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EVALUATING FUEL BEHAVIOR DORIlfG IKRADIATIC:; 
BY FISSION-GAS KBIEASE 

R M C a r r o l l and 0 . Sisman 

ABSTRACT 

I f a n iclear fuel i s being irrac.iaced where evolved 
f i ss ion gas can be measured, considerable information 
about the physical condition of the fuel can be obtain­
ed from observations of how the f iss ion-gas re lease 
r a t e responds t o d i f fe ren t i r r a d i a t i o n conditions of 
the fue l . The unchanging re lease of f i ss ion gas as 
burnup progresses can assure the experimenter t ha t the 
fuel has not changed physical cha rac t e r i s t i c s . Al te r ­
nat ively , a variable behavior of gas release ra te can 
imply a cracking fuel , i r r ad i a t ion s in te r ing of poros­
i t y , chemical reac t ions , grain growth, breakaway swel­
l ing , or surface changes. 

INTRODUCTION 
In the pest decade a model for the re lease of f i s s ion gas from r e ­

actor fuel material has evolved, which has now been f a i r l y universal ly 
accepted, "mis model, which we c a l l the "defect- t rap" model, pos tu la tes 
the movement of f i ss ion (zan through a combination of diffusion and t r ap ­
ping processes. There appears now to be no argument about the general 
pr inc ip les of t h i s model, although d i f fe ren t inves t iga tors may have 
s l igh t differences i n the d e t a i l s of the p r o c e s s . 1 ' 2 ' 3 Other models are 
discussed in reviews of the l i t e r a t u r e . 4 ' 5 

This report w i l l deal with the physical changes in the fuel which 
can be inferred frnm changes in the re lease r a t e and composition of the 
f i ss ion gas. Examples of how these changes are evaluated are i l l u s t r a t e d 
with data from our past experiments, some of which have already been pub­
l ished. This report i s , however, not a review but r a the r a summary of 
the use of an evaluation technique, which we have found t o be most use­
fu l . 

In our experiments we have monitored the f iss ion-gas re lease ra te 
and composition, the temperature, and the neutron flux continuously dur­
ing the i r r ad i a t i on of various fuel mate r ia l s . Furthermore, we have the 
capabi l i ty of changing the f i ss ion r c t e within the specimen and the 
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specimen temperature independently. The discussion which follows assumes 
t h i s capabi l i ty , but much can be inferred about the condition of the fuel 
even i f only the gas release and temperature are monitored. The defect-
t r a p model was developed for IX)2 but w i l l apply to any fuel with s imilar 
p rope r t i e s . 

GAS REIEASE Wi SURFACE FISSIONS 
Fission-gas re lease from fuel mater ia ls can be divided i n t o two por­

t i ons , release from the body of the fuel and release caused by f i s s ions 
on the surface of the fue l . I f f i ss ion occurs within about 10 microns of 
a surface i t i s possible for one of the f i s s ion fragments to r e c o i l free 
of the fuel . Almost always, the f i ss ion fragment leaving the surface 
w i l l emerge with considerable energy remaining. Thus, i f the surface i s 
pa r t of a narrow crack or small j>cre, the f i s s ion fragment w i l l l i ke ly 
reenter the fue l . 

The amount of free surface ( i . e . , surface connected t o the ex te r io r 
of the specimen) of a ceramic specimen i s usually much grea te r than the 
geometric surface a rea . However, because of the r°einbedding process, the 
re lease of f i ss ion gas by d i r ec t f iss ion r e c o i l i s governed by the geo­
metric surface area . Moreover, i f the fuel i s held in a c l o s e - f i t t i n g 
sol id holder, a large proportion of the reco i l ing f i s s ion fragments w i l l 
embed in the holder. The net r e s u l t i s tha t only a very small propor­
t ion of the f i ss ion fragments recoi l ing from the fuel surface w i l l escape 
from the immediate v i c in i t y of the f u e l . 6 

