
EXCITATION FONCTIONS OF SOME 

MONITOR REACTIONS 

by 

Samuel Meghir 

A thesis submitted to the Faculty of 
Graduate Studies and Research in partial 
fulfilment of the requirements for the 

degree of Doctor of Philosophy 

Department of Chemistry, 
McGill University, 
Montreal. June 1962. 



ACKNOWLEDGEMENTS 

The author wishes to express his gratitude to 

Professor L. Yaffe for his constant encouragement and 

stimulating guidance in the course of this study. 

He would alao like to thank: 

Drs. J.S. Foster and R.E. Bell for permission to 

use the cyclotron, and the staff of the Radiation Laboratory 

for their assistance in carrying out the irradiations, 

McGill University for financial assistance in the 

form of demonstratorships, 

The National Research Council for Studentships and 

Grants-in-Aid during the years 1957-58, 1958-59, 1959-60 and 

1961-62, 

The Provincial Government of Quebec for a 

Scholarship held during the academie year 1960-61, 

Mr. J. Segal for financial support in the early 

stages of this study, 

Messrs. D.A. Marsden and C.L. Rao for their 

assistance in proof-reading and correcting this thesis, and 

all colleagues of the Radiochemistry Laboratory, past and 

present, for their friendship and assistance in making of 

this Country a new home. 



TABLE OF CONTENTS 

Page 

INTRODUCTION .. 1 

I GENERAL . . . . •• • • • • 1 

II MECHANISMS •• • • . . . . ' 1. Compound nucleus formation .. ' 2. Serber mechanism . . .. 5 

III TECHNIQUES OF INVESTIGATION .. 8 

IV SOURCES OF PROJECTILES 10 

V BEAM INTENSITY MEASUREMENT 11 

VI LITERATURE REVIEW . . •• l' 

1. cl2(p,pn)Cll . . . . l' 

2. Al27(p,3pn)Na24 . . . . . . . . 24 

;. cu65(p,pn)cu64 • • . . • • 26 

VII SCOPE OF THE PRESENT WORX • • .. '' 
EXPERIMENTAL TECHNIQUES • • . . . . •• • • 37 

I IRRADIATIONS . . . . .. • • 37 

II TARGET ASSEMBLY -------- . . 37 

1 • Me.terial • • . . . . 37 

2. Preparation . . . . . . 40 

III TARGET CHEMISTRY . . .. 42 ---------
1. Aluminium . . • • . . • • . . 42 

2. Copper . . . . . . . . . . 46 

;. Carbon • • • • . . . . • • • • • • 47 

(a) Combustion .. . . 49 

(b) Analysis of the samples .. 55 



Page 

IV RADIATION MEA~~!~~~!T TECHN!9UES .. 56 

A. Be ta radiation measurement techniqu!_! . . 57 

( 1) 4!1e' eounting .. . . . . 57 

a. Equipment . . . . • • 59 

b. Counter characteristies 62 

c. Pipet ting err ors • • 62 

d. Dead-time lasses 63 

e. Source-mount absorption . . 63 

f. Self-absorption . . . . 65 

g. Statistics • • 70 

(2) Gas phase eounting • • .. 70 

a. Equipment . . . . • • . . 71 

b. Calibration of counter • • 74 
charaeteristies 

c. Counter efficieney determination 78 

d. Resolution los ses • • 80 

B. Gamma radiation measurement • • 83 

( 1) lOO Channel pulse height analyser • • 85 

a. Equipment • • 85 

b. Analysis of spectra • • 88 

(2) Well-type scintillation counter 96 

a. Equipment . . • • 96 

b. Calibration . . • • • • 96 

v TREATMENT OF DATA .. • • . . . . •• 99 

A. Disintegration rate determination •• 99 

B. Bea.m intensity mea.surement .. 106 



V TREATMENT OF DATA (Contd.) 

O. Errors 

RESULTS 

DISCUSSION -------
I GENERAL 

1. Errors in the monitor reaction 

2. Errors in natural abundances and 
atomic weights 

;. Errors in disintegration rate 
measurements 

4. Errors in superfieial density 
measurements 

5· Errors in saturation factors 

. . .. 
. . . . . . .. 

.. • • . . 
1. Errors originating in the irradiation 

techniques 

•• 

•• 

. . 
•• 

•• 

. . 
. . 
.. 

108 

110 

llO 

llO 

11; 

116 

129 

129 

129 

2. Errors in the activity measurement techniques 1;2 

;. Errors originating from the beam monitoring 1;5 

Il CONSISTENCY OF RESULTS REPORTED IN THIS WORK 1;6 

III COMPARISON WITH OTHER LITERATURE RESULTS .. 
1. Al 27 (p,;pn)Na24 

2. cu65(p,pn)cu64 .. 
SUMMARY . . •• 149 

APPENDIX . . . . •• . . . . 151 

BIBLIOGRAPHY . . .. • • 



Ph.D. 

Samuel Meghir 

EXCITATION FUNOTIONS OF SOME 

MONITOR REACTIONS 

ABSTRACT 

Chemistry 

The excitation functions of the reactions 

Al 27(p,,pn)Na24 and cu65(p,pn)cu64 have been determined 

relative to that of c 12 (p,pn)c11 from 20 - 90 Mev. 

The activities of o11 , Na24 and cu64 were measured 

by various techniques. The deviations in the cross sections 

ranged from ~ 6% to ~ 11%, depending on the accuracy of the 

technique employed. 

Final resulta were compared with those previously 

reported in the literature. In cases where disagreement 

oceurred, it has been possible to explain the discrepancy in 

terms of secondary reactions arising from the irradiations 

in some of the previous work. 
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INTRODUCTION 

I GENERAL 

Nuclear reactions have received ever inoreasing 

attention as a tool of research in the field of nuclear 

science. It is generally believed that a quantitative 

understanding of the mechanisms by which they proceed may 

lend the key to the solution of the complicated problem of 

nuelear structure. 

A nuclear reaction 1s defined as a process in which 

a nucleon (projectile) impinges on a nucleus (target) 

imparting to it part or all of its kinetie energy. A number 

of single particles, or clusters of them, are subsequently 

knocked off the excited nucleus, thus leading to the formation 

of new residual species. 

The probability of a particular type of nuclear 

reaction occurring at a certain bombarding energy is known as 

the 'cross section' of that reaction. This probability can 

be experimentally determined at any bombarding energy by 

measuring the number of product nuclides formed during the 

course of the particular reaction under study. The equation 

relating these two quantities is the following: 

where 
dNP 
dt 

I 

dN 
::..:;rt • I nt oP • • • • • • • • • • • • • • • • • • • • • • • • ( 1 ) 

is the rate of production of the product nuclides, 

is the intensity of the bearn of bombarding partiales 

or 'flux' expressed as the number of partiales per 

cm2 per sec. This treatment assumes that neither 

the energy nor the intensity of the beam is 
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appreciably degraded. In this work the targets 

used were sufficiently thin to meet the 

requirements for the above conditions. 

nt is the number of target nuclei presented to the 

beam, 

op is the probability for the formation of the 

particular nuclide p under the conditions of the 

reaction, i.e. its cross section. 

When the product nuclide is radioactive, then its 

decay during the time of bombardment must be taken into 

consideration. Thus the actual equation is: 

dN 
.:.:.:..E. • I nt o - N 1\ • • • • • • • • • • • • • • • • • • • ( 2 ) dt p p p 

where Np"-p is the rate of decay of the product nuclide, "-p 

being its decay constant. 

This equation can be easily solved for the number 

of nuclei found at the end of bombardment, N;. The 

integrated form of equation (2) is: 

N
o.. -À t) 
p t\p • I nt op ( 1 - e P . . . . . . . . . . . . . . ( ' ) 

where t is the length of bombardment. 

If one takes into consideration that N°/\ is the p p 

disintegration rate of the product nuclei at the end of 

bombardment, equation (;), if solved for 0 ' p becomes: 

• • • • • • • • • • • • • • • • • • ( 4) 

The dimensions of the cross section, as it can be 

easily seen from equation (4), are those of an area. 

Physically, it representa the cross sectional area that the 
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target nucleus presents to a beam of incoming particles. 

The unit of cross section is the 1 barn 1 -

1 barn = 10•24 cm2 • 

II MECHANISMS 

The mechanisms by which nuclear reactions take place 

depend largely on the energy and type of the bombarding 

partiel es. Varioue types of mechanisms have been suggested. 

1. Compound nucleus formation 

This mechanism was suggested by Bohr(l) and, 

briefly, it states thatt 

(a) Any particle which hits the target nucleus is captured. 

This merely means that an incident partiele will 

interaet with the first one or two nucleons of the 

target transferring much of its energy to them, and 

thus to the nucleus, before penetrating it apprec1ab1y. 

Then it may no longer poseess sufficient kinetie 

energy to escape, and thus a compound nucleus is 

formed. 

(b) The compound nucleus is exoited to an energy etate equal 

to the kinetie energy of the projectile plus the 

binding energy of the new particle. Complete equi-

partition of energy occurs among the nuclear 

constituants. It is also assumed that the lifetime 

of the compound nucleus is long (~lo- 12 
to 10-14 sec) 

compared with the time required for a projectile of 

-21 
energy E to traverse the nucleus (10 sec). The 
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long lifetime of the compound nucleus allows this 

redistribution of the energy acquired among the 

nucleons, in a statistical mannar, until enough 

energy is accumulated on one of the nucleons to enable 

it to overcome the attraction of the nuclear forces 

and escape from the nucleus. An alternative mode 

of de-excitation of the nucleus is by emission of 

gamma rays. 

(c) The disintegration of the compound nucleus is 

independant of its mode of formation. Therefore 

there will be a definite probability that it may decay 

into several possible residual nuclei. The dis-

integration by emission of nucleons is known as the 

'evaporation step 1 of the mechanism and was 

theoretically treated by Weisskopf( 2 ), Le Couteur(~) 

and others. Naturally, the 'evaporation' can take 

place only when the excitation energy of the compound 

nucleus is above the threshold for particle emission, 

and it will continue until all of its energy is 

dissipated. If the excitation energy is lower than 

the threshold for particle emission, then the compound 

nucleus will de-excite entirely by gamma-ray emission. 

However, the latter is a rather unlikely process when 

charged partiales are used as projectiles, and it 

usually occurs when the target nuclei have low atomic 

number. 

The experimental characteristics of such a mechanism 
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applied in a nuclear reaction should be the following: 

(a) The angular distribution of the emitted particles should 

be spherically symmetrical, and their energy spectra 

should show a Maxwellian distribution. 

(b) The excitation function of any partioular type of 

reaction should rise sharply above the threshold, pass 

through a maximum and then fall off rapidly as a new 

type of reaction becomes more probable. 

The compound nucleus mechanism seemed adequate in 

explaining experimental data for the low energy partioles used 

initially (up to about ~0 - 40 Mev). However, it broke down 

when projectiles of higher energies became available for the 

study of nuclear reactions. 

2. Serber mechanism( 4 ) 

This mechanism is applicable at somewhat higher 

energies. The basic idea is that the interaction between a 

projectile and a target nucleus depends on the way this inter-

action takes place and the amount of time it takes the 

incoming particle to traverse the nuolear field. 

It bas been shown that the mean free path of a 

partiole traversing nuelear matter increases with energy. 

Serber estimated that the mean free path for a 100-Mev nucleon 

cm. He assumed that the momentum transfer does 

not increase proportionally with increasing projectile energy • 

• He estimated it to be about 25 Mev per collision approximately 

*The word 1 collision 1 doee not necessarily imply physioal 
contact between an inooming particle and a target nucleon. In 
reality, 'collision' is an interaction with transfer of energy 
and/or charge. The term 1 oollision 1 is used here in order to 
give a physical picture of the meehanism discussed. 
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for 100-Mev projectiles. Renee, when an incident particle 

traverses the nucleus, it may undergo only one collision 

before eseaping it, having lost about 25 Mev of its energy. 

It may also undergo a small number of collisions, thus 

causing the emission of a number of nucleons before escaping, 

or even share all of its energy with the target nucleons. 

This step, which resulte in a prompt emission of nucleons, 

is usually referred to as the 1 oascade 1 step of the mechanism. 

Since the struck nucleons h~ve mueh lower energies than the 

incident particle and shorter mean free paths, they can escape 

• from the nucleus only if the collision oecurred near its edge; 

otherwise they will stay within the nucleus, sharing their 

energy with other nucleons. The subsequent events can then 

be described in terms of evaporation theory(
2
'') whereby the 

residual energy imparted to the struck nucleus is dissipated 

by successive emission of particles, each carrying a few Mev 

of energy. The following conclusions may be drawn by 

applying the Serber mechanism to nuclear reactions: 

• 

(a) Because of the wide distribution of excitation energies 

of the struck nuclei, a variety of residual nuclei is 

expected after the evaporation processes are completed. 

(b) The cross sections of nuclear reactions should vary 

slowly at high energies, sinoe the energy transfer 

does not vary greatly • 

Here too the term 'nucleus' should not be taken literally to 
mean a solid mass with a well-defined boundary. It should 
rather be thought of as consisting of a hard core containing 
the nucleons in closed shells and a cloud of n nucleons in 
open shells all held together by some exchange forces, but 
with no sharply defined boundary(ll). 
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(c) The total cross section (i.e. the sum of cross sections 

for all possible interactions for absorption or 

scattering) should be closer to nR2 (R • nuclear 

radius) for heavier nuclei than for lighter nuclei 

at high energies. 

(d) The density of emitted partiales should be higher in 

the forward direction in the fast cascade step. 

The applieability of Serber 1 s mechanism was tested 

by a large number of experimenta (e.g. 5,6,7,8,9,10) and it 

was round that it fits best to experimental data above 100 

Mev. However, even at lower energies, this mechanism cannot 

be excluded. Actually, as it was shown by Weisskopf(ll), 

both mechanisms exist. The prevalenee of either one depends 

on the energy of the incoming partieles. At lower energies 

the compound nucleus mechanism is predominant. However, as 

the energy of the incoming partieles increases, there is a 

gradual transition which culminates in a complete Serber 

mechanism for the energy region of 100 Mev and above. 

Furthermore, when the study o~ nuclear reactions was extended 

to more complex nuclei and higher bombarding energies, it was 

found that even the Serber mechanism could not explain the 

experimental resulte adequately. Increasing evidence pointed 

to the fact that, in more complex nuclei, light nuelides 

(deuterons, alpha particles and even heavier nuclei) as well 

as nucleons were emitted {e.g. 10,12,1;,14,15,16). 

The initial step of the Serber mechanism (fast 

cascade step) was first treated quantitatively by Goldberger{l7). 
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He calculated nuclear reaction cross sections by following 

the passage of particles through nuclear matter, step by 

step, until, for a large number of cases, they either escaped 

from the nucleus or lost sufficient energy to be captured. 

Whenever a choice between equally probable events had to be 

made, the choice was made at random. The name 'Monte Carlo' 

that was given to this type of calculation originated from 

this randomneas of choice. 

The 1Monte Carlo' technique was further refined 

and, with the use of computera, it became possible to obtain 

resulta which, although still not satisfaotory, were more 

accurate than those of Goldberger, since a larger number of 

(18 19) 
events were studied ' • The evaporation step bas also 

been treated in this manner( 20 • 21 , 22 ), the calculations being 

based on the already well-known evaporation theory( 2 ,~). 

Further description of the 'Monte Carlo' technique 

is beyond the scope of the present work. Those interested 

in further details should consult reference 19. 

Essentially there are four techniques by which 

nuclear reactions may be experimentally investigated. 

(1) Study of the type, number, energy, and angular 

distribution of the emitted particles. 

(2) Determination of the yields of the residual product 

nuclei by mass spectrographie means. 

(3) Direct study of individual nuelear reactions by means 

of nuclear emulsions. 
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The above three methode are the so-called physical 

methode, as no chemical separation o~ the products 

is required. 

(4) The fourth method is the so-called radiochemical 

technique. It consiste in measuring the activity o~ 

the residual radioactive nuclides formed by suitable 

means after chemical separations. 

Since the difference of the atomic number of the 

nuclides is used in order to achieve a chemical separation, 

isotopes of the same nuclide cannot be separated. However, 

yields o~ individual isotopes can be measured in most cases 

if use of their different decay characteristics is made. 

Independant yields of radioactive nuclides, which are also 

produced by decay of some other parent isotope formed during 

a bombardment, can also be measured by utilizing auitable 

parent-daughter decay relationship, e.g. 1milking 1 a daughter 

from the parent. 

Unless care is taken, chemical separations can be 

subject to large errors due to the minute amounts of product 

nuclei formed (lo-12 
gm.). Addition of inactive carriers, 

however, makes possible the use of semi-micro and micro-

chemical techniques of separation, and also the estimation of 

the amount of recovered activity in cases where separations are 

not lOO% efficient. The radiochemical technique was used 

throughout this work. 

The resulta obtained by methode (2) and (4) can be 

treated in two main ways in order to yield the desired 
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information. 

(a) Study of the yields of nuclei of different mass number, 

produced at a defined bombarding energy. 

(b) Study of the variation of the yield of a particular 

isotope produced by a nuolear reaction at different 

bombarding energies. 

The graphical representation of the yield versus 

energy of bombardment is called the •excitation function 1 of 

the reaction. Method (b) is the most common in use. 

IV SOURCES OF PROJECTILES 

In the early etudies of nuclear reactions, the only 

sources of projectiles available were those provided by nature. 

However, the limitations as to the type of particles they 

furniehed, as well as the energy range of the particles, soon 

led to a searoh for some new and more versatile types of 

projectile sources capable of yielding particles of higher 

energies. One of the most suooessful of them was the 

*cyclotron', a oircular type of particle accelerator pro­

(2,,24, 
posed and developed by E.O. Lawrence and his coworkers 

25,26) 
• Refined modela of the cyclotron are in use today, 

capable of acoelerating many types of particles to energies 

as high as ;o Bev. The most common type in use today is the 

'synchrocyclotron•. In this model the frequ~ncy of 

oscillations of the ~lectric field is varied in order to take 

care of the apparent increase in maas of the accelerated 

particles (relativistie effect) which occurs when the latter 
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reach high velocities. This modification was proposed 

independently by McMillan( 2?) and Veksler( 28 ) for the 

acceleration of electrons (McMillan 1 s 1Synehrotron 1 ) and was 

succesefully applied by Lawrenee 1 s coworkers to the cyclotron 

for the acceleration of protons and other heavier 

particles( 29,;0,;l). 

V BEAM INTENSITY MEASUREMENT 

From equation 4, P. 2, it is clearly seen that~ in 

order to measure the cross section of a nuclear reaction, the 

beam intensity must be known, since all other quantities can 

readily be measured. 

The methode by which the beam intensity can be 

measured generally fall into two categoriest 

(1) Absolute measurements. 

In this category belong measurements done by various 

deviees which take advantage of the charge carried by 

the bombarding particles. The charge can be deter-

mined either directly or by the ionization it causes. 

However, these deviees require that an external beam 

be used. This means that they are good only when 

one energy measurement is done. If the reaction is 

to be studied at various energies by means of an 

external beam, the degradation is aehieved by 

suitable absorbera. However, this method of varying 

the beam energy introduces problems of contamination 

by secondary particles and energy spread. In 
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addition, the use of absorbera attenuates further a 

beam which may already be weak. Therefore, in many 

nuclear reaction etudies, the internal beam of the 

accelerator (in the case of the present work the 

synchrocyclotron) is used. The energy variation can 

then be achieved by inserting the target inside the 

cyclotron at various distances from the centre. In 

this case, absolute measurement of the beam intensity 

is virtually impossible and the relative method must 

be used. 

(2) Relative measurements. 

This. is done by using a monitor reaction which is a 

nuclear reaction whose cross section is accurately 

known. If the target and the monitor are combined 

in such a way that they present the same area to the 

beam, it may be safely assu,med that they both receive 

the same flux (i.e. number of particles per cm2 per 

sec) provided the combined target is thin enough so 

that there is neither appreciable attenuation of the 

beam intensity nor any energy degradation. By this 

means the beam intensity can be deduced from the 

monitor reaction, and the value may then be inserted 

in the equation for the target under study. 

Any well-known nuclear reaction may serve as 

monitor, but the most common are the following: 

1. Bll(p,n)Cll 

2. 012(p,pn)Cll 
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). cu6 3(p,n)zn63 

4. cu6 5(p,pn)cu64 

5· Al 27 (p,)pn)Na
24 

6. Al 27 (p,)p;n)Na22 

The range of usefulness of these nuclear reactions 

is determined by their threshold and shape of the excitation 

function. 

Of the above nuclear reactions, Nos. 2, 4 and 5 

have had the widest application. 

