ular to the velo
ity ve
tors of the �ssion fragments.
II.3.1 Ele
troni
sThe BFA used dedi
ated ele
troni
s and a
quisition systems. The remainingele
troni
s for the DEMON neutron s
intillators, the PPAC's, and the trigger logi
from the DEMON array 
ame from the in-house pool.
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For the BFA, the ele
troni
s are quite 
ompli
ated due to the large numberof parameters as well as the many di�erent types of modules involved. Only thesalient points will be 
overed here. The energy signals from the BFA were takenfrom the anode outputs and sent through 
ustom delays and splitters to two sets offast en
oding readout 
harge sensitive ADC's (FERA). One of these integrated the
harge from the short gates (fast signal) and one for the long gates (slow signal).The dynode signal was attenuated, split using a fanout, and fed to two leading edgedis
riminators whi
h generated the various logi
, timing, and trigger signals for theBFA. The attenuation was performed by approximately mat
hing the amplitudes fromthe fast 
omponents of all the 
rystals. This helped prevent 
rystals with abnormallyhigh fast light from overwhelming the other dete
tors in the trigger. The dis
riminatoroutputs generated the short and long gates, timing, and the high- and low-
 triggers.The gates were 
onstru
ted using the logi
 signal from LeCroy 4413 leading edgedis
riminators with a nominal threshold of 100 keV. The signals were delayed by250 ns and refreshed with another dis
riminator. The signals were logi
ally AND'edwith the \MG.Live" signal (a trigger NAND'ed with the 
omputer busy signal). Thelong and slow gates were set at 1.5 �s for the slow 
omponent and 50 ns for the fast
omponent and delayed by 500 ns. Timing signals for the BFA were 
onstru
ted fromthe LeCroy 4413 logi
 signal to start the Fastbus time-to-digital 
onverters (TDC's)after a delay of 500 ns.Two types of triggers were formed to read out the BFA. The low-
 triggerwas produ
ed from the logi
al OR of the LeCroy 4413 dis
riminators from all theBaF2 dete
tors. These dis
riminators were set at their minimum thresholds, 30 mV
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(approximately 100{200 keV). This OR was delayed by 250 ns, and refreshed byanother dis
riminator, thus produ
ing the low-
 trigger. The high-
 trigger wasformed by �rst sending the signal through a linear summer for the neighboringdete
tors and then sending through a di�erent set of LeCroy 4413 dis
riminators.A logi
al OR of the signals from the other dete
tors was formed whi
h was thendelayed by 200 ns and refreshed to provide the high-
 trigger.The motivation for the two triggers is multi-fold. First, either one of the triggers
ould be used to self-trigger the array. This is useful in 
alibrating the array with
-ray sour
es of di�erent energies. Se
ond, the two triggers are very useful in beamtuning and in monitoring the general performan
e of the array. Third, the signals fromindividual 
rystals forming the low-
 trigger are used to determine whi
h signals areread out and sent to the data a
quisition system. This obviously saves 
omputer timeand in
reases the potential data rate. Finally, the high-
 trigger 
an be in
orporatedinto the overall trigger for the experiment. Normally, this would involve setting thedis
riminators at several MeV to sele
t high energy photons. However, as dis
ussedbelow, this 
apability was not needed in the present work.The neutron s
intillators and PPAC's were read out using CAMAC ele
troni
sin a separate 
rate. In prin
iple, this amounted to simple addition to the existing BFAframework. In pra
ti
e, it added 
onsiderable 
omplexity to the overall experiment.While the Fastbus produ
ed 
omputer-ready information on a time s
ale of �10 �s,CAMAC requires about 100 �s to 
onvert. This intrinsi
 in
ompatibility lead to
onsiderable 
ompli
ations in mat
hing the timing from the dete
tor subsystems.
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The ele
troni
s for the neutron s
intillators and the BFA were similar sin
eboth are s
intillation dete
tors relying on PSD to di�erentiate parti
les and photons.Energy signals were taken from the anode of the phototube and fanned out to produ
elogi
 gates. These were delayed by 200 ns and sent into 
ustom QDC's provided bythe DEMON group.In the BFA 
ase, separate gates were set around the fast and slow 
omponents.For the neutron dete
tors, total gates were set around the entire pulse and slow gateswere set around the slow 
omponent. The former signals required an additional �0.3attenuation before going into the QDC. Both gates were formed analogously to theBFA gates: a dis
riminator set with a threshold just above noise. The output wasdelayed by 250 ns and fed to another dis
riminator. The slow gate was then formedafter an additional 50 ns delay using a gate-and-delay generator. The latter produ
eda 170 ns wide pulse delayed by 200 ns. The total gate was also set to begin aftera 200 ns delay but 
ontinued for 220 ns. Timing information was 
onstru
ted usingadditional dis
riminator outputs. These were delayed by 360 ns, and then sent intoCAMAC TDC's.The PPAC's provided the overall trigger for the experiment. Energy signalsfrom the PPAC 
enter foils were sent through 
ustom pre-ampli�ers (PMA's), delayedby 250 ns, and sent to CAMAC ADC's. The PMA's also produ
ed fast timing signals.These were further ampli�ed and sent to CFD's with thresholds set just above noise.The logi
al outputs were then delayed by 450 ns before going into CAMAC TDC's.The time signals in the large position-sensitive PPAC's were used for both time-of-
ight (TOF) and for the x- and y-position determination.
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Start signals for all TDC's were determined by a master PPAC trigger, whi
h

was formed if at least one �ssion fragment was dete
ted. This trigger was generated
from an OR of either of the position-sensitive PPAC's. This required mat
hing the
timing of the PPAC's to that of the other dete
tor subsystems. This was nontrivial
and took several days of in-beam work. While the bulk of the data were taken with
a PPAC trigger, a \singles" mode was also employed in the experiment. In this 
ase,
a
quisition was triggered on the dete
tion of at least one above-threshold 
 ray in the
BFA. Though useful in monitoring the performan
e of the BFA, these results did not
provide mu
h quantitative information and thus these data are not addressed in this
work.
II.3.2 Data A
quisition System

As mentioned above, all the data were taken using a 
ustom system developed at
ORNL for the BFA. Data were 
olle
ted for 465 parameters. The data were a
quired
with a De
 Model 3000 workstation over ethernet using VME interfa
ed to CAMAC,
FERA and Fastbus. The a
quisition rate varied from 250 to 1500 Hz. The lower
rates were asso
iated with lower-mass 
ompound nu
lei. The dead time was at most
25%, but more typi
ally around 5%. These relatively low dead-times were obtained
by triggering the system on �ssion fragments. For this reason, it was not ne
essary
to in
orporate the high-
 trigger into the master gate. This simpli�ed the timing and
subsequent analysis. The only drawba
k was the vast quantity of a

umulated data
(almost 100 GB).
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The a
quisition suite ORPAS (running under Digital Unix) provided subrou-tines to poll and 
orrelate the data from ea
h of the CAMAC, FERA, and Fastbussubsystems over VME. Ea
h possible signal was given a unique index re
e
ting itsexa
t lo
ation in the ele
troni
s. The index number, i, was given by

i = 2048
+ 64s+ n: (21)
where 
 is the 
rate number, s is the slot number, and n is the 
hannel numberasso
iated with the parti
ular parameter being re
orded.These data were then written to double-density 8mm tape by �rst listing theindex number and the 
orresponding data using 4 byte words for ea
h parameter.Zero skip suppression was used to obtain the smallest possible data �les. Due tothe large number of parameters and the large number of expe
ted zeroes for ea
hevent, this method was mu
h more desirable than either listing the value of ea
hindex in order or bit-mapping the data. After writing ea
h index-data pair, the endof an event was indi
ated by the integer value \-1" repeated twi
e (FFFF FFFF inhexade
imal). This simple and straightforward method of re
ording the data provedto be quite helpful in the subsequent analysis. As a pre
autionary measure, data �leswere automati
ally 
losed out after every 80 MB of data were re
orded and a new �lewas started. Thus, ea
h run a
tually would 
onsist of any number of data �les.As noted above, the BFA was read out with zero-suppression, meaning thatparameters for a given 
rystal were only re
orded if they had non-zero values forthe energy in the fast 
omponent. For those BaF2 
rystals, the fast energy signal,the slow energy signal, and the TOF signal with respe
t to the event trigger were
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written on tape. Unfortunately, zero-suppression was only possible for the BFA datasin
e only their ele
troni
s allowed for this option. Hen
e, all PPAC and all DEMONparameters were taken for ea
h event. The PPAC parameters 
onsisted of four timedi�eren
es 
orresponding to the two sets of x- and y-positions, two times for theTOF between the start dete
tor and the stop dete
tors, two times for the di�eren
ebetween the PPAC start and the BFA stops, and one time for the �t between thestops of the large PPAC's. The DEMON parameters ea
h 
onsisted of a fast energysignal, a total energy signal, and a TOF signal measured with respe
t to the trigger.
II.3.3 In-Beam TuningDuring the experiment, the quality of the data were monitored in a number ofways. Using the PPAC's, it was possible to examine the quality of the �ssion datawith two-dimensional plots of the position data. Figure 7 shows the x versus y datafor PPAC #1 during an 16O + 208Pb run. Log 
ontours are used with a power of 3between ea
h 
ontour. The highest number of 
ounts are in the 
enter-most 
ontour,with de
reasing 
ounts moving away from the 
enter. Not only are the 
alibrationwires visible, but also other important features. Note the relatively higher 
ount-rate at the high-x 
hannels. This 
on�rms the pla
ement and orientation of thatdete
tor sin
e PPAC #1 had its high-x end at more forward angles. Also, the twodips near the top of the spe
trum are due to unavoidable obstru
tion by the gas linesto the start dete
tor further 
hara
terizing PPAC #1. Similarly, in Figure 8 one
an distinguish the lo
ation of the 
alibration wires, as well as regions of the highest
ounting rate. The same 
ontours are used and again the 
enter-most 
ontour marks
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FIG. 7. X versus Y plot for PPAC #1 after PPAC analysis. The 
alibration wiresfor the x-dire
tion are 
learly visible near 
hannels 260 and 670.
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FIG. 8. X versus Y plot for PPAC 2 after PPAC analysis. The 
alibration wires forthe x-dire
tion are also visible here, but at 
hannels 500 and 875.
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the highest number of 
ounts. Other two-dimensional plots used in
luded x-x andy-y 
orrelations, and time versus position. Additionally, the timing spe
tra from alldete
tors were monitored for anomalies, as were the energy spe
tra from the BaF2dete
tors and the DEMON s
intillators. This was very useful sin
e one or more BaF2
rystals would \run wild" due to drifts in the dis
riminator levels, sparking in thePMT bases, or poor shielding in the PMT. Over the 
ourse of the experiments, onlya few per
ent of the dete
tors were not fun
tioning 
orre
tly. These were a

ountedfor in the analysis.
II.4 CalibrationsEa
h of the dete
tor subsystems was 
alibrated either during and/or at the endof the experiment. Some parameters 
ould be self-
alibrated. The various 
alibrationsand their results are des
ribed below, beginning with the PPAC's, then the BaF2arrays, and �nally the DEMON dete
tors.
II.4.1 PPAC'sThe PPAC's required very a

urate time 
alibrations sin
e this quantity wasused to extra
t both the velo
ity (via 
enter foil timing) and the angle (via x- andy-position timing) of the �ssion fragments. These quantities are needed to re
onstru
tthe masses and kineti
 energies of the fragments. Ea
h TDC 
hannel was 
alibratedseparately with an Orte
 Model 462 time 
alibrator using pulses at 10 ns, over a rangeof 320 ns. The time response of ea
h 
hannel was found to be linear and reprodu
eable.The physi
al position was self-
alibrated. In the y-dire
tion, the a
tual edges of thea
tive area of the dete
tor gave a

urate position 
alibration. In the x-dire
tion, two
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verti
al 
opper wires were pla
ed at known positions. The e�e
ts of these wires 
anreadily be seen in the x-position spe
tra as two verti
al lines of lower-
ount regions.No energy 
alibration was performed for the 
enter foil sin
e it was only used tomonitor the dete
tor performan
e.
II.4.2 BaF2 Dete
torsThe total energy signals from the BaF2 
rystals were 
alibrated using a � 0.1 Ciameri
ium-beryllium (AmBe) sour
e, whi
h emits both fast neutrons and 4.4389 MeVphotons. The sour
e was an en
apsulated mixture of �nely ground ameri
iumand beryllium. The 
hara
teristi
 4.4389 MeV 
 ray is produ
ed by the rea
tion9Be(�,n
)12C [105℄, giving approximately one 
 ray every 106 ameri
ium alpha de
ays[106℄. Fast neutrons are produ
ed with energies up to 11 MeV [107℄. The neutronswere moderated with a 15 
m thi
k polyethylene blo
k to minimize the neutronba
kground in the BaF2 dete
tors. The moderators also provided another 
 rayvia the rea
tion n(p,
)d. This 
 ray o

urs at 2.224 MeV, giving a se
ond energy
alibration point. The �rst es
ape peak of the 4.4389 MeV 
 ray provided a third
alibration peak. Table 7 gives the 
hara
teristi
s of these 
 rays together with thoseof other sour
es used in the 
alibrations of the DEMON neutron 
ounters.In 
alibrating the BaF2 dete
tors, ea
h pod was treated separately. A sampleraw 
alibration spe
trum obtained from one of the 
rystals is shown in Figure 9. The
alibration data were taken at the same magnet settings used during the experimentsto ensure that the photomultipliers of the BaF2 
rystals experien
ed the same mag-neti
 �elds. Pedestals a
ting as zero o�sets were determined from data taken in-beam.
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FIG. 9. Raw AmBe 
alibration for a typi
al BaF2 
rystal.
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TABLE 7. Gamma 
alibration sour
es used in these experiments and their asso
i-ated energy peaks. The sour
e, type of 
 ray, and 
orresponding energyare listed.

Sour
e Type Energy (MeV)AmBe 9Be(�,n
)12C 4.43891st es
ape peak 3.9279n(p,
)d 2.22460Co internal de
ay 1.3325internal de
ay 1.1732137Cs internal de
ay 0.6616
The positions of the pedestals were essentially 
onstant throughout the experimentand during the 
alibrations. This was further veri�ed by regression analysis of the
alibration runs. A sample regression analysis for several 
rystals is shown in Figure10. The energy response of the BaF2 
rystals was expe
ted to be quite linear, whi
hwas borne out by the 
alibration analysis. Thus the extrapolation to the energy regionof interest (10{15 MeV) seems reliable.The timing signals from the BaF2's were self-
alibrated using the known fre-quen
y of the beam bursts. A sample TDC spe
trum from a typi
al BaF2 
rystal isshown in Figure 11. Table 8 shows the slopes, inter
epts, and 
orrelation 
oeÆ
ientfor ea
h of the dete
tors shown in Figure 10 for the entire 16O + 208Pb experiment.The large bumps between 100 and 150 ns 
orrespond to PPAC-
 
oin
iden
es. Thestrongest sharp peak is largely due to real PPAC-
 events and 
orresponds to thereal start time, t0. The other sharp peaks are due to random 
oin
iden
es. The timegate used to separate the real 
 rays from the neutrons and other ba
kground signals
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FIG. 10. Graphi
al results of a linear regression analysis on the AmBe 
alibrations ofseveral BaF2 dete
tors. Dete
tors from both pods are shown. A randomsample of 
rystals was 
hosen. Crystal 133 provides an example of theworst linearity seen in the whole BaF2 array.
TABLE 8. Tabulation of the 
alibration 
oeÆ
ients for several BaF2 
rystals. Thedete
tors listed are the same as shown in Figure 10.

