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Par.t I 

An Experimental Verification of the Theory of Compound Nucleus 

Abstract 

The compound nucleus Zn64 was formed by bombarding Ni60 with a-particles 

and cu63 with protons. The ratios of the cross sections ~(a,n): CY {a,2n): 

0" {a ,pn) on Ni60 were found to agree with the ratios CY (p~n): C'J" {p,2n) · 

rr (p,pn) on cu63 
D giving a direct verification of the theory or cou<:flOund 

nucleus •. The observed cross sections of the {ppn), {p,2n), and (p,pn) pro

cesses on cu63 and {a,n), (a,2n) and (a,pn) on Ni60 have been compared with 

the theoretical cross sections calculated on the basis of statistical model. 

The observed anomalous behaviour of the (p,pn) and (a,pn) cross sections have 

been discussedo 

Excitation functions for the (apn), (a,2n) and (a,3n) reactions on 

109 
Agl07 and (a,2n) and (a,3n) reactions on Ag have been measured. The be-

haviour of the yield vs energy curves confirms the idea of the appe?.rance of 

competing processes at higher energies. Attempt has been made to assign the 

new period of 5 hr. to In109o A similar period (3-5 hr.) has been assigned 

:to In108• Attempts have been made to correlate the observed radiations with 

the various indium isotopeso 



'"!"' 

~-

An Experimental Verification, of the Theory of Compound Nucleus 

So N., Ghoshal 

Chapter I 

Introduction 

(A) Historical Background. 

. _ Nuclear reaction involving the transformation of one nucleus into 

another was first observed by Rutherford1 in 1919. Since then a very large 

number of types of nuclear reactions have been discovered and quite exten-

· sively studied. Attempts have also been made to build up a consistent physi-

cal picture to explain the mechanism underlying the different types of nuclear 

reactions, and to make predictions regarding the behaviour of various measur-

able quantities. 

The first comprehensive picutre of the mechanism involved in a nuclear 

transformation was given by Bohr2 in his famous compound-nucleus.theory. In 

this picture he proposed that a nuclear reaction proceeds in two independent 

stages, passing through an intermediate stage. In the first stage an inci

··dent light particle' 'a' {like a proton or·a neutron) is absorbed by a target 

nucleus 'A' which· is generally heavy compared to 'a', to form the intermediate 

stage 'C' which Bohr calls the 'compound-nucleus'. Because of the comparatively 

large number of particles within.the nucleus, the incident particle has a 

very short mean-free path. As a result, even though it might come in with a 

fairly high kinetic energy, that energy will be rapidly dissipated amongst 

the nuclear constituents by collisions. Thus no one particle may have suffi-

ciently high energy for aconsiderable length of time ~o come out of the 

nucleus ·again (The minimum energy needed to come out is' the .. binding energy 

which is about 8 Mev for not too light nuclei). The intermediate stage of the 
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compound nucleus is thus a remakably stable configuarationo After an inter-

val long compared to the time for a nucleon to cross the nuclear dimension 

· ( -v 10-21 - 10=22 sec.), enough energy may again be consentrated on ''any one 

particle 'bv which will subsequently come out, leaving a residual nucleus 'B'. 

The most important feature of the above picture is the comparative 

stability of the compound nucleus. This makes the process of breaking up of 

the compound nucleus independent of its formation. This is due to the fact 

that owing to the long interval of time that has elapsed, the compound nucleus 

has completely forgotten its past history by the time it is ready to decay. 

Therefore, if the same compound nucleus is formed by different methods, and 

observations are made on its decay, the probability of decay into any one 

particular final state should be the same, irrespective of the way it was 

formedo Hence, an experiment which would measure the cross section of the 

occurrence of a nuclear reaction in which the same compound nucleus is pro-

duced by different methods, and the residual products are the same, is a most 

direct test for validity of compound nucleus assumption. 

The idea of compound nucleus has played·.a very vital part in the pre-

sent theories of nuclear reaction. Hence it was thougbtdesirable to check 

its validity by an experiment of the type mentioned above. Attempts have 

also been made, in the present experiment, to compare the measured values of 

cross sections of different nuclear reactions with the calculated values. 

The theoretical values can be calculated from the theories of nuclear reac

tions developed by. Weisskopf and Ewing3, Weisskopf and others4, based on 

Bohr's picture of compound nucleus. In the next section, we will attempt to 

give a brief outline of the relevant theoretical considerations. 
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(B) Theoretical Discussiono 

The present discussion will be restricted to non-reson~nce processes 

onlyo For the excitation energies used in the experiments to be described 

in the next chapter were fairly higho The levels in this region are very 

closely spaced and the widths of the levels are·quite large compared to their 

spacing !or fairly heavy elements (z ~ 30). Hence there can be no well de

fined quantum levels in this region9 and no resonance phenomena is therefore 

expect ado 

Bohr9 s assumption regarding the compound nucleus is certainly valid 

for the case when a single quantum state of the nucleus is excited by the 

incident particleo In this case 9 this state of the compound nucleus should 

be characteristic of the nucleus itself9 and should not depend on the way it 

was excitedo It may not 9 however~ be a very good assumption for the case 

'where the excited state consists of the superposition of several stationary 

stateso For in this case 9 the course of the process would depend upon the 

relative phases of the states 9 and is therefore not independent of the process 

of excitationo However9 in the region of fairly high excitation energies 9 

where the density of the states is very high 9 there is a strong overlapping 

of the different stateso In this case 9 a great many states can be excited 

by the incident particle simultaneously9 and the phase relations may be random, 

and the resulting process may be independent of the initial excitation process., 

' Bohr's assumption· may thus regain validity in this regiono 

Ideas regarding the energy-levels in nuclei can be obtained from ex= 

periments on the inelastic scattering of' neutrons or protonsv from the absorp

tion of slow neutron~ from nuclear reaction studies at resonance 99 from Y-ray 

studies" and other sourceso These sources seem to give the following general 

picture about the nuclear energy levelso For excitation energies up to about 



I, 

•' :'\ 

-7~ 

2 or 3 Mev above the ground state, the levels are still widely separated, 

the separation being of the order of one Mev. There are thus well defined 

quantum states present in this region. Howver, the level-density increases 

rapidly with increasing excitation, ·and at excitation energies around the 

binding energy of a neutron or a proton (NS Mev), the average level spacing 

·is of the order of 100 ev for lighter nuclei, and about 10 ev for heavier 

nuclei. These levels are quite sharply·defined, since the only possible way 

by which these states can decay is by emitting a Y-quantum. The estimated 

lifetime against the decay by Y-~mission is about lo-15 - lo-16 ~ec, which 

gives a width less than an electron volt. 

As the excitation energy increases, the possibility of the decay of 

the excited state by processes other than Y-ray emission increases. These 

consist of·the emission of neutrons, protons·and other nuclear particles. 

It is actually found that the probability of decay by Y-ray emission is quite 

small in this region, compared to the probability of decay by particle emission. 

A reasonable estimate o~ the width of the ievels, derived from the probability 

of particle emission is of the order of several Kev. This corresponds to a 

lifetime of the state which is small compared to the Y-decay lifetime, but 

large compared· to· the time that a nucleon takes to cross the nucleus ("" lo-21 

sao). The level spacing being of the order of several ev, we are here in 

region of almost complete overlapping of the states. Hence no resonance pro

cesses! can be expected in this region, and classical considerations can be 

applied. 

As explained above, the compound nucleus idea can be used in this ease. 

Hence the cross section 0' (a, b) of a process of the type 

A+ a --~c*,..._---B + b (1) 



(or simply A(a,b) B) can be divided into two parts. The first part ~a(E) 

is the cross section for the formation of the compound nucleus and depends 

on the kinetic energy E of the incident particle 'a'. The second .partY] b (E) 

is the relative probability of the emission of a particle b by the compound 

nucleus C in a state of excitation energy E. The two parts are independent of 

one another, and we may write 

0"' (a, b) = CY a ( E} Yib (E) (2) 

where E = E + Ba, B a being the binding energy of 9 a' to the compound nucleus 

c. 

tY a can again be written as 

0"" a = Sa (E) • (a (E) {3) 

where Sa (f) is the cross section for reaching the ·$Urface of the nucleus 

and is equal to the geometrical cross' section nR2 for neutrons of energy 

above 1 Mev, R being the radius of the nucleus. For protons and a-particles, 

this should be reduced because of the problem of penetration through the 

Coulomb potential barrier. 

~a(~) is what is generally known. as the sticking probability. This 

is usually assumed to be independent of the nature of the particle 'a' and 

for the energy region considered is almost equal to unity~ 

The relative probability 'lb of the emission of the particle 1 b 9 can 

be written as 

(4} 

where Ib is the emission probability per unit time by the compound nucleus. 

The sum is over all particle b which can be emitted. 



Without going further into the exact nature of the quantities defined 

we will try to deduce certain general conclusions. Suppose a compound nucleus 

C is formed by two different processes as. shown below: 

A+ a c* 

A'+ a 9 
--- c* 

where c* denotes the same excited state of' c. If' C* now decays into the same 

final state B + b, the cross sectio~s can be written as 

0' (a,b) = 0' a'7b (E) 

0' (a', b)= 0' a'?'Jb (E) 
(5) 

(6) 

This shows that this ratio depends only on the relative probabilities 

of' a and a' reaching the surface of the nucleus. For fairly high excitation 

energies these tend to the value n R2 even-f'or charged particles, and hence 

0' (a,b) tends to be equal to· o- (a' ,b). 

Suppose now C* decays into a different final state D + d, then the 

cross sections can be written as 

and f'rom ( 5) and ( 7) 

0' (a, d) = 0' a 'Jd (E) 

o- (a' ,d)~ 0' a•?]d (E) 

O'(a,b) O"(a'
2
b) 

= 

(7) 

(8) 

Thus if the cross sections are measured at the same excitation energy 

of' the compound nucleus formed by different methods, then a fulfillment of' 
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relationship (8) would provide a direct confirmation of Bohr's assumptions 

of compound nucleus. 

