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1. IllTRODtJOTION 

1.1 EMANATION PBOOEIS 

!he name Emanation is commonly employed for 

Element number 86. !his nomenclature is, àowever, aot 

etrictly adhered to, since the names Radon and Eaanon have 

alao been uaed for the aaae element. 

!he-- word emanation also refera to the escape of 

radioactive inert gases from the materiala in which they are 

formed, e.g. Radom from Radium, Krypton and Xenon from the 

substances undergoing fiseion(l). 

!he phenomenon of escape ot radioactive inert gaeee 

bas been exploited in many fields eince its discovery. 

Betore dealing vith this phenomenon in detail a term called 

1 Emanating Power', which is used very otten in this 

connection, needs clarification. Hahn( 2 ) was the first to 

point out that whenever a radioactive inert gas atom is 

formed as a daughter product of its parent there is a finite 

probabilit7 for ita escape, depending upon the phyeical 

properties and chemical constitution of its parent and the 

physical properties of the radioactive inert gas atom itself. 

Hahn coined the term 1Emanating power' vhich he defined as 

the fraction of radioactive inert gas atome foraed in the 

solid that escapes from the surface of the eolid. 

lmanating 
Power (B) 

• 

No. of radioactive inert gas atome 
eacaped from the surface 

!otal no. ot radioactive inert gas 
atome tormed in the substance 

!hus 



- 2 -

!bis definition of Eaanating Power impliea tbat 1 of a 

substance could be a funotion of composition, specifie 

surface, crystal structure, temperature of the subatance, 

half-life of.tbe inert gas escaping, and the recoil energy 

imparted to the radioactive inert gaa atome. !he dependance 

of 1, on as many as aix parametera, makes the practical 

determination and matbematical formulation of the system 

somewhat complicated and in many cases almost impossible. 

1.2 !HBORI OP !HE EMANATION PROOIBS 

As soon as the radioactive inert gas atome are 

tormed from the decay of ita parent, there could be two 

possible ways of their escape, viz. 

(a) If the parent atome lie near the surface of the solid 

bearing them, the recoil energy might be enough to 

drive them out from the surface ot the aolid, or 

(b) If the radioactive inert gas atome fail to, escape by 

recoil, there is another poasibility that they aight 

escape by diffuaioa before decay to the ground 

etate. 

On the baaia of these two posaibilities, the tiret attempt to 

formulate a tbeory was made by Ratner(') and a similar attempt 

was later made by PlÜgge and Zimens(4). !he baaia of both 

theories was easentially the aame, except that the latter bad 

a atronger mathematical background. 

According to Pligge and Zimens(4) the experimental 



- ' -

sample is norfD.ally ia the tora ot povder anci bence it vas 

preauaed that the aubetaace to be atudied retains its 

crystalline -torm even in the powder state. !hua a aincle 

crain of this powder ie the repetition many times ot the 

primary crrstal unit. This crystal unit bas a vell-

eatablieheci ceometrical shape and dimensions. A number ot 

auch primary unite tora larger unite, called secondary 

particles or crains. It aomehow the emanating power of auch 

secondary partioles could ~. eatablished, then it is possible 

to formulate the emanating power ot the entire experimental 

aample since it is an aggregate ot the eecondarr unite. 

1.2.1 Baanating power ot a ain5le grain 

!he eaanating power ot a single grain is due to two 

different proceases acccrding to PlÜgge and Zimens, vis. 

(a) Recoil, and 

(b) Diffusion. 

The emanating power, 1, will be the sum ot the two processes. 

!hus 

1 • Ba+ BD •••••••••••••••••• (1) 

vhere IR and ID stand tor emanating power due to recoil and 

ciiffusion respectively. 

1.2.2 laanating lover due to recoil 

Aasuming t.hat the concentration of parent atome ia 

constant in time (during the course ot an experiment) and in 

••ace, the traction la will be appr.ciable it the parent atome 
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lie near the aurtace or on the surface or, aore preciaely, 

within the recoil range R. 

!he problem ariaea when parent atoaa lie aomewhere 

inside the grain-lattioe and •re heterogeneously dietributed 

inside the aolid grain. !hua it waa aaauaed that they are 

hoaogeneously distributed~ 

Purther, aa aoon as the radioactiTe inert gas atom 

is formed, it haa equal probability of going deeper into the 

surface or eacaping by aeana ot direct recoil. 
.. - (4) 

Plugge and Zimens on theae considerations 

derived for a spherical grain the tollowing expression for 

IR' . 

• • • • • • • • • • • • (2) 

where R and r 0 stand tor recoil range and radius ot the grain 

reapeot:l.vely. 
-6 Por larger graina of dimena:l.ona rJlO ea, the 

expression (2) can be approximated as 

1 • ,,4 (..!t). 
R l'o • • • • • • • • • • • • • • • • • • • • • • • • 

!he ratio '/r0 oan be replaced by the ratio aurtace/Toluae ot 

the apbere and theretore 

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

where p atanda tor the denaity of the aubatanoe. 
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J. Kurbatov(5) iniependently ierived an expression 
'· 

for IR of a oubical grain of èdge, à~ Il, as 

(a - 2B)2 (a 
•~ • 6 , . a + 12 

a 4a · 
·,

2•>a2(o.447) + 8(~),(0.597) •••• (5) 
a 

fhe firat, second, and third teraa in expression (5) stand 

for the eaanating power due to recoil from regions near the 

faoea, near the edges, and near the cornera reapectively. 

But oareful study of the expression (5) reveala it 

could be siaplified tc the expression (4) given b7 rlügge and 

Ziaene, if the larger grain aize is taken. 

The expression (4) doea not contain any tera which 

allowa for the shape of the grain, and thua it could be 

·applied to any aample. 

1.2., lmana!!ng power due to diffusion 

It ia generally accepted that permeation of gasea 

through a continuous solid barrier is a oomplicated phenomenon, 

involving a sequence of procesaea, adsorption of the gases at 

the interfaces and diffusion thrqugh the solid barrier and 

finally evaporation at the surface. Among all theae uaually 

the diffusion is sloweat and hence c~natitutes the rate-

determining step. 

Diffusion occurs transversel7 through the lattioea 

along the interface. These interfaces, however, are 

statiatically diatributed over the grain so that in the 

calculation of the total diffusion current passing through 
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the outer aurface one assumes, in order to aimplify the 

calculations, that the grain is homogeneous in all respects. 

The diffusion éùrrent pasaing through the surface 

la further slowed down when it reachea a point near the 
}' 

surface, a ince he re the concentration o·r radioactive ·tnert 

gas atome is higher and the gas-filled pores offer 

considerable resistance to t~e diffusion current. The vork 

ot Chamie{ 6 ) ahovs that the presence of water vapeur offers 

a positive hindrance and that eTen the pore aize has an 

effeot(7 ) on the diffusion ourrent. 

!aking all theae pointa into consideration, and 

asauming that there is no adsorption taking place, PlÜgge and 

Zimena(4 ) formulated an expression for emanation power due to 

diffusion alone as 

_L f-! _ ! .ainh y{l - x) _ 
1
} 

1D • 2y2Lx x ainh 7 

+ --'. [<1 - .! 27 2 
1 1 -coah 7(1 - x)] (L) 

xy2) ooth 7 + xy2 ainh 7 J ••••• o 

where x • :
0 

, 7 • r 0 J~ID· 
) is the deoay constant of the gas, Dis the 

diffusion coefficient of the radioactive inert gas and R and 

r 0 thë recoil range·and radius of the grain respectivel7. 

Por the larger grain the equation (6) reduces to 
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• J1f (surface) 
(\ mase • • • • • • • • • • • • • • • • • • ( 7) 

!hue the total emanating power of a single grain is 

• ( ~ + ~) f ( sarfac e) ••• • • • • • • • • • • • ( 8 ) .... JX ..... 

1.2.4 ractors gevernin& emanatin& power 

(a) lffeêt of temperature& 

Temperature has the 1east effect on 18 , aince 

thermal energies are of the order of 0.025 ev (15°0) to 

0.1 ev (higher temperatures) while recoil energies are very 

high in comparison vith thermal energies. 

HoweTer, diffusion proceeses are temperature 

dependent. !he dependence of ID on temperature ie given by 
- (4) 

the relation 

•••••••••••••••••••••••• (~.,..!) 

vhere A and 1
8 

are constante, R ie the gas constant, and ! 

the absolute temperature. le ie the activation energy, 
(4) 

which ie experimentally determined, and is given bJ 

ID 
1 • -e 2 • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 

(b) lffect of porositl& 

(li) 

It is a well-estab1ished t'act that diffusion of 
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gases ~hrough solide is slower than through gases. !hus a 

highly porous substance will have a high emanating power 

unless it adsorba the radioactive inert gas. Diffusion will 

be rapid even at thermal energies if there ie free gas space 

above the aample. fhis conclusion can be reached from the 

consideration of the pore lengths and diametere and inert gas 

diffusion velooity and is essential to the explanation of the 

high emanating power of many preparations like Barium 

palmitate and Barium caproate observed by Strassmann(a). 

It vas also shown(4 ,9,lO,ll) that compressibility bas little 

eftect on emanating power of the substance. 

(c) Adsorption of inert sas& 

If the substance adsorba the inert gas, ita 

emanating power decreases oonsiderably. !his tact vas 

illuetrated by v~rious workers<12 •1 '•14 ,l5) for a variety of 

substances like Pe(Oa)
5

, Or(OB)
5

, Pe2o
5

, chabazite, etc., etc. 

(d) Indirect recoil effeota 

When a recoiling inert 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( 9 ) called this a reeult of 

indirect reooil. 

!hue the total emanating power due to recoil ia 

1 • B + IR 
R Rt · d • • • • • • • • • • • • • • • • • (11) 

where 11 and IR are due to indirect and direct recoil 
1 4 
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respectiTel7. 
( 16) . Brbacher attributes the high emanatingpower 

0~ some metal hydroxidee to be due to the indirect recoil 

effect. Gotte(l 7 ) belieT~d that the indirect recoil effect 

is Ter7 dependent upon the composition o~ the eolid alone. 

Zimene (.\, \9.'-) postulated that a recoil at4ta, betore 

it slows down to thermal energies, aelts a small region of the 
0 

order 100 A in diameter along its path. A sort of molten 

pocket is formed in the grain. !hie aolten pocket maJ 

re-eolidif7 in a dietorted condition, and that inert gas 

atome ma7 diffuse through this distorted material more 

rapidly than through the normal solid. 

1.2.5 Methode of introducing indicator systeme 

In most of the experimente carried out by the Hahn 

echool in Germany, the following systeme of indicators vere 

ueed: 

90 1'b 228 ( RA. .. h.) 

Il 
226 

88 a 

o< "') 

1621 7· 

11.6 d. 

lm220(Tn) 
86 

In all the substances to be examined by the emanation 
-· 

method, the introduction of R,d,f'h, Radium and !hx wae made b7 

common phyeical and chemical methode. The homogeneoue 

distribution of the parent subetance(~8) into the substance 

etudied wae the major consideration. This was achieTed by 

) 
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co-crystallization when the coapoments tora mixe4 crystals, 

with metal oxide gels by co-precipitation by aeana ot 

ammonia or alkali; with zeolites by exchange of bases; and 

with metals by eleotrolyais or simple mixing of the 

ingredients by melting. 
.. 

1., PBAO!IOAL APPLIOA!IOXS OF EKANA!IOX MI!HODS 

1.,.1 A brief reviev of applications 

Voluminoua literature exista dealing witb the 

application of emanation methods. Most ot the work in this 

field was done by the school ot Hahn and Zimens in Germany. 

Among the earliest applications vere the etudies ot the aging 

of gels, colloids, and hydroxides of acme metals. Changes 

in specifie surface were noted, which were due to the 

shrinkage of the surface with time and bence decreaae in 

emanating power was observed. Reveraibility and irreversi-

bility ot the emanating power of gela vere also studied. 

All this work ia recorded in a review by Hahn(l9 ). !he 

works of lrbacher(l 6) and Ora~e( 20) are alao relevant in this 

connection. 

Emanation methods vere also employed to atudy the 

cryatal-struc•ure changea an• the thermal behaviour of some 

inorganic compounds. Zimena( 2l) studied the etfect of 

temperature on calcite and aragonite, the hexagonal and 

rhombic torma ot Oaco,, uaing the Ba22~ ~~ Bn220 system. 

!he resulta of these experimenta are shown in Fig. 1. !he 
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ligure 1 

BBJ.TIXG OURVIS OJP O.lLOITE J.KD .lRJ.GOliiTI 

Repro4uced from 1.1. Zimens, z. pb7sik. 
Chem. lli' 2,1 (19,7) (Ret. ~,t,) 
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peaks at 920°0 in botb cases are associated witb the 

decomposition of Oaoo, into OaO and oo2• 

in the aragonite curve ia associated with the transition of 

aragonite to calcite. !beee resulta were confirmet by 

taking Debye-Scherrer %-ray photographe at various 

temperatures. 

A similar study by !amaann and Svorykin(J~) on 

BaS04 shows there was a sudden increase in emanating power 

at one particular temperature. !be explanation given was 

that a rapid rise of emanating power, which occura at.a 

definite temperature, is due to lattice 1 loosening 1 , and the 

temperature at which this happens is known as 'loosening 

temperature•. An extensive study by Tammann shows that thil 

value lies somewbere between o., to 0.6 of the absolute 

melting point. 

studied, and a type of molecular shift in the solid state 

vas proposed. It was suggested that at this temperature 

reactivity in the solid etate begins. 

J&gitsch(!~) studied the reaction 

PbO + Si02 __...::p PbSiO' 

using the !h228 ~ aa224- o< ~ an220 system. It was found 

that at higher temperatures the emanating power decreases 

rapidly due to formation of PbSiO' wbicb has a low emanating 
(24) 

power. A review by Hahn on reactions in the solid 

state, as evidenced by the emanation method, was recently 

published. 
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ReTievs of the applications of emanation methode 

vere published by Zimens( 25) and Hahn(l.B) vhich include the 

deTelopments up to 1942 and 1949 respectiTely. 

An excellent article on emanation methode vas 

contributed by Wahl( 26 ) vhich incorporated all the develop­

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

Zimens (4 ). 

Oooke and Prout( 27 ) using 11 52 which grovs from 

m 152 ... e , 224 o( 220 instead of using the Ra > Rn system, 

inTestigated the thermal behaviour of Baso4, K2so4 , and 

Na2so4. 

ZhabroTa et al.( 2B) recently studied the 

dehydration of the hydroxides of Mg, Ni, Zn, Al, Zr, and fb 

by the emanation method. 

1.,.2 Present work 

In the present vork the author studied the thermal 

behaviour of halides using the 

1 1~5- fo- ~ Xe1~5 

system. !he halides selected tor this work are of Ag, 

Ou(I), Hg(II), fl(I), and Pb(II). fhe temperature region in 

which the proposed study vas made vas from 15°0 to 200°0, 

since some halides have phase transitions in this region ot 

temperature. 

It vas also proposed to study the validity of the 

fammann 'loosening temperature' theory tor these halides. 
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1.4 GEDRAL MI!HODI FOR RADIA!ION DB!EO!IOJr 
AND RADIOAO!IVI BMANA!ION DETECTION 

1.4.1 Brief review of detection systems 

In spite of the tact that a variety of methode and 

systems are known to the modern radiochemist which could be 

employed tor specialized detection problems, nevertheless 

classical methode cannot be ignored, and a know1edge of them 

is essentia1 since they are sti11 wide1y used. Price( 29 >, 
Sieghahn(50), Gatrousis et a1.(51 ) and many others(52 ,55,54 ) 

recently reviewed all the classica1 and modern techniques for 

nuclear radiation detection. 

The c1assical methode make use of the ionisation 

chambers, proportional counters, and Geiger-Muller (G-M) 

tubes. Each of these detecter types employa gas-tilled 

chambers. 

Oonsider a gas-filled metallic tube, through vhich 

an insulated anode vire is suspended, vith a high voltage 

applied to the anode. !he p•esage of charged particlea '· 

produces ion pairs vithin the chamber, and the ionization 

current tbus produced is a tunction of the voltage applied. 

If nov the pulse height is plotted against the 

applied voltage, a line is obtained ae shown in Fig. 2. 

!he curve is divided into four main regions. 

In region I there is competition betveen loss of 

ion pairs by recombination and removal of the charge by 

collection at the anode. With increasing field, the drift 
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SCHIIU.!IC ILLUI!:U!IOH OF !Hl 
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velocity of the ions increaeee and losses due to recombination 

are practically aegligible as shown in region II. !his 

region is referred to as the 1 saturated ion chaaber region•. 

If the field is increased, the ionization current is 

increased by a constant factor through the phenomena of gas 

multiplication. !he primary electrons are sutficient1y 

accelerated to produce additional ionization. !hie is showa 

in region III, which is known as the proportional counting 

region. In the proportional countera, gas multiplication 

factors as high as 105 or 106 are sometimea employed. 

Proportional countere are otten used in conjunction 

vith pulse heigbt analy•ers, since gain in pulse aize can be 

achieved while dependence of the pulse aize on the primary 

ionization is preeerved. !his very tact makes it also 

possible to discriminate the type and intensity of the 

radiation causing primary ionization. 

In region IV, as ehown in Fig. 2, the pulse height 

at a given voltage ie independent of the initial ionizing 

conditions. As a matter of tact gae aultiplication 

increases the charge to a value that is 1im1ted by the 

obaracteriatics ot the chamber geometry and external circuit. 

fhis region is reterred to as the G-M (Geiger-Muller) region. 

