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Abstract 

The chemical states of fission products in nuclear fuel pins are usually evaluated by thermodynamic analysis. The thermal 
equilibrium is assumed in the analysis, so that atoms included in the system are to obey Maxwell-Boltzmann energy 
distribution. However, nuclear fuel pins are subjected to a strong radiation field and, hence, molecules in the system have 
non-equilibrium energy distribution, which may affect the chemical state of fission products. In this paper, collision 
processes initiated by fission fragments in a solid fuel were calculated by the TRIM Monte Carlo code. In the gas phase in a 
fuel-cladding gap, the same processes were also simulated. Based on the calculation results, it has been evaluated how the 
energy distribution of gas atoms in fuel-cladding gap is different from Maxwell-Boltzmann distribution corresponding to the 
temperature of the system. It has been concluded that the radiation effect of fission fragments on chemical reactions are 
significant when the threshold energy of the chemical reaction is high and the reaction occurs at low temperature. The 
radiation effect on the decomposition reaction of CsI vapor has been demonstrated at 650 K, a fission density of 4 X 1013 
fissions cm -3 s -  t and a Xe pressure of 10 atm in the fuel-cladding gap. The CsI decomposition reaction rate has been found 
to increase the iodine partial pressure from 3.7 X 10 -23 atom in the absence of radiation to 3.1 X 10 -1° atoms in the 
radiation field. © 1997 Elsevier Science B.V. 

1. Introduction 

The chemical state of fission products in nuclear fuel 
pins is usually evaluated by thermodynamic analysis, where 
the thermal equilibrium is assumed and atoms included in 
a reaction system obey the Maxwell-Boltzmann energy 
distribution. However, nuclear fuel pins are subjected to a 
strong radiation field, where a large number of energetic 
atoms are produced. The energy distribution of atoms in 
nuclear fuel pins is different from that in the thermal 
equilibrium system. 

Being high-energy charged particles, fission fragments 
are considered as a radiation source in this work. Fission 
fragments produce energetic recoil atoms on elastic colli- 
sions with stationary atoms of the fuel crystal lattice. The 
recoil atoms can also transfer kinetic energies to other 
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atoms of the lattice as well as to gas atoms in the fuel-clad- 
ding gap by elastic collisions, creating secondary and in 
turn, higher-order energetic atoms, that is, the collision 
cascade. An effect of the energetic atoms on a chemical 
reaction in the nuclear fuel pin has been studied. 

Gas phase chemical reaction in fuel-cladding gap is 
important not only for a study of cladding inner corrosion 
in normal operation [1-3] but also for an evaluation of the 
source term of radioactive fission products under accident 
conditions [4]. A chemical reaction rate in the radiation 
field can be calculated based on the gas kinetic theory in 
case of a flux of energetic atoms. General formulae of the 
gas reaction theory are summarized in Section 2. Fluxes of 
energetic atoms in the fuel-cladding gap are estimated. 

In previous papers [5,6], preliminary estimations of 
fluxes of energetic atoms induced by fission fragment were 
made. Fluxes were calculated by deterministic methods 
using isotropic cross-section of energy transfer collision 
for the simplified geometry of the fuel-cladding gap. The 
deterministic method allows treatment of only one element 
for the transport medium. In this study, the same problem 
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is again solved by using a Monte Carlo simulation code, 
with which collision processes initiated by fission frag- 
ments can be simulated theoretically. The Monte Carlo 
code is particularly useful for solving complex problems 
that cannot be modeled by the deterministic methods. The 
flux of each component of fuel, U or O, is estimated. The 
flux is also calculated as a function of the distance from 
the fuel surface. The procedure of Monte Carlo calculation 
is described in Section 3. It is shown in Section 4 how 
different the energy distribution of the radiation induced 
flux of energetic atoms in nuclear fuel pins is from that of 
gas atoms in the thermal equilibrium system. 

