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In order to study behaviour of important fission product

poisons, i.e. xenon and samarium, in PARR-1 after power

upgradation and conversion to low enriched uranium (LEU) fuel,

typical PARR-1 cores have been analysed using various models. It

is found that negative reactivity due to equilibrium xenon

increases when the reactor power is increased from 5 to 9 or 10

MW. However, the build-up of post-shutdown xenon is more

pronounced at upgraded power. Thus at 10 MW the reactor will be

poisoned out more quickly compared with 5 MW and remain so for a

longer duration. As a result the time available for restarting

the reactor after an unscheduled shutdown will be reduced and

once the reactor is poisoned out the restart will be possible

after a much longer time.
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1.

Study of the fission products in a reactor is essential for

various reasons. One important aspect is their reactivity

poisoning effect, in the core of a reactor several hundred

fission products are produced during operation /I/. Most of them

have negligible reactivity worth because of small absorption

cross sections or minute concentrations. A few, however, have

large cross sections and considerable effective fission yield

(i.e. either produced directly in the fission process or through

decay of some other fission products). Two most important poisons

encountered in the reactors are ^^e (aA(2200)=2.6xl0
6 barns) and

"9Sm (oA(2200)= 3.9X104 barns). These two also show different

behaviour because of difference in their nuclear properties and

modes of their production and consumption, as given in Table 1.

The cross sections of these poisons are very large in the thermal

energy range and decrease rapidly above 0.1 eV. Thus their effect

is important in the thermal reactors only. Due to this reason the

xenon reactivity is some times given as a function of the thermal

flux prevailing in the reactor core. The production and

consumption of these isotopes depend on the neutron flux in the

reactor and its operation history. Any change in the neutron

flux, such as during reactor start-up, shut down or power level

variation, is accompanied by a corresponding change in the

concentration of these isotopes. In power reactors such flux

changes are only occasional but they are quite frequent in the

research reactors. Thus it is important to know the behaviour of

these poisons.

The Pakistan Research Reactor (PARR-1) utilised MTR type

fuel elements containing UA1X as fuel meat material. The

enrichment of 235U was about 93% and each standard fuel element

contained 196 g of 235U. The reactor operated at 5 MW. Recently

PARR-1 was converted to use low enriched uranium (20%) fuel and

its power was upgraded to over 9 M6f. The LEU fuel elements

contain 290 g of 235U and the fuel meat material is U3SX2. Since
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the fuel properties as well as neutron flux have changed, it is

of interest to reinvestigate the xenon behaviour in the LEU

cores. Results of this study are presented in the following

auctions. Some of the results and remarks might be useful for

reactor operation personnel whereas others could provide basis

for simplification in the future analyses of this kind.

2. THEORY

2.1 Build-up and Decay of 3Eenon

In a reactor 135Xe is produced directly as a fission product

and also through beta decay of other fission products 135Te and
135I according to

i 6" I fi~ I fi"

T*$=6.6h

where the vertical arrows indicate direct yield from the fission

process and the horizontal arrows show radioactive decay. Removal

of 135Xe from reactor core occurs either by its natural

radioactive decay or by neutron capture. Thus the xenon

production rate at any location in a reactor core depends on the

present and past fission density and its consumption depends on

the present thermal flux. Consequently the amount of xenon and

its reactivity worth in a core varies from point to point. For

evaluation of its effect on reactivity detailed core calculations

are required which are lengthy and may be iterative. The core

calculations can be performed using a flat (average) xenon value

in the entire core or the actual space dependant xenon

distribution. For the later, and more accurate, case one has to

start from any random xenon distribution in the core (preferably

average xenon everywhere), perform core calculations, readjust

the xenon and repeat till a convergence is achieved. However,

instead of actual core calculations certain simplified methods

can also be employed which give reasonable results. In the cell
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model xenon concentration is evaluated using the actual fission

density and flux values which are obtained from cell

calculations. Although in this model the spatial variation of

xenon is not taken into account, it gives xenon reactivity fairly

accurately. In the point model change in reactivity due to xenon

is estimated by correlating the change in fuel absorption ( and

hence the thermal utilisation) with the infinite multiplication

factor /2, 3/. This simple model gives qualitatively good results

for large cores particularly when change in reactivity is more

important than the reactivity itself. However, this model

underpredicts the xenon reactivity as will be seen in the

following sections. Using this methodology and employing the

parameters of LEU core having 22 fuel elements (17 standard, 5

control) the equilibrium xenon and post-shutdown xenon effects

have been studied and discussed in section 3. The equilibrium,

xenon reactivities were also evaluated using cell model and 3-

dimensional core model. The core calculations were carried out

with help of the program FCAP /4/.

2.2 Saroari\m

From Table 1 it can be seen that direct fission yield of

samarium isotopes is negligible. It is produced through fi-decay

of its precursors as follows:

4* fl" I B" 4 fi" I fi"

i«Ce > " 9 P r > 149Nd > 149Pm > 149Sm

T»4=5.2s T*«=136s T**=1.7h T*5=53.08h

A similar chain exists for 151Sm but its effective yield is

much less. The absorption cross sections of samarium isotopes are

much smaller than 135Xe and fission yields of their precursors

(i.e. Ce, Pr, Nd and Pm) are also relatively small (Table 1).