Crystal Slope (MeV/
hannel) Inter
ept (MeV) Correlation (%)133 1.3739�10�2 23.6080�10�2 99.903155 1.5184�10�2 8.2693�10�2 99.998178 1.6995�10�2 11.9572�10�2 99.998245 1.5693�10�2 7.1896�10�2 99.994297 1.6359�10�2 6.7195�10�2 99.999
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FIG. 12. Sample neutron energy 
alibration spe
trum using 60Co. Note the Comp-ton edge below 
hannel 200 and the pedestal above 
hannel 100.
is indi
ated by the dotted lines. Absolute time 
alibrations were not needed in theanalysis; only the relative times were required to separate neutrons and 
 rays.
II.4.3 DEMON Dete
torsThe neutron dete
tor energy responses were 
alibrated using 137Cs and 60Cosour
es. The AmBe sour
e was also used, but did not give an adequate 
ounting ratedue to its 
entral lo
ation and the long 
ight path to the dete
tors. As expe
tedwith this type of s
intillator, there is no sharp photopeak, though the Compton edgesof the photopeaks are readily visible. Figure 12 shows a sample 60Co 
alibrationspe
trum for the total energy. The 1.3325 and 1.1732 MeV 
 rays are unresolved.The pedestal just above 
hannel 100 provides a 
onvenient zero-energy 
alibrationpoint. Using the methodology of Tilquin et al., the energy responses of the dete
tors
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were 
alibrated to keV ele
tron equivalents (keVee) [100, 103℄. A keVee 
orrespondsto the amount of light produ
ed when a one keV ele
tron is dete
ted.Energy 
alibrations were performed at both the beginning and the end of theexperiment. There was a small amount of drift in the dete
tor response over time.A sample of this is shown in Figure 13. Also shown is the 60%-height of the Comptonedge peaks, whi
h gives a standard and reprodu
ible lo
ation for dealing with 
 raysin the DEMON dete
tors [100, 103℄. Similar drifts towards greater dete
tor responsewere observed in all eight DEMON dete
tors.Calibration 
urves for the energy response were 
onstru
ted for ea
h dete
tor,both before and after the experiments. Figure 14 shows a typi
al 
ase. The slope andx-inter
ept both de
rease by approximately 10% over the 
ourse of the experiments.In the analysis, the 
alibration 
oeÆ
ients were assumed to vary smoothly.As in the 
ase of the BaF2 
rystals, the time signals from the neutron 
ounterswere self-
alibrated via the frequen
y of the beam bursts from the 
y
lotron. Thebeam stru
ture is readily apparent in Figure 15. This is a time-
alibrated \raw"spe
trum from n5 a

umulated over the whole 16O + 208Pb experiment. Not onlyare the beam bursts 
learly visible as the sharp peaks o

urring every �50 ns, but thespe
trum shows that there is good separation between 
 rays and neutrons at 60 ns.The 
-ray peak is the large sharp peak just above 50 ns. The neutron peak appearsas a large bump beginning above 60 ns. Note that the neutron bump extends overthe next two beam bursts. This was a

ounted for in the analysis (see below). As inthe 
ase of the PPAC's, an Orte
 Model 462 time 
alibrator was used with a range
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of 320 ns and a peak interval of 10 ns. Using both time 
alibration methods, a verygood overall time 
alibration for the neutron 
ounters was obtained.
II.5 SummaryFour experiments using di�erent targets and two di�erent beams were per-formed. Data were taken from one start dete
tor, two PPAC's, eight neutron 
oun-ters, and 144 BaF2 
-ray 
ounters, for a total of 465 parameters. The dete
tors werepla
ed about the target in su
h a manner as to minimize ba
kground and maximizedete
tion eÆ
ien
y (see Figure 1 and Table 6). Data were re
orded using the a
qui-sition suite ORPAS and written to 8mm tape. Energy and time 
alibrations weretaken at the 
ompletion of the last experiment (4He + 188Os).
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CHAPTER III

DATA ANALYSIS
Data analysis was separated into three parts. Sin
e the PPAC's provided thetrigger, this information was pro
essed �rst. The various signals from the PPAC'senabled one to re
onstru
t the �ssion fragment velo
ities, angles, masses and energiesand to establish an absolute event start time (t0). The PPAC analysis was 
arried outon a dual-pro
essor Pentium Pro ma
hine following the methodology of Chubaryanet al. [108℄. An iterative software pro
edure was developed to establish the t0 andx-y position information for the fragments, providing physi
ally meaningful �ssionfragment information on an event-by-event basis (see the following Se
tion).The PPAC data were addressed �rst be
ause both the 
-ray and the neutrondata analysis required a de�nition of the timing. After the PPAC analysis was 
om-plete, the gamma (BaF2) and neutron (DEMON) portions were analyzed indepen-dently. The data from the PPAC analysis were used to set gates on true fusion-�ssionevents, �ssion mass asymmetry, TKE, and other parameters. The 
-ray analysis was
arried out on a VAXStation 4000 Model 90 under VAX/VMS v6.2 using the analysisenvironment LISA [109℄, as is 
overed in detail in Se
tion 2 of this 
hapter. The neu-tron analysis was based on the te
hnique of Hinde et al. [14℄, modi�ed espe
ially forthe DEMON dete
tors used here [110℄. This is dis
ussed in Se
tion 3 of this 
hapter.

III.1 Data Redu
tionAs noted above, the high speed of the data a
quisition permitted the use oftrigger 
onditions that were not very restri
tive. Consequently, a signi�
ant number
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of bad events (i. e. noise, non-�ssion events, et
.) were written to tape. This approa
hwas taken to avoid biasing the data and minimized the number of lost �ssion events.In �ssion fragment analysis, it was possible to reje
t essentially all of the bad events.For the 
-ray 
leanup analysis, ea
h event was required to have all PPACparameters present (i. e. a 
omplete �ssion event) and at least one BaF2 
rystal witha 
 ray above a threshold (�0.8 MeV). The data were then 
orre
ted for random
oin
iden
es. During the measurements, the value of the gamma energy threshold was
hosen to be 5{10% less than that used in the 
-ray analysis to fa
ilitate thresholdmat
hing in the subsequent analysis.Moreover, for the purpose of a GDR 
-ray analysis, the energy region of interestbegins at �5 MeV, where the 
 rays are primarily statisti
al. The fa
t that thepresent work had thresholds mu
h lower than that proved useful in 
omparisons withstatisti
al model 
al
ulations and showed that nu
lear stru
ture e�e
ts 
an bias thedata analysis (see below). The �rst pass data 
leanup redu
ed the data by about afa
tor of four, aside from the in
lusion of extra data words for the �ssion fragmentvelo
ities and angles on an event-by-event basis. The 
leanup of the neutron datapro
eeded similarly. Neutron emission is mu
h more probable than GDR 
 rays, thusgood statisti
s for the neutron method of �ssion time s
ale evaluation were obtainedfor all systems studied in the experiment.Yet another pass through the data provided the total yield of good �ssion eventsirrespe
tive of 
 rays and neutrons. This was used to obtain the absolute �ssion yieldof 
 rays and �ssion neutrons and thus their multipli
ities.
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Calibrations of the PPAC's were essential in the analysis. This in
luded theabsolute position and the TOF information. This ne
essitated an analysis of the datain several hundred separate subsets. The 
alibrations were adjusted to a

ount forslight 
hanges in the gas pressure in the PPAC's and drifts in the beam opti
s. Thelatter were due to 
hanges in the 
y
lotron tuning and drifts in the magneti
 �eld ofthe transport system. It was extremely important to know the position of the beamon the target due to the tight geometry of the PPAC's.The TOF and position data from the PPAC's were used to 
al
ulate thevelo
ities and in-plane (�) and out-of-plane (�) angles for ea
h �ssion event. Thenon-proje
tive geometry of the dete
tors was taken into a

ount.Fission was assumed to follow 
omplete fusion of the in
ident nu
lei, whi
h waslater borne out by examination of the resultant spe
tra. Thus binary kinemati
s wereused. Conservation of mass gives

Mproj +Mtgt =M1+M2; (22)
while 
onservation of momentum in the 
enter of mass gives

M1v1 sin �1 =M2v2 sin �2; (23)
M1v1 
os �1+M2v2 
os �2 =M0v0: (24)

In the above, the subs
ripts 1 and 2 refer to the fragments,M0v0 is the in
ident beammomentum, and Mproj and Mtgt refer to the masses of the proje
tile and target.Starting values for the velo
ities and masses of the �ssion fragments were thendetermined using the raw data. Re�ned distributions were obtained iteratively after
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onds. The �gure shown wasa

umulated over the whole 16O + 208Pb experiment.


orre
tions for the target, the 
alibrations, and energy losses in the various dete
tors.Convergen
e of the mass and TKE was used to further �lter the data. The semi-empiri
al methods of Benton and Henke provided for the needed 
orre
tions for therate of energy loss in various media [111℄. This typi
ally involved another two to fouriterations through the data.Resultant 
orre
tions to the start time showed di�eren
es of about 2.5 ns forthe various systems. This is partially re
e
ted in the t0 for the 16O + 208Pb system,as shown in Figure 16. In this 
ase, the 
orre
tion to t0 was 2.8�0.7 ns on average.The 
orre
tion to the data was an extremely tedious pro
edure.
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FIG. 17. Fragment mass distribution for 16O + 208Pb. Sin
e binary �ssion wasassumed, the mass distribution is ne
essarily 
entered exa
tly at symmetri
�ssion. The verti
al lines indi
ate mass 
uts used in the 
-ray analysis.

The resulting mass distribution for the 16O + 208Pb 
ase is shown in Figure 17.The six sets of mass 
uts used in the subsequent 
-ray analysis are also shown. Thegates were 
hosen to equalize the statisti
s in ea
h bin. The values for the 
uts arelisted in Table 9.The total kineti
 energy of the fragments was determined using the re
on-stru
ted velo
ities and masses with the relationship
TKE = M1v122 + M2v222 : (25)

The TKE distribution for the rea
tion 16O + 208Pb is plotted in Figure 18. Themean value was 162 MeV for the 16O + 208Pb data, whi
h agrees with the Viola
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TABLE 9. Mass 
uts used for the 16O + 208Pb 
-ray analysis.

Cut Range (amu)Symmetri
 108 � A � 116Asym1 104 � A < 107 , 117 < A � 120Asym2 100 � A < 103 , 121 < A � 124Asym3 95 � A < 99 , 125 < A � 129Asym4 89 � A < 94 , 130 < A � 135Asym5 79 � A < 88 , 136 < A � 145Asym6 39 � A < 78 , 146 < A � 185
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Total Kineti
 Energy (MeV)
FIG. 18. Sample total kineti
 energy distribution of the �ssion fragments. This plotwas obtained for all of the 16O + 208Pb runs.
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systemati
s [112℄ given by

hTKEi = (0:1189� 0:0011) Z2A1=3 + 7:3(�1:5); (26)
where hTKEi is the average total kineti
 energy release in �ssion in MeV and Z2=A1=3
is the Coulomb parameter of the �ssioning nu
leus. The other rea
tions showedsimilar agreement. A three-dimensional plot of single fragment mass versus totalkineti
 energy is shown in Figure 19 to further illustrate the quality of the data.The overall shape of this TKE spe
trum is slightly skewed to higher TKEvalues. This is largely due to the measured quantities and the subsequent analysisusing Equations (22){(24). A similar e�e
t would have been observed if there was asigni�
ant 
ontribution from in
omplete fusion. For the systems studied here, this isquite unlikely.As a �nal 
he
k, events with meaningful �ssion fragment angles were a
-
epted, i. e. �1+ �2 = 180Æ� Æ�: (27)
Here Æ� is a small deviation (�4Æ), whi
h has 
ontributions from a number ofsour
es. Major sour
es of this angular dispersion are the tight geometry and neutronevaporation from the �ssion fragments.The e�e
t of the pro
edures used in the PPAC analysis 
an be seen in Figures 20and 21, whi
h show 
ounts in x- and y-positions. Again the 16O + 208Pb runs areused as an example. The dashed line indi
ates the raw position data for only 12runs. The dotted line represents the position data seen after 
ompletion of the PPAC
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FIG. 19. Three-dimensional plot of fragment mass versus total kineti
 energy. Botha mesh and a 
ontour plot are shown. The 
ontours are in log s
ale.
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FIG. 20. X-dire
tion position data of PPAC 2 before (dashed line, raw data) andafter \
leanup" (solid line). The raw spe
trum (dashed line) only in
ludes12 runs. The dotted line is an intermediate spe
trum showing the resultsof the only PPAC analysis and 
leanup.
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FIG. 21. Y-dire
tion position data of PPAC 1 before (dashed line, raw data) andafter \
leanup" (solid line). The raw spe
trum only in
ludes 12 runs. Thedotted line indi
ates the results of only the PPAC analysis and 
leanup
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analysis. The solid line indi
ates the same data after additional re�nements from the
-ray analysis (see the following se
tion for details). The thi
k 
alibration wires are
learly visible in Figure 20 as dips in the spe
trum at 
hannel numbers 500 and 875.The dip in the data in Figure 21 at 
hannel 375 is due to two of the thin wires beinga

identally ele
tri
ally fused.The values of the 
orre
tion to t0 and of the �ssion fragment velo
ities andangles are appended to the end of ea
h a

epted event, separated by a sub-header.This new event-by-event redu
ed data stream is rewritten to tape and be
omes theinput data for the 
-ray analysis.
III.2 Gamma Ray AnalysisIn parallel to the �ssion fragment analysis, mu
h work was 
arried out onthe 
 rays. The 
ross-se
tion for GDR 
-ray emission is about three orders ofmagnitude smaller than that of �ssion. Every e�ort was taken to develop pro
eduresfor retaining the highest possible statisti
s in the GDR region. Using LISA, a
ustom subroutine GETORPHASDTA was implemented to read the data. Anothersubroutine DECODE was employed to put the data in the required format. Other
ustom subroutines for LISA were fashioned to perform additional manipulations ofthe data on an event-by-event basis.The subroutine SETUP was fashioned to read in the energy 
alibration 
oef-�
ients and time gates for the BaF2 dete
tors. This also provided 
ags and valuesused for various types of operations, e. g. 
osmi
 ray reje
tion, �ssion and 
-ray showerre
onstru
tion (separate for the edge and non-edge regions), and BaF2 time-gates.
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Another subroutine (TYERECON) was used to re
onstru
t ele
tromagneti
showers a
ross multiple 
rystals. Here re
onstru
tion was only applied to those
rystals 
ompletely surrounded by neighboring 
rystals (42 out of 72, 7�6, theso-
alled \
ore" or \primary" 
rystals). These neighboring 
rystals fun
tioned astransverse loss dete
tors. This algorithm identi�ed the 
rystal with the greatestenergy deposition in either of the two pods. The energy of this primary 
rystalwas then summed with those of its six nearest neighbors to give the energy of there
onstru
ted shower: Esh = Ehigh + 6Xx=1Ex: (28)

