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Abstract

i 4

The feasibility of using mica track detectors in a detailed
Y : .

‘#study of the fission of medium mass nuclei has been explored,

, . ‘
Extensive calibration of mica as a heavy ion detector was

/

“achieved by measuring the track length of heavy ions with a

series oé known mass, charge and energy values. The results
of these studies were compared w1th//he conventlonal theoret-
1cal stopoing models.beo satlsfactory agreement could be ob-
,talned and a semi-empirjical relation was derived which describes

the track length of heavy ions in mica to within the accuracy

of the experimental measurements. 3 -
Fl V'—\ =

Track length distributions of fission fragments as a function
of the angle of emission with respect to the beam of bombarding

particles were measured for the following sYstems: - 167~-MeV

1

a's + Mo, In and Au;JSO-MeV a's + Ag, Te and Au; and" 100-MeVv

and l20—ﬁeV a's + Au.' The data were analysed in terms of the.

~

total,klnetlc energy release,’center of-mass mohlon and the&

fﬂ W1dth oﬁ the mass and/or energy dlstrlbutlon of the f1531on

\

V fragments. Klnetlc energy re}ease values were found to be

’systematically hlgher than theoretical estimates. The analy51s '
did- not supporr a drama£1c 1ncrease in the width .of the mass:
,distrlbutlon of thepfragments from fissioning systems of mass
decreasing to that of rhe 804ﬁeVra's + Ag system, but was in-

conclusive with respecrlto this effect for the 167-MeV a's +

Mo system. . ' : .
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In the analysis of ‘angular distribution data, distributions

in angular homentum and excitation,epergy of thevéiséiening
nuclei. were obtained by calcﬁiating the coﬁpetition.bétween
particie gmission:éﬁd'fiésion in the de—excitation of tﬁeg_
excited nuclei;;éhd includiné the effects of multiplé chance

fission. Deduced values of the moments of inertia of the

saddle point cénfigurations were compared withAthédretical

predictions.

\

.
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of 20. and 40 amu,; for laboratory aqgles of obser-

.

. vation of 60° and 120°.
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-
i

action with calculated traqk length distributions
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observation of 158°. <

4,18 ,Comparigon of experimenpal‘track lengﬁh distribu-
‘tions (histograms) of the 167;Mey a's + Mo inter-
‘action with calculated track length distribufions

Fe

assuming a’ width of a Gaussian mass distribution
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.Fission, more than any other topic in. nuclear chemlstry and

n
phys1cs, has’ aroused great publlc as well as sc1ent1£1c

interest. In 1939 Hahn and Strassman dlscovered that uranium

4 - -

m\_’

nuclei, after the seemlngly mlnor‘exc1tatlon caused by the

- 4 -.../ !

absorptlon of a low energy neutron, often Spllt up 1nto “two

large fragments, relea51ng a comparatlvely very large amount

= s . B

" of energy. It was th1s excessive amount of energy released

>

-

by such a very small quantity of materlal g@at §t1rred the

1mag1natloq of many minds and has resulted 1n the&great beneflts

-y
2

for today's society, as well as, the ever~presentg£ear and % -

anxiety that will=linger°on as long as the destructive

capabilities of the fission process'are utilized by even a few. A//

It is undeniable, however, that because of the presence of
’ i other than just scientific motivation the knowledge of the

fission process has advanced at an enormous rate, thereby also

A

increasing our understanding of nuclear physics and chemistry

e “

in general Whether this 1ncgease in knowledge will pay off

ray
(o

the debt that fission so obviously owes us, is a question

that we must answer for ourselves.

With the rapid advances being made ‘in the construction .of
medlum and high energy particle accelerators, fission-can now
be 1nduced in nearly all elements known to man. The f1551on

process of medlum mass nuclei (here quite arbltrarily defined

-
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a

as the fission of nuclei with a mass of around 50 to 200

amu))still releases a large amcunt of energy, but.in order
to induce the event an eqﬁél or larger amount of energy is

hY

required. From an industrial point of view then, the

process 1is noﬁiﬁseful. However, a stﬁdy of the mediufm mass

fission process can illumiﬁate the fission proces$ generally
and particularly the influence of larger amounts of excitation

. - . - “
energy and angular momentum.
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Chapter 1 Introduction
. | .
1.1 Fission of medium mass nuclei at moderate exoitations.

Theoretlcal as well as experimental studies of the fission
process concentrate malnly on the heav1er f1s51on1ng nuclel,
although most of the treatments have also been extended for
nuclei of medium masses. - (here‘We will guite arbitrarily
define the light nuclei as being those Qith a mass of less |
than 50 amu, the medium mass nuclei as those with a mass
between 50 and 200 amtu and the heavier nuclei as'those with a

mass heavier than 200 amf.) The earliest theoretical stug;es\f~

were mainly concerned with a determination of fission barriers

(Mei 39, Boh 39, Pre 40, Pre 46, Fra 47). Thé uniformly

charged liquid drop model was used in all studies. The
rationale for using this model was the same as that for use of

the same model to calculate masses and mass.differences via the

semiempirical mass equation, although the liquid drop model for
the fission process is simplified by the fact that a numhef‘of )
terms in the mass equation are independent of any distortion

of the nucleus.

It.soon became evident that in order to agree with the experi-

mental data that were available .for some of the heavier'nqclei,
1 " L4 - A
shell effects could not be excluded. (My% 66, Str‘i%%& Myers °
5
and Swiatecki (Mye 66) did extend their caIculatlons to the

region of medium mass nuclei as well, although, because of

-
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a lack of experimental data, it has not been ngsible to confirm

———
-3

their theoretical estimates. Compllcatlng any direct deter-
mination of the fission barrlers of medlum mass nuclei is
the fact that the few theoretica; estimates of the shape of
the fission'barrier that have been made (Nix 67) indicate a
aramatic narrowing of the fission barrler for f155111ty -~
parameters less than 0.65. (The fissility parameter X rs
definedras the ratio ef the coulomb energy of a spherical drop
to twice its surface\energ;>§§‘§=22/50.13A,,wherez and A are
the chargé and the mass of the nucleus respectively;)~ The
narrow fissioh barriers will allow a considerable amount of "
harrier penetration as well as reﬁlection. ‘From an experimental
éeint of view, this effect will/ehow up in a rather siow

variation of the fission cross section, even in the neighbor-

hood of the fission barrier.

In the previously mentioned the&%etical studies, thé angular
momentum of the fissionin& nucleus is assumed to be zero.
\.)

However, with the fission barrlers for nuclei with a mass of

50 to 150 amu expected (Mye 66) to be 1n the order of 50 MeV,

a considerable amount of excitation energy has to be induced

in the nucleus in order for it to be able to fission. By
bombardlng the nucleus w1th 60 MeV alpha particles for exampie,
this excitation energy can be reached but a con51de;able amount

~0f angular momentum is also induced. The theory of a rotating

liquid drop had already been considered around the early
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1960's (Pik 58, Pik 62, Pik 62b, Berﬁ61, His 60) but a comple;e
treatment of ‘this théory was nbt described until‘very recentlg;;/‘i
Cohen et.al (Coh 74) found that the fyssion barfiér will | )
decrease with increasing amounts of aAgP}ar momentum, and

even vanish if sufficient angular momentum is induced in the

nucleus.

- \3 :
In order to simplify the treatment of the medium mass fission

process, a number of different steps or stagesagfe assumed to

take place in the following order (also see Fig.\l.1l):

1. The incident particle either forms av"composite" system
{(Coh 74) with'theitarget nucleqé, (in this system the
target and ,'ojectile have more or less amalgamated, but

- equilibrium'ih all degrees of freedom has not been,
échieved)’or:an elastic or ihelast;c scattering, stripping
or simplé nucleon transfef process occurs. Here we willv

assume that the residual nucleus of any 9f thesé latter .

interactions will have,a much lower excitation energy

than the result of complete amalgam;tion, relative to

the expectedL(Mye 66, Coh 74) fission barrier and hence

will not lead to an appreciable contribution to the total
: i .

probability/for any type of fission reaction.

2. The composite nucleus can decay by pre—eQuilibrium particle

emission (Gri 66, Bla Gé, Bla 70, Bla 71), or it can undergo

"direct" or pre-equilibrium fission. If the composite
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nucleus survives. long enough to a;tain equilibrium ih_all
degrees of freedom, the compound nucleus is formed.

Residual nuclei from the pre-equilibrium decay process may

-
*

) " ’ R
also eventually attain an equilibrium state, anmd if
sufficient excitation energy remains, the nuclei can still

-

«

de-excite via the fission process. &

A

N

3. The compound nuclqu can decay by a competition between

. particle evaporation and fission. The slower gamma de-

v

excitation-has been neglected in this scheme.

Most of the earlier experimental studies of the medium mass ™

fission process. were for nuclei with masses close ¢to 200 amu.

L3 . ¥ ‘ -

increasing time

>
: + \
nucleon ' pre-equilibr{um. > =
transfer ;
- - fission . fission
scattering _ roducts
’ stripping //ﬂ : P .

o-OY-0—G

project;l.‘le,b

K}

target composite compound
system . system
" pre~equilibrium evaporation
J particle emission products
| ’ step 1° ' |  step 2 ‘ j -step 3 1

1

Figure 1.1 Sequence of events for a‘moderaké energy incident
w ) | . .
particle interacting with a medium mass nucleus.
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fisSion barriers in this region are only in the order of

.20 MeV} and'consequently,gtﬁe excitation energies'employed

N ’ . 'A‘_ * P " . i
were commonly no more than 50 MeV¥. (Cha 62, Hui 62, Bur 64).

‘The reaction schemeé of figure 1.1 was simplifigd considerably
in applicétion to those cases. Compoundfnucleus formation .

was -always assumed, while in the de-excitation of the compound

nucleus, only first chance fission was taken into account.

< 9

‘ v o : -
Multiple chance fission as well as angular momentum effects
were considered from an experimental point of view in the

mid sixties (Kho 66), -but not until the seventies were these

effects properly taken into account. (Bla 73, Pla 73, Fer 73).

Although the theory of pre-equilibrium particle emission has

been developed tp some extent (Bla 71), it has not been quan-

¢

titativ%iy applied towards the interpretation of any experi-
mental data on the fission of medium mass nuclei. Hence,

Y N

although'spme theoretical models exist to describe j?l three.
steps in figure 1.1, the interpretation of experimerftal data

still basically assumes that a compound (or at least equili-

brated) system is formed whicE then decays via particle evap-.

ent difficulty in including

1
pre—-equigdibrium decay is that in order to analyse the angular

oration or fission. The inhe

distributions. of fission fragments, one needs to know the
distribution, in angular momentum of the-fissioning nuclei, and

~all pre—équilibrium*decay models in existence today do not



' implicitly retain the angular momentufm distributigg»information.

Justification for the assumptionvof compound nucleus formatiom
. A ~ -
(i.e. full momentum transfer) has been sogéet from measurements

of angular correlatlon functions (Sik 62, Vio 71, Pla 73, Vio

74) . Although these types of measurements do not_indicate a

significantfdeparture frém full momentum transfer,'other re- ' _
! s
searchers using dlfferent techniques have come tO\dlfferent con-
3
clusions (glm 71) .

~

But eten if one{assumes full momentum‘transfer, this still does
not imply a Eno&ledge of .the initial angular momermfum distri- )
bution. Fervreactions occuring well’above the Coulomb barrler,

it has been argued that there exists a ceatrifugal.limltation,

to the complete fusion of targetrand projectile (Wil 73, Bas 73,

Nat 72, Nat 70, Zeb 74). Although these arguments Qere'based

on the interpretation of data from heavy Ion‘interactions, it

has recently been shown (Vio 74) to apply also tq the lighter

alpha particles.

- &
All the above illustrates the confusion that is present whenever

one attempts to interpret the experimental data from a medium

exit channel

mass}fission process. The uncertainty aBout entrance as well as -
l\of the reaction, coupled with the uncertainty of

even the actual fission step itself (as illustrated by the com-

plexity of such a basic parameter as the fission barrier) neces-

sitates a large amount of further experimental as well as theo-



retical work. .

1.2 Scope of this waqrk.
. I

£

This work is an attempt tgléhed mOré‘light on the complex
fission process. In it simultaneous ﬁeasufement has been
attemptqa.of as many parameteréjof the figsion process as
ﬁossiblez Morgvspecifically an attempt has béén made to
obtain iﬁf&rmation with regard to the distribution in mass

and energy of the fissién fragmeﬁts, fhe angulér distribution
of the fission fragmegts agiwell as (by'ﬁeasuring"the center-
of—méss motion“ofithg_frggméhﬁs) the kiﬁetics of the reaction
Vméchanism. The_;kﬁéfiméﬁtgl’technique used in this study is
'that‘of'méasuring the track length of fission fragment§ in
§éi§d'state nuclear track detectors. Chapter 2 describes the
usé of mica as suchﬁa detector. Extensive, calibration of this
matefial as a heavy ion deiector is shown to providé Qne with
a suitable tool in the study of the fission gf medium ﬁéss |
nucléi, In chapter 3 the experimental data bn the fissidn of
some medium mass ﬁuclei inducéa by alpha particles ranging in
energy from 80 to 167 MeV are preéented;°while in chapter 4 ’
thesevdatg are used to extract such fission pgrameterS(és total
kinetic energy release and center-of-mass motion of the fission®
fragments. ©TLimits on the width of the fission fragment mass

o

distribution are also deduced. 1In chapter 5 the angular dis-

&

tributions of the fission fragmehts are analysed'and the rele-

oyt
J

P
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vance of various theories describing entrance and exit channels
N . LY N “

of the process are discussed. Particular attention is paid to
: I
the applicability of. the evaporation theory to the de-excitation

>

R : '
of an equilibrated nucleus when a fission mode of decay is

included.

%

3



Chapter 2 Track length of heavy ions in mica.

2.1 Dielectric nuclear track detectors.

Since its development in the early 1960 's the dielecfric
nuclear track detector has ﬁeen employed in numerous studies
(Fle 65, Pri 71). Energetic charged particles leave a semi-
perﬁanent damage trail 'in the lattice of non-metals. These
démage trails can often be observed using an electron micro-
scope - (Sel 59). Aapplication of sufficient energy to the
lattice usually restores the arrangement of theAatoms to its
originai'state.,nIn a number of cases it is possible, however,
to "fix" the damage trails, usually by applying a chemical
etching solﬁtidn, in which case use is made of the facf'that‘
the etching rate of a damaged region in a latticelis much
gfeater than that of the surrounding region. The:sensitivity
or threshoff of these detectors is defined as the minimum
‘mass and/;}fénergy of incident ions which is detectable, and
hence deposits a certéinlcritical amount of éﬁergy per unit\\
pa£hxlength into~the‘lattice, sé as to create enough damage

to leave an,etcha@le.érack“ The characteristics of the lattice
and in particular its response to the passagé'of the incident
particlé wi}l therefore determiﬁé'the sensitivity of the
giveﬁ:detector material. Some plastics will record proton

traéks (Var 70), whereas other 'media like mica, will only

detect much heavier particles (Fle 65).
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For the study of the fiséion process of medium mass elemenfs
a detector was needed which‘would;not register tha‘high flux |
of séattered incidengfgfrticles and the large number of evap;
orationlproducts whiéﬁ‘result from medium energy 1=i00 MeV)
intpractions with these Puclei. Yet, the detector should
have a very high.efficienc; for the registratioh of fissién
fragments. Furthermore the damage trails must be permahent.

i 8ince one is also interested iﬁ relating the length of damage
trailé‘to the energies and masses of the fragmenté causing

them, the calibratioﬁ data on the response of the detector

material to heavy charged particles must be available.

Calibration studies of the kind mentioned above have only been
done oﬁ a lémited scale for a few_detecfor materials (Lec¢ 71,
Ral 69, Ben 69, Hap 69, Ral 71). Ralarosy et.al (Rall69, Ral
71) studied tﬁé track lengfh of chargedaparticles iﬁ makrofol;

%

This plastic dzrects nearly all charged particles,'ihcluding
a-particles an

even neutrons kJoz 7l); It is therefore,

not suitéble for ourrpurﬁose. Benton and Henke (Ben 69)
developed semi*empirical range;eﬁergyirelations for‘dielectric
nuclear track detectors and compared their calculatidns with
some measurements in cellﬁlose niérate. They found gon
agreement at high energies, but significant discrepancies

in the energy range of fissign frigments. FH6ppner et al

(HOp 69) tried to correlate the diameter of tracks in plastics

with the\mass and energy of ;he incident fragmeﬁts. Their
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“calibration data, however, are based only'on the "heavy and

light" massvpeaks of the fission fragments ofv235U. Lecerf

(Lec 71) measured the’diameter-energy relationship of various

«

energetic heavy ionsf{p{glass detectors, the work procéeding;
at the same time that the present study was undertaken.  For

the present purpose it was felt desirable to measure track

- -

length values rather than diameters, since the earlier study

by HOppner (HOp 69) had indicated that there was only a‘élight,

mass dependence for the diameter of fission fragment tracks

in plastics. !

«

Only if the geometry of the tracks can be related to the
b7 , .

path of the ion penetrating the detector material, can useful

, . £ ’
information be obtained from the measurement of track lengths.

R v ,
Henke and Benton (Hen 71) made a detailed study of the geometry

of tracks in plastic detectors, with special attention to the
determination of the range of the fragment in the détector
material from the final shape of the étched track. Because df
the small difference between the etching rate of the dé;aged.
and non—damaged‘>pgions, the -shape éf the éﬁched tracks in
plgstics is critical,;ahd thé range of £he fragment entering
the plastic cannot be deiermined’bY'méasﬁring\the length of
the trackkalone.. For a detector material with a much greater
differeneé in the etching rate between the damaged and non-

damaged regions, the shape of the tracks will be more cylin-.

drical, and hence track length and range will be more closely

/

o

1
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related. No adequate theoretical model has been developed

which will predict the shape of the etched track (Bec 68),'~
and an empirical method must be followed to determine ‘the -

shape of the tracks and to correlate them to the original

damage trail. ) -

v

Muscovite mica with a repofted (Fle 64) detection threshold

—_—

- .

of around 10 MeV.cmzmg—l (whiéh translates té the abil%ty'of
mica to detect only those fragments that can lose moré than
iO MeV of energy per mg/cm2 while travelling throughﬂfﬁe mica,
, i.e. fragments heavier than neon), and in whichgthe-géacks are
cylindrical in éhape,(Fle 64), satisfies the requirements of a

fission fragment dé;ector. / ®

In the %ollowing the. "calibration" ‘(relation of the shape

:ff;;&é; of the tracgfto the mass and charge of the incident
. [ .

A a

ion) of mica is described.

2.2 'Experimental technigues

The objective of the calibration experiments was to obtain

sufficient data on the track length in mica of heavy ions

i

of given masses and energies, in order to be able to extrapo-
late and?interpolate theée,data with enough confidence over

the entire spectrum of fission fragments masses and energies

-

covered in this study. %#he main problem in such an experiment

is to obtain;vafious heavy ions in that mass range that have

i

energies ranging from 0.1 to 1.5 MeV/amu.

)
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,/’ 2.2.1 Rutherford scattering experiments

L

.0 ~ .
If the energy of a beam of heavy ions, which is directed at

a film of target material, is less that the Coulomb barrier

I3
/»

for that system, simple Rutherford scattering takes place
ThlS makes it poss1ble to calculate the exact energy of the
scattered progectlle and target nuclel at a given angle of

observatlon. ThlS was the basis for an experlment that was

20 40 - 84 : .
lONe, 18Ar and 36Kr for the linear

accelerator injector to the Orsay heavy ion cyclotron, with

performed with beams of

. § , > .
the cooperation of J. Péter, F. Hanappe and M. Lecerf. Pieces

4

of mica were mounted in a scattering chamber (Fig. 2.1) in

‘'such a way that scattered heavy ions arrived at the detector

. o .
surface at an angle of 30 . The beams of heavy ione had a

nominal energy of 1.1l MeV/amu (Gol 70) and just before enter-

" ing the scattering chamber were collimated to a diameter of.

3mm. The targets used in these experiments were mounted at
an angle of 30° to the beam, and their composition and thick-
\ .
ness are shown in Table II.1l. After irradiation, the mica
. _

sheets wefe marked as to their position in the scattering

chamber with respect to the target and the beam, and then

shipped to Simon Fraser University without aﬁy further treat-

ment. The integrated current of the beam was also supplied.

e e =

e e ag e aat
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Table II.1 Ta get;jfor the Rutherford écattering Experiment

-/

TARGET COMPOSITION THICKNESS ( ug/cm?)
. / E
Al metal : 180
Ca CaF, on carbon * 126 (Ca) + 71 (C)
Cr - metal on qarbdn 25 (Cr) + 100 (C)
Ni . metal ©, 43 )
; | S 65

Se " metal on carbon 103 (Se) + 50 (C)
- Ag . metal on carbon 50 (Ag) + 50 (C)
Au metal -, 125

: TEe 145

P4

)
'

2.2.2 Etching conditions and the measurement of track length

The conditions required for formation of -the Bétimum track
profile were studied via some df thé mica detectors on which
were incident, ‘the products from an irradiation of the
aluminum target with a beam éf Ne ions. The micas were etched
in a 48% HF solution at 20°C for total times of 10, 15, 20, 40
and 60 minutes, and scannea with a Zeiss standard WL rese;rch
' -Microscope with a total magnificatién of 1008X. The tota%’
projected length of each track within a:giyenrqgearof detec;or
was measured using an eyepiece graticule calibrated via a
Bauch and Lomb 0.0lmm stage micrometer. Fig. 2.2 sﬁows the
track length distributions of the trécks measured at a lab-

oratory angle of 27° to the Ne beam. The total area scanned
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as well as the density (traéks/mmz)‘éf‘tfacks‘of iength within
the main peak of the distribution (shadea'areé) are also
indicated. The average track length increases rapidly until .
the etchihg time'is raised to 20 minutes. After that the track
length only increases slightly()by an extent corresponding

ogly to etching of'unirradiated mica, while the number of
tracks observed per unit;afea stays constant. - Fig. 2.3 shows
somé/typical .tracks in mica. Froh this figure it can be seen
that all the tracks are clearly cylindrical in shife, indicat-
ing that althéugh it takes 20 minutes for the etchant to
completely develop the tmack, the bulk etch rété'( the etching
. rate of unirradiated mica)>is much smaller in comparison. This
makes it particularly easy té measure the actual lengthﬂof the
damage trail provided some correctgon‘can be made'fbrvthe

tbulk etch rate. An“estiméte of the bulk etch rate was 6btained
b§betching a large mica suréace underﬁzﬁg\kame conditions as
mentioned above ané measuring the Qeight loss as a functign of
etghing time. The value obtained for the bulk etch rate of |

muscovite mica was (8#1) X 10—4 mg.cm—2 per 20 minute

etching period. With. the help of'fig, 2.4 it can be seen that

if we agssume that points E and E‘)coincide, the corrected track

L for angle of igéidence ¥ of the fragment is given by

t

L = (Lp' - &/2 sin¥ + t/tan¥)/cosY¥ . {2.1)

~

where d is the diameter of the track, t is the surface area

removed because of the bu&} etching rate and Lp' is the pro-;

4
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_ jected length of the track as seenh in a mlcroscope. For most
tracks the dlameter d 1s less than 0.1 mg/cm? and the two
correction factors tend to cancel each other out.