A gas-filled tube, operating under the conditions 

ot region IV, is known as a G-Mtube. !heae types ot 

oounter are very widely used tor measuring negative and 

positive electron emission. Since the pulses in the G-M 
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counter are independant of the primary events, these counters 

cannot be used with pulse height analysera to distinguish the 

eners7 as well as the type of ionizing radiation. 

1.4.2 Scintillation counters 

Whenever ionizing radiation passes through certain 

inorganic or organic crystals, suoh as sodium iodide or 

anthracene, scintillations are emitted. If the material is 

transparent to its own fluorescence, these scintillations 

could be picked up b7 some suitable deviee like a photo-
~· 

multiplier tube (PM!) and amplified. The resulting pulses 

from the PMT, which are electrical in nat~re, indicate the 

passage of ionizing radiation through the phosphora. !he se 

electrical pulses could be made p~oportional to the energy 

loss of the primary radiation in the phosphora 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 cryetals and thue higher etopping power 

and greater efficiency for gamma rays. Quite a few text­

books(,o,,,,,4) exiat on the subject of scintillation 

counting. 

!he properties of ionization chambers, proportional 

counters, G-M counters, and scintillation counters have been 

summarized(,,) in Table I. 



!able I 
. . 

COMPARATIVE STUDY OF DETECTION SYSTEMS(35) 

Detecter Output Resolviq Ef'ficiency Electronic 
Sensitive multipli- signal times gain 

Detecter medium cation volta seconds Be ta x y require4 

Ionizatien 
10-6 to 10-3 10-6 to 10-3 Cham ber Gas 1 low lev l•w very higb 

..... 
Proportional ()) 

Ceunter Gas 102 to 104 10-4 to 10 10-i> high med. low higb 

Geiger 
107 10-4 to 10-3 Counter Gas 0.1 to 10.0 higb med. lov low 

Scintilla tor So11d or 
106 10-2 to 10.0 10-9 to 10-6 ver1 

Photomultiplier liquid med. high bigh aed. 

••· •~ •ediUil 
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1.4., Brief review of detection of emanation 
and radioactive inert gaaea 

(a) Radon type activitieaa 

In the earliest experimenta, the emanations.~f 

aa226 (1617 y.) and Th228 (1.91 y.) vere used. !he deviees 

varied with the nature of the experimenta. In one ot the 

earliest techniques, Hahn(l') used a gamma electroscope which 

was nothipg but a very crude form of ionization chamber. 

Hahn(l9) published an excellent review in which the 

methode of preparing sources for emanation and the methode of 

detecting gamma and beta activitiee are described. 

Other methods of measuring radon and thoron 

activities have been deecri'bed('6 t'7,,S,,9,40,4l) which vary 

from the torsion balance to a suitable counter. Some of these 

methode are dealt witb in detail in a review by Zimens( 2')· 

A scintillation detection device<42 ) bas recently 

been reported for the assay of radon gas. 

(b) Xenon type activitieaa 

Since xenon and k·rypton ooeur in fission prod.uota, 

quite a tew direct and indirect methode for their detection 

and measurement have been reported. A monogram by 

Momyer(4') includes most of the methode. 

One of the earliest·methods vas filling a auitable 

ohamber vith the gases and then measuring the activity in a 

Geiger or proportional counter( 44 ;45). !he detailed study 

and problems faced in these methode are given(46 ) by various 

vorke rs. 
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For high specifie activity and quantitative work, 

gas-filled proportional counte~ tubes were suggested by 

Bernstein and Ballentine(47). !hese tubes are commercially 

available. 

Another method 'tor deposition of rare gases on the 

cathode in a glow discharge tube was suggested by Hyde and 

Momyer< 48 >. !his was successfully used by Matbur and 

Hyde(49 ) ~nd Moore(50). !he activity of the gases collected 

this way was directly measured and analysed on a scintillation 

spectrometer. 

An indirect method consisted in collecting the 

daugbter product of thè rare gases produced in fission on a 

negatively charged wire coaxial with the moving gas 

stream(5l,52 ). !his method, however, is not very efficient, 

but a good approximation of the half-lives eould be obta~ned 

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 Selection of a suitab1e Iodine 
Isotope 

A caretul atudy of the Chart ot the Nuclides(53) 

shows that there are no isotopes of iodine in the neutron-

excess region which have ha1t-lives ot such a value that 

secular equilibrium is established in the decay to xenon. 

I 128-l'2 , Il34, and I 136 all decay to stable xenon. 

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. !ben it was lett to select from 

-
Il'' 

tl 
Xel3' ta 

21 hr." ,., 4. 
,. 

and. 

135 p.,-
"tel'' 

/&-

I 6.7 br. 9.2 hr. 

The selection was made in the neutron-excess region 

ot the iodine isotopes. I
1
'' was chosen for the following 
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reas onet 

(1) The half'-life of' I
1
'' is fairly long (6.7 h.), thue 

providing enough time to prepare it and the aamplee 

under investigation. 

(2) The halt-life of the daughter, Xe1'5, ie again long 

(9.2 h.). Ooneequently, during the period of 

observation inthe phase-change etudiee, vhich is 

ueually 20 - ,o 111,i~utes, there would not be any 

appreciable dec~y,Qf' xe1
''· 

(') lxamination of the decay echeme<54) reveals that the . 
gamma rays of' Xe1'5 are very well eeparated even 

from the parent x1
''· as ahovn in fig. ,. 

(4) The fission yield o~ x1'5 is quite high both in 

thermal-neutrQn and proton-induced fission as ehown 
(55) (56) in fig. 4 . and Pig. 5 . respectively. 

To deteot Xe1'' emanating from x1'5, the 250 keT 

gamma ray vas ueed as a basic standard throughout this work 

becauee the branching ratio for the 250 kev gamma ray is 97%, 

and thue the relative pho~op intensity is quite high. This 

tact is evident from fig. '· 

2.1.2 Tar5et materi~l, p~eparation 
and bom'bardment 

x1'' vas pro;uoed. by the proton-induoed tieeion ot 

uranium in the circulating ~eam of the MoGill Synchrocyclotron. 

Uranium oxide, u,os, of' naturally-occurring isotopie abundance, 

vas the target material and vas obtained from Atomic Energy of' 
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Pigure 4 

PISSIOJ' nBLD OUBVI POit tr2'5, 

·· u2;,.~ AlfD' Pu2J9 

{Repro4uoed from A.M. Weinberg and 
E.P. Yignera '!heory ot leutron Ohain 

Reactora 1 , p. ·110, reference 55) 
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Canada Limited, in the torm of tine powder. 

!he bombardments vere pertormed at low energies. 

Since these boabardments vere designed only to produce 

fission. it vas not considered necesaary to have a very 

accurate knowledge of proton-beam intenaities as vell as 

energies, and bence no internai monitor vas uaed. 

About 20 - 25 mes of natural uranium oxide vere 

packed into thin, unitorm pure aluminua tubing vith a wall 

thickness of O.Ool;~. Both ends of the tube vere sealed 

meohanioally and aounted on a target bolder as shovn in 

Fig. '· !he target vas bombarded in the energy range ot 

20 - 2' Kev. Kirkaldy 1 s curve(;7) of proton energy versus 

radius of the beam, as illustrated in Pig. 7, vas used. 

!bis curve vas alao corrected(;S) tor radial oscillations ot 

the beam.. Bach bombardment lasted tor a period of about 

,o minutes. 

!he target waa alloved to cool for about twelve 

hours betore any chemical separation vas performed, thus 

permitting the decay of the short-lived activities of the 

iodine. 

2.1., !arget chem.iatrz 

rollowinc the irradiation, the aluminum tube was 

eut open and the powder transferred to a ;o ml centrifuge 

tube and diasolved in concentrated HNO' in a cold bath to 

avoid loeses of iodine. After the povder was diesolved, 

-10 mgs of r~carrier vere added and iodine vas separated by 
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ligure 6 
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Figure 7 

PBO!ON BBAM INIBGY VERSUS PROBE DIS!ANOI 

Or !Hl McGILL 8YNOHROCYOLOfRON 
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solYent extraction using 0014, after Yarious oxidation and 

reduction cycles according to the method described by 

Glendenin and Metcalf(,9) (Appendix I). 

2.2 PREPARA!IOB OP !HE 8AMPLE8 

2.2.1 General treatment 

!he purified iodine in the form of iodide wa• 

mixed with 20 ml of 0.1 M KI solution. !he mixing waa 

carried on for ,o minutee by"mechanical meane to ensure a 

uniform distribution of actiTe and inactiYe iodine. 

The iodides of Pb(DO, Cu(I), Ag, Hg(II), and Tl(I) 

were precipitated from this mixture by olasaical methode 
,, 

using the following reaotionat 

Ag+ + KI~ Agi ~ + l+ 

Pb+++ 2KI ~ Pbi 2! + 21+ 

++ J + Hg + 211 ____,. Bgi 2 + 21 

During the precipitation minimum Yolumes were uaed to get . 

maximum specifie actiyity in the aamplea. The iodides haYe 

low aolubilitiee in water, ae shown in !able II. 

The iodide precipitatea were subaequently 

tranaferred direotly to the experimental aample bolder which 
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!t'ble Il 

IOLUII'LI!IIS or BJ.LIDIS or !BE KE!J.LS 

UKDER S!UDtJ. IN AQUIOUS MEDIUM('~ 

Compound. 

Oui 

Solubility in water 
ca/100 al 

0.06' (20°0) 

0.0064 (20°0) 

0.0008 (18°0) 

0.0061 (25°0) 

Pigures in parentheeie show the 
temperature ot obser•ation 

vas a eintered porcelain aicro•orucible speoiall7 cleeigned 

for this worlt. !he climensions of a t7pical orucible are 

shown in rig. 9 (p. '4). 

!ke precipitatee vere waehed vith 95~ aloohol 

followecl b7 ether. Pinall7, all the oruciblee containing 

experimental eaaples vere lett for about 6 - 7 hours in a 

Tacuua 4eeiccator containing silica gel. 

2.2.2 Identification of the experiaental 
samplee 

Since the racliochemical proceclures of preparing the 

eamples vere entirel7 base4 on claseical ohemioal methode, it 
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vas preaumed that aamples prepared are chemically pure. 

However, in one case, e.g. that of 'l'li, the structure vas 

• • examined by the powdor x-ray diffraction technique by 

oomparing tho 'dt values vith thoso deaoribod in the 

literature, aince x-ray photographe are characterietic. 

In the preeent study inactive thalloua iodide vas 

prepared raiiochemioally and the pov4er aample exposed tor 

8 hours to OuED( X-rays at ~2 kv, 16 aa. 'l'he x-ray photo-

graph thua obtained is shawn in Fig. 8. !he 1 4 1 values are 

shawn and oompared in '.l'able III(61 •62 •6')· It ia clear trom 

the table that resulta in the present work are in close 

agreement vith thoee obtaine~ by previoua workera. 

2., HBA!lXê IYS'.l'BM '.l'IKPIRATURE OOBTROL 
ABD :MB.&.SURBUN! 

2.,.1 Heating system 

'l'he porcelain eintered crucible containing the 

experimental sample vas heated in a apeoially designed turnaoe 

as ahown in Fig. 9. Since tho thermal behaviours ·al' the 

proposo4 ~o4idee vere etudied in the range 1'0 0 to 200°0, 

the turnace oould be made from pyrex glass. The beating 

ooil vas ineulated vith a 1 cm thick layer of plaater of 

parie and asbestos mixture to out down temperature 

fluctuationa. 

* !he author is very gratetul to Professer A.J. Frueh of the 
Department of Geology, McGill University, for his kind 
assistance in the X-ray work. 
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table III 

1 4 1 VALUES FOR THALLOUS IODIDI 

Af YARIOUS IB'fllfSITIIS(ol ' 02 ' 6') 

Be1at1Te· 
•••• intenait7 1926 195, Prese11t work 

1 14 .\.2502 

2 l' 4.022 

' 100 ,.,,9 ,.,,2 ,.1,, 

4 65 ,.15 ,.228 ,.2549 

5 1 2.749 2.7,85 

6 90 2.719 2.692 2.6749 

1 40 2.647 2.624 2.6106 

8 2' 2.077 2.291 2.281' 

9 22 2.264 2.248 2.2,78 

10 29 2.077 2.069 2.062' 

11 45 2.051 2.0,6 2.0295 

12 ,o 1.876 1.869 1.8625 

l' 4 1.7602 1.7549 

14 20 1.718 1.7259 1.7202 

l' 2 1.690 1.708~ 1.705' 

16 60 - 1.6148 1.6195 

17 ' 1.54'1 1.5,95 

18 55 1.527 1.5285 1.5189 

19 8 1.46' 1.5474 1.4557 

20 5 1.4,1 1.4,41 1.4,47 

21 15 1.,742 
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2.,.2 temperature control and measurement 

!be power vas controlled and. d.ravn through a 

commerciallr bu~ltu precisi-on Tariable transformer. In the 

present work a Supèrior Elective trpe 20·2 Poweratat vas 

used.. It vas calibrated in auch a war that one arbitrarr 

ecale would raise the temperature 10°0 per minute. 

A copper-constantan thermocouple was employed to 

measure the temperature. !he potential difference vas 

recorded on a Leeds and Northrup Speedomax type G recorder. 

!he reference junction vas .kept at melting-ioe temperature. 

Standard conversion tables< 64 ) for the thermocouples were 

used. 

!he systems for heating, temperature control, and 

temperature measurements are shovn in Fig. '· 

2.4 RADIOAO!IVI'.r! DASUREMI:tr.rl 

Tarious techniques vere used to measure the 

activity of radioactive xenon in this work. 

2. 4.1 41f r:--Oounting 

lnitially, the· indirect aethod of Pate, Foster .and. 

Yaffe( 65) br 4~ ~--counting vas emplored. J. very thiok 

source of iodine in the tora of Agi was mounted on a thin 

unitorm film of V!Ja< 66 ) (a polrvinylobloride acetate 

copolrmer). !be source vas measured by a 4n ~--oounter(67-70) 

and then lett tor two hours to allov the xenon to grow. 

Sub•equently it vas heated under an infra-red lamp tor 
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;o minutee and meaaured again. After making the neoeaaary 

correction for the decay of iodine actiTity, it waa tound 

that there is a loaa of 10 - 40~ in actiYity, depending upon 

the apecific actiTity and thickneea of the aouroe. !hia 

loaa was due to the expulsion ot xenon on heating. !he 

resulta obtained in thia work vere in aooordanoe vith thoae 

of Kjelberg and Taniguchi(?l) in aimilar experimenta in thia 

La bora tory. 

Thia method waa not auitable for the propoaei work 

due to the tollowing reaeonal 

(a) VYBS filma cannat et.and high temperatures. 

(b) Heating inside the counter was itaelf a problem if 
1 

VYBS ia aomehow replaced by metallic film. 

BoweYer, this method indicatea that the 

x 1 ''~ xe1'' ayetem could be employed in the atudy of aolid 

etate changea. 

2.4.2 Scintillation couiting 
(diacontinuoua method) 

Ielly(72 ) haa •••~tibed a method tor meaauring 

inert gaa activities by gamma-ray acintillation oounting to 

determine the attaohment of inert gasea to powdera tollowing 

( n, Y ) reaction. 
1;5 

In the present work the Xe emanating from the 

heated aource in the turnace waa awept by carrier gaa helium 

at 't'arioua aacending steps of temperature. A minimum amount 

of carrier gas vas used. The helium along with Xel;5 waa 
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oolleoted in an e't'aouated trap oontaining active oharcoe.l 

kept at liquid-air temperature. The AOC type charooal 

supplied by Union Oarbide was uaed. Since xenon is adaorbed 

e~fectively on the charcoal(7;,74 ,7;), it waa preaumed that 

almost al1 of the xenon was trapped on the charcoe.l bed. 

It is a1so obyious that, if some xenon is left une.daorbed, it 

will solidi~y at thia temperature (rJ -190°0) aince the 

~reezing point of xenon la -111.6°0. This tact was utilized 

to separate xenon ~rom the spallation products of iodine in 

the study of the problem described in Part II of this thesis. 

A sodium iodide crystal of dimension li~ die.meter x 
. 

1 1 thick mounted on a Dumont type 6292 photomultiplier tube 

(Barshaw thallium active.ted sodium iodide integral line) was 

kept underneath the trap. In this work the S-12 type 

aasembly waa used. The output of the photomultiplier tube 

waa fed to a preamplifier and aubsequently to Atomic 

International model 2048, non-overloading linear amplifier. 

The output signal from the amplifier waa fed to the previously 

calibrated, Baird Atomic model 510, single channel pulse 

height analyser (80PHA). The calibràtion curve of thè &OrBA 

is shown in Pig. 10. !he window of the SOPHA was adjusted 

The output of the SOPBA 

was fed to the ecaler. !be block diagram of the electro:nic 

ayatem is illuatrated in Fig. 11. The charcoal trap was 

ahielded by a lt~ tbick lead wall. !his trap, the position 
. 

of the Bai{!l) crystal and shielding are shown in Fig. 12. 
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Pigure 11 

ILOOE DIAGRAM OF BLEOTRONIO ARRAIGBMIN! 

POR !HE MBASUREMIB! OF Xe135 AOTIVIfY 
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Pigure 12 

ARRliGBMINT POR OOLLIO!IRG XIHOI 
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!he temperature vas raise4 in steps of ' - 4°0 

and xenon was collected and measure4 in the trap. At eTer7 

temperature of obserTation the helium vas pumped out t~ 

provide room for fresh helium containing xenon. Agi vas 

studied by this method, and the resulta are discussed in the 

following chapter. 

