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E. Ianovici, N • Zait1eva 

THERMAL ANNEALING BEHAVIOUR 

OF RADIORHENIUM RECOILS FORMED 

BY HIGH ENERGY 

PROTON IRRADIATION·. 

OF SODIUM HEX.ACHLORO.IRIDATE 
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'I'he chemical forms of stabilized atoms of radorhenium formed 

by the lr ( p , 3 p x n) Re nuclear reaction have been reported earli

er/1,2/. 'I'he results obtained showed the important role of the che

mical environment on the fate of the recoil atom. 'I'hus for hydrated 

and anhydrous sodium salts and for ammonium salt the following dec

rease 'of the yield of Re( VII )was found: 

Na lrCI • 611 0 > (NH ) lrCI > Na IrCI 
2 6 2 42 6 2 6 

'I'hat shows the oxidizing role of water of crystallization and 

ammonium ion. It was shown that in Na;IrCI 6 the yield of radiorhe

nium found in the heptavalent state increases with the increase ~f 
the radiation dose. 

'I'he present work ·was initiated to investigate the thermal anne

aling behaviour of radiorhenium recoils f<:>rmed by irradiettion of an

hydrous sodium hexachloroiridate with 660 MeV protons. 'I'he .. roles 

of irradiation -induced defects and inherent crystal defects in the 

annealing process are examined. 'I'he results are analysed from the 

point of view of the kinetics of the process; the order of reaction 

is detElrmined and the activation energy is calculated. 

Experimental 

Anhydrous Na
2
IrCl 

6 
crystals were obtained by drying the 

hexahY;drated salt .Na 
2
IrCI

6 
• 6H 

2 
0 in a vacuum desiccator over 

970/o H 2 SO 4 solution. 
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The irradiation was performed at room temperature in the .. ex

ternal beam of the Dubna synchrocyclotron, the crystals being sealed 

· into glass ampules in 
1 
vacuo. The proton beam intensities for whose 

determination use was made ~f the yield of 24 Na formed in the 
27 24 . 9 I . 2 AI ( p, 3 p n) Na reaction are the . following: 8, 9 x 10 p em ·sec 

a~d· 2,1x1o10pfcm2sec (Figs. 1 and 2) and 1,7x109 pfcm2 sec (Fig,3). 

For the thermal annealing experiments quantities of about' 20 mg ~of 

the irradiated compound were heated . in glass ampules in an electric 

oven. Fluctuation in temperature amounted t~ less than 1°. Experi" 

ments in vacuo were conducteq by annealing in the irradiation am

pules, 

The annealing process was studied by obs,erving only the' 

fraction of radiorhenium found in the heptavalent ·~tate. The .analyti

cal procedure and radioactive measurements employed were descri

bed earlier/1 , 2/. 

Results 

a) Thermal Treatment 

The variation of the yield of radiorhenium found in the hepta

valent state with the time of heating at different temperatures is 

shown in Fig.1. As is seen, the typical annealing curves are obtained, 

An increase of the yield of Re(VII) with temperature is observed, 

the isothermal curv~s each reach a pseudo-pla_teau which is depen

dent on temperature. 

Fig.2 presents. the isotherms at 320°C for sodium hexachlo

roiridate irradiated at differe:nt proton fluxes. It may be seen that a 

higher flux causes a larger radiorheni~m oxidatio~. _ The· results pre

sented in Fig.2 show that the irradiation.-induced defects have a 

marked :influence on subsequent recoil annealing • 

The effect . of heating of crystals before the proton irradiation 

on the· subsequent recoil annealing was studied. This was done in 

order • to verify if inherent crystal defects ·initially presented as a bulk 

property of the lattice are involved in the recoil annealing process. 
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Fig.1. The yield of Re( VII) as a function of the thermal annealing 
time in Na

2 
lrCI

6 
( ¢ = 8.9x109 p/cm2sec). • · 

e - 200°; 0 _: 250C'; ® -320?; C> -350°C. 
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Fig.2. 'I'he yield of Re( VII) as a function of the isothermal. annealing ·. 
time at 320° in Na 21r Cl 6 irradiated at different . proton 
fluxes 1 - ¢ = 8.9xlo9 p/cm2 sec; 2 - ¢ = 2.1x1010pfcm2sec. 
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F'ig,3, The yield ·of Rc (VII) as a function of the isothermal annealing 
time in Na 2 IrC~ ( ¢ ~ 1,7x109 p/cm2sec}, . 
1 - samples untreated before irradiation; 
2 - samples heated at 200° for 2 hr before irradiation; 
3 - samples untreated before. irradiation, but annealed in 

vacuo. 
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Fig,3 presents the isotherms at 200°C corresponding to a sample 

he'ated 2· hours at 200°C before the irradiation· -curve 1 and. not 

pre-irradiated heated - curve 2, 

Fig,3 also represents the isotherm of a sample annealed in 

vacuo. - curve 3, It ·can be seen that pre-irradiated heating decrea:... 

