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The chemical effects of nuclear transformations have been reported in a 

series of papers, alkali halides have been mostly used as target materials/ 1- B/, 
The detailed investigation of these phenomena is desirable in connection vvith some 

relatively insufficiently studied domains of hot-atom chemistry, solid-state chembtryJ,. 

and radiation chemistry, On the other hand, the foundation of a controlled hot- atom 

chemistry made it possible to prepare radioisotopes in high specific activity and 

synthesis of labelled- species, 

In spite of a large number of studied systems the attention was focused on 

the neutral-particle irradiation in the reactions of the type ( n
1 

y )
1 

(n
1
p )

1 
(n

1
a )

1 

( y 1 n ) 1 etc, A considerably smaller number of papers on irradiation by charged 

particles has been published in literature, The charged particle beam irradiation is 

a convenient source for obtaining a large diversity of isotopes and give us the 

possibility of studying the nuclear reactions as ( p 
1 

x n ) 
1 

( d
1 

xp ) 
1 

(a 
1 

x n ) 
1 

etc. 

Thus, the basis of the radiochemical methods for the separation of the radioactive 

elements from the target material is the knowledge of the fact in what chemical 

states the fragments are after irradiation. It can be also mentioned that a great 

number of works was performed .by low and medium energy bombardments ( to 

20 MeV) and only recently some experiments dealing with the chemical conse­

quences of the high ener~y bombardments/ 4•9- 11/ have been initiated, 

Radioiodine atoms are a very interesting object !or such investigations, since 

they have some stable valency states ( Z •- 1; 0; + 5; + 7) the isotopic exchange 

of which does not occur at certain experimental conditions. Besides, radioiodine hais 

a series of relatively long lifetime isotopes/ 12/, which is convenient for research, 

The chemical behaviour of radioiodine recoils arising from the nuclear trans­

formations has been studied/ 
11

• 1
3- 15/, mf 11/ it has been shown the chemical 

states of radioiodine were formed by bombarding caesium and iodine by high energy 

protons, These results show that the rcrlioiodine yield in one or another form 

appear to depend on the chemical composition of target material, on the degassing 

before bombardment and on the proton beam intensity, Thus, the irradiation by 
16 2 

beams of </> ~ 10 p:otons/ ( m , sec), reflected the concomitant influence of two 

factors: dose and temperature, i,e, irradiation was performed in 'the internal beam 

of the synchrocyclotron. In this case the beam heated the target to a temperature 

of 350- 400° C, These observations led to a detailed study of the behaviour of 

radioiodine with respect to each factor, 

It is known that the thermal annealing treatments, as a method for investigat­

ing radiation displacements which are induced in the irradiated crystals, are used irJ. 
a large series of papers/ 

1
•
16

•
17

/ and a first useful consequence is that it may 
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give the possibility to compute the appropriate activation energy of investigated 

processes, 'Therefore, one may obtain some information from the energy require­

ments necessary for the crystal to transit to its initial state as the thermal an­

nealing results in the crystaline-- damage changes which can, in the end, entirely 

disappear, 

'The purpose of this work is to investigate the influence of the irradiation 

dose and subsequently thermal- annealing phenomena on the relative yield of the 

radioiodine in the oxidated and relative reduced states obtained by 660 MeV- pro­

ton irradiation of crystaline caesium chloride and nitrate, respectively. 'The kine-­

tical treatments of the irradiated crystals have permitted to calculate the rate of 

transition of the radioiodine from higher to lower valency states, activation energy 

of t'lis process and subsequently the order of the reaction, 'The obtained results 

are explained from the standpoint of theories which deal with radiation induced 

defects in alkali halides, 

Experimental Procedure 

CsCl and CsN03 analytical grade materials were used as targets which 

had undergone a pre-- irradiation treatment, i,e, samples were outgassed at about 

250°C and about 10-
2

mm Hg in small quartz ampules which were irradiated at 

room temperature in an external 660 MeV proton beam of the synchrocyclotron of 

the Joint Institute for Nuclear Research, 

'I' he non- degassed samples were irradiated in the same manner, 'The range 

of proton beam intensity was above 10
12 

to 1015 pf (m,2 sec) and was determined 

with the aid of Al-foils by the yield of 
24

Na in the nuclear reaction 
27 

AI( p,3pn)
24

Na, 'The samples were irradiated for periods of 10 to 12 hours, 'lhe 

yield of radioiodine in higher oxidation states obtained by irradiation at a certain 

beam intensity for different periods of time ( Thble 1) is practically unchanged for 

periods of time from 8 to 16 hours and come to increase only after longer peri­

ods ( 20 hours), 

'I'able 1 
>3+ 'I'he radioiodine yield in higher oxidation state ( 1 ) 

obtained by irradiation of CsCl at a determined dose and 
at various intervals of time, 