8ince the phase transitions in most of the compounds 

occur within a very narrov temperature range, the method of 

Xelly( 72) vas not feasible for the present work. It vas 

0 difficu1t to increase the temperature in st~ps of 1 0, theretore 

a tlov or continuous syitem vas deTised. 

2.4., P1ov or eontinuous scintillation 
method 

A hemispherical chamber, as shovn in Pig. l,, vith 

a very thin bottom vas designed. The diameter of the base ot 

this hel,l.ispherical ohamber vas equal to the diam•ter of the 

Hai(1'1) crystal. !here vas no change made in the electronic 

system except that an AIP-1902-A type counting rate meter 

coupled vith a recorder vas connected to the output stage of 

the 80PHA. !he time constant(7&) of the rate meter vas kept 

at 14 seconds. 

fhallous iodide bas a knovn phase transition at 

!his vas studied in this set-up, and a sample of the 

result obtained is ehovn in Pig. 14. Prom this figure it is 

clear t.hat whenever there ie a phase transitioa, a sharp peak 

in xenon activity occurs. 
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figure l' 
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2.4.4. Improved flow scintillation 
aethocl 

Binee the tl~v me~hod gave encouraging resulta, 

this method vas further improved. 

!be flow chamber ~nd Kal(!l) crystal vere replace4 

by a single unit, i.e. Nai{!l) Harsbav type AP crystal vith 

through aide bele. !hese orystals have a very high detection 

efficiency in the flow system tor gamma rays. 

assembly vith technical details is shovn in Pig. 15. !o 

avoid the contamination of the hole, an auxiliary thin glass 

tube vas introcluced into the hele vith ball and socket joints 

on either end. !he crystal vas mounted on a Dumont type 

6292 phctomultiplier tube, as deaoribed by Bell{77). 

An additional improvement vas effected by 

replacing helium vith frecn-12 {difluoro-clichloromethane) as 

carrier gas. Oomparison of a fev of the physical prcperties 

of frecn-12, xenon, and helium are illuatrated in 

!able Iv(60,78,79). 

!he folloving arguments faveur the selection of 

freon-12 againat heliuma 

(1) fhe deasities of freon-12 and xenon are quite close. 

!hus, acoording tQ Graham 1 s Law of Diffusion, tbere 

will be a unifcrm inter-diffusion of these tvo, and 

henoe more uniform mixing is expeoted. Oo:nae-

quent1y the statiatical fluctuations in the count 

rate will be reducecl, aines xenon and freon will 
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Pigure l' 

OROIS IBO!IOB OP !HE Bai(!l) 

HJ.RSHJ.lf !YPE AP AISEMBLI 
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!able IV 

PHYIICAL PBOPBBfiES OP XINOB, PUOB-12, AJD 

HILitUI Ilf GASIOUS S'.rA.!.E A! A!KOSPH!BIC 

p.uastlRI < 60 ' 7 8 ' 79 > 

Properties X4iinon 1reon-12 
l ii III 

Mol. wt. ,1,1. ,o 120.92. 

Density ;.8;1 6.26 

g/11t. {0) (2,.7) 

Viacosit7 0.02'1 0.0127 

iD centipoise (25) <:~o) 

Specifie heat (cp) 4.968 17·5'' 
(25) (,o) 

Helium 
IV 

4.oo, 

0.1785 
(0) 

0.0198 

(25) 

4.968 

(25) 

Thermal concluctiTity 1.67 x 1o-5 2.,o2 x 10-5 41.65 x 10_, 

(lOO) (50) (lOO) 

!he figures in brackets in Oolumns II, III and IV 

represent temperatures in °0 at whieh the 

o'bserTationt vere made. 
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arriTe in the hole ot the Xai(!l) or7atal almoat 

at the aame tiae. 

(2) !he viacoeity of freon-12 ia lover than that ot 

helium. 

(') !he thermal oonductivity ot treon-12 ia very close 

to that of xenon. 

Purther improvement over the old apparatua waa 

achieved by introducing a trap containing etainleaa steel 
0 balla kept at 0 0 before the detection stage. !hia waa 

neceaaary to hold back the iodine activity, aince theee 

halidea haTe a finite T&pour pressure at higher temperatures. 

!he oount-rate recorder wae changed to the aame 

type ae the temperature recorder. and both vere 17nchronised. 

fhe flow of the carrier gae waa regulated by a 

flowmeter and a needle valve. !he time taken by the carrier 

gae to reach the detection atage was about ' to 4 seconda, 

which introducee an error in transition temperatures of 

t 0.7°0. !he entire aasembly ia ehown in Pigs. 9 and 11. 
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,. RESULTS AND DISCUSSION 

,.1 ORYSTAL STRUCTURE OBANOE STUDIES 

Preface a 

The iodidee of Ag~ Tl(I), Ou(l), Hg(Il), and Pb(ll) 

labelled with 11'5 were heated. 

resulting from the decay of x1 '5, was recorded as a function 

of temperature. In the case of Agi, both discontinuous and 

continuous methode of recording Xe1 '5 activity were used. 

For the remaining iodides, only the continuous method was 

employed. 

Any abrupt change in the Xe
1 '5 activity was found 

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

Fig. 14, while a small change in Xe1'5 activity over an 

extended range of temperature could have been either due to 

diffusion of xenon or to somo other surface mechanism. 

Errors quoted in the case of Bgi 2 and Tli are 

standard deviations, while thoso of the remainder are 

estimated. 

,.1.1 Agi 

(a) Discontinuous method: 

ln this experime~t, the curve obtained for the first 

trial is shown in Fig. 16. We now subtract the Xe1J5 activity 

at any temperature of observation from that obtained at the 

immediately preceding temperature. When this procedure is per-

formed over the entire range of temperatures under investigation 

and the resulta normalized for differences in temperature 

interval, we obtain a difference curve as shown in Fig.l7. The 
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Pigure 16 

Xe1'' AO!IVI!I tiR8US !EMPIRATUBI 

BIOORDIIG FOR Agi BI DisiOXfiJUOUS 

MI!HOD 
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PS.gure 17 

.DIPFEREN!I.A.TED PORM OP TH:& 

CUITE (PIG. 16) .&.8 OBTAIDD BI 

DISOON'fiNUOUS MI!HOD FOR Agi 
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curve is com.prised of a .large hum.p and three peaks. A 

sim.ilar curve waa obtain:ed.when a second trial under 

identical conditions was performed. 

A probable ezplanation of the humpa 

Since xenon adsorbe on the surface of .lgi(a;,ao), 

it is ver1 probable that the large hump obaerved in the 

temperature range 40°0 to 90°0 m.ight be due to the desorption 

of the xenon. The retention of' radiazenon in Agi, tor 

weeks, has also been reported b1 Sullivan et al. (Bl). 

It is a well-known tact that iodide ions are 

adaorbed on the surface of Agi( 82 •8'•84 >. One oould there-

tore speculate that the deeorption of iodide ions and bence 

xenon m.ight give rise to the slow increase tollowed by a 

rapid decreaee in activity aa shown in the curve. 

Peaksa 

Three peaks were·observed at lOO! 2°0, 1'4 t 2°0, 

In this region Agi does not 

decom.pose (the d.ecomposi_tion temperature is 555°0). The 

existence of the three peak• may be explained, however, if 

three mod:l.f:l.oat:l.ons of Agi ex:l.st. According to Wells(a;), 

'There appears to be aQme contusion in the literature coa-

cern:l.ng the polymorph:l.sm of Agi .. This compound occurs as a 

hexagonal m.ineral --- vith wurzite structure ---. On being 

povdered the hexagonal cryetals are converted into a cubic 

torm. A mixture of two is obtained b1 precipitating AgiO' 

solution vith I.I. The torm. stable at ordinary temperatures 
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i• apparently the cu'bic (Y) with zinc 'blende structure. 

At 137°0, this changes to thefo fora (vurzite structure) and, 

at 14;.8°0, to the o( Agi form. 1 !hus one can attribute the 

observed peaks at 134 t 2°0 and 144 t 2°0 to the transitiona 

from the Y to the (!> form and the (!> to the o<.. fora 

respectively. Bo arguments can be given to explain the peak 

obeerved at 100 t 2°0. 

(b) The continuous recording methodl 

Vith this method a broad peak in the xenon activity 

vs. temperature curve at 143 t 2°0 wae obaerved, a• ehown in 

Pig. 18. !his peak might be a composite peak of 134 ! 2°0 

and 144 ! 2°0 peaks which appeared in Pig. 17. Zimene( 2;) 

obaerved this peak at 14;0 0 in the eame compound in a similar 

investigation. 

fhe existence of the peak in the xenon-activity vs. 

temperature curve is a confirmation of the polymorphism of 

Agi. Unfortunately, the limitation of the emanation aethod 

is that it does not yield details about cryetal-struc•ure 

t7pe. 

3.1.2 Hgi 2 

When the Xe13; activity waa recorded as a function 

of temperature, the curve as shown in Fig. 19 was obtained. 

A eharp peak occurred at 12;.8 t 0.1°0. !hie vas 

obeerved in three different experimente performed under 

identical conditions. fhie peak represente a possible change 

in the crystal structure, and the idea is oonfirmed by the 
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Figure 18 

OOftiilJOtlS RIOOBDIN'G OF Xe
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Figure 19 

OOH!IJUOUS BIOORDING OP Xe1'' AO!IVI!Y 

AS A PUNOfiON OP fEMPIRATURI 

IN Hgi 2 SfUDIIS 
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observed change in colour of the Hgi2 from red to yellow at 

126°0. A similar observation is also reported by Gernez< 86 ) 

as obtained from Ret. (87). 

fhus, this m.ethod confirma the reported crystal-

structure change in the Hgi 2 in the temperature range 

126°0- 127°0 from. a tetragonal to a rhom.bic form.( 60). 

After the transition, the emanating power of the 

Hgi 2 also increases, showing that the rhom.bic form. bas greater 

em.anating power than the tetragonal form. !his is illustrated 

in Fig. 19. 

,.1.' !li -
!his m.ethod was also used for the stud7 of !li. 

!bree trials vere performed. A sbarp peak occurred in the 

xenon activity vs. temperature curve at 166 ! 0.8°0 as shown 

in Fig. 20. !he peak again representa a possible change in 

the crystal structure at a certain temperature. !hie 

assum.ption is confirmed by the colour change of the !li from. 

yellow to red at 168°0. Sidgwick(S7) bas reported that t.he 

yellow layer lattice form. of the Tli changes to red rbombic 

lattiee torm. at 170°0. The extensive etudies of Schulz(SS,S9 ) 

on the polym.orphism ot !li furtber confira the observation 

obtained vith the present emanation m.ethod. 

,.1.4 Oui -
!he xenon activity vs. temperature curve, as shown 

in Fig. 21, is slightly unusual. The Xe1 '5 activity starts 

increasing at 80°0 and reaches a maximum at 1,8.0 t 2°0. 
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Pigure 20 

OOB!INUOUS RIOORDING OP Xe1'' AOTITITY 

J.S À PUBOT~ON OP TEMPEIU.!URI 

IN Tli STUDIIS 
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Pigure 21 

OONfiiUOUS RECORDING OP I.e1 !S5 AOTIVITY 

AS J. FUJ'CTION OF fBMPBRATURI 

IN Oui S'ft1DII8 
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!here are tvo more maxima at 16,.5 t 2°0 and 179.0 ~ 2°0. 

It,is difficult to offer any explanation for tbese maxima 

occurring at temperature• above 138°0. 

Kaurer(90) found that absorption of I in Oui does 

The probability that these maxima are due 

to occlusion of absorbed iodine (and bence xenon activity) 

ia emall einoe, during the preparation of Oui by 

precipitation, ou• was in exceas. 

It ia probable tbat the adsorption of xenon ou Oui 

occurs, although there is no reference to thie in the. 

literature. If adsorption does occur, the xenon must be 

adsorbing very strongly on the Oui surface. 

The most probabl• explanation ie tbat there ie eoae 

ebange taking place in the crystal structure of Oui in the 

temperature range above 138°0. lvide~ce of this comee from 

the etudiee of Miyake et al. (gl). !bey found by the usual 

methode of crJstallography (X-ray.diffraction method and high 

temperature camera, etc.) that Oui, which bas normally the 

sine blende type (V) structure at. room temperature, changes 

complet ~l,.y to the hexagonal wurzi te ( p) type at '69°0. 

Bowever, anomalous change in the crystal structure begine at 

linos the •••nation method of observing 

crystal-structure changes is a continuoue one, the changes 

could be reoorded acc~rately,and therefore one oan state that 

anomalous behaviour of Oui obaerved by Miyake et at.(9l) 

begin• at 140°0 iastead of 200°0. 
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-
In the case ot Pbi 2 , the inoreaae in the Xel,; 

aotiTity etarts at 1;0°0. !wo Tery closely placet small 

peake at 172 t 0.7°0 and 176.1 t 0.7°0, as shown in fig. 22, 

are obserYed in the region ot maximum actiTity. !bis ie 

ditticult to explain, eince the cause cannot be statiatioal 

in nature. 

Pineker et a1.< 92 ) reported a hexagonal type 

structure tor Pbi
2 

of whioh two modifications exiet. When 

the Pbi 2 ie oryetallized from water (as wae done in the 

present work), the tora tbat resulte depends on the Telocity 

ot cryatallization. !hus both or either of the two forme 

aar be prepared. One torm ie pale yellow and the other is 

yellow( 6o). !hus the existence of the two peaka may be 

explained by temperature dependance of two modifications. 

!he 1lattice loosening affect' with the rise of 

temperature, as reported b7 !ammann( 22 ), may be another 

possible explanation. 

!et another possibility could be the formation of 

IPbl' in the Pbi 2 by the reactions 

If soma El ie lett adeorbed on or abeorbed in the surface of 

Pbi 2 , then the reaction 
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Plgu.re 22 

OOBfiBUOUS REOORDIBG OP Xe
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Al A PUliO!IOB OF fiMPIRATURI 

Ilf P'bi 2 8fUDIB8 
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might have tollowed as a result of heating. fhe possibility 

ot this reaction is reported by HeÎ!·ts( 9') as obtainecl troa 

Ret. (94). Oae cannot aake any detinite etateaent a•out 

the change in emanating power. 

,.2 fAXMABJ LOOIEJIBG tEMPERATURE SfUDIEB 

!he looeening temperaturee( 22 ) vere computed troa 

the Xe1 '5 activit7 ve .. temperature curve tor all the coapounde 

under investigation. Looaeaing temperatures are marked by 

arrowa in Pige. 18, 19, 20, 21, and 22, and the values are 

lieted in fable V. !beee values correspond to temperatures 

at vhich Xe1
'' activitiee have risen to one-halt ot the 

ma:ximua. 

!able V 

SHOWIKG OHIRVID !AMIURB LOOSIJIBG fiMPIRA!UUB 

Ooapoun4 

Agi 

Hgi 2 

Oui 

llelting point 
·ex. P.) 

828°X 

685°K 

71,0 lt 

,,!ox 
86l 0

X 

0\aervecl 
looaening temp. 

(L.P.) 

401°1t 

... ,,0 .. 
4'1°lt 

'96°X 

,9,0 X 

L.P./x.P. 

0.484 

o.6,2 

0.604 

0.744 

0.456 

It is eeen f~om !able V that the ratios ot the 

1looaening pointa• to melting pointe are in the vicinity ot 

o., to 0.6 ae pre4ioted by famaann. 
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,. ' OOI'OLtJSIOliS 

!he atudy of the c·ryetal-atru.cture changea et the 

iodidea of Cu(I), !g(II), Ag, Pb(It),and !l(I) reYeale that 

the resulta obtained by emanation method, ueing the 

I l,; ~-, xe1'5 t 1 t ith th r sye em, are in c oae agreemen w ose 

obtaiaed by the conYentional cryatallographic techniques, as 

ehown in !able VI. 

Compound 

Agi 

!li 

!aàle TI 

transition temperatures 

OonYentional 
metholia 

1,7< 8;) 

14;.8'85 ) 

126( 86 ') 

170( 87 ) 

Present 
met ho cl 

1,. + 2°0 -
144 + 2°0 -

125.8 + .1°0 -
166 ~ 0.8°0 

lfith the use of auitable furnacea, the atucly coulcl 

be extended to higher temperatures. Kany types of heating 

arrangements haye been reYiewed by- Felix and Schmeling(95) 

recently. 

By this method the Xe
1
'' in the iodine ia more or 

lese uaiformly dietributecl. Bence the resulta are quite 

reliable. 



!be onlT limitation of thia aethod ia that the 

reeulte are qualitatiYe in a sense that the7 do not reTeal 

the nature of the etructural change. Oook and Prout( 27) 

have also pointed out this tact. 
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4. IB1'RODU01'IOD' 

4.1 PllEFAOI 

!o understand the mechanism of auolear reactions, 

much work haa been done and more remains tc be performed in 

order to explain various nuclear reactions, e.g. tiasion, 

spallation, fragmentation, etc. 

Kuolear reactions, induced. by high energy particles, 

are usually {and sometimes quite arbitrarily) classitied(,o) 

into tour oategoriesa •Eallation, in which a few or many 

nucleons or small clusters of nucleons are emitted from the 

struck nucleus; fragmentation, in which a tew 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 masae1, and secondarr 

reactions, vhereby a particle that is emitted in apallation 

interacts with another nucleus in the target. 