In the above, Ehigh is the energy in the primary 
rystal and Ex is the energy in thexth neighboring 
rystal.As suggested byWolf [113℄, an algorithm was devised to salvage showers with thegreatest energy deposition in the edge 
rystals of the pod, i. e. 
rystals not 
ompletelysurrounded by neighbors. This is signi�
ant sin
e 30 of the 72 dete
tors in ea
h podare edge 
rystals. The algorithm required that at least 10 keV was deposited in aneighboring 
rystal. As an illustration this, Figure 22 shows the multipli
ities ofre
onstru
ted showers for both 
ore and edge showers. The addition of the edge-re
onstru
ted events only adds an additional �5% to the number of 
ounts, evenwith the lowest possible threshold. Additionally, the outer 
rystals tend to see a mu
hhigher neutron ba
kground sin
e they shield the 
ore 
rystals from stray neutron 
uxto a large extent. In the �nal analysis, this edge-re
onstru
tion algorithm was notused be
ause it did not signi�
antly improve the statisti
s and added un
ertainty in
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FIG. 22. Edge (dashed line) and 
ore (solid) shower re
onstru
tion 
ompared for all16O + 208Pb runs.
the total 
-ray energy deposition. While edge re
onstru
tion is useful for mu
h higher
-ray energies, it was of little use in the 
urrent work.Several algorithms were 
onstru
ted in the subroutine INSERT, to in
lude the
entrality 
ondition of Jabs [107℄ and to reje
t 
ontamination of the 
-ray spe
tra by
osmi
 rays. This 
entrality 
ondition requires that no more than a 
ertain fra
tion, F ,of the energy deposited in the primary 
rystal be present in the sum of the surroundingsix, where F is given by F = 1Ehigh 6Xx=1Ex: (29)
The other variables are the same as in Equation (28). Jabs has previously shown thatF = 0.3 is suitable for high-energy photon work [107℄. For this work, F = 1.5 wasfound to be more appropriate.
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The large di�eren
e in F values 
omes about both from the di�erent triggersused and the di�erent energy regimes studied. In Jabs' work, the dete
tors wereself-triggered and running in a \singles" mode. This in
reased the sensitivity to the
osmi
 ray ba
kground, requiring an aggressively low F to remove as mu
h of thatba
kground as possible. Additionally, when studying higher-energy 
 rays 
osmi
rays are intrinsi
ally more of a problem. This 
omes about due to the fa
t that theaverage energy deposition by 
osmi
 rays in BaF2 
rystals used here is 
entered at47 MeV. The low-energy tail of the 
osmi
-ray distribution 
an be signi�
ant evenbelow the GDR region when running in a \singles" mode. Given that re
onstru
tionmight possibly add 
osmi
-ray 
ontribution from up to 6 neighboring 
rystals, a lowerF was utilized. The F -value employed is 
onsistent with 
 ray shower 
al
ulations.The appli
ability of the 
entrality 
ondition is illustrated in Figure 23, whi
hshows an overlay of three separate events in the BaF2 Pod 2. The di�erent 
lustersaround 
rystals 224, 276, and 272 shown by shaded or darkened hexagons representsingle events. The top-most 
luster would be reje
ted sin
e the summed energy ofthe nearest neighbors of the primary 
rystal (224) is far more than 50% of the 
entral
rystal's energy. In fa
t, the value of the summed energy of the nearest neighborswas 220% of that of 
rystal 224. Note that 
rystal 244 would not be in
luded inthe sum sin
e it is not a nearest neighbor. The 
luster about 
rystal 276 wouldnot be reje
ted sin
e the nearest neighbors' sum energy is only 60% of that of the
entral 
rystal. A very rare event is shown in the remaining shower, 
entered about
rystal 272. In this 
ase the event is not reje
ted, but some of the shower energy
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FIG. 23. Illustration of 
osmi
 ray reje
tion in a BaF2 Pod using the 
entrality
ondition. Three separate events are shown superimposed upon the podlayout. The top-most event was reje
ted while the other two were not (seetext for explanation). The legend at the bottom indi
ates the per
entageof energy dete
ted relative to that seen in the primary 
rystal. The Pod 2is used in this example.
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would be lost sin
e 
rystal 284 is not in
luded in the sum. This loss is a very smalle�e
t, both due to the rarity of this type of event and the small amount of leakagebeyond the nearest-neighbor 
rystals.The subroutine INSERT also in
luded an algorithm to 
orre
t the BaF2 timingsignals using the t0 of the �ssion fragments. Ea
h of these subroutines and algorithmswas tested and veri�ed on the raw data before the redu
ed data were available. Usingthe t0 
orre
tion, the threshold mat
hing, the timing gates, the shower re
onstru
tion,and the 
entrality 
ondition (with F=1.5) were employed in the �nal analysis. Thesegave the 
leanest �ssion-
orrelated 
-ray spe
tra. Figure 24 shows re
onstru
tedshower spe
tra for three phases: a 
alibrated-only \raw" spe
trum, a spe
trum afterthe �ssion fragment analysis, and a �ssion 
orrelated spe
trum with both thresholdand time mat
hing of the 
 rays. The �rst two spe
tra show 
onsiderable 
-ray yieldbelow 10 MeV. This is largely due to random events arising from neutron 
apturein the BaF2 arrays and in the surrounding material. On
e all the gates have beenapplied (third spe
trum), those events are eliminated. These observations stress theneed for ex
ellent trigger timing in GDR 
-ray measurements.The �nal step in the analysis was ba
kground subtra
tion of the 
-ray energyspe
tra. Timing gates were set on random beam bursts in the BaF2 TDC spe
traand used to produ
e ba
kground 
-ray spe
tra. Subtra
tion of these from the originaltime-gated spe
tra produ
ed ba
kground-subtra
ted spe
tra whi
h were used as the�nal 
-ray energy spe
trum. Figure 25 shows the eÆ
a
y of this pro
edure for 16O+ 208Pb. The dotted line represents the total 
-ray spe
trum before ba
kground
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FIG. 24. BaF2 spe
tra at various stages of the 16O + 208Pb analysis. The �nalspe
trum is indi
ated by the solid line. The dashed line is a subset of theruns (only 12 runs) and the dotted line represents the results of the PPACanalysis and data redu
tion for all runs.
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kground for the total 16O + 208Pb 
-rayspe
trum. 100 keV bins are used.
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subtra
tion. The dashed line below indi
ates the ba
kground spe
trum. The total 
-ray energy spe
trum resulting from the di�eren
e of the two is indi
ated by the darkersolid line between the 
urves. Keeping in mind that the �gure is a semi-log plot, itis apparent that ba
kground subtra
tion is ne
essary sin
e it a�e
ts the slope in thestatisti
al 
-ray and low-end neutron-
apture regions (4{8 MeV). This 
orre
tion is
learly important for statisti
al model 
omparisons. It should also be noted that therandom subtra
tion is even more important in less �ssile systems due to the largerba
kground. Additionally, the subtra
tion of the ba
kground reveals the true extentof the GDR 
ontribution.On
e all the �nal gates and 
onditions were set in pla
e, it is possible to produ
ea multipli
ity of 
 rays (M
) for ea
h rea
tion. This is obtained by dividing thetotal 
-ray spe
trum by the number of �ssion events. Typi
al results are shown inFigure 26, whi
h is not 
orre
ted for intrinsi
 dete
tor response (this �nal 
orre
tionis applied to the model 
al
ulations instead). Several features are readily apparent.The M
 de
reases approximately exponentially in the statisti
al region (�2{7 MeV).Above about 8 MeV a prominent GDR bump is visible. Further examination of thedata reveals an additional broad bump peaked at �5 MeV. This feature has beenpreviously seen [114℄ and is brie
y addressed in the following 
hapter.
III.2.1 BaF2 Dete
tor ResponseIn order to estimate the �ssion time s
ale using GDR 
 rays, the spe
tra were
ompared to statisti
al model 
al
ulation 
odes (see next 
hapter). These 
odes do notin
lude dete
tor responses and therefore it is ne
essary to simulate this separately.
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The response fun
tions were then folded into the results of the statisti
al model
al
ulations. The response of the BaF2 
rystals was simulated using the 
ode EGS(Ele
tron Gamma Shower) [115℄, version EGSBOSS2 [113℄. This software follows theenergy deposited by a photon as it passes through a given medium. The 
as
ade is
ontinued until rea
hing a prede�ned minimum energy threshold. The user inputsin
lude a spatial des
ription of the experimental setup, the initial photon energyand dire
tion, material types, and the minimum energy threshold. It is essentialto in
lude any materials the in
ident photon passes through before being dete
ted.Equally important, one needs a thorough des
ription of the dete
tor itself.These spatial des
riptions 
onsist of a set of any number of three-dimensionalregions de�ned by planes. By 
arefully 
onstru
ting these planes in user-suppliedsubroutines, it was possible to des
ribe the major 
omponents of the experimentalsetup, in
luding the target ladder, the rea
tion 
hamber, and the whole BaF2 dete
torarray, and its relative pla
ement. All regions outside these regions were 
onsideredva
uum. As the simulation pro
eeds, the energy and dire
tion of the photon is tra
kedat ea
h step in the 
as
ade. If a photon never intera
ts with a non-va
uum region, itis assumed to es
ape.The program was run until 1.5 million events o

urred in the region of ea
h
rystal. This was repeated in 1 MeV steps from 1 MeV to 32 MeV, providing energyresponses for the whole range given by the statisti
al model 
ode CASCADE [56℄.The energy deposited in ea
h region was written to an event-by-event �le for ea
henergy step for subsequent analysis as data using the same 
ode (LISA) used for thea
tual data analysis.
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FIG. 27. Simulated BaF2 
rystal response to an in
ident 10 MeV 
 ray.

Figure 27 shows a sample EGS simulation for a 10 MeV 
 ray that hasbeen analyzed with the shower re
onstru
tion des
ribed above. Most of the energy(>50 %) is re
overed with no leakage as is readily apparent from the largest peakat 10 MeV. Approximately ten per
ent is re
overed in the �rst es
ape peak at9.5 MeV, 
orresponding to the loss of one of the lepton-annihilation photons from pair-produ
tion. The se
ond es
ape peak is barely visible as a bump around 9 MeV. Atlower energies, the spe
trum is a 
ontinuum. The intrinsi
 resolution of the dete
toris not taken into a

ount. Otherwise the lines would not be so sharp. The simulatedresponse of the BaF2 regions were exported as 32-element arrays, using 1 MeV binsto mat
h statisti
al model 
al
ulations.
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Following Turmel, the model results were folded by the dete
tor response usinga fairly straightforward pro
edure [27℄. First, the arrays were normalized by dividingthe elements of a given array by the array's integrated value, generating probabilitydistributions. These were then read into a two-dimensional array, EGS (E
out, E
in),where E
in is the energy of the initial photon and E
out is the 
ontribution to thevarious energy bins. The predi
ted 
-ray 
ross se
tion was then folded into thedete
tor response as follows:

F (i) = 32Xk=1Mk � EGSi;k (30)
where k is E
in, i is E
out, F (i) is the folded statisti
al model predi
tion at energy i,Mk is the original model predi
tion and EGSi;k is the EGS array de�ned above.An example of the results of this folding pro
edure 
an be seen in Figure 28 .The solid line shows a raw CASCADE predi
tion for the rea
tion 133 MeV 16O +208Pb. The dashed line shows the predi
tion on
e the dete
tor response from EGS hasbeen fa
tored in. While the overall shape of the spe
trum does not 
hange mu
h overthe whole range, the absolute magnitude is a�e
ted signi�
antly (note that the plot issemi-log). The attenuated spe
trum di�ers most at the highest photon energy, as onemight expe
t. This trend is borne out by dividing the folded spe
trum by the originalto obtain the dete
tor response as a fun
tion of energy over the range 1-32 MeV. Thisis shown in Figure 29. Aside from a peak 
entered at 9.5 MeV, there is generally lessenergy re
overy in the BaF2 dete
tors as the photon energy in
reases. Clearly, thepro
edure is quite ne
essary for an absolute 
omparison between experimental dataand any model 
al
ulations.
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FIG. 28. The e�e
t of folding the simulated dete
tor response from EGS into aCASCADE predi
tion.

III.3 Neutron AnalysisThe analyses of the �ssion and the 
-ray data were 
arried out at the TexasA&M Cy
lotron Institute. In 
ontrast, mu
h of the neutron data was analyzed inStrasbourg. Of 
ourse, this analysis relied on an a

urate de�nition of t0 to give theneutron velo
ities and hen
e their energies. Thus the neutron data 
ould not be fullyanalyzed until the �ssion analysis was 
omplete. A rather abbreviated des
riptionof the analysis will be given here sin
e similar pro
edures are very well do
umentedin the literature (see Refs. [7{14℄).
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FIG. 29. Response fun
tion of the BaF2 dete
tors, from the EGS simulation. Lines
onne
ting the points are used to guide the eye.

In many respe
ts, the DEMON dete
tors fun
tion like the BaF2 
ounters. Bothgive fast and slow 
omponents to their energy response and both exhibit ex
ellenttiming 
hara
teristi
s. Although the fast-slow information proved to be useless in the
-ray analysis due to long 
able delays in the ele
troni
s, PSD was essential for theDEMON dete
tors to dis
riminate between neutrons and 
 rays.Figure 30 shows a log 
ontour plot from one of the DEMON dete
tors duringthe 16O + 208Pb runs. The small islands of stru
ture in the 
enter of the �gure aredue to binning e�e
ts in the plotting routine rather than in the a
tual data. One
an identify several 
omponents in the plot. The two intense diagonal lines towardthe 
entral portion of the �gure indi
ate 
 rays and neutrons. The lower-right ridge
orresponds to 
 rays while the upper ridge 
orresponds to neutrons. This is be
ause
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neutrons have a larger slow 
omponent than 
 rays. The weak lines in the plot aredue to nu
lear rea
tions in the s
intillator [99, 100℄.In Figure 31, energy and timing spe
tra are shown for a single dete
tor duringthe 16O + 208Pb runs. The timing spe
trum at the bottom in
ludes the t0 
orre
tion.The other two plots are un
alibrated energy spe
tra. All the spe
tra are for \good�ssion events." Several features are already apparent.The timing spe
trum shows the beam stru
ture. The peaks in the spe
trumo

ur approximately every 52.5 ns. This is expe
ted from the beam frequen
y of18.999 MHz. There is also a large prompt 
-ray peak visible at 55 ns with a verybroad bump immediately after that. The latter is due to the neutrons. The latter aregenerally well separated from the 
 rays. Energy spe
tra for the slow (top) and total(middle) are also illustrated in Figure 31. Both spe
tra have similar shapes, but thespe
trum for the slow 
omponent la
ks the pedestal seen in the total 
omponent.On
e the above steps have been 
ompleted, �pre and �post were determined usingmoving-sour
e �ts. The exa
t steps have been dis
ussed many times in the literature[7-14, 41, 42, 58{60, 116, 117, 61, 118, 119℄. Sample �ts will be presented in the next
hapter. Of 
ourse, the neutron energy spe
tra are derived from TOF rather thanpulse height.To generate neutron energy spe
tra, timing gates were set around the neutronbump seen in the lowest plot in Figure 31. Gates were also set around the neutronregion in the two-dimensional slow-total plots.Before pro
eeding, it is imperative to know the eÆ
ien
y of the DEMONdete
tors so that a

urate angular distributions and multipli
ities 
an be generated.
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FIG. 31. Results of the analysis of dete
tor n5. The top plot is the only for the slowenergy response, the middle plot shows the spe
trum for the total energysignal, and the bottom plot shows the timing signal from the dete
tor.
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Previously, numerous measurements have been made with the DEMON dete
tors withenergies ranging from tens of MeV [100, 120℄ to hundreds of MeV [120, 121℄. Thesedata were then 
ompared to various Monte Carlo 
al
ulations simulating neutrondete
tion in the s
intillator NE213 [122℄. The results supply the needed informationfor dete
tor simulations. Following the work Donadille et al. [103℄, a simulation 
odeMENATE [104℄ was adapted and applied to this problem. The 
ode MENATEis analogous to EGS. MENATE 
al
ulates the experimental response of NE213 toneutrons or 
 rays with energy lower than 100 MeV in dete
tors of 
ylindri
algeometry. The 
ode in
ludes various intera
tions due to the photoele
tri
 e�e
t,Compton s
attering, and pair produ
tion. The exa
t geometry of the dete
tors isalso in the 
ode. Crosstalk between dete
tors is also a

ounted for.The 
ode was run for a variety of energies for in
ident photons and neutrons.Response fun
tions su
h as those for the BaF2 dete
tors were generated. These werefolded into all subsequent 
al
ulations in mu
h the same manner as des
ribed abovefor the BaF2 dete
tor response. A s
hemati
 
ow
hart for the overall pro
edure isshown in Figure 32 below.

