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1. INTRODUCTION

1,1 EMANATION PROCESS

The name Emanation is commonly employed for
Element number 86. This nomenclature is, however, not
strictly adhered to, since the names Radon and Emanon have
also been used for the same element.

The word emanation also refers to the escape of
radicactive inert gases from the materials in which they are
formed, o.g. Radon from Redium, Krypton and Xenon from the
substances undergoing fi-sion(l).

The phenomenon of escape of radiocactive inert gases
has been exploited in many fields since its discovery.
Before dealing with thies phenomenon in detail a term called
'Emanating Power', which is used very often in this
connection, needs clarification. Hahn(z) was the first to
point out that whenever a radiocactive inert gas atom is
formed as a daughter product of its parent there is a finite
probability for its eséapo, depending upon the physical
properties and ch;nical constitution of its perent and the
physical properties of the radioactive inert gas atom itself.
Hahn coined the term 'Emanating power' which he defined as
the fraction of radlioactive inert gas atoms formed in the
solid that escapes from the surface of the solid. Thus

No. of radiocactive inert gas atoms
Emanating . escaped from the surface
Power (E) Total no. of radioactive inert gase
atoms formed in the substance




Thieg definition of Emanating Power implies that E of a
substance could be a function of composition, specific
surface, crystal structure, temperature of the substance,
helf-life of the inert gas escaping, and the recoil energy
imparted to the radiocactive inert gas atems. | The dependence
of E, on‘as many as six parameters, makes the practical
determination and mathematical formulation of the system

somewvhat complicated and in many cases almost impossible.

1.2 THEORY OF THE EMANATION PROCESS

As soon ag the radioactive inert gas atoms are
formed from the decay of its parpnt, there could be two
possible ways of their escape, viz.

(a) If the parent atoms lie near the surface of the solid
bearing them, the recocil energy might be enough to
drive them out f?om the aurfaee of the solid, or

(b) If the radioactive inert gas atoms £ail to. escape by
recoil, there is another possibility that they might
escape by diffusion before decay to the ground
state.

On the basis of these two possibilities, the first attempt to
formulate a theory was made by Ratner(j) and a similar attempt
wag later made by Flugge and Zimens(h). The basis of both
theories was essentially the same, except that the latter had
a stronger mathematical background.

According to Flugge and Zimena(a) the experimental



sample is norimally in the form of powder and hence it was
presumed that the substance to be studied retains its
erystalline form even in the powder state. Thus a single
grain of this powder 18 the repetition many times of the
‘prinary erystal unit. This crystal unit has a well-
established goometriegl shape and dimensions. A number of
such prinary‘unita form largqr units, called secondary
particles or gr@ins. If somehow the emanating power of such
secondary particles could be established, then it is poesible
to formulate the emanating power of the entire experimental
sample since it is an aggregate of the secondary units.

1.2.1 Emeanating power of a single grain

The emanating power of & single grain is du§ to two
different processes according to Flugge and Zimens, viz.
(e) Recoil, and
(b) Diffusion.
The emanating power, E, will be the sum of the two processes.
Tﬁns
E=E, +’ED. B ¢ B
where ER and ED Qtand for emanéting power due to recoll and

diffusion respectively.

1,2.2 Emanating power due to recoil

Assuming that the concentration of parent atoms is
constant in time (during the course of an experiment) and in

space, the fraction E_ will be appreciable if the parent atoms

R



lie near the surface or on the surface or, more precisely,
within the recoil range R.

The problem arises when parent atoms lie somewhere
inside the grain-lattice and are heterogeneously distributed
inside the solid grain. Thus it vas assumed that they are
homogeneously distributed. |

Further, as soon as the f:dioactive inert gas stom
is formed, 1t has equal probability of going deeper into the
surface or escaping by means of direct recoil.

Flugge and Zimoﬁs(k) on these considerations
derived for a spherical grain the following expression for
Ep»

E= 3 (52) - V16 (75)° eeiiiniiinn (2)

where R and r, stand for recoil range and radius of the grain
respectively.
For larger grains of dimensions ﬂ410-6 em, the

expression (2) can be approximated as

By = /5 () eeneereeeniieeel (3)

The ratio 3/r, can be replaced by the ratio surface/volume of

the sphere and therefore

3 (surfaco

ER “ % ‘volume
R Qurface
B 4 -rrrun EETPPRISTPRPIITENINN )

where P stands for the density of the substance.



Je Kurbatov(s) 1nd§pendently derived an expression

for Ep of a cublcal grain of edge, a 7 R, as

(s - 2R)3 (a = 2R) > B\3
Ep = 6——-;:3-f-n + 1 S —~R (o.4h7? + ag‘? (0.597) cone (5)

The first, second, and third terme in expression (5) stand
for the emanating power due to rgcoil from regiéna near the
faces, near the edges, and near the corners respectively.

But careful study of the expression (5) reveals it
could be simplified to the expression (4) given by Flugge and
Zimens, 1f the larger grain size is taken.

The expression (4) doces not contein any term which
allows for the shape of the grein, and thus it could be

applied to any sample.

1.2.3 Emanating power due to diffusion

- It is generally accepted that permeation of gases
through a continuous solid barrier is a complicated phenomenon,
involving a sequence of processes, adsorﬁtion of the gases at
the interfaces and diffusion through the solid barrier and
finally evaporation at the surface. Among all these usually
the diffusion is slowest and hence constitutes the rate-
determining step.

Diffusion occurs transversely through the lattices

along the interface. These interfaces, however, are
statistically distributed over the grain so that in the

calculation of the total diffusion current peassing through



the outer surface one assumes, in order to simplify the
calculations, that the grain 1s homogeneous in all respects.
The diffusion current passing through the surface
is further slowed down when it reaches a point near the
;urrace, since hefe the eo;centration of radioactive inert
ges atoms is higher and tﬂo é;s-filled pores offor
considerable resistance to the diffusion current. The work

6)

of Chamie showsg that the pfosence of waigr vapour offers
a positive hindrence and that even the por? size has an
-effect(7? on the diffusion current.

Taking all these points into considersation, and
assuming that there is no adsorption taking place, Flugge and

(4)

Zimens formulated an expression for emanation power due to

diffusion alone as

2 - 3 |1 _ 1 sinh y(1 - x) o
D 2y2)x x  einhy
3 x 1 1 -cosh y(1 - x)
4 l] =« = =™ 5 + LR ) 6
4y ( 2 xyz? coth ¥ xy? sinh y ( ?

R
where x = Te ' Y= %, ,Il/p.

) is the decey constant of the gas, D is the
diffusion coefficient of the radioactive inert gas and R and
ro the recoll range and radius of the grain respectively.

For the larger grain the equation (6) reduces to

3
A ﬁhyn



D ,surface
- \/;' (volumc )

.jg/) (Eiffii‘-) USRS € 3

meass

Thus the total emanating power of a single grain is

E=E <+ E
R D

G DpRey @)

1.2.4 Pactors governing emanating power

(a) Effect of tempﬁrature:

Temperature has the least effect on ER’ since
thermal energies are of the order of 0,025 ev (15°G) to
0.1 ev (higher temperatures) while recoil energies are very
high in comparison with thefmal energles. |
However, diffusion proéeaaea are temperature
dependent. The dependence of ED on temperature is given by
th; relation(4)

-E,/RT

ED-AO LK I I B B B B R R AR B B AR 2R AN 2N N BN BN BN A J (“92')

vhere A and E, are consteants, R is the gas constant, and T

the absolute temperature. Ee is the asctivation energy,

I
which is experimentally determined, and is given( ) by
B
D
E‘--é— L 2K K B BN BN BE BN BN BN BN BE R N BE RN YR B R K N WY WY B S B AN A ) (19)

(b) BEffect of porositys

It is a well-established fact that diffusion of



gases through solids is slower than through geases. Thus a
highly porous substance Qill have a high emanating power
unless it sdsorbe the radiocsctive inert gas. Diffusion will
be rapid even at thermal energies if there is free gas space
sbove the sgemple. This conclusion ¢an be reached from the
consideration of the pore lengths and diameters and inert gas
diffusion velocity and is essential to the explaﬁation of the
high emenating power of meny preparsations like Barium |
ralmitate and Barium caproate observed by Straasmann(8>.

It v;a also shovn<#’9’1°’;1) that compressibility has little

effect on emanating power of the substance.

(¢) Adsorption of inert gas:

If the substance adsorbs the inert gas, its
emaneting power decreases considerably. This fact was
illustrated by v;rieus workers(12’1§’14’15? for a variety of
substances like Fe(OH)s, Cr(OH)i, P9205, chabazite, etc., etec.

(d) Indirect recoil effect:

When a recoiling lnert gas atom from a grain
continues to pass through the lattice spaces of a neigh-
bouring grain (by diffusion) and then escapes from the
surface of the solid, Zimens(g) called thig a result of
indirect recoil. | |

Thus the total emanating power due to recoil ie

E = E +E T s90s000s0ss 0t 000 e (11)

R Ry, . Ry

wvhere E, and E; are due to indirect and direct recoil
i d



(16) attributes the high emanatingpower

respectively. Erbacher
of some metal hydroxides to be due to the indirect recoil
effect. Gottc(l7) believ;d that the indirect recoil effect
1s.very dependent upo# the composition of the solid alone.
21nens(4’¥¥)_pou£ulatod that a receil atom, before
it.slova down to thermal energies, melts a small regioﬁ of the
order 100 : in diemeter along its path. A sort of molten
pocket is formed in the grain. This molten pocket may
re-s0lidify in a distorted condition, and that inert gas
atoms may diffuse through this distorted meterial more
rapidly than through the nornai solid.

P

1.2.5 Methode of introducing indicator systems

In most of the experiments carried out by the Hahn
school in Germany, the following systems of indicators were
used:

X

: o<
228 . S 224 < 220, 7 7
g9oTE (RASH.) ) o1 y. aaBe (Thx) 376§ 4. g4Bm (T

n) 524,

= 5

<K
226 ‘ . >
883‘ 1621 y. Béhaaz(nn) 3. 82’.

A X
223 — > 219 —>
aaRa (Aex) 11.6 4. 86En 3.928.

In all the substances to be examined by the emanation
method, the introduction of R4.T'h, Redium and Thx was made by
common physical and chemical meihoda. The homogeneous
distribution of the parent subatance(lﬂ) into the substance

studied was the major consideration. This was achieved by
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co~-crystallization when the components form mixed crystals,
with metal oxide gels Sy co-precipitation by means of
ammonia or alkali; with‘zeolites by exchange of bases; and
with metale by electrolysis or simple mixing of the

ingredients by melting.

1.3 PRACTICAL APPLICATIONS OF EMANATION METHODS

1.3,1 A brief review of applications

Voluminous literature exists dealing with the
application of emanation methods. Most of the work in this
field was done by the school of Hahn and Zimens in Germany.
Among the earliest applications were the studies of the aging
of gels, colloids, and hydroxides of some metals. Changes
in gpecific surface were noted, which were due to the
shrinkage of the surface with time and hence decrease in
emanating power was oﬁserved. Reversibility and irreversi-
bility of the emanating power of gels were also studied.

All this work is recorded in a review by Hahn(19). The

(16) (20)

worke of Erbacher and QGrane are also relevant in this

connection.
Emanation methods were algso employed to study the
crystal-structure changes and the thermal beshaviour of some

(21)

inorganic compounds. Zimens studied the effect of

. temperature on calecite and aragonite; the hexagonel and
224 « 220
rhombie forms of 0&603, using the Ra““ —> Rn system.

The results of these experiments are shown in Fig. 1. The
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Figure 1

HEATING OURYES OF CALCITE AND ARAGONITE

Reproduced from K.E. Zimens, Z. physik.
Chem. B37, 231 (1937) (Ref. 21)
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peaks at 920°C in both cases are associated with the
decomposition of 0a00z into 0aO and CO,. The peak at 530°C
in th§ aragonite curve is associated with the transition of
aragonite to calcite. These results were sonfirmed by
taking Debye-~Scherrer X-ray photographs at various
temperatures.

A similarvstudy by Tammenn and 8vorykin(22) on
Basoabshows there was a sudden incresse in emanating power
at one particular temperature. The explanation given was
that a rapid rise of emanating-po#er, which occurs at a
definite temperature, is due to lattice 'loosening', and the
_ temperature at which this happens is known as '165aoning
tempofuture'. An extensive study by Teammann shows that this
value lies somewhere between 0.5 to 0,6 of the absolute
melting point.  BaCl,, Ba(NO§)2, and KNO3 were gimilarly
studied, and a type of molecular shift in the solid state
was proposed. It was suggested that ai this temperatﬁre
reactivity in the solid state beginsa.

Jaéitach(ag) studied the réaction

PbO 4+ 3102———?1%8105

using the Thaza_ﬁﬁa anzh—fi%'anao system. It was found

that at higher temperatures the emanating power decreases
rapidly due to formation of PbSiO3 which has a low emanating
power. A review by Hahn(zg) on reactions in the solid

state, as evidenced by the emanation method, was recently

publighed.
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Reviews of the qpplications of emanation methods

(18)

were published by Zimena(as) and Hahn which ineclude the

developments up to 1942 and 1949 respectively.
An excellent article on emanation methods was
contributed by Wah1(26) which incorporated all the develop-

ments up to 1950 and in brief the theory of Flﬁgge and

(4)

Zimens .

(27? using 1132 which grows from

» instead of using the Razza—fi—é- Rn22°

Cooke and Prout

Te132

system,
investigated the thermal behaviour of Ba804, xesoh, and
N328°4o |

Zhebrova et al, recently studied the
dehydration of the hydroxides of Mg, Ni, Zn, Al, Zr, and Th
by the emanation method.

l1.3.2 Present work

In the present work the author studied the thermal

behaviour of halides using the

1135 L 5 1,135

system. The helides selected for this work are of Ag,
cu(r), Hg(I1), T1(1), and Pb(II). The temperature region in
which the proposed study was made was from 15°G to 200°0C,
since some halides have phase trangitions in this region of
temperature.

It was also proposed to study the validity of the

Tammann 'loosening temperature' theory for these halides.
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1.4 GENERAL METHODS FOR RADIATION DETECTION
AND RADIOACTIVE EMANATION DETECTION

1.4.1 Brief review of detection systems

In gpite of tho‘ract that a variety of methods and.
systems are known to the modern radiochemist which could be
employed for specialized detection problems, nevertheless
classical methods cannot be ignored, and a knowledge of them
is essential since they are still widely used. Prico(29)
Siogbahn(5 ), Gatrousis et al. (51) and many others(52 33, 54)
recently reviewed all the classical and modern techniques for
nuclear radiation detection.

The classical methods make use of the ionization
chambers, proportional counters, and Geiger-MullQr (G-M)
tubes. Each of these detector types eﬁploys gaa-fillgd
chambers. "

Oonsider a gas-filled metallic tube, through which
en insulated anode wire ig suspended, with a high voltage
afplied to the anode. The passage of charged particles
produces ion pairs within ﬁhe chamber, and the ionization
current thus produced is a function of the voltage applied.

If now the pulse height is plotted against the -
epplied voltage, a line is obtained as shown in PFig. 2.

The curve is divided into four main regions.

In region I there is competition between loss of

lon pairs by recombination and removal of the charge by

collection at the anode. With increasing field, the drift
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Figure 2

SCHEMATIC ILLUSTRATION OF THE

VARIATION OF TﬁEfPﬂLBE S8IZE VWITH

VOLTAGE APPLIED 70 A GEIGER-MULLER

counrer(29)
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velocity of the ions increases and losses due to recombination
are practically negligible as shown in region II. This
region is referred to as the 'saturated ion chamber rogioﬁ'.
If the field is increased, the ionization current is

increased by a constant factor through the phenomena of gas
multiplication. The primeary electrons are sufficiently
accelerated to produce additional ionization. This is shown
in region III, which is known as the proportional counting
region. In the proportional counters, gas multiplication
factors as high as 105 or 106 are sometimes employed.

Proportional counters are often used in conjunction
with pul?e heigﬁt analysers, since gain in pulse size can be
achieved while dependon;e of the pulse gize on the primary
ionization is preserved. Thies very fact makes it also
possible to discriminate the type and intensity of the
radiation causing primary ionization.

In region IV, as shown in Fig. 2, the pulse height
at a given voltage is independent of the initial ionizing
conditions. As a matter of fact gas multiplication
increases the charge to a value that is limited by the
characteristics of thé chamber geometry and external cireuilt.
This region is referred to as the G-M (Geiger-Muller) region.

A gap~filled tube, operating under the conditions
of region IV, is known as a G—Mttuﬁo. These types of
counter are very widely used for measuring negative and

positive electron emission. S8ince the pulses in the G-M
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counter are 1ndependeﬁt of the primary events, these counters
cannot be used with pulse height analysers to distinguish the
energy as well as the type of lonlzing radiation.

1.4.2 S8cintillation counters

Whenever ionizing rediation passes thrbugh certain
inorganic or organic crystals, such as sodium iodide or
anthracene, scintillations are emitted. If the material is
transparent to its own fluorescence, these scintillatlons
could be picked up by some suitable device like a photo-
multiplier tube‘(PHT) and amplified. The resulting pulses
from the PMT, which are electrical in nature, indicate the
passage of ionizing radiation through the phosphors. These
electrical pulses could be made proportional to the energy
loss of the primary radiation in the phosphors and thus, as
in the case of proportional counters, in addition to measuring
the disintegration rate, the entire energy spectrum of
ionizing radiation could be studied.

The inorganic crystals have, in general, higher
density than organic crystals and thus higher stopping power
and greater efficiency_for gamme rays. Quite a feow fext—
books(ao’55’54) exist on the subject of scintillation
counting. ’

The properties of ionization chambers, proportional
counters, G-M counters, and scintillation counters have been

summarized(a§) in Table I.



Table I

COMPARATIVE STUDY OF DETECTION SysrEMs(35)

Detector Output Resolving Efficieney Electronic
Sengitive multipli- signal times gain
Detector medium cation volts seconds Beta X Y required

Ionization -6 -3 -6 -3 _
Chamber Gas 1l 10 © to 10 10 © to 10 low low 1lew very high
Proportional > 4 -4 -6
Counter Gas 10™ to 10 10 ¥ to 10 10 high med. low high
Geiger 7 | -4 ‘ -3
Counter Gas 10 0.1 to 10.0 10 © to 10 high med. low low
Scintillator Solid or 6 -2 | =5 i very
Photomultiplier 1liquid 10 10 © to 10.0 10 “ ¢o 10 med. high high med.

mad. = medium

-g'[-
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1.4.3 Brief review of detection of emanation
and radiosctive inert geses

(a) Radon type esctivitiess

In the earliest experiments, the emanations. c¢f

Ra226 (1617 y.) and rn228 (1.91 y.) were used. The devices
varied with thé neture of the experiments. In one of the
earliest techniques, Hahh(lj) used a gamma electroscope which
vas noihigg but a very c¢rude form of ionization chamber.

