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RECOIL STUDIES OF (p,pn) REACTIONS INDUCED 

IN 65 Cu AND 197Au WITH 20 - 85 MEV PROTONS 

Chemistry 

Thick-target experiments were performed to study 

(p,pn) 
65 197 

reactions in Cu and Au in the energy range of 

20 - 85 MeV; the average ranges projected in the forward, 

backward and perpendicular directions were determined. 

Angular distributions of 64 Cu , 196Au , and 194Au were studied 

w'ith 30 - 85 MeV protons. The angular distribution results of 

64· 196 
Cu and Au are forward peaking at low energy and show 

side-wise peaking at higher energiei. The angular distribution 

194 results (center-of-mass system) of Au are approximately 

o 
symmetric about 90 • 

The analyses of the projected range values and 

angular distribution results show that, nt low energies up to 

30 - 35 MeV, the compound nucleus mechanism is predominant; ~at 
" 

higher energies the direct interaction mechanism makes a major 

contribution. Recoil parameters have bean calculated to show 

approximately the amount of energy transfer and their energy 

dependence. The statistical calculations show reasonable 

agreemeüt at low energy up to 30 - 40 MeV. The calculations 

of the cascade-evaporation and inelastic scattering plus 

evaporation models show fair agreement for angular distribution 

results, though the projected range values are consistently 

lower than the measured values. 



MO i -

TABLE OF CONTENTS 

1. INTRODUCTION 

1-1. GENERAL 1 

1-2. THE COMPOUND NUCLEUS MECHANISM, STATISTICAL 
MODEL AND EXPERIMENTAL VERIFICATION 2 

1-3. THE DIRECT INTERACTION MECHANISM AND 
CASCADE-EVAPORATION MODEL 8 

1-4. PENETRATION OF HEAVY IONS THROUGH MATTER 12 

1-5. MONTE CARLO CALCULATIONS 20 

I-6. THE VECTOR MODEL AND ITS RELATION TO RANGE 
AND ANGULAR DISTRIBUTION STUDIES 23 

1-7. PREVIOUS WORK OF INTEREST 29 

1-8. PRESENT WORK 32 

II. EXPERIMENTAL PROCEDURES 

11-1. TARGET ASSEMBLIES AND THEIR PREPARATIONS 34 

11-2. IRRADIATION 38 

11-3. SEPARATION METHODS 40 

11-4. RADIATION DETECTION AND MEASUREMENT 
PROCEDURES 43 

11-5. ANALYSIS OF GAMMA-RAY SPECTRA 48 

1I-6. ERRORS54 

III. EXPERIMENTAL RESULTS AND THEIR ANALYSES 

111-1. 65 cu (p,pn)64 Cu REACTION 57 

111-2. 197Au (p,pn)196(m+g )Au AND 197Au(p,p3n)19ll'Au 
REACTIONS 57 

111-3. TREATMENT OF DATA (THICK-TARGET) 

III -4. PRELIMINARY EXPERIMEN'I'S (THIN-TARGET) 

111-5. TREATMENT OF DATA (THIN-TARGET) 

59 

63 

67 



) 

- ii -

IV. DISCUSSION 

IV-I. COMPARISON WITn PREVIOUS RESULTS 

IV-lA. Average Recoil Ranges 

IV-lB. Angular Distributions 

IV-2. QUALITATIVE ASPECTS OF THE RESULTS 

IV-2A. Average Recoi1 Ranges 

IV-2B. Angu1ar Distributions 

IV-3. MONTE CARLO CALCULATIONS OF CASCADE­
EVAPORATION AND STATISTICAL THEORIES 
AND TREIR USE IN RECOIL RANGE AND 
ANGULAR DISTRIBUTION STUDIES 

IV-3A. Ca1culation of Cascade Phase 

IV-3B. Ca1culation of Evaporation Phase 

IV-3C. Present Calcu1ations 

IV-3D. Comparison with Monte Carlo 
Ca1culations 

IV-3D(i) Average Recoi1 Ranges 
(ii) Angular Distributions 

IV-4. INELASTIC SCATTERING MODEL FOR RECOIL 
STUDIES OF SIMPLE REACTIONS AT 
INTERMEDIATE ENERGIES 

IV-4A. Ine1astic Scattering Theory and 
Present Calcu1ations 

IV-4B. Comparison between Inelastic 
Scattering Model Calcu1ations 
and Experimental Results 

IV-4B(i) Average Recoil Ranges 
(ii) Angular distributions 

IV-S. AVERAGE RECOIL RANGE CALCULATIONS AND 
RECOIL PARAMETERS IN TRICK-TARGET 
EXPERIMENTS 

IV-SA. Average Forward Range Calculations 
with the Evaporation Effect 

IV-SB. Discussion of Thick-Target Recoi1 
Parameters and Ca1culation of 
Constant Deposition Energy 
(approximate) 

75 

75 

77 

78 

78 

80 

86 

87 

90 

96 

99 

99 
102 

107 

107 

115 

115 
120 

128 

128 

130 



) 

) 

- 1ii -

V. SUMMARY AND CONTRIBUTION TO KNOWLEDGE 

VI. APPENDICES 

VI-l. THE MATHEMATICAL TREATMENT OF DATA FROM 
TRICK-TARGET EXPERIMENTS 

VI-2. RANGE-ENERGY RELATIONSHIPS 

VI-3. TRANSFORMATION BETWEEN THE LABORATORY AND 
CENTER-OF-MASS COORDINATE SYSTEMS , 

REFERENCES 

142 

145 

148 

.. 151 

154 



) 

- 1 -

1. INTRODUCTION 

1-1. GENERAL 

The study of nuclear reactions is a very interesting 

area of nuclear physics and chemistry. Nuclear reactions can 

be classified in terms of: 

(a) Time scale: Fast ( -22 
~lO sec for direct interacti0n, 

e.g. knock-out, pick-up, stripping;fragmentation, etc.) and 

-16 comparatively slow compound nuclear reactions (~lO sec). 

(b) Energy transfer: Elastic (shape and compound elastic) 

and inelastic (compound nuclear and direct reactions; the 

kinetic energy transfer causes nucleon excitation, e.g. 

vibration, rotation, etc.). 

As we can see, these classifications are not 

mutually exclusive. AlI the existing theories and models have 

certain limitations in explaining nuclear structure, inter-

action and reaction mechanism. The main difficulty of nuclear 

theory is that the nucleus cantains many (more than one) but 

riot too many particles, sa the Schroedinger method and 

statistical method are difficult to apply. The former uses 

the perturbation technique, though the nuclear interaction is 

strong and the Hamiltonian for the nuclear system is not weIl 

defined. The multiparameter analysis (Monte Carlo technique) 

has been extensively used, but with certain limitations. A 

brief outline of the current theoriesrelevant to the present 

study i8 given in the following sections. 
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1-2. THE COMPOUND NUCLEUS MECHAN1SM..2.. STAT1ST1CAL 

MODEL AND EXPERJ:MENT.AL VEI!IF1CAT10N 

Bohr(l) first proposed the °Compound Nucleus' model 

to explain the mechanism of low energy nuclear rea~tions. 

This explained the narrow resonances, which occur due to the 

virtual states of a many-particle system, where the many 

different configurations differ in small amounts of energy. 

Basic to this model aret:h.e: as'sumptions- of the strong and short 

range interactions of the nucleons in the nucleus. When a 

projectile with sufficient kinetic energy impinges on a nucleus 

along a particular entrance channel, the incident particle 

shares its energy and momentum with aIl the nucleons through 

multiple collis.ions and fina1ly forms a quasi-equilibrium 

system, called 'Compound Nuc1eus~ (CN). 1ts excitation ene~gy 

is the sum of the kinetic energy of the ... incident particle in 

the center-of-mass (CM) system and its binding energy. The 

-14 -17 
mean life-time is of the order of 10 to 10 sec, long 

compared to the nuclear transit time ( ......... f3-~Al/3 Je 10- 23 ~10-22 

sec) where ~ i8 the velocity of the incident particle in units 

of c and A is the target mass number. c i8 the velocity of light. 

The compound nucleus formed at very low incident 

energy « 1 MeV) has discrete energy levels, the decay of which 

can be treated by the 'Principle of Detailed Balance v • 

According to this principle, the transition probab{lity from a 

quantum state to a quantum state I~ , P
af3

, is related 

to the transition probability from state I~ to stete /0> 
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P~a' by the following equation 

w'here l-& and f~ are the densities of states ,~ and 1ft> and 

the asterisk indicates a time-reversed transition in which aIl 

velocity and moments change signs. 

The °Uncertainty Principleo postulates that the 

life-time of a compound nucleus, 'L'-, decreases with increase in 

excitation ener.gy, Leol = h/r ' 'tvhere ris the total width. 

The total width i5 obtained by summing over aIl partial widths, 

G} for the decay of the compound nucleus into exit channels j. 

~ r-: 
j .J 

(1-2) 

With increase in excitation energy, the chance of ioca1izing 

enough energy on a nucleon or a group of nucleons increases, 

and channels prohibited by barriers (centrifug~l, Coulomb, and 

nuclear potential~)are also accessible. This results in a 

decrease in the life-time of the compound nucleus and hence 

the increase in level width. Also, the level density increases 

st higher excitation energy. Thus, these effects cause over-

lapping of compound states and lead to' a °continuum B
• Therefore 

the statistical treatment for the decay of the compound~ucleus 

i8 effective due to the availability:of many levels in the 

initial and final states. 

In the continuum region, Eq. (I-1) is applied on 

the assumption that the matrix elements for'the·transition 
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probabilities have randomly distributed phases, except for the 

quantum numbers, energy and momentum, due to the randomized 

internaI motion of the compound nucleus. The cross-terms due 

to interference effects disappear when transition probabilities 

a.re averaged over an incident energy spread, ~E» r', and one 

obtains an average transition probability. Alao, it ~s 

assumed that the overlapping states have the same relative 

partial widths for the various possible decay channels. By a 

random phase assumption, the compound nucleus thus can be 

considered as a classical system. With these assumptions, 

weisskopf(2) calculated the decay probability of an excited 

compound nucleus in a particular exit channel. 

The multiple decays of a highly excited compound 

nucleus continue as long as particle emissions are energetically 

possible. Energy and angular momentum are conserved in each 

step of the decay process. The consequences are that the 

energy distribution of emitted particles ia symmetric about 90
0 

in the CM system and the transition probability in different 

exit channels fluctuates with energy. 

According to the urndependence Hypothesis v ? the 

disintegration of the compound nucleus into reaction products 

or its branching ratio should be independent of the mode of 

formation and ia characterized only by the constants of motion 

(i.e. excitation energy, linear and angular momentum, and 

parity), its size and shape. The experimental verification 

for this hypothesis was first provided by Ghoshal(3) and later 
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confirmed by J~hn(4), Porile et al.(5), Rayudu et al.(6) and 

Gibson(7) with different compound nuclei 

l69Tm , and 24lAm respectively) formed by 

( 64Z 2l0p 70 G n, 0, e, 

different target-

projectile systems. The measured relative yields of different 

reaction prod'l1cts (Le. cr~P'~)f == .Q.CSb n
2

)) etc.) were the same 
. .. cr p, n crea, n 

within experimental error, thus proving that a compound nucleus 

is formed and its decay iR independent of its mode of formation. 

Grover et al.(8) iuterpreted the S~ight discrepancy in results 

as being due to the different amounts of angular momenta 

brought in by the particles of different masses. In the 

compound nucleus formed with a higher value of angular momentum, 

there i8 a stroug competition between pnrticle and photon 

emission in the final deexcitation stage. This arises due to 

the large spin difference between the levels, before and sfter 

the final deexcitation step. 

The symmetry test for the angular distribution of 

emittea particles about 90° was found by Wolfenstein(9) and 

Iater studied extensive1y by Glover et al. (10) and by 

Armstrong and Rosen(ll) in the low and intermediate energy 

ranges (.-..J 10 MeV/nucleon). Although the angular distribution 

o 
is shown to be symmetric about 90 , a sizeable fraction 

(,-v10 - 20%) can be attributed to non-compound nuc1ear process, 

i.e. VDirect Interaction' (DI), (discussed in the ne:Jct Section 

in detail), the process being predominant with increasing 

incident energy. Bodansky et al.(12) studied the coincident 

proton evaporation from the 58 Ni (a,2p)60 Ni reaction with 32-MeV 



) 

- 6 -

a~particles. Good agreement wes observed between the 

predictions of the statistical theory and the experimental 

yield, energy and angular distribution. The shapes of energy 

spectra of emitted particlea from the same compound nucleus 

formea in àifferent ways were fo'mcJ to be independent of the 

moaeof formation. The a-spectra observed by Sherr and 

(13) 59 . 56 
Brady from co(p,a) Fe were aimilar in shape to those 

56 , 56 (14) 
from the Fe(a,a) Fe reaction, obtained by Lassen et al. 

at similar energies. 

Excitation functions provide another proof of the 

statistical theory. Porile(15) and Saha et al.(16) studied 

a- and proton-induced reactions in 64Zn and 89y nuclei. Monte 

Carlo statistical calculations (discussed later in Section 1-5) 

were in agreement with experimental results up ta 41 and 35 MeV 

respectively and ~iscrepancies at higher energies were 

attributed to DI, 

Recoil studies provide an excellent method for 

obtaining information about the mechanism of a nuclear reaction. 

These measurements involve obtaining the rapge (and hence 

energy from a known range~energy relation) and angular distri-

bution of nuclear recoils radiochemically. Full incident 

momentum is transferred te the struck nucleus in CN formation 

and a pa.rtial momentum transfer in the °Direct Reactions V
, and .. · 

therefore greater values of recoil ranges are obtained in the 

eN than in the DI mechanism. Porile et al.(17) measured 

recoil ranges for (a,ay)~ (a,an), (a~pn) and (p,py) reactions 
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) 
on 1l5 In and for the (p,n) reaction on 1131n with 20 - 40 MeV 

a-particles and 5 - 10 MeV protons respectively. Reasonable 

agreement was obtained for (a~pn), (p,py) and (p,n) reactions 

with the CN calculations. Harvey et a1.(18) measured the 

angulor distribution and average recoil ranges of different 

products fram 22- to 46-MeV a- and 23.5-MeV deuteron-induced 

i 209 ~ 244 react ons on Bi anu Cm. Resulta were consistent with the 

Monte Carlo evaporation ca1culations. Blann et al.(19) studied 

the recoil ranges of nuclides obtained by the a-induced reaction 

in 58Ni in the energy region of 46- ta 68~MeV. On ly in li fe~'7 

cases were deviations from eN calculations observed. 

Winsberg 
. (20) 

and Alexander studied the range and 

range straggling of 149Tb , At and Po recoils in Al and Au, 

from reactions ind4ced with heavy ions (12c, ll~N , 160 , 180 and 

22 
Ne) with kinetic energy of 10 MeV/nucleon or less. The eN 

assumption was found valid in this energy range with sorne 

deviations due to non-compound nuclear processes at energies 

above 100 MeV. Similar conclusions were reached by Kaplan et 

01.(21) with 126 Ba and 128Ba nuc1ides with recoi1 energy 

varying from 3 to 14 MeV. 

Alexander et a1.(22,23,24) studied the decay of Tb 

and Dy compound nuc1ei formed by ~~fferent target-projectile 

systems. Their range and angu1ar distribution results were 

uued to calculate average total photon and total neutron 

energies. The difference in total photon energy from these 

two compound systems waa attributed to the difference in 
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angular momentum brought in, to the initial compound nuclei. 

Kaplan l s(25) study of Eu and Gd compound nuclei, by 

differential range measurements, gave evidence for compound 

nucleus formation. The recent measurement of angular dis-

tribution by Kaplan et al.(26) in 55 Mn (lln,p4n)6lcu reaction, 

over the energy region of 53 to 114 MeV, showed substantial 

competition between particle and photon emission in the 

deexcitation process. 

1-3. THE DIRECT INTERACTION MECHANISM 
AND CASCADE EVAPORATION MODEL 

The CN mechanism is quite successful in explaining 

most of the aspects of low and medium energy nuclear reactions, 

while deviations were observed at higher energy. In contrnst 

to Bohrus assumption of strong coupling, weisskopf(27) 

postulated that weak coupling prevails among the nucleons in a 

nucleus, and therefore DI can take place even at lower energies. 

The DI mechanism can also be explained in terms of the 'Optical 

Mod e 11 • The nucleus is assumed to behave like a cloudy 

crystal baIl or an opaque sphere, partly absorbing and partly 

refracting the incident particles. The absorbing imnginnry 

part of the potential increascs with energy, while the 

refracting real part shows the opposite behaviour. The mean 

free path,./\, of the incident particle inside the nucleus, as 

. (28) (29) 
c~ted by Peaslee and Hodgson ia inversely related to 

the absorbing part of the potential and is given by 

(I-3) 
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where p ls the nuclear density and ie the average 

effective nucleon-nucleon collision crosa se ct ion. The 

effective cross section differs from the free nucleon-nuclcon 

cross section in that the 'Pauli Exclusion Principle' forbids 

collision leading collision partners to occupied states. A~ 

low energy the collision probability is small andA is long. 

With an increase in energy, ~ef> lncreases, resulting in a 

de crea se in Â. Ath igher energy, however ,Â in crea se s aga.in 
1 

due to the small total nucleon-nucleon cross section. Thus, 

due to longA at both low and high energy, the incident 

particle may traverse the nucleus while making a few or no 

collisions, leading to the idea of 'Nuclear Transparencyv. 

On the basis of 'Impulse Approximation V at high 

energy, 
(30)' . 

Serbe~ first suggested a two-step process for 

spallation reactions: cascade or knock-on phase and 

evaporation phase. The cascade phas~ proceeds through two-

body collisions between the incident particle and the 

individual target nucleon in the nucleus. These collisions 

can be considered as collision betweeri free nucleons, since 

the de Btoglie wavelength of the highe~ergy particle ts very 

small compared to the internucleon distance. After each 

collision, both or either of the collision partners may be 

emitted or collide further with other nucleons, depending on 

the kinematics of the process. Thus an intranuclear cascade 

ia obtained. 

Each cascade step ls governedlby (a) the uPauli 
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Exclusion Principle, (b) the momentum distribution of the 

target nucleons and (c) reflection and refraction by the·real 

part of the potential. The pro cess continues until the mean 

free path of the collision partners is small with respect to 

the nuclear radius, and hence no prompt particle can be 

emitted. The reaidual nucleus attains an equilibrium through 

multiple collisions among the nucleons, evaporates off ri few 

more particles, until the excitation energy is insufficient to 

emit any more particles. This evaporation process being slow 

and ranàom in nature ia described in termo of the 'Statistical 

Mode IV. 

In the optical scattering representation, the 

ocattered pnrticle'will escape from the nuclear surface, if 

the angle of incidence of the particle io leso thanthe angle 

for total internaI reflection, 0 ,theso-called critical cr 

angle. Therefore the DI probability io proportional to the 

solid angle contained within 0 . cr The DI at lower energies 

will occur in the nuclear surface only and will extend to 

volume reactions at higher energies, i.e. DI will then occur 

for aIl impact parameters. This condition will first be met 

in the light target elements where the nuclear surface-to-

volume ratio is much larger than in the case of heavy elements. 

The commonly assumed mechanisms of (nucleon, 

2 nucleon) reactions, of which the (p,pn) reaction studied by 

us is an important and widely studied member~ may be listed as 

follows: 
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(a) Clean knock-out. The incident particle interacts 

strongly with one of its constituent nucleons, and the 

collision partners leave the nucleus without disturbing it 

further. 

(b-) Unclean knock-out (fast process). The incident 

nucleon makes more than one intranuclear nucleon-nucleon 

interaction, and the two nucleons promptly exit from the 

nucleus. 

(c) Inelastic scattering followed by evaporation (ISE) 

(a fast process followed by a slow one). A nucleon of the 

same type as the incident nucleon, but with lees energy, 

emerges promptly and then the other nucleon escapes. 

(d) Charge-exchange scattering followed by nucleon 

evaporation (CESE). A nucleon of the opposite typ~ from the 

incident nucleon emerges promptly, and,then at a much later 

time another nucleon emergesr 

(e) Compound nucleus formation, followed by evaporation of 

two nucleons or a deuteron (CNE). 

(f) The pick-up reaction. The incident nucleon, moving 

through the nuclear matter, couples with a target nucleon of 

the opposite type moving with about the same momentum and then 

emerges as a single unit. 

(g) Knock-out of a deuteron, with capture of the incident 

nucleon. 

The validity of the cascade-evaporation model cornes 

from the exp~rimental observations made by several workers. 
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Hodgson(31), using the nuclear emulsion technique, observed 

that with 50 to 125 MeV protons 30% of the emitted particles 

are due to the nuclear cascade process. Below 100 MeV, 

nuclear reactions proceed through a combination of the eN 

formation and cascade-evaporation process, the former being 

predominant at lower and the latter at higher energies. 

I-4. PENETRATION OF HEAVY IONS THROUGH MATTER 

Theoretical investigations of the penetration of 

energetic charged particles through matter have been made by 

(32-34) (35-39) severol and extensively reviewed by mony authors. 

An energetic charged particle moving through any material 

loses its kinetic energy or is deflected from its original 

path by four principal mechanisms: 

(0) Inelastic collisirin with bound atomic electrons. The 

moving porticle transfers sufficient energy to the orbital 

electrons of the stopping atoms causing excitation and 

ion iza t ion. This phenomenon called 'Electronic Stopplhg 1 1~ 

the prlncipal mode of energy loss when v > vo' where " 

2 8 
v = e /h = 2.2 x 10 cm/sec ls the Bohr velocity of the 

o 

hydrogen electron and v 18 the velocity of the moving particle. 

(b) Elastic collision with the nucleus. At velocities 

below v , this mechanism called 'Nuclear Stopping V becomes o 

increasingly important. The slow' moving particle ls now more 

or less neutral. The energy-transfer may cause the knock-on 

stom to be ejected from its lattice site with a resulting 

cascade of damage to the solide 
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) 
(c) Inelastic collision with the nucleus. The moving 

particle in close encounter with the stopper atom is deflected 

and frequently emits a quantum of radiation in the form of 

'Bremsstrahlung v • This energy loss process ls negligible for 

low energy, heavy recoiling nuclides formed in spallation and 

fission reactions. 

(d) Elastic collision with atomic electrons. In th i8 

process, the moving partiele is deflected in the field of the 

atomic electrons of the stopping atoms, The maximum energy 

transfer is less than the lowest excitation potentinl of the 

electrons. The contribution of this process to the stopping 

phenomenon i8 negligible for the massive particles. 

By colliding with electrons, the moving particle 

loses those electrons whose orbital velocities are less than 

the velocity of the particle. Therefore its ionization or 

rate of energy 108s will be greater at the beginning of the 

ran ge, lV'h en its velocity i8 greatest. Roughly the charge of 

the recoil, Z* * 21/3 1 , is given as Z = .v v where Z and v are 
o 

the atomic number and velocity of the moving particle. 