geometry MENATE response
function calculations

calibrationsdatacharacteristics
detector

FIG. 32. Flow
hart outlining the various steps taken in the neutron analysis.
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CHAPTER IV
RESULTS

The previous two 
hapters have fo
ussed on various aspe
ts of the setup and thedata analysis. A few results have been presented as illustrations, however the resultshave not yet been dis
ussed in toto. This 
hapter will present the �nal results forthese �ssion studies, using the �ssion fragment data, the neutron data, and the GDR
-ray data. The qualitative aspe
ts of the data will be stressed. The �rst subse
tionwill deal with the �ssion data itself. The GDR 
-ray energy spe
tra will then bepresented. Finally, the neutron energy spe
tra and multipli
ities will be presentedand dis
ussed. In the following 
hapter, the data will be 
ompared to statisti
al model
al
ulations.
IV.1 Fission ResultsThe analysis of the system 133 MeV 16O + 208Pb was relatively straightforwarddue to the strong dominan
e of the �ssion exit 
hannel relative to evaporationresidue produ
tion. The re
onstru
ted masses and their distribution widths werein reasonable agreement with systemati
s. The mass and the TKE spe
tra for thissystem were previously shown in Figures 17 and 18, respe
tively. The mass 
uts arevisible in the former �gure. These gates were 
hosen so that ea
h asymmetry 
utwould have 
omparable statisti
s.The 16O + 176Yb system was similarly straightforward to analyze though therewere far less statisti
s to work with. The fragment mass distribution is presented in
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FIG. 33. Final mass distribution for the 16O + 176Yb data.
TABLE 10. Mass 
uts used in the 16O + 176Yb 
-ray analysis.

Cut Range (amu)Symmetri
 90 � A � 102Asym1 82 � A < 90 , 102 < A � 110Asym2 40 � A < 82 , 110 < A � 151

Figure 33. The mass distribution is very 
lean and exhibits the typi
al Gaussian shape
entered about symmetri
 �ssion. The e�e
t of mass asymmetry on the 
-ray energyspe
trum was also investigated, but due to the poor statisti
s relative to the 16O +208Pb and 4He + 209Bi 
ases only three mass ranges were possible. Table 10 lists the
uto�s for the three mass 
uts. The TKE distribution is shown in Figure 34. Again,
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FIG. 34. Final total kineti
 energy distribution for the 16O + 176Yb runs.

the distribution is largely as expe
ted, aside from a minor high-energy deviation notedin Se
tion III.1. This is seen for all of the TKE results.For the 104 MeV 4He + 209Bi system, there was added diÆ
ulty due to thelower �ssion 
ross se
tion and the lower �ssion fragment energies. Be
ause of thelower TKE, this required additional iterations to generate the mass and the energydistributions. The PPAC analysis was 
ompli
ated sin
e a signi�
ant fra
tion of thefragment energies were lost in the various dete
tor windows. Figure 35 shows theresultant mass distribution. The yield is relatively 
at in the 
entral portion of thedistribution. This 
ould be due to the diÆ
ulties presented by the lower TKE of thefragments and a slight wandering in the beam position. It is also possible that thereis some 
ontribution from �ssion following in
omplete fusion [6, 112℄. However, gates
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FIG. 35. Final mass distribution for the 4He + 209Bi runs, in
luding mass asymmetry
uts used in the 
-ray analysis.
have been pla
ed on the folding angle to eliminate most of the 
ontributions fromin
omplete fusion. Moreover, the TKE distribution shown in Figure 36 appears quitenormal. As in the 
ase of the 16O + 208Pb data, adequate statisti
s were obtained toset several mass gates for the 
-ray analysis. The asymmetry ranges are summarizedin Table 11. Note that the 
at part of the mass distribution is mainly asso
iatedwith the symmetri
 
ut.The 4He + 188Os system proved more diÆ
ult to analyze than the 4He + 209Bisystem be
ause the measurements yielded two orders of magnitude less data. Due tosu
h low statisti
s, a �ssion analysis was possible, but analysis of the 
-ray resultsproved to be inadequate for any time s
ale determination, let alone investigation ofmass asymmetry or TKE dependen
e. The mass and TKE distributions are presented
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TABLE 11. Mass 
uts used in the 4He + 209Bi 
-ray analysis.

Cut Range (amu)Symmetri
 102.5 � A � 110.5Asym1 98.5 � A < 102.5 , 110.5 < A � 114.5Asym2 94.5 � A < 98.5 , 114.5 < A � 118.5Asym3 89.5 � A < 94.5 , 118.5 < A � 123.5Asym4 83.5 � A < 89.5 , 123.5 < A � 129.5Asym5 73.5 � A < 83.5 , 129.5 < A � 139.5Asym6 33.5 � A < 73.5 , 139.5 < A � 179.5
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FIG. 36. Final TKE distribution for all 4He + 209Bi runs.
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in Figure 37. There is essentially a Gaussian 
entered at symmetri
 �ssion. As notedabove, there is a slight high-energy tail in the TKE distribution.Table 12 summarizes the �ssion fragment 
hara
teristi
s for ea
h rea
tion.Ranges are given as �1 �. Corre
tions to t0 are also listed. The systems with thelowest statisti
s were also run for the shortest amount of time, somewhat o�settinge�e
ts su
h as the instability of the beam.
IV.2 GDR 
-ray ResultsIn the previous 
hapter, the results of ba
kground (i. e. random 
oin
iden
esas well as true ba
kground) subtra
tion on the total 
-ray energy spe
trum wereshown for 16O + 208Pb. Similar results are shown in Figures 38 and 39 for the 4He+ 209Bi and 16O + 176Yb rea
tions, respe
tively. Note that the relative importan
eof these 
orre
tions in
reases with the de
reasing �ssility of the 
ompound system.All of the ba
kground spe
tra show a bump 
entered about 6 MeV. This is due to
apture of 
 rays asso
iated with neutron 
apture in the material surrounding the
hamber. While this 
apture bump has little in
uen
e on the �nal spe
trum aboveabout 12 MeV, it does a�e
t the data in the lower energy portion of the GDR region,stressing the importan
e of these ba
kground 
orre
tions.For the 4He + 188Os runs, the results of ba
kground subtra
tion are shownin Figure 40. The statisti
s in this 
ase are more than two orders of magnitudelower than for the 4He + 209Bi 
ase. Therefore, only the statisti
al region is 
learlyidenti�able. There appear to be a few 
ounts in the GDR region, as well as perhapssome enhan
ement in the statisti
al region. Clearly though, su
h 
on
lusions are
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FIG. 37. Mass (top) and TKE (bottom) distributions resulting from the PPACanalysis of the 4He + 188Os runs.
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TABLE 12. Fission fragment 
hara
teristi
s for ea
h rea
tion studied.

Rea
tion Events hMassi (amu) hTKEi (MeV) h�foldi (degrees) ht0i O�set (ns)16O + 208Pb 10.867 M 112 �17 163.2�25.0 180.4�4.6 2.80�0.734He + 209Bi 7.411 M 106.5�14 149.7�16.9 180.2�3.7 2.72�0.5716O + 176Yb 2.300 M 96 �14 133.0�22.0 180.4�4.1 2.73�0.654He + 188Os 0.047 M 96 �15 133.7�19.5 180.1�3.4 2.80�0.63
subje
tive given the statisti
s and the asso
iated un
ertainties. Certainly there isnot enough of a GDR enhan
ement to �t with CASCADE 
al
ulations and extra
t a�ssion time s
ale.A 
omparison of the �nal total 
-ray yield of ea
h of the rea
tions with reason-able statisti
s (i. e. all but 4He + 188Os) is given in Figure 41. Below about 7 MeV,the spe
tra are nearly exponential as expe
ted from statisti
al 
-ray emission. A
loser examination shows that the low energy 
omponent is not a pure exponential(see below).Above the statisti
al region, the spe
tra show a marked deviation from anexponential. This is due to GDR 
-ray emission from both the 
ompound nu
leusand the fragments. The di�eren
es in GDR 
ontributions are readily apparent in this�gure. The heavier systems exhibit greater GDR 
-ray strength. This 
ould be dueto the fa
t that the heavier systems have lower energies for the GDR, making 
-rayemission more probable.Be
ause of the relatively good statisti
s obtained for the 16O + 208Pb and 4He+ 209Bi systems, it was possible to examine the e�e
ts of the mass asymmetry and
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the TKE on the total 
-ray energy spe
trum. The mass 
uts investigated for the 16O+ 208Pb 
ase were listed in Table 9 and shown previously in Figure 17 in Chapter III.Note that there are six major regions. The symmetri
 mass 
ut is 
entered about themean value of A=112 for the �ssion fragments. The e�e
ts of the various mass gatesto the gamma spe
trum 
an be seen in Figure 42. The spe
tra are shifted on theverti
al axis as indi
ated in the �gure, with the more symmetri
 mass 
uts towardsthe top. The statisti
s are similar in ea
h 
ase.While the GDR portions of the spe
tra are similar, there is a noti
eable en-han
ement in the statisti
al region (4{8 MeV) with in
reasing asymmetry. Thisphenomenon has been seen previously [114℄, and has re
ently been examined quiteextensively in gamma de
ay asso
iated with �ssion of heavy systems [29, 123, 124,125℄. The enhan
ement has been shown to exhibit a strong fragment mass depen-den
e. In the 
ase of spontaneous �ssion of 252Cf, �-
oin
iden
e methods were usedin asso
iation with measuring fragment masses and 
-ray energies. Singer et al. wereable to show that the in
reased number of 4{8 MeV 
 rays originated from frag-ments with A and Z near the doubly-magi
 proton and neutron numbers of 50 and82, respe
tively [125℄. For 
uts well removed from magi
 numbers, the spe
tra areessentially exponential up to the GDR bump. Nevertheless, the existen
e of this en-han
ement shows that one 
annot always rely on an exponential dependen
e of the
-ray spe
tra in the statisti
al energy region.For 16O + 176Yb, the mass asymmetry dependen
e of the 
-ray energy spe
trumwas also investigated. However, due to the relatively poorer statisti
s, only three mass



101

100
101
102
103
104
105
106
107
108

0 5 10 15 20 25

Counts

Energy (MeV)

Sym (�55)
AS1 (�54)
AS2 (�53)
AS3 (�52)
AS4 (�5)
AS5 (�1)

16O + 208Pb

FIG. 42. E�e
ts of di�erent mass asymmetries on the 
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FIG. 43. Mass asymmetry dependen
e of the 16O + 176Yb 
-ray energy spe
trum.
ranges were 
hosen. Larger energy bins (250 keV, instead of 100keV) were also used.The results of these 
uts are presented in Figure 43. As before, the most symmetri
�ssions are represented by the uppermost spe
trum, with in
reasing asymmetry inthe lower spe
tra. Again, more asymmetri
 mass 
uts exhibit an enhan
ement in the
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statisti
al region. The most asymmetri
 
ut also in
ludes the Z=50 and N=82 shell
losures, and is in agreement with the observations for the 16O + 208Pb and 4He +209Bi systems. Again, there is no statisti
ally signi�
ant di�eren
e in the GDR region.The lowest-statisti
s run, 4He + 188Os was the only one whi
h did not provide enoughdata to allow investigation of mass asymmetry e�e
ts.In nearly all previous GDR-based �ssion time s
ale studies involving systemsheavy enough to produ
e fragments with mass �132, the statisti
al enhan
ement wasnot taken into a

ount [23{26, 28, 30{32, 34, 79, 126, 127℄. The 
-ray data in thesestudies simply did not extend to energies low enough to reveal the enhan
ement inthe high-energy statisti
al region. Typi
ally, the 
-ray data were only used above5{6 MeV, masking the high-energy statisti
al 
-ray enhan
ement. In those 
aseswhere 
-ray energies are investigated using a lower threshold, the enhan
ement wasignored or not re
ognized [26, 30, 32℄. This simple oversight e�e
tively makes previoustime s
ale measurements somewhat suspe
t for systems with signi�
ant produ
tionof magi
 or doubly-magi
 fragments. In previous works that relied on �tting the
-ray spe
tra, the statisti
al region for su
h systems would 
hange the GDR 
-ray
ontribution.The extent of the enhan
ement is more 
learly visualized via exponential �ts tothe statisti
al region. Figure 44 shows the �nal 
-ray spe
trum for the 16O + 208Pbruns with two exponential �ts to the statisti
al ba
kground. The �t indi
ated by thesolid line is �tted at 2.5 and 7.5 MeV, while the dashed line is �t at 4.5 and 7.5 MeV.The enhan
ement at the high end, just below the GDR region, is 
learly visible. This
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TABLE 13. Four TKE ranges investigated for 16O + 208Pb.

