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III.8 Best set of coefficients for mass dependent 

range-velocity calibration for ^̂ *U in Makrofol-E. 
65 

in.9 Best set of coefficients for mass dependent 66' 

range-velocity calibration for "̂'Bi in CR-39. 

III. 10 Best set of coefficients for mass dependent 57 

range-velocity calibration for "̂̂ Bi in Makrofol-E. 

III. 11 Errors in the values of real parameters due to 69 

measurement inaccuracies. 

IV.1 Statistics of events. 71 — 73 

(xii) 



Table No. Contents ESfie 

IV.2 Differential cross-sections corresponding to 80 

resonance peaks for ^̂ *U in CR-39. 

IV.3 Differential cross-sections corresponding to 85 

resonance peaks for '̂'̂ U in Makrofol-E. 

IV.4 Differential cross-sections corresponding to gg 

resonance peaks for ^°'Bi in CR-39 and 

Makrofol-E. 

IV.5 Total cross-sections for '̂̂ U in CR-39 at 90 

different initial energies of the projectile. 

IV.6 Total cross-sections for '̂*U in Makrofol-E at 

different initial energies of the projectile. 
91 

IV.7 Total cross-sections for "̂'Bi of 13.0 MeV/u in 94 

CR-39 and Makrofol-E. 

IV.8 Most probable total mass of fragments for "*U of ^^^ 

different initial energies in CR-39 and 

Makrofol-E. 

IV.9 Most probable total mass of fragments for 13.0 101 

MeV/u '"'Hi in CR-39 and Makrofol-E. 

IV.IO Most probable Q-Values for ^̂ *U of different 106 

initial energies in CR-39 and Makrofol-E. 

IV.ll Most probable Q-Values for 13.0 MeV/u '°'Bi in 107 

CR-39 and Makrofol-E. 

(xiii) 



Table No. Contents Page 

IV.12 Most probable relative velocity of fragments for n g 

^̂ *U of different initial energies in CR-39 and 

Makrofol-E. 

IV.13 Most probable relative velocity for 13.0 MeV/u 119 

'"'Bi in CR-39 and Makrofol-E. 

IV. 14 Values of measured and derived parameters of ^39 

the third prongs for ^̂ ''U in CR-39. 

(xiv) 



LIST OF FIGURES 

Figure Page 

1.1 A photomicrograph of a fork-like event in ^ 

CR-39. The CR-39 was irradiated to 15.2 MeV/u 

'^'U ions. 

1.2 A photomicrograph of two events in CR-39. 4 

The detector was irradiated to 16.3 MeV/u ^̂ Û 
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system for ^̂ Û in CR-39. a) 16.4 MeV/u, b) 129 

14.0MeV/u, c) 13.0 Mev/u. 130 

IV.35 Plot of total opening angle in centre of mass 231 

system for ^''U in Makrofol-E. a) 17.2 MeV/u, b) 132 

16.0MeV/u. 

IV.36 Plot of total opening angle in centre of mass 133 

system for '°^Bi in CR-39. 

(xxi) 



Figure £«££ 

IV.37 Plot of total opening angle in centre of mass 23^ 

system for "̂'Bi in Makrofol-E. 

IV.38 Plot of number of events as a function of centre of j ^ ^ 

mass energy ('''U +''C) for ^''U of 16.4 MeV/u 

in CR -39. 

IV.39 A photomicrograph of the ninth event of 137 

Table IV. 14. 

V.I Two photomicrographs of the same event 143 

showing the multiparticle emission in CR-39 

irradiated to 15.2 MeV/u '̂̂ U. 

(xxii) 



CHAPTER I 

INTRODUCTION 



CHAPTERI 

INTRODUCnON 

Solid State Nuclear Track Detectors commonly abbreviated as SSNTDs have 

been applied [1,2,3] in a wide spectrum of scientific and technical fields. The 

utility of this versatile technique ranges from nuclear science and engineering 

to cosmic ray astrophysics and from geology, archeology and sub-oceanic 

geophysics to lunar science and meteorites [4,5,6]. Right from the 

development of this track technique, its versatility has been exploited in 

anthropology [7], geochronology [8], environmental sciences [9], space 

research [10], superfluidity [11,12], lithography [13], dosimetry [14], medical 

research [15], study of heavy ion nuclear reactions [16-19], 

multifragmentation of the projectile [20, 21, 22], particle identification [23, 

24], search for magnetic monopoles [25, 26], discovery of super heavy 

elements [27], exotic decay modes of heavy nuclei [28,29]. 

This has been possible due to certain advantageous features of these track 

detectors such as the easy availability, inexpensive and a large choice of 

detectors ranging from organic polymers to inorganic crystals. At times the 

detectors are available naturally at the site of interest. The inherent 

characteristics of these detectors are that they have excellent resolution for 

mass, charge and energy [30] within the boundaries of experimental errors. 

1 



The technique too does not require heavy budget equipments. Besides these, 

the detectors carry a permanent record of the radiation damage to which they 

were exposed. Moreover the detectors can withstand a large dose of lighter 

particles and low ionizing radiation. 

During the past few years measurement of energy-loss of heavy ions in 

different elemental and complex media using nuclear track technique has been 

carried out [31,32]. The involvement was also in the characterisation and 

calibration [33,34] of different track detectors for a purposeful utility of these 

detectors in different fields. Different studies to explore more on the track 

formation mechanism were also carried out [35,36,37]. For the mentioned 

studies confinement was to the linear tracks i.e the enlarged damage trails of 

the trajectories of energetic heavy ions in the detector matrix created by 

chemical processing. 

Fig. I.l is a photomicrograph of a fork-like event in CR-39 irradiated to 

^̂ Û ions of 15.2MeV/u. In 1988 Dwivedi et.al. [38] reported the observation 

of fork - like events in CR-39 irradiated to ^̂ *U ions of 1.6 GeV. A 

photomicrograph of two events from their report is shown in Fig. 1.2. As the 

different experiments in CR-39, Makrofol-E, Cellulose Nitrate and Mica 

irradiated to °̂̂ Pb, ^"'Bi and '̂̂ U were in progress, similar fork like events 

were encountered. Fork-like events with a third prong of comparatively 

shorter length have been observed at the point of bifurcation (fission) for 

^̂ Û in CR-39 (Fig. 1.3). Having observed such fork like events a few 

fundamental querries, which needed explanations were : (i) Definitely the 

scission of the projectile takes place in the forward hemisphere but is there 

a possibilty of fusion with the nuclei of the atoms constituting the detector 

matrix, (ii) A suitable reason for the existence of the third prong. The 

probable answers to these querries can be sought after determining the 

masses in the exit channels, the angular distributions of the fragments, 

Q-Value of the reactions, the relative velocity of fragments and total opening 

angle in the laboratory and center of mass systems. 



Fig. I . l A photomicrograph of a fork-like event in CR-39 irradiated to 

15.2 MeV/u "'U. 



Fig. 1.2 A photomicrograph: two events from Dwivedi and Fiedler 

[38] in CR-39 irradiated to 16.3 MeV/u -''U ions. 
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Fig. 1.3 A photomicrograph of a fork-like event with the third 

prong at the point of scission in CR-39. The CR-39 was 

irradiated to 16.4 MeV/u "''U ions. 



On the way to seek the answers to the querries by determining different 

kinematic variables of the events few barriers too were encounterd. They are: 

(i) Deriving the real values of different parameters of the prongs from the 

microscopically observed projected images. The different parameters of the 

events to be derived are the real lengths of the prongs, the real opening 

angles with respect to the beam direction and the energy of the projectile at 

the scission point. 

(ii) Analysing each event in terms of the masses of the fragments in the exit 

channels and other kinematic variables such as the Q-value of the reaction, 

relative velocity of the fragments, opening angle in the laboratory and centre 

of mass systems. 

(iii) Developing a systematic approach to study the third prongs in terms their 

actual track lengths and distribution around the axis considered along the 

trajectory of the projectile. 

In an attempt to search the solutions for the above querries along with 

overcoming the barriers, a 4n geometry technique has been developed for the 

analysis of these fork-like events. It consists of a geometrical approach 

followed by computational analysis. The geometrical part takes care of the 

first barrier while the computational part tackles the second. A systematic 

approach has been developed to analyze the third prongs in terms of their 

true track lengths, direction of existence and also the angle with respect to the 

beam direction. This technique is advantageous over other techniques of 

radiation measurement as each individual event is registered as a permanent 

record in the detector matrix. Hence multiple measurements of the same 

event can be carried out even after few years of its occurence. It also offers 

the recording of spatially distributed particles in 4n geometry unlike any other 

conventional 2n detection system. 



A description of tlie subsequent chapters are as follows: 

(i) Chapter II deals with the theoretical aspects of analysis of the events: 

geometrical approach followed by computation^ In section II. 1 the 

geometrical aspect of the event is discussed where the derivations of different 

real parameters of an event from the projected parameters have been 

accomplished. Section II.2 deals with the methods to construct range-energy 

calibrations needed to calculate pre-fission energy of the projectiles. In 

section II.3, the logic and the functions of the program 'TRANSCORD' 

developed for the first step of analysis are described. The second step of 

analysis done with the help of the application program 'HIFISS' is explained 

in section II.4 along with the logic used. The trivialities involved in the 

computation of different kinematical variables along with the mathematical 

equations used for the purpose are discussed in this chapter. The systematic 

steps undertaken to study the third prongs have also been explained. 

(ii) Chapter III contains an account on the systematic procedure undertaken 

to study these events. At the very beginning the criteria of selecting the 

(Hetctorsj) to carry out the present kind of study is discussed. Thereafter, 

preparation of detectors and their irradiations to specific projectiles are 

described in detail. In section III.3 the chemical processing of the detectors 

in suitable chemical reagents have been dealt with and in the next section an 

account on the observation and scanning of the processed detectors is given 

where the measurement of different parameters of an event are discussed 

along with the determination of energy of the projectile, the track density and 

detector calibrations. This chapter is concluded by a detail account on the 

error analysis. 

(iii) Chapter IV contains a systematic account of the experimental results 

and related discussions under the following sub-heads: statistics of events, 

differential and total cross-sections, total mass of fragments, the Q-Values of 

the nuclear reactions, relative velocity of fragments, the opening angle in the 

laboratory and centre of mass systems and the results obtained from the 



systematic analysis carried out on the third prongs. 

(iv) and finally in chapter V the significant results of the present investigation 

are highlighted. A brief description on the potentialities and scope/ of this 

track technique is presented for some future applications. 

(v)The source codes of the programs 'TRANSCORD' and 'HIFISS'are given 

in the appendices A and B respectively. 



CHAPTER II 

THEORETICAL ASPECTS 



CHAPTER n 

THEORETICAL ASPECTS 

The barriers encountered to study these events are: 

(i) Determination of the real values of different parameters of the events. 

(ii) Analysis of each event in terms of different kinematical variables of tlie 

events. 

(iii) Analysis of the third prong at the pre-scission point, created by the third 

particle emitted from the pre- scission system. 

In the photomicrographs in the previous chapter it is apparent that the 

observed events are the projected images of the events on the observation 

plane. Thus tackling the very first problem of determining the values of 

different parameters of the events, geometrical aspect of the event is 

considered at first. 



n. l GEOMETRICALASPECTOFAN EVENT 

The geometrical aspect of an event is the foremost part of the present study 

as the microscopically observed events are the projected images of the real 

events on the (x,y) plane i.e.the plane of observation (Fig. 11.1,11.2 a). The 

heavy ion enters the detector matrix at the point P ( Fig. II.l, II.2 b ) at an 

incident angle of a to the surface (plane of observation). The scission occurs 

at the point O after traversing a distance of Lpf/xm in the detector matrix. The 

fragment 'A' traverses a distance of L^ nm while the fragment 'B' traverses a 

distance Lg iim before coming to rest. 0^ and QQ (Fig. II.2 b) are the angles 

made by the track length vectors with the axis considered along the trajectory 

of the projectile. When the event is observed under a microscope the 

projected image is observed as shown in Fig. II.2 c. The various parameters 

of the event measured are Ipf, 1̂ , Ig, *A and i^ (Fig. II.2 c). These are the 

projections of Lpf, Lŷ , Lg, 6̂^ and Q^ respectively on the observation plane. 

Another parameter measured is the depth of the end of the trajectories of 

fragments 'A'and 'B'form the point of scission (bifurcation) i.e. Z^ and Z^ 

(Fig. II.3) respectively. The correction for refractive index has been done by 

multiplying Z^ and Zg by the refractive index of the material. 

n.1.1 DETERMINATION OF REAL LENGTHS (L̂  AND Ly) OF THE 

PRONGS 

In order to determine the actual lengths of the prongs 'A' and 'B'a reference 

to the Fig. II.3 is made where attention has been focussed at the point where 

scission has taken place. 

