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Vo ' -

Fission induced by high energy particles was studied by
“means of, two different technigues: mica track detector
experiments (for fission offAu‘aninU’induced by 8@6 MeV
protons and 400 MeV1pions) and Semi~gonductor detector
measurements (fo; fission of Au,.Bi, Th ahd U induced by
480 Mev prokdns). : - . o o ‘
; The total kinetic ene;gy»of the fissién fragments was
' measuneé and found to be the&séme'fpr a given fissioning
system, within experimqntal errors, whether protons or pions
were used as projectiles. 8
Angular correlation and angulér distriButién
measuremehts led to average values of the fissioning system
momentum parallgl to the béam direction (p//). Frqm the
resuits of a Monte Carlo calculation of the intra-nuclear
//cascade (perforhed’with the computér code ISOBAR), an‘”" ST
average excitatfon energy was deduced from the ’
. experimentallyﬂyeasured p/k. Eo;rthoriﬁm apd uraniumr
targets, it'wagifqund that the fission probability was

14
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’higheraﬁOng nuclei’possessing a low excitation energy (and_
a high angular mdméntum) at the end of the cascade step.
This finding Qas cdnfirmed, in thé case ofruranium,,by a
comparison of the widths of Eggegéagment mass-distributions
obt&ined experimentally aﬁd calculated‘through,thé codes /ﬁ,
ISO@ARJ(for the cascade step) and EVA (for the evaporation
sfep'witg competition between fissigf and particle
emission).

The widths of fragment mass and total kinetic energy

. distributions were compa;ed with the theoretical predictions

of Nix and were found to be in reasonable agreement for gold
and bismuth targets. The discrepancy observed in the case
of thorium and uranium couldfbe due to asymmetriéyfission

events (from fission occuring at low excitation energy) for
> N .

whiRh the model is not valid.

£ . .
All angular distributions in the center of mass system

were found to be flat within expérimenfgi errors.

An attempt to determine the mass of the fissioning.
system was carried out but the.Quality'pf the measurements
was not sufficient to obtain definitive valume. While a

‘mechanism involving simple "first-chance" fission was gound

»®

improbable, it was not possible to distinguish between = - T

"last-chance” fission or fission occuring at several stages -

. -

of the de-excitation process.

r
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INTRODUCTION

This thesis describes an attempt to obtain data bearing
on' a long-standing problem in the area of nuclear fi§sion,
namely when, in the evaporatibn de-excitation of an excited
hegvy nucleus, fission does take place. The conventional
statistical model. in its simplest form, with which much of
the radiochemical data on the yields of nuclei escaping
fission agrees, predicts that first chance fission (i.e.
fission early in the de-excitation process and hence at high
excitation energy) should be predominant.for the heaviest:
elements such as uranium and again for elements near silver.
For in betﬁeen elements,‘such as gold and bismuth, fission
is expected to compete with evaporation over muCh of the
de-excitation sequence.

Data obtainedvfor these same elements on thé angular
correlation between emitted fission fragme:ts and evéporated
particles, on the other hand, is understood in\ferms of
fission occuring primarily at theé end of the de-excitation
process (last chance fission) and hence at low excitation
energy (Che.78), (Fra.75), (Wil.79). :

As a result of previous work in this laboratory,

.



primarily by H.Blok and F.M.Kiely, experience had been
gained in the application of mica track detectors td_fission

fragment spectroScopy, the mica had been calibrated, and

computer codes existed for data analysis. Thus, in the‘early

stages of this work, advantage was taken of this situation.
The contribuﬁion of the present author was in the extension
and improvement of the calibration data and analysis
programs, and then their apblicatioh at the facilities
provided at the LAMPF accelerator (prior to TRIUMF being
operational) to experiments‘on fission induced by
intermediate energy protons and pions as LAMPF
experiment 1ﬁ4. The experimental contribution of the writer
was in the preparation for the experiment.(target and mica
prepaféfﬁon,etc.) and in the scanning and analysis
. afterwards. She wﬁ%ghnable to.travel to CRNL (for the
 ca1ibration irradiation) nor to LAMPF (for the fission
experiments);cthe/irradiations were performed by the thesis
supervisor,

av Later when TRIUMF produced protons beams of appropriate
quality, the program waé extended to measurements with
semi-conductor detectors. This was accomplished as a small;f
part of TRIUMF experiment 6, in collaboration with H.Blok

and B.D.Pate who were working on that experiment. The
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present-author set up the experiment, and éspedially the
electronics, in cnllaboration with the above mentioned, but
took major respoésability for running the experiment, and
was solely responsible fos target preparation and analysia
of the“subsequént data.
This'experiment was not'directed at obtaining

. TS :
fission- evaporatlon angular congelatlon data similar to that
obtained at somewhat lower energigs by others, and alluded
to above. Instead, it concentr1ted on measurements on
fission fragments themselvegﬁfand particdlarly on entraction

of those fission parameteféywhich might be expected to

reveal the mass or excitation energy of the system

o —— e

undergoing fission.

In principle; the distribution in fissioning system
mass should be accessibla via simultaneous measdrement of
the energies and times of flight of both fragments from
binary fission. In the end, the analysis of the present data
showed its critical sens1t1v1ty to parameters;whlch were
beyond the scope of the present experiment to control, and
the width of the distribution was obtained on?y with rather
large uncertalnty. These data and those obtalned via a

somewhat dlfferent ana1y51s of data on two tracklengths plus

their directions measured with mica sandwiches are, however,
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still interesting to compare with theory in a general way.

: . N .
The second possible avenue of examination was:

’

measurement of those parameters which might be affected by
excitation energy at the moment of fission. These in&luded
the most probable values, and especially the widths, of the

N .
distributions in fragment kinetic energy and mass. In

addition the center of mass momentum of the fissio;ing
system was expected from p:evious work to be felated to
excitation energy, although the effect of post-fission
de-excitation by particle evaporation was expected to affect
the measurement of all these parameﬁers.

Finaliy the angular distribution of the fission
fragments with respect to the beém direction would lead to a
value of the fission moment df inertia, which is expected to

14

exhibit a sharp dependence on fissioning system mass in much

of the subject mass region. Adéin, some difficulty was also ’

expected in the extraction of this'parametér, since the
excitation energy also exerts an effect upoﬂ the fragment
angular distribution through the nuclear temperature,.

Much of the work in this thesis,‘therefore, was taken
up in an exploration, during analysis of the expérimental
data, of the influence-on parameter extraction of the

complicating factors referred to above.
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In the course of it,\however, much fission fragment
spectfoscopy was accompiishedy some of it new and hehce of
special interest; In particular, méasuremenfiéf fission
fragment energies and fission center of mass momenta for the
pion-induced fission of gold was accomplished in cdmﬁarison
with the corresponding data for proton-induced fission, and
these data were then avaiiable for comparison with theory.
In Fhe grganisation of whatAfollows, the knowledée of
the field provided by the work of previous authors is first
reviewed. Then, the experifnental procedures are outlined,
together with the techniques employed for.analysis of the
data. Finally, the 'data are compared with the available
theories, and fhe data in the end accessible on fission-

evaporation competition are discussed.



I THEORETICAL CONSIDERATIONS

A) High energy fission:

K

°

A characteristic differenc; between low (<58 MeV) and
high (>168 MeV) energy nuclear reactions is illustrated in
Fig;l (taken from Mil.59) where the mass-yield curves for
incident protons of 40- 480 and 3600 MeV~upon bismuth hé&e

been plotted. It can be 'seen from this figure that the

B .

narrow mass dist;ibution of the reaction proddcts obtained
at low bombarding energy becomes much wider as the energy
increases. The products from high eneigy bombardment are
spread over many mass numbers and, at the highest energies,
all products with mass humbers less than that of the targeﬁ.
are found with ansurable cross-sections. Réactions induced
by high energyrparticles aré'usually diviéed into fou;'
categories: | . ‘ o e ’ -
7 - spallation in which se;e;al nuéléons‘or even N

) -~ [
groups of nucleons are emitted from the struck target

nucleus.



&+

Fig.1l: Mass-yield/pu;ves for the irradiation of a bismuth

' / .
target-with 46, 4886 and 3000 MeV protons,
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- fission (particularly characteristic of heavy
: nuqleix in which the struck nucleus splits into two or more
fragments having roughly equal atomic masses.

- fragmentation in which relatively heavy
fragments‘(sBe,lzc,IGO ana‘even 24Na or 28Mg) are generally
ejected from ihe struck nucleus in a fast process-and

- secondary‘reactions.in which some particles or
ffagments releasédfin the primary reaction have energiés
sufficient to caqse furthe; interactions with . adjacent
nuclei. |

’

The shape of the mass-yield Curverat448@ MeV bombarding
energy hasabeen explained (Mil.SQi as follows: the products
with mass number between 68 and 140 may be considerea as
fission products, in the light of the increased yield in
this region for fissile taréets which is absent for light
targets, those with mass between 160 and 269%amu as n
spallation products while those wifh a mass greater than
that of the #arget as secondary‘products‘(neglecting the
small contribution from m~ emission). It should be
emphasized that the above categories are not mutually
exclusive:‘ for example, a fissile targét nucleug struck by

an 1nc1dent particle may em1t several particles, ﬁg &

spallatlon reaction and then may undergo fission. ﬂ%e w1de



distribution 'in mass ofrthe products indicates that Bohr's
hypothesis (Boh.37) for low energy reactions, that the
incident particle is initially absorbed by the target
nucleus and the compound nucleué thus formed de-excites
after equipartitioning of the energy, is no longef valia at
high energies. Between 1947 and 1952 Serber (Ser.47),
Goldberger (Gol.48), Chew and Goldberger (Che.52) proposed
~and developed a model to describe the wide distribution of
radioactive products formed in the 288 MeV deuteron

irradiation of 75As (Cun.47).

1) The Serber and Weisskopf models
. _

The Serber model describes the first step-in(a‘two step
process. In this first stage, often called the "prompt
cascade" or "nucleonic cascade" téking place in a very short
period of time (~10'2g,lﬂ'22 s), the incoming particle
interacts with a single nucleon in the nucleus. The
projectile and struck nucleon either escape from,the”nucleus
or interact with other nucleons in é cascade. At the end of
the cascade, the nucleus is left in an excited state ahd
de-excites, in a second step, by the statistical emissiéh of

neutrons, protons, alpha-particles etc., or fission may
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occur. This evaporation stage takes place on a longer time
scale than the prompt cascade (lﬁ‘ls,lﬂ‘lg s), and is

described by the formalism due to Weisskopf (Wei.37).
.a) The nucleonic cascade

At kinetic energy of "about 1084 MeV, the wavelength

/associated with an incident proton becomes less than the

a ‘ L
average distance between nucleons, so that the incident

particle willvinteract with one nucleon at a time. Another

aspect is that thevduration of the collision between the

incident particle and the nucleon is short compared to ihe

charactefistic time interval for collisions between nucleons
- in the nucleus.

As the energy increases, there is andincreasing
pfobability that the bombarding particle will traverse the
nucleus without any interactions, i.e, the nucleus becomes
increasingly transparent to the bombarding particlesr’The'
nucleonic cascade may vary in complexity from such cases in
wnichwthe projectile passes through the nucleus without
making a single collision, to those in which very large

i'cascades are generated. When collisions with one or several
nucleons do occur, the struck nucleons may in turn strike

"other nucleons and contribute to the total excitation energy
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of the nucleus, of escape from the nucleus. At incident
yenergies above the pion production threshold, inelastic
collisions must also be considered and will have an
appreciable effect on the propagation of the cascade.

- The generation of the cascade can be computed by the
Monte Carlo method of Ulém and Von Neumann (Ula.47). The
Qpplication of this method to the cascade calculation was \
outlined by Goldberger (Gol.48) and the first_atteﬁpts were |

: . \
carried out in two spatial dimensions (Rud.56). However, !

!
since 1958, a treatment has been developed in three |
dimensions with the calculations per formed by a computer
(Met.58). Sdéh a calculation followsrstep by step the
development gf the cascade by séﬁecting via random numbers
‘the kinematic conditions of the collisions: a random choice
is made at every point in the calculation where a decision
must be made and this choice is weighted according to the
probability distribution for the event in question.rfhe
calculation is repeated for a sufficient number of'
projectile target pairs for the results to have statistical
significancé. All nucleons struck during the cascade are
followed until they either leaVE”thE”ﬂUClEUS”Uff*fUTIUWTﬁg
further interactions, their energy becomes too low for theﬁ

to escape. Over the years more sophisticatea treatments of

this model have been-developed by Bertini,(Ber.63,Bér.78),
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Chen et al (Che;68,Che.7l) and. Harp (Har.74).

The computer code VEGAS developed by Chen €t’.al
(Che.71) has been modified lately by Harp (Haﬁ£74) to éxtend
its calculations to higher energies. This Versiﬁn named
ISOBAR‘was used in the present work to calculaté the mass,
'éﬁergy and momentum distributions of the nuclei at the end

of the cascade step for use in comparisons with the

experimental data obtained.
b) The evaporation étage

Alllanalyses of particle evaporation from excited
residual nuclei remaining after the intranuclear cascade
have used the statistical assumptioﬂ-and developments of the
formalism first developed byIWeisskopf (Wei.37). The
probability per unit time that a particle of type i with
binding energy B;, mass Mj gnd spin sikis emitted in the
energy interval dei at an energy.e; from a nucleus with

excitation energy E is given by:

2541 ~ p'(E-Bj-ey) <
W‘ei)dei_‘ ——;3;3- My ci‘ei)_ei _ dei (I.%)

o (E)

where o;(e;) is the cross-section for the inverse of the

emission reaction, p(E) is the density of energy levels of
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S,

the original nucleus at excitation energy E and p'(E-Bi-ei)

is the density of energy levels of the nucleus rémaining
after the emission of particle i with kinematic energy ej.

Crucial quantitigs in the above expression are tﬁe leQel
densities p(E) and p'(E-Bi—ei). In order to evaluate them, a.
nuclear model has to be assumed. If the Fermi gas model is
choseq, the level density may bé writt:n as (Wei.37):

| 6(E) = C exp[2(aE)1/2] (I.2)

where C and a are constants usually ;Qaluated empirically.

The expression (I.l) has been used in many theoretical

treatments of the evaporation stage following the

intranuclear cascade (Lec.58), (Lec.52), (Yam.Sﬂ), (Fuj.49Yf;‘

(Fuj.Sﬂ), (Jac.56), (Rud.56) and (Dos.58). Recent important
contributions are due to Hillman (private communication) who
developed -the computer code JULIAN. .

Emission of a type i particle governed by équa;ién (I.1)
leads to a new nucleus whose behaviour is again governed by
the same expression. Thus, the problem is one df an
"evaporation cascade” which may be treated by the Monte
Carlo method. Such a calculation has begh performed by

Dostrovsky et al (Dos.59) and extended by Porile and Tanaka

s /‘*"".—’ I3 2 N
(Por.64) to include the determination of the momentum of the

¥

) s

“ah g\g !
. .

g
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product nuclei resulting from long evaporation chains.

.
c) Competition between fission and particle

emission during the evaporation stage

For high energy reactions, the possibility of fission
must be included ip the list of possible modes of
de—excitatipn for each evaporation step.

’ Starting with a given value of the excitation energy, a
random choice is made of the particle emitted in thg first
instance (proton, neuf&on or heavier particle). This choice
debeﬁds on the probability ratios rp/r, Tn/r, ri/zr:7 Te/T

where I is the togal width and T ' , T. and Tf the

pl nl 1

s

widths for the ed&s;ion of a proton, neutron, any particle i
~or fission respectively. |
The fission width Ty was given by Bohr and Wheeler

(Boh.39) for a model in which the nucleus was approximated

-
-

-by a uniformly charged liquid drop:

E-B
1 f

Pf =

8] (E‘Bf‘é) de

2 7wp(E) , :
g =

where b(E) and p(E-Bf-e)'are the level densities. of Ehe

excited nucleus before fission and of the nucleus at the

saddle point respectively and B¢ is the fission barrier.
i
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For heavy nuclei where fission is important, the most s
A important evaporation processris neutron emission, since
chafged particle emission is inhibited by increasingly large
Coulomb barriers.

The expression for the. neutron emission width was given
by Weisskopf (Wei.37) as follows:

E~En

. gm o(E,e) J{ L
= X - e P(E-E_.-e)de )
n 1252 (E) n o

where m is the neutron mass, g(E,e) is the cross section

for the reverse process and g is the statistical weight for

.
e,

spin states. Using eqhation (I:Q) for the two level
densities D(E-Bf-e) and p(E-En-e) the following ratio is

obtained:

Te h?  2vag(E-Bg)-1 ag
— = . x —x— exp[2Vag (E-B;)-2Va (E-E;)] (I.3)
Iy 8mr°2A2/3 E-E, ag

where a, and ag are Qhe'respective Ievel'density parameters
appropriate to the residual nucleus following neutron
emission and the fissioning nucleus at the saddle point
defbrmation. Expression (I.3) was used in a low energy
calculation (FISMAP) of fission-evaporation competition by

-Blok (Blo.75).




16

The parameters ap and ay are expected to vary slowly and
‘regularly with the mass of the nucleus; therefore, for a
given excitation enefgy much larger than By or E,, the main

variation in the ratio I'g/T. may be written as:

T'e

= Const. exp(Bf-En) f(ag,ap)

T'n

s : )
Thus, the probability that an excited nucleus, at a given

excitation energy, will fission rather than emit a neutron ,
depends strongly‘upon the difference between the fission
barrier vaand the neutron binding energy E,. If the deutron
binding enérgy is much the smallef, the heutron‘emissionv
will have a greater probability than fiésion and vice versa.
The simpié formalism just described has been used to
compute the fissibn—evaporatioﬁicompetition in high energy .
reactions by ﬁhe Monte Carlo techniqug. The EVA code
(Z.Fraenkel private communication) based on the earlier
calculation by Dostrovsky et al (Dos.59) used, as an input,
the characteristics of the excited-nﬁcleﬁs after compleéion
pf the cascaée as computed By the ISOBAR program. However
this code could not be used in the case of gold or similar

targets since the fission of elements lighter than thorium

'is not considered in the evaporation process.
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d) First chance or last chance fission

The relative fissility of a nucleus may be éneasured
through the parameter ZZ/A (related as will be seen below to
the ratio‘g?wéts Coulomb and surface energies), where Z and
A are the nuclear charge and mass@rr

;“FOI_HUClei at the end of thé‘prompt cascade,
competition may be significant,bétﬁeenjneutron evaporation
and fission in a few or in all stagesJof evaporative
de-excitation. Two extremes repfeéentéd in Fig.2 could be
postulated. ’

- Mechaﬁism 1l: last chance fission

If the various nuclei produced by the cascades have
small fission widths due to an unfavourable 22/A value, the
de-excitation, even at high energies, will occur almost
exclusively by evaporation qQf neutrons. This loss of
neutrons along the evaporation chain will increase the ratio
ZZ/A (and thé corresponding fissionability) and‘fiSSion w%%}
occur towards the end of the chain when most of the .
excitation energy has been dissipated. Thus, this fission
will be a fission at lowfenergy preceded by a series of

successive evaporations.



=

 Fig.2: Schematic representation of "last-chance" fission

(mechanism 1) and “"first-chance" fission (mechanism 2).
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- Mechénism 2:’first chance fission |

If the fissibn width increases significantly with the
excitaﬁion energy, this will favour occurrence of fission in
tﬁe early stages pf de-excitation. In this case, a low ZZ/A
ratio will be compensated by the high excitation energy
which would increase the number of channels available for
the fission of the deformed nucleuﬁ. This high energy
fission would be different from fission at low energies‘zn
those respects affected by excitation energy. Since the
kinetic energy of the fragments is, approximately |
independent of excitation energy (Léf;68), the excess energy.
appears in the form of excitation energy of the fragments_
which will then de-excite by evapbration of neutrons. First
chance fission could also occur among nuclei possessing a
low excitation energy after the cascade step.

Various experimental observations which seem to favour
one mechanism or the other will be discussed later. It is
possible that situations lying in between these two extremeé
do occur, producing a wide range of fissioning nucleus

masses and, consequently, wide distributions in mass and

energy of the fission products.
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2) J.R Nix's theoretical predictions

The widths of distributions from the fission of
individual fissioning species as well ae‘tﬁe most probable
values have been predicted.theoreticélly by Nix (Nix.69) and
a brief outline of his work wili be given here.

In order to study the propertiee of the division of an
idealized nucleus, a simplified version of the liquid—drop
model was used where the shape of the nuclear surface is
described by three smoothly Jolned portlons of quadratlc
surfaces of revolution (two spheroids connected by a
hyperboloidal neck). This shape is specified by means of a
paeameterization which has six degrees of freedem: three .
representing symmetrical deformations end the other three
describing asymmetrical deformations. This parameterization
has the great advantage of representlng in a contlnuous way
the sequence of shapes from the original sphere through the
saddle and scission shapes, to the two fragments at.
infinity. |

The potential energy (which is the sum of the surface
energy and %he Coulomb energy) of a deformed droprrelative
to tﬁe%spherical drop is given by:

| . =E | +

s - Ego Ec - Ego
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vwbere_Eco and Eg,, are respectively the Coulomb and surface
energies of the original spherical drop.
The surface energy of the spherical drop is:

Ego = ag A%/3 { 1-K[(N-2)/A)2} (Nix.69)

with ag =17.9439 MeV and K =1.7826.