Cut Range (MeV)TK1 80.0 � E < 141.9TK2 141.9 � E < 161.9TK3 161.9 � E < 181.9TK4 181.9 � E < 240.0
enhan
ement is present for all four systems studied, though it is less apparent withde
reasing mass of the 
ompound nu
leus. In the lower-mass systems, doubly-magi
fragments are less likely to be produ
ed.The statisti
al enhan
ement is broad and 
arries over somewhat into the GDRregion, produ
ing an opti
al illusion suggesting that there might be some di�eren
esin the GDR region with di�erent mass asymmetries. However, upon overlaying thegated spe
tra, there is no apparent di�eren
e for these mass 
uts within statisti
alun
ertainty. With higher statisti
s there may well be a mass-asymmetry e�e
t in thisregion, though this is unsupported by the 
urrent data.The e�e
t of gating on di�erent portions of the TKE distribution was alsoexamined. Four 
uts on TKE were set on two-dimensional plots of mass and TKE.For the 16O + 208Pb 
ase, these simple 
uts are given in Table 13. Appli
ation ofthese gates to the overall 
-ray spe
trum yields the results in Figure 45. The spe
traare shown with highest TKE 
uts uppermost in the �gure. There is no 
lear e�e
tupon the 
-ray spe
tra, either in the GDR region or elsewhere. In fa
t, upon overlayof these spe
tra, there is no dis
ernible di�eren
e at all within statisti
al un
ertainty.
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This is in keeping with previous observations of a relatively 
at TKE dependen
eupon the 
-ray spe
trum of �ssioning systems [128℄. The la
k of a TKE dependen
eseems surprising at �rst sin
e the yield of GDR 
 rays may be expe
ted to be relatedto the ex
itation energy. One might expe
t that

YGDR / �(E�CN � TKE); (31)
where the argument of � represents the energy available around the saddle. The la
kof a TKE dependen
e suggests that the yield of GDR 
 rays is determined at earlierstages in the evolution of the system with deformation.Possible mass and TKE dependen
es were also investigated for the 4He + 209Biruns. The asymmetry 
uts used were previously shown in Figure 35 and listed inTable 11. Appli
ation of these 
uts to the total 4He + 209Bi 
-ray spe
trum yieldedthe results presented in Figure 46. As before, 
-ray spe
tra 
orresponding to themore symmetri
 mass 
uts are shown at the top of this �gure.Again, one observes an enhan
ement in the statisti
al region with in
reasingmass asymmetry, though not as mu
h as in the 16O + 208Pb 
ase. This is easilyunderstood. The shell 
losures at Z=50 and N=82 are further away from symmetri
�ssion for this lighter system. Thus, the relative abundan
e of fragments near thoseshell 
losures is far less than for the 16O + 208Pb system.Investigation of possible TKE dependen
e of the fragments upon the total 
-rayspe
trum yielded similar null results as for 16O + 208Pb. Again, four simple 
uts wereutilized. These are listed in Table 14. Applying these 
uts gave the spe
tra shown inFigure 47. As before, the spe
tra are shown with the higher TKE 
uts uppermost in
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TABLE 14. Four TKE ranges investigated for 4He + 209Bi 
-ray { TKE dependen
e.

Cut Range (MeV)TK1 90.0 � E < 127.4TK2 127.4 � E < 149.7TK3 149.7 � E < 162.0TK4 162.0 � E < 210.0
the �gure. Again, there is no 
lear dependen
e of the total 
-ray energy on the TKEof the �ssion fragments.These te
hniques were also applied to the data from the 16O + 176Yb runs, withsimilarly negative results. The TKE 
uts used are listed in Table 15 while the TKEdependent 
-ray spe
tra for 16O + 176Yb are shown in Figure 48. Again, the highestTKE events are represented by the uppermost spe
trum. There is no dis
ernibledi�eren
e between the spe
tra, on
e normalized, in either the GDR or the statisti
alregions, just as in the previous two 
ases. As noted above, the 4He + 188Os systemyielded insuÆ
ient statisti
s to investigate the TKE dependen
e of the GDR 
 rays.Now let us turn to the neutron results.
IV.3 Neutron ResultsIn the neutron analysis, ea
h of the spe
tra from the eight DEMON dete
tors'lo
ations were subje
ted to moving-sour
e �ts to determine the number of pre- andpost-�ssion neutrons in �ssion. Fits su
h as these have been widely used in a greatnumber of prior neutron time s
ale experiments [7{14, 60, 116, 117, 61, 118, 119,129℄. The basi
 te
hnique revolves around the kinemati
 velo
ity boosts along the
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TABLE 15. Four TKE ranges used for 16O + 176Yb.

Cut Range (MeV)TK1 62.0 � E < 118.0TK2 118.0 � E < 133.0TK3 133.0 � E < 148.0TK4 148.0 � E < 202.0

�ssion fragment dire
tions. Of 
ourse, the de
onvolution of the a
tual neutron energyspe
tra was 
ompli
ated due to the large angular a

eptan
e of the PPAC's andthe exa
t position of the neutron 
ounters. Given the a

epted use of su
h �ttingpro
edures and the fa
t that most of the analysis was 
arried out in Strasbourg, onlyan overview of this pro
edure will be presented here.As mentioned in the previous 
hapter, the neutron energy spe
tra were 
orre
tedfor total eÆ
ien
y and the dete
tion thresholds. From these, neutron energy spe
trafrom ea
h of the eight di�erent positions were obtained. Five of the dete
tors
orresponded to neutrons seen in the plane of the rea
tions. The remaining threewere perpendi
ular to at least one of these �ve, establishing the \out-of-plane" view.A sample energy spe
trum for in-plane neutrons is shown in Figure 49. The
orresponding out-of-plane spe
trum is given in Figure 50. As expe
ted, the spe
traalong the de
ay axis show 
onsiderably more yield than those perpendi
ular to the�ssion fragment emission angle. This is simply due to the kinemati
 enhan
ementof post-s
ission neutrons in the �ssion plane. Note that there is a 
ut-o� at about
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2 MeV. This is due to the eÆ
ien
y and the ability to dis
riminate neutrons and
 rays in the pulse shape plots.The in- and out-of-plane spe
tra were de
omposed using a moving-sour
e, least-squares �t. Three di�erent sour
es were employed: the 
ompound nu
leus and eitherof the two daughter nu
lei. Neutrons emitted before the nas
ent daughter nu
lei haverea
hed the majority of their a

eleration are assumed to be isotropi
 in the 
enter-of-mass frame of the system. It was further assumed that the neutron energy spe
trafollowed a simple Maxwellian shape in the emitters' rest frames; i. e.,

Y (En) / Ene�En=T : (32)
Here, Y (En) is the yield of neutrons with a given energy, En.With these assumptions, the iterative method des
ribed by Bishop et al. [130℄and Ward et al. [131℄ was used to dedu
e the pre- and post-�ssion neutron spe
tra.Multipli
ities were extra
ted from the best �ts in the same manner as for the 
 rays,i. e. by dividing neutrons dete
ted by �ssions dete
ted and 
orre
ting for eÆ
ien
y.Sample �ts to the data are shown in Figure 49. One observes rather good agreementbetween the experiment and the �tted energy spe
tra.The results of the best �ts for all rea
tions are given in Table 16, for boththe total energy spe
tra and for the same mass 
uts used in the 
-ray analysis (seeTables 9, 10, and 11). The labeling \none" means that no mass 
ut was appliedto the data. The mass 
uts used in the 4He + 188Os analysis for the neutrons werethe same as for the 16O + 176Yb system sin
e these rea
tions produ
ed the same
ompound nu
leus. Estimated un
ertainties are indi
ated in the table 
aption. Note
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FIG. 49. Sample in-plane neutron energy spe
trum for 4He + 209Bi. The lighter grey
urve running through the histogram points represents the sum of all �tted
ontributions. The lower two 
urves represent �ts to the pre-�ssion and thepost-�ssion 
omponents, the darker one being the post-�ssion 
omponent.
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FIG. 50. Sample out-of-plane neutron energy spe
trum for 4He + 209Bi. Thelighter grey 
urve running through the histogram points represents thesum of all �tted 
ontributions. The lowest 
urve represents the post-�ssion 
omponent, while the other dark 
urve represents the pre-�ssion
omponent.



116
TABLE 16. Neutron multipli
ities as determined from moving-sour
e �ts of theenergy spe
tra for ea
h rea
tion. The errors are estimated at 0.5neutrons for �pre, 0.2 neutrons for �post, and 0.54 neutrons for �tot.

Rea
tion Mass Cut �pre �post �tot
*none* 4.2 2.5 6.716O + 208Pb Sym 4.3 2.5 6.8Asym1 4.0 2.7 6.7Asym2 4.0 2.6 6.6Asym3 4.0 3.0 7.0Asym4 4.4 2.5 6.9Asym5 4.4 2.4 6.8Asym6 4.3 2.0 6.3*none* 4.8 2.4 7.24He + 209Bi Sym 4.6 2.6 7.2Asym1 4.7 2.6 7.1Asym2 5.0 2.5 7.5Asym3 4.7 2.6 7.1Asym4 4.9 2.7 7.6Asym5 4.8 2.4 7.2Asym6 4.8 2.0 6.8*none* 4.8 2.2 7.016O + 176Yb Sym 4.8 2.2 7.0Asym1 4.7 2.2 6.9Asym2 4.7 2.0 6.7*none* 4.4 2.6 7.04He + 188Os Sym 3.9 3.0 6.9Asym1 4.1 2.6 6.7Asym2 3.9 2.6 6.5
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that �tot is simply the sum of �pre and �post, and does not in
lude 
ontributions frompre-equilibrium neutrons, whi
h was assumed to be small. As expe
ted from previouswork, �post is essentially the same for all the systems. However, �pre is also nearly
onstant as well. This is likely due to the fa
t that the ex
itation energies are similarfor the various rea
tions.Systemati
 errors in the extra
ted values for �pre 
ould result from deviationsfrom isotropi
 emission in the 
enter of mass of the sour
es. Su
h an anisotropy isexpe
ted to be small, and has been negle
ted in studies similar to the 
urrent work [7{14, 60, 116{119, 129℄. While there is some support for this isotropi
 emission [7℄,it nevertheless remains a sour
e of un
ertainty. However, given the relatively lownumber of dete
tors and the un
ertainties in the energy thresholds and eÆ
ien
ies,the un
ertainties for the neutron multipli
ities make it impossible to see deviationsfrom isotropy [132℄.It is somewhat surprising that �tot is insensitive to mass asymmetry. From Q-values, one expe
ts a de
rease in �tot with in
reasing asymmetry. Presumably, thisvariation is masked by the signi�
ant error bars.Re
onstru
tion of the �ssion time s
ale using �pre is a

omplished by estimationof the average lifetime for ea
h emitted neutron in a stepwise fashion. Model
al
ulations are needed to provide this. Statisti
al model 
al
ulations and someextensions will be dis
ussed in the following 
hapter.



118
CHAPTER V

MODEL ANALYSIS
This 
hapter presents the quantitative details of the 
urrent work. The �rstse
tion presents an overview of 
onsiderations important in the model analyses,parti
ularly the �ssion mode. The se
tion following dis
usses statisti
al model
al
ulations in general. Additional details of the workings of various 
odes are alsogiven. In the next se
tion, some 
al
ulations are presented in detail. Quantitative
omparisons between 
al
ulation and ea
h of the rea
tions are then addressed.

V.1 OverviewThe statisti
al model was introdu
ed in Se
tion I.3 in regards to neutronevaporation. This treatment was rather s
hemati
. A more general treatment requiresfurther exploration of some fundamental 
onsiderations behind the model. Chiefamong these is the idea that a fully equilibrated 
ompound nu
leus is formed throughthe 
omplete fusion of a proje
tile and target. Subsequent de
ay of this systemis assumed to be independent of the details of the formation pro
ess within the
onstraints of 
onservation laws. Aside from these 
onstraints, the results are notsensitive to the initial 
onditions in whi
h the system was produ
ed.It must be emphasized that statisti
al models are only a zeroth-order approx-imation for a
tual de
ays. Fission is de�nitely a dynami
al pro
ess. In a statisti
almodel there is basi
ally no physi
al pi
ture of how the system evolves in phase spa
e.Still, statisti
al models provide some reasonably self-
onsistent guidelines. This is not
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always the 
ase for dynami
al models. Dynami
al models depend on the underlyingpotential energy, the asso
iated inertias, and the vis
osity (see below). In 
ontrast,statisti
al models only rely on the behavior of the system at some 
riti
al point inphase spa
e. In prin
iple, the addition of various levels of sophisti
ation in statisti
almodels is generally straightforward. Given these 
onsiderations, statisti
al modelshave be
ome a de fa
to standard of 
omparison. Deviations from statisti
al modelpredi
tions 
an highlight possible dynami
al 
onsiderations.In the earlier dis
ussion of de
ay widths and bran
hing ratios, there was inherentin
lusion of aspe
ts of both evaporative de
ay (for neutrons, light parti
les, and
 rays), but negle
ted the details of the transition state theory of �ssion, whi
his dis
ussed in the following se
tion.
V.2 Transition State Theory of FissionThe transition state theory (TST) was originally des
ribed by Eyring for
hemi
al rea
tions [133℄. It was later expanded to address �ssion by Bohr and Wheeler[5℄. Although not expli
itly mentioned in Chapter I, light parti
le evaporation modelsgenerally assume the detailed balan
e prin
iple. This implies that emission followsthe same path as fusion. This is 
ertainly not the 
ase in �ssion as shown by a
omparison of �ssion fragment and fusion barriers. The former are mu
h lower thanthe latter implying di�erent paths for �ssion and fusion.In TST, one again uses the expression

�fiss = �h�fiss ; (33)
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however, �fiss is 
al
ulated quite di�erently. In parti
ular, it is assumed that thesystem rea
hes a point of no return usually (but not ne
essarily) taken as thesaddle point. All systems rea
hing this 
on�guration, N�, are assumed to de
ay.Thus the de
ay rate is assumed to re
e
t the quasi-stati
 population of the 
riti
al
on�guration.

A potential energy surfa
e for �ssion is given in Figure 51 (adapted fromRef. [5℄). In this �gure, V is the potential energy, � is the deformation, Bf is the�ssion barrier, Kf is the kineti
 energy in the �ssion mode, E�f is the ex
itation energyat the saddle, and dE�f is an in
rement in E�f. For simple radioa
tive de
ay,
�dNdt = N�; (34)

where � is the de
ay 
onstant. Sin
e
�f = ��h = �h�f ; (35)

one has
N� = N�f = N�f�h : (36)

At the saddle point, the phase spa
e is
dp�d�h �f(E�f)dE�f ; (37)

where p� is the momentum 
onjugate to �. Thus,
Kf = p2�2m� ; (38)
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where m� is the asso
iated inertia. From the above,

dKf = dp�m� p� = v�dp�: (39)
In TST, the number of nu
lei in the transition state is the initial number ofde
ays. To pro
eed, one needs to integrate over all Kf's or, equivalently, all p�'s. So

N� = dNd�d� = dE�Z dp�h �(E�)
= dE�Z v�dp�h �(E��Bf �Kf)
= dE�h Z �(E��Bf �Kf)dKf : (40)

Comparing Equation (40) with Equation (36),
N�dE�h = N�fdE��h = �(E�)�fdE��h ; (41)

so �f = N�2��(E�) : (42)
If �(E�) = 1/D, where D is the level spa
ing at the saddle, then one has

�f = D2�N�: (43)
For a given dKf, one 
an write

�f(E�f)dKf = �f(E��Bf �Kf)dKf2��(E�) : (44)
Equations (43) and (44) are the Bohr-Wheeler expressions for �f. An elegant butquite di�erent derivation of these equations has been given by Mahan [134℄.
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If E�f � Bf, one 
an perform a 
anoni
al expansion of Equations (43) and (44):

�f;total = R �(E�f �Bf �Kf)dKf2��(E�)
� T�(E�)e�Bf=T R10 e�Kf=TdKf2��(E�)

= T2�e�Bf=T ; (45)
where T is the e�e
tive temperature at the 
riti
al point.
V.3 Modi�
ations to Transition State Theory

Equations (43), (44) and (45) negle
t several e�e
ts as pointed out by Strutinsky
[135℄ and Kramers. First, the above equations assume the K mode is a simple
vibration. This together with the 
anoni
al approximation makes �f sensitive to both
the 
urvatures of V (�) around the potential energy minimum at the equilibrium shape
of the 
ompound system and the shape of the �ssion barrier. These are 
hara
terized
by �h!eq and �h!sp, respe
tively. Se
ond, these equations negle
t the fa
t that it takes
time to build up a quasi-stati
 
ux at the saddle point. Combining these e�e
ts, on
obtains

�f = �h!eq2� e�Bf=T(p1 + 
2� 
); (46)
where 
 is the so-
alled nu
lear vis
osity 
oeÆ
ient and 
 = �/(2!sp), � being the
redu
ed nu
lear vis
osity 
oeÆ
ient. The quantity 
 re
e
ts the transient time [37℄ or
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�ssion time delay. Third, the above equations negle
t the fa
t that Bf is a fun
tionof the angular momentum of the 
ompound system [136℄.