VI LITERATURE REVIEW 

1. cl2(pzyn)cll 

Chupp and McMillan(S) investigated the cross-

11 section variation for the production of 0 by bombarding 

polystyrene foils with 140-Mev protons obtained by the 

stripping of deuterons. Their aim was to test the Serber 

mechanism. The beam they used was collimated and the 

degradation was achieved by means of carbon absorbera. The 

beam was monitored electronically. They reported that the 

cross section did not vary between 60 to 140 Mev, thus 

confirming Serber 1 s mechanism. 

McMillan(32 ) determined the value of the cross 

section at 62 Mev and found it to be 7; mb. Later McMillan 

and Miller(;;) recalculated this value and brought it down to 

69 mb. 

Panofsky and Phillips(;4 ) measured the excitation 

function of this reaction from the threshold up to ;2 Mev by 
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means o~ a linear aecelerator. They were mainly interested 

in ~inding the threshold of the reaction and investigating 

the possibility that the reaction might be a (p,d) instead of 

a (p,pn). They reported a threshold of 18.5 Z 0.3 Mev, and 

their calculations, based on the maas number of B11 and the 

+ 11 energy o~ the ~ emitted by 0 , proved that the reaction is 

a (p,d) one, at least near the threshold. They also reported 

+ a value of the cross section at 32 Mev to be 75 - 2 mb. 

Their method of degrading the beam was essentially the same 

as that used by Ohupp and McMillan(B). 

Hintz and Ramsey(35) quoted the resulta of Ohupp 

and McMillan as incorrect due to their method of degradation 

of the beam. They pointed out that the use o~ the 0 absorbers 

produces a large number of secondary particles, namely 

neutrons, which have a relatively high cross section in 

producing c11 via a c 12(n,2n)o11 reaction. They then re­

determined the excitation function o~ the c 12 (p,pn)c11 

reaction along with those of Al 27(p,3pn)Na24 and 

Al 27(p,,p,n)Na22 . 

They also used an external beam but with brase 

absorbera which, they believed, gave a much lower neutron 

background. Their brass absorbera were interposed between 

the carbon target foils, thus produeing a full excitation 

function in one bombardment. 

This technique, ealled 1 stacked foil' technique, is 
(36) 

~ully described by Aamodt et al. and was in wide use at 

the time. + 
Hintz and Ramsey claim an error of - 3% on the 
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basie of the smooth fit they obtained when they compared 

their resulte to those of Aamodt et al. The latter(;6 ) 

were the first to report a full excitation function curve 

for this reaction from the threshold up to ;4o Mev. 

Actually the ourve eonsisted of three parts: one from the 

threshold up to ;2 Mev, which was obtained by using a linear 

accelerator, one from 9; up to ;4o Mev, whieh was obtained 

by means of the Berkeley synchrocyclotron, and a third part 

between ;2 and 9; Mev, which was that of Hintz and Ramsay 

after normalization at two energies, one at llO and one at 

Aamodt et al. also used the 1 stacked foil 1 

technique and measured the beam intensity by a Faraday eup. 

They took into consideration the neutron background which, 

they claimed, was 2%. Their value at ;2 Mev was 89 ~ 4 mb, 

agreeing with that of Panofsky and Phillips(;4 ), while 

McMillan and Miller 1 s(;;) value at 62 Mev was found to be 

lower. 

A etrange feature in Aamodt's resulte was a dip 

in the curve occurring at ;4o Mev. Warshaw, Swanson, and 

Rosenfeld(;7) checked this etrange feature by determining the 

cross section at two energies, namely 28; Mev and ;87 Mev. 

The cross-section values they reported were 48.9! 2.5 mb 

and 4;.6 ~ 2.2 mb respectively. 

Later Rosenfeld(;B) repeated the work at 400 Mev 

and found a value of ;4 mb. This agreed with the resulte of 
\ 

Crandall et al.(;9) which bad recently appeared. He 
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therefore withdrew the previous values. Orandall et al.(39 ) 

measured the excitation funetion of o12(p,pn)o11 from 105 to 

350 Mev in order to confirm or disprove the existence of the 

dip reported by Aamodt et al. They showed that no dip 

oecurred a~ 340 Mev. In view of the possible sources of 

error that could have entered into Aamodt 1 s experimenta, 

they exereised great care in their own experimente. They 

too used an external beam and carbon absorbera to achieve the 

beam degradation, but they oarried out two series of experi-

mente, one with the absorbera directly in front of the target 

and one with the absorbera in front of the beam eollimator. 

The second series was free of secondary effeets. Their beam 

current was carefully cheeked by both an ionization ehamber 

and a Paraday eup plaeed before and after the stack of 

target and absorber foils respectively. They also exereised 

great care in their aetivity measurement techniques. In 

fact, Seliger(40 •41 ) had recently found that the back-

seattering of positrons and negatrons differed, and thus the 

contributions to the different measurements by this effeet 

had to be carefully reassessed. This source of error had not 

been taken into aceount in all previous resulte. Orandall 

et al. used 4~ measurement techniques which did not involve 

backseattering, and they determined expèrimentally the self­

absorption correction for positrons emitted by o11 in their 

particular case. On the basie of these factors, they found 

that, although the shape of the excitation function remained 

the same, Aamodt's resulte were high by about 13%· They 
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explained the dip at '40 Mev by the tact that the secondary 

effects in this region are more pronounced,since the contri-

bution comes from both secondary neutrons and protons, than 

in the lower energy region where the contribution comes mainly 

from neutrons, thus giving a net artificial rise to the cross 

section values obtained by Aamodt. They actually reproduced 

the dip when they repeated the work of Aamodt in the same way. 

At '40 Mev they found a cross section of '6 mb, in good agree­

ment with that of Rosenfeld{,B) at 400 Mev {'4 mb) and a 

later value by Rosenfeld, Swanson, and Warshaw{
42

) who 

reported a cross section of ,1.1 mb at 461 Mev. 

The views of Crandall et al.(,9 ) were tully 

supported by Rosenfeld et a1.< 42 } who gave a thorough dis-

cussion of all possible sources of error responsible for 

previous disagreements in the cross-section values for the 

These errors 

include the followinga 

(l) Errors due to activity produeed by secondary partiales, 

especially neutrons, originating from the beam 

degradation. The effeet is more pronounced in the 

case of the 1 stacked foil 1 technique, since there is 

direct contact between target and absorber foils and 

therefore there is a considerable flux of neutrons 

which, in some cases, have quite high cross sections 

for reactions of the (n,2n) type. For the 

Al27(p,,pn)Na24 reaction, Rosenfeld et al. pointed out 

that a more probable reaction, yielding Na24 at low 



- 18 -

. 27 . 24 
energies, 1s the Al (n,«)Na , which also has a 

lower threshold than Al 27(p,3pn)Na24 • Therefore 

care should be exercised when the 1 stacked foil 1 

technique is used in this case too. 

(2) The absolute beta measurement technique can also 

introduce signifieant errors, espeeially where 

positron emitters are involved, unless proper pre-

cautions are taken. Basides the difference in 

backseattering coefficients, there may be a similar 

difference in self-absorption coefficients for 

negatron and positron emitters of the same maximum 

energy. Thus, they pointed out, there may still 

exist discrepancies of the arder of 10% in reported 

values, originating from the methode of beam intensity 

measurements, preparation of calibration curves for 

activity measurement, and even the aetivity 

measurements themselves. 

Whitehead and Foster(4') reported that the 1;% 

correction quoted by Crandall et al. for the high energy part 

of the Aamodt resulte should be applied also in the lower 

energy region dawn to ;2 Mev. Further evidence for the 

correctness of Crandall's results came in 1960 in a paper by 

Parikh(
44

) who determined the 

o12
(p,pn)c11 reaction from 68 

excitation funotion of the 

to ,a, Mev, exercising great 

care in the beam collimation and decontamination from neutron 

background. While his targets were thicker than had been 

used by past investigators and he employed gamma counting 
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techniques instead of beta, his resulta agree well within 

experimental error with those of Crandall et al. 

No further work was reported for the low energy 

region, especially below 100 Mev which is the energy range of 

the McGill Synchrocyclotron. The excitation function of the 

12 ) 11 . C (p,pn C react1on was, however, extended towards the 

hi h i t b t 6 B (45,46,47,48,49,50) g er energy reg on, up o a ou ev. 

Table I contains values available from the 

literature. Fig. 1 is a composite curve constructed on the 

basie of the data presented in Table I. The lower energy 

portion of the curve is the excitation funetion reported by 

Aamodt et al.(?6) corrected according to Crandall et al.(?9). 

Table I 

COLLECTED CROSS SECTION VALUES FOR THE 

c12 (.E .. t.~.!Ü~l REACTION 

Energy Beam Activity 
in Monitoring Measurement Reported value 

Mev Techniques Techniques in mb Ref Remarks 

?2 A B(E) 75 :t 2 ;;4 

?2 A B(E) 77·5 :t 4.0 ?6 a 

50 86.9 b 
60 80.8 b 
62 A B(E) 69 :t 7 '' 70 76.5 b 

80 70.4 b 
90 66.0 b 

9? A B(E) 61.' ! ,.6 ?6 a 

llO 57.2 b 

125 51.7 b 

1?5 49.0 b 
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Table I (Oontd.) 

--------------------
Energy Be am Activity 

in Monitoring Measurement Reported value 
Mev Techniques Techniques in mb Ref Reme.rks ----
144 A B(E) 49.1 '6 a 
150 44.6 b 
150 R(660) B 46.2 ± 1. 9 47 c 

170 A B(I) + ,9.7- 0.9 '9 
175 -,8.7 b 
194 A B(E) 45.2 ± 1.5 '6 e. 
200 ,6., b 
204 A B(I) ;7 ± 2 .,9 
225 ;6.0 b 

2;8 A B(E) ;5.8 ± 2.4 46 d 

240 A B(I) + ;7. 2. - 1. 8 .,9 
245 A B(E) 4-,.; ± 1.2 ;6 a 
250 ;6.0 b 

260 R(660) + 47 B ;8.2- 0.6 c 

26; A B( E) 4-,.9 t 2.6 '6 a 
270 A B(I) + ;5.9 - 1.0 .,9 
275 !)6. 0 b 
288 A G ,,.7 ± 1.2 44 
290 R(660) B .,7. 0 :!: 1.2 47 c 
29, A B(E) 41.5 :t: 1.0 ;6 a 

295 A B(I) + !>5·5- 1.0 '9 
295 A B(I) ,1.9 ± 0.4 !)9 
;oo !)6. 0 b 
,10 A B(E) '1.9 ± 2.4 46 d 

,1, A G ;4.8 ! 1.1 44 
B(E) + !)6 !)1, A 41.4 - 2.1 a 

;20 A B(I) + !>5·5 - 0.7 !>9 
;25 A B(I) + ;5.9 - 0.8 ;9 
!);9 A G ;4. 9 ± 1. 0 44 
;4o A B(E) !)5.8 ! 0.5 !)6 a 
;4o A B-G coinc. !)6. 0 t ;. 0 ;9 
;50 R(660) B + 47 ;6.0 - 1.2 c 
;50 A B(I) + ;6. 0 - o. 7 ;9 
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!able_! (Contd.) 

Energy Be am Activity 
in Monitoring Measurement Reported value 

Mev Techniques Techniques in mb Re:f' Remarks 

'50 R(Na 24 ) B(E) ,5.0 45 e 

'50 R(Na24 ) B(E) ''·5 45 e 
,62 A G ,2.4 t 1.0 44 

,65 A B(E) ,7.4:!: ,.1 46 d 
,a, A G + '1.6 - 1.0 44 
,90 R(Na24) B(E) ,4.5 45 
400 B(E) '4 ,a 
420 R(Na24 ) B(E) + 45 ''·5- 1.7 e 
420 A B(E) + ,2., - 2.9 46 d 
440 R(Na 24) B(E) '1. 7 45 e 
450 R(660) B ,2.0 t 0.6 47 c 
461 A B(I) + '1.1 - 1.0 42 
465 A B(E) 29.4 + 1.2 46 d 

522 A B(E) ,,.2 t 1.6 46 d 

560 R(660) B ,o.4 t 0.6 47 c 
600 R(Na 24) B(E) 27.5 ± 1.5 45 e 
648 A B(E) 25·5 + ,.o 46 d 

660 A B '1. 0 ± 1.7 47 c 
a,2 A B(E) ,o.o ± 1.7 46 d 

950 A B(E) 2,.4 ± 1.' 46 d 

1000 R(Na 24 ) B(E) 26.1 ± 2.1 45 e 
1400 R(Na24 ) B(E) 24.1 ± ,.o 45 e 

1800 R(Na24 ) B(E) 22.6 ± ,.a 45 e 
2000 A G 26.0 ± 0.9 48 
2200 R(Na 24 ) B(E) 2,.2 + 5.0 45 e 
2950 R(Na24 ) B(E) 22.0 ± 6.0 45 
,ooo A G 26 :t 1 48 
,ooo A G & B 29. a ± 1.6 49 
4100 ,0.5 ± 4.1 f 

4500 A G & B 27.7 t 1. 7 49 
5700 R(Na 24 ) G 29 + 

' 50 
6000 A G & B + 29.a - 1.6 49 
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Table I - Explanation of Szmbol~ 

Beam Monitoring Technigue~ 

A : Absolute means, ·i.e. Faraday eup, nuclear emulsions, 

counter telescope, etc. 

R(660) - Pertains only to Russian work and means, relative 

to the cross section value obtained at 660 Mev, 

which in turn was measured absolutely. 

R(Na 24 ) • Relative to the Al 27(p,;pn)Na24 excitation function. 

Activity Measurement Technigues 

B = Beta counting undefined. 

B(E) = Beta external, i.e. Geiger-MHller)end window 

proportional counter, etc. 

B(I) = Beta internai, i.e. ~, ~ or Internal gas counter. 

G = Gamma measurement. 

Remarks 

a = Aamodt et al. Values corrected according to 

Crandall et al.(;9) 

b • Extrapolated values from Crandall et al. (used by 

Hicks et a1.(59). 

c • Resulte normalized to the value of Crandall et al. 

at ;50 Mev. 

d - Resulta by Buroham et al. (
46

) reviewed by Rosenfeld 

et a1.< 42 ) for their correctneas, and partly 

corrected by Symonds et al.( 4 6a). 

e - Part of theae resulta were measured independently 

by other groups. They were all corrected for 

backscattering coefficient, as reported in 

Ref. 45. 

f • Value quoted in Ref. 49. 



EXCITATION FUNCTION OF THE REACTION 

FROM THRESHOLD TO 6 BEV 

------- Combined excitation funotion of 

Aamodt et al. (;6 ) (corrected) 

and Crandall et al. (;9 ) 

- - - - Best continuation proposed, on 

the basis of literature data 

at higher energies. 
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The first full report about the excitation 

function of this reaction was given by Hintz(5l). He used 

the 1 stacked foil 1 technique and took special eare to 

collimate the proton beam in order to reduce the energy 

spread in his staek of foils. {He found that the energy 

spread in a stack of foils increases as E-1 ). The beam was 

12 ) 11 . monitored by the C (p,pn C react~on, and he ueed the 

(;6) 
cross-section values of Aamodt et al. • The activity was 

measured in all cases by beta-measurement techniques but, 

despite the care he took in considering all possible sources 

of error in the evaluation of his resulta, he did not take 

into account the difference in the backscattering coefficients 

. (41) 
later reported by Sel~ger , nor did he determine any self-

absorption correction factors for his positron emitters. 

Therefore his resulte were high. However, he took care of 

the neutron background and possible proton 1osses that might 

occur in the stack. Later, Hintz and Ramsey(;5) redetermined 

the above excitation function, but they condueted their 

experiment in exactly the same way, most attention being 

given to the redetermination of the Al 27(p,;p;n)Na22 reaction 

excitation function relative to that of the Al 27 (p,;pn)Na
24

• 

The excitation function for Na 24 production did not change. 

In both cases their resulte were reported in graphieal form 

and no numerioal values were given. Rosenfeld et a1.< 42 ) 

argued that the resulta of Hintz and Ramsey were high only by 

the same factor as those of Aamodt et al.(;6 ), i.e. 1;%. 
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Nevertheless, they pointed out that, although in this 

reaction the neutron background contribution is lese 

significant beoause of its high threshold, the 1 stacked foil 1 

technique should be used with extreme. care, especially near 

the threshold. 

Hintz, as well as Hintz and Ramsey, calculated the 

threshold for the A1 27 (p,,pn)Na
24 

reaction and found it to be 

'2 Mev on an energy basie {-Q) alone. If the Coulomb barrier 

is taken into consideration, then the threshold risee to 

27 24 27 22 
44 Mev. However, both Al (p,,pn)Na and Al (p,,p,n)Na 

reactions seem to have much lower thresholds. This was 

attributed to emission of heavier nuclides (deuterons, alpha 

particles, Li) rather than individual nucleons in the low 

energy region, in agreement with evidence accumulated by other 

investigators(52 ,5,,54 ,55). 

Marquez and Perlman(l 2 ) reported a value of 10.2 mb 

at ''5 Mev, in agreement with the value of 10 mb given by 

Hicks, Stevenson, and Folger(56 ) at '40 Mev. Later Marquez(57 ) 

reported a value of 10.8 mb at 420 Mev. The beam intensity 

was monitored by absolute means, and therefore the lateet 

value by Marquez (at 420 Mev) has been accepted as one of the 

- (42) 
most accurate values in the literature LRosenfeld et al. _7. 

The excitation function of Hicks, Stevenson, and 

Folger(56 ) was not found in the literature, but some of their 

(58,67) 
values were quoted in various papers • 

Further work in the low energy region was reported 

(59) 
by Hicks, Stevenson, and Nervik for the energy range 
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between ;2 and ;4o Mev. They used thin targets in order to 

avoid neutron contribution and based their resulte on 

Crandall 1 s cross sections(;9) for the c 12 (p,pn)c11 reaction, 

which they used as a monitor. ln addition to their relative 

measurements, they conduoted two independant measurements in 

which the beam was monitored by a Faraday eup, one at ;2 Mev 

using a linear accelerator, and one at ;4o Mev in the Berkeley 

Synchrocyclotron. 

In the high energy region, their resulte agreed 

with those of Marquez(57) and Crandall et al.(;9)within 

experimental error. In the lower energy region, however, 

their resulte were lower than those of Hintz and Ramsey(;5) 

even when the latter vere oorrected for the monitor values. 

Work on the excitation function of the 

Al 27(p,;pn)Na24 reaction was mainly concentrated in the high 

. (;9,44,47,48,60,61,62,6;,64) energy reg1on • 

Table II is a summary of all cross section values 

found in the literature. The resulte of Hintz and Ramsey 

are not ineluded in this table, but their excitation function 

reported in the literature, reduced by 1;%, is shown in Fig. 2, 

where all these resulta are plotted. (See pp. 27- ;o.) 
;. Cu65(p,pn)Cu64 

Meadows( 6 5) gave the first excitation function for 

the formation of cu64 in the low energy region up to 100 Mev, 

as part of his study of the spallation of Cu by protons. He 

monitored the proton beam by means of the Al 27(p,;pn)Na24 

reaction, using the cross section values given by Hintz and 
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Table II -----
COLLECTED CROSS SECTION VALUES FOR THE ------------------------

Al 27(p,~pn)Na24 REACTION 

Energy Be am Activity 
in Monitoring Measurement Reported value 

Mev Techniques Techniques in mb Ref' Remarks ----------------------------------------
~2 A B(E) 0.005 59 a 
50 R( C) B(E) 1.5 59 
60 R( C) B(E) 5·4 59 
70 R(C) B(E) 8.2 59 
80 R(C) B(E) 10.~ 59 
82 R(C) B & G 10.9 t 0.4 6~ 

90 R( C) B(E) 10.7 59 
90 9.2 56 b 

llO R(C) B(E) 10.6 59 
llO R(C) B & G 10.9 t 0.4 6~ 

125 R( C) B(E) 10.4 59 
1~4 R(C) B & G 10.9 t 0.4 6~ 

1~5 R( C) B(E) 9.7 59 
150 R(C) B(E) 9.~ 59 
150 R(660) B + 12.0 - o.~ 47 c 

168 R(C) B & G + 10.1- o.~ 6~ 

175 R(C) B(E) 8.9 59 
190 9.2 56 b 
196 R(C) B & G + 9.92 - o.~ 6~ 
200 R(C) B(E) 8.6 62 d 

200 R(C) B(E) 9.0 & 9.3 59 
202 R(C) G 9.~ :t 0.6 44 e 
225 R(C) B & G + 10.1 - o.~ 6~ 
225 R(C) B(E) 10.4 59 
250 R(C) B(E) 9.9 59 
259 R( C) G + 9.7 - 0.5 44 e 
260 R(O) B(E) 9.5 62 d 

260 R(660) B 11.~ ±o.~ 47 c 

26~ R( 0) B & G + 11.2 - o.~ 6~ 
294 R(C) G 9·5 ± 0.4 44 e 
~00 R(O) B(E) 11.2 59 
~00 R( 0) B(E) 10.0 62 d 

~25 R(C) B(E) 11. ~ 59 
~~0 R(O) B & G 11.7 :t 0.4 6~ 
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Table II (Contd.) 