, ’ * o v T
From these results it was decided to etch all mica detectors
for 20 minutes in 48% hydrofluoric acid at ZOdC; Under these
conditions the 'real'track length' L is defined by equation
(2.1) and will be identical to the length of the etchable

damage trail that a fragment will leaVe in the mica detector.

L , o

-
. ¥

Ten different fragmentlmasses (7 targets plusv3 projectilesx
were available for the calibration studies. Typically strips'
of detector surface corresponding to"a’iaboratory angulaﬁuinter-
val of 1° with respect tg the beam direction were scanned so
that the uncertainty in”the incident energy of the fragments .
forming the tracks scanned was as small as possible. The data
were plotted in the form of histograms of the number of,tracks
of a given measured track length. Some examples of these histo;

»

grams_are'éhown in figure 2.5.

2.3 Data Analysis v

Conversion of the track length histograms‘to energf—mass-track
length data was accomg}ished'by calculation of the energies of
the incident particles as a function of the angle of obsefvation,
and dorrelation of these to the averaée or most probable track

length as measured at that angle. Energy calculations were
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performed using the Rutherford scattering formulae (Rut 11),

2. 2
{1 + (A’l/Az) + 2A1cosec/A2} ,EiA2 ,
(a; + A2) '
E . 2. (A./A.) (1.+~cose ) {QA / (A +A)]2 2.3
) i1/ c 2 1 270

where £he,éubs¢ripts 1 and 2 refer to the scattered projectile
and target nuclei respegtively; E is the center-of-mass energy
of the scattérgd fragments, A is the mass of tﬁe fragmgnts, Ei
is the laboratory kinetic energy of the incident projectile,'
ahd Gc is thg center-of-mass scattering angle. The energiés
were -converted to laboratory coordinates making use of the

fact that the center-of-mass and laboratory scattering angles

Oc and eL are reléted by

taneL‘ =

sin®

2.4

od o]

1
2

cosf6_ +
c

i

Hence for every angle of observation the energies were known

of the fragments that were scattered into that direction.

In order to distinguish the tracks of the projectile and térget
nuclei their relative intensity was also calculated, usiﬁg
Rutherford's well known resuit for the chttering cross section

Qf‘a’prbjectile in a central force field:

A
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v 2 2 ;
e - 1 Elfgi_ B ' 2.5
dQ o\ 2, sin” (6/2)

Y

Where Z is the charge of the fragment, u the reduced mass and

e the electronic chaige. >

The laboratory'energies of the fragments were corrected for the
ené}gy beS which they suffered>whi%é travelling £hrouéh all
(projectiles) or, on an average half (target nuclei) of the
target film and backing-materiaiﬂjif present) . Speéific energy
losg values were obtaiqed for this purpbse from the tabulation
due té Northcliffe ahd Schilling (Nor 70). (An interpolation
procedure for these tables is discussed in section 4.1 and
appendix 1.)

The average or>mést probable track length was determined by fit-
tin; the track'lenggh distribution to an appropriate_analytical
function. Since track length”diétribﬁtions afe’closély related
to the range distributions gf the fragments, fhe fraqk length
distributions show a certain amount of "tailing“vtowards 19wer
length vaiues. The analytical function used for fitting to

the data was chosen,therefore, to be gaussian with excess proba-

bility towards lower values of tréck length:

N 2, = .2 2
P(L)—-PMA’xexp{TjZL.ZL + T%) /7 2p°}

for L < (L - Tz)
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P(L) = PMAX'exp - {—(L—— f)z / 2p 2}
) _ (2.6)
for L » (T - T2)
where P is the maximum height of the distribution, L is the

MAX
corresponding most probable track length, T is a "tailing"

parameter and p defines the‘width of the gaussian part of

the distribution ( p = FWHM/2.355).

Some of the track length distfibutioﬁs were measured to rather
poor statistical precisio&i 1f the shape parameters p and

T are, however, known from other experiments,vadmeaningful

fit to these data can still be obtained. Thé generai shape

of the distribution was examined byufitting_some sixteen track

length distributions of good statistical precision to equation

(2.6). These sixteen distributions were chosen so as to rep-

resent the entire range of masses and energies. Table II;2
shows the results. Alsp indicated in this table is the energy.
Ioss in MeV which the fragments wiil suffer while travelling
throughVSO%'df the target and, if pregent,-the backing material.
These values'again were obtained ffom the data due to-North-
ciiffe {Nor'70). It is to be expected that tﬂe width param-
eter p would vary some what with the énéfgy loss of the pene-
trating ions in theétarget material. 1In Fig. 2.6 the width
parameter P ié given as a functionrof the estimated energy

loss and it can be seen that any such dependence lies outside

the accuracy of the present experiment. Similarly no depen-




-25-

.Y,

-

800°0%226°0

0€e"0

v 8°L 6B0°0¥890°0 LTI0°0¥ZH0°0 2 TF8°LT 660°0  (nv-ay) nv
¢°¥T TT0°07L60°0  6Z0°0%S80°0  6°0FT°€T  0T0°0¥Z80'T . S6°0 0ST°0  (BY-Ix) bv
8°8T L00°0¥990°0 PTO'0¥SPO'0 ¢ TFS°0Z 900°0FLTIO0°Z 69°0 009°0  (IN-IN) Ix
9°8  €T0°0¥890°0  0%¥0°0%L50°0 T°T¥0°TT TTO'0¥2Z8°0 ¥8°0 OLT'0  (Bv-1y) Ix
1°9 S00°0¥0S0°0 8Z0°0¥Z90°0 6°0FE°ST - P00 0FSY6°T 80°C ¢8S°0  (9s-a4) °S
€7  €00°0F¥TS0°0  8T0°0%¥590°0 L°0FS'¥T  €00°0¥8GS°T 08'T ZIvr'0  (®S-Iy) °S
€L  900°0%9L0°0 8T0°07690°0 6°0¥6°6T > S00°0FT6FV'T 0S°0 08%°0  (IN-IM) 1IN
0'v 800°0FE€S0°0 ZT0°0¥8Z0°0 8°0F0°0T 800°0FSSL°0 SZ°0 SS2°0  (IN-®N) 1IN
9° . T00°0¥650°0  600°0FE90°0 G-0%¥8°€Z  200°0%Zyz°z 86°T TZ0'T  (I0-I¥) ID
6°8  €00°0FLS0°0 600°0%TS0°0 -~ O'T¥y°TE <200°0%¥520°C 86'T 698°0  (ID-I) 1D
T°6  LO0"0FBLO'0  GTO°0FLLO'0  L°0FS°CT  900°0%2L¥'C O0T°Z * 09Z'T  (ed-Id) ®D
'T°P T00"0%560°0 mHCMOHAqH.o S 0¥0°8Z Z00°0FpS9°T $0°C 658°0  (eD-IA) ®D
L*%. $00°0¥0L0°0 2Z0°0TS80°0 9°0¥0°9T €00°0¥ZEZ'CZ Zp°0 0G0°T  (n¥-Iy) IV
.8°TIT 600°07090°0 ~920°0%¥S0°0 P TI¥S°¥T ~ 800 O0FFLS'T 92°0 069°0  (IN-IV) IV
! b'¥Z $00°0FT90°0 ~ LO0°0FPP0O°0 S TFE'SP  E£00°0F6LS°0 §0O°T 2Ip 0  (TV-9N) TV
8°6€ TTI0'0FEE0°0  6T0°0¥8%0°0 T°ZFS'EE  OTO'0F9LE'0 9670  98Z°0 (TY-9N) TV¥
(poxenbs (_wo/bu) (. wo /buy) (_uo/bu) *bHiey % R
IHD) 4 4 4 Ul SSOT nwe/A8W - JuswWaTld
Nx d NB, mem T Abasus hwuwcm

S SUOTINQTIISTP Yjzbua 3doex3 saTiejusssader uselxTs JO sasjzswexed adeys pa33zT3y 8yl gz II o1del

¢

-



12

10

.06 .08 10

.04

-26-

.08

.04

tigure 2.6
—t ' 1 1 I '-\\
i P b | ]
B | ) | } _
N | | t t -
) } | \ f
0 0.5 10 _ 15 2.0 2.5
L (mg/cm?) |
T | T LR
; N -
_ \ » * -
Ag 1 1 | l. : |
- 05 1.0 1.5 2.0 25
dE (MeV)’




1

dence of the width parameter on.the total track length of‘fhe
penetrating ions is observed (Fig.2.6). It would also bé ex-
pected'that-T2 would decrease soméyhat with increasing track
length. 7From Fig. 2.7 it can be seen that such an effect can
also not be observed in this éﬁperiment.“ From,both figures
2.6 and'2.7‘it appeérs that average values éor p and T2 of
0.0661:011 and 0.062+.017 mg/c’:m2 are good avérageé for the
shaée parameteré,for all'ion masses and énergies,,at least

to the extent of the accuracy in the present experiment.

Ail track lengkh diét;ibutions, inc1uding tﬁo%g with poorer
statiétical precisién @ere refitted with these fixed valueé for
the shape parameters. The solid lineé in figure 2.5 give an
indicatione%f the quality of these fits. _The most prébable

track lengths défived from the fitted histograms ére plotted

in figure 2.8 as a function of the cor;esponding energies

for all‘ion masses studied. The‘error bafs represent the

uncertainties due to the statistical preciSioh~of the fitted

track length distributions only.

2.4 Comparison of track length data with theoretical stopping

_ Mcodels.

Before any comparison is made ‘with theoretical models for the
stopping process of heavy ions ‘in matter, it should be pointed
. out that usihg these models one usually calculates the énergy

.loss of the ion per unit path length as a function of the energy
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of the ion. Integration over energy will yield the range of

°

the ion, and to a good approximation the mean range R is

related to the track length by: )

3 = L + A LS + A Lt (2.7)

o

where A L is the sum of the two correction factors in

’

equation 2.1 and ALt,whlch we shall call the "terminal track

length def1c1ency is that part of the mean range R, for

which the ion does not lose sufficient energy per unit path

length to leave a permanent damafe trail. As was shown in
Section '2.2.2 AL is usually negligible while it is to be

expected that AL will depend on the mass of the ion, since

._a

the energy loss per unit path length is also mass dependent

In order to compare theoretical estimates of R with track
length data, ALt values can be either estimated independgntly
or, they could be ektracted from the experimental datawn
Independent estimates of A L, would involve establishing

tne critical energy loss rate of incident ions, and éhe use

of a stopping model to calculate the residual range of the

incident ions after they have slowed down to velocities where

e, ¢ ]

the critical energy loss rate is no longer exceeded.

Extraction of A L, values from the experimental data would

involve the extrapolation of the track length data to zero

energy. Inspection of the data in figure 2.8 reveals that

such an extrapolation would be quite arbitrary without more

[
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data at even lower energy values, or withoﬁt any knowledgé
of the functional form of fhe track length versus energy
variation. Either method of determining ALt Valugs, thgfe—
fore, already frelies on an é-priori knowledge of the inter-
action of the I;égdent ions with the stopping medium, ren-
dering any comparison of theoretical estimates of R with . g
n£+ALt not very meaningful. However the objective of the |
calibration experiments was not so much to check theoretical
. stopping models, but to be able to determine the‘tradk length
of any fission fragment in mica. T comparison with theo-

retical stopping models of the variation of‘:%e track length

as a function of energy can be used to this aim.
1" /
The model which has been sucessful in describing the stopping ‘

of heavy ions at energy values embracing those of fission }
fragments has been formulated by Lindhard, Scharff and Séhiétt
(Lin 63) (hereafter refered to as LSS}.' The functionalkform of
the relationship of track length to energy can be derivéd

from their model. The LSS theory describgd the stopping
process of heavy ions in a mediumcin s of a competition,
between two distinct modes of interaction between the pene-
trating ion and the stopping medium. The first mode (elec-
tronic stppping) is the. interaction of the ion with the
electrons of the stopping mediﬁm. The second mode (nuclear
stopping) occurs when the ion undergoes elastic collisions

with the atoms of the medium. The second mode will be pre-

-



-32-

dominant at low ion velocities, while the first will be
preaominant at higher velocities. In Fig. 2.9 the relative
impgr a&ge of nuclear Stoppgpg is illustrated for the case of
a Kr ion slowing down in a mica medium. Shown is the nuclear
stopping power at a giveh enérgy relativevto the integrated
nuclear stopping power (total nuclear stopping power of an .., -
ion slowing down to rest from an infimdte velocity). Thé
curve was generaﬁed b; interpolation of the graphical repre-
sentation of the nuclear stopping as a function of an energy
parametér ana a parameter which descfibes the target-ion
system in terms of their mass and charge numbers (Lin 63). Also
ihdicated'in figure 2.9, by the doftédaarrow, is the energy
below which no permanent damage trail can be formed(see.égove),
assuming the critical energy loss rate for mica is 10 Mev/
(mé/cmz). It is clear from this figure that for energy values
over which a permanent damage trail.is created, relatively little
of the total nuclear stopping occﬁrs, and since electronic
stopping contributes more than nuclear to the overall stopping
péé&ess in this energy range the‘nuclear stopping is of negligi-
ble importance. The observed track length may, Eherefore,,pre—
sumably be interpreted in terms of electronic sﬁ6pping alone.

) : /

3

The ehergy loss due to electronic stopping is gfﬁen by (Lin 63):

2.2
dE 2 172 Vv
= = 8E N e’a = 2.8
dX elec e (Z§/3+ Z373)3/2 VO
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where N is the number of scattering centres per unit volume,

a, the radius of the first Bohr orbit of hydrogen, Vs is the

“

velocity of the electron in that orbit, v is the ionic velocity,

e is the electronic charge, while«Eehas been given as Zi/s

(Lin 63). The subscripts 1 and 2 denote the penetrating ion

and the stopping medium atoms respectively. The mass and charge

bf the'stopping)medium atoms is usually taken'as the weighted
average for the various kinds of atoms present. In the case
of muscovite mica, KA12(5i3AlOlO)(OH,F)2, the ﬁncertainty

in the relative number of hydroxy and fluoride groups present,
complicates such a procedure. Also, the inclusion of the con-
tribution from the protoﬁ stépping process 1s guestionable
(sau 65, Par 63). As a nominal a&erage the values of 20 and

10 were chosen to represent the mass and charge number of

the mica stopping medium.

4
The track length L is calculated through equations 2.7 and
2.8: -

L 2

2v_A (z2/3+ 22/3)3/2 E %
o1'1
( ) - AL, - AL (2.9)

2
K13N £ nela mg, ‘A

The functionai form of the relationship between track length and

energy can, therefore, be represented by:

L = bE'C - AL \ ©(2.10)

e A e

. b_rb‘t;q“ﬁ,\ws_ wnllers gt

I T
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where E' is the energy oféthe penetrating, ion in MeV/amu, and
AL = ALtv+ ALS =?ALt, sincé ALS is negligible. The exponent

c is expected, from equation 2.9, to have a value df 0.5, and
from the same equétion, the cénstant b should vary with the

mass and charge ©f the penetrating ion as:

- 1, 2/3 3/2
b = 0.0552 ‘Z—r-ﬁg (Zl + 4.64)

1

2.11

In order to check this functional form the data of figure 2.8
(with the exception of those for gold ions for which the energy
region covered was insufficient) were fitted to e@hation 2.10.
All parameters were left fréé, and the results are ;hown in

table II.3. ' ' &

The standard deviations from the ﬁean are large for all param-
eﬁers, [=Ye) that a-direct compari%gn with the theoretical b and

c values is difficult to make. %he c values, with the exception
of that for silver, all fall within the range of 0.64%0.15. The
low value for silver could be due to the limited energy interval
-over which track length data are availéble, and aé;alue of 0,64
gor the exponent in this case also gives a reasonable fit to the
data. Although the theoretical (Lin 63) Value of 0.5 for the
éxponeht does fall within the spread quoted for the mean experi- .

mental value, there has been previous evidence (Aie 60) that a

value of 2/3 often gives a better fit to experimental data.
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Table II.3 The fltted_parametersAL b and c of the relatlonshlp

L = bE' - AL and q%elr standard deviation from the

g 3
‘

mean, where E' 1s/1n MeV/amu and L in mg./cm2 (based

on a density for ‘mica of 2 91 gm/cm ).

Incident
ion AL . b o
Al 0.6210. 25 1.8840.62 0.50%0.33
Ar 0.62+1.01 2.56%1.03 0.64+0.34
Ca 0.65+0.04 2.70£0.35 0.57+0.09
cr ~0.2940. 20 1.30+0.31 0.7740.14
Ni 0.620.11 2.82:0.21° 0.55£0.07
Se 0.96:0.21 3.02:0.15 0.79+0.15
Kr 0.93+0.34 2.74+0.45 " 0.63%0.16
Ag 1.42+0.26 5.03%0.66 0.26+0.06
AN

AN : ]

Bf‘fitting the exponent to the mean value of 0.64 the remaining’
ewo parameters b and L can be re-determined with greeter |
accuracy. In table II.4 the result of this is shown in

columns 2 and 3, The standard deviations from the mean are
much smaller, but they do not, of cou;sez reflect the un-
certainty associated with_choosing a mean value for exponent c.

In column 4 of the same table the theoretical estimate of b

e
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values, as calculated using équafion 2.11 ‘are shown{ They .
follow the trend of the experimental data very well, but
aré systematically higher, aé‘can also be seen from Fig. 2.10
Afﬁer multiplying with a constant factor of 0.769, reasonable
agreement is obtained with the experimental data.

' . . T
As stated above, the aim of this procedure was to establish
shape pérameters fér the fﬁnctional fsrm of equation 2.10,
describing the track length-energy feiationships. In order
to genefélize tﬁese parameters for all possible incident ions,
the b parameter was fixed at 0.769 times the theoretfcal value.
The discrepancy from the thebretical value is not too disturbing
in view of the difficulty in choosing the proper average mass
and charge numbers for ‘the mica stopping medium. Furthermore
the parameter Ee was choéen to be 21/6, although various

’}cﬁher values have been used (Ara 65, Kak 69, Hon 71) with equal

or better results in respect to other experimental data. .

With both shape parameters b and ¢ fixed at the above values
the data were fitted once more with AL as the iny variable.
The results of this are also shownrin Table II.4 as well as
Figure 2.11. From these values, the critical energy (below
which;no,permanent damage trail is produced) can’be deduced

for each of the incident ions. These values are given in the
last column‘of Table II.4 andvin figure/2.lé. The solid curves

in this figure represent lines of constant dE/dX as calculated

= /
1
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using the LSS theory. The data do not show the monotonic
variation with the chargetof the incident ion which would

have been expected if two assumptions were correct: 1) that

=

there is indeed a unique critical amount of energy loss re-

guired to preduce an etchable track and 2) that the LSS

AN
theory predicts the correct variation of the energy loss as

.

a function of the ﬁass, charge and energy of the incident'ion.

Since the .AL values represent the residual range of fhe
incident ions at very low energies, the secord assumption

is probably rot valid. Ormrod and Duckworth (Orm 63) as well
as other investigators (Fas 66, Dar 65, Tep 62) have shown
that at such low velocities the elecﬁ?%nic stoppingreroés
Eection, measured for a series of ions, osciilates.around the
values predicted by the LSS theory. The deta as given in |
Figure 2.12 are consistent with this. Since the electronic
stopping cross section is directly p?éportional to dE/d4X,

the velocities at whieh a ebnstant~value of dE/AX is suffered
should_aleo oscillate around the calculated values, but with
ﬁaxima in the plaee of minima and vice versa. This would then
suggest a low stopping power for ions near Z = l3rand a-high
stopping power for ions near Z = 2C which is in excellent |
agreement with the results(ef‘Ormrod and Duckworth (Orm 63).

} -

However, it shiould be pointed out that by fixing the shape]

‘parameters b and c, we have antificially removed the uncer-

tainty in the AL values, so that no absolute conclusions
/

can be drawn fer the above.
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This point is further exposed in figure 2.8 where the solid

4

¥ -

lines represent the fitted curves with the shape parameters
b and c:fixed, while the dotted line'répresents the initial
fits with all parameters‘treated as independent variables.

By fixing the shape~parameters, we have nevertheless created

—~—
an easily used tool for the interpolation of track length-mass-

energy datato mass values for other incident ions. Using
equations 2.10 and 2.11, the track length L of any incident -

‘ion of mass A and charge Z can be expressed to a good approx-

imation as

L(z,A,E') = - AL(Z) + 0.0434 —%76 2273+ 4.64)3/2510-64 (5 19
. 7\‘ Z

¥

where L is in mg/cm2 and E' is the energy of the incident
ion in MeV/amu. The AL(Z) values are obtained from figure
2.11, where the dotted line represents a graphical interpolation

of the available data.
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Chapter 3 Track length of fission fragments in mica.