In the present experiment, the compound nucleus Zn64 was formed by 

.the following two methods~ 

N160 + He4 Zn64 

Cu 63 + Hl Zn64 

and the ratios of the cross sections· CJ' (a;n): <J (a,2n) ~ 0" (a,pn) 

on Ni60 were compared with the ratios -<J {p,n): Cf {p,2n): CJ' (p,pn) 

on Cu63 • The results are discussed in Chapter III. 

The dependence of the above cross sections on the energy of excita-

tion of the compound nucleus was also studied and compared with theoretical 

values. 

The calculation of the theoretical values of the cross sections depends 

on finding some suitable expressions for the quantities 08. and 7J b• The cross 

section Cfa can be expressed as a sum of the partial cross sections 

(9) 

whe¥.e CY aal.is the cross section for the absorption of a particle 'a' of 

angular momentum 91' by the target nucleus in state a This can be related 

to the probability of the inverse process ~aa~ *. This is the probability 

of the emission of a particle 'a9 of angular momentum '1' from the compound 

nucleus of the previous easepleaving the residual nucleus (which is the target 

nucleus in the previous case) in the state a. This is given by 4• 

~al= 
CY aa.t 

2 u2~ 2 
a 

1 

we (E) 

where X a is the De Broglie wave length of the particle 9 a 9 • 

(10) 

W (E) is the 
c 

* raa is really the partial width and is measured in energy units. 
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level-density of the levels in the compound nucleus at excitation energy E. 

It should be noted that the values of T'aa~ are averaged over the states 

of the compound nucleus excited by 'a'o 

laa.t can be expressed as a product 

(11) 

where Ka is the wave number corresponding to the velocity Va of the emitted 

particle at a great distance from the nucleus where the effects. of the Coulomb 

potential and the centrifugal potential are negligible. Tat, (€ al is a factor 

depending on the· penetrability of the barrier -- both coulomb and centrifugal 

by the outgoing.particle 'a' o In case 'a' is a neutron, only centrifugal 

barrier is present {1 :> 0) o Gaat is the effect of the internal situation of 

the nucleus emitting 'a'o 

We are here only interested in charged particle reactions. Values 

of f1aaeand C1' aa.Jl, have been calculated by Weisskopf- for protons and a.-particles, 

using suitable approxim~tion mathodso For energies above the Coulomb barrier, 

they will behave almost like neutrons~ and will be given by (4) 

(12) 

where ~ is of the order of unityo 

For energies much below the barrier, w. Ko B. approximation method may 

be used. For energies near the barrier, this does not work too wello However, 

this region is anall, and hence the CY above the barrier is joined with the cr 

'below the barrier, without considering the intermediate region. In the present 

~ 
work~ values of 0"" a = £ cr aa./Z with a as the ground state of the target 

nucleus have been obtained by extrapolating from the tables of the calculated 

values given by Weiskopf4 0 
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The probability of the emission of a particle 'b 9 from the compound 

nucleus as given in eqn, (4) is 71b ::: 1\; ~ r bv ~ where rb9 is the partial 

width for the emission of the different particles. 'fl b can be written as 

L: rb~£v ptn ,... 0 
where .J_v is the angular momentum of· vb~ 

0 
and ~ is the 

state of the residual. nucleus" These are related to the corresponding 

O'f:>~.tn 
2 n-2~b2 

where wc(E) is the level=density of the compound nucleus from which 9 b 9 has 

been emitted" \b is the De Broglie wave length corresponding to the energy 

Since we are considering the region of high level-de.nsi ty 9 the sum 

over the partial widths may be replaced by an integral, and we get 

(13) 

where rb is a function of Em onlyp Em being the maximum. energy that 9 bU 

can get for a given energy of the incident particle. m is the mass of the 

particle vbu v and wR ( E: m = E:) is the level-density of· the residual nucleus 

in the state in which it has been left when 9 bv is emitted with an energy€ • 

Defining a funetion 

(14) 

we get 

(15) 



The function 

I {€) d€ 2mE 
=~ (16) 

represen~sthe energy-distribution of the emitted particles 9 b?. For neutrons 

above about 1 Mev» this can be approximated to a Maxwellian distribution, 

G~/T 
I (E) dE. = const. xEL (17) 

This is possible, since ~b(E.) is a slowly varying function of energy 

in this region, while wR (Em =e) can be written as 

{18) 

where S is the entropy of of the residual nucleus of excitation energy (fm-€}. 

as 
S{€m ~€) = S(Em) -G. ( 'OE.) E. (18a) 

m 

for not too high energy E of the emitted neutron. According·to statistical 

mechanics dS/dE = l/T9 where Tis temperature. Hence» we get eqn. (17}. 

A table of the values ofT are given in·Weisskopf 9 s paper4• 

The temperature T {in· Mev} corresponds ·to ·the residual nucleus of 

excitat:i:on~energy E,·and is·a function of E. Writing E = E(T), and noting 

that both E and dE/dT (specific~heat}' are zero at T = o, we get* 

• (19} 

neglecting higher terms. 

S =JdE/T = /aE + const. {20) 

which gives 
W (E) = C .R...faE for level=density (21) 

*Actually E = bTa where a~ 2. In Debyefs specific heat theory a = 3 at low 
temperature. Here the simplest.case o:f a.= 2 is chosen. 



,., ·. 

Because of the lack of our knowledge regarding the level~densities 

in nuclei~ it is not possible to give any accurate values of the constants 

C and Qau. However9 for sufficiently high' atomic weight (A> 60)P some 

rough values have been given4 • The level densities are expected to depend 

on the nat~e of the nuclei. The even~even (even A9 even Z} are the most 

stable ones~ and hence should have lesser·number of levelsp while the odd

odd nuclei should have the highest level=density. A working rule is4 

Ceven=even = 112 0even=odd = l/4 0odd-odd 
odd=even 

{22) 

The nature of the functions. vfv defined in eqno (f4) is shown in Fig. 1 

for several nuclei as calculated by Weisskopf'4 • 

We will next discuss some spe~ific reactions induced by protons. The 

et=induced reactions should have similar characteristics 9 except for the 

heavier mass of the a.,particle 9 and higher Coulomb barrier for it. 

We already noted that the cross section for·the formation of the 

compound nu~leus has beell calculated by Weisskopf~ This approaches the value 

n R2 for higher energies (above barrier). In general the values of O"p(EP) 

is·very strongly dependent on the nuclear radius R. This is due to the fact 

that in the W. ·K. B. approximation for the calculation for the penetrability 

of' the potential barrierv one has to integrate over a region where the potential 

energy is higher than the kinetic energyv an.d the lower limit of this is taken 

to be the nuclear radiuso All experimental determination of the nuclear 

radius points to the fact that it varies roughly as A1/3 ~ where A is the mass 

number of the nucleuso The constant of proportionality r
0 

has been variously 

deter.minedv and· lies between 1 0 3 x lo=l3 to 1 0 5 x 10~13. R is expressed in 

em. In the calculations referred to above both these values of r 0 have been 

takenn and two sets of values have been giveno 
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By far the most important reaction at lower energies is expected to 

be the (p;n) reactiono The important competing process here is the inelastic 

(p;p) scattering. Both a=emission and Y~emission will be very small 9 former 

because of the high barrier9 the latter because of small Y~ray widtho Then 

the value of 7Jn:= fn/(f'n + fp) is seen to be general]yhigher than 1Jp= 1'/(fn+f'p) 

from Fig. 1. However there are' some exceptions a The product of a (p,n) 

reaction is generally positron=active or K=capturing9 which·decays into the· 

original target nucleus. The latter is of' course the product of {p 9 p) process. 

Hence the {p 9 n) product is heav·ier than the (p9 p) product~ so that the thres= 

hold ·tor the production of the·· former is higher than that of the latter by 

2m c2 + {~ = Mp) + €. + + h'll = 1. 7 Mev + 6+ + hll 

.J. 

where t · + h-v is the energy released in the ·decay of the (p~n) product into 

the original nucleus by the emission of positrons or K=capture and Y=emission 

(if there is any)o This affects the value of fn• For a given incident proton 

energy 
9 

the value off mn the upper li.!ni t in the integral ( 14) becomes smaller 

for fn than for fp• Not only does this pull down the values of fn slightly, 

but there are certain energy regions (between the p 9 p and p,n thresholds and 

just above') where proton emission becomes more probable than neutron emission. 

+ The effect is more pronounced when· the· energy released (E. + hv) is quite 

high9 as in the case of Ni62{p 9 n)cu62 reaction where the difference in the 

thresholds is 4o?·Mevo 

When the energy of the protonEP is sufficiently hign 0 so that 

(Ep .=Eb) > Bbu were Eb is the energy· carried away by the first emitted parti

cal 9 bu (neutron or proton) and Bb~ is the binding energy for a se~ond particle 

bu 
0 

the emission of this second particle· becomes quite probable 0 and we begin 

to see reactions of type (pD2n) or (p 0 pn). 

If we assume that the neutron is the only particle that is emitted as 
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the first particle then for all neutrons emitted with an. energy less than 

(Ep=Bt> 9 ) v a second particle b 9 will come out. Hence the total cross section 

· G:"tot · (p
9
nb) will be given by {b referring to all the particles that can be 

emitted) g 

otot (23) 

where I (E) d~ represents the energy distribution of the first neutron 

· emitted. For the regions of energy considered we can assume a Maxwellian 

distributionv and {23) becomes 

/: 
(23a} 

wherel:!E= Ep = Bb (we neglect the small difference in the thresholds.for the 

different particles b that can be emit·ted) o 

The second particle may be a neutron or a proton. The emission of an 

a=particle or a Y~ray is ruled out.· The proton emission may be expected to 

be less probable than the neutron emission. Howeve~as in the case of (p~n) 

to (p9p)v there are regions in Which a proton emission may be more probable\ 

than'the neutron emissiono -

.Let P(€} dE be the probability of the emission of the first neutron 

between energies E and E. + d €. • The maximum energy available to the second 

' particle b is£ m =Ep =E= ~9 where E:p is the energy of the incident pro-

ton9 and Bb is the binding energy of the second particle 9 b. Let PR(G 9 )dEv 

be the probability for the emission of a second particle b between energies E 9 

and € 9 + d6 9 • Then the probability for the emission of a second particle b 
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after the emission of the first neutron is 

J
€P -Bp f'm 

J_ P {E.) pv (E' )d 6 d E 9 

€=o 6•=o 

{24) 

The integration over € 9 gives the relative ·probability for the emission 

of the particle b with the maximum energy· ( E p -f.- ~) and should be given 

fb ' by the expression for~b (G'm) = / L- fb' , where the summation in the 
b' 

demoninator should extend overall particles that can follow the emission of 

the first neutron. Thus we get the expression for the cross ~ection of the 

process (p,nb) 

o-- {p,nb) = o-- P ----------------

I
Ep-Bn1 ' 

I (E:) dE 
0 

{25) 

In calculating 11 b , one must take into account the differ$nt values of the 

binding energy for the di~ferent particles that can be emitted. 