Energy Be am Aetivity tl 
in Monitoring Measurement Reported value 

Mev Techniques Techniques in mb Ref Remarks 
-------------------------

;;5 A B(E) 10.2 12 
;4o R(C) B(E) 11.5 59 
;4o 10.0 56 Quoted in 

Ref. 58 

;42 R(C) G 10.0 :t 0.5 44 e 
;50 A B(I) + 11.1 - 0.2 ;9 
;50 A B(E) 11.1 & 11.; 59 
;50 R(C) B(E) 10.2 62 d 

Based on 
;8o R(C) B(E) 10.; 62 carbon value 

f'rom Ref'. 45 

420 A B(E) 10.8 + 1 57 -
426 R(C) B & G 11.9 ± 0.4 6; 
450 R(660) B 11.2 + 0.4 47 - c 

Based on 
470 R( 0) B(E) 10.7 62 carbon value 

t'rom Ref. 42 

560 R(660) B 10.7 47 c 

590 A B(E) 11.0 :!: 0.1 64 
Based on 

600 R(C) B(E) 10.0 62 carbon value 
t'rom Ret. 45 

600 A B 11.0 61 f' 
Based on 

650 R(C) B(E) 10.9 62 carbon value 
:f'rom Ret. 47 

660 A B 11.00 47 c 
Based on 

8;o R(C) B(E) 10.0 62 carbon value 
from Ret .46a 
Based on 

980 R(O) B(E) 10.2 62 carbon value 
from Ref. 45 

1000 A B(E) 10.1 61 f 
1600 A B(E) 8.7 61 f 
2200 A B(E) 8.8 61 f' 

2200 A B(E) 9.0 68 
;ooo A B(E) 8.1 61 f 

---
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!!!!!_!! - Explanation of Symbole 

Beam Monitori~_!~hnigues 

A • Absolute methode, i.e. Faraday eup, nuolear emulsions 

or other specified techniques. 

R{660) • Relative to the cross-section value at 660 Mev. 

R(O) = Relative to the o12 (p,pn)o11 excitation function. 

Activ!!z Measurement Technigues 

B • Beta measurement technique unspeeified. 

B(E) • Beta external, i.e. Geiger-MÜller end window 

proportional counters or others. 

B(I) • Beta interna!, i.e. 41(, 2'1t', or Gas counter. 

G = Gamma measurement techniques. 

Remarks 

a .. Quoted by Hicks et al.(59) as taken independently by 

S. Gilbert by absolute means. 

b • Values quoted in Ref. 67, but not found in the 

litera ture. 

c - The resulte were caloulated by normalizing the value 

obtained at 350 Mev to the~( 24) value reported 

by Orandall et al.(39) Na 

d - Results calculated from a reported gr a ph of the 

6( 0 11 )IO(Na24) ratio based on Crandall et al. 

excitation funetion up to 350 Mev and, for the 

remainder, on the nearest dependable value 

reported by various groups, as indieated. 

e = Resulte ealculated whenever possible on the basis 

of0011 values obtained by the same author< 44 ), 

otherwise the values of Orandall et al. (;9) were 

used. 



Figure_g 

EXCITATION FUNOTION OF THE REACTION 

Al 27(p,3pn)Na24 

FROM THRESHOLD TO 3 BEV 

Data ofa 

Hintz and Ramsey(35) reduced by 

13%(39) 

--o- Hicks, Stevenson, and Nervik(59) 

-+- Yule and Turkevich( 6;) 

---Q--- Friedlander, Hudis, and Wolfgang(6l) 

• Prokoshkin and Tiapkin( 47) 

• Marquez (57) 

• Goebel and Schultes( 64 ) 
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He also used the 1 stacked foil' technique and 

measured the activity of the spallation products by a Geiger­

MÜller end-window counter, but did not take into account the 

backscattering effects reported by Seliger( 4 l) at all. 

Therefore his resulte should be high on account of three 

sources of errer. 

(a) The use of the Hintz and Ramsey resulte which, as 

already mentioned,were high by at !east 13% (P. 24). 

(b) The neglect of the difference in the backseattering 

coefficients for positrons and negatrons( 4 l). 

(c) The contribution of the secondary neutron reaction 

ou65(n,2n)cu64. This reaction has a cross section 

of about 1 barn for 15 Mev neutrons(53,54 , 66 ) while, 

for higher energy neutrons, it falls rapidly tc reach 

98mb for 90 Mev neutrons( 67). Hence the effect of 

secondary reactions, although non-significant for the 

first foils of the stack, becomes increasingly 

important in the lower energy region, since the neutron 

flux increases and the cross section of the (n,2n) 

reaction becomea higher. 

Indeed, Meadow's resulta were found tc be higher 

than those of Coleman and Tewes( 67) and Yule and Turkevich( 6') 

at comparable energies. However, the resulta of Meadows in 

the lOO Mev region, when reduced by 1;%, agree within experi-

mental errer with those of Coleman and Tewes. As far as the 

resulta of Yule and Turkevich are concerned, they are 

definitely low in the lower energy region, the errer resulting 
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from the monitor used. They monitored the cu65(p,pn)ou64 

reaction with that of Al 27 (p,;pn)Na
24 

which they in turn 

determined with respect to o12(p,pn)o11 • Their cross section 

values for 
27 24 

the Al (p,;pn)Na reaction are definitely low in 

the region of 80 - 120 Mev while, above this energy, their 

resulte agree well with the generally accepted values in the 

literature. (See Table II and Fig. 2.) Hence the cross 

section values for the ou65(p,pn)Ou
64 

reaction in the lower 

energy region are low, while the values in the higher energy 

region are in fair agreement with those reported by other 

investigators(l0, 6 B, 69,70,7l), 

Cohen et al. <72 ) have also reported an excitation 

function for the cu6 5(p,pn)Ou64 reaction measured with respect 

to the ou6 ;(p,n)zn6 3 reaction. No numerical values are given 

but, from the reported graph, a cross section of 660 mb was 

deduced at 24 Mev. This value seems to be very high, 

although the associated error given by the authors, ! 25%, may 

lower it to about 500 mb, thus bringing it in fair agreement 

with the low energy region resulta of Meadows. It was not 

possible to assess the reason for this unusually high value. 

It is felt that this may be due to the high reference cross 

section used for the ou6 3(p,n)zn6 3 reaction. They used a 

value of 530 mb at 1; Mev, to which they normalized their 

resulta. However, this value is 25% higher than the 

corresponding value found by Meadows for the same reaction 

at the same energy, measured with respect to the cross 

sections of Hintz and Ramsey(35) for the Al 27(p,;pn)Na24 



reaction. It is also possible that their activity 

measurement techniques are partly respons1ble for the error. 

Table III is a summary of all values reported in 

the literature for the cu65(p,pn)cu64 reaction cross section. 

Part of this table vas taken from Yule and Turkevich{ 6 ;). 

Fig. ; is a plot of all tabulated data. The lower energy 

portion is the excitation function of Meadows uncorrected. 

(For Table III and Fig. ;, see pp. ;4- ;6.) 

VII SCOPE OF THE PRESENT WORK 

The Al 27{p,;pn)Na24 and cu65(p,pn)cu64 reactions 

are extensively used as monitors. 

Laek of agreement in the cross section values 

obtained in the low energy region, due to errors already 

discussed, as well as lack of correlation between these 

reactions on a common basis define the scope of the present 

work. 

The excitation functions of the above reactions were 

studied in the energy region of the MeGill Synchrocyclotron, 

i.e. from their threshold up to 90 Mev. The reaction 

c 12(p,pn)c11 was used as a monitor in order to provide a 

common basie for the correlation of these reactions. 

Improved beta and gamma measurement techniques were 

used to determine the variation in the cross section values 

obtained from each type of measurement. 
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Table III 

COLLECTED CROSS SECTION VALUES FOR THE _, ______________ .. ___ 
Cu 65 ( ~ 2 ;p,pj Cu 6~_.,!!EACT_!..Q! 

-Energy Be am Activity 
in Monitoring Measurement Reported value 

Mev Techniques Techniques in mb Ref Remarks 
·-·-------... ------... --,-----~--

80 R(Na24 ) B(E) 200 6; a Based(on) 
H & R '5 

82 lt B & G 108 !' 4.2 6; b 

90 a B(E) 190 65 a Based on 
H & R(55) 

90 a B(E) 126 67 a 

100 " B(E) 150 65 a ~a:e~(~~) 
110 Il B & G + 6; b 9;.o - ;.7 
1;4 • B & G 74.6 ± 2.9 6; b 

168 • B & G 65.8 ± 2.6 6; b 

190 • B(E) 77 67 a 
196 Il B & G 64.; ± 2.5 6; b 

225 • B & G + 57·9 - 2.; 6; b 

26; Il B & G + 55·0 - 2.1 6; b 
280 Il B & G 69 70 c 
;;o Il B & G 55·9 + - 2.2 6; b 
;4o A 75 10 a 
;so R(Na24 ) B & G 68 

' 
B; 70 c 

4oo n B & G 67, 7;, 71 70 c 

426 1 B & G 51.6 ! 2.0 6; b 

485 71 71 a 
600 R{Na 24 ) B & G 51 70 c 
800 Il B & G 60 70 c 

1000 1 B & G 56 70 c 

1;oo Il B & G 59 70 c 

1600 Il B & G 62 70 c 
2200 If B & G 58 65 70 c f 

2600 a B & G 54 70 c 
2900 Il B & G 58 70 c 
;ooo " B & G 62' 71, 7; 70 c 

----·-·--------------------~-------·~·---~----·-------------
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Table III - Explanation of Symbol~ 

Beam Monitoring Technique 

A • Absolute methods specified in the quoted references. 

R(Na24) • Relative to the Al 27(p,3pn)Na24 excitation function 

values. 

Activitr M~asurement Techniques 

B(E) • Beta external, i.e. Geiger-Mllller end window 

proportional counters or others. 

B & G • Beta and gamma measurement techniques used either 

independently or after intercalibration. 

Remarks 

a • Values quoted by Yule and Turkevich( 6 3) in their 

literature review. 

b • Resulta reported by Yule and Turkevich(63) based on 

their Al 27(p,3pn)Na24 excitation function which, 

as indicated in Table II, was determined relative 

to the c 1 2(p,pn)c11 cross-section values reported 

by Crandall et al.(39). 

e =The value of C)(Na 24) taken as 10.7 t 0.6 throughout 

the whole range of energies studied. In a 

private communication, Dr. Friedlander atated 

that a reassesement of the values reported in 

this paper led to better agreement with those of 

Yule and Turkevich. 



EXCITATION FUNCTION OF THE REACTION 

cu65(p,pn)cu64 

FROM THRESHOLD TO ' BEV 

~--- Excitation function of Meadows( 65) 

(uneorrected). 
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EXPERIMENTAL TECHNIQUES 

I IRRADIATIONS ------
All irradiations were performed in the circulating 

beam of the MeGill Synchrocyclotron. The energy of bombard-

ment was varied by inserting the target at various distances 

from the centre of the cyclotron. Kirkaldy 1 s{ 73) standard 

curve of energy variation versus radial distance of the beam 

was used to determine the energy of the bombardment. This 

curve, corrected for radial oscillations< 74 ), is shown in 

Fig. 4. The energy spread of the beam was ± 2 Mev. 

The length of irradiation was varied from 15 minutes 

to 1 hour according to the energy of bombardment, so that 

production of sufficient activity was assured in every case. 

II TARGET ASSEMBLY 

1. Material 

The target consisted of a stack of three foils, one 

for each reaction studied. These ~oils were arranged in the 

following sequence~ aluminium, carbon, and copper, the proton 

beam impinging first on the aluminium. A check for recoil 

losses, earried out by Mr. C.L. Rao( 75 ) in this Laboratory, 

proved that they are insignificant for the energy range of 

interest, at least for the thickness of the target materials 

used. Renee, no guard foils were necessary. 

The aluminium foil used had a purity greater than 

99.9% and was 0.002 1 thiek. The uniformity of the thickness 
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was eheeked by a micrometer, and it was found that deviations 

never exceeded 0.0001~. The superficial density of this foil 

was also measured as an additional check by cutting areas of 

various sizes and weighing them. The superficial density was 

+ 1 2 1;.;o - 0.15 mg cm . 

The copper foil was obtained from Johnson, Matthey 

and Co., Limited, 7;-8;, Hatton Garden, London, E.C. 1, 

England. Aeeording to the Company 1 s specifications, it was 

99.99% pure. Its thickness was also 0.002•, and the deviation 

never exceeded 0.0001". The superfieial density, measured 

in exactly the same way as that for the aluminium, was found 

to be 45.57 ! 1.0 mg/cm2 • 

The carbon source presented some difficulties. 

Preliminary experimenta carried out with plastic materials, 

such as various types of polyethylene, polyisopropylene, 

teflon, ete., showed that they melted during irradiations. 

The problem was finally solved by using thin carbon foils 

prepared from fine grain, high purity graphite electrodes 

supplied by the McGill Radiation Laboratory. Dr. T.M. 

Kavanagh of that Laboratory had proposed the use and developed 

the technique of cutting very thin and uniform foils from 

these electrodes. The thickness of these foils varied 

between 0.004 1 to 0.006 1 • The deviation from uniformity of 

each individual foil was consistently less than 0.0001 1 • 

However, it was felt that the density of the electrodes used 

might vary as mueh as 10% due to imperfections in the 

manufacturing process. Therefore, as an additional precaution, 
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the superfieial density of these foils was checked before 

use. It was found to vary between 18 and 25 mg/cm2 

according to the thickness of each individual foil. The 

aoeuracy of the measurements was better than ,%. 
The total target thickness, as it can be easily 

deduced, never exceeded 84 mg/cm2 or 0.025 cm, i.e. it was 

thin enough so as not to cause attenuation of the beam 

intensity or degradation of its energy. 

2. _!reparation 

A most important problem arising from internal beam 

bombardments, where monitors are used, is the proper alignment 

of the exposed area of the target stack so that all foils 

receive the same beam flux. Partieular attention must be 

given to the leading edge of the target which receives most 

of the beam. 

The problem is usually solved by cutting the staek 

after it has been mounted on the target holder. Thus a 

perfect alignment of the exposed area is obtained. The same 

technique was applied in this work. A target cutting deviee, 

shown in Fig. 5, was constructed which allowed cutting of the 

three exposed edges of the target stack as well as a close 

alignment of the fourth edge. The target was eut by a sharp 

surgieal scalpel because the brittleness of the carbon foil 

did not allow use of shearing instruments. After being eut, 

the target was transferred to the target holder by means of 

the detachable cutting lead which also served to hold the 

foils together. The leading edge was then freed by 



Figure 5 

TARGET CUTTING DEVICE AND STEPWISE 
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loosening the screws of the cutting lead. An excellent 

alignment of the exposed area was thus obtained. 

III TARGET OHEMISTRY 

1. Aluminium ---
The radioactive nuclides, Na24 (ti • 14.9 brs) and 

Na 22 (ti • 2.58 yrs) have half-lives long enough so that no 

interference oceurs from all other radioactive nuclides 

likely to be produced from the bombardment of aluminium. 

Even r 18 (ti • 1.87 hrs), which is formed at higber energies, 

will not interfere if the activity measurement is started 

15 hours after bombardment. Usually the measurement of Na 24 

was started about 24 hours after the end of bombardment and 

the r 18 bad died out completely. Hence the aotivities of 

Na 24 and Na 22 eould be measured easily, even without chemical 

separation. In fact, simply dissolving the aluminium and 

preparing the neeessary sources for beta and gamma measure-

mente would suffice. Of course the beta measurement would 

be slightly affected by the presence of the large amount of 

AlOl' and corrections for the absorption of radiation by the 

source would have to be applied. Another factor that might 

also affect the beta measurements to an unknown extent would 

be the deliquescence of the Al salt. 

In order to avoid all thoae possible sources of 

24 
error, it was decided to separate the Na from the aluminium 

matrix. This separation was readily achieved by ion 

exchange. The Al target was dissolved in a small volume of 



HOl to which a few drops of H2o2 were added to enhance the 

action of HOl. One mg of NaCl carrier wae added to the 

mixture in order to minimize possible lasses of Na 24 due to 

exchange with the glassware or by adsorption. The mixture 

was heated gently to destroy the exoess H
2
o2 and to eliminate 

the 01 2 gas formed by the action of the H2o2 on the HCl, and 

then taken to dryness by gentle evaporation under an infrared 

lamp to prevent lasses by bumping of the solid salta towards 

the end of the evaporation. The residue was redissolved in 

as little dilute HCl (about ' N) as possible. The solution 

was then adsorbed on a Dowex-50 cation exchange column (100 -

200 mesh) 12 cm high and 0.6 cm in diameter. The column was 

pretreated with about 50 cc of concentrated HCl (12 N), 

washed with water, and conditioned by passing about 50 cc of 

0.7 N HCl. After the AlCl' and NaCl mixture was adsorbed, 

the eolumn was eluted with 0.7 N HCl. The flow rate wae 

adjusted to about 1., ml/min. The elution was stopped after 

70 cc had passed. A diagram of the elution process is shown 

in Fig. 6. The only cation the eluate oontained was Na. 

The aluminium started to appear after about 800 ml of eluate 

had passed. The eluate was then taken to dryness by gentle 

evaporation under an infrared lamp, dissolved in H20 and 

transferred quantitatively into a volumetrie flask, made to 

volume, and suitable aliquote taken for the activity 

measurement. 

The method just described is a simplification of a 

previous one developed by Hollbach and Yaffe(76). The 
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technique is the same. The difference, however, lies in the 

use of a better type of resin, smaller aize of column and 

elimination of the purification step they had to take in 

arder to remove resin impurities from their eluate. 

The efficiency of the elution process was determined 

by using a known amount of Na 22 activity measured on a 4~ 

counter, conducting a separation as described above, and 

determining the amount of Na 22 activity recovered ~n the aame 

counter. 

Table IV shows the resulta obtained during a series 

of auch experimenta. The average efficiency calculated from 

these resulta was 99 t 0.5%· 

Table IV 

EFFICIENCY DETERMINATION OF Na SEPARATION 

Elu ti on 
No. 

1 

2 

3 

4 

5 

-----------------
BY A DÔWEX-50 CATION EXCHANGE COLUMN --------------------------

Column dimensions: h = 12 cm 

d = 0.6 cm 

% Activity in 
cpm 

Activity out 
epm Ef'f'iciency 

~-·----------~----·--- .. -~----------- ------------
1. 241 x 106 

1.223 x 106 
98.53 

1.198 x 106 1.189 x 106 99.21 

1.165 x 106 1.157 x 106 
99-35 

1.134 x 106 1.117 x 106 98.43 

1. 094 x 106 1.085 x 106 
99.18 

Average: 98.94 ± 0.5 
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By careful application of the above technique, 

carrier-free Na activity may be obtained with equally high 

efficiency. No chemieal yield determinations were necessary 

for the determination of the amount of recovered activity. 

As an additional precaution, the elution wae never stopped 

before it was made sure that no activity remained in the 

column. 

2. Copper 

Copper was chemically treated in order to separate 

the Cu isotopes from other concurrent activity, mainly that 

of Zn, Co, and Ni, which interfere with the measurement of 

cu64 . No carrier was necessary, as the target itself acted 

as a carrier for the Cu activity. The ion exehange technique 

was used in this case too. 

The method employed was that deseribed by Kraus 

and Moore(77). The copper foil was dissolved in a small 

amount of coneentrated HCl to whieh a few drops of H2o2 were 

added. The solution was heated to destroy the exeess H2o2 

and to eliminate the Cl 2 gas formed by the action of H2 o
2 

on the HCl, taken to dryness and the residue redissolved in 

a small amount of concentrated HCl. The new solution was 

adsorbed on a Dowex 1 anion exchange column (200 - 400 mesh), 

preconditioned by passing some 20 ml of 4.5 N HCl aeid, and 

then the elution step followed. The passage of 4.5 N HCl 

aeid carried away Co and Ni contaminations while the copper 

layer moved slowly towards the bottom of the column. The 

strong yellow-green colour of the copper layer facilitated 
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the inspection of the separation and rendered unnecessary the 

use of exact column dimensions, provided the resin was adequate 

to adsorb all the oopper ions. The column used was 12 cm 

high and 0.6 cm in diameter (as opposed to 29 cm high and 

0.29 cm2 in area used by Kraus and Moore). When the copper 

was about to come out, the eluant was changed to 1.5 N HOl 

acid which brought out the copper within the next 5 - 10 ml 

of eluate. Zinc was retained on the column. Part of the 

head of the eluate as well as part of the tail were rejected 

so that the purity of the copper fraction could be ensured. 