When a f i ss ion fragment passes through a surface some of the surface 
molecules w i l l be "knocked out . " I f the surface contains f i s s ion gas, 
then some of the f i ss ion gas w i l l be l ibera ted by the knockout process. 
The number of molecules knocked out of the surface depends on the energy 
of the f i ss ion frajpient pnd the condition of the fuel surface. The 
f i ss ion-gas atoms l ibera ted by the knockout process w i l l have l i t t l e 
energy and wi l l not be embedded in nearby surfaces. This means tha t the 
knockout re lease wi l l be re la ted to the geometric surface a r e a 6 

During f i ss ioning , some isotopes of f i ss ion gas are produced which 
have ha l f - l i ve s in the order of hours. For these i so topes , an equ i l ib ­
rium w i l l soon be reached where the escape ra te plus the radioact ive 
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decay r a t e w i l l equal the production r a t e . The production r a t e of f i s ­
sion gas i s d i r e c t l y proport ional to the f i ss ion r a t e and tho equil ibrium 
amount of shor t - l ived isotopes of f iss ion gas within the fuel i s a l s o 
d i r e c t l y proport ional to the f iss ion ra te (if the escape ra te i s such 
smaller than the production r a t e ) . The knockout release r a t e for a 
given surfsce depends on both the r~»te of surface f i s s ions and on the 
f iss ion-gas concentration a t the surface. Since both of these processes 
a re d i r e c t l y proport ional t o the f i ss ion densi ty , i t follows t h a t the 
knockout release i s proport ional to the square of "the f i s s ion r a t e . In 
con t ras t , the d i r ec t r e c o i l release i s d i r ec t l y proport ional t o the f i s ­
sion r a t e . 6 

An important exception occurs when the surface of the fuel specimen 
becomes saturated with f i ss ion products. At that tinie an increase in 
f i s s ion r a t e w i l l increase the surface f i ss ion ra te but cannot increase 
the amount of f iss ion products in tne saturated surface layer . Under 
these condit ions, the knockout re lease w i l l increase d i r e c t l y with an in­
crease ir;- f i s s ion r a t e . 7 However, the knockout release can s t i l l be d i s ­
tinguished from the d i r e c t - r e c o i l release by comparing the r e l a t i v e 
amounts of the d i f fe ren t isotopes, as described below. 

GAS PELEASE FROM THE FUEL BODY 
The i so la ted xenon and krypton atoms, created within the UO2 s t r u c ­

ture by f i ss ion , are too large to f i t in to i n t e r s t i t i a l pos i t ions with­
out l a t t i c e s t ra in ing . These atoms diffuse rapidly but tend t o c lu s t e r , 
t o form bubbles, or to become trapped at ^.^perfections within the fuel 
s t ruc tu re . In our model , 6 > 8 the t raps ere divMed in to three ca tegor ies : 
( l ) i n t r i n s i c t r a p s , which are voids, grain boundaries, or other large 
defects in the fuel caused by the manufacturing process: (2) point de­
f e c t s , which are formed in the wake of a f i ss ion fragment; «»nd (3) c lus ­
t e r s of point defects . Tfc? second and th i rd types of defects c**e formed 
by i r r ad i a t i on , whereas the f i r s t i s an inherent property cf the mater ia l . 

The surft.ee of the specimen may be considered to be a grain boundary, 
and gas i s trapped there , producing a high concentration r a the r than the 
depleted surface region expected from reco i l and diffusion processes. 
Gas bubbles co l l ec t a t grain boundaries and, with suff ic ient burnup, can 
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genera te enough p ressu re t o cause c racking or swel l ing- "Hie r e l e a s e of 

gas from the boiy of the f u e l , then , i s e i t h e r by a coupled d i f f u s i o n -

t r app ing p rocess or by escape from a rup tured gas pocket . 

EXPERIMENTAL METHOD 

Some means must be provided fo r ob ta in ing samples of f i s s i o n gas fo r 

a n a l y s i s . We use a continuous sweep of p u r i f i e d helium t o t r a n s p o r t the 

evolved f i s s i o n gas outs ide the r e a c t o r . Samples of gas a r e obtained a t 

i n t e r v a l s and the a c t i v i t y of the gas stream i s measured con t inuous ly . 