A
tually, 
 is a somewhat arti�
ial 
on
ept. It is a ma
ros
opi
 quantity whi
hre
e
ts the fa
t that not all the systems whi
h rea
h the saddle point a
tually de
ay.This is s
hemati
ally illustrated in Fig. 52. In this �gure, traje
tories 1 and 3 leadto �ssion. In 
ontrast, traje
tories 2 and 4{6 do not (though 5 
orresponds to a nearfusion before breaking up). This depletion of de
ays implies that TST overestimatesthe de
ay width, �f. This is better illustrated by the 
hemi
al ex
hange rea
tion
A+BC ! AB + C:

This is shown by the dynami
al 
al
ulations in Fig. 53. Clearly, some traje
tories arere
e
ted from the barrier due to vibrational ex
itations. Obviously, �ssion is more
omplex, but Fig. 53 re
e
ts the general idea. The existen
e of re
rossing e�e
tsstrongly suggests that points other than the saddle give a better approximation to�f. Re
ently, Lestone has added yet another limitation to TST [137℄. In hisapproa
h, the �ssion de
ay width is limited by the distribution of K states during the�ssion de
ay pro
ess. It is very important to realize that hereK is not the same as thekineti
 energy along the �ssion axis. Rather, in a

ord with 
onventional notation,K here is the proje
tion of the total angular momentum, I, along the �ssion axis.While the basis for the idea behind Lestone's theory is perhaps a good one, it may be
awed for at least two reasons. The K state distributions are generally assumed to
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ission point 
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follow statisti
al equilibrium. To be more quantitative, the probabilities for a giventotal spin, I, and a given K are assumed to follow

P (I;K) / e�K2=K20; (47)
where K0 
hara
terizes the shape of the saddle.Measurements of �ssion angular distributions for high spin systems have shownthat the 
u
tuations in I are smaller than predi
ted by the liquid drop model saddlepoint shapes. This suggests that either K is not preserved during the des
ent fromsaddle to s
ission or that a truly equilibrated 
ompound nu
leus is not really formed.Lestone's work makes the former assumption. To some extent this will be addressedlater. Before that however, the details of the model 
al
ulations are dis
ussed below.
V.4 Statisti
al Model Cal
ulationsIn order to extra
t a �ssion time s
ale from the data, it is ne
essary to 
omparewith quantitative models. As mentioned previously, statisti
al model 
odes su
h asCASCADE [56℄ and various modi�
ations have been applied to time s
ales [24, 32,126℄, with varying degrees of su

ess. The result of su
h 
al
ulations is that the�ssion pro
ess is slower than predi
ted by standard statisti
al models. As mentionedabove, there are good reasons for this apparent breakdown. Nonetheless it is usefulto explore the workings of standard statisti
al model 
al
ulations.Generally, these 
odes begin with the statisti
al assumption that a 
ompletelyequilibrated 
ompound nu
leus is formed. The ex
itation energy and spin distribu-tions are 
al
ulated from the various entran
e 
hannel parameters (proje
tile, target,
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Elab). De
ay probabilities are 
al
ulated statisti
ally from the level densities andbarrier heights of the various de
ay modes. Most often, the only de
ay produ
ts 
on-sidered are neutrons, protons, �-parti
les, �ssion, and 
 rays. Relative de
ay widthsfor the various 
hannels are 
al
ulated and used to generate a so-
alled \S-matrix"of population 
ross se
tions of the daughter nu
lei. These 
al
ulations are performedas a fun
tion of ex
itation energy and angular momentum. The pro
edure is followedfor the daughter nu
lei, in a 
as
ade through all possible de
ay sequen
es. For exam-ple, the 
-ray spe
trum for de
ay of a parti
ular state with ex
itation energy E1 andangular momentum J1 is given by

�
(E1; J1; E
) = �p(E1; J1)XL P
(E1; J1; E
; L); (48)
where P
(E1; J1; E
; L) is the probability of emission of a 
 ray with energy E
 andmultipolarity L. The 
ross se
tion for populating the parti
ular state with energyE1 and spin J1 is given by �p(E1; J1). In standard CASCADE 
al
ulations onlythe multipolarities M1 (magneti
 dipole), E1 (GDR), and E2 (giant quadrupole)are usually treated. Some extensions to CASCADE also follow the �ssion mode[24, 32, 126℄. On
e the ex
itation energy has fallen below the parti
le threshold,the de
ay 
as
ade deals only with 
 emissions. Su
h model 
al
ulations have beenextensively explored by many authors. Hurst et al. have also explored the assumptionof equilibrated systems in in
omplete fusion rea
tions [138℄.While the various neutron studies have used a number of di�erent 
odes, theGDR studies have all used some version of CASCADE [23{32℄. Thus, it seemedprudent to use variations of CASCADE for the 
urrent work. CASCADE allows
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dire
t 
omparisons with prior GDR results without 
reating additional 
ompli
ationsdue to new variables and di�ering assumptions. This is important be
ause of themajor new 
onstraint in the 
urrent work that simultaneous measurements of bothneutrons and 
 rays were made. Many versions of CASCADE exist. The version usedhere was van't Hof's TIMCASC [32℄.This 
hoi
e was ne
essitated by a variety of fa
tors. The standard CASCADE
odes do not distinguish between de
ays from a nu
leus that will end up as anevaporation residue and a nu
leus that �ssions. This is 
learly insuÆ
ient for theexperiments under dis
ussion, as 
 rays were only measured in 
oin
iden
e with�ssion. Additionally, most CASCADE 
odes do not follow the de
ay of the �ssionfragments, even though the probability for �ssion is 
al
ulated. While one other 
odedoes in
orporate this (CASMASS [24, 126℄), it does so less eÆ
iently and somewhats
hemati
ally. It is obviously ne
essary to follow de
ay of the fragments, sin
esystems like 16O + 176Yb and 4He + 188Os have relatively small �ssion 
ross se
tions.Furthermore, no other version of CASCADE has a self-
onsistent implementation ofthe 
on
ept of time. It also has provision for a �ssion hindran
e fa
tor, in the formof a fri
tion 
onstant (the term \
" in Equation (4)) similar to the latest version ofCASMASS. The modi�
ations made in produ
ing TIMCASC were extensively testedand debugged by the authors to show that results from the 
ode were in a

ordwith prior versions. These modi�
ations are dis
ussed in detail in van't Hof's re
entwork [32℄ and will only brie
y be des
ribed here.In order to restri
t de
ay of 
ompound nu
lei to those destined to �ssion, thede
ay 
as
ade in TIMCASC is performed in time-reversed fashion. Sin
e the 
ode is
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not of the Monte Carlo type, the various matri
es involved 
an be a
tually 
al
ulatedin any arbitrary order. The 
al
ulation is begun at the bottom of the de
ay 
as
adefor the element with the lowest ex
itation energy Elow (not ne
essarily zero). It thenpro
eeds to higher ex
itation energies and higher masses until the initial 
ompoundsystem is rea
hed. Working through the 
as
ade in reverse fashion allows for a simpledetermination of paths leading to �ssion. Thus, a modi�ed S-matrix is 
al
ulated toobtain (as in the example above) the 
-ray spe
trum for a parti
ular state that will�ssion at a later step in the 
as
ade; i. e.,

�
(E1; J1; E
) = �p(E1; J1)XL XJ2 P
(E1; J1; E
; L)QN(E2; J2): (49)
Here, E2 = E1 - E
 and J2 = J1 � L are the energy and the angular momentum ofthe nu
leus after emitting the 
 ray, respe
tively. N is number of the 
urrent de
aystep. The probability QN(E2; J2) that �ssion will o

ur at a later stage N in thede
ay 
as
ade is given by

QN(E2; J2) = Pf(E2; J2) +Xi XE3 XJ3 Pi(E2; J2)QN+1(E3; J3); (50)
where Pf is the probability that �ssion will o

ur immediately after emission of the
 ray. For any other subsequent de
ay mode with probability Pi, a new state isformed with ex
itation energy E3 and angular momentum J3. Again the probabilityfor �ssion in a later step, QN+1(E3; J3), has to be 
al
ulated. The index i runs overall de
ay modes other than �ssion. At the last step in the 
as
ade QN(Elow; J) =Pf(Elow; J), thus allowing previous QN's to be 
al
ulated from this quantity and thevarious de
ay probabilities in a reverse manner.
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In addition to the modi�ed S-matrix 
al
ulations, a 
orresponding \T-matrix"(lifetime matrix) is also 
al
ulated. The lifetime depends upon the same variables asthe state and is 
onstru
ted from the de
ay width of ea
h state, as per Equation (17).Analogous to Equation (6), the total de
ay width �tot for a state with a parti
ularex
itation energy and angular momentum is taken to be a sum of that state's variousde
ay widths followed in the 
as
ade,

�tot = �n+ �p+ ��+ �
 + �f(t) (51)
for neutron, proton, � parti
le, 
 ray, and time-dependent �ssion de
ay widths,respe
tively. The time-dependen
e of the �ssion de
ay width 
omes about from theuse of the Kramers �ssion width (Equation (4)) and is of the form

�f(t) = �KRf (1� e�2:3t=�): (52)
Here, t is the time and � is the time required to rea
h 90% of the quasi-stationary�ssion 
ux a
ross the saddle point. The term � is expressed in terms of the fri
tion
onstant 
 and nu
lear temperature T

�(
; T ) = 12
 ln(10EfT ) + 0:0112
AT (53)
based on the work of Weidenm�uller and Zhang [37℄, and is 
al
ulated in the 
ode inunits of 10�21 se
onds (zs). This is evaluated for every state (E,J).The time t that enters into Equation (52) is the sum of the time with whi
h a
ertain state (E,J) is populated. The time step belonging to the de
ay of the state(E,J) is de�ned by 
ombining Equation (17) with Equation (51) to yield

�t = �hPi�i+ �KRf (1� e�2:3(t+�t)=�) ; (54)
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whi
h must be solved iteratively, sin
e the �ssion width is time dependent. These are
al
ulated for ea
h state in the 
as
ade. If a state is populated via di�erent de
aypaths, the lifetime is averaged with the 
al
ulated 
ross se
tions as weighting fa
tors.The de
ay of the fragments is followed by using the 
al
ulated �ssion 
rossse
tions for every nu
leus in the de
ay pro
ess. Fragment mass distributions areassumed to be Gaussian using the width determined from the �ssion fragmentanalyses in the previous 
hapters. The 
harge distribution is 
al
ulated assumingequal fragment 
harge-to-mass ratios. Viola systemati
s are assumed, sin
e theymat
h well with the aforementioned fragment analyses. The fragments are assumedto have equal temperatures. The angular momenta of the fragments is determinedby a simpli�ed parameterization by Thoennessen et al. [23℄ based on a 
al
ulationby S
hmitt et al. [139℄. The GDR 
entroids for the fragments are 
al
ulated as perEquation (19). The resulting 
-ray spe
trum of ea
h fragment of given mass, 
harge,ex
itation energy, and angular momentum is then taken from a database of pre-
al
ulated fragment spe
tra and weighted a

ording to its relative probability. This isdone for ea
h fragment produ
ed in the de
ay 
as
ade. The spe
tra are a

umulatedinto a total post-�ssion 
-ray spe
trum for all fragments. This is eÆ
ient whenperforming many 
al
ulations for a given 
ompound nu
leus, su
h as in the �ttingpro
edures des
ribed in the following se
tions. This entire fragment de
ay pro
edureis implemented as a post-pro
essor to TIMCASC. The program FFPOP is used toread the matri
es of �ssion 
ross se
tions produ
ed by TIMCASC to produ
e the �nalpost-�ssion spe
trum.
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V.5 TIMCASC Overview and 
-ray Considerations

Before going on to dis
uss the results of using these parameters, it is useful to
review the importan
e and impli
ations of ea
h parameter in turn. For the rea
tions
studied here, a level density parameter of a = A=8 MeV�1 was used, as in previous
GDR studies [27℄. The default values for the di�useness of the angular-momentum
distribution of the 
ompound nu
leus and the ratio of the level density parameter at
the saddle point to the level density parameter at equilibrium were used; i. e., 2�h and
1.0, respe
tively. Other standard values are available from systemati
s for the other
parameters, so only the remaining non-standard values will be dis
ussed here.

A very important input parameter to any version of CASCADE is the fusion

ross se
tion. Sin
e some of the rea
tions studied here do not have experimentally
determined fusion 
ross se
tions, the parameterization of Wilke et al. [81℄ has been
used to 
al
ulate the 
ross se
tions. Che
king the validity of these 
ross se
tions
against systems with similar beam energy, target, and proje
tiles yields reasonable
agreement. The a
tual values used for the fusion 
ross se
tions are listed in Table 3.
These fusion 
ross se
tions limit the absolute yield of the various de
ay modes in
TIMCASC and are thus important when 
omparing to experimentally observed 
-
ray multipli
ities.

As explained in the previous se
tion, a �ssion hindran
e fa
tor in the form of
the Kramers fri
tion 
onstant 
 was introdu
ed. This is another important input
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TABLE 17. Fra
tion of the �ssion barriers used in TIMCASC for all systems as afun
tion of 
.