The cross section f'?r the'· .(p,n) proce~s will of course go down in this 

region where the two particle emission becomes more and more probable, and 

will be given by op- ~ot {p,tib). 

In deriving the expressions for otot {p,n~) or cr (p,nb), we assumed that 

the first particle emitted was a neutron. But as we already saw that this iS 

not always the case. There is a finite chance that the first particle emitted 

may be a proton. In this ease the integral in the denominator of (25) does 

not give the total number of primary ~rocesses possible after the for.mation 

,9f the compound nucleus. To it must be added the total number of protons 

* Bn is--the binding energy of the first neutron to the compound nucleus. 
I . 
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emitted, i,eo 

o- (p,nb) (26) 

where In (E) gives the distribution of the first emitted neutrons while Ip (6) 

gives the distribution of the first emitted protonsp as given'by eqn" (16) 0 

The above expression gives us the cross sections cr(p,2n) and ~(p,np) 

when the first particle ami tted is a neutron. However we should note that if 

the first particle emitted is a proton, then for higher excitation energies, 

it can be followed either by a neutron or a proton emission, and we will 

get (p~pn) and (p 9 2p) processes. We have to add the cross section of this 

{p,pn) process to the one derived above to get the total (p,pn) cross section: 

(e) dG +f 
{27) 

0 

At still higher energies, three particles may be emitted successively. 

The cross sections of these processes (like p,3n) goes up as the energy goes 

up. Hence, the cross sections of (p,2n) or (p,pn) processes begins to go 

down in this region" 

In the present experiment ·cross sections were· measured for the various 

reactions induced by a particles on Ni6°, Ag10"~, Ag109 and by protons on 

Cu63 up to energies where three=partiele ~mission becomes probable. Attempts 
I 

have been made to correlate the observed values with throeretical values, 

calculated from the formulas deduced above. 



Chapter II 

Experimental Method 

The source of the a=particles in these experiments was the Berkeley 

60-ineh cyclotron~ while for the proton bombardments~ the linear accelerator 

·was usedo The former gives about 40 Mev a=particles, while the latter gives 

about 32 Mev protonso 

Stacked foil method was used in determining the different excitation 

curvesv which give the variation of the yield of t-he given nuclear reaction 

at different energies of the bombarding particleso As the a-particles or 

protons go through the stack of foils~ they lose energy by ionization, and 

hence the different foils are bombarded at different energieso Th~ radio-

activity of these foils is then measured a~ function of ti.me by means of thin 

windowed ionization chamber or thin windowed Geiger counter, with reproducible 

geometryo The number of foils that can be counted at a time of course depends 

upon the half=lives studiedo The shortest half-life investigated in the 

present case was the 100 5 min positron activity of cu62o 

9. 
The foils used in all cases were less than lOmg/cm~, which makes the 

energy of the ·bombarding a=particies or protons quite well defined, except 

at very low energieso In these regions much thinner foils were used. The 

energy of the incident beam was measured by absorption method from the known 

range~energy curves5o The average energy of the particles was derived from 

this by taking into account the amount of absorber that the particles had 

traversed before reaching the given foil to which half the thickness of the 

foil was also addedo 

The arrangement for the bombardment of the s·tacked foils in the eyclo-

tron is shown in Figo 2v which shows the schematic diagramo The method used 
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was similar to that used by Wilson6, and Segre and Kelly7., The stacked foils 

of the material to be bombarded _were he~d in one of the slots in the wheel of 

Fig., 2, the other slots of which contained aluminum absorbers of gradually 

ine_~~~sing thickness., The wheel was enclosed in a chamber at the end of a 

- 1·ong curved snout. The front end of the snout was connected to the cyclotron 

tank, and had an 1/8 in., slit. The beam of the a-particles, which is quite 

inhomogeneous in energy·as it comes out, is some what monochromatized by this 

first.slit •. The fringing field near the edge of the cyclotron manget bends 

the. a-particle trajectory, and also spreads out the beam, collimated by the 

first slit, because of the remaining inhomogeneity of its energy. A second 

slit>at the other end of the snout finally collimates it doWn to a highly 
l' 

monochromatized and well defined beam. The beam then passes through one of 

the slots in the foil-whee·l and is collected in the Faraday cup. The snout, 

wheel and cup areinsulated froin one another. 

Beam energy was;measured by determining the range in aluminum by bring-

ing the successive slots of the wheel containing aluminum absorbers into 

the path of the beam by remote control arrangement; The current on the wheel 

(iw) as well as in the cup {10 ) were measured by means of microameters 

after suitable amplification. The ratio 1
0
/(10 + ·iw) was plotted against 

the absorber thickness and the mean range corresponding to 50 percent trans-

mission. into the cup was determined. Then ·from the range energy curve5, 

the mean energy of the a-particles was determined., The energy of· the beam 

was determined both before and after the bombardment" The energy of the 

beam reamins quite constant throughout the duration of the run if the 

deflector voltage· is held constant within about 2 Kev7• 

After the energy-determination, the slot with the stacked foils was 
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brought into the path or the beam" the Faraday cup being now connect to an 

Este.rline Angus recording milliammeter through an amplifier of high amplifica

tion as described by Vance8
o The current was integrated for the duration of 

the bombard.manto · 

A somewhat different method was used for proton bombardment in the 

linear acceleratoro The energy determination was done photographically. The 

protons were elastically s©attered by a very thin foil of gold at about 45° 

to the incident beam~· and made to pass through a thick copper absorber·before 

reaching the nuclear emulsion 02 type of photographic plate (100 microns thick). 

The energy of the protons reaching the surface of the emulsion was about 8 Mev, 

so that the protons would spend their residual range within the emulsiono 

The plate was t 11 ted at 17 o 5° to the direct ion of the scattered beamo ·· A 

schematic diagram of the arrangment is. shown in Fig. 3(a) o After developing 

the plates 9 the residual ranges of the protons were measured by means of a 

microscope under high . ~nification~ and the number ot the protons with a 

residual range greater than uR 9 in the emusion was plotted as a function of 

vR'~ The mean range was taken to that corresponding to the 50 percent diminu-

tion in the numbero From the measured range=energy curves for protons in the 

material of the emulsion by La.ttes et a19 and the calculated rnage=energy 

5 
curves in copper the mean energy of the protons was derived; · 

The target was held in position within the integrator I in Figo 3(b) 

which consisted of a collecting ©up placed behind a permanent magnet to deflect 

all seeondary electronso The cup was connected with a condenser of suitable 

size (varying f'rom 00 01 to l 0 0·micro=f'arad)D and the voltage developed across 

the condenser was measured by means of a suitable balancing circuit ( slide~ 

10 
back) o From this the total charge collected. by the integrator could be 

foundD and hence the total number of protons bombarding the target could be 
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derived. 

Preparing the Foils. 

Three different elements were studied in the present experiment. nickel, 

copper and silver. 

In case of nickel, enriched Ni60 was used. This was available in the 

form, of NiO and ·in very limited quantity. The foils of Ni60 were .made from 

this by electroplating. NiO was converted into the sul:f.'ata, and nickel was 

plated on copper cathode from the sul:f.'ate solution (pH == 5), with boric acid 

as buffer using a spiral platinum anode which was rotated with the plane ot 

the spiral parallel to the copper cathode. A current density of about 7 

milli-amp/err!- gave a vary good deposition. 

A:f.'ter deposition of the required amount of nickel, the copper was 

removed by dissolving it in AgN03 solution, and finally treating it with 

cone. HN03 for a few secon~s. The foils ware cut by means of a sharp punch to 

the size of 3/8 in. in diameter, and carefully weighed by means of an assay

balance to determine their thickness. 

The copper' foils were rolled dow~ from 1 mil to 10 mg/cm2 and cleaned 

by dil HCl and acetone. 

The'silvar foils were prepared by evaporating silver,under high vacuum • 

. fhe silver was deposited on a clean sheet of mica, bent in the form of a 

cylindrical arc, and stripped off the mica. 

In determing the excitation curves, the activities of the different 

samples were extrapolated to zero time after the bombardment, and divided by 

the thickness of the foils. To compare the relative cross sections of the 

different react ions from the same target nucleus, the correct ion was also made 

for the decay durillg the time of bombardment. 



,'In both these cases the same product nuclei were investigated. The 

following rea~tions were studied~ 

The level schemes of the three end products are well known and the 

radiations emitted by them quite suitable for comparison of the absolute 

cross sections of their formation. These characteristics are extremely rare 

in the whole of Segraus chart and no other single case has the same advantages 

as in the present case. 

Zn63 decays with a half=life of 38 min. into cu63• The major part of 

the decay goes by the emission of a positron of end point 2.4 Mev· (85 percent· 

of the time)o There are two other softer f3+ of end-points 1 0 5 Mev (7 percent 

of the time) and 0~5 Mev {l percent of the time) respectively. The rest of 

the decay goes by K=capture {? percent of the time). There are a few gammas 

following the betas11• 

Zn62 decays predominantly by K=cap~ure into eu62 with a half=life of 

9 0 5 hr. The K=capture is about 90 percent of: the t ime12 while there· is a 

positron of end=point 0 0 65 Mev (10 percent of the time)''! There is a T of about 

Oo6 Mev. 

