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APPARATUS FOR THE STUDY OF FISSION-GAS RELEASE 
FROM NEUTRON-ACTIVATED FUELED GRAPHITE 

Harvey S. Rosenberg , Rober t L i e b e r m a n , Duane N. Sunderman, 
and Ward S. Diethorn 

A simple laboratory apparatus for the study of fission-gas release from 
neutron-activated fueled graphite was developed. Xenon-133 released from a heated 
specimen is carried in a helium sweep gas to a charcoal trap, where the accumulated 
activity is monitored continuously by a scintillation detector, ratemeter, and pen 
recorder. The maximum specimen temperature (2500 F) is achieved in 10 min with 
an induction heater. All instrumentation is commercially available. 

Data for several neutron-activated fueled-graphite specimens heated in 
the range from 800 to 2500 F are presented to illustrate the typical results obtained 
with the apparatus. 

INTRODUCTION 

A d i spers ion of UO^ or u ran ium carb ide in graphite is one of the promis ing 
nuclear fuel concepts receiving cons iderab le emphas i s in the cu r r en t s ea rch for be t ter 
h igh - t empe ra tu r e fuel e l emen t s . Graphi te has the advantages of good t h e r m a l and 
mechanica l p r o p e r t i e s and a we l l -es tab l i shed fabricat ion technology. An important 
a r e a mer i t ing m o r e invest igat ion is f i ss ion-product r e l e a s e . Cur ren t information in 
this a r e a does not provide a sa t i s fac tory bas i s for the appra i sa l of coolant contamina
tion and the assoc ia ted p rob lem of coolant- loop maintenance in h igh - t empera tu re 
r e a c t o r s . 

The study of f i s s ion-gas r e l e a s e from neut ron-ac t iva ted fueled graphite can p r o 
vide useful information on the effect of t e m p e r a t u r e , coat ings , and r e l ea s e m e c h a n i s m s . 
This type of study is being c a r r i e d out in continuing Battel le r e s e a r c h in support of the 
Pebble Bed Reactor (PBR), which is being studied by Sanderson & P o r t e r for the 
USAEC. At Ba t t e l l e , coated fueled-graphi te spheres showing good xenon-133 retent ion 
in neut ron-ac t iva t ion exper iments a r e advanced to s t a t i c - and sweep-capsule i r r a d i a 
tions in the BRR, The purpose of this r epo r t is to descr ibe the design and operat ion of 
the s imple l abora to ry appara tus used in the neut ron-ac t iva t ion exper imen t s . It is be 
l ieved that the techniques and typical r e su l t s r epor t ed he re will be of genera l in t e res t to 
o the r s invest igating f i ss ion-product r e l e a s e . 

APPARAT US 

The appara tus is designed to m e a s u r e continuously the cumulative amount of 
xenon-133 (half-life = 5 . 3 days) r e l ea sed during pos t i r r ad ia t ion heating. Several days 
after neutron act ivat ion this gamma emi t t e r is the major component in f ission gas and 
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is readi ly identified and a s sayed with sc in t i l la t ion-counter techniques . In the design of 
the appa ra tu s , t e m p e r a t u r e capabi l i t ies up to 2500 F , sens i t iv i ty , s impl ic i ty , compact
n e s s , and, .'nsofar as poss ib l e , the use of commerc ia l ly available ins t rumenta t ion were 
the ma in cons idera t ions . The appara tus is located in a Cal i fornia- type vacuxom-frame 
hood. The power source for the induction hea te r is located outside the hood. 

The appara tus is shown in F igure 1. Tygon tubing is used to join pa r t s of the 
appara tus which opera te at ambient t e m p e r a t u r e when vacuum requ i r emen t s pe rmi t it . 
For the components subject to high t e m p e r a t u r e s , g lass or Vycor const ruct ion is neces 
sa ry . Fue led-graphi te s p h e r e s , 1. 5 in. in d i a m e t e r , a r e heated rapidly to t e m p e r a t u r e 
in a ve r t i ca l Vycor tube sur rounded at the lower end by a copper induction coil . The 
sphere r e s t s on one end of a hollow graphi te s leeve . A Chromel-Al i imel thermocouple 
is posit ioned about 1/8 in. away from the sphe re . This thermocouple pene t ra tes the 
wall of the Vycor tube and is located along the cen te r line of the s leeve . A 6-kw Ajax-
Northrup high-frequency conver t e r supplies power to the coil . Power input to the coil 
is control led by r e s i s t o r s in pa ra l l e l with the coil . A max imum thermocouple t e m p e r a 
tu re of 2500 F can be achieved in 10 min . 