If 1̂  and Ig are projected lengths of the prongs 'A'and 'B' respectively and 

ZA, ZB are the depths of the track tips 'A' and 'B' from the point of scission, 

then the dip angles B^ and iŜ  are: 
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Trajectory of 2 

Heavy Ion 

Point of 
Scission 

Plane of 

Observation 

Projection of 
Event 

Fragments A & B 

Fig. n . l Representation of a fork like event and its projection on 

observation (x,y) plane. 
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Plane of Observation 

Plane containing the Event 

Fig. n.2 (a) A typical view of the two planes: plane of the event and 

plane of observation. 
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Fig. n.2 (b) A view of an event showing different parameters in its 

own plane. 
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Plane of 

Observation 

Projection of 

Event 

Fig. n.2(c) Projection of an event on the observation plane (x,y) 

showing different projected parameters. 
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Fig. n . 3 A line diagram showing the dip angles and depth of the prong 

tips with respect to a reference plane parallel to the observation 

plane containing the scission point O. 
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R^= tan-' ( U / Z^) (2.1) 

and J3„ = tan-> ( 1B / Z^ ) (2.2) 

( ZA and ZB represent real values of the depths after incorporating the 

correction for refractive index of the material ). 

Therefore, from Fig. II.3 the real lengths of the prongs 'A' and 'B' are 

obtained in the form of following equations 

LA = ZA / sin IĴ  (2-3) 

Ljj = ZB / sin Bg (2.4) 

n.1.2 DETERMINATION OF REAL OPENING ANGLES 9^ 

AND 03 

After scissioning the fragments move in forward direction along the plane 

(plane 1 in Fig. II.4). But this may not happen as the basic physics of scission 

would lead to a presumption that after scission the fragments have a 

possibility to move in the forward hemisphere isotropically around the axis 

considered along the direction of motion of the pre-scissioning nuclei. Thus 

the prongs 'A' and 'B' may be tilted from the plane 1 (Fig. II.4) by angles 

(SA and SQ as shown in Fig. II.4. This phenomenon of tilting of prongs 

generates two co-axial syn-apical cones as shown in Fig. II.5 where the bases 

of the cones are two circles with coaxial centres as shown in Fig. II.6. These 

cones with co-axial circular bases are the loci of the track lengtli vectors due 

to tilting by + 90°. These circular bases are viewed as concentric from an 

end-on-position (Fig. II.6). The prongs also lie in two different planes ( 2 and 

3 in Fig. II.4). This kind of tilting results in to the bending of the plane 1 

(Fig. II.4). 
16 



Axis Along 
\ the Trajectory 

^ 7\o 
Observation Plane 

Fig. I I .4 Diagram showing the two planes containing the prongs 'A' 

and 'B' as a result of tilting from the plane 1 by angles S^ and 

I5B respectively and the bending angle 6 between these planes. 

17 



Projection of 

the Trajectory on 

Observation Plane 

Fig. n . 5 A diagram to illustrate the tilting of prongs, resulting in to the 

formation of two co-axial syn-apica! cones. 
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Fig. n . 6 End-on-view showing loci of prong tips in the form of two 

concentric circles. The parameters shown here are used for the 

determination of the real opening angles Q^, ^^^ %• 
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Considering the base of the cone for prong 'A'in Fig. II.6 

XA = U sin $A (2.5) 

y^ = 1A sin *A tan 5^ (2.6) 

r̂  = LA sin e^ (2.7) 

and (rj^ = (xj^ + (yj^ (2.8) 

Substituting the values in equation (2 ,8) 

e^ = sin-̂  ( IA sin i^ I L^ cos 5^) (2.9) 

With the help of similar set of arguments for prong 'B' 

Bg = sin'* ( Ijj sin *B ^ ^^ ^^s S^ ) (2.10) 

In the equations derived above the values of the 5^ and <5B are yet 

undetermined. Determination of the values of 5^ and S^ are discussed in the 

next section. 

n.1.3 DETERMINATION OF TILTING ANGLES S^ AND 5„ 

Moving on to the next figure i.e. Fig. II.7, where a line diagram has been 

drawn for the prongs with tilting angles of 5^ and Sj^. 

Considering the prong 'A': 

If ZA is the depth of the prong 'A'and Z^ois the depth of the prong had there 

been no tilting of the prong 'A' by an angle 6^ then 

Z A O = ZA ± A Z A (2.11) 

where A ZA is the difference in the vertical distance ( DAo) as shown in Fig. 

II.7. 

( Conventions for 5A : when the prong lies above the plane 1 then 5A is 

positive and below the plane 5A is negative ). " 
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Axis Along 
the Trajectory 

Observation Plane 

A'O A' 

Flg .n .7 A line diagram of the planes due to the tilting of the prongs in 

order to derive the tilting angles (5^ and 5 )̂-
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ZAO = U COS $A tan a (when there is no tilting) (2.12) 

and from Fig. II.6 and Fig. II.7 

AZ^ = 1A sin Â tan 5^ cos a (2.13) 

Substituting the values of Ẑ ^ and AZ^ into the equation ( 2.11 ) 

ZA„ = ZA + 1A sin *A tan S^, cos a (2.14) 

Evaluation of Z^^ is done by considering two specific cases-

CASE 1 When S^ is negative: 

In this case the prong ' A.' lies below the plane 1 (Fig. 11.7) 

ZAO = (OA^ + Ai A') tan a = Z A " AZA as Z^^ < Z^ 

= ( 1A cos *A + A Z A tan a ) tan a 

= 1A cos §A tan a + A Z A tan^ a 

= > Z A ~ A Z A = 1A cos $A tan a +AZ^ tan^ a 

= > 1A cos $A tan a - ZA = - A Z A sec^ a (2.15) 

Considering only the numerical value and substituting the value of 

AZ^ = 1̂  sin f̂  tan S^ cos a in the above equation (2.15) 

I^ cos *^ tan a - Z^ 

tan S^ = (2.16) 

I^ sin *^ sec a 

CASE 2: When 5^ is positive: 

For this case the prong lies above the plane 1 in Fig. II.7 

ZA, = Z^ + A Z A (2.17) 

= ( OA') tan a 

= ( OA'—A'A'o) tan a as tilting of the prong above the plane 

increases the projected length of the prong. 

= ( 1A COS *ŷ  — AZ^ tan a) tan a 

1̂  cos $A tan a —AZ^ tan^ a = Z^ + A Z A 

Again substituting the value ofAZA we have 

22 



Î  COS *^ tan a - Z^ 

tan 5^ = (2.18) 

IA sin $A sec a 

With the help of sunilar set of arguments for the prong 'B' 

IQ COS §B tan a - Zg 

tan fip = (2.19) 

IQ sin $Q sec a 

The equations (2.1) to (2.19) have been used for the purpose of determining 

the actual values of the parameters of an event from the measured (projected) 

values. 

II.1.4 CROSSCHECK FOR THE DERIVED EQUATIONS 

In order to prove the validity of the equations (2.18) and (2.19) three specific 

known cases are considered. 

CASEl : When 5 ^ = 0 ° 

= > tan S^ = 0 and for this case 

ZAO should be equal to Z^ 

Substituting the values of 5^ in equation 2.18 

tan S^ 
_ Ucos *A tan a - Z^ 

•- L sin *. sec a -* 1A sin *A sec a 

= > 1A cos f A tan a = ZA 

Again from equation ( 2.12) 1A cos $A tan a = ZAQ 
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Therefore, Z^ = Z^^ which is the expected condition. 

Similar set of arguments holds good when S^ = 0°. 

CASE 2: When 6^ =90° 

tan 5^ = indeterminant and tends to infinity 

Substituting once again in Equation 2.18 

lŷ  sin $^ sec a = 0 

sin $A = 0 as (1^ and sec a) = 0 

= > *A — 0 i.e. the projected opening angle = 0. 

This condition holds good for the situation when the prong is tilted by an 

angle 90° from the original plane, the projected opening angle is zero." 

Finally an intermediate situation considered. 

CASE 3: When the tilting takes place by an angle 45 ° 

5A = 45° 

tan 5A = 1 

Referring to the Fig. II.6 i.e the base of the cones where two co-axial circles 

are shown. If 5^ =45° then tan 5^ = 1 and 

thus from the equation (2.18) of 5^ we have 

1̂  cos $A tan a - Z^ = 1̂  sin f̂  sec a 

= > 1A cos §A sin a - ZA cos a = 1̂  sin f̂  

= > {(OAJ, + AJ,A') ZAO/ OA^ - { ZA (OAl) / (OAo)} = x^ 

= > {(OAi + yA sin a) ZJ OA^ - {ZA (OAJ,)/(OAO )} = XA • 

= > {OA'o (ZA, - ZA) / OA^ - {yA sin a ZJ OA^ = XA 

= > -A ZA cos a + yAsin^a = x^ 

Again AZA = yA cos a; Substituting the value 

yACOŜ a + yAsin^a = XA, 

.'. YA ~ ^A, which is the expected situation evident from 

Fig. II.6 when the tilting is 45° yA = XA-

Thus by counterchecking the validity of equations (2.18) and (2.19) has been 

established. In Table II.1 the equations used for determination of various 

parameters of an event have been summarized. 
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Table II. 1 

SUMMARY OF EQUATIONS DERIVED IN ORDER TO DETERMINE 

DIFFERENT PARAMETERS OF AN EVENT 

L^ = Z^ / sin R^ (2.3) 

LB = ZB / sin Bg (2.4) 

e^ = sin' ( 1A sin *A / L^ cos S^ ) (2.9) 

©B = sin"' ( Ig sin fB / LB cos 5B ) (2.10) 

1A cos $A tan a - ZA 

CJA = tan-' ( } (2.18) 

1A sin Â sec a 

1B COS $B tan a - ZB 

5B = tan' ( ) (2.19) 

1B sin f B sec a 
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IL2 RANGE ENERGY CALIBRATIONS 

As will be discussed in the second part of the analysis that the energy at whicli 

the scission has taken place is to be determined from the pre-fission track 

length in order to determine the incident momentum. This has been 

accomplished by the energy E vs. track length(L) calibration for a specific 

energetic ion in a detector medium. The energy E (in MeV) of a heavy ion 

is a non-linear function of the track length which can be expressed by the 

equation of the form 

n 

E (MeV) = S a^L'' (2.20) 

M = 0 

where n is the order of the polynomial and a^ are the coefficients determined 

with the help of the application program 'TRAPOLl' [39] and 'TRACALl' 

[39-41]. For different initial energies of an ion in a detector medium the best 

sets of coefficients are to be determined by considering the least mean square 

root deviation. Determination of best sets of coefficients for ^̂ Û and -̂ "Bi in 

CR-39 and Makrofol-E has been done as explained in the next chapter in 

order to determine the energy at the pre-fission point with the help of 

subroutine PXY used in the program 'TRANSCORD'. 

n.3 THE PROGRAM'TRANSCORD' 

The program 'TRANSCORD'is an application program developed in high 

level language 'FORTRAN' to carry out the first step of the analysis. Fig. II.8 

is a flow chart for the program 'TRANSCORD'. This program consists of two 

subroutines PXY and ACTCAL to perform desired jobs . PXY is used for 

the computation of energy of the projectile from the track lengtli at the 

scission point while ACTCAL performs the calculation of the real parameters 
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F l g . n . 8 A flow chart of the program 'TRANSCORD'. The input and 

output variables also stated. 
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of an event with the help of the derived equations of section II. 1 from the 

projected parameters of an event. Input and output variables of the program 

a:re explained in the flow chart. The program generates two output files. One 

contains the input data to be fed to the analysing program 'HIFISS' for the 

next step of analysis while the other contains different output variables in 

detail. 

11.4 THE PROGRAM 'HIFISS' (Heavy Ion FISSion) 

Second part of the analysis begins with the determination of the masses of 

the fragments in the two different exit channels. Once the masses are found, 

various other kinematical parameters are being determined. In order to carry 

out this part of analysis one more application program 'HIFISS' (Heavy Ion 

Fission) has been developed in FORTRAN. Computation of the masses is 

being done by the 'BINARY' search [42-45] algorithm in the 'DYNAMIC 

MODE' with the consideration that the momentum is being conserved for the 

fragments in the two different exit channels. 'BINARY' search is an algorithm 

used for the purpose of picking up a number from an array of few numbers. 

Fig. II.9 is a representation of'BINARY' search algorithm in the tree form. 

Here, each node has two leaves called the right child and the left child. 

Normal binary search is for an existing mode of data structure. But in the 

present case the data nodes to be searched do not exist as the masses to be 

determined are unknown and hence each node to be searched in the 

succeeding step has to be created in the previous step (logic behind 

'DYNAMIC mode). 
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Thus the scission of the projectile with mass M,, at energy 'ELAB' MeV is 

associated with incident momentum 

P.^= 2 Mp ELAB (2.21) 

From the dynamics of fission process (Fig. 11.10) the momentum for 

fragments 'A'and 'B'are 

PA = M^ V^ (2.22) 

PB = M3 V3 (2.23) 

Considering the vertical components ( along the trajectory of the projectile) 

of the momentum for each fragment 

Pin = MA VA COS e^ + MB VB cos OB (2.24) 

while the horizontal components ( perpendicular to the trajectory of the 

projectile ) are 

M^ VA sin e^ = MB Vg sin 8^ (2.25) 

By substitution 

PA = P,N / ( sin e^ ( cot e^ + cot Q^)) (2.26) 

and 

PB = P,N / ( sin dj, ( cot 6^ + cot 63)) (2.27) 

An example would be more explanatory for this purpose. For the fragment 'A' 

whose track length is L^ Atm the mass considered is 10 amu for the lower 

extreme while for the other extreme the mass considered is 228 amu, if the 

projectile is ^̂ ^U. It is well known that the velocity V is a non-linear function 

[16-18] of mass and track length which may be expressed by the following 

equation 

m n 
V = S • 2 C.^M'' L^ (2.28) 

^ = 0 ^ 1 = 0 

where m and n are the order of the polynomial and C^^ are the best set of 

coefficients generated. 