· .. :cu62 is the well known isotope which emits a positron of 3
0
0 Mev end ... 

pointl2 and decays with a halt=life of 100 5 mi.n. into· stable Ni62 • There is 

aT of about 0.56 Mev13• The half=life of cu62 being small compared to that 

of in62
v the latter will be mostly observed to decay with the half-life of 

90 5 hr. with the emission of the 3 0 0 Mev positrons belonging to cu62 

Thus when measured with a thin windowed ionization chamber0 the absolute 
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62 
a©tivities of Cu and Zn62 ~an be compared easilyo This is because of the 

fact that the x=rays and the !=rays emitted by Zn62 will have a very low 

efficiency of being counted as ~ompared to the positrons of its decay product 

cu52
0 

.Thus Zn62 and cu62 are assumed to emit identical radiations and the 

cross sections for their production is thus known on a relative'scale just from 

the counter datao The activity of Zn63 can also be easily compared to the 

activities· of z.n62 
and Cu62 ~ since the former consists of a very high energy 

(2
0
4 Mev) posit:r>on most of the timeo The effect of absorption by the window 

and of' scattering will be very small and could be es·timatedo Corrections were 

made for the softer positrons and K=capture in Zn°3 o 

Once the relative @ross=section curves for the three activities are 

determinedv any one point on any one of' these curves can be chosen to establish 

the absolute value of ·the cross sectionso, For this purpose~ all the short= 

lived act.ivities (cu62 and z.n63) were allowed to die and ·the absolute number 

of the 3 Mev positrons. from zu.62 were counted by means of' a thin-windowed 

Geiger counter in an arrangement· in which the solid angle could be estimated 

quite 'accuratelyo (See Figo 4 0 ) Back scattering from the source 9 which was 

a thin foil of' Niv was found to be negligibleo Absorption in counter window 

and self=absorption in the sour~e could be accounted foro 

Since enriched Ni
60 

was used9 no chemistry was necessaryv and the Ni
60 

foils were u.sed as such f'or countingo A.look at Segre chart shows that the 

three a~tivities listed above are the only ones that could be expected in this 

caseo Percentage of N1 58 in the enriched sample was quite low (no exact 

estimate was available~ however v s inca the characteristic 24 min. activity b.e

longing to cu60 produced·f'rom Ni58 'by tavpn) reaction was not presentv the 

per©entage_of Ni58 must have been quite low9 this is also coroborated by the 



rough figure available from the mass spectrograph group) • Percentage of Ni61, 

whose abundance is quite small compared to that of Ni60 in normal nickel, 

was st 111 further reduced in the present enriched sample. The presence of 

Ni01 will produce some error in the cross section for the production of Zn63, 

spe~ially at higher energies of the a-particles. Zn63 will be,produced by 

Ni61 {av2n) reaction and hence the observed cross section for Ni60 (a,n)Zn63 

will include the eross section of the former process also. No estimate could 

be made of this effect. However9 owing to the very small percentage of Ni 61 

present~ this effect wa1:1 negle©ted. The production of zu62 and cu62 from 

Ni61 is possible only for very high energies of the a=particles, as they will 

be produced by the emission of' three particles. Hence this does not bother 

us in the present experiment. 

In case of' copper, normal copper consisting of cu63 (69.09 percent) 

and cu65 (30.91 percent) wasused. It will be seen from Segre chart that 

besides the periods stud:i,ed, the following activities will also appear~ 

Ou05{p,n)Zn65 and cu65 (p,:pn~cu64o The ~ormer, however, has a very long 

half'=life of 250 days 9 and hence its activity {which is predominantly K= 

eapt;ure) will be insignificant for the normally short bombardments used in 

the course of the present axperimento The other one 9 viz 9 cu64 has a half

life of 12 0 8 hro and emits both positrons and electrons and also goes partly 

by K=~aptureo The~+ and,~= have energies of about 0.66 Mev and 0
0
57 Mev 

respec;ti·vel.ya The presence of cu64 distorts the Gomposite decay curve of 

the activities studied0 spe~ially the long=life tail (9 0 5 hr, Zn62
)o To get 

rid of' :its ef:fe©t 0 an aluminum absorber of about 300 mg/cm2 was used between 

the sour~e and the ~ounter0 which stopped all the ~vs from cu64o OWing to 

the high energy of the ~Q~ emitted by the nuclei under consideration~ radiations 



from the latter will still be co1~ted~ though reduced in intensity. The 

excitation c;uriH~s of the three activities cu63(p,n)Zn63, eu6~h>,2n)zu62, 

and cu63(p~pn)cu52 were determined in this way. As explained above the 

cross se~tions for the last two will still be found on a relative scale in 
. 

'the present ©ase~ since they emit identical radiation. 

To get the cross sections for cu63{p,n)Zn63 on a scale relative to 

the other twop it was necessary to precipitate the zinc out chemically and 

then the del(.':ay curve for Zn63 and zu62 was followed. 

The absolute cross sections were derived by compari.pg the activities 

to those produced by the a~bombardment of Niso. 

Agl07 + He4 and Agl09 + He4
0 

Ordinary silver has two isotopes~ -AglO? {51.35 percent) and Agl09 

(48.65 per~ent). When bombarded with high energy a-particles it is likely to 

give rise to processes with the emission of neutrons or protons or both. The 

emission of protons is9 however0 very unlikely because of the high Coulomb 

barriero Both theore·Ueal cal~ulat:Lons (based on fornmlas- derived in Chapter 

I)~ and experimental results corroborate thiso It was found by chemical 

separation of the indium and calcium fractions from the bombarded silver foil, 

that .more than 98 percent of the activity belonged to t-h.~ former which proves 

that proton emission has a very small cross section. 

When the present experiment was started the position \Vi.th regard to 

the assignment of the 1.rarious half'=lives produced by the a-particle bombard-

ment on silver was rather confusedo The two well-known half-lives of 2e7 

days {K=captu:re) and 65 mino {~+) were assigned to In112 ·and In1l:-0 respec

tivelyl4o The former. assignment gave rise to a triple isomer for·rn112• Hence 

it was decided to try proper assignment for the half-lives observedo 



Three half-lives were observed when silver was bombarded with a-parti?"' 

cles from the Berkeley 60=inch cyclotron9 viz. 9 65 min,, 5.2 hr., and 2.7 

days~ The first and the last were known for a long timel4, while the 5.2 hr. 

period was a new one. Subsequently9 Tendam and Bradt15 and Mallary and Poo116 , 

have found a similar period. The assignment was done with the help of' mass 

spectrographic analysis, through the courtesy of' Dr. Moyer and Dr. Whitson 

of' the mass spect~ograph group in the Berkeley Radiation Laboratory. It was 

found that 65 min.; period belongs to In110 
v 2.7 days period to In111 and 

109 . 
5e2 hr. period to In· •. These assignments check with the results of' other 

workers. The half life found by Tendam and Bradt for In109 was 60 5 hr., while 

that found by Mallary and Pool was 4.3 hr. Both of' these are close to the 

5.2 hr. period found in the present experiment. 

The excitation curves for these three activities· were measured in the 

same way as in the case of (Ni60 + a) case. Thin silver foils were used as 

targets and were counted as such without chemical separation, since, as men

tioned above, most of the activity belongs to indium only, The 20 min, In112 

produced by Agl09 (a,n) reaction was not counted. This was done by allowing 

it to decay before starting to count the foils. 

An.attempt to put absolute values to the seale of' cross sections in the 

excitation curves was successful only in the case of' the 65 min. In110 activity 

which emits positrons of' end point 1.6 Mev. The method used was the same as 

in the nickel and copper experiments described above. Because of' the com

plexity of' the radi.ations emitted by Inlll and Inl09, their activities could 

not be compared on a scale relative to the In110 activity. These points will 

be discussed in more detail in the next chapter. 
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Chapter III 

Discussion of Results and Conclusions 

Cu63 + H1 and Ni60 + He4 
0 

The excitation curves for the production of z.n.63 ~ z.n.S2 and cu62 by 

proton bombardment on cu63 and a-bombardment on Ni60 are shown ~ Figs. 5 and 

6? respectively. The errors of the individual points ~re quite high. This 

is because of the fact that the activities extrapolated to zero time after 

bombardment had to· be obtained from the composite decay curve for these iso

topeso The_process of subtraction of the long=life tails from the composite 

decay curves introduced errors into the points which were obtained after sub

traction. 

It can be seen that within limits of experimental errors 9 Bohr~s theory 

of compound nucleus is well verified as a result of the present experiment. 

The ratios of the cross sections 0' (a 9 nh 0' (a 9 2n) ~ cr (a9 pn) on Ni60 agrees 

well with the ratios cr' (p,n) ~ cr'. {p 0 2n) ~ cr (p,p::a.) o.u cu63 • For the sake 

of comparison, all thes€:i cross sections are plotted in Fig. 6(a) u Since the 

compound nucleus produced in both eases is the same (zu64) ·it follows from 

the ~iseussions in Chapter I (eqn. 8), that Bohr~s theory of compound nucleus 

is certainly valid in this region of the periodic table and the mode of decay 

of the compound nucleus is independent of the mode of its formation. In the 

subsequent discussion we will speak only of the processes (pvn) v (p 9 2n) v and 

(p,pn) on cu63 for the formation of Zn63v zu62v and C'IJ.Q2 respectively~ though 

all the conclusions derived will apply to the processes (a9 n) 9 (a,2n) and 

{a9 pn) on Ni60 for the formation of the same isotopes. 