I n our case , the fue l specimen i s hea ted by i t s own f i s s i o n h e a t , which 

i s r egu la ted by moving the specimen capsule t o d i f f e r e n t neut ron f lux 

l e v e l s . 9 The temperature of the specimen i s c o n t r o l l e d , independent of 

the f i s s i o n power, by a i r - c o o l i n g the ou t s ide of the specimen capsule 

(see F ig . 1 ) . 

INTERPRETATION OP ISOTOPIC RATIOS 

Assuming t h a t d i f f e r e n t i s o t o p e s of the same element behave i n the 

same manner, cons ide rab le informat ion can be obtained by comparing the 

r e l a t i v e amounts of the d i f f e r e n t i so topes of f i s s i o n gas . The i s o t o p e s 

of xenon and krypton d i f f e r i n t h e i r p r e c u r s o r s , t h e i r f i s s i o n y i e l d , 

and t h e i r r a t e of r a d i o a c t i v e decay. A l l of these f a c t o r s can be used 

i n eva lua t ing the phys i ca l cond i t ion of the f u e l . 

I f the escape r a t e of a s h o r t - l i v e d r a d i o a c t i v e i so tope i s small 

compared t o the product ion r a t e , equ i l i b r ium w i l l be reached when the 
dF death r a t e , — , i s equal t o the b i r t h r a t e . 

— = N(> t o4>) « v S ^ (1) 

where: 

N = number of atoms of the i s o t o p e . 

> = decay cons tan t of the i s o t o p e , 

<j> = neutron flux, 

Z - the fission cross-section of the fuel, 

y = the fission yield of the isotope, and 

a = the absorption cross-section of the isotope. 
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Since >, $, Z^, >, and a a re known, then N, the amount of isotope 
trapped in the fuel , can be calcula ted. 

_ b i r t h ra te _ >Sf4> ( 2 ) 

Except for 1 3 5 X e , for which n i s high, > + T<f> « > . 
The r a t i o of two d i f ferent isotopes trapped in the fuel i s 

2 l = vZZf1 > .12=21.1* (3) 
1*2 ?2£f4> >1 *2 >1 

when the isotopes are a t radioact ive equilibrium-
The amount of isotopes released by d i r e c t r eco i l from a given fuel 

surface w i l l be d i r e c t l y proport ional t o the f i ss ion r a t e . Isotopes r e ­
leased by r eco i l wi l l have r a t i o s in d i r e c t proportion t o t h e i r f i ss ion 
y i e ld s . 

Nl = Z £ f ± = 21 (4) 
N2 72£f4> 7 2 

Isotopes released by the knockout process w i l l have a r a t i o some­
what between that for d i r ec t r e c o i l and tha t for trapped gas. 

Isotopes which are released by diffusion follow the general r e l a t ion 

f = C V^ (5) /I 
where 

f = fractional release (rate of release/rate of formation), 
D = diffusion coefficient for the isotope, and 
C = a constant which depends upon the diffusion model used. 
The ratio of the amounts of two isotopes escaping the fuel by dif­

fusion will be, 

c\/S r— 
2 c>v£ 2 * 

^2 
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I f the diffusion coeff ic ients are equal, 

I1 • 4* < ? > 
r 2 Ai 

The f rac t ional re lease f = r , . ; R = re lease r a t e 

and 

fx RiroS^ib 
— * = — — -*- • 

f2 R 2 >iS f 4 

The r a t i o for the equilibrium release r a t e s of two isotopes with the same 
diffusion coeff ic ients i s then 

