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Ph.D. Chemistry

Samuel Meghir

EXCITATION FUNCTIONS OF SOME
MONITOR REACTIONS

ABSTRACT

The excitation functions of the reactions

64

A127(p,§pn)Na24 and Cu65(p,pn)0u have been determined

relative to that of Clz(p,pn)cll from 20 - 90 Mev.
Na 24 64

The activities of 011, and Cu were measured

by various techniques. The deviations in the croes sections
ranged from ¥ 6% to * 11%, depending on the accuracy of the
technique employed.

Final results were compared with those previously
reported in the literature. In cases where digagreement
occurred, it has been possible to explain the discrepancy in

terms of secondary reactions arising from the irradiations

in some of the previous'work.



INTRODUCTION

I GENERAL

Nuclear reactions have received ever increasing
attention as a tool of research in the field of nuclear
science. It is generally believed that a guantitative
understending of the mechanisms by which they proceed may
lend the key to the solution of the complicated problem of
nuclear structure.

A nuclear reaction ig defined as a process in which
8 nucleon (projectile) impinges on a nucleus (target)
imparting to it part or all of its kinetic 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 sas
the 'cross section' of that resction. Thisg 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:

dN
—L =
dt Intop ® % 4 2 60 0 00 0 80O N 9B O 000 e (1)

dN
where Tﬁ? is the rate of production of the product nuclides,

I is the intensity of the beam of bombarding particles
or 'flux' expressed as the number of particles per
cm2 per sec. This treatment assumes that neither
the energy nor the intensity of the beam is



appreciably degraded. In this work the targets
used were sufficiently thin to meet the

requirements for the above conditions,

n, is the number of target nuclei presented to the

beam,

o. is the probability for the formation of the
particular nuclide p under the conditions of the

reaction, l.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
—2 - A ® & & & 5 9 6 5 5 &8 0 0P e e DS
T = I %m Moy (2)

vhere NPAP is the rate of decay of the product nuclide, Ap

being its decay constant.
This equaetion can be eagily solved for the number
of nuclei found at the end of bombardment, N;~ The

integrated form of equation (2) is:

-A
pt

°
Npkp - Intop (1 - e ) B €.

where t is the length of bombardment.
If one takes into consideration that N;kp is the

disintegration rate of the product nuclei at the end of

bombardment, equation (3), if solved for Op’ beconesgt

(D.R.)P
Int(l - e-APt)

The dimensions of the cross section, as it can be

O'p =

e s s 0008000000000 (4)

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

Physically, it represents the cross sectional area that the



target nucleus presents to a beam of incoming particles.
The unit of cross section is the 'barn' -

24

1 barn = 10~ em?.

II MECHANISMS

The mechanisms by which nuclear reactions take place
depend largely on the energy and type of the bombarding
particles. Various types of mechanisms have been suggested.

1, Compound nucleus formation

(1)

This mechanism was suggested by Bohr and,
briefly, it states that:

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

’ This merely means that an incident particle will
interact 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 appreciably.
Then it may no longer possess sufficient kinetic
energy to escape, and thus a compound nucleus is
formed.

(b) The compound nucleus is excited to an energy state equal
to the kinetic energy of the projectile plus the
binding energy of the new particle. Complete equi-~
partition of energy occure among the nuclear
constituents. It is also assumed that the lifetime

of the compound nucleus is long (A;lo-lz to 10“14

sec)
compared with the time required for a projectile of

-2
energy E to traverse the nucleus (10 1 sec). The



long lifetime of the compound nucleus allows this
redistribution of the energy acquired among the
nucleons, in a statistical manner, 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 ieg by emission of
gamma rays.

(¢) The disintegration of the compound nucleus is
independent of its mode of formation. Therefore
there will be a definite probability that it may decay
into several possible residual nuclel. The dis-
integration by emission of nucleons is known as the
levaporation step' of the mechanism and was
theoretically treated by Heisskopf(z), Le Couteur(B)
and others. Naturaelly, 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 1its energy is
dissipated. If the excitation energy is lower than
the threshold for particle emigsion, then the compound
nucleus will de-excite entirely by gamme-ray emission,
However, the latter is & rather unlikely process when
charged particles are used as projectiles, and it
usually occurs when the target nuclei have low atomic
number.

The experimental characteristice of such a mechanism




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 particular type of
reaction should rise sharply above the threshold, pass
through a maximum and then fall off rapidly as a new
type of resction becomes more probable.

The compound nucleus mechanism seemed adequate in
explaining experimental data for the low energy particles used
initially (up to about 30 - 40 Mev). However, it broke down
when projectiles of higher energies became available for the
study of nuclear reactions.

(&)

2. Serber mechanism

This mechanism is applicable at somewhat higher
energles. The basic idee 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 nuclear field.

It has been shown that the mean free path of a
particle traversing nuclear matter increases with energy.
Serber estimated that the mean free path for a 100-Mev nucleon
is 4 x 10”15 em. 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 'collision' does not necessarily imply physical
contact between an incoming particle and a target nucleon. In
reality, 'collision' is an interaction with transfer of energy
and/or charge. The term 'collision' is used here in order to
give a physical picture of the mechanism discussed.
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for 100~Mev projectiles. Hence, when an incident particle
traverses the nucleus, it may undergo only one collision
before escaping it, having lost about 25 Mev of its energy.

It may also undergo & 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 results in a prompt emission of nucleons,

is usually referred to as the 'cascade' step of the mechanism.
S8ince the struck nucleons have much lower energies than the
incident particle and shorter mean free paths, they can escape
from the nucleus only if the colligion occurred near its edge:*
otherwige they will stay within the nucleus, sharing their
energy with other nucleons. The subsequent events can then
be described in terms of evaporation theory(z’j) whereby the
residual energy imparted to the struck nucleus ig 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 nucleli, 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, since the energy transfer

does not vary greatly.

*Here too the term 'nucleus' should not be taken literally to
mean & solid mass with a2 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),



(¢) The total cross section (i.e. the sum of cross sections
for all possible interactions for absorption or
scattering) should be closer to R R® (R = nuclear
radius) for heavier nuclei than for lighter nuclei
at high energies.

(d) The density of emitted particles should be higher in
the forward direction in the fast cascade step.

The applicability of Serber's mechanism was tested
by a large number of experiments (e.g. 5,6,7,8,9,10) and it
was found that 1t fits best to experimental data above 100
Mev. However, even at lower energlies, this mechanism cannot
be excluded. Actually, as it was shown by Weisskopf(ll),
both mechanisms exist. The prevalence of either one depends
on the energy of the incoming particlee. At lower-energies
the compound nucleus mech&nism is predominant. However, as
the energy of the incoming particles 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 of nuclear reactions was extended
to more complex nuclei and higher bombarding energles, it was
found that even the Serber mechanism could not explain the
experimental results adequately. Increasing evidence pointed
to the fact that, in more complex nuclei, light nuclides
(deuterons, alpha particles and even heavier nuclei) as well
as nucleons were emitted (e.g. 10,12,13,14,15,16).

The initial step of the Serber mechanism (fast

cascade step) was first treated quantitatively by Goldberger(17).



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 logt 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 randomness of choice.

The 'Monte Carlo' technique was further refined
end, with the use of computers, it became possible to obtain
results which, althbugh still not satisfactory, were more
accurate than those of Goldberger, since a larger number of

(18,19)

The evaporation step has also
(20,21,22),

events were studied

been treated in this manner the calculations being

besed on the already well-known evaporation theory(2’5).
Further description of the 'Monte Carlo' technique

is beyond the scope of the present work. Those interested

in further details should consult reference 19.

III TECHNIQUES OF INVESTIGATION

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 spectrographic means.
(3) Direct study of individual nuclear reactions by means

of nuclear emulsions.



The above three methods are the so-called physical
methods, as no chemical separation of the products
is required.

(4) The fourth method is the so-called radiochemical
technique. It consists in measuring the activity of
the residual radioactive nuclides formed by suitsable
meansg 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 of individual isotopes can be measured in most cases
if uee of their different decay characteristics 1s made.
Independent yields of radioactlive nuclides, which are also
produced by decay of some other parent isotope formed during
a bombardment, can also be measured by utilizing suitable
parent-daughter decay relationship, e.g. 'milking' a daughter
from the parent.

Unless care is taken, chemical separations can be
subject to large errors due to the minute amounts of product

-2 gm. ). Addition of inactive carriers,

nuclei formed (10
however, makes possible the use of gemi-micro and micro-
chemiceael techniques of geparation, and also the estimation of
the amount of recovered activity in cases where separations are
not 100% efficient. The radiochemical technique was used
throughout this work.

The results obtained by methods (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 mess number,
produced at a defined bombarding energy.

(b) Study of the variation of the yield of a particular
isotope produced by & nuclear reaction at different
boﬁbarding energles.

The graphical representation of the yield versus
energy of bombardment is called the ‘'excitation function' of

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

IV SOURCES OF PROJECTILES

In the early studies of nuclear reactions, the only
sources of projectiles available were those provided by nature.
However, the limitations as to the type of particles they
furnished, as well as the energy range of the particles, soon
led to & search for some new and more veresatile types of
projectile sources capable of ylelding particles of higher
energles. One of the most successful of them was the
'eyclotron'!, a c¢ircular type of particle accelerator pro-

(23,24,

posed and developed by E.O., Lawrence and his coworkers
25’26). Refined models of the cyclotron are in use today,
capable of accelerating many types of particles to energies
as high as 30 Bev. The most common type in use today is the
'synchrocyclotron'. In this model the frequency of
oscillations of the eleciric field is varied in order to take

care of the apparent increase in mass of the accelerated

particles (relativistic effect) which occurs when the latter
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reach high velocities. This modification was proposed
independently by McMillan(27) and Veksler(28) for the
acceleration of electrons (McMillan's 'Synchrotron') and was
successfully applied by Lawrence's coworkers to the cyclotron
for the acceleration of protons and other heavier

particles(29’30’5l).

V BEAM INTENSITY MEASUREMENT

From equation 4, P. 2, it is clearly seen that, in
order to measure the cross section of & nuclear reaction, the
beam intengity must be known, since all other quantities can
readily be measured.

The methods by which the beam intensity can be
measgured generally fall into two categoriest

(1) Absolute measuremente.

In this category belong measurements done by various
devices which take advantage of the charge carried by
the bomberding particles. The charge can be deter-~
mined either directly or by the ionization it causes.
However, these devices require that an external beanm
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 achieved by
suitable absorbers. However, this method of varying
the beam energy introduces problemes of contamination

by secondary particles and energy spread. In
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addition, the use of absorbers attenuates further a
beam which mey already be weak. Therefore, in many
nuclear reaction studies, 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. 1In
this ¢ase, absolute measurement of the beam intensity
is virtually impossible and the relative method must
be used.

(2) Relative measurements.
Thias is done by using e monitor reaction which is a
nuclear reactlon 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 assumed that they both receive

the same flux (i.e. number of particles per cm?

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 beaem intensity can be deduced from the
monitor reaction, and the value may then be inserted
in the equation for the target under study.

Any vell-known nuclear reaction may serve as
monitor, but the most common are the following:
11(

1. B p,n)Cll
12

11
2. ¢ “(p,pn)e
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3, Ou65(p,n)Zn65
4, Cu65(p,pn)0u64
5. A127(p,3pn)Na24
6. A127(p,5p5n)N322
The range of usefulness of these nuclear reactions
is determined by their threshold and shape of the excitetion
function.

0f the above nuclear reactions, Nos. 2, 4 and 5

have had the widest application.

VI LITERATURE REVIEW

1. 012(p,pn)011

Chupp and McMillan(8) investigated the cross-
section variation for the production of O11 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 wes collimated and the
degradation wes achieved by means of carbon absorbers. The
beam was monitored electronically. They reported that the
cross section did not vary between 60 to 140 Mev, thus
confirming Serber's mechanism.

McMillan(32) determined the value of the cross
section at 62 Mev and found it to be 73 mb. Later McMillan
and Miller(ia) recalculated this value and brought it down to

69 mb.
Panofsky and Phillips(>*) measured the excitation

function of this reaction from the threshold up to 32 Mev by
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means of a linear accelerator. They were mainly interested
in finding 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 ¥ 0.3 Mev, and

their calculationg, based on the mass number of B11 end the

energy of the B+ emitted by 011, proved that the reaction is

a (p,d) one, at least near the threshold. They also reported
a value of the croés section at 32 Mev to be 75 ¥ 2 mb.

Their method of degrading the beam was essentiaslly the same

ag thet used by Chupp and McMillan(8>.

Hintz and Ramsey(35) quoted the results of Chupp
and McMillan as incorrect due to their method of degradation
of the beam. They pointed out that the use of the C absorbers
produces e large number of secondary perticles, namely
neutrons, which have a relatively high c¢ross section in
producing ¢!l vie a Clz(n,?_n)C11 reaction. They then re-
determined the excitation function of the Clz(p,pn)c11
reaction along with those of A127(p,5pn)Na24 and
2127 (5,3p3n)Na?2.

They also used an external beam but with brass
abgsorbers which, they believed, gave a much lower neutron
background. Their brass absorbers were interposed between
the carbon target foils, thus producing a full excitation
function in one bombardment.

This technique, called 'stacked foil' technique, is

(36)

fully 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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basis of the smooth fit they obtained when they compared
their results to those of Aamodt et al. The latter(ﬁé)
were the first to report a full excitation function curve
for this reaction from the threshold up to 340 Mev.
Actually the curve consisted of three parts: one from the
threshold up to 32 Mev, which was obtained by using a linear
accelerator, one from 93 up to 340 Mev, which was obtained
by means of the Berkeley synchrocyclotron, and a third part
between 32 and 93 Mev, which was that of Hintz and Ramsey
after normalization a8t two energies, one at 110 and one at
32 Mev.

Asmodt et al. also used the 'stacked foil'
technique and messured the bear intensity by a Fareday cup.
They took into consideration the neutron background which,
they cleimed, was 2%. Their value at 32 Mev was 89 + 4 mb,
agreeing with that of Panofsky and Phillips(5#), while
McMillan and Miller's(Bi) value af 62 Mev was found to be
lower.

A strange feature in Aamodt's results was a dip
in the curve occurring at 340 Mev. Warshaw, Swanson, and
Rosenfeld(§7) checked this strange feature by determining the
cross section at two energies, namely 283 Mev and 387 Mev.
The cross-section values they reported were 48.9 1 2.5 mb
and 43,6 % 2,2 mb respectively.

Later Rosenfeld(38) repeated the work at 400 Mev
and found a value of 34 mb. This agreed with\the results of

Crandall et al.(59) which had recently appeared. He
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(39)

therefore withdrew the previous values. Crandall et al.
measured the excltation function of Clz(p,pn)c11 from 105 to
350 Mev in order to confirm or digprove the exigtence of the
dip reported by Aamodt et al. They showed that no dip
occurred at 340 Mev. In view of the possible sources of
error that could have entered into Aamodt's experiments,

they exercised great care in their own experiments. They
too used an external beam and carbon absorbers to achieve the
beam degradation, but they carried out two series of experi-
ments, one with the absorbers directly in front of the target
and one with the absorbers in front of the beam ceollimator.
The second series was free of secondary effects. Their beam
current was carefully checked by both an ionization chamber

and a Faraday cup placed before and after the stack of

target and absorber foils respectively. They also exercised
great care in their activity measurement techniques. In
fact, Seliger(AO’AI) had recently found that the back-

scattering of positrons and negatrones differed, and thus the
contributions to the different measurements by this effect

had to be carefully reassessed, This source of error had not
been teken into sccount in all previous results. Crandall

et al. used 4J¢ measurement techniques which did not involve
backscattering, and they determined experimentally the self-

11 in their

ebsorption correction for positrons emitted by C
particular casge. On the basis of these factors, they found
thet, although the shepe of the excitation function remained

the same, Aamodt's results were high by about 13%. They
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explained the dip at 340 Mev by the fact 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 actuslly reproduced
the dip when they repeated the work of Aamodt in the same way.
At 340 Mev they found & cross section of 36 mb, in good agree-
ment with that of Rosenfeld(js) at 400 Mev (34 mb) and a

(42)

later value by Rosenfeld, Swanson, and Warshaw who
reported a cross section of 31.1 mb at 461 Mev.