Hahn(lg? publighed an excellent review in which the
methods of prepering sources for emanation and the methods of
detecting gamma and beta activities are described.

Other methods of measuring raden.and thoron
activities have been described(56’57‘38’59’40’41) which vary
from the torsion balance to a suitable counter. Some of these
methods are dealt with in detail in & review by Zinens(25).

A scintillation detection device(42> has recently !

been reported for the essay of radon gas.

(b) Xenon type activities:

8ince xenon and krypton oceur in fission products,
quite a few direct and indirect methods for their detection
and measurement have been reported. A monogram by
Momyer(43) includes most of the methods.

One of the earliest‘methods_was £illing a suitable
chamber with the gases and then measuring the activity in a

(44’45?. The detailed study.

Geiger or proportional counter
and problems faced in these methods are given(hé) by various

workers.




For high specific activity and quantitative work,

gas~filled proportional counter tubes were suggested by
Bernstein and Ballentine(47?. These tubes are commercially
available.

Another method for deposition of rare gases on the
cathode in a glow discharge tube was suggested by Hyde and
(48)

Momyer ‘ This was successfully used by Mathur and
Hyde(49? and Hoore(so). The activity of the gases collected
this way was directly‘meaéu:od and analysed on a scintillation
spectrometer.

An indirect method consisted in collecting the
daughter product of the rare gases produced in fission on a
negatifely charged wire coaxi&l with the moving gas
stroam(51’52?. This method, however, is not very efficieht,
but a good approximation of the half-lives could be obtained |
from the flow rates and daughter activity as a function of

distance along the wire.
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2. EXPERIMENTAL

2. 1 PRODUCTION OF RADIO-IODINE

2.1.1 8election of a suitable lodine
Isotope

A careful study of the Chart of the Kuclidea(55)
shows that there are no isotopes of iodine in the neutron-
excess region which have half-lives of such a value that
secular equillbrium is established in the decay to xenon.

1128-132’ 1134, and 1136

all decay to stable xenon.

1137-139 are very short-lived (24 sec to 2.7 sec). Most

of the neutron-deficient isotopes of iodine decay to stable
tellurium which made work in this region out of the question,

even though production of these isotopes would be a simple

matter. Then it was left to select from

A /3
1 1 N
1 53‘“§T‘K?f’ R 5.3 d.

and

135 —2 > 135 —£&
I 6.7 hr. X° 9.2 hr.

The selection was made in the neutron-excess region

of the iodine isotopes. Il55 vwag chosen for the following
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reasonst

(1) The half-life of I 133 is fairly long (6.7 h.), thus
providing enough time to prepare 1t end the sanples
under investigation.

(2) The half-life of the daughter, Xel’”, is again long

o (9.2 h.). Consequently, during the period of
obaervaiion iﬁ“thé‘phase-chango studlies, which is
ususally 20 -~ 30 minutes, there would not be any
appreciable déqaytgf 10135.

(5) Examination of the decay schoma(sa) reveals that the
gamme rays of Xe 135 are very well separated even

from the parent I 55, as shown in PFig. 3,

(4) The fission yield”of'1135 is quite high both‘in
" thermal-neutron and proton-induced fission as shown
in Pig. &4 ‘55? and Pig. 5 (56? respectively.

To detect Xell? eﬁanating from 1155, the 250 kev
gamme ray wasg used as & basle standard throughout this work
because the branching ratio for the 250 kev gamma ray is 97%,
and thus the relative photop intensity is quite high. This
fact is evident from Fig. 3.

2.1.2 Target material, preparation
and bombardment

11?5 was proguced by the proton-induced fission of
urapium in tho circulating beam of the McGill 8ynchrocyclotron.
Uranium oxide, ugos, of naturally-occurring isotopic abundance,

wag the target material and was obtained from Atomic Energy of
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Figure 3

SHOWING THE DECAY SCHEME

L1135 155 135

—> Xo —703155—> Ba
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Pigure 4

FISSION YIELD CURVE FOR U>20,

”0235; 1nanu259

(Reproduced from A.M. Weinberg and
E.P. Wigner: 'Theory of Neutron Chain
Reactors', p. 110, reference 55)
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Pigure 5

FIBBIDNhYIELD CURVE OF PROTON-INDUCED

FISSION OF u236 A8 OBTAINED FPROM

'REFERENGE 56
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Canada Limited, in the form of fine powder.

The bombardments were performed at low energiea.
8ince these bombardments were designed oﬁly to produce
fission, it was not considered necessary to have a very
accurate knowledge of proton~beam intensities as weli as
energies, and hence no internal monitor was used.

About 20 -~ 25 mgs of natural uranium oxide were
pPacked into thin, uniform pure aluminum tubing with a wall
thiekness of 0.0015%. Both ends of the tube were sealed
mechanically and moﬁntod on a target holder as shown in
Pig. 6. The target was bombarded in the energy range of
20 - 23 Mev. Kirkaldy's curve(57? of proton energy versu
radius of the beam, as illustrated in Fig. 7, was used.

,(58)

This curve was also corrected for radial oscillations
the beam. Each bombardment lasted for a period of about
30 minutes.

The target was ellowed to cool for about twelve
hours before any chemica1 separation was performed, thus
permitting the decay of the short-lived #ctivities of the
lodine.

2.1.3 Target chemistry

Following the irradiation, the aluminum tube was
cut open and the powder transferred to a 50 ml centrifuge
tube and dissolved in concentrated HNO3 in a cold bath to

avold logses of iodine. After the powder was diseolved,

of

10 mgs of Iearrier were added and iodine was separated by.
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Figure 6

TARGET HOLDER ASSEMBLY
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Figure 7

PROTON BEAM ENERGY VERSUS PROBE DISTANCE

OF THE MeGILL S8YNCHROCYCLOTRON




28a

90

~ 80

‘AIWN)

70

1
O
0

-
0
A9Y3N3

]
O
<

)
"0
NO

1
o
N
10¥d

Jolg

35

30

25

20

15

10

(INCHES)

RADIUS

b



solvent extraction using 0014, after various oxidation and
reduction cycles according to the method described by
Glendenin and Metcalf(59) (Appendix I)

2.2 PREPABATION OF THE SAMPLES

2.2.1 General treatment'

:he purified iodine in the form of lodide was
mixed with 20 ml of 0,1 M KI solution. The mixing was
carried on for 30 minutes by mechanical means to ensure a
uniform distribution of active and inactive iodine.

The iodides of Pb(n), Cu(1), Ag, Hg(II), and m(:)
were precipitated from this mixture by clagsical nethoda

ueing the following reactions:

Agt + KI—> ag1| + x*

-+

po*t 4+ 2k — P'bIal + 2x*

+

mnt + k1 -—‘>r11j + x*

He* '+ 2KI — Hel, ] + 2r*

cut + X1 —>cu1) + &*
During the precipitation minimum volumes were used to gqt‘
maximum specific activity in the samples. The iodides have
low solubilities in water, as shown in Tsble II.

The iodide precipitates were subsequently

transferred directly to the experimentel sample holder which
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Table 1I

SOLUBILITIES OF HALIDES OF THE METALS

UNDER STUDY, IN AQUEOUS HEDIUK(éo?

Compound Solubility in water
gn/100 ml
Agl 35 x 1077 (20%)
PbI, 0.063 (20%%)
711 ' 0.0064 (20°¢)
Oul 0.0008 (18°)
Hel, 0.0061 (25°¢)

Figures in parenthesis show the
temperature of obserwvation

wes & sintered porcelain micro-crucible specially designed
for this work. The dimensions of & typical crucible are
shown in Pig. 9 (p. 34).

The precipitates were washed with 954 aleohol
followed by ether. Finally, all the crucibles containing
experimental samples were left for ebout 6§ - 7 hours in a
vacuum desiccator containing silica gel.

2.2.2 Jdentification of the experimental
samples

8ince the rediochemical procedures of preparing the

samples were entirely based on classical chemical methods, it



- 31 -

was presumed that samples prepared eare chenica;ly pure.
However, in one case, e.g. that of T1lI, the structure was
examined by the powder X-ray diffraction technique® by
’eomparing the 'd' values with those described in the
literature, aiﬁcé X~-ray photographs are characterigtiec.

In the present study inactive thalloﬁs~1od1de was
prepared resdiochemically and the powder sample exposed for
8 hours to CuKK X-rays at 32 kv, 16 ma. The X-ray photo-
greph thus obteined is shown in Fig. 8. The 'd' values are

(61,62,65). It is clear from

shown and compared in Table III
the table that results in the present work are in close

agreement with those obtained by previous workers.

2.3 HEATING SYSTEM TEMPERATURE CONTROL
AND MEASBUREMENT

2.3.1 Heating system

The porcelain sintered crucible containing the
experimental sample was heated in a specially designed furnace
es shown in Fig. 9. S8ince the thermal behaviours:of the
proposed lodides were studied in the rangse 15°G to 200°0,
the furnace could be mede from pyrex glass. The heating
co0il wes insulated with a 1 em thick layer of plaster of
vraris and asbestos mixture to cut down temperature

fluctuations.

.The author is very grateful to Professor A.J. Frueh of the
Department of Geology, McGill University, for his kind
assistance in the X-ray work.
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Figure 8

DEBYE~-S8CHERRER X-RAY POWDER

PATTERNS FOR T1I
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Table III

'd' YALUES FOR THALLOUS IODIDE

AT VARIOUS rnrens1rIes ‘8t 62,63
Relative
8.N. intensity 1926 1953 Present work
1 14 - - 4,2502
2 13 - - 4,022
5 100 3+ 359 3.332 3.133
4 €5 3.15 3.228 3.2549
5 1 - 2.749 2.7385
é 90 2.719 2.692 2.6749
7 4o 2.647 2.624% 2.6106
8 23 2.077 2,291 2,2813
9 22 2,264 2,248 2,2378
10 29 2.077 2,069 - 2,0623
11 45 2.051 2.036 2.0295
12 30 1.876 1.869 1.8625
13 4 - 1.7602 C 1.7549
14 20 1.718 1.7259 1.7202
15 2 1,690 1,7083 1,7053
16 60 - 1.6148 1.6195
17 3 - 1.5431 1.5395
18 55 1.527 1.5285 1.5189
19 8 1.463 1.5474 1.4557
20 5 1.431 1.4341 1.4347
21 15 - - 1.3742
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Figure 9

HEATING ARRANGEMENT

and

DIMENSIONS OF THE CRUQIBLE
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2.3%.2 Tomperifure control and measurement

Thonpower ﬁas;controlléd and drawn through a
commercially built, precision variable transformer. In the
present woékyﬁ Superior Elective type 20-2 Powerstat was
uséd. It was calibrated in such a way that one arbitrary
sc;ie would raise the temperature 10°c per minute.

A copper—constanéan thermééouple was employed to
measure the temperature. The potential difference was
recorded on & Leeds and Northrup 8peedomax type G recordor.
The reference junction was kept at melting-ice temperature.
Standard conversion tublqs(ék? for the thermocouples were
used. .

The systems for heating, temperature control, and

temperature messurements are shown in Fig. 9.

2.4 RADIOACTIVITY MEASUREMENTS

Various technigques were used to measure the
. activity of radioactive xenon in thie work,

2.4,1 47 p -Counting

Initielly, the indirect method of Pate, Foster gnd
Itffc(65) by 4ﬂ'p'-eounting vas employed. A very thick
source of iodine in the form of Agl was mounted on a thin‘
uniform film of VIHS(éé) (a polyvinylchloride acetate
copolymer). The source was messured by a #n/s'-counter(67'7°?
and then left for two hours to allow the xenon to grow.

Subsequently it was heated under an infra-red lamp for
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30 minutes and measured again. After making the necessary
oorrectionbfor the decay of iodine activity, it was found
that there is a loss of 10 - 40% in activity, depending upon
the specific activity and thickness of the source. This
lose was due to the expulsion of xenon on heating. The
results obtained in thig work were in accordance with those

of Kjelberg and Tanignch1(71)

in similar experiments in this
Laboratory.
This method wes not suiteble for the proposed work
due to the following reasonst
(a) VINS films cannot stand high temperatures.
(b) Heating inside the counter was itself a problem if
VYINS is somehow feplaced by metallic film.,
However, this method indicates that the
1355 > 26155 system could be employed in the study of solid

state changes.

2.4,2 8cintillation counting
(discontinuous method)

Kelly(72) has dgsggibed'a method for measuring
inert gas activities by gamma-ray scintillation counting to
determine the attachment of inert geses to powders following
(n,Y ) reaction.

135

In the present work the Xe emanating from the
heated source in the furnace was swept by carrier gas helium
at varlous ascending steps of temperature. A minimum amount

of carrier gas was used. The helium along with 19155 was



- 37 =

collected in an evacueted trap containing active charcoal
kept at liqﬁid-air temperature. The ACC type charcoal
supplied by Union Carbide was used. B8inece xenon is\adsorhod

effectively on the charcoa1<75’7&§75?

» 1t was presumed that
almost all of the xenon wag trapped on the charcoal bed.

It is 2lso obvious that, 1f some xenon is left unadsorbed, it

will golidify at this temperature (~~ -190°C) since the
freezing point of xenon is -111.6%0. This fact was utilized
to separate xenon from the spallation products of lodine in
the study of the problem described in Part II of this thesis.
A sodium iodide crystal of dimension 14" diemeter x
1" thick mounted on a Dumont type 6292 photomultiélier tube
(ﬁurshav thallium activated sodium iodide integ}al line) was
kept underneath the trap. In this work the 8-12 type
assembly was used. The output of the photomultiplier tube
was fed to a preamplifier and subsequently to Atomic
International model 204B, non-overloading linear amplifier.
Tﬁe output signal from the amplifier was fed to the previously
calibrated, Balrd Atomic model 510, zingle channel pulse
height enalyser (SCPHA). The calibration curve of the SCPHA
is shown in Fig. 10, The window of the SCPHA was adjusted
for the 250-kev gamma ray of Xe'””?., The output of the SCPHA
was fed to the scaler. The block diagram of the electronic
system is illustrated in Fig. 11. The charcoal trap was
shielded by @ 14" thick lead wall. This trep, the position

of the NaI(Tl) c;ystal and shielding are shown in Pig. 12,
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Figure 10

CALIBRATION CURVE FOR THE

S8IKRGLE CHANNEL PULSE HEIGHT ANALYSER
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Figure 11

BLOCK DIAGRAM OF ELECTRONIC ARRANGEMENT

FOR THE MEASUREMENT OF 10135 ACTIVITY
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Figure 12

'

ARRANGEMENT FOR COLLECTING XENON

IN THE DISCONTINUOU8S8 METHOD
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The temperature was raised in steps of 3 - 400
and xenon was collected and measured in the trap. At every
temperature of observation the helium was pumped outitg
provide room for fresh helium containing xenon. Agl wes
studied by this method, and the results are discussed in the
following chapter.

8ince the phage transitions in most of the compounds
occur within a very narrow temperature range, the method of
Kelly(72? was not feagible for the present work. It was
difficult to increase the temperature in steps of 1°O, therefore
e flow or continuous system was devised.

2.4.3 Plow or continuous scintillation
method

A hemigpherical chamber, as shown in Fig. 13, with
a very thin bottom was designed. The diameter of the base of
this hemispherical chamber was equal to the diamtter of the
NeI(Tl) erystal. There was no change made in the electreniec
system except that an AEP-1902-A type counting rate meter
ecoupled with a recorder was connected to the output stage of

the SCPHA. The time constant(76)

of the rate meter wes kept
et 14 seconds.

Thallous i1odide has & known phase transition at
168°c. Thie was studied in this set-up, and a semple of the
result obtained is shown in Fig. 14, From this figure it is

clear that whenever there is a phase transition, e sharp peak

in xenon activity occurs.
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Figure 13

FLO¥ OHAMBER DETECTION SYSTEM
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FPigure 14

THALLOUS IODIDE PHASR-TRANSITION CURVE

SHOWING THE SBHARP PEAK WHENEVER A

PHASE-TRANSITION OCCURS
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2.4.4, Improved flow gcintillation
method

8ince the flpv'nethod gave encouraging results,
this method wag further improved.

The flow chamber and NaI(Tl) crystal were replaced
by a single unit, i.e. NaI(T1) Harshaw type AF orystal with
thrbugh siderhole. These oryétals have & very high detection
efficiency in the flow system for gamma rays. This type of
essenbly with technical details is ahownAin Fig. 15. To
avoid the contamination of the hole, an auxiliary thin glass
tube wag introduced into the hole with ball and socket joints
on either end. The crystal was mounted on a bumont type
6292 photomultiplier tube, as described by 3911(77).

An additional improvement was effected by
replacing helium with freon~12 (difluoro-dichloromethane) es
c#rrier gas. Comparison of a few of the physical p;oporticl
of freon-l2, xenon, and holiﬁm are 1llustrated iﬁ
Table I1V(60,78,79),

The foliowing arguments favour the selection of
freon-12 against heliﬁm:

(1) The densities of freon-12 and xenon are quite close.
Thus, according to Graham's Law of Diffusion, there
will be & uniform inter-diffusion of these two, and
hence more uniform mixing is expected. Conse-~
quently the statistical fluctuations in the count

rate will be reduced, since xenon and freon will
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Figure 15

‘OROS8S SECTION OF THE RaI(T1)
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~Table IV

PHYSICAL PROPERTIES OF XENON, FREON-12, AND

?

HELIUM IN GASEOUS STATE AT ATMOSPHERIC

pressyre60+78,79)
Properties Xénon Freon-12 Helium
I I I11 Iv

Mol. wt. 131.30 120.92, k,003
Density 5.851 6.26 0.1785

g/11t. - (o) (23.7) (0)
Viscosity 0.0231 0.0127 0.0198

in centipoise (25) (30) (25)
Specific heat (ep) 4,968 17.533 4,968

(25) (30) (25)

Thermal conductivity 1.67 x 1072 2,302 x 1072 41.65 x 1072
(100) (%0) (100)

The figures in brackets in Columns II, III and IV
represent temperatures in °c at which the

obgervations were made.
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arrive in the hole of the NaI(Tl) erystal almost
at the same time. ‘
(2) The viscosity of freon-12 is lower than that of
helium.
(3) The thermal conductivity of freon-12 is very close
' to that of xenon.

Further improvement over the o0ld apparatus was
achieved by introducing a trap containing stainless steel
balls kept at 0°C before the detection stage. This was
necessary to hold back the iodine activity, since these
halides have a finite iapoﬁr pressure at higher temperatures.

The count-rate recorder was changed to the same
type as the temperature recorder, and both were synchronized.