The quahtity E.o is givén'by;

Eco = ac 22/81/3  (Nix.69) with a

co =0,7853

C

The results of the calqulations are given as a function

of the dimensionless fissility parameter x defined as:

22/a -7

X = . . . (1.4)
50.88 {1-1.7826([(N-2)/A]2)

+

The potential energy V can also be expressed as:
OV =[(Bg-1)Eg, + (Be-L)Egol = [(Bg-1) + 2x(By-1)] Ego
whére x is the fissility parameter just defined.
The function Bg is the total surface energy of the drop
in units of the surface energy of the spherical drop Esok
while, similarly, B. is the Coulomb energy ofgthe drop in
units'of Eeo- T§E§e two functions Bg and-BC depend only upon
the six deforhaﬁiok)coordinaﬁes which specify the shape of
the drop. a _

Then, the kinetic energy of the system is calculated.
This energy depends not only upon the shape of the drop but

alsc upon ihe nature of the hydrodyhamical flow of the fluid
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inside the drop: a non-viscouS'irrotationél flow was chosen.
The transition-state method is used to calculaté the
probability that the nucleus is in é given state of motién
when it'pésses thr&ﬁgh the vicinity of its saddie point.
Having determined thé'probability Gistributions for the
initial conditions near the saddle point, the next step is
to pérform the dynamical Ealculations which tell how the
nucleus divides fog‘a given set of initial conditions. This
is done by solving Hamilton's equation of motion and this
final step leads to the observable characteristics of the
fission fragments at infinity, namely the most probable
fission fraghent energies and the widths of the
distributions in total kinegﬁc energy and fragment méss.
Thesé quantities can be compared with experimental results
sucb as those obtained in the present work. *

From comparison pf this theory to existing experimentall
data, it was concluded (Nix.69) that this simplified version
of the liquid drop model is not able to account for the
properties of the division of heavy nuclei ét low excitation
energies. However, it reproduced approximately experimental
fission fragment mass and energy distributions for the

' ’

fission of heavy nuclei at high excitation energies and

medium mass nuclei at all excitation energies.
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The results of this theory offer the gréat advéntage of

being directly comparable to the experimental data since no

adjustable parameters were used in the calculations.

I3

B) Review of previous gxperimental results on high energy

fission

Fission reactions have been studied extensively through
radiochemical methods, track detectors or emulsions and
semi~-conductor detectoré. Some general features follow from
theserexperimental observations; however, there are still.
several unanswered gquestions and conflicting results
particularly on the determination of when, in the
evaporation chain) the fiésion occurs (first or last chance

fission). .
1) Mass distributions

all studiesrlead to‘the same conclusions that the well
known double-peaked mass distribution, characteristic of low
energy fission, changes over to a single peaked distributionr
characteristic of high energy fissidn (Ste.58). It was also
found that this single peaked distribution bécame wider with

" increasing bombarding energy. Some evidence of the shift of
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the mass distribution peak to lower mass numbers as the
energy of the inqident proton increases was given by Jodra
ané Sugarman (Jod.55), Sugarman et al (Sug.56) and Shamov ef
al (sha.56), bﬁt at high energy, the location of a single
peak, indicating the mosﬁ_probable fission fragiment mass
becomes less certain, The earlier radiochemical
investigations were based on the assumption of prefission

emission of neutrons (or last chance fission) but the

«results could be easily explained by a mechanism involving

fission in competition with evaporation at all stages of

de-excitation (Blo.8#9).

Various results have been reported in Table I where the

"fissioning nucleus" designates the most probable of a
distribution in fissioning nuclei.

L

2) Kinetic energy of the fission fragments

Several investigations on the kinetic energy of the
fission fragméhts lead to the same general description: the

kinetic energy distributions are symmetrically distributed

around a most probable value at which the two fragments have

the same energy. Single peaked energy distributions are in
accordance with the mass (and charge) distributions also

having a single peak.
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F | — |
Target|Projectile|Most probable [Assumed fission-| Reference o
A and 2 -ing nucleus
P v
natas 608 Mev p A=1P94 estimated | (And.76)
Au 450 MeV p Ap = 87.5 175
' Zp = 38 Os (Kru.55)
76
450 MeV p Ap = 93 186
" Zp = 40 Hg (Kru.55)
89
g
Bi  |348 MeV p 196 Ref.6 in
i Pb (KL’U.SS)
82
450 MeV p 186
Hg (Jod.55)
8@
Pb 602 MeV p AP = 93,2 Hg. (Hag.75)
Z2_ = 49 88
p .
Th | 458 MeV p | = 183.5 287 —  _}
Zp = 43.5 Fr (Kru.55)
87
U 2.9 GeV p (Fri.65)

Ap - 118




Among the important results of these siudies is the
finding that the kinetic energy of the incident particle
does not contribute significantly to the kinetic energies of
the products, but that these are détermined eséentially by
Coulomb repulsion. This has been observed for heavy-ion
induced fission (Vio.63) as well as high-ene;gy light-
particle induced fission (Dou.54). This feature will allow
comparison of results from the present work with existing
values of kinetic energy at very different bombarding
energies than the one used in this study. _

| Some of the results found in the literature are reported
in Table II where the kinetic énergy Eyx appears in colﬁmn 4

and the distribution width (FWHM) is given when available.
3) Excitation energy of the fissioning nucleus

_ Several techniques yield information about the
excitation energy of the fissioning nucleus. This energy has
, been estimated via its rélationship to the energy

transferred from projectile to target nucleuspffom:
- the opening angle between the two fission tracks in

-

nuclégr emulsions (Ost.55): the difference between the

observed angle and 186°C is a measure of the momentum of the



27

8 g&
b N
TABLE 11
[ )
Td&get Method of |} Projectile EK (MeV) - FWHM Reference
measure :
nat aglsemi-cond.| 688 Mev p 62 £ 4 [-25 = 3 (And.76)
, detectors )

Ta |Semi-cond.| 156 MeV p 119 £ 4 | 24 * p.8| (Ste.67)

detectors
Au |Semi-cond.|25.5 MeV 3He| 138.6 17 = 4 (Bri.63)
detectors | 120 MeV “He| 136 ®# 3 | 22 * ¢ (Pla.66)
Semi-cond.|25.5 MeV 3He| 145.4 18 % 4 (Bri.63)
Bi detectors 120 MeV p 141 £ 3 24 ¥ 6 (Fla.66)
retoil 450 MeV p - 111 - (Por.57)
recoil 450 MeV p 163 = 8 ‘ (Sug.66)
U |Semi-cond.| 156 Mev p | 161 % 2 31 (Ste.67)
detectors : .
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table where E* is the mean excit
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’

nucleus before fission. The same;fnfOihétion can be obtained
from angular correlation measurements.carried out with solid
state detectors (Kow.62), (Kow.63), (Kow.64).

- recoil experiments (Por.57), (Sug.56), where the

difference in the amount of1fecoiling radioactivity ejectel

in the forwardxdirection over that ejected backwards, is a

" measure of the momentum of the struck nucleus.
- )

' ™~
Some experimental are given in the following

n energy of the nuclei

undergoing fission and P// is the mear] value of the parallel

component of the fissioning nucleus momentum.
Target , Projectile , E* (MeV) P//(Mev/c) . Reference

-

Ta 450 MeV p 186 (Por.57)
pb 600 Mev p | 120-130 (Hag.75)
Bi 450 MeV p 155 (Por.57)

P

466 MeV p |165 £ 45 (Iva.57)
v 6680 Mev p |185 % ¢p o (Iva.57)
668 MeV p 249 340 (Obu.59)
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4} First chance or last chance fission ‘

(//‘ The finding, from experimental observations, that
several particles (mainly'neutrons) are emitted during the
evapo?ﬁtion stage of high eﬁefgy‘fission igsnow well
established. However, the controversy as to when these
particles are émitted (before or after fission) is stili not
settled at the present time. In order to extraqgféuch data
from results on the angular cor;elation\between‘fission
fragments and evaporated particles, it is assumed that the
'pre-fission neutrons are emitted isotropically in the

center of mass of the fissioning nucleus while the
‘post-f;ssiOn neutrons are emitted isotropically in the
center of mass system Qf the fuliy accelerateq fragments.
The knowledgé of the number of‘pre-'and post- fission )

neutrons is of great importahce to the understanding of the \\\\\\
fission process: the number of prefission neutrons is

directly related to the competition between fission and

neutron emission. Measurements of the number of prefissioh-

neutrons for several targets and bombarding energies will

lead to the determination of the variation of ratio I'g/T “of

the fission width to the neutron emission width with energy

and target mass. On the other hand, the numbe} and kinetic
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energy spectrum of the post-fission neutrons as a functlon
of the fragment mass and the total k1net1c energy of the two
fragments will determlne the total exc1tat;on energy and its
partition between the two fragments. -

-Experimentally, the differentiation hetween pre- .and
post-fission'neutrons requires the measurement of the energy
gﬂe angular distribution of the neutrons with respect to the
d1rect10n of the fission fragments and the measurement of
the k1net1c energy of the two fragments.ﬁ ,
The first.attempt of such-measurements was Earriedfqut by
Harding and Farley (Har.56a) in the case of 238q bombarded
with 147 MeV protons. In a previous measurement (Bar.56b),
it was\found that an average 13.1%1.6 neutrons were emitted
per figsion event. The measnred forward/sideways anisotropy
of these neutrons led to the cOncluaion that most of them
were evaporated before fission (the ratlo of the number of .
neutrons at §° to the number of neutrons at 98° with respect
to the fission fragments direction was
N(8°)/N(96°)=1.27%0.11).

Simrlar studies were done with 209g; ang 238y targets
irradiated.withrlss MeV protons (Che.780) and 2mgBi, 2327Th,
2330, 238y ang 239%py bombarded with 45 Mév alpha~-particles

(Fra.75). The results of these studies are summarized below:
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Target,Projectile ,Number of pre-,Number of post-,Reference
. |[fission neut. |fission neut.
289 [155 MeVv p 6.9 1.0 4.2 % 9.5 (Che.78)| —
45 Mev Q 3.6 £ g.2 * (Fra.75)
226pa | 12 Mev p 0.33%0.15 3.20%0.20 (Gay.77)
2327 | 45 Mev Q 2.9 2 9.9 4.4 £.0.3 (Fra.75)
238y |155 Mev p | 5.8 % 1.0 5.1 % §.5 (Che.70)
45 Mev Q 3.6 £ 1.6 4.6 = 0.7 (Fra.75)

<

* total number of neutrons.

From the results listed in the table above, it is to be

noted that while the number of post-fission neutrons

remained approximately constant, the number of pre-fission

neutrons increased with bombarding energy, éuggestive of

last chance fission.

Analysis by Fraenkel and others (Che.78) on the basis of

the statistical model led to the‘conclusion that, while

manipulation of model parameters could produce calculation

results in agreement with these experimental data, the same

parameter set could not simultaneously achieve agreement
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with radiochemical data such as those due to Pate andwk
Poskanzer (Pat.6l) or those in Table I.

Experiments conductea at 12 GeV projectile energy and

' ‘reported by Wilkins et al (Wil.79) also 1n01cated a

preference for last chance fission.

5) ‘Fission induced by pions
; :

Most work on meson-induced fission has been done with
nuclear emulsions impregnated with heavy-element compounds.
Several studies of fission inducedvby slow n; mesons are
reported in the literature but experimental data for high'
" energy pions are scarce. :

D;;ZQEer\Si al (Den.58) observed identical
distributions of ranges for uranium fission fragments
whether slow 1=, 300 Mev nt or 350 MeV prctons;were'used
as projectiles. The ranges of the two fragmenﬁe_were found
to be equal, indicating a preference for{symnetric fission.
An analysis of the light charged particies\emitted in
uraninm fission induced by 288 Mev % (Iva;SB)-led to the

conclusion that the absorption of %

mesons Ooccurs
predominantly in interactions involving a pair of nucleons

(n,p).
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Most of the experimental results on pion-induced
fission,were'found to be in agreement with the'following
mechanism: | |
the incident pion interacts with a pair of nucleons

™ 4+ n+ p ——E—t-n + n + 140 MeV
or T + p+p—=n+p+ 140 MeV
and the rest energy of the pion is nearly all converted
into Kinetic energy of the twd nucleons, which may escape or
start a cascade. |

When their energy is above-3ﬂﬁ MeV, pions create more
or less the same effects as protons. The main difference is
"due to their absoréﬁibn inside the nucleus where their rest
ﬁass is turned into excitati%h energy (i.e. a supplementary
deposit of 148 MeV is left inside the target nucleus). Apart
from this particular point, intré-nuclear cascades proceed

in the same manner as when they are initiated by protons.

i

s

C) Theory of track detectors

1) History
Various solid materials such as mica, glass and some
plasiics are capable of registering tracks of highly charged

fragments. These tracks were first observed in 1959 by Silk
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Most of the experimental results on pion-induced
fission,were.found to be in aéreement with theAfollowing
mechanism: | |
the incident pion interacts with a pair of nucleons

™ + n + p -—%—*-n + n + 140 MeV
or T + p+p —>n+p + 140 MeV
and the rest énergy of the pion is nearly all converted
into kinetic energy of the twd nucleons, which may escape or
start a cascadef

When their energy is above‘3ﬂﬂ MeV, pioné create more
or less the same effects as protons. The main difference is
‘due to their absoréﬁibn inside the nucleus where their rest
ﬁass is turned into excitati%ﬁ energy (i.e. a supplementary
deposit of 148 MeV is left inside the target nucleus). Apart
from this particular point, intra-nuclear cascades proceed

in the same manner as when they are initiated by protons.

i T

-C) Theory of track detectors

1) History
Various solid materials such as mica,vglass and some
plasiics are capable of registering tracks of highly charged

fragments. These tracks were first observed in 1959 by Silk
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and Barhes (511:595 in miCa‘with an-électron microseope.
‘Pr1ce and Walker as: well as other authors showed that the
dlameter of these tracks may be enlarged by a preferent1a1 /d
chem1ca1§attack (or etchlng process) to a s1zevwhere‘they
may be viewed with;an,optical microscopeT The etching effect
has beeh"demohstrated in solids of many different types:
i/ﬂffonié crystals (Yod.SB);mica 1Pri.62a,Pri;GZbZéri.dée),

glasses’(Fle463a) and plastlcs (Fle 63b) ;' 1

An. 1mportant advantage in the use of these detectors 1n
nuclear reaction stud;es is' that there is a well defined"
minimum_rate ofdenergf'loss;required.before a fragment wi11~
produoe a track (as will,be discussedwlater on); Thus,
these dete#tors offer'uhique adyantages when heavy particles
must be studied uhder a variety of adverse‘condifions such
as intense background radiation, high;temperature or low-
event rate: R | ‘ ) N

- a detector can eithstand, without fogging’or fading,
enormous doses of particlesvwhose rates of energy ioss are
less than the critical value of track formation}

- tracks can be formed and stored for lo;g:times.

- thE'preparation, development and observational -
techniques are simple. / ‘

Use of these detectors has been expandihé oontinuously

‘\‘\J
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during the past decade in many fields of sciences

(Fle.65a,Fle.77).
2) Thresholds for detection

The concept of & critical rate of energy loss for track
formation was introduced by Fleischer et al .
(Fle.64a,Fle.65b). These authors calculated rates of energy
loss of various heavy ions as a function of‘the energy per
nucleon for three detectors, and their results for muscovite
mica are displayed in Fig.3, where the experimental points
are taken from (Fle.64a). The tréck registration éfficiency -
increases from @ to 100% within the "transition region® and
the average tracklength increases from @ to the full length-
corresponding to the range;‘For each detector studied these
adthors found such a "tfahsition region" and defined a;

crit Which appeared to be {

critical energy loss réte (qs/dx)
independent of ipcident‘ion:ehergy}and atomic number.
The threshoid or sensitivity of a déteétor will thén be”
defined as the minimum mass énd/or energy of inciﬁent ions
which is deteétablé, that is which depositvthe c;itical
valuq'of énergy‘loss rate so as to create enough damﬁge to
leave an etéhable traék. ‘ )

-7

For example, for particles with ené;gies less than



, Fig.3i Track registration in muscovite mica. The curves
give theicalculated rates of energy loss:of various heavy

ions in mica as a function of the energy per nucleon.
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1

3 MeV/a.m.u, the mass must exceed 28 a.m.u in orderAto form
tracks in the case of muscovite miég. |
Natowitz et él (Nat.68) oSserved'that ions of Z<16 do
not leave, in mica detectors, tracks which could be etched
out to theirrfull lengﬁh. These ions, however, damaged the
mica sufficiently to give observable shallow “"diamonds"
after an etching time greater than one hour. A value of
1.1 MeV/mg.cm‘z»for the critical energy deposition has been
found by Blok et al (Blo.72)£§f?% a registration threshold

’ i e
lying between ion charge z=lﬁl2gd Z=13.
3) Track formation mechanisms

One of the most étriking characteristics of track
registering materials is the correlation of the track -
forming ability with their electrical conductivity.
Insulators and some semiconducting giasssp may register
tracks while metals and the better semiconductors (such as
silicon and germanium) do not. A model for the production of
etchable particle tracks must aécqunt for thig fact, as well

as for the fact that different materials have‘different

critical rates of energy loss for track formation. Several

models for track formation have been proposed, with various
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degrees of success, to account for experimental observations.

5

The first hypothesis as to how particle tracks might be
formed was that direct atomic collisions produce

v

_interstftial atoms and vacant atomic éités (“diéplabemeﬁt
spikes" (Bri.54,Bri.56)). However, this direct displacement
of atogs would be expected to occur equaily~in cﬁnductbrs
and)inéulators and would beéome more prevalent near the end
of the range of a charged‘particle:where tracks often do not
form. | |

| The "thermal spike" Wodei (Bon.61,Cha.63) led to
several conclusions ih contradiction with the experiment.
Thevmajor criticism is that sensitivities of different
materials do not relate in any regular manner~withAthé knowﬁ

melting, softening or transformation temperatures of the

detectors, as this model would suggest.

A model suggesting that track formétion was governed by -

thé total energy loss rate dE/dx had also to be rejected
after its authors found contraéictory experimental results
(Fle.67a,Fle.67b).

The most successful model up to date is the one -

proposed by Fleischer et al (Fle,65c): the "ion explosion .

spike® model. The proposed multistep ?rocess is presehted

schematically in Fig.4. Following the primary ionization,
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Fig.4: The ion explosion spike mechanism for track
formgfion in inorganic solids. The original ionization left
by the passage of a chaged particle (top) is unstable and
ejects ions into the solid, creétihg vacancies and

intersticials (middle). Later, the stressed region relaxes

elastically (bottom).
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an array of interstitial ions and vacant lattice sites.is
produced by\ electrostatic repulsion after which elastic
relaxatiom diminishes the local stresses by spreadlng the
strain more widely. ;h1s model predicts correctly the
conductivity dependence of track formation. It also
predicts that a quantity somewhat different from dE/dx
should determine the presence or absence of tracks: the
number of ions fofmed per unit distance along the particle
path or primary specifﬁc ionization. This guantity has been
compared with dE/dx (Fle.67b) and shown (Pri.68) to be in
better agreement with experiment. Kétz and Kobetich (Kat.68)
suggested that etchable damage is produced wheﬂ a critical
dosage of ionization energy is deposited at a critical
distance froq;the ion's path by secondary electrons. This
criteridn predicts conditions for the formation of etchable
tracks in three detectors (mica, Lexan polycarbonate and
cellulose nitrate) in agreement with published data.

4) - Track geometry and etching efficiency

. The geometry of track etchiné is dictated in the

simplest case by the simultaﬁqu§ actionrpf two etching

-
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‘processes: chemical dissolutionlalong the particle track at
a linear rat; VT and general attack of the undamaged
material at a lesser rate VG (Pri.67,Pri.68a,Pri.68b). This
process creates 4 cone which has the original track as its -
axis as shown inj}ig.S taken from (Pri.71) where it is
.assumed thatlvG is isotropic and that Vp is constant over _?
the length Vot etched during the time t. A layer of surface
material of thickness Vit is removed at the same time that
the etched track is developing so that both of the direcfly
observable quaﬁtities, the tfack diameter D and the visible
tracklength 1, are the result of thé co;petition between the
effects of Vg and V. Thersmaller the excess of Vp over Vg,
the smaller D and 1 will be (or thé_larger!the cone angle
8=arcsin Vo/Vg) . Geometrical rela*ions giving the mesuraleJ
quantities in terms of etching parameters can be derived
(Pri.71,Hen.71) both for a vertically dincident particle (a)
and a particle incident at a dip angle 8 (b).

Various degrees of sophistication have been added to
this ver§ simple model after it was found experiﬁentally
that V. was not constént along the tracks but rather
inereaséd with the'sionization rate. The first detailed study
for varying V, was made by Fleischer et al (Fle.69). It was

assumed that V. was isotropic, which is true for glasses but
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. Fig.5: Track geometry with constant Vp and Vg:
(a) for vertical incidence;

(b) for incidence at dip angle® .
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not for most crystals (where the raté of general attack as a‘
function of crystél surface orientation can be elaborafely,
complex). Somogyi et al (Som.73) developed a model .
(track-diameter kinetics) which is able to accountvar'the»
most compiéx case of anisotropic solids with varying VT'
This model was improved later on (Som.77). |

Tracks inclined at less than the cone angle 6 to a
surface are not revealed by etching as can be seen from
Fig.s. As was showed in‘Fig;S, the angle evdépends on VT and
Vg- fig.6 (a) shows that if the cémponent hormal‘tb the’
etched surface of preferentiai etching along the track .
(VT sing ) is less than Vg the materiai i;‘removed so
rapidly'that the preferential etéﬁiﬁg fails to keep ahead:
as a conséquence, no t;acE”is‘Fé%eéled. Fig.6 (g) shows the
case where ¢ =86. Arcsifr;}""VG/VT=ec is the critical angle above
which tracks will be registered. k o

This critical angle g, has béen measured/exéerimentally
(Kha.72) and found to be 4° 36' * 39' in ihe case of mica.