Thus for a particular mass the velocity can be evaluated and thereby the 

momentum. By applying the 'BINARY' search algorithm in the 'DYNAMIC 

mode if the momentum is conserved by applying the equations (2.21 -2.27), 
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Pfi^ : Momemtum of fragment 'A' 

Pg : Momemtum of fragment 'B' 

O 

Pjn : Incident Momentum 

®A* ®B"' Total opening angle 

in Laboratory System 

Fig.n. lO A diagram to explain the dynamics of fission process in terms 

of different momentum components. 
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masses are found for the two exit channels else in an iterative manner new 

masses are considered by the logic of 'BINARY TREE' and again similar 

process is repeated. If at the end of the 'BINARY TREE' iteration, the 

masses are not found then the particular event is said to have not passed 

through the analysis. 

From the masses searched, the velocity of the fragments is calculated by 

using the equation (2.28) with the help of pre - determined coefficients and in 

turn the kinetic energy. 

The total kinetic energy 

ETOT = K. E. of fragment 'A '+ K.E.of fragment 'B' (2.29) 

The subroutine 'MASS' along with 'RTNE', 'FVl', 'FV2', 'VELFl' and 

'VELF2'in 'HIFISS' is used to find masses of each fragment in the exit 

channels. The other subroutines used are 'CARTES','SKALAR'and 'ANGL12'. 

Fig. 11.11 is a flow chart for the program 'HIFISS' where the input and output 

variables are indicated. Fig. 11.12 is another flow chart for the program 

'HIFISS' where the different interactive functions and subroutines used are 

shown. 

n. 4.1 TOTAL MASS OF FRAGMENTS 

The masses in the two exit channels for an event are searched by the program 

'HIFISS' as explained above. The total mass abbreviated as 'MTOT' is equal 

to the sum of the masses of the fragments in the two exit channels. 

Mathematically 

MTOT = M^ + MB (2.30) 

MTOT may also be called as pre-fission mass. From the values of total mass 

of fragments, it is possible to find the reasons for the occurence of fork-like 

events. If the value of total mass of fragment is found to be near the value of 

projectile mass than the compound nucleus formation as a phenomenon for 
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Fig. n . l l A flowchart of the program 'HIFISS'. The input and output 

variables are also stated. 
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the occurence of these events can be ruled out. The conclusions derived from 

the total mass distributions for each system in the present study are 

discussed in chapter IV. 

11.4.2 THE Q-VALUE 

The Q-Value of fission is defined as the excess of energy released in the 

process of fragmentation of the nuclei by the difference in the value of tlie 

'BINDING ENERGY'. It is one of the significant signatures of the fission 

process. For the fission of heavy ions and also the compound systems, the 

energy released has a particular value associated with it as explained by the 

systematics of Viola [46]. Difference of energy between 'ETOT' and 'ELAB" 

is the 'Q-Value' for each event i.e. the total kinetic energy released during 

scission. 

From Viola systematics, [46] the total kinetic energy released in fission was 

computed as 

EK = 0.1071 ZVA''^ +22.2MeV (2.31) 

where Z is the charge of the compound nuclei and A is the mass. With the 

availability of data on light fissioning systems with precision and accuracy and 

by minimizing the contributions from competing processes the present 

modification [47] of the equation is 

EK = (0.1189 ±0.0011) Z'/A"' +7.3(+1.5)MeV (2.32) 

For the present investigation two projectiles i.e. °̂'Bi and '̂̂ U in CR-39 and 

Makrofol-E detectors have been selected. Both these detectors contain H, C 

and O atoms in different stoichiometric ratios. The calculated Q-Values using 

Viola systematics for fission of the projectiles and the probable compound 

nuclei have been tabulated in Table II.2. The evaluation of Q-Value is 

necessary as it is expected to indicate the kind of nuclear phenomenon 

associated with these fork like events. 
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H.4.3 RELATIVE VELOCITY OF THE FRAGMENTS 

Relative velocity of a fragment with respect to the other is another important 

evidence for the kind of phenomenon taking place in these two pronged 

events. It is well known that for fission relative velocity of the fragments is 2.4 

cm/ns [46- 48]. If V^ and Vg are the velocities of the fragments 'A'and 'B' 

respectively then the x and y component of relative velocity are: 

VR, = V̂ ^ - Vĝ  (the X component) while (2.33) 

VRy = V̂ y - Vey (the y component) (2.34) 

And therefore the relative velocity (VR) is 

VR = [ V ^ R ^ + V ^ R J " ^ (2.35) 

In the program 'HIFISS' the subroutines 'COEFF' and 'SKALAR' are used 

for the calculation of relative velocity. 

n.4.4 TOTAL OPENING ANGLE IN LABORATORY AND 

CENTRE OF MASS SYSTEM 

Total opening angle in the laboratory and in the centre of mass system 

between the fragments are some of the other evidences for the nature of 

phenomenon taking place in these events. The scattering angle in the 

laboratory is the total opening angle (0^ + Bg) between the fragments and in 

the centre of mass it is defined as the angle between the direction of the 

incident momentum and the direction of relative velocity (Fig. II. 13). In the 

program 'HIFISS' the subroutine 'ANGLI2' is introduced for the calculation 

of scattering angle in the centre of mass system. Logic used for the 

determination of total opening angle in the centre of mass system is 

calculation of the dot product of two vectors (incident momentum and relative 

velocity). 
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VA : Velocity of fragment 'A' 

»i^» VB : Velocity of fragment 'B 

c M 

VR : Relative Velocity 

6c M = Total opening angle In 

centre of mass 

Fig. n .13 A diagram to explain the different velocity vectors for the 

determination of relative velocity and the total opening angle 

in the centre of mass system. 
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II.4.5 DATA TEST FOR THE PROGRAM 'IIIFISS' 

The validity of the program 'HIFISS' is checked by considering certain 

artificially created symmetric and asymmetric events. In fact 

'SIMULATIONS' with artificially created events were being carried out. 

(i) For the event due to the symmetric fission of ^̂ *U in CR- 39 the following 

input data were considered. Let the fission take place at energy 2570.0 MeV. 

Track lengths of each track (L^ and Lg) of 150.9 fj.m each and opening angles 

(e^and OB) ,of 15° each. 

Epf = 2570.0 MeV; L^ = 150.9Aim = I^; 6^ = 15° =% 

The values computed by the program 'HIFISS' are tabulated in Table II.4 

(ii) Similarly for an asymmetric fission of ^̂ *U in CR-39 the input values of 

the artificially created events are tabulated in Table IL3 while the output 

values are listed in Table IL4 

The output values computed by the program 'HIFISS' are in agreement with 

the expected values. This proves the soundness of the logic used for 

developing the program 'HIFISS'. 

n . 5 DIFFERENTIAL AND TOTAL CROSS-SECTION 

Cross-section is defined as the probability of occurence for a particular kind 

of nuclear process. Hence the cross-section for the occurence of fork like 

events can be defined as the number of interactions per unit flux of the 

projectile per unit number of atoms present in the detector matrix. The flux 

for the present case is considered as the number of projectiles per unit 

cross-sectional area. Therefore the total cross-section can be expressed in 

the mathematical form as 

cTe = (2.36) 
n $ a x 
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where 

CT^ : Cross-section in barns for tlie occurence of these events, 

Ng : Total number of events, 

n ; Number of target atoms per unit volume of the detector matrix, 

$ : Number of projectiles per unit area (Flux), 

a : Total surface area of the detector. 

X : Detector thickness considered. 

For total cross-section calculation, N̂  is the total nuinber of events which 

passed through the analyzing program 'HIFISS'.The thickness considered is 

the range of the projectile down to 6 MeV/u (threshold limit observed for 

these events). 

As few resonance peaks have been observed in the plots of number events vs. 

the pre-fission energy, it is worth-while to discuss the calculation of differential 

cross-sections corresponding to these peaks. The number of events under each 

resonance peak are considered as N̂  and the differential target thickness is 

obtained from the FWTM value of the resonance peak. The values of '$'and 

'a' are invariant, while the value of n has been calculated for each individual 

peak considering number of atoms of the particular element present in the 

detector matrix on the basis of coulomb barrier. For example at energies 

above 11 MeV/u of the projectiles number of'H'atoms are also considered 

for differential cross-section calculation while below 11 MeV/u, only the 

number of C and O atoms are considered. 

II.6 ANALYSIS OF TIIE THIRD PRONG 

Fork-like events with a third prong at the point of scission were observed for 

^̂ Û in CR-39. It has been assumed that this third prong must have been 

created by the prefission emission (evaporation) of particle from the excited 
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compound system. The reasons for such an assumption has been explained 

along with the observations in chapter IV. Being the first study on this 

interesting aspect of the phenomenon, attempt has been to determine the 

actual length of the third prongs and also the directional behaviour of ejection 

either in tiie forward or backward hemisphere. The studies related to the 

identification of the particles which create these prongs in terms of mass and 

energy are deferred due to the poor statistics. Once again a geometrical 

approach is undertaken. In Fig. 11.14 (a and b) the top and side view of an 

event with the third prong is shown. The measured parameters of the third 

prong are the projected track length (Ip), the projected angle ($p) and depth 

(Zp) of the prong from the point of scission. 

Let Bp be the angle by which it is inclined then 

. tan 3p = Zp / Ip (2.37) 

where Zp is the depth of the third prong from the point of scission and Ip is 

the projected length of the third prong. 

Thus the actual length of the third prong is 

Lp = Zp / sin Rp (2.38) 

where Zp contains the correction for the refractive index of the detector 

matrix (CR-39). 

The directional behaviour of emission of these particles in backward and 

forward hemisphere is derived by considering a plane which is perpendicular 

to the direction of the incoming beam. The variable Sp is calculated for the 

simplicity of derivation and it is the angle of tilting of the plane containing 

the third particle from the observation plane. One more equation has been 

derived to calculate Sp which is expressed as 

Zp 

Sp = tan' -* (2.39) 
lp sin $p 

The equations derived for the third prong are tabulated in Table II.5. 
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(a) Top view 

Aop=ip 

(b) Side view 

F i g . n . l 4 Line diagrams siiowing an event with the third prong, (a) Top 

view (xy -plane). (b) Side view (xz-plane) . Different 

parameters are also indicated. 
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The systematic approach undertaken to derive the directional behaviour 

(Backward 'B'and Forward 'F') of the third prong along with the angle (6,,) 

with respect to the direction of the incoming projectile is explained in 

Table 11.6. 
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CHAPTER m 

EXPERIMENTAL PROCEDURE 

ni . l SELECTION OF DETECTORS 

The fascinating fork-like events were observed initially for '̂̂ U in CR-39 [38]. 

Later on such events were observed for ^̂ *U in Makrofol-E, Cellulose Nitrate 

and Mica detectors. As the work on different experiments were in progress 

they were observed in similar detectors irradiated to °̂'Bi and *̂̂ *Pb. Since 

then the inquisitiveness grew about the selection of detectors to carry out 

systematic heavy ion fission studies in a An geometry in order to find possible 

explanations for the occurence of these events. The choice of detectors for 

such experiments is very important as the occurence of such phenomenon in 

a detector is found to be comparatively low, and therefore the registration^ 

efficiency of a detector must be high with a low energy threshold for 

registration^ so that the entire gamut of particles from lower to higher masses 

are recorded. Moreover the damage trails created by the fragments in the 

different exit channels should be completely etchable too. Though etching 

efficiency of a detector is purely a geometrical requirement of irradiation, few 

simple properties have been considered in selecting the detectors - such as the 

detector composition, registration efficiency and registration threshold to 

record the etchable tracks of particles with wider spectrum of masses. 
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For the present investigation two sensitive polymeric track detectors 

were selected. These are: (a) AUyl-diglycol polycarbonate and (b) Bisphenol-A 

polycarbonate, which have commercial names CR-39 and Makrofol-E 

respectively. Selection of these two detectors has been mainly due to the 

initial observation of events were in CR-39 and also because CR-39 has an 

inherent property of its own for detection of various low energetic particles 

with a high registration efficiency. It also has low value of registration 

threshold energy for a wide spectrum of masses. It has already been reported 

that CR-39 can efficiently register low (60-727 KeV) [49] as well as high 

energetic (upto 10 MeV) protons [50,51]. CR-39 has also been used for the 

detection of anomalous fragments produced in the reactions of energetic 

heavy ion collisions [52]. Its application has also been exploited for the 

determination of projectile fragmentation cross-sections in the relativistic 

heavy ion collisions [20,53,54]. The application has also been in search for 

projectile fragments with fractional charges in relativistic heavy ion collisions 

[21]. Besides CR-39 is excellent in optical standards [55] as the optical 

trasperancy is not degraded even after subjecting to high radiation doses and 

prolonged etching. 