Two checks were used to de te rmine the accuracy of this method of measur ing 
sphere t e m p e r a t u r e . The thermocouple t e m p e r a t u r e was compared with an optical 
py rome te r reading on the sphere viewed through the Vycor wall and a second t h e r m o 
couple was embedded in a dummy graphi te sphe re . These readings were compared 
with the ex terna l the rmocouple . For the same power input to the coi l , the ex te rna l 
thermocouple r ead about the same as the in te rna l thermocouple and the (corrected) 
p y r o m e t e r up to t e m p e r a t u r e s of about 2400 F . It is bel ieved that the ex terna l t h e r m o 
couple is re l iab le to within 50 F . 

A s - r e c e i v e d Bureau of Mines hel ium flows over the s p h e r e , through a sp i ra l cold 
t r a p , and into the cha rcoa l t r a p within a scint i l la t ion c rys t a l where the xenon-133 is 
adsorbed . The hel ium p a s s e s through a second cha rcoa l t r a p (the backup trap) before 
it is r e l ea sed to the exhaust . All t r aps a r e cooled with dry ice . Occasionally wa te r , 
organic m a t t e r , and volati le solid f ission products a r e dis t i l led from the s p h e r e s , and 
these a r e removed in the sp i ra l t r a p . 

The backup t r a p provides addit ional t rapping capaci ty when l a rge amounts of 
xenon-133 a r e r e l e a s e d rapidly from the sphe re . A m e r c u r y rel ief valve open to the 
a tmosphere p revents accidental p r e s s u r e buildup in the sys t em. P r i o r to each run the 
charcoa l is degassed by flaming the t r a p s under vacuum. 

The quantity of xenon-133 deposi ted in the t r a p is r e co rded continuously with a 
wel l - type scint i l la t ion c r y s t a l and r a t e m e t e r - r e c o r d e r . A s tee l box lined with foam 
insulat ion sur rounds the c r y s t a l and contains dry i ce . Two inches of lead on the top 
and four s ides of the box shield the c r y s t a l f rom s t r a y radia t ion. A cyl indr ica l poly
ethylene s leeve is p laced over the canned c rys t a l to prevent contact with the dry ice . 
The following equipment is used to m e a s u r e the xenon-133 activi ty: 

(1) Harshaw 2 by 1.75-in. wel l - type Nal(Tl) c r y s t a l . Type F 

(2) Nuclear -Chicago scint i l la t ion p r o b e . Model DS5 

(3) Nuclear -Chicago coun t - ra te m e t e r . Model 1620 

(4) Nuclear -Chicago rec t i l i nea r char t r e c o r d e r . Model R-1000. 
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FIGURE 1. APPARATUS FOR MEASURING FISSION-GAS RELEASE 
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A 3 by 1. 75-in. Lucite light pipe is used to couple the c r y s t a l face to the phototube. A 
thin l aye r of s i l icone g r e a s e s e p a r a t e s the pipe and phototube. G r e a s e is not used at 
the c r y s t a l - p i p e in te r face . The pipe is wrapped with aluminum foil. E l ec t r i ca l "pick
up" from the induct ion-heater power supply is avoided by wrapping the s tee l box and 
probe leads with a luminum foil. 

The negative output from the p reampl i f i e r (gain = 10) is fed into the r a t e m e t e r 
amplif ier (gain = 50) and sent to the pen r e c o r d e r . Input sensi t ivi ty and t ime constant 
of the r a t e m e t e r a r e 0. 25 v and 2 s e c , r espec t ive ly . The r e c o r d e r char t provides a 
continuous t ime r e c o r d of the cumulat ive xenon-133 r e l ea sed from the fueled-graphi te 
sphe re . The phototube is opera ted at 1450 v. At th is voltage al l pu lses g r e a t e r than 
20 kev a r e counted. The two photopeaks of xenon-133 from the in t e rna l - conver s ion 
X - r a y and the p r i m a r y gamma a r e 30 and 81 kev , so a lmost all the activity is counted. 
When the cha rcoa l t r a p is free of f iss ion g a s , the background is 3 x 10^ cpm. The 
r a t e m e t e r ampli f ier begins to sa tu ra t e when the xenon-133 co\anting ra te exceeds 7 x 
lO'^ cpm. The amount of xenon-133 act ivi ty in the t r a p is usual ly sma l l enough to avoid 
count ing- ra te l o s s e s . 