The eluate was received directly into a volumetrie flask, 

made to exact volume, and suitable aliquote taken for the 

activity measurements. The fraction of the copper aetivity 

recovered was determined eolorimetrieally by the diethyl­

dithiocarbamate method(78), slightly modified by G.V.S. 

Rayudu{79) to suit the needs of this Laboratory. The 

absorbance of the eopper diethyldithiocarbamate complex was 

measured by a model DU Beckman spectrophotometer in 1 cm 

Corex cella at a wavelength of 4'0 mm. The calibration 

curve of absorbance versus amount of CuO is shown in Fig. 7. 

The elution yields for Cu ranged from ,o - 90%. 

In the cases of higher yields, some Co contamination was 

noticed and resolution of the decay curves was necessary. 

;. Carbon 

If only one method of activity measurement were to 

be used, chemical treatment of carbon would not be necessary 

from the point of view of activity contamination. o11 is 

the only measurable aotivity produeed by bombardment of 
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carbon with protons. In this work, gas phase as well as 

gamma measurement techniques were employed, and therefore the 

chemical treatment of the carbon target was necessary. 

(a) Combustion 

Carbon was converted to 002 by a combustion method 

suggested by Dr. R.A. Sharp of Brookhaven National Laboratory( 80 ). 

The apparatus used was also suggested by him and is shown in 

Fig. 8. The method, a modification of combustion techniques 

developed by other investigators in connection vith gas phase 

measurement of cl4 (81,82,83,84,85,86), was designed for use 

in spallation etudies at high energy, where o11 is formed in 

rather low yields as a spallation product. Although 

conditions in the present work allowed some simplifications in 

the procedure as well as in the construction of the apparatus, 

it was thought desirable to construct the combustion apparatus 

exactly as indicated by Dr. Sharp in view of possible future 

use in spallation investigations. Simplifications of the 

procedure will be indicated along with a description of the 

method. 

The apparatus was preconditioned by over-night 

evacuation and flushing with 02 before irradiation was 

started. 

The gas counter must be isolated from the system 

before flushing it to prevent contact of the eounter tube 

with 0 2 • The Pb02-CuO trap (PC) was set to 350°0 and the 

NiO furnace (NF) to 950°C. After irradiation the target was 

weighed, placed into the target solution flask (TF) and 
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attaohed to the system. The target solution section was 

then evaouated and partly refilled with C2, or with C2 and 

co2 • The latter was enclosed in the carrier gas cell (CG) 

whenever a need for it was anticipated.* The Van Slyke-Folob 

chromic acid combustion fluid(B~,B4 ) was added next through 

the filling funnel (FF) and the mixture boiled for about one 

minute while c2 was bubbled through it.** The volatile 

products of the combustion, swept by the c2 , were passed 

through the condenser (CC) and the sulphuric acid trap (ST) 

which was filled witb 80% H2sc4 to remove sc, produced during 

combustion. The gases were then passed tbrough the PbC2 -

CuC trap where H2 and nitrogen oxides were removed.*** Next, 

the gases were introduced into the NiC furnace (NF)****, where 

all products oarried by the sweeping gas were oatalytically 

converted into co2 • The mixture of cc2 and 0 2 was then 

passed through the two radiator-type traps, bypassing the 

*The use of co2 carrier is necessary only in spallation 
etudies where the c11 produced is very little No such 
need ever arose in the present work. 

**If metal targets are used, dissolving them before adding 
the combustion fluid is recommended. 

***Nitrogen oxides are usually produced when certain targets, 
mainly in spallation etudies, are dissolved in HNC' 
before combustion. They are severe poisons for gas 
counters and must be removed. 

****The NiC catalyst is made of nickel chips introduced into 
the furnace and oxidized in situ by passing c2 at a 

0 temperature of 7CC a or above. 
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Ba(OH) 2 bubbler {BTI).* 

In trap I, immersed in dry !ce-acetone, water 

vapours were removed while in trap II, immersed in liquid air, 

002 was frozen and thus separated from the o2 • The system 

was swept for about 5 minutes at constant rate, controlled by 

a calibrated needle valve (N) and a flowmeter (FM). Then the 

oxygen supply was eut off and pumping continued until a vacuum 

of about 26 6 , read on a Bourdon Gauge (GA), was reaehed. 

The flow rate was kept constant by gradually opening the 

needle valve. 

The 002 in trap II was then pumped free of oxygen 

after cutting off the pump line, trap I, and the combustion 

section. A vacuum of lo-4 to lo-5 mm Hg was reeommended by 

Dr. Sharp in order to encure absence of impurities, mainly 

water vapours, whieh affect the operating characteristics of 

the counter. This vacuum was never achieved in this work. 

Instead, the counter was carefully flushed with methane 

** before 002 was distilled into it. 

After flushing and evacuating to a pressure of 10_, 

mm Hg, the 002 was allowed to thaw and expand into the volume 

*The purpose of the Ba(OH) 2 bubbler (BT) is to separate 002 
in cases where contaminants, not separable by easy 
trapping schemes, are present in the combustion gases. 
Such is usually the case in spallation of high Z elements 
where Bn and Xe are found among the spallation products. 
002 ean be regenerated by acidifying the bubbler solution, 

**In spite of the careful flushing, it appears that impurities, 
mainly due to the OH4 gas, were unavoidably introduced 
into the counter which caused a delay in the stabilization 
of the counter characteristics. This effeot is discussed 
in a later section of this work. 
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bound by stopcocks 1~, 14~, 15, 16, 18, 19, 21, and 22. The 

amount of co2 obtained was determined by reading the pressure 

on a calibrated mercury manometer (MT).• The co2 could then 

be either quantitatively transferred into the gas counter (CT) 

by immersing the bottom into liquid air, or allowing it to 

expand into the gas counter volume. In the latter case, the 

aliquot of 002 introduced could be readily calculated from 

the manometric pressure, if the volume of the counter were 

known, by application of the ideal gas law. The validity of 

the ideal gas law was checked by eimilar calculatione, using 

the Van der Waals and the vi rial equations. The agreement 

was better than 0.2% when applied to a pressure of lOO mm Hg. 

After the gas counter aliquot was secured, the 

remainder of the 002 was swept by means of methane gas through 

a Ba(OH) 2 trap (BT II), added to the line for the purpose of 

obtaining a second aliquot to be used for gamma radiation 

measurements. The necessary precautions to prevent contact 

of Ba(OH) 2 with the atmosphere were taken. The BaCO;, 

formed in trap BT II, was quickly filtered under suction 

followed by ten successive washings with degassed distilled 

water so that all excess Ba(OH) 2 would be removed. The 

precipitate was then washed further with ethanol and ether, 

sucked dry, and introduced into a screw cap vial for gamma 

activity measurements • 

• The manometer was calibrated by combusting weighed amounts 
of benzoic aeid and plotting the expected amount of 002 
versus the manometric pressure. Fig. 9 shows the 
calibration curve obtained. The calibration was also 
checked by liberating C02 from known amounts of Na200~. 
The agreement was excellent. 
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After all the 002 was removed from the system, 

methane was admitted into the gas eounter to bring the 

pressure to one atmosphere. The counter was then removed 

from the line, and the 002 enclosed was measured through its 

beta radiation. 

(b) !nalzsis of the sa~lle~ 

The volume of the gas counter was measured by the 

toluene method(B6 ). The tube was filled with reagent grade 

redistilled toluene and weighed before and after filling. 

The specifie gravity of the toluene at the temperature of the 

experiment was obtained from literature data( 87). The 

experiment was repeated in exactly the same way using benzene 

as a filling liquid. The resulte agreed perfectly. The 

average of the two resulte was 99.65 t 0.05 ml. 

No analysis was necessary for the gas counter 

aliquot. 

The Baoo3 sample was analysed volumetrically after 

all oll had decayed away. Baoo3 was dissolved in an excess 

of 0.1 N HOl aeid added through a calibrated micro-burette 

under continuous stirring. A few drops of bromothymol blue 

indioator were added and the excess HCl titrated with 0.1 N 

KOH,also added through another calibrated micro-burette. A 

sharp colour change from yellow to blue indicated the end of 

the titration. The accuracy of the method, checked by 

repeated analyses of known amounts of Baco3, was better than 

2%. The stability of the HCl and KOH solutions was ohecked 

periodically and before any series of analyses. 
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IV RADIATION MEASUREMENT TECHNIQUES 

Nuelear radiations, both corpuscular (M, ~-, ~~) 

and electromagnetic (f, X-raya), are detected through their 

interaction with matter. When radiations pass through 

matter, they lose their energy chiefly by interaction with 

electrons, whioh lead to dissociation of molecules or 

excitation or ionization of atome. 

All radiation detection deviees are based on the 

effects of these interactions, and special detectera are used 

for eaoh type of radiation, aecording to the efficiency with 

which the particular interaction occurs. The latter depends 

largely on the nature and energy of the radiation. Thus, 

eorpusoular radiation c~ or ~t) is best detected through the 

ionization effect it produces in gases. Electromagnetic 

radiations are not that efficiently detected by the same 

effect, as the ionization they produce in gases is lees 

intense due to their penetrability. The most efficient way 

to detect electromagnetic radiations is by means of the 

scintillations they produce in certain crystalline materials 

called 1 phosphors 1 • 

24 Of the nuclides studied, Na decays lOO% by 

negatron emission to several excited states of Mg24 whieh, in 

turn, reaches its ground state by emission of a number of 

gamma rays. Renee the beta decay of Na24 is accompanied by 

gamma radiation. Ou64 decays 19% by positron emission, ,a% 
by negatron, and 4;% by electron capture. The negatron deeay 

leads to the ground state of zn64 while both positron and 
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electron capture decays lead to 
64 the ground state or Ni • 

A negligible percentage (0.~4%) or the total decay or ou64 

goes to an excited state of Ni64, giving off a gamma ray, but 

this is practically useless for gamma radiation measurements. 

However, the positrons offer an excellent source for gamma 

measurement of ou64. 

When a positron meats a nearby electron, 

annihilation oceurs. As a result, two gamma quanta are 

emitted in nearly opposite directions, each equal to 0.511 

Mev. These annihilation gamma quanta aceompany all cases of 

positron decay, and actually their detection constitutes a 

proof for this mode of decay. 

11 Finally, 0 decays lOO% by positron emission to 

the ground state of B11 • Some recent investigations(88) 

led to the discovery of some electron capture, but the 

11 
percentage is insignificant (0.002%). Of course, 0 decay 

is accompanied by the annihilation radiation. The decay 

sehemes(B9) of these three nuclides are shawn in Fig. 10. 

The problem of radiation measurements for the three 

nuclides studied was resolved by using appropriate counting 

techniques. Na24 and ou64 bata radiation was measured by a 

4Jé gas flow proportional counter and that of o11 by an 

internai gas counter, while the gamma radiation from all 

three was measured by scintillation counters. 

( 1) 4 !lL eounti!!.& 

The theory behind beta measurement is well known 



Figure 10 

DECAY SOHEMES OBTAINED FROM REF. 89 
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c. Decay scheme f'or Cu64 
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and need not be dealt with in the present work. Only a 

brief discussion of the 4~measurement technique, as 

developed by Pate and Yaffe( 9 0) in this Laboratory, will be 

given. 

a. !quipment 

The counting equipment used was that described by 

them( 89b). The counting chamber, shown in Fig. 11, consisted 

of two hemispherieal brasa cathodes, 7 cm in diameter, and 

two ring-shaped anodes made of 0.001• tungsten wire. The 

anodes were insulated from the cathodes by teflon insulators. 

The cathodes were kept at ground potential, while the anodes 

received a positive high potential supplied from a Nichols 

high voltage supply (A.E.P. 1007B). The two anodes, each 

acting as a separate unit of 2~geometry when the source is 

kept in the centre of the sphere, were connected in parallel 

to an Atomie Instruments preamplifier (Model 205-B). The 

output from this was fed into an Atomic Energy of Canada 

Limited amplifier discriminator (AEP 1448). The overall 

gain of the system was about ~o,ooo, and a bias voltage up to 

50 volts could be applied to the signal by the discriminator. 

Counting rates were reoorded on a Marconi ecaler unit 

(A.E.P. 908). Auxiliary equipment used included a Sola 

constant voltage transformer and a Lambda regulated power 

supply (Model 28). A block diagram of the assembled equip-

ment is shown in Fig. 12. The counter chamber was operated 

in the proportional region. The counting gas was C.P. 

Methane at atmospheric pressure. After the sample was 
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insorted, the counter was flushed for several minutes before 

starting measurements. The flow rate was controlled by a 

simple flowmeter attached to the line. 

b. Oounter characteristics 

The counter characteristics were checked before 

work was begun. These included establishing the operating 

plateau region for the nuclides under study, bias curves, as 

well as a check of the statistical behaviour of the counter 

by a x2 test. 

The plateaus were about 400 volts long and had a 

slope of 0.1%. A common operating voltage was selected for 

all nuclides at 2650 volts. The eounting rates at this 

voltage remained constant throughout the diseriminator range, 

indieating absence of electronic noise and good amplification 

of the counter signala. A setting of 12.5 volts was used on 

the disoriminator. The ?< 2 test, run with a Ra(D + E) standard 

under the operating voltage and discriminator settings 

indicated above, showed a good statistical behaviour for the 

eounter. It was then necessary to determine correction 

factors for possible errors originating from the sources. 

c. Pipetti~!!!~~ 

The sources were prepared by pipetting a small 

aliquot from a known volume of the solution of the nuelide to 

be studied, by means of a oalibrated micro-pipette. In all 

cases duplicata 100 lambda samples were taken and mounted on 

thin VYNS films, prepared by the technique described by Pate 

and Yaffe( 90a). Sources, whose counting rates differed by 
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more than 2%, were rejected. In most of the cases, the 

counting rates of the sources differed by 1% or lese. 

d. Dead-time losses 

Although proportional counters have short resolving 

times, permitting the measurement of high count rates, it is 

necessary to know the magnitude of auch losses. Pate and 

Yaffe( 90b) have suggested that the resolution losses are best 

determined empirically. A resolution losa curve, constructed 

• 
by the method described by them, is shown in Fig. 1;. This 

eurve was rarely used in the present work because eare was 

taken to keep counting rates lower than 105 c.p.m., where the 

losa is about 2.5%. 

e. Source-mount absorEtion 

The use of thin films and the high energy of the 

24 ~-
beta particles emitted by Na ( Ï max 1.;9 Mev) render 

source-mount absorption corrections for this particular 

nuclide trivial and unnecessary. 
64 

The case of Cu , however, 

is more complicated. As already mentioned, 4;% of the 

64 
decay of Cu takes place by electron capture. This mode 

of decay is followed by emission of X-rays which in turn 

give rise to Auger electrons. The latter have very low 

energies and, although they can be detected by interna! beta 

counting techniques, their detection probability is not 

always unity. That is, not all of the Auger electrons 

reaching the gas chamber are able to initiate an ionization 

event that could produce a high enough signal which 

could be registered as a count in the detection system. 
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ln addition to this, Auger electrons suffer great !osses by 

absorption from the source material, as well as from the 

source mount. Therefore, in order to avoid introduction of 

such large potential sources of error, it was thought 

preferable to prevent them from reaching outside the source 

by the use of some absorber of suitable thickness. A study 

of the absorption of Auger electrons ehowed that an absorber 

thickness of about 110 ~g/cm2 was adequate to eliminate them 

completely. (Fig. 14) Hence the ou64 sources were sand-

wiched between two VYNS films and the whole covered on both 

sides by a thin aluminium foil having a superficial density 

• of 108#g/cm2. 

Since the source mount was not thin any more, 

source-mount absorption corrections had to be used for the 

~CEmax 0.66 Mev) and ~-(Emax 0.57 Mev) emitted by the 

source(B9). The source-mount absorption corrections were 

obtained from the data of Pate and Yaffe(90c) who presented 

a set of curves giving source-mount absorption as a function 

of the maximum energy of the ~-emitter for various film 

thicknesses. A replot of these data for the particular 

energies of interest is shown in Fig. 15. 

f. Self-absorption 

This is the largest error that may be introduced 

into beta radiation measurements of solid sources. The 

*The sources were not mounted directly on the aluminium in 
order to prevent chemical action of the source on the Al 
support. 
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SOURCE-MOUNT ABSORPTION CURVE FOR 
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self-absorption effects become increasingly important as 

source thickness (or superficial density) inoreases, or the 

energy of the beta particles decreases. Pate and Yaffe(90c) 

and Yaffe and Fishman(9l) have determined the self-absorption 

coefficients for a large range of beta particle energies over 

a wide range of source thicknesses. By replotting their 

resulta, which were presented again as a set of curves giving 

the self-absorption as a function of the maximum energy of the 

beta emitter for various source thicknesses, the self-

absorption curves for the nuclides of interest were obtained, 

as shown in Fig. 16. From these curves, it is clearly seen 

that for Na 24 self-absorption is really unimportant for 

source superficial densities below ;o rg/cm2 • Almost all of 

24 2 the Na sources prepared in this work were less than 20 fog/em • 

(The largest sources prepared contained 2% of the total amount 

of the 1 mg NaCl used as carrier during separation.) Hence 

24 • 
no self-absorption corrections were necessary for Na • 

Self-absorption corrections had to be used in the 

case of Cu64, since the large amount of Cu carrier resulted in 

quite thick sources, and the beta particles from cu64 are much 

softer than those of Na24 • 

• 

No other corrections were applied to the counting 

Only in the last four irradiations was Na not separated from 
the Al matrix. In these cases, the sources were 
sandwiched between two VYNS films to prevent introduction 
of possible errors by the deliquescence of the A1Cl;(xH 20). 
The additional VYNS films did not cause any source-mount 
absorption error, but self-absorption corrections were 
used in these four cases. 



Figure 16 
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a. Equi.pment 

The gas counter used in this work was that 

described by Bernstein and Ballentine( 86 ). It consisted of 

a cylindrical glass tube about ~6 cm long with an external 

diameter of 1.9 cm. About ,o cm of its wall was silver-

plated to serve as a cathode. The anode consisted of a 

0.002 1 tungsten wire, taut from one end to the other along 

the main axis of the tube. The part of the anode that lay 

outside the silver-plated area was surrounded by a glass tube 

shield whose function was to confine the electrical field of 

the gas chamber within the spaee enclosed by the cathode only. 

A diagram of the construction details of the counter is shown 

in Fig. 17. 

The counter was enclosed in a lead castle 2 1 thick 

in vertical position. The cathode of the counter was kept 

at ground potential, while the anode received a positive high 

potential from a Dynatron Radio Limited (type 200A) high 

voltage supply unit. The -anode was connected to a cathode 

follower constructed in this Laboratory by J.R.S. Drouin( 92 ). 

The output from this was fed into an Atomic Energy of Canada 

Limited amplifier-diseriminator (AEP 1448). The overall 

gain was 700. The discriminator range was from 0 to 50 

volts. Oounting rates were recorded on a Marconi ecaler 

unit ( AEP 9 08) • Auxiliary equipment included a Sola 

constant voltage transformer and a Lambda regulated power 

supply (model 25). A bloek diagram of the counting assembly 

is shown in Fig. 18. 
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The oounter characteristics are affected by the 

amount of 002 present in the gas filling. The calibration 

was divided into two main steps. In the first step, the 

effect of varying amounts of 002 on the oounter operating 

characteristics was studied. In the second, the effect on 

the detection efficiency was determined. 

(i) Effeot of 002 on the Counter 
Operating Oharacteristics: 

Carbon dioxide is a mild poison to any gas counting 

system. Bernstein and Ballentine( 86 ), as well as 

Van Slyke et a1.(9;) have shown that, when the 

total 002 pressure in the counter is lesa than 

100 mm Hg, good plateau charaeteristics are 

obtained. In fact, the recorded counts showed 

an increase with increasing voltage until a nearly 

level plateau was reached near 4000 volts. The 

slopes of the individual plateaus increased with 

increasing amounts of 002 inside the counters, 

but all reached the same count at ;900 volts. 

The same check was done during this work at three 

different pressures definitely higher than those 

expected in 

14 
of Na2c 0; 

the 

and 

actual experimente. 

12 
Na20 0; was prepared 

A mixture 

and the 002 

liberated was stored into trap II of the 

combustion apparatus {Fig. 8). From this stock 

varioue amounts of 002 were introduced into the 

counter and the plateau wae determined at various 
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bias settings. Of course the counting rates 

recorded were different according to the amount 

of gas mixture used. The resulte obtained are 

shown in Fig. 19 (a,b,c). As it is sean, the 

plateau slopes did not vary much as the pressure 

of 002 increased from 52.6 to 84 mm Hg. A 

comparison with the plateau taken with pure CH4 

filling and an external source, also shown in 

Fig. 19 (d), indicates that the plateau could be 

improved at lower 002 pressures. 