As an example, the decomposition reaction rate of CsI 
vapor in the radiation field was estimated using the calcu- 
lated flux of energetic atoms induced by the fission frag- 
ments. The CsI vapor is an important compound in evalu- 
ating chemical state of iodine in fuel pins. According to 
thermodynamic estimation, fission product iodine tends to 
react with fission product cesium of which fission yield is 
about ten times greater than that of iodine, resulting in the 
formation of a thermodynamically stable compound, ce- 
sium iodide. The increase of iodine partial pressure by 
decomposition of CsI vapor in the radiation field is dis- 
cussed in Section 5. 

3. Monte Carlo simulation of collision cascade 

The collision processes in nuclear fuel pins have been 
simulated with the Monte Carlo code, TRIM [7], with 
which the two-dimensional ion penetration in non-struc- 
tured materials can be calculated. Fig. 1 schematically 
shows the evolution of collision cascades in UO 2 fuel and 
in the fuel-cladding gap. Fission fragments in the form of 
high-energy charged particles were considered as a radia- 
tion source. Fission fragments produce the collision cas- 
cades in the fuel, where some recoiled atoms are emitted 
the fuel-cladding gap. When the emitted atom has a large 
energy, another collision cascade of Xe atoms is also 
generated in the fuel-cladding gap. 

At a fission event, the fission fragment is born in the 
fuel with a high energy of ~ 80 MeV. On the other hand, 
chemical reactions mainly occur on collision with particles 
of low energy of some eV. A number of collision events at 
low energy are included in the collision cascade generated 
by the fission fragment. It takes a large computation time 
to simulate collision processe s ranging in energy from 
MeV to eV. To reduce the computation time, the numeri- 
cal calculations are carried out in two steps as shown in 
Fig. 1, i.e., the simulation of the collision processes in the 
fuel and those in the fuel-cladding gap. 

2. Reaction rate in gas phase 

A gas phase reaction rate, k (cm 3 s -  1), between atom 
A and B can be calculated by using relative velocity, 
cross-section and the velocity distribution of each particle, 

k = f f V r O ' ( P r ) f A ( 1 , ' A ) f B ( v B ) d u  A d~ B, (1) 

where v r is the relative velocity (cm s 1), VA and v B are 
the velocities of atoms A and B, respectively (cm s - l ) ,  
Or(Ur) is the reaction cross-section (cm2), fA(UA) and 
f s (vB)  are the velocity distributions of A and B, respec- 
tively. 

The velocity distribution can be calculated by 

fAorB(VAorB) = ~I)AorB(E)/PAorBVAorB, (2) 

where qb A or B(E) is the particle flux, PA or B is the density 
of the particle and u A or B has the same meaning as in Eq. 
(1). 

In the case of thermal equilibrium conditions, the reac- 
tion rate is calculated by assuming the Maxwell-Boltz-  
mann distribution. The velocity distribution in the gap of a 
nuclear fuel pin, where strong radiation field produces 
energetic gas atoms, is different from the Maxwell-Boltz-  
mann distribution. In the present paper, the radiation in- 
duced flux of energetic particles is calculated by the Monte 
Cairo simulation code and the velocity distribution is 
calculated by Eq. (2). The reaction rate in the radiation 
field is obtained by numerical integration of Eq. (1). 
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Fig. 2. Trajectories of fission fragments and recoil atoms in UO 2 
(TRIM code). 

3.1. Collision cascade in UO 2 fuel 

Fig. 2 shows an example of a TRIM calculation of a 
collision cascade in UO 2. Solid lines show trajectories of 
fission fragments, while dotted lines are those of recoil U 
and 0 atoms. In the Monte Carlo simulation, a particle 
moves over some distance (track length) with a constant 
energy between collision events. The particle flux gener- 
ated by fission fragments is calculated by track lengths as 
follows; the definition of particle flux is 

c19(E) = p(  E)v ,  (3) 

where p(E) is the particle density and v is the particle 
velocity. The particle flux integrated in the volume of the 
transport media of UO 2 fuel corresponds to summation of 
the track length generated by fission fragment in unit time. 
Therefore the volume average fluxes of the particle with 
the energy of E M are calculated with 