r\2 Jz ^1 

In most fuels which we have examined the xenon and krypton behave 
inthe saiae manner, consistent with a trapping process . I t i s erroneous, 
however, to suppose that xenon and krypton w i l l have the same behavior 
in a l l mater ia l s . For example, in pyrolytic-carbon-coated fuel p a r t i c l e s 
(IX>2 or UC2) we found tha t krypton had a proport ional ly much greater e s ­
cape r a t e than xenon . 1 0 (See Fig. 2) This i s apparently caused by the 
eas ie r diffusion of the smaller sized krypton atom through the carbon 
coating, since the effect of the smaller mass on the diffusion ra te can­
not account for the magnitude of the difference. We knew the coating 
was not broken, because, when the coating did break, the r a t i o of the 
xenon t o krypton emerging from the fuel became the same as tha t for un-
coated fuel p a r t i c l e s . 1 0 Thus the f a i lu res of the coatings were detected 
f i r s t by bursts of f i s s ion gas released a t the moment the p a r t i c l e rup­
tured, and coating f a i lu re WHS confirmed by the subsequent higher steady-
s t a t e re lease ra te and the di f ferent r a t i o of the ..enon to krypton. In 
addi t ion, an analysis of the isotopes of the f i ss ion gas comprising the 
burs ts showed the isotopes to be in the r a t i o given in Etj. (3) , ind ica t ing 
stored gas. 
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IJfZ^P^E^ATTON OP CHANGE IN STEAD t-STATE GAS REI£ASE 
During i r r a d i a t i o n , s teady-s ta te f iss ion-gas re lease i s a t t a ined 

vhen the specimen has been i r rad ia ted a t constant conditions long enough 
to e s t ab l i sh radioact ive equilibrium for the isotopes being measured 
(Eq- l ) . Equilibrium i s assumed when the re lease r a t e s of the isotopes 
a re not changing s igni f icant ly over 8 period of time equal to several 
h a l f - l i v e s . When the specimen has been a t constant f i s s ion r a t e and tem­
perature long enough t o e s t ab l i sh radioactive equilibrium but the f i s s ion 
gas re lease i s var iab le , then the physical cha rac t e r i s t i c s of the speci ­
men are changing. Listed below are some in te rp re ta t ions of the s i g n i f i ­
cance of var iable gas release while the specimen i s being i r r ad i a t ed 
under s teady-s la te condit ions. 

Gas Release Rate Decreasing 
Steady decrease in gas re lease can te ccused by two f a c t o r s ; surface 

f i ss ioning causing a change in the specimen surface, or by t i ny cracks 
or pores in th.* fuel specimen being sintered closed by f i ss ion-sp ike 
welding. 

•Hie observation that the knockout release r a t e appears t o decrease 
with time has been explained with three d i f fe ren t t heo r i e s .** 5 

(1) I r r ad i a t i on i s smoothing the microscopic i r r e g u l a r i t i e s in the sur­
face, thus decreasing the surface area . (2) An equilibrium between e jec ­
t ion and redeposit ion of the surface molecules i s occurring. (3) Itass-
age of the f i s s ion fragments through the surface causes r e c r y s t a l l i z a ­
t i on , which reduces the e ject ion r a t e of molecules from the surface. 
In any event, only the surface of the specimen i s a f f e c t e d . 6 Any escap­
ing gas must, however, pass through th i s surface; thus, the high-
temperature gas re lease ra te i s affected in the same manner as the knock­
out re lease r a t e . An extreme example of a decrease in 8 8 K r by knockout 
re lease with i r r ad ia t ion time i s i l l u s t r a t e d in Fig. 3 . Although each 
specimen behaves in a d i f ferent manner, the decrease i s usually not s ig-
nil nt a f t e r about 30 days of i r r ad ia t ion and the subsequent gas r e -
lea .8 8bout l / 3 to l / 2 the s t a r t i n g re lease ; by contras t , the example 
in . j . 3 decl ines an order of magnitude over a 200-day period. 
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The decline in s teady-s ta te gas re lease because of surface changes 
i s t o be expected. Athough the extent of the decline cannot oe predicted 
accurately, i t i s 8 smooth exponential function of i r r ad i a t i on t i ne , or 
bumup, and apparently i s l i t t l e affected by the temperature of the spec i ­
men. This decl ine does not mean tha t the body of the specimen i s chang­
ing. 