If the above three are the only reactions that take place when cu63 

is bombarded with protons 9 then the sum of the three cross sections should 
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give 0" D the cross section for the absorption of the proton by cu63 to 
p 

form the compound nucleus Zn°4 as defined by eqn.(3) in Chapter Io The 

sum of' the cross sections are plotted in Figo ?~ and e.re compared with the 

theoretical results calculated by Weisskopf4 
o Weisskopf Galculates the 

cross sections 0"" p ·and o-- a for nuclei in di:f':f'ere.nt par-ts of the isotope chart 

(starting .from· Z =' 20 up to Z = 90 at the interval of 10) o The values of cr P 

for Cu (Z = 29) and 0"' a for Ni (Z = 28) were extrapolated from theseo The 

sum of the a cross sections are plotted in Figo 8 9 and are also compared with 

the theoretical valuese The theoretical total ~ross sections are calculated 

for the two values of the nuclear radius R = r 0Al/3 with r = 1 3 x 10=13 
v 0 0 

The experimental values of cr at first increases with energy. It 
p 

then flattens out between 9 to 15 Mev proton energy, an.d again rapidly rises 

at higher energies. The same behaviour is shown by cr a as seen in Fig. 8~ 

though less prominently. It is obvious from the flattening that some reac-

tion is missing at lower energies~ which has a rather high ~ross section 
:·. 

between ~bout 9 to 15·Mev proton. energiesg since the ac:tual (( ~urve should 
\ . p 

be a smoothly increasing onee It seems reasonable to ascribe this to inelastic 

(p,p) scattering. As was explained in Chapter I~ this may have quite appreci-

able value when the product of·(p9 n) reaction has a threshold considerably 

higher than zero. In the present case~ .Zn63 which is the product of cu63(p,n) 

reaction goes into cu63 with the ,emission of 20 3 Mev- pos:i.t:.ronso Hence this 

reaction should have a threshold of about (2 0 3 + 10 7) or 4~0 MSvo The 

experimental value of the threshold 9 as found in the present experimentp is 

about 3 Mev. However, this is not very ac©urate because of the straggling 

in energieso Assuming a threshold of 4 Mev~ the cross se~tions ~(p,n) and 



~ inel (p 0 p) have been calculated by methods indicated in Chapter I 0 with 

two different values of nuclear radiuso These are plotted along with the 

experimental values for QJ(p 0 n) in Figo 9. 

It is evident from Figso 7 and 9 that the observed values of cross 

sections do not agree with the calculated values for any one of the two 

values of r 0 which have been used in the present calc;ula·tions. From Fig. ? 

it is ·seen that for r
0 

= 1 3 x lo-13 the total cross section tends to flatten 
0 v 

out to a value n R2 = 85 x 10=26 cm2 at proton energies above about 1.5 Mevo 

The experimental values in this region~ however0 is 1nuch higher0 and the 

difference is certainly outside the limits of experimental errors. On the 

other hand the calculated values of ~ for r = 1 5 x 1o=l3 seem to be p 0 0 

higher than·the experimental values. This is more easily seen from Fig. 9 

where the observed cr (p
9
n) is compared with the calculated values. The 

calculated values are higher than the observed ones for r
0 

~ 1 0 5 x lo=l3 all 

the way up to Gp = 12 Mev. The calculated if (p 0 n) for ro-.= 1.3 x 10'~13 

seems to agree at lower 3nergies 9 though it begins.to deviate wildly at higher 

energies. As the errors, both in theory and in experiment 9 are. rather high9 

it is not possible· to say anything definite as to what value of r
0 

should be 

. 1 3 1 ~l3 taken. However a value of r somewhat greater than r . 'o x 0 v but 
0 0 

closer to it than to r
0 

= 1
0
5 x 3:-0=13 would fit~ wi.th the> experi.me;ntal data 

bettero 

As we mentioned before that the results of· the present expe:r·iment are 

compatible with Bohr's assumption of compound nucleus idea 0 i.n so far as it 

testifies to the fact that the mode of decay of the compound nucleus is 

independent ·Of the way it was formedo There 1.~ 0 b.ower'er 0 on.e featur·e of the 

excitation curves of Figso 5 and 6p which 9 at f:irst sight; 0 might appear to 

be incompatible with the current theories of nu.01ear reJactions based on compound 



nucleus assumption. This is the fact that the cross se©tion ~ (p~pn) tor the 

production of cu62 is large compared to the cross section <Y{p~2n) for the 

production of Zn.62 • ~imilarly d- (av·pn) for the process Ni60(a~ pn)Cu02 is large 

compared to 0' (a~2n} for the process Ni60 {aP2n)z.n62 " At the peak the cross 

* sections differ by a factor of 4 0 One would normally think that the probability 

for a proton coming out of the nucleus should be small compared to t:he proba-

bility for a neutron coming out 9 because of the Coulomb barriero 

c'alculation of the cross sections 0"' (pvpn) and 0"' (p~2n) were' c:arried 

out on the ba,sis of the theory developed in Chapter Io The GalC'I.llated results 

are shwn in Figo 10. It should be noted that the cal~ulat:i,ons are extremely 

roughv and the exact values of the cross sections or their behaviour are not 

at all accurateo However~ the cross section ~u.rves reveal one important fact v 

viz9 that in the present ease~, the cross section o-'{p 9 pn) :is comparable to 

the cross section o-' (p,2n) when calculated on the bas:is of the stat;:istica1 

theoryo There are two important reasons for thiso The threshold for t;he pro= 

cess cu6~(p9 2n)Zn.62 is about 3 Mev higher than that for the process cu63 (p 9 pn) 
- .. . 

ou62 o The exact difference in this threshold could not be determinedo HOifJ61'trer9 

from the energy release in the disintegration of Zn62 into cu62
0 this was 

estimated to be around 3 Mev o The exact values of the c:ross sec;tions depend 

on this difference
9 

and hence the calculated values are quite roughu This 

difference in the thresholds makes the energy available for the emitted protons 

in the· (p~pn) process somewhat larger than that for the emit;i;;ed secwnd .neutron 

in the process (p, 2n) o This essentially results in reducir.g the barrier 

effect on the emitted protono Secondly9 the residual nucleus in the process 

*Recentlyv- Karl Strauch {private communication) has f'ou.nd a s:!.milar ratio for 
0' (Y

9
pn) to rr {Y

0
2n) by bombarding Zn.04 with high energy :X:·=rays from the 

syncb:rotrozr~ 
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cu63 (p~pn) is cu
62 

which is an odd=odd nucleus 9 while that in the process 

Cu03{p 0 2n) is zu62 which is an even-even nucleuso The former has a level 

o.ensity which is higher than that of' the latter. In the present calculations
9 

a factor of 4 in the level=densities for the two cases was assumed
9 

as- lndi= 

eated in Chapter Io This, as can be seen from aqn. (13) in Chapter I, will 

increase the cross section 0' (p 0 pn) with respect to the cross se~t ion cr (p 9 2n) o 

The factor 4 is quite arbitrary. There is no definite knowledge regard1.ng 

' the level=densities of the nuclei. The level=densities-used in the present 

ease are those given by eqno (21} in Chapter I. This again 1ndi~ates how 

unreliable the calculated values of the cross sections are. 

In the light of the above argumentsp the large «J:ross section for (p:)pn) 

and (a 9 pn) processes may not be very surprising. In factv if a mechanism 

involving the emission of a deuteron is assumed, in pla~e of. the proton ann 

neutron coming out separately in the (p 9,pn) or {a
9

I>n) processes
9 

there will 

be a difference of more than 5 Mev in the thresholds of (p 9 pn} and {p 9 2n) 

processes. , This 9 accoraing to the above ,reasonings 0 will further increase 

the cross section 0" (p,pn) with respect to ~ (p 9 2n). Whether or not this may 

explain the factor of 4 observed in the ratio of o- (p
9
pn) to 0" (p

9
2.n) 

9 
is 

not possible to decide from the present state of' theoret:i.c::al an.d experimental 

materials available, as was explalned above. Further" for energies not too 

high, ·the residual nucleus will be left in states which are close to the 

ground stateo These states are widely separated~ and the appli©ation of the 

statistical method in these regions is not justified. 

In our calculations" we neglected the possibility of l'=:ray emis,sion 

from the excited nucleus,, This is definitely not true just below the threshold 

for particle emission. Hence the above calculations are ·1ralid only at energies 

high above the thresholdo 
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Agl07 +He4 and Ag~09 + Ha4. 

InllO. The excitation curves for the indium isotopes produced by 

bombar41ng si~ver with a~particles are shown in Figs. 11, 12 0 13 0 Fig. 11 

shows the variation of the yield of the 65 min. InllO with Ea. The cross 

sectiejh' shaTply rises above 11 Mev and attains a peak at about 17.5 Mev • 

It then falls rapidly to a low value, reaching,the minimum at about 24 M~v and 

then rises again up to the maximum a-energy available. The region of the 

cross section curve from the beginning til about 20 Mev is due to the reaction 

J.gl07(a,n)Inll0 9 while the remaining part at higher energies is predominantly 

due to the reaction Ag109(a,3n}In110• In this latter region, the first pro-

cess will have a very low cross section, because of the competition of other 

processe,s involving the emission of more than one particle. The threshold of 

the Agl09(a,3n)Inll0 reaction can be roughly extrapolated to a value of some-

where around 22 Mev. The sharp peak at lower energies' seems to show the effect 

of the Coulomb barrier. From the measured (a, 2n) reaction threshold~ described 

below, the'threshold of the {a.pn) reaction should be around 7 MevD taking 8 

Mev ,to be the average binding energy of a neutron in this region of the iso= 

tope chart. The· observed threshold at a higher value (11 Mev) must there-

fore be due to the effect of the Coulomb barrier, which has a height of about 

It shouldbe· noted that the rising portion of the curve after about 

20 Mevv which has been attributed to Ag109{a.,3n)In110 reaction,, may not 

represent the excitation curve of this activity alone. The 55 min.~+ emitter 

(Em = 2.0 Mev) attributed to In108 by Mallary and Poo1
16 

may be· superposed on 

it, :If their assignment is correct, then this would be produced by (a,3n) 

reaction on Ag107 in the present experiment, and lienee its excitation curve 

will be entirely indistinguishable from that for the production of In110 by 



J 

by (a 1,3n) reaction on Ag109 " Howeveru there are serious objections to the assign

ment of ·the indium isotope-emitting a positro~ of 20 0 Mev end point to rnl08 as 

has been done by Mallary an~ Pool. This will be discussed in more detail later. 