Makrofol-E - a sensitive polycarbonate track detector with capability of 

recording a-particles of energy as low as 1 MeV [56,57,58]. Makrofol-E has 

been used as an ion discriminator (Z < 5) for the detection of exotic 

radioactive decay mode of ^̂ R̂a and ^̂ ''Ra by "*C emission. Both CR-39 and 

Makrofol-E contain C,H and O in different stoichiometric ratios per 

monomer. Important properties of these two detector materials are tabulated 

in Table III.l. 

m.2 PREPARATION OF DETECTORS AND IRRADIATIONS 

CR-39 and Makrofol-E were cut from commercially available sheets in to 

square pieces of size 2x2 cm .̂ After removal of surface protective layers, they 
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Table III.l 

IMPORTANT PROPERTIES OF CR-39 AND MAKROFOL-E 

Properties 

Commercially 
available as 

Monomeric 
composition 

Chemically identified as 

Molecular Weight 

Density (g/ml) 

Refractive Index 

Thickness (/xm) 

Uniformity 

Surface View 

Optical Behaviour 

(dE/dx), 

Minimum detectable 
mass ( particle ) 

Manufactured by 

CR-39 

CR-39 

^n^igO? 

AUyl-Diglycol 
Carbonate 

274.0 

1.32 

1.5 

1500 

Good 

Optical Grade 

Transparent 

5.0 MeV 

a 

Homalite Corp. 
Wilmington, Del, 
U S A . 

Makrofol-E 

Makrofol-E 

C16H14O3 

Bisphenol-A 
Polycarbonate 

254.0 

1.14 

1.63 

300 

Good 

Optical Grade 

Transparent 

5.0 MeV** • 

P 

Bayer (AG) 
Leverkusen, 
Germany, 

* Ref. [36] ; ** Ref. [35] 
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were washed properly in order to remove surface contaminations. The 

detectors were irradiated to a well collimated beams of °̂'Bi and ^̂ Û at the 

XO port of UNILAC, GSI, Darmstadt. An account on the irradiations carried 

out are in Table III.2. Variations in the energy have been done in order to 

find the cut-off (threshold) value of energy for the occurence of fork like 

events in the detectors. The degraded energies were obtained by using 

aluminium foils of uniform thickness. 

m.3 CHEMICAL PROCESSING 

Revealation of tracks by chemical treatment is more of an art than science, 

nevertheless it remains an important aspect of nuclear track technique, as a 

suitable etchant under an optimum condition would be helpful in developing 

the well defined tracks with good contrast leading to measurement of various 

parameters of an event without much deviation. To find a suitable etchant and 

its proper thermal condition for CR-39 and Makrofol-E few test experiments 

were undertalcen. Selection of a suitable chemical reagent under an optimum 

condition is based on few important factors such as - the complete etching 

of the prongs of an event and also the time. The time required to etch the 

prongs of an event should not be too large so that a major portion of the 

detector thickness remains unetched. Last but not the least the detector 

surface must not be degraded in optical standards aftef etching as this would 

cause an optical interference of the transmitted light of the microscope during 

the measurement of different parameters of an event. This leads to a large 

deviation in the values of calculated parameters. Table III.3 is an account on 

the suitable etchants for the two detectors used for the present investigation 

along with the thermal conditions. Thus the chemical processing of the 

irradiated samples in the mentioned chemical reagents were carried out 

under optimum conditions to reveal the fork-like events as well as the linear 

tracks of the projectiles. 
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ni.4 OBSERVATION AND SCANNING 

Completely developed track detectors were scanned under an optical 

microscope (Leitz, Laborlux D) at a low magnification (156x) in order to 

locate the positions of the events. The location of an event is helpful in doing 

multiple measurements of various parameters of the event. The positions of 

the events were recorded as the coordinates (x,y)of the scanning plane. Once 

an event was located after recording its location the various parameters of the 

event were measured. Thus two kinds of protocols were generated. One for 

recording the positions along with the shapes of the events while the other 

to record the various measured parameters. 

III.4.1 MEASUREMENT OF VARIOUS PARAMETERS 

a. OF A FORK-LIKE EVENT 

As mentioned in the previous chapter measurement of various linear 

dimensions of the projected image of each event such as the pre-fission track 

length (Ipf) and the lengths of the prongs 'A' and 'B' (1^ and Ig respectively) 

were measured with the help of pre-calibrated micrometer placed in the 

eye-piece at 625x magnification. The minor axis of the elliptical face of eacli 

event was measured at 1526x magnification to find the bulk etch rate, in order 

to incorporate the surface etching corrections to the pre- fission track length. 

The angles ^^ "̂<i *B (Fig. III. 1) were measured with the help of a specially 

designed and fabricated goniometer placed in the eye-piece of the microscope. 

An enlarged view of the goniometer disc is shown Fig. III.2 through which 

microscopic angles can be measured with an accuracy of ±2° . 

The depths of the prongs (Z^ and Zg) from the point scission were measured 

with the help of 'HEIDENHAIN' depth measuring device. Procedure for the 

measurement of depths with the help of 'HEIDENHAIN' depth measuring 
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,cp A0° 5° 0 

Fig. 111.2 An enlarged view of the angle measuring device. 
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device has already been reported [59] in detail. In brief it consists of a 

measuring gauze (CT-60) with a plunger, a remote control for the plunger 

movement and a display unit (VRZ 210). The measuring length of the gauze 

(CT-60) has a glass scale with a DIADUR- line grating (pitch 10 MI"). The 

scale grating is photoelectrically scanned. The output signals of the gauze 

head are interpolated and digitised in the (VRZ 210) display unit. This device 

has a claimed accuracy of +0.1 jitm for any kind of thickness measurement. 

For measuring the depths of the prongs 'Z^' and 'Z,,' the head of the plunger 

is kept in contact with the stage of the microscope. The depths of the prongs 

from the pre-fission point are measured by first focussing the microscope at 

the point of bifurcation and resetting the display to zero and then by moving 

the stage downward to focus the prong tips and recording the values from the 

dispaly unit. 

b. OF A FORK-LIKE EVENT WITH THE THIRD PRONG 

Similar measurements have been carried out for the events with the third 

prong too. The two longer prongs were measured exactly in a similar fashion 

as mentioned above. For the third prong the projected length (Ip) was 

measured. The angle *p (Fig. 11.14) was measured with the help of the 

goniometer placed in the eyepiece of the microscope while Zp was measured 

with the help of 'HEIDENHAIN' depth measuring device. The measured 

parameters of the third prong were also recorded in the protocols. 

in.4.2 DETERMINATION OF TRACK DENSITY 

The number of tracks under a graticule placed in the eye - piece of the 

microscope were counted at 625 magnification. An average of 100 such fields 

of view for each piece of detector were considered to determine the average 

track density. This value of track density has been used for cross-section 

calculation (differential as well as total) as discussed in the previous chapter 

(Section. II.5). 
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m.4.3 DETERMINATION OF ENERGY OF TIIE PROJECTILES 

The degraded energies of the projectiles were obtained by placing uniform 

aluminium degrader foils of known thickness on the surface of the detectors 

at the time of irradiation. Even though the energy-loss in the degrader foils 

can be determined from the range-energy calibrations of the degrader but 

for the present case a different approach is undertaken. In this a track length 

distribution is generated to fmd the most probable track length for a given 

energy in a detector. The most probable track lengths were found from 

gaussian fittings to the track length distributions, generated with the help of 

the application program 'TRADIS'[39]. After this the most probable energy 

is found from the pre-calibrated energy-track length curves of the particular 

projectile in the specific detector matrix. By this method any possible sources 

of errors in the variation of energy and non—uniformity of degrader foils are 

taken care of. 

m.5 CALIBRATION OF DETECTORS 

Calibration of detectors is a primary requirement for the present study. As 

explained in the previous chapter, two different kinds of calibrations for any 

detector js_essential. The first kind of calibration for the detectors is energy 

'E' in MeV as a non-linear function of track length 'L' in /xm which can be 

expressed as 

m 
E (MeV) = Ea^L*' (3.1) 

M = 0 

where m is the order of the polynomial, â  are the best set of coefficients. 

It has been observed for the present systems that the best set of coefficients 

could be obtained by using third or fourth order of polynomials. 
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Determination of the best set coefficients involve two steps of computation. 

First the coefficients are calculated for different orders of the function with 

the help of an application program 'TRAPOLl' [39]. Next is to determine 

the values of mean square root deviation for each set of coefficients with the 

help of another program 'TRACALl'PP]. The set/coefficients with least mean 

square root deviation is considered as the best set. 

This kind of calibration is required to find the energy of the projectile at the 

point of scission from the pre-fission track length as explained in the previous 

chapter to calculate the incident momentum. 

For the present investigation the best set of coefficients were determined for 

each initial energy of ^°'Bi and '̂*U in CR-39 and Makrofol-E by the above 

mentioned method. In Table 111.4, III.5, in.6 the best set of coefficients for 

'̂̂ U and ^"'Bi of different energies in the two detectors have been tabulated 

along with the values of mean square root deviations. 

The other calibration is the polynomial interdependence between the velocity, 

the range and the mass of the penetrating nuclei [16 - 18]. This kind of 

polynomial may be expressed as a function of the following type 

m n 
V = S s C^^ M" L^ (3.2) 

M=0 = 0 

where m and n are the orders, V is the velocity in cm/10 ' '°s, L is the track 

length in /xm, M is the mass in amu and C^^ are the best set of coefficients. 

Here too the best set of coefficients are determined with the help of a two 

step computation as explained above but the application programs used are 

'TRAP0L2' [39] and 'TRACAL2' [39]. 
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With the help of the available experimental as well as theoretical data on 

ranges of various ions in these detectors (CR-39 and Makrofol-E), calibrations 

were done by finding the most appropriate sets of coefficients. The values 

of the best sets of coefficients for '̂̂ U and ^"'Bi in CR-39 and Makrofol-E 

are tabulated in Tables m.7, IH.S, m.9, UI.IO. 

m.6 ERROR ANALYSIS 

Error is the difference between a calculated or observed value and the true 

value. Systematic error arises due to the calibration of the instrument or from 

bias on the part of observer. Such kind of errors are to be incorporated in the 

analyzed data to arrive at any meaningful result. 

In the present study while measuring the linear dimensions of any parameter 

of an event, it is impossible to measure half a division of the micrometer in 

the eye-piece with accuracy. Hence the measurement inaccuracy for linear 

dimension measurement is considered to be half a division at any 

magnification. Similarly while measuring the depth (Z) by focussing 

downward an error of +2 jum was observed. Again during the measurement 

of polar dimensions i.ethe angles, an inaccuracy of ±2° was seen. Thus error 

analysis in the present study is of no less importance as every stage of 

analysis is associated with certain amount of experimental and its resultant 

inaccuracies. To determine these inaccuracies 'SIMULATION' ' on an 

artificially created event was carried out by varying .the values of different 

parameters of the ideal event within the limits of encountered inaccuracies. 

in.6.1 EXPERIMENTAL ERRORS 

Error in the measurement of track length was determined to be +1.2 Mm 

while the diameters were measured with an accuracy of +0.5 /im. In the 

measurement of depth (Z) a maximum error of +2.0/um was observed. The 

measurement inaccuracy for the angles were +2.0°. 
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The other errors during experimentation were the maintenance of temperature 

during chemical processing and the time recorded for etching. They introduce 

a negligible errors in the present investigation and hence were not taken into 

account for a detail analysis. 

in.6.2 ERRORS IN THE DERIVED QUANTITIES 

Table III.ll gives an account on the errors involved in the derived parameters 

of an event due to the measurement inaccuracies. To arrive at these values 

at first an ideal event was created. Then measurement inaccuracies were 

incorporated to the values of the projected parameters of the event. Finally 

these values were fed to the program 'TRANSCORD' in the first step of 

analysis. The deviations from the ideal situation were considered as the errors 

in the values of real parameters of an event. It may be observed that the 

measurement inaccuracies lead to a maximum deviations of ±2.3/xm in the 

lengths of the prongs, ±1.5 "in the real opening angles and ±4° in the tilting 

angles. 

m.(i.3 ERRORS IN THE DIFFERENT KINEMATIC VARIABLES 

The final step of analysis is the determination different kinematit variables 

of an event (fragment masses, relative velocity, Q-Value, asymmetry 

parameter) as explained in the previous chapter. These values too are 

determined with certain amount of inaccuracies due to the errors involved in 

the first step of analysis. Once again the values for an 'ideal' event and the 

inaccuracies along with them were considered.. Then these values were fed to 

the program 'HIFISS' in order to evaluate the errors in the second step of 

analysis. Measurement inaccuracies lead to a maximum error of ±20 amu in 

the total mass while an error of ±30 MeV in the Q-Value. The relative 

velocity could be determined within an accuracy of ±0.02 cm/ns. 
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CHAPTER IV 

RESULTS AND DISCUSSION 

IV.l STATISTICS OF EVENTS 

In Table IV.l (a, b, c, d) the total number of events observed at each initial 

energy of ^̂ *U and '̂''Bi in CR-39 and Makrofol-E have been tabulated. It also 

contains the number of events which pass through the analysing program 

'HIFISS' i.e. the events for which the fragment masses in the exit channels 

could be searched. It is apparent from the statistics that for '̂̂ U in CR-39 

nearly 90% events could pass through the program as fission events. Similar 

is the observation for the same projectile in Makrofol-E, 

Again for^^^Biof 13.0MeY/u in CR-39 and Makrofol-E 98% and 96% events 

respectively could pass through the analysis. 