~ M ( E M ) = 2 P V ~ l i ( E M ) / V = 2 1 7 Y ' ~ I i ( E M ) ,  (4) 
i i 
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Fig. 3. Currents of atoms emitted from fuel surface for fission 
density of 4)< 1013 fission s I 

where M = fission fragment, U or O, while Y~ili(EM ) 
represents the summation of track lengths of particle M 
with an energy of E M, /5 is the fission density and V is 
the volume of transport media (i.e., UO 2 fuel). Currents 
emitted from the fuel surface, JM(EM), are calculated by 

JM(eM) = ~ ( e M ) / 2 .  (5)  

Fig. 3 shows the energy spectra of the currents of 
oxygen, uranium and fission fragments emitted from the 
surface of the fuel. In this calculation, F was set to be 
4)< 1013 fissions cm -3 s -1, which corresponds to the 
fission density in a typical LWR fuel rod operating with a 
linear heat rate of 300 W / c m .  The current of fission 
fragments is much lower than those of U and O in the low 
energy region, where the radiation effect on chemical 
reaction becomes important. The oxygen current is twice 
as large as the uranium current, because of the atomic 
composition ratio of UO 2. 

3.2. Collision cascade in fuel-cladding gap 

In the second step, the collision processes in the gas 
phase of the fuel-cladding gap were simulated by using the 
TRIM Monte Carlo code. It was assumed that the fuel- 
cladding gap with l0 ixm in width is filled with fission gas 
Xe at a pressure of 10 arm. Fig. 4 shows an example of 
collision cascades in the fuel-cladding gap, which are 
produced by oxygen and uranium particles emitted from 
the fuel surface. 

In this calculation, the fuel-cladding gap is divided into 
ten layers with the same thickness of 1 Ixm each. The flux 
of energetic Xe atoms is calculated for each layer. The 
Xe-flux in the layer j ( j  = 1 to I0), which is generated by 
recoiled U, is calculated with 

qbx¢(u)(Ex~, j )  = f q b u ( e u )  S ~ l i ( E  U, Exe, j )  
i 

× d E u / V ,  (6) 

where S and V are the area and the volume of each layer. 
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Fig. 4. Trajectories of U-atoms emitted from fuel surface and 
recoil Xe atoms in fuel-cladding gap. 
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Fig. 5. Flux of energetic Xe-atom generated by recoil U and O 
atoms. 

S /V  is calculated to be 10 -6 c m - ' .  Y~ili(Eu, Exe , j )  is 
the sum of the track lengths of recoiled Xe with energy of 
Exe. E U is the energy of the U-atom at emission from the 
fuel surface. Similarly, the Xe-flux generated by recoiled 
O is calculated with 

~xe(o)(Exe, j )  = fdPo( Eo) S E l i (  Eo, Ex¢, j)  
i 

×dEo/V,  (7) 

S, V and Eili(Eo, Exe , j )  have the same meanings as 
those in Eq. (6). The total radiation induced flux of Xe 
atoms in the layer j is obtained by 

(ibxe(Exe, j )  = qbxe(u)(Exe, j )  + ~xe(o)(Ex¢, j ) .  (8) 

Fig. 5 shows the Xe-flux spectra for different layers. 
The chemical reaction rate is dominated by collision pro- 
cesses at energies close to a low energy reaction threshold. 
This is the reason why the energy region from 1 to 100 eV 
was selected in Fig. 5. In layer 1, the Xe-flux generated by 
U-atoms is larger than that by O-atoms, although the flux 
of O atoms emitted from fuel surface is larger than the flux 
of U atoms. The reason is that the cross-section of energy 
transfer between U and Xe is much larger than that 
between O and Xe. On the contrary, in layer 10, the 
Xe-flux by O-atoms is larger than that by U-atoms, since 
low energy U-atom has a shorter range compared with that 
of O-atom. 