The various reactions which take place may involve 

several different kinds of mechanisms, each based on aome 

picture of the nucleus, called a nuclear modal. Various 

auch nuolear modele have been proposed, a few of whieh have 

recently been reviewed by lden(97). Unfortunately none of 

the nuclear modele alone ie able to explain all the observed 

nuolear reactions. 
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4.2 IUCLB.&.R MODILS .&.lfD !BIORY OP 
BUOLI.&.R RE.&.O!IOWS 

4.2.1 Compound nucleus mode! 

!he detailed cross sections tor nuclear reactions 

at low energies show very sharp resonances. In order to 

explain these resonances, Bohr(9S) propoeed a two-stage 

nuclear reaction aecàanisa. 

(1) Yhen an energetic particle is incident on a target 

nucleus, it tiret of all combines witb the target 

nucleus and a h~ghly excited state is formed, called 

a 'compound nucleus•. !be kinetic energy of the 

proj•et.ile is immediately transterred to the 

nucleons ot the target nucleus. !he compound 

( -14 -16 nucleus hae a tinite lifetime rJ 10 to 10 

eece). 

(2) !he compound nucleus aubsequently decays into the 

producte of the nuelear reaction. 

!his model is essentially based on the aasumption 

that theae two stages are independant ot each other. 'l'his 

then is Bohr's assumption - that the decay of the compound 

nucleus depends only on its energy, angular momentum and 

parity, but not on its particular mode of formation. !he 

total energy, B, of the compound nucleus is the sum ot the 

binding energies ot the nucleons of the target nucleus and 

the kinetic energy of the incident partiels. 

The main teature of Bohr 1 s compound nucleus 
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mechanism is the hypotheais tbat the lifetime of the exoited 

state is much longer than the time required tor a projectile 

to sbare its energy among the target auoleons. Oonseqaently, 

the ettect of many nucleon-nucleon collisions within the 

excited compound nucleus ia that eventually sutticient energy 

is accumulated by one nucleon to cause ita emissl•n from the 

a7stem. It this is not the case, de-excitation occura b7 

gamma emission. 

Althougb the compound nucleus model providea a 

general mechanism for deaoribing nuclear reactions at low and 

medium energies, where the projectile bas autficient time to 

interact strongly vith the nucleons in a nucleus, it fails to 

explain the acattering of high energy particles from the 

target nucleus, where nuclear transparency ia observed. This 

tranaparency ia presumably due to short interacting time of 

the projectile vith the target nucleons. 

'.l.igner and 11aenbud( 99 ) turtber developed the 

compound nucleus tbeory vith the aasumption that the wave 

function in the region where the projectile and target 

nucleus are close together is a linear combination of energy• 

independant vave functions, the combination itaelf having 

energy-dependent coefficients. A many-level formula for the 

reaction croas sections in terme ot the derivative R-matrix 

and ita relation to the collision matrix vas auggested. 

Bohr 1 s original aasumption that the mode of decay 

of a compound nucleus 18 independant ot ita mode of formation 
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(lOO) 
waa experiaentally Terified b7 Ghoshal • It was 

established that 

- ~Bi60(~,pn)Ou62 

~ou6'(p,pn)ou62 
- 6"lrt60 (CII( ,2a)za62 

eïbu6'(p,2n)zn62 

~he compound nucleus, in ceneral, explains the 

• 

mechaDiam ot Duclear reaction at low aD.d medium eaergiea, but 

aot at higher energies. 

oTerlapping eaergy leTela, the theor7 was modified b7 

Weisakopf and lwing(lOl,l02 ) by making turther aaaumptiona 

which are the basie of the statistical theory of nuolear 

reactions. 

4.2.2 !he Statiatical model 

!he basic aaeumptions of the atatietical 

.a 1(101,102) moue are 

(a) that each element of the scattering matrix bas 

undetermined phases and the aigne of theae phases 

are random. 

(b) that the partial vidths are constant. 

Basides the1e aseumptiona, the original asaumptioD. of Bohr 

remainet the atatiaticall7 independant formation and deca7 

of the compound nucleus vith a high degree of interaction 

between target and projectile. 

It ia nov possible to write the croas section for a 

nuclear reaction as 

G""(a,b) • co: (a )Œ ( b ) c c •••••••••••••••• (12) 
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where erc(a) is the cross section for formation of the 

compound nucleus through channel a, and Gc(b) is the 

probability that the compound nucleus will decay through 

channel b. The expression (la)ie almost independant of the 

statistical assumptions(lO') as quoted by !den(97). 

Thus we atart with equation (12) and then assume a 

particular mechanism to permit calculation of the formation 

and decay probabilities. These probabilitiea, in accordanoe 

vith statistical assumptions, are related by the principle of 

detailed balancing. In most of the cases the Fermi Gas 

model vas used. Weisskopf and Feshbach(l04) computed the 

probabilities of the projectile penetration into the nuclear 

surface and obtained the capture cross section. The deoay 

probability is given by the expression 

vhere mb and E,0 are the maas and kinetic energy of the decay 

partiale, b~ 10 and E are the energies of the compound and 

residual nuclei respectively, ïr
0 

is the partial width tor 

channel b, defined as 

• • . . . • . • • • . • • • • • • • .• ( 14) 

Pc and P1 are the level densitiee of the compound and 

residual nuclei respectively. If the Permi Gas model is 

assumed, the form of the level denaities will show a 
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Maxwellian distribution. !hus, when all levels are occupied, 

the probability ot the emission ot a partiels is the same 

from all the levels. 

Measurements ot the energy spectra ot emitted 

t (105.,106,107 ,108) •nd t (109) h 4 th t be neu rons - pro ons s ove em o 

approximately Maxwellian as required bJ ~he atatistical 

theorr. 

Shapiro(llO) bas applied the statistical theory(l04) 

to calculate the cross sections tor the formation of a 

compound nucleus by protons, deuterons, and alpha particles. 

!he resulta were in close agreement with those obtained 

experimentally, although it was tound that in many cases the 

cross sections ot the different isotopes ot the same element 

differed from each other, and hence from the calculated cross 

sections, by a factor of two. 

Sinoe the reactions of (p,pxn) type are inhibited 

by the coulomb barrier, both in the entrance and exit 

channels, statistical t~•ory predicts that auch reactions in 

heavy target elements will have negligibly small oross 

sections coapared with the (p,xn) type reactions. Bell and 
(111) 

Skaragard found that near the peak of a particular 

(p,xn) curve the (p,p(x -l)n) cross sections vere indeed 

small. 

Several authors(ll 2 , 11 '•114 ) reported qualitative 

agreement between experiaentally deterained cross sections vith 

those predicted by the statiatical theory. 
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4.2., Optical model 

The compound nucleus theory of Bohr assumes that 

every nucleon that penetrates into the nucleus is at once 

captured to form a compound nucleus. On .the ether band, the 

single particle model (ahell model of Mayer and Jenaen(ll;)) 

requires that the incident nucleons bave long mean free patbs. 

In spite of the fact that these two modele are in direct 

conflict, there are remarkable experimental observations in 

favour of each of them. fo overcome this difficulty, i.e. 

strong absorption and higb energy nuclear scattering, 

Pernbach et al.(llo) int~oduced· the concept of a complex 

potential or 1 cloudy crystal ball model'. This m.odel 

assumes 1that the compound nucleus formation takes place 

neither at once nor witb complete certainty but rather 

eventually and even then with a certain probability 1 (ll7). 

Mathematioally, it can be represented as 

• • • • • . . . • • • • • • • • • ( 1;) 

vhere Vis the depth of the potential vell, T0 is the traaa­

a~atlen coefficient responsible for acattering ot the 

particles, and the imaginary part (iW0 ) reaponsible for 

absorption. A large value of W0 corresponds to a short mean 

free path and bence strong absorption. 

vith the kinetic energy of the projectile. 'l'o explain the 

neutron resonance reactions at low energies, the transmissioa 

coefficient, Y , aerees the nuclear surface is very small. 
0 
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!herafore, onoe a nucleon is inside a nucleus, it may be 

reflected seYeral timea by the inside of the nuclear surface 

uatil it is eYentually captured to torm the compound nucleus • 

.A.t higher incident energies, the transmission coefficient V0 

increases rapidly so tha.t, aYen though the mean tree path is 

shorter, nucleons are more likely to escape. 

In this modal an incident partiale atriking the 

nucleus ia analogous to a 11ight beam 1 incident on a 1 cloudy 

crystal ball 1 • If the 1crystal ball' is clear, most of the 

incident light beam will be reflected and refracted, i.e. it 

'.rhus corresponde to acattering of high energy partiel••· 

cloudiness of the crystal hall, corresponding to the 

imaginary part of the expression (15), is responaible tor 

the absorption of the incident partiole1. 

Vith the advent of high energy partiale accelerators, 

the experimental resulta at higher energies show deviations 

both from the compound nucleus theory and from the 

statistical theory. For example, the compound nucleus theory 

prediots that at energies ot about lOO Mev the yields of 

nuclides vith atomic number near that of the target nucleus 

vould be low, while the yielcls of the nuclides far :removed 

from the target would be high. !he observations of 

Cunningham et al. (llS) show exactly the opposite. 

The excitation functions of reactions above 100 MeY 

exhibit broad maxima instead of aharp peaks vith a tenclency to 

haYe long low tails(ll9,l 20), as :required by the continuum 
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theory and the statietical theory. 

In order to explain high energy nuclear reactions, 

Serhe:r< 121 ) p:roposed a cascade eYaporati-on •odel for nuclear 

reactions in general. 

4.2.4 Serber mo4el 

According to 8erber< 121 ), a nuclear reaction 

proceeda in two etagea, Yiz. (a) A projectile incident on a 

nuclear surface will penetrate into the nucleus to a certain 

depth and then collide vith either a proton or a neutron. 

As a :reault of this collision, the two partners may escape 

from the nucleus or they may undergo further collisions 

leading to a prompt shower or cascade. !his stage bas a Yery 

short interaction time. It is apparent that the deYelopaent 

of the nucleon cascade.will be goYerned by the mean tree path 

of the nucleons moying within the nuclear matter. 

(b) Pollowing the cascade stage, the reaidual nucleus has a 

certain amount of excitation energy lett. !he de-excitation 

of the residual nucleus may take place by partiale emission 

(called eTaporation procesa) only if the excitation energy 

exceeds the energy of the loaat tightly bound nucleon. This 

stage will be more or less similar to the aechanism of direct 

formation ot the compound nucleus. In general, the 

evaporation stage is responsible for the low energ7 

reactions< 122 ). 

The theory was further deYeloped b7 Goldberger< 12'). 
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4.2.5 Validity of Serl»er model and. 
Monte Carlo oalculations 

Soon atter the Serber< 121 ) theory, aany 

workers(l2,,124,125,126,127,128,129) oomputed the theoretical 

croas sections in many hypothetical nuclear reactions, using 

Monte Carlo techniques. 

Monte Carlo techniques mak::e use of electronic 

computera. !he history of eaeh 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 veighted 

according to the kinematics of the elementary process. 

nucleon wbich becomes involved in the cascade is folloved 

la ch 

until it reachea the ground state or is lost from the nuclear 

surface. 

In order to obtain suffioient statistioal accuracy, 

the calc~làtion is repeated tor many cascades, each initiated 

by a new incident nucleon. 

In one auch calculation, Bernadini et a1.< 124 ) and 

Metropolis et al.< 129) obtained the re~ults for the expected 

energy spectra and angular distribution of protons in the 

bombardment of AgBr by '60 Mev protons. !he resulta tbus 

obtained were compared with those obtained by nuclear emulsion 
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techniques. It wae tound that the reeulta were ia agreement 

to aoae 4egree. !he statistical àccurac1 of the experi• 

mental resulta ia otten not ver1 high, but neither is that 
. (122) 

et the correaponding Monte Carlo calculationa • 

Rudstaa<127) atudied the spallation ot As by 170 

Mev protons, obtaining the resulta radiechemically. He 

compared theee resulte vith thoee he obtained by Monte Carlo 

oalculatiene, based on the cascade-evaporation model, and 

tound the agreement to be satid'actory. 

Metropolis et al. (l 29 ) tound that the resulta ot 

Monte Carlo calculations, based on the cascade-evaporation 

model, gave a maaa-yield distribution in close agreement with 

those of Seaborg et al.(l,O) tor the apallation of Ou vith 

'40 Mev protons. 

Recently, Harvey( 122 ) published an excellent review 

on the cascade-evaporation model tor spallation reactions. 

fhe cascade process ae~ges into the evaporation 

procesa(96 ) as .the energies of the inTol ved nucleus becoae 

comparable with the nucleon energies in the compound nucleus. 

4., SPALLAfiON REACTIONS AND !HE 
IOOPI OP !Hl PRISER! WORX -

A briet definition of the spallation reaction ia 

given in Section 4.1. On the basie of this definition a 
(127) 

apallation reaction induced b1 protons oan be expressed 

••• 
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+ heavy fragments •••••••• (16) 

where e' is the target Ducleus and ' -t1 1 ie the reeid.ual 

nucleue. ~1' .y2, -)>'' etc. are numbers. 

!hus the reactions of the type (p,xn) aad (p,pxn) 

aad otber auch simple reactions are usually classified ae 

epallation reactions. Ae the boabard.aent energy increasea, 

other reactions euch ae fragmentation and fission atart 

competing, depending upon the maas number of the target 

nucleus. 

Jome of the spallation reactions at low energies 

(lese than '0 Mev) can be explained in terme of the compound 

nucleue theory, and a few of them in terms of the statiatical 

and cascade-evaporation theories. !heae theories bave been 

diacuesed briefly in Section 4.2. 

In the preeent work, the author propoees to etudy 

the (p,xn) and (p,pxn) reactions radiochemically, induced by 

protons of energies 1 to 100 Mev in a medium weight nucleus. 

!he target nucleus selected was I 127 which is monoieotopio. 

!his simplifies the conclueions wbich can be reacbed. 

(p,xn) reactions of iodine bave been etudied by 

Dropesky and Wiig(l,l), Hyde and Mathur< 1' 2 ), and several 

other workers(l33,l34). !he atudy was only confined to the 

identification of the products and their decay schemes. 
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(p,pxn) reactions of iodine vere studied by various 

vorkers(l,5,l'6 ' 1 '7). Ladenbauer(l,5), Kuznetsova et 

al.(l,7), and Dropesky(l,6 ) reported the cross sections tor 

these reactions at energies higher than 100 MeY. 

!he identification and disintegration schemes of 

the products of (p,pxn) reactions have been vorked out by 

seYeral researchers(l,a,l,9 ,l40,l4l). 

Ladenbauer had also studied ether reactions of 

iodine auch as (p,2pxn), (p,p 7("+), (p,2p '7t+), and (p,2p ir-) 

radiochemically, with protons of energies 0.25 to 6.2 Bev. 

She also studied the reaction of icdine with 0.25 to 0.72 Bev 

alpha partioles. 

Winsberg<142) investigated the interaction of 

120 Mev negative pions and negative muons with iodine. !he 

radioohemical yields of various reactions have been reported. 

Recent1y Silvester and Jack(14') studied the 

x127(d,p)I128 reaction radiochemically at moderate energies. 

Very little information is available about (p,xn) 

and (p,pxn) reactions of iodine below the 100 Mev range. 

Unfortunately, in the present work the author could 

not study I 127(p,xn) reactions beyond x • 1 for the following 

reasonsa 

(a) I 127(p,2n) and x127(p,4n) reactions yield stable Xe126 

"124 
and Xe respectively. 

(b) The products of I 127(p,,n) and I 127 (p,6n) reactions are 
125 122 Xe and Xe respectively. The half-lives are 
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very aia11ar (18 hrs and 19 hra respectively) and 

the decay curves are difficult to resolve since the 

gamma-ray energies are similar. 

(c) !he gamma-ray ener~iee of Xe
12

' are again comparable 

with Xe125 and xe122 • 

!heae tacts are illustrated in Fig. 2,, vhich ia part of the 

ohart of the nuclides. 

Attention vas theretore focuaaed on the etudies of 
121 I (p,pxn) reactions. The range covered vas x • 1 to 

x • 4. Reactions ot this type, which involve inelaatic 

acattering of incident protons, are inhibited br the coulomb 

barrier in both the entrance and exit ohannela, aa pointed 

out in Section 4.2.2, and bence are rather important. 
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Pigure 2' 

P.I.R! or THE OB.t.Rf or 'tHE WOLIDES 

IN !Hl REGION UNDIR INTI8!IGA!IOB 
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5· BXPIRIMIB!AL 

Ouproua iodide waa selected trom among the 

compounds ot iodine tor bombardments, tor the tollowing 

reas ons a 

(a) !he monitor reactions employed in this work vere 

eu6'(p,n)zn6' and au65(p,pn)ou64 • !hua there ia 

a atoichioaetric distribution ot the monitor 

inaide the target. 

(b) Ouproua iodide ia quite etable at high temperatures, 

the decomposition temperature being ) 1200°o(60). 

(c) It ia commercially available with a high degree of 

purity. 

fhe 1 apec pure• grade of cuproue iodide waa obtained 

from Johnaont Matthey and Co., Montreal. Spectrographie 

axamination ot Oui shows the tollowing impuritiea< 144 ), 

Element 

Ka 

Ca, Mg) 
Si, Ag) 

latimate ot quantity present 
(parte par million) 

2 

eaeh element lesa than 1 

Rowever, it ia unlikely that the iapuritiea quoted 

abova would interfere to an appreciable axtent in this work. 