As evident from the above results that majority of events have passed through 

the analyzing program 'HIFISS', it may be concluded that a similar nuclear 

phenomenon is responsible for the creation of these events. 
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IV.2 DIFFERENTIAL AND TOTAL CROSS-SECTIONS 

Fig. IV.l to Fig. IV.5 are the plots of number of events as a function of 

pre-fission energy for '̂*U projectile of five different (16.4, 15.2, 14.0, 13.0, 

11.3 MeV/u ) initial energies in CR-39. In these plots it is clearly seen that 

resonances occur at pre-fission energies 7.0, 9.4, 11.8 and 14.2 MeV/u ( 

marked a, b, c and d ). Determination of differential cross-sections at these 

resonance energies has been done and are tabulated in Table IV.2. 

Similarly for '̂*U in Makrofol-E the plots are represented in Fig. IV.6to Fig. 

IV.9. Again these plots contain distinct resonance peaks ( marked a, b, c, d ) 

at 7.0,9.4, 11.8 and 14.2 MeV/u respectively. For these systems also the 

differential cross-sections have been determined and are tabulated in Table 

IV,3. 

For 13.0MeV/u *̂'̂ Bi in CR-39 and Makrofol-E the plots are shown in Fig. 

IV.lOand Fig. IV.llrespectively. Here too the resonance peaks are observed 

at the same pre-fission energies which are separated by 2.4 MeV/u. The 

differential cross- sections at these energies have been determined and are 

tabulatd in Table IV.4. 

From these plots ( Fig. IV.l- Fig. IV.9) it is very much apparent that there 

exists a threshold (cut-off) value of energy for the occurence of these events 

as below 6 MeV/u for ^̂ Û and 5.8MeV/u for ^"'Bi no events do occur. This 

indicates the existence of a coulomb barrier of interaction between the 

projectile and the atoms constituting the detector matrix. Hence qualitatively 

it can be said that the projectile has undergone fusion with the atoms of the 

detector matrix before scissioning. The complete and incomplete component 

of fusion is not possible to be resolved due to the limitations of this technique. 
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The values of differential cross-sections corresponding to the pre-fission 

energies at 11.8MeV/u were found to be the maximum for '̂*U in CR-39 

and Makrofol-E. This is very much expected as the number of events observed 

at this pre-fission energy is maximum. Similarly for *̂"Bi in CR-39 and 

Makrofol-E the differential cross-section corresponding to pre-fission energy 

11.8MeV/u is the highest. Further it may be noted that the fusion barrier of 

projectiles f 'Bi and ^̂ *U) with H is just surmounted at around 12 MeV. This 

is the reason for sudden increase in the number of events at 11.8 MeV/u as 

shown in Fig.IV.lto Fig.IV. 11 except in Fig. IV.5,where the projectile energy 

is less than 11.8Mev/u. 

The total cross-section for the occurence of these events in the mentioned 

systems have been determined and are tabulated in Tables IV.5 - IV.7. 

Excitation function plots (total cross-section as a function of energy) for ^̂ 'U 

in CR-39 and Makrofol-E have been generated and are in Fig. IV. 12and Fig. 

IV.13 respectively. It is apparent from these two plots that total cross-section 

increases with increase in the energy of the projectile. This leads to the 

conclusion that inelastic scattering as a cause for the occurence of the events 

can be ruled out, as the coulomb barrier for O, C and H are gradually 

surmounted with increase in projectile energy from 6 MeV onwards. Hence 

fusion-fission should be responsible for creating the" fork like events. 

IV.3 TOTALMASS OF FRAGMENTS 

The program 'HIFISS' searches the masses of the fragments in the two 

different exit channels for each event by conserving momentum as explained 

in chapter II. The values of total mass were found to be randomly distributed 

in each case. Hence the values in each case were fitted to a gaussian 

distribution as shown in Figs. IV.14to IV.17.From these kind of distributions 

the most probable values of total-- mass were determined corresponding to the 
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Fig. IV.12 Excitation function plot for ^̂ 'U in CR-39. 
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Fig. rV.13 Excitation function plot for ^*U in Makrofol-E 
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peak positions. Table IV.8 contains the most probable values of total mass of 

fragments for '̂*U in CR-39 at different energies along with the standard 

deviations. Most probable mass values for '̂*U in Makrofol-E are in Table 

IV.8. Table IV.9 contains similar data for 13.0 MeV/u "̂̂ 'Bi in CR-39 and 

Makrofol-E. 

Most probable values of total mass for '̂̂ U in CR-39 and Makrofol-E are 

found to be about 250 amu with standard deviations ranging from 8-12 amu. 

This clearly indicates that the projectile has undergone fusion with the nuclei 

of the atoms H, C and O present in the detector matrix. Similarly for °̂'Bi 

the most probable value for total mass is 222 amu with standard deviation of 

about 8 amu. This observation further supports our earlier conclusion. Though 

the individual peaks for the compound systems f'^U + 'H, '̂̂ U -I- '^C, ^̂ *U 

-f- ''̂ O, '"'Bi +% '"'Bi + ''C, '"'Bi -I- '"̂ O ) are not possible to be resolved but 

a cumulative effect may be observed by the use of SSNTDs for studying 

nuclear reactions. 

IV.4 THE Q-VALUES OF THE NUCLEAR REACTIONS 

The Q-Values determined for these events are helpful in assigning the 

phenomenon for the occurence of these events. The Q-Value according to 

Viola systematics for binary fragmentation due to the random neck scission 

of the projectile or the compound systems generated in these events have 

already been tabulated in Table n.2 . As described in chapter II the Q-Value 

in each case were computed by the analysing program 'HIFISS'.The values 

were found to be randomly distributed and hence were fitting well to a 

gaussian distribution generated by the application program 'TRADIS' [39] . 

Figs. IV.18-IV.llare such plots for different projectile detector systems. 
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Fig. IV.18 Q-value distribution for 16.4 MeV/u ' ' 'U in CR-39. 
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Fig. IV.19 Q-value distribution for 17.2 MeV/u '̂̂ U in Makrofol-E 
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ĉ  1—( 

m 
^ 
1—1 

lo ' 
r—t 

+1 
O 
oo 

O 

'*' 

en 
1—( 

+1 
oo 
VO 

^ 
( N 

o 
CN 

+1 
OO 

^ 

O 
CO 

>o 
1—t 

+1 
l O 
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From similar plots the most probable Q-Value in each case were found and 

tabulated in Table IV.lOand Table IV.ll. The Q-Values for '^'U in CR-39 

has been found to be within the range of 165 - 180 MeV with standard 

deviation ranging from 10 to 20 MeV. In the case of Makrofol-E variation is 

within 168 - 182 MeV with standard deviations of 10 - 15 MeV. For ^°'Bi in 

CR-39 the Q-Value has been found to be 155 ± 15 MeV and in Makrofol-E 

152 ± 13 MeV. The Q-Values for the mentioned systems are conforming well 

with the Viola systematics for binary fragmentation. Hence the first 

signature for the binary fragmentation of the projectile or the compound 

systems is detected. This also is an evidence for the formation of the excited 

compound nuclei. Hence it can be said that scission of the projectile or the 

compound systems are the reasons for the occurence of these fork like 

events. 

IV.5 FRAGMENT MASS DISTRIBUTIONS 

The masses of each fragment in the two exit channels were searched with the 

help of the 'BINARY SEARCH' algorithm in the program 'HIFISS'.A Plot 

of fragment mass distribution has been generated for ^̂ Û in CR-39 and 

Makrofol-E as shown in Fig. rV.22 and Fig. rv.23 respectively. Here 

fractional yield for each mass fragment has been plotted as a function of 

fragment masses. It is evident from these plots that scisssion of the projectile 

or the compound system did occur at the pre-fission point. 

In the case of "̂̂ Bi in CR-39 and Makrofol-E similar plots have been 

constructed and are shown in Fig. IV. 24 and Fig. 25 respectively. Thus the 

idea of scission has further been supported by the results obtained from 

fragment mass distributions. 
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IV.6 RELATIVE VELOCITY OF FRAGMENTS 

As the search for different signatures of binary fragmentation of the projectile 

or the compound system has been undertaken, another important kinematic 

variable for these events which should indicate the processes involved for 

these events is the relative velocity of fragments with respect to each other. 

The relative velocity of fragments in binary fragmentation of the projectiles 

and the compound systems considered for the present study should be 2.4 

cm/ns [46, 48]. 

The relative velocity in each case is calculated by the program 'HIFISS'. These 

values are found to be randomly distributed and a best fitting could be 

achieved in the form of gaussians as shown in Fig. IV.26 - Fig. IV.29. From 

similar plots the most probable values of relative velocity of fragments are 

determined and are tabulated in Table IV.12 and IV.13.The value 2.4 ± 0.2 

cm/ns is found to be the most probable relative velocity. This takes us one 

more step ahead in search of reasons for the occurence of binary 

fragmentation by random neck scission. Hence one more supporting evidence 

for the binary fragmentation of the projectile or the compound system 

responsible for creating the events has been found, 

IV.7 TOTALOPENING ANGLE IN LABORATORYSYSTEM 

The total opening angle in the LABORATORY system is defined as the 

actual angle between the two prongs of an event i.e. (6^ + 83). Total opening 

angle can also be defined as the scattering angle between the fragments in the 

LABORATORY system. (Fig. IV.30a, b and c) are the plots of total opening 

as a function of pre-fission energy for '̂*U in CR-39 for different initial 

energies of the projectile. For ^̂ Û in Makrofol-E the plots are (Fig. IV.31 a 
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and b). Similarly for 13.0MeV/u ^"'Bi in CR-39 and Makrofol-E the plots are 

given in Fig. IV,32 and Fig. IV.33 respectively. 

The significant observation from these plots is that the opening angle 

increases as the energy of the projectile decreases. Though it is a qualitative 

observation, it leads us to the conclusion that binary fragmentation or fission 

of the projectile or compound nuclei has taken place. Usually at low kinetic 

energy of a projectile or compound system, the repulsive forces of fragments 

at saddle point dominate over the forward momentum, which results in to 

large opening angle. 

IV.8 TOTAL OPENING ANGLE IN CENTRE OF MASS SYSTEM 

The values of total opening angle in the centre of mass system have been 

determined in each case and are illustrated in Figs. IV.34 - IV.37 as a 

function of pre-fission energy. It is apparent from these plots that the 

opening angle in -. centre of mass system is independent of the pre-fission 

energy. This indicates that there exists a non-selective -directional emission of 

fragments. Therefore it is concluded that fragments are isotropically emitted 

in the forward hemisphere proving the fact that fusion-fission is the cause for 

the occurence of these events. 

TV.9 ANALYSIS OF TBGE THIRD PRONG 

The fork like events with the third prong at the point of bifurcation were 

observed when ^̂ Û projectiles at different pre-fission energies interact in 

CR-39. The creation of the third prongs may be due to the pre-fission 

emission of particles from the excited compound nuclei. However with ^̂ *U 
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projectile in Makrofol-E such three pronged events were not observed 

probably due to the fact that the registration threshold of Makrofol-E is 

higher than the maximum energy deposition rate of the lighter particles ( such 

as a particles). The assumption for the a-particle emission or evaporation 

from the compound nuclei is due to the following observation. 

(i) In Figs. IV.l-IV.5the resonance peaks are observed at 2.4MeV/u apart 

in laboratory system. The 2.4 MeV/u in the laboratory system corresponds to 

28 MeV in the centre of mass for (̂ '̂ U + '̂ C) as shown in Fig. IV.38.0n the 

basis of binding energy per nucleon criteria this can be attributed to the 

emission of a cluster of4nucleons or multiples of 4 nucleons from the excited 

compound nuclei. 

In CR-39 16 such events were found to be appropriate for measurement. 

Different parameters of the third prongs were measured and they have been 

analyzed in terms of their true lengths, emission angles with respect to beam 

direction in the forward or backward hemisphere. The different measured 

parameters for the third prong along with the derived parameters using the 

equations of chapter II (Section II. 6) for all the 16 events have been 

tabulated in Table IV. 14. Fig. IV. 39 is a photomicrograph of the ninth event 

in Table IV.14.The measured length of the third prong is 13.44/^m and it lies 

in the third quadrant. The actual length of the third prong is 19.24 jum. It lies 

in the forward hemisphere and makes an angle of 338.5° with the beam 

direction. 

From the distributions of these prongs, it has been observed that four out of 

sixteen such prongs were created by the emission of particles in the backward 

hemisphere. The evaporation of neutrons and charged particles like protons 

and a-particles from excited compound nuclei ( '*0 + ^̂ U [60, 61, 62] and 

I2Q + 238y j-gj^ 64] ) havc already been reported on the basis of theoretical 

assumptions and experimental evidences. But as the nuclear track detectors 
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Fig. IV.39 A photomicrograph showing the ninth event of Table IV. 14. 