3.1 Experimental techniques.

Fission was induced by alpha partic;es with energies rfanging
fr&m 80 ?o 167 Mevy‘}nteracting'with Mo, Ag, In, Te and Au

nuclei. The targets were prepared with their purity being a
major concern. Fission cross—sectidns of the lighter nuclei
are in the microbarn region, whereas possible heavier nuclei
cpntéminants may have fission cross-sections in the range of

one, to two barns.

Target prebération was accomplished by fractional distillation
starting with material of 99.999% to 99.9999% purity. Sources

for these materials have been given elsewhere (Pat 71). In

- the case of Ag and Au targets, the metal layer was deposited

on a.clean glass surface, and floated off on distilled water.
From there the targets were transferred to copper mounting

rings with a nominal diameter of one inch. All other target
materials were evaporated onto thin films on VYNS (Pat 55);
which were then transferred together with the tafget material

to the copper mounﬁing rings. Some of the Au tafgefs és well
as the Mo and In targets ﬁéré prepared by L. Lecerf and J. Péter
a£ Orsay, France. Table III.1 lists all targets by their
thickness and origin and gives the energy of the alpha particles
used in the subsequent irrédiations, as well as therintegrated

beam intensities, measured using a Faraday cup.
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Table III.1 Targets used in the fission experiments.

thickness origin energy of integrated
target (including VYNS of a-particles beam
material if present) target used intensity
(ug/cm?) {MeV) (coulomb)
Au - 140 ORSAY 1678 3.5 x 10°°
349 SFU 1200 2.25 x 1074
355 | s;u 1000 4.26 x 107%
349 | SFU ~ goP 1.08 x 107>
Te 442 + 70 VYNS SFU goP 3.83 X 107°
In 175 + 15 VYNS ORSAY 1672 4.7 x 1074
Ag 513 SFU 80> 5.12 x 1072
. Mo 360 + 70 VYNS  ORSAY 1672 4.4 x 10"

a ORSAY synchrocyclotron

b Texas A & M variable energy cyclotron

As indicated in the fourth column oflTable II1I.1, the irradia-
tions took place at two different institutions; the 167 MeV .
alpha bombardments with the synchrocyclotron at 1l'Institut

de Physique Nucléaire, Orsay, France and all other bombardments
were performed using the variable energy cyclotron of the Texas
A & M University, College Station, Texas. A different scatter-
ing chamber was used‘at each locale,‘ At Orsay the,K same chamber
used for the calibration experiments described in Chapter 2,
was eﬁployed, while at Texas A & M a chamber was used, courtesy

of Dr. J.B. Natowitz, which had a diameter of 110mm, and in
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~which the mica surface wa§*af’£gg’z:;h respect to the beam .

direction froﬁ which the fission fragments were incident.
ﬁica as well as glass detectors,-wére mounted for each irradia-
“tion.. The glass detectors were either left at Orsay or, in the
case of the TAMVEC (Texas A & M Variable Energy Cyclotron)

bombardments, were sent to Orsay for development and scanning.

The mica detectors were etched at Simon Fraser University and

scanned for tracks similarly to the technique described in
Chapter 2. In the case of the mica detectors from the TAMVEC

experiments, not only was the projected length of each track

recorded, but also the position of that track on the mica
surface. The large detector areas scanned in these experi-
ments, following from the lowEtféck density, no longer justi-

fied the use of an average angle of incidence for each of the

i
i
z
%
+
£
3
z
4
7

fission fragments measured within a given angular interval, as

b

"had been the case in the calibration experiments described

earlier.

3.2 Conversion of the raw experimental data to track length

distributions.

.4

-

W
£
]
3

As long as the detector surface, that is scanned for fission

tracks, lies in the same horizontal plane as the beam of inci-

b

Lo mebie 3 g

dent particles, the angle of emission of the fission fragments

is simply determined by the angle at which that particular

piece of mica surface is oriented with respect to the beam

direction. If the detector surface extends well beyond the

T TR > T O S



plane of the beam, this ahgle can be determinéd from the
‘relative pOsition of the track with respect to a reference
vpoint. An'added complication, however, is the‘fact that the
conical mica surface from the scattering chamber is flattehed
out for scanning under the microscope. ' This necessitates the
conversion of the coordinates from thehtwo dimensional»piane.
of the mica surface to the coordinate system of the
scattering éhamber. In appendix 2 the traﬁsformation opera-

tors to get from one to the other coordinate system are given.

To illustrate the importance of this procédure of angié deter-
mination, figufe 3.1 shows a typical detector suffaée from the
TAMVEC experiments. Superimposed are lines iﬁdicating a given
-angle of emissioh of the fission fragments in steps of ten
degrees. The app;oximation_that can be made*if the height of
the~detector surface is much smaller than the diameter of the

»

scattering chamber is indicated by the dotted lines in the same

—_~— |
figure. o .

~

The raw experimental track length data were all treated with
either this approximation (Orsay data) or the abo§é calculations
(TAMVEC data) and then grouped by angle of emission, so as

to yield distributions of track length each for a.known interval

of emission angles.

IS

Since the mica surface was slanted in the scattering chamber,

unit areas in some locations on the mica surface reptresented
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figure 3-1

cm

1
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a different solid angle (into which the detected number of

b s = -

fragments had been emitted) than at other locations. This
solid angle difference was corrected for lvia the target mica
distance) when converting track densities to differential

cross~sections.

3.3 Data from the 167-MeV alpha particle induced fission .. ‘ o

of Mo, In and Au.

ARl 167-MeV alpha particle bombardments took place at the o L
\ : ;

Orséy synchocyclotron, and were supervised by J. Péter and
L. Lecerf.

|
3.3.1 167-MeV alpha particles on gd&ld.

The distributions of track length, for five degree intervals of

@

laboratory angle‘bf observation, are shown in figure 3.2. 1In

Table III.2 the data aré summarized. For some angular intervals

the average peak position is not<sh0@n.c For these intefvals

only a counL was made of the total number of tracks. »Track'

densities were obtéineé by measuring the area; of the mica sur-

face that was scanned for each angle of observation. Calibrated ;‘
dial type stage micrometers were used for,this purpose. Track

densities werteow (=20 tracks/mmz) fréi;zsscanner'svboint of j
view, but sufficient data could be collected so as tovobtain a
statistically significant track length distribution for each
five degree ihtervai. Total area scanned in thisrexperiment

2

was 212 mm“, in which approximately 5000 tracks were counted,
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Table.III.2 1l67-MeV alphaAparticles on gold.

Summary of ‘experimental data.

-

laboratopxy~ \ area number average " normalized*

angular interval canned of peak position track density
scanned 5 tracks 2 5
(degrees) (mm™) (mg/cm®) (tr/mm<)
15-20 6.00 279 n/a + 43.5 & 2.6
20-25 2.37 101 2.87 40.5 £ 4.0
25-30 6.00 278 n/a + 41.1 + 2.5
25-30 2,37 90 , 2.98 25.0 + 3.7
30-35 6.00 233 n/a + 37.4 + 2.4
35-40 3.56 125 2.79 33.3 + 3.0
40-45 4.74 183 2.87 35.6 ¢ %i6
45-50 6.00 172 n/a + 25.4 + 1,9
50-55 4.74 116 2.84 21.8 £+ 2.0
55-60 6.00 136 n/a + 20.5 + 1.8
60-65 4.74 130 2.69 25.3 + 2,2
65-70 6.00 123 n/a + 18.8 + 1.7
70-753 9.63 169 2.59 l16.4 + 1.3
75-80 10. 38 203 2,51 18.0 * 1.3
80-85 10.85 197 2.51 l6.7 + 1.2
85-90 9.88 177 n/a + l6.4 + 1.2
90-95 8.37 127 2.42 14.9 + 1.3
95-100 9.73 170 2.49 15.6 * 1.2
100-105 10.05 163 2.39 15.4 + 1.2
105-110 9.64 141 2.37 13.8 + 1.2
110-115 11.47 213 - 2.33 l6.5 + 1.1
115-120 10.69 - 177 2.29 15.0 ¢+ 1.1
120-125 7.27 136 - 2.32 l6.7 + 1.4
125-130 8.53 162 2.30 l6.9 + 1.3
130-135 6.88 147 2.27 19.4 + 1.6
135-140 +7.13° 148 2.26 » 18.8 + 1.5
140-145 4.46 116 2,24 21.6 + 2.0
145-150 4,70 128 2,25 25.7 + 2,3
150-155 3.48 . 106 2.26 27.0 t+ 2.6
155-160 3.65 138 2.23 33.3 + 2.8
160-165 3.56 138 2.26 34.4 + 2.9
165-170 2.96 104 2.22 31.4 + 3.1

k3 ,
* normalized to a common track-target distance of 55 mm.

+ for these data oﬁly the number of tracks was counted
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about 4000 of which were also measured for track length.

3.3.2 167-MeV alpha particles-on_indium.

The track density in this experiment was extremely poor (=5
tracks/ﬁmz). Consequently, equ/Scanning practically all of
£he available detector area (about 25 mﬁzfperrfive dégree
interval) insufficient data are available to construct track
léngth distributions with more than minimal statistical accu-
racy. In figure 3.3 track lehgth distributions are shown for
seven angles of observation. At angles 1gss than 110 degrées
a large number of small pits and tracks are present. These

small tracks are presumably due to the scattering of target

nuclei by theralpha particles, as well as to the scattering
or interaction of the alpha particles with some of the heav-

ier nuclei in the surface layer of the detector material.

&

In order to distinguish the tracks due to fission and the’ above

scattering effects, quité arbitrarily only those tracks were

counted with a track length greater than the value indicated by

the dotted arrows in fig. 3.2. For laboratory angles of obser-

vation of more than 1100, all tracks were taken imto account.

Table III.3 summarizes the data. When no average peak position

is indicated, only the number of tracks were counted which
satisfied the aboVe mentioned fission track criteria. The
concept of an average track length in this experiment has to

be treated very cautiously in view of the poor statistical

™
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figure 3.3 - 167 MeV alphas+In
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Table III.3 167-MeV alpha particles

‘..54_

on indium.

Summary of

experimental data.

laboratory
angular interval
scanned

45°-50
(@]
500~55
550-60
60°-65
(@]
650-70
80°-85
85°-90
(@]
90°~95
(o] O
902-95°
950-100
1002~1057
1050-110o
1100—115O
1100-115o
11§°-120o
1202-1257
1252-139o -
1300-1352
1300-1357
1357-1407.
1400-1452
1452-150
1500-155
150°-155
155°-160
160°-165
160°-165

165°-170

000000 O0O0

Oo00O00O0

area

scanned

2

. (mm

16

12
12

12
14

14

.82
14,
14,
16.
14.
24,
l6.
18.

20
28
92
02
00
00

50°
.00 .
12.
12.
16.
18.
16.
16.
12.
.60
14.
12.

00
00
00

48

00
00
00

20
00

.00
.00
.00
.56
.70
.40
- 10.

10

.40
12.

00

number

of

tracks.

60
81
<67
74
67
73
45
48
48
36
47
66
76
72
57
40
46
75
70
- 59
268
55
65
50
105
68
114
87

‘average
peak position

mg/cm?

NN TdA N AU UGB WWS S BWWWRN N WE S &GO

‘track

density

tr/mm2

.80¢
.70t
.69¢%
.37¢
.78t
.041¢
.81¢t
.60t

00t

.00
.92¢
.13%
L11%

.50%.

.561%

.33,
.79t
.284,
83+.
.92¢t,
.67%.,
11+,
L17¢%.

_

.49

.29i.

.73%

.88
.63
.57 .
.51
.58
.36
42
.37
.43
.50
.57
.51
. A7
S
<447
3
71
61
70
64
69
82
64 .
.92
71

.82~
.92%,
.35%.,

e

74
78
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accuracy of the distribution in figure 3.2.

3.3.3. 167~MeV alpha particles on molybdenum.

Ae in the cae%,of the indium experiment, the
very poor (=2 tracks/mmz). The lighter mass
compared to indium also worsened the problem
fiesion fragment tracks from small tracks at

observation. Track length distributions, as

angles of observation, are shown in figure 3.

track deneity was
of molybdenum as

of differentiating
forward angles of
measured at eight

4. Determination

of an verage track length from these data is not feasible. A

-distinct 'hump' in the track length distributions occurs at

extremé‘backward angles of observation. Since instinctively,

one would assume that the average track length in the case of
N .

the molybdenum bombardments will be shorter than that of the

indium bombardments, it is tempting to assume that this‘huﬁp

represents the fission fragments from the molybdeﬁum plus alpha

system, while the tracks with larger lengths

could be due to

impurities in the target material. 'Such an analysis, however,

will be left to Chapter 4. Table IIi.4 summarizes the data of

each distribution, as well as the data obtained for angular

-

/ - .
in?ervals’other than those indicated in figure 3.4. Only those

tra\ke were taken 1nto account which had a length greater than .

that 1nd1cated by the dotted arrows (flgure 3 4) .,
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flgure 3.4° 167 MeV alphas + Mo
B T ' - e oP

) 55-60. R
. A=27.60mm?

e

|

]

rl

tmts———.
[

«‘ v em——

o
65-70 ~

11_"‘-\1'4’13 A=14.80mm?2
L — I_"ll—"qnnn n

1

-y

N

A=11, 62mm

r"lf_"rrr]rH ,.z—l.lpfl_n_rln rrlnn - l;]

- 85-90° -
i T “ |L|1+ o A-14.32mm2 -
- —fIP"ﬂﬂ ﬂmnm no
- ! 105-110° -
L |  A=23.00mm? -
" : Al ] o
o { 125 130 .
o 2
- N \J A=23.26 mm- -
- r”wﬁm-r—'h‘vﬂ—’lf‘—'—'lr"‘a 0
5 T - 145-150° = -
Q | 2
E 3 | —
.=
C/

quferUHJJy A= 2272mm2
Cn_f"w_l—]p

185- 160

2.0 30

track length mg/cm

S'I

- (o) o
3 . 165 170
- i‘ A.1542mn@ .
i Mﬂ n.4
1.0



=57~

-

Table III.4 167-MeV alpha partgcles on Mplybdenum. Summary

of experimental data. .

.

laboratory area number track
angular interval scanned of density
scanned 2 tracks 7~ 2
(ram ) ‘ tr/mm
550-600 27.60 73 2.65%.31
60_-65_ 18.22 44 2.41+.36
65.-70_ 14.80 41 2.77+.43
750—80O 20.00 36 l.80¢§%b
80_-85_ 20.00 35 1.75+ 430
85.-90_ 14.32 31 2.17+.39
85.-90 7 20.00 38 1.90%.31
90°-95" 12.00 20 1.67+.37
95.-100_ 15.00 29 1.03+.36
100.-105 20.00 36 1.80%.30
lOSO—llO 23.00 65 2,83%+,35
1050-110% 120.00 52 2.60%.36
1107-1157 20.00 r 42 2.10+.32
1150—120O 15.00 <z32 2.13+.38
1207-1257 15.00. 35 24,33+.39
1250-130O 23.26 69 2.97+.36
125°-130° 20.00 60 3.00#£.39
130.-1357 20:00 53 2.65+.36
135°-140_ 16.00 49 3.06t.44
140°-145_ 15.00 43 - 2.87+.44
145.-1507 11.62 40 3.44%,54
1457-150_ 12.00 40 3.33+.53
150 -1557 - 24.00 86 - 3.58+%.39
155.-160 22.72 97 4,27%.43
155°-160_ 20.00 80 4,00%.45
160 _-165_ 24.00 103 4,29+ .42
165.-170_ 15.42 62 4.,02+,51
1657-170 15.00 54 . 3.60%.49
—
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3.4 Data from the 80- to 120-MeV alpha—particle—induced

fission of Ag, Te and Au.

The variable energy cyclotron of the Texas A & M University

was used to obtain data on the alpha-particle-induced fission

of gold'at980 , 100 and 120 MeV (120 MeV being the maximum
attainablé energy at this installatién). Similar data_;;uld

have been collected for the lighter targeg systems, but the

poor counting rates obtained in the Orsay experiments with

beam intensities in the order of 5 X 10_4 Coulomb indigg}ed that
excessivé amounts of beam time would have been required. Instead
an effort was made to obtain a iarger~number of fission events

at one energy (80-MeV) by increasing the target’thﬁckness by a.

factor of =3 and the beam intensities by a factor of 10 to 100.
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3.4.1 80-, 100- and 120-MeV alpha particles on Gold.

et O s a2 e

Track length distributions as a funétion of the léboratq;y
;ngle‘of observation are shown'in,figufes 3.5 and 3.6 for

the fission fragments from the 80- and lOO—MeV alpha par-
ticle bombardments. Track densifies in all cases varied ‘
between 1000 and 7000 tracks per square millimetef. Cons;;
quéntially the area scanned for each distribution was very
small (0.02 to 0.08 mm2), and the average angle of observation
has a well defined value. For track densities greater than
3000 tracks/mmz,‘a significant amount of overlapping of
fragment tracks occurs. It becomes difficult, if not rather
arbitrary, to assign track length values in such cases. Only
for the 80 MeV alpha particle bombardment the track density
was so high; that by omitting overlapping tracks, the track
density was underestimated outside the statistical limits of
the measurement. For this case a separate determination of
the angular distribution was made by 6hly counting the total
numbef of tracks in é given area of the mica surface. Table
III.5 lists the results of this procedure and summarizes the
data derived from the track length distributions. Table I1I.6
gives the results of the 100-MeV alpha-particle~bombardments,
while Table III.7 lists the angular distribution data obtained
from the 120-MeV aipha—particle-bombardment. No track length E

distributions were measured in this case.



BOMEY (s + ALl

-60-

Figure 3.5
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Figure 3.6.
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Table III.6 100-MeV alpha particles of Gold; summary of

experimental data.

laboratory scanned $# of average normalized*
angle . area tracks .peak position '~ track density
(degrees) (mm2) (mg/cmz) (tr/mmz)
P v
26 0.031 75 2.99 2644 * 305
32 0.046 94 2.97 2233 t 230
37 0.063 118 2.94 2012 + 185
" 45 - 0.046 81 2.78 1891 + 210
56 0.063 68 : 2.78 1180 + 143
65 0.079 104 2.63 1438 + 141
75 0.079 89 2.57 i 1210 + 128
84 0.079 - 83 2.47 : 1148 + 126
92 0.079 102 2.39 1411 + 140
97 0.079 98 2.27 1332 + 135
102 0.079 94 2,29 1278 + 132
107 0.079 - 86 2.23 1169 + 126
112 0.079 101 2.22 1373 ¢ 137
117 0.079 " 97 2.23 © 1342 + 136
122 0.079 97 2.12 1342 + 136
127 0.079 .95 2.18 1292 + 133
131 0.079 111 2.16 1509 + 143
136 § 0.079 111 \/&g.os 1509 + 143
o141 0.079 141 06 1917 + 161
146 0.079 ©121 ’ 1.98 1674 + 152
160 0.031 62 1.99 2148 * 273
5 * normalized to a gommon track-target distance

of 55mm,

\



Table III.?7

léboratory

angle

AN UNIUNIUNIVIUIUTE B BB D WWWWRNNNN -
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(degrees)
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area

scanned

(mmzf

.020

.020
.020
.020
.020 |
.020
.020
.020
. 040
.040
.040
.040
.040
.040
. 040
. 040
. 040
.040
.040
.040
.080
. 080
.080
.080
. 080
. 044
.080
.080
. 080
.080
.080
. 080
. 080
. 080
.080.

.080
.080
.080
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120-MeV alpha particles on Gold; summary of

experimental data.

number of
tracks

175 °

170
165
161
171
97
161
152
153
136
150
164
129
145
133

142

119
109

track

density
, 2
(tr/mm~)

6300%561
5150+507
5650+532
6150555
6000+548
5900+543
46001480
5350+517

47254344
© 3950+314

3400%292
3175+282
3500+296
3075277
2375244
27751263

1 2625+256

2650257
23001240
24751249
21884165
2125163
2063+161
2013+159
2138+163
2205+224
2013+159
1900+154"
1913+155
1700146
1875153
2050+160.
16131147
1813+151
1663+144
17754149
1488+136
1363+131 .

laboratory
> angle

4

\O O WO\
oUW

101,
103.
105.
107.
109.
111.
113.
115.
117.
122.
124.
126.
128,
130

132,

134.
136.
137.
139.
141.
143.
145.
147.
153.
155.
157.
159.
161.
162,
l64.
166.
l68.

(degrees)

W B DD DD DD DD D DD D oY

area

L) . . » . e ® . L]
o
[o0]
o

BUJOOHNBUNIINOOOOOO NN W

0,040
0.040
0.040

number of
tracks

119
133
132
124
139
110

10
138
154
154
127

141

119
122

118

131

125

151

151 .
144 -

174
172
165
179
154

98

93
97
98
107

114

105
131

127 -

123
133
150
137

'track

&,

dep51ty
'(tr/mmz)

1488+136
1663+144
1650+144
15504139
1738147

- 1375%131

1375£131
1725+147

19254155

1925+155
15881141

1763+148

1488+136
1525+138
14754136

4638+143

1563+140
1888+154
1888+154

1800£150"

2175165

2150164 -

2063+161
22381167
19254155
2450247
2325+241

2425246

2450+247
26751259

28502674

2625+256
3275286
3175+282
3075+277
3325288
37504306
34251293
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3.4.2 80-MeV alpha particles on tellurium.

¢

The tellurium target was nearly three times thicker than the

Vindium targét,_and approximately nine times more alpha par-

ticles were incident .on the tellurium target than on the

ihdium target (seé Table III.1l), but Because of the decreased
v . _ :

. energy of the alpha particles, the track density in this

experiment was only twice that of the 167-MeV alpha particles

on indium experiment. Co 9

By scann%ng a relatively largé area of aroundlehmmz for each
five degree interval, sufficient data were obtained to deter-
ﬁine the aiétribution in track length of the fission fragments
as a finction of the laboratory angle‘ofrobservation. No data
could be obtained for angles less than 40 degr?es, due to the’
very large concentration of small pits‘in the mica'surfa;e. |
For angles of around 30 degrees, fission tracks can sometimes
be seen embedded in thembackground of pits; but measurement of
the lengtﬁ of these tracks becomés arbitrary. At an ahgle of
observation of 20 degrees, these tracks can no longer be re-
SOlVed from the‘geheral background. The interaction of scat-
terea élpha parficles with héavier nuclei in the mica are

thought -to be the most likely ékpl@nation of these small pits

as was discussed in section 3.3.2.
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Figure 3.7 shows the track Length distributions as a function
of the angle of observation, while Table III.8 summarizes

the data. The mean laboratory angle was determined by

o
.

calculating the_arithmeticai average ,of the laboratory angle

of all tracks measured in each five degree interval.