A weighed amount of this compound waa introduced into thin 



- 80 -

• aluainum tubing of 2f purity, ha•ing an outside diameter of 

o.0625 1 t 0.005' with a wall thickneaa of 0.0015 1 t 0.0005 1 • 

One end of the aluminum tubing vas previoualy sealed into an 

L shape by a mechanical press. fhe amount of Cul used waa 

10 to 15 mg. In order to inhibit the xenon loaaea, the 

aluminua tubing containing the target vas pressed under the 

bydraulic press at both ends as shown in Pig. 6. !he 

possibility of xenon escaping through the valls of the 

aluminum tubing at higher energies by diffusion bas been ruled 

out by Adda et al.(l.5) and Ne11( 146 ). fhe possibility of 

escape of xenon through the mechanically-sealed ends of the 

aluainum vas checked by studying the resulte of an auxiliary 

radiation of cuproua iodide in a sealed quarts capsule (aee 

later). !he target vas then mounted on the target bolder 

as illuatrated in Pig. 6. 

5.2 BOKBlRDMEN!B 

5.2.1 Irradiation procedures 

!he entire target assembly vas mounted on the water-

cooled probe of the McGill Synchrocyclotron. !he calibration 

curve for radial distances vs. proton beam energy, duly 

corrected for radial oscillation by Xirkaldy(57) as shovn in 

Pig. 7, was used. In order to maximise the yields of 

product nuclides at desired energies, the 'Vertical 

Oscillation Maximum Yield Ourve 1 vas used (Pig. 24). !he 

• Precision !ube Oo., Philadelphia, Pa. 
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Pigure 24 

VERTICAL POSITION OP !BE PRO!OB BEAM 

OP !BI McGILL SYBOHIOOICLO!RON 

AS A PONCTION OP IRERGI 
--------------·-------
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irra4iation time varied from 10 to '0 minutes, depending upon 

the half-lives of the pro4uct nuclides. 

lnergy degradation of the proton beaa by the target 

container vas calculated at various energies on the basie of 

range-energy values of Sternheimer(l47). The maximum 

degradation in these experimenta vas round to be 0.6 Mev. 

!his correction vas not considered significant, since the 

energy spread of the McGill Synchrocyclotron proton beam 

itself is t 2 Mev. 

5.2.2 Beam monitoring 

In orcier to get the absolute values of the croas 

sections for the varioue reactions under observation, it vas 

necessary to know the flux of protons hitting the target. 

!hie was achieved by ueing a beam monitor. As mentioned 

earlier, the copper in the target compound was used as a beam 

monitor. The monitor reaction cu6'(p,n)zn6' vas used below 

12 Mev, and cross-section values obtained by Ghosha1(
148

) 

vere employed for this reaction. The monitor reaction 

65 64 Ou (p,pn)Ou vas employed in the energy region above 12 Mev. 

The cross-section values, as obtained by Meghir( 149 >, were 

uaed for this reaction. !he excitation functions of the 

monitor reactions, as obtained by Ghoahal( 148 ) and Meghir(l49), 

are shown in Pige. 25 and 26 respectively, and the values used 

are given in !able VII (P.llO). 



Figure 25 

GH08HAL 1S EXOI!ATIOB PUBC!IOB FOR THE 

Ov.6'(p,n)za6' REAC!IO!l 
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Pipre 26 

KIGHIR 11 IXCI!A!ION PUHCTION POR THB 

6' 64 0• (p,pn)Ou RBAO!ION 

(Reference 149) 
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;., OHEMIOAL SBPARATION PROOE])URES 

;.,.1 Xenon 

127 Xenon, :f'oraed by I (p,xn) reactions, waa 

aeparated :tiret. Because of the inert D.ature of xenon, it 

was separated by :f'reezinc it at liquid nitrogen temperature 

ia Tacuum. The aethod uaed in the present work oan beat 

be explained with the help of Pig. 27. 

The entire target was detached from the target 

bolder and introduced into a 2; al flaak along vith a tew 

pelleta of NaOH {about ; gma) and a magnetio atirring bar. 

The flask was then eTacuated by a DuoSeal yacuum pump coupled 

vith an oil diffusion puap until the pressure inside the 

tlaak was reduoed to lesa than 1 micron. A corusolidated 

Tacuum thermocouple gauge, type G!0-004, waa used to measure 

the pressure. 

!he flask and the traps were isolated from eaoh 

other by closing all the stopcooks. Approxiaately 2 ml (at 

rooa temperature and pressure) ot inactiTe xenon was tben 

iatro4uced into the ~laak ~7 means o~ stopoook s1 and s2 • 

Water (; ,_ 7 ml) from the reservoir, a2 , was th en introduced 

into the flaak, and the magnetic atirrer awitched on. !he 

NaOH dissolved the aluainum and reacted with the Oui(l;O), 

Radioxenon vas therehy mixed with 

inact1Ye xenon as a reault of the atirring which was done tor 

tive minutes in each trial. !he reaction is exothermic, and 

the hydrogen eTolTed (due to the reaction ot BaOH on aluminum) 
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Pigure 27 

SYS!IM POR !HE SIPARA!IOB OP XIBOB 
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started building up its pressure in the ~lask, 80 that the 

flask vas occasionally cooled to 0°0. 

!he mixture of Xe and H2 , and inevitably of 80me 

vater vapour, vas transferred to trap ! 1 by opening the 

stopcock a,. ! 1 contained stainless steel balla and vas 

kept in a. bath of dry ice and acetone ( "-/ -85°0). The 

stainlees steel balla vere used to achieve better heat 

tran8~er. !hua most of the water vapour and free iodine 

(if unreacted) vas held in the trap, Tl~ !he mixture of 

&Bd B2 at this stage vas transferred to the trap, '2' by 

opening stopoock s.,.. !rap ! 2 held the remaining vat er 
0 

vapour, a ince this vas also kept at about -85 C. 

The mixture (Xe + H2 ) vas ~inally transferred to 

the radiator trap, T,, by opening stopcock a
5

• This trap 

vas specially designed from very thin-walled pyrex glass 

Xe 

tubing in the form of a tive-turn epiral. !he trap, 'f,, vas 

kept in a fresh liquid nitrogen bath (-195.8°0). It vas 

presumed that at this temperature (-195.8°0) all the xenon 

vould freeze effectively (treezing point of xenon -ll2°o(60)). 

After the hydrogen vas pumped out from trap !,, containing 

frozen xenon, a pressure of lees than a micron vas observed. 

In each trt•l about five minutes vere allowed tor the 

completion of the ~reezing process of xenon in the trap, !,. 
It vas seen that most of the xenon vas frosen in the first 

two spirale because it vas possible to observe white anov-like 

condensation of xenon on the walls of the radiator trap, 'f,. 
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!he c~cle ot successive transfera ot the (Xe + H2 ) 

mixture from the flask to the radiator trap vas continue4 

umtil the pressure inside the aystem reached lesa than a 

micron. This took about 20 minutes. 

Xenon was finally distilled into a p~rex glass 

ampoule specially designed for this vork, as shovn in Fig. 28. 

The dimensions vere selected in accordanoe vith the standard 

activity aeasureaent procedures in this Laboratory. !he 

ampoules vere sealed and the aotivity aeasured by a ,. x ,. 

* . Nai(Tl) scintillator ooupled to a ODO lOO channel pulse 

height ~nal~ser. 

;.,.2 Oopper 

After the xenon was separated, the contenta of the 

flask were transferred into a ;o-ml centrifuge tube along vith 

10 mg of zn++ carrier. In order to separate Ou2o, the entire 

bulk vas centrifuged. lince products auch as Zn, Ni, Co are 

alao formad as apallation products of Ou, it vas necessary to 

purit~ Ou2o turther. The ion exchange method of Nelson and 

Kraus(l5l) was adopted to aeparate Ou from ita spallation 

producta. The 0u20 was dissolved in a minimum amount of 

concentrated BOl and the solution adsorbed on the top of a 

column of Dowex-1 (lOO - 200 mesh) anion exchange rasin. Ni 

was tiret eluted with 12 M BOl (tvo times the column volume) 
-

and then Oo with 4.; M BOl (three times column volume). 

---------------------------------
* Oomputing Deviees ot Canada Limited, Ottawa, Ontario. 
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Figure 28 

SPIOIALLY DESIGNED GLASS AMPOULI 

FOR KEASURING XENON AOTITITY 
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Jinally, Ou vas eluted vith 1.5 M BOl and the solution made 

up to a knovn Tolume vith diatilled water. 

5·'·' Iodine 

Atter Xe and Ou vere separated, the remainder 

contained Zn, Al, I and Ba. Due to the exceas ot NaOR, 

Zn and Al vould probably torm sodium zincate and sodium 

aluminate. !he final solution vas made acidic (pB 4 - 5) 

to tree zinc and aluminum. Al vas precipitated as Al(OH)' 

!he suspension vas 

centrituged and the preeipitate discarded. 

The remaining solution contained iodine and zino. 

Iodine vas separated by solvent extraction(59). Details ot 

the method are given in Appendix I. 

Atter I, Ou and Xe vere separated, it vas presumed 

that only Zn was lett, since it is unlikely that below 12 Mev 

any reaction other than ou6'(p,n)zn6' vould occur appreciabl7. 

A summary ot the chemical separations is given on 

the following page. 

5·4 OHIMIOAL UILD DITERMI!l.ATI01f8 

5.4.1 Xenon 

The extraction yield ot xenon vas believed to be 

very close to 10~ tor the tolloving reasonsl 

(a) In an auxiliary experiment Oui waa bombarded in a 

sealed quartz tube. Atter making correction~ tor 
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SUMIIARY OF OHBMIOAL SEPARATIONS 
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the attenuation ct the proton beam, it was found 

that the cross sections for t 127(p,n)Xe127 reaction 

obtained this vay vere in close agreement vith thoee 

obtained by the method of Oui in the aluminum tubing. 

!he result• are shown in the next chapter. 

(b) Most of the xenon tormed in this way will remain 

inside the Oui crystal lattices. Xenon formed on 

the surface of Oui will not diffuse(llf.5,l46 ) through 

the aluminum tubing. 

(c) !he vapour pressure vs. temperature curve tor xenon( 152 ), 

as ehown in Fig. 29, reveals that xenon will have a 

vapour pressure of belT a.·.,ceW.èi".Onll at liquid 

nitrogen temperature. !herêfore the probability ot 

loeing xenon while pumping out hydrogen ie very 

emall. 

5.4.2 Oopper 

!he chemical Jields of copper vere determined 

colorimetrically with diethylthiocarbamate(l5,,l5lf.) using a 

Beckman model DU epectrophotometer. 

used. !he standard curve used is shown in Fig. ,o. 
Ohemical yields obtained were 40 to 70~, vith am 

error of t 2~. 

5.4.' Iodiu 

!he chemical yielde of iodine were also determined 

colorimetrically using the same instrument as deectibed in 

Section 5.4.2. 
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S!AKDARD ABIORBABCI OURVI POl OOPPER 
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!he methed ot Collins and Watkina(l55) was used •. 

It c•nsisted in oxidizing the iodide ions to elementar7 

iodiae in aqueous medium and extracting it into the 0014 

la)'er. !be standard curTe used is given in Pig. ,1. 
Ohemical yields obtained were '' - ''~ with an 

+ error ot - 2~. 

5.4.4 lino -
!he chemical )'ielda ot zinc were obtained by direct 

titration vith ID!A, using Eriochrome black ! indicator as 

described b7 Welcher(l56 ). 

Ohemical 7ields obtained were ,o - 4~ with an 

error ot '! ,~. 

5·5 MIASURIKII! fiOHBIQUIS 

5·5·1 Radiation detection and 
aeasurement systems -

A briet introduction to various radiation detection 

and meaaureaent systems is presented in Section 1.4. 

!he product nuclides, toraed by various (p,xn) and 

(p,pxn) reactions, deca7 primarily by orbital electron 

capture, and thus cross sections vere determined b7 the 

absolute meaeurement ot K X-rays and gamma rays. Bowever, 

1120 is also a negatron emi tter, theretore 4 1f' P,- aeasure­

menta(66•67,68,69,70) vere alao made in this case to get 

126 better atatiatics tor the halt-lite ot I • 

Gamma-ray and X-ray measurements were done by 

scintillation spectrometr7. The phoaphor employed in this 
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Figure '1 

S!AIDARD ABSORBAHOE CURYI POR IODIHI 
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work wae a coamercially built (Barshaw Ohemical Oo., 

Cleveland, Ohio) type A, '' x '' bermetically sealed Nai(Tl) 

crystal. Details of the asaembly are shown in Pig. ,2. 
!he crystal was optically couplea< 77 ) toa Dumont, 

type 6'64, photomultiplier tube which vas ahielded by 

mu-metal from etray magnetic fields. In order tè reduce 

the affect of background radiations, the entire aasembl7 waa 

ahielded by a 1!1 thick lead cylindrical wall. Fluorescent 

X-rays from the lead were attenuated by lining the lead 
1 

ahielding vith t~ of iron and 1 /8~ of lucite inside the iron. 

A stable high voltage was supplied to the photomultiplier 

tube b7 means of a commercially built (Baird•Atomic model 

'18) atabilized high voltage power eupply. 

The output ot the photomultiplier tube was fed to a 

preamplitier (Bamner llectronica model N-,;1) and then to a 

non-overloading linear amp~itier having variable gain (Baird-

Atomic model 21;). fbe output pulses from the linear 

amplifier, in turn, vere fed into a commercially built lOO­

channel pulse height analyser (ODO model AIP 22,0). 

!he lOO channel pulse height analyser bad the 

following featureaa 

(a) A magnetic core atorage unit and oscilloscope for the 

visual representation of the data. 

(b) An auxiliary externat output tor the recording of 

stored data by means ot an analog signal from the 

pulse height analyser. 
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Pigure 32 
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(c) A digital print-out srstem coaprising a decimal 

ecaler, print control unit and printer. 

(d) A microammeter, which indicated the percentage losse• 

eue to dead-time ('5~ secs to 1'5 ~secs) depending 

upon the pulse height. 

(e) An arrangement to recover the atored information 

manuallr in case of failure of the recording and 

printing unit. 

In general, the speotrum va• not diatorte4 br 

dead-time losses, but its overall amplitude vas reduced. 

fhe sources could be measured at desired distances from the 

crrstal, as shown in Fig. ''' so that the 4ead-time losa 

could·be kept minimal to achieve a small dead-time correction: 

the dead-time losa was kept at lees than 10~ br adjusting the 

sourc~ height. A block diagram of the entire measuring 

sratem is shown in Fig. ,4. 
5.5.2 Analrsis of speotra 

When electromagnetio radiation (e.g. X-rays and 

gamma rays) of intensitr 1 1 0 ' is incident on a matter ot 

thickness 1 d•, it emerges with the intensity 1 I 1 as 

represented by the relation 

!_ • exp (- U d) •••••••••••••••• (17) Io ,-, 

the parameter ~is known as the total linear absorption 

coefficient, and this in turn is given br the tollowing 
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ligure ~ 
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expression 

• • • • • • • • • • • • • • • • • ( 18) 

where T, ~ and k represent the partial absorption 

coefficients due to the photo-electric effect, Oompton 

effect, and pair production respectiYely. The interaction 

of a gamma-ray or X-ray photon with a Nai crystal will be 

conaidered as a specifie example. 

When a gamma-ray photon vith energy h~ passee 

through a Nai crystal, the energy loss of the photon can be 

accounted for in the following waysa 

{a) Photoelectric effectt 

When a photon vith an energy hY interacts vith a 

bound electron in an atom, it may transfer all of its energy 

to the electron. This phenomenon is known as the photo-

eleotric ef"fect. fhe kinetic energy of the emitted electron 

will be (h~ - B) where B is the binding energy of the 

electron in the atom. The energy (hv - B) is abeorbed by 

phosphor (Nai in this case) and ita re-emission as Tisible or 

in near Yisible radiation is known as luminescence and, if 
-8 luminescence coeurs durin~ the excitation or within 10 aeca 

after it, the material is said to be fluorescent( 29). 

In the Nai(Tl) crystal, 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 



X-raya resulting from the de-excitation of the atom in which 

the photoelectric event occura are also atopped within the 

errata!, then the full energy of the incident photon 

contributes tc the total· light output of the crystal. Su ch 

a 'total energy 1 event will give rise to a narrow distribution 

of pulse heights corresponding to the.incident photons. This 

peak in the pulse height distribution is called the 

1photopeak 1 • 

(b) Oompton acatteringa 

When a gamma-ray photon interacts vith an electron, 

its energy may only be shared by the electron, and the 

direction as vell as the energy of the photon will be changed. 

The eseential difference between the photoelectric 

etfect and Oompton effect is that in the former case the 

photon is absorbed, while in the latter case only its energy 

is changed. The secondary photon may undergo a further 

Oompton acattering, photoeleotrio absorption or pair 

production, or may even escape from the crystal. If it 
-

escapes, the result will be a pulse having a height less than 

that corresponding to 'total energy absorption' in the crystal. 

There is an upper limit to the energy which can be 

transferred to an electron in the Oompton prooess for a given 

incident photon energy. This corresponds to a 'head-on' 

collision vith the free electron and the secondary photon 

ecattered backwards. If this secondary photon escapes from 

the crystal, the resulting pulse bas a height oorresponding tc 
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the 1 0ompton edge'. Photons soattered at other angles, and 

alao eaoaping from the crrstal, will give a continuous apread 

in pulse heighta below the Oompton edge. 