In the nuclear stopping region, recoil behaviour is 

determined by the ratio of masses of the m~ving (Ml) and 

If this ratio i8 large, the 

average energy 108S per collision will be small and the recoil 

will follow an approximately linear path. 

the fractionsl energy lossper collision is relatively high 

and the moving particle will be deflected through large angles. 
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The moving atom interacts with the lattice.atom, 

one at a time (binary collision) and the force field can be 

described by a velocity-independent potential. For this ion-

stom interaction, :aoh~3.2)first suggested an 'Exponentially 

Screened Coulomb' (ESC) potentinl of the form 

l,. 

where screening radius aB ~ a /(z2/3 + z2/3)~ 
o 1 2 

r is the distance between the two charge centers, 

ZI and 2 2 are the atomic numbers of the moving and 

stopping atoms respectively, and 

a is the Bohr radius of the hydrogen atom. 
o 

(1-4) 

The Thomas-Fermi Statistical Model postulates that electron 

density distributions are completely independent of position, 

which is against the 'Pauli Exclusion Principle'. Brinkman(40) 

calculated the electrostatic interaction energy assuming ESC 

charge distribution for two separate atoms. This calculation 

neglects changes in electron distributions caused by proximity 

of other atoms and excludes exchange effects. The Firsov(41) 

potential took these effects into account in the Thomas-Fermi 

Model and prb~ided a universal potential for any two 

interacting atoms, in a region where the limitations of the 

Thomas-Fermi Model are least critical. Holmes et al.(42) 

used a hard-sphere approximation for the ion-atom potential. 

1 t;!'3) 
Lindhardand seharff\~" replaced the ESC potential by an 
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inverse-square potential (i.e. inverse-cube force) within a 

distance r c aB where 

a 
o (I-5) 

This potential, which has the same value and the 

same first derivative at r c aB as the ESC potentiel, 'is, of 

the form 

V(r) (I-6) 

The scattering behaviour of such a potential is then given in 

the form of a differential cross section or impact parameter 

for a particular angular deflection or energy loss. 

classical solution is valid only for the collisiops in which 

the uncertainty in momentum is small compared to the momentum, 

as weIl as change in momentum, of the coillding atom which 

requires that the de Broglie wavelength ~ « a. s and 0:P ~/a , s 

where a is of the order of the d~mension of the scattering 
s 

center, and 0 ia the angular deflection in the CM system, of 

the incident particle. 

Recoil atoms, having kinetic energy greater than 

25 eV, satisfy these requirements except for very smail values 

of 0, which are not important in the total energy 1088 of the 

moving atom. This amount of kinetic energy i8 Just enough to 

displace an atom from its lattice site and therefore the 

moving particle, having energy lees than 25 eV~ is considered 
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ta have terminateo ita path. These considerations justify the 

use of classical mechanics for ail energies of interest. 

Since an analytical solution, using the simplest useful 

potential to the scattering problem ie not possible, approximate 

or numerical solutions have been obtBined. 

fa 11o't-1s: 

The specifie energy 108s, (dE/dR), ia defined as 

dE 
dR = = N.I daT (1-7) 

where N ls the number of scatlering canters per unit volume, 

da is the differential cross section, 

S ia the stopping cross secti.on per scattering center 

for an energy transfer T to the atoms and atomic 

electrons, and hence the energy Integral of the 

stopping cross section gives the range. 

The ratio, S Is , ia a measure of the division of 
e n 

energy dissipation into el~ctronic and stamic motion. The 

omission of S at low energy i8 justified, since (S 18 ). -~ 0, 
e e n low v 

but at higher energies, omission of S becomes less significant, 
e 

until the electronic stopping playa the prp.dominant raIe and st 

sorne critical energy, Ec:::-:::- 0.5 2A (keV), when 2 1 = 2 2 = 2, 

bath the cross sections are equal. The total stopping cross 

section is then given by 

= 

= 

(~E ~ 
\J}f -; e 

(f}E ~ + Ko E ~ 
~f7n 

(1-8) 

(1-9) 
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where ? and € are the dimensionless range Bnd energy parameters 

of the moving atom, the subscripts n Bnd e refer to the nuclear 

and electronic processes respectively, and K la the pro-

portionality constant. The electronic stopping cross section 
l.. 

18 proportionsl to E~ in the moderate velocity region, 

v < v
l 

= v Z2/3. This distinction between nuclear and 
o 1 

electronic stopping processes is not juatified and nuclear 

collisions are not elsstic, since there ia a strong coupling in 

close contact between the two phenomena. At extremely low 

/' -2 E -values, E ~lO ,the stopping cross section is uncertain, 

since the Thomas-Fermi treatment i8 a crude approximation when 

the ion and the atom do not come close to each other. 

Oen et al.(43) and van Lint et al.(44) have 

developed Monte Carlo procedures for tracing the histories of 

a large number of stoms (~lOOO), moving through a disordered 

crystal lattice, where the energy 10s8 in discrüte amount 

occurs through binary collision with latticeatoms. Finally, 

the histories of a large number of moving atoms are averaged 

to give the different types of ranges and related quantities. 

The hard-sphere, approximation of Oen et al.(43) to the atom 

scattering event does not give quantitative results, whereas 

the Bohr ESC potential falls off too steeply at interatomic 

distances greater than sB' van Lint et al,(44) showed that 

ranges calculated with the Thomas-Fermi-Dirac potentinl are in 

fair agreement with experiment. 

The calculated range in an ordered crystal lattice 

i8 greater along certain more open crystal directions, where 
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the moving atom undergoes a series of glancing collisions 't'7ith 

very small energy transfer. Us 1'ng an 'Anodic Stripping-' 

technique, Davies et al. 
(45) 

observed an eJcponential tail ( 130-

called channeling) in the range distribution. They studied 

24 
the penetration of radioactive alkali and inert gas ions ( Na, 

86 Rb , 85Kr , etc.) with energies between 20 to 160 keV, iuto 

oriented aluminum single crystals. The penet~ation depth of 

the ion, aligned with directions of the closely packed atoms, 

was several time~ farther than that observed in amo~phous 

A1 20
3 

and the range distribution in amorphous oxide is in 

agreement with computer calculations in which no exponential 

tail was predicted. Davies et 01.(46,47) later confirmed 

this idea by range studies of different ion-baams in Al, W, 

Different range concepts used in describing range-

energy relations are sometimes confusing. A collimated mono-

energetic beam of particles of the same mass sbould come ta a 

stop rifter ~raversing a certain distance (total path length 

from 0 to A as shown in Fig. 1) at a particular depth of the 

nbsorber. This is not observed in nuclear recoils formed 

naturally or artificially because of a combinat ion of two 

possible factors: 

(a) The straggling nature of the energy loss process by 

binary collision. Some particles traverse a longer distance 

and sorne less than the expected ideal range and thus give rise 

to range straggling. 
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Fig. 1: Sketches i11ustrating (a) Definition of 

range concepts, (b) Range distributions. 
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(b) The initial energy spread of the nuclear recoile of the 

same mass, This effect i8 minimized by producing mono-

energetic ion-beame by an electro8tatic generator o~ isotope 

separator. 

For an energetic particle, Lindhard et al.(34) 

calculated the average projected displacement OB in the initial 

direction of the beam from the total path length OA. The 

observed range in a Dstacked-foil u experiment is OP. The most 

probable range is that traversed by the maximum number of 

moving particles and the median range i8 the one at which the 

range distribution curve divides itself into half. 

I-5. MONTE CARLO CALCULATIONS 

The random nature, inherent in both cascade and 

evaporation phases~ suggests the use of the Monte Carlo 

technique to calculate reaction cross sections and related 

quantities. Goldberger(48) firet outlined the appl·ic~tion of 

this semi~empirical method to the cascade phase. Many other 

authors (49-55) 'Llsed the th d f . t f t" me 0 or a var1e y 0 reac 10n 

conditions, each adding new refinemellts to the technique by 

changing different nuclear parameters l e.g. n~cleer radius, 

potentiel weIl depth, shape, density and eut-off energy. AlI 

of them, except a few recent one3~ assumed.2 square-weIl, 

deganerate Fermi gas model for the nucleus with a uniform 

density distribution. The calculation of Metropolis et 

al.(52,53) is most comprehensive in the sense that they used a 
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three-dimensional relativistic treatment and included meson 

production and its participation in the cascade process above 

450 MeV. Also, they obtained hlgher statistical accuracy by 

following a larger number of cascades for each set of initial 

conditions for a wide range of target elements covering an 

energy region up to 1.8 BeV. 

Metropolis et al.(52) found a fair agreement 

between their calculations and experimental results(56-59) 

from photographic plate and counter measurements. The 

programme does not consider the presence of any composite 

particle inside the nucleus and so cannot predict the cascade 

emission of complex units, e.g. 
3 
He, etc. The 

calculation is further discussed in Section IV-3. 

The Monte Carlo calculation of Dostrovsky et 

aL ( 60,61 ) for the nuclear evapùration process is the most 

comprehensive one. Weisskopf's evaporation formalism was 

( 51 60 61-62) used by aIl che authors ' , , . Several analytical 

(63 64) 
calculat~ons ' were performed to find out the average 

behaviour in the deexcitstion of a highly excited nucleus and 

also the statistical fluctuation of the evaporation process. 

For a given projectile-target system at a given energy, the 

calculation gives Z,A and energy distribution of the residual 

nuclei; type, number, energy and angular distribution of the 

emitted particles. 

The distributions in r.uclear charge, mass and 

excitation energy, computed in the cascade phase, are used as 
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th~ input for the evaporation ca1culation. The overal1 

resu1ts of these ca1culations give the cross section for the 

formation of aIl the products from a starting nucleus, which 

is then compared with the experimenta1 results. 

Rudstam(5l) found a satisfactory agreement between 

the ca1cu1ated and measured cross sections for the spallation 

75 
products not too far from a target, As, irradiated with 170-

MeV protons. Dostrovsky et a1.(60,61) obtained a reasonably 

good agreement by comparing their calculated cross sections 

for the evaporation process for proton-induced reactions with 

the resu1ts of Meadows(65) for 63 Cu and 65 Cu targets and those 

of Sharp et a1.(66) for 59Co from thresho1d to 100 MeV. Saha 

et a1.(16) and Pori1e et a1.(5) observed reasonab1e agreement 

up to about 30 MeV between the statistica1 theory calcu1ations 

and the experimenta1 results obtained from proton bombardments 

f 89y d 69,71 G o' an a. High energy tails in the excitation 

functions for the (p,n) and (p,pn) reactions were attributed 

to direct interactions. 

The cascade-evaporation calculation had limited 

appli~ation to simple spallation reactions at higher energies 

(BeV region). In sorne cases, she1l effects may be perturbing 

the results(67). The discrepancy between the previous 

calculations and experiments was attributed to the neglect of 

non-uniform density distribution and reflection and refraction 

of the particles in the different density regions of the 

nucleus. Bertini(68) used a three-step function for the 
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nuclear potential with a non-uniform density distribution. 

(54) , . 
The "è'alculations of Chen et al. considered these effects 

in detail and obtained a comparatively better fit in Most of 

the cases. Denisov et al.(69,55) recently took into account 

these effects which were neglected in porile v s(70) calculations 

and studied the momentum distribution of nuclei in the cascade 

process, for nuclei with mass numbers 27, 95, and 195 

respectively at proton energies of .150, 340, and 660 MeV. 

Though(55) other characteristics, e.g. total inelastic cross 

sections, angular and energy distribution of fast nucleons 

could be explained by cascade theory, the calculated forward-

backward ratio, range and anguler distribution of the recoil 

products were in disagreement with experiment. They concluded 

that structural features of the nuclei, e.g. nucleon 

correlation, to which recoil momenta can be sensitive, should 

be ta ken into consideration for better agreement in further 

investigations. 

1-6. THE VECTOR MODEL AND ITS RELATION TO RANGE 

AND ANGULAR DISTRIBUTION STUDIES 

The momente and angular distribution of recoil 

nuclei are connected to those of the emitted particles by the 

requirements of momentum and energy conservation. The 

symmetry of the angular distribution of emitted particles 

about 90 0
, with respect to the beam direction in the moving 

frame of the recoil nuclei, i5 predicted by the Statistical 

model. Here it i8 assumed that the interfering terms among 
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) 
the many different emission channels add incoherently to make 

a negligible contribution to the total transition amplitude; 

symmetry then follows from parity conservation. Asymmetry 

o 
about 90 may also arise from a limited number of interfering 

channels and invalidate the statistical nature but does not 

disprove the eN nature. 

The 10ss of angular momentum from the excited 

compound nucleus has been related to the symmetry pro pert y by 

several authors. Ericson et a1.(7l) on a semi-classical 

basis (neglecting target spin and discreteness of angular 

momentum) showed that for a large compound nuclear spin I, 

the angular momentum t of the emitted particles, will 

preferentially be para1lel to the compound nuc1ear spin axis 

and the 1inear momentum will be peaked in the equatoria1 plane. 

For sufficiently smaii angular momentum, the angular 

distribution is given by 

w(y) oc 
2 

1 + r.. s in'f ( I -10 ) 

I
2t 2

) where the anisotropy parameter r..(= « l, with cr as "the 
4 cr4 

spin cut-off parameter and ya,s the angle bet"tV'een the 

direction of the emitted particle and the spin of the compound 

nucleus. On averaging over the possible orientations of the 

spin axis and normalizing for small r.., the differential cross 

section w(e) i8 calculated and i8 given as 

w(e) oc (1 - ~ + ~ cos
2 e) (I-ll) 
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where e 18 the direction of the emitted particles with respect 

to the beam. Halpern(72) obtained similar relations from a 

classical model, where the nucleus was treated as a Maxwellian 

rotating free particle gas. When -,...» 1, the emission is in 

the equatorial plane and in this limit Halpern and 

Strutinski(73) showed that the angular distribution relative to 

the incident beam direction is given by 

1 w(e) oC --­
sin e (1-12) 

The contribution due to DI is prominent for the 

emission of low energy charged particles from the heavy targets 

or high energy particles from any target, because charged 

particle emission is suppressed in heavy targets and 

evaporation spectra are peaked at low energies and are forward 

peaking in the angular distribution t as shown by Gugelot(74), 

Broek(75) and Britt et al,(76). 

The results suggest that the moment of inertia of a 

nucleus is close to its rigid body value at high excitation 

energy but i8 reduced at lower excitation energy. In general, 

anisotropy tends to decrease with increasing target mass and 

is in the descending order 

where ~ ,~ and ~ correspond to anisotropy parameters for ex p n 

alpha, proton and neutron emission respectively. 

In most of the calculations at medium excitation 
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energy, the role of angular momentum was ignored, as this 

makes mathematical treatment much more difficult. However, 

the angular momentum effect should be considered in heavy ion 

reactiùns, and several groups of authors(77,78) are re-casting 

the statistical model to include the angular momentum effect. 

The reconstruction of reaction kinematics from the 

observed recoil angles and momenta being difficult, information 

about reaction mechanisms from experimental results were 

obtained from a detailed vector model.(79,80) The recoil 

velocity vector vL(LS) is equal to the vector sum of the 

velocitles v and V imparted by the incident and emitted particles 

respectively, The vector model representations 

are shown separately for eN and DI mechanisms in Fig. 2. The 

vector model for cascade evaporation mechanism i8 different 

because of partial momentum trausfer to the struck nucleus. 

Though the differential range experiment over a 

smaii angular acceptance is most use fuI from the kinematic 

point of view, only Integral recoil experimeuts were performed 

because of low activity problems. These experiments give the 

average range projected in the beam direction with 2~ angular 

acceptance. In terme of the recoil parameter~ (=v/V), 

reactions cau be divided iuto three groups: 

(a) Impact velocity, v, is greater than reaction velocity, 

V, i. e. '?» 1. This case i8 particularly observed in alpha 

aud other heavy-ion induced reactions. 

(b) Impact velocity, v, i8 nearly equal to reaction velocity 
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Figure 2 

VECTOR MODEL REPRESENTATIONS 

(a) and (a/): Compound nucleus mechanism illustrating 

the forward, backward and perpe~dicular 

experiments. 

( b) and (b/): 

4-10. 

V = impact velo city 

~ 

V - evaporation or reaction velo city 

7( = v/V 

Direct .interaction mechanism, % and ~ 

are components of the knock-on velocity 

~, parallel and perpendicular to the 
....... 

beam direction; the vector V ia due to 

the réactio~ velocity. 

Gand G
L 

are the recoil angles with 

respect to the beam direction in the 

system of the struck nucleus and 

laboratory system respectively. 
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as observed in sorne simple reactions, e.g. the (p,n), (3He ,4He ) 

reactioIlS. 

(~) Impact velocity, v, is far less than reaction velocity, 

V, Le. "7 «1, as is the case in nuclear fission. 

In reactions of the first group, recoil products 

will be obseried in a small cone about the beam direction and 

recoil kinematics can be studied by three quantities, 

(a) the average range projected in the beam direction, RII' 

(b) the straggling of the projected ranges 

2 3,. 
[ ( .6R Il ) ] 2 1 ( R,,), and 

( c) the root mean square recoil angle 

The value of RII i8 mainly determined by the impact 

velocity, 
2 --:2 . 

v, while the values of (.6RH) and (eL) are determined 

by the ratio v2 /v 2
, The anisoFropy of the evaporation process 

---2 --:2 
d e pen d son the rat i 0 ( .6R Il) 1 ( eL) . ;rh e an guI a r dis tri but ion 

of V (CM system) denoted by w(e) is symmetric about 90
0

, in the 

energy region where the CN mechanism holdB good. 

The vector model invûlves the following assumptions: 

( a) U Il i que n e s sin the val u e s 0 f '1" (= V Il 1 V), 'l.!- (= V.L. 1 V) , 

V and the anisotropy parameter b/a (though the measured 

quantities are average values on ly) . 

( b) Straight recoil path. 

( c) Angular distribution of the form w(e) + b 
2 e. = a cos 

( d) relation R 
N 1;vhere K and N Range energy = K'V , are 

empirical constants for a particular system. 

On the basis of the vector model, equations 
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(described in Section III) connecting the experimental ranges 

projected in the forward, backward and perpendicular directions 

(with respect ta the beam) with ~7 ' -n , R(= K VN) and bla 
II{.!. 

were deduced independently by Winsberg(79) and sugarman(80). 

The detailed analysis gives: 

(a) the deposition energy of the struck nucleus. 

(b) the kinetic energy'of the recailing nucleus. 

(c) the angular distribution of the recoils (CM system). 

Renee a suitable combinat ion of these factors on a 

kinematic basis provides a plausible clue to the mechanism of 

the nuclear reaction of interest. 

1-7. PREVIOUS WORK OF INTEREST 

Recoil studies of previous work, involving light 

and heavy projectiles, with suitable target elements spread 

over the perioèic table covering a wide energy region, have 

been reviewed by Walton(81), Harvey(82), and Grover and 

caretto(83). The main purpose of these studies i8 either to 

verify the theoretical range-energy relationship, if the 

recoil energy and the corresponding recoil range are known, 

or to explain the mechanism of nuclear reaction when the 

range-energy relationship is known. Information obtained by 

this technique in 

(a) nuclear fission, 

(b)reactions in which multiple particle emission occurs, 

(c) transfer reactions with heavy ions (i.e. heavy ion 

stripping) , and 
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(d) reactions involving short-lived intermediates in nuclear 

matter 

la not readily available from excitation function studies, 

angular distribution and angular correlation measurements, due 

to different competitive processes of a complex nature. 

Proton-induced recoil studies in the medium energy 

range are few compared to those induced with alpha particles 

and heavy ions; only the relevant works are outlined below. 

Hontzeas(84) recently repeated the integral range 

12 Il 
measurements for C(p,pn) C reaction (25- 85 MeV), previously 

performed by Hintz(85) (30 - 90 MeV), which had been extended by 

Singh et al.(86) from 0.25 to 6.2 BeV. Hontzeas(84) 

qualitatively explained his results in terms of the CN 

mechanisrn up to 45 MeV and above this energy by cascade­

evaporation model; and 8ingh et al.(86) interpreted their 

results in terms of 'Hole momentum' left by 19 MeV neutron. 

The monitor reaction 27AI (p,3pn)24 Na has been 

( 87- 90 ) 
extensively studied by several workers . Fung et 

al. (87) (60 - 340 MeV) by integral technique observed the 

evidence for transition from the CN to the DI mechanism; the 

recoiling nuclide above 85 MeV, formed by the knock-on process, 

was found to have a 'Constant-Deposition Energy' value. 

Denisov et al.(88) found that their average range results at 

660 MeV were not consistent with the CN or 'quasi-deuteron' 

mode 1. Poskanzer et al.(90) (0.36 - 30 BeV), for the above 

reaction, calculated a deposition energy of 52 MeV in this 
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high energy region. 

Merz and Caretto(9l) used the Integral technique to 

65 64 • 
study the Cu(p,pn) Cu reaction (73 - 400 MeV) and explained 

their results in terms of the cascade-evaporation and knock-on 

mechanisms. Reuland et a1.(92) did the 2~-integral range 

measurements and observed the short and long range distribution, 

and explanations were in terms of the above-mentioned 

mechanisms. Fung and Turkevich (93) (100 - 440 MeV) found proof 

for the uOne-Pion Exchange Theoryo (OPE) for the reaction 

65, ( + 65 (94) Cu p,p~) Ni. Remsberg studied the same reaction at 

2.8 and 28 BeV to iind the average projected range and also 

the range distribution at 15° and 45
0 

to the beam. Agreement 

between experiment a~d calculation i8 obtained only when the 

OPE theory ie assumed ta describe (p,p) interaction inside the 

nucleus. Morrison et el.(95) studied the 68 zn (p,2p)67 Cu 

reaction (80- 430 MeV) by integral technique. Th e i r . r e sul t s 

are consistent with the fast knock-out model. 

. ( 17 ) 
Porile et al. made recoi1 studies for the 

113 113 
In(p,.n) Sri reaction (5 - 10 MeV). Their average range 

results, corrected for particle Emission, are in good agreement 

with the CN calculations. 

Sugarman et al,(96-99) studied the spallation 

products (198,202 T1 , 200,201,203 pb and 200,201,203 Bi ) formed 

in 450 MeV proton borubardment of 209Bi , mainly by thick-target 

technique, and interpreted their results by Monte Carlo 

cascade-evaporation calculations. 
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Alpha particle and heavy-ion induced reactions have 

been rigorously studied by differential range and angular 

distribution measurements, and the few experiments of similar 

nature performed by proton bombardments are discussed below. 

Panontin et al.(100) made angular distribution 

measurements of the l2 c (p,pn)11c reaction at 450 MeV and found 

that °Distorted Wave Impulse Approximation U (nWIA) gave better 

agreement than that obtained by 'Plane Wave Approximation'. 

Both the theoretical values were large at the backward angles 

which may indicate the presence of competitive mechanisms. 

Remsberg(lOl) studied the angular distribution of 

64 Cu in the 65 cu (p,pn)64 cu reaction and found pronounced peaks 

at 75
0 

and 86° for 0.37 and 2.8 BeV experiments respectively. 

The peaks are superimposed on broad featureless distributions. 

In fact, the calculation of Benioff et al.(102), based on the 

clean knock-out model, gave a broad featureless distribution. 

( 10 l) 
Remsberg assigned this peak to the ISE mechanism. The 

1 i i f h 65C (+)65N " " " h Il c nemat cs o· te u p,pn 1 react10n requ1res t at a 

65 Ni recoils should be confined to forward angles, as 'tV'as 

observed by him. The angular distribution results of Reuland 

( 92) 64 et al. for Cu at 400 MeV were complicated by scattering 

effects and no peak was observed in the angular distribution. 

The present work invo1ves a recoil study of the 

(p,pn) 
65 19'7 

reactions in Cu and Au, induced with protons of 

energies 20 - 8.5 MeV. The various reasons for choosing such a 
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system are: 

(a) Gold 1s monoisotopic, though natural copper used in 
1 

65 
thick-target experiments has two isotopes ( Cu - 30.91% and 

63 Cu - 69.09%); and the interference from secondary reactions, 

63 64 64 mainly Cu(n,y) Cu,to the Cu formation cross section, is 

negligible. 65 
However, enriched Cu was used in the angular 

distribution measurements. 