'3.4.3 80-MeV alpha-particles on silver,

The number of 80~MeV alpha-particles incident on the silver
target was'very'la;ge (see Table III.1), resglting in track
densities of around 50 trécks/mmz. Track length distributions
were measured for laboratory angles of observation from 50

to 170 dégrees. Measurements of tracks(could not be made for
smallédr angles of oégervation for the samé reasons as discussed

in the previous section. Figure 3.8 and Table III.9 summarize

the experimental data.
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Table III.8 80-MeV alpha particles on tellurium:

Summary of experimental data.

N

~angular mean area number average normalized*:

interval laboratory scanned of peak - track density
scanned angle . tracks position

(degrees) (degrees) (mm2) (mg/cmz) (tr/ﬁmz)
40~-45 43.1 10.942 98 2.58 8.73 * 0.88
45-50 47.4 10.951 . 104 2.55 9,43 + 0.92
50-55 52.7 10.947 114 2.51 10.08 + 0.94
55-60 56.9 10.944 108 . 2.51 10.08 * 0.97
60-65 62.8 13.025 101 2.41 7.50 + 0.75
65-70 67.5 13.126 - 127 2.30 9.29 + 0.82
70-75 72.5 13.163 121 2.28 8.93 + 0.81
75-80 77.5 13.167. 110 2.20 8.26 + 0.79
80-85 82.6 13.133 102 2.21 7.65 = 0.76
85-90 87.3 13.070 115 2.18 8.67 + 0.81
90-95 92.8 11.660 105 2.16 8.78 * 0.86
95-100 97.4 11.822 96 2.12 7.92 + 0.81
100-105 102.5 11.830 93 2.15 7.66 + 0,79
105-110 107.7 11.830 88 2.10 7.25 + 0.77
110-115 ~ 112.5 11.819 96 2.09 7.89 ¢ 0.%%
115-120 117.2 11.798 . 74 1.99 6.25 + 0.
120-125 2 123.0 - 7.714 78 2.03 9.93 £+ 1.12
125-130 127.5 7.682 70 1.94 8.98 + 1.07
130-135 132.5 7.200 87 1.92 11.82 +°1.27
135-140 137.5 7.216 81 1.87 11.02 £+ 1.22
140-145 142.6 7.223 - 84 1.84 11.42 + 1.25
145-150 147.5 7.231 99 1.88 13.49 + 1.36
150-155 152.9 5.406 77 1.83 14,14 + 1,61
155-160 157.6 5.400 ° 77 1.80 14.16 + 1.61
160-165 162.0 5.491 93 1.78 16.81 + 1.74

Ve
}

* normalized to a common track-taréet distance of 55 mm.
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Table III.9 "80-MeV alpha particles on silver: ) ‘ o~

. ‘Summary of experimental data.
angular mean area number average normalized*
interval laboratory scanned of peak track density
scanned angle tracks position .
(degrees) (degrees) (mm2) v (mg/cmz) (tr/mmz)
50-55 - 53.1 4,882 214 2,35 . 45.4 £ 3.0 .
55-60 57.0 - 4,718 212 . 2.34 . 46.9 & 3.2
60~-65 . 62.8 4,389 187 2.33 . 42.9 + 3.1
65-70 67.6 "~ 4,755 239 2.33  49.5 £ 73,2
70-75 72.3 4.735 - 193 2.29 7 39.9 t 2,9
75-80 77.6 4,752 - 183 2,22 . 37.7 + 2.8
80-85 82.5 4.805 - 173 2.18 35.3 + 2.7
85-90 86.9 4.164 144 2.19 34.0 +° 2.9
90-95 93.1 3.810 163 2.16 42.6 + 3.3
95-100 97.5 4,785 204 2.18 , " 41,9+ 3.0
100-105 102.5 4.744 238 2.11 48.8 +7'3.2°
105-110 107.5 4.739 211 .  2.04 43.3 ¢ 3
110-115 112.4 4.771 250 2.11 51.4 +°3+
- 115-120 117.3 4.537 273 2.00 59.6 *-3.6
120-125 =123.0 / 3.202 132 2.00 41.5 + 3.6
125-130 127.5 3.849 - 186 1.99 48.1 + 3.5
130-135 132.6 -3.821 214 1.90 55.3 + 3.8
135-140 137.5 3.822 - 260 1.92 67.3 + 4.2
140-145 142.5 3.853 234 - 1.91 60.6 + 4.0
145-150 147.3 3.453 247 1.88 72.2 + 4.6
150-155 153.1 2.277 161 = 1,80 70.8 't 5.6
155-160 157.5 2.872 19 1.82 75.6 * 5.1
- 160-165 162.6 2.872 - @56 1.75 88.5 %+ 5.6
165-170 165.7 0.578 /49 1.74 85.2 $12.1

* * normalized to a common track-target distance of 55 mm.
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Ghapter 4 Interpretation\oﬂ;fission.frégment track length

distributions. ! »

v

In nearly all previous experimental studies’of the fission

.process, using dielectric track detectors, the aim has been
. . B s . :
»simplyetb register a fission event. Positive identification

of a fissisH event could only be madé™in a "sandwich" experi-

ment, where the.térget was sandwiched between two-detqrtore,’

“and the two coincident fissjon fragments could be observed

(Hud 69, Bra 71, Kie.'73). 1In a .scattering cﬁamber type of
experiment the coihcidenqe criterion is iost, and@hence, the
origin of»the tracks can only be deduced from track length
aﬂd angular distribution data. By choosing a detectot whieh
will dlscrlmlnate agalnst llght (z < 10) particles as well

as low energy (E < 1MeV) particles, the tracks that are formed

are those of energetic heav1er,fragments, including those from

&
i

a fission process. Glass, Makrofol and mica have been used

\extensively towerds this end’(Met 71, Kon 65, Ral 73, Bra 67,F%

\

¥

Not unt:lgthe work of Khodai-Joopari‘(Kho 66) was mention

ot

ma&e-o;/the possibility,ef distingﬁiehiﬁg impurities by their.
shorterior longer average tr&ck }ength“as compared to the
tracks of interest. fHowevet, this wae}onlyvan expectetion' i
sinpe no data on the response of heavy-ions in mica were

available: Pate and‘Péter (Pat 71) did a rough calibration

of the track length of aluminum,”argon and krypton sions in

-
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mica and used these results to dlstlngulsh the tracks of“'
1mpur1t1es with a heav1er mass from targets with llgﬁier
masses. They alggﬁtraced the var1atlon of track lgfgth
distributions with the mass of the flsslonlng.system and,
under the assumption that.the traok-lehgth distr}hution<Was,
\dlrectly p;oportlonal to the mass dlstrlbutlon, concluded
that no 51gn1f1cant broadenlng effect of the mass dlstrl—
butlon with decrea51ng mass of the flSSlonlng system was
1ndlcated By assumlng that the. average track length rep—
resented the track length-of the most probable flSSlon
fragment\\whlch was known to be one half of the mass of the
fissioning ‘system (assumlng a symmetrlc mass dlstrlbutlon),

the approx1mate energy of this most probable fragment was

also extracted in this experlment. However, all these

assumptlons rely on the mass and energy d1str1butlon belng
relatlyely_narrow. Liquid drop theory (le 69) predlcts a
substantial,broadenlng of the mass distribution w1th‘de—
creasing mass of the fissloning system.l The above mentioned
.approximatiohs‘arexthen no longer:yalid and a more rigorous
approach must be taken.

-

4.1 _Calculation‘of fission fragment track‘length distributioﬁs.
— o . : T - =

In the following a description is.given ofﬂhowioné'oaqﬂéagouLate;
track length distributions using-a reasonable model for the _
fission process of medium mass nuclei and the known response ’

of heavy ions in mica. The calculated track length-distri-

-



-73-

butlons can then be compared with measure@'dlstfibutlons, and
. some .aspects of the calecutatighs modlfled to obtaln better
agreement with the experimental data. The model whlch will
gesult in an pptiﬁgm "fit" to the experimental datavis assuﬁed
to be‘the closest fépresentation of the real fission process
under consideration. This approach was chosen because the
high degree of complexity of both the f1551on process and the
StOpplng process of heavy ions in mlca, plus the fact that a
track length only represents a whole set @f p0551ble mass. and

¢

p v
energy combinations, renders direct extraction of fission

-—

parameters from track length distributions impossible.

" A computer program RADICS (for RAnge DIstribution CalculationS)
was written, which simulates the fission’process of medium

R o y -
mass (50< A< 200) nuclei, induced-by any kind of particle,

and the subseguent stopping process of the»fission‘frag;ents
in either mica or glass detectors. Glass detectors were
included because some’ extensive ca}ibration data on.the
response of heajy ionsvin_glass are now available (Lec 72).

The aimrof the method was to be able to reprodace experimental
fissionrfraghent track length or diameter’distributions

by varying as. small a number of parameters aswéossible.n Hence,
it was necessary to make a number of simplifications.and

- assumptions about some of the parameters as well as to enter

accepted experimental values for some ot?gr parameters that

were not varied in the calculations. Quantities that were




¢

left. free to vary were: a) the shape of the mass distribution
of the fission fragments; b) the total kinetic energy release
in the case of symmetric fission and c¢) the center-of-mass"

L

motion of the fissioning system.

Aﬁpendix 1 givés,a complete description of the mathémétical
prdcedure as4wéllﬁas the use of this program; Basically the
track length or diameter distribution at a given lgbora}pry
angle of observation in considered to be a_summation over all
the individual tféck ;ength or diameter distributions.of eacH
possible fragment mass; each-wéigﬁted ?y the proSability of
emitting that‘particular‘fragmenﬁ mass at that angle oﬁ'obser—
vation. The problem is theﬁ reduced €3‘finding the energy |
distributiog éssoqiaﬁed with each possible fragﬁgnt mass and

the conmersion‘of this to a track length or diameter distri-

"bution. If the energy distributions are relatively narrow, a

linear transformation from energy to track length or diameter
can be éerformed under the-assumption oﬁ\local.ﬁinﬁfrity of the

track length .or diameter versus-energy curves.

- , / -
In the calculations it is assumed that the energy distribution

of the fragments of a given mass is of a gaussian nature.
Dispersion effects due to such effects as target thickness and
angular resolution can then be more easily included (see appeﬁ;

dix 1).

v

'Y

The code can be Used as. a tool to investigate the sensitivity

<

»
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of fission parameters to the shape of the track length or

diameter distributions of fiééion f:agments, One of the
interesting ques;iéns is how the track length or diameter’
distributisns will vary with the mass of the fiésioning
-sysEém. In a sample calculatioﬁ,'fission was assumed in- -
duced by 80-MeV alpha-particles in targe£ nuclei with mass
valueévranging from 100 to 200 amu. The mass distribution of
the fission fragﬁents was assumed to be gaussian withva full
width at half maximun of’SO amu. (Later it will be shown

£hat the width of the mass distribution is relatively insen-—
sitive to the outcome of the calculations.) .Fission‘barrier
values were taken from the work 6E1Myers and Swiaﬁecki (Mye
66), whilethe total kinetic energy release was taken from the

calculations of Nix (Nix 69).

The track length distributions, as they would be observed in

_,mica detectors at Jaboratory angles of observation of 30 and

NN

150 degrees, are shown in figures 4.1 and 4.2. Using glass
detectors, the diameter distgibutions that would be observed
at these same éhgles og observation, are shown in figures

"4.3 and 4:4. The most interesting feature, in-'the case of
, ,

mica detectors, is that the width of the track length qQistri-

bution is not a constant value, or even a monotonic fyhction=

v

of the mass of the fissioning system. ‘
. -~ a

In figure 4.5 ;?e full width at half.maximum of the track

length or diameter distribution is given as a function of the

~
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Figure 4.4 .
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mass of the fissioning system for the t "anéleé of observatiéﬂ:
30° (solid line) and 150° (brokeﬁ line{: Thé effective broad-.
ening of the distributions around a fis;ioning masé'of)lBO amu
is many times stronger in the case of mica than in the case of
élass{detectoré. Defining the effective broadening as FWHM/ -
Xprob, where’Xpr%? i; the most probable track length or diaﬁ-
eter value of the distribution, this variable will range from
0.3 to'I.0 in the casé‘of mica and from 0.07 to 0.18 in the
case of glass. The comparable effective optical resolution in

measuring track length and diameter is in the order of 0.03 and

0.05 respectively. The broadening of the track length distri-

bution around a fissioning system mass of 130 amu should there—y

fore, be quite noticeable,whereas the broadening of the diameter

distribution is only just outside the experimental accuracy.

In figure 4.6 the calculated most probable track length and
Adiameter (solid lfnes) is comﬁared with the track length and'
diameter of ?Pe‘fragments from a symmetric fission event
(broken lineé). Again, whereas in the case of glé%s detéctors,
especially at backward angles, the difference between these
two quantities is less than 5%, in the.cése of mjca detectors
largé}discfepancies exist. Th;syeffectAis«mﬁfﬁéi due to a-
"buncH%nq}/of the track\length-energy;curves iﬁ regions around
a fragﬁént mass of 45 amu and 80 amu. For a‘fissioning system
mass of around 130 amu,’tﬁésesﬁwo regions of frégment mass are

present simultaneously, resulting in a quasi "double humped"

e

/{
‘7

s

)
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figure 4.6A .
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track. length dlstrlbutlon fsee flgures 4, 1 and 4.2) . AThe
slight shift towards hlgher more probable dlameter values
at backward :angles of,obseryatlon 1sithe'd1rect result of- the
fact that the mass diStribution as Seep at such laboratory
angles offdbservation contains relatively more?}ight fragmente
than heavy fragments (see appendix 1, section 1L6). Since

o

the light fragments have hlgher energy and diameter values

assoc1ated with them, the most probable dlameter value will

also shift towardgrhlgher values.

The variation of the track length and diameter distributions

B
~

with the shape of the mass'distribution of the fission
fragments in-examined in figﬁres 4.7, 258 and 4.9 for fissien-
ing systems with a mass of 104, liﬁ,andt204 amu respectively.
In each calculation it was assumed that the fission ftagment'

.mess:distribution.was of a single gaussian type with a full \
width at half maximum of 30, 45, 60, 100 and 1000 amu.

- Fission was again'induced by 80 MeV,elpha particles and

- compound nueleue formation was taken te precede the fission
step. The resulting track length and diameter distributions
were ealculated for three aegles»of %pservation; 30, 90 and
150O with reepect to the beam di ection. From figures 4.7

to 4.9 sémergeneral characteriStlcs are immediately obvious;
a) mica detectors are more sehsitive to the shape of the
fission fragment mase distribution than glass detectors and

b) the track length and diameter distributions at forward

angles of observation as well as from heavier masses of the-
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fissioning system are also more sensitive to the shape of -

the mass distribution. Since'aﬁy significant broadening

. of the.mass distribution is only expected (Nix 69) to occur

for the lighter fissioning nuclei,'such an effect will be

very difficult to observe using mica or glass detectors.

From all of the above calculations it can be seen that the

\

assumption of various authors (Kho 66, Pat 71) that impurities
in their fisSioning'target nuclei could be'distinguished
by their ave;age shorter or longer track length, have to -
be treated céutiouély. Furthermore, the .conclusion drawn by |
Pate and Péter (P;t 71), that the absence of any Significant
bréadening of the track length distributions with deqreasiﬁg
mass of fhe fissiohing sy;tem indicated no substantiél
broadening of the fission fragment mass distributions’, is not
at all substantiated by £he results shown in figures 4.7 |

1

through 4.9.
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4.2 Comparisen with experimental data.

’

4.2.1 80-, 100- and 167-MeV alpha particles on gold.

The fission fragment track length distributions presented in
Chapter 3 cep be compared w1th calculated dlstrlbutlons

The data which are most easily interpreted are those track
length distributions for which the most;probable track length
is provided by fragments with the most probable mass value.
Of the available data only the track length distributions
from the alpha plus gold systems contain this simpiification
(see Fig. 4.6). For theee cases the analysis in terms of

total kinetic energy release and center of mass motion can be

made independently of the choice of the width of the mass

distribution.

In figures 4.10, 4.11 and 4.12 the experimentaliy determined
average track léngrn; as a function of the,iaboratory angle
of observation, is comnared with the caleulated average track
length for the 80-~, 100- and 167-MeV alpha particles on gold
bombardments.- Various combinations. of total klnetlc energy

~

release and center-of-mass motion were used in the calcula-
tions. The optimum values for ;hese two parameters were |
obtained by an interative procedure in which the total kinetic
energy release value was f;rst adjusted from the theoretical

value (Nix 69) to- give agreement between the Gglculated and

experimental average track length e§,90° (laboratory angle).

4
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\\Néxt fheiamount of center-of-mass motien was adjusted from B

| the cbmpoundanucleus value to a value which\more accurately
refleCted’the trend of the experimental dafa;J If necessary
the whole procedure was repeated to obtain a better "fit" to

the experimental data.

Using these “fi}ted" vélues of total kineticrenergy releasé
and cénter of mbtion the track length distributions are
compared with calculated distributions assuming a range of
values for the‘width of the mass distri?ution of the fission
fragments. Figure 4.13 shows’some of the results from these
comparisons. It is only possible to assign an upper and

lower limit oq'the width of the mass distribution in each
case, and even these values are limited by the assumption of

a known distribution in kinetic energy>of the fragments (taken-
to be ‘the theoretical (Nix 69) value). [Table IV.l summarizes
parameter values derived from the expe ental data on the
gold bombardments using the RADICS codé. The errors indicate

only the accuracy of the fittiqg procedure.
) . —

Total kinetic energy release values are in agreement with the .
value obtained by other methods‘(Pla 66). With iﬁcreasing
excitation energy one would expect the compouhd nucleus to
emit more particles, thereby decreasing tﬁe averagé mass of

he fissioning nuclei (see Chapter 5). Consequently the

total kinetié énergy release of the system is expected to show

a decrease with increasing excitatién energy. For the 167-MeVv

1,
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Table IV.1 Total kinetic energy release, center-of-mass '?

o motion and the width of the fission fragment mass 3

distribution as derived from the tratk length

distribution of the fission fragments from the

80-,100- and 167-MeV alpha bombardments of gold. =

incident average tofal center~of-  full width at half f
alpha kinetic mass motion maximum of .the £
particle energy release (% of compound mass distribution %
energy : nucleus value) (amu) 3
, E : lower upper &
(MeV) (MeV) limit o limit =
80 , 135 t.3 100 t 10 30 45 i
100 128 *+ 3 90 + 10 30 - 45
167 130 + 3 60 + 10 40 60 I
alpha bombardment a deviation from éompound nucleus center-
of-mass motion is observed. This can be due to either a con-
tribution from fission following incomplete momentum transfer
or to pre-equilibrium particle emission. The limits on the :é
value for the width of the mass distribution agree with pre-- %
- . o » o fg‘;
vious measurements (Pla 66). Due to the insensitivity of the .

T

s

track length distributions from gold fission fragments to the
: v

width of their mass distribution, any broadening of this width

with increasing excitation energy lies outside the deduction

capabilities of this analysis.

T

e

s

i
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4.2.2 80-MeV alpha-particles on silver and tellurium.

In the case of the lighter silver and tellurium targets the
shape of the mass distribution can no longer be treated as

an independent variéble.v Although the overall shape of the
track length distribution is relatively insensitive t6 the
width of the fragment ma;s éistribution, the average track
length does show a small variation with this parameter.

In principle then one would have tp‘fit the set of track
lengthhdistributiops as a functiogxéf the angle of observation,
to similar calculated set of distributions. In practice the

-

track length distributions were first calculated for a

forward and backward angle of observation and the total kinetic

‘energy release and center-of-mass motion were adjusted and the
width of the mass distributioh varied sé as to obtain the best
possible égfeément Qith the experimental data . Iﬁ,figure 4.14
' the measured track length distributioné from the 80-MeV alpha
partic;e bombardment of silver at 1abbratory angles of obser-
vqtioﬂ of 67.5 and 162.5 degrees are compared with the caicu—
lated distributions assuming a total kinetic energy release
value of 80 MeV and center-of-mass motion corresponding to
compound nucleus formation. vThe'calculated curves labelled

1, 2, 3 and 4 represent an assumed Gaussian mass disfribution
width of 15, 30, 60 and 500 amu. The calculated distributions
show a p}ohounced péak at high track length values with a

gradual "failing off" towards lower values. The experimental
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7

data show a similar trend. By increasing the total kinetic

energy release by another 10 MeV, a "fit" can be obtained with

‘

" the calcﬁl ‘ed curve assuming the narrow mass distribution of
15 amu full widﬁh at half maximum. The .pronouncéed tailing of
the track length distributions towards lower values can not be
explained, however, in that case. By‘examining all track
length distributions, the lower liﬁit of the full width at

o~

half maﬁ{;um of the mass distribution was set at 30 amu, with

-

an upper limit of 50 amu. To obtain & more precise estimate

M

of the total kinetic energy(release and center-of-mass motion,
tﬂ; measured most prbbable trdck length was cpmpared'with
calculated values as is shown infigure 4.15. This quantity is
insensitive-to the widthhof the mass distribution for values
greater than 30 amu. The best agreement is obtained for a
total kinetic energy‘release of (81i3) MeV and a center-of-
mass motion of 70% of the valuézwhich would be obtained in the

case of compound nucleus formation, although center-of-mass

values of 60 to 100% still give acceptable fits.