The length (Lp) of the third prong is 19.24 /xm. Thi$ prong is 

created by a particle emitted in the forward hemisphere at 

an angle (6p) of 338.5° with respect to the beam direction. 
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are insensitive to neutrons, charged particles like ''He evaporated from the 

excited compound nuclei can be recorded. Fuchs et. al. [65] have reported 

that the a-particles emitted in the backward direction is entirely due to 

evaporation. Again Canto [66] have reported that the coulomb field of the 

outgoing fission fragments steers alphas in the perpendicular direction when 

particle emission and fission occur in the same time frame. The third prongs 

for the event nos. 12 and 14 in Table IV. 14 are in the backward hemisphere. 

They were formed by the particles emitted at 96.2° and 90.7° with respect to 

the beam direction respectively. Even though the statistics of these prongs are 

less, but from the observations of the present study on these third prongs, it 

appears that the third prongs are due to the evaporation of charge particles 

from the excited compound nuclei formed by the interaction of the projectile 

^̂ Û with the nuclei of the atoms present in the detector matrix. 
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CHAPTER V 

CONCLUSION AND FUTURE PERSPECTIVES 

A simple technique has been developed in order to study the fission of heavy 

ions and associated particle emissions (evaporation) in Solid State Nuclear 

Track Detectors in 4n geometry. The technique consists of a geometrical 

approach followed by computational methods. The computational part is 

based on the logic of data structures and numerical methods. By this 

technique it has been possible to study individual events in terms of their 

different kinematical variables. Besides, few reasonable explanations for the 

occurence of these fork like events could be found. 

The salient features on the analysis of the events are : 

(i) Majority of the events (90% - 95%) were identified as fission events. 

(ii) Existence of threshold value of energy for these events leads to the 

conclusion that these events are found due to the interaction of the projectiles 

with the nuclei of the atoms constituting the detector matrix. 
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(iii) Excitation function plots show resonances at intervals of 2.4 MeV/u in 

laboratory system or 28 MeV for '̂̂ U + '̂ C in the centre of mass system. 

Total cross-section is an increasing function of energy and hence these fork 

like events have been attributed to fusion-fission reactions. 

(iv) Total mass of fragments support the formation of compound nuclei [67 

-70] by the interaction of the projectiles with the nuclei of the atoms 

constituting the detector matrix. 

(v) Q-Values of the reactions indicate the fission of these compound nuclei 

in the forward hemisphere. 

(vi) The fragment mass distributions further support the fission of compound 

nuclei. 

(vii) The most probable values of relative velocity of the fragments also signify 

the occurence of binary fragmentation (fission) of the compound nuclei. 

(viii) The decreasing trend of total opening angle in laboratory system with 

increase in the energy of the projectile qualitatively indicate the fragmentation 

of the compound nuclei. Total opening angle in the centre of mass 'system is 

isotropic and hence the possibility of quasifission and incomplete fusion can 

be ruled out as in quasifission and incomplete fission the fragments are 

emitted in a directional manner [71,72]. 

(ix) A systematic approach has been developed to study the third prongs 

observed in these events. The third prongs could be analyzed in terms of their 

actual track lengths, tilting angles and direction of existence in the forward or 

backward hemisphere. From the observations in the present study and the 

earlier reports it can be concluded that these third prongs are created by the 
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evaporated particles from the excited compound nuclei. The resonance peaks 

in the excitation function plots and the registration property of CR-39, these 

particles may be termed as a particles. Due to the poor statistics of these 

prongs, identification on the basis of residual range vs. track length has not 

been done. 

An event with two evaporated particles was seen for 15.2 MeV/u '̂ ^U in 

CR-39 (Fig. V.l).To the best of our knowledge this is the first evidence to 

show simultaneous evaporation of two particles from excited compound, nuclei. 

Though a rare event but this definitely seems to be an evidence for more 

than one particle emission from the excited compound nuclei. It further 

supports the formation of excited compound nuclei and its scission which 

creates the fork like events and also the third prong due particle evaporation. 

The present investigation has opened up a new field of study for the scission 

of heavy ions in nuclear track detectors. The systematic approach of geometric 

transformation can be applied in studying the multipronged events created in 

the 'SSNTD's during nuclear reactions. The program 'HIFISS' can be 

modified to study the multi-pronged events. 

The systematic approach developed can now be utilized in the study of nuclear 

reactions in 4n geometry where the target itself can act as a detector. Inspite 

of the inherent measurement inaccuracies the technique is very simple, 

accurate and reliable. The effect of detector composition on the resonance 

peaks can be studied by using detectors of varying chemical compositions such 

as Mica, SR-86, ZnP-Glass, Cellulose Nitrate. As the systematic approach for 

the analysis of the evaporated particles have been developed, it can now be 

utilized for particle evaporation study with newer detector systems which can 

detect multi-particle evaporation with better efficiency. 
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APPENDIX A 

COMPUTER CODE 'TRANSCORD' 

The computer program 'TRANSCORD'(TRANSformation of Co-ORDinate) 

has been developed to carry out the first step of analysis in the study of heavy 

ion fission in SSNTDs. The code has been developed in high level language 

'FORTRAN'. It has two subroutines 'PXY' and 'ACTCAL'.This program is 

used to calculate the actual values of different parameters of the events from 

the projected (measured) parameters. The equations used are the ones 

described in chapter II. The source code occupies small memory space { < 

10 kB). Two output files can be generated by this program. One to record 

all the parameters of the events in detail, while the other to be used as an 

input file for the program 'HIFISS' i.e. the second step of analysis. The listing 

of the program 'TRANSCORD' is given here. 
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PROGRAM TRANSCORD 
C ********************************************************** 
C PROGRAM TO COMPUTE THE VALUES OF REAL PARAMETERS 
C OF THE EVENTS FROM THE MEASURED PARAMETERS 
C ********************************************************** 

COMMON D(50,50),K1,L1 
DIMENSION TLU(200),TLl(200),TL2(200),PHI1(200),PHI2(200) 
DIMENSION THET1(200),THET2(200),THET3(200) 
DIMENSION ZA(200),ZB{200),ZM(200) 
DIMENSION Y(200),Z(200),A(36) 
REAL ELAB,LUl,Tl,T2,THEl,THE2,Z1,Z2,ZFAC,MFAC,REF 
CHARACTER HEAD3 
INTEGER NEVENT,J,P,TEMP 

1000 WRITE(*,1) 
1 FORMAT(IH,'INCIDENT ANGLE, Magfn.S Z FACTOR, Refractive 

Index') 
READ(*,*)ALPHA,MFAC,ZFAC,REF 
ALPHA=ALPHA* 0.017453293 
WRITE(*,2) 

2 F0RMAT(1H,'$ NUMBER OF EVENTS ? ') 
READ(*,*)NEVENT 
WRITE(*,3) 

3 FORMAT(IH,'Name of the Input DATA FILE containing TL,phi,z'/) 
C 
C ** INPUT DATA FILE CONTAINS THE MEASURED PARAMETERS ** 
C 

OPEN(9,FILE=' •) 
WRITE(*,4) 

4 FORMAT(1H$,'INPUT TLU,TLI,PHI1,TL2,PHI2,ZA,ZB'/) 
DO 5 J=l,NEVENT 
READ(9,*)TLU(J),TL1(J),PHI1(J),TL2(J),PHI2(J),ZA(J),ZB(J) 

5 CONTINUE 
DO 5 J=l,NEVENT 
WRITE(*,*)TLU{J),TL1(J),PHI1(J),TL2(J),PHI2(J),ZA(J),ZB(J) 

6 CONTINUE 
C 
C ********************************************************* 
C Using the coefficients from the polynom fit 
C program 'TRAPOL2' calculate the value of pre-fission energy; 
C X is constant throughout & input Y 
c ********************************************************* 
C 

WRITE (*,10) 
10 FORMAT(1H$,'Name of the input file having coeff.: ' ) 

OPEN (10,FILE=' •,STATUS='OLD') 
C 

WRITE {*,20) 
20 FORMAT (1H$,'Input the mass of the ion ,format free: ') 

READ(*,*) AMASS 
C 

WRITE (*,30) . 
30 FORMAT(1H$,'Output data file ie. the input for HIFISS:') 

OPEN (12,FILE=' ',STATUS='NEW') 
C 

WRITE(*,35) 
35 FORMAT(1H$,'Output file having the parameters in detail") 

OPEN(ll,FILE=' ',STATUS='NEW') 
C 

WRITE(11,19) 
19 F0RMAT(1H$,' No. LU ELAB LA THETAA LB THETAB 

1 DELTAA DELTAB ALPHAA ALPHA ALPHAS BETA'/) 
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c 
WRITE (*,40) , r , s 

40 FORMAT(1H$,'DEC.OF POLYN. IN X-DIR. AND Y-DIR.: K,L: ) 
READ (*,41) K,L 

41 FORMAT(212) 
WRITE(*,40) 
WRITE(*,41) K,L 

C 
K1=K+1 
L1=L+1 
P=K1*L1 
TEMP=K1 

C 
DO 51 I = 1,P 
READ (10,50) A(I) 

50 FORMAT(E16.7) 
51 CONTINUE 

WRITE(*,60) 
60 FORMAT(1H$,'The values of coefficients are :') 

C 
C COKVERTS THE COEFFICIENT MATRIX IN TO REQUIRED FORM 
C concept of memory mapping ; convesion of one type 
C of data structure to the other type 
C 

DO 150 1=1,Kl 
M=I 
DO 150 J=1,L1 
D(I,J)=A(M) 
M=M+TEMP 
WRITE(*,70) D(I,J) 

70 FORMAT(E16.7) 
150 CONTINUE 

C 

C 
C 

C 

DO 200 I=1,NEVENT 
TLU(I)=(TLU(I)*FAC/COS(ALPHA)) 

200 Z(I)=PXY(AMASS,TLU(I)) 

DO 250 J=1,NEVENT 
T1=TL1(J)*FAC 
T2=TL2(J)*FAC 
PHI1(J)=180.0-PHI1(J) 
PHI2(J)=PHI2(J)-180.0 
ZA(J)=ZA(J)*REF 
ZB(J)=ZB(J)*REF 
WRITE(*,*) PHIl(J),PHI2(J),T1,T2 
THE1=PHI1{J)*0.017453293 
THE2=PHI2(J)*0.017453293 
Z1=ZA(J) 
Z2=ZB(J) 
ELAB=Z(J) 
LU1=TLU(J) 
CALL ACTCAL (J,LU1,T1,THE1,T2,THE2,Zl,Z2,ALPHA,ELAB,NEVENT] 

250 CONTINUE 

CLOSE(9) 
CLOSE(10) 
CLOSE(11) 
CLOSE(12) 
WRITE(*,80) 

80 FORMAT(1H$,'Resume Calculation (Y/N) ? ') 

158 



READ(*,90) HEAD3 
90 FORMAT (Al) 

IF (HEAD3.EQ.-Y') GOTO 1000 
STOP 
END 

C 
C 

FXINCTION PXY(AMASS,X) 
C 
C PXY calculates the value of polynom in the way shown 
C 
C P(X,Y)= A(l,l) +A(1,2)Y + +A(1,L+1)Y'^1, 
C +A(2,1)X+A(2,2)XY+ 
C 
C 
C . +A(K+1,L+1)X-^K*Y-L 
C 
C (K=K1-1, L=L1-1) 
C 

COMMON D(50,50),K1,L1 
DIMENSION U(20),V(20) 

C 
DO 1 1=1,Kl 

1 U(I)=E(AMASS,I-l) 
DO 2 1=1,LI 

2 V(I)=E(X,I-1) 
C 

PXY=0. 
DO 3 1=1,Kl 
DO 3 J=1,L1 

3 pxy= pxy+D(i,j)*u(i)*v(j) 

RETURN 
END 

C 

c 
c 

FUNCTION E(X,N) 

E=1.0 
IF(N.EQ.O) RETURN 

DO 2 1=1,N 
E=E*X 
RETURN 
END 

SUBROUTINE ACTCAL(J,LU1,T1,PHI1,T2,PHI2,21,Z2,ALPHA, 
1 EI.AB,NEVENT) 
CALCULATION OF REAL PARAMETERS ** 
REAL LUl,Al,A2,A3,Bl,B2,B3,TLl,TL2,THEl,THE2,ZA,ZB 
REAL DELTAA,DELTAS,THETAl,THETA2,Cl,02,Dl,D2 
REAL ALPHAA,ALPHAB,A,BETA,LA,LB,LRl,LR2 
RAD=0.017452393 
TL1=T1 
TL2=T2 
THE1=PHI1 
THE2=PHI2 
ZA=Z1 
ZB=Z2 
A=ALPHA 
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A1=TL1*C0S(THE1)*TAN(A) 
A2=ZA 
A3=TLl*SIN(THEl)/COS{A) 
DELTAA=ATAN((A1-A2)/A3) 

C WRITE(*,*) Al,A2,A3,DELTAA 
C 

Bl=TL2*COS(THE2)*TAN(A) 
B2=ZB 
B3=TL2*SIN(THE2)/COS(A) 
DELTAB=ATAN((Bl-B2)/B3) 

C 
ALPHAA=ATAN(ZA/TLl) 
ALPHAB=ATAN(ZB/TL2) 