(b) The pure metals are available in any desired uniform 

thickness. 

(c) Radiochemical separation procedures are simplified, 

since only the first row of transition elements may be formecl 

from copper and neighbouring elements from gold, in this 

energy range. 

(d) Excitation functions for golcl(103-105) and 

(65,67,106,107,108) h b i 1 di d copper ave een extens ve y stu e up to 

the BeV region. 

(e) This proton energy range i8 interesting because of the 

graduaI transition from CN to DI mechanism; and the ideas of 

Iow and high energies are extended to give a suitable ana1ysis 

of the result8. 

Semi-quantitative information about the reaction 

mechanisms and the validity of the current theories coulcl be 

obtained from the present investigation. 
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II. EXPERIMENTAL PROCEDURES 

11-1. TARGET ASSEMBLIES AND THEIR 
PREPARATiONS 

The ideal recoil study should involve the 

differential range measurements of the reaction products 

recoiling from a thin target (rv monolayer) at various angles. 

Since this kind of study requires Many radiochemical analyses, 

high beam-intensity, long irradiation time, comparatively 

thick targets uith reasonable angular resolution are used. 

Thefollowing three types of experiments are usually performed: 

(a) Thick-target thick-catcher (or Integral range) 

experiments. The target-thickness is aluays 

greater than the recoil range. 

(b) Thin-target thin-catcher (or differential range) 

experiments. 

(c) Thin-target angular distribuion measurements. 

Some combinations ot these methods are MOst commonly 

made. In both thick- and thin-target experiments, catcher 

foils of sufficient thickness to stop aIl nuclei which escape 

from the target are used. 

The present work involves Integral range and 

angular distribution measurements. In Integral range experi-

ments, target assemblies, as depicted in Fig. 3, were oriented 

90 0 and 10 0 to the beam respectively. The assembly consists 

of target (T), forward (F), backward (B), activation (A) and 
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THICK-TARGET ASSEMBLIES SHOWING THE TWO ORIENTATIONS 

]SED FOR STUDYING THERECOIL BEHAVIOUR 

(a) Forward-backward and (b) Perpendicular. 

G - guard foil; B - ba~kward catcher foil; 

T - target; F - forward catcher foil; 

A - activation foil. 

(c) Target asoembly clamped to the target holder. 
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) guard foils (G). The target foils of copper and gold were 

sandwiched between aluminum catcher foils 9.188 mg/cm2 
thick. 

Before the foi1s were assembled, they were degreased by 

washing with acetone and water. The target thickness was 

determined by weighing a known area of the target fOi1, to an 

accuracy of + 1%, exclusive of inhomogeneities. The 1eading 

edge of the target was kept inside the catcher foi1s to prevent 

escape of recoi1s from the target edges. Activation foi1s 

identica1 to the catchers were inc1uded to correct for 

impurities in the catchers which might give rise to the product 

of primary interest. The wrappers prevented any separation 

between the different foi1s, and the target assemb1y was fixed 

to the target ho1der with screws. 

For angu1ar distribution measurements, different 

designs were made to suit the experiments in the internaI and 

t 1 b (90,109,110,111,112) h . h i ex erna eams. T e arrangement s own n 

Fig. 4 is a simple adaptation of that used by Poskanzer et 

al. (90) to fit the requirements of the McGi11 Synchrocyclotron. 

In the forward experiment, the who1e assembly was downstream 

the beam and vice versa in the backward experiment. 

The thin targets of gold and copper were prepared 

by evaporating pure gold and enriched CuO on to a1uminum. 

Each target was cut into two near1y equa1 pieces and used in 

the forward-backward experiments. The thin targets, a1ways 

facing the catcher foils, were suspended from two stain1ess 

o 
steel attachments and oriented 4S to the beam to prevent 
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APPAUATUS m D F01Ll:!EAill.fdlENTS OF TI!.§ 
ANQUL~~ISTBl~UTlqN OF THE RECQIL~ 

(The reaction products recoiling from 

the target are çollected on aluminum 

foils at 3.75-inch radius from the 

cent~c of the target.) 
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recoil scattering. in the thin target. 

identical alumintlm foils w'ere used on t.he ·collect .. or mount, t.he 

first for recoil collection, the second fciractivation 

correction, and the third one to compensate for the recoils 

from the aluminum mount to the blank fo~l. Fourholes~'lere 

made in the mount to prevent air-pocketl1 in between the foils. 

In the later experiments, the piece, "t'lhich made an angle of 150 

to the beam, WRS removed from the mount to check the proton 

scattering. The aluminum-catcher foils were marked for the 

definite angular intervals required, and the "t'7hole assembly "t'las 

1 1 d . 1 1 1 f d "50 1 Clecee w~tl a seetcl ·or proper centering an ~ angu ar 

orientation of the target to the proton beum. 

The target assemblies were then fixed to the end of 

the water-cooled cyclotron probe. The target uas set at a 

fixed radial distance·corresponding to the desired bombarding 

energy. 

11-2. IRRADIATION 

AlI irradiations were·carried out in the internaI 

beam of the McGi11 Synchrocyclotron. In the thick-target 

thick-catcher experiments, 0.00025 inch gold and copper foils 

were bombarded in the energy range from 20 to 85 MeV, usually 

at 10-MeV intervals, with the lait irradiation at 85 MeV. 

The iÜLensity of the proton beam varied from 0.7 to 1.0 micro~ 

ampere and the energy spread wns i 2 MeV; while the vertical 

oscillation was ± 0.75 inches (reported by the Poster 

Radiation Laboratory Group, McGill University). Other target 

specifications are shown in Table 1. 
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Table ..! 

SPECIFICATIONS FOR TARGETS AND IRRADIATIONS 

Target thicItness 
2 

(mg! cm ) 

Purity (%) 

Energy (MeV) 

Pariod of 
irrndi,ation 

(min) 

Tarljet area 
2 

(cm ) 

Collection 
radius (cm) 

Co1lector 
he igh t (cm) 

ThicIt tnr8et 

+ Copper . 

8.871 

99.999 

20,30,35, 
40,50,60, 
70,80,85 

60 

1.5 Je l 

18.911 

99.999 

20, 25, 30, 
40,50,60, 
70,80,85 

90 

1 • 5 Je 1. 

______ T_h~i~n_~~et _____ . __ 
Enriched 
. Copper"~ Gold 

0.004-0.008 0.003-0.007 

99.99 

30,40,50, 
60,70,85 

120 

0.8'·::e 1.2 

9.53 

5.08 

99.999 

30,50,60, 
80,85 

120 

0.8 :li.: 1.2 

5.08 

*Enriched CuO (6S cu - 99.7%) supp1ied by OaIt Ridge National 

Laboratory, Isotope Division, Oak Ridge, Tennessee, U.S.A . 

. +. 
Copper and gold foils used in thick-target experiments were 

obtained from the Chromium Corporation of America, Waterbury, 

Connecticut, and Brookhaven National Laboratory, New York, 

U. S.A. 
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II-3. SEPARAfION METRODS -- \ , ,-.,--

In the energy range of our interest, the clements 

e:lcpected to be f.ormed ua spallation products (as .nbflod ~l9 the 

thre aho Id and Coulomb energy ca 1 cula t ion) of cop.p.cr arC! ~:inte, 

copper, cobalt, nickel, manganeae, iron, and that of gold are 

mercury, 801d, platinum, iridium, osmium, rhonium. AIOQ, 

aodium as weIl ao traces of gold and copper activities were 

oboerved in the reaction products of aluminum used as catchera. 

The chemicsl procedures used were a modification from that 

dcocribed in the Nuclear Science Series(ll3) for gol~ ~~d 
Krauo and Moore'o(114) method for copper. A hich,degree of 

decontamination and a relatively hlgh yield were necessary, 

aince the activitiea in the catcher and blanlc foils Here loue 

Copper: 

The turget, catcher and blonk or activation foils cf ter 

irradiation were'allowed to cool cloun on the probe for about tue 

hours, removed frdm' it, eut nt one end uitha sharp scalpel, dio-

mnntled cnrcfully, and tronsferrcd to the Inbel1ed centrifuge 

tubes, each çontaining 10 mg of copper and 4 mg of sodium 

carriers. They were then dissolved in a feu ml of ~oncentrated 

HCl and D few drops of H
2

0
2

, evaporoted to dryness and redissQlvcd 

in 2 ml of 4.5 N HCI solution. Thin solution ~ms passed throug'h 

an ion-e}~change eolumn of Do't-7eJC 1 Je 8 (mesh size 100 - 200) li 

6 cm long and 1 cm in diameter, the reain being pre-equilibrated 

with 4.5 N HCI solution. The column uas '\lUsheil uith the 8;)Oe 

HCI sol"tion with a controlled elution rate, to free it fram 
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sodium, zinc, cobalt, Iron, ti.ll the yellow copper band 

appeared at the bottom of the column. The middle fraction of 

the eluute with 1.5 N HCI was taken for the copper fraction, 

which was then reduced with Nu
2

S0
3 

and precipitated as CuCNS 

from dilute HCl solution, with NH4CNS, simmered for 10 min, 

transferred to a glass fiber filter paper on a Millipore 

filter dise, washed thoroughly with distilled water and 30% 

o 
alcohol, dried at 110 C for ~ 2 hours, 'toJeighed in a micro-

balance and mounted on caidboard or stainless steel plate 

(2" diameter) with double':'edged scotch tape. The sources 

were then covered with thin mylar films and the activities 

determined in the respective counters. 

In thick-target experiments, liquid sources were 

prepared and the activity measured with either a weIl-type 

scintillation detector (1.5" x 1") coupled 't'71th a single 

channel analyser or a (3" x 3" ) detector coupled with a 

400-channel pulse height analyser. The target solution was 

diluted to 5 or 10 ml, depending upon the activity, and a 

2 ml aliquot was transferred to a small screw-cap glass vial 

(size 15.5 mm x 50 mm). In the case of catcher and biank 

fOils, the whole copper fraction was diluted to 2 ml; 

reproducible geometryfor activity measurement was obtained in 

each case. .Chemical yields were determined by the complexo-

metric metbod, after the activity measurement was over. 

Gold: 

The target, catcher and activation foils ufter cooling, 
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were transferred ta the labelled centrifuge cones containins 

10 or 20 mg of gold, 5 mg each of mercury and sodium and 2 mg 

each of platinum, iridium, osmium, rhenium carriers; dissolved 

in aqua regia, evaporated to dryneas twice with concentrated 

HCI. They were then redisaolved in 5 N HCl, diluted to about 

10 ml, and transferred to 125 ml oeparatory funnels. Gold 

was extracted by shaking three timea with 10 ml of ethyl 

acetate. The solvent layer was washed three times with 10 ml 

of 5 N HCl, transferred to a clean centrifuge tube and 

evaporated to dryness on a hot plate under an infra-red lamp. 

The residue was.dissolved in 2 N HCl and reduced to gold with 

a cnlculated amount of 5% freohly prepared solution of hydro­

quinone» the precipitate was centrifuged and washed several 

times with water and alcohol; dissolved in aqua regia and for 

target aample was diluted to 5 or 10 ml with 5 N HCl, and a 

2-ml fraction was taken for activity measurements in a scree 

cap vial, as mentioned above. The entire fraction was diluted 

to 2 ml for catcher and blank foils. 

In thin-target angular distribution measurem~nts, 

the catcher foil was cut into pieces (5 to 7) and each piece 

transferred to a centrifuge cone containing the above-mentioned 

carriers. The separation was performed as before and solid ~old) 

sources were prepared on glass fiber filter papers, dried, 

ueighed and mounted on the circular stainless steel plan chets, 

and the activity measured with a Beckman Low-Beta Counter. 

No detectable gold activity, due to scattered proton, was 
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found in the blank foil. 

Chemical Yi.elds 

( 115) Gold (Bromo-aurate method ): 

The chemical yield was determined spectrophotometrically. 

AlI absorbance ,readings were made on a Beckman Model DU-2 

Spectrophotometer with 1 cm Pyrex cells. An outline of the 

method is given below. 

Gold (IrI) i8 formed as the orange-coloured bromo-

the colour is stable in acid medium. The 

3+ 2+ gold solution, free from other interfering ions Fe ,Pt , 

etc., in the concentration range of 80 to 500 ~g, was placed 

in a 25-ml volumetrie flask. 3 ml of concentrated HCI and 

l ml of concentrated HBr were added and the solution made to 

volume, weIl shaken, and the absorbance of the solution was 

observed at 380 m~. The calibration curve i8 shown in Fig. 5. 

Chemical yields were of the order of 60- 80%. 

Copper: 

The chemical yields of copper were determined by 

complexometric titration(116), using di-sodium ethylene-diamine 

tetra-acetate with murexide indicator in the presence of 

NH
4

CI-NH
4

0H buffer. 

55 - 75%. 

The chemical yields were of the order of 

1I-4. RADIATION DETECTION AND 
MEASUREMENT PROCEDURES 

The radioactive nuclides studied, in this work, 

+ -decay by electron (~ and ~ ) and y-ray emission; characteristic 
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·r-ray photons of particular nuclides were meaaured with a 

scintillation detector, coupled with a 400-chunnel pulse-height 

analyser. Severa! proportional 2tt-~ counters were also uaed 

for beta-counting. As we are intereated in relative yields, 

sources were counted at a particular geometry to avdid 

efficiency corrections. 

(a) Beta measurements: 

Beta particles are detected by the multiplicative 

ion-collection process with the detector working in the 

proportional region, i.e. the pulse height at a particular 

detector voltage ie proportional to the amount of initial 

ionization cDuoed by the incident partic1e. The upper and 

lower limita of oenoitivity are set by the deud-time and the 

activity 1eve1 of the environments, inc1uding the activity of 

the materia10 of construction of the detector. 

Becauee of the low activity of the samples in 

angular distribution measurements, a 10w-1eve1 beta counter 

(Low Beta, Serieo LB 100, Sharp Laboratory, La Jo1la, 

Ca1ifornia) was used. Special precautions were taken to 

minimize the background counting rate by selecting 10w-activity 

planchets and mounts. The sources for background measurement 

were prepared with nearly the same amount of inactive carrier 

in the uoua1 way. Specifications of the two types of counters 

are given in Table II. 

The Low Beta detector, heavi1y shielded by high 

purity 1ead and copper, operates in anti-coincidence with 
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Table II 

SPECIFICATIONS OF.BETACOUNTERS 

Characteristics 

Operative voltage (V) 

Plateau width (~V) 

Detector diameter (inches) 

Mylar window thicknes6 

(~g/cm2) 
Resolving time (~6) 

Source Mount 

Anode 't-lire 

Background rate (c.p.rn.) 

Counter gas 

Sharp 
Model LB-IOO 

2100 

200 

2:f9 

,...,800 

,..,300 

stainless steel 

stainless steel 

1.1 + 0.2 

(90% argon 
(10% methane 

Baird-Atomic 
·Modèl-135 

2200 

l~OO 

1.5" 

,,-.j 900 

,...,25 

cardboard 

tungsten 

12 + 1 

(90% argon 
(10% Methane 

environmental background and cosmic rays, by means of a guard 

counter. The constancy of the plateau and the stability of 

36 
the equipment were regularly checked with a standard Cl 

source. 

(b) Photon detection and measurements: 

Scintillation spectrometry, using a thallium-activated 

sodium iodide crystal [NaI(Tl)] as a detector, was used in this 

"t'70 rle. A part of this worle, involving the detection of the 

64 
0.511 MeV peale of Cu, was done with a commercially available 

weIl-type crystal coupled to a single channel analyser. The 



\ 
,) 

- 47 -

threshold and l-1indol-1 l-1idth ( ,...., 0 .105 MeV) of the analyser were 

adjusted for the 0.511 MeV peak, te have minimum noise. Use 

was made of two other crystals of different resolution but of 

the Bame dimension (3" x 3"), in conjunction l-1ith a 400-

channel analyser. The crystal as used had been hermetically 

sealed in an sluminum can and optically coupled to a photo-

multiplier. The latter wss shielded from the magnetic fields 

by a mu-metal shield, and the detection assembly was shlélded 

in a 2" thick, rectangular lead housing. The leud shielding 

was lined with iron and copper to attenuate fluorescent X-rays 

from lend. 

The operation of the photomultipli~r wns maintained 

by a stabilized power supply from the pulse-height analyser 

unit. The prenmplifier output is amplified by a non-

overloading linear amplifier. The random pulse train is 

processed in the computer for channel assignment and then 

counta are stored in the ferrite core memory of the assigned 

channels in the binary mode. The total count capncity for El. 

channel is 99,999. AlI channels are open during the 

quiescent period, but only one pulse at a time can be processed 

by the single data processing system. The spectre, after 

storing for a definite time, could be displayed on the screen 

of the cathode-ray tube or printed out by the printer or 

plotted by a M08el~yX-Y pIotter. 

The dead-time 10GS st high count rate'wns 

automatically compensBted by the timer in the live-time 
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position of the 400-channel pulse-height analyser. Sorne of 

the samples were cross-checked by following their activities 

with single-,' multi-channel analysera and beta counters. 

The analyser and detector specifications are shown in 

Table III. 

II-S. ANALYS].S OF GAMMA-RAY SPECTRA 

Interaction of y-ray photon 
with matter: 

The interaction of y-ray photon with matter occurs 

by three main processes: 

(a) In the photoelectric effect, the electron ejected by 

photon of energy (E) has kinetic energy (E-B) where B ia the 

binding energy of the stopping atom; photoelectrons are 

generated mainly from iodine of the NaI(Tl) system. 

(b) In the Compton process, a part of the y-ray photon 

energy is transferred to the scattered electron; this effect 

is predominant at low energy. 

(c) In the pair production process, an electron and 

positron pair is formed only when photon energy exceeds their 

rest mass-values (1.022 MeV). Full energy of the photon is 

detected only when this positron annihilates and the 

corresponding photons give rise to photoelectric effects. 

The production of light photons is proportional to 

the y-ray energy. The photoelectrons generated by light 

photons from the photo-cathode surface (Cs-Sb olloy) are 

multiplied in the photomultiplier and finally give rise to a 
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TABLE III 

PERTINENT CHARACTERISTICS OF GAMMA COUNTERS' 

Instruments 

Eigh voltage CV) 

Dimension (inches) 
Integral line, NaI(Tl) crystal 
Earshaw Chemical Co., Ohio 

ResoJ_~tion (F~.JHH %) 

(661 keV peak of 137 CS ) 

Detector efficiency (%) 
(O.Sll MeV peak of 6~Cu, 
source in contact with detector) 

Photomultiplier 

Preamplifier (RIDL) 

Amplifier Analyser (RIDL) 

Print~r (Hewlett packard) 

X-Y Recorder (F.L. Mosèl?yCCp" 
Pasadena, Californie) 

Magnetic Tape Recorder (RIDL1 

Single Channel 

.935 

1 • 7 S ,r X 2 n \-7 e Il t Y P e 
Hell dimension; LS l1 xO.62S" 

-8.S 

-16.2 

Dumont type 6292 

Hodel 10 - 17 

Hodel 33 - l3A 

Dead time (~s} -20 

Background counting rate (c.p.m.) .-J(15 + 1) 

liOO'Channel 

1026 

3" x 3 fi cylindrica1 

Old: 

Ne". : 

,......12.8 

-7.6 

...... 12 

Old: Dumont type 6364 

New: RCA 6342-A 
Madel 31 - lS 

Madel' 34 - 12B 

H43 S 62A 

Madel 2D-'2 

1100el 52 .. 3SA 

..-( 20 - 220c
) 

:~ 

.p­
m 
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pulse~ which is used to identify the y-ray energy emittecl from 

the source. The Poisson distribution along with the Compton 

background instead of a line spectra la due to these three 

competitive processes and the uncertainty in the multiplication 

stage of the photomuitiplier. 

The nuclide 1969Au was detected by the composite 

gamma-ray peak w'ith an old crystal of resolution ........ 12.8%. A 

new crystal of resolution-7.6% was used for detection of the 

64 0.511 MeV peak of Cu. The decay of the samples was followed 

for six or seven half~lives. 

The background Bubtraction was done automatically in 

case of low-activity measurement of gold samples, by storing 

the background first in the negative mode, either in any one 

section of the computer memory or in the tape of the Magnetic 

Tape Recorder, and then transferring back ta a particular 

memory section, followed by storing in the sa me unit in the 

opposite mode. 

Anulysis of gamma-ray spectra: 

The photopeak energies were determined by 

precalibrating the pulse-height assembly with a set of standard 

. . 22 137 60 
sources of different y-ray energLes (e.g. Na~ Cs, Co, 

S 7 St, 
Co, and Mn). The determination of the photopeak area was 

simplified, since we are interested on1y in relative yields. 

The background estimations for different peaka are shown in 

Figs. 6 and 7. The photopeak area "t·ra s then obtained by 

subtracting the background from the total area. Since the 
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Fig. 6: Typical gamma-ray spectrum for a 

copper sample, the 511-keV 

peak is due to 64 Cu . 
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natural background in low-activity counting distorts the shape 

of the spectra, the background subtraction was firet done 

automatically and,then the above-mentioned method was followed. 

At a given bombarding energy~ the relative activities 

of different samples, at a particular time after the end of 

bombardment, were obtained from graphical plots. These l'lere 

then corrected for chemical yield and dilution factors and 

Gelf-absorption, if this applied. The relative counting rate 

of a sample A is then given by 

(11-1) 

l'lhere PA = photopeak area corresponding to activity per 

unit time, 

C.Y. = chemica 1 yield of the nuclide of interest in 

per cent, 

F - dilution factor, and 

SA = self-absorption factor. 

The resolution of the complicated decay curves was 

obtained by graphical and/or computer analyses (IBM-7044 at 

McGill Computing Centre) with the CLSQ Decay Curve Analysis 

programme. (117) Th ti f i it ti ti r e correc ons or mpur y ac va on we e 

made for the activities in the catchers in each experiment. 

In general, the aluminum-blank showed a production of 64 Cu 

and 19~Au from impurities of 1% or less of the amount of total 

recoiling 64 Cu and 196Au . 
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In aIl radiochemical measurements, the errors 

involved are of two kinds: 

Systematic or constant errors, and 

Ra.ndom errors. 

The systematic errors are associated with branching 

ratios, internaI conversion coefficients, haIE-'lives, etc. 

reported in the literature, counter efficiencies and monitor 

cross sections in ex.citation function calculations. 

The ra.néom errors, as the !lame signifies, consist of 

stochastic errors a~s0ciated with the determination of dis­

integration rates (e.g. resolutiQn of decay curves, 

determination of photope~k areas and counter backgrounds, etc.), 

chemical yields, weights of the target and non-uniformity of 

target and catcher thickness, the scattering of recoiling 

nuclides, dilution factors, radioactive purity, self-absorption 

and back-scattering of beta radia.tion in the samples. 

Some problems of cross-&ection determination, mainly 

systematic errors (E.g. counter efficiency, monitor cross 

section and also exact standardization of carrier solution, 

etc.) were avoided in recoil studies. Attempts were made to 

minimize the atatistical error~ in counting rates by making 

sources as active as possible within the limitation of 

available cyclotron time. The chemical procedures gave 

sufficient radiochemical purity, and radioactive decay of the 

samples wa~ carefully monitored. Most of the data were 
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duplicated and the experimental results were within the limits 

of the errors calculated. 