-

-Figure 4.16 shows a comparison of measured and calculated track

length'distribufions for the tell rium data, similar to the
“one for the silver data in figuref4.14. Because of the poor
statistical’accuracy of the telXurium fission fragment track

length distrib ata were combined over ten degree

intervals Shown are the distributions at mean laboratory

¢

angles §f 60 and 120 degrees. The experimental data again

|
|

B
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“ e

show a "tailing off" towards lower track length values, but
there rs no ° longer a well defined peak in the dlstrlbutlons
TLe calculated ¢urves do not fit the experimental distri-
butions.as well as in the case of the silver data. Again-
it was fours that.very narrqw distributions (such?as the
one showr with a full Widthvat half maximum of 20 amu) do not
agree with the general trend of the data. Broader mass
distributions show more "taiiigg" towards lower track length
values than is observed experimenta}ly. In section 4.1 it
was shown that it was just for this area of total fissioning
system mass that a pronounced broadening of -the traek'length
distriputiens would OTcur (see figures 4.1, 4.2 and 4.6).
ﬂﬁﬁ:?broadening effectrwas due?to a "bunching»up" of;track
length versus energy values aréund certain mass values. If
this buncding effect is even a little less Eronounced than
expected from the interpolation of “the ealibration data, it
L\\WQBld alter the shape of the_calculated'distributions enough

e : . ,
to give a better agreement with the experimental data. Never-
theless a definite amount of brqadening of the tracﬁ lengthl
distributions with respect to those of the silver data is
present and supports the general statemeﬁﬁ&emade in section
4.1 aﬁgut the. "abnormal” behaviour of fragment:trackﬂiength
distributions from the fission'ofuﬁUClei with a mass near
130-140 amu. 'From _the data presented in figure 4. 16 it is

clear that only a lower 11m1t can be set on the w1dth of

the mass distribution of the fission fragments. From an
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'4

examinatioq?of all available track length distribution data;‘
; s i _ , woaere
"this 1limit was set at 30 -amu.

>

An estimate of-the—tdtal kinetic energy release as well as
center-of-masé motion was obtained by "fitting" all track

length distributions simultaneously.to.calculated distributions '
which assume a full width at half "“maximum of the fragment

mass di;tribution of 40 amu. An experiﬁéntal and calculated‘
track léﬁgth distribution were’assﬁme@ to "fit" each othérh

when good agreement was obtained at higher track values

(of the quality of the solid lines shown in figure 4.16).

This procedure yields values of (95%5) MeV and (90%10)% for

the total kinetic energy release and center of mass motion

respectively.

4.2.3 167?Mev alpha-particles on indium and molybdenum.

The data presented in figurés 3.3 5:& 3.4 show that at for-
ward angles of observation (with respect to thé beam airec—
tion), the track length distributions are parFly obscured by
the ﬁery intense flux of scattered target nuclei. Hence,

only the track length distributions at backward angles are

compared in figures 4:15 and 4.18 with calculated track
length distributions. 1In thesé calculations the width of the
gaussian mass distribution was varied from 20 to 1,000 amu,
while the:total kinetic energy release was chosen as 85 and

70 MeV for the indium and molybdenum data respectively. In
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figure 4.1 167 MeV alphas +In
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figure 4.18 167 MeV alphas + Mo
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£

each case the center-of-mass motion was taken to be 60% of
the wvalue which would be bbtained in the case of full mo-

mentum transfer (compound nucleus). These values of the

total kinetic energy release were obtained under the assum-
ption that one can extrapolate the resultsAobtéihed from
the'silver and tellurium data, while the value for the center- ' :
of-mass motion was taken to be the same;ai for»the 167-MeV
alphavparticle bombardment of gold.

The iﬁdium'data (figure 4.17) show a moderate agreement with

Rag

the calculated track length distributions, but the molybdenum

data cénnot be fitted tb the calculated curves even if one

takes into'account the good possibility that the chosen values -
for the total kinetic energy release and center of mass

motion could bé wrong by as much as a factor of two. Contrary

to all other results obtained in this'work, the molybdenum

data show a systematic tailing towards higher track iéngth

values. Such an effect cannot be‘bbtained for thé calculated

track length distributions, no matter how the free parameters

'‘are varied. Since the calculated track length distributions

S AL e S Bes e Fer T

agreé fairly well with the main peak in the experimental
distribution (see figure 4.18), it is reasonable to assume
that the trackg with a much longer length originate from

fission fragments from heavier nuclei in the target material.
. g,

Unfortumately the poor statistical accuracy of these data

P
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does no£ allow such a separatioh at all but very backward

angles of qbservation,,henée a more precise determination of the
~total kinetic energy release and center-of-mass motion, along
the lihes'described in the previous sections was not possible.'
It'is only possible to say that the values chosen for the

total kinetic energy release and center-of-mass motion from

the extr;polalion of the results obtained from the other
bombardments, are consistent with fhe experimental results

shown in figures 4.17 and 4.18. The poor statistical accuracy
of the data-also prevents one from establishing limits on the

width of mass distribution of the fission fragments.

4.3 Total kinetic energy.release in the fission process of

medium mass nuclei.

In table IV.2 the vé?ues for the total kinetic energy release
obtained from the anélysis of the variation of #he track

N
‘length distributions QiEE~E?e angle of observation are sum-
marized. Not included are ﬁhe results for the.167-MeV alphav
farticle bombardmerits of indium and molybdénum for the
vréasons explained in section 4.2.3. For comparison the
results from the\calculétions due o Nix (Nix 69) are éiven
in column 3. Although the results for the gold bombardments
agree well with the theoretical prediction, for the lighter
nuclei the expegimental values are about 20% higher than
the theoretical estimateé.{ It is possible that the theory

under-estimates the total kinetic energy release of these

'S

§
L)
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Table IV.2 Total kinetic energy release values.,

L

2 .
system : total kinetic ' total kinetic
studied energy release _ energy release
o - (experimental) (theoretical )

80-MeVa's+Au 135 + 3 '
100-MeVa's+aAu 128 + 3 129
167-MeVa's+Au 130 £ 3 .
fw-Mev'a 's+Te 95 + 5 73

80-MeVqa's+Ag 81 & 3 64

lighter nuclei by such a large percentage but theldiscrepancy

is more likely the result from the "touching sphere approxi-

‘mation” used in the analisis of the experimental data. In o

0

section 4.1 it was shown that for nuclei in the region of
silver and tellurium, the most probagie track length is no'
longer determined by the track length of the most probable
fission fragments (i.e. the fragments from a symmetric fission
event). Instead the most probable track length is bufilt up by
the contributions of many asymmetric fission evente. In tbe
fitting procedure described in sections 4.1 end 4.2, the '
value that is entered for the total kinetic energy will be
higher in the case that the ehergy release decreases rapidly
with increasing asymmetry of the fissien fragments,.(es is

the case when the touching sphere appreximation is used) than

when the energy release varies more slowly with the mass of

the fission fragments (as has been observed experimentally by
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Plasil et al (Pla 66). Hence the values for the total
kinetic energy release listed in table IV.2 can only be

treated as upper limits.

ik D L e bon e T
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Chapter 5 &2nalysis of angular distribution data. -

As well as for the determination of differential and total cross

e
L

sections, angular distributions of fission fragments can be used

to extract information as to the shape bf the'fiSsioning nucleys .
at the moment of scission. Usually the angular distribuﬁiQQ/
shdws a certain -amount of ahisotropy (commonly eXpressed in terms
of the ratio of the differenfiai cross sections at lBOorand ﬂboj,
and some reasonable ;ssumptions have to be made about the func-
tional form of an equation which can be used to fit thelavailable
experimental differential cross section data if extrapola%ion ig
 necessary into inaccessible areas\qf differéntial cross-section

measurement (i.e. at angles of observation of 0 and 180°).

Although Legendre polynomial expansions have often been used (Cof
58, Nic 62, Cha 62, Bat 63, Rei 66, Lec 71), such a functional
form has no other meaning than to providé one with an acceégable
representation of the shape of angular distributions. A more
meaningful description can be obtained'by linking the probability
of emitting a fragment into a given angle to the distribution |
with respectvto angSTEr\mQQggggm of the energy levels of the nu-

cleus at the saddle point.

5.1 Theory of fission fragment angﬁlar distributions.

For medium mass fissioning nuclei at moderate excitation energies,

the statistical model can be used to describe the energy levels



in the transition nucleus (nucleusrat the saddle poeint shape).

i

<

The”K distribution (where K is the projection of the total angu-
“lar momentum I on the nuclear symmetry axis) of the levels in
the transition nucleus for a given temperature is predicted to

be Gaussian (ﬁ!l 55, Hui 69), ) ‘ N -

F(K) « eXp(—kz/zxg') . | 5.1

and .the variance of the K distribution (designated as Kg) is:

K = . me

0 = Terft 5.2

Here t is the temperature of the nucleus at the saddle point and
Toff is the effective moment of inertia equal to
L2 i

;

.=

Tafg = TLEH'b/(tL - T“ ) 5.3

where T and Ty aré nuclear moments of inertia with respect to
axes perpendicular aﬁd parallel to the'symmetfy axis, respective-
ly. Wheeler has showd that (under th? assumption that the fission
fragments séparate al?ng the nuclear symmetry axis) the fission-
fragment angular distiibution fqr a trénsition‘state with ﬁuantum

numbers I, K and M (projection of I on a space fixed aéis which

is usually taken as the beam direction) is given by (Whe 63)

Wy ¢ (6) = {(21 + l)/4n}|dM'KI(6)l2 5.4

14
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where the dM KI(G) functions are defined'by (Lam 62):

’

Tig) = {(I+M)! (I-M)! (I+K)! (I-K)!'}®
MK
X, K-M+2X 2I-K+M-2X 5.5
E (-1)" (sink0) (coskB)
% (I-K-X)! (I+M-X)!* (X+K-M)1 X!
where the sum is over X= 0 1,2,3,---"and contalns all terms in

which no negatlve value appears in the denomlnator of the sum
for any one of the quantities in parenthesis. Recently, tables

of the rotational wave functions dM KI(G) have been published
4

for a range of_ifM, and K values (Beh 71).

An exact equation for the fission fragment angular distribution,
including the effects of target and projectile spin and assuming

a Gaussian K distribution has been derived by Griffin (Gri 63):
‘ /

‘e I +s I \;-”/J//
w<e>«§_ j‘w DD

M=-j_ 2=0 j=|IO—s| u=-1I

@&

0

J, L I I0,S.]
(2a+1)1, |C’ |2~Tcu A

- '
oo

E | (22+l) Tl

1=0

I

_K2 I _.2
X E (21+1) Id (6)' exp |—= exp ZK_
M, K 2K2 2K2

0 K=-I 0
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s and j are the ta¥Je&t spin, projectile spin and

Here IO’ ‘
channel spin réspectively., The channel spin j is defined by
3 =1+ $. The total angular momentum I is given by the sum

0
of the channel spin and the orbital anguiar momentum I = 3 + 2

The projection of I0 on the space-fixed-axis is gi&en by u,

where the projection of j (and I) on the space-fixed a#is is M.

The dMiKI(e).function was defined apove and the quant%ties .
Cj'L’I and CIO’S’j are Clebsch-Gordan/coefficients. This

M,O,M ‘ u,M—u,M
expression can be simplified in the cdse that the target and

projectiléqspip'are zero the overall gistribution then be
(Van 73, Hui 69)§,

= . x ’(21+1)|dM=0 KI(e)l2 exp(-K2/2K02) | )
W(B)« E (2I+1)TI E , ! 5.7
I . '
,I.:O K:—I
; . : Z_ exp(—K2/2K02)
. K=-I

where the transmission coefficients are written as TI since 2=I

when M=0. This equatieg;}s still an exact equation for the case

r » };;" s
in question but when the orbital angular momentum is large as ’
-4

-

compared to the target and/or projectile spin, the projection of
the orbital momentum on the sﬁace fixed axis is usually small

, o
and the above equation can also be used as a good approximation.

Also,for large values of I the dM KI(e) function may be aﬁbroxi-
. : t

mated by (Whe 63)
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3

a,, KI(e) = 17l (14%) %sin%6 - M2 - K% + 2MKcos8} ® ~
’ . . -

which in the M=0 approximation simplifies to

I

ﬂ_l{
M=0,K

a (0) = n l{(x+x) %sin% - k517X 5.8

N -

Substituting this expression in the above equation for W(6), and

replacing the summation with integrals ,jHuizenga et al (Hui 69) -

\’dérived an overall fission fragment angular distribution in the

N ]

M=0 approximation
S
y ,
© k'Y &

| (21¢1) 21 exp{-1(1+%) *sin%e/4k %13 (4 (1+4) *sin®0/4k 2
W(8) = E :

b

= erf {(1+%)/(2k,2)") 5.9

. h ,
_Wheré:JO is the zero-order Bessel function with an imaginary
argument and erf is the error function defined by R

. % —t2 . o . .
cerf(x) = (2//7) 6e dat : 5.10

In applying this angular distribution equation to the fitting of
sdxperimental data care ﬁas to be taken that the experimen§él'
‘conditions do n&t contradict any of the.approximations uséd in
the derivation of this equation. ©One of“the most important ap-
proximations islthat compound nucleus fo;matibn is assumedifo
precede any fission event. 1In that case the nuclearrﬁémperature
is well definéd and the proper weighting over the I aistribution
((21+l)TI) can be carried out.. Furfhermégerit is usually assumed_

that competition between particle emission and fission of the
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compound nuéleus With'the subSequent contribition from second
and higher chanée fission (fission of nuclei that have already
evaporated one or more particlés) does no£ alterlﬁhe distri-~
“bution in angﬁlar momenfum of all fi§sioning nuclei. In chap-
ter 4 it was shown thét the SO‘And, @ipb some reservation, the -
100 and 120 MeV alpha'particle bbmbdrdﬁents givé rise_tq L ‘

complete momentum transfer for the targets considered in this
7 5 ' ‘

work (i.e. compound nucleus formation did precede fission), but ’

reéults of the 167 MeVAalpha pa;ticle éxperiments showed -a, sig-
qifiéan£ deviation from fuii momentum £ransfer. Applica@ion of
this theory of angular distributions is,thérefore;restrictedjto
the lower energ§ data. Whether the distribution in>angulap
momentum (and tempéfature) of those nuclezlthat fission is ai-
tered significantly by the prior emission o? particles in the:
de-excitation of the compound nucleus is egamined in the follow-

ing section.

5.2 Competition between particle evaporation and fission in

the de-excitation of the compound nucleus..

Yo ey,

5.2.1 Particle evaporation.

)

‘The conéept of rapid sharing of the engrgy of qn incoming par-
ticle by the nucleons of the target nucleus to form a fcomﬁound"
nucleus, and thé subseguent decay of this nucleus by partiQié
evaporation has been discussed as early és the mid thirtieé by

Bohr (Boh 36)-and Breit and Wigner (Bre 36). The statistical

1

A,
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model was used to describe the evaporation of particles[frgm
 the nucleus in analogy with tpe eyaporatioh"of moiecules from
a liquid drop (ﬁet\37, Wei 37,.Wéi 46). Inclusion of angular
momentum effects léadvfo the familiar equation describing the

transition of 'a particle from one state to another (Tho 64,

Rud 68):°
. (ZSX+1) w(EF,IF)
P(E.,I.;E I )de = epof(e,I ,I) ———— de :
FIOF ete w23 cF w(E,,TI,) 5.11

Here EF'and IF are the energy and -angular momentum of the final-

state, E_ and ic the energy and angular momentum of the initiai
state. € is the energy carried aWay by particle x, Sy is“tﬁé
spin and u'is"the fedﬁced mass of pérticle X. c(e,Ic,IF)\is the
inverse reaction Cross section, which, using an intermediate

coupling approach to the angular momenta involved (Pre 63), can

be expressed by <Y ) : - ! N
. 2 ' ‘IF+Sx Icfs
) % (ZIC+1) } =
o(e,Ic,IF) = - :Tz(e)
(25, +1) (2I_+1) , )
x F i3 . -
- 5.12

“Where X is the reduced DeBroglie wa&é’length of the system. In
most cases- the s-wave approximation is‘applied, which ﬁeans that
angular momentum effects are treated identically in compound qnd
" residual stateé*(i.e.'therangular momentum cérried away by évap—

orating particles is neglected) reducing o(e,Ic,IF) to o(e,I)

<~
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(Bla 66, Bla 72, Bla 73). The w(E,I) functions répresent the
level density of the'nucleﬁs for given energy E and angular'
: ‘moméntum I. Neglecting‘the angular momentum dependence, the
Simplest ekpression for an energy dependent level density is

the so-called Fermi gas equation

v

w(E) « exp{2(aE)%} 5,13

-

Inciuéion of angular mdmentumveffects has been attempted by
many authors (Sar 67, Bod 62, Lan 63), but not until super-
conductor theory_waé applied to include the interaction‘between
nucleons (Fermi gas model does noﬁ allow this) was a physiéa}ly
‘satisfactory ekpression obtained, For nuclear temperatures up
to a certain critical value tcréﬁ which all nucléon—nucleon
pairs are broken, the moment of inertia of the nucleus is ex-
pected to increase with increasing energy, thereby changing the
rotatioﬁal energy of E?E nucleus-(Bei'59, Mig 59, Lan 63b).
Above the critical temperatuf% the Fermi gas model is thought
to be applicable. The angular momentum-dependent level density
can be written as (Rud 68) |

. 372 .
w(E,I) = %% a%(%) (E+3/2t)-2(21+1)exp{2(aE

2 \
yi- B LIHL)y 5 1y

21t

where the temperature t is given by the equation of state (Rud

68)
E = at? - 3t/2 . 5.15
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For the variation of -the moment of inertia with energy up to
the point (usually taken as 15 MeV) at which it assumes the
rigid body value, various expressions have been derived.

Ruddy et al (Rud 68) have used

. < ‘
T = {1-0.96 eXp{EO.693E/(3.0 Mei] } - 5.16

Trigid

for. the Ge68 cémpound nucleus, while Sarantites et al (Sar 71)

68

stﬁdied the Ni nucleus and used’

—~.

T =

{1-0.7 06938/ (5.0 Hev)| } "‘ 5.17
Trigid -0.7 exp|-0. /‘ . e : S .
The oﬁly parameter which has not yet been discussed in the
above equations is the level density parameter a. The Fermi

gas model predicts this parameter to be the following (Bod 62)

- 4/3 mr, 2 |
a'= 2(3) _h7°_ A 5.18
where r, is the radius parameter and m and A are the mass of
the particle and nucieus respectively. Experimental data
indicate a valﬁe of a = A/8.0 MeV_l (Lan 61), whicﬁ cérresponds
to a radius paraﬁeter éf ry = l.}S f, although data exist indi-

cating a reduced a-value for nuclei hdving nucleon numbers near
those for closed neutron or proton shells (Bod 62). More. recently
concern has also been expressed about the possibility that the

- \
parameter a is energy dependent (Ram 70, -Mor 70, Van 72, Wil 72).
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5.2.2 Fission width

.

The average fission width for levels of all spins J{neglecting

barrier penetration) is given by (Gin 67)

E-B

e oz o vt(ea o519

A~

Where w(E) is the lezgl/éenéity in the compound nucleus at

"excitation energy E and the effective number ‘of open states is

given by the integral ‘w*(e)de. The quantity w*(e) is the level
. N . I
density in the transition state nucleus at excitation energy ¢

The quantit%#fgﬂzs the fission barrier calculated in the conven-
A b
tional way for a non-rotating nucleus using the liguid drop .

theory (Mye 66, Fra 47), and neglecting barrier penetration.

Angular momentum effects will not only alter the level density,
but also the magnitude of the fission barrier. The energy and
shape changes associated with the rotation of a uniformly charged

liquid drop model have been explored by Pik-Pickak {Pic 58) and
=

Hiskes (His 60), but only recently have quantifétive,calculaﬁions
been described by Cohen et al (C65'T4). The model considers the

potential energy for the various configurations Qf a rotating

t

uniformly4charged drop given by~E=ES+EC+ER (Coh 74), where ES is

c is the coulomb energy and ER is the rota-

tional energy. After parameterization of the surface in terms

the surface energy, E

of Legendre polynomials, equilibrium éonfigurationé,were obtained

in terms of two dimensionless parameters x and y, where x is the

5
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e

fissility parameter and y is a rotational parameter, given by
the ratio of ‘the ro£§tional energy of a sphere to its surface
energy. Cohen et al (Coh 74) calculated as a function of x
and’y the- values foX the energies Emin_ofrﬁhe stable rotating
configurations of‘equilibrium (lowest energy rotating states)
as weil as for the energies Esp.of the unstable conﬁigurations
of equilibrium (saddle point shapes). Inclusion of angular
momentum effects in equation 5.19 will yield ”

E—Eép(J)

1 ' . .
v = - -
, f(J) T (E. 37 ‘[ w(E Esp(J) e)de 5.20

Where we assume that the level density parameter a is the same
for both the stable and unstable equilibrium configurationé

w(E,J) = w*(E,J)

When barrier penetration is included in equation 5.20, one

obtains (Van 73)

o

E-E__(J) " )
o . sp w* (E-E (J) ‘E) ’ )
“f (J) —_ ___l_.___.__ j";‘v{ sp }dE 5.21

21w (E,J) | l+texp(-2me/Hiw)

where fiw is the vibrational energy of the harmonic oscillator
having a potential energy function given by the negative of the

potential energy function describing the barrier.

oy
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5.2.3 Fission and evaporation competition

»

When sufficient excitation energy is available to the éompound
nucleus, fission will compete with particle evaporation in the
decay of the nucleus. Using the formulation described in

sections 5.2.lwand 5.2.2 a computer code was developed which
traces thé distribution in’éﬁgular momentum and excitation energy
- of the compound nucleus‘while‘it decays. A siﬁilar code has
:'been written by Blann and Plasil (Bla 73), but in their code
"ALICE", the angular moﬁentum which is c;rried°away by the evap-
orating particle is assumed to bé zero (due to the use of the,
s-wave approximation in calculating inverse reaction cross-sect-
ions (see section 5.2.1)).however,an option is built into their
progfam which allows one to shift the distributibn in angular
momgntum(of the residual nuclei by an amount appropriate to the
average angular momentum éarried away by the evaporating particle.
It is ﬁ%%?ibge to includé the effects of angular momentum explici-
tly by using equations 5.11 and 5.12. Such an appfoach is impor-
tant because it is the)dlstribution in angular momentum and
excitation energy of all fissioning.nuclei that is needed in order

to interpret the angular distribution data (see section 5.1).