(o) Pair production 

When the energy of a gamma ray exoeeds 1.02 Mev, 

i.e. greater than two electron masses (2 x o.;l Mev), it mar 

be totally converted into a positron and an electron, and the 

energy in excess of 1.02 MeT would be shared by an electron 

and a positron. !he positron would have a greater share of 

the energy due to the repulsion from the nucleu~. !he 

positron in turn would get annihilated vith another electron 

in the Bai crystal, giving rise to two o.,ll Mev photons, 

whi6h may or may not escape from the crrstal. 

Ân ideal picture of a pulse height distribution for 

a mono-energetic gamma rar of energf 1.02 Mev is shovn in 

Fig. ,;(A), illustrating the different features of the pulse 

height speotrum vhicb would be observed vith a Bai crystal 

having 'ideal* resolution. !he actual pulse height distri­

bution is typified by Fig. '5(B), in which the affect of 

finite resolution of the crystal can be seen. 

!he photopeak is nearly Gaussian in shape and the 

resolution of the system is usually defined as the full width 

of the photopeak at half maximum. !he resolution of the 

instrument Lfiai(!l) crystal assemblz7 uaed in the present vork 

vas found to be 12.;~ at 662 keT. 
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Pigure '' (A and B) 
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'·'·' Conversion of peak areas 
into co1ut.t rates 

In order to convert the areas under the photopeaks 

to the gamma-ray or X-ray intensities, a knowledge of the 

pbotopeak effioiency ia neceasary. The photopeak efficiency 

ia defined as the probability of the gamma-ray or X-ray 

cauaing a pulse to fall in the full energy peak tor a 

particular geometrical arrangement of source and detector. 

In this Laboratory, G.R. Grant, G.V.S. Rayudu, and 

M. May(l57) experimentally determined the photopeak 

effioienciea, and these efficiency curves vere used in the 

present calculationa. 

The area under the peak vas obtained from the pulse 

height analyser by subtracting the average background counta 

from all the channels under the peak from the total number of 

counta in each channel and adding the resultant number of 

counts tor all the channels in the photopeak. This proce4ure 

ia justified because the plot of the background counta va. 

energy under the photopeak is close to a straight line. 

5·5•4 ~version of gamma-ray emission 
rate to abs2!ute disintegration rate 

The àbsolute disintegration rates from the observe& 

gamma-ray photon count rates vere calculated from the 

following expression& 

0 
D • x 

O. R)l x y x ( 1 + o(!) 

ett. x B. R. 
••••••••••• (19) 
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0 
vhere Dx • the abaolute disintegration rate of the nuclide 

under observation at t.he,-elid ot. bombardment. 

O. lly' • the observed count rate at the end of bombardment. 

y • the chemical yield correction, including the 

4ilution factor. 

cl. • the internai conversion coefficient. 

' B. R. • the branching ratio. 

eff. • the photopeak efficiency of the gamma ray 

under consideration. 

The values of the branching ratio (B.R.) and 

internai conversion coefficient ( o(f) vere taken from the 

Buclear Data Sheets(54 ) and !ables of Isotopes(l58). 

5·5·5 OonYer•ion of 1 x-ray emission rates 
to absolute disintegration rates 

!he absolute disintegration rates vere calculated 

from the observed 1 X-ray count rates (it was presumed tbat 

all the observed X-rays originated from the 1-shell) by using 

the folloving expression& 

where o.~ is the observed K X-ray count rate at the end of 

the bombardment. y and 'eff' are as defined in Section 5·5·4. 

~ is the K fluorescence yield, defined as the number of 
k 

K X-ray quanta emitted per vacancy in the 1-ahell. f is the 

ratio of X-electron capture to the total electron captura 

(20) 
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1. e. t • 

where ~k is ~he X-elec~ron conversion coefficien~ and~! 

~he ~o~al in~ernal conversion coeffioien~. 

Expression (20) oan alao be wri~~en as 

0 
D 

x 
• 

o.Rk x y x I.e. 
••••••••••• (20a) 

eff x tù x t 
k 

where I.O. ie ~he in~ernal conversion X-ray eorrec~ion. 

!his correc~ion arises from ~he tac~ ~ha~ an emi~~ed gamma 

ray, during elec~ron cap~ure decay, may ge~ in~ernally 

conver~ed, resul~ing in ~he emission of a charac~erie~ic 

I X-ray which will also contribu~e to K X-ray pbo~opeak. 

!he values of the cons~an~ parametera uaed in 

expression (20) vere taken from s~andard aources(54,l5S,l59). 

!he value of ~k for iodine vas taken from Broyles et 

al. (160). 

5.6 OROSS-SIO!ION DETERMINATIONS 

!he absolute values of croas sections of ~he 

product nuclides vere calculated from ~he following 

expression& 

Er. 
x 

lf.A • -· '· •t. 
• 

'·'· 

... ~ t 
(1 - e m ) 

-~ t 
(1 - e x ) 

• ••••• (21) 
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l!J.Am • natural abu.ndance o'f the monitor. 

l!l.J..c. - natura1 abundance o'f the target. 

A.W'( • atomic weight of the target. 

A.w •• atomic weight of the monitor 

" . m weight of the monitor. 

"t. • weight of the target 

Do • abao1ute disintegration rate of the procluct 
z 

nuc1ide at end of bombardment. 

Do • • abso1ute disintegration rate of the monitor 

nuclide at end of bombardment. 

) • the decay coJlstant of mo ni tor nuc1ide. 
Il 

~ • the decay constant of the product nuclide, x. z 

.:s-x • the absolute cross section of the product 

nuclide, x. 

o- • the absolute cross section ot the chosen 
m 

monitor reaction. 

t • the irradiation time. 

All the factors on the right-hand aide of 

expression (21) were known. 1 J)
o '1'\o 

The va ues tor x' •m' 

t, "•' aad Wr vere obtained experimentally, and the values 

tor N.A., K.A'C' ,. A.lfm' and A.W'C. were taken trom luclear Data 

Bheets<54). The values for ~m' as obtained by Ghoaha1( 148 ) 

and Meghir(l49), vere used, and these values are listed in 

!able VII. 
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!able ni 

OR018-SIOTION VALUIS USID POR 

MOliTOR REACTIONS 

., 
6 6 (148) 

Er Ou '(p,n)Zn ' 
65 64 Er' Cu ( p, pu) Cu 

(mb) 4 (ab) 
-

197.5 

487.5 

lOO 

,,6 
,.,.4 

294 

260 

2,2 

208 

186 

161 

140 

128 

(149) 
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5·7 S!AflSfiOAL AOOVRAOY OP fHB 
GBSERV!D CROSS SIO!IONS 

!he principal eources ot errors in deteraining the 

absolute cross sections tor I 127(p,xn) and I 127(p,pxn) 

reactions were the followingt 

(a) As the target and the monitor torm a stable chemical 

compound (Oui) their masses alvara will be in the 

ratio ot their atomic masses. Oonaequentlr there 

would be no substantial errer in veighing. 

(b) An errer resulting from incomplete exchange between 

the radioiodine and carrier atome (inactive iodine 

atome) will be negligibly small, •ince three 

oxidation and reduction orcles vere pertormed tor 

purification, as vell as complete exchange. 

(c) Ân errer ot 2 - '~ was estimated in the determination 

of chemical yields ot various products. 

(d) In the analysis of decar curves, an errer of 10~ vas 

estimatecl. !his value included the beat values tor 
1 

the half-li ves. 

(e) An errer ot 5% vas estimated in the case ot calculating 

the photopeak efficienciea. 

(f) In the case ot monitor cross sections, ~m' an errer 

ot 5~ vas estimated while reading the absolute values 

from excitation functions. 
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- À.t 
(1 - • ) 

-À t. 
(1 e x ) 

1f m 

• • • • • • • • • • • • • ( 22) 

• • oo~tstant., 

w't. 

then the relative error in 6'""" , in terme of the relative x 
0 0 

errors in f()•' Dx' D
11

, )
11

, Àx' is given by 

o o -À mt. - ~ t 
4~ .6 »x ADm A~mt.e t..e x 
-+---+ .A~ 

Dô Do -). t - ) t. x 
95'ït x m ( 1 - e m ) (l- e x )) 

.6. ~x -- • • • • • • • • • • ( 24) 

!hua, bp in•erting the eatimated errors in 

equation (24), it waa found tbat the present resulta are goo4 

+ to - 20;. 
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6. RISULTS AND DISCUSSION 

6.1 IDENTIFICATION OJ' .1'HE PRODUO! :mJOLIDB8 
AND DI!ERMIJ'Ai'.ION-oJOROSS iËOTIONS 
~p !tttOfiiAR RliOTIONS ·-

The product nuclides formed by the various (p,zn) 

and (p,pzn) reactions decay primarily by orbital electron 

capture. Cross sections were determined by absolute 

measurements of X X-rays and gamma rays that follow the deca7 

events. Each radioactive nuclide measured was identified by 

its cbaracteristic half-life, gamma energies, and relative 

abundance. Gamma rays. and X-rays observed and identified 

in the present work are illustrated in Table VIII. All the 

individual cases 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 

cross sectione and disintegration rates are illustrated in 

Ta 'ble VIII (A). 

6.1.1 Monitor react~ 

Lëu63(p,n)zn63, Ou65(p,pn)Ou6~7 

The product nucleus zn6' decays to Ou6' (stable) 

64 by electron capture and positron emission, while Ou decays 

to Jh64 by an additional mode of decay, i.e. negatron 

emission. 

The zn6 ' and ou64 vere identified from the total 



- 114 -

fable VIII 

GaiiJII.a rays and Duration of Ha1t-1ite 

1 X-rare measurement Present Literature 
Huolide obeerTed (in ha1f-lives) work values 

1•127 (170 + 204) kev ' to 4 ,6.8 ± 1.4 4. ,6.406 ... ( 161 ) 
'77 keT 

Il26 X X-raye + 1,.1 cl. (140) 1,., - o., 4. 
'86 kev, 480 kev, 

1,., 4.(162) 650 kev 

1125 x x-raye ' 59.0±2.14. 60.0 4. ( 141 > 

1124 x x-raya 4 to 6" 4.,. t o. o, à.. 4.2 à.. (16,) 

,.4 d. (140) 

yl2' x x-raye 4 to ' 
+ 1,. 7 - o.' h. l' h. (1,9) 

159 kev 
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!able VIII(!) 

Gall.ll.a.-ray x x-ray 
lluclide Ba1t-life laer gr enerar B. B. o<:, ·~ 

keY keY 

Xel27 • 0.21(5.\) •• ,6.8 d. ,77 0.014 

1126 * ,86 0.,.(54) o.o1s** 1,., cl. 

Il25 59.0 cl. • 28 1,.2 •• 0.88(160) 

1124 .. ,. * •• 0.88(160) el. 28 0.18 

I12' 1,. 7 • h. 159 0.99(54 ) o.,29 •• 

za
6

' ,a., •· • 0.9,(54) 511 

ou64 • 511 0.19(54) 12.8 h. -

*Jxperimen~a.lly obaerYeel values 

**oomputed from ~eterencea(J4~l58,159) 
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photopeak counting rates of the 511 kev gamaa ray reeulting 

from the annihilation ot the positrons. Typical deoay 

curves ot zn6' and ou64 are· shown in Pige. ~ and '6(A) 

reapeetively. !he values ot the halt-livea obtained là this 

WQrk were ,8.5 minutes and 12.8 hours tor zn6' and ou64 

reepectively. !beee values are in close agreement with 

those reported r~cently in the literature(157,154). In the 

case ot Ou64 activity measurements, these were made about 

12 bours after the bombardment to allow sufficient tiae tor 

61 the ,., br. Ou activity to decay. 

6.1.2 1127(p,n)Xel27 

The ha.lt-lite, as we11 as the croas section tor 

formation of the product nucleus x 127 . , was determined from 

the deca;y of the '11 kev gamma ray tha.t tollows the electron 

capture events. fhirteen eamples colleoted at 4ifterent 

energies vere tollowed tor halt-life determination. !he 

value thus obtained was ,6.8 t 1.4 daye. This value is in 

close agreement with the recentl;y reported value o~ 

,6.406 da;ys by Balestrini(l6l). Figùre '7 gives the decay 

ourve of Xe
127

• 

The cross sections of the product nucleus, Xe127, 

were oa.loulated as desoribed in Section 5.6. .ln example of 

auch calcula.tion is illustra.ted below. 
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Pigure 36· 

DEOAY OURVE OP THE 511 XIV 

PIAK HIIGHT OP zn6' 

(Bombarding energy 11 MeT) 
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rigure ,6(!) 

DICAY OURVI OF 'l'Hl 511 XIV 

PEAK HIIGHt Of Ou64 

(Bombarding energy 21 Mev) 
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DBCAI OURVB OF !HE ,77 lEV 

PIAI HIIGH! OP Xe127 

(Bombarding energr 45 MeY) 
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!o calculate the cross section ot the z127(p,n)xe127 

reaction for 7 MeY protons& 

Step 1 a Abaolute disintegration rate of 

zn6' (monitor) 

!he absolute disintegration rate of the monitor 

reaction at the end of bombardment is giYen by the expression 

0 1 
D • O.R x y x~~~~---

m ;... B. R /!1 + • • • • • • • • • • • • • • • • • • • ( 25) 

O.B • 6.895 x 10
6 

cpm (tound experimentally) 

B. R /6 + • 9 '% (54 ) 

dilution ~ 
Y • yiel4- • ~ (tound experimentally) 

!heae values vere subatituted in the abaTe 

expression (25) and the absolute disintegration rate wae 

fou~d to be 8.14' x 107 dpa. 

Btep 2 t Abaolute disintegration rate 

!f ·xel27 (product) 

!he absolute disintegration rate of Xe127 at the 

end of bombardment is given by the tollowing expression. 

(Por exp1anation, aee Section 5·5·4.) 
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0 1 + o(' 
D 127 • C.R x y x 

Xe B.R 
• • • • • • • • • • • • • • • • • • • • ( 26) 

C.R • 2.014 x 10' (found experiœenta11y) 

y • 1 (presumed) 

D<., - o. 014 (54) 

B. R • 21" 

fheae values vere aubstituted in the above expression (26) 

and the absolute disintegration rate of Xe127 at the end of 

bombardment vas found to be 9.075 x 10' dpm. 

1 -

1 -

Step ' 1 Calcu1ation of saturation factors 

-À t • e 

-) t x 
e 

(For exp1anation ot aymbols 
aee Section 5.6) 

t • 2.4 x 10' aeca. 
~ -4 -1 
A~· ,.0,99 x 10 aec 

- ~ t. 
!herefore 1 - e • • 0.,179. 

' t • 2.4 x 10 seoa. 

- À t. 
!heretore 1 - e x • 0.0005. 
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Step 4 1 Oross-section calculation 

The expression for the cross-section determination 

as explained in Section 5.6 is: 

0 - À t 
G""x Dx '· N.Am A.W'( (1 - e . ) 

(27) --- • -. • 
- ~ t 

• • • • s-m Do 't N • J.'( A. w. 
m (1 - e x ) 

In the case of Oui, the term Wm/W~ will always be 

proportional to A.w./J..W~ i.e. it will be independent of the 

weigbt of Oui taken. Tbus for Oui, •xpression (27) reduces to 

Now 

o. 
N.Am 

- ).t 
Er x Dx (1 - .. ) - -Do • - • 
Er a N. A'( e-ftxt) • (1 

~ • 197.5 (Table VII) 

N.A 6' • 69.09% (54 ) 
Ou 

N.J.Il27 • lOO% (54) 

• • • • • • • • • • • • • • • (28) 

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

of I 127(p,n)Xe127 reaction came out 

• 16.8 ab. 

~ 17 mb. 

The statistical accuracy of this value is! 20~ (Section 5.7). 

!herefore 6""I 127 (p,n)Xe127 for 7 Mev protons • 17 t ' ab. 

!be cross sections of (p,n) reactions reported in this 

work are the total cross section of Xe127m (75 sec) and Xe127 

!he absolute values of the cross sections are 

listed in Table IX and the excitation function of the 

Il27(p,n)Xe127 reaction is illustrated in Pig. ,a. The 

outlines of the calculation are sbown in Table X. 



Table IX 

ABSOLUTE CROSS SECTIONS FOR I127(p,~)Xe127ABD I 127(p,pxn} RBACTIOBS 
OMAiiŒD IN THIS WO.Rlt 

Energy 
of 

fi (J 0 Cl (J 
Bomb. -Proton 

1127(p,n}Xel27 1127(p,pn)Il26 1127(p,p2n)Il25 1127(p,p3n)I124 1127(p,p4n)I123 No. Be am. 
Mev. mb mb . · mb mb · mb 

1 7 + 16.8 - 3.4 
2 11 245 .! 49 

425 .! 8"5 
..... 

,.4 ~6 1\) 

"' t.'~ '~ ,'• + + 5 a1 23.9 - 4.8 41 - 8.2 
6 27 + 6.1 - 1.2 + 41.9 - 8.4 . + 8.2-1.6 
7 35 + 4.7 - 1 + 59.8 - 11.9 + 23.8 - 4.8 

.:S 42 + 8.7- 1.7 + 90.9 - 18.2 + 66.6 - 13.3 + 
'·' - l.J 

9 49 8.1 .! 1.66 + 95.8 - 19.2 + 72..2 - 14.4 + 27.3 - 5·5 + * 14.4 - 2.9 
10 56 + 9.6 - 1.9 + 83.5 - 16.6 + 96.8 ~ 19.4 182 ± 36.5* 
11 63 + 5-1 + 109 - 21.8 + 87.5 - 17.5 + 49.1 - 9.8 235 ±·46.9. 
13 '10 + 66.2 - 13.2 + 42.1 - 8.4 188 ± 37.&~ 
14 80 + 52 - 10.4 + 47.5 - 9.6 + 24.1 - 4.8 130 .! 26* 
2o** 45 

. + 
7.7 - 1.5 

* These are not abso1ute values. 