Crack heel ing, or the i r r ad i a t i on s in te r ing of interconnected poros­
i t y , car occur during f i ss ioning a t much lower temperatures than required 
for s in ter ing during manufacturing. This can be dis t inguished from the 
surface change process described above because the i r r ad i a t i on s in te r ing 
i s strongly temperature dependent; whereas, the surface change process 
i s not . An example of 8 8 K r re lease from (Pu,U)02, as interconnected 
porosi ty was s intered closed, i s shown in Fig. 4 . Crack heal ing usual ly 
does not produce a smooth exponential function of gas re lease vs time for 
very long. In Fig. 4 , a f t e r 1.8 x 1 0 1 9 f iss ions/cm 3 , new cracks caused 
an increased gas re lease r a t e and the cracks healed rap id ly only t o crack 
again. The points show measured values with the l ine segments showing 
the a c t i v i t y t rend. I t should be noted tha t t h i s and subsequent f igures 
involve both continuous and grab-sample measurements with the points i n ­
d ica t ing grab-sample da ta . Temperature perturbations w i l l cause s t r e s s 
cracking which a l so heals rap id ly . Crack healing progresses sore rapidly 
a t higher temperatures. 

In Fig. 4 , a s in some subsequent f igures , the data were normalized 
t o some specif ic temperature. This means tha t some of the data were mea­
sured a t some other temperature and then, since the temperature depen­
dence of the gas re lease was known, the data values were adjusted for the 
selected temperature. The standard temperature was selected so tha t mini­
mum adjustments were necessary. 

Gas Release Rate Increasing 
Cracking of the specimen w i l l produce a small burst of f i ss ion gBS 

and then a subsequently higher f i ss ion-gas release ra te because of the 
increased surface area . Fission-gas pressure within grain boundaries and 
closed pores can produce cracking a f t e r the accumulation of enough burnup. 
As an example, the s teady-s ta te gas re lease from fused-crystal spheres of 
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UC>2 i 8 shown in Fig. 5 . The i n i t i a l decrease in 8 % r re lease r a t e i s 
caused by changes in the specimen surface. The abrupt increase a t 1.9^ 
bumup i s caused by the continued breaking of the spheres in to even smaller 
p a r t i c l e s es a r e su l t of the buildup of f i ss ion-gas p r e s s u r e . 1 1 

Increasing gas re lease can a l s o be caused by a chemical react ion of 
the fuel with some port ion of i t s environment . 1 2 Unless the reacxion 
causes the fuel to crack, the gas re lease w i l l increase smoothly a s the 
react ion progresses. Cracking causes an i r r egu l a r increase . 

Equiaxed grain growth w i l l cause increased f i ss ion-gas re lease dur­
ing grain growth. This i s i l l u s t r a t e d in Fig . 6, where a UO2 specimen 
was i r rad ia ted a t 17C0 C for 5 d a y s . x l Apparently gas trapped a t grain 
boundaries can escape along the mobile grain boundaries during grain 
growth. This type escape can be confirmed by lowering the temperature of 
the fuel belcw the grain growth temperature. I f the gas re lease a t lower 
temperatures i s the same as before, then grain growth has caused the i n ­
crease in release r a t e - In the example shown in F ig . 6, ex i s t ing cracks 
were healed, r e su l t i ng in a lower re lease ra te a f t e r grain growth had 
occurred. A measurement of knockout re lease w i l l confirm whether or not 
the surface area of the specimen has changed. 

I f the gas re lease r a t e increases rapidly in an exponential fashion 
i t i s most l ike ly caused by breakaway gas r e l ea se ; where the pressure of 
the trapped gas exceeds the fuel-matrix strength and the fuel begins to 
swell . The bubbles of trapped gas pushing t h e i r way to the surface w i l l 
produce pips of gas re lease and the r e su l t ing porosi ty w i l l increase the 
s teady-s ta te release r a t e . 