The flow of the carrier gas was regulated by a
flowmeter and a needle valve. The time taken by the carrier
gas to reach the detection stage was about 3 to & seconds,
which introduces en error in transition temperatures of

b4 O.7°G. The entire assembly is shown in Figs. 9 and 11.
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3. RESULTS AND DISCUSSION

3.1 CRYSTAL STRUCTURE CHANCE STUDIES

Prefacel

The iodides of Ag, T1(I), Cu(I), Hg(II), and Pb(II)
labelled with 1155 were heated. The Xe155 activity,
resulting from the decay of 1155, was recorded as 8 function
of temperature. In the case of Agl, both discontinuous and
continuous methods of recording Xe155 activity were used.

For the remaining iodides, only the continuous method was
employed. .
Any abrupt change in the 10135 activity was found

to be due to a change in crystal structure, as shown in

Fig. 14, while a small change in xet35 sctivity over an

extended range of temperature could have been either due to
diffusion of xenon or to some other surface mechanism.

Errors quoted in the case of Hgl, and T1I are
standard deviations, while those of the remainder are
estimated.

3.1.1 Agl

(a) Discontinuous method:

In this experiment, the curve obtained for the first
trial is shown in Fig. 16. We now subtract the Xe')? activity
at any temperature 6f observation from that obtained at the
immediately preceding temperature. When this procedure is per-
forﬁed over the entire range of temperatures under investigation

and the results normalized for differences in temperature

interval, we obtain a différence curve as shown in Fig.l7. The
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Figure 16

Xel>% AGTIVITY VERSUS TEMPERATURE

RECORDING FOR AgI BY DISCONTINUOUS

METHOD
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Figure 17

DIFFERENRTIATED FORM OF THE

CURVE (FIG. 16) AS OBTAINED BY

DISCONTINUOUS METHOD FOR Agl
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curve is comprised of a large hump and three peaks. A
similar curve was obtained when a second trial under
identical conditions was performed.

A probable explanation of the humps

8ince xenon adsorbs on the surface of Ag1(25’80?,
it is very probable that the large hump observed in the
temperatufo range 40°¢ to 90°C might be due to the desorption
of the xenon. The retention of rediexencn in Agl, for
weeks, has also beQn reported by Sullivan et al.(el?.
It is a well-known fact that iodide ions are

(52385:84?. One could there-

adsorbed on the surface of Agl
fore speculate that the desorption of iodide ions and hence
xenon might give rise to the slow increase followed by a
rapid decrease in activity as shown in the curve.

Peakst

Three peaks were observed at 100 b4 2°%¢, 134 b4 200,
and 144 ¥ 2% respectively. In this region Agl does not
decompose (the decomposition temperature is 555°C). The
existence of the three peaks may be'explained, hoﬁevar, ir
three»modifications of Agl exist. According to Vclls(as),
'There appears to be some confusion in the literature con-
cerning the polymorphism of Agl. This compound occurs as &
hexagonal mineral -=~ with wurzite structure -~---, On being
powdered the hexagonal crystals are converted into a cubic
form, A mixture of two is obtained by precipitating AgNO5
solution with KI. The form stable at ordinary temperatures
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is apparently the cubie (‘Y,) with zinc blende structure.

At 137°C, this changes to the/g form (wurzite structure) and,
at 145.8°C, to the o{ AgIl form.' Thus one can attribute the
observed peaks at 134 ¥ 2°0 and 144 % 2°¢ to the transitions
from the ¥ to the 4 form and the 3 to the « form
reachtively. No argumeniu can bs given to explain the peak
observed at 100 ¥ 2%,

(v) The continuous recording methods

With this method a broad peak in the xenon sctivity
vs. temperature curve at 143 b4 2°0 was observed, as shown in
Pig. 18. This peak might be a composite peak of 134 ¥ 2%
and 144 ¥ 2°0 peaks which appeared in Fig, 17. Zimens(as)
obgerved this peak at 145°O in the same compound in a similar
iﬁvostigation.

The existence of the peak in the xenon-activity vs.‘
temperature curve is a confirmetion of the polymorphism of
Agl. Unfortunately, the limitation of the emanation method
is that it does not yield details about erystal-struéture
type. |

5.1.2 Hglp

¥hen the 10155 activity was recorded as a function
of temperature, the curve as shown in Flg. 19 was obtained.

A sharp peak occurred at 125.8 £ 0.1°C. This was
observed in three different experiments performed under
identical conditions. This pesk roproeenté e possible change

in the crystel structure, and the idea is confirmed by the
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Pigure 18

CONTINUOUS RECORDING OF Xe 2 ACTIVITY

A8 A FUNCTION OF TEMPERATURE

IN Agl STUDIES
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Figure 19

CONTIRUOUS RECORDING OF 19155 ACTIVITY

AS A FUNCTION OF TEMPERATURE

IN Hgl, S8TUDIES
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observed change in colour of the Hgl, from red to yellow at
126°%c. A similar observation 1sg also reported by Gernez(eé)
as obtained from Ref. (87).

Thus, this methéd confirms the reported crystal-
structure chenge in the HgI2 in the temperature range
12600 - 127°C from a tetragonal to a rhombic forn(éo).
After the transition, the emanating power of the

Hgl, also increases, showing that the rhombic form has greater

2
emanating power than the tetragonel form. This is 1llustrated
in Fig. 19.
3.1.3 T11
This method was &lso used for the study of TlI.

Three trials were performed. A sharp peak occurred in the
xenon activity vs. temperature curve at 166 b4 0.8°C as shown
in FPig. 20. The peak again represents a possible change in
the crystal structure at a certﬁin temperature. This
assumption is confirmed by the colour change of the T1I from
yellow to red at 168°0. 81dgwick(®7) nas reported that the
yellow layer lattice form of the T1I ;hangea to red rhombic
lattice form at 170°O.. The extensive studies of Schulz(88’89)
on the polymorphism of T1I further confirm the observation
obtained with the present emanation method.
3.1.4 cul

The xenon sctivity vs. temperature curve, as shown

in Pig. 21, is slightly unusual. The 10155 activity starts

increasing at 80°C and reaches a maximum at 138.0 ¥ 2%c.
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Figure 20

CONTINUOUS RECORDING OF Xel>> ACTIVITY

A8 A FUNOTION OF TEMPERATURE

IN T1I STUDIES
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Figure 21

CONTINUOUS RECORDING OF Xel’> ACTIVITY

AS A FUNCTION OF TEMPERATURE

IR CuIl STUDIES
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There are fwo more maxima at 163.5 b4 2°C and 179.0 4 2%0.
It.is difficult to offer any explanation for these maxima
occurring at temperatures above 138°0.

Haurer(9°? found that absorption of I in Cul does
occur at 152°G. The probability that these maxima are due
to occlusion of absorbed iodine (and hence xenon activity)
is small since, during the preparation of Cul bf ] |
precipitation, Ou* was in excess.

It is probable that the adsorption of xenon on Cul
ocecurs, although there is no reference to this in the .
literature. If adsorptién does occur, the xenon must be
adsorbing very strongly on the Cul surface.

The most prpbab}p explanation is that there is some
change taking place in the crystal structure of Cul in the
temperature range above 138°G. Evidence of this comes from

the studies of Miyake et al.(gl?.

They found by the usual
methods of crystallography (X-ray diffraction method and high
temperature camera,‘etc.)'that Cul, which has normally the
zinc blende typ& (W/> structure at room temperature, changes
completgly‘tﬁvthe hexagonal wurzite (/3) type at 369°C.
However, anomalous change in the crystal structure begins at
about 200°6. 8ince the emanation method of observing
erystal-structure changes is a8 continuous one, the changes
could be recorded accurately,and therefore one can state that
(91)

anomalous behaviour of Cul observed by Miyaske et al.

begins at 140°C instead of 200°0.
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3.1.5 PbI,

In the case of PbIa, the increase in the 10135
activity starts at 150°O. - Two very closely placed small
peaks at 172 ¥ 0.7°0 and 176.1 ¥ 0.7°C, as shown in Fig. 22,
are observed in the region of maximum activity. This is
difficult to explain, since the cause cannot be statistical

in nature.

Pinsker et ;1.(92) reported a hexagonal type

etructure for P'bI2 of which two modifications exist. Vhen

the l’bI2 is crystallized from water (as was done in the
present work), the form that results depends on‘the veloecity
of crystallization. Thus both or either of the two forms
may be prepared. One form is pele yellow and the other is

(60)_

yellow Thus the existence of the two peaks may be

explained by temperature dependence of two modificetions.

The 'lattice loosening effect' with the rise of
temperature, as reported by Tamntnn(zz?, maey be another
possible explanation.

Yot another possibility could be the formation of

KPbI, in the Ph12 by the reactions

2KI + Pb(HO,)E———>2KHO + Pb12 .

>

If some KI ig left adsorbed on or absorbed in the surface of

Pbl then the reaction

2’

Pb12 + II-——»KPin



- 60 -

Figure 22

CONTINUOUS RECORDING OF Xe 27 AGTIVITY

AS A FUNCTION OF TEMPERATURE

IN PbI, SBTUDIRES
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might have followed as & result of heating. Ths possibility
of this reaction ig reported by Hattz(gs) as obtained from
Ref. (94). One cannot make any definite statement about

the ehangd in emanating power.

3.2 TAMMANN LOOSENING TEMPERATURE STUDIES
(22)

The loosening temperatures were computed from
the 10155 activity ve. temperature curve for all the compounds
under investigation. Loosening temperatures are marked by
arrows in Pigs, 18, 19, 20, 21, and 22, and the values are
listed in Table V., These values correspond to temperatures

at which Xel’? sctivities have risen to one-half of the

maximum.
Table V

SHOWING OBSERVED TAMMANN LOOSENING TEMPERATURES

Observed L.P.
Compound Melting point 1loosening temp. /H.P.
{M.P.) (L.P.)
Agl 828°x 401°K 0.484
PbI, 685°k 433°g 0.632
711 713°K 431 °K 0.604
Hel, 532°Kk 396°K 0.744

Oul 861°k 393°K 0.456

It 1s seen from Table V that the ratios of the
'loosening points' to melting points are in the vicinity of

0.5 to 0.6 as prcdicted by Tammann.
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3.3 GONCLUSIONS

The study of the crystal-structure changes of the
iodides of Cu(l), Hg(II), Ag, Pb(Il),and T1(I) reveals that
the results obtalned by emanation method, using the
1135L—é:4 10155 system, are in close agreement with those

obtained by the conventional crystallographic techniques, as
shown in Table VI.

Table VI

Tranéition Temperatures

Conventional Present
Compound methods method
, 137(85) 134 ¥ 2%
gl
145,8(85) 1y T 2%
Hel, 126¢86) 125.8 ¥ 1%
1 170¢87) 166 ¥ 0.8%

With the use of suitable furnaces, the study could
be extended to higher temporaturos. Many types of hQating
arrangements have been reviewed by Felix and Schneling(95)
recently.

By this method the 19155 in the iodine is more or
less uniformly dietributed. Hence the results are quite

reliable.
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The only limitation of this method is that the
results are qnalitafive in a sense that they do not reveal
the nature of the structural change. Cook and Prout(27)

have also pointed out this fact.
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4. INTRODUCTION

4.1 PREFACE

To understand the mechaniem of nuclear reactions,
much work has been done and more remains to be performed in
;rder to explain various nuclear reactions, e.g. fission,

spallation, fregmentation, ete.

Ruclear reactions, induced by high energy particles,

are usuall& (and sometimes quite arbitrarily) claasifiad(gé)

into four categoriest spallation, in which a few or many

nucleons or small clusters of nucleons are emitted from the

struck nucleus; fragmentation, in which a few larger chunks

“of nuclear matter are split off from the struck nucleus in a
fast process; fission, in which the target nucleus is
divided into two or more roughly equal messes, and secondary
reactions, whereby a particle that is emitted in spallation
interacts with another nucleus in the target.

The various reactions which take place miy involve
soeverel different kinds of mechenisms, each based on some
ficture of the nucleus, called a nuclear model. Various
such nuclear models have been proposed, a few of which have

(97)

recently been reviewed by Eden Unfortunately none of
the nuclear models alone is able to explain all the observed

nuclear resections.
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4,2 BUCLEAR MODELS AND THEORY OF
NUCLEAR REACTIONS

4,2,1 Gompound nucleus model

The detailed cross sections for nuclear reactions
at low energies show very sharp resonances. In order to
explaln these resonances, Bohr(98) proposed a two-stage
nuclear resction mechanism.

(1) When an energetic particle is incident on a target
nucleus, it first of all combines with the target
nucloua‘and a highly exéited state is formed, called
a ;eémpound nucleus'. The kinetic energy of the

préjdetilo is 1mmediately transferred to the

nucleons of the target nucleus. The compound

14 16

nucleus has a finite lifetime (~ 10~ to 10~

secs).
(2) The compound nucleus subsequently decays into the
productes of the nuclear reaction.

This model is essentially based on the asgsumption
that these two stages are independent of each other. This
then is Bohr's assﬁmption - that the decay of the compound
nucleus depends only on its energy, angular momentum and
parity, but not on its particular mode of formeation. The
total energy, E, of the compound nucleus is the sum of the
binding energies of the nucleons of the target nucleus and
the kinetic energy of the incident particle.

The main feature of Bohr's compound nucleus



- 66 -

mechaniem is the hypothesis that the lifetime of the excited
state 1s much longer than the time required for a projectile
to share its energy among the target nucleons. Consequently,
the effect of many nucleon~nucleon collisions withiﬁ the
exeited compound nucleus is that eventually sufficient en§rgy
is accumulated by one nucleon to cause its emission from the
systenm. If this is not the case, de-excitation occurs by
gam&a emisgsion.

Although the compound nucleus model provides a
general mechanism for desocribing nuclear resctions at low and
medium energies, where the projectile has sufficient time to
interact strongly with the nucleons in a nucleus, it fails to
explain the scattering of high energy particles from the
target nucleus, where nuclear transpérency is obgerved. This
transparency is presumably due to short interacting time of
th§ projectile with the target nucleons.

‘Migner and Eisenbud(99) further developed the
compound nucleﬁa theory with the assumption that the wave
function in the reglon where the projectile and target
nucleus are close tége@her is a linear combination of energy-
independent wave functions, the ecombination itsels having
energy~dependent coefficients. A many-level formula for the
reaction cross sections in terms of the derivative R-matrix
and its relation to the colligion matrix was suggested.

Bohr's original assumption that the mode of decay

of & compound nucleus is independent of ite mode of formation
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(1oo).

wes experimentally verified by Ghoshal It was

established that

G—Niéo(ak,n)hé} . G’Niéo(&,pn)cuéz . G'Ki6°(o<,2n)2n62

62

GTOu65(p,n)in65 ‘2:1"'(3'(163(1),pn)dmé2 ETDu65(p,2n)Zn

The compound nucleus, in general, explains the
mechanism of nuclear reaction at low and medium energies, but
not at higher energies. Consequently, in the region of
overlapping energy levels, the theory was modified by

Weisskopf and Ew1n8(1°1,102)

by making further assumptions
which are the basis of the statistical theory of nueclear
reactions.

4,2,2 The Btatistical model

The bagic assumptions of the statisticeal
modol(lol’leé) are
(a) that each element of the scattering matrix has
undetermined phases and the signs of these phases
are random.
(b) that the partial widthe are constant.
Besides these sasgumptions, the original assumption of Bohr
remainst the statistically independent formation and decsay
of the compound nucleus with a high degree of interaction
between target and projectile.

It is now possible to write the cross section for a

nuclear reaction as

& (a,b) = o (8)8 (b) ..eeiiiniiiinn.. (12)
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where F;(a) is the cross section for formation of the
compound nucleus through channel a, and G, (b) is the
probability that the compound nucleus will decay through
channel b. The expression (12)is almost independent of the
(103) (97)

statistical assumptions as quoted by Eden
Thus we start with equation (12) and then assume a
particular mechanism to permit calculation of the formation
and decay probabilities. These probabilities, in accordance
with statistical assumptions, are related by the principle of
deteiled balancing. In most of the cases the Fermi Gas

(104) computed the

model was used. Weisskopf and Feshbach
probabilities of the projectile penetration into the nuclear
surface and obtained the capture cross section. The decay

probability is given by the expression

aT, - — b G (&) Pe(B) g, ¢ £ «...ol (13)
2 2 12 P(E) :

where m, and &b are the mass and kinetic energy of the decay

particle, by E_ and E are the energies of the compound and

o

residual nuclei respectively, ‘Pb ig the partial width for

channel b, defined as

Ty, = Ak U ¢ £ Y

P, and f)B are the level densities of the compound and
residual nuclei respectively. If the Fermi Gas model is

assumed, the form of the level densities will show a
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Maxwellian distribution. Thus, when all levels are occupied,
the probability of the emigsion of a particle 1is the same
from all the levels.

ﬁeaanrements of the energy spectra of emitted

neutrong(1°5!1°6;107,108)

and protons(1°9) showed them to be
approximately Maxwelllan as required by the statistical
theory.

Bhapiro(llo) hag applied the statistical thoory(loa)
to calculate the cross sections for the formation of a
compound nucleus by protons, deuterons, sand alpha particles.
The results were in close agreement with those obtained
experimentally, although it was found that in many cases the
cross sections of the different isotopes of the same element
differed from each other, and hence from the calculated cross
sections, by a factor of two.

Sinece the reactions of (p,pxn) type are inhibited
by the coulomb barrier, both in the enirance and exit
channels, statistical theory predicts that such reactions in
heavy target elements will have negligibly small cross
sections compared with the (p,xn) type reactions. Bell and

(111)

Skarsgard found that near the peak of a particular

(p,xn) curve the (p,p(x ~1)n) cross sections were indeed

small.

(112,113,114) reported qualitative

Several authors
agreement between experimentally determined cross sections with

those predicted by the statistical theory.
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4.2,3 Optical model

The compound nucleus theory of Bohr assumes that
every nucleon that penetraies into the nucleus is at once
captured to form a compound nueleus. On the other hand, the
single particle model (shell model of Mayer and Jensen(115))
requires that the incident nucleons have long mean free paths.
In spite of the fact that these two models are in direct
confliet, there are remarkeable experimental observations in
favoﬁr of each of themnm. To overcome this difficulty, i.e.
strong absorption and high energy nueclear ecattering,

Fernbach et al.(llé? introduced the concépt of a complex
potential or 'ecloudy erystal ball model’. This modei
assumes 'that the compound nucleus formation takes place
neither at once nor with complete certainty but rather

eventually and even then with a certain probability'(117).

Mathematically, it can be represented as

Ve (V,+1W,) cicrveeneeneaneas (15)

where V is the depth of the potential well, V, is the tranis-
ninii‘n coefficient responsible for scattering of the
particles, and the imaginary part (iW,) responsible for
ubsorptioﬁ. A large value of W, cerrésponda to s short mean
free path and hence strong absorption. Both Vo and Wo vary
with the kinetic energy of the projectile. To explain the
neutron resonance reactions at low energies, the transmission

coefficient, Vo, across the nuclear surface is very small.,
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Therefore, onece a nucleon is inside & nucleus, it may bde
reflected several times by the inside of the nuclear surface
until it 1g eventually captured to form £he compound nucleus.
At higher incident enorgieb, the transmission coefficient V,
increases rapidly so that, even though the mean free path is
shorter, nucleons are more likely to escape.

