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ABSTRACT 

The ro le of ionization in the phenomenon of " radia t ion annealing" of 

graphi te has been studied by using a 1-Mev e lec t ron beam. Changes in the 

c -ax i s of a sample with a Hanford i r rad ia t ion of 460 mwd/c t were studied. 

Two t h e r m a l anneals of 4 hours each at 350° C proved sufficient to complete 

the t h e r m a l annealing at this t e m p e r a t u r e . The samples were then i r r ad ia t ed 

for 7 -1 /2 hours at a t e m p e r a t u r e of 340° C. The samples rece ived an i r r a d i a ­

tion of 47 m i c r o a m p e r e - h o u r s , equivalent in ionization to an exposure of 200 

mwd/c t in a Hanford r e a c t o r . No changes were noted as a r e su l t of the e lec t ron 

bombardment . It i s concluded that the ionization is not of major impor tance in 

radiat ion annealing. 

This r epor t i s based on studies conducted for the Atomic Energy Com­

miss ion under Contract A T - 1 1 - l - G E N - 8 . 

imSIFIED 
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I. INTRODUCTION 

When graphite i r r ad ia t ed in a nuclear r eac to r at one t e m p e r a t u r e is 

subjected to further r eac to r exposure at a higher t e m p e r a t u r e , annealing takes 

place beyond that resul t ing from the rma l annealing alone. Such a phenomenon 

is t e r m e d "radia t ion annealing. " The mechan i sm by which such an annealing 

p r o c e s s occu r s i s a ma t t e r of considerable in t e re s t . This paper r e p o r t s the 

r e su l t s of an exper iment designed to de te rmine the role played by ionization in 

radiat ion annealing. A 1-Mev e lec t ron beam was used which produced very few 

displaced a toms and hence was a lmost ent i re ly ionizing in na tu re . The expe r i ­

ment was comparable to work done at the Hanford Works on c -ax is changes 

both with r e g a r d to the total amount of energy diss ipated in the samples and the 

t e m p e r a t u r e of exposure . The r a t e of energy dissipat ion in the p r e sen t ex­

per iment , however, was considerably g rea t e r than in the r e a c t o r expe r imen t s . 

i l . EXPERIMENTAL PROCEDURE AND DATA 

The exper iment was designed so that severa l samples could be s imu l ­

taneously annealed in the same appara tus while some of the samples were ex­

posed to the beam and some were not. Such a p rocedure ensured ident ical t e m ­

perature h i s to r i e s for the samples and hence simplified the in te rpre ta t ion of 

the r e s u l t s . 

Samples 1/8 inch by l / 8 inch byO. 005 inch were chosen and were mounted 

on a 1-1/4 inch square copper block in t h r ee pa ra l l e l rows as shown in F ig . 1. 

National Carbon Company No. 15 graphi te cemient was used to s ecu re the samples 

to the holder . A cen t ra l section of the block (5/8 inch by 7/8 inch) was r e ­

cessed 0. 007 inch below the surface of the holder so that the surfaces of the 

samples and the surface of the copper were in the same plane. With th is a r ­

rangement all the samples were in p rope r re la t ive focus when placed in the 

X - r a y machine . Copper X-radia t ion was used in conjunction with a nickel 

filter and in each case the samples not being studied were covered with lead 

sheeting so that only one specimen at a t ime was exposed to the X - r a y beam. 

The ins t rument was ca l ibra ted before and after each set of runs by taking 

s tandard si l icon c u r v e s . This cal ibrat ion did not change appreciably throughout 

the exper iment . 

ymsfiED 
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Fig . 1. Sam.ple Holder and Heater 



The copper holder was fastened to a copper hea te r block by means of 

four b r a s s s c r e w s . F igure 1 shows an exploded view of the appa ra tus . The 

hea te r block was 2 inches in d iameter with a thickness of 3/4 inch. Ten tu rns 

of n ichrome wi re , insulated f rom the copper block by a thin s t r ip of a sbes to s , 

se rved as the heating e lement . F u r t h e r l aye r s of asbes tos on the outside of 

the wi re provided t h e r m a l insulat ion. A t h e r m a l leak for the block was provided 

through a post of s ta in less s teel which was fastened to a wate r -coo led base 

p la te . After the sample holder was screwed to the hea ter block, a copper 

shield was fastened to four pos ts on the block so that the shield would be at the 

same t e m p e r a t u r e as the block and would cover the samples without touching 

them. This shield was l / 8 inch thick and had four square holes i / 8 inch on 

edge cut in it as shown in F ig . 1. This a r r angemen t permi t ted four of the 

samples to be i r r ad ia t ed while the adjacent samples remained un i r rad ia ted . 