The computer pfogram described here (and in more detail in
Appendix 3) ig a combination of the evaporation programs "SFUSMAP"
(Rud 68)~and§"ALICE“ (Bla 73) with a.number of additional features.

Among these latter features aré provisions to enter the distri-
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~

butions in ahgular momentum and e#citation energy of any nucleus
and follow the decay of this nucleus as fa; down the evaporation
chain as 11 neutroné or 9 protons. Output consists mainly of the
distribution in‘angular’mgmentum and excitation energy of all
possible evaporation products and of those nuclei that fission
within this 9X12 matrix of nuclei. The initial distribution in
angul;r moméntum and excitation energy of the coﬁpound nucleus
can also be calculated internally from the entrance channel
conditions. A complete list of the options that can be used

is given in Appendix 3. '

VThe main interest in developing this program was to extract the
digtribution in angular mbﬁentﬁm and the exéitation energy of
.t%e entire spectrum of fissioning nuclei. As a test case, these
distributions were calculated for 80-MeV alpha particles inciaent
on silver. Table V.I shows tﬁe evaporation product yields as well
well as the proportion of each intermediate'product nucleus that
underwent fission as a function of the excitation energva and
the anguiar momentum I. De-excitation via y emission was(not(
included. Consequentlyk(fqr example) the residual yield corres-
ponding in composition to the oéiginal compound nucleus is zero.
The omission of y-decay competition is‘not expected to alter the
results for fission yields significantly, since y-decay only
becomes prominent when particle evaporation is no longer energet-

ically possible (Rud 68). First chance fission is by far the

largest contributor to the total fission cross-section (ratio of
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A

first chance fission to the total cross-section

1
fission barrier (=50 MeV) with respect to the excitation energy

L

'R, = 0.956), which is expected because of the magnitude of the

(280 MeV) and the consequently rapid decrease of the fission
width as this energy is reduced by evéporation. The distribut-
‘ion in angular momentum and ekcitation énergy is, therefore,
governed by the first chance fission distribution.. Results for

. 80-MeV alpha particles incident of Te are expected to be similar.

When this calculation is repeated for the 80-MeV alpha particle
boﬁbardment of gold, the results are quite different. Table V.2
shows the total number of nhclei that fiésion from each inter-
mediate evaporation product. The de-excitation of the system

was only followed until two protons were evaporated, because the

-
Table V.2 Calculated yield of fissioning nuclei (in mb)—£from the
| 80-MeV a's + Au interaction. Z and N indicate the

number of protons and neutrons of each fissioning

nucleus.

; ’ 72=81 2=80
N=120 0.20 x 1071 0.14 x 1074
N=119 0.42 x 107t 0.27 x 10”4
N=118 0.86 x 100t 0.43 x 107%
N=117 0.16 x 10° 0.18 x 10°%
N=116 0.21 x 10° 0.94 x 10”8
N=115 0.14 x 10%! 0.20 x 10”8
N=114 0.82 x 101 -
N=113 0.45 x 107> -
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fission cross section/drops off very sharply as ZZ/A is reduced,
aha thus is a sharp function of the nuclear proton number. For
this system the ratio Ry = 0.010, which means that first chance'
fission only contributes 1% to the total fission cross-section.
The increage of the fission cross-section with increasing

number of evaporated neutrons is similar to the result obtained
by Lecerf (Lec 71) using a different and rather crude model for
the de-excitation of the compound nucleus. The distribution in
angular momentum of these fissioning nuclei is shown in figure
5.1. Here the distribution for nuclei undergoing first chance
fission is compared with that for all fissioning anlei. (Note
that the scales for the curves are not the same.) The widely
used assumption that the shape of the distribution does not
change when multiple chance fission is included is not substant-
iated by these results. Figu*e 5.2 gives the excitation energy
distributipn.of the figg}oning nuclei. The shaded area is the
contribution from first éhance fission, while the overall excit-
ation energy distribution showééa/ﬁéan value of around 28 MeV.
Indeed the system is so sharply peaked that the assumption that
all the nuclei fissioning in this systeé did so at an excitation -
energy corresponding to this value is éugood one. The absolute
magnitude of this vélue, depends on the.-value of the fission
barrier used. In .the above calculations, the liquid drop/éalﬁes
were ﬁséd without shell corrections?%\Tn<the case of gold, the

shell correction is important and inclusion of this effect in the
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figure 5.2
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calculations would shift the mean excitation energy by about

5 MeV - to approximately 33 MeV. - n -

5.3 BApplication to the analysid of angular distributions

Eguation‘5l9 (éee,secti 5.1). can only be applied when the
'fission“fragments‘originate from compeund nucleUsd(first chance
~fissiony, since in the\derivation of this equatdoﬁ‘the I distri-
bution is_ueighted by;a-(éI+l)TI.factor characteristic of the
compound nucleus angular momeritum disgribution. Of the experi-
<mehtal{data available in this work, only the 80-MeV alphe par-
ficie bombardments of silver'and teilurium satisfy this require¥
ment. Using- a computer program "KNOTTY", obtained through Dr.
J.B. Natowitz (TAMVEC), the angular distributions from these

two experiments were fitted to eguation 5.9. T valdes were

I
‘calculated using the optical model code "DWUCK“ -(courtesy of
Dr. Js Grabowski, S.F.U. ), us1ng standard optlcal model param—
eters for alpha part;cles (Igo 59). Figures 5.3 and 5.4 show

the quality of these’fits KO2 values deduced from these flts
are 34.6 % 3.8 and 37.4 + 8.3 for Ag and Te respectively, calcu-
lated under the assumption of compound nucleus formatloﬁfln all

entrance channels.

For reactions of heavy ions (such as 16O for example) occurring
at energies well above that corresponding to the coulomb barrier,
the possible existence of a centrifugal limitation to complete

fusion of target and projectile has recently been discussed by

L}
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a number of authors (Wil 73, Bas 73, Nat'72, Nat 70, Zeb 74).
Wilczynski (Wil 73) hasvproposéd a model which>appiies to V//ﬁﬁgﬁ
dynamic forceiequilibrium betweentho touching spherical liquid
drops in the entrance channel to determine critical maximum
angular momenta éﬁé/gencé'cbmélete fusion crosé sections. This
partiéuiar model hasfbéen ShoWn.to apply to some alpha particle
induced reacfiohs (Vio’74), and thus was gfven‘some consideration

here.

In theQWilcdynski model the att;actiye nqglear forj:7between two
spherical, charged liquid drops in contéét is approximated by

tﬁe surface energy of‘th; two drops. The critical angular momen-=
tum' is thus determined at theﬁpoin; where the surface teﬁsion |

force is just balanced by Coulomb and centrifugal repulsion.

(Wil 73, Vio 74). Thus lc can be evaluated from the expression
(Wil 73)
,‘ 2,2, £ (1 +1)
(Rl+R2) \ u(Rl+R2) .
' . . . 1/3 :
where the nuclear radii are given by Ri=r0Ai ’ Zi represents

P

the nuclear charge and u represents the reduced mass of the
system and the other terms are as defined earlier except Yi

which represents the }iquid drop surface tension coefficient:

5.23

Yi =

™~
35<1-r<( (N-2) /) 2 '
. 2 - ' -

a7r
o



-130-

i

Lo

where ag and. Kk are’ the surface energy-and surface asymmetry

1tg;m§1ﬁr9m the semi-empirical mass équa@ion. Values of ag
= 17;5439 MeV and Kk = 1,7826 are used in most calcuiations‘
(Vio. 74). ‘Using a value of ro=l.10 f and an alpha parficle

radiuslof'Ra = 2.08 £ . (Hof 56) the critical aﬁgular‘momenta .
were calculated for the Azy Te and Au target plus élpha ystemé“”’; 

Table V.3 summarizés thesé results.

o ‘ : A
Table V.3 Critical angular momenta calculated using the -

-

Wilczynski model (Wil 73) using a r, value(of 1.10f

interaction critiéal 1
a + Ag f 26
o + Te 28
a + Au . 33
/.

If one adopts the simplest - but most severe - procedure and
v : K
treats these critical 1 values as a sharp cut off, beyond which
compouhd nucleus is impossible, then the angular distributions
¥ ’ .

can be refitted to eguation 5.9, but with the (worst) condition

that TI 0 for I > 1., while for I g lc the T, values are taken

from the optical model calculations. Figure 5.5 illustrates the

serious influence of such a critical 1 value if it ~exists for

the case of the silver bombardment. The fitted value of K02 is

given as a function of the maximum numb?m of partial waves (I

values) used in the\fitting procedure.‘)Also indicated are the

T: values calculated using an optical model code and standard
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figure 5-5
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(Igo 59) values for/fhe potential. The Koz‘value-obtained
under the assumption that the critical 1 value can be calculated
using the Wilczynski model is 26.5 + 2.9. The value of K02

for both silvef and tellurium aré further discussed in section -

5.4.

In the case bf the gold%data, one cannot apply equation 5;9 to
fit théréxpérimenﬁally dgtermigea angulq; distr%butions, without
taking the effects of multiéle chance‘fissioﬁﬂinto aCéoﬁnt.
Figure 5.1 showed that to assume that the distribution in angular
momentum of the fissionipg nuclei is not alt ‘ by the inclusion
of second and higher-chance fission is a very poor approximation

indeed.

In principle, angular distributions for the fission fragments of

.each of the fissioning nuclei in Table V.2 - and in each case,

edach relevant E and I combination - could- have been calcutated
and summed to give an overall distribution for comparison with
experiment. Th}s/ﬁépld have beéh_a very large task, particulafly
when parameter variation would be needed to sécure agféemént with
the data. 'Sﬁch a task was considered beyond present capabilities

and resources.

N

Instead multiple chance fission was taken into account by employ-

—~—,

ing the average energy from the distribution of figure 5.2 for
all fissioning nuclei, and reproducing - the effects of the "total”

angular momentum distribition in fi%ure 5.1 by defining a new ’
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guantity, the “effective fission coefficient" (T (1)), to

, fiss
s . . B .

be used instead of TIgig,equation 5.9. The Tfﬁbs(I) coefficients

. N «\\5 ol - -

are calculated from the T(I) values characteristic of the

compound nucleus via:

_ Y (1) Y. (I=0) _
T, (D) = _total ~ first Lx T, - 5.24
. Yfirst(I) Ytotal(I=0) :
whereuytotal(I)'and Yfirst(I) are the fission yield values for

the overall and first chance fission respectively“taken from‘
figure 5.1. In applying these effective fission transmiss%on
coefficients to eguation 5.9, however, the approximation that
M;O (see section 5.1) 5ecomes less valid, since M is expeéted

to increase with higher chance fission (Van 73).

v

Figure 5.6 shows the effective fission transmission coefficients
for the 80-, 100~ and 120-MeV alpha-particle bombardments of

gold. Also shown are the TI values for the entrance channels

(i.e. for compound nucleus formation).

In fitting the angular distributions from the alpha particle

bombardments of gold both sets of TI values were used so that

the effects of multiple chance fission on the values ofKo2

could be determined. Figures 5.7, 5.8 and 5.9 show the quality.
of these fits. Although the'overall fit, expressed in terms .
of a chi-square value, improves slightly by using the Tg; . (I)

values for the fission exit channels compared to using the T

/

/

)
"
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values for the entrance dhannels, a much larger effect occurs,in
terms of the change in the deduced values of Koz, from around
100 to near 40. They-are summarized and compared with theoreti-

rl-
&al expectations in section %.4.

-

The data from the 167-MeV alpha particle bombardments ©f Mo, In
and Au do not lend themselves to the above type'éf)analysis.
It has already been asserted that in none of these reactions was

compound nuclear ‘formation more than a small fraction of the

. entrance channel (see section 4.2.3). However, a calculation of

the competition Fetween fission and particle evaporation is

impoSsiblelﬁhlesg the initial population in angular mdmentum and/
excitation eﬁergy of -the products of the initial interaction is
know. Estimates of this could perhaps be obtained using an
approximate version of the cascade calcﬁlation commonly used at
higher energies fcalculations in which one assumes two body in-
teractions between the incdﬁ%ng pargicle and the nuciedns in the
nuéleus). Such\gypes of caggglaiﬁggs are not yet available for

alpha particle induced reactions.

Alternatively the pre~equilibrium decay model due to Blann (Bla
71) might at a later stage of developmeP¥ represent another
route to the same information, At the ;Qesent moment, however,

angular momentum information is not produced by it.

Thus analysis of the angular distribution data for 167-MeV alpha

bombardments, which arose out of this study, is not possible at

ool
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the present moment. The data are however included here for
completeness, see figures 5.10, 5.11 and 5.12, transformed

into a center-of-mass system yia’the average centeg—of—mass
velocities determined in section 4.2.3, and plotted to even

order Legendre polynomials in order to permit extrapolation

to angular regions not covered by the measurements.

5.4 Effective moment of inertia of saddle point shapes.
'Y

If one assumes that the distribution in K is Gaussian in

nature (Hal 55) (see also section 5.1), then K 2 is given by
¥ .

L2 _ t {_1____;__ _ gt

0. h2' T” T jg7~—
the effective moment of inertia feff is in essence a shape
parameter of the nuclear saddle point. Cohen and Swiatecki .
(Coh 63) as well as Strutinsky et al (Str 63) have calculated
this shape parameter using the charged liquid drop model.
Figure 5.13 shows(their results, together with éhe available
experimental data (solid points) (fromiReising et al kRei 66)).
No experfmental data are available for nuclei with fissility
’pérameteré less than 0.65 (that is lighter than au). The K02
values deduced from the 80~MeV alpha particle bombardments of
Ag and Te (fissility parameters of 0.43 and 0.44 respectiveiy)
can hence be used to test the theory at lower fissility values.

Table V.4 summarizes all K determinations from the previous

0
section. These values of Koz can be converted into estimates
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of the effective moment of inertia of the saddle point shapes

using equation 5.2. For the temperature of the tr

(saddle pointlshape) nucleus one can use the equation of state . %
E* - Bf = at2 - t, where E* and Bf are the average excitation

energy and fission barrier of the syétem ané the level density . i
parameter a = A/8.3 The average value og‘%he excitation energy é

of nuclei was obtained from the calculations described in

section 5.2.3, while the fission barrier values used were those

-

due to Myers and Swiatecki (Mye 66). Table V.5 tabulates the
Tsph/reff values. Here Tsph denotes the rigid body moment of
inertia which can be calculated from

T, = (2/5) AR? . _ 5.25

For the silver and tellurium data the ratio of Tsph/Teff

is calculated with both sets of K02 values from table V.5.
Better agreement with the calculated values of Téph/Teff is
obtained when no critical angular momentum effect is “assumed.
The results including this assumption, however, would still
verify an important trend predicted by the theoretical-calcula-

tions, namely that the Tsph/Teff does not continue to increase

Rl R SRR B e h

with decreasing fissility parameter x below x = 0.65, as the

Ay

trend of the experimental data for x > 0.65 would otherwise . :

R

indicate. 1In the case of the gold data the shape parameters
were first calculated using the KO2 values derived from the

application of the effective transmission coefficients and using

bk s el e e >
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Table V.5 Ratio ofrtHe~rigid body moment of inertia to the

\effective’mement of inertia of the saddle.point shapes.
. ’ %

-

- average excitation

« o V

nucleus energy of the T JT 2\

™~~~ transition state sph” "eff

- nucleus
b (MeV)
ntl? 30 " 1.55£0.17 (2.03#0.22)9
“xel3? < 30 1.74£0.39 (2.150.47)¢
r1 201 132 - 1.6940.09 (1.56+0.08)€
15> S~ 1.7610.05 (1.36£0.03)°
C

2.33:0.18 (1.88%0.13)°F

a) frig:i;F 80-MeV alpha particle bombardment of Au
b) fro he 100-MeV:alpha particle bombardment of Au,
) :from the 120-MeV alpha particle bombardment of Au

d) these values are obtained if the effects of a

4

e) these values are obtained using the common assumption ,
that the angular momentum distribution of the fission-
ing nuclei is that of the compound nucleus and the
the excitation energy is the excitatdion energy of the
compound nucleus. «

icr%tical 1 value are included in the Koz'determination.

-
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the mean excitation energy of the fissioning nuclei as calcula-
ted in sectioh 5.2.3 (see for instance-figure 5.2). Sinoe this
procedure should corrict for multiple chance f1551on, the result-
1 ing valuesgof Tsph/Teff should be identical for all energies of
the 1nc1dentﬁalpha pq;tlcles. From Jfable V.6 it can be seen
that the values from 80- and lOO—MeV alpha partlcle bombardments
are consistent with this, but the result from the 120-MeVv alpha
particle bombardment appears somewhat hlgh For this latter
case, however, it is less certaln that in the entrance channel
compound nuoleus formation is still close to 100% of the 1n1taal:
interactions. (see chapter 4); If not the data will have to be

treated in the same way as those from the 167-MeV alpha particle

irradiations, and no reliable estimate of sz can be obtained,

B

For comparison Table V.5 also lists’the shape parameters;which h:
can be obtaihed using the common assumption that the angular
momentum distribution of the fissioning nuciei is the same as
that of the compound nucleus, and that the excitation energy is
also that oﬁ the compound nucleus, Although the first assump-
_tion increases the K,

assumption of a high excitation energy cancels this effect out

2 values by more than a factor of two, the

again when 1 is determined from the ratio of K02 and the

eff
temperature of the transition state nucleus. Conseguently the

Jratte

shape parameters obtained this way are still rieasgnably close to

the values obtained when multiple chance fission is properly

taken into account.
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P

" The T_. /Teff values in column three of table V.5 are plotted

. 8P
together with previously determined values and the theoretical

predictions in Figure 5.13. The excellent agreement that is

obtained between the "corrected"'shape parameters and results
obtained at much lower excitation energies (see figure 5.13)-
would seem to confirm the validity of this method of analysis

of the experimental data, and verifies the theoretical

predictions.
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Chapter 6 Conclusions

It has béén shown that fission can be induced in~mediumfmass
nuclei such as silver and tellgrium, by alpha particles‘with
energies as low as 80 MeV. Thé tracks observed in mica de-
tectors from these in?eractiohs weré interpreted as fissién
fragment tracks by the following criteria; 1) mica registers
only fragments with a mass heavief than 20 amu; 2) measured-
track length.values are consistent With fragments having
approximately half the target mass and energies corresponding
£o Coulombic repulsion of the fragments, and 3) after conver-
sion into the center-of-mass system the angular distribution

of the fragments was symmetric around 90°.

A simulation computer program was written which describes the
fission of medium mass huclei and the subsequent stopping of
the fission fragments in mica track detectors. By varying

the most sensitive parameters in the calculations, (center-bf-
mass motion, total kinetic energy release and the width of thé
fragment mass distribution) the best possible agreement with
the measured track length distributions in mica of the fission
-fragments from a number of fissioning systems was sought.
Under the restraint of a number of assumptions inherent in the
development of such a large simulation code, the deduced values
for the center-of-mass motion of the systems studied showed
that for the 80-MeV alpha partiéie bombardments the entrance

channel for fission events is compound nucleus formation. For
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the 167-MeV alphé particlé bombardments significAnt contribu-
tions to the entrance channel are made via different processes
(i.e. possible éirect interactions leaving a significant amount
of excitation energy in the target nucleus or pre-equilibrium

emission ofparticles).

Only upper limits on the total kinetic eriergy release in the
fission process (defined as the kinetic energy release in the
case of a symmetric fission event)vcould be determined, due Eo
the use of the touching spheres appfoximation in calculating the
kinetic energy of fission fragments as a function of mass
asymmetry. These limits are in fair agreement with theoretical
estimates using the liquid drop model:(Nix 69) . |

14
Under the restraint of the assufiptions used in the calculation

of fission fragment track length distributions, it was shown

Ll

that the width of the fission fragment mass distributions from
the silver and tellurium plus alpha systems was relatively

narrow. The predicted dramatic broadening of the mass distri-

bution for fissioning systems with fissility parameters close

to or beyond the critical X VALUE (Nix 69) was, therefore, not -

s

BG

substantiated.

A detailed calculation of the competition between fission and
particle evaporation in the de-excitation of the compound
nucleus shows that although the effects of multiple chance

‘fission are negligible in the case of the silvg@ and tellurium
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plus alpha fissioning systems, this effect plays,é'very domi-
nant role in the gold plus alpha system; Instead of a de-
creasing probability for fission with an increasing number of
evaporated neﬁtrons, the main contribution to the total fiskion
cross section was shown to come from nuclei which have al%ead;*\
evapuééted six to nine neutrons. By calculating the distri-
bution in angular momentum and excitation énergy of the fis-
sioning nuclei using the statistical model, a meaningful anal-
ysis of the angular distributions of the fission fragments from

the gold plus alpha systems could still be made.

The effective moments of inertia of the saddle point shapes
were derived from the angular distribution data and are in
‘excellent agreement with the predictions of Cohen and Swiatecki

(S

(Coh 63) and Strutinski et al (Str 63). They confirm that the
ratio of the rigid body moment of inertia to the effeétive moment
 of inertia of the saddle point;shape decreases below fiséility

parameter values of 0.65. T

To summarize, the entrahce channels of a fission rqution,

even at the médium.excitation energies employed in this |
study, canhot always be calculated under tBe assumption that
aiquissionvevgnts are preceded by compound nucleus forma—
tion. Furtherlresearch in this field will, therefore, have to
concentrate more on looking at the entrance channels (for exam-

ple by measuring lighter particles in coincidence with the fis-

sion fragments) as well as the fission exit channels. In those
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cases where it was possible to calculate the entrance channels
of the fission reaction (i.e. in the case of the 80-MeV alpha
particle bombardments) interpretation of the data derived from
mica track detectors is still dependent on a number of assump-
tions used in the development of both‘the fission track sim-
ulation code and .-the fission-evaporation competition program.
More direct measurement of the kinetics of fission”prdcesseg 7
via telescope detectors could'be used to ascertain the results
obtainedhusing the fission-track siﬁulation code, whiie measure-
ment of evaporatibn residue cross-sections could do likewisé

for the evaluation of the fission-evaporation program.