4. Comparison of radiation induced flux with flux in 
thermal equil ibrium 

The radiation induced Xe-flux is compared with the 
thermal Xe-flux without exposure to radiation in Fig. 6. 
Solid line shows the total radiation induced Xe-flux in the 
layer 1, which includes both the Xe-flux generated by 

U-atoms and that by O-atoms. Least-squares fitting of the 
radiation induced Xe-flux yield a slope of - 1 . 6 6  for the 
lines on the log-log plots of flux versus energy such as 
shown below: 

~bxe (Exe)  = 0.425/tEx: .66. (9) 

The thermal Xe-flux based on the Maxwell-Boltzmann 
distribution is expressed with 

[ 2 ] [ E x e ~ l / 2 e x p ( @ )  ( I0 )  

where k is the Boltzmann constant, T is the temperature of 
the gas phase and Pxe has the same meaning as in Eq. (2). 
As shown in Fig. 6, the thermal Xe-fiux (broken line) at 
650 K rapidly decreases with increase of particle energy. 

Reaction kinetics in the gas phase are dominated by 
collision processes. For example, collisional decomposi- 
tion of the molecule occurs when the molecule is excited 
above its threshold energy of decomposition. It is impor- 
tant to evaluate particle fluxes in gas phase at energies 
close to the threshold energy. The ratio of the radiation 
induced Xe-flux to the thermal Xe-flux is shown in Fig. 7 
as a function of particle energy for different temperatures. 
The ratio rapidly increases with increase of particle energy 
as well as with decrease of temperature. This means that 
chemical reactions are strongly enhanced by radiation in 
the following case; the threshold energy of reaction is high 
and the reaction occurs at relatively low temperatures. 

When the thermal flux is equal to the radiation induced 
flux, i.e., the above ratio is equal to 1 (see the dashed line 
in Fig. 7), both the fluxes are equivalent to each other as 
far as the chemical reaction at the particular energy is 
concerned. For example, the chemical reaction at 2 eV in 
radiation field is equivalent to the reaction in non-radiation 
field at temperature of 650 K. The radiation effect on the 
chemical reaction at energies less than 2 eV is consider- 
ably small at about 700 K. Using Fig. 7, it can be judged 
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Fig. 7. Ratio of flux in radiation field to flux in thermal equilib- 
rium system as a function of energy for different gas temperatures. 

from temperature and reaction energy conditions whether 
the radiation effect on chemical reaction is significant or 
not. 

5. Application to CsI vapor decomposition reaction 

The flux calculated above has been applied to evaluate 
the CsI vapor decomposition reaction in the radiation field. 
In the case of CsI vapor, the threshold energy of decompo- 
sition is 4.35 eV in a laboratory system [8]. The cross-sec- 
tion of Csl vapor decomposition is expressed with 

o ' ( E )  = C1(1 - E t h / E ) e  c2r for E <  10, (11)  

~ ( E )  = C1(1 - E , n / E ) e C 2 r f f ~ 3 / E  for E >  10, (12)  

where o ' ( E ) =  cross-section in cm 2, E = energy in eV, 
Eth = 4.35 eV, C 1 = 2.9 X 10 -16, C 2 = 2.6 × 10 -3 and C 3 
= 10 of T is set to be 650 K. 

The decomposition reaction rates have been calculated 
in two different conditions: 

(i) Under the thermal equilibrium condition without 
radiation, the CsI molecule decomposes due to collision 
with Xe gas atom as 

CsI + Xe ~ Cs + I + Xe. (13)  

Substituting the cross-section of Eqs. ( l  1) and (12) and 
the thermal Xe-flux of Eq. (10) into Eq. (1), the reaction 
rate in the non-radiation field, kdz[Xe], is obtained as 
2.8 × 10 -13 s -1. 

(ii) In the radiation field in nuclear fuel pins, the 
reaction system contains some energetic particle (Xe*)  
generated by radiation of fission fragments. These particles 
have a potential to decompose CsI molecule such as 

C s I + X e * ~ C s + I + X e * .  (14)  

The reaction rate in the radiation field has been calcu- 
lated with Eq. (1) using the flux of the energetic particle of 
Eq. (9). As a result, the reaction rate, kd4[Xe* ], was 
obtained as 5.5 x 10 -3 s - l .  