'I'ime of irradiat­
ion, hours 2 4,5 8 12 16 20 

p ox.'o/o 14.7.:!:3,8 17,s.:!:3.3 24,2.:!:6,0 27,2.:!:3,8 28.¢4.3 42,9.:!:2,1 

Proton beam intensity + ) 13 ' ( 2 ) a ( 2,20..: 0,59 ,10 pf m ,sec 

4 

'Thermal annealing experiments were conducted at temperatures cf 41, 55, 77 

and 100°C in electrical oven with an automatic control of temperature, the tempera­

ture variation at a given temperature being about ~ 1° C, 'The heating -of the sam­

ples was accomplished in vacuum in quartz ampules, A chromatographic technique 

was used for the separation of radioiodine valency state products consisting in 

the chromatographic column with anionit IRA- 400 in NO;-form and with subse-

quent radiochemical purifice.tion/ 11•18/, 1n the end, the radioiodine sarrples were 

counted as PdJ2 using a conventional standard technique, 'I'he radioiodine yield in 

oxidation states ( the fraction with Z >.:3 ) or in reduced forms ( the fraction 

with Z :::; +1) was calculated in percent from total radioiodine specific activity, 

Results 

'I'he results given in Fig,1 show the radioiociine yield in the oxidation state 

(Pox' o/o) at various proton beam intensities obtained by irradiation of the outgas­

sed CsCI with 660 MeV protons. Each point in Fig, 1 and in other Figures rep­

resents the arithmetical average of three- six independent determinations, respect­

ively, It may be seen from Fig, 1 that with the increase of irradiation dose from 

about 10
12 

to about 10
15 pf (m

2
• sec), fue yield of radioiodine in higher oxidat­

ion state increases and at a relatively higher beam intensity amounts to a saturat­

ion value of about 98o/o. 

'I'he results including fue fuermal annealing experiments are given in Figs. 

2,3 and 4, some results are omitted for clarity, 'lhe interesting feature of all fuese 

experimental curves consists in some paternity, i.e. a reduction process of radio­

iodine recoils occurs during fue heating of irradiated CsCl and CsN0
3 

crystals, 

with a rapid Initial rise followed by a slowly rising "plateau" characteristic for 

the given temperature, 'I'he dotted line in Fig, 2 shows the yield of radioiodine in 

irradiated outgassed CsCI preserved at room temperature for about a week, It may 

be seen fuat within experimental accuracy no reduction or oxidation process was 

observed, 

Fig, 5 and 6 illustrate the kinetical curves of isofuermal annealing experiments 

of outgassed CsCI irradiated at different beam intensities and in Fig, 7 is plotted 

the rate of the radioiodine- reduction process tJ. P
0

x = P
0 

- P ~ ( o/o) against 

the beam intensity ( 9 ), where P
0 

means the initial distribution in higher 

oxidation state for each sample, and P ~ - the pseudo- equilibrium values obtained 

from annealing curves at 77 and 100°C, respectively, 

It may be seen that fue rate of transition of radioiodine from a higher valen-
' cy state to a lower one, i.e, reduction process increases for outgassed CsCl 

with the increasing of radiatiot'l dose, 
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The results obtained by thermal annealing of outgassed CsCl are plotted in 

Fig, 2 in a similar manner as in identical worl<s, i,e, a plot of log ( Pt -P~ )
0

x 

against time of heating was given for the temperature of 41, 551 77 and 100°C, 

respectively, where P t means the percent distribution of the radioiodine in high­

er valency state at various times of heating, For the fast process (to 6 hours of 

annealing) linear plots were obtained and from the slopes of individual straight 

lines. the half- times ( T y, ) and the reaction rate- constants ( K = 0• 693 ) were> 
Ty, 

computed (Table II), From the plot of log K versus 1/T , by the Arrhenius 

may be calculated which is, within experi-

0,15 to 0,35 eV, 

equation, an apparent activation energy 

mental accuracy, in the range of 

Table II 

The half- times and the reaction rate- constants for the 
radioiodine reduction process of thermal annealed outgassed 