** !hie bombardment was done vith the 'arget in a quartz tube (Section 6.1.2) 
· · to check possible xenon 1osses. 
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IXOifA!IOH PUBO!ION GP !BE 

x127(p,a)Xe127 RBAO!ION 
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Table X 

IIDEPEifDENT CR()SS-SECTIOKS FOR THE FORMATION OF Xe127, 11; 6, r125, r124 AID r123 

I.Am Ratio ot 
Proton Monitor Do Do Do/Do - saturation Nuclide 

liu elide Energy C1 x m x m lf .A 1' factors C1 

Mev mb djm dpa m'b 

x.l27 

'* - 36.8 d. 7 197·5 9.705 x 103 8.143 x 107 1.192 x 10-4 0.6909 1035.8 16.8 
Ey = 377 kev 11 487.5 2.993 x 106 4.269 x 109 7.011 x 10-4 0.6909 1035-8 245 

,.033 x 106 7 1.938 x 10-1 .... 
B • .R.• 21- 16 lOO 1.565 x 10 0.3091 70.92 425 1\) 

3.026 x 106 x 107 3.069 x 10-2 \JI 

-•r • 0.014 21 356 9.86 0.3091 70.92 23.9 • 
27 344 2.911 x 105 3·392 x 168 8.582 x 10-4 0.3091 66.85 8.1 
35 294 1.415 x 105 1.828 x 108 7.741 x 10 -4 0.3091 66.85 4.7 
42 260 8.086 x 104 5-003 x 107 1.616 x 10-3 0.3091 66.85 6.7 
49 232 1.798 x 105 1.065 x 108 4.222 x 10-4 0.3091 66.85 -8.1 
56 208 1.213 x 105 5·45 x 107 5·563 x 10-4 0.3091 66.85 9.& 
63 186 2~593 x 104 2.077 x 107 1.248 x 10_, 0.3091 67.05 4.9 
45* 248 2.507 x 104 1.665 x 107 1.505 x 10 

_, 
0.3091 67.05 7~7 

* Boa'bardment was done with target'in a quartz tube. 

---



Tal»le X (Contd.) 

N.Am. Ratio .ot 
Proton Monitor n• Do Do/Do - saturation Buc li de 

:tlllolide Energy- a x . Il :r: Il 
.... ( factors a 

, .. 
Mev mb dpm. dpm. mb 

I126 

ti = 13.34 •• 21 356 1~483 x 106 9 .• 86 x 107 1.504 x 10-2 0.3091 25.328 41 

Ey = 386 kev 27 344 5~498 x 106 3.392 x 108 1.621 % 1ë-2 0.3091 24.309 41.9 

x 1Ô6 -a 2.708 x 10-2 . .... 
B.lt = 34" 35 294 4.95 1.828 :x 10 0.3091 24.309 59.8 1\) 

0\ 

~ = 0.017 42 260 "6 2.327 x 10 5.063 :x 107 ·-2 4.651 x 10 0.3091 24.309 90.9 

5.848 x 1Ô6 , . 8 
5·491 x 1Ô-2 .. 

49 232 1.065 x 10 0.3091 24.309 95.8 

56 208 2.911 x 1il~ 5·45 x 107 5·341 x 10-2 0.3091 24.309 83.5 

63 186 1.474 :x 10 6 2.077 x 107 7.097 x 10-2 0.3091 26.82 109.1 

80 140 9.798 x 104 1.828 x 106 
5·3' x 10-2 0.3091 22.4 52 

:,;~~~~;~· ~~··'~·-····~~..wsw r 'mœnr:m ~~':<'~>A.;l.,.a?W·= ·•"--·~ ..... ;.;..---· .. ••• 



Table X (Contd.) 

I.Am Batio ot 
:!rot on Monitor Do Do Do/Do I.A\ saturation liu elide 

If&clide Energ7 Cl;' x Jll x Jll factors a 
MeT Jllb dpm. dpm. Jll'b 

1125 -. ,, 

it;, = 59 d. 21{ 344 1~958 x 105 3.392 x 108 
5·7'1 x 10-4 0~3091 133.7 8.2 

E 35 294 5 8 19.546x l.0-4 0.3091 133·7 23.8 3~572 x 10 1.828 x 10 ...... JC X-ray= 28 keV'i 1\) 

260 3.099 x 105 5.003 x 1Ô7 --3 0.3091 66.6 
_, 

CIJt '' 
42 6.194 x 10 133.77 

- •-0.8 49 232 8.016 x 105 1.065 x 108 7-53 x 10.:..3 0.3091 133.7. 72.2 1 +Hit. 

r· • o·~ll 56 208 6.137 x 105 5·45 x 107 1.126 x 10_, 0.3091 133.7 96.8: 

wk = 0.88 63 '186 2.356 x 105 2.077 x 107 1.134 x 10_, 0.3091 134.1 87.5 

70 161 3.91 x 105 3.291 x 107 1.188 x 10_, 0.3091 ' 112 66:~2 

80 140 1.793 x 104 1.828 x 10 6 9.so8 x 10-3 0.3091 112 47.5 
. ·------



ïab1e X (Centd.) 

lf.A
11 

Ratio of 
P.foton Monitor Do Do Do/Do 1f.A-c saturation luc11de 

I'ac1ide Bnergy ((; x • % • factors cs -Mev mb à pm dpm mb 

1124 -
tt - 4·,;4, d. 42 260 4~822 x 105 5.00; x 107 9~6:37 x 10-3 0~3091 &.103 6.3 • .... 

Bx X-rar • 28 kev 49_ 23.2 4.999 x 106 . 8 4~696 x 10-2 1\) 

1.065 % 10 o.;091 8.103 27.3 0) 

f =~0.85 6; 186 2.25 x 196 2.077 x 107 1.083 x 10-1 0.3091 7.888 49.1 

w k = 0.88 70 161 3~413 x 106 3~291 x 107 1~037 x 10-1 0.3091 8.145 42.1 

~~0 
1 + "! so 140 1.247 x 105 1.828 x 106 6~825 x 10-2 o.;091 8.145 24.1 



Ta~le X (Contd.) 

ll.Am .Ratio of 
Erotori Menitor Do Do Do/D.o l' .At"' saturation Ifuclide 

&elide Bnerg;y G x m x JI. tact ara a 
' . 

Mev mb dllll d~ mb 

1123 -
tl•l3.68 h. 49 232 1,~991 x 107 1.065 x 108 1.87 x 10-1 0.3091 1.07, 14.4 .... 
Ey • l. 59 kev. 56 208 8 

5·45 x 107 2~65 0.3091 1.07 182 
1\) 

1.444 x 10 \0 

B.ll = 99" 63 186 7.931 x 107 2.077 x 107 3.819 0~3091 1 •. 07 235) 

a.:r c 0.329 70 161 1.1,, x 108 3•291 x 107 
3~534 0.3091 1.07 188 

so 140 5.131 x 10 6 1.828 x 106 2.807 0.3091 1.()7 130 
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The gamma-ray apectrum of Xe127 ia ahown in 

Fig. '9(A). At higher energies, not only Xe127 , but also 

xe125, xe12', xe122 , and Xe121 are foraed. The gamma 

energies of these nuclides are very cloeely apaced, as 
-

indicated in Table XI. 

GAMMA-BAY* ENERGIES IN MEV OF NEUTRON-DEFICIENT 
ISOTOPES OF XINON 

Xe127 0.058, 0.146, 0.17,, 0.204, o.,77 
(.12") (25") ( 21") 

Xe125 0.054, 0.074, 0.11,, 0.187' 0.242 

Xel2' 0.148 

Xel22 0.182, 0.2,5 

Xe121 0.096 

* Xnown branching ratios are ahown in bracketa. 

It became difficult to resolve the photopeaks. 

If one considere the average counter efficiency for these 

gamma rays, the error involved in absolute disintegration 

rates alone .&a; as high aè 28%. A typical gamma epectrum at 

42 Mev is shown in Fig. '9(B). 

The croaa-bombardment . of the target nucleus in a 

sealed quartz tube shows that, at most, only amall loaeee of 

xenon occur if the iodine ie bombarded in a mechanically 



(A) GAMMA-RAY SPIOTRUM OP x•127 
AT 22 MEY. 

(B) GAMMA-RAY SPEOTRUM OP THE XENOB SAMPLB 
AT 49 MIV. 
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sealed aluminum tube. !ke resulta are shown in Table IX. 

6 • 1., Il27(p,pn)I126 

The halt-lite, as vell as the cross section of the 
126 product nucleus, I , vas determined b7 tolloviag the deoar 

ot the total photopeak of the '86 kev gamma ray that tollows 

negatron emission. This gamma ray bas a branching ratio of 

,4~ (54). 

Seven samples, separated rajiochemioally at various 

energies, vere studied tor half•life determination. The 

+ value of the balf-life obtained in this work vas 1,., -o., 
days. A trpical decay curve of I 126 is ahown in Pig. 40. 

!hia value is in close agreement vith the value of 1,.1 daye 

obtained by Aagaard et at.< 140 >. 
The absolute cross-section values determined in this 

work are liated in Table IX, and the outlinea of the 

calculations are illuatrated in Table X. !be excitation 

function of this reaction is given in Fig. 41. 

The gamma-ray spectrum observed at 27 Mev is sbown 

in Fig. 42(A). 

6.1.4 I~ 27 (p,p2n)I125 

.!he product nucleus, I 125, deoays to Te125 (stable) 

entirel7 by electron capture(54 ). !hus the half-life, as 

well as the cross section, vas determined by following the 

deoay of the total K X-ray photopeak. In addition to I 125, 

1
126

, I
124

, and 1
12

' give K X-rare. fherefore the deoar of 

the iodine sample vas followed tor about 150 daye. Ni ne 



figure 40 

DIOAY OURVE OF fHI ,86 IIV 

PIAK BIIGBf or 1126 



-en 
1-
z 
::::> 

>-
0:: 
<X 
a:: 
1-
co 
0:: 
<X -
1-
:r 
(.!) 

w 
:r: 

w 
en 
-1 
::::> 
a.. 

90~----~~----~------~------~------~-------

l 
50 

10 

0 

5 

1~------L-----~~----~------~------~------~ 
0 10 . 20 

DECAY 

30 40 
TIME 

50 
(DAYS) 

60 



LO 
C\1 

0 
0 -

('q w ) NOIJ.~3S 

0 
LO 

' 

LO 
C\1 

sso~~ 

........ 

' ' ' 

0 
0 

0 
en 

0 
(X) 

-> 
0 CD 
,._ :JE -
~ >-

(.!) 
0::: 
l.LJ 
z 

0 L1J 
LO 

0 z 
v 0 .... 

0 
f() 

0 
C\J 

0 

0 
0::: 
a.. 



ligure ~2 

(A) GAMMA-RAY 8PEOTRUM or A SEPARA!BD 
IODINE SAMPLE AT 27 MET. 

(B) GAMMA-RAY SPEO!RUM or A SEPARATBD 
IODINE SAMPLi AT ~9 MET. 
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samples vere studied, and the halt'-lit'e obtained in this work 

was 59.0 t 2.1 days. A typical decay curve of the iodine 

aample obtained at 49 Mev is shown in Fig. 4,. 

Absolute disintegration rates at the end of 

bombardment were determined t'rom expression (20) (Section 

5·5·5) and croas sections were determined from expression (21) 

(Section 5.6). !he outlinee of the calculatione are 

illuetrated in Table X, and the absolute values of the cross 

section are given in Table IX. The excitation function ot 

this reaction is ehown in Fig. 44. 

The contribution due to the decay of Xe125 wae 

considered insignificant, since the time t'or aeparating xenon 

from the ether spallation producta was very small ( "-' 20 

minutes) t'rom the end of bombardment in comparieon with the 

half-life of Xe125 (18 hours). 

6.1.5 Il27(p,p,n)Il24 

124 124 
The product nucleus I decays to Te (stable) 

by electron capture and positron emission. The gamma rays 

whicb t'ollow the electron capture eventa are closely apaced 

in energies, and ao it was difficult to resolve the resulting 

photopeaks. Therefore, in this case, absolute disintegration 

rates vere determined by following the decay of the total 

K X-ray photopeak. Background activities due to the K X-ray 
126 125 of I {1,.8 d) and I (59.0 d) vere aubtracted. The 

resolution of auch a composite decay curve is shown in 



Pig•re 4' 

DEOAY CURT! OP !HE TO'lAL X X-BAY 

PEAI OP Il26, Il25, AND Il24 
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ligure 44 

EXCI~ATION· PUXC!ION or THE 
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Seven sample' were ~ollowed for half-life 

determination. The value obtained in this work was 

4.,4 t o.o, daye. The present value for the half-life of 

1" . I is in close agreement with the value of 4.2 days as 

o\tained by Mitchell e~ al.(l6'). 

Oross sections were determined from expression (21) 

(Section 5.6). The internal conversion correction due to 

gamma rays that follow electron capture events is generally 

small, except when low-energy Ml transitions are involved, 
(111) 124 which are highly converted • In the case of I , a11 

the gamma energies involved were above 600 kev, and the 

interna! conversion correction was found to be lees than 

one percent. The outlinee of the calculation are 

illuetrated 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 ~ig. 45. 

6.1.6 I 127(p,p4n)I12' 

The half-life, as well as the cross sections of the 

l2J product nucleus I , was 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 

t
12

' at 49 Kev is ahown in Pig. 42(B). 

The outlines of the cross-section 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 Pig. 46. 
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BXOI!A!IOB PUBO!ION OP 
--------------------
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Figure~! 

EXCITATION FUNOTIOB OP 

Il 27(p,p4a)I12' REAOTIOB 
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The decay of six samples was fo11owed tor the 

half-11fe determination. The value obtained in the present 

work + vas 13.7 - o. 3 hours. This value is in close agreement 

vith that of 13 hours obtained by Marquez and Perlman ( 139 ). 

A typical decay curve 1 s shown in Pig. 47. 

6.2 DISCUSSION 

I l27c >x 121 6.2.1 p,n e 

The excitation function of the reaction 

I 127(p,n)xe127 (see Pig. 38) shows a sharp peak at 15 Mev and 

a tailing off at 21 Mev to almost a constant value of~ 8 mb. 

The shape of the excitation function strong1y supporta the 

h i 
(98,100) 

compound nucleus mec an sm • 

Jackson( 128 ) proposed a achematic model to describe 

(p,xn) reactions based on·statistical assumptions. !his 

model predicts that in the heavy target elements, auch as 

bismuth and 1ead, the probability of evaporation of one neutron 

is a maximum in the energy range of 8 to 12 Mev. It was 

observed that the maximum probability of evaporation of one 

neutron lies at 1; ! 2.; Mev. 

Unfortunately, due to the practical limitations, 

further information tor the (p,xn) reaction x) 1 could not 

be obtained and hence no definite atatement can be made. 

6.2.2 (p,pxn) Reactions 

2.6-hr. 

Aagaard et a1.< 140 ) reported the formation of 
126m 

I while studying the fission ot uranium induced 



P1gure 47 
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(Bombard1ng lnergy 6' Mev) 
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by 170 Mev protons. An intensive search vas made to identify 

this metastable state of z126 • !he f3 -, y ' and x-ray 

measurements revea1ed negative resulta. fhus the author 

believes that at the proton bombarding energies used either it 

is not formed at all or the yield is so low that lt could not 

be detected. 

Examination of the excitation tunctions of (p,pxn) 

reactions (see Pige. 41, 44, 45, and 46) shows that vith 

increasing proton bombarding energies the cross-section values 

decrease as x increases, vith the exception of the 

Il27(p,p4n)I12' reaction. The reason is that the correction, 
12, . 12, due to the growth of I from the d ecay of Xe . (1. 85 hrs) 

during the interyal from the end of bombardment to the time 

of separation of the xenon traction c~ 20 mins.), could not 

be made due to the limitations of the present work (Section 4.,). 

Thus, this accounts for the higher yields of z12'. 

However, the nature of these excitation tunctions 

is in accordanee vith the cascade-evaporation model 

(Section 4.2.4) based on statistical theory. Binee (p,pxn) 

reactions, which involve inelastic acattering of the incident 

protons, are inhibited by the coulomb barrier in both the 

entrance and exit channe1s, then on the basis of the 

statistica1 theory auch reaction• in general are expected to 

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

The resulta of the present work further reveal that 



- 145 -

the (p,n) cross sections are higher than the (p,pn) cross 

sections b7 a factor of Al' 4, while statistica.l theor,- demanda 

that this factor shoul.d be much larger. Bell and 

l:a"t'~nagh(ll;) also :f'ound this discrepaney in Au197(p,pxn) 

reactions while comparing their resulta with those obtained 

bt Bell and Skarsgard(lll). fhese larger values are 

presumabl7 due to the inela.stic scattering of protons and 

thus can be interpreted in terme of nucleon-nucleon collision 

. (164) in the diffuse surface region of the target nucleue • 

Statistical ca.lcula.tions vere made by Metropolis et al.(l 29), 

Bernadini et al. ( 124 ) and Jackaon( 128 ) on the basie of a 

well-de:f'ined nuclea~ boundary. 