ses the initial yield of Re(VII) and lowed the plateau value of the 

annelaing isotherms, As is seen· from Fig,3, for the same t~mperature 
a higher yield of Re ( VII ) is . obtained for the sample ·heated · in the 

absence of the air, 

b) Kinetic Analysis 

. The annealing data presented in Fig,1 w~re analysed in 'order 

to obtain the rate of transition of rhenium from lower to higher .oxi

dation form.· -The plots of Cog ( P"" :_ P t ) , ~ere. P t · is the yield . of 

Re( VII) after a .specific .time of heating and P"" . , the yield of Re(VII) 

corresponding to .the pseudo-plateau , versus time .. of heating, were 

analysed .to obtain the rate and the order of the oxidation reaction, 

The results are p~esent~d in Table 1, 

/ 

Table 1. 

Kinetic parameters for thermal anneaiing of the 
radiorhenium recoils· in high energy proton irradiated 

sodium hexacloroiridate 

t 0c .fo ' Poa e u tl;~ K ~ to.- If · 
y., ll P: oS' 1-c 

· sec-1 -1' 

200 J2 .• 5 46.;5 14.0 1560 4.45 
250 J2.5 5J.O 20.5 1440 4.81 

. J20 J2 .5 62.0 29.5 1200 5.77 
. J50 J2.5 '71.5 J9.0 960 7.22 
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Fig,4, Increase in Re( VII) yield to the pseudo- plateau, C, P, as a 
function of the absolute temperature; 

Fig,4 shows the temperature dependence of the annealed frac

tion takif',lg into account the pseudO-plateau _value. A linear dependence. · 

is obtained, as . it has been observed also in the other .studies. From 

Fig.4 it was found that' the temperature at which the .annealing begins ..... . . . . . . . 

is 147°C. 

Some information about the processes taking place in the ther

rna~. annealing ~an. be 'obtail,1ed from calculation of the activati~n . en'er

gy. The activatio~ energy has. been calculated by method of Vand a~d 
· · Pri~k/4,5/ •. It .~~ ther~fore considered· that the .pr~cesses are dis

tribut.ed in activation energy Which is of the. tYpe, E 
0

. = k T En ( B t ) • 

Fig.5 repr~sents the fraction· of radiorhenium. recoils _annealed P = ~ -~ 

where P 0. means the initial yield of radiorh€mium in higher oxidation 

form and P t the same yield at _various times of heating! . versus. E0 • 

·The best superposition of experimental values was obtained with a 
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Fig.5. The initial distribution of 
energy. 

E~1 eV 
the annealing process in activation 

value for the frequency factor B = 1 sec_l· • In Fig.6 was plotted 

the, studied property in the form P 0 = d PI d E 0 , where P = P .t - P 
0 

versus activation energy ( E 0 ) • .From Fig.6 it may be seen that 

for the studied case a continuous spectrum with a Gaussiari shape 

is obtained._ The distribution of activation energies is spreaded bet

ween 0.2 - 0~5 eV with the peak position at 0.4 eV. 

Reaction. orders and also activation energy can be obtained 

by the method. of Fletcher and Brown/61. It is known that. the an.ne~l_;. . . 
ing is a function of t I r 

by 
T 

It is. possible to 

ferent temperatures by 

, where is the average jump-time given 

-1 ( 
l/

0 
exp E/kT ). 

superimpose the annealing curves for dif

adjusting the time scales by proper factors. 
\ 
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Fig.6. Activation energy ·spectra. 
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Fig • .? •. Kinetic curves of .the thermal annealing process. 
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Fig. 7 . presents the curves of the annealing ·process rate as a fun

ction of the time of heating. The composite curve for the plot of hep-:- · 

taVa.lent rhenium fraction against En t' ( t '== t 320 oc ) is shown in 

Fig. 8. As it is seen from Fig.B for the fast stage of the annealing 

~ satisfaCtory composite curve· was obtained. By plotting the multipli

cative factors· used for obtaining the . composite ann_ealing curve ver

sus l (f , the activation energy was obtained (Fig.9)• The results 

obtained are presented in "Table 2. · 

Table 2 

Activation energy· for the thermal armealing of the 
radiorheniutn recoils in high· energy proton irradiated 

Na lr Cl 
2 6 

Method 

Vand-Primak 

Fletcher-Brown 

E., eV 

0.40 

0.30 

A very good coincidence among the activation energies cal

culated by the two methods is observed. 