'5) Comparison of tracklength data with theoretical

stopping models

An energetic ion moving through a crystal -interacts
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Fig.6: Track reéiétration geometry:
" ‘(af for ahgle of incidence (less than arcsin(VG/VT),)-
fthéJsuffgéé<is removedbat a greéte: rate than the normal
éo%pénéét»VTvand therefore no ;rack is observed;

: \J(b)‘arcsin(VG/VT) is the critical angle 6, above which

tracks are registered. J
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both with the positively charged nhclei and with the bound
or free electrchst,For the nuclel,'the ion is scattered'by
its coulombic interaction with the‘positively charged nuclei
and kinetic'energy is transferred to the atoms as a whole.
For electtons, one must consider bothbthe excitation to
higher atomic energy levels and the ejection of electrons.
° The ejected electroné, called delta rays, can produce
further excitation and‘ionization if they carry ehough
energy. Nuclear stopping will be predominant at low ion
velocities, while electronic stopping will be predominant at
higher velocities. Generally, one considers that the two
effects are independent and separates the ehetgy loss rate
into two components: ‘

aE aE dE

) = (- ) + (- )

dx dx  nuci dx  elec o :

(_

It has been suggested (Mor 7@) that track formatlon is-
not cr1t1cally 1nfluenced by nuclear collisions since, if 1t,
were, tracks would be expected to occur equally well in
conductors and 1nsulators, and be more readily formed by low

£

'veloc1ty ions, both in direct contradlctlon to experlmental
observations. These authors calculated that a fission
fragment with an energy of 66 MeV-would displace only one

atom every 1l nm of the path length. This relatively large
\
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spacing does not appear to fit in with thé intense damage
associated with a fission fragment track.

The energy loss due to electronic stopping is given by:

dE/dx = NS_ (I1.5%

where N is the number of scattering céntres per unit volume
and S, is the electronic stopping cross-~section. |

One of the properties of particle tracks is the fact
that, in materials with the highest thresholds for
registration, the distanﬁg‘to.the point where a
track-forming particle comes to rest exceeds the length over
which preferential etching»is observed. Therefore, the
visible tracklength left by a particle will be smaller than
its range in the paréicular stopping medium. The difference,
callea "range deficit" or "terminal tracklength deficiéncy',
was recognized by Fleischer et al (Fle.64b) and Maurette
(Mau.66) on the basis of studies with fission fragments, and
was later put on a firmer basis by Price et al (Pri{68c).f.
Aithough ig ig‘possibie that a portion of the deficits

observed was in fact caused by uncertainties in range-energy

relations, Fleischer et al (Fle.75) formulated the

conclusion (based upon several observations) that the

deficit is real and of increasing magnitude for detectors of

¢

decreasing sensitivity.
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VThe,range R is related.to the observed tracklength L by

the relation:(
A R =1L+ ALt + AL (I.6)

;where AL, 'is the terminal def1c1ency Just discussed and
ALs is the apparent tracklength shortening due to the etching
~ away of the undemaged mica surface. o
| Ffom.equetions (I.5) and (I.6), the trackleggth panlbe
expressed ae:

dE

-ALg (1.7)

s

Lindhard and Scharff (Ein.61) gave the electronic
stopplng cross-sectlon as follows : -
ZIZZ v

Eé_Bﬂezab X —— (I.8)
Z Vo

Se (E)

-

with 2 = (212/3 + 222/3)3/2. The subscripts 1 and 2 refer
to the penetrating ions and the stoppinglaedium atoms
respectlvely, e is the electronic charge, ao the radius of

"the first Bohr orb1t of hydrogen, v, is the velocity of the

o

electron in that orbit and v is the ionic velocity. The

quantlty Ee may vary wlth Zl approxlmately as &£ ~le/6

In the llterature, Ee is sometimes treated as an
adjustable parameter (Dem.72) and Aras et al (Ara.65) found

best agreement with fission fragment ranges in aluminum with
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a value of Eezzlg'21l' The same kind of study made by
‘Nakahara et al (Nak.69).1ed to a value of Zlg-212 for £,. In
the case of heavy absorbers with 2 values ranging from 74 to
92, Hontzeas et al (Hon.71) found that . had to be
dependent not only oh the mass (or chatge) of the fragment
but also on the mass (or charge) of the the atoms of the
stopping medium.

Expressions such as Eeré 215'7434ex9[‘g'7698 (Ay+Ay/A5)]

géﬁe fhe best‘agreement when compared to experimental data.

- The Z, value for'a‘complex stopping‘medium is generaiiy
‘taken as the weighted average for the various kinds of atoms
present{ In the case of muscovite mica,

KAl, (Si3 Al Oy4) (OH,F),, there is an uncertainty in the
~relative number of hydroxy and fluoride groups andran equal
number of these groups has been aégumeé. Average values are
then calculated as <A>=28.¢ and <Z>=9.9 for the effective
mass and charge‘numbet of thé mica stopping medium.
Integration of eguation (I.7) with the expression of Se
from equation (I.8) included yields:
- - —f~~~wA~2sr423¥1#ﬂ477w474~— - :[1 - -
L = 1:E -ALt -ALg . (I.9)
11. 31Nne2aoz1z25e

='~

B
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The tracklengths in mica should therefore be repiesented
by:
L =bEC -AL (1.10)
where E is the energy of the peénetrating ion in MeV/a,m.u‘
and AL = ALt + ALS. The exponent ¢ is expected from equation
(I.9) to have a value of £€.5 and, from the same eguation:
7 2 v A

- 0 2/3 2/3y3/2
b = , X (2 + 2 )
11.318me2a 2,  3,7/6 1 2

if L is expressed in cm while e is taken as,zll/6
Ay

or - b = 8.0552 ——— (2,%/3 + 2,2/3;3/2 (1.1
| 2,7/ |

When L is expressed in mg.cm'2 then :

' 2v.d = A
b = ° 1 (2,273 + 7,2/3)3/2

X
2 7/6
11.318me2agz, 2,7/

where 4 is the density of the mica (taken to be 2.919.cm°3).
Inrthé presént work, £, was choseﬁ (as suggested by‘LSS
theory) as le/ﬁ. Since the aim here was to obtain a
calibration for the mica, another value of £ e would have
given és good a result as the one chosen here. As will be

seen later (section II-A-2-a), the expe;imentai values of the

parameter b and the values calculated by means of equation ~
(I.11) were related through an empirical relationship. By
setting Ee = 219-212 insteaq of 211/6, it was then found

that the coefficients entered in this empirical relationship



would have to be different but the overall fitting of the
experimental results was not affected by suéh a change.

As early as 1962, it has been observed (Tep.62) that
the dependence of the range>6f;$everal ions studied and |
theif specific energy loés oﬁ their ionic nuclear Eﬁarge Z
waé not monotonic.

Later, Ormrod et al (Orm.63,0rm.65) subjected the LSS
thepry of electronic stopping to a systematic experimental
tes; in carbon and aluminum films at low energy E<<140 keV.
Altbough the overall agreement with theory was reasonably

good they found a striking-oscillatory behav1our of S as a

s

f!nctlon of the atomic number of the projectile. Fastrup et N

al (Fas.65,Fas.66,Hve. 68) further extended the gamirical

information of the stopping process of heavy 1ons'in/;a§5nn

: o
films. It was of particular interest to study the {\ |

L

oscillation of Se at higher projectile velocities where it

is expectgd that effects such as electronic shell structure
of theeggns would be less important. Their data exhibit the
same qgualitative behaviour. The same type ofAQbserﬁations

were reportea by other authors (Gil.64,Kap.66). =

As will be seen later (section I1I-A-2-a), this

oscillatory behaviour was also observed in the present

calibration study. However, the objective of the calibration
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experiments was not so much’ to check theoretical stopping
models as:to calibrate mica for determination of the
"tracklength of fission fragments. The comparison’with
theoretical stopping models of the vafiation of the

traéklength as a function of energy can be used to this aim.
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e  II EXPERIMENTS USING TRACK DETECTORS

= k8

o
L

a) %xPeriments with mica in a scattering array configuration

The scattering array configuration was used when
angular distribution'and tracklength information as a
function of angle to the beam was needed for single tracks,
but when coincidence information between tracks was not to

be preserved.

l) Experimental technigues , - N

a) Irradiation facilities and experimental

set-up

- Calibration of the mica
E;traction of the distributions in fission fragment
mass and energy from the distributions in tracklengths
observed in mica requires a knowlédg,e of the tracklengths in

mica for a range of ions of known mass and energy. Such
!

calibration data have been obtained previously
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(Blo.72,Blo.74) fo; a series of ions from Al to Au, with
energies in the range 8 to 1 MeV per nucleon. However, data
for fhe heaviest ion studied (Au) were relatiQely few in
number and a gap in the data existed for ionic masses
betwegh Au and Ag. Improved célibration data wére needed in
the mass region above Ag since extrapolation of the o
previously existing data to masses in the region of the
heavy mass peak from uranium fission was found to be
difficult and inaccurate. Such‘data were obtained in the
present work by tracklength measurements in m{;a of iodine
ions Rutherford-scattered off gold target nuci?i.

The experimentaf arrangemeht used is shown
schematically in Fig.7. Irradiations of free-standing'gold
targets of lsé ug.cm‘2 thicknéss were made (byaDr. Brian
Pate in collaboration with Dr. David Ward of tbe Chalk River
Nuclear Laporatories) with a'l32-MeV 1271 beam from the CRNL
tandem accelérator at'Chalk River (Ontario). Béam currents
and irradiation time's were those calculated beforehand to
produce track densities in the mica convenient for scanning.
Freshly cleaved sheets of mica were arrangeé around the
periphefy of a 18-cm radius scattering chambe;, incliped>soi
that thé scattered projectile and target ions were incident

on the mica surface at a known 38-degree angle. This angle
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L%

Fig.7: Scattering chamber arrangement for the calibration
experiment at CRNL (the chamber used for irradiations at
Lampf was similar but a different size and angle of

incidence).
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ensured efficient track registration and also allowed
calculatioﬁ,of the actual ttacklength from the measured
projection. Measurements could be made’from 20 dégrees.to
160 degrees with respect to the beam direction. \\

Natural mica is known to contain trace quantig}Fs of
uranium (Gom.76,Gom.77) whose spontaneous fission prbduces
fossil tracks. The mica can be annealed by heating at\high
temperature in order to remove these tracks. Total fading uf
fission tracks in muscovite mica is reported in the
litefature to occur after one hour heating at temperatures
ranging from 588°C to 788°C (Fle.75). Before irradiation,
the mica sheéts were therefore heated at 560°C for one and a
half hours. In case the patural tracks were not completely
removed by this heating B?pcedure, the mica sheets were élso
treated in 48% HF (ie HF solution'in waterAwhi?h was 48% HF
by weight) at room température for two hou?g?/&his
pre-etching was expected to cause primbrdial tracks (or
their remnants) to be etched to large pits, which were
easily distinguishable from the tracks produced during

irradiation. However, no such primordial tracks were S

observed during the scanning of the samples.

tr———y
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~ Fission studies

The irradiations took place at Los Alémos (New Mexico)
with the Los Alamos Meson Physics Facilitf (LAMPF)
accelerator delivering a beam of 888 MeV protons. Targets of
gold, silver ;nd uranium tetrafluoride were located in the
center of a 13cm radius chamber. Here again, the mica
detectors were arranged around the chamber at a known
45-degree 5ngle and the expériﬁehtal géometry was again as '
Shown in Fig.7. Prior to the irradiation, the micas were
‘qnnealed and a1§o treated with HF and heated as described

earlier.
b) Target preparation

In both cases (mica calibration and fiséion'stu&y),_the
gold and si}ver targéts were freerséapding whereas the Uf4
< was deposited on a free standing silver ba;king (of very
Much loﬁer fissiiify). The gold and silvét'used for éargét
~ preparation Qére‘of natﬁrél isotopic*abﬁndance and guite
puréﬁ 6N gold shétA(Alfa prpduétg*) and SNfsilver;néedlés .
(Matheson, Coleman and Bell**), The UF, (y;th,natufal o
) htiﬂfﬁﬁ)ﬂﬁis’dbféinéd,fféﬁ ﬁeéeérchrOréanic/ihéfgaggé
Chemical’CorPOration***} | ’
The ftee standing target mate;ial was vacuum deposited

L ' . : .
on a glass plate and then lifted ve;y'glowly from the glass
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by surface tension with distilled water until the thin foil
was floating entirely free Bn the surface of the water. The
foil was then mounted and tightened on a 4s7cm by 5.5cm
rectangular frame in the case of the fissionfsfudy and on a
8mm diameter circular frame for the calibration experiment.
Gold and UF, targets were mounted on aluminum frames and
silver targets on reactor-grade graphite frames. Fission of
the heavy element conﬁent of the aluminum was not intense !
enough ﬁo contribute significantly to the track density (via
irradiation from the beam halo) in the case of the
relatively fissile Au and UF, targets. For Ag, however, the
interference was expected to be more serious Qnd graphite
frames relatively more free of heavy element impurities were
used. The thickness of the targets was determined by
weighing the glass plate before and after deposition of the
target material; the area being known, the thickness in
ug.cm~2 was calculated assuming that the déposition of
material'was—hbmogeneous. In order to improve‘the .
homqgeneity'of-thé targeté, the glass plates were disposed

symmetrically around fhe!evaporating filament at a distance

of the order of 3fcm and the evaporation was conducted at a
temperature very slightly gréater than 'the metal boiling
point'which gaie a slow éndvmoré’uniform deposition. The
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.evaporations were ¢arried out at a’bfessuré of ~18~° torr
using a resistance heated tuﬁgsten filament. |
A test of;the target homogeneity was performed on a
gold target. Aftér evaporation,}nine squares (4cm2 each)
were cut by scratching throﬁgh the gold deposit on the glass
plate, then Ehe separated squares were lifted separately
with distilled water as jusitdescribed and weighed after
drying. The weight values agreed to within 8% and the
average thickness was in good_agreemept'with the thickness

calculated for the target as a whole. The target homogenéity

can be taken as acceptable considering the fact that, in the

B% uncertainty the errors in the determination of the
separately weighed areas were included.

The thicknesses of several UF, targets (ranéing from
Sﬁug.cm'2 to BEBug.cm'z) were checked by alpha counting and
comparison with an.uranium source of known,mass. Following

are some typical results :

Target thickness (in ug.cmfz) determined

by alpha counting . by weighing
47 ® ¢ 47 * 2
172 = 11 171 £ 3
362 = 9 385 % 4




As can be seen, the agreement between values determined
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by alpha counting and by weighing was ‘quite good, thus

establishing that the method for measuring the targets

thicknesses through their weight was valid and of sufficient

accuracy for the'present purpoée.

The target,chafacteristics are shown in the following -

table: ~
Experiment Térget Target Backing Frame
element thickness thickness size
| g 2) | (ug.en~2)
| s

fission Au 514 £ g 4.7x5.5 cm?
Ag 284 = 5 4.7x5.5 cm?
UF, 88 * 4 |ag 177 ¥ 3 |4.7x5.5 cm?
calibration Au 184 = 3 4mm radius

c) Etching and scanning of the micas

After the irradiation, the micas were etched with 48%

HF at 28°C for a period of 28 minutes, conditions previously

found to be optimum (Blo.72), in order to form tracks

visible by optical miéroscopy. Since the angle at which the
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scattered ions-or the fission fragments éntered the mica was
~-fixed and known, only the projected length of the tracks
needed to be measured via two~dimensional scanhing. The ’
scanning was achieved with a Zeiss‘micrbscoéé using a.63x
aif objective'and 16x eyepieces giving a total magnification
of 1886x. The scanned area wasrdete;mined by means of two
Mitutoyo mechanical gaﬁﬁéé (having P.81lmm graduations) which
measured displécements in two coo;dinates in the plane of
the microscope stage. The projectéd track length was
measured using an eyepiece graticule. This graticule as’well
.as the dial gaugeé were calibrated by means of a Bausch and
Loﬁb 8.61mm stage micrometer.

7

2) Data ﬁnalysis and results

a) Calibration of the mica

3

The tracklengths from ions arriving at preciseiy known
angles to the beam direction were measured and histograms

were constructed. A fitting of these histograms using the

extract the corresponding most probable tracklength value.
‘The fitted function was, as previously (Blo;74), a

Gaussian with a tailing towards shorter tracklength:



.where P
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For R< Rp,y=T2  P(R)= Ppay.exp(T2 (2R=2Rp,,+T2)/202)
For R> Ry, ~T?  P(R)= Ppayeexp [~ (R-Rp, ) 2/2p2]

max is the maximum helght of the dlstrlbutlon

Rmax is the corresponding tracklength value THW{?MW”
8 is the width of the Gaussian (p=FWHM/2 355) and
72 is a talllng parameter.,“”,

. Typical histograms and fitted curves are given in Fig.B
and 9. The number of tracks with length in a particular
tracklength interval (1n arb1trary un1ts) is shown for |
iodine (Fig.8) and gold (Fig.9) at a 57 degreerangle with ’
respect to the beam direction.tFig.lﬂ shows.the same types

of distribution at a 49° angle where tracklength values for

I apd\Au were not different enough' to give two distributions

- separa ely. However, the situation was handled easily with

the fitting procedure—and two most probable tracklength
values qxtracted. Differentiation of Au from I ions in this
and all other cases was easxly accomplished via the

predlctlons as to respect\ve-inten51ty as a functlon of

angle calculated using Rutherford's scattering cross-section

formula:

2 2
do Z,25e v 1

an 4E; [/ (A1+A7)] 8in2(g.p/2)
where Z is the charge of the fragment and e the electronic

charge.



K

"Fig.8: Typical measured tracklength distribution for I
ions fitteq to the dist}ibution function described in the

text.’ , T . S
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Figkgi)Typical measured tracklength distribution for Au ¢
ipns.fitted to the distribution function describgd in the

"text.
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Fig.l1@: Measured’tracklength'distribution for both I and

+

Au ions.
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-

For gold, p was found to be (0.13*@.02)mg.om'2 and
72=(9.15%6.87)mg.cn~2. In the case of iodine :
p%(ﬁ.lﬂiﬂ.EZ)mg.cm'2 and T2=(ﬂ,13iﬁfﬂ3)mg.cm'2. These
results can be compared with the valies féported‘bY’BIoE:eE'
al (Blo.74) : for the same fitted function applied to all
the ions studied, they determined p=(2.08%9.81)mg.cm™2 and
T2=(0.ﬂ77*é.926)mg.cm'2. Considering the fact that the
experimental conditions were completely different (different
‘target, projectiles, energy, scattering chamber) and that
the scanning was done b§ a different person, one can
consider the present results to be in reesonable agreement
w1th those obtalned prev1ously.vTherefore, the range
dlstrlbutlons of all the ions studled was regarded in this
wérk as represented\by the same w1g?h;aad’f;filng '
parameters. | |

The trackiength values corresponding’to the fUnction
maxima were taken as the most probable tracklength values
after correctlon for the 30-degree angle of 1nc1dence on to
the mica. The corresponding energies of the scattered ions

were calculated via the'conventional'Rutherford'seettering

formula (R@t IIT**/’*;

[1+(A1/A5)2 + 2A1c08 6 on/Ry] Ej A22

E1=
(A +hy) 2



'E2;= 2Ei(Al/A2)(l+cos ecm)[Az/(Al+A2)]2
where the subscripts 1:and 2 refer to the scattered
projegfile and target nucleus respectively;'A is the mass of
the'scattered‘f;agments with an energyti)}n the center of
mass, E; is the kinetic energy of the ihéideﬁ% projectile in

the laboratory‘system and 8 om is the center of mass

scatterirg angle. The center of mass and laboratory angles

Sem apd 81ap 2re related through the following eduation{

§

sin 6 em

tan el b =
a - cos B..+(A;/A,)

which permits the conversion of the energy“values‘to the
laboratory‘system; These energies were not corrected for the
energy loss by ions in the gold target since it was
calculated to be 4% (and hence negligible) for the worst
case of An incident iodine ion traverSing fhe entire targef
thickness 3pd then being scattered at backward angles.

The variation of the most probable tfacklength as a

~ function of énergy for gold and iodine isag}otted in Fig.1ll

together with the previous data for other idns (Blo.74). As

e

~one can see, the iodine data féllﬁqt the expected location

and follow the general pattern oﬁ the other curves

determined earlier. The present gold data are found to be in

good agreement with the few“values available previously.