The al ignment of the samples and the holes in the radiat ion shield was done 

p r i o r to the sett ing of the graphi te cement . The t e m p e r a t u r e was m e a s u r e d by 

two ch rome l - a lume l thermocouples which were a lso fastened to the sample 

holder with graphi te cement . During the course of the exper iment one of the 

couples was exposed to the beam, in o rde r to guard against over heating of the 

samples being i r r ad ia t ed . The four thermocouple leads and the hea te r w i r e s 

were brought through the base plate by means of Kovar s ea l s . The en t i re unit 

was mounted on the North Amer ican Aviation Stati tron by means of the base 

plate in the cus tomary manner . This base plate was water cooled by means 

of copper coi ls soldered to the back s ide . 

A set of eight samples of AGOT-KC-type graphite was studied, cons i s t ­

ing of two virgin p ieces and six p ieces with a previous i r r ad ia t ion of 460 nawd/ct 

at 30° C in a Hanford r e a c t o r . The six i r r ad ia t ed samples were taken f rom a 

single piece of graphi te which had a Hanford sample designation of 87-206, 

During the e lec t ron bombardment one virgin and t h r e e damaged samples were 

exposed to the beam. Two separa te measu remen t s of the c -spac ing were made 

seve ra l days apar t p r i o r to the s ta t i t ron run in o rde r to check the r ep roduc i ­

bil i ty of the X - r a y i n e a s u r e m e n t s . The r e su l t s of these two m e a s u r e m e n t s a r e 

shown in the f i r s t two colums of Table I. The max imum deviation was within 

± 0. 005, comparable to the expected p rec i s ion . 

^̂ K 
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The holder was then placed on the hea te r block, the ent i re appara tus was 

pumped down to 5 x 10 m m m e r c u r y by using a bel l j a r which fit over the 

base pla te , and the sam.ples were annealed at 350° ± 3° C for a per iod of 4 

hour s . The holder was then removed from the hea ter block and placed in the 

X- r ay unit. The r e su l t s of the subsequent c-axis m e a s u r e m e n t s a r e shown in 

column 4 of Table I. An average change of 0.088 A in the c-spacing was 

TABLE I 

c - SPACING I N A 

Sample 

I t 

2*t 
3* 

4 

5 

6 

7t 

8t 

Run #1 
as Received 

6.936 

6.738 

6.751 

6.958 

6,951 

6,953 

6.945 

6.951 

Run #2 
as Received 

6.938 

6.739 

6.749 

6.959 

6.954 

6.953 

6.946 

6.954 

F i r s t 
Thermal 

Anneal 

6.865 

6.743 

6.750 

6.881 

6.871 

6.876 

6.900 

6.878 

Second 
Thermal 
Anneal 

6 .871 

6.747 

6.747 

6,879 

6.869 

6.873 

6.886 

6.880 

Stati tron 

6.865 

6.747 

6 .751 

6.879 

6.866 

6.865 

6.885 

6.873 

* Virgin graphi te . 

jExposed to e lec t ron beam. 



observed to resu l t f rom t h e r m a l annealing. It will be noted that the value for 

Sample 7 did not ag ree at this point with the o t h e r s . During the measurenaents 

following the f i r s t anneal, this sample was j a r r e d f rom i ts place and was r e -

cemented to the copper holder . Unfortunately, the graphi te was rep laced at a 

slight angle which changed the re la t ive reading for this sample . A second an­

nealing identical to the f i r s t was then made . The values obtained after this an­

neal showed no appreciable change in c-spacing for any of the samples includ­

ing Sample 7. It was assumed , the re fore , that the t h e r m a l annealing was e s ­

sential ly complete for this t e m p e r a t u r e . 

The ent i re appara tus was then placed in the North Amer ican Stati tron 

where it was exposed for 7-1/2 h o u r s . The t e m p e r a t u r e of the thermocouple 

not in the beam was 339° ± 3° C while the thermocouple in the beam ran 5 to 
2 7° ho t te r . A total in tegrated flux of 47 / i . ah /cm was rece ived by the holder . 

The r e su l t s of the X - r a y m e a s u r e m e n t s made after this s ta t i t ron run a r e 

given in column 6 of Table I. It i s evident that no significant change in c - s p a c ­

ing has occu r r ed after s ta t i t ron i r rad ia t ion of Samples 1, 7, and 8. The 

average observed change for this set was - 0 . 005 A while the change for 

Samples 4, 5, and 6, which rece ived no e lec t ron bombardment , was - 0 . 004 

A. These changes were well within the exper imenta l e r r o r . 

III. CONCLUSIONS 

In o rde r to compare the r e su l t s of this exper iment with r e s u l t s ob­

tained from s imi la r t e s t s per formed in a nuclear r e ac to r , it i s n e c e s s a r y 

to c o r r e l a t e the ionization produced in the s ta t i t ron with that produced in a 