(ii) Effect of 002 on detection efficieneya 

Bernstein and Ballentine{ 86 ) as well as Van Slyke 

et a1.{9;,94) have also shown that the detection 

efficiency of the counter is not affected by the 

presence of C02 up to a pressure of 100 mm Hg 

when methane is used as the counting gas. If 

methane is replaced by PlO gas (90% argon and 10% 

methane) the efficiency falls quite rapidly when 

the 002 pressure exceeds 20 mm Hg{94). The 

effeet of 002 on the effioieney of the counter was 

che~ked by plotting the plateau characteristics 

obtained at a fixed bias setting for the three 002 

samples previously mentioned. Fig. 20 shows 

these plateaus plotted as specifie count rate 

versus operating voltage to allow for the different 

size of aliquote used. As it can be seen, the 

plateaus coincide over a voltage range from ;600 



Figure 19 

PLATEAU CHARACTERISTICS OF A GAS COUNTER 

AT VARIOUS BIAS VOLTAGES FOR 

DIFFERENT 002 PRESSURES 

a. 002 pressure - 52.6 mm Hg 

b. 002 pressure - 77.8 mm Hg 

o. 002 pressure - 84.0 mm Hg 

d. Pure methane filling 
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Figure 20 
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to ~900 volte, indicating that the counting 

efficieney did not vary for the range of 

pressures used. ~ 2 tests done in all three 

experimente showed that the counter operated 

statistically and that the 002 bad no effect 

on the counter behaviour. 

c. Oounter effieiency determination 

This operation involves the study of a number of 

effects (such as end, wall, radius and backscattering) which 

were described and extensively studied by earlier 

investigators(95,96,97,9B) who were mainly concerned with 

o14o2 gas p~ase counting in the Geiger-MÜller region. For 

purposes of the present study it was not necessary to know 

each individual effect, but to obtain an overall efficiency 

factor for the particular gas counter and radiation studied. 

Furthermore, Bernstein and Ballentine( 86 ) showed that in 

their type of counter, which was also operated in the pro-

portional region, the above-mentioned affects were minimized 

to such an extent that a combined efficiency of 98% could be 

attained. According to Van Slyke et al.( 9 ;) the best way to 

determine the efficieney of a counter would be to measure the 

count of a known amount of 002 (yielding a pressure below 

lOO mm Hg) obtained from a standard. Binee this work was 

coneerned with the measurement of o11 rather than ol4, the o11 

itself was used for the standardization of the counter. To 

this end, the oll, obtained by proton bombardment of o12 , 

was measured by the 41( counting method and the gas eounter. 
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The respective counting rates were converted to total 

absolute disintegration rates, and the ratio of the 4~ 

resul ts to tho se of the gas counter was taken. The 

standardization of the gas counter against the 4~ had the 

added advantage of rendering the beta radiation measurement 

of c 11 comparable to that of Na24 and cu64. The conversion 

of the 4ff counting rates to absolute disintegration rates is 

discussed in detail in Appendix I. 

The overall conversion factor obtained for the gas 

phase measurement of c 11 was 1.51; % 0.069 which includes the 

volume ratio of the counter. The latter is a constant for 

any one counter and is the ratio of the volume enclosed by 

the cathode toits total volume. This ratio indicates the 

fraction of the total activity enclosed in the eounter that 

would be ideally measured if its efficiency was lOO%. This 

sensitive volume was measured for the particular eounter in 

use by the toluene method(B6 ,9;) and was found to be 84.2;%. 

If VR is the volume ratio, F the overall factor and E the 

efficiency of the counter, then 

. • • . . • • . • • • • . • • • • ( 5) 

Solving for E, equation (5) becomes 

E • 1 
F x VR 

• • • • • • • • • • • • • • • • • ( 6) 

Since F • 1.51 and VR = 0.842, the efficiency can be 

calculated from equation (6), i.e. 
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This is a surprisingly low value when compared to that of 98% 

quoted by Bernstein and Ballentine( 86 ), but true. The 

reasons are unknown. One plausible explanation is that the 

electronie eqù~pment used may be responsible for this dis-

crepaney. In affect, the electronie equipment did not match 

the requirements set by the above authors, as explained by 

Van Slyke et al. ( 9;). The amplification gain was lower 

(700 instead of 1000) and the discriminator did not have the 

sensitivity specified. In fact, a rather high discriminator 

bias was used in order to eliminate the electronic noise of 

the system. Attempts to compensate this affect by the use 

of a preamplifier resulted in highly unstable operation of the 

counter. Only by the use of a cathode follower was 

reasonable stability achieved. However, it is felt that, 

although the efficiency of the counter was low, the stability 

of the counting characteristics, as already sbown, makes the 

measurement of the c11 activity reliable to within 5·7%. 

d. Resolution losses 

Bernstein and Ballentine( 86 ) reported that the gas 

counting system they used had a very short resolving time, 

permitting the measurement of very high specifie activities 

(up to 2 x 105 c.p.m.) without any appreciable resolution 

los s. However, from the decay curves of the o11 activity 

measured in this work, it beeame apparent that the resolution 

lasses in the gas counting system employed were quite 

significant even for counting rates as low as 5 x 104 c.p.m. 

Therefore an empirical resolution losa curve was determined 
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(90b) using the technique described by Pate and Yaffe suitably 

adapted for this case. 

The gas oounter was filled with a mixture of OH4 

and 002 to a total pressure of one atmosphere. The partial 

pressure of the 002 was '0 mm Hg. Eight pairs of sources of 

increasing specifie activity were prepared by evaporating some 

P'2 on polyethylene strips. The sources were covered by 

scotch tape and attaehed to the outer surface of the counter. 

The measurement of their activities was done in the following 

sequence: A, A+ B, B, B + C, C •••• etc., beginning with 

the sources of the lowest specifie activity (~'x 10' c.p.m.). 

In this manner the individual sources remained fixed in the 

same position during counting and were removed only when they 

were of no further use. Thus possible errors due to geometry 

affects were avoided. The resolution losses, plotted as a 

function of apparent eounting rate, are shown in Fig. 21. 

From this eurve, the resolving time of the system was 

calculated by using the equation 

. . . . . . . . . . . . . . . . . . (7) 

where NT is the true counting rate, 

N is the apparent counting rate, and 

~ is the resolving time of the counting system. 

At 105 c.p.m. apparent counting rate, the resolution 

4 5 loss is 1.7 x 10 c.p.m., that is NT= 1.17 x 10 c.p.m. By 

substituting the above values for N and NT in equation (7), 

the resolving time,"C, was f'ound to be 87 )J-sec. 
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B. Gamma radiation measurement 

Electromagnetic radiations (gamma and X-rays) can 

be detected by means of the scintillations they produce when 

they pass through certain crystalline substances called 

1 phosphors 1 • 

A photo-multiplier converts the scintillations into 

electrical pulses and these are recorded on appropriate 

scaling equipment after suitable amplification and selection. 

The electrical pulses are proportional to the intensity of 

the light that causes them, while the latter depends on the 

type of interaction by which the energy of the gamma rays is 

dissipated in the phosphor. The energy dissipation takes 

place in the three following ways: 

1. Photo-electric effect: 

The gamma ray ejecta a bound electron from an atom or 

molecule and imparts to it a kinetic energy (hY - b) 

where h~ is the energy of the photon and b the 

energy by which the electron is bound. By this 

process the photon is entirely absorbed, while the 

ionization produced through the interaction of this 

secondary electron resulta in a flash of light, the 

intensity of which is proportional to the amount of 

energy lost. If all the energy carried by this 

secondary electron is absorbed by the phosphor, then 

the light emitted is the maximum that can be 

produced for this partioular gamma ray and a 

photopeak resulta. 
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ii. Compton scattering& 

The photon, instead of giving up its entire energy to 

a bound electron, may transfer only part of its 

energy to an electron either bound or free. Thus 

the photon is not only degraded in energy but also 

deflected from its original path and may escape 

from the crystal either without any further loss of 

energy, or after it has undergone a number of 

scatterings, depositing part of its energy in each 

step. The light flashes produced by this process 

(Compton multiple scattering) will thus vary in 

intensity, causing a wide distribution of pulses in 

the photomultiplier. 

It is also possible that the successive scatterings 

will stop the photon entirely within the phosphor, 

in which case the light emitted will again be sean 

by the photomultiplier as a photopeak. 

iii. Pair production: 

This process occurs only when the gamma rays have 

energies higher than 1.02 Mev, which is exactly the 

amount of energy required to raise an electron from 

a negative to a positive energy state, (1.02 Mev • 

2m 0 c 2 , where m0 is the rest maas of the electron) 

in which case an electron-positron pair is formed. 

The energy in excess of 1.02 Mev appears as kinetic 

energy shared by the two particles formed. Wh en 

the positron is stopped, annihilation with a nearby 
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electron occurs and two gamma quanta are released, 

each having an energy of 0.511 Mev. The se 

annihilation gammas may or may not be detected by 

the phosphor. A characteristic 0.511 Mev photo­

peak in the pulse spectrum appeare when they are 

fully absorbed by the phosphor. 

A large variety of phosphore existe euitable for the 

detection of all types of radiation. For gamma radiation, the 

most efficient phosphor, and consequently the most widely used, 

is a Nai crystal activated by addition of the order of 0.1% 

Tl!. It is usually referred to as a Nai(Tl) crystal. This 

crystal was the detector in both types of instruments used in 

the present work for the measurement of the gamma radiation 

emitted by the nuclides studied. 

(1) 100 Channel puls~_È~!~È~!Ealz~ 

a. Eguipment 

The detector in this instrument consisted of a 

commercially available (Harshaw Chemical Co.) ;"x;" Nai(Tl) 

crystal hermetieally sealed, and optically coupled to a Du-

Mont type 6;64,5 1 photomultiplier tube. The high voltage 

was supplied to the photomultip1ier from a Baird Atomic 

(model ;18) stabilized high voltage supp1y unit. The photo­

multiplier tube was shielded from magnetic fields, which in 

general produce slight disturbances in its operation, by a 

mu-metal shield. The background radiation was reduced by 

placing the crystal-photomultiplier assembly into a 1ead 

eylinder 1! 1 thick. The fluorescent X-rays from the lead 



- 86 -

were attenuated by lining the ineide o~ the cylinder with a 

1 graded 1 shield, consisting of ai" iron lining and 1;a• 
lucite. The detector assembly and the shielding, together 

with the geometrical arrangement used for the counting of the 

sources, are shown in Fig. 22. The electrical pulses ~rom 

the photomultiplier were fed via a cathode follower (Hamner 

Electronics, model N-;51) into a linear non-overloading 

amplifier (Baird Atomic, model 215) with variable gain. The 

positive output pulses were passed through an anode follower 

into a commercial 100 channel pulse height analyser 

(Computing Deviees of Canada Limited, Model AEP 22;0). The 

analyser was equipped for magnetic core storage of the data 

and oscilloscope presentation of the measured pulse height 

spectrum. The stored data could be removed by external 

equipment auch as a pen recorder (Westronics Inc., Model 

2705, TM 100-X84M-Y) aceepting analog signale from the pulse 

height analyser and a digital print-out system which con­

sisted o~ a print control unit (C.D.C. model 460), decimal 

ecaler unit (C.D.C. model W 450), and the printer. Such an 

assemblage has a long resolution time, and the dead-time 

losses are serious when high counting rates are measured. 

The pulse height analyser was, however, equipped with a 

microammeter which indicated these dead-time losses. The 

dead-time losses were kept to a reasonable pereentage by 

varying the geometrical efficiency under whieh the sources 

were measured. It should be mentioned here that these 

losses did not distort the speetrum but only reduced its 
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overall amplitude. A block diagram of the pulse height 

analyser assembly is shown in Fig. 2,. 
b. Analysis of sEect!! 

The data obtained from a pulse height analyser are 

given in the form of a pulse height spectrum. 

In obtaining the gamma emission rate of a source 

from its pulse height distribution, all events which take 

place during the passage of the gamma radiation through the 

crystal must be taken into account. These include the 

photoelectric effect which appears as a characteristic photo­

peak, the Compton distribution, and the pair production if 

the gamma ray energy is above 1.02 Mev. This really means 

integration of the whole pulse height spectrum. In the case 

of multichannel instruments, the integration is achieved by 

adding the counting rates recorded in each individual channel. 

However, this process is not only tedious but is also subject 

to large errors even for simple spectra including no more 

than one characteristic photopeak, let alone the cases where 

more than one characteristic gamma is emitted by a nuclide or 

more than one nuclide is present in the source. The main 

difficulties arise from pulsee due to radiation soattered by 

the radiation shield, beta absorbers or other material in the 

vicinity of the detector. 

A simpler method consiste in measuring the total 

number of events falling under the photopeak and eonverting 

those events into the absolute gamma emission rate. The 

conversion is done by the following relationship: 
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N:E 
E, x P x A 

• • • . • • • • • • • • • • • • • ( 8) 

where N0 is the number of gamma rays emitted by a particular 

source. 

NP is the number of photoelectric events (area under 

the photopeak). 

E is the total efficiency of the crystal defined as 

the probability of obtaining any size pulse when 

a gamma ray strikes the crystal. 

P is the peak-to-total ratio which indicates what 
fraction of the total number of events will fall 

under the photopeak. 

A is the correction factor for absorption in the 

source and any other absorbing material used in 

the measurement. 

Of these factors, & is determined theoretically and 

depends on the energy of the gamma radiation and the source­

to-detector geometrical arrangements. Heath( 99 ) and 

Lazar(lOO) calculated the theoretical total efficiencies for 

a cylindrical ;• x ;• Nai(Tl) crystal for various source to 

crystal distances. P is determined experimentally from the 

product (P x&) whieh is ealled 1 photopeak efficiency' and 

denotes the probability of obtaining a 1 full energy' pulse if 

a gamma ray strikes the crystal. Both Heath and Lazar have 

reported peak to total ratios as a funetion of gamma ray 

energies. P varies also with the size and shape of the 

crystal, but source to detector geometry does not affect it. 

A, the absorption correction factor, is not a standard 

quantity. It depends on the type of sources used in any 

particular experiment and the absorbing material. 
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The sources used in this Laboratory for gamma 

radiation measurements were solutions of 2 ml volume enclosed 

in small standard screw cap vials. The measurement of the 

absorption factor for this type of source is quite a diffi-

cult task. In addition, constructional details in the 

crystal assembly rendered evident that, even if A were 

measured for all possible absorption effects, the reported 

efficiencies by Heath(99) and Lazar(lOO) could not be applied. 

An experimental determination of these three factors combined 

was therefore made in this Laboratory by M. May, G.V.S. 

Rayudu and G.R. Grant over an extended gamma ray energy range. 

The method has been described in detail by G.R. Grant(lOl). 

The resulte were given in the form of combined photopeak 

efficiency curves for the various shelves of the geometrical 

assembly used. 

In this work only Na24 and cu64 were measured on 

the 100 channel pulse height analyser because it was not 

possible to obtain the c 11 in a solution form convenient for 

24 64 later analysis of the carbon yield. Both Na and Cu 

sources were measured on shelf number zero. In estimating 

the area of the photopeak, the individual counts in each 

channel under it were added and the background subtracted. 

The background was estimated in the same way as it was done 

by the group that standardized the instrument(lOl). Figs. 

24 and 25 show typical spectra obtained for Cu64 and Na 24 

respectively. The dotted lines on these spectra indicate 

the estimated background in each individual case. Two 
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TYPIOAL GAMMA RAY SPEOTRUl-1 FOR ou64 
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Figure 25 

TYPICAL GAMMA RAY SPECTRUM FOR Na24 

(Including some Na2 2 aetivity) 
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things, regarding the analysis of these speetra and the 

determination of the absolute gamma emission rates of the 

above nuclides, should be mentioned here. 

i. Na 22 is generally produced along with the Na
24 

when 

aluminium is bombarded by protons. The aetivity of 

Na 22 will be present in the measured sources. 

Na22 is a positron emitter( 89), its 0.511 Mev 

Si nee 

gamma 

ray will obscure the pair production photopeak and, 

in addition, it will increase the 1eoineidence 

summing' effect. Also, its 1.28 Mev gamma ray is 

much too close to the 1.~68 Mev one of Na24 and 

therefore impossible to be resolved from the latter, 

since the resolving ability of the detector for the 

1.~68 Mev photopeak was 16% (calculated from the 

spectra obtained in the course of this work). Hence 

the 1.~68 Mev peak shown in Fig. 25 contains a eon-

22 tribution from the 1.28 Mev gamma ray of Na • 

However, this contribution is rather small due to the 

' 22 
fact that Na production is generally very small. 

22 
Furthermore, Na has a long half-liPe (2.58 years) 

24 compared to that of Na (14.9 hours) and thus the 

resulting counting rate for this nuclide is quite low. 

Hence its presence does not affect the shape of the 

1.~68 Mev photopeak, at least at the beginning of the 

measurement. Only towards the end of the decay of 

24 Na was the shape of the photopeak distorted. To 

account for this, analysis of the 1.368 Mev photopeak 
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was carried out until it started showing this 

distortion. Then the source was put aside until 

24 22 Na bad decayed. The Na contribution was then 

measured and subtracted from the gross decay curve. 

ii. As already mentioned, all sources 

were measured on the zero shelf of the detector 

assembly. At such a high geometrical efficieney, the 

'eoineidence summing' effect is quite important(99,lOO) 

and should be accounted for in the analysis of the 

spectra. However, because the 1 summing' effeet is 

a rather eomplicated one to evaluate, the general 

tendency in pulse height analyses is to measure the 

gamma-ray sources in a sufficiently low geometrical 

effieiency so that this effect becomes negligible. 

In most of the cases encountered in this work, time 

considerations did not permit measurement of the sources under 

these conditions, and therefore application of the standard 

eombined efficiency eurves determined in this Laboratory(lOl) 

led to consistently low absolute gamma emission rates by 10%, 

since summing corrections were not made. The combined photo-

peak efficiencies in which the summing effect was not ineluded 

were redetermined for the two partieular nuclides studied. 

The average value for the 0.511 Mev photopeak of Cu64 , 

calculated from 15 different measurements,was found to be 

0.097;! 0.0058, while that for the 1.;68 Mev photopeak of 

Na
24 

was 0.0;81 ! 0.0022. These photopeak efficieney values 

were used in the present work. 
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a. ~quipment 

This was a commercial instrument built by Atomic 

Instruments Co. The detector part (model 810A) consisted 

of a Nai(Tl) crystal 2" high and 13j4U in diameter with a 

centre well 5;a• in diameter and li• deep, optically coupled 

to a Du Mont, type 6292, photomultiplier tube. The photo-

multiplier pulses were amplified by a built-in amplifier and 

were then fed to the scaler (model 131) which bad a built-in 

power supply unit (model ;81). It was also equipped with a 

disoriminator unit sensitive to negative pulses ranging from 

0.25 - 10 volts, and a preset time clock. A stable high 

voltage supply (model ;12) provided the positive high voltage 

to the photomultiplier. 

is shown in Fig. 26. 

A block diagram of the instrument 

b. Calibration 

Unlike the pulse height analyser, this oounter 

eannot resolve pulses originating from different gamma ray 

energies or even distinguish between photoelectric events and 

Compton scattering. It simply records all events taking 

place in the detecter crystal regardless of their origin. 

By varying the bias, it is possible to discriminate only 

against pulses that are smaller than a certain desired size. 

With a calibrated discriminator soale, a pulse distribution 

spectrum ean be obtained in some simple cases. However, the 

beat way to uee this type of counter for quantitative work is 

to obtain an overall conversion factor for each individual 
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nuelide to be studied, provided the source geometry remaine 

within certain limita. This is actually the procedure 

adopted in the present work. 

The sources of Na 24 and cu64 were those used with 

the pulse height analyser, i.e. solutions of 2 ml volume in 

standard glass vials. cll was introduced into the same type 

of vials but in the form of BaOO~. No geometry effect had to 

be used for Na24 and cu64 sources since they were all of the 

same size. The geometry affect was checked in the case of 

c 11 because small variations in the volume occupied by the 

BaCO~ were expected. This affect was studied by placing a 

drop of a pure positron emitter (Ti4 5 in this case) in a 

glass vial and determining the count rate of the source. A 

known amount of water was then added to the source in order 

to increase its volume, and the eount rate was redetermined. 

The procedure was repeated until the initial source volume 

was brought up to ~ ml. No change in the count rate was 

detected up to a volume of 2 ml. 