In this model an incident particle striking the
nucleus is analogous to a 'light beam' incident on a 'cloudy
crystal ball'. If the 'erystal ball' is clear, most of the
ineident light beam willlbo reflected and refracted, i.eo. it
corresponds to scattering of high energy particles. Thus
cloudiness of the erystal ball, coirosponding to the
imaginary part of the expression (15), is responsible for
the sbsorption of the incident particles.

With the advent of high energy particle accelerators,
the experimental results at higher energies show deviations
both from the compound nueleus theory and from the
statistical theory. For example, the compound nucleus theory
predicts that at energies of about 100 Mev the yields of
nuclides with atomic number near that of the tiiget nucleus
wéuld be low, while the yields of the nuclides far removed
from the terget would be high. The observetions of

al.(ll&)

Cunningham et show exsctily the opposite.

The excitation funections of reactions above 100 Mev

exhibit broad maxima instead of sharp peaks with a tendency to

(119,120)

have long low tails y» &8 required by the continuum
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theory and the statistical theory.

In order to explain high energy nuclear reactions,

(121)

Serber proposed a cascade evaporation model for nuclear

reactions in general.

4,2.4 gerber model

According to Serber(lal),

& nuclear reaction
prechda 15 two stages, viz. (a) A projeetile_iﬁcident on a
nuclear surface will penetrate into iho nucleus to a certain
depth and then collide with either a proton oi a neutron.

As a regult of this collision, the two partners may escape
from the nucleus or they may undergo fufther collisions
leading to & prompt shower or cascade. This stage has a very
short interaction time. It is apparent that the development
of the nucleon cascade will be governed by the mean free path
of the nucleons moving within the nuclear matter.

(b) Following the cascade ;tage, the residual nucleus has a
cortain smount of execitation energy left. The de-excitation

of the residual nucleus may teake place by particle emigsion

(called evaporation procese) only if the excitation energy.

exceeds the energy of the least tightly bound nuclson. This
stage will be more or less similar to the mechanism of direct
formation of the compound nucleus. In general, the
evaporation stage is responsible for the low energy

(122).

reactions

The theory was furtﬁer developed by Goldborgor(123).
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4.2.5 Validity of Serber model and
Monte Carlo calculations

_ 8oon after the 8erber(121) theory, many
workers(12§’124’125’126’127’128’129) computed the theoretical
cross sections in many hypotheticalﬂnuclaar resctions, using
Monte Carlo technigques.

Monte Carlo techniques make use of electronic
computers. The history of each hypothetical collision is
followed by considering the kinetic energy of the projectile,
coulomb barrier, binding energy of the nucleons, collision
parameter, the residual excitation energy after the cascade,
etc. At each stage of the hypothetical cascade process, the
new values for energy and direction of the nucleons are
selected by the use of a set of random numbers weighted
according to the kinematics of the elementary process. Eech
nucleon which becomes involved in the cascade is followed
until it reaches the ground state or is lost from the nuclear
surface. |

In order to obtein sufficient statistical asccuraey,
the calculation is repeated for many cascades, each initlated
by a new incident nucleon.

and

(124)’

In one such ca;culation, Bernadini et al.
Metropolis et al.(129) obtained the results for the expected
energy spectra and angular distribution of protons in the
bombardment of AgBr by 360 Mev protons. The results thus

obteined were compared with those obtained by nuclear emulsion



techniques. It was found that the results were in agreement
to some degrese. The statistical accuracy of the experi=
mental results is often not very high, but neither is that

of the corresponding Monte Carlo calculations 122

auaut.n(127? studied the spallation of As by 170
Mev protons, obtaining the results radiochemically. He
compafed these results with those he obtained by Monte Carlo
calculations, based on the cascade~evaporation model, and
found the egreement to be satisfactory.

(129) found thet the results of

Metropolis et al.
Monte Carlo calculations, based on the cascade~evaporation
model, gave a mass-yleld distribution in close agreement with
those of Seaborg et ‘1.(150? for the spallation of Cu with
340 Mev protons.

Recently, Harvey(laa)

published an excellent review
on the cascade-~evaporstion model for spallation reactions.
The cascade process merges into the evaporation
(96)

process as the energies of the involved nucleus become

comparable with the nucleon energlies in the compound nucleus.

4,3 SPALLATION REACTIONS AND THE
SOOPE OF THE PRESENT WORK

A brief definition of the spallation resction is
given in 8ection 4.1. On the basis of this definition a
| (127)

spallation reaction induced by protons can be expressed

as!
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A A 3 3
£ +p=3 "+ ‘91p4' -92::4- 9544- 94H + 95110 + 96o<
4 heavy fragments ..c..... (16)
where 5‘ is the target nucleus and 21‘1 is the-residual

nucleus. '91, 92, 9., ete. are numbers.

3 4
Thus the reesctions of the type (p,xn) eand (p,pxn)

and other such simple reactions are ususlly classified as
spallation reactions. As the bombardment énergj increases,
other reactione such as fragmentation and fission start
competing, depending upon the mass number of the target
nuecleus.

Some of the spallation reactions at low energies
(less than 30 Mev) can be explained in terms of the compound
nucleus theory, and a few of them in terms of the statisticai
and cascade-evaporation theories. These theories have been
discussed briefly in Section 4.2.

In the present work, the author proposes to study
the (p,xn) and (p,pxn) reactions radiochemically, induced by
protons of energies 7 to 100 Mev in a medium weight nucleus.

127 which is monoisotopiec.

The target nucleus selected was I
Thieg simplifies the conclusions which can be reached.
(ps,xn) reactions of iodine have been studied by

Dropesky and Viig(lal), Hyde and Hathar(152), and several
(133,134)

other workers The study wae only confined to the

identification of the products and their decay schemes.
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(p,pxn) reactions of 1odine were studied by various

(135,136,137)

workers ' Laddhbauer(155), Kuznetsova et
al.(157), and Dropesky(156) reported the cross sections for
these reactions at energies higher than 100 Mev.

The identification and disintegration schemes of
the products of (p,pxn) reactions have been worked out by
several researcherc(158’159’140’141);

Ladenbauer had also studied other reactions of
iodine such as (p,2pxn), (p,p 7r+), (p,2px'), and (p,2p %)
radiochemically, with protons of energies 0.25 to 6.2 Bev.
She also studied the reaction of iodine with 0.25 to 0.72 Bev
alpha particles.

winsberg(lkz) investigeted the interaction of
120 Mev negative pions and negative muons with iodine. The
radiochemical yields of various reactions have been reported.

Recently Silvester and Jack(lha) studied the
1127(d,p)1128 reasction radiochemically at moderate energies.

Very little information is available about (p,xn)
end (p,pxn) reactions of iodine below the 100 Mev range.

Unfortunately, in the present work the auther could
not study 1127(p,xn) reactions beyond x = 1 for the following
reasonss

(a) 1127(p,2n) and 1127(p,4n) reactions yield stable 19126
and XAIQA respectively.

(b) The products of 1127(p,5n) and 1127(p,6n) reactions are

19125 and 10122 regpectively. The haif-lives are
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very similar (18 hrs and 19 hrs respectively) and
the decay curves are difficult to resolve since the
gemma~-ray energies are similar.

123

(¢) The gsmma-ray energies of Xe are again comparable

125 ana 13;22.

with Xe
" These facts are illustrated in Fig. 23, which is part of the
chart of the nuclides.

Attention weg therefore focussed on the studies of
Ilzx(p,pxn) reactions. The range covered was x = 1 to
x = 4, Reactions of this type, which involve inelastiec
scattering of incident protons, are inhibited by the coulomb

barrier in both the entrance and exit channels, as pointed

out in Section 4.2.2, and hence are rather important.
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Figure 23

PART OF THE CHART OF THE NUCLIDES

IN THE REGION UNDER INVESTIGATION
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5. EXPERIMENTAL

5.1 TARGET
Cuprous iodide was selected from among the
compoundes of iodine for bombardments, for the following
reasgonsgt
(a) The monitor reactions employed in this work were
0u65(p,n)2n63 and Gu65(p,pn)0u64. Thus there is
a stoichiometric distribution of the moniter
inside the target.
(b) Cuprous iodide is quite stable at high temperatures,
the decomposition temperature being ) 120000(60).
(¢) It is commercially available with s high degree of
purity.
The 'spec pure' grade of cuprous ilodide was obtained
from Johnson, Matthey and Co., Montreal. Spectrographic

examination of Cul shows the following impuritioa(144)t

Element Egstimate of gquantity present
(parts per million)

Ne 2
Ca, Mg) each element less than 1
81, Ag)
However, it is unlikely that the impurities quoted
above would interfere to an apprecisble extent in this work.

A weighed amount of this compound was intreduced into thin
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aluminum tubing. of 2§ purity, heving an outside diameter of
0.0625" ¥ 0,005" with e wall thickness of 0,0015" ¥ 0,0005".
One en& of the ;luminun tubing was previously seéled into ;n
L shape by & mechanical press. The amount of Cul used was

10 to'15 ng. In order to inhibit the xenon losses, the
aluminum tubing containing the target was pressed under the
hydraulic press at both ends as shown in Fig. 6. The
possiblility of xenon eséaping through the walls of the
aluminum tubing at higher energies by diffusion has been ruled
out by Adda et a1.(155? and Ne11(1%6).  The pessibility of
escape of xenon through the mechanically-sealed ends of the
aluminum was checked by studying the results of an auxiliary
radiation of cuprous lodid; in a sealed quartz capsule (see
later). The target wa; then mounted on the target holder

as illustrated in PFig. 6.

5.2 BOMBARDMENTS

5.2.1 Irradiation precedures

The entire target assembly was mounted on the water-
cooled probe of the MeGill Synchroeyeclotron. The calibration
curve for radiel distances vs. proton beam energy, duly
corrected for radial oscillation by Kirkaldy(57) a8 shown in
Fig. 7, was usged. In order to maximize the yields of
product nuclides at desired energies, the 'Verticsal

Ogscillation Maximum Yield Curve' was used (Fig. 24). The

%*
Precision Tube Co., Philadelphia, Pa.
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Figure 24

VERTICAL POSITION OF THE PROTON BEAM

OF THE McGILL SYNCHROCYCLOTRON

A8 A FUNCTION OF ENERGY
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irredietion time veried from 10 to 30 minutes, depending upon
the half-lives of the product nuclides.

Energy degradation of the proton beam by the target
container was calculated at various energies on the basis of

(147)

range-energy values of Sternheimer The maximum
degradation in these experiments was found to be 0.6 Mev.
This correction was not considered significant, since the
energy spread of the MeGill Synchrocycletroﬁ proton beam
tteelf is & 2 Kev.

5.2.2 Beam monitoring

In order to get the absolute values of the cross
sectioné for the various reactions under observation, it was
necessary to know the flux of protons hitting the target.
This was achieved by using a beam monitor. As mentioned
earlier, the copper in the target compound was used as a beam
monitor. The monitor reaction cu65(p,n)2n65 was used below
12 Mev, and cross—-section values obtained by Ghoshal(lha)
were employed for this reaction. The monitor reaction
Gués(p,pn)cué4 was employed in the energy region above 12 Mev.
The cross-gection values, as obtained by Meghir(149), were
used for this reaction. The excitation functions of the

(148) snd Heghir(lkg),

monitor reactions, as obtained by Ghoshal
are shown in Figs. 25 and 26 respectively, and the values used

are given in Table VII (P.110).
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Figure 25

GHOSHAL 'S EXOITATION FUNCTION FOR THE

ou®3(p,n)2n®3 REACTION

(Reference 148)
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Figure 26

MEGHIR'S EXCITATION FUNCTION FOR THE

0u65(p,pn)cu64 REACTION

(Reference 149)



84a

06

("A3N)
oL

A9dH 3N
006G

NO1LOUYd
o¢

Ol

00l

00¢

00¢

00t

00S

NOILJO3S SS0dD

( SNYVEITTUN )



- 85 -

5.3 CHEMICAL SEPARATION PROCEDURES

5+3.1 Xenon

Xenon, formed by 1127(p,xn) reactions, was
separated first. Becausge of the in;rt nature of xenon, it
was separated by freezing it at liquid nitrogen temperature
in vacuum, The method used in the present work can best
be explained with the help of Fig. 27.

The entire target was detached from the target
holder and introduced into a 25 ml flask ai;ng with a few
pellets of NaOH (about 5 gms) and a magnetic stirring bar.
The flask was then evaeuatéd‘by & DuoSeal facuum pump coupled
with in oil diffusion pump until the pressure inside the
flask was reduced to less than 1 micron. A consolidated
vacuum thermocouple gauge, type GTC~-004, was used to measure
fhe pressure.

The flask and the traps were iaolatedzfrom each
other by closing all the stopcocks. Approximately é ml (at
room temperature and pressure) of inactive xenon was then
introduced into the flask by means of stopeock 81 and 82.

VWater (5'~(7 ml) from the reservoir, R., was then introduced

2
into the flask, and the magnetic stirrer switched on. The
NaOH dissolved the aluminum and resected with the Oul(150)
giving Nal and Cu,0. Redioxenon was thereby mixed with
inactive xenon as a result of the stirring which was done for

five minutes in each trial. The reaction is exothermic, and

the hydrogen evolved (due to the reaction of NaOH on aluminun)v
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Figure 27

SYSTEM FOR THE SEPARATION OF XENON
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started building up its pressure in the flask, so that the
flask was oceasionally ecooled to 0°c.

The mixfure of Xe and Hz, and inevitably of some
water vapour, was transferred to trap T, by opening the
stopcock 33. T1 contained stainless steel balls and was
kept in a bath of dry ice and acetone (~ns -85°C). The
stainless steel balls were used to achieve better heat
transfer. Thus most of the water vapour and free lodine
(if unreacted) wes held in the trap, T,. The mixture of Xe
uid Ha at this stage was transferred to the'trap, 22, by
opening stopeock 84. Trep Ta held the remaining water
veapour, since this was also kept at about -85°0.

" The mixture (Xe + Hy) was finally transferred to

the radliator trap, T5, by opening stopcock 8 This trap

was specially designed from very thin-walled5pyrex glass
tubing in the form of & five-turn spirel. The trap, T5, vas
kept in a fresh liquid nitrdgen bafh (-195.8°0). It was
presumed that at this temperature (-195.8°¢) all the xemon
would Pfreeze effectively (freezing point of xenon -112°0(6°)).
After the hydrogen was pumped out from trap Ta, containing
frozen xenon, a pressure of less than a micron was obser?ed.
In each trial about five minutes were allowed for the
completibn of the freezing process of xenon in the trap, 25.
It was seen that most of the xenon was frogzen in the first

two spirals because it was possible to observe white snow-like

condensation of xenon on the walls of the radiator trap, T5'
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The cycle of successive transfers of the (Xe + H,)
mixture from the fiask to the radiator trap>waa continued
until the pressure inside the system reached less than a
micron. This took about 20 minutes.

Xenon was finally dietilled into a pyrex glass
ampoule specially designed for this work, as shown in Fig. 28,
The dimensions were selecte& in accordance with the standard
activity measurement procedures in this Labofatory. The
ampoules were sealed and the activity measured by a 3" x 3"
NaI(Tl) scintillator coupled to a ODC® 100 channel pulse
height analyser.

5.3%3.2 Copper

After the xenon was separated, the contents of the

flask were transferred into a 50-ml centrifuge tube along with

10 mg of zn** carrier, In order to separate Cu,0, the entire

2
bulk was centrifuged. 8ince products such as Zn, Ni, Co are
al;o formed as spallation products of Cu, it wﬁa necessary to
purify Ouao further. The ion exchange method of'ﬁelson and
Kraus(lsl) wag adopted to separate Ou from its spallation
products. The Gu20 weps digsolved in a minimum amount of
concentrated HCl and the solution adsorbed on the top of a
column of Dowex-1l (100 - 200 mesh) anion exchange resin. Ni

was first eluted with 12 M HOl (two times the column volume)

and then Co with 4.5 M HCl (three times column volume).

N A
Computing Devices of Canada Limited, Ottaws, Ontario.
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Figure 28

SPECIALLY DESIGNED GLASS AMPOULE

FOR MEASURING XENON ACTIVITY
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Finally, Cu was eluted with 1.5 M HCl and the sclution made
up to a known volume with distilled water.
5¢%.3% 1odine
After Xe and Cu were separated, the remainder
contained Zn, Al, I and Na. Due to the excess of NaCOH,
Zn and Al would probably form sodium zincate and sodiunm
eluminate. The final solution was made acidic (pH 4 - 5)
to free zinc and aluminum. | Al was precipitated as Al(OK)5
by the addition ofVNHACI and NH4OH. The susgpension was |
centrifuged and the precipitate discarded.
The remaining solution contained iodine and zine.
Jodine wag separated by solvent extraction(59). Details of
the method are given 1n7£ppendix I. |
5.3.4 Zinc
After I, Cu and Xe were separate@, it was presumed
that only Zn was left, since it is unlikely that below 12 Mev

>

any reaction other than Ouéj(p,n)Zné would occur appreciably.
A summary of the chemical separations is given on

the following page.

5.4 CHEMICAL YIELD DETERMINATIONS

5.4.1 Xenon
The extraction yleld of xenon was believed to bde
very close to 100% for the following reasonss
(a) In an auxiliary experiment Oul was bombarded iq a

sealed quartz tube. After making correctiond for
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SUMMARY OF CHEMICAL SEPARATIONS

Target dissolved in NaOH
in vacuum

-Xe freezing in veacuum Ouzﬁ, Al, I
at liquid nitrogen 1
temperature pius

Zn** carrier

l

centrifuge
supernatant 0u20
solution
I, Al, Zn l

purify with
anion exchange

1
conc. HCl (pH 4-5) cotumn

Nﬂkcl + NHAOH

v

centrifuge

k///,//”

supernatant Al(OH)
solution l '3

1-, zn**

discard

Solvent extraction of I
by oxidation reduction
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the attenuation of the proton beam, it was found
that the cross aeetibna for 1127(p,n)10127 reaction
obtained this way were ;n close agreement with those
obtained by‘the method of Cul in the aluminum tubing.
The results are shoﬁn in the next chapter.

(b) Most of the xenon formed in this way will remain
ingide the Cul crystal lattices. Xenon formed on
the surfece of Cul will not diffuso(145’1#6) through
the aluminum tubing.