An ·attempt was made to' find the absolute cross section for the production 

of' Iri110 'isotope. This was dona' by bombarding a Ag foil at aboUt 13 Mev a= 

energy where.'only (a 9 n) re.action could take. place. After allowing the short 

lived In112 formed by_ .A;(-09 (apn) reaction to die·· down 9 the absolute activity 

of the 65 min. In110 produced by Agl07(a,-n) reaction was fi.•1;~~ined by- the· 

arrangement shown in Fig. 4 9 and already described in page 21. In110 emits a· 

positron of end-point 10 7 Mev· 63 percent of the time and decays by K=capture the 

rest of. the timeo Because of' the high ehe~gy of' the positrons 9 the effects of 

absorption and scattering were sm~l9 and the situation was very similar to that 

' encountered -1n the cross section measurements in the previous cases (see page 21). 

The cross section was·. found ,to be about 12 x 10""'26 em2 o ., This would 

make the cross section at th~ ;p.eak of .:A.ti,lQ?. (a 9-n)In110 excitation curve (17 
0
5 

Mev) to be 84 x lf>-~0 .cm2 o The· theoretic~ cross section d a for the absorptioa 

of th~ a<;"particle by Ag107 at ··this energy4 is ·about 12 x lo=26cm.2 for r
0 

= 

1
0
3 x 1o=l3 9 and 50 x lo=26cm2 for r 0 = 1

0
5 x.lo=l3.· ~Both of these values are 

small compared to the experimental v.alueo This may seem surprisingo However9 

it should be noted that the cross section was determined at a very steep part 

of the excitation.curve (see ]figo .11) 0 Since the a-energy'i·s low
9 

there will · 

be some uncertainty in it because of stragglingo A small change in Ea will 

change the cross section considerably. This may account for the anomaly be-

' tween"'theory and experiment. 

In111• Figo 12 shows the excitation curve for the production of rn111 

f'rom.Agl.O~. by (a 9 2n} reaction. ·rnlll decays with a'period of 2.8 days into 

Cd111 by K'C'capture 9 which then emit.s two T=rays in coincidenceo The energies 



of these Y9 s are 1 '73 and 24'7 Kev respe_ctively _ (McGinnusl '7) 
0 

It was not 

possible to find the absolute cross section for this reaction in the present 

experiment. The cross section curve has the normal behaviour of increasing 

with energy at the beginning and then going down again at higher energies 

when ~ompeting processes begin to appear. The threshold of the ··reaction is 

about 14.6·Mevv and the cross section curve has a broad peak at about 25 Mev 

a=euergy. At the highest Eav the cross section is about 16 percent of its 

' value at its peak~ 

Inl.OS and.In~09o Fig., 13 shows the excitation curve :tor the pro-

duction of the 5.2 hro indium isotope mentioned.in the last chapter. No 

absolute cross section was found for tb,is case .either. As was mentioned, this 

has been assigned to In109 by several authors including the present author. 

Hen©e it should be produced by_AglO? _(ap2n) reaction in the present experiment 

and its ex~itation curve should have" the same general behaviour as that~of 

However9 a comparison of,Fig. 12 and 

Figo 13 shows that the two excitat-ion curvesp- though similar at :lower a-energies 

differ widely at .higher :·Ea. The excitation': curve· for Agl0'7 {a~ 2n) Inl09 has a 

threshold close to that for Ag109(ap2n)In111 (.-:vl3 0 6 Mev). However~ instead 

of the cross section decreasing at higher energies after reaching the peak, 

the cross section remains almost constant at higher energies. The yield at 

the max1I!DJ!!1.en~rgy~ Ea_= 37 Mev is around 80 percent of that at its peak value. 

This suggests the production of·an isotope with·a half-life similar 

to that of I.n109 at higher energies p which is superposed on the Agl07 ( a
9 
2n·) rnl09 

··©urveo S:ince the activity belongs to indiumv it is ass:i,gned to rnl08 pro-

duGed by AglO? (av 3n) processo This point was further studied by means of 



~-spectrograph through the courtesy of Dr. Hyward. The results of ~-speetro-

graph studies are summarized below. 

Two foils of silver were bombarded, one at 21 Mev and the other at 

39 Mev and the spectra of their radiations were investigated. The following 

table lists the conversion electron peaks observed in these experiments. 

Table I 

E r 110 Kev 1?0 Kev 203 Kev 240 Kev 660 Kev 

Half'=life 3-5 hr. 2·0 d 3-5 hr 2•8 d 3~5 hr 

Assignment rnloa Inl11 rnl09 Inlll Inl08 

Yield at Ea ·-
21 Mev 66 100 56 

Yield at Ea = 
37 Mev 14 16 46 11' 11 

It should be seeh that there are two peaks, one at 0.66 Mev and the 

other at O.ll.Mev which appear only at Ea = 37 Mev and do not appear in any 

appreci,able quantity at Ea = 21 Mev. All the other peaks are common at both 

As the next step~ rough excitation curves for the peaks·at 203 Kev 

and 660 Kev {assigned in the above table to rn109 and Inl08 respectively) 

were deter.mined. These curves are shown in Figs. 14 and 15 0 It is seen 

that the e:x:ci tat:!. on curve for the 203 Kev peak behaves in the same way as the 

Agl09(a~2n)In111 excitation curve shown in Fig. 12~ It increases with in= 

ereasing Ea9 reaches a peak at about 25 Mev a-energy and then goes down at 

higher energies. Half life of this peak was found to be between 3=5 hrs. 



Since it belongs t;o indium, a.nd has the characteristics of. a process 

i.nYol'irin.g the emission of two particles 9 it seems reasonable to assign it to 

rn109 produ~ed by .Agl07 (a,2n) reaction. 

On the other hand, the ex.citation curve for the 0 0 66 Mev peak is 

,<;;:een to start at higher energy and increases with increasing energy, up to 

th""' hi.ghest a=energyo Comparing this with the Ag109(a,3n)In110 excitation 

OUl"VS 'in Figo 11, it seems reasonable to ass:i.gn it to a process involving 

t:hree=pa.rticle emlssion" It; has a half life of around 3-5 hrso Unless it is 

an isome:r of the 65 min In110 it can only be assigned to In108 produced by 

JO"' A.g" '{a:"3n) reactiono 

Besides the conversion peaks discussed, there was continuous positron 

·~;;a~kground in both ·the samples mentioned aboveo Kurie plots of these posi-

trons were made and are shown in Figso 16 and 17 0 It is· seen that,the posi= 

tron spe©tra at both a-energies are complexo At Ea = 37 Mev, the end points 

·the end=points e.re 0.,94 Mev and 2.,2 Mev respe©tiv&ly. The 1
9 
7 Mev positrons 

in the former of course belongs to the 65 mino InllO isotope produced mostly 

by Ag109 {a~3n) reacti.on and is quite well known.. Its cross section
9 

according 

to Fig., 11, is quite high at this high energyo This positron does not appear 

in. any apprarc:iable quan:ti ty at Ea = 21 Mev, as seen from the Kurie plot in 

Figo l?o This is what is expe©ted 9 for according to the excitation curve for 

I11.110 in Figo llp the cross sei!l<tion is very low in this energy region. 

The 2 0 2 Mev positron, on the other hand, appears in appre.Cliable 

quantity only in the sample bombarded at the lower a energyp and is almost 

completely absent in the sample bombarded at the higher a=energy. This seems 

to hav"e a half=life, of several hours {3=5 hrs.), It thus seems reasonable to 

as\~Jr:'ibe it to an: isotope whic;h is the product of a two particle emissiono We 
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assign it to In109 produced by Ag107 (a,2n) process. 

The difference in end=points (0 0 9 and 0.94 Mev} of the low-energy~+ 

in the two samples is taken to be due to experimental error. It had a half-

life of about 3-5 hrs. Its amount in both-samples was comparable. We will 

later give some justUication for its assignment to In108. 

The results discussed above are in contradiction to the results of 

Mallary and Poo116
G They~ as mentioned above, assign a 55 min. ~+-activity 

(Em= 2 0 0 Mev) to rn108• A 2.2Mev ~+ activite isotope with comparable period 

has been observed by McGinnus* who observed its growthfrom a 4 0 5 hr. tin 

activity~ which was assigned by Mallary and Pool to snl08. He also observed 

a Y=ray of 285 Kev associated with this activity. · Mallary and Pool used 

enriched cadmium isotopes in their work (bombarded with deuterons} which 

contained appreciable quantity of all the Cd isotopes. Hence'the above assign-

menta of theirs cannot be regarded as final. Their main argument lies in the 

fact that they observed an one hour positron activity by bombarding both 

CdlOS and CdllO enricheQ samples with deuterons~ -= the activity in the first 

case being about twice as much as in the second case. This was much more 

than eouldbe accounted for by taking into consideration the percentage of 

CdllO in the enriched cdl08 sample, which would produce the 65 min. ~+ active 

rn110 by CdllO (d,2n) reaction. If the 55 min. positron activity belonged 

to In108, it ·would be produced by the Cdl08(d, 2n) reaction. They also bombarded 

Cd106 (enriched) with a=partieles and did not observe this activity, which 
' 

could be produced by Cd106 (a,pn) reaction. Their a-energy was not high enough 

for {a,pn) ·reaction, but could produce (a,p) reaction giving rn109 from Cdl08. 

Hence they assign the 55 mino ~+ activity to rnl08 and not to Inl09. However, 

as was mentioned earlier, the cross section for {a~p ) process in this region 

of the Segre chart is very small, and hence their reasoning for the above 

*Private communeiation. 



assignment is not very strongo Their assignment of the 4 9 5 hr. Sn activity 

to snl08 is based on the observation of the growth of the above 55 min. In 

activity9 and is thus open to the same criticism. 