The detect ion sensi t iv i ty for the 30- and 81-kev xenon-133 photopeaks depends on 
the t r a p - w a l l m a t e r i a l . The wall of the s ta in less s tee l t r a p is 40 mi l s thick. For a 
40 -mi l wal l , the ra t io of the 30-kev and 81-kev t r a n s m i s s i o n s a r e 469 and 1.40 for the 
g lass and s ta in less s t e e l , r e spec t ive ly . The 30-kev peak is not observed with this wall 
th ickness of s t a in less s tee l . Fo r this r e a s o n , the well t r a p is made of g l a s s . 

When the t r a p act ivi ty is low the sensi t ivi ty of the appara tus is l imi ted by the 
background. The appara tus is not opera ted in a low-background a r e a and so the bes t 
sensi t iv i ty has not been achieved. Some improvement in sensi t iv i ty could be expected 
if a s ingle-channel s p e c t r o m e t e r were used in the energy region having the optimiim 
sample- to-backgro\and r a t io . In the work r epor t ed h e r e , the gain in sensi t ivi ty did not 
w a r r a n t the use of a s p e c t r o m e t e r . Undoubtedly, a g r e a t e r improvement in sensi t ivi ty 
can be achieved by re f r igera t ing the phototube because t h e r m a l noise is a major com
ponent of the backgroiind at the low energy th resho ld of 20 kev. 

DATA EVALUATION 

Specimens a r e neut ron act ivated in a c losed can in the wease l tube of the BRR. 
A coba l t -wi re dos ime te r is i r r a d i a t e d with each spec imen. After cooling in the r eac to r 
pool for s eve ra l days , the spec imens a r e removed for the r e l e a s e study. This cooling 
per iod allows shor t - l ived f iss ion products to decay, and reduces the radia t ion h a z a r d 
and a s soc ia t ed handling p r o b l e m s . In tegra ted exposures of lOl^ ^vt produce adequate 
amounts of xenon-133 for the r e l e a s e m e a s u r e m e n t s . Both na tura l and fully enr iched 
spec imens have been examined in the appa ra tu s . 

In the pos t i r r ad ia t ion s tudies it is convenient to e x p r e s s the r e l e a s e of xenon-133 
as a pe rcen tage of the total xenon-133 in the sphere at the beginning of the heat t r e a t 
ment . The famil iar Ba teman solution gives the following equation for the number of 
xenon-133 a toms p r e s e n t in the sphere following ins tantaneous format ion of iodine-133 
during f ission. 
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N2 = 
^235 '^'^ T ^ 

^2 

2 
A-iA^ —A-^t A-. - A l t 

•I '̂  e _ i . e 
^Z ' ^1 ^2~ ^1 

(1) 

where 

N^ = number of xenon-133 a toms 

NOTE = a toms of u ran ium-235 

0 = neut ron flux, nv 

or = f i s s i o n c r o s s s e c t i o n , c m ' ' 

T = i r r a d i a t i o n t i m e , s e c 

Y = c iomula t ive f i s s i o n y i e l d of i o d i n e - 1 3 3 

Xp = d e c a y c o n s t a n t of x e n o n - 1 3 3 , days"-^ 

X. = d e c a y c o n s t a n t of i o d i n e - 1 3 3 , days"-*-

t = t i m e a f t e r i r r a d i a t i o n , d a y s . 

A f t e r a 4 - d a y d e c a y p e r i o d , t he s e c o n d t e r m in t he b r a c k e t s i s l e s s t h a n 10 p e r c e n t of 
t h e f i r s t t e r m , a n d c a n b e n e g l e c t e d . S i m p l i f i c a t i o n of E q u a t i o n (1) g i v e s 

N2 == [N235 4>o- T Y ] 1. 26 e ^ . (2) 

T h e n u m b e r of x e n o n - 1 3 3 a t o m s in t h e w e l l t r a p i s c a l c u l a t e d f r o m t h e o b s e r v e d t r a p 
a c t i v i t y , d e c a y c o n s t a n t , a n d d e t e c t i o n e f f i c i e n c y , A s t a n d a r d s o u r c e of x e n o n - 1 3 3 i s 
u s e d to d e t e r m i n e t h e t o t a l e f f i c i e n c y of t h e coun t ing s y s t e m in F i g u r e 1. T h e e f f i c i ency 
i s 70 p e r c e n t . B a s e d on t h i s e f f i c i e n c y , 1 c p m on the r e c o r d e r c h a r t i s e q u i v a l e n t t o 
1, 6 X 10^ a t o m s of x e n o n - 1 3 3 . 