(c) The vapour pressure vs. temperature curve for xenon(lsa),
as shown in Pig., 29, reveals that xenon will have a
vapour pressure of bmly a.fewimberons at liquid
nitrogen temperature. Thersfore the probability of
losing xenon while pumping out hydrogen is very
small,

5.4.2 Copper
The chemical yields of copper were determined

colorimetrically with dlethjlthiocarbamate(155’154? using s

Beckman model DU spectrophotometer. One em pyrex cells were

used. The standard curve used ig shown in Fig. 30,

Chemicel yields obtained were 40 to 70%, with an

error of ¥ 24.

5.4.3 Iodine
The chemical yields of iodine were also determined
colorimetrically using the same instrument as desctibed in

Section 5.4.2.
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Figure 29

VAPOUR PRESSURE OF XENON V8. TEMPERATURE
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Filgure 30

STANDARD ABSORBANCE OURVE FOR COPPER
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i The methed of Collins and Hatkins(155? wes used.
It c#nsisted in oxidizing the iodide lons to elenontﬂry
iodine in aqueous medium and extracting it into the CCl,
1ayo;. The standard curve used is given in Fig. 3l.
| Chemical yields obtained were 53 - 934 with an
error of & 2%. H
S5.4.4 Zine
The chemical yields of zinc were obtained by direct
titration with EDTA, ueing Eriochrome black T indicator as
desoribed by Welcher(!36).
Chemical yields obtained were 30 - 404 with en

error of ¥ 3%.

5.5 !EASUREMENT TECENIQUES

5.5.1 Radiation detection and
measurement systems

A brief introduction to various rediation detection
and meesurement systems is presented in Section 1.4,

The product nuclides, formed by various (p,xn) and
(p,pxn) reactions, decay primarily by orbital electron
capture, and thus cross sections were determined by the

absgolute measurement of K X-rays and gamme rays. However,

1126 is 8lso a negatron emitter, therefore 4TA" measure-

(66,67,68,69,70)

were also made in this case to get

better statistics for the half-life of 1126.

ments

Genma-ray and X-ray measurements were done by

scintillation spectrometry. The phosphor employed in this
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Figure 31

STANDARD ABSORBANCE CURVE FOR IODINE
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work was a commercially built (Harshaw Chemical OCo.,
Oleveland, Ohio) type A, 3" x 3" hermetically sealed NaI(T1)
crystal. Details of the #saomﬁly are shown in Fig. 32.
(77)

The crystal was optically coupled to a Dumont,
type 6364, photomultiplier tube which was shielded by
mu~-metal from stray magnetic fields. In order t¢ reduce
the effect of background radiations, the entire assembly was
shielded by a 13" thick lead cylirndrical wall, Fluorescent
X~-rays from the lead were attenuated by lining the lead
;hielding with $" of iron and 1/8? of lucite inside the iron.
A stable high v;itage was supplie& to the photomultiplier
tube by means of & commercially built (Baird<Atomic model
318) ptabilized high voltage power supply.

The output of the photomultiplier tube wasg fed to a
preamplifier (Hamner Blectronics model N-351) and then to a
non-overloading linear amplifier having variable gain (Baird-
Atomic model 215). The output pulses from the linear
emplifier, in turn, were fed into a commercially built 100~
channel pulse height analyser (ODC model AEP 2230),.

The 100 channel pulse height analyser had the
following features:

(a) A magnetic core storage unit and oscilloscope for the
visual representation of the data,.

(b) An auxiliary external output for the recording of
stored data by means of an snalog signal from the

pulse height analyser.
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Figure 32

HARSHAW, TYPE A, 3" x 3" NaI(T1)

CRYSTAL ASSEMBLY
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(e) A digital print-out system comprising a decimal
scaler, print control unit and printer.

(d) A microammeter, which indicated the percentage losses
due to dead-time (55/* secs to 135/u,aeca) depending
upon the pulse height.

(es An arrangement to recover the stored information

" manually in case of failure of the recording and

printing unit,

In general, the spectrum was not distorted by
dead~time losses, but its overall amplitude was reduced.
The sources could be meagured at degired distances from the
crystal, as shown in Fig. 33, so that the dead-time loss
could be kept minimal to schieve a small dead-time correction.
The dead-time loss was kept at less than 10% by adjusting the
source height. A block diagram of the entire measuring
system is shown in Fig. 34.

5¢5.2 Analysis of spectrs

When electromagnetic radiation (e.g. X-rays and
gemma rays) of intensity 'I ' 1s incident on & matter of
thickness 'd', it emerges with the intensity 'I' as

represented by the relation
1
'i_o' pr( /*d) L A IR A A A A N N (17)

The parameter J{is known as the total linear absorption

coefficient, and this in turn is given by the following
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Figure 34

BLOCK DIAGRAM OF 100-CHARNEL PULSE

HEIGHT ANALYSER AND AUXILIARY UNITS
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expression

M.T+ G_+k o 00 6508 00000000800 (18)

where T, G and k represent the partial absorption
coefficients due to the photo-electric effect, Compton
effect, and pair production reapaétively. The interaction
of a gamma-ray or X-ray photon with a Nal crystal will be
considered as a specific example.

¥hen & gamma-ray photon with energy hY passes
through a Nal crystal, the energy logse of the photon can be
accounted for in the following ways:

(a) Photoelectric effect:

Uhén a photon with an energy hYy interacts with a
bound electron in an atom, it may transfer all of its energy
to the electron. This phenomenon is known as the photo-
electric effect. The kinp#ié energy of the emitted electron
will be (rY¥ - B) where B ig the binding energy of the
electron in the aton. The energy (hy - B) is absqrbod by
phcspﬁor (Nai in this case) and its re-emission as visible or
in near visible radiation is known as luminescence and, if
luminescence occurs during the excitation or within '.M)“8 secs
after 1t, the material is said to be fluorescen£(29).

In the NaI(Tl) erystal, the fluorescent light output
is proportional to the energy absorbed by the crystal from the
incident photon. If the photoelectron produced by the photo-

electric absorption is stopped within the crystal, and the
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X~-rays resulting from the de-excitation of the atom in which
the photoelectric event occurs are also stopped within the
crystal, then the full energy of the incident photon
contributes to the total light output of the crystal. Such

e 'total energy' event will give rise to & narrow distribution
of pulse heights corresponding to tho;incident photons. This
peak in the pulse height distributien is called the
‘photopeak!’. |

(b) Compton scattering:

Vhen a gamma-ray photon interacts with an electron,
its energy may only be shared by the electron, and the-
direction as well as the energy of the photon will be changed.

The essential difference betweeﬁ the photoselectric
effect and Compton effect is that in fhe former case the
photon is absorbed, while in the latter case only its energy
is changed. The secondary photon may undergo a further
Compton scattering, photoelectric absorption or pair
production, or may even escape from the crystal. If 1t
escepes, the result will be a Pulse having a height less than
that corresponding to 'total energy absorption' in the erystal.

There 1s en upper 1limit to the energy which cean be
transferred to an electron in the Compton process for a given
incident photon energy. This corresponds to a ‘head-on'
collision with the free electron and the secondary photon
scattered backwards. If this secondary photon escapes from

the crystel, the resulting pulse has & height corresponding to
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the 'Compton edge'. Photons scattered at other angles, and
also escaping from the crystal, will give a continuous spread
in pulse heights below the Compton edge.

(¢c) Pair production

When the energy of a gamma ray exceeds 1.02 Mev,
i.e. greater than two electron masses (2 x 0.51 Mev), it may
be totally converted into-g positron and an electron, and the
energy in excess of 1,02 Mev would be shared by an electron
and a positron. The positron would have a greater share of
the energy due to the repulsion from the nucleus. The
positron in turn would get annihilated with anbther electron
in the Nal crystal, giving rise to two 0.515 Mev photc;ns,
whiéh may or may not escape from the crystal,

An 1deal piocture of a pulse height distribution for
a mono-energetic gamma ray of energy 1.02 Mev is shown in
Fig.\BB(L), illuetrating the different features of the pulse
height spectrum which would be observed with a Kal crystal |
having 'ideal' resolution. The actual pulse height distri-
bution is typified by Fig. 35(B), in which the effect of
finite resclution of the erystal can be seen.

The photopeak is nearly Gaussian in shape and the
resolution of the system isgs usually defined as the full width
of the photopeak at half maximum. The resolution of the
instrument /NeI(T1) erystal assembly/ used in the present work

was found to be 12.5% at 662 kev.
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Figure 35 (A and B)

PULSE HEIGHT DISTRIBUTION DUE TO

PHOTOELECTRIC, COMPTON SCATTERING

AND PAIR PRODUCTION
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5:.5+3% Conversion of pesk aress
into count rates

In order to convert the areas under the photopeaks
10 the gamma-ray or X-ray intensities, a knowledge of the
photopeak efficiency is necessary. The photopeak efficiency
is defined as the probability of the gamma-ray or X-ray
causing a pulse to fall in the full energy peak for a
particular geometrical arrangement of source and detector.

In this Laboratory, G.R. Grant, G.V.8. Rayudu, and
M. Hay(157) experimentally determined the photopéak
efficiencies, and these efficiency curves were used in the
present calculations.

The area under the peak was obtained from the pulse
height anslyser by subtracting the average background counts
from all the channels under the peak from the total number of
counts in each channel and adding the resultant number of
counts for all the channels in the photopeak. This procedure
is justified because the plot of the background counts vs.
energy under the photopeak is close to a straight line.

5.5.4 Qonversion of gamma~ray emission
rate to absolute disintegration rate

The absolute disintegration rates from the observed
gamma~-ray photon count rates were calculated from the

following expressiont
C.Ry xy x (1 4 °‘r)

©
D - - L X 2N N BN B B B B ] (19)
x eff. x B.R.
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%o

where D, = the sbgolute disintegration rate of the nuclide
under observation at the:-end of.bombardment.

the observed count rate at the end of bombardment.

C.Ry
y = the chemical yleld cerfaction, including the
”dilntion factor.
of = the internal conversion coefficient.
B.R. = the branching ratio.
off. = the photopeak efficiency of the gamma ray
under consideration.
The values of the branching ratio (B.R.) and
internal conversion coefficient (o(r) were taken from the
Nuclear Data Sheeta(54) and Tables of Isotopes(lﬁa).

5.5.5 Conversion of K X-ray emisgsion rates
to absolute disintegration rates

The absolute disintegration rates were calculated
from the observed K X-ray count rates (it was presumed that
8ll the observed X-rays originated from the K-shell) by using
the following expressiont

W A -1
—k a:"'ﬁ ‘::‘;)u- 2.0 000 (20)

n: - O.kayx(off)-l[(f.wk)(l-

where O‘Rk ie the observed K X-ray count rate at the end of
the bombardment. y and 'eff' are as defined in Section 5.5.4.
¢ok is the K fluorescence yield, defined as the number of

K X-ray quanta emitted per veacancy in the K-shell. £ is the

ratio of K-electron capture to the total electron capture
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6k
S o5 + 5 o-

1.e. £ =

where o(k is the K~olectron conversion coefficient and °(T

the total internal conversion coefficient.

Expression (20) can also be written as

o G.Rk xyx1I.C.
D = ®sco0cscene (203)

x off x W x ¢
k

where I1.C, is the internal conversion X-ray eorrection.
This correction arisesg from the fact that an emitted gamma
ray, during electron capture decay, mey get internally
converted, resulting in the emission of a characteristic
K X-ray whiech will also contribute to K X~-ray photopeak.

The values of the constant parameters used in
(54,153:159).

expression (20) were taken from standard sources

The value of &)k for lodine was teken from Broyles et
‘10(160)0

5.6 OROS8-8ECTION DETERMINATIONS

The absolute values of c¢cross sections of the

product nuclides were calculated from the following

expression:
-t
N.A AV oy p° _ S
e = S n . . =2 . —-:' . (1 ° ) cossse (21)
X B EAg AV, W D =2 xt

(1 - )



where N.A
) m

N.Ag = natural sbundance of the target.
A.Wt = atomic weight of the target.
A.W, = atomic weight of the monitor
W, = weight of the monitor.
W = weight of the target
D: = absolute digintegration rate of the product
nuclide at end of bombardment.
D: = absolute disintegration rate of the monitor
nuclide at end of bombardment.
)n = the decay constant of monitor nuclide.
)x = the decay constant of the produect nuclide, x.
s, - the absolute cross section of the product
nuclide, x.
s; = the absolute cross section of the chosen
monitor reaction.
t = the irradiation time.
All the factors on the right-hand side of
expression (21) were known. The values for D:, D:} Amf A
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natural abundaﬁce of the monitor.

t, W , and Wy were obtained experimentally, and the values

x’

for N.Lm, N.hg , A.W , and A.Wr were taken from Nuclear Date

Sheets(sa).

The values for Grh, as obtained by Ghoshal

and Heghlr(1k9), were used, and these values are listed in

Table VII.

(148)
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Table VII

CRO88~-SECTION VALUES USED FOR

MONITOR REACTIONS

P;::::YB“m Ef’cn“(p,n)?-né3 (o) 5_cu65(P,pn)Gu 4 (149>
(Mev) (mb) , = (mb)
7 197.5 -
11 487.5 -
16 - 100
21 | - 356
27 - , 344
35 - 294
b2 - 260
49‘ - | 232
56 - 208
63 - 186
70 ; - 161
80 ‘ ' - 140

86 - 128
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5.7 STATISTICAL ACCURACY OF THE
OBSERVED OROSS SECTIONS

The prﬁncipal sources of errors in determining the
"absolute cross sections for 1127(p,xn) and 1127(p,pxn)
reactions were the followings

(2) As the target and the monitor form a stable chemical
compound (Cul) their messes always will be in the
ratio of their atomic masses. Consequently there
would be no substantial error in weighing.

(b) An error resulting from incomplete exchange between
the radioiodine and carrier atoms (inactive iodine
atoms) will be negligibly smell, since three
oxidetion and reduétion cycles were performed for
purification, as well ag complete exchange.

(¢) An error of 2 - 3% was estimated in the determination
of chemical ylelds of various pioducts.

(d) In the analysis of decay curves, an error of 10% was
estimated. This value included the best values for
the half-lives. |

(e) An orrof of 5% was estimated in the case of caleulating
the photopesk efficlencies.

(f£) In the case of monitor cross sections, G, 8n error
of 5% was estimated while reading the absolute values

from excitation functions.
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(-] ")nt

If G_x-k F‘EE‘ (1 -2 ) R (22)
p° - Azt
m (1-e )

2 "wf 'm
where k = . « — = constant,

- then the relative error in ET;, in terme of the relative

s A

- ° o 2
errores in m’ Dx’ Dm’ n

%? is given by

-Ant -2t
° o m
a G-x AG; A Dx Anm.' A)mtOO t.e x

P 5 »p° »p° A

P IR -t
x n (1 - o " ) (1~ e )

For )mt {{ 1 and Axt {{ 1, the expression (23) reduces to

° °
Aﬁ-dﬁ* AD:_ Ann*Akm_'Ahz (24)
ox 65 p° p° A A

x m

Thus, b¥ inserting the estimated errors in

equation (24), it was found that the present results are good

to ¥ 20%.

- -V 1 cese(23)
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6. RESULTS AND DISOUSSION

6.1 IDENTIFICATION OF THE PRODUCT NUCLIDES
"AND DETERMINATION OF OROSS SECTIONS
OF NUOLEAR REACTIONS

The product nuclides formed by the various (p,xn)
and (p,pxn) reactions decay primarily by orbital electron
capture. Crosgs sections were determined by sabsclute
measurements of K X-rays and gamme reys that follow the decay
events. Each radicactive nuclide measured was identified by
its characteristic half-life, gamme energies, and relative
abundance. Gamma rays and X-rays observed and identified
in the present work are illustrated in Table VIII. All the
individual cages are discussed in Sections 6.1.1 to 6.1.6.

The half-lives found in this work are shown in
Table VIII. The error quoted is the standard deviation.

The nuclear data used in the calculations of
crogss sections and disintegration rates are illustfated in
Table VIII(A). |

6.1.1 Monitor reactions

Z3u65(p,n)2n63, Oués(p,pn)cu6£7

The product nucleus Zn65 decays to cub3 (stable)
64

by electron capture and positron emission, while Cu decays

to zub* by an additional mode of decay, i.e. negatron

emisgion.

64

The Zn65 and Ou were identified from the total
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Table VIII

Gamme rays end Duration of Half-1ife
K X-rays measurement Present Literature
Nuclide observed (in half-lives) work values
1'% (170 + 204) kev 3 to &  36.8% 1.4 d4. 36,406 a. (61
- 377 kev
126 x-reys 4 15.3 % 0.3 4. 13.1 a.(}*9)
386 kev, 480 kev, (162)
650 kev 13,3 d, _
1'25 g x-raye 03 59,0 ¥ 2,1 4. 60.0 d.(lal)
112# K X-rays 4 to 6 4,34 -4 0.0% d. 4.2 d.(léﬁ)
5.4 a,(140)
1123 K X-rays 4 t0 5 13.7 b4 0.3 h. 13 h.(159)

159 kev
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Table VIII(A)

Gamma-ray K X-ray

Nuclide Half-life Energy energy B.R. °<I .ﬁak
kev kqv

1*%7 36,84, 377 - 0.21§5“) 0.015** -

1126 13.5 a." 386 - 0.54(5“? 0.018" -

125 59,0 4.* - 28 - 13.2**  0.88(16%)
1124 ho34 a.” - 28 - 0.18"° 0.88(169)
1125 13.7 b." 159 - o.99$5“? 0.329" -

AL 38.5 m. 511 - 0.95‘54? - -

cub 12.8 h.* 511 - o.19(54? - -

*lxporinontally observed values

**Oomputed from references(54;,158,159)
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photopeak counting rates of the 511 kov'ganma ray resulting
from the annihilation of the positrons. Typical decay
curves of Zn®3 and cub* are~ahown in Figs.'ié and 36(A)
respectively. The values of the half-lives obtained in this
work were 38.5 minutes and 12.8 hours for Zn63 and Gu64
réspectively. These values are in close agreement with
those reported r&cently in the literature(157’154). In the
64

case of Ou activity measurements, these were made about

12 hours after the bombardment to allow sufficient time for

the 3.3 hr. cu61 activity to decay.

6.1.2 1127(p,n)10127

The half-life, as well as the cross section for
formation of the product nucleus 10127, was detefmined from
the decay of the 377 kev gamma ray that follows the electron
capture events. Thirteen samples collected at different
energies were followed for half-1ife determination. The

value thus obtained was %6.8 t1.4 days. This velue is in

close agreement with the recently reported value of

36.406 days by Balestrini(lél). Figure 37 gives the decay
curve of 10127.
The cross sections of the product nucleus, 10127,

were calculated as described in Bection 5.6. An example of

such calculation is 1llustrated below.