(a) The determination of photopeak area gives rise to one 

of the main sources of error in our thick-target experiment~~. 

1969 Becauee of the complexity of photopeaks in the case of Au, 

the error amounts to - 3- 4% and that in following the 0.511 

MeV peak in 64 Cu (2 - 3%) is less. 

(b) At high energy, the contribution of other isotopes 

(whose thresholds were excee~ed) makes decay curve analysis 

complicated. An error of 4 - 5% ~vas estimated for gold and 2% 

for copper samples for decay curve analyses. 

(c) The chemicnl yields involved in integral experiment 

were determined in duplicate and sometimes in triplicate, the 

agreement being obtained within 2 ta 3%. The errors in 

gravimetric determination in angular distribution measurements, 

including source geometry, wer~ of the same order. 

(d) The error in diluting and pipetting was assessed to 

be + 1%. 

(e) An error of 1% was estimated for weighing the targets 

in the microbalance. 

(f) The errors due to non-uniformity of the targets (in 

both thick- and thin-target experiments) may be of the order of 

1 - 2%. The difference in thickness of catcher and blank foils, 

leading to difference in impurity activation, was found to be 

negligible. 

(g) An error of ,-..J 1% was assumed for making sections in 
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collector foils. In several cases the segments were weighed 

and found to be within 1% in weight. 

(h) The errors resulting from the scattering of low 

energy recoiling nuclides from a low-Z stopping medium (Al) 

were assessed at 3% for 1969Au and 2% for 64 Cu . 

The spread in the bombarding energy, as reported by 

the Foster Radiation Laboratory Group of McGill University, 

was assumed to be + 2 MeV. This error is represented by 

horizontal bars in the average range values, while the 

estimated errors, due to the above-mentioned factors, are 

shown by vertical bars. 

The total error in thick-target experiments was 

cülculatédby taking the sum of the squares of the individual 

errors, and this was then statistically combined for blank 

correction and determination of fractions. The error 

calculation in the angular distribution experiments was easier 

and comparatively lower. These errors ranged from 14% for 

gold and 9% for copper in the thin-target experiments to 16% 

and 14% respectively in the thick-target experiments. The 

spread of the experimental points, determined by duplicate 

experiments, was found in most cases to be less than this 

estimated error. 
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III . .§!PERillNl'AL RESULT.S AND THEIR ANALYSES 

The methods of measurement of the. three radioa~tive 

nuclides of interest, along with pertinent nuclear data, rtre 

summarized in Table IV. A brief account of the decay 

schemes(116) of the reaction products ia discuased in the 

following section. The results and analyses of thick-target 

and anguler distribution measurements are presented ~eparately. 

65 64 
III-l. Cu(p,pn) C~ACTION 

64 12.9 hr - Cu: The average ranges were measured 

mainly by detecting the 0.511 MeV (brunching ratio - 19%) 

annihilation radiation. In angular distribution studies, 

gross beta uctivities were measured, using a Low-Beta Counter. 

The activity of the les·s. active sample was ahmys determined 

first. A pure l2.9-hr activity wasobserved for aIl collector 

pieces, except in the forward and bac~ward ones, corresponding. 

The imp~l"ity ("'" 2 - 3%) l.,as 

due to activation of thè aluminum cat~her. 

111-2. 197Au (p,pn.)196(m+g )Au AND 197Au (p,p3n)194Au REACTIONS 
, 

6.2 day - 1969Au : The average ranges in the Integral 

experiments were measured mainly by detecting the composite 

y-ray peak (0.330, 0.354 and 0.426 MeV). In the thin-target 

. - + . 
experiments, aIl the electrons (~ , ~ ~ conversion and Auger 

electrons) were me~sured. In severai irradiations at higher 

) 
energies, 39.5 hr, data for I94Au from the 197Au (p,p3n)194Au 
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reaction were obtained from the decay curve analyses. 
196

A u, 

1 th i i d refers to 196(m+g)Au. un ess 0 erw se ment· one , _ 

TABLE IV 

PERTINENT DATA AND METHODS OF MEASUREMENT OF 

THE RADIOACTIVE NUCLIDES OF INTEREST 

---
Rad ia t ion follo·wed Branch Detection 

Nuclide ·Half-life (energy - MeV) Abundance Technique 
(%) 

64 Cu 12.9 h 13+ (0,656) 19 PHA 

- (0.573) 38 BC 13 

EC 4·3 

1969Au 6.2 d 'YI (0.426) 

l 
6 

'Y 2 
(0 . 330 ) 27 PHA 

'Y3 (0.354) 94 

13 (0.259) 6 BC 

194Au 
~'~ 

13+ 39.5 h (1.55) 1.7 
1 

13+ 
2 (1.21) 1.3 BC 

EC 97 

PHA - 400 channel pulse-height analyser and/or single 

channel analyser. 

BC - Beta counter (Sharp low-beta and/or Baird-Atomic). 
1( 

This nuclide was detected by measuring mainly the 

conversion electrons. 
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The procedure of analys18 involves the following 

steps: 

(a) Calculation of average effective ranges. At any 

definite time sfter the irradiation, the average effective 

ranges in the forward (FW), backward (EW) and in the 

perpendicular (PW) directions are given as 

FW (III-l) 

(III-2) 

PW (III-3) 

where AF , AB and AT are the corrected activities in the front-, 

back-catchers and target foil in the forward-backward 

Experimenta, End AU' An and A
TP 

are the corresponding activities 

in the up-, down-catchers and target foil in the perpendicular 

experiment, while W is the target thickness. In a true 

perpendicular experiment, Au and An should be equal. The 

slight difference 18 due to the residual forward-backward 

effect for the 10
0 

tilt. 

(b) Eclge-effect(119). The edge-effect from '" 0.00025 .inèh 

target foils was Bssumed to be negligible. 

(c) The formation cross section i8 assumed constant 
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throughout the target. This is not true for reactions having 

steep excitation functions, and corrections for this effect 

have been considered by Porile(120) and more recent1y by Ewart 

eta1.(121) No correction was made for the beam degradation 

in the target assembly, the effect of which was considered far 

sma11er than the uncertainty in the excitation functions and 

the beam spread. 

The Sugarman equetions(80) [as discussed in detai1 in 

Sections 1-6 and IV-5(b)]~ re1ating the measured FW, BW and PW 

values to the recoi1 range parameter) R, velocity parameters 

('711 ,1..1.) and anisotropy parameter, bla, are given by the 

fo110wing approximate expressions: 

(III-l~) 

4PW={ 1+ tb/a }[ l + ~~~+ ~1I2 [( N; l j [(N+l) + (b/. )~;~] 

+ "'1~2 [(~:llJ [(3N+1) + (b/a) ~;JJ} (III-S) 

(111-6) 

Equation (111-5) ignores the 10
0 

tilt of the foi1 

assembly to the proton beam, This effect, when included, 
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changes bIs by a negligible amount, but other parameters 

rcmain unchanged. The recoll parameters obtained by thick-

target measurements are found to be different from those 

obtained from thin-target experlments. The range value in 

thick-target experiments ls the average range, whereas the 

thin-target experiments give nearly the same value for 

the range as weil as range distribution. The difference in 

~ value in these two types of experiments ia not always very 

significant. The equations are valid only lV'hen 1'( «1. 
Sin cet h e r e are fou r un le n 0 ~vn s ("~'" '?.l..' R and b 1 a ) 

and only three equations, b wes aS3umed ta be zero and the 
. (J.. 

equations were solved by different approximate methods. The 

violations of the sssociated assumptions are discussed in 

Section IV-5(b). 

In the self-consistent method(80) of analysis, an 

approximate value of R was obtained from Eq. lIl~4 ignoring 

~ii and b/a, an approximate value of V?JI from Eq. 111-6 ignoring 

b/e, and approximste values of b/a from Eqs. 111-4 and III-5 

and then b/a wes averaged over the two values. Successive 

approximations lV'ere made until the values of R, '"7\1 and bla 

did not change with further Iteration. "l'h e mu 1 t i pIe 

Iterations (~)40) were performed with a computer programme. 

In another method of analysis of Sugarman's equations,R and 

'1" were ca1cu1ated for values of (b/a) = 0, '?.!- = 0, and 

N = 2. The equation quadrattc in ">211 was solved. 1 t lV'S S 

o b s e r v e d th a t th e s ma Il e r va 1. u e 0 f 11 wa 8 co n sis t en t w i t h th a t 
Cil 
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of the previous ca1cu1ations. 

The effect of variation of the exponent N on the 

constancy of R, ">('1' and bla values was studied. It was 

assumed that N ~ 1 for fission fragments and N ~ 2 for heavy 

atoms moving with smaller velocities. Depending on the mass 

and velocities of recoiling product nuc1ei, intermediate 

values of N were a1so used. Tt was observed for higher 

incident energy (protons with energies about 50 MeV on gold 

and 70 MeV on copper respectively) that the variations in R, 

.'C" and bla Here negligible for variations of N from 1.5 to 2.0. 

The highest possible values of N for the recoiling nuclides 

64 C d 1 96A . 1 d u an u were p1cce . HOHever, for copper below 70 MeV 

and for gold beloH 40 MeV, results of the iteration Here either 

fluctuating or tended to give rise ta absurd values for N = 2. 

In these cases the values of N Here 10Hered tiii we got 

consistent results. Not much importance is attached to this 

analysis. 

The corresponding equations of Winsberg(79) for 

N = 2 and (b/a) = 0 are as follows~ 

(111-7) 

(F - B) W = o.. 2 6 7 Rrz (5., (J + 7Z 2l {1.1.I-8) 

Pl" = O. 25 R ( 1 . 0 + O. 3 75 . 1. 2) (111-9) 

The cubic equation in ~ Has then solved numerically 

( 12 ") by Newton-Raphson Y s method, 'L. 'l'he surprising fact i8 that 



- 63 -

the results of Rand 12"obtained in these three analyses a.re 

not significantly different. The results of the FW, BW, 

and PW values (mg/cm
2

) are shown in Table V. 

Preliminary experiments were conducted for the 

purpose of ascertaining the extent of scattering of low-energy 

recoils and impurity activation in the backing and catcher 

ma ter la 1 s. The scattering effect i8 mainly due to 

(a) Angular orientation of the target with respect to the 

beam. Eecauee of the low energy, recoils grazing the target 

surface will be deflected from the original direction of motion 

and collected mainly in the forward direction, as i8 observed 

f rom the r e sul t s s h 0 ~v n ,i n T 3. b 1 e V l a n cl in li' i g s. 8 ( f ), 9 ( a ) 

and 9(e). In both the gold and copper experiments at low and 

high energies, the recoil angular distribution could be 

described by a sharply falling line followed by a fIat one, 

with no observable peak. To avoid thie scattering effect, 

the target on the aluminum backing material was oriented 45
0 

to the beam. 

(b) Target-thickness. Targets of different thicknesses 

(3 - 25 IJ.g/cm
2

) were :f.rradiated to observe the scattering 

effect. The peak of the angular distribution usually broadens 

due to this effect and therefore the average value of the angle 

increases. Wh en the ta r g e t th i c le n e s sis ,-.J 25 t 0 30% 0 f the 

average recoll range observed in a particular thicle-target 

) 
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TAELE V 
SUMMARY OF RECOIL RESULTS FROH TitE TRICK-TARGET EXPERIHENTS 

E " No. of Piv (-t 14 % ) BH ("!- 151~) No. of PH (-t 14%) p expts. 2 2 expts. 2 HeV mg/cm mg/cm mg/cm 

(a) 65 C 64 . Cu p,pn) Cu react1.O!1 

20 1 0.131 + 0.018 0.0002 + 0.0000 1 0.047 + 0.007 - - -30 :; 0.180 + 0.025 0.Q041 + 0.0006 1 0.039 + 0.006 = -35 2 0.292 + 0.041 0.0054 + 0.0008 1 0.044 +0.006 
40 ... 0.275 + 0.039 0,004ï + 0.0007 2 0.048 + 0.007 

L. - - -50 2 0.168 + 0.02'+ 0.0062 + 0.0009 1 0.063 + 0.009 - - -60 3 0.148 + 0.021 0.0066 + 0.0010 1 0,061 + 0.009 -70 l 0.125 + 0.018 0.0065 + 0.0010 l 0.059 + 0.008 - - -80 1 0.141 + 0.020 0.0082 + 0.0012 1 0.091 + 0.013 - - -85 l 0.104 + 0.015 0.0090 + 0.0013 2 0.058 + 0.008 - -(b) 197A ( )196. ., _u p,pn Au :ceact:1.0n 
FH Ct 16%) EH (-t 16%) PH (-t 16%) 

20 2 0.045 + 0.007 0.0014 + 0.0002 3 0.019 + 0.003 - - -25 1 0.046 + 0.007 0.0021 + 0.0003 1 0.014 + 0.002 - -30 l 0.054 + 0.008 0.0017 + 0.0003 1 0.014 + 0.002 -40 1 0.042 + 0.006 0.0026 + 0.0004 2 0.015 + 0.002 -50 2 0.040 + 0.006 0.0046 + 0.0007 1 0.018 + 0.003 - -60 1 0.041 + 0.006 0.0056 + 0.0009 l 0.020 + 0.003 -70 3 0.038 + 0.006 0.0071 + 0.0011 l 0.023 + 0.004 -80 l 0.038 + 0.006 0.0033 + 0.0005 2 0.021 + 0.003 -
85 1 0.036 + 0.005 0.0043 + 0.0007 1 0.022 + 0.003 

-!: 
E ?roton energy p 

"!""1."-
~/.D 

679.30 

43.89 
53.90 
58.56 
27.15 
22,46 
19.20 
17.16 
Il.66 

31. 32 
21. 97 
30.85 
16.37 
8.74 
7.35 
5.32 

Il.69 

8.31 

( '1 
'-...../ 

-el? 

2.77 
4.61 
6.64 
5.76 
2.69 

2.43 
1. 92 
1. 55 

1. 81 

2.31 
3.41 
3.75 
2.80 
2.20 

2.07 
1. 62 
1. 84 

1. 61 

~ 
J::-. 
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SCATTERING ErFEeT OF THE RECOILS DUE TO THE ORIENTATION 

OF THE TARGETS (90 0
) TO THE INCIDENT PROTON BEAM 

Target 197 Au 197 Au 65 Cu 

30 85 85 

i 
Degrees 

7.5 2940 + 412 2322 + 325 2340 + 210 - - -
22.5 2188 + 306 2093 + 293 1522 + 137 - - -
37.5 1739 + 243 1652 + 231 12lJ.l + 112 - - -
52 ;;5 J 1321 + 185 1305 + 183 101lj. + 91 - - -
67.5 532 + 74 1033 + 145 688 + 62 - - -
82.5 242 + 33 182 + 26 435 + 39 - - -
97.5 236 + 33 180 + 25 426 + 38 - -

112.5 217 + 30 241 + 34 371 + 33 - - -
127.5 111 + 15 287 ;- 40 326 + 29 - - -
142.5 123 + 17 121 + 17 181 + 16 - - -
157.5 88 + 12 141 + 20 190 + 17 - - -
172.5 264 + 37 443 + 62 1268 + 114 - - -
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experiment, a sharp fall in activity instead of a peak was 

observed, and so target thicknesses 3 to 7% of the recoil 

range values were used. 

(c) The effect of the backing material. The effect of 

thickness of the backing material, especially in the backward 

90
0 

experiment was found negligible by Poskanzer et al,(90) 

This effect was also neglected in our experiments. The 

effect of the beam degradation by the mount in the first 10
0 

to 150 angular region and consequent peak shift to smaller 

angles, or anomalous proton scatterlng, were checked. The 

effect was found to be negligible. 

It ia difficult to avold the osclilating effect 

(horizontal and vertical) Inherent in the internaI beam. The 

target WBS made as small as possible (limited by the low 

activity problems) to have indirect reco11 collimation from 

the target, 

6l. 
Approximate calcu1ation for the deflection of Cu 

and 196Au nuclides ln the cyclotron magnetic field(123) 

( '"'" 1 6 , 5 0 0 g a u s s) sfio w e cl a val u e 0 f r"-..I 0 . 5 0, wh i ch wa s far bel 0 ~V' 

the angular resolution (10
0 

to 15°) that was attained in our 

experiments. The net effect of deflection ie to move the 

average angle toward the beam direction. 1'0 avoid any 

difference in target-thickneas in the forward backward 

experimente at the same energy, one target divided into two 

sections wes used. The collector foil was assumed to form a 

part of a sphere, which is correct only for an Infinite sphere. 
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An activation experiment wes performed in which the 

angular distribution of products from any copper impurity in 

the aluminum backing material was determined. Th e a ct i. vit Y 

at aIl angles was negligibly small compared to that obtained 

from the coppeT target. The contribution of the copper 

activity (2 - 3%), resulting from the impurity activ.iicion in 

aluminum catcher foil~ wes observed in the firet 10
0 

or 150 

angular region and a blank correction was made in each 

experiment. At larger angles the 8ctivation correction was 

negligible. No detectable gold activity due ta impurity 

activation was found in the collector foil. 

In the analysi8 of the reaults of angular distribution 

measurements, the data corrected for aIl the factors, as 

discussed previously for the thick-target experiments, were 

treated by the following steps: 

(a) Extrapolation to anguler regions for which 

collection was not made directly. 

(b) Interpolation at 90
0 

and matching of the data from 

the forward-backward experiments to get the 

continuous curve. 

(c) Normalization Di the total activity to a certain 

value (10,000 c.p.m.). 

(d) Calculation of the average angle for each 

distribution. 

The meao angle, <~ 1> ., exp r e s se cl i 11 the la b o .. r a t 0 r y 
~ ~ 

system in degrees corresponding to each anguler interval, i8 
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given by the average of B • and B (for that interval), 
m~n max 

provided the anguler distribution is independent of angle 

within that interval. As the relative activity of each 

section shows a pronounced variation with angle, there will be 

an e r r Gl r in a ct ua 1 <e r> ide fi Il e cl as f 0 Il 0't'1 S : 

~L>. 
~ a ct u,a 1 

B max 

j p(e)e sln e de 

o = ..-!.1!!..!! ________ _ 
o max 

J pte) sin e dG 

Bmin 

(111-10) 

Assuming a 1inear variation of activity with angle of the form 

p( B) = a + be 

'tih e r e ais the in ter cep t a Il cl bis the s 10 p e 0 f 8 n an guI a r 

distribution of interest, deviations from corresponQing 

G + 0 max min 
---"-,,,-~. ----

2 
amounted ta 1 - 3%, which were 

negligib1a with respect to the experimental angular reso1ution. 

On account of spherical symmetry (infinite sphere), the 

activity of each section of equai area, Q~), 18 proportiona! 

to the differential cross section pel' unit solid angle, i.e. 

Assuming ')0 -symmetry of the recoil angular 

distribution around the proton beam, approximate values of the 

velocity parameter <ÎÎ "> were calculated by the relation , ( 11/ 
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PI - 11 F B 
(III-11) 

AT)' + A~ 

lvhere Ar.. and A~ correspond to the total normalized activities 

o 0 0 0 
in the 0 - 90 and 90 - 180 angular intervals. 

The average laboratory recoil angle ~L:> may be 

defined as follows: 

(III-12) 

where 06)i i8 the a ct i vit y 0 bserved in the i-th se ct ion. "9 i 

i8 the angular interval subtended by the i-th section, and 

~r> i is the corresponding mean angle. The nbl"malizod 

values of the activities in the anguler intervals 60
i

, for 

. . 64 196 . 194 
the angular d1stribut10ns of Cu, Au and Au,are shown 

in Tables VII, VIII, and IX and in Figs. 8(a) - 8(f), 9(a)-9(e) 

and 9(f) - 9(h). 
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TABLE VII 

NORMALIZED ACTIVITY OF 64 Cu IN THE LABORATORY SYSTEM, F
L(9

L
) vs. 

LABORATORY ANGLE AT THE MIDPOINT OF THE COLLECTION INTERVAL 

'\ HeV 30 50 70 40 60 

~i>.\ 
Degre~S \ 

<e~. 
~ 

Degrees 

7.5 3903 + 351 1910 + 172 1491 + 134 7.5 2035 + 183 1093 + 98 
22.5 1996 + 180 

37.5 1457 + 131 

52;5 691 + 62 

6'7.5 340 + 31 

82.5 159 + 14 

9
c

ï . 5 13 8 + 1 2 

112.5 97 + 9 

127.5 59 + 5 

142.5 69 + 6 

157.5 54+5 

172.5 1038 + 93 

2218 + 200 

2137 + 192 

1410 + 127 

658 + 59 

389 + 35 

289 + 26 

210 +·19 

150 + 14 

120 + Il 

249 + 22 

263 + 24 

1607 + 145 

2139 + 193 

1675 + 151 

893 + 80 

500 + 45 

459 + 41 

315 + 28 

284 + 25 

215 + 19 

205 + 19 

218 + 20 

20.0 

30.0 

40.0 

50.0 

60.0 

70.0 

82.5 

97.5 

112.5 

127.5 

142.5 

157.5 

172.5 

2093 + 188 

1757 + 158 

1269 + 114 

758 + 68 

521 + 47 

320 + 29 

253 + 23 

204 + 18 

182 + 16 

159 + 14 

138 + 12 

141 + 13 

170 + !5 

+R d' d' . ~ = repeate lrra ~at~on 
-1: 0 midpoint of the interval 52.5 

<>;':*;': 0 midpoint of the interva1 67.5 

1229 + 111 

1378 + 124 

1576 + 142 

1191 + 107 

877 + 79 

562 + 51 

497 + 45 

434 + 39 

297 + 27 

254 + 23 

202 + 18 

200 + 18 

210 + 19 

+R 70 

901 + 81 

1095 + 99 

1372 + 124 

1620 + 146 

85 

871 + 78 

1035 + 93 

1200 + 108 

1554 + 140 
* ~ 1296 + 117 1902 ~ 117 

858 ~ -77 ** (52.5
0

) - 1260 ± 113 
602 + 54 (67.5 0 ) 

537 + 48 

465 + 42 

319 + 29 

288 + 26 

218 + 2Ô 

208 + 19 

223 + 20 

747 + 67 

462 + 42 

398 + 36 

352 + 32 

76 + 7 

85 + 8 

73 + 7 

....... 
o 
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TABLE VIII 

NORMALIZED ACTIVITY OF 196Au IN THE LABORATORY SYSTEM F
L

(9
L

) vs. 

LABORATORY.ANGLE-AT.THE MIDPOINT.OF.THE,COLLECTION-INTERVAL, 

30 50 85 60 * 70 R 85 

~~. 
~ 

Degrêes' , - . --- -p- - -- _."". ------- .. ----. 