CsCl 

Temperature P0 (ox) p~ (ox) L'lP=P -P Ty, K 
oc 0 ~ -1 "/o "/o ksec sec 

41 37,5 '26,5 11,0 9,60 7,22,10- 5 

55 37,5 11.9 25,6 7,20 9,62.10- 5 

77 37.5 4.5 33,0 5,10 
-4 

1,35,10 

100 37,5 1,5 36,0 1,14 -4 
5,70.10 

13 I ( 2 ) ¢ • 4,2,10 p m ,sec 

in order to determine the nature of the fast annealing process, the fraction 

of the radioiodine-recoils .annealed L'1 P = P
0

- Pt , was plotted against the log­

arithm of time of heating ( Fig,a), After Fletcher and frowJ 1•16•19/ by adjusting 

the time- scale by appropriate factors ( v )' an equivalent annealing curve for 

77°C was composed ( Fig,9 ). fY plotting the multiplicating factors, used for obtain­

ing the composite annealing curve of Fig,81 against liT an activation energy of 

0,68 eV was obtained, This value is in disagreement with those obtained by 

Arrhenius" s method, Thus the opportunity to make other calculations of activation 

energy appeared which are employed in similar works. An attempt was made to 

calculate the distribution of activation energy for the annealing process by the 

method of Vand- Primak J 1•20•21/, The distribution of activation energy thus cal­

culated for the radioiodine reduction process by thermal annealing of irradiated 

outgassed CsCl is given in Fig. 10. It may be seen that the majority of activation 

6 

energies of the annealing pt•occsses are distributed between 0,70 and 0,90 eV, 

i,e, there is not a large range, By the method of Parkin&- Dienes/ 
22

/ we obtained 

the values between 0,61 and 1,16 eV, These are in the vicinity of the value 

obtained by Fletcher- Brown's analysis. 

Discussion 

in accordance with earlier papers/
23

•
24

/ the very high energy bombard­

ments of alkali halides produce a high degree of electronic excitation ( ionization 

effects) and lead to an extensive damage in crystal lattices (displacement effects). 

At very high energy the radiation effects produced by the secondary nucleons 

with energy of about 10- 50 MeV originating in inelastic collisions are more im­

portant than those produced directly by elastic collisions of incident primaries. 

The chemical states in which an atom produced by a nuclear transformation in 

a solid is stabilized in crystaline lattice may depend on the loss of electrons 

during the initial nuclear event, loss or capture of electrons during the recoil 

through the lattice, These states may also be dependent on the chemical reac­

tions undergor.e by the recoils with lattice ions or in terminal "hot zone" • 

The results illustrated in Fig. 1 and Table I showing the change in the 

radioiodine yield in higher oxidation states, by irradiation of outgassed CsCl, with 

the increase in the proton beam intensity, may be explained by Varley's multiple 

ionization mechanism/ 23/ • This mechanism provides, by irradiation of alkali 

halides with high energy protons, the formation of the lattice defects as F -type 

centres represented by the electrons trapped at the chlorine vacancies and V­

type centres which may be represented by the chlorine atoms trapped in some 

lattice defect sites, 

The increase of radioiodine yield in higher oxidation state with the increa­

sing irradiation- dose (proton beam intensity or time of irradiation) shown in 

Fig. 1 and Table I, can be explained if one assumes that there exists an interac­

tion between the radioiodine recoils and the lattice defects as V- type centres, 

i.e. chlorine atoms, Thus, the radioiodine recoils could gain a progressively 

higher oxidation state, It was pointed out, that the concentration of V- centres and 

free chlorine in alkali halides increases with the increase in the irradiation 

dose/ 25•26/ that is the corresponding increase in the radioiodine oxidation forms 

with the increasing proton beam intensity which are observed in our experiments, 

The mutual interaction between the radioiodine recoils and V- centres takes place 

probably as in crystaline lattice as well as by dissolution processes of the ir­

radiated crystals. This assumption on interaction between the radioiodine fragments 
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and lattice defects is made according to the results shown in Fig,1, which nny 

be fitted with reasonable accuracy by an expression giving the relation between 

the total number of damage in a solid and the total number of the incident parti­

cles/27•28/. Assuming that the yield of radioiodine atoms in the higher oxidation 

state (Pox) is proportional to the number of defects of a particular type, one 

could obtain the following expression for the plot P against ¢ : 

p • p ( 1 - e- 9{10n) 
max ( 1) 

where p max is the maximum percentage of radioiodine in higher oxidation state, 

and n is the index. .This equation within the experimental accuracy describes 

the experimental results illustrated in Fig,1. The dotted curve corresponds to 

p max • 98,0'/b and n • 14, 

The thermal annealing results of the irradiated caesium salts shown in F'ig. 