The partial pressures of iodine in the C s - I  reaction 
system have been calculated for two different reaction 
cases of CsI vapor decomposition described above. The 
calculation has been performed in the same way as in the 
previous paper [6]; In the fuel-cladding gap, the pressure of 
Cs can calculated for the equilibrium between UO 2 and 
Cs2UO 4 on the surface of fuel. The pressure of CsI vapor 
is determined as the vapor pressure of solid CsI on the 
inner surface of cladding. The iodine partial pressure was 
determined for the following reaction system: 

kr 1 
Cs + 12 ~ CsI + I, (15)  

kd~ 

kr 2 

Cs + I + Xe ~ CsI + Xe, (16)  
kd2 

kr  3 

I + I + Xe ~ 12 + Xe, (17) 
kd 3 

Cs + I + Xe* "-- CsI + Xe * + Xe, (18)  
kd 4 

where Xe plays the role of a third body, which leads to 
excitation and relaxation of the molecules. The kr 1 to kr 3 

and kd 1 to kd 4 are the reaction rate constants. The values 
of the kr I to kr 3 and kd 1 to kd 3 can be determined from 
the reported experimental results. The iodine partial pres- 
sures were obtained by solving simultaneously the rate 
equations for the above reaction system [6]. To simplify 
the problem, chemical reactions on the cladding surface 
and sputtering from the cladding surface were not consid- 
ered in the present analysis. The other calculation condi- 
tions and calculated iodine partial pressures are summa- 
rized in Table 1. The calculation results show a large effect 
of the radiation field on iodine partial pressure. 

Table 1 
Calculation conditions and results 

Calculation conditions 
Temperature of fuel surface 
Temperature of gas phase 
Temperature of cladding 
inner surface 
Oxygen potential 
Fission density 

Results 
Partial pressure of iodine (atom) 

750 K 
650 K 
550 K 

- 400 kJ/mol 
4X 1013 fission cm -3 s-  1 

3.7X 10 -23 atoms in 
non-radiation field 
3.1X 10 - j °  atoms in 
radiation field 
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6. Conclusion 

Sequential collision processes in nuclear fuel pins in- 
duced by the radiation of fission fragments have been 
simulated by a Monte Carlo code. The following conclu- 
sions have been obtained from the calculation results. 

(1) The radiation induced flux of Xe atoms in a typical 
fuel-cladding gap is mainly generated by U- and O-atoms 
emitted from the fuel surface. In the layer of the gas phase 
close to the fuel surface (within 1 p~m distance from the 
fuel surface), the Xe-flux generated by U-atoms is larger 
than that by O-atoms. On the contrary, the Xe-flux by 
O-atoms is larger than that by U-atoms in the gas layer 10 
p~m apart from the fuel surface. 

(2) The radiation induced flux of Xe-atoms in the gas 
phase within 1 Ixm distance from the fuel surface has been 
calculated to be equal to 

t~xe(Exe ) = 0.425JOExe 1"66 (cm S - 2  eW-1),  

where Exe is energy of Xe atoms in eV and /~ is fission 
density in fission cm -3 s-1. 

(3) The ratio of the radiation induced flux of Xe-atoms 
to the thermal equilibrium flux rapidly increases with an 
increase in the energy of the Xe-atom. The ratio also 
increases with a decrease in temperature. From these anal- 
yses, it can be concluded that chemical reactions are 
strongly enhanced by radiation in the following case; the 
threshold energy of chemical reactions is high and the 
reaction occurs at relatively low temperatures. 

(4) Estimation of the radiation effect on the decomposi- 
tion reaction of CsI vapor has been demonstrated in the 
case of 650 K, the fission density of 4 × 1013 fissions 
cm -s  s -1 and the Xe pressure of 10 atm. Large enhance- 
ment due to the radiation field on the decomposition rate 
of CsI vapor has been confirmed. The radiolysis of CsI 
vapor increases iodine partial pressure from 3.7 × 10 -23 
atm in a non-radiation field to 3.1 × 10 -1° atm in the 
radiation field. 
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