Fig.li:,uost prébable'tracklength as a function of
incident ehergy for “ions from Al to Au. Data for‘I_and Au
are from this work and the rehaining data are from (B16.74).
Solid curves are calculated from equations (II.l), (IIﬂZ)

and (II.3) in the text and dashed Ei?Vés are best fit.-

»
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As described in section II-A, all the data shown -in
Fig.ll‘ﬁere expected to be represented by ap equatkon of the
| forﬁ: o

= bEC -AL (II.1) e

where L is the measured tracklength iﬂ mg.cm‘2¢, E is the
incident ion energy in Hev.ahu'l, while b, ¢ and AL are
constants for a given ion. | |

, ‘Parameter b given by equation @I.llf (section I-C=-5)
will hereinafter be referred to as "b from tbeory" or "bth"r
while the parameter c is expected (see equation (1.9))'td
have a valﬁe of 6.5. A

A first fitting of the new data for‘I end Au (and the
previous data for other ions) with equatlon (II.1) was done
by the least squares technique treatlng b, c and AL as free
parameters. It was found that a value of c=0.5 |
(cOrrespondihg to the theory) fitted‘the data about as well
as other values. Therefore, since ¢ is expected to be
independent of ionic composition and in order to reduce the
number of degrees of freedom by one, it was fixed at the 8.5

value for all ions and the tracklength data were—reflttedf—w71~fw

uitJ'LAL anibJEL variables. The best_ irtxalueajf, b and AL, 4 -
then obtained are reported in Table III and compared with bth-

As can be seen from this table, the b and AL values for Al
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- - x ~— TABLE III
Ion b ogit AL £5¢ Pip b+byp chi
s squared
& .
Al - 1.88 % g.g8 .61 £ 0.06 2.41 4.29 6.823
- - — 4
— e e e B
al, 2.45 £ .83 1.00 (fixed) 2.41 4.86 9.095
- Ar 3.15_}'b;§§ o ﬂ.97”1¥ﬁ}ﬁ8- 2.94 6.69 1 8.239
Ca 3.06 £ g.a7 0.94 * p.07 2.78 5.78 6.079
- ‘
cr .| 3.29°t g.11 | @.88 * .18 3.27" 6.56 0.067
Ni 2.98 £ .05 0.76 £ 0.083 3.42 6.40 8.337
| se 3.58 £ .04 .76 £ 9.03 - 4.18 7.76. 0.603
R | '
Kr 3.31 £ g.11 0.57 £ 9.89 4.33 7.64 | @.455
Ag 3.80 # 9.16 0.41 * 0.08 4.94 ' 8.74 9.026
o 1 | 3.53+@.04 | 0.44 * 6.03 5.52 9.85 | @.812 | -
3 ) : - {
‘ Au 4,37 + 8.15" .44 + .07 " 7.34 11.71 0.109



- data. However, if AL was: flxea at 1.9 mg. cm'2 for Al (more>'

78

&

1ons did not follow the trends exh1b1ted by the rest of thet,

in accord wztn the values for other 1lght 1ons), the best -

& ©

»f1t value obtalned for b was 2.45 i 8. ﬁ3 w1th _an_acceptable

chl—squared value of ﬁ.Q95.The»curves oorrespond1ng to the

best fit parameter values are shown as broken lines on

Fig.1l. - — S
For the appliCation of these data.to the analysis of
fission:fréément tracks, a single formula giving tracklength

over the range of ionic masses and energies covered by the

fission fragments would be most desirable. An earlier

‘fanalysis of these calibration‘data‘by the author (Dau.78)

' expeoted‘toibe located). The best fit values of b'adged.to

&
led to a general formula based ‘on the rat1o b/bth as a

function of the Aonic nuclear charge % fltted téja monotonic

function of the form: o ' _ -

b/biy, = a + b exp(-c2)

However, it was later found that a formula arbitrarily

giving b+bth as a function of the ion mass A led‘to much

‘more coherent results especiaily.in the case of ions heavier

7thanWSe’(i,e,igrthefregionjwhEréftheﬁfission,fragmentszare< e

'the corresponding values of bth‘are shown plotted againdt

ionic mass in Mg.12 ; the best fit values of4AL as a
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@'¥ig.12:.Best fit values of thétparamétet b*added ;oq;hé

Tt orm T CTTT T :'”' TR T T Tt T T s e :’\’ T T o
corresponding theoretical valuesz(bth) as. a function of the

e, g . ) . 7 S .
ionic mass. The curve is a.fitted -function-from eguation
" (1I1.2) in the- text. The error baré correspond to the

uncertainty of the fitting process.
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function of the ionic nuclear charge are reported in Fig.13. -
In béth Figures 12 and 13, the error bars correspond to*tﬂe
~~uncertainty of;thé fifting_érocéss. | |
The application of tﬁese data to analysis Qf range '
dist}ibutions observed for fissioh fragmenfs necessitates an

interpolation Eo paramgter values intermediate t? thqge for
which ekperimental data now-exigt; The apparent departuge ,
from monotonic variation of ghese parameters with ionic
nuclearfcharge and mass shown in Fig.12 ané 13 make such .an ’
interpolation difficult. (Such oscillations were repofted
earlier (Blo.74,Dau.78)). In order to obtain a convenient
interpolation procedure, the data in Fi§;12 were-fitted to a
monotonic function of the form: _ | &y
b+by, =c+dn 23 (11.2)

x

whereas the data in Fig.l3 were fitted to a function off&he
N ' \
tyﬁg;

The fitted function are plotted as the curves on those

AL = e + £ exp(;gZ) (II1.3)

figures. The best fit parameters were found as follows: e

-t

for equation (II.2): c = 2.84*@?22

d = 8.257%g.011

" in relation (II.3): ~ e = 8.17%0.20

&

f = 1.65%9.21
g = 8.04%p.02



Fig.13: Best
nuclear charge.-
equatioﬁ (I1.3)
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Values for b and AL taken from the curves in Fig.12 and 13
and ‘inserted into equation (II.l), led to trackléngth-energy
relation;hips which are shown plotted in Fig.ll as sbli&
curves. The discrepancy between the calculatéd and the/
best-fitrrelationships is the largest for Al which is close
- to the ionic charge ‘treshold (found at Ne) for track
registration in mica but is otherwise less than 15% .
This is considered to‘constithte an-acceptable Srror,for the
present purpose. This set of relationships constitutes the:
mica calibration which was used for the fission studies
using the mica as a detector. |

b)»Fission studies ° >

Tracklength distributions were measured by scannin

micas %}Qésed at several -angles between 20° an
respect to the beam direction; these distribu 'pns were then -
fitted to Gaussian functions in order to obtain the most \

probable value of the respective projected tracklength. The
~angle of incidence of the fission fragments to the mica
- being known, this projected tracklength value was converted

. . i = - )
into a real tracklength value (expressed;ihﬂ@g/g@f{tﬁgygl;”

1

curve giving the most probable trackleagth as a function of

the laboratory angle was then analyfed using the program

>

.
B « ®



RADICS (for RAnge DIstribution CalculationS) written by
H.Blok and modified for the;oresent work in order'to incluée
~the new mica calibration relationships just described.

A brief outline of the program will be given here and a’
detailed description canlbe found in (Blo 75)
’ The mass of the fiSSioning;system At being entered as a
parameter, for each combination of fragment masses Ay and A,
(such that AlfAé=At),'a,kinetic energy of each fragment }s
calculated. In order to do so, it was assumed that tne

scission configuration was, that of two tangent charged

spheres. The total kinetic,energy is then given by:

| 21%, -
E = C 172 : (II.4)
A 1/342,1/3

o

where the subscripts l’and.2 refer to the fission fragments.
The.constant C is obtained by normalization of the
calculated average total kinetic energy release to_ the

energy E, (calculated by the program from the data due to

Nix (Nix.69) or entered as a parameter) for the case of

T

symmetric fission such that:
‘ | 1/3
2 ASV/

t 2
)

C=E

- (II.5)

where E; is the total kinetic energy release for the case.
of symmetric fission (i.e tangent spheres of egual Zg and

A.).



s

Combining (11.4) and‘(II.S), one sbtains:

1/3 '
E(Ay,A,) = E, 2 A/ X ‘L %2
« E(Ay,a, t 2,2 2,1/34n,173

In order to transform these ene;gies from the center of.

mass system.into the laboratory sySﬁgm, it was'nepessary to
know the momentum of‘the'fissioning system. | ‘

| Porile and Sugarman (Por.57), (Por.68) and Alexander et
al (Ale.63) found that the momentum component transferred to
the target nucleu; and parallel to thé beam axis (P//)

increaséd with the excitation energy EX of the residual

cascade nucleus. The lowing relation hgs been widely used

for many targets: ‘
E*/Ecy ~ 8475 P, ,/Pc,

where P, and E., are respectively the momentum and

excitatiqhaenergy of a hypothetiéal éompouﬁd nucléhs form;é

by the fuéion of proton and target nucleus. The coefficient

of proport@opality has been taken as above.by some authors

(Cre.68), (Lag.76), (And.79) while, in other studies

(Che.68), (Hog.69), different'values were used. In the

- present work, the correlation coefficient between Py/'and'E*

was obtained from the results of the intranuclear cascade

~

calculations using the computer code ISOBAR. Fig.l4 shows

such a correlation in the case of a gold target with an
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Fig.14: AQerage value. of the momentum parallel to the
beam axis (p//) corresponding to a given ekcifation energy
!'E* as calculated by the ISOBAR code for a gold ﬁarget
~irradiated with 86@ MeV protons.

P in MeV/c = p in (Hev.amu)l/2 x 38.52
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'1nc1dent proton energy of 8@0 MeV where:

| | E*/Ecy = 0.89 P, /e, - 0.1
A similar expresslon was obtained for an aranium target
bombardeo with 860 MeV protonms: ’ ',

E /E = g.91 P///Pcn - 8.1

;;e error in the f1ttlg procedure being *@.62 and *0.03
for gold and uranium‘respectively, a single value of 0.990
for the correlation coefficifnt'was used for beth targets.
The analysis by the prOgram RADICS Qas carried out by
entering the excitatioq energy‘E* as an adjustable
parameter. |

‘A broadeqing of a presumed Gaussian fragment'kihetic
~energy distribution was entered into the calculation
(Nix.69), as well as the effects of the exberimental angular
resolution and the target thickness. This latter w1ll also
shift the measufed mean energy value.

For each mass, a range distribution was then calculated
using theﬂrange-mass-energy relationship previously
established rrom theimica calibration and the above_energy
distribution. The_distributibn for each mass was then
weighedybyra factor correspondingrto the yielh for}tﬁat mass
obtained by assdﬁiﬁéreitheerisingie'Gaﬁssiaaimassuyielé N
distri?ution or two Gaussians, or a triple.GaUSsian.



Finally the weighted range curves for each fragment mass

were added together for all the masses in order to give‘a

 total fission fragment range distribution in the laboratory

F ¢ - .
" system. This calculation was performed for each laboratory

engle where a tracklength distribution was measured, so that

a direct COmperison could be made with the experimental
results. This comperison was carried out by'adjustingn
parameters entered in the program uniil an agreement with
“the measured range distributidns was achieved;

For the study of fission at low bombarding energy where
foqmation of a cempound nucleus was expected, the fittdng of
the RADIéS program results tp the experimental data was

-achieved (Blo, by adjusting the total kinetic energy
released andJ::zTQxcitation energy which were therefore the
quentities determined by the analysis. In the preeent high
energy fission study, the mass of the fissioning-eyetem»kasa'
not known and wa? therefore taken as an adjustable

- parameter. The total kinetic energy in the center of mass
- gystem obtained from the experlments conducted with

seml-conductor detectors (see section III-B~3) -‘was entered

as a known value and fixed (assumlng that there is

o o ¥
essentlally zero vazlatlon of,the fission energy between the

bombarding energies of the two studies of 480 MeV and

-
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888 MeV). The calculated range was then fitted to the

experlmental data with the mass At and the excrtat1on energy

E* of the f15$1on1ng nucleus used as- adjustable parameters.

A change»1n the value of the mass A, w111 shift the

B

~calculated curve of ranges as a functlon of the iaboratory

angle'to hlgher or smaller range values. On the other hand,
a change in the excitation energy will actvupoﬁ thefslepe'ef
the curve. | |

The experimental curves as well as the ¢alculated ones

are shown in Fig.ii and 16 in the'case of gold’ahd uranium

_respectively. The best agreement between calculation and

experiment was acﬁze;ea*fqr the following values of mass and

excitation energy of the fissioning nucleus:

' Target A, (amu) e* (MeV)

Au 199 % 5. 150

UF, 234 £ 2 95
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Fig.1l§: Most probable;trackiength (in mg/ckz) measurea in .
mica-as a funCtion"offthEWIabcratqry”athé’féf”é”b@Ia*féfgéf"¥’
‘irradiated with BﬂﬂrneV'protbns.'The uppér and lower curvés
aré the ﬁittiné w}th'?he program RADICS for values of the -
_fissioning mass A, of 195 amu and 185'amu respectively. The
triangles represent the beét fit for'At=190 amu. - The dip
in the curves observed at a 909‘ang;e is due to the

fission fragments energy loss in the target.
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Fig.16: Most probable tracklength (in mg/cmz) measured in
mica as a function of the laboratory angle for ‘an uranium
target irradiated with 888 MeV protons. Tﬁe upper and lower
curves are the fitting with the program RADICS for values of
the fissioning mass At of 236 amu and 232 amu respectively.

The triangles represent the best fit for At=234 amu.
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B) Experiments with mica in a sandwich configuration

a2
The sandwich method has alreedy been investigated and %
used in a few cases for measurements. It was;proposed by
Cieslak et al (Cie.66) who described the preparation of mica
ceandwiches and studied the average efficiency of track
registracion“for several angles of incidence to the mica
surface ranging from 6° to 9¢°. The average efficiency of .
observation of fission fragment coincidences was eftimated
to be (96 ¥ 5)%. However the aim of this study was to
 establish a method that could be used in experimentS‘to
obtain cross-section data for high-energy fission.
'Mica sandwiches were used (Hud.69) to measure the fission
cross-sections of U, Bi, Au, and Ag targets bombarded  with »
0.6 to 29 GeV ptotons. The,sandwich method has been used
moreefa;ely in order to extracc the mass and energy
distributions of the fission fragments. Ait-Salemre; al
(Ait.68) investigated the low energy neutron induced fission
of 238y byimeans of acetylcelluloid.detectors in a sandwjch
configuration.: They obtained mass and kinetic energy . |

distributions of fission fragments in a manner comparable to



“ ‘”“i*&‘
R
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thatvused‘ih the present work except’for‘the‘faét that they
used theoretical mass-energy relationships.xRemy et al ‘
(Rem.7ﬂ)'ca;ried out the same type of stddy on ternary
fission using polycarbonate (ﬁakrofol) sandwiches. LikeA
previous a ors, they thained energy anérfrégment mass
diStributIii: by using theoretical mass—enéfgy |

relatjonships. In contrast, the studies presented hére, as

~well as the work of Kiely et al (Kie.73), used the empirical

relationships between projectile mass (charge) §hd rangé
obtainea from independent calibration eﬁperiments.

The sandwich metﬁod.was utilized when,trackvcoincidence
infdrmatioa (identifyiné binary fission) was moreﬁimportant
than precise data on the variation of fragment intensity
with respect to the beam diféction. The éandwich'
configuration is shown schematically in Fig.l7.

L]

1) EXperimenﬁgl techniqgues

. F
a) Irradiation facilities and experimentalt’

set-up

Irradiations of gold, -silver and UF, tafgeﬂs in a mica
sandwich configuration were made at LAMPF (Los Alamos) with

800 MeV protons and 408 MeV ® 1 mesons. The mica sandwiches

» 1
<=
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Fig.17: Schematic view of a mica sandwich configuration.
&
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aluminum holders and irfadiated directly in

were mounte
the beam wilth the mica plane perpendicular to the beam

direction.

b) Target preparation

Squares of mica 42.5x2.5cm2 in size): were cleaved and

the appropriate farget material was vacuum deposited on one
of the freshly cleaved surfaces. The two sheets of mica were
then clamped‘Pogether at one edge (to insure reteht;;n of’
their respective positions)kby two pieces of lucite glued
with cyclohexanone,placed in an aluminum holder'and screwed
together in order to obtain a clo%g contact of the clean
micavsurfaces. Thé amount of material deposited was, as
previously, determined by weighing. The thicknesses of the

2

targets used had values ranging between 160ug.cm” “ and

280ug.cm~2,

¢) Etching and scanning of the micas

After irradiation, the sandwiches were wedged open with

ma teflon thread in order to expose the interior surfaces to

the etchant. The target material was then dissolved off with

agua regia and the micas were etched with HF under the same
conditions as previously described. After washing‘and

drying, the two parts of the sandwiches‘weée then restored
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to tight contact and mounted on a glass microscope slide.

i 5 .
The scanning was done with a 168x oil immersion objective

. . B g
and an overall magnification of 1600x. : ﬁ%A

-

The target being located in between the two mica

detectors, when a fission event occurrea producing fragments

directed towards the mica surfaces, each mica detector

‘registered one of the fission fragments and the scanning of

the sandwichgls gave a coincidence measurement between

fragments from the same fission event. Since the fission

fragments ehtered the mica detectors at various angles, a
measure of these angles was necessary in order to obtain the
real track lengths. Therefore, a third Mitgtoyo gauge
(having lum graduations) was fitted to the microscbpe stage
in order to allow measuremegts along the focussing axis and:
hence three-dimensional scanning. The depth of a track (that
is the projectea track‘length élong fhe viewing axis), was
obtained as the differeﬂce between readings of this thirg\i

y N

gauge when focussed on each end of the track. The projectéd

tréck length on the mica surface was measured as before by

means of the eyepiece graficule; thgn'the real track length
as well a§~the incident»track angle we:e,gbtgjngd,py,a 7
simple geometrical calculation.

Some difficulties occurred in the measurement of the
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depth of the track due to the utilisation of. the oil
immersion objective. The drop of 0il surrounding the
objective was found to produce-a capillary att;action for
thercover‘glass, which was lifted out of,éontact with the
mica sample as soon as the microscope stage was lowered. As
a result, the‘depth measuremeqts were erroneous ang gateAa
value far too large. This effect was eliminated by fitting
several brass rings around the objective, heavy enough to
overcome the capillary attraction.

The three-dimensional scanning measurements have been
tested by using a sample from the calibration,experiment
where the tracks entered the mica with a _known 45° angle.
Two different sets of measurements have been carried out on
the same sample: one set where the cOverfglass was placed
ditectly onto the mica to be melasured and one set where
another small sheet of mica (without tracks) was inse{ted‘
between the cover glass and the calibration mica in oréer to
simulete measurements on the lower half of the mica
sa;dwich.

The two sets of measurements 1n three dlmen51ons led to

tracklength and angle o )inc1dence values w1th and without
the inserted mica. The results are summarized in the

following table:

nr bt s thur s

[P PN



" air objective, two

dimensional scanning

0il objective, three dimensions scanning

assuming 45° incidence

no mica with miéa\. without mica with mica
inserted inserted- inserted inserted
length (u)ilength (y) }length (u),angle (o) iength (1) ,angle (o)
_ §.l4*ﬂ.22 9.22%p,22 |9.50%p.37 |46.5%¥2.1 [9.47%+0.37 |45.9%2.1
- ‘ . - .

This tabl® shows that the three dimensional’scanning:
led to acceptable results. However, the errors quoted heFe
for the angle values are optimistic sinceronly the
: hncertainty in the reading of the gauges has been takenvihtof
account. It is also assumed that, at the time the readings
were made, the microscope Qas focussed reasonably precisely
at the extremity of the tfaqk. This was pfobably true in

t?ﬂgiparticu;ar'case‘as tracks incident onﬁ€%e mica at a 45°

angle are relatively easy to scan. However, during the .

scanning of a sandwich, it was often much more difficult to

determine when the ends of tracks were in focus,
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particularly’fhose whichventeréd'the mica at .an angle

greatgr_than ?ﬂ° (sincé they wegé viewed almost end-on). In
the case of éandwich @easuréments, én ﬁnce;taingy‘bf‘iso is
thefefore estimated to be more realistic. |

Several conditions had to be fulfilled by two tracks in

- order to be recognized as members of the same pair i.e.

coming from the same fissioning nucleus; They had to'be'in
oppbsite hemiSpheres‘with respect to the stage plane and
have the same point-of origin. Tﬁeir‘projections had to‘be
foughly colinear (within ~15°) and both in the fiefé_of
view. This last condition could lead to the rejection of
events entering the micé with a small,angle of incidence
since the'separation of the ﬁ{ca surfaces during irfadiation
was not zero. 4

The two experimental arrangements previously describéd

(scattefing array and sandwich) give complementary

»

' .
information on the fission process. Two dimensional scanning

=4

-of micas frbm the scattering array will lead primarily to

A

\ . e o
- the angular distributions of the fission fragments. This

information could also be. obtained from thg/three N

dimensional measyrements but, due to the difficulty in

measuring very shallow and‘veryldeep tracks, the angular

distributions will have large uncertainties at angles below



20° and over 78° compared to the mica surface. The scann1ng - :
of. sandw1ches being a coincidence measurement, the center of
mass momentum could bé deduced from the divergence between

the tracks of the same pair: this quantity cannot be

extracted from the scattering array measurements. - ' \,

2) Data analysis
)

a,
/

a) Treatment of the data

‘ﬁuring the scanning of a mica sandwich, for each track
of an observed pair, the projected length and the depth were
Xmeasured. The absolute errors on these‘measurements were
one '‘eyepiece unit (or #.16yu) and £.20u respectively.
However, these errors (being statisticaily'distributed)ddid
not affect the p051t10n of the maxima’ in the measured
tracklength dlstrlbutlons (ano consequently in the
‘Falculated mass and energy dlstrlbuthns of the fission
fragments) but did contribute to their widths.. The depth
measurements were. corrected for the difference in refractlve

~index between the oil used for the immersion objective and

the mica. The refractive index of the 0il was measured, at
room temperature, with a Bausch and Lomb refractometer

(model Abbe 3L) and found to be 1.5134 # g.30p2.
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The refractive index values for mica, given in the
" literature, range from 1.551(Han.78) to 1.6117

(Jen.57,Ros.65). An average value of 1.584 was chdsen for

the calculations. - . ..

" Snell's law describes the refraction at a boundary‘
vbetWeenrtwo substances having indices of refraction n and
n' : | 7

n sin¢= n' sing’ (Ii.Gf'
where ¢ and ¢' are respectively the angle of incidence and
the angle of refraction as shown in Fig.18.

During the microscope measurements, the angle of
Vincgdence ¢ will always be sma;l and, as a conseguence (see
eqg.II.6), the anéle of refraction will also be smadl. Under
these circumstances, a good approxlmatlon is obtalned by
settlng the sines equal to the angles thémselves~

n¢=n'g¢'

Since, in the particular case of mica and o0il, n is
greater fhan n', a ray of light coming from point A in the
mica will be directed farther from the normal after
refraction and will seem to be coming from point B (see —

-~ Pig.18). If 4' is the measured depth of a track, the true

depth d will then be greater than a':
d =d'n/n'



Fig.18: Light path and measurements of the depth with an

0il immersion objective. -

. -“‘44‘" .
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The air iayers present between the cover glass ahd the
mica or inside the sandwich were,kept constant by means of
the}weight mentioned earlier (section II-B-1l-c). No
correctioh for the refrqctive effects of these air layers
was then necessary, since a ray ef light entering an air

layer or the coveryblass with an angle of incidence a will

P

& ) .
emerge with the same angle after being refracted twice.