The overall conversion factors for Na 24 and ou64 

were determined from data obtained in this work. The count 

rates of these sources, after suitable corrections for the 

presence of long-lived activity (Na22 in the case of Na24 ) 

and dilution, were compared with the eorresponding total 

disintegration rates obtained from 4TC measurements. Since 

no 4~ measurement data were available for o 11 , the overall 

conversion factor in this instance was determined by 

comparison with the gas eounting data. The overall 
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conversion factors obtained are shown in Table V. 

Table V 

4'1C /Scintillation 
Counter Conversion 

Nuclide Factor Remarks 

Na24 2.12 + 0.148 Average of' 1; measurements -
Cu64 8.505 + 0.648 Average of 11 measurements -

011 2.175 + 0.119 Average of' 14 measurements ---------------------------------------------
It should be mentioned.here that the decay schemas 

were not taken into account in the calculation of these 

factors. 

The dead-time losses are also an important factor 

in the calibration of this counter. Dr. A. Kjelberg(l02 ) 

had determined the dead-time lesees and found that up tc 

;oo,ooo c.p.m. no correction for these losses was neeessary. 

V TREATMENT OF DATA 

Equation (4) (P. 2) clearly shows that the two key 

quantities necessary tc determine the cross section of any 

nuclear reaction are the disintegration rate of' the product 

nuclide and the beam intensity. 

A. ~isintegration !ate deter~inat12~ 

The disintegration rates at the end of bombardment 

of the nuclides studied were obtained by the following 

procedures 

1. The log of the measured counting rates of the sample 
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sources, eorrected for resolution losses if necessary, 

were plotted versus time and the decay curves were 

thus constructed. Where long-lived activity was 

24 64) present (mainly in Na and in seme cases of Cu 

the resulting gross decay curves were resolved in the 

usual graphical way into the single eomponent deeay 

curves which were then extrapolated back to the end 

of bombardment time. Typical decay curves for c 11 , 

Cu64 and Na2~ obtained in the course of the present 

work, are shown in Figs. 27, 28 and 29 respeetive1y. 

The half-lives obtained for c 11 varied between 20.4 

and 20.7 mins, for cu
64 

between 12.6 and 12.9 hrs and 

for Na24 between 14.7 and 15.0 hrs. 

An exp1anation is due here regarding the decay curves 

of c 11 obtained by gas phase measurements. As 

a1ready mentioned, internal gas phase counting is 

sensitive to the presence of impurities. Van Slyke 

et al.( 9 3) reported that the presence of impurities 

in the filling gas (vapours, air, etc.) slightly 

reduce the efficiency of the counter and also cause 

an increase in the plateau slope. Dr. R.A. Sharp(BO) 

in his communication pointed out that either a vacuum 

-4 -5 of 10 to 10 mm Hg should be attained when the gas 

counter is evacuated or a waiting period would be 

necessary until these impurities are consumed and the 

counter characteristios become stable. The length of 

the waiting period would depend on the amount of 



Figure 27 

DECAY CURVE FOR THE 20.5 MINUTE c11 

6 - Gas Oounter 1 measured activity 

0 - Resolution loss corrections 

0 - Well-type Scintillation Counter 



-
IJJ 
t­
<( 

0::: 

(!) 

z -1-
z 
':) 

0 
u 

5 
10 

lOla 

Cu 

210 250 300 340 
TIME AFTER BOMBARDMENT (MIN) 



0 

0 

Figure 28 

DEOAY OURVE FOR THE 12.8 HOUR ou64 

41( Oounter 

100 Channel Pulse Height 
Analyser 

Scintillation Counter 



-2: 
0.. 

(.) -

C) 

z -.... 
z 2 
=>1o 
0 
(.) 

102a 

48 72 96 120 
TIME AFTER BOMBARDMENT 

144 
(HRS) 



• 

0 

• 

Figure 29 

DECAY CURVE FOR THE 14.9 HOUR Na
24 

--------------------

Experimental points, 4~Counter 

Resolved Na24 aetivity 

Experimental points, Scintillation 
Counter (well type) 

24 Resolved Na aetivity 

0 Experimental points, Pulse Height 
Analyser 

~ Resolved Na24 activity 



-2: 
CL 
0 -
liJ 
1-
<( 

a::: 

10;a 

0 
0 

P.H.A. • • 

2 
10 ~~--~--~--~--~--~--~--~--~--~--~~ 

0 24 48 72 96 
TJME AFTER BOMBARDMENT 

120 

(HRS) 

144 



- 104 -

impurities present. A maas spectrometrie analysis 

of the O.P. methane reported by Pate and Yaffe(90b) 

showed that some impurities were indeed present in 

the OH4 gas, ranging from o2H6 and higher unsaturated 

hydrocarbons to N2 and 02 which are the most injurious 

in this case. These impurities, although in very 

small percentages, were unavoidably introduced into 

the gas counter when the latter was filled with OH4 

and caused a small delay in the stabilization of the 

counter characteristics. This affect is clearly seen 

in the decay curve shown in Fig. 27, where a few of 

the initial counting rates, although corrected for 

resolution losses, still fall below the true half-life 

slope of the o11 decay. 

2. The counting rates at the end of bombardment were then 

converted to absolute counting rates by applying the 

correction factors associated with each method of 

measurement, as discussed in the appropriate sections 

of the Radiation Measurement Techniques. .The total 

counting rate for each product nuclide was then 

obtained by multiplying these correeted eounting rates 

by the appropriate dilution factors. 

~· Finally, the disintegration rates were determined from 

the above data by taking into consideration the decay 

schemes of the nuclides studied, as applied to the 

particular method of counting used. 

Thus, in beta radiation measurements 
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(OR)~ 
(DR) • •••••••••••••••••••••• (9) 

(BR)f> 

where DR is the disintegration rate of the partieular 

nuclide studied, 

(OR)f> is the total absolute counting rate as 

determined by the beta radiation measurements, 

and 

(BR)~ is the branehing ratio for beta emission. 

In the present work, the beta branching ratio for 

o11 and Na 24 is 100%( 89) while that for cu64 is 57%{89) 

( 19% p + and ;8% ~-) si nee the electron capture bran eh was 

totally eut out. In gamma radiation measurements 

(OR)r 
DR • --- ( 1 + 0( ) • • • • • • • • • • • • • • ( 10) 

(BR)t T 

where (CR)f is the absolute emission rate for the 

particular gamma ray used, 

(BR)y is the fraction of the gamma transitions that 

this gamma represente (branching ratio), and 

~T is the internai conversion coefficient of the 

same gamma ray. 

The branching ratio for the 1.;68 Mev gamma ray of Na 24 is 

lOO% while that for the cu64 0.511 Mev is ;8% (i.e. 2 x 19%) 

since these gamma rays result from the annihilation of the 

positrons. 

The interna! conversion coefficients for both gamma 

rays were negligible and were not taken into aocount. 

The counting rates obtained by the well-type 

scintillation counter were directly changed to disintegration 

rates by applying the overall conversion factors already 

mentioned. 
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B. Beam intensity measurement 

The beam intensity waa monitored by means of the 

A transformation of the general 

equation 

( - .Â t) { ) (DR)p = I nt() p 1 - e P • • • Eq. ;, P. 2 

was worked out by applying it simultaneously for both target 

under study and monitor. 

If subscripts (TS) and (PS) denote respeotively 

target and product nuc1ides of the reaction under study and 

(TM) and (PM) the corresponding nuclides for the monitoring 

reaction, th en 

(DR)PS • I nTSO"PS(l 
- e- Â PSt) . . . . . . (11) 

(DR)PM • I nTM C) PM( 1 - e 
- 'ÀPMt) . . . . . . ( 12) 

where (DR), I, n, ô, ~, and t have the same meaning given 

on pp. 1 & 2. 

If equation (11) is divided by equation (12), the 

fol1owing expression ia obtained: 

nTS x 6"PS x ( 1 - e- /\ PSt) 

= - ~ PMt) • • • • • • ( 1 ; ) 
n TM x Cf PM x ( 1 - e 

where I is eliminated. 

If one solves for the cross-section ratio ~pg/~M' 

equation (12) beeomes 

( } 1 - e- ~ PMt DR PS nTM 

(DR)PM x n'l'S x 1=-e-~Pst 
. . . . . (14) 

nTM and nTS may be calculated from the experimental data in 
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the following way: 
1 

If W is the total weight of any target foil of 
1 

uniform thickness x, and A is its total area, then the weight 

W of the target area exposed to the particle beam will be 

W = W 
1 

x A == ( SD) x A 
A' 

. . . . . . . . . . 05) 

where (SD) is the superficial density of the target foil. 

The number, n, of nuclides contained in the exposed fraction 

of the target will then be 

n ,. W x N x (NA) • (SD) x A x N x (NA) •• (16) 
(AW) 

where (AW) is the atomic weight of the target element used, 

N is Avogadro 1 s number, and 

(NA) is the natural abundance of the particular isotope 

of the target element, which is of interest in 

the nuclear reaction under study. 

If one substitutes nTS and nTM by their equivalents 

from equation (16) and takes into consideration that the area 

presented to the beam of ineoming partieles is the same for 

both target and monitor, equation ( 14) bec omes 

ops (DR)pg (SD)TM (NA)TM (AW)TS 1 _ e -lpMt 
•• ( 17) -- .. ----x ---x ----x x 

(T'PM (DR)PM (SD)TS (NA)TS (AW)T'M 1 - e 

From equation (17) the cross-section ratios of the 

Al 27(p,)pn)Na24 and ou6 5(p,pn)cu64 reactions to that of 

c 12(p,pn)c11 were ca1culated. These ratios were subsequent1y 

eonverted into absolute cross-section values by using the 

results of Aamodt et al. (56 ) corrected according to Orandall 
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et al.<'9 ) for the c 12(p,pn)c11 excitation function. This 

excitation funetion, drawn on an expanded seale, ia shown in 

Fig. ;o. 

O. Errors 

Equation {17) may be written in a more convenient 

form 

where 

{DR)ps (SD)TM 1 - e- ~PMt 
= o;M x K x { D-)- x ( D) x ~ • • • • • • • • { 18) 

R PM S TS 1 - e- Pst 

K • 
(NA.)TM 

(NA)TS 
• • • • • • . • • • • • • • • • • • • • • • • • • ( 19) 

From equation (18) it is possible to caleulate the 

standard deviation of the cross sections to be reported in 

this work. Let ~(X) be the standard deviation of any of the 

measured quantities (X) involved in equation (18). Then 

In the fo11owing paragraphe the standard deviation 

involved in each individual factor above will be discussed 

and quoted. 
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The above quantity indicates the error involved in 

the monitor cross-section values used. Aamodt et a1.(36 ) 

quoted an error of ! 5% in the absolute cross-section values 

reported. However, after applying the corrections suggested 

by Crandall et al. (;9 ), it was not possible to aocept that 

value any longer. An error of ! 10% was adopted throughout 

the energy region of the McGill Synchrocyclotron. This is 

slightly pessimistic for the higher energies where the cross-

section variation is slow, while it is optimistic for the 

low-energy region where the cross-section variation is rapid. 

2. 

No errer was assumed for this term as it contains 

well-established values for the atomic weights of the 

elements used and their natural abundances, as obtained from 

the Nuclear Data sheets( 89 ). If one wished to assign any 

error to that term, ! 1% would be a rather pessimistic value 

since all three nuclides have been wall studied. 

;. Ll (DR)PS 
----and 

(DR)PS 

The standard deviations in the disintegration rates 

of the nuclides studied vary according to the methode of 

measurement used and the accuracy of their decay schemas. 

Thus, for the 43'( measurement technique, which was the basic 

one in this work, the standard deviation in the disintegration 
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rate is determined from the following equation 

DR 
CR 

( 21) = ·------ . . . . . . . . . . . 
(BR) x fd x f x fM x fAN s 

where CR is the count rate of the source, 

BR is the branching ratio of the nuclide studied, 

fd is the dilution factor 

fs is the self-absorption correction factor, 

fM is the source-mount absorption correction factor, and 

fAN is the analytical factor which embraces the elution 

yield determination, by chemical analysis or 

other means. 

The errors in the above factors can be kept small 

The error in these factors depended 

on their valu~s. For a factor greater than 0.95, the error 

introduced is as low as 0.5%, while for lower values it 

increa.ses. Of course the errors in the decay schemes cannat 

be a voide d. For well-studied nuclides the errors are 

negligible. The errors a.dopted for the nuclides studied a.nd 

the total estima.ted error in the corresponding disintegration 

rates are 1isted in Table VI· 

Table VI 

% error accepted 

Nuclide C. R. B. R. 

Na24 :t 1 ± 1 :t 2 

Cu 64 :t 1 i-2 :t 2 ±2 

c11 :t 1 ± 1 ± ; 

:!: 2 

:t 2 ±; 

± ; 

----%-
error 

in D. R. 

+ ; 
+ 5 -
+ 4.2 -
-----
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The error in f
8 

for the case of c11 
was derived 

from the self-absorption study reported in Appendix I. 

Similar ca1culations ean be applied to all other 

methods of measurement in order to obtain the errors in the 

disintegration measurements. However, a simpler method for 

evaluating them was adopted, arising from the fact that the 

standardization of the equipment used was done against the 

4}L counter. By this standardization, all individual errors, 

such as aliquoting, analytical, decay scheme and efficiency, 

were combined in the overall conversion factors, determined 

by eomparison of calculated absolute counting rates obtained 

in eaeh case to the corresponding absolute disintegration 

rates determined by 4~ measurements. Hence the statistica1 

uneertainty in the disintegration rates obtained with all 

other methods will be the root-mean square of the errors in 

the 4~ disintegration rates and the eorresponding overall 

efficiency factors in each case. 

These have already been mentioned in the appropriate 

sections of this work dealing with their determination. These 

errors are listed in Table VII. 

Table vrr 

% Errors in the measurement of 

Well-type Pulse Height 
Gas Counter Sein.Counter Analyser 

4TC efficiency eombined eombined 
Nuclide DR factor eff'iciency efficiency 

Ne.24 :t~ ! 7. 0 ! 5· 8 
Cu64 ~5 ! 7.6 ! 6.6 

0 11 + - 4.2 + - 4. 5 ! 5-4 
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The overall unoertainties in the disintegration 

rate determinations are shown in Table VIII. 

Table VIII 

% Errors in disintegration rate 

Well-type Pulse Height 
Nuclide Gas Counter Sein.Counter Analyser 

Na24 + 7.6 + 6.5 -
cu64 t 9.1 + 8.; 

011 + 6.1 + 8.2 - -

4. 

The errors for these quantities were experimentally 

determined. For Na and Cu foils the error was 1%, while 

that for o11 was ;%, as already mentioned. 

5· 
L1 (1 - e- ÂPMt) 

( 1 - e- ÀpMt) 

and 
~ ( 1 - e- ')PSt ) 

(1 - e- 1 Pst) 

The errors involved in the determination of these 

values are diffieult to calculate. They largely depend on 

the aecuracy of the timing of the irradiations and the half-

lives of the product nuclides measured. For long-lived 

nuclides, small errors in the half-lives experimentally 

obtained do not affect the overall aecuraey of the saturation 

terme. In the case of short-lived nuelides, large errors 

may result. 

The intensity of the beam was assumed to be stable 
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during irradiation and the timing was done by meana of a 

stopwateh. However, there is still an uncertainty regarding 

the stability of the beam intensity and an error of ! 2% is 

assigned to the monitor saturation factor, while an error of 

! 1% was assigned to the saturation factors of Ou and Na, 

based on the good agreement obtained for the experimentally 

determined half-lives and their small decay constants. 

On the basis of the above discussion and error 

assignments, the total error in the calculated cross sections 

0 ~ Na24 and cu64 ~ th d ~ t ~ .or every me o o~ measuremen was 

determined. Table IX lista the errors for each method of 

determination 

Nuclide 

64 
Ou 

Method of 
measurement 

41t 

Well-type 
Scin.Counter 

41l 

Well-type 
Sein.Oounter 

Table IX 

011 

Method of 
measurement 

Gas Oounter 

Well-type 
Scin.Counter 

Gas Oounter 

Well-type 
Scin.Counter 

Total error 
(standard deviation) 

in ealeulation 

t 1;% 

+ - 16% 
·-~---·------

+ 14% 

+ 17% 

An additional determination of the cross section of 

cu64 , using Na24 as a monitor, was determined for the pulse 

height analyser data obtained in this work. The monitor 

cross-section values used in this case were those determined 
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in the present work. The error in this determination was 

calculated and was found to be ± 18%. 
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RESULTS ---

The irradiations, performed in the McGill 

Synchrocyclotron, ranged between 21 Mev, which is just 2.5 

Mev above the threshold of the monitor reaction, and 90 Mev, 

the maximum energy available. 

In calculating the excitation functions of the 

A1 27(p,,pn)Na24 and ou65(p,pn)cu64 reactions, the data were 

grouped in sueh a way that a direct check of the variations 

in the final result, caused by the use of different activity 

measurement techniques, would be possible. Since no pulse 

height analysis data were available for c
11 

measurement, the 

consisteney of the resulta obtained by this method was 

checked by determining the excitation funetion of the 

cu65(p,pn)Cu64 reaction relative to that of A1 27(p,3pn)Na 24. 

The monitor values used for this calculation were obtained 

from the excitation function of the above reaction, as 

determined by the other two methode of aetivity measurement. 

Table X contains the disintegration rates of the 

product nuclides of each reaction, as determined by the 

various aetivity measurement techniques. 

In Table XI the K values listed represent the 

combined result of all other experimental data which enter 

in the cross section calculations as required by Equation 17 

(P. 107), tha t is 

(AW)TS x (NA)TM x (SD)TM x (1 - e- 'À PMt) 
(22) l( -

-"PSt) 
. . . . . . 

(AW)TM x (NA)TS x (SD)TS x (1 - e 
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~ ~ 
The cross sections of the Al (p,)pn)Na and 

cu6 5(p,)pn)cu64 reactions, calculated on the basie of 

c 12{p,pn)c11 , are listed in Tables XII and XIII respectively. 

Eaeh of these tables is followed by two graphical repre-

sentations of the excitation funetions obtained, one on 

linear and another on semilog seale. This was necessary, 

especially in the case of the Al 27(p,)pn)Na24 reaction, in 

order to show clearly very low cross section values obtained 

near the threshold. 

The cross-section values of the cu6 5(p,pn)Cu64 

reaction, ealculated on the 
27 24 

basis of the Al (p,)pn)Na 

reaction from the pulse height analyser aetivity measurements, 

are shown in Table XIV. For comparison 1 s sake, the same 

ealeulation was done using the 41( measurement data. 

Fig. )5, following Table XIV, shows these resulta 

in eomparison with the excitation function of the 

Cu65(p,pn)Cu64 reaction as obtained with respect to that of 

12 11 
0 (p,pn)C • 

Whenever duplicata cross-section values were 

available, the average value was used in the construction 

of the excitation function. 
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Explanation of Symbole used in Tables X to XIV 

Ep • Proton energy. 

G.C. = Gas counter. 

W.S.C. = Well-type scintillation counter. 

45( = 4f(' counter. 

P.H.A. • lOO channel pulse height analyser. 

a - No carbon foil was used in this bombardment. 

b - Analysis of the carbon wa.s spoiled. 

c - The counter was not operating properly at the time 

of the measurement. 

d - No Na. 24 activity wae produced a.t this energy. 

24 e - The Na activity was so little tha.t the spectra 

were not possible to analyse due to interference 

of Na.22 • 

f - These irradiations were the first of the series 

and the Cu foil had not been included a.t the 

time. 



Tallle X 

DISINTEGRATION RATES OBTAINED BY THE VARIOUS METHODS OF ACTIVITY MEASUREMENT 

E c11 Na24 Cu64 
Irr P ---------- -------------- --------------
No. Mev G.C. W.S.C. 4~ W.S.C. P.H.A. 4~ W.S.C. P.H.A. 

1 21 1.693 x 109 1. 711 x 109 d d d' 4.527x 108 4. 733 x 108 4.300 x 108 

2 27 7.780x109 7.659x109 1.550x104 1.604x104 e 4.507x 108 4.457x 108 4.307x108 

3 33 6.589 x 109 6.164x 109 1.800x 105 1.537x 105 2.052 x 105 1~279 x 108 1.138 x108 1.325 x108 

4 33 1.342x1010 o 5·894x105 5.300x105 5·638x105 4.054x108 4.418x108 4.243x108 

5 38 2.020x109 1.981x109 2.070x105 1.855x105 1.929x105 4.165x107 3.768x107 3.835x107 

6543. 8.295x109 8.494x109 3.450x106 3~286x106 3.330x106 1.589x108 1.635x108 1.556x108 

7.45·5~~1.596x1o10 1.733x1010 1.850x106 1.758x106 1.790x106 1.091x108 1.000x108 1.083x108 

8 50 1.700x1010 1.817x1010 4.407x106 4.060x106 4.425x106 1.356x108 1.296x108 1.381x108 

9 577 1. 348 x 109 b 3. 300 x 106 3. 307 x 106 3. 396>x 106 t 1! :!' 