The views of Crandall et al. 3?) yere fully
supported by Rosenfeld et al.(qz) who gave a thorough dis-
cussion of all possible sources of error responsible for
previous disagreements in the cross-section values for the

24

Cla(p,pn)o11 and A127(p,3pn)Na?* reactions. These errors
include the following:

(1) Errors due to activity produced by secondary particles,
especinlly neutrons, originating from the beam
degradation. The effect is more pronounced in the
case of the 'stacked foil' 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
A127(p,§pn)Na24 reaction, Rosenfeld et al. pointed out

24

that o moré probable reaction, yielding Na at loyw
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enefgies, is the A127(n,d)Na24, which also has &
lower threshold than A127(p,3pn)Na24. Therefore
care should be exercised when the 'stacked foil'
technique is used in this case too;

(2) The absolute beta measurement technique cen also
introduce significant errors, especially where
positron emitters are involved, unless proper pre-
cautions are taken. Besides the difference in
backscattering coefficients, there may be a gimilar
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 order of 10% in reported
values, originating from the methods of beam intensity
vmeasurements, preparation of calibration curves for
activity measurement, and even the activity
measurements themselves.

Whitehead and Foster(%#3) reported that the 13%
correction quoted by Crandell et al. for the high energy part
of the Aamodt results should be applied also in the lower
energy region down to 32 Mev. Further evidence for the
correctness of Crandall's results came in 1960 in a paper by

4)

I!’aLrikh(4 who determined the excitation function of the

012(p,pn)011 reaction from 68 to 383 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 results 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
Clz(p,pn)c11 reaction was, however, extended towards the
higher energy region, up to about 6 Bev.(45’46’47’48’49’50)

Table I containes values availlable from the
literature. Fig. 1 is & composite curve constructed on the
bagis of the data presented in Table I. The lower energy
portion of.the curve is the excitation function reported by

Aamodt et al.(56) corrected according to Crandall et al.(59).

Table I
COLLECTED CROSS SECTION VALUES FOR THE
ct2(p,pn)ct! REACTION

Energy Beam Activity
in Monitoring Measurement Reported value
Mev Techniques Techniques in mb Ref Remarks
32 A B(E) 75 %2 54
32 A B(E) 77.5 ¥ 4.0 36 a
50 86.9 b
60 80.8 b
62 A B(E) 69 * 7 33
70 76.5 b
80 70.4 b
90 66.0 b
93 A B(E) 61.3 ¥ 3.6 36 a
110 57.2 b
125 51.7 b
135 49.0 b
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Table I (Contd.)

Energy Beam Activity
in Monitoring Measurement Reported value
Mev Techniques Techniques in mb Ref Remearks
144 A B(E) 49,1 36 a
150 44,6 b
150 R(660) B 46.2 * 1.9 47 e
170 A B(I) 29.7 ¥ 0.9 39
175 28.7 b
194 A B(E) 45,2 T 1.5 36 e
200 36.3 b
204 A B(1I) 37 ¥ 2 39
225 36.0
238 A B(E) 35.8 £ 2.4 46
240 A B(I) 37.2. ¥ 1.8 39
245 A B(E) 43,3 ¥ 1.2 36 a
250 36.0 b
260 R(660) B 38.2 ¥ 0.6 47 c
263 A B( E) 43,9 ¥ 2.6 36 a
270 A B(I) 35.9 £ 1.0 39
275 36.0 b
288 A G 33,7 1.2 44
290 R(660) B z7.0 ¥ 1.2 47 c
293 A B(E) 41.5 ¥ 1.0 36 a
295 A B(I) 35,5 £ 1.0 39
295 A B(I) 37.9 ¥ 0.4 39
300 36.0 b
310 A B(E) 31,9 £ 2.4 46 d
313 A el 34,8 % 1,1 4y
313 A B(E) 1.4 ¥ 2.1 36 a
320 A B(1) 35.5 ¥ 0.7 39
325 A B(I) 35.9 ¥ 0.8 39
339 A G 34,9 1,0 44
340 A B(E) 35.8 T 0.5 36 a
340 A B~-G coinc. 36.0 % 3,0 39
350 R(660) B 36,0 1,2 47 c
350 A B(I) 36.0 2 o.7 39



Table I (Contd.)

Energy Beam Activity
in Monitoring Measurement Reported value
Mev Techniques Techniques in mb Ref Remarks
350  R(Na®¥) B(E) 35.0 45
350 R(Na2%) B(E) 35.5 45
362 A G 22,4 ¥ 1,0 44
365 A B(E) 37.4 % 3.1 46 d
383 A G 31.6 ¥ 1.0 Lb
390 R(Na2%) B(E) 34,5 45 o
400 B(E) 34 38
420 r(Na2?) B(E) 33,5 * 1,7 45 ®
420 A B(E) 32.3 % 2,9 46 d
440 R(Na24) B(E) 31,7 45 e
450 R(660) B 22,0 ¥ 0.6 47 ¢
461 A B(I) 31.1 ¥ 1.0 42
465 A B(E) 20.4 1,2 46 d
522 A B(E) 23,2 ¥ 1.6 46 d
560 R(660) B 30.4 ¥ 0.6 47 ¢
600 R(Na24) B(E) 27.5 £ 1.5 45 o
648 A B(E) 25.5 ¥ 3,0 46 d
660 A B 31.0 ¥ 1.7 47 e
832 A B(E) 30.0 ¥ 1.7 46 d
950 A B(E) 23.4 % 1.3 46 d
1000 R(Na2%) B(E) 26.1 % 2.1 45 o
1400 R(Na24) B(E) 24,1 * 3,0 45 e
1800 R(Nazh) B(E) 22.6 ¥ 3.8 45 o
2000 A G 26.0 ¥ o.9 48
2200 R(Na2%) B(E) 23,2 * 5,0 45 e
2950 R(Na24) B(E) 22.0 ¥ 6.0 45
2000 A G 26 ¥1 48
3000 A G & B 29.8 £ 1.6 49
4100 30.5 ¥ 4,1 £
4500 A G & B 27.7 t 1.7 49
5700 R(Na2%) G 29 ¥ 3 50
6000 A G & B 29.8 ¥ 1.6 49
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Table I -~ Explanation of Symbols

Beam Monitoring Techniques

A = Absoclute means, ‘i.e. Faraday cup, nuclear emulsions,

counter telescope., etec.

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(NaZA) = Relative to the A127(p,§pn)Na24 excitation function.

Activity Measurement Techniques

B Beta counting undefined.

B(E) a Beta external, i.e. Geiger-M&ller)end window

proportional counter, etec.

B(I) = Beta internal, i.e. 44T, 29¢, or Internal gas counter.
G = Gemma measurement.
Remarksg
a = Aamodt et al. Values corrected according to

Crandall et al.(59)

b = Extrapolated values from Crandall et al. (used by
Hicks et al.(59),

¢ = Results normelized to the value of Crandall et al.
at 350 Mev.

(46)

d « Results by Burcham et al. reviewed by Rosenfeld
et al.(42) for their correctness, and partly
(46a)

corrected by Symonds et al.

e - Part of these results were meagured independently
by other groups. They were all correcied for
backscattering coefficient, as reported in
Ref. 45,

f = Value quoted in Ref. 49.




Figure 1

EXCITATION FUNCTION OF THE REACTION

Ola(p,pn)c11

FROM THRESHOLD TO 6 BEV

—-————— (Combined excitation function of
Asmodt et al.(ié) (corrected)

and Crandall et al.(59)

- ~ = - Best continuation proposed, on
the basis of literature data

at higher energies.
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2, A127(p,§pn)Na24

The first full report about the excitation
function of this reaction was given by Hintz(51). He used
the 'stacked foil' technique and took special care to
collimate the proton beam in order to reduce the energy
spread in his stack of foils. (He found that the energy
spread in a stack of foils increesses as E-l). The beam was
monitored by the Cla(p,pn)c11 reaction, and he used the
(36)

cross-section values of Aémodt et al.v The activity wes
measured in all cagses by beta-measurement techniques but,
despite the care he took in consgidering all posgsible sources
of error in the evaluation of his results, he did not take
into account the difference in the backscattering coefficients
later reported by Seliger(Al), nor did he determine any self-
absorption correction factors for his positron emitters.
Therefore his results were high. However, he took care of
the neutron background and possible proton losses that might
(35)

occur in the stack. Later, Hintz and Ramsey redetermined
the above excitation function, but they conducted their
experiment in exactly the same weay, most attention being

given to the redetermination of the A127(p,5p3n)Na22 reaction
excitation function relative to that of the A127(p,5pn)Na24.
The excitation funection for Naz4 production did not chénge.

In both cases their resulte were reported in graphical form
and no numerical values were given. Rogsenfeld et al.(az)

argued that the results of Hintz and Reamsey were high only by

the same factor as those of Aamodt et al.(56), i.e. 13%.
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Nevertheless, they pointed out thet, although in this
reaction the neutron background contribution is less
significant because of its high threshold, the 'stacked foil'
technique should be used with extreme care, especially near
the threshold.

Hintz, a8 well as Hintz and Remsey, calculated the
threshold for the A127(p,5pn)Na24 reaction and found it to be
32 Mev on an energy basis (-Q) alone. If the Coulomb barrier
is taken into consideration, then the threshold rises to
44 Mev. However, both A127(p,§pn)Na24 end A127(p,3p5n)Na22
reactions seem to have much lower thresholds. This was
attributed to emission of heavier nuclides (deuterone, alpha
particles, Li) rather than individual nucleons in the low
energy region, in agreement with evidence accumulated by other
investigators(52’55’54’55>.

Marquez and Perlman(la) reported a value of 10,2 mb
at 335 Mev, in agreement with the value of 10 mb given by
Hicke, Stevenson, and Folger(sé) at 340 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 latest
value by Marquez (at 420 Mev) has been accepted as one of the

el

most accurate values in the literature [ﬁosenfeld et al.
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

Purther work in the low energy region was reported

(59)

by Hicks, Stevenson, and Nervik for the energy range
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between 32 and 340 Mev. They used thin targets in order to
avoid neutron contribution and based their results on
Crandall's cross sections(59? for the Clz(p,pn)C11 reaction,
which they used es a monitor. 1In addition to their relative
measurements, they conducted two independent measurements in
which the beam was monitored by a Faradey cup, one at 32 Mev
using a linear accelerator, and one at 340 Mev in the Berkeley
Synchrocyclotron.

In the high energy region, their results agreed
with those of Marquez D7) and Crandall et al.(3?)within
experimental error. In the lower energy region, however,
their results were lower than those of Hintz and Ramsey(55)
even when the latter were corrected for the monitor values.

Work on the excitation function of the
A127(p,3pn)Na24 reaction was mainly concentrated in the high
energy region(59’44’47’48’60’61’62’65’64)-

Table II is a summary of all cross section values
found in the literature. The results of Hintz and Ramsey
are not included in this table, but their excitation function
reported in the literature, reduced by 13%, is shown in Fig. 2,
where all these results are plotted. (see pp. 27 - 30.)

3. cub5(p,pn)ou?

(65)
64

Meadows gave the first excitation function for

the formation of Cu 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 A127(p,5pn)Na24

reaction, using the cross section values given by Hintz and
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Table 11

COLLECTED CROSS SECTION VALUES FOR THE

2127 (p, 3pn)Na2* REACTION
Energy Beam Activity

in Monitoring Measurement Reported value
Mev Techniques Techniques in mb Ref Remarks
32 A B(E) 0.005 59 8
50 R(C) B(E) 1.5 59

60 rR(C) B(E) 5.4 59

70 R(C) B(E) 8.2 59

80 R(C) B(E) 10.3 59

82 R(C) B & G 10,9 ¥ 0.4 63

90 R(C) B(E) 10.7 59

90 9.2 56 b
110 R(C) B(E) 10.6 59

110 r(C) B& G 10,9 ¥ 0.4 6%

125 R(C) B(E) 10.4 59

134 R(C) B & G 10.9 ¥ 0.4 6%

135 R(C) B(E) 9.7 59
150 R(C) B(E) 9.3 59

150 R(660) B 12.0 ¥ 0.3 47 c
168 R(C) B & G 10.1 ¥ o.3 63

175 R(C) B(E) 8.9 59

190 9.2 56 b
196 R(C) B &G 9.92 ¥ 0.3 63

200 R(C) B(E) 8.6 62 d
200 R(C) B(E) 9.0 & 9.3 59

202 R(C) @ 9.5 ¥ 0.6 Ly e
225 R(C) B& G 10.1 ¥ o.3 63

225 R(C) B(E) 10.4 59

250 R(C) B(E) 9.9 59

259 R(C) G 9.7 ¥ 0.5 Ly e
260 R(C) B(E) 9.5 62 d
260 R(660) B 11.3 ¥ 0.3 47 c
263 R(C) B & G 11.2 ¥ o.3 63

29k R(C) G 9.5 ¥ 0.4 Ly e
%00 R(C) B(E) 11.2 59

300 R(C) B(E) 10.0 62 d
325 R(C) B(E) 11.3 59

230 R(C) B& G 11.7 ¥ 0.4 6%
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Table II (Contd.)

Energy Beam Activity o
in Monitoring Measurement Reported value
Mev Technigues Techniques in md Ref Remarks
335 A B(E) 10.2 12
340 R(C) B(E) 11.5 59 it
, Quote n
340 10.0 56  Rer. 58
342 R(C) G 10.0 ¥ 0.5 44 o
350 A B(I) 11.1 ¥ 0.2 39
350 A B(E) 11.1 & 11.3 59
350 R(C) B(E) 10.2 62 4
Based on
380 R(C) B(E) 10.3 62 carbon value
' , from Ref. 45
420 A B(E) 10.8 ¥ 57
426 R(C) B& G 11.9 ¥ 0.4 63
450 R(660) B 11.2 £ 0.4 47 ¢
‘ Baged on
470 R(C) B(E) 10.7 62 carbon value
, _ , from Ref. 42
560 R(660) B 10,7 47 ¢
590 A B(E) 11.0 £ 0.1 64
Based on
600 R(C) B(E) 10.0 62 carbon value
from Ref. 45
600 A B 11.0 61 ¢
Based on
650 R(C) B(E) 10.9 62 earbon value
. from Ref. 47
660 A B 11.00 47 ¢
Based on
830 R(C) B(E) 10.0 62 ocarbon value
from Ref.46a
Based on
980 R(C) 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
3000 A B(E) 8.1 61 f
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Table II - Explanation of Symbols

Beam Monitoring Technigues

A = Absolute methods, i.e. Faraday cup, nuclear emulsions

or other specified techniques.
R(660) = Relative to the cross-section value at 660 Mev.
R(C) = Relative to the Cla(p,pn)c11 excitation function.

Activity Measurement Techniques

B = Beta measurement technique unspecified.

B(E) = Beta external, i.e. Geiger-Muller end window
proportional counters or others.
B(I) = Beta internal, i.e. 47, 20U, or Gas counter.
G = Gamma measurement techniques.
Remarks

a = Quoted by Hicks et al.(59) as taken independently by
8. Gilbert by absolute means.

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

literature.