- 17 -

Figure 36

DECAY CURVE OF THE 511 KEV

PEAK HEIGHT OF zn®>

(Bombarding energy 11 Mev)
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Figure 36(A)

DECAY CURVE OF THE 511 KEV

PEAK HEIGHT OF CuS%4

(Bombarding energy 21 Mev)
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Figure 37

DECAY CURVE OF THE 377 KEV
' 127

PEAK HEIGHT OF Xe

(Bombarding energy 45 Mev)
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To calculate the cross section of the 1127(p,n)39127

reaction for 7 Mev protons:

Step 1 & Absolute disintegration rate of

Zn65 (monitor)

The absolute disintegration rete of the monitor

reaction at the end of bombardment is given by the expression

1
c.nyxz—-B—."R—;—; ® 6 @ 6 00 ¢ 0080 009 0 e o0 (25)

o
]

C.R = 6.895 x 106 cpm (found experimentally)
935 (5%)

y= d;it;:gﬂ = %?%35 (found experimentally)

These values were substituted in the above

expression (25) and the absolute disintegration rate was

7

found to be 8.143 x 10" dpm.

8tep 2 &t Absolute disintegretion rate

of Xel27 (product)

127

The sabsolute disintegration rate of Xe at the

end of bombardment is given by the following expression.

(For explanation, see Section 5.5.4.)



and the absolute disintegration rate of Xe

bombardment was found to be 9.075 x 10

- 121 =-

o 14,
D 12 -c.nyx—_"__ e 00 06ce 000000 00O (26)
xe127 B.R
C.R = 2.014 x 10° (found experimentally)
y = 1 (presumed)
Ap = 0.014 (54)
B.R = 21%

These values were substituted in the above expression (26)

127 at the end of

5 dpm,

Step 3 &1 Calculation of saturation factors

(For explanation of symbols
see Section 5.6)

t = 2,4 x 105 gsecs.

Arnm 3,0399 x 10'# sec}

-t

Therefore 1 = e © = 0.5179.

- )xt

t = 2.4 x 105 gsecs.

- “T goe
) 0127 2.178 x 10 sec

Therefore 1 - e ~ = 0.0005.
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8tep 4 3 Oross-section calculation

The expression for the cross-section determination

ae explained in Bection 5.6 is:

° - )nt
Sx _P2x Yo NAy AV (-e ) (27)
s © " W, N.A, AW, -A .t 070
n Dm T T m x

(1 -~ o )

In the case of Cul, the term Wy/W, will always be
proportional to A.Wm/L.Wt i.e. it will be independent of the
weight of Cul teken. Thus for Oul, éxpression (27) reduces to

o. - At
G—x - ﬁ NoAm (1 - 0. B ) (28)
e..m -] hd N.‘ . - t e0es 200 e et 00
Pm C - Mx '

Now :
Sk = 197.5 (Table VII)

H.A = 6 00

N.A1127 - 100% (54?

When these values were substituted in (28) the cross section

of 1127(p,n)13127 reaction came out

Lt 16.8 mb.

217 mb.
The statistieal accuracy of this value is b4 20% (Section 5.7).
Therefore 61127(p,n)19127 for 7 Mev protone = 17 ¥ 3 mp.
The cross sections of (p,n) reactions reported in this

work are the total cross section of Xel2/® 127

(75 sec) and Xe
(36.8 d). The absolute values of the cross sections are
ligsted in Table IX and the oxcitﬁtion function of the
1127(p,n)xel27 reaction is illustrated in Fig. 38.  The

outlines of the calculation are shown in Table IX.



Table IX

ABSOLUTE CROSS SECTIONS FOR I127(p,n)Xe27AND 1127(p,pxn) EEACTIONS
" OBTAINED IN THIS WORK |

Energy ,
Bomb —Prgion ¢ g 9 ° ¢
No. Beam I 27(p,n)xe*27 1'27(p,pn)1}26 1'27(p, pon)1125 1127(p,p3n)1l24 1127(p,p4n)1123
Mev. ' mdb - ' - mb ‘ - mb - ‘ mb ' mb .
1 7 16.8 ¥ 3.4
2 1 245 :’: 49 .
4 16 425 ¥ g5 5
5 21 23.9 < 4.8 5 Y82 ;
6 27 6.1 1.2 41.9 X 8.4 8.2 1.6
T 35 4,731 59.8 2 11.9 23.8 £ 4.8
8 42 8.7 1.7 90.9 ¥ 18.2 66.6 £ 13.3 6.3 1.3
9 49 8.1 ¥ 1.6 95.8 ¥ 19.2  72.2 ¥ 14.4 27.3 ¥ 5.5 14.4 ¥ 2.9"
10 56 9.6 ¥ 1.9 83.5 216.6  96.8 ¥ 19.4 182 ¥ 36.5"
11 63 5% 109 ¥21.8  87.5 ¥17.5 49.1 ¥ 9.8 235  46.9"
13 70 | 66.2 £ 13.2 42.1 Y 8.4 188 ¥ 37,67
14 80 52 210.4  47.5%9.6  24.1%4.8 130 ¥ 26*
20" 45 7.7 1.5 |

fThase are not absolute values.

* '
'*This bombardment was done with the target in a quartz tube (Section 6.1.2)
" %o check possible xenon losses.
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Figure 38

EXCITATION FUNCTION OF THE
127

REACTION

1127(p,n)19
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Iable X

s 3

INDEPENDENT CROSS-SECTIONS

FOR THE FORMATION

1125’ 1124 AND 1123

2.507

0.3091

N.A_ Ratio of
Nuolide  Energy o D% By D}/ Fht “jeorers . o
Mev - mb dpm dpm T o mb
xel27 o
ty=36.8d T 197.5 9.705 x 102 8.143 x 107 1.192 x 10™% 0.6909 1035.8 16.8
E, = 377 kev 11 487.5 2.993 x 10° 4.269 x 10° 7.011 x 107 0.6909 1035.8 215
B.R.= 21% 16 100 3,033 x 10° 1.565 x 107 1.938 x 10~  0.3091 70.92 425
‘ap = 0,014 21 356  3.026 x 10° 9.86 x 107 3.069 x 10™2  0.3091 70.92  23.9
" 27 344  2.911 x 10° 3,392 x 16° 8.582 x 107%  0.3091  66.85 6.1
35 294  1.415 x 10° 1.828 x 16° 7.741 x 10~%  0.3001 66.85 4.7
42 260  8.086 x 16% 5.003 x 107 1.616 x 106”0  0.3091 66.85 6.7
49 232 1.798 x 10° 1.065 x 10° 4.222 x 107  0.3091 66.85 8.1
56 208  1.213 x 10° 5.45 x 10! 5.563 x 10°%  0.3001 66.85 9.6
63 186  2.593 x 10% 2,077 x 107 1.248 x 10”0  0.3091 67.05 4.9
45" 248 x 10% 1.665 x 107 1.505 x 1073 67.05  T.T

*
‘Bombardment was done vwith target in a quartz

tubse.

- g21 -



Table X (Contd.)

N.Am Ratio of

Proton Monitor o o 0 /n0 s=—— 8saturation HNuclide
Nuclide Energy o Px -?m px!?m N.Ar “gactors o
- . Mev mb dpm dpm ' o mb
1126

9.86 x 107 1.504 x 10~2

(=5

‘% =13.34 d. 21 356 1.48% x 10 0.3091 25.328 41

Ey = 386 kev 27 344 5.498 x 10° 3.392 x 10° 1.621 x 1072  0.3091 24.309  41.9 ,
B.R.= 34% 35 204 4.95 x10° 1.828 x 10 2.708 x 162 0.3001 24.309  59.8 5
o = 0,017 42 260 2.327 x 10° 5.063 x 107 4.651 x 1072  0.3091 24.309  90.9 '

49, 2352 5.848 x 10° 1.065 x 10° 5.401 x 1002  0.3091 24.309  95.8

56 = 208 2.911 x 10° 5.45 x 107 5.341 x 1072  0.3091 24.309  83.5

63 186 1.474 x 10° 2.077 x 107 7.097 x 102 0.3091 26.82 109,

80 140 9.798 x 10% 1.828 x 10® 5.36 x 1072

0.3091 22.4 52

e o LR e RSB B L . R e R <D



Table X (Contd.)

H.Am Ratio of
‘ Proton Monitor Do p° p° /D° T.A. saturation KRuclide
Miclide =  Energy a x m x/"m *%T  factors c
Mev mb dpm dpm nb
{125
N % = 59 d. 2T 344 1.958 x 10° 3.392 x 108 5.77 x107*  0.3001  133.7 8.2
Bf X-ray=28 kevs 35 294 3.572 x 10° 1.828 x 10° 19.546x10™% 0.3091 133.7 23.8 .
g 42 260 3.099 x 10° 5.003 x 107 6.194 x 1077  0.3091 133.T1  66.6 N
T+ag 08 49 232 8.016 x 10° 1.065 x 10° 7.53 x 1070  0.3091  133.7, 72,2
£ = 0.8 56 208 6.137 x 10° 5.45 x 107 1.126 x 10~  0.3091 133.7 96.8
W, = 0.88 63 186 2.356 x 10° 2.077 x 107 1.134 x 107>  0.3091  134.1 87.5
70 161 3.91 x 10° 3.291 x 10' 1.188 x 10”2  0.3091 112 6652
80 140 1.793 x 10* 1.828 x 10° 112 47.5

9.808 x 10~

0.3091




Table X (Contd.)

N.A Ratio of
Proton Monitor 0 [+ 0 /0 saturation Nuclide
Nuclide Energy a ?x ?m Dx/?m N.A¢ factors o
Mev mb dpm dpm mb
1124 | |
ty = 4,34.4. 42 260 4:822 x 10° 5.003 x 107 9.637 x 107>  0.3091  8.103 6.3
By x-ray =28 kev  49. 232 4.999 x 10° 1.065 x 10® 4.696 x 1072 0.3091 8.1035  27.3
£=0.85 63 186 2.25 x 10° 2.077 x 107 1.083 x 101 0.3091 7.888  49.1
¥y = 0.88 TO 161 3.413 x 10° 3.291 x 107 1.037 x 1071  0.3091  8.145 42.1
%k~ 80 1.247 x 10° 1.828 x 10° 6.825 x 1072  0.3091 8.145 24.1

l-i-cx,I

140

- g2l -



Table X (Contd.)

5.131 x 10

1.828 x 10

2.807

0.3091

) N.A,  Batio of
Broton Monitor p° p° p° /‘D" , T A saturation Nuclide

Haclide Energy o x m x'"m *3T  factors o
Mev mb dpm dpm ' mb

3123
't%-= 13.68 h. 49 232 1:991 x 107 1.065 x 105 1.87 x 107} 0.3091  1.07 14.4
E, = 159 kev. 56 208 1.444 x 10° 5.45 x 10 2.65 0.3091  1.07 182
B.R = 99% 63 186 7.931 x 10! 2.077 x 107 3.819 0.3091  1.07 235
oy = 0.329 70 161 1.163 x 10° 3.291 x 107 3.534  0.3091  1.07 188

80 140 6 6 1.07

130

- 621 -
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The gemma-ray spectrum of 10127 is shown in

Fig. 39(A). At higher energies, not only 10127, but also

10125, 10125, 10122; and 10121 are formed. The gamma
energies of these nuclides are very closely spaced, as

indicated in Table XI.

Table 11(54)

GAMMA-RAY' ENERGIES IN MEV OF NEUTRON-DEFIGIENT
ISOTOPES OF XENON

xe127 0.058, 0.146, 0.175, 0.204, 0.377
(.12%) (25%) (21%)

xel?? 0.054, 0.074, 0.113, 0,187, O0.242

Xel23 0.148

xel22 0.182, 0.235

xel2! 0.096

*Known branching raties are shown in brackets.

It became difficult to resolve the photopeaks.
If one considers the average counter efficiency for these
genma rays, the error involved in absolute disintegration
rates alone 4s as high as 28%. A typical gamma spectrum at
42 Mev is shown in Fig. 39(B).
‘ The cross-bombardment  of the target nucleus in a
sealed quartz tube showe that, at most, only small losses of

xenon occur if the iodine is bombarded in a mechanically
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Figure 39

1
(A) GAMMA-RAY SPECTRUM OF X 21 AT 22 MEY.

(B) GAMMA-RAY SPECTRUM OF THE XENON SAMPLE
AT 49 MRV,
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léalod sluminum tubdbe. The results are shown in T#ble IX.

12 12
6.1.3 1 7(p,pn)1 ¢

The half-iifo, ag well as the cross section of the
product nucleus, 1126, was determined by following the decay
of the total photopeak of the 386 kev gamma ray that follows
negatron emission. This gamma ray has & branching ratio of
54z (5%),

Seven samples, separated radiochemically at various

energies, were studied for half-life determination. The
value of the half-1ife obtained in this work wes 13.3 4 0.3

126

days. A typical decay curve of I 26 44 shown in Fig. 40.

This value is in close agreement with the value of 13.1 days
obtained by Aagsard et al.(lno).

The absolute cross-section values determined in this
work are listed in Table IX, and the outlines of the
calculations are illustrated in Table X. The excitation
function of this reaction is given in Fig. 41,

The gamma-ray spectrum observed at 27 Mev is shown
in Pig. 42(A).

6.1.4 1}27(p,p2n)1125

The product nucleus, 1125, deceys to T3125 (stable)
entirely by electron eapturo(ﬁk). Thus the half-life, as

well as the cross section, was determined by following the
decay of the total X X-ray photopeak. In addition to 1125,

126 124 123

I s 1 , and 1 give K X~rays. Therefore the decay of

the iodine sample was followed for about 150 days. Nine
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Figure 40

DECAY CURVE OF THE 386 KEV
‘ 126

PEAK HEIGHT OF 1
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Figure 42

(4) GAMMA-RAY SPECTRUM
: IODINE SAMPLE

(B) GAMMA-RAY SPECTRUM
: IODINE SAMPLE

OF A SEPARATED
AT 27 MEV.

OF A SEPARATED
AT 49 MEV,
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samples were studied, end the half-life obtained in this work
vas 59.0 : 2.1 days. A typical decay curve of the lodine
sample obtained ét 49 Mev is shown in Fig. 43,

Absolute disintegration rates at the end of
bombardment were determine& f}om.oxpresuion (20) (Bection
5.5.5) and cross sectiones were determined from expreesion (21)
(Section'ﬁ.é). The outlines of the calculations are
1llustrated in Table X, and the absolute values of the cross
section are given in Table IX. The exeitation function of
this reaction is sho;n in Fig. 44,

The centribution due to the decay of 10125 vasg
considered insgignificant, since the time for separgting xenon
from the other spallation products was very small ( ~/ 20
minutes) from the end of bombardment in comparison with the
half-1ife of Xe 22 (18 hours).

6.1.5 1127(p,p5n)1124

The producﬁ nucleus 1124 decays to Tolz# (stable)
by electron cepture and positron emission. The gemma rays
which foliow the electron capture events are closely spaced
in energies, and go it was difficult to resolve the resulting
photopeaks. Therefore, in this cese, absolute disintegration
rates were determined by following the decay of the total
K X-ray photopeak. Background ectivities due to the XK X-ray

71126 (13.8 4) and 1125 (59.0 d) were subtracted. The

of
resolution of such a composite decay curve is shown in

Fig. 43,
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Figure 43

DECAY CURVE OF THE TOTAL K X-RAY

126 1125 ) 124

PEAK OF I
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Figure 44

EXCITATION FUNCTION OF THE

1127(5,p2n)125 REAGTION
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S8even samples were followed for half-life

determination. The value obtained in this work was
4,34 £ 0,03 days. The present value for the half-life of
Ilak‘is in close agreement with the value of 4.2 days as
obtained by Mitchell et a1.(165}.

Cross sections were determined from expression (21)
(S8ection 5.6). The internal conversion correction due to
gamma rays that follow electron capture events is generally
small, except vhen low~energy Ml transitions aré involved,

(111). In the case of 112“

which are highly converted , all
the gamma energies involved were above 600 kev, and the
internal conversion correction was found to be less than
one percent. The outlines of the calculation are
illustrated in Table X, and the absolute values of the cross
sections are shown in Table IX. The excitation function
for this reaction is given in Fig. 45.

6.1.6 1127(p,p4n)1123

The half-life, as well aé the cross sections of the
product nucleus 1125; wag determined by following the decay
of the 159 kev gamma ray (branching ratio 99%) that follows
the electron capture events. A typical gamma spectrum of
1125 o4 49 Mev is shown in Fig. 42(B).

The outlines of the cross-éeetion calculations are
shown in Table X, and the values of the cross sections at

various energies are given in Table IX. The excitation

function for this reaction is illustrated in Fig. 46.
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- Pigure 45

EXCITATION FUNCTION CF

124

1127(p,p3n)1 REACTION
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Figure 46

EXCITATION FUNCTION OF

1127 (5, phn)1125 REACTION
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The decay of six Qamplea was followed for the
half-life determination. The value obtained in the present
work was 13,7 4 0.3 hours. This value is in close agreement
with that of 1% hours obtained by Marquez and Perlman(159).

A typical decay curve is shown in Fig. 47.

6.2 DISCUSSION

6.2.,1 1127(p,n)XQ127

The excitation function of the reaction
1127(p,n)X9127 (see Fig. 38) shows a sharp peak at 15 Mev and
e tailing off at 21 Mev to almost a constant value ofA~s 8 mb.
The shape of the excitation function strongly supports the

compound nucleus mechanism(ge’loo).

(128)

Jackson proposed a schematic model to describe
(p,xn) reactions based on statistical assumptions. This
model predicts that in the heavy target elements, such as
bismuth and lead, the probability of evaporation of one neutron
is & maximum in the energy range of 8 to 12 Mev. It was
obgerved thet the maximum‘probability of evaporation of one
neutron lies at 15 4 2.5 Mev.

Unfortunately, due to the practical limitations,
further information for the (p,xn) reaction x > 1 could not

be obtained and hence no definite statement can be made.

6.2.2 (p,pxn) Reactions
(140)

Aageard et al.

126
2.6-hr. I “°" while studying the fission of uranium induced

reported the formation of
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PMigure 47

DECAY OURVE OF THE 159 KEV

PEAK HEIGHT oF 123

(Bombarding Energy 63 Mev)
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by 170 Mev protons. An intensive search was made to identify

this metastable state of 1126.

The 3, Y , and X-ray
measurements revbaled‘negative results. Thus the author
believes that at the proton bombarding energies used either it
'is not formed at all or the yield is so low that it éould not

be detected.

Exemination of the excitation functions of (p,pxn)
reactions (see Figs. 41, 44, 45, and 46) sghows that with |
increasing proton bomberding energies the cross-section values
decrease as x incréases, with the exception of the
1127(p,p4n)1123 reaction. The reason is that the correection,
due to the growth of 1123 from the decay of 29123_(1.85 hrs)
during the interval from the end of bombardment to the time
of geparation of the xenon fraction (™ 20 mins.), could not
be made due to the limitations of the present work (Section 4.3).

Thus, this accounts for the higher yields of 1123.