10 ô-2 1.956 x 109 1. 779 x 109 3.100 x 106 3.180 x 106 2.959 x 106 2.172 x 10 7 2.460 x 10 7 2.294 x 10 7 

11 67? 8.885x109 9~ .. 375x109 3.380x107 3.328x107 3.529x107 f f f: 

12 72 1:;07x 109 1.313x109 3.730x 106 3.604x 106 3.398x 106 2~277x 107 2~.319x 107 2.233x 107 

13 75 l~02ax 1010 1.068x 1010 2.830x 10 7 3.222x 107 3.102x 10 7 f f t 
14 82 3.580x 109 b 5.500x 106 5·433x 106 5.326x 106 3.644x 107 3.099x 107 3e396x 107 

15 82 5.028x 108 c 1~288x 106 1.260x 106 l.259x 106 8.165x 106 c 8.192x 106 

16 86.51.019x109 1.058x109 3.100x106 3.180x106 3.015x106 f 1r ~-
177 86.5 a a. 1~790X 10

6 
1.759 x 10

6 1~744x 10
6 1~072x 107 1.118x 107 1.043x 107 

....... 

....... 
\() 
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Table XI 

CALOULATED CONSTANT FAC!ORS 

(AW)TS 
K•---x 

(AW)TM 

Dura ti on 
Hours 

1.18; 

0.980 

0.500 

o. 750 

0.500 

0.500 

0.500 

0.500 

0.250 

0.500 

0·555 

0.758 

0.266 

o.;92 

0.500 

o.;os 

0.250 

vs. 

d 

58.887 

84. ;8o 

65.056 

84. ;sa 

89.625 

270.994 

167.410 

61.450 

89.625 

48.099 

67.814 

6;. ;o6 

119.680 

87.459 

61.176 

a 

1 - e- ÂpMt 
x-----

1 - e- À Pst 

K 

95·550 

106.570 

160.915 

124.685 

160.915 

174.205 

519.150 

520.689 

t 
'' 

177.598 

118.540 

f 

f 

a 

--·----

1.811 

1.809 

1.906 

1.916 

1.906 

1.94; 

1.915 

1.915 

f 

1.981 

1.745 

t 

1.874 

1.915 

f 

1. 740 



Table XII 

CROSS SECTION CALCULATIONS FOR THE Al27 (p,3pn)Nà24 REACTION USING c12(p,pn)c11 AS MONITOR 

Irr E Disintegration nate ratios oc11 ~824 (mb) p 
:No. Mew K 41t vs. GC WSC vs. WSC (mb) 4K vs. GC WSC vs. WSC.; 

1 21 à d - d d d d 

2 27 58.887 1~992 x 10-~ 2.094 x 10-6 58.5 + 0.007 - 0.001 + 0.007 - 0.001 
3 33 84.380 2.732. x 10.;..5 2.493 x 10.;;.5 80.0 + 0.184 - 0.026 0.168 !' 0.028 
4 33 65.056 4.390 x 10.;..5 8o.o + c 0.224 - 0.031 C; 

5 38 84.380 1.025 x 10.:;.4 9.363 x 10-5 86.0 + 0.744 - 0.104 + 0.680 - 0.110 
6 43 89.625 4.159 x 10-4 3.868 x 10.:..4 87.0 3.23 + - 0.45 3.00 + - 0.49 

1.159 x 10-4 1.015 x 10~ + ! o. 39! 
..... 

7 45-5 270.994 87.0 2.73 - 0.38 2.40 1\.) ..... 
8 50 167~410 2.592 x 10-4 2.234 x 10~ 86.5 3·75 ! 0.52 3.20 + - 0.53 
9 57 61.450 2.448 x 10.:.3 b 82.5 12.4 + 

- 1.73 b. 

10 62 89.625 1.585 x 10.;.3 1.787 x 10-3 79-.-5 11.3 !' 1.6 12.7 + - 2.1 
·11 67 48.099 3.804 x 10.:.:; :;. 550 x 1<f'"' 77.5 14.2 + 

- 2.0 13.2 + - 2.2 
12 72 67.814 2.854 x 10.;.3 2.745 x 10~3 74.5 14.4 + - 2.0 13.8 + - 2.3 
13 75 63.306 2.769 x 10.;..3 :;.017 x 10.;,3 73.0 12.8 ! 1.8 13.8 + - 2.:; 
14 82 119.680 1.536 x 10.;,3 lb 70.0 12.8 + 1 8 ... . ',, .. 
15 82 87~459.J 2.562 x 10.:.:; 70.0 15.6 + c - 2.2 Œ 

16 86.5 61:~176 3.042 :x. 10.;..:; :;.oos x: 10-3 681.0) 12~6 + ~ 1.7 12~4 + ~ 2.0 ,. 
17] 86.5 a a a a· "' ,.. 

a a 



Figure_2.!. 

LINEAR PLOT OF THE EXCITATION FUNCTION 

OF THE Al 27 (L.i.E.!ÜNa 
24 

_BEACTION, 

OBTAINED ON THE BASIS OF THAT OF 

c 12 (p~_En)C~ 

--o--

4~ versus G.C. data 

Well-type scintillation counter data 

Resulte of Yule and Turkevioh 
(6;) 

Results of Hicks, Stevenson, and 

Nervik(59 ) 

Excitation function of Hintz and 

Ramsey(;5) corrected according to 

Crandall et a1.(;9) 
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Figure ,2g 

SEMILOGARITHMIO PLOT OF THE EXCITATION 

FUNOTION OF THE Al 27(Eï2~1Na24 

REACTION OBTAINED ON THE BASIS 

OF THAT OF o12(p,pn)c11 

49( versus G.O. data 

Well-type scintillation counter data 

-~0 Results of Hicks, Stevenson, and 

Nervik(59 ) 

Excitation function of 

Ramsey(~5) corrected 

Orandall et a1.(~9) 

Iule and Turkevich 
(6,) 

Hintz and 

according to 
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Table XIII 

CROSS SECTION CALCULATIONS FOR THE Cu65(p,pn)U~64 HEACT~ON USING c12(p,pn)C11 AS MONITOR 

Disintegration rate ratios acll 
acu64 (:mb) 

Irr Ep 
No. Mev K 41t vs. GC wsc vs. wsc (mb) 41t vs. GC WSC vs. WSG; 

1 21 93-550 2 •. 674 x 10-1 2.765 x 10-l 13.5 338 :! 51 349 ! 61 
2 27 106.570 5-793 x 10.:;..2 !).819 x 10-2 ;s.; 361 ! 54 • 363 - 64: 
3 33 160.913 1.941 x 10~2 1.846 x 10-2 8o.o 249 .! 37 238 ! 42 

;.020 x 10-2 .• 

301 .t 45 4 33 124.685 80.0 .... 
c c 1\) 

2.062 x 10.;;.2 1.902 x 10-2 285 ! 43 263 :! 46 
.f::-

5 38 160.913 86.0 
6 43 174.205 1~915 x 10-2 1.924 x 10.:.2 87.0 290 .t 43 291 .t 51 

7 45--5 -519.130 6.830 x 10-3 ;.769 x 10.;;..2 87.0 ;os ± 46 260 ! 46 
8 50 320.689 1/.976 x 10 

_, 
f:-133 x 10 

... 2 86.; 221 ! 33 198 ! 35 
10 62 177.598 1.110 x 10.;;.2 1.382 x 10.:;..2 79-5 157 ! 23 195 ! 34 
12 72 118.340 1.742 x 10.;.,2 1.764 x 10"'"2 

74-5 154 ± 23 156 ! 27 
14 82 215-943 1.018 x 10.;;.2 b 70.0 154 ! 23 '& 

15 82 167.539 1.623 x 10.;;.2 c 70.0 190 ! 28 Œ 



LINEAR PLOT OF THE EXCITATION FUNOTION 

OF THE Ou65(~~)0u64 REACTION, 

OBTAINED BY USING REACTION 

o12(pLÏn)o11 AS MONITOR 

41( vs. G. O. data 

Well-type scintillation counter data 

Excitation function of Meadows( 65), corrected 

• Resulta o~ Yule and Turkevich( 6;) 

• Resulta of Coleman and Tewes( 67 ) 
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Figure 34 

SEMILOGARITHMIO PLOT OF THE EXCITATION 

FUNOTION OF THE Ou65 (E 2 ~~cu6~ 
REACTION OBTAINED BY USING 

~12 (E,En)c 11 AS A MONITOR 

4Jr vs. G.C. data 

Wall-type scintillation eounter data 

Excitation funct1on of Meadows( 65) correeted 
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Table XIV 

CROSS SECTION CALCULATIONS FOR THE Cu65(p,pn)Cu64 REACTION 

USING Al27 (p,3pn)Na24 ÀS MONITOR 

Irr Ep: Disintegration rate ratios ~-24 
a<Ch64 (mb)) 

Ho. Mev K 411 vs. 4'Jt PHA vs. PHA (mb) 411 vs. 411: PHA vs. PHA 

2 27 1.809 2.907 x 104 0.007: + e 368-:- 59 e 
3 33 1.906 7:'.105 x 102 6.457 x 102 0.200 271 ! 43 246 ! 44 
4 33 1.916 6.878 x 102 2 77.525 x 10 0.200 2.64 ! 42 + 288- 52 

2.012 x 102 1.988 x 102 268 ! 42 265 ! 48 
..... 

5 38 1.906 0.700 1\) 
-..1 

6 43 1.943 4'6.06 46.72 1.600 143 ! 23 145 ! 261 
7 45-5 1.915 58.97 60.50 2.300 260 ! 41 266 ! 48 
8 50 1.915 30.76 31.21 4.300 247 ! 39 251 ! 45 

10 62 1.981 7.006 7.752 13.6J 189 ! 30 209 ! 37 
12 72 1.745 6.105 6.571 14.0 149 ! 24 161 ! 29 
14 82 1.874, 6.625 6.376 13.$ + 1.73 - 28 166 ! 30 
15 82 1.915 6.339 6.506 13.9 169 .± 28 173 ! 31 
17 86.5 1.740 5-989 5.981 13.&' 144 ! 23 144 ! 26:i 



Figure ;5 

GRAPHICAL REPRESENTATION OF THE CROSS 

SECTION VALUES FOR THE REACTION 

Qu65iELEn)Cu~OBTAINED ON THE BASIS OF 

THE Al 27(F~2~~)Na24 REACTION 

EXCITATION FUNCTION SHOWN IN FIG. 2! 

0 

0 

Excitation function obtained on the 

basie of the c 12 (p,pn)c11 reaction 

(Fig. ;;) 

4 !fl:' e ounting da ta 

Pulse Height Analyser counting data 
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DISCUSSION 

I GENERAL 

The discrepancies in the excitation ~unctions o~ 

the reactions studied may be due to three sources o~ errors. 

1. Err~!!_Ori~in~tiE~n the irradiation 
technii~~~~ 

These can be o~ two kinds: 

(a) Positive errors due to arti~icial increase in 

the measured residual activity, from secondary 

reactions leading to the same reaction product. 

(b) Negative errors arising ~rom losses in the 

residual activity due to nuclear recoil 

processes. 

(a) Errors o~ this type exist in some of the earlier 

works using thick targets or the 'stacked ~oil' technique. 

The latter, described in detail by Aamodt et al. ('6 ) and by 

Hintz and Ramsey(,5), was widely used since it eould yield a 

~ull excitation ~unction in a single irradiation. The 

secondary particle production inherent in this technique was 

correeted ~or in most cases by applying a small correction 

~actor to the experimental resulta. That large errors could 

be introduced by the above ~actor was ~irst pointed out by 

Orandall et al. ('9 ) who received ~urther support ~rom 
Rosen~eld et al.(42). The latter pointed out that seeondary 

protons and neutrons with wide energy distribution are 

produced in the absorbera by inelastic collisions. 
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The secondary protons may either be stopped within 

the absorber in which they were produced or emerge from it 

with energies falling below or above the threshold of the 

nuclear reaction studied. The energy distribution of the 

emerging protons, and thus their contribution to the product 

activity, depends on the initial energy of the proton beam, 

the thicknese of the absorbera (energy degradation steps) and 

the characteristics of the very same excitation function under 

study. Generally, this contribution is small and does not 

extend too far into the target stack, at least when the 

energy of the initial proton beam is of the order of lOO 

Mev( 42 ). 

The case is different with the secondary neutrons. 

In general, neutron-induced reactions have lower thresholds, 

higher cross sections, and their excitation funotions have 

maxima occurring at rather low energies. This means that 

neutrons are more effective at low energies. As the proton 

beam penetrates into the stack, high-energy neutrons whieh 

did not cause secondary reactions are also degraded and add 

on to the new low-energy neutrons produced. Thus the 

errors due to secondary reactions induced by neutrons 

increase in a cumulative manner as the low-energy part of the 

target stack is approached, until the emerging neutrons reach 

the energy level of their maximum effeotiveness. Beyond 

that level their effectiveness falls off rapidly. The net 

effeet of this process is an apparent lowering in the 

threshold energy and a consequent raising of the lower 
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portion of the excitation function. 

The magnitude of the error introduced by these 

secondary reactions cannot be estimated unless flux and 

energy distribution of the secondary particles are known at 

every point in the staek. 

The above discussion applies also when 1 thick 1 

targets are used, although the errors in this case are 

generally small. For instance, Crandall et al. (39 ) 

estimated that the secondary reaction contributions in the 

case of the Al 27(p,;pn)Na24 reaction are lesa than 1% if the 

target thickness does not exceed 0.5 g/cm2 • 

(b) Thin targets are in wide use today, and the 

1stacked foil1 technique has virtually been abandoned. 

However, the thin target technique may introduce some errors 

due to aetivity losses from nuclear recoil processes. The 

latter are due to momentum transfer and occur when nuelear 

collisions or emission of nucleons take place. The recoil 

lasses depend on the range-energy relationship of the 

recoiling nuclei in the target material. 

Fung and Perlman(l03), for instance, bombarded thin 

Al foils (0.25 and 0.5 mil) with protons, deuterons, and 

alpha par~icles of varioua energies, and measured the amount 

of Na24 activity lost in every case. They found that losses 

in the direction of the beam, presumably due to collisions of 

the target nuclei with the bombarding partieles, were greater 

than the lasses in the opposite direction, which were 

consistently below 2%. They also found that the losses in 



- 1;2 -

the forward direction inereased as the masses and the energy 

of the bombarding partieles increased. This increase was 

not monotonie but had a maximum which occurred at about 

60-70 Mev in the case of protons, 120-140 Mev in that of 

deuterons and at about 160 Mev for the alpha particles. The 

maximum recoil loss for the 0.25 mil foil was 29%, while that 

for the 0.50 mil was 14.5%· These resulta indicate that the 

optimum thiekness of a target to be used depends upon the 

type and energy of the bombarding particles. The errors due 

to secondary reactions define the upper limit of thiekness to 

be used. An alternative method of eliminating recoil losses 

is to use a target consisting of three thin foils whereby 

losses occurring in the second foil are eompensated by the 

contributions from the first and third. 

2. Errors in the actiyi!z me~~~~~E!_!~~ÈE~~~~ 

These are inherent in the methode used and depend 

on the decay characteristics of the activity measured, the 

instruments employed, and the calibration factors assoeiated 

with them. This discussion will briefly outline the 

possible errors in each of the methode of activity measurement 

used. 

(a) External beta measurement techniques: 

Most of the early work was done by techniques 

• tl 
involving the use of Ge1ger-Muller or End-Window p~oportional 

counters. These had the advantage of often eliminating 

chemical treatment of the targets. Ohemical treatment was 

done only when a large number of radioactive products 



resulted from the target bombardment (e.g. Cu bombardments). 

However, the resulta obtained by these measurement techniques 

were not so accurate because of the large number of 

correction factors needed to eonvert the measured counting 

rates to absolute rates. These factors are: 

i. Geometrieal effieiency of the eounter. 

ii. Absorption of activity in the air space between 

source and eounter window. 

iii. Absorption of activity in the counter window. 

iv. Absorption and scattering of the radiation emitted 

by the source itself (self-absorption and 

self-scattering). 

v. Backscattering or radiation by the source support. 

The last two factors are the most important of all 

t di (104-109) and have been the objecta of intensive s u es . 

Many disagreements in experimental resulta obtained by 

external beta measurement techniques were due to these two 

factors. 

The cause of the disagreements was resolved when 

Seliger( 40, 4l) reported that the saturation backscattering, 

although independant of the energy of the beta radiation, was 

lower for positrons than for negatrons. This suggested that 

the self-absorption factor also should depend on the sign of 

the bata radiation basides its energy. The latter was 

verified experimentally by Rosenfeld et al.<
42 ) in the case 

of c11 • 

An estimated error of ! (15-20)% has been repeatedly 
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attaehed to resulta obtained by these methode by various 

investigators. However, it must be borne in mind that the 

aceuraey ean be improved by employing better-quality 

instruments and more refined calibration procedures. 

(b) Internal beta measurement techniques: 

These techniques are an improvement in the activity 

measurements because the introduction of the active source 

inside the counter chamber removes all external calibration 

factors. 

Three main types of countersare in wide use today, 

namely 211: , 41{', and gas phase. The correction factors 

necessary for the 2~eounter are those of backscattering and 

self-absorption, while in the case of the 41è counter only 

the self-absorption factor is of importance. In regard to 

the gas counter, which can be used only when the source to be 

measured can be brought into the gas phase, even the 

self-absorption factor is eliminated. 

Gas phase counting is particularly suitable for the 

measurement of soft beta radiation, for which the self-

absorption losses are quite high. Oertainly, in this 

particular technique, other problems arise, as discussed 

elsewhere in this work. However, an accuracy within ± 5% or 

better can easily be achieved. The accuraey of the 2~ 

counter is of the same order. 

The 41( measurement technique has been the object 

of intensive studies(90,9l,llO-ll4) and the continuous 

refinements in the calibration procedures have rendered it 



one of the most accurate methode for activity measurements. 

Accuracy within ~ 1% or better can easily be achieved if 

instruments of good quality are used and proper care in the 

calibration procedure is exercised. 

(c) Gamma measurement techniquesl 

The errors in these techniques are different in 

nature. They are mainly due to the quality of the instru-

mente used, the efficiency of the detection deviees, the 

complexity of the gamma-decay scheme of the sources measured 

and the analysis of the spectra. The latter especially has 

been studied repeatedly, and varioue methode of analysis have 

been proposed whereby simplifications and improvements have 

rendered possible the measurement of gamma activity with an 

average accuracy of ~ (5-10)%. There is no upper or lower 

limit of error in this type of measurement. In casee of 

complex gamma spectra, the error increases, while for simple 

spectra the error may be even less than ! 5%. An improvement 

in the accuracy of this technique is possible by calibrating 

the instrument with sources previously standardized on a 45\ 

eounter. 

,:5. Errors ori~in!,_!:!EA_fro~-- the be~~-~2_ni tori_!!_g 

No limit can be set for these errors. They depend 

entirely on the method by which the beam is monitored. If 

it is done by absolute means, the error depends on the 

accuracy inherent in the instrumental arrangement employed. 

In cases where relative measurements are utilized, 

proper selection of the monitor reaction is a very important 
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factor. The accuracy of the monitor cross-section values 

affect to a great extent that of the reaction studied. One 

should also bear in mind that in any nuclear reaction the 

cross sections change rapidly in the energy range near the 

threshold. They are therefore lesa accurate for use as 

reference standards in this energy range. 

II OONSISTENCY OF RESULTS REPORTED IN THIS WORK 

From the preceding discussion, it is obvious that 

resulta obtained, even by the same experimenter, may vary 

considerably if different experimental techniques are 

employed. One of the aima of this work was to check the 

magnitude of these variations arising from the use of 

different activity measurement techniques. Any errors in 

the activity measurements are reflected in the final cal­

culation of the disintegration rate ratios and therefore in 

the determined cross sections. Tables XII, XIII and XIV 

(pp. 121, 124 and 127 respectively) provide a direct measure 

of these variations. 

An 1average' deviation between the resulta obtained 

by the different activity measurement techniques in this work 

was caleulated in the following mannar: 

The disintegration rate ratios obtained by beta 

measurements were arbitrarily considered as standard. From 

these the corresponding ratios, obtained by gamma measurements, 

were subtracted, the differences expressed as per cent 

deviation from the standard, and their root mean square 
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extracted. 