2- 6 predict for a similar process of radioiodine reduction ( an initial fast proces!\ 

and subsequently the lower reduction study with corresponding pseudo-plateu) 

which do not depend on the presEnce of lattice oxigen or traces of hygroscopical 

water and on the dose of irradiation. These factors affect only the rate of the 

radioiodine transition from the higher oxidation states to lower ones, 

Thus by thermal annealing of non-outgassed CsCl and deaerated CsN0
3

, 

the radioiodine- reduction process becomes lower ( Fig, 4) than by annealing the 

outgassed samples ( Fig,2, temperature 77° c), in the non-degassed CsCl a 

relativ;:, complete reduction is obtained for the period of about 140 hours, in 

CsN03 probably for a relatively longer time, The similar results have been re-

ported in other works/
27

•
30

/ where a marked difference in the thermal annealing 

experiments with the aerated and non- degassed alkali halides also was not ob­

served, This allows us to assume that a lattice- defect mechanisms are acting by 

heating the irradiated sa.mples/
1

•
31

/. 'The difference in the radioiodine reduction­

rates observed in the samples having different pre-irradiation history ( Fig,2,4) 

or in samples irradiated under different doses ( Fig,5) can be explained by a me­

chanism of the above type in which the lattice defect concentration responsible for 

the radioiodine transition to lower valency states, changes with the experimental 

conditions. On the other hand, a satisfactorily linear relationship has been obse!'­

ved between the change in radioiodine yield on annealing to the onset of the 

slow process of the experimental curves of Fig,2, plotted against 1{ rJ 1•311. 
It can be supposed that the radioiodine-reduction process observed by heat­

ing the irradiated CsCl is governed by trapped electrons of F• centres/26•32/ which 

by "thermal bleaching" could be captured by positive holes or by radioiodine­

fragments. It is known- that by heating the coloured alkaline halides crystals the 
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colour centers are gradually bleached. In our experiments after proton lrradiation.ll 

the CsCl samples reached an intensive- blue colour and CsN:>
3 

samples- a dark­

brown colour, by thermal annealing a gradual bleaching of crystals was observed, 

the bleaching was complete for all samples heated at 200° C for 2 hours, In SUe 

and Caillat "s experiments there was observed a similar effect by heating the 

neutron irradiated crystals of LiCl, NaCI, Kc/ 6/. 
For the putgassed CsCl samples the decrease of the radioiodine yield in 

higher oxidation states by thermal annealing occurs at different rates characteristi~ 

for each temperature ( Fig,2,3) and the higher the heating temperature, the faster 

the reduction process. Thus, at 200° C the reduction process reached a satu­

rati<:ln value in about 20 minutes ( Fig,3), 

The difference in reduction yields in irradiated CsCl at different temperatures 

( Fig,2) can be due probably to various stabilities of colour centres/ 331 , 
On the ba:sis of the results. illustrated in Fig, 9 it may be supposed that the 

fast annealing process involves kinetics of the first order, The composite annealing 

curve can be a.pproximated by an unimolecular expression: 

P e p ( 1 _ e·kt) 
max (2) 

3 
where t is the annealing time ~ax36.0 and k el/9,10 , Other arguments are 

straight lines '?btained for the fast annealing process by plotting log, { Po - P1 ) 

against 1/T for a fixed period of isothermal- annealing and the plot of In t against 

liT for a given degree of annealing. Ey plotting dP I dt ·kP Y one obtains also the 

straight Jines for the fast process 

i,e. y~-1. 

that means a formally unimolecular process, 

The calculations for the activation energy of reduction process in CsCl and 

Vand- Primak"s distributions of activation energy give the values within 

0,6()-.1.16 eV, near the binding energies of the electron in F- type centres in 

alkali halides ( 0,84-1,0 ev/ 
34

/. This can support our assumption that the F· type 

centres serve as a reducing agent for radioiodine recoils, 

SUMMARY 

I. It is shown that the irradiation dose and subsequent thermal annealing 

affect the chemical forms of radioiodine obtained by 660 MeV-proton irradiation 

of caesium chloride and caesium nitrate crystals, 

2, On the basis of kinetical investigations of the fast thermal annealing pro­

cess the rate of radioiodine transition from a higher oxidation state to a lower one 

was calculated, as well as the corresponding activation energy of the reduction 

process and the order of reaction. 
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3, It is suggested that in the fate of radioiodine- recoils the mechanisms 

involving the interactions behveen radioiodine fragments and lattice defects of the 

I irradiated crystals are of great impor'..ance, 
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Fig, 1, Effect of proton beam intensity on the radioiodine yield in higher valency 

state in the outgassed irradiated CsCl, 
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Fig, 2, Effect of thermal annealing of outgassed CsCl targets on the yield of 

radioiodine present in higher valency forms: 

x - the room temperature ( ~ 23° c) 
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Fig, 3, Effect of thermal annealing of outgassed CsCl crystals on the yield of 

radioiodine in higher valency state at 200° C, 
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