Hanford p i le . The e lec t ron beam may be cons idered to produce only ioni-
3 

zation. In t r a v e r s i n g 5 mi l s of AGOT~KC graphi te , one would expect the 
A. " y 

e lec t rons to lose 4 x 10 ev, and hence a total in tegrated flux of 1 ^ a h / c m 

co r re sponds to a loss of energy of 6600 joules per g r a m 

the amoTOt of heat genera ted m a Hanford r e a c t o r at a te 
4 mately 0. 03 watt pe r g r am, while the number of ca lendar days is roughly 

half the number of megawatt days p e r cen t r a l ton, i The energy diss ipat ion 

in one of the r e a c t o r s i s^^^g |of the o rde r of 1300 joules per g r a m for each 

megawatt day. If, as an upper l imit , it is a s sumed that al l of this heat goes 

into ionization, then an equivalence between the s ta t i t ron and pile i r r ad ia t ions 

Now I 

jst hole is approxi - 1 
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i s obtained, namely, 5 mwd/c t i s equal to 1 ^ a h / c m , Thus the e lec t ron 

flux of 43 /Xah/cm obtained he re i s equivalent to about 220 nnwd/ct in a Han­

ford pile in t e r m s of ionizing power . 

The Hanford exper iments were on severa l samples with var ious i r r a d i ­

ation h i s t o r i e s . F o r compar ison with the p resen t exper iment , we have chosen 

the data for one sample of AGOT-KC. This sample was exposed for 651 mwd/c t 

at 30° C, annealed at 375° C for 120 hour s , and then further annealed in the r e ­

actor at 335° C. The behavior of the sample is shown graphical ly in F ig . 2. 

Since the t he rma l annealing should be a lmos t complete after 120 hou r s , the 

large init ial change observed on r e - exposu re to the neutron flux mus t resu l t 

from radiat ion annealing. The re su l t s of the p resen t exper iment a r e a lso 

plotted in F ig . 2. The c-spac ings m e a s u r e d in this exper iment both before and 

after t h e r m a l anneal fall below the values noted for the Hanford sample as would 

be expected since the la t te r specimen has rece ived considerably m o r e neutron 

i r rad ia t ion . If the Hanford data a r e extrapolated to an exposure of 460 mwd, 

but with a t empera tu re and ionizing radiat ion h i s to ry s imi la r to that of the 

s tat i t ron samples , a change in the c -axis spacing of 0. 080 A may be expected 

as a resu l t of radiat ion annealing alone. In the s ta t i t ron exper iment any change 

was l ess than 6 per cent of this amount. Indeed, in the case of the 651 mwd/c t 

sample the radiat ion annealing caused the c -axis spacing to d e c r e a s e substan­

tial ly below the values for the p resen t s amples . It is also noteworthy that this 

la rge radiat ion annealing took place at only 325° C after a t h e r m a l annealing at 

375° C, some 50° C higher . In the case of the e lec t ron-bombarded samples , 

t he rma l annealing took place at only 350° C, while the bombardment occur red 

at about 340° C. This lower t h e r m a l annealing t e m p e r a t u r e , a s well as the in­

c reased bombardment t e m p e r a t u r e , should be much m o r e conducive to showing 

radiation annealing, if p resen t , than the pile exper imen t s . 

It should be pointed out, however, that a p r o c e s s might exis t which could 

explain the negative r e su l t s repor ted h e r e without ent i re ly rul ing out ionization 

as a factor in radiat ion annealing- If the efficiency of th is p r o c e s s i s dependent 

on the intensi ty of the radiat ion, the s ta t i t ron exper iments could not be compared 

with the pile r e su l t s since the r a t e of ionization is so different. Such a p r o c e s s 

might be s imi la r in na ture to the breakdown of the rec iproc i ty law in photo­

graphic f i lms . As an i l lus t ra t ion let us consider the following model . 

10 
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An in te r s t i t i a l complex C is excited by the ionizing radiat ion 

C + ionizing radiat ion —.- C , . . . (1) 

the actual charge on the complex being unimportant h e r e . The excited complex 

may then dissocia te 

C* __. C , + C . . . . ( 2 ) 
n n - 1 * 

The freed a tom may then e i ther r e a c t with a vacancy or reuni te with the com­

plex, that i s , 

C 4- vacancy —* annealed graphite , . . . (3) 

C + C 1— C . . . . ( 4 ) 
n - 1 n 

Considering Eqs , (3) and (4), we note that the number of vacancies i s in ­

dependent of the radiat ion intensi ty while both the number of f ree a toms a s well 

as the number of C , complexes a r e dependent on the intensi ty. Therefore as 

the ionizing intensi ty i s inc reased , t h e r e will be re la t ive ly m o r e recombinat ions 

into complexes than annealing of vacanc ies . Thus the efficiency of annealing 

will dec rea se with increas ing in tensi t ies so that in the re la t ive ly low intensi ty 

of the pile the effect of ionization may be substantial ly g r e a t e r than in the case 

of the s ta t i t ron . 

Such a breakdown at high ionizing in tens i t ies should be sma l l in view of 

the la rge number of vacancies available in the graphite in compar i son with the 

number of complexes formed. Thus, it is felt that although the p r o c e s s d e ­

scr ibed is a poss ible one, it is not a probable one. In o rde r to reso lve this 

point unambiguously, however, exper iments have been planned with lower 

ionization intensi t ies which a r e comparable to pile l eve l s . 
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