However, the nature of these excitation funetions
is in accordance with the cascade-evaporation model
(Section 4.2.4) based on statistical theory. Since (p,pxn)
reactions, which involve inelastic scattering of the ineident
protons, are inhibited by the coulomb barrierain both the
entrance and exit channels, then on the bagis of the
statistical theory such reactions in general are expected to

have much emaller cross sections than the (p,xn) reaction.

The results of the present work further reveal that
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the (p,n) cross sections are higher than the (p,pn) cross
aectionsvby & factor of v 4, while statistical theory demands
thet this factor should be much larger. Bell and
Kavqnagh(IIB? also found this discrepanecy in Au197(p,pxn)
resctions while comparing their results with those obtaiﬁed
by Bell and Skarsgard(lll?. These lafger values are
presumably due.tc the inelhstic scatthing of protons &nd

thus can be interpreted in terms of nucleon-nucleon collision

(164).

1.(129),

in the diffuse surface region of the target nucleus
Statistical calculations were made by Metropolis et a

(124) (128) on the basis of a

Bernedini et al. and Jackson
well-defined nuclear bouﬁdary. _
Yule andvTurkevieh(165) obtained theoretical values
for (p,pn) reaction‘cross sections at energies above 80 Mev.
These celculations were based on the inter-nuclear cascade
evaporation mechanism. In one of such calculations they
found that at 8% Mev mass number 127 should have a cross-
section falue of 43 ¥ 5 mb, and this value decreases with the
increese of incident protpn energy. In the present work it
was found that at 80 Mev the croses section of the 1127(p,pn)

reaction was 50 b4 10 mb, which shows an agreement with the

predictions.

(11 6

Bell and Kevanagh 3) found that Lu197(p,pnﬂlul9
reaction cross sections are higher than those of the J
Au197(p,p2n)Au195 reaction, They gave the explanation that

the (p,pn) reaction usually includes the contribution due to
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the (p,d) pick-up reaction. But, in the present work, it

was found that the values of the cross sections of the (p,pnj
and (p,p2n) reactions afe comparable cxceptAfor the difference
in threshold. Thus, if the pick-up reaction explanation is
correct, these reactions appear to be lese predominant in
medfum weight elements.

6.2.% Surface interactions

In the present work, if one corrects for the
threshold, it was observed that,.as the incident energy of
the protons inoreases, the ratios between the (p,pn) and
(p,p3n) cross sections also 1ncr§as§. SBimilar conclusions

(135)

cen be drawn from the works of Ladenbauer s Kuznetsgova
ot al.(157), and Fink and Viig(léé). The results and

comperisons are shown in Table XII.

Table XII
Energy 80 Mev 240 Mev 660 Mev 720 Mev
(Ref.166) (Ref.137) (Ref.135)
Reaction
croegs
section
+ + +
© (p,pn) 52 =104 mb 59 mb 51 = 10mb 56.4 - 6.8 mb
& (p,p3n) 24.1 ¥ 4.8mb 15 mb 17.3 & 3 mb 19.1 T 6.6 mb
G
(p,pn) 3,2 b2 b3 5.1

S(p,p3n)
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This shows that,as the incident proton energy
increases, nuclear transparency also increases.
This could be explained on the basis of surface

(167)

interactions In a (p,pn) reaction, nucleon-nucleon
colligion occurs in the outer surface of the nucleus. Thus,
in the initial cascade, the incident proton strikes a neutron
and both nucleons participating in thovcollision will leave
the nucleus promptly without depositing enough energy for the
loss of further nucleons by evaporation. If the initial
colligion oeccurs deep in the surfaﬁe of the nucleus, then
their escape becomes less probable, and it is rather unlikely
that they will escape without undergoing further collisions.
Winsbe¥g and Ladonbauer(167? further stressed that this is
partiéﬁii?iy the case at the highest bombarding energies,
whére‘ihe meson production and reabsorption process provide
::; particularly efficient énergy transfer mechanism. The
- éfogé sections for simple (p,pn) and (p,2ﬁ) reactions should
 £herefore-hg_§epe£dent on Qhethor the reaction ocecurs near the
nuclear surface and hence on the bombarding energies.

6.2.4 Effects of Nuclear shell structure
(115)

According to Mayer and Jensen y there are
certain numbers of neutrons and protons which form nuclei with
particulerly stable configurations. It is well knoﬁn that “
the level structure yields shell closures at 'magic numbers'

of Nor 2 =2, 8, 20, 28, 50, 82, and 126. If one assumes

that the magie number nuclel have abnormally low-level.
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densities, one can find the influence of shell sgtructure on
the reaction cross sections. It then followe from the

statistical theory!101,102)

that the probability of en
evaporetion step decaying to a magic number product is
depressed. Since the excitation results from the knock-on
process, evaporation dominates in the last steps of
de~-excitation, and thus the yields of the magic number
products should be low,

The cross sections of the (p,pxn) reactions at 80
Mev in this study were compared with those obtained by Fink

(166) for the corresponding (p,pxn) reaction on 08135,

and Wiig
since cesium differs only slightly from iodine in atomic
weight. Moreover, the 2/N ratios are almost identical
(1.42 and 1,40 respectively), and similar cross sections
might bé expected for the same reaction. Such & comparison
is mede in Table XIIT (p. 149).
Iodine has % = 53, ﬂhree units more than required
by a magic number configuration, while cesium has five units
more than magic number configuration. Thus this may be one
reason why the yields of (p,pxn) reactions on cegium are
higher than yieids of the corresponding iodine reactions.
If one takes the ratios of the yieida of the
corresponding odd-odd and ocdd-even reaction products, there is
a great divergence in the ratios (see Table XII, Column IV)
while it should be the same asccording to the statistiecal
1.(168)

theory. A similar diserepancy was observed by Sharp et a
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Table XIII

COMPARISON OF THE (p,pxn) CROSS SECTIONS OF

65133 am 1127 A7 80 MEV

°x 1
sanne = 5
Z-R mb
1127(P,pn)1126 | 0 -0 52 »
0.
0s*2%(p,pn)0s' 72 0-0 1120(166?
1'27(p,p2n)1t25 0-E 47 o008
¢s*>3(p,p2n)0s’ > 0-E 480(166)
1127(p,p3n)1t2% 0-0 24
' ' | 0.522
cs*>>(p,p3n)08!3° 0-0 46(166) ’

while comparing the results of the Guéi(p,pxn) and
0059(p,pxn) reactions. These discrepancies might be due

10 the shell closure offeetﬁ.
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6.3 APPLICATION OF THE RUDSTAM EQUATION

The cross section ¢ for a nucleus (A,Z) in general
can be written

F‘f(A,g‘) cee s e s essres 000 00ressn0e (29)

According to Rudatam(127) this function, f, is an exponential
function, i.e.

S w exp/AP - Q - R(8 - 84)%7 ....... (30)

vhor; P, Q, R, and 8 are some unknown param;ters, to be
determined from the experimentally observed values of ér's
for given (A,2)'s, and where A and & are the mass number and
charge number of the nuclide under consideration.

Equation (30) can be expressed in a more convenient
form -

e o ap-q-rE-80° ... (31)

One may tend to think that only four sets of observed values
(lne, A,Z) are needed to solve equation (31) exactly for the
four unknown parameters. But this is not #ruo. The problem
is slightly 1ntficéte end the intricacy arises due to

‘ (i) non-linearity of 8 because |

2 2 2
(2 - 8L) = 8 A - 28A% + 52

sesevess e (32)
& (1i) coupling of R and 8, because of the term R(Z - SA)z.
Besides, this 'exact solution' approach is not |

really a very good one, if we recall that equation (30) is an

empirical equation.

s
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The correct eapproach in ceses like these is the
sb—called Regression analysis approach, because the problem
ig to determine that set of (P, Q, R, 8) vaiues which will
give us the 'best' fit for the experimentally observed
pointe (lne— , A,8).

The suthor has solved equation (30) numerically
with the help of a Burroughs 220 computer, by using the

method of least squares.

2
Let Y, =1lag , U; =4, U, =-1,0U = ~(% - 84A) ...... (32)

1 2

3

For a fixed value of S, equation (31) becomes

YQ-UIP*an*UBR ® e 000000 s 0 e a0 (55)

Suppose Y is the observed value of lnG and n such

observations have been mades

n 5 2 ,
Lat V" Zgi.Z(Y-!c) oooooo.oooo-oo(}h’)
1 .

n
or V- 2= [T - (UIP+02Q+053172 cees (35)
i

According to the principle of least squares, V

should be a minimum with respect to P, Q, and R.

v -
Therefore % = 0 = -2 12[? - (VP +U,Q+ U,R_)]Ul .o (36)
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n

LA

EY S zi_ [T - (U,P +U,Q +051?_)_702 ceeeess (37)
n

2v _

5g - 0" "2 = [T - (uy,P+1U,Q 40332705 coreses (38)
. |

Equations (56), (37), and (38) can be put in the form of a

matrix equutibn:

2 T ] .
3u; $U0, Zuy, P vy
2 |
Zuu, Zu, 20205 Q| = £U,Y {59?
SU_U SU_U 7;92 R sU_Y
A 32 3 | L7 L “737
; L ¢ D

(where U, U, = U,0,, u3U1 - 0105, 02u5 - 35132).
Equation (39) can be written as

[6] = (72 0] veevvenrennnennn.. (40)

Five sets of values of Ul’ Uz, U5' and Y were taken for five
127 126 125 124 1123

nuclei: Xe , 1 , I ’ I , and
54 53 53 53

Zuiuj, zniz, i =1,2,3, end j=1, 2, 3
were computed.
Then the mairix equation (39) was computed. This

gave the values of P, Q, and R for one fixed value of 8.
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8ix such sets of (P, Q, and R) for six values of 8 (1, 0.5,
0.25, 0.4, 0,30, 0.356) were obtained by the above method.

These values are listed in Table XIV.

Table XIV
VALUES OF P, Q AND R

Assumed
values of Corresponding calculated values
8 P ‘Q R

1 | 4,171 x 10'5, -3,277 4.5 x 1077
0.5 -10.3799 -1.4037 x 107 9.2288 x 107
0.25 -8.2902 x 10™}  -1,3679 x 10°  6.0476 x 1072
0.5 -9.4262 x 10" -1.4191 x 10°  8.1364 x 10™2
0.356 -1.2251 -1.6785 x 102 1.9056
0.4 : -1.2129 ~ =1.5976 x 102 3,9623 x 107!

For these eix sets of (P, Q, R, and §) values, the corresponding

1ln 6 values were calculated by solving the matrix equation.

U, U,

Y (A, 1 v ]

¢, 1 3 [;
Yaz A, -1 05
) 4 A -1 U

03 = 5 3 Q e e 000000 (41)
Y°4 Ay -1 05

Y A -1 U

Og p 3 B
4 A -1 U

Y 6

| e L L
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The above matrix eguation (41) was written down as:

[o] = [ﬁ]‘[ﬁ, R N ¢ 7))

Equation (41) again w#s solved on the computer.

The matrix [0] in equation (42) gave the five
calculated values of 1ln© . . Six such pets of [G] for six
values of 8 were obtained. The corresponding six sets of
calcuiated root mean square error, E's, were calculated. -

The value of E is given by the following expression:

n 2
S (Y - Yc)
s .

| J n -1

where 2. implies summation over the five nuclei under

E- evs 000000000 (45)

obgservation. The results are shown in Table XV.

Table XV

THE RMS ERROR E CORRESPONDING TO 8 VALUES

Asaum;g ;alﬁes g eE
1 | 1.473 4.34923
0.5 0.865  2.36316
0.4 0.59 1.80398
0. 356 0.55 1.73325
0.3 0.53 1.6989%

- 0.25 0.54 1.71600
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A graph wes plotted, eE as ordinate and 8 as the v
abscisss. This plot gave S = 0,3 for the minimum value of a
eE. E corresponds to the error in lné . VWe are
interested in that set of (P,Q,R, and 8) which will give the
leagt root mean square error in G and not in lnG— .

A foew remarks may be made on the functional
relationship of E and 8. The author, taking a clue from the

equation

6-'OXP_{KP-Q-R(£-8A)_$ RN N (50)
wrote down the following equiiion

of = g2 $LB4Y e (b4)

expressing E as a function of 8.

The matrix eﬁuation

| os 1]«

| 2

eE2 = 82 52 1 B e0cscsscee (45)
X 82 s 1|,

€3] 13 3 1107

was solved for three values of § = 1, 0.5, 0.25.
This geve

X = 8.50074

3 =-6.21571

Y = 2.07727
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To find a minimum value of E with respect to 8, the dE/dS8

of equation (44) gives

2 L8 +/5 = 0 for (E) = minimum,

TherefOrQ s‘i LR 2K B BN BN N B 2R AR BX K B BN SR B K 3 BE 2R IR J (45)
: 2K ' .

Thisg gives B8 = 0, 365.
This value is in agreement with that obtained graphically.

Calculated cross sectién

It wag found (Table XV) that of is & minimum for
P = -9.4262 x 107), Q = -1.4191 x 10>, R = 8.1364 x 10™2 and

E in thia particular case was

8 = 0,53, The value of e
1.6989. Thieg means that the calculated results are within
the factor of 1.6989. This factor is not too large
considering the empirical nature of the Rudstam equetion

(equation 30). FRudstam(127) himself found that this factor
varied from 1.42 to 3.13,

The cross sections of various reactions calculated
on the basis of the Rudstam equation for 63 Mev protons are
ehown in Table XVI.
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Table XVI

COMPARISON OF OBSERVED CROSS SECTIONS WITH
THOSE OBTAINED WITH THE RUDSTAM EQUATION

FOR 63 MEV PROTONS

Observed Calculated
Reactions cross sections cross gsections
1127(p,n)13127 5 ) 5.3
1127(p,pn)1126 109 ¥ 21,8 | 70
1227 (p,p2n)1'2>  87.5 ¥ 17.5 97
1127(5 p3n)1t2 49.1 ¥ 9.8 112
1127 (5, pbn)1t23 235 ¥ k6.9 113
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SUMMARY AND CONTRIBUTION TO KNOWLEDGE

A, Emanation methods originally developed by Hehn were
used in Part A of the present work to study the phase changes
in the so0lid state with increase of temperatu¥e.

The iodides of silver (I), thallium (I),
mercury (II), copper (I), and lead (II) were studied by
1néorporating the 1155—1£;>19155 systeh. The 19155 activity
wes measured in a flow type scintillation radiation detection
system fabricated by the author. The carrier gas used in
this work was PFPreon-12 (difluoro-di-chloro methane).

The results §f the present study are in close
sgreement with those obtained by the conventional
eryatﬁllographic techniques. It was further observed that
the transition tomp;ratures in this method were very sharp.

The phenomenon of Tammann's ‘'loosening temperatures'
was also observed in the preéent work.~ The predictions of
Tammann were found to hold for the above compounds. The
ratios of tho"loosening temperatures' to the melting points
on Absolute scaie of the above compounds lay between 0.5 to
0.7, in close agreement with predicted values of 0.5 to 0.6.
This subﬁtantiatos the suggestion of Tammenn end Sworykin
that & molecular ghift in the solid state occurs at

temperatures approximately one-half of the melting point on

the Absolute scale.
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B. The (p,xn) and (p,pxn) reactions on iodine induced
by protons of onergies 7 to 80 Mev have been studied.

The absolute excitation functions of (p;n) and
(p,pxn) reactions (x = 1 to x = 3), based on the known cross

5 and Gu65(§,pn)cu64 reactions

sections of the Cuéa(p,n)Zn6
studied fadiochemically, are given.

The values of the half-lives of the various
product nuclei, such as 10127 end 1123-126, have been
redetermined.

The cross sections were compared with those

calculated on the basgis of the Rudstam empirical equation
2
(A,2) = exp/PA - Q - R(Z - SA)_/

The calculeted cross sections were found to be within
1‘1.699 times the observed cross sections.

To find the value of the parameter, 8, in the above
equation, which would give a minimum errer of G , the

following relation has been suggested

2
eE- «8 +/38+7’

The results in the present study have been compared
with those of other workers. The reasction mechanisms have
been discussed in the light of present knowledge about the

theory of nuclear reactions.
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APPENDIX I

DETERMINATION OF IODINE ACTIVITY
- IN FISSION PRODUCTS

4 The following method was developed by Glendenin
and Metchlf(59?, which has been shown to be satisfactory for
achieving the interchange between inective and active iodine.

It consists in the oxidation of I~ carrier to IOZ
(periodate) with NaClO in alkaline solution. After the
interchange reaqtion, the solution is acidified, the IOL is

reduced to I2 with hydroxylamine hydrochloride (Nﬂaoﬂ.ﬂcl)

and the I, is extracted with GOIA. The 12 is removed from

2

the 0014 by shaking with water containing NaHSO5 and it is

then purified by another 0014 extraction eycle, in which

NaNO, is used for the oxidation of I to I, and KaHBO5 is

used for the reduction of I, to 1",

Procedure
Step 1. Add to the sample of figsion products (containing
not more than 5 g of uranyl nitrate) in a 60-ml separatory

funnel sbout 10 ml of 2 M Na2005 and 2 ml of I (20 mg) of

carrier. Add 1 ml of 5% NaClO, mix well (or heat), and
acidify the solution by slowly adding 3 ml of concentrated

HNO Add 3 ml of 1 M NH20H.H01 and extract the 12 into

3.

10 ml of 0014. Digcard the aqueous layer.
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Step 2. Shake the 3014 layer with 10 ml of Hao

containing a few drops of 1 M NaHSO, until both phases are

3
colourless, and discard the 0014 layer.

Step 3. Add 1 ml of 6§ M Hno5 and a few drops of 1 M

Na KO extract the I, into 10 ml of 0014, and discard the

2’
aqueous layer.

2

Step 4. Repeat 8Step 2 to get I~ for the precipitation.




1,

16.
17.

18.

19.

20.
21.
22.

- 162 -

REFERENCES

Gleaaary of terms in Nucloar'scioneo and Technology,

ASA KI-1-1957. The American Society of

Mechanical Engineers.
0. Hahn and O. Muller, Z. Elecktrochem., 29, 189 (1923).
A.P. Retner, Trav. inst. état radium (U.8.8.R.) 3, 139 (1937).
8. Flugge end K. Zimens, Z. Physik. Chem., B-42, 179 (1939).
J. Kurbatov, J. Phys. Chem., 45, 851 (1941).
C. Chamie, J. Chim. Phys., 29, 242 (1932).

E;G. Gracheva and V.G. Barenov, Trav, inst, 6%&t radiun

(u.8.8.R.) ii' 117 (1937).
F. Strasemann, Z. Physik Chem., B-26, 362 (1934).
K. Zimens, 2. Physik. Chem., 191, 1 (1943).
R. Fricke and H. Biickmann, Ber., 72, 131 (1939).
R. Fricke and O. Glemser, Z. Physik. Chem., B-26, 27 (1937).
H. Miller, Z. Physik. Chem., Alk9, 257 (1930). |
0. Hahn and M. Biltz, %. Physik. Chem., A126, 323 (1927).
@. Grane and N. Riehl, Angew. Chem., 52, 112 (1939).
L.G, Cook, Z. Physik. Chem., B-42, 221 (1939).
0. Erbacher, Z. Physik. Chem., B-33, 47 (i9§6).
H. Gétte, Z. Physik. Chem., B-40, 207 (1938).
0. Hahn, J. Chem. Soc., Pt. V, 8259 (1949).