The tracklength data were treated with a computer
program called SANDY.(written by -M.Kiely) modified for the
present work by insertion of the new set of mica calibration
data.The calcul;tion of the center of mass momentum and |

L §

corrections for it have also been added. ‘

The calibration data were entered as a set of
parametegs relatlng, for a given tracklength, the energy of
a fission fragment to its mass. These calibtation parameters
were obtaihed as followe: for each tracklength value from Zﬁ
to 15y taken ih g. 2u increments, masses ranging between 27
and 178 a.m.u were assigned. For each of these assxgned
masses, the energy was calculated through equatlons (II. 1),
(1I.2) andg}II.B) Such a calculatlon 1mp11ed that the
relationship between the'charge Zz and the mass A of the

fission fragments was known. The "unchanged charge

distribution™ or UCD postulate (Goe.49,Fri.63), assuming



95

that both fragments bear the same neutron to proton ratio~as
the fissioning nucleﬁs, has been used.VIn thesfission’
studies, this ratio had to be assumed and the,impact>of this
assumption will be discussed further.

Tﬁe calculated energy values were then fitted (étill fo}

a

a given tracklength) to a fourth degree polynomial\in the

3,
*

mass:
5 - S
E =Z a; ai-ls
i=1

The set of coefficients a; cénstitutes the calibration
data used by the program SANDY.

From the‘measurements of the projected length and the
deppﬂ of the tracks, this program calculated the real
tracklength as well as the incident track angle which led to
tracklengih distributions and angular distributions in eachv
hemiSphére. Then, the analysis was carried out in two
different steps:- | |

-Vinitially, it was assumed that there was no center '

of mass motion and therefore the two fragments were emitted

with an angle of 188° between them. Conservation of the
momentum can be written as:

h | Pi1+py = 8 (II1.7)
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where P, and p, are the momenta of the two fragments, which
can be expressed as a function of the mass of the fragment

and its energy in MeV/a.m.u : = AV 2E Therefore
equation (II.7) becomes:
N ETH T " 2 - a2 K
Al 2E1 + A2 2E2 = 0 or Al El = A2 E2 ‘
In order to carry out the calculations, the mass of the
fissioning system A, had to be given as an input to the
program. Here agaiﬁ, some difficulties will arise in high
energy fission when At is distributed. The bearing of this
choice of the total mass on the results will be seen later
on. given a value of Ay, then 2A; + A2v= A,.

The system was thus solved through theefollowing set of

4
é

equations:

\ A12 E, = A,% E, (I1.8)

Eq =Z a; ai~l (II.9) - | .
7 i=l < - -
5 | .

M~

E, =) , a; ad7}1 (I1.19)
_ j=1
Expanding equatlons (II 9) and (II. lﬂ) and replacing in

equatlon (11I.8), as a function of only one fragment mass (A;
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ﬁk&
6: Ay), a six o6rder polynomial is produced. Among.the gix
roots oEtained, féurv(two complex'aﬁd two negative roots)
were immediately rejeéteé. The two remaining solutions were
real and positive and the opé whose v;lue was less than the
fissioning hucleus mass'At was kept. In the very féw.cases
where two possible vaiugs of the fragment mass Qere found,
the pairs of tracks leading to those reéhlts:were taken out
of consideration. From the mass of one fragm;nt, the mass of
the second fragment and the energies'El and E2 were then
calculated using equations (II.ll),(II.Q),and (I1.16). |

- In a second step, the effects of center of mass

. . ' : ' o
motion were taken into account. The center of mass momentum:

(pcm) was taken as unknown but directed along the beam axis.
The laboratory angles 6; and 6, at which the two tracks were
observed were assumed. to be measured accurately, and, for

each pair of tracks, a center of mass momentum was

[}

n - ‘ N
calculated such that the frag%ents in this  center of mass

were emitted with a 188° anéle between thém.

A set of equations similar to the one presented previously
permitted the calculation of the'massrand energy 6f the
frégurerrts, théirr center of mass momenta as well as the
energies and emission angles (6'1,6'2) in t@e center of mass

system}_Any measurement uncertainty in the angles will be
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reflected in the width of the calculated center of mass
momentum distribution. ’
o Th%s calculation was' made by considering each pair of
' tracks in their pafticular cenﬁer of mass‘system:’they had
hew'emission'angles«e'l énd 9!2 calculated previously. The
measufed tracklength 1, which was the projection of the real'

tracklength L, was not changed in the process, but a new

tracklengtth', corresponding to thesnew angles, was
_calculated,,The”relaiion L = 1/cos® became
L' = 1/cos6' in the center of méss system.

Changing the’:eal tracklength meant chapging the
combination of mass and energy gf the ffagments”; therefore,
the previous calculation was repeated with the correcied
databL'l,L'é;e'l and 9', in order to find the corrected
energies. - | ' . T«

b) Tests performed using known fission reactions

L8

dimensional scanniné technique tog%;h@r with

S
the previously-described cgdibration of mica as a heavy

particle spectrometer hagerpeén tested with the well

characterised fission of 238y induced by 14 MeV neutrons and .

3

_2350 induced by thermal neutrons.

A UF, sandwich was-irradiated with 14 MeV neutrons



ptpduced by the TNC modél 9900 neutfon generator located at
Siﬁon Fraser University and subjected to etching and
~microscop§cvexaminatioh as described above. After processing
of_fhe;data, the fol;owing results were obtained in the case
of 14 MeV neutr?n-induced fission of 238y,

o The tracklength distributions in the forward and backward

hemispheres (relativé}to the direction of the incident
neﬁtron}rare presénted in_Fig.l9.vIt is seen in this figure
'that'the trackiéngth ih the forward hemisphere fs siightly
lagger than in the backward'hemisphere, indicating the
preéence of a small center of mass momghtum contribution.
These two distributions combined give the total tracklength
distribution (shown in Fig.20) whose full width at half
maximum'(FWHM) is 5.3u. - o

The tréck ;ngular disfribution is displayed in Fig.21.
This dist;ibﬁtion was expected to be nearly isotroplc.
However, the'sHape/observed in Fig.21 could be explained as
the result of several experimental problems:

- As seen in section (I-C~4) the critical angle for track

registration in mica detectors has been_determinedvto be

-59. Therefo :ér most fission frag ments;eniij‘.ted,JtJi-,iSQJ e

with respect to the normal to ica surface will not

leave recognizable tracks, while tracks at\nearby angles

will be difficult to recognize.

~,

&



Fig.l19: Fragment tracklength distributions in the forward

and backward hemispheres from mica sandwich measurements for

the system UF,+14 MeV neutrons.
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Fig.Zﬂ: Distribution'of'the fragment tracklendlh sum
(forward and backward hemispheres added) for the system

UF 4+14 MeV neutrons.
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Fig.Z{é Angular distribution of the fission fragments
obtained with a mica sandwich for the system UF4+:jf§§V
neutrons: number of events per unit solid anglé&a a

- a function of the angle in the iaboratory system.‘
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- The irreducible spacing betweenvthe mica sheets during
irradiation caused tracks of the same pair to be separated
in the field of wiiew by a distahce} which became 1a;ger for
angles apéfoaching,ap to the mica surface. As a result, the .
probability also became larger of a track pair being:
rejected as arising from a éingle fission event. These two
effects édhld explain the gap observed in the angular
distributions around 98° to the beam.

‘The problems'encounte;éd at angles <2p° to the beam axis
were due to the difficulty~(described earlier) of accurate
measurements of tracks entering the mica nearly normal to
the surface; Because of all the difficdlties just mentioned,
the angular distributioms 6btained_withb£he sandwich'method
ére,not useful. However, the distribution in direction of
one track of a pair with respect touthe direction of’the
other could still be measured. Such a distribution is shown
in FPig.22 where a pronounced peak corresponding to nearly
colinearity indicates a small center of maséfelfect.

Fig.23 gives the center of ss momentum distribution

with an average value of Z.SV{HeVaamu)l/? and a

EHBH=35w4He¥famu}llzjg}~~—
The average values of the fragment kinetic energies

obtained after correction for the center of mass motion were



A

. Fig.22: Distribution of angular divergence between the
fragment track directions for the system UF,+14 MeV

neutrons.
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Fig.23: Distribution of the deduced tenter of mass
momentum (pcm) of the fissioning nuclei from system

UF,+14 MeV neutrons.
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186 MeVyfor thé light fraqment and 72 MeV fgp the heavy one,
This_lgjis to an aVeragekvalue of 178 MeV for thé‘total
energy released. The ;otai‘kinetic energy distributjbn
displayed in Fig.24 shows a FWHﬁ of 65 MeV.
The mass dlstrlbutlon is glven in Fig.25. A fitting of
: thls dlstrlbutlon as the sum of two Gaussian functions led®
to most probable values of 180.2 a.m.u and 138.8 a.m.u for
the two peaks. This fitted functlon is shown as the curve on
the figure while the experlmental data are ‘given by the

a

histogram.
A second tést of the sandwic;ftechnique,was'performed
'iﬁ a similar way but using, this time, the thermal ﬁeutron
induced fission of 235y, The sandwich was prepared as
previously said and irradiations m;ée at Simon Fraser
Uniyétsity using_the sdme neutronfgeﬁefator._&he neutrbns
were slowed down to a thermal enefgy by interposing; before

the sandwich, a thick block of paraffin. ' L

At

The results are shown in Fig.26 to 28.
Here, the averége values of the fragments-kinetic eneré&

were found to be 183 MeV and 68 MeV for the light and heavy.

,,itagments,respec;iyglyfas;shown in Fig.26. The total kinetic

energy distribution from Fig.27 shows an average value of

171 MeV and a FWHM = 75 MeV.
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Fig.24: Deduced total fission fragment kinetic energy
distribution'for'the system UF4+14'MeV neutroné.

The solid curVe is the resﬁlt of a fit to a Gaussian function.
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Fig.25: Deduced fission fragment.mass distributidn for
the system UF4+14 MeV neutrons. The so0lid curve ;s the

result of a fit to the sum of two Gau551an functions.
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Fig.26: Deduced kinetic energy distributions for the
light and heavy fission fragments for the system UF4+thermal'

neutrons.
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Fig.27: Deduced total fission fragment kinetic energy

distribution'fordthe system UF4+thermal neutrons.

The solid curve is the result of a fit to a Gaussian function.
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The mass diStribution is giveﬁ in Fig.éB where the curve
represents the fitting of the data w1th the sum of “two
Gaussian cu;ves. The most probable values of the two
fragmentsaﬁtsses were found to be 93.2 and 141.4 a.m.u.

The éstimation of the uncertainties in these two cases

was simblified by the fact that the mass of the fissioning
system was known as was the neutron to proton retio;»ﬁehce,
the error on the energy was a result of the uncertainty in
the measurements and in the mica calibration. The
{measurements of tracklength and depth are statistically
distributed around an everage value and the uncertaihty in
these measurements will not act strongly upon the position

" of the mos% probable valpe of the enefgy distribution, but
will contribute to its width.

From the calibration curves Fig.ll, it can be seen that
the discrepancy between the general formula obtained in
order to fllow interpolations and-.the experimental data,r
will introduce an uncertainty in the energy. This
uncertainty will vary @epending upon the mass and energy of

the fission fragments and can be estimated from Fig.ll. In

the case of uranium fission, the closest calibration curves

correspondlng to the fragments mass will be the iodine curve

for the heavy fragment and the silver curve for the light
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Fig.28: Deduced fission fragment mass distribution for
the _syste}n' UF4+thermal neutrons. The solid curve is the

result of a fit to" the sum o‘f two Gaussian functions.
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one. For the ébrrespondihg energies of}arouhd 70 MeV aan.
190 MeV, it can be esfimated that the error is of the order
.of 2 MeV and B.MeV‘reépectivelyQ Therer;or on the total
fission enérgy;will then be ardﬁnd 10 MeV. |

Siﬁde fragment energy and hass are inter-re{ated for a
given tracklength,‘an estimation of the errors through
.standard calculation cannot be easily performed. However,
the sensitivity of the results to some of £he parameters caﬁ
be tested by means of the computer program. The 1nfluence of
the callbratlon was 1nvestlgated by art1f1c1ally changing
the general formula. It was found that the mass
distributions and thé maxima of the peaﬁs were guite
1nsen51t1ve to such a change, the resultlng shift be1ng
smaller than the uncertalnty in the fitting procedure.
Therefore, the error attributed to the mass of thevgission
fragments will be that ofxlhe fitting process.

The calculated center of mass momentum will carry the
uncertainty in the energy and the mass. The estimated error

was 0.1 (MeV.amu)l/2 in the case of 14 MeV neutron-induced

figsion.
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c) Comparison with literature

R o

" The interest in thé knowledge~pf theraverage total
kinetib enerbyrof the fragments from ﬁranium ff&sion dates
as far back as the discovery bf thedfission phenomenon
itself in 1939. Henderson (Hen.46) made a calorimetric
measurement of the energy released in‘é 13g sample of

metallic natural uranium bombarded with moﬁerated neutrons.

of 177 Mev#ls per fissioning nucleus.

was repeated in 1955 by Leachman and A\k\mg

and led to a value of 167.1%1.6 MeVv. A

He obtained a
This measureme
Schafer (Le
previous measure ent of the fragment velocities with a time
of flight method arried.out by Leathman (Lea.52) gave a |
‘result of 168%2 MeW. An independent calorimetric \

. o . hY
determination was made later by Gunn et al (Gun.57) who

found a value of 166*; MéV.

The siudy qf mass yields, fine strugture of the mass
distributions, energy of each fragmeht, number of neutfons
emitted etc.. led to a huge ;mount of pubiications on
uranium fission induced by thermal neutrons. dnly a few
results will be presented here in order to compare with :

. those of the present work. They ate summarized in Table IV

where the most probable values of the mass of the fragments

-

»
L]



K Ay
115 ]
~ (@j'
TABLE IV B B -
. - <‘\\/
<AH (amu) > | <AL (amu) > <_EH (MeV) > |} -<EL(MeV) > <Eto£ (Me‘V) > I{e;férgnce -
67 98 165 ¥ 2 | (Ste.57)
139.924p.19|96.98%0.10| 68.4 9.7 | 98.8 * 1.p| 168.3 #1.7 | (Mil.62).
139.43 96.57 76.34 101.56 | 171.9 %*1.4 | (Sch.66)
6= 5.36 | o= 5.36 = 18.9
69.27%g.17 |100.02%0.26|168.88%0.40 | (Asg.70)
0=8.32%p,01 c=4.62*B;fl 0=11.01%0.02] ;)
/ ‘ RN
138.7 97.3 - 70.8 171.4 ¥0.2_ | (Asg.77).
o= 5.60 o= 5.6 g= 7.5 . = 16.7 X
7 3
138.8 97.2 76.6 171.0 %¢.4 | (Asg.78)
o= 5.7 g= 5.7 o= 7.5 o= 18.7
139.8 * §.1{96.5 * g.1] 76.4 *¢.2 | 101.4% g.2| 171.8 9.5 | (Uni.74)
o= 5.6 o= 5.6 o= 16.3 ]
138.6 94.9 ,
141.4 £ g.8[93.2 £ g.8 68+ 8 | 183 £ 2 171 * 1¢ | Present
o= 12.7 o= 12.5 g= 32 work
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(AH=mass.of the heavy fragment,AL=mess of thetlightf N
fragment), their energy.(EH,EL) and the total hinetic eqergj}
(Etot) are;feported with the corresponding stahdard.
deviationg when available.

As cén be seen from this table, the results of the

present study for the most probable values are in good X
. _ :

agreement with the published data. However, the standard

deviations obtained here are larger due to a poor resolutign_
of the sandwich measurements comparedato‘silicon surface
barrier detectors. v

The-14 MeV neutron-induced uraniu | ’ssioh has been
‘less exten51ve1y studied and most of the work was done on

“\?35U 1sotope. Stevenson et al (éEZKGE), by calor1metr1c

measure?ent obta1neo an average totalvfragment kinetic
energy of 174%4 Mev and'l75#2 MeV for_respéctively_235U and
1238U fission induced by 14 MeV neutrons. Comparison between
literature and the present work is given in Table V. »

A direct}comparison,can_be made with the work o%
‘Ait-Salem et al (Ait‘68) who measured 238U fission induced

by 15 3 MeV neutrons by means of acetylcellu101d track

detectors in a sandwlch conf1gurat1on. The mass dlstrlbutlon
=

obtained by these authors together with a f1tt1ng to- the sum

i

./
of two Gaussian curves is given in Fig.29. The fitting ~z
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- TABLE V
7 .
<Ay (amu) > {<Ap (amu) > | <E (MeV) > <EL(M§y)v> j<‘E~t_ot(MeV)>’ Reference]|
— S |
( 175 £ 2
138.7 168.6% 3 | (Gon.67)
» o= 12.2
137.4 168.5 (Ait.68)
136.6* | 10@.98* | ‘
c= 8.9 c= 8.9
Bt B 69 £ 1 | 96+ 1 | 165 * 1.4 | (Are.72)
166.4 |
138.0%p.7|1008.2%¢.7] 72 %8 | 166 * 2 | 178 * 1§ | Present
o= 11.7 | o= 11.3, . o= 27.8 vork

L

sum of two gaussian functions.

+

| (ste.68) |

results of the fitting of Ait-Salem et al. data with the 7 7”;7WfW7



Fig.29: Fission fragment mass distributioﬁiobyained from
sandwich measurements made by Ait-Salem et al for the system

238U+15 '3 MeV neutrons. The solid curve -is the result of a

1

_"flt to the sum of two Gau551an functlons.

—
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. / .

process §ave 10@.0*@.3 a.m.u and 136.0*0.5 a.m.u for the
most probable values of the light and heaéy fragment masses
‘;espectively‘and a standard deviation of 8.9 a.m.u for each

peak.

The mass distributions obtained by these authors and in

the présent work are directly compared in Fig.30 where one
- can seeﬂthat the agreement between ‘the two is good The
dlstrlbutlon from the present study is here again sllghtly
br*\Een (FWHM=27 a.m.u against 21 a.m.u) whlch could be a
result of poore;’resolutlon w1th mica than w1th
“acetylcelluloid or/and of poorer statlst1cs. Results of
,radiochemicalvmeasurements carried out by Cuninghame’

(Cun.57) and Broom (Bro.62) are also reported on the same

figure.

. 3) Results

. W :
After the presentation of the experimental results, the

influence of the parameters involved will be discussed and

.'the results summarized on: a tabular form.

a) Uranlum f1$$1on

1Y

» The results of uranium fission induced by 400 Mev 7 %

-

me;onsrafe shown in Fig.31 to 36.



w
N .

Fig.38: Deduced fission fragéint mass distribution for
the system'UF4+14 MeV neutrohs{‘The.two histograms show the
‘% results of Ait—Saleﬁ et al (1) and the present study (2).;

- The data represented by points are from radiochemigal

studies of Cuninghame (m) and Broom {(@).

kS
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Fig.31 shows the tracklength distributions invbbth
hemispheres. The'difference in Ehe-average length between
the forward and‘the backward hemisphere is much greater than
in the case of 14 MeV neutrons induced fission, indicating a )
) “léfqéf‘ééhféf’bf”ﬁéEé’mbtiBn;'?he tSEaI'Eré@kiéhﬁfh*'“a“*"”"“%‘““*MMM
distribution of Fig.32 has a FWHM of 3.5y. The divergencé
in degrees between the direction of one traék qf‘é péir”andr-
the aireetion of the other is given in Fig.33. Here,again, a )
larger value is obtainedrcompared with that from ‘
14 MeV-neutron fission, showing a largér centef of m&ss
momentum. From the distribution of this momentum on Fig.34,
an average value of 15.3 (Mev.'amu)l_/2 is obtained. The total

kinetic energy distribution is given in Fig.35. The mass

distribution 3f‘Fig.36 indicates a symetric fission process.
b) Gold fission - «

Th; t;acklength distributions for thecgold fission
induced by 808 MeV protons are given in Fig.37 and 38 while
the genter‘bf‘masé moﬁentum distrfbution is shown in Pig.39.
Fig.(ﬂ displays the total‘kinetic/energy distribution with

_an average value of 123 MeV. The mass distribution of Pig.41

indicates a preferential splitﬁihé of the fissioning nuclei

into two fragments of equal mass (symetric fission).
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Fig.31l: Fragment tracklength distributions in the forward
and backward hemispheres from mica sandwich measurements for

the system UF,+408 MeV pions.

A
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Eig.32:,D%§€ribution of the fragment tracklength sum

v &2 ,
(forward and backward hemispheres added) for the system

UF,+480 MeV pions.
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Fig.33: Distribution of angular divergence between the

fragment track directions for the system UF4+4B0'MeV pions.
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. »Fig;34: Distribution of the ‘éeduced center of mass
momentum (Pcm) ©of the fissioning nuclei from system .
UF4+460 MeV pions. ' .
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Fig.35: Deduced total figsion fragment kinetic\energy

\\\/\\/‘_—\i
dlstrlbutlon for the system UF4+4ZB MeV plons. :

Pavd

~.

The solld curve 1s ‘the result of a f1 to a Gau551an function.
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Fig.36: Deduced fission.fragmgnt ma%s distribution for

- the system'UF4+4bG MeV pions.

~

The solid cugve”is the result of a fit to a Gaussian func

g\gg.
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Fig.37:; Fragment tracklength distributions in the forward .. . .
Q 4

and backward hemispheres from mica sandwich measurements for

the system Au+896'MeV?protqps.
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~ Fig.38: Distribution of the fragment tracklength sum

S

(forward and backward hemispheres added) forvthe system 7

)
e

Au+888 MeV protons.
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. Fig.39: Distribution of the deduced center of mass

momentum (pcm) of the fissioning nuclei from system.

—

¢

Au+800. MeV protons,
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Fig.40: Deduced total fission fragment‘kineﬁic energy
distribution for the system Au+B80f MeV protons,

The so0lid curve is the result of a fit to a Gaussian function.
Y
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Fig.41: Deduced fission fragment mass distributign for
the system Au+808 MeV protons. .