 16O + 208Pb 16O + 176Yb 4He + 209Bi0.01 1.00 0.966 1.0230.04 1.00 0.975 1.0410.10 1.00 0.975 1.0400.40 1.00 0.960 1.0131.00 1.00 0.933 0.9652.00 0.97 0.905 0.9154.00 0.95 0.875 0.8607.00 0.93 0.850 0.81510.00 0.91 0.835 0.78820.00 0.88 0.810 0.74040.00 0.85 0.785 0.710

parameter for TIMCASC and also a�e
ts the yields from the various de
ay modes.Values ranging from as low as 
=0.01 to as high as 
=40 were used.The initial �ssion barrier heights used were in general 100% of the Sierkvalues [140℄ already in the 
ode. For ea
h value of 
, the barrier height was thenadjusted by a fa
tor FFB to mat
h the �ssion 
ross se
tion used in Table 3. Numerous
al
ulations were performed to determine the 
orre
t FFB for ea
h 
 for ea
h systemto within 2 mb of the expe
ted values. For overdamped 
ases, this required anappre
iable lowering of the barrier. For underdamped 
ases, a slightly higher barrierwas required. The fa
tor FFB is listed for all systems at various values of the fri
tion
onstant 
 in Table 17.
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The GDR in TIMCASC is treated as having two Lorentzian 
omponents E? andEk, whi
h serve to des
ribe spheri
al, prolate, and oblate 
on�gurations. The inputparameters for these are the only parameters allowed to vary in the �tting pro
ess.The two 
entroids, their widths (�? and �k) and their fra
tional strengths (S? andSk) are subje
t to a 
hi-square �tting pro
edure against the experimental yield. Theinitial 
onstraints were that the relative strengths add up to 1; i. e. that 100% of theTRK sum rule was observed. This proved to be inadequate for the less �ssile systems,and the sum rule strength was also allowed to vary as a �tting parameter, whi
h willbe dis
ussed in more detail in later se
tions of this 
hapter. The overall 
entroidenergy E
en is related to the two 
omponents

E
en = PiSiEiPiSi ; (55)
where Si is the strength of the ith 
omponent.Taking the widths to be some 
onstant fra
tion 
 of the 
entroid energies ofboth 
omponents, the equation �i = 
E2i (56)
is used in the 
al
ulation of the width �i from 
 and Ei. Additionally, the shape ofthe system 
an be expressed as the nu
lear deformation �, whi
h is given by [32℄

� =r4�5 (E?=Ek)� 1(E?=(2Ek)) + 0:8665 : (57)
The values of the various �tting parameters were determined by a 
hi-square �ttingusing the 
ode MINUIT [141℄ whi
h used TIMCASC as a subroutine. Thus, bytaking advantage of the relationship between deformation and relative strength and
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TABLE 18. Input parameters used in TIMCASC for ea
h rea
tion.

Rea
tion E
en (MeV) S? 
 �16O + 208Pb 12.0 0.0 to 1.0 0.03 -1.5 to 1.54He + 209Bi 12.1 0.0 to 1.0 0.03 -0.5 to 0.516O + 176Yb 12.7 0.0 to 1.0 0.03 -0.5 to 0.5
of the 
onstraints, the six parameters 
an be redu
ed to four �tting parameters(E
en, S?, 
, �). Only two of these were used, sin
e it was determined early inthe analysis that E
en and 
 
onverged to 
onstant values. Eliminating these two freeparameters speeded up the �tting pro
ess. Also, the �ts were parti
ularly insensitiveto variations in 
 in the range of 0.01 to 0.09, whi
h are reasonable limits given theform of Equation (56). The quantity S? must ne
essarily be limited to the rangebetween 0 and 1, sin
e it and Sk are assumed to sum to the full strength (i. e., 1) ofthe TRK sum rule, given that no other fra
tional strengths are 
onsidered. Beta wasinitially 
hosen to have a very large range of possible values (i. e., �1:5 < � < 1:5) toavoid biasing the �t and to understand the �tting routine's initial behavior at largedeformation for the 16O + 208Pb rea
tion. This range was subsequently shortened to�0:5 < � < 0:5 for the other two systems. The ranges and values of the parametersused are summarized in Table 18. In the �nal analysis, the values for E
en and 
were held 
onstant. The value for 
 was taken to be 0.03 for all rea
tions, whileE
en was 12.0, 12.1, and 12.7 for the rea
tions 16O + 208Pb, 4He + 209Bi, and 16O+ 176Yb, respe
tively. This was done to redu
e the number of �tting parameters,both for its own sake and so that the 
al
ulations would run faster. Several earlier
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runs of the �tting pro
edure had indi
ated that E
en and 
 
onsistently 
onverged
to approximately those values. Furthermore, small 
hanges in those two parameters
did not signi�
antly a�e
t the �ts, a

ording to the �2=N results. Note that the
preferred values for E
en for these �ts were 
onsistently 1 MeV below that predi
ted
by the empiri
al relationship given in Equation (1), mat
hing the observations of
Chakrabarty et al. [142℄. This is understandable sin
e that relation was taken for
GDR's built on the ground state rather than a variety of ex
ited states as in these
systems.
V.6 Reprodu
ing the Neutron Data with TIMCASC

While the above dis
ussion has fo
ussed on the 
-ray analysis, the neutron pre-
�ssion multipli
ity results were treated by varying the fri
tion 
oeÆ
ient 
 until the
experimentally observed number of pre-s
ission neutrons was obtained. Be
ause the
neutron multipli
ities varied only very slightly with deformation and other parameters
used in the GDR �ts, ea
h system was simply taken to form a spheri
al 
ompound
nu
leus with ground-state GDR behavior.

The e�e
ts on �pre of varying the fri
tion 
oeÆ
ients are presented in Figure 54.The 
urves indi
ate the 
al
ulated values, while the points with error bars indi
ate
the experimentally determined values. A number of interesting features are readily
apparent. First, one noti
es that the 
al
ulated shapes for ea
h are quite dissimilar.
The most �ssile system (16O + 208Pb) exhibits an in
reasing (though tailing o�) num-
ber of pre-s
ission neutrons with in
reasing nu
lear fri
tion, whereas the extremely
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non-�ssile system (4He + 188Os) has the opposite behavior. The two remaining sys-tems seem to fall between these two extremes, both starting o� at low values of �pre,then rising to some maximum before falling o� again. The experimentally observed�pre's are plotted either where the 
al
ulations 
ome 
losest to them or where they�rst fall within the experimental error. This serves to e�e
tively set ranges on thefri
tion 
oeÆ
ient 
 for ea
h system. Table 19 presents these limiting values.
TABLE 19. Limits on fri
tion 
oeÆ
ients determined from neutron analysis.

Rea
tion Experimental �pre Fri
tion CoeÆ
ient 
16O + 208Pb 4.2 � 0.5 � 254He + 209Bi 4.8 � 0.5 7 { 2516O + 176Yb 4.8 � 0.5 10 { 304He + 188Os 4.4 � 0.5 5 { 20

Another interesting feature is the apparent leveling out of �pre at moderatelyhigh values of 
. This makes an absolute determination of the optimal fri
tion
oeÆ
ients problemati
. While smaller errors in the experimentally determined valuesof �pre would help, it is apparent that this is only a small part of the problem. Otherworkers have also noted large ranges in fri
tion 
oeÆ
ients using the neutron method[13, 59℄. Other methods of determining fri
tion 
oeÆ
ients are ne
essary to morefully understand the impli
ations of in
luding an inherently dynami
al 
on
ept su
has nu
lear fri
tion in statisti
al 
odes.
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V.7 Fit Results for GDR 
 raysThe user input parameters for this rea
tion were previously listed in Table 18.The spe
tra produ
ed from the �ts for 16O + 208Pb are 
ompared visually to theexperimental results in Figure 55. While the �t for 
 = 7 is 
learly the best, bothvisually and from its �2=N value (see below), the others for 
 = 4 and 10 are quitereasonable as well. This suggests that 
 for this rea
tion 
ould be anywhere from4 to 10 with 7 being the most probable value. The slight stru
ture visible in the
 = 2 
ase around 10 MeV is most likely a 
ombined e�e
t of the extremely largedeformation with the relatively narrow ground-state GDR width. The quality of the�t for 
 = 7 provides the best value of the fri
tion 
oeÆ
ient for this rea
tion. Thatvalue also agrees with mu
h of the other GDR 
-ray work to date, falling just belowthe middle of the range [24, 25, 26, 28, 31, 32, 34, 79, 80℄.The �nal �t values for the rea
tion 16O + 208Pb are summarized in Table 20and the �2=N values are plotted in Figure 56. There is a 
lear minimum in �2=N at
 = 7. Note that the best �ts for the other values of 
 required superdeformed oblateshapes (� � 1:5, the lower limit of the initial �tting range), whi
h would be extremelyunexpe
ted for this system. Even the �nal value is a quite deformed shape (thoughprolate), with an axis ratio of about 3:1. This is higher than expe
ted, but not withoutsimilar pre
edent in su
h analyses [31, 32, 126℄. It is also worth 
onsidering that thedeformation spa
e of the �ssioning system will be sampled by GDR emission all theway up until s
ission, whereas most models and predi
tions deal with the saddle pointex
lusively. Still, quite possibly a smaller deformation would be required if a value of
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TABLE 20. Fit results from MINUIT linked to TIMCASC for the rea
tion 16O +208Pb.


 S? � �2=N0.1 0.9502 -1.4979 12.90.4 0.9581 -1.4995 10.11.0 0.9725 -1.4852 7.42.0 0.9695 -1.2574 6.74.0 0.3000 -0.3397 3.77.0 0.9140 0.5540 1.210.0 0.9260 0.6034 3.6
greater than 100% for the TRK sum rule had been used. However, the �t for 16O +208Pb was quite satisfa
tory and did not require arti�
ial enhan
ement of the TRKsum rule. Su
h measures were required for the other rea
tions, and will be dis
ussedlater in this se
tion. Also apparent in Table 20 is the fa
t that the values for S?are generally heavily weighted towards favoring the perpendi
ular 
omponent to theGDR 
-ray energy. This suggests either that an even lower E
en should be allowedor, again, that a TRK sum rule strength greater than 100% should be used.The remaining rea
tions, 4He + 209Bi and 16O+ 176Yb, are not listed in Table 20sin
e in these 
ases MINUIT was repeatedly 
aught in lo
al minima, regardless ofstarting values and step sizes. For 4He + 209Bi, this produ
ed �2=N values no smallerthan 20. In the 
ase of 16O + 176Yb, the situation was even worse, with �2=N 's nosmaller than 70. Clearly, su
h �ts are una

eptable. Samples of these for the tworea
tions are presented in Figure 57. The rather poor �ts shown are representative ofthe best results the �tting pro
edure MINUIT was able to give using the input values
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listed in Table 18. In order to investigate whether MINUIT was wholly at fault orwhether some other fa
tor must be adjusted, quite a large number of 
al
ulationswere run in whi
h the separate parameters were varied by hand. This allowed 
arefultra
king of the sensitivity of the �ts to the various individual parameters.Upon undertaking this pro
edure, it qui
kly be
ame apparent that MINUITwas not wholly at fault. A number of other parameters were varied before moreadequately �tting the experimental results. Finally, values greater than 100% for theTRK sum rule were used. This proved quite useful, and reasonable �ts were obtained.Previously, some investigators have used up to 160% of the sum rule [32, 143, 144,145℄. The sum rule strength is the strongest parameter for �tting the experimentallyobserved spe
trum, with the fri
tion 
oeÆ
ient 
 following and the deformation �as 
lose se
onds. The failure of the �ts in the GDR region suggests that the sumrule might ex
eed 100%. It should be noted that strengths greater than 100% havebeen noted by other authors [32, 146℄. Deviations from the sum rule are generallyattributed to 
olle
tive e�e
ts su
h as quasi-deuteron formation (the TRK sum ruleignores these). It is not 
lear from the present results why these less �ssile systemswould in
rease the strengths. However, there is essentially no other GDR 
-ray dataasso
iated with �ssion for similar systems. Further work is needed to 
larify thesituation.The alternate �tting method used four �tting parameters: the nu
lear deforma-tion �, the fri
tion 
oeÆ
ient 
, the TRK sum rule strength, and the 
entroid energy ofthe GDR of the �ssioning system E
en. They were varied as follows: �0:5 � � � 0:5,
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2 � 
 � 20, and 1:1 � TRK � 1:5, with E
en varying from 1.5 MeV below the groundstate GDR energy to 0.5 MeV below. The pro
edure was to run all 
ombinations ofea
h, extra
t the �2=N , and inspe
t ea
h �t visually to ensure meaningful �ts.Sample �ts for 4He + 209Bi and 16O + 176Yb are shown in Figures 58 and 59,respe
tively. The plot in the lower right of ea
h �gure is the best obtainable �t,while the other three are the results of other parameter sets giving poorer �ts. The�nal parameters are indi
ated in ea
h plot, where \beta" is the deformation 
onstant�, \TRK" denotes the multiplier of the TRK sum rule, \E
" is short for E
en, and\gam" denotes the fri
tion 
oeÆ
ient extra
ted. The �2=N for ea
h �t is plotted asa single point near the y axis in ea
h plot. In both �gures, it is apparent that noparameter set was able to reprodu
e all of the yield of GDR 
 rays. While allowingthe TRK sum rule strength to vary helped, the experimental spe
tra were still notreprodu
ed even with a 50% in
rease. In
reasing the TRK sum rule further mighteventually �nd some parameter set that would �t the data mu
h better. This howeveris undesirable sin
e for these rea
tions one expe
ts to observe little if any ex
ess insum rule strength.In all 
ases, the 
al
ulations for the 4He + 209Bi system fail to explain the highestenergy portion of the spe
trum. Possibly this is due to an internu
lear bremsstrahlung
omponent in the data. Su
h 
omponents have been reported for lighter systems as asigni�
ant 
ontributor for photon energies above 16 MeV [147℄. For heavier systems,it is reasonable to expe
t that bremsstrahlung might in
uen
e the spe
trum at stilllower energies sin
e the GDR 
ontribution o

urs at lower energies.
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In 
ontrast, for 16O + 176Ybthe �ts do not reprodu
e the data very well inthe vi
inity of the region between the statisti
al and GDR portions of the spe
trum.No reasonable variation of parameters removed this problem. The origin of thisdis
repan
y is unknown.Nevertheless, the �ts in these two �gures are far better than in Figure 57, thoughit was not possible to obtain the quality of �t seen for the 16O + 208Pb 
al
ulations.The �2=N values for these �ts where only half as large as those obtained when usingMINUIT linked to TIMCASC. Using the best �ts as a starting point allows someestimates of the time s
ale for �ssion to be made.

V.8 Time S
ale Extra
tion from TIMCASC Cal
ulationsComparing TIMCASC with the data led to a 
ouple of options for determiningthe average �ssion lifetime of the 
ompound systems. Sin
e TIMCASC keeps tra
kof both the time s
ales of ea
h step in the 
as
ade and their 
ross se
tions, anoverall �ssion time s
ale for any given set of input parameters 
an be extra
ted ina straightforward manner. This is dire
tly appli
able to the neutron and 
-ray �tsdis
ussed in the previous se
tions.Sin
e TIMCASC reports the �ssion 
ross se
tions and the average �ssion timefor ea
h nu
leus in the de
ay 
hain, the average �ssion time for a parti
ular nu
leusi produ
ed in the de
ay 
as
ade is given by
tf;i = PE�;J �f(E�; J)(t(E�; J) + �t(E�; J))PE�;J �f(E�; J) ; (58)

with t and �t de�ned as in Equation (54). Taking a nu
leus whi
h emitted a wholenumber x neutrons before �ssioning, the average �ssion time �xn;f would therefore
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be 
al
ulated in a straightforward manner. For a non-integer number of neutrons,interpolation (linear or exponential, as appropriate) between the two 
anking whole-neutron evaporation time s
ales is all that is required. This is pre
isely the neutronmethod of determining �ssion time s
ales.Taking a weighted average of tf;i's over the total �ssion 
ross se
tion gives thetotal average �ssion time s
ale,

�f;tot = Pi�f;itf;iPi�f;i ; (59)
where �f;i denotes the �ssion 
ross se
tion for nu
leus i in the de
ay 
as
ade. Valuesfor �f;tot are strongly in
uen
ed by long �ssion times from a tail of long-lifetime de
ayswith small, but �nite, 
ross se
tions. While this perhaps more rigorously representsa true average lifetime for �ssion, it is less desirable for 
omparison with previouswork than the neutron method sin
e it is so strongly in
uen
ed by a small fra
tionof the 
al
ulated �ssion 
ross se
tion. It is important to realize that in dealing with�f;tot's, the 
al
ulations are very sensitive to small errors in 
ross se
tions, sin
e justthe slightest overestimate of a 
ross se
tion for a very long-lived state in the 
as
ade
an drasti
ally a�e
t the 
al
ulation. The neutron 
lo
k (i. e. �xn;f) is not a�e
tedby later paths for �ssion and is not weighted by a tail of long-lifetime �ssion events.In 
omparison with the total average �ssion time s
ale given by Equation (59), itis perhaps better 
onsidered as a \most probable" value for the �ssion time s
alerather than an average. The neutron 
lo
k also 
orresponds dire
tly to the previousneutron time s
ale analyses. Furthermore, it is dire
tly 
omparable to those GDR
-ray studies whi
h linked the GDR analysis to the neutron 
lo
k [27℄. The remaining
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TABLE 21. Fission time s
ales determined by neutron analysis. The �f;tot is theaverage time s
ale, while �xn;f is the value from the neutron 
lo
kmethod.