¢ - The resulteg were calculated by normalizing the value
obtained at 350 Mev to the O}N 24) value reported

a
by Crandall et al.(3%),

d = Results calculated from a reported graph of the
6?011)ﬂ§2Na24) ratio based on Crandall et al.

excitation function up to 350 Mev and, for the
remainder, on the nearest dependable value

reported by various groups, as indicated.

e = Results calculated whenever possible on the basis
ofﬁéll values obtained by the same author(44),
otherwise the values of Crandall et al.(39) were

usged.



Figure_g

EXCITATION FUNCTION OF THE REACTION
4

2127 (p,3pn)Na?

FROM THRESHOLD TO 3 BEV

Data of:

Hintz and Ramsey(35) reduced by
15%<39)

—OQ— Hicks, Stevenson, and Nervik(59)

——~+——— Yule and Turkevich(éi)

~—=g~-- Friedlander, Hudis, and Wolfgang(él)

o Prokoshkin and Tiapkin(47)

a Marquez(57)

[ ] Goebel and Schultes(éa)
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Ramsey(55). He aleo used the ‘stacked foil' technique and
measured the activity of the spallation products by a Geiger-
Muller end-window counter, but did not teke into account the
backscattering effects reported by Seliger(AI) at all.
Therefore his results should be high on account of three
sources of error.
(a) The use of the Hintz and Ramsey results which, as
already mentioned, were high by at least 13% (P. 24).
(b) The neglect of the difference in the backscattering
coefficients for positrons and negatrons(kl).
(c) The contribution of the secondary neutron reaction
Cu65(n,2n)0u64. This resction has a cross section
of about 1 barn for 15 Mev neutrons(55’54’66) while,

for higher energy neutrons, it falls rapidly to reach
98 mb 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 becomes higher.

Indeed, Meadow's results were found to be higher
than those of Coleman and Tewes(67) and Yule and Turkevich(65)
at comparable energies. However, the results of Meadows in
the 100 Mev region, when reduced by 15%, agree within experi-
mental error with those of Coleman and Tewes. As far as the
results of Yule and Turkevich are concerned, they are

definitely low in the lower energy region, the error resulting
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from the monitor used. They monitored the ()1,165(p,pn)f3u64

reaction with that of A127(p,5pn)Na24 which they in turn
determined with respect to Cla(p,pn)cll. Their cross section
values for the A127(p,5pn)Na24 reaction are definitely low in
the region of 80 - 120 Mev while, above this energy, their
results agree well with the generelly accepted values in the
literature. (8ee Table II and Fig. 2.) Hence the cross
section values for the Cu65(p,pn)0u64 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
(10,68,69,70,71),

(72)

investigators

Cohen et al. have also reported an excitation

64

function for the Cu65(p,pn)0u reaction measured with respect
to the Cué}(p,n)Zné5 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 results 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 Cu63(p,n)2n65 reaction. They used &
value of 530 mb at 1% Mev, to which they normalized their
results. 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(55) for the A127(p,5pn)Na24




reaction. It is slsoc possible that their activity
meagurement techniques are partly responsible for the error.
Table III is & summary of all values reported in
the literature for the Cu65(p,pn)0u64 reaction cross section.
Part of this table was taken from Yule and Turkevich(63).
Fig. 3 is a plot of all tabulated data. The lower energy
portion is the excitation function of Meadows uncorrected.

(For Table III and Fig. 3, see pp. 34 - 36.)

VII SCOPE OF THE PRESENT WORK
4

The A127(p,3pn)Na2 and Cu65(p,pn)0u64 reactions
sare extensively used ag monitors.

Lack of agreement in the cross section values
obtained in the low energy region, due to errors already
discugsed, as well as lack of correlation between these
reactions on a common bagis define the scope of the present
work.

The excitation functions of the above reactions were
studied in the energy region of the McGill Synchrocyclotron,
i.e. from their threshold up to 90 Mev. The reaction
Clz(p,pn)c11 was used as a monitor in order to provide a
common besgis for the correlation of these reactions.

Improved beta and gamma measurement techniques were

uged to determine the variation in the cross section values

obtained from each type of measurement.



Table III

COLLECTED CROSS SECTION VALUES FOR THE

cu®3(p, pn)cu? REACTION

Energy Beam Activity
in Monitoring Measurement Reported value
Mev Techniques Techniques in mb Ref Remarks
80 r(Na2%) B(E) 200 63 a ga:e;(gg)
82 " B& G 108 ¥ 4,2 63 b
(o]
90 " B(E) 190 65 = ga;°;(5g)
90 n B(E) 126 67 a
100 n B(E) 150 65 a po£o%(88)
110 " B & G 93.0 ¥ 3,7 63 b
134 " B& G 74.6 T 2.9 63 b
168 " B & G 65.8 ¥ 2, 65 b
190 " B(E) 77 67 a
196 " B & G 64.3 ¥ 2.5 63 b
225 " B & G 57.9 ¥ 2.3 63 b
263 " B & G 55.0 ~ 2.1 63 b
280 " B& G 69 70 ¢
330 " B & G 55.9 ¥ 2,2 63 b
340 A 73 10 «a
380 R(Na2%) B & G 68 , 83 70 ¢
400 " & G 67, 13, 71 70 ¢
426 ' B & G 51.6 ¥ 2,0 63 b
485 ‘ 71 71 =a
600  R(Na2%) B & G 51 70 ¢
800 b B & G 60 70 ¢
1000 * B &G 56 70 ¢
1300 " B& G 59 70 ¢
1600 u B & G 62 70 ¢
2200 n B& G 58 , 65 70 ¢
2600 v B & G 54 70 ¢
2900 " B & G 58 70 ¢
3000 " B & G 62, 71, 713 70 ¢
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Table III - Explanation of Symbols

Beam Monitoring Technique

A = Absolute methods specified in the quoted references.

R(Na24) = Relative to the A127(p,3pn)Na24 excitation function

values.

Activity Measurement Techniques

B(E) = Betas external, i.e. Geiger-Muller end window

proportional counters or others.

B & G = Beta and gamma measurement techniques used either

independently or after intercalibration.
Remarks

Values quoted by Yule and Turkevich(éi) in their

a

literature review.

b = Results reported by Yule and Turkevich(65) based on
their A127(p,5pn)Na24 excitation function which,
as indicated in Table II, was determined relative
to the €12(p,pn)cl! cross-section velues reported
by Crandall et al.(59).

[¢]
]

The value of O, oy, taken as 10.7 ¥ 0.6 throughout
(Na=™)

the whole range of energies studied. In a
private communication, Dr. Friedlander stated
that a reassessment of the values reported in
this paper led to better agreement with those of
Yule and Turkevich.




Figure 3

EXCITATION FUNCTION OF THE REACTION
64

Cu65(p,pn)0u

FROM THRESHOLD TO 3% BEV

——Q—— Excitation function of Meadows(65)

(uncorrected).

-~ = =~ = Excitation function at high energies,

based on literature data.
o Yule and Turkevich(65>
a8 Coleman and Tewes(67)

A Markowitz, Rowland, & Friedlander(7o)
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EXPERIMENTAL TECHNIQUES

I IRRADIATIONS

All irrediations were performed in the circulating
beam of the McGill Synchroeyclotron. The energy of bombard-
ment was varied by inserting the target at various distences
from the centre of the cyclotron. Kirkaldy's(75) standard
curve of energy variation versus radial distance of the beam
wag 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 i;radiation vas 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 reasction studied. These folls were arranged in the
following sequence: aluminium, carbon, and copper, the proton
beam impinging first on the aluminium. A check for recoil

(75) in thisg Laboratory,

losses, carried out by Mr. C.L. Rao
proved that they are insignificant for the energy range of
interest, at least for the thickness of the target materials
used. Hence, no guard foils were necessary.

The aluminium foil used had a purity greater than

99.9% and was 0.002" thick. The uniformity of the thickness



Figure 4

ENERGY CALIBRATION CURVE FOR THE

MeGILL SYNCHROCYCLOTRON
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was checked 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 then. The superficial density was
13.30 ¥ 0.15 mg/cm?.

The copper foil was obtained from Johnson, Matthey
and Co., Limited, 73-83, Hatton Garden, London, E.C. 1,
England. According to the Company's specifications, it was
99.99% pure. Ite thickness was also 0.002%, and the deviation
never exceeded 0,0001%, The superficial density, measgured
in exactly the sane wéy as that for the aluminium, was found
to be 45.57 ¥ 1.0 mg/cmz.

The carbon source presented some difficulties.
Preliminary experiments carried out with plastic materials,
such as various types of polyethylene, polyisopropylene,
teflon, ete., showed that they melted during irradiations.

The problem was finelly solved by using thin carbon foils
prepared from fine grain, high purity graphite electrodes
supplied by the McGill Radiation Laboratory. Dr. T.M.
Kevanagh 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%" to 0.006". The deviation from uniformity of
each individual foil was consistently less than 0.0001%,
However, it was felt that the density of the electrodes used
might vary as much as 104 due to imperfections in the

manufacturing process. Therefore, ag an additional precaution,
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the superficial 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
accuracy of the measurements was better than 3%.

The total target thickness, as it can be easgily
deduced, never exceeded 84 mg/cm? 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. Preparation

A most important problem ariging from internel 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. Particular 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 stack
after it has been mounted on the target holder. Thusg a
perfect alignment of the exposed area is obtained. The same
technique was applied in this work. A target cutting device,
shown in Fig. 5, was constructed which allowed cutting of the
three exposed edges of the target stack as well as B close
alignment of the fourth edge. The farget was cut by a sharp
surgical scalpel because the brittleness of the carbon foil
did not allow use of shearing instruments. After being cut,
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

PROCEDURE FOR TARGET PREPARATION
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loosening the screws of the cutting lead. An excellent

alignment of the exposed area was thus obtained.

III TARGET CHEMISTRY

1. Aluminium

24 (4

The radicactive nuclides, Na 1" 14,9 hrs) and
Naza (t% = 2,58 yre) have half-lives long'enough so that no
interference occurs from all other radiocactive nuclides
likely to be produced from the bombardment of aluminiunm.

Even F18 (t% = 1,87 hre), which is formed at higher energies,
will not interfere if the activity measurement is started

15 hours after bombardment. Usually the messurement of Na24
was started about 24 hours after the end of bombardment and

the Fla

24

had died out completely. Hence the activities of
Na and Na22 could be measured easily, even without chemical
separation, In fect, simply dissolving the sluminium and
preparing the necessary sources for beta and gemms measure-
ments would suffice, Of course the beta measurement would
be slightly effected by the presence of the large amount of
AlCl5 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 those possible sources of
error, 1t wasg decided to separate the Nazh from the aluminiun

matrix. This separation wag readily achlieved by ion

exchange. The Al target was dissolved in a small volume of
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HCl to which a few drops of H202 were added to enhance the
action of HCl. One mg of NaCl carrier was added to the

mixture in order to minimize possible losses of Na24

due to
exchange with the glassware or by adsorption. The mixture
was heated gently to destroy the excess H202 and to eliminate
the Cl, gas formed by the action of the H202 on the HCl, and
then taken to dryness by gentle evaporation under an infrared
lamp to prevent losses by bumping of the solid salts towards
the end of the evaporation. The residue was redissolved in
as little dilute HCl (about 3 N) as possible. The solution
was then adsorbed on a Dowex-50 cation exchange column (100 =~
200 mesh) 12 c¢m high and 0.6 cm in diameter. The column was
pretreated with about 50 cc of concentrated HC1l (12 N),
washed with water, and conditioned by passing about 50 cc of
0.7 N HC1. After the A1C13 and NaCl mixture was adsorbed,
the column was eluted with 0.7 N HCl. The flow rate was
ad justed to about 1.3 ml/min. The elution was stopped after
70 e¢cc had passed. A diagram of the elution process is shown
in Pig. 6. The only cation the eluate contained was N=a,.
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 infraered lamp, dissolved in H20 and
transferred quantitatively into a volumetric flasgk, made to
volume, and suitable aliquots taken for the activity
measurement.

The method just described is s gimplification of a

previous one developed by Hollbach and Yaffe<76). The




Figure 6
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technique is the same. The difference, however, lies in the
use of a better type of resin, smaller size of column and
eliminetion of the purification step they had to take in
order to remove resgin impurities from their eluate.

The efficiency of the elution process was determined

22

by using a known amount of Na activity measured on a 4T

counter, conducting a separation as described above, and

determining the amount of Na22 activity recovered on the same
counter.

Table IV shows the results obtained during a series
of such experiments. The average efficiency calculated fron

these results was 99 = 0.5%.

Table IV

EFFICIENCY DETERMINATION OF Na SEPARATION
BY A DOWEX_50 CATION EXCHANGE COLUMN

Column dimensions: h = 12 ecm

d = 0.6 cm
Elution Activity in  Activity out %
No. cpm cpm Efficiency
1 1.241 x 10° 1.223 x 10° 98.5%
2 1.198 x 10° 1.189 x 10° 99.21
3 1.165 x 105 1.157 x 108 99. 35
4 1.134 x 105 1.117 x 105 98.4%
5 1,094 x 10° 1.085 x 10° 99.18

Average: 98.94 R 0.5
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By careful application of the above technique,
carrier~-free Ne activity may be obtained with equally high
efficiency. No chemical yield determinations were necessary
for the determination of the amount of recovered activity.

As an additional precesution, the elution was never stopped
before it was made sure thet no activity remained in the
column,

2. Copper

Copper was chemiceally 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 necessgary, as the target itself acted
as a carrier for the Cu activity. The ion exchange technique
was used in this case too.

The method employed was that described by Kraus
and Moore(77). The copper foil was dissolved in & small
amount of concentrated HCl to which a few drops of H202 were
added. The solution was heated to destroy the excess H202
and to eliminate the 012 gas formed by the action of H202
on the HCl, taken to dryness and the residue redissolved in
a small amount of concentrated HC1. The new solﬁtion wa s
adsorbed on a Dowex 1 anion exchange column (200 - 400 mesh),
preconditioned by passing some 20 ml of 4.5 N HCl acid, and
then the elution step followed. The passage of 4.5 N HCl
acid carried awey Co and Ni contaminations while the copper
layer moved slowly towards the bottom of the colunmn. The

strong yellow-green colour of the copper layer facilitated




- 47 -

the inspection of the separation and rendered unnecessary the
use of exact column dimensions, provided the resin was adequate
to adsorb all the copper lons. The column used wss 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). ¥hen the copper
was about to come out, the eluant was changed to 1.5 N HCl
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 & volumetric flask,
made to exasct volume, and suitable aliquots taken for the
activity measurements. The fraction of the copper activity
recovered was determined colorimetrically 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 copper diethyldithiocarbamate complex was
measured by a model DU Beckman spectrophotometer in 1 cm
Corex cells at a wavelength of 430 mm, The calibration
curve of absorbance versus amount of Cul is shown in Fig. 7.

The elution yields for Cu ranged from 30 - 90%.
In the casgses of higher yields, some Co contaminetion was
noticed and resolution of the decay curves was necessary.

3. 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. C11 is

the only measurable activity produced by bombardment of



Figure 7

STANDARD ABSORBANCE CURVE FOR COPPER

DIETHYLDITHIOCARBAMATE COMPLEX
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carbon with protons. In this work, gas phese as well as
gamma measurement techniques were employed, and therefore the
chemical treatment of the carbon target wes necessary.

(a) Combustion

Carbon was converted to CO2 by & combustion method
suggested by Dr. R.A. Sharp of Brookhaven Nationsal Laboratory(ao).
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 with gas phase
measurement of 014 (81’82’85’84’85’86), wag designed for use
in spallation studies at high energy, where C11 igs formed in
rather low ylelds 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
usgse in spallation investigations. Simplifications of the
procedure will be indicated along with s description of the
method.