C 
C1=TL1*SIN(THE1)*SIN(ALPHAA) 
C2=ZA*C0S(ABS(DELTAA)) 
THETA1={ASIN{C1/C2))/RAD 

C 
D1=TL2*SIN(THE2)*SIN(ALPHAB) 
D2=ZB*COS(ABS(DELTAS)) 
THETA2=(ASIN(D1/D2))/RAD 

C 
LA=ZA/SIN(ALPHAA) 
LB=ZB/SIN(ALPHAS) 

C 
DELTAA=DELTAA/RAD 
DELTAB=DELTAB/RAD 
ALPHAA=ALPHAA/RAD 
ALPHAB=ALPHAB/RAD 
BETA=180-(ABS(ABS(DELTAA)-ABS(DELTAS))) 
A=A/RAD 

C 
A1=TL1*SIN(THE1) 
A2=SIN(THETAl)*COS(DELTAA) 
LR1=A1/A2 

C 
Al=TL2*SIN(THE2) 
A2=SIN(THETA2)*COS(DELTAS) 
LR2=A1/A2 

C 
C 
C ** STORING ALL THE OUTPUT VALUES IN DETAIL ** 
C 

WRITE(11,20)J,LU1,ELAB,LA,THETAl,LB,THETA2,DELTAA,DELTAS, 
X ALPHAA,A,ALPHAS,BETA 

20 FORMAT(1H,I3,2X,F6.2,F8.2,2X,10F8.2) 
C 
C ** STORING ONLY THE OUTPUT VALUES REQUIRED AS AN INPUT FOR 
C 'HIFISS' ** 
C 

WRITE(12,30)LA,THETAl,LB,THETA2,ELAS 
30 FORMAT(1X,4F7.2,F10.2) 

RETURN 
END 
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APPENDIX B 

COMPUTER CODE 'HEFISS' 

The application program 'HIFISS' (Heavy ion FISSion) has been developed 

in order to carry out the second step of analysis in the study of heavy 

ion fission in SSNTDs. The source code once again has been 

developed in 'FORTRAN', which occupies a memeory space of < 25 kB. 

The subroutines and functions used in the program are explained in 

Fig. 11.12. The first step in the computation is the determination of 

masses in the two exit channels of scission by applying the logic of 

'BINARY SEARCH' in the dynamic mode. Then it computes the other 

kinematic variables of an event. The listing of the source code 

'HIFISS' is given here. 

161 



c 
PROGRAM HIFISS 

C ********************************************************** 
PROGRAM FOR THE ANALYSIS OF TWO PRONGED EVENTS IN TERMS 

OF DIFFERENT KINEMATIC VARIABLES 
********************************************************** 

C HIFISS.FOR 
DIMENSION NCNTRL(IO),NPRINT(10),NERROR(10) 
DIMENSION AO(5),Al(5),A2(5),XIN(500,6),C(15),AC(15) 
DIMENSION W(100),RR(100),E1(3),E2(3),A(10) 
DIMENSION PIN(3),VEl(3),VE2(3),VE12(3),RES(3) 

C 
REAL MP,MT,Ml,M2,M12,MTOT,V12,EFl,EF2 
INTEGER IEV,NDIM,NX,L 
CHARACTER*25 HEAD,HEAD1,HEAD2 

C 
COMMON /PROVAR/NCNTRL,NPRINT,NERROR,lER 
COMMON /INTPOL/W,RR,IQDIM 
COMMON /RANGE/Rl,R2,R3,R4,R5 
COMMON /VELCOF/C,FA 
COMMON /FITCOF/AO,A1,A2 
COMMON /PRINT/IPl,IP2,IP3,IP4,IPS,IPS,IP7,IMASS 

C 

C 
DATA RAD/0.017453293/,ZH15/32767.0/ 

WRITE (*,1) 
1 FORMAT (1H,10X,'PROGRAM HIFISS', 26X,/) 

C 
C * FEED THE VALUES * 

WRITE(*,2) 
2 FORMAT(IH,' NUMBER OF EVENTS & SAMPLE NUMBER:' ) 

READ(*,110)NDIM,HEAD2 
110 FORMAT(15,A25) 

WRITE(*,3) 
3 FORMAT(IX,' MASS OF THE PROJECTILE ;') 

READ(*,*)MP 
WRITE (*,201) 

C 
C * ONLY FOR SIMULATION * 
C 
201 F0RMAT(1X,'IS THE FISSION SYMMETRIC ? Y/N ') 

READ(*,202)HEAD1 
202 FORMAT{A25) 

WRITE(*,202)HEAD1 
IF (HEADl.EQ.'N') GO TO 203 
GO TO 205 

203 WRITE(*,204) 
204 FORMAT(1H$,'INPUT Ml M2') 

READ(*,*)Ml,M2 
WRITE{*,*)M1,M2 

205 WRITE(*,4) 
4 FORMAT(IX,'Number of Elements in the Media') 

READ(*,*)NX 
WRITE(*,5) 

5 FORMAT(IX,'Masses of the Elements in the Media') 
READ(*,*)(A(I),1=1,NX) 
MX=NX+1 
MT=0.0 
DM=0.0 
MTOT=MP+MT-DM 
WRITE (*,6) MP,MT,DM,MTOT 

6 FORMAT (1H,10X,'ELAB IS VARIABLE (MeV)'/IH,lOX 
,'MP=',F6.1,'AMU',5X,'MT=',F6.1,'AMU',5X,'DM=',F6.1 
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c 

c 

,-AMU',5X,'MTOT=',F6.1,'AMU") 

WRITE(*,7) 
7 FORMAT(/,IX,'INPUT THE FILE HAVING COEFF MASS & VEL 

RELATED',/) 
OPEN (14,FILE=' ',STATUS='OLD') 
READ(14,8)(AC(I),1=1,15) 

8 FORMAT(E16.7) 
L=l 
DO 100 J=l,5 
AO(J)=AC(L) 
A1(J)=AC(L+1) 
A2(J)=AC(L+2) 
L=L+3 

100 CONTINUE 
WRITE{*,9) 

9 FORMAT(IX,•IP7=l/0 Pin=0 IF 1; IMASS=l/0 1 IF Mass cons') 
READ(*,10)IP7,IMASS 

10 FORMAT(213) 
WRITE(*,10)IP7,IMASS 

WRITE ("̂ ,11) 
11 FORMAT (IX,'NAME OF THE MATERIAL: ') 

READ (*,12) HEAD 
12 FORMAT (A25) 

WRITE (*,13) 
13 FORMAT (lH,'Nanie of the Output file? Unit 8',/) 

WRITE (8,801) 
801 FORMAT (IH,1OX,'PROGRAM H I F I S S',/) 

C 
WRITE (8,802) MP,HEAD,HEAD2 

802 FORMAT(//,10X,'FISSION OF ',F7.2,'-X IN 
1',A25,'SAMPLE:'A25,//) 
WRITE (8,803) NDIM 

803 FORMAT (1H,10X,' NUMBER OF EVENTS: ',15//) 
WRITE (*,101) 

101 FORMAT (IH, 'Name of the Output file WITH Q VALUES? Unit 10' ,/) 
OPEN(10,FILE=' ',STATUS='NEW') 

C 
C * MASS CALCULATION LOOP * 
C 

WRITE(8,804) 
804 F0RMAT(1H,1X,'EVENTNO.',1X,'EI(MeV/u)',4X,'Ml',6X,'El' 

,6X,'M2', 
1,6X, 'E2 • ,6X, 'MTOT' ,4X, 'ETOT' ,4X, 'Q-VALUE' ,3X, 'V-REL. '•,2X 
1,'ASSY.PARA.',2X,•ETA12',3X,'SCAT-ANG(CM)') 

C 
WRITE(8,805) 

805 FORMAT (IH, IX,' ',3X,' ',6X,' ',3X,' ' 
1,4X, ' ' ,2X, • ' ,4X, ' • ,3X, ' • ,3X, ' ' ,3X 
1, . .^3x, • .,4x, • ',3X, • ',) 

C 
C 

WRITE(*,14) 
14 FORMAT(IH,'Name the input file containing data; unit 9 ') 

OPEN(9,FILE=' •) 
C 

WRITE (10,102) 
102 FORMAT (IH,lOX,'PROGRAM H I F I S S',/) 

C 
WRITE (10,103) MP,HEAD 

103 FORMAT(//,lOX,' FISSION OF ',F7.2,'-X IN ',A25//) 
WRITE (10,104) NDIM 
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c 
c 

c 

104 FORMAT (1H,10X,' NUMBER OF EVENTS: ',15//) 
WRITE(10,105) 

105 FORMAT(lH,IX, 'EVENT NO. ',IX, 'EI(MeV/u) ',4X, 'Ml',6X, 'M2 ' 
1,6X,'MTOT',4X,•ETOT',4X,'Q-VALUE',3X,'V-REL.',2X 
1,'Q12 ',2X,'Q12EMP',3X,'ETA12',3X,'SCAT-ANG(CM)') 

WRITB(10,106) 
IDS FORMAT (IH, IX,' ',3X,' ',6X,' ',3X,' ' 

1,4X, • ',2X, ' ',4X, ' ' ,3X, • • ,3X, ' ' , 3X 
1^ . ',3X,' ',3X, ',) 

READ (9,901)((XIN(IEV,J),J=1,5),IEV=1,NDIM) 
901 FORMAT(1X,4F7.2,F10.2) 

DO 8000 L=1,MX 
DO 200 K=l,15 
C(K)=0.0 

200 CONTINUE 
DO 7000 IEV=1,NDIM 
IER=0 
R1=XIN(IEV,1) 
R2=XIN(IEV,3) 
CALL COEFF (Rl,1,AO,Al,A2) 
CALL COEFF (R2,2,AO,Al,A2) 
WRITE (*,15) lEV 

15 FORMAT (//,1H,10X,'EVENT NR.',15) 
WRITE(*,16) 

16 FORMAT (1H,10X,' ',/) 
IF (HEADl.EQ.'N') GOTO 210 
M1=MTOT/2.0 
M2=MTOT/2.0 

210 ELAB=XIN(IEV,5) 
R1=XIN{IEV,1) 
R2=XIN(IEV,3) 
V1=VELF(M1,R1,0.0) 
V2=VELF(M2,R2,0.0) 
PHI1=0.0 
PHI2=180.0*RAD 
THET1=XIN(lEV,2)*RAD 
THET2=XIN(lEV,4)*RAD 

C 
C 

CALL CARTES(1.0,THET1,PHI1,El) 
CALL CARTES(1.0,THET2,PHI2,E2) 
DO 7100 1=1,3 
VE1(I)=V1*E1(I) 

7100 VE2(I)=V2*E2(I) 
C 
7150 P=SQRT(2.0*103.5*MTOT*ELAB) 
7200 PIN(1)=0.0 

PIN(2)=0.0 
PIN(3)=P 

C 
CALL MASS(ELAB,PIN,VEl,VE2,THETl,THET2,MTOT,ETl,ET2 

1 ,ETOT,QVAL,Q12,Q12EMP,RES,VE12,V12,Ml,M2,M12,ETA,C12) 
C 
C 

CALL ANGL12(VE12,PIN,PP12) 
IF (PP12.GT.90.0) PP12=180.0-PP12 

C 
C* WRITE RESULTS TO OUTPUT FILE OR OUTPUT TABLE 
C 

EI=ELAB/MP 
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ETA12=(THET1+THET2)/RAD 
C 
C CHI IS THE ASSYMETRY PARAMETER 
C 

CHI=ABS(M1-M2)/M12 
C 

WRITE(8,873)lEV,EI,Ml,ETl,M2,ET2,M12,ETOT,QVAL 
1,V12,CHI,ETA12,PP12 

873 FORMAT(lH,2X,I3,6X,F5.1,6X,F5.1,2X,F7.2,2X,F5.1 
1,2X,F7.2,2X,F6.1 
1,3X,F6.1,3X,F6.1,2X,F6.4,3X,F6.3,6X,F5.1,4X,F5.1) 

C 
WRITE(10,107)IEV,EI,Ml,M2,M12,ETOT,QVAL,V12,Q12 
1,Q12EMP,ETA12,PP12 

107 FORMAT (IH,2X,13,6X,F5.1,6X,F5.1,2X,F5.1,2X,F6.1 
1,3X,F7.2,3X,F6.1,2X,F6.4,3X,F6.1,3X,F6.1,5X,F5.1 
1,4X,F5.1) 

C 
7000 CONTINUE 

MT=A(L) 
MTOT=MP+MT 

8000 CONTINUE 
C 

CLOSE(8) 
CLOSE(9) 
CLOSE(10) 
CLOSE(11) 
CLOSE(14) 

C 
STOP 
END 

C 
c 
c 
c 

SUBROUTINE CARTES (R,THET,PHI,V) 
C * EVALUATION OF CARTESIAN CO-ORDINATES * 
C 

DIMENSION V(3) 
V(1)=R*SIN(THET)*COS(PHI) 
V(2)=R*SIN(THET)*SIN(PHI) 
V(3)=R*COS(THET) 
RETURN 
END 

C 
C 
C 
C 

SUBROUTINE SKALAR (V1,V2,C) 
C 
C * COMPUTES THE SKALAR PRODUCT OF THE TWO VECTORS * 
C 

DIMENSION V1(3),V2(3) 
C=0.0 
DO 1 1=1,3 

1 C=C+V1(1)*V2(I) 
RETURN 
END 

C 
C 
C 
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SUBROUTINE MASS(ELAB,PIN,VEl,VE2,THET1,THET2,MTOT,ETl,ET2 
1, ETOT,QVAL,Q12,Ql2EMP,RES,VEl2,V12,Ml,M2,M12,ETA,C12) 