7.5 2502 + 350 3340 + 4'68 1344 + 188 7.5 1010 + 141 1346 + 188 1157 + 162 -
22.5 222.A + 311 3224 + 451 1584 + 222 20.0 1428 + 200 1450 + 203 1335 + 187 -
37.5 1753 + 247 1420 + 198 2580 + 361 30.0 1210 + 169 1753 + 245 1798 + 252 - - '-l 

52.5 1207 + 169 406 + 57 1586 + 222 40.0 1020 + 143 1300 + 182 1140 + 160 1-" - - -
67.5 695 .+ 97 280 + 39 835.+ 117 50.0 1070 + 150 1223 + 171 1072 + 150 

~ - -
82.5 389 + 55 186 + 26 488 + 68 60.0 782 + 110 894 + 125 682 + 96 -
97.5 388 + 54 186 + 26 496 + 69 70.0 733 + 103 608 + 85 750 + 105 -

112.5 289 + 41 194 + 27 187 + 26 82.5 500 + 70 197 + 28 469 + 65 - -
127.5 173 + 24 12.8 + 18 294 + 41 97.5 496 + 69 189 + 27 476 + 67 - -
142.5 138 + 19 125 + 18 157 + 22 112.5 524 + 73 149 + 21 256 + 36 - - -
157.5 110 + 15 113 + 16 212 + 30 127.5 346 + 48 163 + 23 282 + 40 - - - -
172.5 124 + 17 400 + 56 237 + 33 142.5 334 + 47 161 + 23 151 + 21 - -

157.5 304 + 43 143 + 20 204 + 29 - -
- -- •• .- _. - - - -p - - - - - - - - - - •• - ' , . - - ' 1 7 2 • 5, - ~2 43 -+. ' 34 - - - -4 26 -+ ' 60 - - - - 2 2 7 -+. ,- 32 -- - -

-1: 
R = repeated irradiation 



) 

- 72 -

TABLE IX 

NORMALIZED ACTTVITY OF 194Au IN THE LABORATORY 

SYSTEM FL(9 L) vs. LABORATORY ANGLE AT THE 

MIDPOINT OF THE COLLECTION INTER VAL 

\ MeV 60 70 85 

7.5 2946 + 412 2550 + 357 2486 + 348 - - -
20.0 2225 + 312 2138 + 299 1989 + 279 - - -
30.0 1469 + 206 19/.,.4 + 272 1413 + 198 - - -
40.0 1144 + 160 922 -1- 129 1090 + 153 - - -
50.0 618 + 87 910 + 128 526 + 74 - - -
60.0 1.23 + 59 592 + 83 211. + 30 - - -
70.0 287 + 40 79 + Il 398 + 56 - - -
82.5 149 + 21 161 + 23 193 + 27 - - -
97.5 113 + 15 131 + 18 213 + 30 - - -

112.5 131 + 18 124 + 17 229 -1- 32 - - -
127.5 136 + 19 122 + 17 236 + 33 - - -
142.5 127 + 18 111 + 16 242 + 34 - - -
157.5 122 + 17 108 + 15 229 1 302 -1-- - -
172.5 109 + 15 104 + 15 245 + 34 - - -
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Figure 8 

EXPERIMENTAL ANGULAR DISTRIBUTIONS FOR THE 

65 cu (p,pn)64 Cu REACTION AT 

(a) 30 Mev, (b) 40 MeV, (c) 50 Mev, 

(d) 60 MeV, (e) 70 + repeat 70 MeV, and (f) 85 MeV 

The ordinate represents the normalized activity 

in the particular anguler interval. 

The horizontal bar indicates the spread in the 

angular resolution, and the vertical one 

represents the uncertainty in the relative 

activity in each angular inteL val. 

AlI the curves are normalized relative to each 

other. 

The dashed line (---) in 8(f) represents the 

featureless distribution. 

The dot-dashed line (-0-) shows the 90 degree 

orientation effect of the thin-target with 

respect to the proton beam. 
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Figure 9 

EXPERIMENTAL ANGULAR DISTRIBUTIONS FOR THE 

197Au (p,pn)196Au REACTION AT 

(a) ~O MeV, (b) 50 MeV, Cc) 60 MeV, (d) 70 MeV, 

and (e) 85 + repeat 85 MeV 

AND FOR THE 197Au (p,p3n)194Au REACTION AT 

(f) 60 MeV, (g) 70 MeV, and (h) 85 MeV 

AlI the curves are normalized relative to each 

other. 

The horizontal bar shows the spread in the 

angular resolution, and the vertical one 

indicates the uncertainties in the relative 

activities. 

The dashed lines (-0-) in (f), (g), and (h) 

refer to the angular distribution results in 

the center-of-mass system. 

The open circles show the experimental results. 

The dot-dashed lines (-0-) in (a) and (e) at 30 

and 85 MeV represent the recoil scattering due 

to the orientation (90 0
) of the thin-target 

with respect to the proton beam. 
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IV-l. COMPARISON WITH PREVIOUS RESULTS 

For comparison and discussion of the qualitative and 

quantitative aspects of the experimental results and 

calculations, average recoil ranges and angular distribution 

results are treated separately. The results are interpreted 

in terms of the CN mechanism at lower energy and the CN and DI 

mechanisms at higher energies. 

IV-lA. &y~~Recoil Ranges 

6l~ 196A u The present thick-target results for Cu and 

may he compared with the previous results of medium and heavy 

mass nuclides in the energy region of interest. The eJcperi-

mental results may he compared in terms of FW, .EtV' and PW values 

(mg;cm
2

) and their ratios F/B and F/P. Merz and Caretto(91) 

reported the F, B, and P values for the' 65 cu(p,pn)64cu reaction 

at 73, 85, 105, 123, 168, 210, 254, 300, and 400 MeV. Their 

results converted into FW, BW, and PW values at 73 and 85 MeV 

may he compared with the present data. Their values nt 73 

and 85 MeV for FtV', BW, and PWare .0519, .00l~3 and .0276 

respectively. Our results for FW and BW values at 73 MeV 

(interpolated) and PW value at 85 MeV are larger by a factor of 

2.4, 1.8 and 2.1 respectively. These discrepancies are far 

greater than the experimental uncertainties they quoted (~15%) 

and no definite reasons for these discrepancies can he determined. 

Morrison et al.(95) measured the FW and BW values at 
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80 MeV and higher energies for the 68 zn (p,2p)67 Cu reaction. 

67 
Their FW value for Cu is comparatively low by a factor of 

0.6 and the BW value is higher by a factor of 1.4 at 80 MeV. 

Though the reactions are different and there is a different 

Coulomb barrier effect, yet a better agreement is obtained 

in this caoe with our results. 

(96-98) Sugarman et al. measured the average recoil 

209 ranges of the spallation products of Bi at 450 MeV. Since 

the average range values in a particular mass region remain 

nearly constant at higher energies, their results can be 

compared with the present data extrapolated to higher energies. 

196 
The extrapolated values of FW, BW, and PW for Au at higher 

energies are of the same order of magnitude. In th is 

approximate comparison, we neglected the correction factors 

for the small Z- and mass-difference of the nuclides. 

The FW value of 64 Cu formed by the 65 cu (a,an) 

reaction, as found by Saha and porile(124), reaches a maximum 

at 34.2 MeV. The re1atively sharp drop of the FW value for 

the (p,pn) reaction at higher energies is not observed in the 

FW value for the (a,an) reaction on account of the more 

prominent DI contribution in the (p,pn) reaction than that 

observed in the (a,an) reaction. The ratio of the FW value 

from the (a,an) and (p,pn) reactions at 34 MeV is ~1.l6. The 

same trends of FW values for proton- and a1pha-induced 

reactions(125,18) were also noted in the heavy mass region. 

Harvey et al.(125,18) measured the average recoi1 range values 
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for the reactions, 209Bi (a,2n)2llAt , 209Bi (a,3n)2l0At , and 

209Bi (a,4n)209At in the energy region of 22.2 - 46.6 MeV. 

.,. The initial rise of the FW value from the threshold 

energy indicates a large momentum transfer for the eN type 

reaction. The fall-off at higher energies was attributed by 

Fung and Perlman(87) to the onset of nuclear transparency. 

h i IIi 1 i !j2mE, boPC>G !.E-~ show Tes mp e c ass ca express ons P c ~E ' 

that, for constant deposition energy, the forward deposit~on 

momentum decreases initially as E-~ and the backward mome~tum 
-~ 

increases as -E 2. 

No recoil angular distribution results of proton-

induced reactions have been previously reported in the energy 

region of our interest. The angular distribution results of 

Poskanzer et al.(90) for the 27Al(p,3p~)24Na reaction at 0.38 

and 2.2 BeV are mainly forward peaking in the laboratory system. 

Remsberg's(lOl) results of angular distribution of 64 Cu are 

very interesting, with the recoil peaks appearing at 75 0
, 80 0 

o 
and 86 at 0.37, 1.0 and 2.8 BeV energies respectively. The 

positions of the peaks do not change much with large variation 

of the incident energy. The present data for the (p,pn) 

reactions show that the peaks appear at - 50 for 64 Cu and 

196Au at 30 MeV, but at rv 53 0 for 64 Cu and rv 38° for 196Au at 

85 MeV. The peak shift is very prominent in the energy region 

of our interest in contrast to that observed by Remsberg(lOl) 
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at higher energies; 
( 101) but the peaks observed by Remsberg 

are quite sharp, since very thin targets were used (_2~g/cm2~ 

on thin formvar backing). The recoil angular distributions 

obtained by alpha(126) and other heavy-ion induced reactions 

(as described in Section 1-7) ure mainly forward pesking in 

the laborstory system. The peak shift with incident energy 

is not very prominent in these cuses. 

IV-2. QUALITATIVE ASPECTS OF THE RESULTS 

Sorne qualitative features of the thick- and 

thin-target results of (p,pn) reactions studied are of 

interest. They are discussed in the. following sub-sections. 

IV-2A. Av~~~e Recoil Ranges 

Table V and Fig. 10 show that the percentage recoil 

loss from the target increases from the threshold energy, 

reaches a maximum and then decreases with an increase in the 

incident energy. Again the energy dependence of the 

percentage loss of the recoils shows different trends for the 

fractions emitted in the forward and backward directions. 

The quantity FW increases initially, reaches a peak value at 

35 ..1 30 f 64 d 196A . 1 h ,........ anu,...J MeV or Cu an u respectl.ve y, t en 

gradually decreases and becomes nearly constant at rrigher 

energies. The BW,value shows an initial rise and then levels 

off. The PW value shows a linear energy dependence and has a 

very small slope. 

The ratio F/B of the forward to the backward activity 
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Figure 10 

ENERGY DEPENDENCE OF THE FW, PW, AND BW VALUES 

( ( 
64 

[ a) und b) refer to the Cu data; 

(c) and (d) ra fer to the 196Au datu] 

The vertical error bar represents the 

experimenta1 uncertainty and the 

horizontal bar shows the spread in 

the bombarding energy. 
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becomes larger as the bombarding energy approaches the 

threshold of the reaction. These ratios for the 

65 64 
Cu(p,pn) Cu reaction are 679.4, 53.9, and Il.7 at 20, 35, 

and 85 MeV respectively, and the ratios of the forward to the 

perpendicular activity, Flp, nt the same energies are 2.8, 

6.6, and 1.8 respectively. The FIB and Flp ratios for the 

197 196 
Au(p,pn) Au reaction at 20, 30, and 85 MeV are 31.3, 

30.9, 8.3 and 2.3, 3.8, 1.7 respectively. The ratiosF/B 

and Flp show only slight energy dependence in the high energy 

region. The F/B ratio at low energy involves a larger error 

because of the extremely low activity in the backward catcher. 

IV-2B. Angular Distributions 

The results of the angular distribution measurements 

of recoiling 64 Cu and 196Au nuclides, as shown in Tables VII, 

VIII and IX and Figs. 8 and 9, indicatea clear energy 

dependence. At 10 w en erg i e s (......, '30 MeV) the an guI a r dis tri -

butions are mainly forward peaking in the laboratory system. 

The ~iffere~tial cross section at higher angles (BR) gradually 

decreases and becomes nearly fIat except at 30 and 50 MeV for 

196Au and at 30 MeV for 64 Cu where, in the angular interval 

o 
165 - 180 , comparatively high values are observed. At 

energies greater than 30 MeV notable sidewise peaks are 

o observed at angles larger than 0 . 

The position of the peak angles may be related to 

the incident energy and the target mass, but the variation of 
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the peak position with the incidentenergy is the predominant 

fa ct or . 64 Cu recoils always peak at larger angles than the 

196 
Au recoils at the same incident energy, e.g. at 85 MeV, 

64 d 1 96A 1 h h i i 1 _. 5 30 
Cu an u recoi save ter respect ve peaes st ~ 

o 
and,..., 38 . Because of the angular resolutions obtained in 

these experiments, recoil peaks in any angular interval could 

be located with an angular uncertainty of + 50 or + 7.5
0

. 

194 
The angular distribution results for ·Au, studied 

at 60, 70, and 85 MeV, arealways forward peaking in the 

laboratory system. This may be attributed to the CN 

mechanism in the multiparticle evaporation process. The 

results are shown in Table IX and in Fig. 9(f,g,h). The 

6L. 
following characteristics of the angular distributions of Cu 

and 196Au are calculated (Tables X and XI) and discussed. 

(a) The average angles of the recoil angular 

distributions of 64 Cu and 196Au were calculated using 

Eq. 111-12. Th~ results are sensitive to the target 

th ickne s sand angular re sol ut ion. The average angle ~r> 

64 for the angular distribution of. Cu, is in general smaller at 

lower energy than that for the angular distri~ution of 196Au . 

( b) Th f d b 1 d .. i f 64 C d e orwar - accwar act1v1ty rat os or u an 

196 A~ Au recoils were determined and approximate values of ~'Y' 

were calculated according to Eq. III-Il. The errors in the 

c~lculation of~,>were mainly due to 

(i) the angular o~ientation of 45
0 

of the target with 

) respect to the beam, and 



TABLE K 

CGtfPbRISON· OF RKPERItfmçT.l::.L AEro CALCU-LbTED bI\GULAR DISTRIBUTIONS FOR THE 65 6[,. Cu(p~pn} 'Cu REACTIOK 

Calc. 9 p 
Average 

Celc. ~r> ~ ~ U-U 

Proton Peal:: an.gle angle pr~ Cale. lfT7fP! ........ ...., F B Cale. energy ep ... ~> h.C:: (Histograo) Ft-mM l! <!llrg +K <ilu> ISE heCc I.SE 
F B 

CReV) (cIegrees) (ciegrees). (dlegrees) (degrees) (degreës) (degrees) 

30 ...... 5 50 -' 4.5 28.7 38c2 22.6 5.87 0.71 1.0 
4-0 2.0 55 -13.5 32e5 4 ï. 8 -14.4 20 35 9.06 0.80 1.0 
50 30 55 -13.5 31.2 53.6 30 20 6.81 0.74 1.0 
60 40 -60 57.0 57.1 30 30 5.26 0.68 1.0 co 

N 70 37.5 65 35.6 59.6 30 -30 4.90 0.66 1.0 -;'t:-i= 
R. 70 40 65 59.9 59.6 30 20 4.82 0.66 1.0 

a5 -52.5 65 57.6 62.4 40 20 6.00 0.82 1.0 a5""1.- -52.5 65 57.6 58.2 40 30 6.00 0.82 0.72 

~~ 

~-R - repeated irradiation . 

. -. 
··In.cIicates results obtainea by riante C2rlo evapora'tion prograome • 
. 
"'~Ind ica tes results oota ineé oy casc2cile-evapore. 1: ion prograooe. 

kt 20 Uev~ calculateé <&> ::::::. 18.8
0 

.. 



TABLE XI 

COMPARISON OF EXPERIMENTAL AND CALCULATED ANGULAR DISTRIBUTIONS FOR THE 
197Au (p,pn)196Au REACTION 

Average 

~/~ _Kp_AJi 
Proton Peak angle Cal c. angle Calc. FHHH Calc. Calc. energy Gp 9 p ~L> ~L> (Histogram) FUHM 0,>- J( +K <?lI> F B (HeV) (degrees) (degrees) (àegrees) (degrees) (degrees) (degrees) 

30 ,.-..15 45 28.54 45.48 20 7.19 0.76 1.0 
40 ...... 12 55 52.33 20 1.0 (extrapo la ted) 

50 15 55 36.73 56.60 20 7.75 0.77 1.0 co 
w 

60 20 ....... 60 64.31 59.56 30 20 3.45 0.55 . 1.0 
70 30 65 43.34 62.05 30 20 7.14 0.75 1.0 
85 30 65 35.06 64.53 30 20 5.37 0.68 1.0 

"'1: 
R 85 37.5 65 56.01 64.53 30 --'10 5.26 0.68 1.0 

*R - Repeated irradiation 
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o (ii) matching by interpolation at 90 and extrapolation , 
at forward and backward angles. 

The values of<~>thus calculated are, however, • (1/ 

always less than unit y; the <1l
1l
>values for 196Auat 85 MeV are 

approximately similar to those obtained from the th1n-target 

res ··~ts of Sugarmall et'a'l.(96-99) f th Il ti d t 
~~ or e spa a on pro uc s 

of 209Bi at 450 MeV. 

Thin-target experiments give average values of '2" 
Le. <!l,,> ,while thick-target experiments yield approJci­

mately <?l1,.R~R> Le. 111 is lV'eighted lV':f.th respect to R; 

hence for N = 2, 'n -tu - The '1" values obtained 

from the thick-target experiments are lower by a factor of two 

from those calculated from theangular distribution measure-

men t s. In the absence of moreaccurate data, further 

conclusions cannot be drawn. 

(c) The variation of the shape of the angular 

distribution curves with the incident energy for a simple 

reaction presents an interesting topic of discussion. 

Attempts had been made by Caretto et al.(92) and Remsberg(IOI) 

to draw tentative conclusions from the analysis of the area 

under the angular distribution curve at higher energies, where 

the ISE and the knock-out mechanisms are competitive. The 

peak of the angular distribution results of sorne simple 

reactions at intermediate and higher energies appears to be 

superimposed on a featureless distribution [area under the 

arbitrary line as shown in Fig. 8(f)1. In fact, the initial 
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(102) 
calculation by Benioff and Person based on a clean 

knock-out model gives a broad featureless angular distribution. 

(101) Remsberg assigned the peak of the angular distribution 

65 64 
for the Cu(p,pn) Cu reaction to the ISE mechanism at higher 

energy. In the cases studied in the present work at low 

energy, the CN mechanism predominates and the results are 

forward peaking (laboratory system). The area under the 

curve is an approximate measure of the contribution of the CN 

mechanism. The contribution of the DI mechanism, at inter-

mediate and higher energies, complicates this situation. 

Hence the area above the featureless distribution may 

approximate the contribution of the DI mechanism. The peak-

shift ls prominent in this intermediate energy region where 

the graduaI transition from the CN to the DI mechanism takes 

place. The FWHM of each angular distribution cutve was 

determined after the subtraction of the featureless 

distribution from the original angular distribution results" 

o 
It amounts to approximately 30 . The FWHM thus calculated 

is a rough measure of peak-broadening which, in turn, ls 

sensitive to target thickness and angular resolution. 

(d) The angular distribution results are most 

significant when presented in the CM system wherever possible. 

An attempt had been made to transform the angular distribution 

results from the laboratory tb· the CM system (discussed in 

detail in Appendix VI-3). 

For the simplicity of the above transformation, we 
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assumed the emission of a composite partic1e, deuteron of mass 

two for (pf) emission and a partic1e of mass four for (p,3n) 

emission. At low energies ('""30 MeV) for 64 Cu and 196Au the 

angu1ar distributions were asymmetric, and for aIl energies 

studied for 194Au the angu1ar distributions (CMS) are more or 

1 i b 90 0,' ess symmetr c a out The anisotropy parameter b/a of the 

2 
angu1ar distribution of the form w(e) =: (a+ b cos e)/(a + b/3) 

is given by 

b 
- =: 
a 

~~( 0 0) _ d cr( 90 0 ) 

da(OO) 
(IV-1) 

At energies above 30 MeV, the angular distribution (CMS) for . 
64 196 

Cu and Au are asymmetric in nature. This asymmetry may 

be attributed to the 

(i) emission of a proton and a neutron instead of a 

douteron (the formation cross section of the 

deuteron inverse1y varies with the incident 

energy). 

(ii) unknown distribution of reaction Q-va1ues. 

(iii) predominance of the DI mechanism. 

On account of the uncertainty of the data or the 

re1iabi1ity of the assumption, no further quantitative 

considerations are warranted. 

IV-3~~ONTE CARLO CALCULATIONS OF .cASCAQ] EVAPORATION 
AND STATISTICA~ THEORIES AND THEIR USE IN 
RE.COIL RANGE AND ANGULAR DISTRIBUTION STUDIE.§ 

In order to make a quantitative comparison of our 

experimenta1 results with the predictions of the statistica1 



- 87 -

and cascade-evaporation theories, Monte Carlo calculations 

have been performed to calculate recoil range and angular 

distributions. The general scheme of each of these 

calculations is outlined below. 

IV-3A. Calculation of Cascade Phase 

The most recent and sophisticated calculation of 

Chen et al.(54) is used for the present study of the 

65 64 
Cu(p,pn) Cu reaction with 10,000 cascades at 85 MeV. The 

standard seven-step density distribution model is used with 

the nuclear radius equal to (1.07 Al / 3 + 2.5) x 10-
13 

cm = 

6.802 x 10- 13 cm and the radius of the central core equal to 

(1.07 Al / 3 - 2.5) x 10- 13 cm = 1.802 x 10- 13 
cm. The 

geometric cross section calculated with this radius value is 

1454 mb. The radius and density of each region are chosen 

in such a 't'1uy that the whole density distribution f (r) 

approximates the Fermi Distribution 

f( r) = 
fo 

(IV-2) 

where p and c are the core density and radius respectively, 
o 

and 'a' is the 'skin thickness v of the nucleus. The regional 

momentum distribution of the nucleons is assumed to be that of 

a degenerate Fermi gas. The Fermi momentum and Fermi energy 

are given by 
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Pi = (31(2 fi3) 1/3 ( :Pi) 1/3 

E 
fi2 

(31(2I'i)2/3 = F 2m
i i 

lvhere mi and Pi are the regional mass and density" 

respectively. 

(IV-3) 

(IV-4) 

The incident particle changes the radial component of 

momentum in different density ragions, and its reflection and 

refraction at the boundary between the different ~ones are 

considered. The angle of refraction (inverse of Snell's Law 

of optical refraction) at non-relativïstic energies is given 

as 

sin 0 = J/ 
sin ra' P 

(IV-5) 

where P and P' are the regionsl momenta for refracting angles 

o and if respectively. 

As the particle passes from a denser to a rarer 

ragion, the critical angle for total internaI reflection is 

given by 

(IV-6) 

'" where E and E are the total energies in the regions of 

interest. 

. (54) 
In recent calculations ,the collision partners 

are followed simultaneously on a time-like basis. If the 
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Fermi sphere of momentum is divided into 'n' portions of equal 

volume, the mean free path of the incident particle is given 

by A 
= (IV-7) 

w'here.D is the total nucleon density at the centre of the T max 

nucleus. cr and cr are the cross sections for the collision 
p n 

of the incident particle with the proton or a neutron 

respectively. The time interval ~t is then calculated by 

A 
~t ::-­

nf3 
(IV-8) 

where f3 is the velocity of the incoming particle in units of 

the velocity of light. A collision partner is chosen 

randomly, and the probability of interaction in the path-

length f3~t is checked. If there is no interaction, the 

particle is advanced by f3~t. A new value of ~t is calculated 

and the cycle is repeated until the particle collides or 

escapes from the nucleus. Reflection and refraction are taken 

into account for each cascade particle at the surfaces of 

different density regions. In a collision allowed by the 

exclusion principle, collision partners are followed. The 

particle is captured when its energy is below an arbitrary 

cut-off energy (Fermi- + separation- + Coulomb energy). The 

calculation continues until the struck particles are either 

captured or escape from the nucleus. 

Th e pre sen t _ 0 ut put 1 i s t s the f 0 Il 0'tV' in g qua nt i t i es: 

(a) Coordinates of the entry point of the incident 

particle. 
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(b) Z, A, and excitation energy (MeV) of residual 

nucleus. 