The apparatus was preconditioned by over-night
evacuation and flushing with O, before irradiation was
started.

The gas counter must be isolated from the system
before flushing it to prevent contact of the counter tube
with 0,. The Pb0,-CuO trap (PC) was set to 350°C and the
Ni0 furnace (NF) to 950°C. After irradiation the target was

weighed, placed into the target solution flagk (TF) and




Figure 8

CARBON COMBUSTION APPARATUS

CG: Carrier gas cell

TF:1 Target solution flask

FF: Flagk filling funnel

CC: Condenser

ST: Sulfuric acid scrubbing tube

PC: PbO,-Cu0 trap (operated at 350°C)
NF: NiO furnace (operated at 95000)

( I - For the purification of
the COp if necessary

bubblers (II - For the preparation of
( Ba005 sourcss

BF: Bubbler filling funnel
N: Calibrated needle valve
FM: Calibrated flow meter (maximum flow - 100 ml/min)
MT: Calibrated manometer
PG: Electronic Gauge (Phillips or Pirani)
CT: Gas counting tube
BS: Barostat (filled with DC704 to a height of about
GA: -30" to 415" Bourdon gauge 12 cm)
DT: Liquid air trap for the diffusion pump
DP:t Diffusion pump
AFs Air filter
FP: Fore pump

BT Ba(OH)2

TRAP I: Immersed in dry ice~acetone mixture
TRAP II: Immersed in liquid nitrogen or liquid air

E==C)== One way
(i)= Two way

——#: Medium porosity sintered glass plugs

={E:}= t Conical ground glass joints
::d’:::: Ball and socket joints (for better flexibility)

l - 29: Stopcocks
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attached to the system. The target solution section was
then evacuated and partly refilled with 0,5, or with O, and
C0s. The latter was enclosed in the carrier gas cell (CG)
whenever a need for it was anticipated.* The Van Slyke-Folch

(83,84) was added next through

chromic acid combustion fluid
the filling funnel (FF) and the mixture boiled for about one
minute while O, was bubbled through it.** The volatile
products of the combustion, swept by the 02, were passed
through the condenser (CC) and the sulphuric acid trap (ST)
which was filled with 80% H,80, to remove SO5 produced during
combustion. The gases were then passed through the PbO, -
Cu0 trap where H2 and nitrogen oxides were removed.*** Next,
the gases were introduced into the NiO furnace (NF)****_ wywhere
all products carried by the sweeping gas were catalytically
converted into CO,. The mixture of CO, and O, was then

prassed through the two radiator-type traps, bypassing the

*The use of CO, carrier is necessary only in spallation
studies 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 combugtion fluid is recommended.

***Nitrogen oxides are usually produced when certain targets,
mainly in spallation studies, are dissolved in HNO5

before combustion. They are severe poisons for gas
counters and must be removed.

***¥The NiO catalyst is made of nickel chipe introduced into
the furnace and oxidized in situ by passing Oy at a

temperature of 700°0 or above.
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Ba(OH), bubbler (BTL).*

In trap I, immersed in dry ice-acetone, water
vapours were removed while in trap II, immersed in liquid air,
CO, was frozen and thus separated from the 02. 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 cut off and pumping continued until a vacuum
of about 26", read on a Bourdon Gauge (GA), was reached.

The flow raie was kept constant by graduelly opening the
needle valve.

The 002 in trap Il was then pumped free of oxygen
after cutting off the pump line, trap I, and the combustion

4

section. A vacuum of 10~ to 10°7 mm Hg was recommended by
Dr. 8harp in order to ensure absence of impurities, mainly
wvater vapours, which affect the operating characteristics of
the counter. Thig vacuum was never achieved in this work.
Instead, the counter was carefully flushed with methane
before CO, was distilled into it. .
After flushing and evacuating to a pressure of 10”3

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

*The purpose of the Ba(OH), bubbler (BT) is to separate COp

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.
COp can be regenerated by acidifying the bubbler solution,

**In spite of the careful flushing, it appears that impurities,
mainly due to the CHj gas, were unavolidably introduced
into the counter which caused a delay in the stebilization
of the counter characteristics. This effect is digcussed
in a later section of this work.



-53-

bound by stopcocks 13, 14}, 15, 16, 18, 19, 21, and 22. The
amount of 002 obtained was determined by reading the pressure
on a calibrated mercury manometer (MT).* The CO, 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 CO, 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 similar calculations, using
the Van der Waals and the virial equations. The agreement
was better than 0.2% when applied to a pressure of 100 mm Hg.
After the gas counter aliquot was secured, the
remainder of the CO, was swept by means of methane gas through
a Ba(OH), traep (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 BaCOgz,
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 acid and plotting the expected amount of CO,
versus the manometric pressure. Fig. 9 shows the
calibration curve obtained. The calibration was also
checked by liberating COp from known amounts of Na2005.
The agreement was excellent.



Figure 9

CALIBRATION CURVE FOR THE MANOMETER

OF THE C COMBUSTION APPARATUS
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After all the CO, was removed from the system,
methane was admitted into the gas counter to bring the
pressure to one atmosphere. The counter was then removed
from the line, and the CO, enclosed was measured through its
beta radiation.

(b) Analysis of the samples

The volume of the gas counter was measured by the
toluene method(aé). The tube was filled with reagent grade
redigtilled toluene and weighed before and after filling.

The specific 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 8 filling liquid. The results agreed perfectly. The
average of the two results was 99.65 ¥ 0.05 ml.

No analysis was necessary for the gas counter
aliquot.

The BaCO§ sample was analysed volumetrically after
all ¢!l nad decayed away. Ba005 vas dissolved in an excess
of 0.1 N HC1l acid added through a calibrated micro~burette
under continuous stirring. A few drops of bromothymol blue
indicator 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 BaCOB, was better than
2%. The stability of the HCl and KOH solutions was checked

periodically and before any series of analyses.



IV RADIATION MEASUREMENT TECHNIQUES

Nuclear radiations, both corpuscular (o, ﬁ‘, ﬁ+)
and electromagnetic (Y, X-rays), are detected through their
interaction with matter. When radiastions pass through
matter, they lose their energy chiefly by interaction with
electrons, which lead to dissociation of molecules or
excitation or ionization of atoms.

All radiation detection devices are based on the
effects of these interactione, and special detectors are used
for each type of radiation, according to the efficiency with
which the particular interaction occurs. The latter depends
largely on the nature and energy of the radiation. Thus,
corpuscular radiation (& orﬁs) 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 less
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
celled 'phosphors’.

Of the nuclides studied, N324 decays 100% by
negatron emission to several excited states of Mg24 which, in
turn, reaches its ground state by emission of a number of
gamme rays. Hence the beta deéﬁy of Na24 is accompanied by

64

gamma radiation. Cu ' decays 19% by positron emission, 38%

by negatron, and 43% by electron capture. The negatron decay
64

leads to the ground state of Zn while both positron and
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64

electron capture decays lead to the ground state of Ni~ .

A negligible percentage (0.34%) of the total decay of Cu64

goes to an excited state of Niéh, giving off a gamms ray, but
this is practically useless for gamma radiation meaaurepents.
However, the positrons offer an excellent source for gamma
measurement of Cuék.

When a positron meets a nearby electron,
annihilation occurs. As a result, two gamma quanta are
emitted in nearly opposite directions, each equal to 0.511
Mev. These annihilation gamma quanta accompany all cases of
positron decay, and actually their detection constitutes a
proof for this mode of decay.

Finally, 011 decayes 100% by positron emission to
the ground state of Bll. Some recent investigations(aa)
led to the discovery of some electron capture, but the
percentage is insignificant (0.002%). Of course, ¢l decay
is accompanied by the annihilation radiation. The decay

(89)

schemes of these three nuclides are shown in Fig. 10.

The problem of radiation measurements for the three

nuclides studied was regsolved by using appropriate counting

Na 2l 64

technigues. and Cu bete radiation was measured by a

435C gas flow proportional counter and that of cll!

by an
internal gas counter, while the gamma radiation from all

three was measured by scintillation counters.

A. Bete radiation measurement techniques

(1) 490 counting

The theory behind beta measurement is well known



Figure 10

DECAY SCHEMES OBTAINED FROM REF. 89

a. Decay scheme for Cl1

b. Decay scheme for Na24

64

¢c. Decay scheme for Cu
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and need not be dealt with in the present work. Only e
brief discussion of the 4#JUmeasurement technigue, as
developed by Pate and Yaffe(9o) in this Laboratory, will be
given.

a. Equipment

The counting equipment used was that described by

them(89b)

. The counting chamber, shown in Fig. 11, consisted
of two hemispherical brass ceathodes, 7 c¢cm in diameter, and
two ring-shaped anodes made of 0.001" tungsten wire. The
anodes were ingulated from the cathodes by teflon insulators.
The cethodes 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 25¢ geometry when the source is
kept in the centre of the sphere, were connected in parallel
to an Atomic 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 ebout 30,000, and a bias voltage up to
50 volts could be applied to the signal by the discriminator.
Counting retes were recorded on a Marconi scaler unit

(A.E.P. 908). Auxiliary equipment used included a Sola
constant voltage transformer and a Lambda regulated powér
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 wes C.P.

Methane at atmospheric pressure. After the sample wes



Figure 11

SCHEMATIC DIAGRAM OF THE

49¢ COUNTING CHAMBER
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Figure 12

BLOCK DIAGRAM OF THE

49v COUNTING ASSEMBLY
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inserted, the counter was flushed for several minutes before
starting measurements. The flow rate was controlled by a
simple flowmeter attached to the line.

b. Counter 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 & check of the statistical behaviour of the counter
by a'xa 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 counting rates at this
voltage remained constant throughout the discriminator range,
indicating absence of electronic noise and good amplification
of the counter signals. A setting of 12.5 volts was used on
the discriminator. 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
counter. It was then necessary to determine correction
factors for possible errors originating from the sources.

¢c. Pipetting errors

The sources were prepared by pipetting & small
aliquot from a known volume of the solution of the nuclide to
be studied, by means of a calibrated micro-pipette. In all
cases duplicate 100 lambda gsamples were taken and mounted on
thin VYNS films, prepared by the technique described by Pate

and Yaffe(9oa). Sources, whogse 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 less.

d. Dead-time losses

Although proportional counters have short resolving
times, permitting the measurement of high count rates, it is
necesgsary to know the magnitude of such losses. Pate and

Yaffe(90b)

have suggested that the resolution losses are best
determined empirically. A resolution losgs curve, constructed
by the method described by them, is shown in Fig. 13. This
curve was rarely used in the present work because care was
taken to keep couhting rates lower than 105 ¢.p.m., where the

loss is about 2.5%.

e. Source-mount absorption

The use of thin films and the high energy of the
beta particles emitted by Na24 ( ﬁ_max 1.39 Mev) render
source-mount absorption corrections for this particular
nuclide trivial andvunnecessary. The case of Cu64, however,
is more complicated. As already mentioned, 43% of the
decay of Cué4 takes place by electron capture. Thig mode
of decay is followed by emigsion of X-raye which in turn
give rise to Auger electrons. The latter have very low
energies and, although they can be detected by internal 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.



Figure 13

RESOLUTION LOSS CURVE FOR THE

47 COUNTER
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In addition to this, Auger electrons suffer great losgses by
absorption from the source material, as well as from the
source mount, Therefore, in order to avoid introduction of
such large potentiasl 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 ebsorption of Auger electrons showed that an absorber
thickness of about 110/;g/cm2 was adequate to eliminate thenm

64

completely. (Fig. 14) Hence the Cu sources were sand-
wiched between two VYNS films and the whole covered on both
sides by & thin asluminium foil having a superficial density
of 108 ,ug/cma.*

Since the source mount was not thin any more,
source-mount absorption corrections had to be used for the
ﬁ\‘(me 0.66 Mev) and [’>'(Emﬁlx 0.57 Mev) emitted by the
(89)

source The source-mount absorption corrections were
obtained from the data of Pate and Yaffe(goc) who presented
a set of curves giving source-mount absorption as a function
of the maximum energy of the ﬁ-emitter for various film
thicknesses. A replot of these data for ithe particular

energies of lnterest 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.



Figure 14

AUGER ELECTRON ABSORPTION CURVE

O - PFirst series of experimental

points

@ - Duplicate check points




10

RATE

RELATIVE COUNTING

66a

T R R T R RPN R D R R

O 10 20 30 40 50 60 70 80 90 100 1O I20
VYNS FILM THICKNESS (/ug/cmz)




Figure 15

SOURCE-MOUNT ABSORPTION CURVE FOR

BETA RADIATION OF Cu64

(Data obtained from Ref. 90c)

a. (E 0.66 Mev)
max

b. (E 0.57 Mev)

max
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self-absorption effects become increasingly important as

source thickness (or superficial density) increases, or the
energy of the beta particles decreases. Pate and Yaffe(90°)
and Yaffe and Fishman(91) have determined the self-absorption
coefficients for a large range of beta particle energies over

e wide renge of source thicknesses. By replotting their
results, which were presented again as a set of curves giving
the self-absorption as & 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 Na24 self-absorption is really unimportant for

source superficial densities below §O'ﬂg/cm2. Almost all of
the Na‘?l't sources prepared in this work were less than 2O‘ﬂg/cm2.
(The largest sources prepared contained 2% of the total amount
of the 1 mg NaCl used as carrier during separation.) Hence

no self-asbgorption corrections were necessary for Na2 .*
Self-absorption corrections had to be used in the

64

cagse of Cu~", since the large amount of Cu carrier resulted in

64

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

gsofter 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 VINS films to prevent introduction
of possible errors by the deliquescence of the AlCl§(xH20).
The additional VYNS films did not cause any source-mount
abgorption error, but self-absorption corrections were
used in these four cases.



Figure 16

SELF~ABSORPTION CURVE FOR THE BETA

RADIATION OF Na24 AND cu%

(Datea obtained from Refs. 90e and 91)

a. Na24 ( P;ax 1.3%9 Mev)
b. 0u64 (P:mx 0.66 Mev)

c. cubt ( P;ax 0.57 Mev)



69a

00¢

( _wa/br)

4

(0]¢]

ALISN3Q
ool

AVIidd3dNnsS

304N0S”

0S

260

—

€60

v60

660

960

60

860

NOILdY¥OS8VY 473S

4010V4d



a. Equipment

The gas counter used in this work wasg theaet
described by Bernstein and Ballentine(aé). It consisted of
& cylindrical glass tube about 36 cm long with an external
diameter of 1.9 cm. About 30 cm of 1its wall was sgilver-
plated to serve as & cathode. The anode congisted of a
0.002" tungsten wire, taut from one end to the other along
the méin axis of the tube. The part of the anode that lay
outgide 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 space enclosed by the cathode only.
A diagrem of the construction details of the counter is shown
in Fig. 17.

The counter was enclosed in a lead castle 2% thick
in vertical position. The cathode of the counter was kept
et ground potential, while the anode received a positive high
potential from a Dynatron Radio Limited (type 200A) high
voltage supply unit. The .anode wag connected to a cathode
follovwer constructed in this Laboratory by J.R.S. Drouin(92).
The output from this was fed into an Atomie Energy of Canada
Limited amplifier~-discriminator (AEP 1448). The overall
gein was 700, The discriminator range was from 0 to 50
volts. Counting rates were recorded on a Marconi scaler
unit (AEP 908). Auxiliary equipment included a Sola
constant voltage transformer and a Lambda regulated power
supply (model 25). A block diagram of the counting assembly

is shown in Fig. 18.



Figure 17

SCHEMATIC DIAGRAM OF THE GAS

COUNTER CHAMBER
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b. Calibration of Counter Characteristics

The counter characteristics are affected by the
amount of CO, present in the gas filling. The calibration
wag divided into two main steps. In the first step, the
effect of varying amounts of COp on the counter operating
characteristics was studied. In the second, the effect on
the detection efficiency was determined.