Y
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Appendix 1 ~ RADICS

1. Mathematical Description

N
1.1 Some Basic Formulas

To calculate fission parameters such as the width and
magnitude of energy and mass distributions some basic

parameters have to be evaluated (Nix 69):

The fissility parameter X 1is defined as the ratio of

coulomb to surface energy; hence N

22/

~ N - é)z (A1)
50.88 {1l 1.7826( A }

Y
¥
where N, Z and A represent the neutron number, charge and

masg number of the fissioning system respectively.

v

1
e

The unit of surface energy Egz

EZ = 17.9439 {1 - 1.7826 (N ; Z)?}AZ/B (A2)

~

The nuclear temperature t at the saddle point is obtained

from the expression:

*

A /8 - 1 = E -B (A3)

f

*
where. E  and Bf are the fissioning nucleus excitation energy

and fission barriers respectively.

RS

e N
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1.2 Total Kinetic Energy Release .

*The - total kinetic energy release of the system is assumed

Fd

to be represented by a gaussianjdistributignvareuha an
average value: The averaée value can be entered as an

ad justable perameterfer, as,an‘initial estimateﬁ the
program will supply a tneoretlcal value The theoretical
values were obtalned from the data due to \1x (Nix 69).

By fitting these data to a fourth degree polynomlal they

2

can be expressed as 4
| - : 2 3 " 4
O P ' : -
= ' C C C C . .
Es { N + be + X + 3% + o X 11 (ad)

o

. . . : ] o .. - .
" where tne unit of surface enefévaS is given by equation

!

. (42), and x is the fissility parameter.

Table A1 Coefficients. in Eqdation»(ﬁ4)‘“

- 5

c, o | . 2.6573 x 107%

o, - 4.5134 x 1071 / |
c, C-lslzax 107t :
de s ©21.4306 x 1071 N

©C ; : " 2.1999 xrlO—l |

The widthr of the gaussian distribution around this value
is also predicted by Nix (Nix 69). The,ﬁidth of the

distribution is_net only a funétion of the fissility
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parameter 'x , but also of the nuclear temperature of the

vfissioning'nnc;éus. First a 5th degree polynomial was

fitted to the curves og reference (Nix 69), which gives
the width as a function of x for .nuclear temperature
values of 0, l} 2tahd 3HMeV. Phe coefficients of these
fits weére then fitted:-as a function of nuclear temperature,
so that foéor any given nuclear temperature value a curve

could be generatéd giving the dependence of the energy on

8

-

the fissiiity parameter.

~

The'5 coefficients for a given 1 are obtained from

L _ . 2 3
c(I) = cO(I) +cl(I)T +C2(I)T +c3(I)T (Aa5)

where I runs from 1 to 5. The values for CO(I), Cl(I),

C2(I)4and C3(I) are given in table A2.

The width dE (MeV) is then 6btained from

Ab6)

3

dE = c(1) + c(2)x + c(3)x? ¢ c@x® + c5)x? + cerx® !

1.3 Kinetic.Energy of Fragments

R

For the calculation of the'kihetid’energy of eaéh;fragment
it is assumed that thé variation with mass-asymmetry can be
calculéted usipg an épproximation:in which the sciséién
conﬁiquratiOn is taken to ﬁhat of two touchin@ (tanéent)

charged éphgées. ‘The total kinetic energy is then .

A%
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p/
—iy2,
E = C
1/3
Al + A2

173 (A7)

Wheée-:Le subscripts 1 and 2 fefer to the two fission
fragments and the proportionality constant C is obtained
by normalization of the calculated average total kinetic
energy release to the above data for the case of syhmetric

fission (i.e. tangent spheres of equal Z and A). Thus

1/3 '
8 (A/2)
C % E Z2 | . (AB){//

where E is the total kinetic energy release for the case
) A A

of symmetric fission so that s
1/3 2.7
— (a/2) 172
E(a).A)) = 8E 2 173, , 173 . (A3)
’ 1 2 : °

>

where all symbéls:have been defined'bef?re, In order to

el

‘obtain the labbfatory kinetic energy for each fragment,
" (under the assumption of compound nucleus formation) the

center~of-mass velocity of the system is. calculated from |

~

o ‘ *
Vg = 1/A /ZAPE

where A is the mass of the projectile. The Gelocity of

fragment of mass A, in the center-of-mass system is

1

v, = {2B(a,a,)/(ay [1+ zsxl/AzJ/»/}"?2 - aw)

Theﬁ'for a given laboratory angle g, the corresponding

-

N , -

center-of-mass angle & is given by

7
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6 = sin " {(V/V))sing} + ¢ _ (a1

‘and the laboratory kinetic energy'El for fragment of mass

Al‘is expressed by

N : | . 2 | 2 172
\ El 0= 0.5' {(V;51n 8)° + (VCM + Vlcos )"} (Al2)

M-

1.4 Effects Which A3d to the Width of Fragment Kinetic

Energy Distributions P

1.41 Broadening due to experimental angular resolutions:

Since the measurement of track lengths at a unique angle

o

of observation is only possible in the case of an infinite
track density on the detector surface, the actual measure-

ments for a given mean angle & of observatlon usually o

57

cover an angularjlnterval, A8, of from 1l to 5 degrees.

—
~

The broadening of the kinetic ener@y distribution due to this

effect is taken into account by calculating the fragment =

w2

‘kineétic energy for the mean anglef(El) as well as for the

two extreme angles & - % AG(EZ) and 8 + %AB(E3) . A width -

E —~
of(2/3(E3-E2) is then added in quadrature to the other

widths contributing to the dispersion of El'

-

1.42 The broadening due to the original width in total

¥

M 3 ’ 3 L] . 3 . ' ' X >
\ggnetlc energy release for symmetric fission: o, T

i

Due\fo the dlstnlbutlon of nuclear elongatlons at the

sc1ss}ﬁn point, the total klnetlc energy release in symmetrlc
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fission does not have a unique value, but rather a Gausian
(Nix 69) distribution of values around the mean value (see
also section 1.1 of this appendix). In order to féflect this
in the kinetic energy of the fragment El’ a Gaussian width
(EWIDTH) is added (in quadratgfej to the other widths contri-

buting to the dispersion of E,. 1If EFWHM is the width of the

. e

Gaussian distribution of Es , then EWIDTH is*taken to be

given by: EWIDTH = (EFWHM/Esym) X Eqn

1.43 The broadening in energy due to the target thickness TT as

well as the shift in average enérgy due to target thickness

this is accounted for by first calcuiating the distance that the
fragmenté travel on average through the target matefial. The
target was always at 45° to the beam difection in the e*perimen-
tal set up. The average distance is then |

(TT/2)SIN 45°
SIN (135-¢)° BN

0O

R 90

and —— Al3

4 - -{TT/2)SIN 45° . 90° | -
SIN (¢-45)° ’

where ¢ is the fission fragment emission angle with respect to
the beam direction. The energy loss per'unit path length in any
target material was obtained by an interpolatiogﬂqﬁ the data due

to Northcliffe (Nor 70). This interpolation procedure was

necessary for two reasons; a) Nbrthcliffe's tables cover
only a limited number of targets and projectiles, and b)

the tables, even in their present condensed form are too .
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bulky to be included as data{arrays,in the computer .
program. The objective then, was to be able to generate

the specific energy loss of any projectile in any solid

target materlal from as small a -number of parameters as

poss1blc, without® a 31gn1f1cant loss in accuracy w1th respect

to the data as given in Northcliffe's tables.”

This objective couIdlbewaccomplished largely due to the

fact that the relative stopping power of two.materials is
independent of the incident icn mass and charge at a given
ion velocity (Nor 70); hence the problem was reduced to

the calculation of the stopping power of only one material
for all p0551ble 1nc1dent 1ons, as well as the relatlvea /
stopping power of that material to all other p0551ble |
materials. The material for whlch stopping power data are
most reliable is aluminum, and the first stepldgg,'therefore;
to express these data in the srmplest terms. The stopping
power of aluminum for ion; with a chargeio% 6, 12;718, 28,

40, 52, 66, 80 and 95, as a function of the veiocityvof ;he

incident ion, was taken from the tables of Northcliffe,/andf

an attempt was made to fit a general nth degree polynomlal td

the data for each 1nc1dent ion. However, 1rrespect1ve cf
the value’of n, the coefficients of these fits did not. vary
smoothly with the charge of the incident ion, so that it
was not possible to make a eiiable 'cross-fit' of these
coefficients. A much bettqz result was obtaiﬁed by‘dividing

d
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the stopping power data‘into two velocity regions: 0 - 0.5.

Mev/amu and 0.5 - 5.0 MeV/amu; A 4th degree polyno#ial

was fitted to the data for each of these regions, so that

ten coefficients were necessary to describe the variation of

f,’ : the stopping power‘with the velocity for each of the above
mentioned incident ions. These coefficients varied smoothly
‘with the charge of the incident ion, and could be fitted to
another 4th degree polynomial. Ten such secondary fits were

3; ‘ made, each of them yielding five new coefficients. if we
denote the incident ion by its charge number Z, and the fifty
Asecondary coefficients are étored in the matrix CAL(x,y,Ef
(where E =1 or 2 depehding on the velocity v of the incident
ion, y specifies which coefficient of the primary fit we are

interested in and x is the index specifying the 5 coefficients

Gf each secondary fit) then the primary coefficients Cly)

can be obtained for any z and v from . {%%E}

. . (o
c(y) = caL(l,y,E) + Z CAL(x,y,E) z'¥ L Al4
xX=2+5 _
Hence the stopping power in aluminum for an incident ion
of chérée z with the velocity v is given by
dE/éxn(l (zv) = C(1) + ZZS c(y)v(Y"l) al5
. . - y=2+

C

=

Since.it was also necessary<to obtain the relative stopping

power of any solid material with respect to aluminum, the
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ratio of the stppping power'pffmate:ials with 2 = 223l28,
32, 40, 47, 63, 73,'79‘and'92kto that of aluminum as a

function of the velocity, was obtained from yorthcliffe's
tables. 1In fitting tﬂese data iﬁ:wae again necessary to

divide the data into values for various velocity regions, so

that the coefficients of the primary fits (giE/de/dE/dxAl

versus velocity) varied smoothly with the charge of the
stopping materiel._ Six velocityhfegions were needed (0 -
0.04; 0.04 - 0.16; 0.16 -0.5; 0.5 — 1.25; 1.25 - 2.5 and
2.5 - 5.0 MeV/amu) and a simple lst degree .polynomial was
fitted to the data in each of éheJQelocity regions.. The
_ A T~
coefficients of these primary fits were then fitted as a
function of the charge of the stopping materlal to a 4th
‘degree polynomial, yielding -a total’of 60 secondary
‘coefficients which were stored in the matrix CRAT(x,y,E))
where the index numbers have similar meanings to those of
the matrix'CAL(x,y,E). The ratio of the stopping power of
a medium with chargé 2 to-the stopping power of aluminum
for a given velocity v, can then be found using tpe
coefficients of the secondary fitsvto generate the two

coefficients of the primary fits
) ‘

(dE/dx) | | | -
@E/ay., = Rg(V) = CRAT(L,1,E) + :/—:-2:;5 CRAT(x,1,E)z *71)
al . X o

(x-1)
=25 CRAT(x,2,E)2 } (516)

+ V {CRAT(I,Z,E) +
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Table A4. The Matrix CRAT(C',C,CR)

/

-

'FOR CR = 1 : (0 - 0.04 MeV/amu)
1 ) f ] ] 1
c'y c’2 ! c', c', c'e
c, -14524E+01 -.61208E-01 .14645E-02 .17112E-04 .73854E-07
C, 0 0 ‘ 0 0 0
FOR CR = 2 (0.04 - 0.16 MeV/amu)
Tl 1 ) ' ' 1
C'y LF 2 c', c', c'c
1 -13727E+01 -.55019E-01 .12669E-02 .14555E-04 .62351E-07
C, -43000E+00 - 0 0 0 0
FOR CR = 3 (0.16 - 0.50 MeV/amu)
) 1 t 1] 1
cH C'y C'3 C'y4 C'sg
G, -13945E+01 -.52153E-01 .11571E-02 . ~.12976E-04 .54719E-07
C, .17700E+00 0 0 0 0
FOR CR = 4 . (0.50 - 1.25 MeV/amu)
) [ ] 1 [} 1
€ C €3 €'y €5
C, -13266E+01 -.41343E-01 .82962E~03 .89160E~05 .37035E-07
c, .71000E-01 0 0 0 0
FOR CR = 5 (1.25 - 2.5 MeV/amu)
1 ] 1 [} 1§
€ chy C'3 C'y C's
€, -12509E+01 -.30849E-01 ..5022%;-03 .46786E-05 .17849E-07
C, .37000E-01 0 o 0 0
FOR CR = 6,3 (2.5 - 5.0 MeV/amu)
] 1 [} N ] 1
c'y c', c', c'y c'c
C, .12308E+01 -.25411E-01 .34568E-03 .27314E-05 .92414E-08
92 .17000E-01 0 Y 0 0 0
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<

where E is a function of v, in so farvas it denotes which of

///;he six energy regions is applicable.

The energy loss per unit path length for any ion of charge

z in any §topping material (Z) at any velocity (v) can then
be found by first calcula%%ng~ghe appropriate RZ(V) ratio
using the matfix CRAT, and multiplying by the (bE/dg%l(z,v)
value which can be extracted,from the matrix CAL. The
average energy loss is then

dEpy = 4 " Ry(V) (QE/AX) 5, (2,V) - Al7

where d was defined in equation Al3. 'In calculating the
fragment energy distribution, first of all the average value

is‘décreased by dE and secondly an assumed equivalent

. TT'
width of 2/3deTT is added in quadrature to the other

dispersions of the fragment kinetic energy value.

1.5 Evaluation of track length or diameter values.

o

Track lgngth distributions in mica from ions of a unique
mass and energy have been shown to be Gaussian with tailing
towards lower range values (see section 2.3). Analyticajly

the distribution is represented as

2

2 = 2
w, = Nexp { - I (2072047 )} ;L « T-T2

4%
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w = Nexp {(- JL—:iél—-} -f L > L - T Al8
2w :

" In the case of glass, the track diameter distribution is

taken to be Gaussian: #

2w

. TS
wp = Nexp {—-IE———_—;i} i Al9

In the above equation N represents a ‘normalization constant,

W is the width parameter, T 1s the tailing parameter while D

and T are the most probablenvalues for the diameter and

track length. The tailing and width parameters were ex-

tracted from experimental calibration studies.

In order to calculaté the track length or diameter distri-
butions from the energy distribution data for each fragment
mass value, data arrays were generated for the particular
stopping medium, which gave the track' length or diameter fork;
each possible fragment mass value for a range of energy values.
In the present program (version 8.5) the energy increment is
taken as 0.02 MeV/amu. These data can be generated during the
execution of the program or prov1ded externally. 1In the case
of glass, usually an externally supplied data set is used,
because the diameter is only dependent on the charge and energy
of the incident ion, whereas in mica, the track length depends

also on the mass of the incident ion.
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*

Since the mass-charge ratio is not constant &or_ every

,Afisizfning system, the option is left open to recalculate
h

t rack length-mass-energy data for each fissioning system.

\r
Basically each track length value 1n mica 1is represented by

(see section 2 4)

~ LT
o, i Al(le/ + 10273, 3/2 0. 64
R (mg/cm?) = -dR, + 0.0434 ~__50-64 (200
AlzlEl Al ZrZ/ﬁ 1

where the dR values were given in seetiOn 2.4 and E, is in
MeV/amu. Under the assumption of local linearity of the
track length (or diameter) versus energy datajsuch quantities
as Gaussian widths expressed in energy terms are converted to
Qidths rn terms of track lengths or diameter umits. The
total width describing the distribution in track length or

diameter for each fragment mass is given by

2 2 éi 2 2 2
wooo= g for ¥ Par * PR (A21)

where the subscripts E, TT, AR and‘R represent contributions

N
due to the gaussian width of the original total kinetic
energyzdistribution, the target thickness; the angular resolu-
tion and the range straggling effect respectively. This

latter factor is treated as an externally supplied variable,

together with the tailing parameter, if present.

\
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: The}normalization:factor forféach distfibqtion is obt@ined

from the fragmeht~ma$s yields as described next.

»1.6 Fragment mass distribution ' . .

c |

‘The fragment mass diitributions in the center-qf—mass system

are taken to be composed of one or more Gaussians. Three

~ 3

different cases are possible!

Type I a single baussian:defined'(§eé figure Al.1) by the
FWHM (A) of the distribution | .
Type II  two Gaussians of equal intensi‘z and width,
| ‘separated by a aistance B ’ N\ |

Type III a triple Gaussian. This is really the sum of a"

"type I and a type II distribution where besides .

" the ‘FWHM of the center peak (C), the reia?ive

' _intensity F is also .an additional variable

(F = D/E)-,

x

All mass distributions-in the center-of-mass system can be
converted to distriput%ons in the laboratory sy%tem by

takiné into account tha%fact thag #he;ratio of the number of
fragments of'é‘given maés arriving per steradian at laboratory
angle ¢ to thdse emitted at a center-of-mass. angle efis

given by .

>

~  p = SING deé l : ! A22

SIN¢ d¢

o
-



M




PO RN R i e e s ¢ a o e — 4 o o e PR S B T . A e P U AU B

-170-
using eqguation (All) | o / - / )
R = SING +{VCM SIN 8 CoS ¢} {SIN ¢44 (CM SIN ¢) }(A23)“":'
SIN & F |

In order to find the reiatiye deviation in the mass distri-
bution of fragments arriving at a given laboratory angle,

from the original-distribution-in masses of .the emitted

fragments, one has to calculate the ratlo R for all values of
VCM/V (correspondlng to each p0551b1e mass dld!!lon) and
comparewwith,the ratio for tne VCM/VF yalue,oorresponding to
symmetnic'mass division. In,drder to take the exéerimental
angular resolution of a partlcular measurement into account, r
the ratio R is integrated over the angular interval con51dered;.

' = ' ' . . . \, . .
The track length or diameter distributions for each possible

N ' : . .
fragment, whose shapes were determined earlier, are then

normalized to the. corrected mass yieldéfas caloulated above.
The normalization is done by a numerlcal 1ntegratlon over

[¢
each track length for dlameter dlstrlbutlon and equating the

total area to the mass yield in thesLaboratory system.

’

i.e. for a typical distribution the normalization factor N

is obtained from the evaluation of (see also equation'ﬁ18)

2 L,
Al TA (2L- 2L + q
i N B 1’"‘*""" 1'”'

Ay A - 2wl J
, A .

o -

k>
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i ~ |2
L - LAlI
+ exp. 5 dL (A24)
2W
A
— 2 1
L. -T
Al Al {iA‘
where Y, is the yield in mass for fragment Al and-all
. 1 Bl

Y

other symbols are those used in section 1.5

1.7 Summation

v

‘The final step in the calcqlation of the track length or

'R

diameter is to sum the track length or dlameter distributions

- for all 1nd1v1dual fragment masa values over the range of

maS$es considered. For the simple case of glass detectors:

o S expE'H I} e

A=1

—

2. Using RADICS on the S.F.U. I.B.M. 370/155 computer

The program makes egténsive use of temporary ;nd’permanent
data filés on direct access devices;‘ Device assignments lare
as foltows:

5 CARD READER

€~ E!ETER - - -
7 CARD PUNCH o o
8 DATA SET - INPUT: ‘TRACK LENGTﬁ OR DIAMETER-MASS-ENERGY

TABLE ’

9 DATA SET - TEMP. (INPUT REPEAT)
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10 ° DATA SET - TEMP. (INPUT REPEAT)

11 DATA SET - OUTPUT: CALCULATED TRACK LENGTH OR DIAMETER

DISTRIBUTIONS .o

12 DATA SET - INPUT: EXPERIMENTAL TRACL LéNGT@ Oﬁ‘DIAMET§R
DISTRIBUTIONS |

14" DATA SET - TEMP.: INTERNALLY CALCULATED TRACK LENGTH
OR DIAMETER MASS-ENERGY TABLE - -,

'Becapse of the multitude of-input parameters a semi-conversat--
ional input language'was devised so as to-rééuce errors'iﬁ the
input data. All input cards have au(AG; 4X, 2%4, 2X, 6F10.4)
input format'with only two exceptions as deécribed below. . All
cards start with a main code word, which indicates thé nature
of the input parameters as weli as the operétions that are
executed immediately}‘ The second code word starting in column:
11 and having a maximum of 8 characters specifies the options’
of the main code word and;gr the meaning. of up to six numerical
parameters starting in column 21, 31, 41, 51, 61 and 71,

Ih table A5, all possible inpﬁt cardsAare listed with the

variuos options and a brief,descriptioﬁ of the numerical

parameters which can be entered.

F5Y

-

Below we will discuss these code,wo;ds,andﬂthgwgine¢tﬂresults,f

of the commands in more detail.
TITLE This command has no other meaning than that it
expects to read a 20A4 card next and stores

this for use as a heading on printed output.

-~ g

rd
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. INITIATE

RETABLE

ETOTAL

| 1}73-

e

This command does not have any sub-code words and

does no calculations. It only serves to enter five

»

'basgg‘parametefs.‘ The mass and charge of the target

apd pxojectile as well as the fission barrier for
th ystem. If the fission barrier is entered as -
zero, the calculated value (Mye 66) is substituted

by the program.

This command will result in the generation of a track

length (or diameter)-mass-energy table.. In the casé‘
of mica detec}ors only the mass and charge of the
fissioning syStembaré read in again to permit
adjustments of these quantities for such‘effects as
neutron evaporétion. If RETABLE is not used then

it is assumed that an identical table isralready
available on device § (disc).