( c) 

( d) 

Residual angular momentum in units of fi and 

Z-component of the angular momentum as a 

fraction of the total value. 

Linear momentum components P , P , and P of the x y z 
residual nucleus and their vector sum P(MeV/c); 

Pz is the component (Of th~ mom~nt~m parallel to 

the beam (Pli) and Pl. = (px + Py)) is its 

perpendicular component. 

(e) SeriaI number of the cascade. 

IV-3E. Calculation of Evaporation Phase 

According to Weisskopf's(2) statistical theory 

the probability, P(Ej)dEj' that an excited nucleus with energy 

Ei will evaporate a particle j with kinetic energy between Ej 

and Ej + dEj is given by the relation 

P(E.)dE. 
J J 

dE 
j 

(IV-9) 

where W(E
i

) and W(E
f

) are the level densities of the initial 

and final nuclei at the corresponding energies Ei and Ef' mj 

is the mass of the emitted particle j, g. (= 2S.+ 1, S. is its 
J J J 

spin) is the statistical weight factor and O'~·"'(E.) is the 
J 

inverse cross section (i.e. the cross section for the initial 

CN formation when the particle j with kinetic energy E. is 
J 

incident upon the excited residual nucleus). 

The DFF(61) evaporation programme requires explicit 
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expressions for inverse cross sections and level density. 

Due to the lack of knowledge of the properties of excited 

nuclei, the inverse cross section is assumed to equal the 

total reaction cross section, for particles incident upon a 

nucleus in its ground state, and ia approximatcd by the 

empirical formulae 

cr = cr • a ~ + if:) c g 
(IV-lO) 

cr :::: cr ~-~ CJ ~- 2:lV j ) 
c g IL 

J 

(IV-11) 

for neutron and charged particles with kinetic encrgies E und 
n 

Ej (CM system) respectively where the parameters 

-1/3 2/3 -1/3 a = 0.76 + 2.2 A and t3 :::: (2.12 A- - 0.05)/(0.76+2.2 A .); 

c
j 

and V. are chosen to give the best fit to the continuum 
J , 

. (127) 
theory cross sections given by Blatt and Weisskopf and 

( 128) Shapiro. 

cr (:::: rcR 2 whereradius R :::: r . A 1/3 cm) is the 
g 0 

geometric cross section, rad~us parameter r :::: 1.5 F. 
o 

KjV
j 

is the effective Coulomb barrier; the Coulomb 

barrier V. between the charged particle and the residual 
J 

nucleus with atomic numbers Zl and Z2 is given by 

2 
:::: ':lZ2~ V. 

J R + fj 

where fj = 0 for protons and neutrons 

~ 1.2 F for composite particles. 

(IV-l2) 
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The explicit formula for the level density is given 

hy 

C. exp { 2[a(E - D )J~} W(E) c (rV-13) 

where the constant C ls assumed to he energy independent for 
the sake of simplicity in thé 
ca leuls t ion, 

E is the eJccitstion energy, 

a is the level density parsmeter 
A A 

etc.), (W' 20 ' 

S (the pairing energy required to break a 
pair) == 0 for odd-odd nuclei, andS> O'., 

for aIl other types.(129) 

(130 131) Shell effects ' were neglected in this 

calculation. 

To 0 b t a in the t 0 ta 1 e mis s ion ~v id t h ~ 0 f a pa r t i e 1 e 

j, its emission prohability P(Ej) ia to be integrated between 

the minimum and maximum kinetic energy limits. Hence r; in 
general ia expressed as 

(rV-14) 

Kj Vj 

where S . is the separation energy of the emitted particles, J 

Kj V j is zero for the neutral particles, and 

8 is zero for the odd-odd nuclei. 
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The final integrated forms for neutrons and charged 

particles are given by Dostrovsky et al.(6l) The emission 

probability of a particle Pj is related to the partial width 

by the equation 

where 

= ~ 
Pj r 

r: ~ G i9 the total emission width. 
j 

(IV-15) 

The present ca1culati~n is an adaptation of the Monte 

Carlo evaporation code of DOBtrovsky et a1.(6l) and enables 

one to compute the magnitude and direction of the velocity of 

the residual nucleus with respect to the beam. The velocity 

of the compound nucleus VZ(CN), dir~cted along the beam, ia 

obtained from the incident energy by the principle of the 

conservation of momentum 

,~ 

( 2M E) '2 
= __ P_R-

MT + Mp 
(IV-l6) 

where Mp and Ep are the mass and bombarding energy of the 

incident particle, and MT is the mass of the target. 

After each evaporation step, the reBulting recoil 

energy and velo city are computed by the formu1ae 

(IV-17) 

V(n) (IV-18) 
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where M
2 (n) and Mp(n) are, respectively, the masses of the 

res;pual nucleus and the particle evaporated in the nth 

evaporation step, and E(n) is the calculated evaporation 

channe 1 energy. The velocities are then obtained by the 

expressions 

v z = V (n) co s <3 

Vy = V(n) sin <3 sin)O (IV-l9) 

Vx = V(n) sin <3 cos)O 

where <3 and ~ are the polar angles of the recoiling nuclide. 

The resulting velocity components are algebraically'added to 

those of the prior evaporation oteps. The magnitude of the 

final velocity after N steps is calculated as InalC 

[6(CN) + 

N N ma'lC 

Vz(0 2 

+ ( ~" vy(n) 2 VF = ;? --n = 1 n = 1 

(IV-20) 

The kinetic euergy ER and recoi! angle OR relative 
to the beam (laboratory system) are given by-

E "" 0.5' M2(n) . V2 
R F 

cos-
1 [tZ(CN) + 

N 

vz(nJ /vF] 

max --- (IV-21) 
and <3 R = ":> ---n = 1 
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Finally, the range of the recoil can be calculated 

from its kinetic energy by the following relationship: 

R t: R.E 
R (IV-22) 

where K i8 the range-energy proportionality constant.(34) 

Therefore the average projected ranges in the forward, backward 

and perpendicular directions, as measured in the thick-target 

experiments, were obtained by 

FW ::: Rocose
R 0 <eR ~/2 (IV-23) 

BloJ .- - R 0 cos e' rc/2 <OR <rc (IV-24) R 

and PW R 0 

sin e
R 

(IV-25) 
:::: 

'1! 

In a typical evaporation calculation of the recoil 

range and angular distribution, the emission widths for aIl 

possible particleo(n, p, d, 3H, 3He , and 4 He ) are determined; 

the total emission width ia normalized to unity. A random 

number then select~ the type of a particle, its kinetic energy 

is selected by another random number weighted by the Maxwellian 

energy spectrum of the emitted particles. Th e r e s id ua 1 

nucleus with kinetic energy enough to emit another particle is 

treated as a starting nucleus again, and the whole cycle ls 

repeated as long as the particle emission is energetically 

possible. The polar angles ° and )0 of the recoiling nuclidë 

were chosen again by the selection of two random numbers RN3 

and RN4 between 0 and 1 as follows: 
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)0 == 21t, RN3 
(IV-26) 

-1 e == co s (1 - 2· RN4) 

For an anisotropic evaporation of the type W(~) == 

2 
(a + b cos e), a fifth random number is generated and weighted 

with respect to the particular distribution for a definite 

value of b/a. The calculated average ranges, average angle 

and angular distributions of the recoiling nuclides are then 

printed out. 

IV-3C. Present Calculations 

The Monte Carlo cascade-evaporation cnlculation* 

(outlined in Section IV-3. ) had been performed only at 85 MeV 

for the 65 cu (p,pn)64 cu reaction for 10,000 initial cascades 

at Brookhaven National Laboratory with an IBM-7094. The 

+ statistical or DFF evaporation theory calculations (outlined 

in Section IV-3B) assuming CN formation up to 50 MeV, have 

been carried out with an IBM-7044 computer at the McGill 

Computing Centre. 

In the evaporation theory calculation, the values of 

the parameters ~. and K. for the determination of inverse 
J J 

cross sections for the charged particles were ta ken from the 

interpolation of the values given by Dostrovsky et al.(61) 

"j'~ 

1 am thankful to Dr. G. Friedlander for kindly performing the 
+ 85 MeV cascade-evaporation calculation and to Dr. G.B. Saha 

for tailoring the DFF evaporation programme for the 

~alculations of recoil range and angular distribution. 
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A value of AllO and A/20 for the level density parameter 'a' 

for 197Auand 65curespectively and cameron,~(13l) pairing 

energy values gs' were used in the level density formula 

':']3 (IV-13). The radius parameter 't'7BS chosen to be 1.5;,c 1.0 . cm. 

Separation energies were taken from the recent mass table-of 

Swiatecki et al.(132) Two to five thousand evaporations were 

followed with the same initial set of parameters at each of 

several energies (usually at 10 MeV intervals starting from 

20 MeV). 

In the recoil range calculation over the energy 

region of interest, the range-energy relation(34) for '~~Cu 
196 197 in naturai copper and Au in Au could be respectively 

approximated by the fo1lowing equations: 

R(mg/cm 2
) r:: 0.181 E (HeV) 

R ( mg 1 cm 
2

) t::: O. 115 E ,( He V) 

In the calculation of the recoil angular 

(IV-27) 

(IV-2B) 

distribution, the probability of f~nding the recoil in a 

particular ~0 interval (3 0
, 50 or 10 0

) l'7aS calculated whi~h, 
when divided by the total area of the strip corresponding to 

that interval, :gave the activity per unit solid angle. 

process, 

In the cascade calculation of the casbade evaporation 
61. cascades resulting in Cu with excitation energies 

below la HeV and in 65 Cu with excitation energies between 9.9 

and 25 MeV were selected. These limits were based on neutron 
64 65 binding energies in Cu and Cu which are 7.9 and 9.9 HeV 
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respectively. 
64· 

The lower limit of Cu was set at 10 MeV, to 

allow for sorne y-competition in the first 2 MeV (approximately) 

above the threshold for n-emission. Similar1y, 25 MeV was 

considered as the upper 1imit for 65 cu in order to allow for 

neutron kinetic energy and for y-competition. 

Reflection and refraction were omitted in this 

calculation because the recent findings show that much better 

agreement with experimental data is achieved at low 

( <J50 MeV) incident energies 't'lithout refraction. He 

64 65 considered the Cu formation from Cu only (the printed 

65 
output unfortunately did not inc1ude the Zn residual 

nucleus) . However, the evaporation calculation shows that 

64 onlya smnii fraction ( ~10%) of Cu, at intermediate energy 

forms via the (P,N) cascade, followed by proton evaporation, 

since proton emission from the excited residual nucleus ia 

suppressed on account of the Coulomb barrier. The ratio of 

64
Cu formed by a kno clt-out mechanism to that formed by 

cascade evaporation for 69l events is of the order of 0.61. 

The residua1 nuc1ei of the cascade ·step 't'lere taken as the 

starting nuclei for the evaporation calcu1ation. The latter 

was carried out with the same set of parameters as used in the 

( 61) 
DFF evaporation calculation. Twenty evaporations for 

each residual nucleus were performed for better statistical' 

accuracy. No correction for nuclear transparency was 

applied, since we are interested only in relative yie1ds. 
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IV-3D. Q0!!lJ!i!!.ls.Q.!!. '(V'ith Monte Carlo 
Calculations 

IV-3D(i) Average Recoil Ranges: 

The average projected ranges, i.e. FlV and PlV of 

64 Cu obtained from the evaporation of the compound nucleus 

66 zn , calculat~d with the evaporation programme(61) assuming 

isotropic emission in the frame of the moving nucleus, are 

shown in Fig. 11. The calculated average values of FlV and 

PlV show a linear variation with incident proton energy, as 

expected, due to the full momentum transfer. The slope of 

the FlV vs. E curve, . e. dE 
p 

is 0.00345 (mg/cm2~Mev, i r d(FW)] 

P _ ca 1 c. 
an~ that of the eJcperimental curve is 0.0135 (mg/cm

2
)/MeV. 

Si:nilarly [d~~Iv)J ~ 0.oo06i Jund [d~~IV)J ~ 0.00033. 1 
p calc. (mg/cm2VMev p 6iCp (mg/cm2 y:r.lev) 

The ra t ios of the ca 1 cula ted and experimental FlV values at 20, 

35 and 50 MeV are 0.55, 0.42 and 1.00 respectively. Similarly 

the ra t io s of the calculated and experimental PlV values at 20, 

35 and 50 MeV are 0.22, 0.43 and o .l~5 respectively. The 

ca 1 culated FlV and PlV values are ah1D.ys lower than the experi-

mental results. The variation of F/p with the proton energy 

of the calculated and experimental results shows the same 

trend. The calculated BlV values are always zero because the 

angular distribution results are mainly forward peaking. 

Both the calculations and experiments show that up to about 

40 MeV the CN mechanism predominates for the 65 cu (p,pn)64 cu 

reaction. 
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A Monte Carlo cascade-evaporation calculation was 

performed for the 65 cu (p,pn)64 cu reaction at 85 MeV. The 

calculation shows that the contribution of the knock-out 

mechanism at 85 MeV is not negligible (rv 37.7% of the total 
64 number of Cu formed is due to this process). Average 

values of FW, BW and PW were calculated separately for the 
6" recoiling ~Cu nuclide obtained as a product of the knock-out 

mechanism and the cascade-evaporation process. The FW, BW 
2 64 and PW values (mg/cm ) for Cu formed by the knock-out 

mechanism are 0.0159, 0.0031 and 0.0163 and those formed by 

the cascade-evaporation process are 0.0278, 0.0021 and 0.0039, 

while the averages of these two values are 0.02-19, 0.0026 and 

0.0101 respectively. Thus it is apparent that the FW and PW 

values obtained by the cascade-evaporation process are higher 

than those obtained by the knock-out mechanism, since most of 

the . kinetic energy is carried away by the promptly emitted 

particles. The BW value obtained by the knock-out mechanism 

is, however, higher than that obtained by the cascade-

evaporation process. This may be attributed to the forward 

scattering of the prompt particles in the knock-out phase. 

The experimental FW, PW and BW values are larger 

than the ca1culated ones by the factors of r-J5,--5 and-3.5 

respectively. Also, the FW/BW and FW/PW ratios are 8.44 and 

2.17 in contradiction to the experimental values of Il.66 and 

1.81. 

The discrepancies between the calcu1ations and 
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and experiments may be assigned to the neglect of 

(a) the CN mechanism and highly excited residual nuclei. 

(b) proton evaporation from the excited 65 Zn nuclei. 

(c) reflection and refraction. 

(d) nucleon correlation which may be sensitive to 
recoil properties. 

IV-3D(ii) Angular Distributions: 

Monte Carlo calculations of the angular distribution 

of the reaction products, based on the statistical theory of 

nuclear reactions, have been performed. Formation cross 
6l~ 66 sections of Cu from the compound nucleus Zn were checked 

with different parameters. A good energy dependence of the 

cross-section values was observed, though the calculated cross-

section valueswere lower than the published experimental 
results.(65) At energies above 40 MeV, the calculated cross 

65 64 sections f<o:r the Cu(p,pn) Cu reaction were too low to yield 

a significant numbêr of events, e.g. at 50 MeV, only twelve 

64 Cu nuclides out of 5000 initial evaporation cascades were 

obtained. Dsing the level density parameter'a'either as A/la 

or A/20, the calculations were performed for the isotropic 

particle emission. No significant change was observed for 

the average angle. 'l'he w'idely accepted ~a'(= A/20) value in the 

medium mass region was used in aIl calculations. Dnless 

otherwise mentioned, the angles and the angular distribution 

in this discussion always refer to the laboratory system. 
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The calculation is al.so insensitive to the different 

values of the anisotropy parameter b/a. The variation of the 

b/a values from -1 to +1 for the formation of 64 Cu from 66 Zn 

(compound nucleus) at the incident energy of 30 MeV changes 

o 
the average value of the recoil angle by ~ 0.26. An 

anisotropic angular distribution is to sorne extent related to 

the orbital angular momenta of the evaporated particles and the 

angular momentum distribution of the compound nucleus. A 

more detailed understanding of the level density of the 

residual nucleus and anisotropy of the emission process awaits 

a calculation in which angular momentum effects are taken into 

account. The calculated angular distributions were compared 

with the experiments and are shown in Fig. 12. 

6L. 
At 30 MeV the angular distribution of the Cu 

nuclide is forward peaking. An extrapolated value of """'5
0 

was assigned from the extrapolated peak angle vs. proton 

energy curve as shown in Fig. 18. The calculated angular 

distributions at 20 and 30 MeV are mainly forward peaking; 

the peak of the calculated angular distribution at 40 MeV 

appears at 13.5
0

, whereas the experimental value is ~ 20
0

• 

As the incident energy increases, the discrepancy between 

calculation and experimental peak angle becomes more prominent. 

reaction 

(E 
~ cm 

The calculation for the 65 cu (p,pn)64 cu 

indicates that shows a small dip at 

'::::! 16 MeV 'tvhich may reflect the fact that at 

lower energy the evaporated proton carries away aIl the 

energy due to the Coulomb barrier. With the increase in 
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Figure 12 

COMPARISON OF EXPERIMENTAL AND CALCULATED ANGULAR 

DISTRIBUTIONS FOR THE 65 cu (p,pn)64 cu REACTION AT 

(a) 30 MeV, (b) 40 MeV, (c) 50 MeV and (d) 85 MeV 

[The smooth solid curve io drawn from the 

experimental results, with the mid-angle 

of each interval as the average angle. 

AlI curvee at a given energy are 

normalized relative ta each other.] 

experimental 

statistical theory 

cascade-evaporation at 85 MeV 

-x-x- knock-out contribution at 85 MeV 
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the incident energy, the neutron gets a larger share of the 

available energy and the net evaporation velocity increases 

less rapidly than that of the compound nucleus because of the 

partial cancellation of the momentum. A further increase in 

the bombarding enèrgy leads to larger kinetic energies of both 

the evaporated proton and the neutron, resulting in the 

increase of the evaporation velocity relative to that of the 

compound nucleus and a consequent increase in This 

can also be observed in our previous average fo~ward range 

results (comparatively lower FlV value at ...... 30 MeV). The eJcperi-

mental <@L> values are comparatively higher, ~vhich may be 

partly due to the experimental uncertainty and partly due to 

the contribution from the DI mechanism. The change in ~L> 

or Bp' due to the larger evaporation kick relative to that of 

the compound nucleus, cannot account for the larger peak 

shifts st higher energies where the DI mechanism plays the 

predominant role. 

No direct evaporation calculation was carried out 

196 198 
for the formation of Au from the compound nucleus Hg nt 

low energy, since the proton emission from the heavy nuclei is 

suppressed by the Coulomb barrier. Several calculations 

using different 'a' and K (coefficient of the Coulomb barrier) 

were performed to find a fit with the excitation function. 

The cross section,is nearly zero even at the incident energy 

196 
of 20 MeV. The angular distribution results of Au at 30 

and 50 MeV are mainly forward-peaking, as expected, on account 
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of the predominance of the CN contribution in the heavy mass 

region. This idea is further corroborated by the average 

range calculation. 

The results of the angular distributions at 30 MeV 

6q 196 
for both 'Cu and Au, when converted into the CM system, 

appear to be 8symmetric and those of 194Au at 60, 70 and 85 

MeV approximately symmetric about 90 0
• The rough anisotropy 

parameter values are higher for 64 Cu and 196Au at 30 MeV, but 

194 those of Au are lower even at higher energies. The 

experimental bla values st 60, 70 and 85 MeV are 0.86, 0.87 

and 0.83 respectively. This is not surprising, since the DI 

mechanism plays a predominant role in (p,pn) reactions at 

lower energies, but the CN mechanism makes a relatively high 

contribution even at highet energies for the (p,p3n) reaction. 

The evaporation calculations were performed 

separately on the products formed by the knock-out and cascade 

processes for the Monte Carlo calculations at 85 MeV. The 

angular distribution obtained by the knock-out mechanism is 

featureless and fIat (Fig. l2(d)] which is also corroborated 

by the calculation of Benioff et al.(102); but the angular 

distribution calculated by the cascade evaporation mechanism 

o gives a sidewise peak at 65 . The same peak angle value is 

attained by our ISE model calculations at 85 MeV. 
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IV~4. INELASTIC âQATTERING MODEL FOR RECOJL 
STUDIES OF SIMPLE REACTIONS AT 
INTERMEDIATE ENERGIES 

IV~4A. Inelastic Scat!erin~eory and 
Present Calculations 

The Monte Carlo evaporation calculations were 

performed below 50 MeV and only one cascade~evaporation 

calculation for the 65 cu (p,pn)64 cu reaction was obtained at 85 

MeV. In the absence of any available theoretical calculntions 

in the intermediate energy region of ~ 40 - 85 MeV, we have 

developed a three-dimensional inelastic scattering model to 

interpret our recoil range and anguler distribution results. 

(133) In this semi-classical model ,it is assumed that 

the incident proton interacts with the target nucleon in the 

diffuse surface of the nucleus, thus resulting in the prompt 

emission of either the incident or struck proton (iuelastic 

scattering) or of the struck neutron (charge-exchange 

scattering). One of the collision partners is assumed to be 

captured, transferring its energy to the whole nucleus. The 

nucleus in the excited state then recoils, due to the prompt 

emission process, and moves in a definite direction. The 

residual nucleus with sufficient excitation energy evaporates 

a particle; the resulting nuclide th en recoils at a definite 

angle to the incident beam and has a definite range in a 

particular stopping medium. This ides of inelastic scattering 

through two-body collisions in the diffuse nuclear surface was 

l (134) t first suggested by Eisberg and go 0 interpret their 
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(p,p) data at 31 MeV and later confirmed by the calculation of 

Elton and Gomes.(135) Saha et al.(136) used a similar model 

for the calculation of isobaric ratios of simple reactions in 

the medium energy range. 

The probability of more than a single collision of 

the collision partners is small, since the mean free path is 

larger than the distance of traversaI in the nuclear periphery. 

For an incident proton, the proton emission in the cascade 

step may arise from either a proton-proton or a proton-neutron 

collision, whereas the neutron emission arises from a proton-

neutron collision only. The probability of (P,N) and (p,p) 

cascades can be simply written as 

cr(P,N) C:>C <~pn . N 

where N and Z are the numbers of neutrons 

target nucleus; quant it ies <~ pn and 

effective nucleon-nucfeon scattering cross 

(IV-29) 

(IV-30) 

and protons in the 

<cr> pp are the 

. (137) 
sect~Ol1S 

inside the nucleus which,in contrast to the free internucleon 

cross sections cr and cr ,take into account the momentum 
pn pp 

distribution of the bound nucleons and the operation of the 

Exclusion Principle. They are given hy the following 

e qua t ion s: 

= cr [1 - K . ~l pp pp E 
P 

(IV-3l) 



) 

- 109 -

pn 
and <~pn = 1 --2E 

[ 

K 

E + E (pp Fn) 

J 
(IV-32) 

P 

'tvhere E" 1a 
p 

the incident energy inside the nucleus, E
Fp 

~nd 

and K 
pn EFn are the proton and neutron Fermi energies, Kpp 

are the constants given by Winsberg et al.(137) The nuclear 

structure effects(138) leading to different availability of 

nucleons in differing sheIla were assumed to be negligible. 