(i) Effect of CO, on the Counter
Operating Characteristics:

Carbon dioxide is a mild poison to any gas counting
‘system. Bernstein and Ballentine(86), as well as
Van Slyke et al.(95) have shown that, when the
total COp pressure in the counter is less than
100 mm Hg, good plateau characteristics are
obtained. In fact, the recorded counts showed
an increase with increasing voltage until & nearly
level plateau was reached near 4000 volts. The
slopes of the individual plateaus increased with
increasing amounts of COp inside the counters,
but all reached the same count at 3900 volts.
The same check was done during thie work at three
different pressures definitely higher than those
expected in the actual experiments. A mixture
of Na201405 and Na201205 was prepared and the CO,
liberated was stored into trap II of the
combustion avparatus (Fig. 8). From this stock

various amounts of COp were introduced into the

counter and the plateau was 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 results obtained are
shown in Fig. 19 (a,b,c). As it is seen, the
rlateau slopes did not vary much as the pressure
of CO, increased from 52.6 to 84 mm Hg. A
comparison with the plateau taken with pure CHy
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 CO, on detection efficiency:

(86) as well ag Van 8lyke

Berngtein and Ballentine
et al.(9§’94) have algso shown that the detection
efficiency of the counter is not affected by the
presence of COp up to a pressure of 100 mm Hg
when methane is used as the counting gas. Ir
methane is replaced by PlO gas (90% argon and 10%
methane) the efficiency falls quite rapidly when
the CO, pressure exceeds 20 mm Hg(gA). The

effect of CO2 on the efficiency of the counter was

checked by plotting the plateau characteristics

obtained at a fixed bias setting for the three CO,
samples previously mentioned. Fig. 20 shows

these plateaus plotted as specific count rate

versus operating voltage to allow for the different

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

plateaus coincide over a voltage range from 3600



Figure 19

PLATEAU CHARACTERISTICS OF A GAS COUNTER

AT VARIOUS BIAS VOLTAGES FOR

DIFFERENT 002 PRESSURES

a. CO, pressure - 52.6 mm Hg
b. CO2 pressure ~ 77.8 mm Hg
c. CO, pressure - 84.0 mm Hg

d. Pure methane filling
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Figure 20

DETECTION EFFICIENCY OF GAS COUNTER

AT VARIOUS CO, PRESSURES
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to 3900 volts, indicating that the counting
efficiency did not vary for the range of
pressures used. %2 tesgts done in all three
experiments showed that the counter operated
statistically and that the CO, had no effect
on the counter behaviour.

¢. Counter efficiency 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(95’96’97'98).who were mainly concerned with
01402 gas phase counting in the Geiger-Muller region. For
purposes of.the present gtudy 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(eé) showed that in
their type of counter, which was also operated in the pro-
portional region, the above-mentioned effects were minimized
to such an extent that a combined efficiency of 98% could be
attained. According to Van Slyke ot al.(95) the best way to
determine the efficiency of a counter would be to measure the
count of a known amount of 002 (yielding a pressure below
100 mm Hg) obtained from a standard. Since this work was
concerned with the measurement of C!! rather than 014, the C11
itself was used for the standardization of the counter. To
this end, the Cll, obtained by proton bombardment of 012,

was measured by the 4JC counting method and the gas counter.



- 79 =

The respective counting rates were converted to total
absolute disintegration rates, and the ratio of the 4f
results to those of the gas counter was taken. The
standardization of the gas counter against the 49T had the

‘ eadded advantage of rendering the bete radiation measurement

24 64

of 011 comperable to that of Na sand Cu The conversion
of the 4f{ counting rates to absolute disintegration rates is
discussed in detail in Appendix I.

The overall conversion factor obtained for the gas

11 yas 1.513 * 0.069 which includes the

phese measurement of C
volume ratio of the counter. The latter is & constant for
any one counter and is the ratio of the volume enclosed by
the cathode to its total volume. This ratio indicates the
fraction of the total activity enclosed in the counter that
wquld be ideally measured if its efficiency was 100%. This
sensitive volume was measured for the particular counter in
use by the toluene method(86’93) and was found to be 84,23%.
If VR is the volume ratio, F the overall factor and E the

efficiency of the counter, then

1
Fa“"—'—“— ® s 8 06060606 0e20 000000 (5)
VR x E

Solving for E, equation (5) becomes

= 1
E F_.;—ﬁ I A A I I A A AR S P (6)

Since F = 1.51 and Vy = 0.842, the efficiency can be
calculated from equation (6), i.e.

E = 70.8%.
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This is & surprisingly low value when compared to that of 98%
quoted by Bernstein and Ballentine(86), but true. The
reasong are unknown. One plausible explanation is that the
electronic equipment used may be responsible for this dis-
crepancy. In effect, the electronic equipment did not mateh
the requirements set by the above authors, as explained by

(93)

Van Slyke et al. The amplificetion 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 noisge of
the system. Attempts to compengate this effeect 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 shown, mekes the

measurement of the C11 activity reliable to within 5.7%.

d. Resolution losses

(86)

Bernstein and Ballentine reported that the gas
counting system they used had a very short resolving time,
permitting the measurement of very high specific activities
(up to 2 x 102 ¢.p.m.) without any appreciable resolution

losgs. However, from the decay curves of the 011

activity
measured in this work, it became apparent that the resolution
logses in the gas counting system employed were quite

significant even for counting rates as low as 5 x IOA C.pom.

Therefore an empirical resolution loss cuive was determined
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(90b) suitably

using the technique described by Pate and Yaffe
adapted for this case.

The gas counter was filled with & mixture of CHy
and 002 to a total pressure of one atmosphere. The partial
pressure of the 002 was 30 mm Hg. Eight pairs of sources of
increasing specific activity were prepared by evaporating some
P52 on polyethylene strips. The sources were covered by
scotch tape and attached 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
3

the sources of the lowest specific activity ( ~ 3 x 10”7 c.p.m.).
In this menner the individual sources remained fixed in the

gsame pogition during counting and were removed only when they
were of no further use. Thus possible errors due to geometry
effects were avoided. The resolution logses, plotted as =2
function of apparent counting rate, are shown in Fig. 21.

From this curve, the resolving time of the system was

calculated by using the equation

N
NTal-Nt s s e s e b esas e s 00 s e (7)

where NT is the true counting rate,
N is the apparent counting rate, and
T 1s the resolving time of the counting system.
At 105 c.p.m. apparent counting rate, the resolution
loss is 1.7 x 104 c.p.m., that is NT = 1,17 x 105 C.p.Im. By
substituting the above values for N and Ny in equation (7),

the resolving time, T, was found to be 87 /usec.



Figure 21
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B. Gamma radiation measurement

Electromegnetic radiations (gamma and X-rays) can
be detected by means of the scintillations they produce when
they pass through certain crystalline substances called
'phogsphors!?.

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 gamme rays is
digssipated in the phosphor. The energy dissipation takes
place in the three following ways:

i. Photo-electric effect:

The gamma ray ejects a bound electron from an atom or
molecule and imparts to it a kinetic energy (hv - b)
where hv 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 results in a flash of light, the
intengity of which i1s 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 particular gamma ray and a

photopeak results.
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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 seen
by the photomultiplier as é 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 =

2moc2

, where m, is the rest mass 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. ¥hen

the positron is stopped, annihilation with a nearby



- 85 -

electron occurs and two gamma quanta are released,

each having an energy of 0.511 Mev. These

annihilation gemmes may or may not be detected by

the phosphor, A characteristic 0.511 Mev photo-

peak in the pulse spectrum appears when they are

fully absorbed by the phosphor.

A large variety of phosphors exists suitable for the
detection of 211 types of radiation. For gemme radiation, the
most efficient phosphor, and consequently the most widely used,
is a Nal crystal activated by addition of the order of 0.1%
T11. 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 pulse height analyser

a. Equipment
The detector in this instrument consisted of =

commercially available (Harshaw Chemical Co.) 3" x 3" NaI(T1)
crystal hermetically sealed, and optically coupled to a Du-
Mont type 6364,5" photomultiplier tube. The high voltage
was supplied to the photomultiplier from a Baird Atomic
(model 318) stabilized high voltage supply 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 lead

cylinder 14" thick. The fluorescent X-rays from the lead
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were attenuated by lining the ingide of the cylinder with =
"graded' shield, consisting of a 2" iron lining and 1/8'
lucite. The detector assembly aﬁd the shielding, togefher
with the geometrical arrangement used for the counting of the
sources, are shown in Fig. 22. The electrical pulses from
the photomultiplier were fed via a cathode follower (Hamner
Electronics, model N-351) 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 Devices of Canada Limited, Model AEP 2230). The
analyser was equipped for magnetic core storage of the data
end oscilloscope presentation of the measured pulse height
spectrum. The stored data could be removed by external
equipment such as a pen recorder (Westronics Inc., Model
2705, TM 100-X84M-Y) accepting analog signals from the pulse
height analyser snd a digital print-out system which con-
sisted of a print control unit (C.D.C. model 460), decimal
scaler unit (C.D.C. model W 450), end the printer. Such an
asgsemblage hag a long resolution time, and the dead-time
logsses 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 percentage by
varying the geometrical efficiency under which the sources
were measured. It should be mentioned here that these

losses did not distort the spectrum but only reduced its



Figure 22

SCHEMATIC DIAGRAM OF DETECTOR ASSEMBLY

INCLUDING DETECTOR, SOURCE GEOMETRICAL

ARRANGEMENT, PHOTOMULTIPLIER, AND SHIELDING
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overall amplitude. A block disgram of the pulse height
analyser assembly is shown in Fig. 23.

b. Analysis of spectra

The data obtained from a pulse height analyser are
given in the form of a pulse height spectrum.

In obtaining the gamms emission rate of & 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 gamme ray energy is above 1.02 Mev. This really means
integration of the whole pulse height spectrum. In the cease
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 1ls present in the source. The main
difficulties arise from pulses due to radiation scattered by
the radiation shield, beta absorbers or other material in the
vieinity of the detector.

A simpler method consists in measuring the total
number of events falling under the photopeak and converting
those events into the absolute gamma emission rate. The

conversion is done by the following relationship:



Figure 23

BLOCK DIAGRAM OF PULSE HEIGHT

ANALYSER ASSEMBLY
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where N, is the number of gemma rays emitted by a particular

source.

Np is the number of photoelectric events (area under
the photopeak).

€ is the total efficiency of the crystal defined as
the probability of obtsining any size pulse when
a gamma ray strikes the crystal.

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

under the photopeak.

A is the correction factor for abgorption 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 raediation and the source-
to-detector geometrical arrangements. Heath(99) and

(100) calculated the theoreticsl total efficiencies for

Lazar
a cylindricel 3" x 3* NaI(Tl) crystal for various source to
crystal distences. P is determined experimentally from the
product (P x £) which is called 'photopeak efficiency' and
denotes the probability of obtaining a 'full energy' pulse if
a gamma ray sitrikes the crystal. Both Heath and Lazer have
reported peak to total ratios as a function of gamma ray
energies. P varies also with the size and shape of the
ecrystal, 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 emall 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 gamme ray energy range.
The method has been described in detail by G.R. Grant(lol).
The results were given in the form of combined photopesak
efficiency curves for the various shelves of the geometrical

agssembly used.

24 64

In this work only Na and Cu were measured on

the 100 channel pulse height analyser because it was not

11 in a solution form convenient for

later analysis of the carbon yield. Both Na24 64

possible to obtain the C
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(IOI). Figs.

64 24

24 and 25 show typical spectra obtained for Cu and Na
respectively. The dotted lines on thesze spectra indicate

the estimated background in each individual case. Two




Figure 24

TYPICAL GAMMA RAY SPECTRUM FOR Cu6)+
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Figure 25

TYPICAL GAMMA RAY SPECTRUM FOR Na24

22

(Including some Na““ activity)
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things, regarding the analysis of these spectra and the

determination of the absolute gamma emission rates of the

ebove nuclides, should be mentioned here.

i. Na22 is generally produced along with the Naza_when

aluminium is bombarded by protons. The activity of
Na22 will be present in the meagured sources. Since

Na 22 is a positron emitter(89), its 0.511 Mev gamma

ray will obscure the pair production photopeak and,

in addition, it will increase the 'coincidence

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

24

much too close to the 1.368 Mev one of Na“' and
therefore impossible to be resolved from the latter,
since the resolving ability of the detector for the
1.368 Mev photopeak was 16% (calculated from the
spectra obtained in the course of this work). Hence
the 1.368 Mev peak shown in Fig. 25 conteins e con-
tribution from the 1.28 Mev gamma ray of Na22.
However, this contribution is rather small due to the
fact thaé Na22 production is generally very small.
Furthermore, Na22 has a 1ong'hﬁlf-life (2.58 years)
compared to that of Na24 (14.9 hours) and thus the
resulting counting rate for this nuclide is qui£e low.
Hence its presence does not affect the shape of the
1.368 Mev photopeak, at least at the beginning of the
measurement. Only towards the end of the decay of
Na24 was the shape of the photopeak distorted. To

account for this, analysis of the 1.368 Mev photopeak




- 95 =

was carried out until it started showing this

distortion. Then the source was put aside until
24 22 .

Na had decayed. The Na contribution wag then

measured and subtracted from the gross decay curve.

64 24

ii. As alresdy mentioned, all sources of Cu and Na
were measured on the zéro shelf of the detector
assembly. At such a high geometrical efficiency, the
'coinecidence summing' effect is quite important(99’loo)
and should be accounted for in the analysis of the
spectra., However, because the 'summing' effect is
a rather complicated one to evaluate, the general
tendency in pulse heigﬂt analyses igs to measure the
gamma-~-ray sources in a sufficiently low geometrical
efficiency so that this effect becomes negligible.

In most of the cases encountered in this work, time
congiderations did not permit measurement of the sources under
these conditions, and therefore application of the standard
combined efficiency curves determined in this Laboratory(IOI)
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 included
were redetermined for the two particular nuclides studied.

The average value for the 0.511 Mev photopeak of Cu64,

calculated from 15 different measurements, was found to be

0.0973 ¥ 0.0058, while that for the 1.3%68 Mev photopeak of

24 +

Ne was 00,0381 - 0,0022. These photopesk efficiency values

were used in the present work.
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(2) Well-type scintillation counter

a. Egquipment
This was & commercial instrument built by Atomic

Instruments Co. The detector part (model 810A) consisted
of = NaI(T1) crysta1‘2“ high and 19/4"% in diemeter with e
centre well 2/8" in diasmeter and 11" deep, optically coupled
to a Du Mont,tyée 6292, photomultipiier tube. The photo-
multiplier pulses were amplified by a built-in amplifier and
were then fed to the scaler (model 131) which had a built-in
power supply unit (model 381). It was also equipped with a
digcriminator unit sensitive to neggtive pulses ranging from
0.25 - 10 volts, and a preset time clock. A gstable high
voltage supply (model 312) provided the positive high voltage
to the photomulfiplier. A block diagram of the instrument
is shown in Fig. 26.

b. Calidbration

Unlike the pulse height analyser, thisg counter
cannot resolve pulses originating from different gamma ray
energies or even distinguish between photoelectric events and
Compton scattering. It simply records all events taking
rlace 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 certein desired size.
With a celibrated discriminator scale, & pulse digtribution
spectrum can be obtained in some simple ceses. However, the
best way to use this type of couhter for quantitative work 1is

to obtain an overall conversion factor for each individual




Figure 26

BLOCK DIAGRAM OF WELL-TYPE

SCINTILLATION COUNTER ASSEMBLY
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nuclide to be studied, provided the source geometry remains
within certain limits. This is actuelly the procedure

adopted in the present work.