In view of the above arguments, and the results of the presen·t expari-

m.ents both the 5 hro aetivi.ty with a 203 Kev Y=ray and the 55 min.~+ activity 

are assigned to Inl09 in this work. The proposed level SGheme is shown in 

Fig. 18. It should be noti.csd that the 55 min. period follows the 5 hr. period, 

and hence the resultant deGay curve will show the latter period only~ except 

for the growth of the former immediately after bombardmento This would how

everP be masked by the 65 min. activity of In110 as also by the decay of the 

lower state of Inl09 (55 min.), some of which will be produced directly by 

a bombardment on Ag. If the present scheme is correct, there must be some 

way of preventing a large amount of this lower state being formed directly 

by a bombardment on Ag. For the observations seem to indicate that most of 

the In109 is formed in the upper state (5 hr.)o Hence we assign a spin of 

9/2 to the upper state and a spin of 1/2 to the lower state. This agrees 

with the multipole characteristic of the 202 Kev Y~ray emitted by the upper 

state as is predicted by the calculations of Axel and Dancoffl8 • There is 

however, one objection to assigning a spin of 1/2 to the ground state of In~09 

as we. have done. Both ln113 and rnlll, will have a spin of 9/2 according to 

the sh~ll structure of nuclei. 109 One would expect the same to be true for In , 

since this also contains 49 protons which seems to be responsible for the high 

value of the spin (being one short of completi.ng the shell). No explanation 

can be offered to resolve this anomalyo 

It must be pointed out here that the present assignment can only be 

regarded as tentative. An isomeric separation of these two activities (5 hr. 
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and 55 min.} can be the only convincing argument in favor of the present level 

scheme. 

We mentioned about a 0.92 Mev activity decaying with a half-life of 

3-5 hrs. Mallary and Pool found a o. 75 Mev ~+ (absorption measurement) 

activity of comparable half-life and assigned it to rnl09. No such positrons 

were observed in the present experiment. The 0.95 Mev positron activity 

occurred in comparable ~uantities in the samples bombarded at both Ea = 21 

Mev and Ea = 37 Mev respectively. Hance it can be assigned to either Inl08 

or In109. In view of the Inl09 level scheme proposed above, this 0.92 Mev 

positron.activity is assigned' to In108 tentatively. This would also account 

for the fact that Inl08 activity is of the same· order of magnitude as In109) 

activity~ as their excitation curve (Fig. 13) would suggest. If Inl08 were 

only K~capturing with·very weakly converted T-rays at 0.11 Mev and 0.66 Mev 

(see Table I)~ it would be only a very small fraction of In109 activity which 

has conversion electrons and positrons in it. 
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Part II 

Elastic Scattering of 32 Mev Protons from Gold, 

Abstract 

32 Mev protons from the Berkeley Linear Accelerator were scattered 

from a thin (10 mg/cm2) gold target and the elastically scattered protons 

were detected photographically~ A plot of the ratio of observed scattering 

cr'oss section to the cross section calculated from Rutherford scattering 

formula against angle of scattering shows a definite departure from the 

classical Rutherford scattering at all angles except at very small angleso 

Com pari son is made with theoretical results with nuclear radius R == lo 3 x lo-:13 Al/.3. 

There is qualitative agree.mentD but very little quantitative agreemento 



Chapter I 

Theoretical Discourse 

When a nuclear particle like a neutron or a proton hits a nucleus 0 it 

can either be absorbed by the target nucleus to form a semi-stable compound 

nucleus or can be elastically reflected from the surface of the nucleus. This 

latter process is known as elastic scattering# and after the particle has been 

~cattered» the target nucleus is left in the srune state in which it originally 

existedo The formation of the compound nucleus by the absorption of the inci~ 

dent particle can be followed by its disintegra·tion through one of the many 

possible channels» like t~e formation of a new nucleus through the emission 

of' a particle or a photon 9 or the emission of the same particle with a dif

ferent energyo The latter process is the inelastic scattering of the incident 

particle» and the original target nucleus is left in a different quantum state 

after this processo The second group of processes is known as nuclear reac~ 

tiono It is highly unlikely that the incident particle will come out of the 

compo1md nucleus with its original energy8 leaving the residual nucleus in 

the same state in which it initially existedc The last process would be iden

tical with the elastic scattering processo 

The elastic scattering takes place through the refle:xion at the nuclear 

surface where there is an abrupt change in the interaction potential between 

the incident particle and the target nucleuso In case of neutrons there is 

no interaction outside the nuclear surface 8 while inside there is a strong 

bindingo In case of charged particles like protons and a-particles 6 there 

is the repulsive Coulomb interaction outside the nucl.eus 6 while inside there 

in again a strong M.nd3.n.g.. SuCJh sharp changes in_potential 8 as is well=knovm 

f';rom quantum. mechanics, give lfi:se to large probab:i.lity of reflexion., The 
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·transmission coefficient through the plane where this change occurs is1 

(1) 

vvhexoe k is the wave number of the incident particle outside the nucleus, 

and K is ·that inside the nucleus., 

An incident charged particle of energy E encounters difficulty in ap= 

proaching the nuclear surface when the repulsive Coulomb potential becomes 

comparable to E., This gives rise to the well-known classical Rutherford 

Boattering with its l/cosec4 e/2 dependence of the scattered intensity on 

scattering angle., However 9 when the particle is sufficiently energetic, it 

·begins to approach closer and closer to nucleus., When the impact parameter 

ubu (which is the least=distance of approach to the nuclear center) of the 

incident particle becomes comparable to the nuclear radius 1 R' of the target 

nucleus, we should expect deviations to occur from classical Rutherford scat= 

tering 9 as the particle now begins to feel the presence of nuclear interaction., 

The impact -parruneter is given by* 

b cot a/2 (2) 

for an incident particle of charge z~e, and target nucleus of charge Ze., a is 

the scattering angle» M is the mass of the incident particle and v its velo= 

2ER 
cot G/2 ,., (2 9 a) 

zzve2 

where E is the kinetic energy of the incident particle. For angles larger 

than this angle we should expect to see deviations from Rutherford scattering., 
I I 

Thus a study of the scattering in this transition region should give an idea 

* See viz.,, Atomic Physics, Born.~> pages 291-292 
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:rregarding the nuclear radiu:e., Measurement of nuclear radius forms an important 

part in the study of the properties o-f the nucleus.!) and various estimates exist.,l 

The measured value of the nuclear radius will of course be dependent on the 

type of··particles used in the experiment, viz.,, neutrons or protonso For in 

each of these cases, a sui table model has to be chosen for the nucleus.. Meas~ 

urement of the elastic scattering of charged pa.rticles is therefore a step for-

ward in this direction .. 

Some experiments of a preliminary nature were done by Rutherford2 in the 

early days with natural a~particles., Since the energy was not sufficiently 

high8 only light nuclei could be investigated.. For as can be seen from equa~ 

tion (2.9a) 9 the angle Q at which deviations from Rutherford scattering occurs 

will be very high for low energy particles scattered from heavier elements., 

With the new source of high energy protons (32 Mev) available in Berkeley Radi-

ation Laboratory in the form of the linear accelerator, it is possible now to 

study these deviations for heavier elements.. For gold as target nucleus 

:. . . . . . 1/3 13) (A= 197.1) R: r
0
A , where ~0 ~ 1.,5 x io~ · 1 the critical angle is 25.,5° 

for 32 Mev protons., 

The exact nature of scattering will depend strongly on two parameters» 

vizoD the nuclear radius R and the effect of nuclear forces in changing the 

wave=number of the incident particle from k outside to K inside., This is 

given by K0. where K2 "" k2 + k 2 .1) K being given by1 
0 .o 

Ira 2 ,., 2M/112 [ E'~ + 4u2 (3A/1.6nv) 2/ 3 ] 

where A""': nuclear mass numbe~9 Y"" nuclear volume., E'~. is a small quantity 

which gives the contribution of the kinetic energy to binding energy .. 

The partial wave method of calculation of the cross sections gives3 



' 
ot (c) "" (1 = 1))2 (rr/K2) (2 Q. + 1) (3) 

rfQ. ( e t) = j1 ~ iJ i 0 /
2 ( njK2) ( 2 J. + 1) (4) 

(c) 
ot is the cross section for the absorption of particle of angular momentum 

. c R..) t to form the compound nucleus., (ft ~ is the cross section for elastic scat-

tering of the particle of angular m~mentum. t8 f) gives the fraction of the in-

cident ·wave~ampli tude that has been absorbed 8 8 is the phase shift of the out= 

going wave., Total absorption and elastic scattering cross sections are respec~ 

tively 

(f,._ "" 
~ c§. (c) 

"" t £._ 

2:: (eL) 
CfeL"" t 

dL . 