The breakaway gas release can be dist inguished from equiaxed grain 
growth because grain growth does not affect the subsequent gas re lease 
r a t e ; 1 1 breakaway gas re lease wi l l occur a t lower and lower temperatures 
as buraup progresses because of the accumulation cf f i s s ion gas. An ex­
ample of t h i s i s shown in Fig. 7, where the temperature of spherical 
(U,Pu)02 specimens was maintained j u s t around the breakaway gas re lease 
point as i r r ad ia t ion progressed. This experiment was performed a f t e r a 
cy l indr ica l specimen of the same mater ial had shown almost explosive r e ­
lease of f i ss ion gas when the specimen temperature was suddenly increased 
from 1100°^ *<% 1 4 ~ - ' v ' 2 
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INTERHtETATION OF FISSION-GAS REIEASE WHEN THE 
SPECIMEN IS COOLED 

During i r r a d i a t i o n some of the iodine precursors of xenon w i l l e s ­
cape from the fuel and deposit on cooler surfaces outside the fuel . I f 
the fuel i s withdrawn from the neutron flux, i t w i l l cool rapidly and 
the release of f i ss ion gas w i l l s top. However, the deposited iodine w i l l 
continue to decay i n to xenon. An example of the behavior of UO2 in good 
condition during such a cooling period i s shown in Fig. 8. 

There are three ways to confirm tha t the source of the xenon i s the 
decay of iodine outside the fuel specimen. (1) The krypton release ceases 
while the xenon re lease continues ( i f the xenon were emerging from the 
fuel , so would the krypton). (2) The emission ra te of xenon decreases 
with the decay r a t e of the iodine precursor (3) The isomer, 1 3 5 m X e , 
which has only a 15-ininute h a l f - l i f e , i s strongly present in the sweep 
gas. (If the xenon were diffusing from the fuel , most of the 1 3 5 m X e 
would have decayed before being re leased . ) 

Rapid cooling of ceramic fuel creates thermal s t r e s s e s . I f the fuel 
i s in good condition, the f iss ion-gas release w i l l respond as i l l u s t r a t e d 
in Fig. 8. If the fuel contains microcracks in the surface or grain 
boundaries strained by trapped f iss ion-gas bubbles, then cracks w i l l open 
during the cooling period and re lease trapped f iss ion gas. Such a cool­
ing burst i« shown in Fig. 9, where a f ine-grain specimen of UO2 was 
quickly cooled frcsi 1700°C to about 2SG°C , x l In t h i s cooling burs t i t i s 
obvious that iodine was a l so released since the 1 3 5 Xe i s emitted in 
greater amounts a f t e r the burs t than before. 

A spontaneous burs t i s ah own in Fig. 9 . Thermal s t resses were not 
responsible for the spontaneous burs t because the specimen had been cool 
for more than two hours . Hie r a t i o of 1 3 3 X e to 1 3 5 X e in the spontaneous 
burs t shoved tha t a s tore of trapped gas (Eq. 3) was released. Again, 
some iodine was released in t h i s spontaneous burs t . I t seems most l i k e l y 
that the spontaneous buret was caused by trapped iodine which b u i l t up 
pressure as i t decoyed in to xenon u n t i l a microcrack was opened In the 
fuel specimen, re leas ing the accumulated xenon. 

Although wicrocracks opened and closed during the cooling s t resses 
as the UO2 specimen of Fig. 9 was withdrawn from the flux, the specimen 
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did not have interconnected porosity or a network of large cracks. Tfcis 
i s shown by the clean relation of the emitted xenon to the ha I f - l i f e of 
the iodine precursor. 

The response to cooling stresses i s shown in Fig. 10 for a UN speci­
men which has interconnected porosity. Here the cooling stresses caused 
a large cooling burst, and several bursts in the las t phase of the cool­
ing. The interconnected porosity allowed the f i s s ion gas to dribble out 
over a period of hours as shown by the constant rat io of the 1 3 3 X e to 
1 3 5 X e . The major source of the f i ss ion gas i s a result of the leaking of 
gae from the porous specimen. Gas from iodine decay i s a minor portion 
of the total released, as shown by the absence of dependence on precursor 
decay. 

The character of the release from the UN specimen of Fig. 10 changed 
during irradiation, beginning with the type release associated with clean 
UO2, end then early in the irradiation changing to a larger steady-state 
release accompanied by pips of gas. Knockout release indicated an in­
creasing surface area. From cooling curves, such as Fig. 10, we were 
able to conclude that a chemical reaction was occurring, causing pene­
trating cracks in the specimen surface- Postirrad.iation examination con­
firmed that there had been a reecticc between the UN specimen and an AI2O3 
h o l d e r . 1 2 Our observations showed that the reaction started at tempera-
tuies under 600 C. 