0. Hahn, 'Applied Radiochemistry’, Cornell University Press,
Ithaca, New York (1936).

@. Grawe, Kolloid Chem., Beihefte 32, 403 (1931).
K. Zimens, Z. Physik. Chem., B-37, 251 (1937).

G. Tammann and A, Sworykin, Z. enorg. u. allgem. Chen.,

176, 46 (1928).



23,
24,

25.
26.

27.
28.
29.
30,

51.

32,
33.
34,
35.
36.
37,
38,

4o,
A1,

- 163 -

R. Jagitsch, Z. Physik. Chem., B-33, 196 (1936).

0. Hahn, Proc. Internat. Symposium 'Reactivity of 8olids'
Gothenberg (1952) Pt. I, p. 21.

K. Zimens, Z. Physik. Chem., A191, 1 (1942).

A.C. Wahl and N.A. Bonner, 'Radiocasctivity Applied to
Chemistry', John Wiley & Sons, New York (1950)
p. 284, .

G.B. Oook and E.W. Prout, J. Inorg. Nucl. Ohem., 3, 255 (1956).

G.M., Zhebrove, S.Z. Roginskii, and M.D. Shibaneva,
Radiokhimeya, &, 355 (1962).

W.J. Price, ‘Huclear Radiation Detection', MeGraw-Hill
Book Co., New York (1958).

K. 8iegbahn, 'Bete- and Gamme-ray Spectrosoopy',
v _North Holland Publishing Co., Amsterdam, (1955).

c. Gatroﬁsis, R. Heinrich, and C.E. Crouthamel,
‘ 'Progress in Nuclear Energy', Series IX,
Analytical Chemistry, Vol. 2, 1 (1961).

D.H. ¥Wilkinson, 'Ionisation Chambers and Counters!',
Cambridge University Press (1950).

J.B. Birks, 'S8cintilletion Counters', McGraw-Hill Book Co.,
New York (1953).

8.C. Curran, 'Luminescence and Scintillation Counters',
Academic Press, New York (1953).

Scintillation Speetrometry, Baird Atomie Inec.,
Cambridge, Mass. (1960).

J.V. Weszelszky, Physik Z., 28, 757 (1927).

J. Zebradnicek, Z. Physik, 61, 719 (1930).
R.D. Evans, Rev. 8ci. Imstr., §, 99 (1935).
R.D. Evans, Phys. Rev., 39, 1014 (1934),
J.H. Carrigue, J, Phys. Redium, 7, 107 (1936).

L.P. Curties and F.J. Davisg, J. Research Natl. Bur. Standards,
' 31, 181 (1943).



42,
43.

44,
45,
46.

47.

48,

49,

50.
51.

52.

53.

55.

56.

57.

- 164 -

D.H. Taysum and M.A. Ven Dilla, Nucleonics, 13, 68 (1955).

F.FP. Momyer, Jr., 'The Radicchemistry of Rare Gases',
.NA8-N8 3025, National Academy of.
S8ciences, National Research Council,
Washington, D.C. (1960).

0.8. Wu and E. Segré, Phys. Rev., 67, 142 (1945).
W.8. Eggebert, Naturwissenschaften, 31, 491 (1945).

c.D. Oof&ell and N. Sugarman, ‘Radiochemical Studiest
~The Fission Products', McGraw-Hill Book Co.,
New York (1951) Book .II.

W. Bernstein and R. Ballentine, Rev. Sci., Instr.,
21, 158 (1950).

E.K, Hyde and F.F. Momyer, Jr., J. Inorg. Nuci. Chen. ,
1, 274 (1955).

E.K. Hyde and H.B. Mathur, Phys. Rev., 96, 126 (1954).
R.B. Moore, M.S8c. Thesis, McGill University, Hontraai (1959).

R. Overstreet and L, Jacobson, 'Radiochemical Studiest
‘The Fission Products', Ed. C.D. Coryell and
N. Sugarman, MeGraw-~Hill Book Co., New York
(1951) Book II, Paper 67, p. 621,

C.R. Dillard, R.M., Adems, H. Finston, and A. Turkevich,
'Radiochemical Studiest The Fission Products',
.Ed. 0.D, Coryell and N. Sugarman, McGraw-Hill
Bocg go., New York (1951) Book II, Paper 68,
P. 624,

Chart of the Nuclides, 2nd Edition, July 1961, Issued by
the Federal Minigter of KNueclear Energy,
Bad Godesberg, Federal Republic of Germany.

Nuclear Data Sheets, National Acedemy of Sciences,
National Research Council, Washington, D.C.

A.M, Weinberg and E.P. Wigner, 'Physical Theory of Neutron
Chain Reactors', University of Chicago
Press (1958) p. 1l10.

P.C. Stevenson, H.G. Hicks, W. Nervik, and D.R. Nethaway,
Phys. Rev., 111, 886 (1958).

J.8. Kirkaldy, Ph.D Thesis, McGill University, Montreal, (1953)



58.

59.

60.

61.

62,
63.
64,

65.

66.

67.

68.
69.
70.
71.

72.
73.

74.

75.

- 165 -

R.E. Bell, Private communication quoted by G. Grant,
Ph.D Theais, McGill University, Montreal (1961).

L.E. Glendenin and R.D. Metcalf, 'Radiochemical Studies:
The Fission Products', Ed. 0.D. Coryell and
N. Sugarman, McGraw-Hill Book Co., New York
(1951) Book II, Paper 278, p. 1625.

Handbook of Chemistry and Physies, 41st Edition, Chemical
Rubber Publishing Co., Cleveland, Ohio (1959).

NBS Circular 539, 'Standard X-Ray Diffraction Powder

Patternsg', United S8tates Dept. of
Commerce, National Buresu of Standards,

4, 53 (1955).
@. Lunde and T. Barth, Z. Physik Chem., 122, 293 (1926).

L. Helmholz, 2. Kriat., 954, 129 (1936).

Conversion Tables for Thermocouples, Report No. 077989,
Issue 2, Leeds & Northrup Co., Philadelphia, Pa.

B.D. Pate, L. Yaffe and J.8. Foster, Can. J. Chenm.,
36, 1691 (1958).

B.D. Pate and L. Yaffe, Can. J. Chem., 33, 15 (1955).

B.D. Pate and L. Yaffe, Ibid. 33, 610°(1955).
B.D. Pate and L. Yaffe, Ibid. 33, 929 (1955).
B.D. Pate gnd L. Yaffe, Ivid. -~ 33, 1658 (1955).
B.D. Pate and L. Yaffe, Ibid, 4, 265 (1956).

L. Kjelberg and H. Teniguchi, Unpublished work 1958-1959,
Radiochemistry Leboratory, MeGill University.

R. Kelly, Can. J. Chem., 39, 664 (1961).

M,H., Lloyd and R.A. McNees, ORNL - 3228, Oak Ridge .
Kational Laboratory, Oak Ridge, Tenn., (1961).

R.A., Lad and T.F. Young, 'Radiochemical Studies: The
Figsion Products', Ed. 0.D. Coryell and
N. Sugarmen, McGraw~Hill Book Co., New York
(1951) Book I1I, Paper 317, p. 1833,

G.A. Cook, 'Argon, Helium and The Rare Gases', Vol. I,
Interscience Publishers, New York (1961) p. 221.



76.

77.

780

79.

80.

81.

82,

85.

84.

85.

86.
87.

88.
89.
90.
91.

- 166 -

J.8. Anderson, Proc. Internat. Symposium ‘Reactivity of
8olids', Gothenberg (1952) Pt. I, p. 37.

P.R. Bell, 'Beta- and-Gamma—ray Spoctroséepy‘
Ed. K. 8Sieghahn, North Helland Publishing Co.,
Amsterdanm %1955) Chapter V.

G.A. Cook, 'Argon, Helium and The Rare Gases' s Vol., I,
Interscience Publishere, New York (1961)

Facte about 'Freon', Publication RI-156, Du Pont Company
of Canada Limited, Kingston, Ontarilo.

J.H. 8ingleton and G.D. Halsey, Jr., J. Phys. Chen.,
58, 330 (1954).

W.H. Bullivan, O. Johnson, and R. Nottrof, 'Radiochemical
Studies: The Pission Products', Ed.
C.D. Coryell and N. Sugarmen, MecGraw-Hill
Book Co., New York (1959) Book II,
Paper 139, p. 984,

A. Lottermoser and W, Peterson, Z. Physik. Chen.,
133, 69 (1928).

E.N. Gapon, Lenin Acad. Agric. Sci., Gedroiz Research
Inst., 'Fertilizers, 8oil Management, 8oill
S8cience', Proc. Leningrad Dept., Part II,

83 (1938).

J.H., S8ingleton and G.D. Halsey Jr., Can. J. Chen.
33, 184 (1955).

A.F. Wells, 'Structural Inorganic Chemistry', Oxford
University Press (1950) Pe 271.

D. Gernez, C.R., 129, 1234 (1899).

N.V. 8idgwick, 'The Chemical Elements and Their Compounds',
Oxford University Proas, London (1950),
p. 486.

L.G. 8chulz, J. Chem. Phys., 18, 996 (1950).

L.G. Schulz, Acta Crystallographica, 4, 487 (1951).

R.J. Meaurer, J. Chem. Phys., 13, 321 (1945).

8. Miyeske, 8. Hoshino, and T, Tekenaka, J. Phys. Soc.,
Japan, 7, 19 (1952).



92.

. 93.

ok,

95.

96.

97.
98.
99.
100.
101.
102.

103,

104,
105.
106.
107.
108.
109.
110.
111.
112,
113.

- 167 -

Z2.G, Pineker, L.I. Tatrinova, and V.A. Novikova,
Structural Reports, 9, 146 (1942-44).

G.H. Herty, Am. COhem. J., 14, 110 (1892).
0.A, Jacobson (Editor), 'Encyclopedia of Chemical Reactions!',
"Reinhold Publishing Corporation, New York .
(1951) Vol. V, p. 235,
F. Felix and P. Schmeling, Report No. EUR 1ll.e,
Hahn-Meitner Institut fiir Kernforschung,
Berlin.

J.M. Miller and J. Hudis, Ann. Rev. Nucl. Science,
2, 159 (1959).

R.J. Eden, Progress in Nuclear Physics, 6, 26 (1957).

N. Bohr, Nature, 137, 344 (1936).

E.P, Wigner and L. Eisenbud, Phys. Rev., 72, 29 (1947).
8.N. Ghoshal, Phys. Rev., 80, 939 (1950).

V.P. Weisskopf and D.H, Ewing, Phys. Rev., 57, 472 (1940).
V.F. Weisskopf and D.H, Ewing, Ibid. 57, 935 (1940).

V.P. Weisskopf and F.L. Friedman, Niels Bohr 70th Birthday
volume, McGraw-Hill Book Co., New York, 1955.

V.F. Weisskopf and H. Feshbach, Phys. Rev., 76, 1550 (1949).
P.O.’Gugélot, Phys. Rev., 81, 51 (1951).

R. Serber, Phys. Rev., 72, 1114 (1947).

B.G. Whitmore and G.E. Dennis, Phys. Rev., 84, 296 (1951)
E.R. Graves end L. Rosen, Phys. Rev., 89, 343 (1953).

P.C. Gugelot, Phys. Rev., 93, 425 (1954).

M. Shapiro, Phys. Rev., 90, 171 (1953).

R.E. Bell and H.M. Skarsgard, Can. J. Phys., 34, 745 (1956).
E.M. Toms and W.E. Stevens, Phys. Rev., 95, 1209 (195%4).
R.E. Bell and T.M. Kevanagh, Can. J. Phys., 39, 1172 (1961).



114,
115.
116.
117.

118,

119.

120.
121.
122,
123.
124,
125.
126.

127.

128,
129.

130,

- 168 =

H, Waffler, Helv. Phys. Acta, 23, 239 (1950).

M.G. Mayer and J.H.D, Jensen, 'Elementary Theory of
Nuclear Shell Structure!, John Wiley
& Sons, New York (1955).

8. Fernbeach, R. Serber, and T.B. Teylor, Phys. Rev.,
13, 1352 (1949)

L.R.B. Elton, 'Introductory Nuclear Theory!', Interscience
Publighers, Inc., New York (1959)

B.B. Cunningham, H.H. Hopkins, M. Lindner, D.R. Miller,
P.R. O'Connor, I. Perlman, G.T. Sesborg,
and R.C. Thompson,

Phys. Rev., 72 729 (1947).
Ibid. 0 (1947).

¥W. Chupp and E.M. McMillan, Phys. Rev., Zg; 873 (1947).

R. Thornton and R.W. Senseman, Phys. Rev., 72, 872 (1947).

R. Serber, Phys. Rev., 72, 114 (1947).

B.G. Harvey, Progress in Nuclear Physics, 7, 89 (1959).

M.L. Goldberger, Phye. Rev., 74, 1268 (1948).

G. Bernadini, E.T. Booth, and 8.J. Lindenbaum,

Phys. Rev., 3% 826 (1952).
Ibid. 1017 (1952).

G.C. Morrison, H. Muirhead, and W.G.V. Rosser,
Phil. Meg., 44, 1326 (1953).

V. De Sabbata, E. Hanrosi, end G. Puppi, Nuovo Cimento,
2112)- 1704 (1953).

G. Rudstam, Ph.D Thesis, University of Upp:ala,
Sweden (1956).

J.D. Jackson, Can. J. Phys., 34, 767 (1956).

N. Metropolis, R. Bivins, M. Storm, J.M. Miller,
G. Friedlender, and A. Turkevich,

Phys. Rev., 110, 185 (1958).

Ibid. T‘E 204 (1958).

R.E, Batzel, D.R. Miller, and G.T. Seaborﬁ Physi Revs,
671 (1951



131,
132.

133,
134,

135.
136.
137.

138.
139.
140,

141,
142,

143,

144,

145.
146,

147.
148.
149.

- 169 -

B. Dropesky and E.O. Wiig, Phys. Rev., 88, 683 (1952).

H.B. Mathur and E.K. Hyde, Phys. Rev., 96, 126 (1954).

R.B. Moore, Bull., Am. Phys. Soc., 5, 338 A4 (1960).

D.L. Anderson and M.L. Pool, Phys. Rev., 77, 142 (1950).

I.M. Ladenbauer, UCRL~8200, Radiation Laboratory,
Univereity of California, Berkeley,
California (1958).

B. Dropesky, Ph.D Thesis, University of Rochester,
Rochester, N.Y., (1953).

M. Ya Kuznetgsova, V.N. Mekhedov, and V.A. Khalkin,
Soviet Physics, JETP, 34(7), 759 (1958).

R.X, Gupta, Nuclear Phys., 14, 606 (1960).
L. Marquez and I. Perlman, Phys. Rev., 78, 189 (1950).

P. Aagaard, G. Andersson, J.0. Burgman, and A.C. Pappas,
J. Inorg. Nuclear Chem., 5, 105 (1957).

G. Friedlander and W.C. Orr, Phys. Rev., 84, 484 (1951).

L. Winsberg, Phys. Rev., 95, 198 (1954).
‘Ibid. 95, 205 (1954).

D.J. 8ilvester and 6.0. Jack, J. Inorg; Nuclear Chenm.,
24, 1181 (1962).

Johnson Matthey & Co., Limited, Chemical Division, London,
' ' England, Report on Matthey Spectro-
graphically Standardigsed Cuprous lodide,
Laboratory No. 16624 (1960).

Y. Adda, G. Brebec, and Mlle V. Levy, Revué de
Métallurgie, 58, 743 (1961).

D.J. Nell, Physics Division, Aluminium Laboratories Ltd.,
Kingston, Canada, Privete Communication.

R.M, Sternheimer, Phys. Rev., 117, 137 (1959).
8.N. Ghoshal, Phys. Rev., 80, 939 (1950).
8. Meghir, Ph.D Thesis, McGill University, Montreal (1962).



150.

151.

152.

153,

154,
155.
156.
157.

158.

159.

160.

161.
162,
165.

164.
165.

- 170 =

J.W. Mellor, 'A Comprehensive Treatise on Inorganic
and Theoretical Chemistry', Longmans,
Green and Co., London, England, (1923)
Vol. III, p. 204,

K.A., Kreaus and F., Nelson, Proc. International Conference
on the Peaceful Uses of Atomic Energy,
Geneva (1955), Vol. 7, pp. 113-125,

D.R. 8tull, 'Vapour Pressure of Pure Substances',
The Dow Chemical Co., Midland, Michigan (1947).

C.J. Rodden, 'Analytical Chemistry of the Manhattan
Project', First Edition, MecGraw-Hill Book
Co., New York (1950)

@G.V.8. Reyudu, Ph.,D Thesis, McGill University, Mzntre;l
1961

A.G. Collinsg and J.W. Watking, Anal. Chem., 31, 1182 (1959).
F.J. Welcher, 'The Analytical Uses of Bthylenediamine
, Tetrea Acetic Acid', D. Van Nostrand Co.,
New York (1958).
G.R. Grant, Ph.D Thesis,-McGill University, Montreal (1961).

D.gStrominger, J.M, Hollander, and G.T. Seaborg,
Rev. Mod. Phys. 30, 585 (1958)

L.A. 8liv and I.M., Band, 'Coefficients of Internal
Ocnvernion of Ganma Radiation, Part I and
Part II, Academy of Sciences, U.S.8.R. (1958).
(Issued in U.S.A. as Report 57 16G kI and
58 160 kI, Physics Department, University
of Illinois, Urbane, Illihais.)

¢.D. Broyles, D.A. Thomas, and S.K. Haynea, Phys. Rev.,
89, 715 (1953).

8. Balestrini, Phys. Rev., 95, 1502 (1954).
M.L. Perlman and J. Welker, Phys. Rev., 95, 133 (1954).

A.0.G. Mitchell, J.0. Julliano, C.B®. Oreager, and
C.W. Kocher, Phys. Rev., 113, 628 (1959).

R.J. Griffiths and R.M. Eisherg, Nuclear Phys., 12, 225 (1959) .

H.P. Yule and A. Turkevich, Phys. Rev., 118, 1591 (1960)



- 171 -

166. R.W, Fink and E.O. Wiig, Phys. Rev., 96, 185 (1954).

167. I.M. Ladenbauer and L. Winsberg. Private Communication
to B.G. Harvey. Progress in Nuclear

Physics, J, 89 (1959).

168. R.A. Sharp, R.M., Diamond, and G. wilkinson,
Phys. Rev., 101, 1493 (1956).