The solid curve is the result of a fit to a Gaussian function.
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R

The same distributions in the case of gold fission
ihduced by 455 MeV 1+ are given in Fig.42 to 46.7They*are
res’g‘)ectiveiy—;—rfthef—t‘racksleng‘thmdis'tribut;i0n5~—fin4 both
‘hemispheres kFig.42), the total_tracklength (Fig.43), the

"~ center of mass momentum (Fig.44), the total kinetic energy

- (Fig.45) and the mass distributiohr(Fi§;46};ﬁw

A .
c) Silver fission

-
-«

In both cases of silver sandwiches irradiated with

8008 MeV protons and 400 Mevrm t mesons, fission tracks‘have
been observed. However, these tracks were so short that
they were very difficult to measure. The tracks havingnno-
recognizahle direction, the coindidence.between ohe track in
one hemisphere and a track in the.other hemisphere, was
1mposslble to establ1sh These measurements 5?ksilver
fission could only be made with a very low track de231ty- if
only one track at a time is present in the f1eld &f ulew,‘

'id “then, if another track is seen in the other m1ca, there is x}L\
| no certalnty, but a good ‘probability that they both belong |
“f“ﬂﬁf‘”“tb“the‘same’paIr**ﬁowever‘”the\depth40f~these~traeksnweu}d—~wv—~;fx——

_be very difficult to measure and subject to a large l

»

uncertainty. = S , ‘,lﬂl,e' R



Fig.42: Fragment tracklength distributions in the forward
and backward hemispheres from mica sandwich measurements for

' the system Au+4080 MeV'pibns;
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4
' Fig.43: Distribution of the fragment tracklength sum
{forward ana backward hemisphetes added) for the system

Au+48p MeV pions. . e
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Fig.45: Deduced total fission fragment kinetic energy
distribution for the system Au+496 MeV pions.

The solid curve is the result of a fit to a Gaussian function.
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Fig.46: Deduced fission fragment.mass distribution for
the sYstem Au+466 MeV pions.

ThéVSOIid curve is the result of a fit to a Gaussian function.
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“d) Influence of the different parameters omr the

derived data from the above neasurements

The value of the total kinetic energy will be
influenced, as previously said, by the calibration formula
but-also by the choice of the fissioning mass and,‘as a
consequence, gy,tﬁe corresponding neutron to proton ratio.
The symetricvfiSSion of'uranium will lead to fragment masses °
around 117 a.m.u which will lie between the silver and the
iodine calibrgtion curves. For an average 81 MeV energy, the
discrepancy in the calibrations will gi&é an uncertainty
between 2 and 8 MeV fér the silver and iodine curves
respectively.pAn average value of 5 MeV can be takeq and,
as a consequence, thé eifor-on the total énergy would be of
the order of.leMév} This uncertéinty‘of’s mevvfog'each
frégment is somewhat pessimistic if one considers that 'in
the case of tﬁ? silver calibration curve, the general
formula gives én energy which is higher than thev

experimental one whereas it is the opposite situation in the

- case of the iodine calibration curve.

If the*same“procedure~is'Eellowedriorﬁthehcase,of”gold,
the fission ffagmentS'Qill be located between the krypton

and the silver caiibration curves. This will imply an

L 8
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uncertainty of the order of 1 MeV éor each‘fragment h?nce an
error Gf 2 MeV on the total kinetic energy. ~

The uncertainties resulting from the choice of the
fissioning'nucleus mass and the neutron to proton fatio
cannot be diésociaﬁed since one?cannot change onerwithout
changingyfhe othef. Sensitivity ofiénergy, mass and center
of mass momentum was: tested through the computer program by
changing the mass-or the éharge of the fissioning system.

An error of 5 a.m;u in the value of the fissioning system

mass (with the same chargevz and thus different Z/A ratios)

led to an uncertainty of 5 MevV and 6 MeV in the fission -

energy of gold and uranium respectively. A change of one

unit in the value of Z for a fixed mass gave a shift of

1.7 MeV in the total kinetic énergy‘for gold while the

energy in the case of(uranium:changed-by,2.7 MeV. Thérefore,.

an uncertainty of 5 a.m.u on the fisSioniné mass and one -
unit on its charge will lead to errors of 6.7 MeV and
8.7 MeV on the fission energy of gold and uranium

respectively.

 The mass distributions proved to be sensitive only to

the given fissioning mass but not its'chargE. In all cases,

the maximum of the mass diétfibutionrwas located at half the

. value of the given total mass. Therefore, an’uncertﬁ?gi{;ff/
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-
5 a.m.u in this mass will imply'an error of 2.5 a.m.u on the
ave;age'vélue of the fission fragmént mass.
| The value of the center of massAmomentuﬁriéhnéﬁ very
senéitiveAto the total mass or charge of the fissiohing
syStem. A change of 5 a.m.u in the mass and one unit in the
charge will affe;t the value of p . by B.Z’Tﬂév.amu)l/z in
the case of;gold fission and 8.5 (Mey.amu)l/2 for uranium:
The experimental fesults, with associated uncertainties

and the corresponding standard deviations of the

distributions are summarized in Table VI.



! TABLE VI

Target{ Projectile Chosen Average mass | Average - Average
fissio of fission total centér of
- ning fragments . energy mass momentum
system in a.m.u in Mev (Mev.amu)l/z'
7 -
/ .
= : 234
UF, |400 Mev n* X { 117.6 * 2,5 | 162 + 15 | 15.3 % g.5
91 S _
o= 26.1 o= 24 o= 14.7
199
aAu 800 MeV p X 95.0 = 2.5 123 £ 9 9.4 ¥ g,2
) 77
o= 23.1 o= 18.3 o= 14.0
1. 1960 :
Au 400 Mev Tt X 95.8 = 2,5°| 123 # 9 7.8 0.2
77 :
o= 23.4 o= 17.9 o= 13.8
e ;‘w&;
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&
111 EXPERIMENTS CONDUCTED WITH SEMI-CONDUCTOR DETECTCRS

A) Experimental technigues

1) Experimental set-up

These experiments were carried out at TRIUMF at‘the
Uhiversity of British Columbia using a proton beam delivered
by the TRIUMF cyclotron. This cyclotron accelerates H™ ions
and several proton beams can be extracted by interception oft
the H™ internal beam with appropriately-located stripping

foils. The proton beam energies can be chosen from 188 MeV

to 525 MeV. but 1rrad1at10ns in the present work were

performed- at a 480 MevV bombardlng energy, the highest energy

available for which beam dellvery was most rellable.
Targetsvand detectors were located inside a scattering

chambér which is located in the Beam Line 4A at the

facility. This chamber :(about 1.5 m in dlameterlccggtalned

four arms for mounting detectors which could be moved and -

positioned to @.1 degree accuracy. A multiple target ladder



‘active area was 400 mm

prepared by vacuum depositionﬂont6<a VYNS backing. As in
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(holding up to four -targets at a time) was located in the
center of the chamber and could be raised or lowered to

poSition the desired target into the beam. All arms and

~target-ladder were remotely controlled from an area where . .. .

electronic equipment and the data aéquisition system were
located. The electronic equipment is shown in block’diagram
form in Fig.47, Fig.48, Fig.49. | .
The fiééion fragments were registered in two silicon
surface barrier detectois (ORTEC hodel BF;G40-4ﬂﬂ-60) whose
2, The sensitive depth was given by
the manufacturet as 60 ¢ minimum and the gold elecfrode
located in fron; of thé detector had a thickness: of
40 ﬁg.cm“z. .
These detectors and the associated émplifier systems
were calibrated in energy before énd after each exée;iment
using fragments of known energyafﬁom the sponiéqgous fission

of 252Cf.

2) Target preparation

~~ﬂ=f~Gc1d7—bismuth~and—uraﬂiam—tetfaf}ﬁgfidevtafgetséwesef ——

section (II-A-1-b) the target thickness was obtained by
’ &

weighing. VYNS resin is a polyvinylchloride-acetate



o
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'Fig.47: Block diagram of electronic apparatus‘emplozgd;in
measurements of angulaf distributions. The events were

recorded on tape by a EbP 15 computer.
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Fig.48£ Block diagram of electronic apparatus employed in

measurements of angular correlations. - - -
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Fig.49: Block diagram of electronic apparatus employed in
measurements of energy plus time of flight between fission

3

fragments.
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.

copolymef,which has been found to produce good guality films.

with excellent‘chemicalrresistance §nd tensilé strength
(Pat.55)., The VYNS as a white powder is firsﬁ dissolved in
cyclohexanone. Then, a small amount of the solution is
aliowed to expand on the surface of a'watér-filled’contaihér
- at room temperature. The thickness of the‘film can be
controlled by ﬁhe speed of expansion; It iS'finallyhi&fted'

4

from the water andrplaced onto the appropriate aluminum

frames. The film thickness in the range lﬂ-Sﬁﬂug.cm'2 can be

determined Visually with good precision (% SUg.cm'z) by the
colour changes from reflected light (Pat.55). The
PR - .
homogeneity can also be che@ked by visual examination.
No thorium compounds tried were found to give
satisfactory results under vacuum deposition. The thorium

targets were therefore prepared differently : a water

solgtion of thorium nitrate (Th(NO3)4 4H,0 from Fisher

Scientific Company) of known concentration was prepared. An

area of the VYNS film was then delimited precisely by

wetting with a water solution of insulin as a wetting agent.

A known amount of thorium nitrate solutidn was then
deposited on this area and evaporated by infra-red heating,
with a constant rotational movement 'in order to improve the

homogeneity. The thickness of these targets was calculated
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Jnd 4 3p 5 cm2)

subject to a

greater uncertalnty than the targets prepared by vacuum
dep051t10n, as was the target homogeneity. Attempts to
measure the targetﬁhomogenelty by alpha particle
backscattering were thwarted by the fraglllty of the
targets, espec1ally after their exposure to vacuum

The targets used in the experlments w1th seml-conauctor

detectors had the following' characterlstlcs.

Target ‘Target - | vyns backing Frame

elementwr thickness thickness ‘size
o (ug.cm™2)
Au 256 + 4 3523 | 8.2x6.3 cn?
Bi R 35 # 3 8.2x6.3 cm?
UF, 40 * 2 35 £ 3 8.2x6.3 cm?
- Th 51 % 6 .35 £ 3 2”?%2x6.3Acm2

3) Types of measurements

For all measurements, two fission detectors were



S

1

7 empLoyed: lthey were set at different,positions with respect

to the beam and registered single or coincident events, ’
depending upon the type of measurement to be car;ied out.
The variouy schemes of electronic apparatus are shown ‘in

Fig.47, Fig.48, Fig.49.

) "a) Angular distributions

“~

Oneref\ghe fission detectofs ,used as a.moniter, was
left at a 9ﬁ°kehgle;with respect ﬁo the beam ;hile the other
was moved from 20° to 16@0; For a known number of fission
fragments registered by the'monitor counter, fragment energy
spectra were registered from the movable detector (without
eoincidence requirements) for a series of angles wi£h
respect to the beam direction. The target was oriented at a
45° angle with respect to the beam and two measurements were
taken with the moveble detector at 96° : once with the
detector looking directly at the. target material and Once 
through the backing. Tbus, from the energy difference |
betweengthese two target positions, the fission fragments’
energy loss in the baeking material was detegmﬁned for thie

particular angle and corfected for at all other angles of

. measurement. The magnitude of this cerrectibnvat a 90°

angle was‘of the order of 5 MeV.
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‘While'both detectors were registering single évents, if ~
could be shown that these single events were in fact due to
fission fragments. The spectra obtained from both detectors

were gaussian distributions whose maxima'gave a most

probable value of:fhe energy in ;he fange of 60 t MeV. -
This energy is far too large to be deposited in the known
detector thickness by possible lighter fragments produced

from the reéction’systems studied. From range-energy curves
for charged particles in silicon, it can be deduced that the
‘maximum ehergy deposited in a 66 u thickness of silicon (i.e
the detector's sensitive depth) is.2.3 MeV for protons and

9.2 Mevlfor alpha particles. Thus, the e&éntsvcorresponding

to background from this source could be easily

discriminated. Heavier fragments than alphas (and other

_;han fission fragments) are produced with probabilit;es much
tooismali to éccount for the intensities observed and their
energy spectra are of a quite different form. Secondly,

when a coihcidence condition was imposed reqhiring ‘ ,; :
simultaneous registration of two such energetic'particles,
the anguiar correlation for sucﬁ events waségouhd ¥6 be
strong and centered near 186° while the energy spectrum was
identical tq that registered for single events. Thus, the

e
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latter spectrum is clearly that of binary fission fragments

from the subject targets.

e g
b) Angular correlations

“«

As described 1n ‘the previous sect;dh“ one detector was
left at a 90° angle while now the other detector was located
at angles ranging from 68° to 186° with respect to the beam
and c01nc1dent events were red\stered between them via the
apparatus in Fig.48. A secondary emlssion beam monitor was
used for no:malizatioﬁ purposes. For a known number of
counts registered by ,the fixed fragment detector, the number
of fragment-fragment coincidences reqiste:ed between the two
fission detectors was_measured as a function of the
detector-detector angle. The distribution'in coincidence
rate as a function of the angle could be approximated with a
gaussian function whose maximﬁm gives directly access to the
centre of mass momentum of the fissioning syetem‘

Special attention was taken to center the proton beam
- in order that the fission fragments were effecfively emitted
from the center oiwthemchamberj—Thisrineu&ed that -the
measured angles at which the detectors were ?ositioned were

identical to the anglee at which the fragments were emitted.
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c) Time of flight measurements

A For these experiments, one detector was set at a 400
angle with respect to the beam and located aé a 56cm
distance from the target, the second detector beihg at a
135° angle and a distance of llcm,'ang the detector-detector
éngle beiné close to that at which the maximum coincidence.
rate was QLserved. Coiﬁcident evengs between the detectors
were reéistered, and for each event the two energies and the
time difference between the detector pulsés (i.e.betweeh the
times of arrival of the two fission fragments) was recorded
via the electroni¢ apparatus of Fig.49.}For,the time
measuremé;t, the detector farther away from the target was
used as a ?s;arﬁ“ signal whereas the detector cioSe to the

target was the "stop" signal in the time to amplitude

conyerter. The target was, as previously, oriented at a.45°

\\(}

A

angle with respect to the beam direction.
The time calibration of the output of the model

ORTEC 467 time fo'amplitude converters was achieved by

appiyihg'signaIS'at”thE*inputS'of'the“Tﬁeﬂwithuvaryingftﬁm?~~

differences, typically of the order of 58 nanoseconds and
fitting the resulting data to a straight line whose slope

'gave the relationship between channel number and time. The

5
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time origin (i.§ the time on the TAC output scéle whén the
fission event took place) was the most difficult to
evaluate. It was estimated by calculating the time of flight
of fragments with the moét“brobable mass and energy, with
the necessary assumption that thebfisSioning system mass was
knowh. During the analysis of tﬂe expgriméntal data, it
developed'that this zero time @as 6f critical importanée as
far as a meaéure of the total fissioning mass was concerried:
its influence will be discussed in seéfion (III-B-3-b).

For this particular experiment, the fission detectors
were protected from a high cpuhting rate of electrons (with
aﬁ energy below ~15 keV) frgﬁathe ﬁarget by free standing
silver foils; their thickness was determined by calibv ting
the detectors using a 2520f gsource with and wi;hout the'
foils, thus obtaining the energy loss of the ca}iforﬂium
fissiOn\fragments in the silver. This calculation was made
using the tables of stépping power as arfuhction of energy
by Northcliffe (Nor.70) for fragment masses A=141 ahd
187 a.m.u (Ner.68) and atomic numbers Z=55 andVQB;l
- respectively (Wat.69). - |

[
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B) Data analysis and results
1) Angular distributions

- The energy spectra collected from the movable detector
at various angles between 20° to 160° with respect to the
beam direction and from the detector fixed at 908° were
tfitéed to Gaussian functions and then integrated. As
mentionea previously (section III-A-3-b) no coincidence was
reguired bétween the events registered by both detectors.
The number of events registered by the movable detector,
normalized to the samé number of counts in the detector used
as a monitor, led to angular digtribution curves.

The analysis of these curves can be made by using a
statistical theory developed by Halpern and Strutinski
(Hal.58) and Griffin (Gri.59). The angular distribution of‘u
the fraghents depends upon the angular momentum I introduced

by the projectile and on the fraction of it cdnvérted'into

orbitaI‘mcm@ﬁfﬁﬁ"béfﬁééﬁ”tﬁé'ffagments.‘THié“fthéfi6ﬁ“E§ﬁ”’
be characterized by the parameter K where K is the
projection of I on the separation axis between fission

fragments.
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The K distribution fof a given nuclear temperatur?5was
predicted to be a Gaussian (Hal.58), (Hui.69):

| F(K) ~ exp(-K?/2K, ?) |
where gge variance of the distribution (designatgd as Koz)'
is expré;sed in terms of the temperaturé of- the nucieus at
the saddle point t and the effecti;e moﬁént of inertia ﬂeff
through the relation:
| Ko? = tJd pp/h? |

Huigenza et al (Hui.69) derived an overall angular
distribution whichfﬁgs used in the KNOTTY computer code’
(Blo.77) in order to fit the experimentai results and
extract a K, value. Unfortunatély, it was not possible to
fit the results of the present study with the KNOTTY code
due to the lack of ‘anisotropy, in the center of mass system,
shown by all a;gular distributiohs measured. A similar
observation was made on the angular distributions measured
with the mica detectors in a scattering array configuration
(i.e two dimensional scadnning).- |

The’nqmber 6f tracks counted in a givén solid angle as
a function of the angie with respect to the beam inrthe
center of mass system is shown in Fig.Sﬂ(a) for a gold target
irradiated by 888 MeV protons. Fig.58(b) displays the results

obtained with the semi~conductor detector measurements for

£



Fig.56: Fragment angular distributions in the center of
mass system:
| a) measured with mica detectors for a gold target
irradiated with Bﬁﬂ MeV prbtons |

b) measured with semi-conductor detectors for an

uranium target irradiated with 488 MeV protons. o
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the system UF4+482 MeV protons. As can be seen, the
distributions are practically flat within the experimentai
errors. Since this type of reéult will lead to véry large
values of,Ko, thg”gggpgter code was,ugable to provide a fit
of the experimental data.

While éome authors measured angular'distributions'
showing ﬁo anisotropy within éiperimehtal eth?jk}ébu;Gl),
(dﬁﬁ.GZ){ several investigators reported aféurprising
effect: in high proton energy bombardments, the anisotrdpy‘
seemed to favour 98° instead of 8° and 188° (Loz.55),
(Loz.56), (Mea.58),7(Val.60).

An explanation for this reversal was suggested by
Balpern (Hal.59): the fastrincident particle, during ifs
passage through the heavy nucleus, hits one or two nucleons
and projects them with rather.low energies into a direction
at right angles to its path. These nucleons travel through
the nucleus playing the role of a beam ofﬂparticles which is
vdirected at right angles to the .original beam. They |
therefore give "inverted" anisotropies. V i

- - -‘The results of this work showﬁ’in>Fig.56(b)quldbe :

-

,seenuas_displayingqygiy\fainilymsuchganﬁggigggggpyﬁat 99°,
- F”"
. e ‘ -y

-

3
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2)'Angular correlations

For each angle 8, where the movable detector was
positioned, a value of the coincidence rate (normalized to
the same number of counts in the monitor) was obtaioed. The
angle 6, at which maximum coincidence rate was measured |
depends on the target nucleus: it was found to be 82° for
gold, 84° for bismuth, 87° for thorium and 88° for uranium.
A typical distribution from angular correlations .
meesutements is given in Fig.51 for a Th target. For each
experimental point of sucﬁ a distribhtion, the projection of
the fissioning system momentum along the beam axis (p//) can

be calculated since the energy in both detectors was also

measured.

It cAn be shown that :

. ,
57 Bt Bror cos”6;

p,? = > (III.1)
- l+sin 62 )

where At,is the mass of the fissioning nucleus and | c
Eiot Is the- dtal energy of both fragments.
—~Eqaation4%{II71+~was~derivedgassuming*that*the*fissioh'

mass division was symmetrical which is a reasonable average

LasSumption for high energy induced fission.




Fig.51: Measured fragment-fragment angular correlation

for the system Th+488 MeV protons.
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Fig.52: Centervof mass momentum distribution (p//)
derived from fragment-fragment angular-correlation for the
fissioning éystem Au+480 MeV protons. Histogram shows
results of calculations by the ISOBAchode.

P in MeV/c = p in (MeV.amu)1/2 x 39.52

Ks
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Fig.53: Center of mass momentum distribution (p//)
derived(from fragment-fragment angular correlation for the
fissioning system Bi+480 MeV protons. Histogram shows

results of calculations'by the ISOBAR code.
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Fig.54: Center of mass momentum distribution (p/))
derived from fragment-fragment angular correlation for the
fissioning system Th+488¢ MeV protons. Histogram'shOWS'

results of calculations by the ISOBAR code.
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Fig.55: Center of mass momentum distribution (P, /)
derived from fragment-fragment angular correlation for the
fissioning system UF,+488 MeV protons. Histogram shows

results of calculations by the ISOBAR code.
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Therefore, from each angular correlation distribution a
distribution in p,s was calculated. Such distributions are
shown in Fig.52-53-54-55 where experimental data have been
compared to thefre5ulgs 6f a cascade calculation made
through the computergéode ISOBAR. The calculated
distribution in menéﬁm along_the beam axis is shown as the
Broken né hiétogram on these figures.

Yne can noticq that the sharp peak corresponding to low
valuei of the mBmEntum is considerably decreased when these
events resulting in an excitation energy bélow the fission
ba;rier are rejected (solid line histogram).“This phenomenon
can be observed on all target elements, however, it is most
pronounced with the light target elements (Au and Bi) dﬁe to
a higher value of the fission barrier (~2¢ MeV compared with
about 5 MeV for TH and'U).

It can be seen on these figures that the experimental
curves are shifted (with respect to the results of the
ISOBAR calculation) towards lower momentum values,ithe ‘
magnitude of this shift increasing with the mass of the

target.
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3) Time of flight experiments

a) Treatment of the data

The data from these experiments could be analyzed in
three different ways, that is through three differentroptions
of the computer brogram MANIAC (Qritten by H.Blok anad
modified for the present study to include the third option
and several types of corrections for center of mass motion:
and energy loss).