T Y P I C A L R E S U L T S 

R e s u l t s fo r a few s p e c i m e n s a r e p r e s e n t e d in F i g u r e s 2 t h r o u g h 6. A c c u m u l a t e d 
x e n o n - 1 3 3 a c t i v i t y in t he w e l l t r a p i s p l o t t e d a s a fixnction of t i m e . T h e s e c u r v e s a r e 
o b t a i n e d a f t e r s u b t r a c t i n g c o u n t e r b a c k g r o u n d f r o m t h e r e c o r d e r c h a r t s . S p e c i m e n 
d e s c r i p t i o n i s s u m m a r i z e d in T a b l e 1. T h e s p h e r e s a r e a d m i x t u r e s of fuel p a r t i c l e s 
a n d g r a p h i t e , and c o n t a i n abou t 5 g of u r a n i u m . 

A l l of t h e f u e l e d - g r a p h i t e s p h e r e s w e r e p r o c u r e d f r o m c o m m e r c i a l v e n d o r s . 
F i g u r e s 2 , 3 , a n d 4 show t h e ef fec t of t e m p e r a t u r e on the r e l e a s e f r o m a b a r e f u e l e d -
g r a p h i t e s p h e r e ( F A - 1 ) . T h i s s p h e r e w a s n e u t r o n a c t i v a t e d once a n d h e a t t r e a t e d on 
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Re lease at 800 F was 0. 4 pe r cent; at 1100 F i t was 0. 1 pe r cent. 
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Re lease at 16 min was 0. 4 pe r cent. 
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T A B L E 1, D E S C R I P T I O N O F F U E L E D - G R A P H I T E S P E C I M E N S 

S p e c i m e n T y p e 
F u e l P a r t i c l e 

D i a m e t e r , jd T y p e 
S p h e r e C o a t i n g 

T h i c k n e s s , m i l s 

F A - 1 UO2 100-150 None 

F A - 8 ( ^ ) UC2 100-200 S i C - s i l i c o n 30 

F A - 2 0 UC2 100-150 C a r b o n 2 

(a) Sphere coating defected with 30-mil hole. 

s u c c e s s i v e d a y s i n t h e t e m p e r a t u r e s e q u e n c e p r e s e n t e d in t he f i g u r e s . T h e r a t e of r e 
l e a s e a p p r o a c h e d z e r o s o o n a f t e r t h e s p h e r e r e a c h e d c o n s t a n t t e m p e r a t u r e . D u p l i c a t e 
1100 F rtans ( F i g u r e s 2 a n d 3) s h o w e d t h a t t h e t e m p e r a t u r e ef fec t i s not s innple . In 
F i g u r e 2 a p l a t e a u i s a p p a r e n t in t h e a c t i v i t y c u r v e a t 1100 F b u t , in the s e c o n d r u n a t 
t h i s t e m p e r a t u r e ( F i g u r e 3 ) , t he s p h e r e r e l e a s e d a c o n s i d e r a b l e araotui t of a d d i t i o n a l 
x e n o n - 1 3 3 . 

When a n e x t e r i o r c o a t i n g on a f u e l e d - g r a p h i t e s p h e r e f a i l s , t h e x e n o n - 1 3 3 r e 
l e a s e i s c o m p a r a b l e to t h a t fo r a n u n c o a t e d s p h e r e . F i g u r e 5 s h o w s the r e s u l t s for a 
c o a t e d s p h e r e d e f e c t e d wi th a 3 0 - m i l h o l e . A n u l t r a s o n i c t e c h n i q u e w a s u s e d to d r i l l 
t h i s h o l e t h r o u g h t h e 3 0 - m i l c o a t i n g , e x p o s i n g t h e g r a p h i t e m a t r i x . T h e l e v e l i n g off 
t h a t c a n be o b s e r v e d in F i g u r e 5 i s no t r e a l , R a t e m e t e r s a t u r a t i o n a t h i g h coun t ing 
r a t e s , p r e v i o u s l y d i s c u s s e d , i s r e s p o n s i b l e for t h i s a p p a r e n t a p p r o a c h to a p l a t e a u 
v a l u e , 

T h e effect of a p y r o l y t i c c a r b o n c o a t i n g on t h e r e l e a s e f r o m a s p h e r e i s shown in 
F i g u r e 6, T h e c o a t i n g i s a p p l i e d b y the h i g h - t e m p e r a t u r e p y r o l y s i s of a h y d r o c a r b o n 
in t he p r e s e n c e of t h e b a r e s p h e r e . D e n s e c o a t i n g s c a n be p r e p a r e d b y t h i s m e t h o d . 
T h e q u a l i t y of t he c o a t i n g on t h i s s p h e r e w a s f a i r . P r e s u m a b l y , x e i i o n - 1 3 3 di f fused 
t h r o u g h t h e c o a t i n g b y l a t t i c e o r f i n e - p o r e d i f fus ion . 
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