C * EVALUATION OF MASSES * 
C * LOGIC: BINARY TREE SEARCH IN A DYNAMIC MODE * 

REAL Ml,M2,M12,MTOT,XMTOT,V12,ETl,ET2 
DIMENSION RES(3),VE1(3),VE2(3),PIN(3),VE12(3) 
DIMENSION AO(5),Al(5),A2(5),C(15) 
COMMON /PRINT/IPl,IP2,IP3,IP4,IPS, IP6,IP7,IMASS 
COMMON /FCTV2/R,PSCTG1,PSCTG2 
COMMON /FCTW2/RR, XMTOT 
COMMON /RANGE/R1,R2,R3,R4,R5 
COMMON /FITCOF/AO,A1,A2 
COMMON /VELCOF/FA,C 
EXTERNAL FV1,FV2 
IP2 = 1 
XMTOT=MTOT 
X10=XMTOT-10.0 
CALL SKALAR (VE1,VE1,V1) 
CALL SKALAR (VE2,VE2,V2) 
RAD=0.017453293 
V1=SQRT(V1) 
V2=SQRT(V2) 
P=PIN(3) 
CTGl=COS(THETl)/SIN(THETl) 
CTG2=C0S(THET2)/SIN(THET2) 
SIN1=SIN(THET1) 
SIN2=SIN(THET2) 
CTG=CTG1+CTG2 
IF (IP7.GT.0) GOTO 12 
GO TO 2 

2 M1=P/(103.5*V1*SIN1*CTG) 
M2=P/{103.5*V2*SIN2*CTG) 
C12=M1/M2 
C21=1.0/C12 
IF (IMASS.GT.O) M1=XMTOT/(1,0+C21) 
IF (IMASS.GT.O) M2=XMTOT/{1.0+C12) 
GO TO 3 

12 R=R1 
PSCTG1=P/(103.5*SIN1*CTG) 
CALL RTME(M1,F,FV1,10.0,X10,1.E-6,1000,IER) 
IF (lER.NE.O) GO TO 999 
IF (IP2.NE.0) WRITE(*,*) M1,F,IER 
R=R2 
PSCTG2=P/(103.5*SIN2*CTG) 
CALL RTNE(M2,F,FV2,10.0,X10,1.E-6,1000,IER) 
IF (lER.NE.O) GO TO 999 
IF {IP2.NE.0) WRITE(*,*) M2,F,IER 
C12=M1/M2 
C21=1.0/C12 
IF (IMASS.GT.O) M1=XMTOT/(1.0+C21) 
IF (IMASS.GT.O) M2=XMTOT/(1.0+C12) 

30 V1=VELF1(M1) 
V2=VELF2(M2) 
VEl(3)=V1*CTG1*SIN1 
VE2(3)=V2*CTG2*SIN2 
VE1{2)=0. 
VE2(2)=0. 
VE1(1)=V1*SIN1 
VE2(1)=-V2*SIN2 
GO TO 3 

999 WRITE (*,9999) 
9999 FORMAT (IH,' ROOT IN MASS IS NOT FOUND 1!!') 

Ml=-100.0 
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M2=-100.0 
GOTO 3 

3 M12=M1+M2 
ETA=(M1-M2)/M12 
C12=M1/M2 
IF (C12.LT.1.0) C12=1.0/C12 
ET1=0.5*103.5*M1*V1**2 
ET2=0.5*103.5*M2*V2**2 
ETOT=Q.5*103.5*(M1*V1**2+M2*V2**2) 
QVAL=ETOT-ELAB 
DO 10 1=1,3 
RES(I)=(103.5*(M1*VE1(I)+M2*VE2(I)))-PIN(I) 

10 VE12(I)=VE1{I)-VE2(I) 
CALL SKALAR(VE12,VE12,X) 
V12=SQRT(X) 
Q12EMP=0.019814*ABS(M12)**1.66666667 
Q12=0.5*103.5*M1*M2/M12*V12**2 
RETURN 
END 

C 
C 
c 

SUBROUTINE COEFF(R,K,AO,Al,A2) 
C * COMPUTATION OF VELOCITY FROM MASS AND TRACK LENGTH * 
C 

DIMENSION A0(5),A1(5),A2(5),0(15) 
COMMON /PRINT/IP1,IP2,IP3,IP4,IP5,IP6,IP7,IMASS 
COMMON /VELCOF/C,FA 
IP3 = 1 
K1=(K-1)*3 
DO 2 1=1,5 
11=1-1 
C(1+Kl)=C(1+Kl)+A0(I)*R* *I1 
C(2+Kl)=C(2+Kl)+A1(I)*R* *I1 
C(3+K1)=C(3+K1)+A2(I)*R**I1 

2 CONTINUE 
RETURN 
END 

C 
C 

SUBROUTINE RTNE (X,F,FV1,XLI,XRI,EPS,lEND,lER) 
C * PURPOSE : Iterations to find the masses of the fragments 
C by conserving momentum 
C * LOGIC : Root of Non-linear EQUATIONS 

COMMON/PRINT/IPl,IP2,IP3,IP4,IPS,IP6,IP7,IMASS 
EXTERNAL FVl 
IP6=1 
IER=0 
XL=0.0 
XR=0.0 
X=0.0 
TOL=0.0 
FL=0.0 
FR=0.0 
F=0.0 
XM=0.0 
FM=0.0 
DX=0.0 
A=0.0 
XL=XLI 
XR=XRI 
X=XL 
TOL=X 
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F=FV1{T0L) 
IF (F) 1,16,1 

1 FL=F 
X=XR 
TOL=X 
F=FVl(TOL) 
IF (F) 2,16,2 

2 FR=F 
IF (SIGN(1.,FL)+SIGN(1.,FR)) 25,3,25 

3 1 = 0 
TOLF=100.0*EPS 

4 1=1+1 
DO 13 K=1,IEND 
X=0.5*(XL+XR) 
TOL=X 
F=FVl(TOL) 
IF (F) 5,16,5 

5 IF (SIGN(1.,F)+SIGN(1.,FR)) 7,6,7 
6 TOL=XL 

XL=XR 
XR=TOL 
TOL=FL 
FL=FR 
FR=TOL 

7 TOL=F-FL 
A=F*TOL 
A=A+A 
IF (A-FR*(FR-FL))8,9,9 

8 IF (I-IEND) 17,17,9 
9 XR=X 

FR=F 
TOL=EPS 
A=ABS(XR) 
IF(A-1.0)11,11,10 

10 TOL=TOL*A 
11 IF (ABS(XR-XL)-TOL) 12,12,13 
12 IF(ABS(FR-FL)-TOLF) 14,14,13 
13 CONTINUE 

IER=1 
14 IF(ABS(FR)-ABS(FL)) 16,16,15 
15 X=XL 

F=FL 
16 RETURN 
17 A=FR-F 

DX=(X-XL)*FL*(1.0+F*(A-TOL)/(A*(FR-FL)))/TOL 
XM=X 
FM=F 
X=XL-DX 
TOL=X 
F=FVl(TOL) 
IF(F) 18,16,18 

18 TOL=EPS 
A=ABS(X) 
IF(A-l.O) 20,20,19 

19 TOL=TOL*A 
20 IF(ABS(DX)-TOL) 21,21,22 
21 IF (ABS(F)-TOLF) 16,16,22 
22 IF (SIGN(1.,F)+SIGN(1.,FL)) 24,23,24 
23 XR=X 

FR=F 
GOTO 4 

24 XL=X 
FL=F 
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25 
100 
101 
102 
103 

C 
C 
C 

C 
C 
C 
C 
C 
C 
C 

c * 

c 
c 
c 

c 
c 

XR=XM 
FR=FM 
GOTO 4 
IER=2 
FORMAT 
FORMAT 
FORMAT 
FORMAT 
RETURN 
END 

(IH, 
(IH, 
(IH, 
(IH, 

RTMI,1' 
RTMI,2' 
RTMI,3' 
RTMI,4' 

,2E12 
,2E12 
,2E12 
,2E12 

.3) 

.3) 

.3) 
,3) 

FUNCTION FVl(A) 
Computation of momentum for fragment 'A' * 
EXTERNAL VELFl 
DIMENSION C(15) 
COMMON /FCTV2/R,PSCTG1,PSCTG2 
COMMON /VELCOF/C,FA 
FA=1.0 
FV1=(A*(FA*(C(1)+A*(C(2)+A*C(3)))))-PSCTGl 
RETURN 
END 

FUNCTION FV2(A) 
Computation of momentum for fragment 'B'* 
EXTERNAL VELF2 
DIMENSION C(15) 
COMMON /FCTV2/R,PSCTG1,PSCTG2 
COMMON /VELCOF/C,FA 
PA=1.0 
PV2=(A*(FA*(C(4)+A*(C(5)+A*C(6)))))-PSCTG2 
RETURN 
END 

FUNCTION VELFl(A) 
DIMENSION C(15) 
COMMON /VELCOF/C,FA 
FA=1.0 
VELF1=FA*(C(1)+A*(C(2)+A*C(3))) 
RETURN 
END 

FUNCTION VELF2(A> 
DIMENSION C{15) 
COMMON /VELCOF/C,FA 
FA=1.0 
VELF2=FA*(C(4)+A*(C(5)+A*C(6))) 
RETURN 
END 

C 
C 
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SUBROUTINE ANGL12(XI,X2,P12) 
C * Computes the centre of mass scattering angle * 

DIMENSION X1(3),X2(3) 
REAL M1,M2 
RAD = 57.2957795 
R1=SQRT(X1(1)**2+X1(2)**2+X1(3)**2) 
R2=SQRT(X2{1)**2+X2(2)**2+X2(3)**2) 
IF ((Rl.LT.l.E-7).OR.(R2.LT.1.E-7)) GOTO 1 
GO TO 2 

1 P12=0.0 
RETURN 

2 X12=(X1(1)*X2(1)+X1(2)*X2(2)+X1(3)*X2(3))/(Rl*R2) 
IF (ABS(X12).LE.l.E-7) GOTO 4 
IF (ABS(X12-1.0).LE.l.E-7) GOTO 5 
IF (ABS(X12+1.0).LE.l.E-7) GOTO 6 
P12=(ACOS((Xl(l)*X2(l)+Xl(2)*X2(2)+Xl(3)*X2(3) )/(Rl*R2) ) ) *RAD 
RETURN 

4 P12=90.0 
RETURN 

5 P12=0.0 
RETURN 

6 P12=180.0 
RETURN 
END 

C 
C 
C 

FUNCTION VELF(XMaSS,REI,ELOSS) 
INTEGER SIGN 
R=REI 
X=XMASS 
XMTOT=238.0 
Z=X/2.587 
E=30.0 
RE=F1(X,E) 
IF (R.GT.RE) GO TO 200 
DELTE=0.5*E 
S1GN=-1 
DO 100 1=1,12 
E=E+DELTE*SIGN 
RE=F1(X,E) 
IF (ABS(RE-R)-LT.O.l) GOTO 300 
SIGN=1 
IF (RE.GT.R) SIGN=-1 

100 DELTE=0.5*DELTE 
GO TO 300 

200 RALT=F1(X,E-1.0) 
RDIFF=RE-RALT 
DELTE=(R-RE)/RDIFF 
E=E+DELTE 
IF (E.LE.O.) GO TO 400 

300 VELF=0.1389*SQRT(E) 
RETURN 

400 VELF=1.0 
RETURN 
END 

C 
C 

FUNCTION F1(X,Y) 
DIMENSION A(15) 
COMMON D(5,5) 
INTEGER I,J,M,TEMP 
OPEN(ll,FILE='UCR.COF') 
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Kl=3 
Ll=4 
M=K1*L1 
TEMP=K1 
READ{11,20){A(I),I=1,M) 

20 FORMAT(E16.7) 
DO 150 1=1,Kl 

M=I 
DO 150 J=1,L1 

D(I,J)=A(M) 
M=M+TEMP 

150 CONTINUE 
Fl=PXY2(X,y,Kl,Ll) 

: CLOSE(11) 
RETURN 
END 

C 

c 

c 
c 

FUKCTION PXY2(X,Y,Kl,lil) 
DIMENSION U(20),V(2G) 
COMMON D(5,5) 

DO 1 1=1,Kl 
U(I)=E(X,I-1) 
DO 2 1=1,LI 
V(I)=E(Y,I-1) 
XY=0.0 
DO 3 1=1,Kl 
DO 3 J=1,L1 
XY=XY+D(I,J)*U(I)*V(J) 
CONTINUE 
PXy2=XY 
RETURN 
END 

FUNCTION E(X,N) 
E=1.0 
IF (N.EQ.O) RETURN 
DO 2 1=1,N 
E=E*X 
RETURN 
END 
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