These options are (briefly):

- Option 1

The measured energy and the difference in time 4t

between the sighéls coming from the fragmenés in coincidence

were used to determine the fission fragment masses A; and A,

through the relation : ‘ .
R S 42(a) 1% ay(ay) /2 (111.2)

For this optioﬁ, the mass A, of the fissiohing system

had to be given as an input to the program which searched = =~

all combinations of A; and A, (such that Aj+A, = Ap) until
the difference in time At was identical to the experimental

value,



- Option 2 : This used conservation of momentum in
order to calculate the g;és&an fragments masses as well as

the center of mass momentum, provided again that the mass of

the fissioning system was known. Here again, the assumption. .. .. _

- Py
of the center of mass momentum having the safie direction as
the beam was made in order to carry o;;;the calculations.

The momentum conservation is written as_ :
P; + P2 =P'; +P'2 + Pcp (III.3)
Awhete P, and p, are the laboratory momenta of the fission
fragments, p'l and p'2 are the momenta in the center of mass
system and pé& aéyyhe center of mass momentum.
Relatioh (ITII.3) becomes:
P; + pé = pch (I1I1.4) sincé the fragments.

are emitted at a 188° angle in the center of mass, so that

P'; +p', = 9.
By projection-of the momenta on the beam axis and on an °
axis perpendicular to lhe beam, eguation (III.4) is
equi;alent to the two following eguations:

P; cosé; + p, cosd,y = Pem (II1.5)
p; sing; + p, sing, = 8  (IIL.6)

2

P; and pj, respectively. The angle corresponding to pgp is-

= . .
assumed to be zero (see assumption made earlier).

&

re the angles, between the beam directionand—————
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The mass A, of the fissioniny system is assumed which leads .
to another relation:
By + Ay = By (IT1.7)

whererAl and A, are therfission fragments masses.
By expressing Pi and pp, as a function of the fissionv o
fragments masses and energies and solving the system of
equations (III 5), (III 6) and (I1I.7), the masses Al and A2
can be calculated:

Ay E, sinzez

Ay = (III.8)
El sin el + Ez 51n292 S

then A2 = At “' Al

PR

After Ay anﬂ A, are known, the quantity p is calculated

through eqguation (III.5).

- In a last step, the energy values in the laboratory system

energy loss

' calculat

were converted to the center of mass system, via :

Vv 2EA pcm cos® . ,Apcmz
E' =E + o — (II1.9)

where:E' and E are the energies in the center of mass and in

the 1aborat¢ry ystems respectively. After correction fbr

_n the f01ls, the target and the backlng, the

energies pf both fragments in the center of mass system were

. together with the total fission energy.



- thioh 3 This combingdvboth the previous options
and was of greater interest since it allowed a determina;ion
of tﬁe mass of the fissioning system. However, the value of
the f&ssioning system mass obtained proved toibe'highly |
sensitiéerfo some of the different parameters involvedrég
will be'explaineé further.

In this case, the fission fragment masses Ay énd—Az were
calculated by solving the sysg%m of equations (III.2) (from
option 1) and (III.6) (from option 2). Then A, = A; + A,

- Proc?dute for‘énalysis ’

The data were‘firét collected from the tabe and could
be displayed as distributions of the number of events per
chanhgl number for both deteétors and for the time |
difference At. After a calibration step whefe,all
AcaiibrétiOns for energy and time were entered, the same
distributions were givén as a fun;tién of the energy (in
MeV) and'time (in nanoseconds). An example of such results

is given in Fig.56-57-58 where the energy in the detector close

to the target (Fig.56), the energy in the second detector

(Fig.57) and the time of flight (Fig.58) are shown for a Bi~

applied directiy to these data. . \,\vaﬂaf

Typically, the experimental data from a given target

vere analyzedrthrough the following sequence:



Fig.56: Energy distribution from the system Bi+488 MeV
protons measured by the semi-conductor detector llcm from

the target ‘and at a 135° angle'with respect to the beém

direction.
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Fig.57: Energy distribution from the system Bi+480 MeV
" protons measdred by the semi-conductor detector 5@cm from
the target and at a 48° angle with respect to the beam

direction.
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Fig.58: Difference in time of flight between the fission

- fragments from the system Bi+480 MeV protons.
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Fig.59: Calculated mass distribution for the system
Bi+4BBGMéV,protons measured in the detector llcm from the

target and at a 135° angle with respect to the beam

directipn;
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Fig.60: Calculated mass distribution for the system
Bi+480 MeV protons méasured in the detector 58cm from the
target and at a 48° angle with respect to the beam

direction.




174 - b

S i -

0002

0051 0001

SIN3IA3 40 ¥3AWNN

00s

200

150

100

SO

" FRAGMENT MASS (a.m.u.)



Fig.61: Fission fragment energy distribution in the
" center of mass of the fissioning system Bi+480 MeV protons

measured in detector llcm from the target.

.
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Fig.62: Fission fragment energy distribution in the
center of mass of the fissioning system Bi+480 MeV protons

measured in detector 56écm from the target.
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Fig.63: Measured total kinetic energy in the center of

mass system for Bi+4880 MeV protons.’
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Fig.64: Deduced center of mass‘momentum distribution of“,

the‘fissioning system from Bi+480 MeV protons.

P in MeV/c = p in (MeV.amu)l/2 x 30.52
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- The option 2 of the MANIAC program was applied first
in order to obtain d1str1but10ns in fragment masses (Al,AZ),
energles in the center of mass (E'l,E 2), in the total
kinetic enerqgy (Etot) and in the center\of mass momentum
(pem). Examples of such data from a Bi target are ‘shown in
Fig.59-60-61-62-63-64. The information‘on the energies
E'l'EfZ!Etot and on the»center of mass momentum was |
retained..as such. The mass distributions were'only used as a
test of the symmetry of the fission process since their most
probable value was artificially set when the mass of the

_fissioning system was given. The values entered were

0196 a.m.u-for Au, and 234 a.m.u for U obtained from the
analjsis of angular distributions by the program'RADICS. The
values of 202 a.m.u for Bi and 228 a.m.u for Th were"
estimated assuming similar trends,

- In a second step, the data were analyzed. through
option l where the d1fference in time of flight At had an
important”role. It was then checked that the results of this
option were similarbto those of option 2 since,: here again,
the mass of the flSSlonlng system was given to the program
as an 1nput. If a dlscrepancy was present, then, the zero

tlme was readjusted in order to'obta1n arf agreement between

the results of options 1 and 2.
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- Finally, the option 3 was used ‘in order to extract

the distribution of the fissioning system mass At' shchﬁdata

‘are shown also for a Bi target in Fig.65.
A"

, 7. b) Influence of the different parameters on the

results and estimate of the errors

. Thererrors involved invthe time of flight experiments.
_ arose'from two different sources: 1¥. |

- errors related to the experimental setup sueh as
errors in.detector position (distance from the target and
angle compared to the beam) and in experimental measurements

'such as the energy and the difference in time At.

- .errors 1ntroduced into the calculations durlng the
analysrs of the data which proceeded from assumptions made
or from a lack of knowledge on the fission- process itself

/such as the most'probable massrof the fis;ioning system, or
from corrections for the energy loss byithe fission

fragments in the target, backing and foils;'

Some of these errors are straightforward to correct for

but the second type iS~somewhatrdiffieu1t to estimate and an

results to‘a var1at10n of some input parameters to the

comgﬁter program. Following is an evaluatien of the

e



uncertaintiés involved in thévdeﬁermined'quantifies from the
whole analysis process. | |

- Energy -
The uncertainty in tpabénergy~Values in the laboratory

system was a result of etré;s in the detectors calibra;ion
and in'cbrrecti;;s'made for the energy loss in the target
material, ihe backing and the detectors protective foils.

" The calibration step involved a fitting of a Gaussian
ﬁunction to thé energy spectra obtained e&perimentally in
6:der<£oveXtract the most probable ener§§ values for the two
peaks (in chanhel number) and relate théﬁ»to the inown \
energies of the spontanebus‘252Cf fission. This fitting
procedure was estimated -to lead to an qncertainty of:

.2 MeV-on the energy value for each detector.

When correcting for the energy loss in the target, it was ™
assumed that the fission events were all taking place in thef
center of the targetfahd, therefore, ﬁhat the fragments

- always traversed half of the target thickness. Taking‘inté

account the thickness uncertainties for the target, the

backing and the foils, this correctionsinvolvedranrerror—of

8.6 Mev for each detector. . .

The energy in the laboratoty was thus measured with an

uncertainty of around 1 Mev.
e



- Mass of theifission fragmehts -

As described previously, the caléﬁlation of the
ffagment mass is carried out in a different way dependiné
upon the option (i or 2). The case of option 1; involving’
the time of flight At will be discussed later. For option 2,
as can be seen from equation (I11.8), thé‘unCettainty in
the ﬁass A (or A,) will dépend upbn-thererrors in fhe
energy measurements, the angles at which the detectors were
Apositioned and the mass of the fissioning system. ‘

The angles at which thé detectors'were set in fhe
scattefing chamber were quite well known and the er:or'on
their value was ©.1°. However,'pwing to the finité detector
size, there is an angular range (15.8° in the case of tne )
deteétor close ﬁo thg tatget) within thch the fragments can
enter the detectors. Thiﬁwgggglar unce:taintyAwill not .
affect the position of the maximum of the mass distributions'
but will éont:ibute'significantly to their widths, as will
be seen later. |

The assumed mass of the fissioning system was chosen

according to the results of the analysis through the RADICS

program. The associated uncertainty has been determined
previously and found to be +5 a.m.u. All of these
uncertainties combined will give an error of ¥6 a.m.u on the

value of the masses Al and AZ2.



e

It should be pointed out that the most probable mass
value of the mass distributions was (of course) very

strongly dependent upon the A, value assumed. In all the

cases studied, the most probable values of Al‘and A, were

~

found to be equal and therefore half of the given A, value.
- Center of mass momentum -

The parameters involved in the center of mass momentum
vcalculaﬁion are: the energy and mass of the fragments and
the angles of the detectors compared to the beam. The errors
on these different quantities have been already discussed
and combine to produce an error of 8.3 (Mev.amu)l/2 on the
most probable value of Pem-

- Energy in the center of mass system -

. Since the uncertaihties on all the parameters used in
the conversion of the energy through eguation (III;9) have
now been evaluated, it is possible to estimate the error on
the value of E' in the center of mass. The main éontfibution'
"to this error on E' will be the uncertainty in the measured
energy E. The second and third terms of the sum in relatioh

(111.9) will contribute around 8.5 MeV and £.85 MeV

respectively. The value of E' will thus carry an uncertainty

of 1.6 MeV.
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- Fissioning system mass -
The rgsﬁlts of option 3 proved to be extremely

sensitive to the assumed zero time value, that is the time
oriéin at which the fission event took place. A shift of one

nanosecond in this zero time will displace the distribution

of the total fissioning mass by about 20 a.m.u (a_difference

cog:espondiﬁgwtd~that~prcduced'byfa'change—from first-chance -

tot last chance fission).

i The zero time, which was not experimentaliy accessible,
h;ﬁ to be calculated .(knowing the energy in bdth detectors)
b@t again with an assumed mass for the fissioﬁing system.
T@is cﬁoice'of the A, value was reflected in the calculation
ard an itera;ivé;ﬁrocedure‘between options 3 ahédl failed to
converge towarés a constant value of A,. This difficulty was
also encountered,during the procedure déséribed'in‘a). The
choice, in a first sbép, ofua A, value in order to apply
option 2, was teflectgd in the second step when the zero -
time was adjusted ésffo ob::;£ the same results through

option 1. Then, this dependence upon A, was carried

implicitly through the option,3”evenwif_At,did,notﬁidtezyena

directly in that option. As a consequence;’the end result
for the distribution of A, was very close to the value given

to start with, whatever this-value was.



It is therefore well understood that the results given for
the experimentally Getermined most probable mass of the
fissioning system are artificial sinceyfhey can vary greatly
with the time of flight At. Hdevéz.“the,At,distribhtions,

obtained are of interest as to their shape and width.

The same remarks could be made with regard to the frgément
masses A; and A, obtained with option 3. Therefore,
uncertainties will not be assigqed tovthese masses nor to
the most piobable At values.

- Unfolding of the distributions width
The fragment mass distributions resulting frbm option 2
show a standard deviation o of the order of 15 to 21 a.m.u
that is to say a full ;idth at half maximum (FWHM) between

35 and 5@ a.m.d. This FWHM contains a contribution from

errors on the parameters involved in the measurgment and

width of the fragment mass distributions can be calculated

through the relation:

ot -

2 o
(I1I.16)

)

)
l P’ IXiXy

- B n B -
T,3=1

J

where z=f(x;,...,xj,t..,x,) and (3f/3x; P) is the partial

dx.
1

derivafiée of f with respect to X; evaluated at the point R

P=(<X>,<¥>,00a).
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The parameters involved here will be the time, energy and .

angles of detectors location. Since éﬁé; are independent,

_.relation (III.18) becomes:

n | dsf : . A}
2 {Z:' t v2 2 oo -
62 = ( )2 02, (III1.11)
Z H=11ax. |P X3

An application of this last relation to eguation (III.8)

will give for example:

~ daa . da aa da
gZAl = (.__1)2 OZEJ+(——1)2 0232.,.(.__1)2 0291.,.(__1)2 0262

- In this particular case, A, was given as a single value
and thus was not distributed : oA =0.
The numerical'evaluatibn of the partial derivatives had to
be made aﬁ the poiht corresponding to the maximuﬁ of each
distribution. The quantities gE;,0E;,08] and o8, were
estimated cbh§j§erin§ the experimental conditions that is
the energy resolht}on of the detectors and the solid angles
they subteéded. The resolution of the detectors for the
measurement of a 188 MeV energy was taken as 108 keV (FWHM),
“while the standard deviations on the angles 6, and 6, were
~respectively 5.8 and 1.3 degrees. S

As an example , in the case of the Bi target, ghe

(111.12)

experimental standard deviation of the A; distribution was

#

o{exp)=15.75 a.m.u. With relation (II1.12), the contribﬁtion

of angles and energy distributions was calculated to be



A

o(parameters)=18.5 a.m.u. From this, it was possible to
deduce the trueistandard deviation of the mass distribution:
'oz(trug) = dz(exp) - cz(parameters) ' .

which led to a true standard deviation aréund 12 a,m:gf;

The correspondaing FWHM of this distribu&ion will then be

27 a.m.u compared with 37 a.m.u as measured. : ﬁ\\
This calculation revealed an interesting feature, - . \\‘\/5

namely the relative importance of the different parameter

errors. It was founa that the greatest contribution to the

width of the Al distribution came from the solid angie‘el

which accounted for 18.2 a.m.u. The solid angle 62 had a

muchvsmaller influence with a contribution of 2.3 a.m.u to

the total width while the errors on the energy measurements

couldige considered as negligible since each accounted for

only #.83 a.m.u.
AFollowing is a comparison of the FwHM Qf the fragment

mass distributions obtained via the above analysis.

e
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S Ay or A% distributions
:Target‘ égﬂﬁ(exP) - FWHM (calc);& FWHér(trﬁe)~*'
L in\E;@.u Jin a.m.u - in a.m.u
Aaa | 39/%// 23 32
Bi 3 ‘ ¥'  ;25 - 27
| m s0 | 28 42
UF, -T: 29 ‘7; a1

‘The same procedure was used in order fonééiqulate the’
contribution of the aifferent parameteré to the width of the .
;otal mass aistribution obtained froﬁ option 3. B§ soiving
the system:of equations (II1I1.2) and (III1.6), 6ne7finds the

following expression for the mass of the fissioning system:

" 2At2E.E,(sin?8, + sinZg,) o —_—
, : 1%2 1 2
Atg ” ,&/\J

O

S (6,E, sinb, + dyE; singy)c . 7

5

As previously:



/,
A _A A A A
UZA = (_) 2°2At+(-—) 202El+(_) ZOZE +(___¢) 20291+ (__.) 20292
dAat . dEl dE 2 . 'del dez

The time resolution of the system was measured from the
distribution obtained with a pulse generator replacing the
detettor signals at the inputs to the preamplifiers in

Fig.49: oAt = 0.8 nanosecond The follqw1ng table shows

‘ separately the calculated standard deviation contrlbutlons

from all parameters involveqv which combine to lead to the

total standard deviation o(par). From this and the

experimenﬁal results, the true standard deviation 0(£rue)

-~

was obtained. *

At distributions

Target{o (8t) [0 (E) [0 (81) }o(65) jo(par) fo(exp) fo(true)

amu amu; amu amu amu amu amu

Au 7.4 |8.1 |20.8 | 5.5 | 22.8 | 26.55| 13.6

Bi | 7.8 [®.1 |21.8 | 5.7 | 23.8 | 25.27] 8.5

- UF, 9.1 8.1 |25.5 6.7 27.9 21.36) ==--

Th | 8.5 {6.1 |24.4 6.4 |- 26.6 3¢.88 15.6

L ™
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Here again, it can be seen that the main contributing \\\\g
factor to\ﬁhe total mass distribution w1dth is the solid
angle 04 wﬁlle the time and the second solid angle have 2

much smaller influence.
c) Results
The results obtained from the three different options,
are glven for all the targets studled in Table VII.
The distributions of the total k1net1c energy in the
center of mass system are shown in Flg.66~67-68 for Au,Th

and UF, targets respectively while the corresponding-center .

of mass momentum distributions are givgz;}n Fig.59{7ﬁ-7l;

\ .
The center of mass momenta.expressed -in different units are -
_ related as follows: - “ - RS
" p in MeV/c = p in (Mev. amu)l/2 X 38 52 LN

3@ 52 be1ng the quantlty (amu in HeV/c2 1/2,
A



amu

TABLE VII
Tar| option A, A, E'; in E'y in Eior in Pem in | B¢
get - la.m.uja.m.y MeV Mev Mev  [VMeV.amu
option 1| 966| 95%6|66.9%1.6(67.241.6[133.5¢3,2| —---ocZ -
Au |option 2| 96%6| 94%6|66.3%1.6]67.7¢1.6]133.443.2|14.4%0.3] -
option 3| 92 | 96 [66.7%1.6{66.9%1.6]133.6%3.2| —--=-m- 189
option 1|181%6|182¢6|71.6%1.6|70.7%1.6|141.423,2] —---mn- ---
Bi |option.2|101%6|161%6|76.6%1.6(71.1¢1.6[141.3%3,2|15.3%8.3]|-~-
Jfoption 3| 97 | 183 [71.0%1.6]70.6%1.6/141.4%3.2| —-omem- 202
option 1|114%6|198%6|75.1¢1.6/76.121.6]151.323.2] —--nn= ---
Th |option 2{115%6|1134676.2¢1.6|74.8%1.6|151.4%3.2|16.8%8.3|—--
loption 3111 "| 117 {74.6%1.6|76.5%1.6|151.143.2| ==z--un 230
option 1/117#6]118%6(81.7%1.7/81.9%1.7(164.0%3,4] ----—-- ---
UFy |option 2|118%6{117%6|81,7%1.7 82.4%1.7]164.4%3.4[17.7%0.3[---
option 3| 118 |*119 |81.8%1,7|81.7#1.7|163.9%3.4| -------|231

It
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Fig.66: Measured total kinétic ehergy in the center of -
mass System for Au+488 MeV protons.
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Fig.67: Measured total kinetic energy in the center of
. mass system for Th+488 MeV‘protons'.
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Fig.68: Measured total kinetic energy in the center of

mass system for UF,+480 MeV protons.
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Fig.69: Deduced center of mass momentum distribution of

F

_the fissioning system f rom Au+480 MeV protons.
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Fig.70: Deduced center of mass momentum distribution of

the fissioning,system from Th+480 MeV protoﬁs.'
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Fig.71: Deduced center of mass momentum distribution of

‘the fissidhing system from UF,+480 MeV protons.
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IV DISCUSSION

'A) Technigues | i .

1) Mica calibration ‘

It is believed that the calibration data presented here

constitute an advance on those available previously. Indeed, .

from the point of view of the use of mica for fission
-fragment spectroscopy, they may represent almost the best
that can be achieved, sﬁort of the meas;rement of range
curves for mass-séparated ions of all relevant masses .
accelerated to a series of energies in the range of
interest. Given the variation in the range~-energy
relationships from ion to ion alréady,observed, plus the g
limitations in the application 6f‘the'mica téchnique from
other causes, ﬁugther such calibration measurements are
pfobablg‘not*worth.the effort. Application of the presenf

_technigues to measurement of the most probable fission

7 f;agmeni eneraiééwih thercéééidfiib;wéhergy neutron induced

fission of uranium (where some of the complications of the

\

[
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" et

- higher energy systems are absent) in any case produced data

evidently in satisfactory agreement with the literature.

2) Semiconductor detector experiments
o
The technigues employed in thege experiments were.

o

‘evidently adeguate to obtain'data of good quality on
fragment energies; the analysis of errors présented'above
shows that the energy uncertainties were small ¢ompared with

the width of the energy distributions to be measured, and

made only a small contribution to the :::E?tainty of the

most prbbable values ektracted from such distributions.