24 64

The sources of Na and Cu 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 BaCOi. No geometry effect had to
be used for Naza and Cu64 sources since they were 2ll of the
same size. The geometry effect was checked in the case of
C11 because small variations in the volume occupied by the
Ba005 were expected. Thies effect was studied by placing a
drop of & pure positron emitter (Ti45 in this case) in a
glass vial and determining the count rate of the source. A
known emount of water was then edded to the source in order
to increase its volume, and the count rate was redetermined.
The procedure was repeated until the initial source volume
was brought up to 3 ml, No change in the count rate was
detected up to 2 volume of 2 ml.

The overall conversion factors for Na.24 and Cu64
were determined from data obtained in this work. The count
rates of these sources, after sultable corrections for the
presence of long-lived activity (Na22 in the case of Naza)
and dilution, were compared with the corresponding total
disintegration rates obtained from 49U meassurements. Since
no 45T measurement data were available for 011, the overall

conversion factor in this instance was determined by

comparison with the gas counting data. The overall
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convergion factors obtained are shown in Table V.

Table V

490 /gcintillation
Counter Conversion

Nuclide Factor Remarks
Na24 2.12 ¥ o.148 Average of 13 measurements
Cué4 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 schemes
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. Kjelbergtl02)
had determined the dead-time losses and found that up to

300,000 ¢c.p.m. no correction for these losses was necessary.

V TREATMENT OF DATA

Equation (4) (P. 2) clearly shows that the two key
quantities necessary to determine the cross section of any
nuclear reaction are the disintegration rate of the product
nuclide and the beam intensity.

A. Disintegration rate determination

The disintegration rates at the end of bombardment
of the nuclides studied were obtained by the following
procedure:

1. The log of the measured counting rates of the sample
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sources, corrected for resolution losses if necessary,
were plotted versus time and the decay curves were
thus constructed. ¥here long-lived activity was
present (mainly in Na24 and in some cases of Cu64)
the resulting gross decay curves were resolved in the
usual graphical way into the single component decay
curves which were then extrapolated back to the end

of bombardment time. Typical decay curves for 011,

64 L

Cu and Na2 s obtained in the course of the present

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

11 varied between 20.4

The half-lives obtained for C
and 20,7 mins, for Cu64 between 12.6 and 12,9 hrs and
for Naah between 14.7 and 15.0 hrs.

An explanation is due here regarding the decay curves

of C11

obtained by gas phase measurements. As
already mentioned, internal gas phase counting is
sensitive to the presence of impurities. Van Slyke

et al.(93) 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(8o)
in his communication pointed out that either a wvacuun

of 10-4

to 1072 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 characteristics become stable. The length of

the waiting period would depend on the amount of



Figure 27

DECAY CURVE FOR THE 20.5 MINUTE 011

- Gas Counter,measured activity

- Resolution loss corrections

- Well-type Scintillation Counter
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Figure 28

DECAY CURVE FOR THE 12.8 HOUR Cu64

~ 490 Counter

- 100 Channel Pulse Height
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Figure 29

DECAY CURVE FOR THE 14.9 HOUR Na2*

- Experimental points, 49¢ Counter

24

~ Resolved Na activity

- Experimental points, Scintillation

Counter (well type)

- Resolved Na.24 activity

- Experimental points, Pulse Height

Analyser

24

- Resolved Na activity
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impurities present. A mass spectrometric analysis
of the C.P. methane reported by Pate and Yaffe(gob)
showed that some impurities were indeed present in
the CH, 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 CHy

and caused 2 smell deley in the stebilization of the
counter characteristics. This effect 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 Cll decay.

2. The counting rates at the end of bombardment were then
converted to absolute counting ratesg by applying the
correction factors agssociated with each method of
measurement, es discussed in the appropriate sections
of the Radiation Measurement Techniques. . The total
counting rate for each product nuclide was then
obtained by multiplying these corrected counting rates
by the appropriaste dilution factors.

3., Finelly, the digsintegration 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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(CR)p

(DR) = ?BR)F

® 20 00000 s s s 000 s a0 s (9)

where DR is the disintegration rate of the particular
nuclide studied,

(CR)P is the total absolute counting rate as
determined by the beta radiation measurements,
and

(BR)p is the branching ratio for beta emission.
In the present work, the beta branching ratioc for
611l and Na2* ig 1004(89) while that for cub* is 57%(89)

(19% ﬁ * and 38% P>-) since the electron capture branch was

totally cut out. In gemma radiation measurements
(OR),
DRE_—""'._— (1 +d) ® 9 # ¢ 5 6 8 s 90 (10)
(BR)y T

where (CR)Y ig the absolute emission rate for the
particular gasmma ray used,

<BR)Y is the fraction of the gamma transitions that
this gamma represents (branching ratio), and

O(T is the internal conversion coefficient of the

same gsmma ray.

24 is

The brenching ratio for the 1,368 Mev gamma ray of Na
100% while that for the cub4 0.511 Mev is 38% (i.e. 2 x 19%)
since these gamma rays result from the annihilation of the
positrons.

The internal conversion coefficients for both gamma
rays were negligible and were not taken into account.

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 was monitored by means of the
12 11
¢ “(p,pn)cC reaction. A transformation of the general
equation
- )Pt)

(DR)p = I ntdp(l - e ... (Eq. 3, P. 2)

was worked out by applying it simultaneously for both target
under study and monitor.

If subscripts (T8) and (PS) denote respectively
target and product nuclides of the reaction under study and
(TM) and (PM) the corresponding nuclides for the monitoring

reaction, then
')Pst)

(1 - e'gPMt) ceee.. (12)

(DR)PS = 1 nTSO'Ps(l - e cereee (11)

(DR)py = T mp O gy

where (DR), I, n,6, A, and t have the same meaning given
on pp. 1 & 2.
If equation (11) is divided by equation (12), the

following expression is obtained:

(DR)PS nTS x GJPS x (1 - e-;\Pst)

(DR) - a
pg B xG’PM x (1 e

where I is eliminated.
If one solves for the cross-section ratio G;S/G;M,
equation (12) becomes

- Aoyt
O'ps _ (DR)pg P l-e PM

ol (DR)

PM PM Ppg 1 -

Npy and Nqpg mAY be calculated from the experimental date in

ceees (14)

.- Apst
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the foilowing wey:
If W' is the total weight of any target foil of
uniform thickness x, and A' ig its total area, then the weight
¥ of the target area exposed to the particle beam will be

W=w xA =(8D) x4 ..vovveen.. (15)
A,l

where (8D) 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 = ?f;j x Nx (NA) = (8D) x A x N x (NA) .. (16)
where (AW) is the atomic weight of the target element used,
N is Avogadro'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 Nong and Ny by their equivalents
from equation (16) and takes into consideration that the ares

presented to the beam of incoming particles is the same for

both target and monitor, equation (14) becomes

6pg (DR)pg  (8D)gy  (NA)p,  (AW)gg 1 - o= APMt
= x

x x b .. (17)
—Apgt
Oy (DR)py  (8D)pg  (NWA)pg  (AW)gy, 1 - o™ Ps

From equation (17)-the cross-section ratios of the
A127(p,§pn)Na24 and Ca‘n165(p,pn)(}u64 reactions to that of
Cla(p,pn)c11 were calculated. These ratios were subsequently
converted into absolute cross-section values by using the

results of Aamodt et al.(56) corrected according to Crandall
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et al.(39) for the Clz(p,pn)c11 excitation function. This
excitation function, drawn on an expanded scale, is shown in

Fig. 30.

C. Errors
Equation (17) may be written in a more convenient

form
5 .6 (DR)pg  (8D)gy 1 . o~ Pput

PS PM X K x x ’ b4 _
(DR)py ~ (8DJgg ™ 1 . o= Apst

ceeesses (18)

(A gy . (AW)qg
(NA)TS (Aw)TM

9 8 0 0 0 5 046 00800t s (19)

where K

From equation (18) it is possible to calculate the
standard deviation of the cross sections to be reported in
this work. Let‘A(X) be the standard deviation of any of the

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

5. 12 2 2 2 2
A6pg| = |AOpy . |Bg]", A(DR)pg|”  [A(DR)py| "

O'ps Opu K (DR)pg (DR)py

Ang)®  [ADg]*  [aq - o mty]t

- + +
(8D) gy (8D)pg 1= e Apyt J

2
ceeeen. (20)

Aot

Rﬁ(l - e P87

L1 - & 3P5t i

In the following peragraphs the standard deviation
involved in each individual factor above will be discussed

and quoted.



Figure 30

EXCITATION FUNCTION FOR THE

¢t2(p,pn)ct! REACTION

(Expanded scalse)

(36)

Results obtained from Aamodt et al.
and corrected ag suggested by

Crandall et al.(59)
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46 py
1. 7§;§—
The above quantity indicates the error involved in
the monitor cross-section values used. Aemodt et al.(aé)

quoted an error of b 5% in the absolute cross-section values
reported. However, after applying the corrections suggested
by Crandall et al.(59), it was not possible to accept 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.

34

2. K

No error was egsumed for this term as it contains
well-established values for the atomic weights of the
elements used and their naturael abundances, as obtained from

the Nuclear Data sheets(89).

If one wished to assign any
error to that term, t 1% would be & rather pessimistic value
since all three nuclides have been well studied.

A(DR)pg o A(DR) gy
(DR)pg (DR)py

The standard deviations in the disintegration rates
of the nuclides studied vary according to the methods of
measurement used and the accuracy of their decay schemes.
Thus, for the 4J( measurement technique, which was the basic

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

DR= CR o e s 8008 00 000 (21)

(BR) x fd X fs x fM x fAN

where CR is the count rate of the source,
BR is the branching ratio of the nuclide studied,
fd ig the dilution factor
f. is the self-absorption correction factor,
fyy 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
except for fs and fM. The error in these factors depended
on their values. For a factor greater than 0,95, the error
introduced is as low as 0.5%, while for lower values it
increases. Of course the errors in the decay schemes cannot
be avoided. For well-studied nuclides the errors are
negligible. The errors asdopted for the nuclides studied and

the total estimated error in the corresponding disintegration

rates are listed in Table VI.

Table VI
% error accepted %
error
Nuclide C.R. B.R. fd fs fM fAN in D.R.
Ne 24 T L to - - % t
Cuél{' | to L) g haP) ¥ 3 ¥
cll t | - t3 - 13 gl RPN
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The error in fs for the case of Cll wag derived
from the self-absorption study reported in Appendix I.

Similar calculations can 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 waes done against the
45T counter. By this standardization, all individual errore,
such as aliguoting, analytical, decey scheme and efficiency,
were combined in the éverall conversion factors, determined
by comparison of calculated absoclute counting rates obtained
in each case to the corresponding sbsolute disintegration
rates determined by 47 measurements. Hence the statigtical
uncertainty in the disintegration rates obtained with all
other methods will be the root-mean square of the errors in
the 47 disintegration rates and the corresponding 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 VII

% Errors in the measurement of

Well-type Pulse Height
Gas Counter Scin.Counter Anslyser

4% efficiency combined combined
Nuclide DR factor efficiency efficiency
Na 24 t s - t7.0 +5.8
bt - +7.6 +6.6
+ +
ctl S4.2 4.5 Y54 -
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The overall uncertainties in the disintegration
rate determinations are shown in Table VIII.

Table VIII

% Errors in disintegration rate

Well-type Pulse Height

Nuclide Gas Counter 8Scin.Counter Analyser
Na 24 - t 7.6 ¥ 6.5
cub# - t 9.1 + 8.3
cll tsa ?oe.2 -
(SD)TM (SD)TS
The errors for these quantities were experimentally
determined. For Na and Cu foils the error was 1%, while

that for ¢}l was %%, as already mentioned.

-‘)PMt

Al - e ) and AQl - e )Pst)

(1 - e")PMt) (1 - o }Pst)

The errors involved in the determination of these
values are difficult to calculate. They largely depend on
the accuracy of the timing of the irradiations and the half-
lives of the product nuclides measured. For long-lived
nuclides, small srrors in the half-lives experimentally
obtained do not affect the overall accuracy of the saturation
terms. In the case of short-lived nuclides, large errors
may result.

The intensity of the beam was agssumed to be stable
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during irradiation and the timing was done by means of a
stopwatch. However, there is still an uncertainty regarding
the stability of the beam intensity and an error of ¥ 2% is
assigned to the monitor gaturation factor, while an error of
¥ 1% was assigned to the saturation factors of Cu 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

agssignments, the totel error in the calculated cross sections

of Na24 and (L‘uél+ for every method of measurement was
determined. Table IX lists the errors for each method of
determination
Table IX
011 Total error
Method of Method of (standard deviation)
Nuclide measurement measurement in calculation
ok T Gas Counter ¥ aizg
Na
Well-type Well-type +
Scin.Counter Scin.Counter - 16%
64 45T Gas Counter g
Cu
Well-type Well-type +
Scin.Counter Scin.Counter - 17%

An additional determination of the crosg section of

24 as a monitor, was determined for the pulse

Cuéh, using Na
height analyser data obtained in this work. The monitor

‘erogs-section values used in this case were thoge 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

b and Cu65(p,pn)0u64 reactions, the data were

8127 (p,3pn)Na®
grouped in such a way that a direct check of the variations
in the finel result, caused by the use of different activity
measurement techniques, would be possible. Since no pulse
height analysis data were available for C11 measurement, the
consistency of the results obtained by this method was
checked by determining the excitation function of the
Cu65(p,pn)0u64 reaction relative to that of A127(p,5pn)Na24.
The monitor values used for this calculation were obtained
from the excitation function of the above reaction, as
determined by the other two methods of activity measurement.

Table X containsg the disintegration rates of the
product nuclides of each reaction, as determined by the
various activity 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), thet is

'f)‘PMt)

‘- (AW)pg x (m\)TM x (8D)qy x (1 - e i (22)

(4W), x (WA), . x (D),  x (1 - e-ikpst)
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27 24
The cross sections of the Al (p,3pn)Na and

Cu65(p,5pn)0u64 reactions, calculated on the basis of
Glz(p,pn)cll, are listed in Tables XII and XIII respectively.
Each of these tables is followed by two graphical repre-
sentations of the excitation functions obtained, one on
linear and another on semilog scale. This was necessary,
especially in the case of the A127(p,5pn)Na24 reaction, in
order to show clearly very low crogs section values obtained
near the threshold.

The cross-section values of the (';‘u65(p,pn)c.31164
reaction, calculated on the bagis of the A127(p,3pn)Na24
reaction from the pulse height analyser activity measurements,
are shown in Table XIV, For comparison's sake, the same
calculation was done using the 4J measurement data.

Fig. 35, following Table XIV, gshows these results
in comparison with the excitation function of the
Cu65(p,pn)0u6h reaction mas obtained with respect to that of

12 11
(p,pn)Cc 7.

c
Whenever duplicate cross—-section values were
available, the average value was used in the construction

of the execitation function.
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Explanation of Symbols used in Tables X to XIV

E_= Proton energy.
G.C. = Gas counter.
¥.8.C, = Well-type scintillation counter.
497 = 45U counter.
P,H.A. = 100 channel pulse height analyser.
a - No carbon foil was used in thie bombardment.
b - Analyeis of the carbon wag gpoiled.

¢ - The counter wes not operating properly at the time

of the measurement.
24 .
d - No Na activity was produced at this energy.

e - The Na24 activity was so little that the spectra
were not possible to analyse due to interference

of Na22,

f - These irradiations were the first of the geries
and the Cu foil had not been included at the

time.