In contrast, fas release from some (U,Pu)02 specimens indicated in ­
terconnected porosity at the very beginning of irradiation. As shown in 
Fig. 4 , the amount of porosity was reduced by f i s s ion sintering, showing 
that i t consisted of small passages, since large cracks are not sintered 
by f i ss ion spikes. Thermal stresses during cooling, as shown in Fig. 11, 
opened surface cracks or grain boundaries, and secondary bursts occurred 
after the specimen was cooled. Gas dribbling from the specimen showed 
some porosity remaining, with scss dependence on iodiiie decay a lso ap­
parent. By compering Fig. 11 with Figs. 10, 9, sM 8, one can see that 
the amount of open porosity of the (U, P1OO2 specimen was l e s s than that 
of the UN specimen (after the chemical reaction) but more than that for 
UO2 specimens in good condition. 
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SUMMARY 

Because of the difference in proper t ies of the various Xe and Kr 
isotopes and t h e i r precursors , the physical condition of the fuel can be 
fa i r ly accurately deduced by studying the magnitude and isotopic r a t i o s 
of the f i ss ion gas re leased. This technique can be especia l ly useful in 
showing changes in the physical condition of the fuel . 

For best r e s u l t s a sweep gas system i s used to carry the f i ss ion gas 
from the fuel to a monitoring s t a t ion , and the fuel temperature and f i s ­
sioning ra te are continuously monitored and control led. However, i t i s , 
often possible tc in fer the condition of the fuel from f iss ion-gas r e ­
lease data and a guess a t the temperature and power densi ty . This can 
be a very useful tool for i n -p i l e experiments and for reac tor monitoring. 
A summery of the i n t e rp re t a t ion of the gas-release r a t e , temperature, and 
burnup data i s given in Table 1. 

One importert use of f i ss ion-gas monitoring i s to ensure tha t the 
physical condition of a fuel specimen has not changed. I f you wish to 
measure s physical property, such as thermal d i f fus iv i ty , during i r r a d i a ­
t ion , then the observation tha t the f iss ion-gas re lease ra te has not 
changed during the time in t e rva l of the t e s t s wi l l confirm tha t the speci 
men remained i n t a c t during the t e s t s . 

I t should be noted tha t i t i s seldom possible to ful ly evaluate the 
condition of the fuel by a single observation. The i r r ad i a t i on condi­
t ions and the time-dependent behavior must be considered as well as the 
r a t i o of the isotopes of the f i ss ion gas and the emission r a t e as a func­
tion of temperature. For example, the gas release cha rac t e r i s t i c s of 
grain growth and breakaway swelling are very s imilar , requiring gas-
release measurements a t lower temperatures to determine which has happen­
ed. 



Table 1. Changes in Fission-Gas Release Caused by Changes in Fhysical Properties in the Fuel 

Observation Irradiation 
Condition Burnup Level Interpretation 

Slow decrease in 
gas release rate 

Slow decrease in 
gas release rate 

Rate of gee re­
lease increases 
in a step manner. 

Rflte of gas re­
lease increases 
quickly, accom­
panied by small 
bursts of gas. 

Steady titate 
Any temperature 

I n i t i a l to 
small 

Steady state 
Moderate to 
high temperature 

I n i t i a l to 
high 

Steady state or 
variable 
Any temperature 

Any 

Steady state Any 
High temperature 

Sir face fissions 
causing change in 
fuol surface. 

Interconnected 
poros.'.ty is sin­
tering closed by 
fission spikes 
and heat. 

Specimen cracked 

Grain grow-on 

Confirming Tests 

Change in gas release rate inde­
pendent of temperature. 
No cooling bursts and only xenon 
release after reactor shutdown. 
Isotopic composition constant. 

Change rate depends on tempera­
ture. 
Frequent spontaneous burfl'es. 
large heating and cooling bursts. 
Rate of release has some depen­
dence on '.mmediate irradiation 
history. 
Isotope' composition constant 
except d'ĵ ing bursts. 