The angular data suffered from the effects of the size
s : ,

of the detectors needed to Qchieve

of the angular'aggrtur
pfacgical counting\ tes and rahdoﬁ’cg}hcidence rates.
Nonetheless, givenAihe width of the anguiﬁg correlations
ﬁeasured, thé angular uncertainties are considered ’
reasongble for the present purpo;es, and fhé,data obtaine
to be of gobd qﬁality. ‘ '

In the case oﬁ'tﬁe~attempt to ﬁeasure'the'fissioningif

,Asystem_massmviagixagmentﬁene;giéswandutime—offiiightTgthef—wr~~

techniques were clearly inadequate. They did, however

‘represent about the best that could have been done with -the
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h ]
level of sophistication of the equipmént at hand. To really
measure the required mass to useful precision woulé clearly
require experimental technigues (and a budget) well beyond

the scope of the wofﬁ described abové.
B) Results

l) Fissioning system mass

\
L N
In the event that "first-~chance fission" occurred in

the reaction systems studied here, then the fissioning

system mass distribution would be very narrow and centered

J

at or close to the ma%ibof the target pnucleus. Such a result

would (as’ noted above) “be expected on’the basis of
elementary considerations from the statistical model.
On the other hand, in thé event that the opposite

extreme ("last‘Chance fission") is obtained, the fissioning

- system mass would be distriE?xed; with a width comparable to

hat of 'the excited products from the prompt intra-nuclear

ascade widened still further by the variable effects of

evaporative de-excitation. Fig.72 shows the mass
distribution calculated by the ISOBAR code for the system
Bi+ 58P MeV protons and Fig.73 the result from the ISOBAR

“

N
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‘Fig.72: Mass distribution tesUlts obtained from
calculation by the ISOBAR code for the system Bi+588 MeV

protons.
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followed by EVA codes. As mentioned earlier, the EVA code
does not consider fission in competition with evaporation _
for nuclei lighter than uranium, so that this latter

distribution'(modified for the effects of the substantizl

fission barrier for nuclei in this mass range) will~~— — " -

-approximate the mass distribution for nuclqi.undergoing

,

last-chance fiscsion. We also note that the EVA coae is

relatively rudimentary, but' that it is prbbably adequate for

- %he present discussion since the effects of angular momentum

neglected by the ‘code would be expected‘Ep be small,.
The most probable mass value for distributions such as
that in Fig.73, together with a distribution wiath “e pressed

as a full width at half maximum height, afe giv

Table VIII for each of the ﬁargets studied
In. the event that fission is neithe fli rst-chance nor
rast-chaﬁce in character, but occurs over many steps in the
de-excitation chain.(as predicted by the statistical model),
then a;différent distribution of fissiohing‘System masses~
will be obtained. However, the present experimental

technigues for measurement of this quantity’are sufficiently

v

crude that é soéhistiééteé Célcuiﬁtiéh”bf”iiﬂﬁgé'hoifWrr”

-

considered justified. — A .

The results of analysis via the RADICS code of the



.

N
[\~ ]

TABLE VIII

Target} <A> amu FWHM mass <A> amu{<A> amu FWHM mass
| 1SOBAR+EVA |distribution| RADICS| TOF |distribution| -

| ISOBAR+EVA 19

au | 179 23 196%5 | 188 320
Bi 192 23 202 20
Th 214 26 230 37
| UF, 218 26 2342 231 -

i N
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angular distribution data obtained with mica detectors for
the systems Au and/peplus 800 MeV protons lead to values
1ncluded in Table VIII in column 4

Results obtained via semijconductor detectors and the

‘time of flight technique for protons energies of 480 MeV aref

shown in the same table 1n columns 5 (for 'the most probabl

b

mass) and 6 (for the d1str1butlon widths) .

. The two sets of data, where they overlap, are;
reasoﬁabiy consistant, and indicate a most prooable‘
fissioning:systeﬁjmass distinctly displaced from that of the
target. ihus, the data do at least indicate that \\ -
first-chance fission was probably not the‘operatiée
meChadism'in generali ﬁowéver, while the width values
extracted from the time of flight experimentaare of the same’
order of magnitude as those calculated via ISOBAR+EVA, their
quality is certainly not good enough to allow a distinction

\/-‘>

to be made between the distribution of masses resulting»grom".

- last-chance fission and that from fission-evaporatign

-

competition occuring during much of the de-excitation

process.

N
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2) Momentum of the fissioning system and excitation
energy , ' | v j

B
The component of the fissioning system momentum

//> ’ pa;allel to the beam dirqu}on (p//) is accessible, as seen

earlier, through the angular correlation meaﬁuremgnts. It B

A ) .
can be evaluated from the angular distributions and with

time of flight experiments as well. If it is assumed that
any pre4fission héutrdns a;eremitted iéotropicallylépxyﬂ%

, center 6f mass of the fiSsioning hucleus, and that their
evaporation has negligible effect on the value of p//,'then,
this momentum is the momentum given to the fissioning
nucleus by/Ehe intra-nuclear cascade. |

The relétiodship'expeétgd between the excitation energy

\; E* and the edrresponding valye of:p//'can be extracted from .
- _ v - \
the results of the ISOBAR code calculationsr Fig.74 shows x

these results in the case of,i,gold target bombarded with .

~ 508 MeV protons where the average excitation energy for a

_ .

_given value of p,, is plotted. -

e

The most probable valuékof Py from thélangulér

correlation experiments together with Eﬁé corresponding
‘ oo ‘

excitation energy E*(cal) calculated by means of the

-
i & a
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Fig.74: Average value of the'excitation'energy'(E*)

corresponding to a given mdmen;um ps, as calculated by the

£

ISOBAR code for the system Au+580 MeV protons.
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relations;}§ of figure 74, is giVen in Table IX together

-

with the nuclear temperature‘t(eXp) calculated through the

‘relationship'(Nix,69):'

at\
whereqthe'leve density pgrameter a is taken as A/é and B
is the fission ‘rier as calculated by Myers and Swiatecki
(Mye.66). In columpis 5 and 6, the average.valué of the
excitation ene at the end of the cascade calculated by
means of the ISOBAR code, (E¥ (isob)) is feported with the
corresponding nuclear temperature t(isob). In the last
coclumn, the results from the analysis of the anguiar
distributions by the 'RADICS code are reported.

k)

It can be seen from this table that, as the mass of the

target increasestrom Au to U, the average calculated
excitation energy (following the intra-nuclearACascade stebz
of the nuclei leaging to fi3sion decreases. This effect is
observed in data from experiments both conducted with

semi-conductor detectors and with mica.

This could be explained in two ways:

one is the fact that, as the mass of the target

vincreases, the fission barrier decreases thus allowing

®

nuclei with a lower excitation energy to fission. However,

this cannot entirely account for the large decrease in the

-

s ~ y



TABLE IX

i

480 MeV protons

500 MeV-protons

»896—Mev~p

2.41

Target p//(exp) E*(cal) t (exp) E*(isob)[t(isob) E*(RADICS)
MeV/c MeV MeV “MeV MeV " Mev
483 160.4 2.43 159
471 158 2.27 163.3 2.38
267 80 1.62 169.4 2.41
d
UF, 231 77 1.59 | 171.7
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average excitation energy from 160 MeV for gold to 77 MeV

for uranium.

-

- - the other more likely explanation can be given

by considering Fig.52-53-54-55 displeying the parallelr

component of the fissioning system momentum obtained

expegimentally and calculated through ISOBAR. it can be

- observed that, while the two curves are in good agreement in

the_case of the gold target, they'disegree'sharply in the
case of the uranium targe:v(with intermediate si%?ations for
the other tarqets). This discrepancy could be due to the
effects of evapqrative de-excifation, and a simple
calculatign can demonstrate if this is~the case.

The average linear momentum P/ given by ISOBAR at the

end of the cascade step has a value of 685 MeV/c in the case

of the uranium target. If, say, 20 neutrons are evaporated

before fission, the average velocity of the system will
remaiﬁ the seme (provided that the neutrons are emitted'
isotropically in the center &f mass of the fissiOning
system)Aand the ratio of momenta before and after
evaporation will be as the retio of the massee. Starting
from‘éh eVefage mass of 236 amu fas givehwgiriéééiéj; one
obtains: ’ _

Pafter = Pbefore(ZIG/ZéG) or Pafter=7554 MeV/c.

| Ly
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If one assumes a first-chance fission mechanism with’ =

Bom a0

evaporation of an average 16 units of mass from each ofﬁiﬁe
fission fragments (isotropically in their center of mass),

. # , S
one obtains a similar result for the value of p//;gfter

evaporation. ’

This avefége value of p,, after evaporation™is, still.
quite far from the value of 231 MeV/c obtained
experimentally, meaning‘presumably that'the discrepancy
be;ﬁéen thg experimental and calculated curves cannot be
explained by evaporation-alone. | | g

Another explanaéion for the feduced average exgitation
energy of the huclei which fission:(in the case ,0f Th and U
targets) may be obtained by considering Fig.75 whic@ is a
th}eé dimensional piot bf data oh the angular momentum
versus the excitation energy of the nuclei resuiting from
the intra-nuclear cascade as calculated by ISOBAR. It(can be
seen that there is a tendency for the angular momentum to
decrease with incréasing'excitation energy; this can be
understood through the notion that highly exéiﬁed nuclei are
the result of collisioné in which the incoming projectile
hits the target nucleus at’or near’its‘center thus resulting
in a low angular momentum, while the nuclei with low

23

excitation energy result from collisions’with large impact



x

Fig.75: Thrée dimensional plot éf the angular momentum A
versus the exci;ation en%f§y of the nuclei following the
intra-nuclear cascade as calcuiated by thé(ISOBAR code for
the system UF,+508 MeV pfotons. The center of therfigufe ;
giveé the number of nuclei possessing an exéiiation energy -
E* (shown horizontaily in 25 MeV bins) and an angular
- momentum J &liéted vertically). The totgl number of nuclei
héQiné é given angular momentum and their average excitation
energy (<E>) are shown in the column on the right while the
total number of nuclei possessing a given excitation:enerby ;
’and their average angular momen tum (<J>) are listed'at the

bottom.

I
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parameter and thus 1mpart1ng té/the)struck nucleus a larger

LBl

angular momentum.
It has been observed by many authors (Mil.78) that the . -
probabllltyjﬁor fission was greatly enhanced, at a given - R

»

exc1tat10n ‘energy, by an 1ncrease in angular momentum while,
at constantvangular momentum, an increase in exéltatlon .
energy doesfnot lead to a greater fission probabtlity. This .
effect woulotcleariy favour the f%ssion of nuc1ei with high
“an@ular'momenta and hence with low excitation energies.

The foregoing Eéy seem to be in contradiction to the
results of the present angulaa‘distrtbution measurements
(see section III-B-1)which ii%icated very small
anisotropies; however,,an analysis of the orientagion of the
angular momentum.veotora attthe end of the prompt cascade as
, calculated by the ISOBAR code\ﬁndioates that, except for - N_—
thoae rare events with maximum angular momentum, the -
component parallei to the beam axis is of the order of 25%
of the component perpendicular to the‘beam axis for all the ~
present target nuclel. This might very well wash out to a

great degree the correlatlon between the angular momentum

vector and the symmetry axis of the fissioning system; thus

attenuating the expected preferential emission of fis

fragments in the forward and backward directions.
v |3 N



»

The angular correlation measuremq%ts with the mica

sandwich technique (which lead to—values of the center of

mass momentum) o not offer the gquality of data of'thoee
performed with the semi;condh;tor Hetectors, owing to the
difficulty in scanning very deep and’&ery shallow tracks

with respect to the mita surface. However, it is ihteresting
to look at the change in this momentum when 7% particies S

are used as projectiles instead of protons. Unfortunately, -~ X

the experimental fac111t1es avallable did not permit this to

be done at the same projectile energy, and the effects of

1ncreased proton mass are added ‘to those of the increased
énergy (Bﬁﬂ-MeV) of the proton beam compared to that

(428 MeV) of the pions. Fig.76 shows the momentum parallel -
tdfthe‘beam axis (p//{las calculated by ISQBAR in the case

of a gold target bombarded with 488 MeV 7t and of a 808 MeV
proton bombardment. The average momentumvgiven to the nuolei -
bxrthe proton projectile is ciearly greater than the average
mo;;htum imparted by the pions. This trend is coneistent
with that obser;ed in the results 0f the mica sandwich
measurements where the average value of p//—was found to be
blgger with 868 MV protons than with 486 MeV w ‘part1cles

-

{see TablevVI).

v/
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Fig.76: Momentum parallel to the beam axis (p//)

transferred from the projectile to the struck nucleus as

calculated by the ISOBAR code for the systems Au+408 MeV

pions ( ) and Au+8@@ MeV protons (----).

%
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3) Fission fragment energies and masses

-

These two quant1t1es w1ll be cons1dered together s1nce,

- in the experiments, measurements of the f1rst were used to

extract the second, and the effects of excitation energy on
their respective distribution widthS—are expected to be
connected.

This_effect of excitationbenergy was considered (inter
alia) by Nix (Nix.69). Fig.77 reproduced from this "
reference shows the calculated widths of the distributions in
total hinet&ggenergy and in fission fragment mass as a
function of the nuclear mperature. The average value of
the nuclear temperaeure jfgculated from the experimentally
determined exc1tation energy is reported in Table X.

Column 3 of this tablé llStS the . . probable total kinetic
energyﬁcalculated by Nix and columns'4 and 5 the energy and»
the fragment mass distribution widths corresponding to the

temperature in column 2. The data from experiments with{Eica

.

- N N - . _
sandwiches are reported in columns 6 and 7 while the ...

.4

experimental data from semi-conductor detectors measurements -

are listed in columns 8 to 18.

While the average values of the total kinetic energy

T
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Fig.77: Calculated widths (FWHM) of the mass and energy
- distributions for fragments from various fissioning systems
as functions of the fissility parameter x. The curves are

for various‘values of the nuclear temperature 6§ at the

saddle point. ' ' kﬁg@

P
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TABLE X
-Target NIX - MICA Semi-cond. detec.
, , v -
t <EK> FFWHM [FWHM" ‘(E."X‘L,‘;‘@ <Eg> , FWHM FWHM|.
Ex A, |408 M ‘»ﬂﬁ Mev Eg Ay
pions protons
- ! f /'
Au 2.43}) 146" | 21 33 123%9 [123%9 133.4] 22,1 32
Bi 2.27{ 168 20 29 141.3] 21.9 27 }
Th 1.62f 190 | 18 22 b 151.4] 25.5 | 42
UF, 1.59f 197 | 19 21 162%15 164.4| 27.5 41

iy
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PN
experimentally obtained with the two techniques used ate in

(Nix.69) and le
=
produce better agreement with experiment. As seen earlier,
rfhis model was basedzon the liquid drgp model by assuming a
non viscous irrotational flow inside the nucleus. More ~
recent inveStigations (Dav;76), (Dav.77) taking viscos%ty»
into account led to more satisfactory results. Fig.78 taken
from (Nam.75) ;hows a comparison of experimentai énd o
theoretical values of the total kineglc enefgy of the
fission fragments for several values of the viscosity -
coefficient. The results from the present work have been
added to thisrfigure and are ﬁoﬁnd to be in godd agreement
with the other experimental investigations. 7 o
The experimentai values of width of the distr;bations

(FWHM) reporfed in Table X agree well with the cal@ulated

ones (both for the kinetic energy and the fragment mass

him to improve the model wsed, in.order to _

L.

distributions) for the gold and bismuth targets. However the R

widths are much larger for the heavy targeis. This 4

disagreement between experimentally determined FWHM values



B

Fig.78: Comparison of experimental and theoretical values
6f the most probable total kinetic energy of the fission
fragments from various fiséioning systems. The solid curves
represent the results of calculations for different values
of the viscosity éoefficientu. The dasbed curves give the

calculated translational kinetic energies acquired prior

to scission. Data (X) are from the present work.
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and theoretical ones was also %ound-by other authors'(see
Nix.69)). | e

The width (FWHM) value of the frégment‘mass
distribution was also obtained through calculations via the
ISOBAR and EVA codes where fission.was included in the

process of de-excitation. The results of such a calculation

- are given in Fig.79 for an uranium target”bombarded with

5006 MeV protons. The distribution in fragment mass shows a
most probable value of 169 amu and a FWHM of 23.5 amu (very

similar to the value calculated(b¥_NiX). The fact that” the

.experimental width of the fragment mass distribution is

almost twice the calculated width could be explained by some
significant proportion of the fission events taking place at

a low enough energy to lead to a significant proportion of
asymmetric events. It may be noticed that this is in

agreement with the results obtained from nngular correlation
measurements, which seem to indicate that fission occurs Vo
with a greater probability anong the nuclei left with a low
excitation eneigy (and a high angular m%nentum) after the
intrarfiuclear cascade. The computer code EVA did not take

into account the effects of angular momentum and predicted

fission of nuclei soon after the cascade step, and therefore

at h‘higher average value of the excitation energy



Fig.79: Fragment mass distribution as calculated by the

ISOBAR ané EVA codes {where fission has been:included as a

means of de-exc¢itation) for the system UF,+588 MeV protons.



' NUMBER OF EVENTS

150

100

T T T T T T T

UF,+ 500 MeV protons
<A>? 109 a.m.u.

] 1 1

] 1 1
80 80 100 110 120 130 140

FRAGMENT MASS (am.u.)



224

(~176 MeV). As a result, the fragment mass distribution

Acalculated by the code is perhaps narrower than the

’

éxperimental one arising from nucléi with an average value
of the excitation energy of the order of 88 Mev.

| As meﬁtioned earlier, the EVA cdde does hoq consider_
fission; in the evaporation process, for,elemen;s lighte}

than thorium, and it would be of gfbatjinteresg to extend

the calculations of this code to Jaements such as gold and

bismuth, in order to compare the ¥idth of the calculated

fragmené hass distributions with those measured
expérimentally.

Fission occuring at low excitati&ﬁi@nérgy, thps with a
greafer tendency: towards asymmetry, would explgin why the '
éxperimental results are in disagreement with the‘
theoretical'p;edictiops of Nix in the case of thoriun(and
ufanium fafgets. Indeed, the non-Qiscous irrotational liqﬁid
drop model considered was found (Nix.6§) incapable of
accounting for the properties of heavy nucleus fission at
low excitation energies (i.e for ha;s aéymmetry)}

ks
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V CONCLUSION

The present study provided 1nformation on fission -
induced by 1ntermeq€)te enef/y projectiles by means of two
different“tecbpiques: mica track detector experiments and

s, e
semi-conductor detector measurements.

o~
-

gﬁﬁe total kinetic energy of the fisS1on fragments was
’meas red - and founo to be in good agreement with pubLished
values obtained with different.projectiles and bombarding?
energies.

For the same target, the measured average fragment
kinetic energies were constant within exberimentaleerror
whether brotons (of 506 MeV or 808 MeV) or 488 MeV pions
were used as projectiles. The widths of the total kinetic
energy distributions were compareo with the theoretical
predictions of Nix for the eibected nuclear temperatures and
were found to be in reasonable agreement for gold and |
bismuth targets. However, for thorium ano uranium, the
experimental widths were larger tnan the calculated ones, a

fact which has been observed in previous experimental
2w \ _ - -

investigations. A further test of the model proposed by Nix

uig



was pe:formed by_comparin§ the widths of the fission
fragmeht mass distributions obtained experimentally kfrom
- the fragment ene;gyvdata) and theoreticélly. Here again,

good agreement was obtained for gold‘énﬁ”bismuth‘baf the
present experimental results for thorium and uranium were
greater thén the calculated values by a factor ofrtwo. This
discrepancy cduld be dﬁe to tﬁe contribution of asymmetric
fission events {coming from low energy fission) to the
fragment massidistribution.

Angular %Brrelaﬁion measurements led to average values
of the momentum of the fissiohing system parallel to the

-

beam direction; and the corresponding average v;lue of the
exéitation energy was determined via a relationship between
the two derived from the results of the ISOBAR code. The
behaviour of the gold and bismuth targets was again
different from that of the ;eavier elements. In the case of
thorium and uranium, it was found that the probability of
fission was apparently higher amoné the nuclei possessing a
low excitat}on energy (and a high angular momentum) at the

4 , o AT - o
end of the prompt cascade. These nuclei (with an average -

excitation energy of the order of 86 MeV) would not possess
E .

enough energy for the evaporation of a great number of

w

. eutrons; therefore the fission process would take place (on
Z



the average) after'only a few evaporation steps.

When gold and bismuth'targets>were used, the measured
averaée momentum was approximately egqual to that calculated
as given to the nuclei by the-intra—huclear7cas&éde; N
indicating that the fission is not restricted‘to those
nuclei with low excitation energy; the fission proba%ility
will be similar for all nuclei after the cascade step.

The measuremeqﬁs carried out for the determination of
the fissioning system mass were not of a sufficientqu£lit§
to obtainva definite value. However, indications on the
;%mpetition between fission and particle exfpbration were
obtained when the experimental data (mainly the widths of
the distribqtions) were compared with the caicuiated results
of the computer codes ISOBAR and EVA (with or without
fission as a de-excitation means). .

The distributions of the fissioniné system mass
indicated a most probable value distinctly displaced from
that of the target. This lndication and the fact that the

experimental width (FWHM) value was much greater'than the

calculated value for the nuclei after the intra-nuclear

cascade seem to show that a simple "first-chance" fission is
probably not the operativé mechanism. It was not possib1;\

Ty Y . . »
however, to distinguish between "last-chance" fission and

fission occurring over several stages of the de-excitation
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Am; cha}n.,
7 The extension 6f the EVA code to.inclﬁde the x4
possibility of fission for the light targets (such as Au and
Bi) plus the igélusion of angular momentum effects could be
very useful aé a means of comparison with experimental data.

The quality of the fissioning system mass measurements
could be improved by reducing the soiid'angle within'whidh
the fiséion fragmehfé entered the detectors. Since the
greatest uncertainty in the time-of-flight measurements was
the determination of the zero time (of time at which the
fission event took place), aAmethod to provide a measurement
of its absolute value would be a distinct advantage. The
time of flight,resolﬁtion could behimproved By increasing
,furthér the flight path of the fission fragments (i.e. the
detectér,givipg the start signal could be located farther°r
away from the target). However, this increased time of -
flight path added to the effects of a reduced solid angle
coﬁld result in an impractically low coincidence rate.

_The current experimental approach‘o§ meésuring the

evaporated particle spectra in coincidence with the fission

fragm WEs;lWil'js)!,(gFétZ§l1”l§l9p8Q)1,§§§m§mt9ugﬁiex,mgnew
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