Rea
tion 
 �f;tot (zs) �xn;f (zs)16O + 208Pb 20 170 � 30 105 � 104He + 209Bi 10 293 � 35 72 � 716O + 176Yb 20 49 � 10 112 � 124He + 188Os 10 18 � 5 31 � 4
TABLE 22. Fission time s
ales as determined using the GDR 
-ray �ts. The � 'shave the same signi�
an
e as in Table 21.

Rea
tion 
 �f;tot (zs) �xn;f (zs)16O + 208Pb 7 93 � 27 67 � 104He + 209Bi 20 253 � 35 45 � 916O + 176Yb 20 37 � 9 84 � 16
work using the GDR method has used a number of other means, largely unspe
i�ed,for produ
ing the �ssion time s
ales. Van't Hof and 
o-workers are the only ones tohave reported �f;tot values [32℄.The results of both methods are given in Tables 21 and 22. The values for
 used in Table 21 are taken as those 
's whi
h either 
ame 
losest to reprodu
ingthe experimental �pre(e. g. for 4He + 209Bi and 16O + 176Yb) or whi
h inter
epted thelow end of the un
ertainty in the experimental �pre(e. g. for 16O + 208Pb and 4He +188Os). These 
's are also 
lose to the mid-range of the values listed in Table 19 for allbut the 16O + 208Pb
ase. For 16O + 208Pb, the 
 
hosen is at the lower limit sin
e no
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upper limit was determined. Note that for both �f;tot and �xn;f in the neutron analysis(Table 21), the least �ssile system has the shortest �ssion time s
ale. Be
ause of thedire
t 
omparability of the neutron 
lo
k and the un
ertainty with regards to thetail of long-lifetime events in the total average �ssion time s
ale, �f;tot, the remainingdis
ussion will only deal with �f;tot.Some general observations 
an be made from the extra
ted time s
ales for ea
hsystem. Both the neutron analysis and the GDR 
-ray analysis show that for theoxygen-indu
ed rea
tions, the system with higher angular momentum (16O + 176Yb)has the longer lifetime. Also, the oxygen-indu
ed rea
tions take longer to �ssion thando the helium-indu
ed rea
tions. The 4He + 209Bi system �ssions nearly 1.5{2 timesfaster than either of the two oxygen-indu
ed rea
tions. From the �xn;f value for theneutron method, one sees that the 4He + 188Os system �ssions three times faster thanthe 16O + 208Pb system, depending upon whi
h 
lo
k is used.Another important observation is the fa
t that the neutron analysis does notgive a 
onsistently faster time s
ale for �ssion than the GDR analysis. In the 
aseof 16O + 208Pb, this is to be expe
ted given that the neutron data were only �ttedsu

essfully with somewhat higher fri
tion 
oeÆ
ients than were ne
essary for theGDR analysis. Larger fri
tion 
oeÆ
ients require longer time s
ales by their verynature. This is not addressed in previous works using either of the two methods norin works dis
ussing di�eren
es between the two. Still, while the GDR 
-ray methodworkers have all used some version of CASCADE, the neutron method workers havegenerally used statisti
al model 
odes other than CASCADE. This points to 
ode
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dependen
y in the 
al
ulations, perhaps arising from di�erent implementations ofeither the fri
tion 
oeÆ
ient itself or of the 
on
ept of time.For the 4He + 209Bi and 16O + 176Yb systems, the values for 
 are not the maindetermining fa
tor in the qui
ker time s
ale, sin
e their 
's are either longer or thesame as for the neutron method. The di�eren
e arises from statisti
al 
onsiderations;i. e., raising the TRK sum rule in
reases its de
ay width relative to both neutronevaporation and �ssion. This has the e�e
t of making GDR de
ay before �ssion morelikely, taking away more ex
itation energy and making �ssion less likely at later steps.Therefore, �ssion at later de
ay steps is less favored and the apparent �ssion times
ale is lowered.Still, perhaps the most striking feature of the time s
ales of these two analysesarises from the reversal of the trend that GDR 
-ray analysis produ
es longer times
ales for �ssion than does neutron analysis of time s
ales (see Chapter I). Previousresults point to time s
ales produ
ed from neutron analyses that are on average threetimes qui
ker than those arrived at via GDR 
-ray analysis. This is obviously notborne out here.The time s
ales for the two types of analyses are also mu
h 
loser than expe
ted.The di�eren
es are only 33%, whi
h while within the error bars of the data andanalyti
al method, is probably an indi
ator of how di�erent the two methods samplethe evolution of the �ssioning system. Previous works, as dis
ussed in Chapter I,point to time s
ales produ
ed from neutron analyses that are on average three timesshorter than those arrived at via GDR 
-ray analysis. However, in 
omparisonsmade between those previous works it is important to note that the di�erent analyses
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not only dis
ussed di�erent rea
tions, but also used di�erent statisti
al model 
odes,di�erent experimental data sets, and di�erent data redu
tion methods. The use inthe 
urrent work of the same statisti
al model 
ode, the same data redu
tion, andthe same set of experimental data for these two disparate methods has thus provento be quite a determining fa
tor in evaluation of the previous dis
repan
ies betweenthe two methods.

The general result from all four systems, using both 
lo
ks and both analyses,is that fusion-�ssion rea
tions must take pla
e on the order of 10�19 se
onds. Thisis wholly 
onsistent with the previous works dis
ussed in Chapter I. It also supportsthe idea that fusion-�ssion time s
ales are a general property of ex
ited systems anddo not vary wildly for moderately di�erent entran
e 
hannels.
As also dis
ussed in Chapter I, the �ssion time �f is expe
ted to be the sum ofa variety of terms; i. e.,

�f = �form+ �sadd+ �s
is+ �a

: (60)
The present results and analysis do not allow for a separation of the se
ond two terms.However, some 
rude estimates of the �rst and last terms are o�ered by the �xn;f'slisted in Tables 21 and 22. Note that �xn;f is 
onsistently lower for the 4He-indu
edrea
tions. On average, �xn;f = 92 � 24 zs for all the 16O-indu
ed rea
tions. In
ontrast �xn;f = 49 � 12 zs for the 4He-indu
ed rea
tions. If the entire di�eren
e isdue to 
ompound nu
leus rea
tions, one obtains �form = 43 � 26 zs. In other works,�form 
ombined with �sadd into a quantity �D, the transient delay time or �ssion delay.



155
Values reported for �D for the types of systems studied here have been in the rangeof 20{110 zs [8, 148℄, whi
h is quite 
onsistent with the above estimate of �form.The quantity �a

 
an be estimated by 
omparing the �xn;f using the twoseparate methods. This yields �a

 = 38 � 14, 27 � 11, and 28 � 20 zs for 16O +208Pb, 4He + 209Bi, and 16O + 176Yb, respe
tively. The overall average is 31 � 26 zswhere the errors have been 
ombined in quadrature. This is about three times as longas 
al
ulations of the time required for the fragments to rea
h 90% of their asymptoti
velo
ity [117℄. Still, the theoreti
al time for a

eleration falls within the large errorbars on �a

 from these results, making it impossible to draw any inferen
es about
ompli
ations arising from the dynami
s at s
ission.Given the large error bars, the above estimates must be regarded as very 
rude.Moreover, it should be pointed out that the estimates relied on 
al
ulations usingquite di�erent 
's and negle
ted the fa
t that the saddle point shapes are expe
tedto be quite di�erent for the various systems. This suggests that additional work isneeded to 
larify the situation. In that regard, it would be very useful to obtain bothneutron and GDR 
-ray data for other light- and heavy-ion rea
tions.



156
CHAPTER VI

SUMMARY OF RESULTS
In this dissertation, the �ssion time s
ales were explored for several rea
tions:133 MeV 16O + 208Pb, 104 MeV 4He + 209Bi, 133 MeV 16O + 176Yb, and 104 MeV4He + 188Os. The 
hoi
e of these widely di�erent systems was motivated by severalimportant fa
tors.First, the resulting 
ompound systems are quite di�erent. This is expe
ted toprodu
e quite di�erent saddle point shapes. In the �rst two rea
tions, �ssion is ahighly important pro
ess. The opposite is true for the latter two rea
tions. This isre
e
ted in their saddle and s
ission point 
on�gurations. These two 
riti
al pointsfor the two �ssile systems are predi
ted to o

ur at very di�erent deformations, whilethese points should be nearly 
oin
ident for the lighter systems. Comparison of thetwo types of systems 
ould provide a measure of any �ssion time delay before thesaddle point.Se
ond, use of both light and heavy ion proje
tiles provides insight into thein
uen
e of angular momentum on the �ssion lifetimes. Be
ause of the low �ssilitiesof the last two rea
tions, �ssion is expe
ted to be 
on�ned to windows 
entered atthe highest angular momenta. It is also important to note that the 16O + 176Yb and4He + 188Os rea
tions produ
e the same 
ompound system but with di�erent angularmomentum.Third, the system 16O + 208Pb have been extensively studied in other work,thus allowing one to tie the 
urrent data with previous studies.



157
Two very di�erent te
hniques were employed in the measurements. In oneapproa
h, the number of pre- and post-�ssion neutrons were used to 
lo
k the overall�ssion time. In the se
ond method, GDR 
 rays from the 
ompound system wereinvestigated to provide independent time s
ales.In all 
ases, 
oin
ident �ssion fragments were dete
ted using two PPAC'smounted in 
lose geometry; neutrons were measured using eight large liquid s
in-tillation dete
tors from the so-
alled DEMON array. The 
 rays were dete
ted using144 elements from the U. S. National BaF2 Array. Usable neutron data were obtainedfor all four rea
tions. Distin
t GDR 
-ray bumps were observed for all the systemsex
ept 4He + 188Os. Unfortunately, the low �ssion 
ross se
tion for the latter sys-tem made it impossible to obtain adequate statisti
s during the alloted running time,whi
h was over a month.The �ssion fragment masses and TKE's were re
onstru
ted from the PPACevents. The results were in a

ord with systemati
s. After 
orre
ting for thethresholds and dete
tor eÆ
ien
ies, pre- and post-�ssion neutron multipli
ities wereextra
ted using moving sour
e �ts. The 
-ray response was determined using the
-ray shower program EGS.A qualitative analysis of the data showed that the GDR 
 rays were insensitiveto both exit 
hannel mass asymmetry and TKE. This implies that the �ssion times
ale does not depend on the �nal mass split and that most of the 
 rays were emittedby the 
ompound system (i.e. before �ssion). Similarly, �pre was insensitive to theexit 
hannel mass asymmetry. The value of �tot does exhibit a TKE dependen
e, butthis is expe
ted due to energy 
onservation.
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The �ssion time s
ales were extra
ted from the neutron data using the 
odeTIMCASC. For 16O + 208Pb, 4He + 209Bi, 16O + 176Yb, and 4He + 209Bi thisanalysis gave �ssion time s
ales of 105 � 10 zs, 72 � 7 zs, 112 � 12 zs, and 31� 4 zs, respe
tively. Ranges for the fri
tion 
oeÆ
ient 
 were also extra
ted from theneutron analysis and were determined to be approximately 
O+Pb > 25, 7 > 
He+Bi< 25, 10 > 
O+Y b < 30, and 5 > 
He+Os < 20, respe
tively.Using the same statisti
al model 
ode and parameters, similar time s
ales wereextra
ted using GDR 
-ray �ts. For the same systems in order, the analysis yielded�fiss = 67 � 10 zs, 45 � 9 zs, and 84 � 16 zs, while no value 
ould be determined forthe 4He + 188Os system due to poor statisti
s. The 
orresponding fri
tion 
oeÆ
ientswere 7 � 3, 20 � 10, and 20 � 10, respe
tively.Comparison of the time s
ales indi
ate that �form = 43 � 26 zs while�a

 = 31 � 26 zs. Further investigation into light- and heavy-ion rea
tions shouldyield greater insight into these values. It would also be interesting to perform ex-periments with somewhat heavier proje
tiles (e. g. 28Si, 32S, and 40Ar) to furtherinvestigate the e�e
ts of higher angular momentum upon the �ssion time s
ale.Using the same experimental te
hniques and analysis pro
edure reverses thedis
repan
ies between the two methods for determining �fiss. Hopefully furthermeasurements will help in de
iphering the various time s
ales in more detail.
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APPENDIX A

ALTERNATE SEMI-CLASSICAL DERIVATION OF TST
From semi-
lassi
al statisti
al me
hani
s, the probability of �nding a system ina parti
ular point in phase spa
e is [134℄d6nNN = e�H=Tdq1: : :dp3n=�h3nR : : : R e�H=Tdq1: : :dp3n=�h3n ; (61)

where n is the number of degrees of freedom, N is the number of systems, and H isthe Hamiltonian.For a system with one degree of freedom (rea
tion 
oordinate, or �ssion mode),the rate �dNdt at whi
h the system passes through a surfa
e S is obtained byintegrating Equation (61) over dq2: : :dp3n where p1 takes only position values. Ifwe 
an write H = H 0+ p212m; (62)
then Equation (61) yields

�dNdt = Nm1h Z 10 p1e p212m R : : : R e�H=Tdq1: : :dp3n=n3n�1R : : : R e�H=Tdq1: : :dp3n=n3n ; (63)
sin
e dq1dt = m1dp1dt : (64)
Integrating over p1 yields �dNdt = Th R : : : R `R : : : R : (65)
Now the phase spa
e integrals 
an be identi�ed with partition fun
tions of the formZ : : : Z e�H=Tdv �XE !(E)e�E=T (66)
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where dv is the di�erential in 
oordinates and momenta and !(E) is the degenera
y.It is well known that !(E)e�E=T is a sharply peaked fun
tion of E and the!(E) 
an be repla
ed by the level density [ref M
Quarrie℄. Thus

�dNdt = NTh �f�CN : (67)
Also, �dNdt = N� = N� = N��h ; (68)
giving � = �f2��CN : (69)

If there is a barrier at the saddle, Bf, then
H 0 = H 00+ Bf (70)

and one obtains �f = T2�e�Bf=T : (71)
Note that this is of the same form as is used in Equations (8){(10).Equation (71) does not properly a

ount for the zero of potential energy, whi
hmeans that the limits of p1 are not 0 to 1. Proper a

ounting for these limits gives[135℄ �f = h!eq2� e�Bf=T : (72)
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