In the (p,p) or (P,N) cascade phase, enough energy 

is transferred to the residual nucleus to evaporate one more 

particle to give the (p,pn) product. 
1 

The evaporation 

probability from an excited residual nucleus left with a 

definite amount of excitation energy was calculated, using an 

adaptation of the DFF(6l) evaporation programme. The lower 

limit of the excitation energy of a residual nucleus for a 

desired product is determined. by the binding energy of the 

evaporated particle or particles under consideration, and the 

upper limit takes into account the binding and kinetic energy 

of the evaporated particle or particles along with the gamma 

ray energy during the deexcitation stage of the residual 

nucleus. 

The scattering angle for the inelastically scattered 

particle can be calculated from the simple kinematic relations. 

For equal mass particles, the non-relativistic formula(139) 

relating the velocities of the incident proton Vi and the 
nc 

captured nucleon V reduces to 
cap 

(l + co se) 
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1. e. cos e = + (1 - 2E lE ) 
c P 

(IV-33) 

~oJhe re E and E are the kinetic energies of the captured and 
c p 

incident proton (before collision) and e i8 the scattering 

angle (CN system) . The positive and negntive signs in 

Eq. (IV-33) refer to the case where either the struck nucleon 

or the incident proton is captured by the nucleus. For p-p 

scattering this distinction is of no consequence. However, 

in the p-n scattering, if a given energy transfer corresponds 

to a scattering angle e for the proton emission, then the same 

energy transfer corresponds to (~- 0) for the neutron emission. 

The energy of the incident particle E inside the nuclear 
p 

potential i8 the sum of the incident proton energy Ei (laboratory 

system), the proton separation energy S and the Fermi energy 
p 

1. e. E 
P 

Energy conservation then 

requires that the energy of the captured nucleon E inside the c 

nucleus can be related to the excitation energy transferred to 

the nucleus -'. E" by E ;: 
c 

E~'" + E~, 

of the captured nucleon. 

wh ere El 
F 

is the Fermi energy 

Since a given amount of the excitation energy for a 

particular value of the incident eriergy corresponds to a 

definite scattering angle, the excitation energy interval 

required to evaporate a par~icular number of nucleons leads to 

a range of scattering angles. The fractions of the nucleon-

nucleon cross secti~ns are denoted by F for p-p scattering, 
pp 

F for p-n scattering with proton emission, F for p-n pn np 
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scattering with neutron emission and cau be expressed as 

F 
pn 

F 
pp 

or F 
np 

/nimax~k' 
o 9 ,,< :;pp 

min 

d..o.. 

== 

2n-
J.'3max(~.iL'\ 
e ' SJpp 

min 

sin e de 

== ----------

== 21c 

cr pp 

sin 0 d0~ 
/ crpn 

(IV-34) 

(IV-35) 

where cr corresponds to the free nucleon-nucleon scattering 

cross section and e i and e are the angles corresponding to 
m n max 

the minimum and maximum excitation energies of the residual 

nucleus leading to the particular product under consideration, 

The center-of-mass scattering angle of the emitted particle 0 

can be transformed into the corresponding laboratory angle 0
L

, 

The recoll velocity V
R

, along with the corresponding angle GR 

and hence its component Vz in the direction of the beam, is 

calculated from the simple kinematic relations obtained from 

the rules of energy and momentum conservation as follows: 
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E = [Ep - E - 2 (E • Ee1l.i COB GL]/A R e p 

VR 
( 2 • ER/A)~ e

R 
_ -1l sin aL . VeJ = - sin A . V

R 

Vz = V
R 

. cos eR (IV-36) 

V = y V • 
R 

sin e
R 

• sin )PR 

Vx = V
R 

• sin eR . cos)OR 

where ER and Ep are the energies of the recoil and the incident 

proton, E and V are the energy and velocity of the emitted 
e e 

particle, and A i8 the mass of the target nucleus. 

are the polar angles of the recoil. 

The differential cross section for (p-p) scattering 

is isotropie and a was obtained from the differential cross 
pp 

section values summarized by Hamada et al.(140) The 

following empirical equations by Bertini(68) for (p-n) 

El ca t ter i. n g ~vere used. 

Q;0pn Al + BI 
3 

0, = cos o ~ cos f).< 1 (IV-37) 

~d"0 Al + B2 
4 f) , "-dA = cos 

pn 
-1 ~ cos e -< 0 (IV-38) 

The values of the constants Al' BI and B2 were given by 

Bertini. (68) The cr value was obtained by integrating 
pn 

equations (rV-37) and (IV-38) over aIl solid angles. The 

Fermi energy was evaluated assuming r = 1.5 F. . 0 The proton 

binding energy was evaluated for the various target nuclei on 
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h b f hl· ~ il· 1 (132) t e asis 0 t~e msss va ues Dt 0W atecc1 et a . 

Therefore tht total probabllity for (p,xn) and (p,pxn) 

reactions anG the corresponding recoil clifferential cross 

sections (_d~~'\ cau be written a.s 
~dn.)R 

cr(p,xn) = <~ . F • N • F ( pn np , E x-l)n (IV-39) 

a(p,p:x:n) = @.a>pp. F pp . Z + <a> . F ·0. Il 
pn pn Exn 

+ <cr> • l~ • N.FE ( 1) pn np 'p x- n 
(IV-40) 

Q:jR = o'(p,xn) . F(e), for (p~xn) reactions (rV-41) 

= cr(p,pxn) . F(e), fOl" (p,pxn) rea ct lon s (rV-42) 

where F E ( 1) and FE ( 1) refer respectively to the 
'x- n 'p x- n 

evaporation probabllity of (x-I) neutrons and of one proton 

plus (x-1) neutrons following a (P,N) cascade, while FExn 

refers to the Evaporation probability of x neutrons fol1owing 

a (p,?) cascade and F(e) corresponds to the probability of 

recoil collection per unit solid angle st an angle e with 

respect to the proton beam. For the sake of simplicity in 

the calculations of (p,pn) reactions, the second term in 

Eq. (rV-40), corresponding to the prompt neutron Emission, 

followed by a proton Evaporation from the excited nucleus was 

neg1ected, as its contribution i8 comparatively small. 

In an actual cslculation, the whole excitation 

energy interval of the excited residual nucleus (10 - 25 MeV 

65 197 
for Cu and 10 - 2.3 MeV for Au) wss divided into smaller 
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subintervals of 2 MeV and e i and 0 were then calculated m n max 

for eaCh subinterval. The center-cf-mass scattering angles 

were transformed into the corresponding laboratory angles. 

The average value of the angle was considered as the angle of 

the scattered particle for the average excitation energy for a 

particular subinterval. The recoil angle )OR with respect to 

the x-axis was chosen randomly, which amounts to assuming that 

there i9 no angular correlation about the axis defined by the 

proton beam; the only kinematic restrictions come from the 

scattering angle and the deposition energy. The components 

of the recoil velocity, along with the average energy in each 

subinterval, were then used as the input for the modified 

DFF(6l) evaporation programme to calculate the angular 

distribution and avera~e range values as discussed in 

Section (rV-3B). 

The angular distributions at different energy 

intervals were multiplied by the corresponding statistical 

weight factors for the cascade-evaporation and unit solid 

angle as in Eq. (IV-42). They were then summed to obtain the 

resultant angular distribution for a particular reaction st a 

definite incident energy. The differential cross sections 

o 
were then printed out at an interval of 10 . The statistical 

weight factor for the cascade step shows a small decrease with 

an increase in the excitation energy, but at a definite value 

of the excitation energy of the residual nucleus, it decreases 

with an incresse in the incident energy. 
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With the excitation energy and the velocity 

components as the input for the modified DFF(6l) programme for 
,n"1 

the range calculation, discussed in Section (IV-3B), the 

average values of the forward, backward and perpendicular 

ranges were calculated for each excitation energy subinterval, 

and the average range values were then obtained by addition at 

each incident energy, 

IV-4B. Comparison between Inelastic Scattering 
Model Calculations and Experimental 
Results 

IV-4B(i). Average Recoil Ranges: 

The average range values, i.e. FW, PW calculated on 

the basis of the ISE model, in the energy range~40-85 MeV, are 

always lower than the experimental results by a factor of 5, 

for both the recoiling nuclides. The calculated BW values are 

always zero, as we also visualize from the recoil angular 

distribution calculated on the basis of the ISE modela 

The differential cross section in the angular region 

The following general trends, as shown in 

Figs. 13 and 14, are observed for the average rang~ values of 

both the recoiling nuclides 64 Cu and 196Au , 

(a) The calculated FW values decrease very slightly with 

the incident energy. 

(b) The PW values increase very slightly with the proton 

energy. 

(c) The calculated and experimental values of the ratios 

of average forward and perpendicular range, i.e. FW/PW, show 

(Fig. 15) reasonable agreement above 50 MeV. 
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Figure 13 

COMPARISON OF EXPERIMENTAL AND CALCULATED FW 

VALUES OF (a) 64 Cu AND (b) 196Au 

-0- Experimental 

--0-- Compound nuclear range with 

evaporation effect 

--cr- Statistical theory 

~ Cascade-evaporation theory (85 MeV) 

--0-- ISE model calculations 
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COMPARISON OF EXPERIMENTAL AND CALCULATED PW 

VALUES OF (a) 64 Cu AND (b} 196Au ----,....,' --------- '~" , 

--0-- E~cper imen ta 1 

--8-- Statistical theory 

~ Cascade-evaporation theory 

(85 MeV on1y) 

--0-- ISE model calculations 
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COMPARISON OF EXPERIMENTAL AND CALCULATED Fw/pW 
64 196 RA TI 0 S 0 F (a) Cu A ND (b) A u 

-0- Experimental value 

_.-0-- ISE model calculation 

o Cascaae-evaporation calculation 
at 85 MeV on.ly 
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( d) The calculated values of the ratios G::~!) and 

are nearly constant and higher than the corresponding 

eJtperimental values by a factor 1)f ~ .1.(/-.' .. 

An approximate value of the percentage contributioQs 

from the eN and DI mechanisms to the average forward range FW, 

at a definite incident energy, was calculated from the simple 

Eq. (IV-43) and is shown in Table XII. 

(rV-43) 

where x and y are the contributions of the CN and DI mechanisms 

and RCN and RDI are the extrapolated range values calculnted 

64 with the Monte Carlo evaporation prob~amme (for Cu) or 

196 extrapolated experimental FW values (for Au) and the ISE 

model respectively. The ratios of the contribution from the 

CN mechanism and that from the DI mechanism decrease with the 

incident energy for both the recoil products, as expected. 

The discrepancy between the calculations and 

experiments may be due to the neglect of 

(a) the CN mechanism, which is not strictly correct in 

the energy region of our interest, 

(b) proton evaporation, since a proton will be emitted with 

a higher kinetic energy than a neutron on account of 

the Coulomb barrier; hence the evaporation momentum 

will be larger than that expected without the proton 

evaporation. 
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IV-4B(ii). Angular Distributions: 

Theoretical calculations of the angular distributions 

of the reaction products based on the inelastic scattering of 

the particle followed by the evaporation of a particle or 

particles (frequently referred to as the ISE mechanism) had been 

successfully carried out for (p,pn) reactions in the energy 

region of our interest. Despite the assumptions and limited 

applications nt lower energy, we get a reasonably good fit with 

64 
the angular distribution results in the medium (for both Cu 

196 (101) . and Au) and also at higher energies (Remsberg's results 

64 for Cu at 0.37, 1.0 and 2.8 BeV), although intermedinte 

processes, e.g. pion formation, were neglected in our 

calculations. 

Comparisons of the calculated recoil angular 

. 6l~ 196 
d1stributions with the results of both the Cu and Au 

nuclides are mnde-and shown in Figs. 16 and 17. The following 

characteristics were observed: 

(a) The penks (Fig. 18) of the calculated angular 

distributions always occur nt higher angles than the 

experimentally observed peak angles. 

(b) The calculated average angle (Fig. 19) ~~ varies 

in a consistent way, the experimental ~~ values are in 

better agreement in these cases, partly because of the wide 

angle distributions of the recoils. 

(c) The calculated peak angle values are always sharper. 

The FWHM of the peak angle (calculated from the histogram plots) 
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Figure 16 

COMPARISON OF EXPERIMENTAL AND CALCULATED 

ANGULAR DISTRIBUTIONS FOR THE 65 cu (p,pn)64 Cu 

REA C TI 0 NAT ( a) 30 -, (b) 4· 0 -, (c ) 50 - , 

(d) 60-, (e) 70-, (f) 85-, (g) 370-, 

(h) 1000- and (i) 2800-MeV 

The solid smooth curves are obtained from the 

experimental results taking the mid-angle as 

the average angle of each angular interval. 

The dashed curves correspond to the ISE model 

calculations. 

For the high energy results at 370-, 1000- and 

2800-MeV, calculated results are adjusted to 

the experimental values with respect to the 

peak angles. 
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COMPARISON OF EXPERIMENTAL AND CALCULATED 

ANGULAR DISTRIBUTIONS FOR THE 197Au (p,pn)196Au 

REACTION AT (a) 30-, (b) SO-, (c) 60-, 

(d) 70- and (e) 8S-MeV 

The solid curves refer to the experimental 

results. 

The dashed curves correspond to the ISE model 

calculations. 
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i8 nearly constant (l'.J 20
0

). The FWHM values of the observed 

recoil distributions 8S obtained after the subtraction of the 

featureless distributions are frequently higher. The calculllted 

peak angle value does not fall below sorne iliinimum value of 45
0 

196 64 
for Au and 50

0 
For Cu. 

(d) The calculated distributions do not show the prominent 

peak shift with the incident energy. 

(e) The differential cross sections of the calculated 

angular distributions are always zero in the backward directions 

. {1(~ ~ 
and hence <27;;>(::'0 -/. - values are alw'ays unity. 

r "-KU' + 0 

(f) Similer characteristic8 were observed for both the 

64 196 . 
Cu and Au nuclidea, though the calculated peak and average 

angles appear to be higher. 

(g) Better agreement was always obtained at higher 

energies, as can be seen from the 85 MeV results for 64 Cu and 

196Au in Figs. 16(f) and 17(e). 

(h) Monte Carlo cascade-evaporation and X·S.ID mo;d~l· 

o calculations at 85 MeV give the same peak angle et 65 and 

and average angles at 59.2
0 

and 62.4
0 

respectively. 

The results of Remsberg(IOI) fit, as shown in Fig. 

16(g,h,i), at 0.37, 1.0 and 2.8 BeV, toJ'ith our calculations; the 

o 
peak angle exactly occurs at 86 at 2.8 BeV. 

The discrepancies between calculations and 

experiments may be ascribed to the followingassumptions: 

(a) Compound nucleus formation was totally neglected 

(which i8 true only at higher proton energies). Th is may be 
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one of the main reasons for the over-estimation of the 

calculated peak angle values. 

(b) The case of proton evaporation from the residual 

excited nuelcus Cafter neutron scattering in the (P,N) cascade] 

was omitted, e.g. 65 Zn formation from the (P,N) cascade 'step 

which may lead to 64 Cu by proton evaporation, was assumed 

negligible (correct only for heavy nuclides at low energy, 

where the proton emission i8 suppressed by the Coulomb barrier). 

(c) The chosen excitation energy interval of the residual 

nucleus for a particular value of the incident energy (10 - 25 

65 197 
MeV for excited Cu and 10 - 23 MeV for excited Au) may not 

be correct. The calculation shows that, within a given 

excitation energy interval, the recoil peak angle from the 

highly excited tiucleiappears at the lower angle. Thus the 

peak of the net angular distribution at a definite incident 

energy ma~ decrease ta a certain extent, if we consider the 

emission from the higher excited states of 65 Cu (higher than 

25 f 65 f 197, 
. MeV "or Cu and 23 MeV or Au as assumed in ou~ present 

calculation). However, the present evaporation calculation 

cannot take into account evaporation from such highly excited 

states on account of the very low cross sections of the 

desired nuclides. 

(d) O~ly head-on collisions were considered in our 

calculation. If we also consider the overtaking collisions, 

the Excitation energy of the residual nucleus at a particular 

incident energy will be higher, therefore the rec~il angle 

will be lower and give rise te better agreemènt ~ith the 

( 
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expe~imental results. 

Grover et al. (83) analysed the inelastic scattering 

data of Azhgirei et al.(14l) at 660 MeV and found that aIl of 

the recoiling copper nuclei excited ta about 15 MeV go into 

o 0 
angles between 76 and 80with respect to the besm. The 

kinetic energy spe~trum of thisrecoil group ~shbws~n"lsverage 

recoil energyof r-J 1 MeV. Such peaksshould occur for other 

targets and other incident energies and refle"ct a rather 

genAra! property of the i~~lastic scattering of a light particle 

by a massive one. The required conditions for such a process 

are: 

(a) small kinetic energy transfer~ i.e. low excitation 

energy of the residual nucleus. 

(h) forward peaking (not very intense) nature of the 

angular distribution of the scattered particles. 

o angle for this process should be less than 90 . 

The critical 

Hhen the 

excitation energy is a small fraction of the incident energy, 

even for a small scattering angle, the peak angle of the 

recoiling nucleus rapidly approaches the critical value. A 

relatively narrow critical angle is involved because only a 

limited region of the excitation energy leads to (nucleon, 

"2 nucleon) reactions. However, the spread of the experimentally 

observed peak would arise from the "evaporation of a l1ucleon. 

The ISE model thus provides an important tool to help establish 

the usefulness and study interplay of the mechanisms in certain 

msss and energy regions. Further experiments will certainly 

reveai more interesting results. 
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IV-S. AVERAGE RECOIL RANGE CALCULATIONS 
AND RECOIL PARAMETERS IN THICK~ 
TARGET :EXPERIMENTS 

IV-SA. ~verage FonV'al'd Range Calculations 
with the Evaporation Effect 

Porile et al.(17) used the relation of Winsberg et 

a1.(20) for the calculatlon of the average forward range FW 

from the compound nuc1ear range by considering the evaporation 

effect. We performed similor calculations to calcu1ate FW 

values for 64 Cu and 196Au . The measured average FW value is 

the average of the projections of the distances RLof the 

recoils on the beam direction. If we denote the angular 

distribution of the evaporation kick V by W(0), we can write 

~Fig~ Z)"FW ~s follows 

FW :::: RE cos 0L 

~. KIV"l'+vI N
• cos 0

L 
(IV-44) 

:rr 

FH' =~ 1 (v
2+ v2 + 2vV cos (J)N/2. cos 0iH'(0). sin 10d0 (IV-4S) 

o 

where K ls the proportiona1ity constant and v is the velocity 

imparted to the struck nucleus. For the normalized isotropie 

distribution, W(0) = 1. 

FH' 
1 2 -(N + N 6 

Hence we can write 

= 1,vN[~ + 

= KV
2[1.0 2 41 + 0.6667 ~ - 0.0667 ~J' for N = 2 (IV-l~6) 

lV'here ~ 
V 1 

= v = 1? is the range corresponding to the 



) 

- 129 -

compound nucleur velo city v at a particular incident energy, 

2 
then we have RCN = Kv • 

where V has a unique value less than v. 

The expression for the evaporation correction 

parameter ~2 for the (p,pn) reaction cart he written as 

(jj C2, 
2 

E~~ 2 MCN 
M E ~ = = . 

J:vl p 0 

e e 
R 

2 
J:v1

CN Z E := 

J:v12 . E e 
R p 

2 [ -. - ERJ MCN E~N - S - S 
n = 

__ ____ oP-

J:v12 E·o R ~ 

(rV-47) 

(rV-4B) 

lV'here J:v1 and E are roBSS and kinetic energy and the subscripts 

CN, R, P, and e refer respectively to the compound nucleus, 

the residual fragment, the bombarding particle and the emitted 

particles. The summation is carried out over aIl the particles 

and the energy of the residual nucleus was assumed to be 

slightly less than the difference of the Q-values for the 

(p,p2n) and (p,pn) reactions. The residual nucleus in such a 

case would not have sufficient energy (7 and 5 J:v1eV for 64 Cu and 

196Au respectively) to emit another particle and the ground 

state of the recoiling nuclide would be reached by photon 
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emission, the extra energy being carried away by the emitted 

~'~ 
particles. ECN refers to the excitation energy of the compound 

nucleus. 

The average range results thus corrected for the 

evaporation kicks are lower than the experimental average range 

values obtained for the low energy incident particlc. The 

universal (LSS) range-energy relation was used to calculate 

The correct energy dependence is apparent from the slope 

of the two range~energy curves as shown in Table XII and 

Fig. 13. 64 196 
Above 50 MeV for Cu and 40 MeV for Au, the 

experimental results fall below the calculated values, showing 

the predominance of the DI mechanism above this energy range 

due to the partial momentum transfer. 

One of the main réasons for the discrepancy at the 

lower incident energy region, as recently observed by 

Schiott(142), may be partly due to the lower K-values calculated 

for the Thomas-Fermi atoms. To. fit the experiméntàl curves, 

64 
K

LSS 
for Cu should be multiplied by a factor of r-../ 1.8 and 

that for 196Au by.........., 1.3. 

IV-SB. Discussion of Thick-Target Recoil 
Parameters and Calculation of 
Constant Deposition Ener~~pproximate) 

The recoil parameters calculated by the three 

approximate methods, as shown in Table XIII and Figs. 20~and 21, 

illustrate nearly the same trends, with the exception that 

Sugarman's anisotropy case(~O) shows higher values of the 

recoil parameters, particularly at lower energies be10't'1 "'-' 60 MeV 

. 6L,. 196 . . 
~or bath Cu and Au rec01ling nuc11des. The equatious of 
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) TABJ .. E iCII 

CALCUI .. ATED FW VALUES FOR COMPOUND NUCLEUS FORMATION 

BY EVAPORA,!'ION CORRECTIONS 

Proton 2 4 FW/RCN RCN Ca1c. FW Expt. FW Approx .. Energy Il Il 

(MeV) 2 (mg/cm) 
2 (mg/cm) 

2 (mg/cm) CN/DI 

(a) 65 6l. 
Cu(p,pn) Cu reaction 

20 O. 159 0.025 1.089 0.062 0.068 0.131 

30 0.460 0.212 1.166 0.091 0.106 0.180 

40 0.611 0.373 1.159 0.112- 0.129 0.275 

50 0.702 0.492 1.140 O. ll,·O 0.159 0.168 

60 0.762 0.581 1.121 0.172 0.193 0.1l.8 63137 

70 0.805 o . 6l~ 8 1.105 0.208 0.230 0.125 52/48 

80 0.837 0.701 1.091 0.248 0.271 0.141 43/57 

85 0.851 0.724 1.085 0.271 O. 2 9l~ 0.104 35/65 

(b) 197A ( )196A u p, pn u reaction 

20 0.372 00138 1.156 0.025 0.029 0.045 

30 0.588 0.346 1.162 0.030 0.035 0.054 

40 0.696 0.484 1.141 0.035 0.040 o .OA2 

50 0.761 0.579 1.1Q1 0.041 0.046 0.040 

60 0.804 0.647 1.105 O. Ol~ 7 0.052 0.041 50/50 

70 0.835 0.697 1.092 0.053 0.058 0.038 40/60 

80 0.858 0.737 1. 081 0.058 0.063 0.038 40/60 

85 0.868 0.753 1.077 0.060 0.065 0.036 36/64 
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TABLE XIII 

~,. 
~ 

SUMMARYOF THE RECOIL PARAMETERS OBTAINED FROM THE DIFFERENT ANALYSES OF THE TRICK-TARGET RESULTS 

Winsberg's isotropy case Sugarman's isotropy case Sugarman's anisotropy case 

* E 
P 

N R '(II EV Elm E 'N lm R '?IJ EV Elm ElmN 

ECN ECN 

(MeV) 
2 (mg/cm) (MeV) (MeV) 

65 64 
(a) Cu(p,pn) Cu Reaction 

50 

60 

70 

80 

85 

2 

2 

2 

2 

2 

0.225 

0.219 

0.209 

0.292 

0.201 

0.507 

0.450 

0.386 

0.278 

0.315 

1.241 

1. 212 

1.152 

1. 615 

1.108 

197 196 . (b) Au(p,pn) Au React~on 

40 

50 

60 

70 

80 

85 

2 

2 

2 

2 

2 

0.069 

0.075 

0.084 

0.073 

0.076 

0.373 0.599 

0.343 0.655 

0.250 0.726 

0.3210.630 

0.269 0.661 

0.329 0.435 

0.253 0.278 

0.177 0.167 

0.1290.106 

0.114 0.088 

0.084 0.334 

0.078 0.256 

0.046 0.130 

0.065 0.162 

0.048 ,0.112 

2 
(mg/cm) 

2 0.211 

2 0.207 

2 0.193 

2 0.253 

2 ·0.184 

0.540 

0.471 

0.399 

0.283 

0.322 

(MeV) (MeV) 

1.165 

1.141 

1.068 

1. 395 

1.015 

0.350 

0.261 

0.175 

0.115 

0.109 

0.462 ' 1.4 

0.288 1.4 

0.165 : 1. 6 

0.095 2.0 

0.124 2.0 

2 0.054 0.548 0.465 0.133 0.658 2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

0.067 

0.074 

0.079 

0.067 

0.069 

0.385 

0.352 

0.253 

0.328 

0.273 

* Ep 

0.585 

0.640 

0.684 

0.579 

0.599 

0.082 

0.080 

0.044 

0.063 

0.052 

Proton energy. 