Table X

DISINTEGRATION RATES OBTAINED BY THE VARIOUS METHODS OF ACTIVITY MEASUREMENT
- c11 en b4
Irr P
No. Mev G.C. v.S.C. 4R v.8.C. P.H.A. 4n v.S.C. P.H.A.
121 1.693%x10° 1.711x10° a a &  4.527x 10°% 4.733x 108 4.300x 108
227 7.780%x10° 7.659x10° 1.550 x10% 1.604 x 10% o 4.507x 10° 4.457x 108 4.307x 108
3 33  6.589x10° 6.164x10° 1.800x10° 1.537x 10° 2.052 x10° 1.279x10° 1.138 x10% 1.325 x 108
433 1.342x10%° o 5.894 x 10° 5.300x 10° 5.638 x 10° 4.054 x 10° 4.418 x10° 4.243x10°
538 2.020x10° 1.981x 10° 2.070x 10° 1.855x10° 1.929x 107 4.165% 10! 3.768x 107 3.835x 107
& 43 8.295x10° 8.494x10° 3.450x10° 3.286 x10% 3.330x10° 1.589x10% 1.635x 108 1.556 x10°
7 45.5:1.596x 1010 1.733x10%° 1.850x10° 1.758 x10% 1.790x10% 1.091x 10% 1.000 % 108 1.083 x 108
8 50 1.700x10%° 1.817x10'° 4.407x10° 42060 x10% 4.425%10% 1.356 x 108 1.296 % 10% 1.381 x 108
9 577 1.348x10° b 3,300 x 10° 3.307x10% 3.396x 10° £ £ £
10 62 1.956x10° 1.779x10° 3.100x10% 3.180x10% 2.959x10% 2.172x107 2.460 x107 2.294 x107
11 6T 8.885x10° 9.375%10° 3.380x 10" 3.328x10' 3.529x 10! £ £ £
12 72 1307x10° 1.313x10° 3.730x 10% 3.604x 10° 3.398x 10% 2.277x 107 2.319x 107 2.233x 107
13 75 1.022x10%° 1.068x 101° 2.830x 107 3.222x 107 3.102x 107 ' £ £
14 82 3.580x10° - b 5.500x10° 5.433x 10% 5.326x 10% 3.644x 107 3.099x 107 3.396x 107
15 82  5.028x 10° c 1.288x% 10° 1.260x 10% 1.259x 10° 8.165x10° ¢ 8.192x 10°
16 86.5 1.019x10° 1.058x10° 3.100x10° 3.180x10° 3.015x10° £ £ g
17 86.5 a & 6 6 1.744x 10° 71.118x107 1.043x107

1.790x 10

1.759x 10

1.072x 10

- 611 -
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Table XI

CALCULATED CONSTANT FACTORS

g o AW (NAM)py (8D)qy 1 - o Yrut
(AW)g,  (NA),  (SD),g 1 - o= Apst
Irradi- 5 retion .

"Noo'  Hours  Na2* ve. 61l ub® ve. 1! Gub* vo. Na2H
1 1.183 d 93.550 1,811
2 0.980 58,887 106.570 1.809
3 0.500 84.380 160.913 1.906
4 0.750 65.056 124,685 1.916
5 0.500 84.380 160.913 1.906
6 0.500 89.625 174.205 1.943
7 0.500 270.994 519.130 1.915
8 0.500 167.410 320.689 1.915
9 0.250 61.450 £ f

10 0.500 89.625 177.598 1.981
11 0.533 48,099 £ £
12 0.758 67.814 118.340 1.745
13 0.266 63.306 £ £
14 0.392 119.680 215,943 1.874
15 0.500 87.459 167.539 1.915
16 0.308 61.176 £ £
17 0.250 a a 1.740




Eaklgqxll

CROSS SECTION CALCULATIONS FOR THE A1%7(p,3pn)Na2% REACTION USING Cla(p,pn)cll AS MONITOR

Iry Ep Dlsintegratlon rate ratios cll a2  (mb)
No. Mew K ‘4" vs. GC WSC vs. WSC (mb) 4n vs. GC WSC vs. WSC
1 21 & a a a a a
2 21 58.887  1.992 x 10°% 2,094 x 10™°  58.5  0.007 ¥ 0.001 0.007 ¥ 0.001
3 33 84.380  2.732 x 1077 2.493 x 1072  80.0  0.184 ¥ 0.026 0.168 ¥ 0.028
4 33 65.056  4.390 x 1072 c 80.0  0.224 I 0.031 c
5 38 84.380  1.025 x 10™% 9.363 x 107>  86.0  0.744 % 0.104 0.680 ¥ 0.110
6 43 89.625  4.159 x 10~% 3.868 x 10™*  87.0  3.25 Y o0.45 3.00 ¥ o0.49
7 45.5 270.994  1.159 x 10°% 1,015 x 107 87.0 2.73 ¥ o.38 2.40 ¥o0.39
8 50  167.410 2.592 x 107% 2.234 x 107*  86.5 3.75 fo0.52 3.20 ¥ o0.53
9 57 61.450  2.448 x 1070 b 82.5 12.4 2 1.73 b
10 62 89.625  1.585 x 107> 1,787 x 107  T9.5 11.3 f1.6 12.7 ¥2.a
11 67 48.099  3.804 x 1070 3.550 x 1072 77.5 14.2 2.0 13.2 I 2.2
12 12 67.814  2.854 x 1070 2,745 x 1072 4.5 14.4 2.0 13.8 f2.3
13 175 63.306  2.769 x 1070 3,017 x 100  73.0 12.8 1.8 13.8 ¥ 2.3
14 82  119.680  1.536 x 107> B 70,0 12.8 ¥ 1.8 B
15 82 87.459  2.562 x 1070 c 70.0  15.6 2.2 @
16 86.5 6lil76  3.042 x.10° 3.005 x 107 680 12i6 % 1.7 12.4 2 2.0
17 86.5 a a8 ooa a’ a a

- et -



Figure 31

LINEAR PLOT OF THE EXCITATION FUNCTION

OF THE A127(pjjpn)Na24 REACTION,

OBTAINED ON THE BASIS OF THAT OF

12 11
C "(p,pn)cC

49 versus G.C. dats

0 Well-type scintillation counter data

(63)

& Results of Yule and Turkevich

—_— Results of Hicks, Stevenson, and

Nervik(59)

————— Excitation function of Hintz and
Ramsey(55) corrected according to

Crandall et al.(59)
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Figure 32

SEMILOGARITHMIC PLOT OF THE EXCITATION

FUNCTION OF THE A127(p,%pn)Na¥

REACTION OBTAINED ON THE BASIS

OF THAT OF 0 2(p,pn)ct?

49 versus G.C. data

% Well-type scintillation counter datsa

O— Results of Hicks, Stevenson, and

(59)

Nervik

——————— Excitation function of Hintz and
(35)

Ramsey corrected according to

Crandall et al.(59)

a Yule and Turkevich(éﬁ)
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Tsble XITI

CROSS SECTION CALCULATIONS FOR THE Cu®?(p,pn)cu®4

REACTION USING C2(p,pn)clt AS MONITOR

Disintegration rate ratios aﬁua"‘ (mb)
Irr Ep ' %t
No. Mev K 4 vs. GC WSC vs. WSC (mb) 4x vs. GC WSC vs. WSC
1 21 93.550  2.674 x 107- 2.765 x 107t 13.5 338 251 349 Y61
2 27  106.570  5.793 x 1072 5.819 x 1072 58.5 361 254 363 X 64
3 33 160,913  1.941 x 10°2 1.846 x 1072 80.0 249 237 238 I 42
4 33  124.685  3.020 x 1072 ¢ 80.0 301 £ 45 c
5 38  160.913  2.062 x 107° 1.902 x 1072 86.0 285 243 263 246
6 43  174.205 1.915 x 107> 1.924 x 107° 87.0 290 243 291 51
7  45.5 519.130  6.830 x 107 5.769 x 1072 87.0 308 £46 260 ¥ 46
8§ 50  320.689  T.976 x 107> Til33 x 1072 86.5 221 ¥ 33 198 2 35
10 62  177.598  1.110 x 1072 1.382 x 1072 79.5 157 225 195 % 34
12 72 118.340  1.742 x 1072 1.764 x 1072 4.5 156 T23 156 ¥ 27
14 82  215.943  1.018 x 1072 b 70.0 154 ¥ 23 b
15 82  167.539  1.623 x 102 c 2 e

10

T0.0

190

28

_.'73'[_



gigurg 33

LINEAR PLOT OF THE EXCITATION FUNCTION

oF THE cu®5(p,pn)cub* mEACTION,

OBTAINED BY USING REACTION

Cla(p,pn)Cll AS MONITOR

o) 49 ve. G.C. data
ﬁ] Well~type scintillation counter data

———————— Excitation function of Meadows(65), corrected
a Regulte of Yule and Turkevich(és)

o Results of Coleman and Tewes(67)
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Figure 34

SEMILOGARITHMIC PLOT OF THE EXCITATION
64

FUNCTION OF THE 0u65(p,pn)cu

REACTION OBTAINED BY USING

cl2(p,pn)cl! AS A MONITOR

437 vs. G.C. data

o Well-type scintillation counter data

(65)

———————— Excitation function of Meadows corrected

a Yule and Turkevich(éi)
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Iable XIV

CROSS SECTION CALCULATIONS FOR THE Cu55(p,pn)0u64 REACTION

USING A1%7 (p,3pn)Na®? AS MONITOR

Irp EE‘» Disintegration rate ratios %24 °@n64 (mdb ),
No. Mev K 4T VvS. 4% PHA vs. PHA (mb) 4n vs. 4t PHA vs. PHA
2 27 1.809  2.907 x 10% e 0.007. 368 2 59 o
3 33 1.906 7.105 x 10°  6.457 x 10° 0.200 271 Y43 245 ¥ a4
4 33 1.916 6.878 x 10>  T.525 x 10° 0.200 264 Y42 288 ¥ 52
5 38 1.906 2.012 x 10°  1.988 x 10° 0.700 268 ¥ 42 265 ¥ 48
6 43 1.943 46.06 46.72 1.600 143 25 145 ¥ 26
7  45.5  1.915 58.97 60.50 2,300 260 T 41 266 ¥ 48
8 50 1.915 30.76 31.21 4.300 247 239 251 I 45
10 62 1.981 7.006: 7.752 13.6 189 Y30 209 ¥ 37
12 72 1.745 6,105 6.57 14.0 149 T 24 161 % 29
14 82 1.874 6.625 6.376 13.9 173 28 166 T 30
15 82 1.915 6.339 6.506 13.9 169 228 173 ¥ 3
17 86.5 1.740 5.989 5.981 13.8 144 223 144 ¥ 26

- let -



Figure 55

GRAPHICAL REPRESENTATION OF THE CROSS

SECTION VALUES FOR THE REACTION

6 64
Cu 5gpLgn)0u , OBTAINED ON THE BASIS OF

THE A127(p,3pn)Na®* REACTION

EXCITATION FUNCTION SHOWN IN FIG. 31

Excitation function obtained on the

bagis of the Cla(p,pn)c11 reaction

(Fig. 33)

(o) 49U counting data

0 Pulse Height Analyser counting data
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DISCUSSION

I GENERAL
The discrepancies in the excitation functions of
the reactions studied may be due to three sources of errors.

l. Errors originating in the irradiation
techniques used

These can be of two kinds:

(a) Positive errors due to artificial increase in
the measured residual activity, from secondary
reactions leading to the same reaction product.

(b) Negative errors arising from losses in the
residual activity due to nuclear recoil
processes.

(a) Errors of this type exist in some of the earlier
works using thick targets or the 'stacked foil' technique.
The latter, described in detail by Aamodt et al.(jé) and by

Hintz and Ramsey(js),

wes widely used since it could yield a
full excitation function in e single irradiation. The
secondary particle production inherent in this technique was
corrected for in most casges by applying a small correction
factor to the experimental results. That large errors could
be introduced by the above factor was first pointed out by
Crandeall et al.(§9) who received further support from
Rosenfeld et al.(*2)  The latter pointed out that secondary

protons and neutrons with wide energy distribution are

produced in the absorbers 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 thickness of the absorbers (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 100
Mev(42).

The case is different with the secondary neutrons.
In general, neutron-induced reactions have lower thresholds,
higher cross sections, and their excitatibn functions 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 which
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
inecrease 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 effectiveness. Beyond
that level their effectiveness falls off rapidly. The net
effect 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 stack.

The above discussion applies also when ‘'thick’
targets are used, although the errors in this case are
genserally small. For instance, Crandall et al.(59)
estimated that the secondary reaction contributions in the
case of the A127(p,5pn)Na24 reaction are less than 1% if the
target thickness does not exceed 0.5 g/cm?,

(b) Thin targetskare in wide use today, and the
'stacked foil' technique has virtually‘been abandoned.
However, the thin target technique may introduce some errors
due to activity losses from nucleer recoil processes. The
latter are due to momentum transfer and occur when nuclear
collisions or emission of nucleons take place. The recoil
lozses depend on the range-energy relationship of the
recoiling nucleil in the target material.

Fung and Perlman(lca), for instance, bombarded thin
Al foils (0.25 and 0.5 mil) with protons, deuterons, and
alpha particles of various energies, and measured the amount
of Na24 sctivity lost in every case. They found that losgses
in the direction of the beam, presumably due to collisions of
the target nuclei with the bombarding perticles, were greater

than the losses in the opposite direction, which were

consistently below 2%. They also found that the losses in
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the forward direction increased as the magses and the energy
of the bombarding particles increased. This increase was
not monotonic 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%. Thege results indicate that the
optimum thickness 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 thickness to
be used. An alternative method of eliminating recoil losses
ig to use & target consisting of three thin foils whereby
losges occurring in the second foil are compensated by the
contributions from the first and third.

2. Errors in the activity measurement techniques

These are inherent in the methods used and depend
on the decay characteristics of the activity measured, the
instruments employed, and the calibration factors associated
with them. This discussion will briefly outline the
possible errors in each of the methods of activity measurement
used.

(a) External beta measurement techniques:

Most of the early work was done by technigues
involving the use of Geiger-Mﬁller or End-Window proportional
counters. These had the advantage of often eliminating
chemical treatment of the targets. Chemical treatment was

done only when a large number of radiosctive products
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resulted from the target bombardment (e.g. Cu bombardments).
However, the results obtained by these messurement techniques
were not so accurate because of the large number of
correction factors needed to convert the measured counting
rates to absolute rates. These fectors are:
i. Geometrical efficiency of the counter.
ii. Absorption of activity in the air space between
source and counter 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 radietion by the source support.
The last two factors are the most important of all
and have been the objects of intensive studiea(104~1o9).
Meny disagreements in experimental results obtained by
external beta measurement techniques were due to these two
factors,
The cause of the disagreements was resolved when

(40,41)

Seliger reported that the gaturation backscattering,

although independent 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 beta radiation besides its energy. The latter was
(42)

verified experimentally by Rosenfeld et al. in the case

of Cll.

An estimated error of ¥ (15-20)% has been repeatedly




- 154 -

attached to results obtained by these methods by various
investigators. However, it must be borne in mind that the
accuracy can be improved by employing better-quality
instruments and more refined calibration procedures.

(b) Internal beta measurement techniquess

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 23U, 43U, and gas phase. The correction factors
necessary for the 25Ccounter are those of backscattering and
self-absorption, while in the case of the 49T 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. Certainly, in this
particular technique, other problems arise, as discussed
elsewhere in this work., However, an accuracy within 4 5% or
better can easily be achieved. The accuracy of the 29T
counter is of the same order.

The 4T measurement technique has been the object

(90,91,110-114)

of intensive studies and the continuous

refinements in the calibration procedures have rendered it
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one of the most accurate methods for activity measurements.
Accuracy within ¥ 1% or better can easily be achieved if
instruments of good qusality are used and proper cere in the
calibration procedure is exercised,.