The calculation of these cross sec~ions requires the choice of some suitable 

model to calculate I) and 8 ., 

Akhiser and Pomeranohuk4 have used some approximations which would per= 

mit the eval~ation of the above summation expressions for the total cross 

sections in terms of simple integrals., If .4, is the limiting value of the 

angular momentum of the incident protons for which its kinetic energy at the 

surface of the nucleus passes from positive to negative valueg 

given by 

where R "" radius of the target nucleusD 2ull is the wave-length of the in= 

oident particie at a great distance from the nucleus and E its energy., Ze is 

the atomic number of the target nucleus., According to the above authorsD elas-

tic scattering cross section will be given byg 
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For a.<< lo 

o (e) 
0Ruth(e) = 1 for 9 << fo?/ 4, 

o (e) 
L

0 
4e4/16a2 1/L >> e >> 2ra/t 0Ruth(Q) "" . for 

0 0 

6 (a) I . 12 ""' t
0
e/2a. Jl (i0 e) . , 

6:Ruth(a) 
1 >> e>> 1/i0 

l•'Olr a >>In 

Where a "" Ze2/nv0 V being the Velocity Of the incident particle., cfRuth(Q) iS 

the croBs section calculated according to Rutherford scattering formula., J1 

is the Bessel function of the first order., 

For scattering of 3?. Mev protons on gold (z "" 19), a. "" 2.,22 and £,
0 

= 8.,4 8 

which would make the range of validity of the ~bove equations too iimi ted., 

Hence the above approximations are not very good in t..he present case., The 

application of' these formulas will be more desirable at higher energies., 

Feschbach and Wei.sskopf1 have shown a .simple method of calculation of 

the various cross sections for neutrons., Similar method has been employed 

by 'ryso,n5 to calculate cross sections of processes induced by charged par~ 

ticles., At the time of writing this paper, no report of this work was avai.l

able., However 8 the numerical results calculated by the M., I., T., group fo:r 

32 Mev protons on gold was available through courtesy of ProfessorWeisskopf 

of the Physics Pepartment of the Massachusetts Institute of Technology., These 

results will be compared with the results of the present experiment., 
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Chapter II 

Experimental Method 

The protons were detected photographicallyo The scattering chamber used 

was similar to the one developed by Silver.mano 6* A schematic ~tagram of the 

arrangement used is shown in Figure lo 

The low energy components of the 32 Mev proton beam from the linear accele= 

r.·ator 'tlll"ere eliminated by the use of an analysing magnet9 which deflected the 

beam through 17 0 5° from the original directiono Before entering the magnet 

the beam passed through a rectangular slit whose dimensions were adjusted to 

gi·~re the maximum currento After passing through the magnet.~~ the beam was fur= 

ther collimated. down by means of a collimator with three carbon slits of grad= 

ally in~reasing diametersv fitted in a brass pipeo This arrangement prevented 

the protons scattered from the slit from reaching the plateso This slit scat= 

taring is particularly disturbing at small angles and increases with the atomic 

number of the material of the slito However 0 most of the protons scattered 

f:il:''om the slits were degraded in energy and were prevented from reaching the 

plates due to absorption in the target=holder plus the copper absorber in 

front of the plateso (See ~gure 2o) 

The alignment of the proton beam through the collimator to hit the target 

6 at the center was done by means of a telescopeo 
\.: 

The target and the plate holders were all assembled on a large 3/4 inch 

thick plate of dural Which constituted the lid of the scattering tank" A 

photograph of this assembly is shown in Figure 3o 

The target (rvlO mg/cm2 gold foil) was Scotch taped to a 1/16 ino thick 

du:t'al plate vd th a hole of sui table size in the middle f) which was covered by 

. *I run indebted to Dro Si.lverman and Dr" Levinthal for kindly letting me use 
~ome of their plate holders" 
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the gold foil., The size of this hole was so arra,nged that a proton scattered 

from the slit would have to pass through the body of the target holder in order 

to reach the plates and would. thus be absorbed out as explained in the last 

paragraph (see Figure 2) o 

The position of the lid with respect to the tank could be fixed by means 

of two pins on the upper rim of the tank which fitted into two holes on the 

edge of the lid., There were four such positions giving a wide range of possible 

. ' 0 0 scattering anglcs 9 from 18 to 165 at inte1~ls of 7.5o., 

The plate holder was held at appropriate height from the inner surface of 

the lid ·on five brass rods which fixed its position quite accurately., Four 

plates could be held by each holder and two plate holders could be used simul-

taneously9 one in the forward direction and one in the backward-direction., The 

exposure time for each-plate depended on the angle of scattering., Too much ex= 

posure would render the plates black., Hence after the required exposureg each 

plate had to be removed from the plate holder., This was made possible by using 

a light tight device to cover the entire assembly of plate holders and target 0 

so that the lid could be taken out into an adjoining dark room to take out the 

successive plates., This operation took less than five minuteso 

The plates were Ilford d-2 of 100 microns thickness., The protons reached 

them at an angle of 17 .,5° along the mean direction as shown in .Figure 2., There 

was a defining slit (s1 in ]r:igure 2) whose width was i/i6 inch for the forward 

direction and l/8 inch for the backward direction through which the protons 

could reach the plate., This defined the angle of scattering to :!; 3/4° and 

.t 1.,5° respectively in these directions., Behind. this slit were the copper 

absorbers of required thicknesses., They were put in such a way that they were 

perpendicular ~o the path of the protons reaching the surface of the plate., 

These absorbers were used to cut down the energy of the protons such that th~y 
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were perpendicular to the path of the protons reaching the surface of the 

plateo These absorbers were used to cut down the energy of the protons such 

that they would spend their residual range within the 100 v- thick an.uision 0 

Measurement of the distr.ibution of the ranges of the protons in the anulsion 

would give the energy of the proton beam (see page 18 in Part I)o 

TotaJ. exposuJ:>e on each plate was obtained by allovdng the main beam.., after 

passing through the scattering ch!Slmber 9 into the integrator which was described 

ou page 18 i.n part I of this thesiS 0 

After developing the plates.., they were scanned under a microscope with 

either high=dry or oil objectives.., and the number of proton tracks on a known 

area was countecio The area chosen was close to the median line of the plate 

which was scanned from one end to the othero The solid angle subtended by 

this area at the center of the target could be easily calculatedo It should 

be noticed that the protons would suffer multiple scattering within the copper 

absorbex"s in front of the plates 0 Thus a proton scattered from the target and 

after reaching the outer surface of the copper absorber.., may not reach the sur= 

face of the plate along the swne straight lineo The track of such a scattered 

proton would not show the right direction under the m.icroscopeo Also.., for 

the same reason9 there will be many protons in regions of the plate Which are 

outside the cone of the geometrical shadow of the scattered beam as defined 

by the front slita s1 0 in Figure 2o The effect of this scattering was cal

culated7"'8 to see if an appreciable number of protons 0 coming through the 

defining slit 0 might miss the surface of the plate owing to scatteringo With 

the present geometryD this was found to be negligibleo 

Only those tracks were counted which had the right direction on the 

plateo However' 0 as explained above9 some of them may appear to have wrong 

di:~."ection 0 and yet may be genuine trackso Thus all tracks were counted which 
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were within :t 20° of the right direction., This limit was obtained. by cal

?l1lating the mean scattering angle in the copper absorber., 7 o8 The number 

of tracks missed due to this was less than 1 percento Then again some pro~ 

tons 11 owing to straggling 8 would not end their paths within the emulsion,~~ but 

would escape into the glasso Some of these may not be genuine tracks, but may 

be due to some background effect (mostly due to neutrons)., Only such of thes~ 

tracks were counted which had. the proper grain density o 

For each piate exposed with the target on, a second plate was exposed 

without the targete An equal area of the second plate was scanned to subtract 

the background effeetc. The background effect was practically absent for sm.ail 

angles of scattering., However, for large angles 11 the exposure was long and 

the background was quite appreciabJe o 

The criterion far the right direction of a track was that it should start 

at the slirface of the emulsion and should proceed in such a direction that it 

would appear to come from the direction of the targete 



Chapter III 

D::i. scus si on of ResUlts 

The results of the experiment are shown in Figure 4o The main interest 

of the present experiment lies in its ability to determine the nuclear radiusD 

on which the nature of the scattering is strongly dependent" This is possible 

1lllhe'n the dependence of the scattering cross section (oe.e,) on the angle of scat= 

tering iS known over a wide :r'ange of angleso In the present experiment/) results 

are shown oyer a range of angles varying from 18 ° to 75° o Study in the region 

of larger angles is in progress 9 the plates being readyo 

Before discussing the results D it should be pointed out that all the proton 

tr>a.cks counted in this exper>iment were regarded as being due to elastically 

~(~ifi,ttered protons onlyo The basis of this was as followso The protons scat= 

tel"ed :lLnelastica.lly from gold would have a lower emergyo The lowest lev·el of 

go1ld is 3o3 Mev above the ground leveio Hence the protons scattered inelas= 

. . 

3lo5 Mev being the measured energy of the incident protonso Protons scattered 

from higher levels in gold will have still lower energyo The thickness of 

the Clopper absorber used in fron.t of the plates was 1410 m.g/e:m2 o This was: 

much greater than the range of 27 o2 Mev protons (:1200 mg/cm2 of cu)o Thus no 

inelastically scattered protons could reach the plateD provided there is no 

level in gold which is less than lo5 Mev above the ground stateo 

The absorber thickness UBed (1410 mg/(,"m2 of Cu) left a residual range in 

Cu of' 140 mg/om2 for the protons ~hen they reached the surface of the plateso 

This corresponded to an energy of 8 Mev which had a range of 385 microns in 

the amulsiono This insured against any proton not reaching the plate due to 

straggling in the copper absorbero Measurement of the range distribution 

showed a flat distribution below 80 microns residual rangeo 
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In Figure 40 the ratio of' obseJMred elasti<ll scattering cross section 

6(9) to the cross section given by the Rutherford formula o'Ruth(e) has been 

plotted against the scattering angle Go This is compared with the theoretical 

results () f' . Tyson~ with nuol ear :r.adi us R "" r 0 X ! 1/ 3 w.i th 2'f 0> "" 1 0 3 X 1 o=13 
0 

Obviously the:rre is vecy little agreement between. the theo:r·etical and experi= 

mental datao other choice of parameters are needed to make the theory fit with 

the experlmento To demonstrrate this point better 9 the theoretical results of' 

Ty~on for proton energy of 13 0 6 Mev have been plotted in Figure 5 for two 

The 

strong dependence of d(9) on R is clearly seen from this figureo 

Certain features of the experimental curve0 however/) have a qualitative 

agreement iid th the theoretical curve of Figure 4o The experimental 6(6YdJo.rtn(9) 

~u~~n like the theoretical curve decreases with increasing angle 9 and attains 

a mmimum0 the minimum bein.g located at larger angle. ("-' 65°) f'of the exper'i= 

mental curve than for' the thea retical curve ( "-'40° )o The Iitinimum is much 

d.eeper than the theoretical minimumo Ther'e is no sharp break in the experi= 

mental curve at an impa.ct parameter gb g equal to the nuclear radius R/) which 

also seems to agree with the theoretical re~ultso The ratio o(a)/~Ruth(a) 

continuously decreases w.t th increasing angle of' scatterlng from a value of 

loOO at G "" 0° until it reacheel a m.inimum9 and then rises again, More theo= 

retical work is needed bei"'ore any quantitative comparison can be made" 
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