Two options are available: THEORY AND EXP. In the

LS

case that theofy‘is used the kinetic energy release

of the system for symmetric fission is extracted

from the data due to Nix (Nix 69). 1In the case of

e

EXP, this value is read in as one of the numerical
parameters. The other two numerical parameters

which are read in, relate to the calculation of the

'eXCifafIEn'eﬁéféy of the fissioning nuc¢leus.. This

can be taken as any percentage of the initial
excitation energy corresponding to compound

nucleus formation. From
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‘bution. Commands that involve calculations with

Wérré§§'sfaf§§fiﬁfEhé initiators always will have

-174- .

4

this the nuclear temperature is calculated; and

this is used to extract an estimate of the width

" of a gaussian distribution-.in the total kinetic

-

energy from the data due'tq Nix.-

In its present version the pfogram.calculates the

‘energy of eath’ possible fragment using a touching

spheres approximation gfr the dependence on mass
asymmetry of the kinetic energy release. The

/
well

laboratory angle of observation is éntered:és
as the angular resolution. 'Thé target thickness,
which is als? entered is used to calculate the
avérage loss as well as diSberéiOn. e S
This command.serves to enter diéﬁ#iﬁuﬁions,in,
fraément‘héss, i.e; to assoqﬁate a . relative probgb—

ility factor to each mass number. Up to five of

these distributions can be used/at thg same time

in later calculations. Every distribution that is

‘éntefed7thérefore receives a label. Hereaflter we

will refer to five initiators. Each of these

initiators can contain a mass distribution and a

derived distribution, such as a track length distri-

d n

an Opfioﬁ;twhidh will allow-the "switching on or

»

off" on any or all of these initiators.
. % ,



/\ ' -175-
ER In.the;AQSS'ccmmand the first numerical,parameter,
" ' therefore, refers to the number of the initiator
(1 through 5) into which’ the descrlbed ‘mass d1str1—
bution will be stored.. The sub-code word descrlbes
the type of mass distribution, wnile the other
numerical parameters contain the'releyant shape
parameters.
MCORRECT This command will correct the mass dlstrlbutlon for
center-of-mass motion. Any or,all of the initiators
can be corrected by switching them on (1.0) or off |

(0.) using the. first five numerical parameters as

»

representations of the five initiators._
_;Warning: since knowledge eEJZhe laboratory angle
is essential, an ENERGY command should have
preceaed the MCORRECT command.r | r
RANGE In Hts present versien the program will convert
energy—maSS'data to track length'or diameter data
\ﬁor mlca and glass detectors resfRctively. It w1ll
y@e the tables generated by the RETABLE command or
V//use the data supplled on device 8. ‘The llghtest
mass that.can be 'seen" by the detector is entered .
as a numerlcal parameter. The track~length or
- dlameter'of all fragments*llghter than this llmlt
/}rs set equal to. zero.
WIDTH This comnand will generate the shape parameters of

the track length or diameter distribution for each
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"REPEAT

" or diameter units), to calculate the overall shape
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-

fragment mass. The two sub~code words refer to

~ the shape of the distribution in track length or

diameter which would be obtained with heavy ioﬂs
s )

with a known cpnstan£ mass and energy. The FWHM

"

value as well as the tailing parameter entered,
should, therefore, correspond to gych a distri--
bution. It will use these values as well as the

oo

dispersion in the energy (converted into track length

parameters for eaqh‘distributiop associated with

a particular fragment mass.

Summing of individual fragment mass track length

‘(diameter) distributions can only be done if the

+ .

¢ommands RANGE and WIDTH did precede the SUM

command. Any or all of the'initiatdrs‘cah'be used

“to generate master digtributions in the same way

S v ’
as was discussed under MCORRECT. After this

T

command, a series of normalization constants is

generated by comparisons of the area of the distri-

-~

bution for each fragment mass with the calculated
yield for that pafticular'fragmént. The distri-
butions'for'ali possiblef;aéqgﬁt massesfarex
summédi QZightipg eachrdistribuﬁion with the ’
appropriate normalization factor:

The REPEAT comﬁand takes a sﬁeciql piaéerémong

the other commands, in so far that the REPEAT

’ ,1)

s dh b o o e ke 2o S g s

dovs AL

PTe

RN
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command is only used to control other commané
cards. Very often it is necessary to repeat a
calculation with only a'feﬁ changee in parameters.
As long as theseAchanges are in commands which do ’
not relate directly to any other commands, a change
w1ll not result 1n-hav1ng to rewrite the whole
procedure. Hoﬁever,'mcst-comhands'result in' .
calculations which will have a direct bearing.cn

the calculations of other commands. It was for

this reason that a "repeat" facility wasﬁaesigned.

A good example of the usefullness of this facility

@

is the calculation of track length distributions
at a number of laboratory angles of observation. .

The procedure would look as follows:

TITLE ~
EXAMPLE A° /P\

INITIATE 108. 47. 4. 2. 51.
ETOTAL EXP " 77. 100. 80. /
. REPEAT START . ' :

ENERGY SPHERES  10. 5. 5 R
MASS SINGLE 1. 50. ,
MCORRECT 1.
" RANGE MICA 26. ,

WIDTH TAIL™ .2 .3

SUM 1.

PLOT . RANGE 1.

REPEAT  RETURN '

REPEAT _ ANGLE 20. . 5. .

REPEAT ANGLE '30. 5.

STOP -

The section of the calculations that needs to be

repeated for each laboratory angle is put between

the two commands REPEAT-START and REPEAT-RETURN.

i N A AL A & s



Any tiﬁe after this when another REPEAT command i§ -
found the sub-code word indicates the change in the -
'REPEAT, loop which will be made, and the whole loop

is executed once more with this change. A number
of different Quantities can be chénged using\this
procedure; the laboratofy angle and the angﬁlg;
resolu;ion; thezprojectile‘energy and the aﬁount of
excitation energy still preééﬁf‘ﬁﬁst before fission,
the total kinetic’energy release of the syétem and
the mass and charge of theitarget material. If two
qﬁantities are varied simultaneous}y a double lboping
syStém.is used, as will be illustrated withlthe same
‘éxample as before. Thisqiime we waﬁt to calculate
at three differént angles but also at three different
projectile energies. - L -dk,. .
4The following gommands would be ﬁegessa?y:
TITLE | | | '

EXAMPLE B ‘

INITIATE .108. . 47. 4. 2. 51.
REPEAT * START ‘

ETOTAL EXP 77. 100. 80. '
ENERGY . SPHERES ‘10 5. 1.4//ﬂ7~/”/x

STOP

MASS SINGLE 1. . 50.
MCORRECT - 1. ‘ °
RANGE MICA 26. :

WIDTH TAIL 2 - .3 -
- SUM 1.

PLOT RANGE 1.

REPEAT CONTINUE JA

REPEAT ANGLE - 20, T 5.
REPEAT ANGLE 30. 5. -
- REPEAT RETURN .

REPEAT ENERGY 100. 80.
REPEAT ENERGY  120. 80.
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< The REPEAT-CONTINUE command terminates the first .

loop in tRkis case. A track length distribution.is'

therefore geferated nine times using thié prpcedure.V'}
EXPERIM This serves to enter:a measuéed track length or' :
” diameter diétiibution into initiator‘s. One of
the 5 initiators,is uséﬁ, so that the experimental

{ » .-
data can be normalized to the same total area as (

’

the calculated distributions, and hence represented ,

in the same plot as the calculated distributions.

e R T o

Since the array spgcipg is b.OS mg/cm2 for mica

4.» ' and .25 microns for giass, any experimental distri-
bdtion is converted to this gfid size. In order to
facilitate'phis the hiétogram intérval_éf e#peri—

mental data should be given in units of mg/cm2

R R 0 P ,n e

’(miCa;'ér micrqnsv(glasé).

Warning:v‘it will replace‘whaﬁevér the coﬁtents of

) initiator % weré,

PRINT Various amounts of printed output can be obtained by °
| chposing the appropriate sub~-code word: \ o

HEAD, oniy a small summary of input quantities is

given. ”7 -

TABLES, a summary of mass yield factors as well

as range and width‘paraméters is pringéé.,

WIDTH, a detailed analysis of contributingvfactors

to the total width pf the individual distributions

for given fragment mass. ‘ . )
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* PR

ALL, prints all the égéve. o
 RANGES, partvof:;ll of the track length (diameter)-
" mass—-energy tables is ﬁfinted. sz
PLOTl This command will produce a print;plot,of mass dis-‘
. . tributions (sub-code MASS) or track length (diameter)
g ‘ distributions (sub-code RANGE) . Any or all of the.

five initiators can be plotted at the same time by

switching’ them on or off as for MCDRRECT.
DUMP  ~ This will result in the contents of any.or all of
N - ) . - . - e - )
the initiators’being written on a disc file. Only

“the track ;ength (diameter) distributions”are

written out.

PUNCH . Will do the same operation -as DUMP, excépt tgaffzggJW/ﬁﬁ\

éi%trlbutlons are punched out on cards. ) .

The fOllOWlng three examples together with Table A5 should

[

explaln the use of the command cards even further. >
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< . ) .
Problem: You want!(to obtain track length distributions

Example 1

- in mica for £he system of 80 MeV o°'s + Te“"
assuming a mass distribution with'a single
gaussian width of 30, 60 or 100 ému at a
léboratgfy angle of 90°. Assume that the

fission barrier is 50 MeV. »

LN

Control cards necessary:

TITLE e :
EXAMPLE NO. 1 . ’ N

INITIATE; 128. "~ 52. 4. 2. 50.

ETOTAL,~ THEORY 80. . 100. -

ENERGY:  SPHERES 90. 5. .1

MASS - SINGLE 1. 30. K

MASS SINGLE y 60.

MASS SINGLE 3. 100.

MCORRECT - 1. “1. 1.

RANGE MICA 26.

WIDTH  TAIL .2 .3 S

SUM 1. 1. 1.

PLOT RANGE 1. 1. 1.

PRINT ALL -

STOP
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JExampie 2
 Problem: You want to determiné the sensitiviﬁy of the
— finél;range distributfons to the mégﬁitude of
ihe\tailing paraﬁeter. Again take §0 Mev a 's
+¥$é/;nd a mass distribution with a single

gaussian width of‘60.qmu.

Conttrol cards necessary:

- TITLE
EXAMPLE NO. 2 -

INITIATE . 128. 52. 4, 2. 50."

_~——~._ ETOTAL THEORY 80. 100.-
j ENERGY.  SPHERES 90. 5. .1
SSZ-. SINGLE 1. 0.

MASS®” SINGLE 2. 60.

MASS - SINGLE 3. 60.

MASS SINGLE 4, 60.

MASS SINGLE 5. 60.

MCORRECT 1. - 1. 1. 1. 1.

RANGE MICA 26.

WIDTH TAIL .2 .15 : _ ’

SUM 1. . -

‘WIDTH TAIL .2 .20

SUM o 1.

WIDTH TA;;jg I .2 .25 a -

SUM CTE 1.

WIDTH TAIL - .2 .30

'SUM '° 1.

WIDTH . TAIL .2} .35 :

PLOT RANGE py 1. 1. 1. 1.

PRINT ALL -
STOP .
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Example 3

Problem: You want to write on a disc file as well as

4. v . '
. punch out on cards the track diameter distri-

butions which are calculated for the system 80

¢

MeV a 's + Te at laboratory angle intervals of

.20 degrees. Assume-a single gaussian mass
.

distribution with a width of 40 amu. ‘

- /

Control cards necessary:

TITLE _
- EXAMPLE NO. 3 . : , .
INITIATE . 128. 52, 4. 2. 50.
’ ETOTAL  THEORY 80. 100. :
_ REPEAT START , :
ENERGY SPHERES 20. 5. B !
MASS SINGLE 1. - 40.
MCORRECT ' 1. :
RANGE MICA 26.
WIDTH TAIL .2 .3
SUM ' 1.
DUMP o 1.
g PUNCH 1.
REPEAT RETURN :
REPEAT ANGLE 40. 5.
REPEAT. ANGLE 60. 5..
REPEAT °  ANGLE - 80. 5.
REPEAT ANGLE 100. 5.
REP EAT ANGLE -120. 5.
REPEAT ANGLE  140. 5.
REPEAT ANGLE 160. 5.

STOP
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Appendix 2 Conversion of the three dimensional codrdinate

system of scattering chambers tothe tét dimensional
‘ 7

coordinate system of mica detectors.

-

The three dimensional coordiﬁate system can be defined’by'the
cartesian coordinates x, ¥y and z. The ofigin of‘this eysteml

.is taken to be the beam spot on the target (idealized as a
point). The x coordinate iS*perpendicular to the beam direction
in the herizontal piahe of the beam, y is measured alson the

beam direction while z follows the axis of the scattering cham-

ber (see‘figure A2.1). The two dimensional coordina}e system
{x', y') of the mica surface is shown in figure A2.2. Its
origin is taken to be the point at which the y axis is the
first coordinate system intersects the mica surface; %he
common point, B is the tip of the cone of which the mica surface ' I !

is a part. Under the assumption that the- target is properly </’ ]

centered in the scattering chamber, this point will lie on the

z-axis as well as on the y'-axis.

Defining the distance OA as d (where O is the target spot) so
that the distance BA = S%— d/cos , where is the angle at
which the mica 1s orlented with respect to the beam dlrectlon,

and also defining « = x'/{y' + D). where x' and y' are the

coordlyates of a point P in (x',y") spacer The coordlnates of ;

/;hefjﬁtercept I (x 1:Y I) of the line BP with the circle M are

f given by:
S
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y'I + D(/(1 + a?)"1 —'l)i;k'x'I = y'iD + a%

It can be shown that the two coordig;te sy{E?ms are then

related by the following set of equations:

= b sin g .
y Q\b cos‘¢
z = a sin | n T
where a = /x'?2 + (y'+D) 2 --/x'IZ —.(y'I+D)2
b =d+ acos |
g = 3_%f9 arctan a .

also the angle 8 (the angle between lines OA and OP) at which

the fragment is emltted to arrive at ‘point P is given by

6 = arctan {vz° + x2 /y}
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“ _
Appendix 3 FISMAP - fission—evaporation competition program.

1. Description of the program

The computer program FISMAP, written in the fORTRAN iV language,
is‘based on the formulation presented in cﬁapter 5. Treatment
of partlcle evaporation is, at least in principle, 1dent1cal to
the ‘method used in the SFUSMAP program (Rud‘68). Fission comé
petition is cal:uiateg/for each "nuclear state" of the initial
compound nucleu 1n‘aLE - I matrlx.} The step sizes in this ‘
matrix are 2 MeV and 2 unlts of anéular momentum, with maximum
values of 200 MeV and 100 # units of angular momentum..  (i.e.

a matrix with a maximum size of 100 X 50). The orobability of

- fission from each nuclear state is summed with thevprobabi¥ity
of emitting a neutron, proton and alpha particle from that state:
and all these probabilities are then nofmalizedwto the popula-
tion of that state. The intermediate output consists of the
‘distributiou in nuclear states of the neutron, proton and alpha
_particrle daughterigas well as the distribution in nuclear states
of the residudl nu leus (i.e. those states froo wﬁioh.particle
evaporation or fission is not p0551b1e because of . energilre—
strlctlons). The distribution in nuclear‘states of those nuclei
that fissioned is als? stored for later output. After this flrst:
flrst cycle in the calculatlon, the program uses the output of
the dlstrlbutlon in E and I of the neutron daughter as the next .
nucleus in the ae—excitation chain and repeats the above men-

tioned calculations. It continues to repeat these calculations



“Te

-194-

for sucessive neutron daughters until pérticle evaporation aﬁé
fission is no longer possibie from any of'theahucleég stétes

of the nucleus under consideratioh, br, ﬁntil it has reached
a‘gi&en maximum number of evaporated-néﬁtrons[ specified as-
input~for.the calculations. Therprbgram-will then start this
cyéle alliover again for the éroton'daughter of thé‘initial
coﬁpouhd‘nucleus¢=This sequence of calculations as;ufes that all

possible contributions to the distribuﬁign in nuclear states

of a nucleus are added up %efore decay of the nucleusaié_con—
i .

. ehp

sidered in the célculationé. , P

A vast amount oé data is. needed befOre tﬁese calculation_can
be berformed. Inverse régction cross-sections,bindihg_énér4
gies, fissicn béfriers and level density parameters. are only
a number of thése parameters which enter into the main calcu-
lation. Instead of éntering allAthis information as Enput
data té tﬁe program these paraﬁéters are calcﬁlated internally
with a number of options being specified to make a@justméﬂts'
to Fake into account some experimentally observed effects Q
which are not i#g}mded‘in théhthéorefical célculat;ons. . Pro-

visions have, howeéver, been made to enter all these data as

input to the program.

2. Organization of the program ‘ ' ' . -

The .program consists of a main program and some 20 subroutines.

o A

The maih program performs the bulk of the calculations with

. e
TR LA



£

the.aid of the subfoutines BRANCH and FISSIO, which calculate
the probabiligy of parficle evaporation and fiérion fr&m any
nuclear state réspectively. of the_:emaining'ﬁubroutines,
three are used to assist in the handling of the large data
sets, while the others calculate the input éarameters for the
main calculation. . Fig. A3.1 shows in a schematic diagram thé
organization of ‘the program.

The program is still in a rather crude fofﬁ\aﬁd could use a
considerabieoamount of further optimization tbbreducé both
core requirements (presently as much as 640R byte;)iéhd the
execution time (typically hours of CPU time). Core require-
ments are high becaﬁse of the generous use of "Direct Access
Files" (a FORTRAN IV feature whichlallows the random access

of filés on direct acceés'devices) which require large amounts
of buffer space. The use of these files does, however, reduce
the overall execution time reguirements somewhat. Thé'direct
access files themselves take up another 13 miliion bytes of

storage on either disk or tape.

3. Using the fISMAP;Eroéram

Input data for the program can (usually) be entered on no more

than three cards:

CARD 1 title card
format (20A4)

any 80 characters can be entered
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o
figure A3 S )
7 - ‘ o
organization of the FISMAP program
. INPUT N . .
] orTichL N
v . MOOE:-
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PROGRAM
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CARD 2

CARD 3

data card

format (8E10.3)

columns
1l -110
11 - 20
21 -30
31 - 40
41 - 50
51 - 60
61 - 70

name

AT

T

AP

zp
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desériptioh
target mass
target charge
projectile mass
projéctile charge

.

Q value of the reaction. If»zé?o is

entered the prograﬁzwill calculate Q.

ELAB — Laboratory Kinetic energy'of the

AFAN

projectile
ratio of fission to projectile level

density parameters.

option control card

format (40I2)

l -2
3 - 4
5 - 6

‘columns

name

IHBZ

IMBN

ITL

3

description

number of protons that are allowed to

- be evaporated from the compound nucle-

us (maximum 9)
number of neutrons that are allowed to

be evaporated ‘from the compound nucle-

us (maximum 11)

If left blank the transmission coeffi-

cients used for calculating inverse

cross sections are only calcuiated for



7 - 8
N
%
9 - 10
11 - 12

IENTR

IPAIR

IFISS
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- the ‘initial compound nucleus. 'If séé

to 1, the transmission‘coeffiéients
will be recalculated for each nucleus
in the de-excitation chaiﬁ. e 7
If left blank the initial distribution
in angglar momentum of the compqudr

nucleus is calculated using ‘an optical

model code. If set to 1 the program'

will read in the partial absorption
cross ‘section for each L value of the
entrance channel. (see optional card 6)
If‘left blagk no pairing energy correc-
tions are made in calculating the level
densities. If set to 1, a crude ap-
proximation is used to calculate pair-’
ing enérgies whie if set to 2, the -
program will read in pairing energie

(see option card 5)

If left blank, the competition from
fission in the de-excitation of the

excited nucleus is taken into account(

- If set to =1, fission barrier pene-

~tration and reflection is also con-

sidered, while if set to +1, fission

is assumed not to compete



? 13 - 14 MMC

15 - 16 MMP

17 - 18  IBARF

19 - 20 IBIND

-199-

If left blank, the binding energies

which are calculated from the Myers

and Swiatecki mass formula include

*  shell effects. If set to 1, no

such correction is made
If left blank, pairing energies a;e,Af;ﬁ,,
not included in the binding energy
calculations. For MMP=1, the binding
energies are-adjusted for pairing '
effects. 1d this latter case IPAIR
is automatically set to l,buﬁless,
IPAIR=2 was specified

If left blank that fi§sion barier

calculated from the rotating liquid

drop model are not corrected for shell

‘effects. If set to 1 this correction

is included.

If left blank the binding energies are

calculated‘from the Myers and Swiatecki
mass formula. For IBIND=1, the program

will read in the binding energies (see

optional card 4). For IBIND=2, mass

- excess values are read in from which

binding energies are calculated (see

optioﬁal card 4)



Optional

CARDS 4

CARDS 5

i
4

&=
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cards

Binding enérgies,(IBIND=})'
format (3Fl10.4)

The neytron, proton and alpha particle binding energieé-
(in MeV) are entered-of a%l nuclei in the IHBgix IHBN
matrix. ’ \ '

Mass excess values (IBIND=2)

format (6F10.4)

The mass excess values (in MeV) of the nuclei in the

(IHBZ+2)-X (IHBN+2) matrix are read in

Pairing energy corrections (IPAIR=2) N\
format (11F5.2)

Pairing energy correction values (in MeV) are entered

~\for all nuclei.

CARDS 6

Entrance channel data (IENTR=1)

format (5E10.3)

Partial absorption cross section values (in mB) are
entered starting with the value for L=0. The last
Qalue should be zero, even if this means inserting

a blank card.

Output of the program consist ﬁainly'of the yield of all evap-

oration products (in mB) in the specified IHBZ X IHBN matrix

as well as the yield of those nuclei that fissioned within the

limits of that same matrix. Also given are the distribution

L

/
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in excitation energy and angular momentﬁm of all evaporation

,products as- well as the fissioning nuclei.

N

;J:f
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