Low-temperature irradiation 
shows greater release rate. 
Isotopic composition constant 
except at moment of cracking. 

When returned to lover tempera­
ture, the gas release rato is no 
higher than it was before. 
During the event the isotopic com­
position vas shifted toward the 
longer-lived isotopes. 
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Table 1 (Cont'd) 

Observation Irradiation 
Condition Burnup Level Interpretation Confirming Tests 

Bate of gas re­
lease increases 
quickly, accom­
panied by small 
bursts of gas. 

Sane as above 

Rate of gas re­
lease increases 
in rapid exponen­
t i a l manner. 

Steady state 
Any temperature 

High Fission-gas pres­
sure breaking the 
specimen. 

Steady state 
Any temperature 

Low Chemical reaction 

Steady state 
Relatively 
high temperature 

High Fission-gas pres­
sure exceeding 
the strength of 
the matrix, 
causing break­
away gas 
re lease . 

Low-temperature irradiation shows 
greater surface area. 
Small bursts composed of long-
l ived f i s s ion gases. 
Rate of breaking increased by 
thermal shock. 

Low-temperature irradiation shows 
greater surface area 
Higher temperature accelerates 
e f f ec t , which i s i rrevers ib le . 
Only a small sh i f t in isotopic 
composition toward longer-lived 
isotopes. 

S l ight ly lower temperature w i l l 
stop the Increase in gas release 
rate, but the steady-state l eve l 
w i l l be ncreased compared to 
established l e v e l s . 
During the time of increased re­
lease rate the gas shows a large 
sh i f t in composition toward 
long-l ived isotopes . 

to 



Table 1. (Cont'd) 

Observation Irradiation 
Condition Burnup Level Interpretation Confirming Tests 

Gas re l ease r a t e 
consta?it but large 
burs t when spec i ­
men io cooled 
r ap id ly . 

Momentary burs t 
of gas when 
specimen i s 
heated r ap id ly . 

After i r r a d i a t i o n 
s tops , the xenon 
re lease continues 
a t a decreasing 
r a t e . 

After i r r a d i a t i o n 
s tops the xenon 
and krypton r e ­
lease continues a t 
a decreasing r a t e . 

Rapid cooling 
from moderate 
or high 
temperature 

S t a r t of 
i r r a d i a t i o n 

Specimen cool 
Reactor down 

Specimen cool 
Reactor down 

Any 

Any 

Any 

Any 

Specimen i s crack- l a t e r i r r a d i a t i o n shows higher 
ing because of com- r e l ease r a t e s from the same 

condi t ions . 
Low-temperature i r r a d i a t i o n shows 
increase in surface a rea . 

tonation of thermal 
and f i s s ion-gas 
s t r e s s e s . 

Normal response 
of fuel 

Iodine released 
during i r r a d i a t i o n 
end p la ted out on­
to the wal ls of 
the sweep system 
i s decaying i n t o 
xenon. 

Xenon and krypton 
d i f fus ing through 
interconnected 
poros i ty in the 
specimen. 

Will happen always in about the 
same manner. 

Xenon d i e s off with the h a l f - l i f e 
of the iodine precursor . 
Xenon-135m i s p resen t . 
Krypton isotopes a re not p resen t . 

?o 
OS 

Ratio of fission gas isotopes 
continually changing as short­
lived isotopes decay away. 
Xenon isotopes do not decrease 
as the half l i f e of the iodine 
precursor 



Table 1. (Cont'd) 

Observation Irradiation 
Condition Burnup Level Interpretation Confirming Tests 

Pip or burst of 
fisaion gas after 
the irradiation 
has stopped and 
the specimen has 
cooled. 

Reactor down 
and specimen 
cool for some 
time. 
Specimen has 
previously 
been irradi­
ated a" high 
temperature. 

Medium to 
high 

Iodine collected 
into a closed 
pocket at the 
surface of the 
specimen during 
the high-tempera­
ture irradiation. 
Decay of iodine 
into xenon caused 
pressure to 
rupture pocket. 

Pip contains mostly xenon iso­
topes in the ratio of trapped 
gas. 
Later irradiation shows no 
surface area change. 

*o 
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