0.347 

0.264 

0.126 

0.156 

0.121 

R 

2 
(mg! cm ) 

i, b/a 

0.295 0.677 -10.263 

0.194 0.696 -1.433 

0.191 0.562 -1.128 

0.2760.433 . -1.376 

0.192 0.414 -0.989 

EV Elm Elm 
ECN 

(MeV) (MeV) 

1.630 

1.072 

1.054 

1.527 

1.060 

0.170 0.980 

0.536 b.589 

0.3430.323 

0.295 0.24~ 

0.187 0.145 

0.045 0.644 -0.624 0.423 0.177 0.877 

0.068 '0.403 

0.074 0.368 

0.085 0.288 

0.069 0.418 

0.076 0.344 

-0.242 

-0.241 

-0.635 

-0.965 

-0.963 

0.587 

0.646 

0.736 

0.602 

0.661 
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0.096 0.381 

0.088 0.291 

0.062 ·0.175 

0.106 0.262 

0.079 0.184 
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Figure 20 

TRICK-TARGET 64 Cu RECOIL PARAMETERS: 

(a) range parameter R, (b) velocity parametern , 
(U 

(c) impact energy and (d) the ratio of the 

kinetic energy of the impact to t~nt of 

the compound nucleus: EI~/ECN 

A Sugarman's anisotropy case 

o SugarmanOs isotropy case 

o Winsberg's isotropy case 
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Figure 21 

THICK-TARGET 196Au RECOIL PARAMETERS: 

(a) range parameter R, (b) ve10city parameter ~ , oc Il 
(c) impact energy and (d) the ratio of the 

kinetic energy of the impact to that of 

the compound nucleus: EIm/ECN 

8 Sugarman's anisotropy case 

o Sugarman's isotropy case 

o Winsberg's isotropy case 
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sugarman(80) and Winsberg(79), assuming isotropie reaction 

velocity distribution, give approximately the same values for 

the recoil parameters. The recoil parameters at 80 MeV for 

64· ' 1. 96 Cu and Au show a point of inflection 'tvhich may involve 

higher uncertainty. There is no theoretical justification 

for such a sudden rise. The general nature of the variation 

of the recoil parameters, mainly in the energy region between 

50 and 85 MeV, is described below. 

N 64 
(a) The range parameter R(= KV ) for Cu gradually 

196 
decreases whi1e that for Au shows slight fluctuation with 

the incident energy. The R value at 85 MeV for 64 Cu (r-J0.2 

mg/cm
2 

in copper) is about three times larger than the corres-

ponding value for 196Au , whose 

6l~ 
times more than that of Cu. 

mass is approximately three 

The relatively high R value at 

the lower proton energy of,-.....- 50 MeV may be due to the higher 

excitation energy and hence higher evaporation velocity. 

(b) The values of the velocity parameter ~ , for both 
<.11 

64 C u and 19 6A u , d Il dt' 1 f gra ua y ecrease to a satura ~on va ue 0 

~0.3 around 85 MeV, at the onset of the region of constant 

deposition energy. 

(c) The variation of the impact energy E
lm 

(the kinetic 

energy transfer in the initial cascade step = 0.5 A~I~V2) with 

64 
the incident energy shows that the slope for Cu i8 higher 

196 64 
than that for Au, and at 85 MeV the E

lm 
value of Cu 

('"'-'0.12 MeV) 18 t't'lice as large as that of 196Au (,.....0.06 MeV). 

However, the ratio of Elm/EcN , which is a measure of fractional 
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kinetic energy transfer to the recoiling nuclide in the 

cascade process, approaches a value of ""-/0.1 at 85 l1eV. For 

the full incident momentum transfe~, this value should be 

unity. 

" (d) The kinetic energy EV due to the reaction velocity 

(here, evaporation kick) shows a slight variation with the 

incident energy in three cases 
196 64 .. 

for Au and, CÙ'i- ïlnd .ls 

therefore within the limits of experimental error. Th ia is 

expected at higher energy aince the evaporated particle gives 

a kick of nearly constant magnitude. 

(e) The anisotropy parameter b/a, obtained from 

sugarman~s(80) general equations, shows higher negative values 

for both 6l~Cu and 196Au , h' h . 1 0 85 l~ V w 1C approx1mates -,-. at ~e. 

The b/a values in the thick-target results may be sensitive to 

small variations in the average range values which may involve 

higher uncertainties (especially BW), though the other recoil 

parameters Rand "211 are less affected. 

The effect of the neglect of?(~can be studied by 

rewriting sugarman u s(80) equations (for N = 2) as follows: 

br 2 2] 
+ iJc:O . 5+0 • l8~11- O. 171l" +0.0 87L.!._ 

+ ~ & . 5~0 • 18>'l .. - O. 1711; +0 . 0 81(~ 
'(IV-50) 

t·33 
(F' - B) W = R 1(11 . 

1.0 

+ 0.53 
(IV-51) 

+ 0.33 
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R l b 2r:,. 4pw =(.. Q'\ 1.0-1-0.25 ; -1-0 • 131?u ~.O+O. 5 
~ • 0 +0 • .3.3 ;.; 

V+O. 19Jl(.O+2.S V J 
(IV-52) 

Porile Us(70) Monte Carlo ca1culations show that for large 

momentum transfer, ~ <: 1. Equation (IV-50) shows that ?id: 1Zu 
must be much larger than unit y in order to introduce 

appreciable e1l:'rors i.nto the estimati.on of-n . 
"<"11 

Equation (IV-51) 

shows that even though R,'l" i8 independent of 1(J...' yet errors 

due to the neg1ect of Ï(.L are introduced in 7(/1 and R. HOlvever, 

for N = 2 we can approximately reduce Eq. (IV-51) to 

v" . 2 
(1!' - B) Tv ocR ~II oC lC V • V oc V· v" (IV - 5.3) 

The calculations of~l and therefore Elm are 

approximately independent of 'l.L. Caretto et al.(91) obtained 

a re1atively high value of ~~ at 450 MeV for the 6s Cu (p,pn)64Cu 

reaction, though no details of the analyses were given. Also, 

Eq. (IV-51) shows that the neglect of b/a introduces sorne error 

in VII calculation through the influence of b/a on R. The 

assurnption that V and V are unique is not strictly correct, 

since the measured projected range values are average 

quantities. In the isotropie emission case of sugarman(80) 

and Winsberg(79), we ~ssumed ~.J..= 0 and b/a = o. The 

assumptions may be incorrect, as we can observe the sidewise-

peaked group in the results of angular distribution which 

indicates '"1.J.> o. The assumption b/a = 0 i8 difficult to 
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verify, because the separation of the angular distribution of 

the evaporation-kick from the net angular distribution results 

ls difficult to achieve. 

Sugarman's equations are not valid, in general, 

below 50 MeV, where n nearly approaches unit y and the neglect 
III 

of higher powers of ~ is not justified. Another reasou for 
. ( " 

( 14· 2 ) the discrepancy is the electronic stopping parameter K 

(used for the calculation of energy-from range values) 

calculated for Thomas Fermi atoms where shell effects are 

disregarded. In extreme cases, the discrepancy of the K value 

from the experimental li:' es u 1 t amounts to ~50%. However, 

PoriIe's range-energy relation(120) for low energy Ga ions in 

copper und zinc shows nbarly th~ same proportionality constant 

-2 -1 (K = 0.193 ~g cm keV ). Because of the uncertainties 

discussed above, the calculations of vII or E
lm 

and V or EV may 

involve a large cumulative error of the order of 20- 40%. 

Calculation of Deposition 
Energy (approximate): 

Approximate values of the deposition energies for 

both the reactions studied were calculated by a combinat ion of 

the recoil parameter n and the momentum component in the beam 
Cil 

direction imparted to the struck nucleus by the incident 

particle. The single-fast nucleon mechanism of perlman(87) 

assumes that the incident particle passes through the nucleus 

undeviated, but deposits energy E*. The component of the 

momentum imparted to the recoil in the direction of the beam 
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is given by the relation 

2 ' L 

2EE~'C 
(IV-54) 

P + (p - 2EE~\:')'2 

where E and p in this section refer to the total energy and 

2 
momentum of the incident particle in natural units of m c 

o 

and m c respectively. o 
At low bombarding energies(90), 

Eq. (IV-54) reduces to the one used by Fung and Perlman.(87) 

The crudeness of the model lies in the fact that the recoils 

move only in the forward direction, i.e. p~ = o. Al so in 

this mechanism, the Fermi motion of the nucleons in the 

nucleus was n6glected. The effect of Fermi motion will cause 

a distribution in the recoil momentum. According to this 

mechanism, the deposition energy after the knock-on cascade 

leaves sufficient excitât ion energy ta evaporate further 

particles from the residual nucleus to lead to the desired 

product, and this deposition energy is approximately constant 

in the high energy region. 

Since V is approximately constant, the velocity 

parameter 'lll = v"/v is a measure of Pli in the energy region of 

interest (60-85 MeV). In the determination of the recoil 

parameters, we also assumed that '(J.. = 0, i.e. V-L = o. The 

rat i 0 s 0 f p Il 1 E .,'~ we r e cal cu ta t e d for var i 0 u s val u e s 0 f E';~ 

(0.0 ----0 0 5). By mat ching the curve of "1 vs. E ~vith that 
1/ p 

~'~ 
P lE vs. /1 E p' as shown in Fig. 22, a value of deposition 

of 

~'( 
energy E was found for the best fit of the two curves. The 
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~\. 

parameter 1(1I/(P,JE ) was approxima.tely found to be 0.1245 for 

196Au with E~~~0.011 (m c 2 )or ......,10.5 MeV and 0.1407 for 
o 

E ~'\.. ........... o. 0 15 (m c 2 ) 0 r ~ 14 . 1 Me V for 64 Cu. 
o 

These deposition 

energies are just sufficient to evaporate a neutron from the 

65 197 
excited Cu and Au nuc1ides to give rise to the (p,pn) 

products. 
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V. SUMMARY AND CONTRIBUTION TO KNOWLEDGE 

Average ranges projected in the forward, backward 

and perpendicular directions to the beam and the angular 

distributions of the recoiling 64 Cu and 196Au nuclides from 

65 197 
(p,pn) reactions, induced in Cu and Au with 20- 85 MeV 

protons, have been measured by means of standard radio-

chemical techniques. 
194 

Angular distribution results of Au 

were determined at 60, 70, and 85 MeV. This is the first 

work performed on angular distribution measurements for 

proton-induced spallation reactions in this energy range. 

The interesting angular distribution results of 64 Cu are 

consistent with those recently obtained at higher energies. 

The energy dependence of the average projected ranges and the 

angular distributions have the expected shapes and magnitudes. 

The features observed experimentally can be attributed to 

the compound nucleus mechanism at low energies and the direct 

interaction mechanism at higher energies. 

An inelastic scattering model has been developed in 

order to explain the shape as weil as energy dependence of the 

recoil angular distributions. The measured average ranges 

and angular distributions have been compared with the 

statistical theory, cascade-evaporation, and inelastic 

scattering plus evaporation model calculations. The 

statistical theory gives a reasonably good fit for the 

projected ranges (FW and PW values only, but the calculated 
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BW values are always zero) and angular distributions for the 

65 64 
Cu(p,pn) Cu reaction. Both the cascade-evaporation and 

the ISE model calculations give lower values of the projected 

ranges. However, both the calculations predict the same 

value of recoil-peak angle at 85 MeV. The energy dependence 

of the recoil-peak angles i s observed; the peak-shifting of 

196 64 
Au is comparatively lower than that of Cu, and the rate 

of the peak-shift is lower at higher energies. The inelastic 

scattering plus evaporation model calculations over-estimate 

the value of recoil-peak-angle at lower energies, where the 

contribution from the compound nucleus mechanism i8 not 

negligible. The calculated rate of peak-shifting i8 also 

relatively low. 

Average projected ranges in the forward directions 

were 64 196 calculated for Cu and Au from the compound nuclear 

ranges with the evaporation correction. The calculated low energy 

values are smaller than the experimental results. Recoil 

parameters have been obtained, and constant deposition energies 

of 14.1 MeV and 10.5 MeV 'are 
. 64 196 

determ~ned for Cu and Au. 

The angular distribution results of 194Au , converted 

into the center-of-mass system, show an approximate symmetry 

o 
about 90 . 64 196 

The results of Cu and Au are not symmetrica1 

o 
about 90 even at 30 MeV. In contrast to complex spallation 

reactions, the simple (p,pn) reactions proceed, in part, by 

the direct interaction mechanism at lower energy. 

The analyses show that compound nucleus formation 
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is the principal reaction mechanism at energies up to 30- 35 

MeV. At higher energies compound nucleus formation decreases 

and the direct interaction predominates. The high energy 

tails of the average projected range in the forward direction 

have been interpreted in terms of constant deposition energy. 

The simple (p,pn) reactions appear to occur mainly in the 

diffuse surface region of the nuclear potential. 
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VI-1. THE MATHEMATICAL TREATMENT OF DATA 
FROM THICK-TARGET EXPERIMENTS 

The genera1 mathematica1 treatment of the thick-

target resu1ts to provide information concerning the 

mechanism of nuc1ear reactions was discussed by Winsberg(79) 

and Sugarman et a1.(80) We have considered the special case 

of the low ve10city ions. 

For the compound nucleus mechanism, WinsbergVs 

rel a. t ion s h 0 1 cl go 0 d ('7.. .1.- 0 ) . The general range-velocity 

relation (non-re1ativistic) is of the form 

(VI-1) 

where N =- 1 for fissioI) fragments, 

and N = 2 for heavy atoms moving with smaller ve1ocities. 

K ls the proportionality constant for a particu1ar system. 

In the la bora tory sys t em, v
L 

=v -1- V~ and therefore 

the distance R
L 

correspond~-,ng to vL is given by 

RL N 
Klv viN = KV

L = + 

K(v 
2 = + V

2 + 2vV cos G) N/2 

= R(l 
2 N/2 + 7( + 2 '( co s G) (VI-2) 

where R is the range of an atom of velocity V in the stopping 

materia1,~ = v/V, and G and eL are the angles in the 
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center-of-mass and laboratory systems, as shown in Fig. 2(a,~). 
' .. 

The projection t of RL in the beam direction ia 

given by 

t :::: RL cos 9L 

n + cos 0 
= R ( l +1( 2 + 2 '7. co se) N 12 • . '2 ) *i 

( l +?( + 2,? co S 0 

= R (?( + co s 9) (l +?( 2 + 2 '( co 8 0) ( N -1 ) 12 (VI-3) 

Therefore the maximum thickness of material the atom can 

traverse in the forward (+) and backward (-) direction i8 

Similarly, the pr6jection of RL on a given direction 

perpendicular to that of the beam is given by 

= R(I+n 2 + 277 cos e)N/2 cosY; 2' sin 0 L 

'(. ( ( l -1- 1( + 2 7( co s 0)'2 

(VI-4) 

where ~ is the angle between the given direction and that 

corresponding to sin 0 as in Fig. 2(a). The maximum thickness 

tL the atom can penetrate in the perpendicular direction i8 

(VI-5) 

The terms containing the fourth and higher powers of~ have been 
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omitted. For N :. 1, t.J.. = R. 

The fractions of the atoms, produced in a nuclear 

reaction that recoi1 out of the target in the forward, backward 

and perpendicu1ar directions to the beam, are denoted by F, B, 

and Pand are given by the fo11owing relations: 

F = 

arc co s ( -'() 

J 
o 

w(e) sin e de 

TC 

1 li ( e) sin e de 

o o 

t 

J
" ma;,c 

dt 

o 

211' 

/ dY' 
o 

o 

If the eN mechanism ho1ds good, we can assume that the 

(VI - 6) 

scattering i8 isotropic in the system of the moving intermediate 

nucleus. For our special case of isotropic distribution 

(norma1ized), N = 2, w(e):=: 1 and W) R(l +"I()N as found for 

the forward and backward fractions, the expression reduces to 

F = 

= 

arc co S ( -'l() 

1 sin e de 
o -------

arc cos(-'ê) 

R('(+cos e)(1+7(2+ 2,?cos e)~ 

J dt 

o 
TC 

W J sin e de 

o 

J sin e de R(7'(+ cos 
2 1~ 

G)(l+7( + 2'(cos e)'2 

!L-
2W 
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which on Integration gives rise to the relation 

2 
4R 2 { (l ~ '2) C-"2 } F = 15H' (1. +1) 1 + "1./2 - -8 "Y(,2 - (l - j 1 - '? ) (VI -7) 

B ls obtained by changing the sign of ~ in the expression for 

F and given by 

(VI - 8) 

lien ce, 
(VI-S) 

For the fraction emitted in a direction perpendicular 

to the beam P, Iv > R { 1 + NiN 2--U 'I( 2 } and simple algebraic 

treatments give 

(VI -10) 

IV-2. RANGE-ENERGY RELATIONSHIPS 

On the basis of the exponentially screened Coulomb 

potential for the ion-atom force, a very general treatment of 

stopping in the amorphous and crystalline media (channeling 

effect complicates the range-energy relation) had been developed 

by Lindhard, Scharff and Schiott(34) referred to as LSS. The 

LSS treatment describes the energy dependence of the nuclear 

and electronic stopping protesses for any recoil atom (Zl' Ml) 

in any stopping medium (Z2' M
2 ). This theoretical framework 
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accompanied by calibration measurements yields a precise range-

energy relationship for a particular. system. 

The results of LSS are presented as a universal set 

cf range-energy curves expressed by the dimensionless variableg 

f and E , where 

f= 

and E :::: E· 

2 
4rra M 

1. 

where R:::: recoil range~ 

and 

N - number of atoms of stopping medium per unit 

volume 9 

E :::: recoil kinetic energy, 

0.8853· a 
o a :::: 

l,.. 

(z
2/3 2/3 '2 

+ Z ) 
1 2 

(VI-11) 

(VI-12) 

(VI-13) 

The electronic stopping,where energy transfer mainly 

occurs to electrons of the stopping medium, ls proportional to 
l,.. 

E ~ with the proportionality constant K given by 

K :::: f . 
e 

0.0793 zl/2zl/2("M + M )3/2 
1 2 .' 1 2 ------------------

( 
2/3 2/3 3/4 3/2 1/2 

Zl + Z2) Ml M2 

3 
~v h e r e t. < 10 • 

(VI-14.) 

If Z 
1 

:::: Z2 and Ml = M2' the constant reduces to the 



- 150 -

simple expression 

(VI-15) 

The range distribution W(R) about the mean range li 

is given by 

W(R) 
l 

exp l- ~-~DJ (VI-16) = 
~ foR 

where the square of the straggling in range i8 found to be 

f~ = 

(VI-17) 

R is the average total path length. From the reduced range-

energy (p - E) plot, the range (mg/cm 2
) - energy (lceV) relation 

was obtained by an interpolation for the appropriate value of 

the electronic stopping parameter K. If the average range 

projected in the initial direction of motion i8 denoted by R , 
P 

then the relation between the two range concepts i8 given by 

where ~ = M
2

/M
l

. 

R/R r"'-' .(1.0 + 0.33 ~) 
p 

(VI -18) 

The projections of R along the beam directio~ may 
p 

be compared with the average forward range value. 
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VI-.3. 'l'RANSFORMATION BETWEEN THE LABORATORY 
AND THE CENTER-.9F-MASS COORDINA'fE 
SYSTEMS 

From a theoretical standpoint the most meaningfu1 

representation of the angu1ar distribution data is in the 

center-of-mass coordinate system; th~ transformation from the 

1aboratory system to the CM system is exact for the two-body 

problem Gr. statistica11y significant for the many-body problem. 

But the transformation becomes 1ess significant for the 

intermediate cases which involve two or three partic1es. 

Tables and monographs for the transformation are prov~ded by 

Marion et a1.(143) and Hanson et a1.(144) 

A nuclear reaction may be represented in the 

laboratory system in the following manner 

Before collision After collision 

where Ml = mass of the incident particle. 

M2 
= tna s s of the target nucleus. 

M = msss of the e reactiol1 product (one or many) . 

MR = mass of the recoiling res idua 1 nucleus 

observed at the angle GR· 
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The corresponding velocity diagram is as follows: 

v 

,.,here OR = laboratory angle of observation. 

° = CM angle eorresponding to ORo 

V = velocity of the center-of-mass. 

VR = velocity of the reco il MR (Laboratory system) . 

VI' = velocity of the recoil MR (CM system). R 

The equation expressing the conservation of energy, 

including the internaI energy Q, released during the nuclear 

rea ct ion is 

E + ER = E + Q - E 
e i 0y (VI-19) 

~vhere E = energy of the emitted particle. 
e 

E = energy of the incident partiele. 
i 

E = energy of the recoil. 
R 

E = energy carried y a~vay by the y-raYe 

The relation between ° R 
and 0 is 

V = -- = Je VI' 
R 

(VI - 20) 

On differentiation, we get 
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sin 9 
sin 9

R 
(VI-21) 

Since the total number of particles emitted into a 

unit solid angle must be the same in the two coordinate 

systems, then 

(VI-22) 

The ratio of l and J is defined to be the transformation 

No'tv (0 

where 

and 

sin 9
R 

d0
R 

sin 0 d0 

" 2 A sl.n \::IR 
= cos(9 - 9 )"0---""-= 

R "2 0 s l.n 

-1 sin 0 
o ) sin 

R - = -ï3/A-R 

1-
(M

l
M

R
)'2 1-

A = . (E" )'2 
Ml + M2 

l. 

M2Me 1-

B -- . ( E " - E ) ~2 
Ml + M

2 
l. Th 

and ETh (= effective threshold) 

where QI = Q + Ty (T y varies from 0 to 7 MeV). 

An increase in the T value does not make a 
y 

(VI-23) 

(VI-24) 

( VI - 25 ) 

prominent change in the transformed distribution. The whole 

distribution slightly shifts to higher angles and becomes 

more backward peaking. 
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