Yule and furkevich( 165) obtained theoretical values 

:f'or (p,pn) reaction cross sections at energies aboYe 80 Mev. 

fheae calcula.tions were based on the inter-nuclear cascade 

eYaporation mechanism. In one of auch ca1culations they 

found that at 83 Mev maas number 127 should ha"f'e a cross­

section value of 43 ± 5 mb, and this Talue decreases with the 

increase of incident proton energy. In the present work it 

was found 'that at 80 MeY the cross section of the z127 ( p ,pn) 

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

predictions. 

Bell and Iavanagh(ll;) tound that Au197(p,pa;Au19f 

reaction cross sections are higher than tbose of the 

Aul97(p,p2n)Aul95 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,pn) 

and (p,p2n) reactions are comparable except for the difterenc~ 

in threshold. !hus, if the pick-up reaction explanation is 

correct, these reactions appear to be lesa predominant in 

medium weight elements. 

6.2., Surface interactions 

In the present work, if one corrects for the 

threehold, it vas observed that, ~as the incident energy of 

the protons increase1, the ratios between the (p,pn) and 

(p,p,n) cross sections also increase. Similar conclusions 

can be drawn from the works of Ladenbauer(l,5), Kuznetsova 

et al.(l,7), and Pink and W1ig(l66). !he resulte and 

compa.risons are shown i.n !able XII. 

Energy 

Reaction 
cross 

eection 

Gr(p,pn) 

Er ( P 'p'n) 

<cr(p,pn) 

G"'(p,p,n) 

80 MeT 

!a'Dle.XII 

240 Mev 
(Ret .166) 

+ - 10.4 mb 59 mb 

+ 24.1 - 4.8 mb 15 mb 

4.2 

660 Mev 
(Ret.1'7) 

! 10 mb 

720 MeT 
(Ref.1'5) 

+ 56.4 - 6.8 mb 

+ 19.1 - 6.6 m'D 

5·1 
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This shows that,as the incident proton energy 

increases, nuclear transparency also increases. 

This cou44 be explained on the basie of surface 

interactions( 167 >. In a (p,pn) reaction, nucleon-nucleon 

collision occurs in the outer surface of the nucleus. Thus, 

in the initial cascade, the incident proton strikes a neutron 

and both nucleons participating in the collision will leave 

the nucleus promptly without depositing enough energy for the 

losa of further nucleons by evaporation. If the initial 

collieion occurs deep in the surface of the nucleus, then 

their escape becomes less probable, ani it is rather unlikely 

that they will escape without undergoing further collisions. 

Winsbeî"g and Ladenbauer< 167) further stressed that this is 

parti èu'îi'i-i y the .. case at the highest bombarding energies, 

where the meson .. production and reabaorption process provide 

8. part'icularly efficient energy transfer mechanisa. The 
)' ~ 

cross sectio~s fo.r simple (p,pn) and (p,2p) reactions should 

thereforebe dependent on whether the reaction occurs near the 

nuclear su.ri'ace and hence on the bombarding energies. 

6.2.4. lffects of Nuclear shell structure 

According to Mayer and Jensen(ll5), there are 

certain numbers of neutrons and protons which fora nuclei with 

particularly stable configurations. It is wall known that 

the leval structure yields shell closures at 1magic numbers 1 

ot N or & • 2, 8, 20, 28, 50, 82, and 126. If' one assumes 

that the magic number nuclei have abnormally low-level 
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densi~ies, one can find ~be influence of shell s~ruc~ure on 

~he reac~ion cross sections. It tben follows from the 

s~a~is~ical tbeory(lOl,l02 ) ~hat the probabili~y of an 

evaporation s~ep decaying ~o a magic number product is 

depressed. Since the excitation resul~s from ~he knock-on 

process, evaporation domina~es in ~he last steps of 

de-excita~ion, and ~hus ~be yields of the magic number 

products should be low. 

!he cross sections of ~be (p,pxn) reactions at 80 

Mev in ~bis study vere compared vith ~bose obtained by Pink 

and Wiig( 166 ) for the corresponding (p,pxn) reac~ion on Os1'', 

since cesium differa only slightly from iodine in atomic 

weigh~. Moreover, the e/N ra~ios are almoet identical 

(1.42 and 1.40 respec~ively), and similar cross sections 

might be expected for the same reaction. Such a comparison 

ie made in Table XIII (p. 149). 

Iodine bas ~ • ' '' three unite more ~han required 

by a magic number configuration, wbile cesium bas five unite 

more than magic number configuration. Thus this may be one 

reason why the yields of (p,pxn) reactions on cesium are 

higher than yielde of the corresponding iodine reactions. 

If one takes the ratios of ~he yields of the 

corresponding odd-odd and odd-even reac~ion products, there is 

a great divergence in the ratios (eee fable XII, Column IV) 

while it should be the same according to the statietical 

~heory. A similar diecrepancy was obeerved by Sharp et al.( 168 ) 
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Table XIII 

OOXPARISON OF THE (p,pxn) CROSS SECTIONS 01 

Os133 AND I 127 AT 80 MIV 

React.ion 

Il27(p,pn)ll26 

Os
1
''(p,pn)Os

1
'

2 

Il27(p,p2n)Il25 

Os1''(p,p2n)Os
1

'
1 

Il27 (p ,p,n)I124 

Os
1

''(p,p3n)Os
1

'
0 

od.d-even 
charact.er 

z - lt 

0 - 0 

0 - 0 

0 - E 

0 - E 

0 - 0 

0 .. 0 

cç 
mb 

52 

1120(166 ) 

47 

480(166) 

24 

46(166) 

0.046 

0.098 

0.522 

while comparing 1:.he result.s ot 1:.be ou.6 '(p,pxn) and 

Oo59(p,pxn) reactions. These diecrepancies migh1:. be due 

to the ehell closure ettecte. 

/ 
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6., APPLICATION OF !HE RUDSTAM EQUATION 

The cross section r tor a nucleus (A,-B) in general 

can be written 

s- • t(A,.-) • •"• •••••••••••••••••••• (29) 

According to Budstam(127) this tunction, t, is an exponential 

tunction, i.e. 

• expLiP - Q - B(l - SA)~]. ••••••• 

where P, Q, R, and S are some unknown parameters, to be 

determined from the experimentally observed values of E)•s 

tor given (A,~)'s, and where A and • are the maas number and 

charge number of the nuclide under consideration. 

Equation ('0) can be expressed in a more convenient 

torm 

~ G'" • U - Q - 1.( l' - SA) 
2 

• • • • • • • • • • • • ( 'l) 

One may'tend to think that only tour sets of observed values 

(ln~, A,Z) are needed to solve equation ('l) exactly tor the 

tour unknown parameters. But this is not true. The problem 

is slightly intricate and the intricacy arises due to 

(i) non-linearity ot 8 because 
2 2 2 2 

(!-SA) • SA • 2SAI + 8 ••••••••••••••• (,2) 

& (11) coupling of Rand s, because of the term B(& - 8A) 2• 

Besides, this •exact solution' approach is not 

really a very good one, if we recall thatequation {'0) ie an 

empirical equation. 
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The correct approach in cases like these is the 

so-called Regression analysis approach, because the problem 

is to determine that set of (P, Q, R, 8) values which will 

give us the 1 beet 1 fit for the experimentally obaerved 

pointa (lnr, A,-e-). 

The author bas solved equation ('0) nuaerically 

with the help of a Burroughs 220 computer, by using the 

method of least squares. 

2 
Let Y

0 
• lnqr-, u1 • A, u2 • -1, u, • -(6- SA) •••••• (,2) 

For a fixed value of 8, equation ('1) becomea 

.••••....•.... ·-· . 
Suppose Y is the observed value of ln r and n such 

observations have been mades 

Let ' - i 1
2 

- ~ (y - y ) 
2 

•••••••••••••• ( '4 ) 
i i 0 

or '-
Acoording to the principle of least squares, V 

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

0 • -2 ~ [Ï -:- (u 1P + U2Q + u,Jù7u2 
i 

n 

o • -2 2:. LI - (u1 P + u2Q + u,•17u, 
i 

....... ,,7) 

. . . . . . . ( ,s) 

lquationa ('6), ('7), and ('S} ean be put in the torm ota 

matriz equations 

p 

Q • 

R 

L 0 D 

(where u1u2 • u2u1 , u,u1 • u1u,, u2u, • u,u2 ). 

lquation ('9) can be written ae 

[ 
-1 0] • (L] (D] • • • • • • • • • • • • • • • • • • ( 40) 

live eeta of values of u1 , u2 , u,, and Y vere taken tor tive 

nuc1ei: 

i • 1,2,,, and j • 1, 2, ' 

vere eomputecl. 

!ben the matriz equation ('9) wae computecl. !hie 

gave the values of P, Q, and R tor oae tized value of S. 



Six such sets ot (P, Q, and R) tor six values ot 8 (1, 0.5, 

0 •. 25, 0.4, o.~o, o.~'~) were obtained by the above method. 

!he se values are 1isted in Table :IIV. 

Table XIV 

VALUES OF P, Q A:ND R 

Assumed 
values ot Oorrespondin:g calculated values 

s p 'Q R 

1 4.171 x 10-~ -~.277 -4.5 x 10-5 

0.5 -10.~799 -1.40~7 x 10, 9.2288 x 10-l 

0.~5 _8.2902 x 10-1 -1.,679 x 102 6. 0476 x 10-2 

o., -9.4262 x 10-l -1.4191 x 10
2 

8.1~64 x 10-2 

0.~56 -1.2251 -1.6.785 x 102 1.9056 

0.4 -1.2129 -1.5976 x 10
2 

,.962~ x 10 
-1 

--
For these six sets ot (P, Q, R, and S) values, the corresponding 

ln (Q values were calcu1ated by so1ving the matrix equation. 

ul u2 

Yo Al -1 u . 
1 ' p 

Y a A2 -1 u, 
2 

Yo ,, -1 u~ 
~ • Q • • • • • • • • • • ( 41) 

Yo '4 -1 u, 
4 

Yo A5 -1 u~ 
5 R 

Yo '6 -1 u~ 
6 
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fbe above matrix e,uation (41) was written down as: 

• • • • • • • • • • • • • • • • • • • (42) 

Equation (41) again was solved on the computer. 

!he matrix [o] in equation (42) gave the five 

oa1culated values of ln~ • Six auch sets of [o] tor six 
.. 

values of S were obtained. !he corresponding six sets of 

calculated root mean square error, E's, were calcu1ated. 

!be value of 1 is given by the following expressiona 

E • ••••••••••• (4,) 
n - 1 

where ~ implies summation over the five nuolei under 

observation. !be resulte are shown in Table XV. 

Table XV 

THE RMS EBBOR E OORBESPOIDING !0 S VALUES 

Aasumed values E of s E e 

1 1.47' 4.,492' 

0.5 0.865 2 .. ,6,16 

o.; 0.59 1.80,98 

o.,56 o.,, 1.7,,25 

o., o.,, 1.6989, 

0.25 0.54 1.71600 
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A graph was plotted, e1 as ordinate and S as the 

This plot gave S • o., for the minimum value of 

1 corresponds to the error in ln~ • < We a re 

interested in tbat set of (P,Q,R, and S) wbioh will give the 

least root mean square error in GO and not in ln ~ • 

A few remarks may be made on the tunotional 

' ! 

re1ationsbip of 1 and s. 
eqùation 

The author, taking a clue from the 

Er • exp/IP - Q - R(B - SA)~ •••••••••••• (,0) - -
wrote down the following equ,tion 

• • • • • • • • • • • • • • • • • • • • ( 44) 

expressing 1 as a tunotion of S. 

The matrix equation 

l1 
2 

s1 s1 1 c( 

}2 
2 

1 ~ (45) - 82 s . . . ~ . . . . . 
2 

1 82 s 1 y c, ' ' 
was solved for three values of 8 • 1, 0.5, 0.25. 

This gaTe 

o< • 8.50074 

(3 • -6. 21571 

.., • 2. 07727 
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To find a minimum value of E vith respect to 8, the dE/dS 

of equation (44) gives 

for (1) • minimum • 

Therefore s • ••••••••••••••••••••• (45) 

This value is in agreement vith that obtained graphically. 

Oalculated cross section 

It was found (fable XV) that e1 is a minimum for 

P • -9.4262 x 10-1 , Q • -1.4191 x 102, R • 8.1,64 x 10-2 and 

S • o.,. The value of e1 in this particular case was 

1.6989. This means that the calculated resulta are within 

the factor of 1.6989. This factor ie not too large 

considering the empirical nature of the Rudstam equation 

(equation ,o). Rudstam< 127) himself found that this factor 

varied from 1.42 to ,.1,. 

The cross sections of various reactions calculated 

on the basie of the Rudstam equation for 6' Mev protons are 

ehown in Table XVI. 
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!able XVI 

OOXPARISON OP OBSERVID CROSS BIO!IONS WI!H 
!BOil OB!AINED WI!H !Hl IUDS!AK IQUA!IOH 

POR 6' MEV PROTORI 

ObserTed Oalculated 
Reactions cross sections cross sections 

--
1127(p,n)Xel27 5 ± 1 5·' 

1127(p,pn)Il26 + 109 - 21.8 70 

1127(p,p2n)I125 + 87.5 - 17., 97 

1127 (p ,p,n)Il24 49.1 t 9.8 112 

1127(p,p4n)ll2' + 2,5 - 46.9 11, 
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SUMKARY AND CONTRIBUTION !0 KNOYLBDGI 
----------------------------· 

.... Emanation methode originally developed by Hahn vere 

uaed in Part A of the present work to study the phase changes 

in the aolid state with increase of temperature. 

!he iodides of silver (I), thallium (I), 

mercury (II), copper (I), and lead (II) were studied by 
(A- ' 

incorporating the I 1'5 ~xe1 '5 system. !he xe1 '5 activity 

vas aeasured in a flow type scintillation radiation detection 

system fabricated by the author. The carrier gas used in 

this work vas Preon-12 (difluoro-di-chloro methane). 

The resulte of the present study are in close 

agreement vith those obtained by the conventional 

cryetallographic techniques. It waa further obaerved that 

the transition temperature• in this aethod were very sharp. 

!he phenomenon of Tammann•s 1 loosening temperatures• 

was alao observed in the present work. The predictions of 

!ammann were found to hold for the above compounds. The 

ratios of the 'loosening temperatures' to the melting points 

on Absolute ecale of the above compounds lay between 0.5 to 

0.7, in close agreement with predicted values of 0.5 to 0.6. 

This substantiates the suggestion of !ammann and Sworykin 

that a molecular shift in the solid atate occurs at 

temperatures approximately one-half of the melting point on 

the Absolute. acale. 



- 159 -

B. The (p,xn) and (p,pxn) reactions on iodine induced 

by protons of energies 7 to 80 Mev bave been studied. 

The absolute excitation functions of (p,n) and 

(p,pxn) reactions (x • 1 to x • ,), based on the known cross 

sections ct the cu
6
'(p,n)zn

6
' and cu

6
5(p,pn)cu

64 
reactions 

studied radiochemically, are given. 

The values of the half-lives of the varioua 
127 12,-126 

product nuclei, auch as Xe and I , have been 

redetermined.. 

The cross sections were compared. with tbose 

calculated. on the basie of the Rudstam empirica.l equation 

2 
(A,B) • expLfA - Q - 1(8 - SA):J 

The calculated cross sections were found to be within .-- 1.699 times the observed cross sections. 

!o find the value of the parameter, S, in the above 

equation, which would give a minimum errer of Er , the 

following relation bas been suggested 

E 2 
e • o<s + ~ s +Y 

The resulte in the present study have been compared 

with those of other workers. The reaction mechanisms have 

been discussed in the light of present knowled.ge about the 

theory of nuclear reactions. 
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APPIBDIX I 

DB!ERMINATION,OF IOD1NB AOTIY1!Y 
IN FISS!ON PRODUC!S 

!he following method was developed by Glendenin 

and Metcalf(59 ), which has been shown to be satisfactory tor 

achieving the interchange between inactive and active iodine. 

1t consista in the oxidation of 1- carrier to 104 

(periodate) with Ha010 in alkaline solution. After the 

interchange reaction, the solution is acidified, the xo; is 

reduced to 1
2 

with hydroxylamine hydrochloride (NH
2

0H.H01) 

and the 1 2 is extracted with 0014. The 1 2 is removed from 

the 0014 by shaking with water oontaining NaHSO' and it is 

then purified by another 0014 extraction cycle, in which 

HaN02 is used for the oxidation of I- to 1 2 and HaHSO' is 

uaed for the reduction of 12 to 1-. 

Procedure 

Step 1. Add to the sample of fission producta (containing 

not more than 5 g of uranyl nitrate) in a 60-ml separatory 

tunnel about 10 ml of 2 M Na
2
oo, and 2 ml of I- (20 mg) of 

carrier. Add 1 ml of 5% HaOlO, mix well (or heat), and 

acidify the solution by slowly adding ' ml of conoentrate.d. 

Add ' ml of 1 M HH20H.H01 and. extract the 12 into 

10 ml of 0014• Discard the aqueous layer. 
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Step 2. Shake the 0014 layer with 10 ml of B20 

containing a few drops of l M NaBso, until both phases are 

co1ourless, and discard the 0014 layer. 

Step ,. Add l ml of 6 M BBO' and a few dropa of 1 M 

BaNo2 , extract the 12 into 10 ml of 0014 , and diecard the 

aqueoua 1arer. 

&tep 4. Repeat Step 2 to get I- for the precipitation. 
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