The 1average 1 deviation of the well-scintillation 

+ 27 24 counting data waa - 8.9% for the Al (p,;pn)Na reaction 

excitation function (Table XII) and ! 10.8% for that of the 

ou65(p,pn)Cu64 reaction (Table XIII), while the 'average' 

deviation of the pulse height analyser data (Table XIV) was 

Intercomparison of the different measurement 

techniques, as seen in Tables VI and VIII (pp. 111 and 11;) 

shows that the 49t and gas counting techniques are the most 

ac cura te. The 100 channel pulse height analyser technique 

is lees accurate than the 4~ , but more accurate than that of 

the well-type scintillation counter. This explains the 

higher deviation obtained when comparing the 43\ and gas 

counter data to those of the well-type scintillation counter, 

than when comparing the 4Jr data to those of the pulse height 

analyser. 

III COMPARISON WITH OTHER LITERATURE RESULTS 

1. Al 27(p,;pn)Na24 

The works of Hintz and Ramsey(;5) and of Hicks, 

Stevenson, and Nervik(59) are the only ones that cover the 

energy region of intereet. In both papers, as well as in 

this work, the c 12(p,pn)c11 reaction was used as a monitor. 

Hintz and Ramsey irradiated their targets by the 

1stacked foil 1 technique. They also measured the resulting 

Na24 and c 11 activities on a Geiger eounter. As monitor 



values they used the resulte of Aamodt et al.(,6 ), who had 

12 11 
determined the excitation funotion of the 0 (p,pn)O 

reaction, by employing the same irradiation and aetivity 

measurement techniques with the exception that they monitored 

their proton beam by absolute means. Crandall et a1.(;9) 

and Rosenfeld et a1.< 42 ) later proved that these resulte were 

high by 1;%. The error was attributed partly to the 

irradiation and partly to the activity measurement techniques. 

Aamodt et al. ignored in the calibration of their counter 

the difference in the backscattering and self-absorption of 

positrons and negatrons(4l,42). Hintz and Ramsey calibrated 

their counter by obtaining a composite efficiency curve for 

each of the nuclides measured. Thus they avoided the error 

that entered into the resulte of Aamodt et al. Their resulta 

then would be high only by 1,%, due to the monitor values 

employed, if no errors from the irradiation technique were 

introduced in the production of Na 24. 

In Fig. '1 are shown the oorrected resulte of Hintz 

and Ramsey, those of Hicks, Stevenson, and Nervik, and the 

excitation funotion obtained in this work. Two additional 

cross-section values from the work of Yule and Turkevich( 63), 

which fall within the energy region studied, are aleo 

included. As it can be seen, a very close agreement existe 

between the resulte of Hintz and Ramsey and those obtained in 

this work above 55 Mev. Below this energy, however, the 

resulte of Hintz and Ramsey are higher, and there is also 

disagreement in the apparent threshold of the reaction. 
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Both the resulte of Hicks, Stevenson, and Nervik, and those 

of Yule and Turkevich are considerably lower throughout the 

energy region studied. 

The resulte reported in this work are believed to 

be free of any systematic errors due to the irradiation 

technique used by Hintz and Ramsay. Therefore the good 

agreement with their high-energy resulta indicates that 

between 55 and 100 Mev the errors due to secondary protons 

and neutrons inherent in the staeked foil technique are not 

appreciable for this reaction. This is in agreement with 

the predictions of Rosenfeld et al. (
42

) 

The disagreement in the low-energy resulta and the 

threshold energy can be attributed to the Al 27 (n,~)Na24 

reaction induced by secondary neutrons in the manner 

described on P. 1;0. This reaction has a calculated 

threshold of about ~ Mev (on a Q basis alone). 

An alternative way in which Na 24 may be produced is 

by the Al 27(p,pHe~)Na24 reaction having a calculated 

threshold of about 23 Mev. It is eertainly present through-

out the energy region studied. However, it is unlikely that 

this reaction may also be responsible to any extent for the 

disagreement below 55 Mev, since secondary protons do not 

reach that far in the stack(42 ). 

A careful examination of the experimental methode 

used by Hicks, Stevenson, and Nervik(59 ) and by Yule and 

Turkevich( 6 ~) showed no apparent reason for the large 

difference between their resulta and those reported here. 
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Errors in the irradiation techniques are ruled out 

as they both used the thin compensated target method. 

No o11 activity losses occurred in this work 

either. The carbon sources were thick enough to ensure 

against recoil losses and the chemical treatment was done on 

the target as a whole, thus avoiding any handling that could 

cause losses of a mechanical nature due to the brittleness 

of the carbon foils. The only potential source of 

11 difference may be found in the 0 activity measurements. 

It is not likely that the c11 aotivity measured in this work 

could be low because of the back extrapolation for 10 to 12 

half-lives. It is true that a 5% error in the half-life 

slope (the difference between 20.5 min and 21.5 min) could 

result in an error of -'0%. However, the good agreement in 

the half-lives (20.5 ± 0.2), as well as in the final disin-

tegration rates estimated by the two measurement techniques 

employed, rules out this possibility. On the other hand, 

an error may have been introduced in the intercalibration of 

the two end-window counters used by Hicks, Stevenson, and 

Nervik. If they ignored the difference in the counting 

efficiency of positrons and negatrons for this type of 

counter, the resulting disintegration rates of c11 would be 

higher. This criticism does not apply to the work of Yule 

and Turkevich, and the small difference between their resulte 

and those of Hicks, Stevenson, and Nervik shows that this 

error cannot be too large. 

A possible reason for the low values in both of 
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those works could be an artificial increase in the c11 

activity due to the carbon source material used. Commercial 

polymers may contain various amounts of fillers and remnants 

of the catalysts used during the polymerization proeess. 

If any of these admixtures produced seme activity having a 

11 
half-life comparable to that of C , its contribution would 

be added to the measured disintegration rates of c11
, since 

the c11 sources did not undergo any chemical treatment. An 

activation analysis of their carbon source material could 

throw some light on this possibility. 

The compatibi1ity of the resulta obtained in this 

work with those of ether investigators in the higher energy 

region was also checked. Fig. '6 shows resulta obtained by 

other investigators up to 1 Bev, including those of Hicks, 

Stevenson, and Nervik and of Yule and Turkevich. Some of 

them were determined by employing absolute beam monitoring 

teehniques(,9 ,57, 64 ). The resulta of this work can be 

joined to thoae obtained in the high-energy region by a 

smooth monotonically deereasing line, a trend that is in 

keeping with the Serber mechanism which presumably 

predominates in the energy region above lOO Mev. 

The excitation functions of Hicks, Stevenson, and 

Nervik and of Yule and Turkevich, as shown in this figure, 

in addition to being low go through a valley in the energy 

region between 140-260 Mev, whereupon their resulta become 

comparable to those of other investigators. 

The cause of this valley has not yet been explained. 



Figure '~ 

OOLLEOTED RESULTS FOR THE REACTION ----- ----
Al27(p,;pn)Na24 FROM THRESHOLD TO 1 BEV 

------- Excitation function reported in 

this work 

- - - - Proposed continuation for the 

high-energy region 

• Crandall et al.(39) 

a Prokoshkin and Tiapkin( 47) 

• Marquez(57 ) 

~Hicks, Stevenson and Nervik(59) 

• 
Yule and Turkevich 

(6;) 

Goebel and Shultes( 64 ) 

(61) 
Friedlander et al. 
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Unfortunately the data available in this energy region 

could not definitely eonfirm its existence or disprove it. 

One cross-section value reported by Prokoshkin and 

Tiapkin(47) at 150 Mev is definitely higher and falls on the 

proposed line joining the data of this work to those of the 

higher energy. If the existence of this valley is accepted, 

then a possible explanation could be given by assuming that, 

in the low-energy region, the major part of the Na 24 activity 

eomes from the Al 27(p,pHe;)Na24 reaction than from the 

A1 27(p,;pn)Na24 reaction. As the bombarding energy increases 

the contribution of the former reaction decreases while that 

of the latter inereases, resulting in this valley. However, 

this possibility has been ruled out by Hicks, Stevenson, and 

Narvik. 

65 64 2. Cu (p,pn)Cu 

Of the work reported in the literature, only the 

excitation function of Meadows( 65) covers fully the energy 

region of interest. All other work bas been concentrated 

in the high-energy region and only occasionally has a cross­

section value below 100 Mev been reported( 63, 67). Meadows 

measured the excitation function of this reaction relative 

to the A1 27(p,;pn)Na24 reaction, using the uncorrected values 

of Hintz and Ramsey to calculate the absolute cross sections. 

He also used the 1stacked foil' technique and measured the 

resulting activities of Na 24 and cu64 on a Geiger counter. 

He applied the usual corrections including that for self-

absorption and self-scattering. He ignored the backscattering 
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correction entirely, using the argument that any error due 

to the difference in the backscattering coefficient for 

positrons and negatrons was included in the resulte of 

Hintz and Ramsay. Since cu64 is also partly a positron 

emitter, this error would be eompensated for. This state­

ment is not valid because the positron deoay branch of ou
64 

is only 19%. Crandall et a1.(39) pointed out that a 

reduction of 1;% should be applied to the resulte of Meadows. 

The correoted excitation function of Meadows, together with 

that obtained in this work, and some of the resulta reported 

by Coleman and Tewes( 67) and by Yule and TurkevicJ~~re shown 

in Fig. ;;. 

Although with this correction the resulta of 

Meadows fall within the experimental error of this work, they 

still remain consistently higher. If one looks at the two 

excitation functions, it will be noticed that they run 

parallel above 40 Mev. An increasing deviation occurs in 

the energy region between 20 and 40 Mev. This work has not 

been extended below 21 Mev because the threshold of the monitor 

reaction did not permit it. An attempt at 18 Mev failed to 

produce any appreciable activity in the carbon target. 

Besides, the excitation functions of both the cu65 (p,pn)cu
64 

and the c 12 (p,pn)c11 reactions fall off so rapidly below this 

energy that any result obtained would bear a very large error. 

The continuation of this excitation function below 21 Mev 

(dotted line) was based on the calculated threshold for the 

reaction under discussion, which is about 10 Mev and not 5 Mev 
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as deduced from the work of Meadows. Furthermore, the 

cross-section values below 24 Mev, as given by him, are 

questionable. The threshold of the monitor reaction 

reported by Hintz and Ramsey is 24 Mev. Therefore the beam 

intensity below this energy could not have been estimated 

unless some other method had been used. It has not been 

possible to draw any conclusions on this score from the 

report of Meadows. 

The large deviations of the low-energy resulta are 

due to the 1stacked foil 1 technique whereby secondary neutron­

induced reactions produce additional cu64 activity in the 

manner already described on P. 130. Basides the 

cu65(n,2n)cu64 reaction, 

64 Cu may be produced via 

which has a threshold of 10 Mev, 

the cu65(p,d)cu64 reaction, which 

bas a threshold of 7.5 Mev. However, the contribution of 

this reaction due to secondary protons is unlikely for 

reasons already discussed (P. 130). Even though an 

appreciable contribution to this reaction due to the primary 

proton beam has been ruled out by both Iule and Turkevich and 

Meadows, the low threshold reported by the latter may well be 

attributed to this reaction. In any case, it cannot be held 

responsible for the differences in the resulta, even in the 

higher energies. It is more probable that secondary neutrons 

may still be partly responsible for this deviation since the 

cross section of the cu65(n,2n)cu64 reaction at 90 Mev is 

98 mb( 67 ), that is comparable to that of the (p,pn) type. 

The manner in which secondary reactions affect the 
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resulte may be elearly seen in Fig. ;7. Curve (a) 

represente the differences in the cross-section values of 

. 27 24 
Hintz and Ramsey and of th1s work for the Al (p,;pn)Na 

reaction. Curve (b) is the same type of curve obtained by 

comparing the Cu65(p,pn)Cu64 reaction excitation funetions 

of Meadows and of this work. 

The low cross-section values reported by Yule and 

Turkevich for the 100-Mev region can be explained on the 

same terms· as their resulta for the A1 27(p,;pn)Na24 reaction. 

The cross-section value at 90 Mev of Coleman and Tewes( 67) 

agrees within experimental error with that of this work. 

Furthermore, as it can be easily seen in Fig. ;8 where data 

from the work done in the high-energy region are also shown, 

the excitation function reported here can be joined to them 

quite well, if some of the low-energy resulta of Yule and 

Turkevich are neglected. 



Figure_2I 

GRAPHICAL REPRESENTATION OF SEOONDARY 

REACTION CONTRIBUTIONS IN THE STAOKED 

FOIL TECHNIQUE 

(a) Contribution from the A1 27 (n,~)Na24 

reaction to that of Al 27 (p,3pn)Na
24 

(b) Contribution from the ou65(n,2n)cu64 

reaction to that of cu
6
5(p,pn)cu

64 
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COLLECTED RESULTS FOR THE cu65(p,pn)cu
64 

REACTION FROM THRESHOLD TO 1 BEV 

Excitation function reported in 

this work 

- - - - Proposed continuations for high 

and low energy regions 

0 Batzel et al.(lO) 

Yule and Turkevich 
(6,) 

• Markowitz et al.(70) 

• Coleman and Tewes( 67 ) 

CJ Vinogradov( 7l) 
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SUMMARY 

The excitation functions of the reactions 

27 24 65 64 
Al (p,;pn)Na and Cu (p,pn)Cu , often used as monitors, 

have been determined relative to that of c 12(p,pn)c11 from 

20 - 90 Mev. 

Irradiations were performed in the internal beam 

of the McGill Synchrocyclotron. 

Target thicknesses were chosen so as to minimize 

secondary particle production and recoil !osses. 

The resulting activities of c 11 , Na24 and Ou64 

were measured by employing various techniques in order to 

determine their effect on the cross-section measurements. 

The deviations observed ranged from ± 6% to ± 11%, depending 

on the accuraey of the techniques used. This indicates that 

discrepaneies of this order may be expected in reported 

resulta even if a11 other types of experimental errors have 

been rendered negligible. 

In the case of the Al 2 7(p,;pn)Na24 reaction, the 

resulta reported in this work were found to be in close 

agreement with those of Hintz and Ramsay above 55 Mev when 

the latter were reduced by 15% to account for the monitor 

values they employed. Below 55 Mev, the resulta of Hintz 

and Ramsey were high. In contrast, those of Hicks, 

Stevenson, and Nervik were found to be too low, but no 

definite explanation for this discrepancy was round. 
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65 64 With regard to the Cu (p,pn)Cu reaction, 

the resulte obtained here were round to be consistently 

lower than those of Meadows, even when the latter were 

reduced by 1~% for the same reasons as in the case of Hintz 

and Ramsey. 

The observed differences, although within 

experimental error in the region above 40 Mev, increased 

sharply between 20 and 40 Mev. These low-energy 

discrepaneies in both cases were explained in terme of 

neutron-induced secondary reactions, owing to the irradiation 

techniques used by Hintz and Ramsey as well as by Meadows. 
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APPENDIX 

Experimental 

In determining the efficiency of the gas-counter 

system employed in this work, it became necessary to 

11 
determine the absolute disintegration rates of 0 activity 

by the 41( beta measurement technique (pp. 78 & 79). 

This section is concerned with the standardization 

of the 41r counter so that good accuracy could be achieved 

in these measurementa. The factors involved in the 

standardization of this counter have been described in detail 

by Pate and Yaffe(90b-90e). In the case of o11 the self-

absorption correction was the most important since the 

sources used were thick. These sources were prepared by 

bombarding carbon foils in the McGill Synchrocyclotron, 

which were then burnt by the method described on P. 49. 

The resulting oo2 was converted to Baoo, and 

sources were prepared by filtering various amounts of Baoo3 
by means of the suction apparatus shown in Fig. 39. The 

sources, all of approximately equal diameter and of good 

uniformity, were carefully washed and dried on the filter 

paper which was placed on the fritted dise. When dry, the 

sources did not adhere to the filter paper and therefore it 

was easy to transfer them on to VYNS films by simply placing 

the film ring on top of the source, turning it upside down 

and then removing the filter paper. The source was then 

covered by another VYNS film to secure it against moving. 



Figure .2.2. 

SUCTION APPARATUS USED FOR THE 
-------·-------

PREPARATION OF THE Baco, SOURCES 
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The thickneaa of these films never exceeded 15 ~/cm2 , thus 

rendering source-mount absorption corrections negligible. 

The count rates of the sources were measured and corrected 

for decay to some common arbitrarily chosen zero time. 

The source area was measured, and the maas was determined by 

the volumetrie method described on P. 55· 

The specifie activities of these sources were 

plotted against their respective superficial densities and 

the resulting curve was extrapolated to zero. Then the 

measured specifie activities were expressed relative to that 

at zero superficiel density. These ratios represent the 

self-absorption factor for each individuel source. The 

resulta obtained in this experiment are listed in Table XV. 

Table XV 

SELF-ABSORPTION OF o11 

---------------· 

Source 
No. 

1 

2 

3 

4 

5 

6 

Super:f'icial 
density 

mg/cm2 

,.86 

6.64 

8.61 

9.69 

9.96 

2;.79 

RADIATION 

Relative 
specifie 
s.etivity 

0.899 

0.850 

0.827 

0.804 

0.797 

0.678 



ln Fig. 40, curve(c) is a graphical representation 

of the self-absorption versus source superficial density. 

In the same figure, curve (a) representa the self-absorption of 

c11 
radiation in polyethylene as reported by Rosenfeld et 

al. ( 42 >, and ourve(b)is the same in polystyrene obtained by 

Crandall et al. (;9 ) 

Semi-empirical egu~~~~ 

In comparing the self-absorption curves of Rosenfeld 

et al. and of Crandall et al. to that obtained in this work, 

it was noticed that for the same self-absorption factor the 

corresponding superficial densities of polystyrene and BaCO; 

were at a constant rati~ of 2.5a1. This regularity indi-

11 cated that the self-absorption of the C beta radiation 

depended on the density of the source materials. It was 

therefore concluded that if any of the existing semi-empirioal 

equations for self-absorption could describe the resulta of 

this work, it should also describe the resulta of Crandall et 

al., if proper self-absorption coefficients were used in each 

case. 

In the course of sorne self-absorption etudies 

oonducted in this Laboratory, Cooper, Kahana and Yaffe(ll5) 

derived an equation which described quite accurately the 

resulta obtained for measurements in 2~geometry. Since a 

4~ counter is nothing but two counters of 2~ geometry operating 

in parallel, it was anticipated that the same equation would 

be applicable in this case too. 

This equation was derived on the assumption that an 



SELF-ABSORPTION CURVES FOR c11 

BETA RADIATION IN VARIOUS MATERIALS 

(a) Polyethylene(42) 

(b) Polystyrene(;9) 

(c) BaCO; (this work) 

Curve obtained by means of the 

Cooper, Kahana and Yaffe equation(Curve~ 
b & c) 

0 Experimental points for the 

BaOO; experiment 

Experimental points obtained by 

Crandall et a1.(;9 ) for polystyrene 
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exponential absorption law could be applied to the radiation 

emitted by a volume element dV within the source, which must 

travel a distance r to reach the surface. It was also 

assumed that all radiations reaching the surface were 

measured. The final equation is& 

- )A.X '( jkX 2 
A = A 0 ( l ~= ) + 2. jJ- x + JAx ( t 1 n j-t x - i) - ( -,-) . . . . . . ( 2 ;$ ) 

where A = actual activity measured. 

A0 = activity that would be measured if no 

self-absorption were present. 

~= self-absorption coefficient in cm-1 . 

x • thickness of the source in cm. 

Y= 0.5772 = Euler 1 s constant which appeared during the 

integration of their first differentia! equation. 

Since source superficial density was used in this 

work instead of thickness, x was substituted by its 

equivalent 

x - . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ( 24) 

where d 8 = superficial density of the source. 

dv = its volume dens1ty. 

Hence Equation (2;$) became 

1 -
s -

e 
-Kd s 

86 .1.. ( Kd 8 )2 ( ) + 0.0;$ Kd 8 + ~ Kd 8 lnKd 8 - ' •••••• 25 

where S is the self-absorption factor :
0 

• 

K is the new density dependent self-absorption 

coefficient. 



K • f'. 
dy 
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. . . . . . . . . . . . . . . . . . . . . . . . . . (26) 

0.0~86 =(~ - i) i.e. the coefficient of the term Kd 8 • 

Very good agreement was obtained between the 

ealculated and experimental values for both polystyrene and 

BaCO~. 

The solid lines(~and(~ in Fig. 40 represent the 

self-absorption, ealculated by means of Equation 25, while 

the points represent the experimentally determined values. 

The self-absorption coefficients used were: 

KPST • 0.0054 cm2 /mg. 

KBaCO~ = 0.01~5 em
2
/mg or 2.5 x KPST" 

This relationship between KPST and KBaCO~ shows 

that the self-absorption is proportional to the density of 

the source material. 

It should be noted here that the above quoted K 

values did not fit any of the known empirical equations 

relating the self-absorption coefficient to the maximum 

energy of the beta apectrum. This may be due to the fact 

that c11 1s a positron emitter and therefore has a different 

be ta energy spectrum from the ne ga tron emi tters for which 

these empirical equations have been derived. 
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