(¢) Gamma measurement techniques:

The errors in these techniques are different in
nature. They are mainly due to the quality of the instru-
ments used, the efficiency of the detection devices, 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 various methods 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 cases 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 49U
counter,

3. Errorg originating from the beam monitoring

No 1imit can be set for these errors. They depend
entirely on the method by which the bean 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 less accurate for use as

reference standards in this energy range.

II CONSISTENCY OF RESULTS REPORTED IN THIS WORK

From the preceding discussion, it is obvious that
results obtained, even by the same experimenter, may vary
considerably if different experimental techniques are
employed. One of the aims 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 disgsintegration 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 'average'! deviation between the results obtained
by the different activity measurement techniques in this work
was calculated in the following manner:

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 'average' deviation of the well-scintillation
counting data was * 8.9% for the A127(p,§pn)Na24 reaction
excitation function (Table XII) and ¥ 10.8% for that of the
('}1,165(p,pn)(3v.164 reaction (Table XIII), while the 'average’
deviation of the pulse height analyser data (Table XIV) was
5.8%.

Intercomparison of the different measurement
techniques, as seen in Tables VI and VIII (pp. 111 and 113)
shows that the 497 and gas counting techniques are the most
accurate. The 100 channel pulse height analyser technique
is less accurate than the 45t , but more accurate than that of
the well-type scintillation counter. This explains the
higher deviation obtained when comparing the 4JU and gas
counter data to those of the well-type scintillation counter,
than when comparing the 4§fT data to those of the pulse height

analyser.

IIT COMPARISON WITH OTHER LITERATURE RESULTS
4

1. 81%7(p,3pn)Na?

The works of Hintz and Ramsey(55) and of Hicks,
Stevensgon, and Nervik(59) are the only ones that cover the
energy region of interest. In both papers, as well as in
this work, the Cla(p,pn)C11 reaction was used as a monitor.

Hintz and Ramsey irradiated their targets by the
'stacked foil'technique. They also measured the resulting

24

Na and Cll activities on a Geiger counter. Ag monitor
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values they used the results of Aamodt et al.(jé), who had
determined the excitation function of the Glz(p,pn)C11
reaction, by employing the seme irradiation and activity
measurement techniques with the exception that they monitored
their proton beam by absolute means. Crandall et al.(39>
and Rosenfeld et al.(42) later proved that these results were
high by 13%. The error was attributed partly to the
irradiation and partly to the activity measurement techniques.
Aemodt et al. ignored in the calibration of their counter

the difference in the backscattering and self-absorption of

(41’A2). Hintz end Ramsey calibrated

positrons and negatrons
their counter by obtaining a composite efficiency curve for
each of the nuclides measured, Thue they avoided the error
that entered into the results of Aamodt et al. Their results
‘then would be high only by 13%, due to the monitor values
employed, if no errore from the irradiation technique were
introduced in the production of Na24.

In Pig. 31 are shown the corrected results of Hintz
and Ramsey, those of Hicks, Stevenson, and Nervik, and the
excitation function obtained in this work. Two additional
cross-section values from the work of Yule and Turkevich(65),
which fall within the energy region studied, are also
included. As it can be seen, a very close agreement exists
between the results of Hintz and Ramsey and those obtained'in
this work above 55 Mev. Below this energy, however, the

results of Hintz and Reamsey are higher, and there is also

disagreement in the apparent threshold of the reaction.
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Both the results of Hicks, Stevenson, and Nervik, and those
of Yule and Turkevich are considerably lower throughout the
energy region studied.

The results reported in this work are believed to
be free of any systematic errors due to the irradiation
technique used by Hintz and Ramsey. Therefore the good
agreement with their high-energy results indicates that
between 55 and 100 Mev the errors due to secondary protons
and neutrons inherent in the stacked foil technique are not
sppreciable for this reaction. This is in agreement with
the predictions of Rosenfeld et al.(nz)

The disagreement in the low-energy results and the
threshold energy can be attributed to the A127(n,¢>()1\1a21+
reaction induced by secondary neutrons in the manner
described on P. 130, This reaction has a calculated
threshold of about 3 Mev (on a Q basis alone).

An alternative way in which Na24 may be produced is
by the A127(p,pH35)Na24 reaction having a calculated
threshold of about 23 Mev. It is certainly 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(az).

A careful examinstion of the experimental methods

(59)

used by Hicks, Stevenson, and Nervik and by Yule and

(63)

Turkevich showed no apparent reason for the large

difference between their results and those reported here.



Errors in the irradiation techniques are ruled out
as they both used the thin compensated target method.

No 011 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
difference may be found in the Cll activity measurements.

It is not likely that the O}

activity 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 -30%. 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 measasurement 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

11 would be

counter, the resulting disintegration rates of C
higher. This criticism does not apply to the work of Yule
end Turkevich, and the small difference between their results
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



- 141 -

those works could be an artificial increase in the 011

activity due to thé carbon source material used. Commercial
polymers may contain various amounts of fillers and remnants
of the catalysts used during the polymerization process.

If any of these admixtures produced some activity having a
half-life comparable to that of Cll, its contribution would
be added to the measured disintegration rates of Cll, gince
the ¢! sources did not undergo any chemical treatment. An
activation analysis of their carbon source material could
throw some light on this possibility.

The compatibility of the results obtained in this
work with those of other investigators in the higher energy
region was also checked. Fig. 36 shows results 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
techniques(59’57’6h). The results of thieg work can be
joined to those obtained in the high~energy region by a
smooth monotonically decreasing line, a trend theat ig in
keeping with the Serber mechanism which presumably
predominates in the energy region above 100 Mev.

The excitation functions of Hicks, Stevenson, and
Nervik and of Yule and Turkevieh, ag shown in this figure,
in addition to being low go through 2 valley in the energy
region between 140-260 Mev, whereupon their results become
comparable to those of other investigators.

The cause of this valley has not yet been explained.




Figure 36

COLLECTED RESULTS FOR THE REACTION

A127(p,3pn)Na2% FROM THRESHOLD TO 1 BEV

Excitation function reported in

this work

- = = - Proposed continuation for the

high-energy region
) Crandall et al.(59)

0 Prokoshkin and Tiapkin(47)

a Marquez(57)

——Q0Q——Hicks, Stevenson and Nervik(59)

(63)

a Yule and Turkevich

| ] Goebel and Shultes(64)

} Friedlander et al.(él)
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Unfortunately the data available in this energy region

could not definitely confirm 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 & possible explanation could be given by assuming that,
24

in the low-energy region, the major part of the Na activity

Na24 reaction than from the

comes from the A127(p,pH33)
27 24

A1¢!(p,3pn)Na reaction. Ag the bombarding energy increases

the contribution of the former reaction decreases while that

of the latter increases, resulting in this valley. However,

this possibility has been ruled out by Hicks, Stevenson, and

Nervik.

2. Cu65(p,pn)0u64

O0f the work reported in the literature, only the
(65)

excitation function of Meadows covers fully the energy
region of interest. All other work has been concentrated

in the high-energy region and only occasionally has a cross-
section value below 100 Mev been reported(65’67). Meadows
measured the excitation function of this reaction relative

to the A127(p,5pn)Na24 reaction, uéing the uncorrected wvalues
of Hintz and Ramsey to calculate the absolute cross sections.
He also used the 'stacked foil' technique and measured the

24 64

resulting activities of Na and Cu 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 results of

64

Hintz and Ramsey. Since Cu is also partly a positron

emitter, this error would be compensated for. This state-
ment is not valid because the positron decay branch of Gu64
is only 19%. Crandall et al.(39) pointed out that a
reduction of 13% ghould be applied to the results of Meadows.
The corrected excitation function of Meadows, together with
that obtained in this work, and some of the results reported
by Coleman and Tewes(67) and by Yule and Turkevicéegre shown
in Pig. 33.

Although with this correction the results of
Meadows fall within the experimental error of this work, they
8till 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 ithe carbon target.
Besides, the excitation functions of both the Cu65(p,pn)0u64
and the CY2(p,pn)cl! reactions fall off so rapidly below this
energy that any result obtained would bear a very large error.
The éontinuation 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 beanm
intensgity 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 results are
due to the 'stacked foil' technique whereby secondary neutron-

64

induced reactions produce additional Cu activity in the
meanner already described on P. 130. Besides the
Cu165(n,2n)0ué4 reaction, which has a threshold of 10 Mev,

64 64

Cu””’ may be produced via the Cu65(p,d)0u

reaction, which
hes 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 Yule 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
regponsible for the differences in the results, 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 Cué5(n,2n)0ué4

(67)

reaction at 90 Mev is
98 mb , that is comparable to that of the (p,pn) type.

The manner in which secondary reactions affect the
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results may be clearly seen in Fig. 37. Curve (a)
represents the differences in the cross-section values of
Hintz and Ramsey and of this work for the A127(p,5pn)Na24
reasction. Curve (b) is the same type of curve obtained by
conparing the Cu65(p,pn)Cu64 reaction excitation functions
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 results for the A127(p,5pn)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. 38 where data

from the work done in the high-~energy region are also shown,

the excitation function reported here can be joined to then
quite well, if some of the low-energy results of Yule and

Turkevich are neglected.



Figure_zl

GRAPHICAL REPRESENTATION OF SECONDARY

REACTION CONTRIBUTIONS IN THE STACKED

FOIL TECHNIQUE

4
(a) Contribution from the A127(n;x)Na2

reaction to that of A127(p,5pn)Na24
(b) Contribution from the Cu®?(n,2n)cub®

6
reaction to that of Cu 5(p,pn)0u64
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Figure 38

COLLECTED RESULTS FOR THE 0u65(p,pn)cu64

REACTION FROM THRESHOLD TO 1 BEV

Excitation function reported in

this work

Proposed continuations for high

and low energy regions

Batzel et &1.(10)

Yule and Turkevich(éi)

Markowitz et al.(7o)

(67)

Coleman and Tewes

(71)

Vinogradov
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SUMMARY

The excitation functions of the reactions
A127(p,§pn)Na24 and Cu65(p,pn)0ﬁ64, often used as monitors,
have been determined relative to that of Clz(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 losses.

The resulting eactivities of 011, Na24 and Gu64
were measured by employing various techniques in order to
determine their effect on the cross-section measurements.
The deviations observed ranged from b4 6% to k4 11%, depending
on the accuracy of the techniques used. This indicates that
discrepancies of this order may be expected in reported
results even if all other types of experimental errors have
been rendered negligible.

In the case of the A127(p,5pn)Na24 reaction, the
results reported in this work were found to be in close
agreement with those of Hintz and Ramsey above 55 Mev when
the latter were reduced by 13% to account for the monitor
values they employed. Below 55 Mev, the results 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 found.
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With regard to the (311.65(p,pn)(7u.64 reaction,
the results obtained here were found to be consistently
lower than those of Meadows, even when the latter were
reduced by 13% 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
discrepancies in both cases were explained in terms of
neutron~induced secondary reactions, owing to the irraedistion

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
determine the absolute disintegration rates of 011 activity
by the 45U bete measurement technique (pp. 78 & 79).

This section is concerned with the standardization
of the 497 ecounter so that good accuracy could be achieved
in these measurements. The factors involved in the
standardization of this counter have been described in detail
by Pate and Yarfe(90%-90¢) 1, the case of C'! 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 0O, was converted to BaCO5 and
sources were prepared by filtering various amounts of BaCOB
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 disc. When dry, the
sources did not adhere to the filter paper and therefore it
was easy to transfer them on to VINS 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.
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The thickness of these films never exceeded 15‘kg/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 mass was determined by
the volumetric method described on P. 55.

The specific activities of these sources were
plotted against their respective superficial densities and
the resulting curve was extrapolated to zero. Then the
measured specific activities were expressed relative to that
at zero superficial density. These ratios represent the
self-ebsorption factor for each individual source. The

results obtained in this experiment are listed in Table XV.

Table XV

SELF-ABSORPTION OF 011 ___RADIATION

Superficial .
density Relalee
Source > specific
No. ng/cm sctivity

1 3, 86 0.899

2 6.64 : 0.850

3 8.61 0.827

4 9.69 0. 804

5 9.96 0.797

6 23.79 0.678
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In Fig. 40, curve(c)is & graphical representation
of the self-absorption versus source superficial density.
In the same figure, curve (&) represents the self-absorption of
C11 radiation in polyethylene as reported by Rosenfeld ot
al.(Aa), and curve (b)is the same in polystyrene obtained by
Crandall et al.(59)

Semi-empirical equation

In comparing the self-sbsorption curves of Rosenfeld
et al. and of Crandall et al. to that obteined in this work,
it was noticed that for the same self-absorption factor the
corresponding superficial densities of polystyrene and BaCOB
were at a constant ratio of 2.531l. This regularity indi-
cated that the gelf-absorption of the C11 beta radiation
depended on the density of the source materials. It was
therefore concluded that if any of the existing semi-empirical
equations for gelf-absorption could describe the results of
this work, it should also describe the results of Crandall et

al., if proper self-absorption coefficients were used in each

case.

In the course of some self-absorption studies
conducted in this Laboratory, Cooper, Kahana and Yaffe(115)
derived an equation which described quite accurately the
results obtained for measurements in 2P geometry. Since =
49 counter is nothing but two counters of 23 geometry operating
in parallel, it was enticipated that the same equation would
be applicable in this case too.

This equetion was derived on the agsumption that an



Figure 40

SELF-ABSORPTION CURVES FOR ¢ll

BETA RADIATION IN VARIOUS MATERIALS

(a) Polyethy13n9(42)
(b) POlystyrene(§9)

(¢) Baco3 (this work)

Curve obtained by means of the

Cooper, Kahana and Yaffe equation(guéves
c

o] Experimental points for the

BaCO5 experiment

T Experimental points obtained by

Crandall et al.(59) for polystyrene
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exponential absorption law could be applied to the radiation
emitted by a2 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 finel equation ist

2
A=A, (——7a o ) + —,;x +/Ax(%ln/4x - &) (A%i) ceeese (23)

where A = actual activity measured.
Ao = activity that would be measured if no
self-absorption were present.
M= self-absorption coefficient in em™1.
x = thickness of the source in ecm.
Y = 0.,5772 = Euler's constant which appeared during the
integration of their first differential equation.
Since source superficial density was used in this

work instead of thickness, x was substituted by its

equivalent

dB
xa_d—;. ® & 5 8 0 6 5 0 8 0 2 s e ® & & 0 9 5 9000 s s s (24)

where d, = superficial density of the source.

d, = its volume density.
Hence Equation (23) became
-Kd
l - ¢ 8 Kd, .2

8§ = ——k-d—s—-— + 0.0386 Kdg + % Kd 1nKd (_E) ceeees (25)

where S is the self-absorption factor fL .
o
K ie the new density dependent self-absorption

coefficient.
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I®

S ¢-1-9 |
v

0.0386

D% A

- %) i.e. the coefficient of the term Kd,.

(

Very good sgreement was obtained between the
calculated and experimental values for both polystyrene and
BaCO;.

The solid lines(b)and(c) in Fig. 40 represent the
self-absorption, calculated by means of Equation 25, while
the pointas represent the experimentally determined values.

The self-absorption coefficients used were:

K = 0.0054 cm2/mg.

PST

= 2
K 0.0135 em“/mg or 2.5 x Kpgp-

BaC 03

This relationship between KPST and KBa005 shows

that the gelf-abgsorption 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 gelf-~absorption coefficient to the maximum
energy of the beta spectrum. This may be due to the fact
that cll 1s a positron emitter and therefore has a different
beta energy spectrum from the negatron emitters for which

these empirical equations have been derived.
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