The· reaction. order is obtained from the equation·· corresponding 

to the composite curve (Fig.B) . 

P==P ( 1- e- k t ) ' 
max 

where t is the annealing time, p 
max 

= 38 and k = 3.7 x 1o-
4

• 

'!'he plots .of En t versus l /T for a constant degree of 

annealing and of En ( P t - P0 ) versus l /T . for a constant time of 

heating show a linear dependence. In .conclusion the r~sults obtained 

by analysis of the annealing process show that the fast stage of the 

annealing is described by means of first ord.er kinetics. 

12 



10 

5 

100 

. .-~' 

C)/ .... 
' 

C)// 

. / 
C) / 

C) // 

C) / •• 

,/ .. 
. ., /e 

/ .,_. , 
t> tlo 
J., 0 

' .o 
~AJ 

pi.'• 

.4!/ . ~ .n; ...... ., 
n-----=-""' -01 __ _,_'-f/!1 

1000 

""' ~:1' 

. .,.~~ 
9-"-

•2D0°C 
oz50°C 
®320°C 
f)350°C 

10000 
Fig,S, Composite annealing curve with respect to the curve at 320°C, ·. f, SeC 

I ' 



~ 
1,5 

t: - 1 

0,5 

0 

-0,5 

l 

1,7 1,9 

/ 

2,1 
103/T(•K) 

~ 

i" 

;, 

Fig.9. Variation with the absolute temperature of· the adjuStment factor. 

14 

I. 



'· 

I 

-· ~·: 

Discussions 

The results presented· in Figs. ~,2,3 show an oxidation pr~ 

cess of the radiorhenium recoils by heating. 

Baumgartner and ·Maddock/7 I have sugg~sted that the oxidative 

annealing comprises a step of remove! of an electron from the radi~ 

active fragment followed by a · recombination process , involving· the 

, radioactive fragment and its surrounding. ·As by thermal annealing 

of sodium hexachloroiridate an oxidation process takes place, a 

· release ·of an electron from the radiorhenium recoils can be expec

ted. This process r~quires some acceptor sites in the vicinity of 

the ra'!i.oacfive fragment. The defects normally pr~sented in ·the c0~
tallites .as well as those induced by. irradiation and formed in the 

track or' the recoil atom can form acceptor sites. 

It" was shown above (Fig.2) that the higher the intensity of 

the proton flux, the larger the yield of Re( VII) • It can be supposed 

that by irradiation some kind .of defects with ·oxidizing character 

is formed. It is to expect that the oxidation of the radiorhenium by 

heating will· depend upon its interaction with · irradiation:-inc:ltced de

fects which can form " electron traps". 

As in the case·. of Na}r CI
6 

the oxidative annealing reaction 

of the radiorhenium Was partially annihilated by heating, . it can b~ 

supposed that the defects inherent of the crystal in part responsible 

for the annealing were .removed by t~ermal treatment before irradia

tion. Some· oxidative annealing was still observed. This means that 

defects and/or radiolitic products produced by· irradiation take part 
. ~ I ' 

· in. the annealing pro~ess. . . 
If the release of electrons is ·responsible for thermal annealing 

then the annealing process , could be affected by electron ·donating 
,, '' . 

or eleCtron accepting ambiant gases. Our results (Fig.3) show that 
-- . ; . 

. in the absence of air the magnitude of anneal increases conside:.. 

rably. Earliet:" it was • rep'ortedf8/ an oxigen effect o.n the annealing 

process for some co bolt complexes. The ·authors supposed that the 

oxigen absorbed on the ·surface acts as electron traps and suppres-

. ses the annealing •. 
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It was shown/9, 1.~/ that the activation energy of the thermal 

annealing de<;:reases in proportion as the samples underwent a 

more intense r~diation flu~ It was ~lso reported that. the sensitivity 

at the thermai annealing is the greater, the. more intense i~ the flux 

undergone by the samples •. The decrease of the activation energy 

was related with defects concentration. The influence of the defects 

on the an~ecli~g process was . reported · earlier/11/ •. Some . experiments 

led to the idea that the vacancies produc~d· during the irradiation 

promote the annealing .process/1 '?-/. The above idea and ·the results 

presented in Fig.2 give us th~ possibility to suppose tha~ the acti

vation energy value of 0.3:..0.4 eV' • found for the ahnealing of the . I• . . 

radiorhenium. recoils in Na 
2
1rCI

6 
is at least partially determined 

by the magnitude of the proton· flux. 
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