Thus samarium is not as influential in a reactor core as " ^ e .

Its behaviour is also different from xenon because of its decay

properties. The principal isotope 149Sm is stable whereas ^Sm has
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a half life of 90 years. As a result samarium will only be

depleted by neutron capture, once present in the core. Only

fresh, clean core is free of samarium. The half lives of the Sm

precursors are also large. Thus after reactor start-up samarium

concentration increases slowly and nears the equilibrium value

after several days as shown in Fig. 1 for PARR-1. The equilibrium

reactivity is small, of the order of 500 pcm (8K/K x 10s), and

relatively insensitive to the flux value in the core /3/. After

reactor shutdown the samarium concentration starts building up

like xenon (Fig. 2) . However, contrary to xenon, it does not

decrease after reaching a maximum value since samarium is stable.

The concentration nears the maximum value after more than a week

because the half life of its precursor, Pm, is over 50 hours. By

that time xenon dies down to 0 value. The maximum reactivity due

to samarium (including about 500 pcm equilibrium value) is of the

order of about 800 pcm for the PARR-1 operating conditions. A

reactivity surplus of about 500 pcm would be sufficient to

counter its effect. Since much more reactivity is required for

xenon anyway, samarium poses no additional problems compared with

xenon. Variation of Sm concentration during operation-shutdown-

operation cycle of PARR-1 is shown in Fig. 2. The zero time on

the X-axis is chosen arbitrarily. At start of the study the

reactor is assumed to be in operation at 10 MW for several days

so that 149Sm has almost reached its equilibrium value of 2.26xlO16

nuclei/cc. At 100 hrs. the reactor is shutdown and 149Sm starts

building up. After about 400 hrs. it reaches near the maximum

level of about 3.76xlO16 nuclei/cc. At 500 hrs. the reactor is

restarted at 10 MW and 149Sm starts decreasing. Within about 200

hours of operation it reaches the minimum value of 2.06xl016

nuclei/cc. After this minima it starts building up again and at

about 1000 hrs. it once again attains the near-equilibrium value

(i.e. at 0 time) . This type of variations keep on repeating with

operation and shutdown cycles. However, their amplitudes may vary



depending on the duration of the operation and/or shutdown

phases.

3. RESULTS AND DISCUSSIONS

As mentioned earlier, the analysis has been carried out for

a typical PARR-1 core comprising 22 LEU fuel elements. The

results will change slightly for larger cores such as 23 or 24

element cores. In the point model the core power is represented

by average thermal flux. For this purpose the flux-power

correlation was taken from the core calculation results and the

fuel parameters were taken from the lattice studies carried out

earlier in the context of conversion and upgradation of PARR-1

In the subsequent discussion it is assumed that prior to

shutdown the reactor has been operating for sufficiently long

duration so that the xenon and iodine isotopes have reached

equilibrium. The reactivity due to xenon is always negative but

the symbol may not be used every time and the build-up of xenon

reactivity actually means increase of negative reactivity due to

build-up of xenon concentration. Knowledge of actual xenon

concentration in the core is of no practical use. Thus the effect

of xenon is mostly presented in terms of its reactivity effect.

3.1 Build-t^ of Senon After Beaotor Start-\%>

The cell model was used to study the build-up of xenon in a

typical PARR-1 core comprising 23 fuel elements operated at 5 and

10 Mtf. When the core is fresh or the reactor has been in a

shutdown state for a few days the amount of xenon in the core is

zero. After reactor start-up the concentration of 135Xe starts

increasing immediately. In contrast with 1<9Sm it attains the

equilibrium value rather quickly. The build-up of xenon

concentration and the negative reactivity associated with it are

shown in Fig. 3 and 4. It can be seen from Fig. 4 that for 10 MW

the xenon reactivity rises to -2900 pcm (i.e. about 90% of the
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equilibrium value) after one day of operation whereas after 36

hours it becomes about -3130 pcm (97% of the equilibrium value).

The equilibrium value is -3220 pcm. It is mentioned here that in

figures with more that one curves the point markings are only to

differentiate between the curves and do not represent any data.

3.2 EqaiUfarlma a&aon Rsaofclvlty

The equilibrium xenon reactivity, evaluated as a function of

reactor power using the point model, is shown in Fig. 5. At lower

powers the reactivity effect of equilibrium xenon increases very

sharply with increasing power. However, for about 5 MS? and above

the increase in poison reactivity is relatively small and it

flattens to some extent.

The equilibrium xenon concentration and its reactivity

worth, calculated using the cell model, are shown in Fig. 6. The

equilibrium xenon reactivity calculated by various methods is

compared in Fig. 7. They include the point model values, the cell

model results and two types of core results (obtained by using

the space dependant as well as average xenon values). On the

basis of the data presented in these figures and the experience

gained during this analysis following observations can be made.

a- The point model underpredicts the equilibrium xenon reactivity

but reproduces the trend correctly. Thus the point model should

not be used for evaluating absolute reactivities. However, it can

be used for determining relative values.

b- The cell model results are close to the core results. Thus the

equilibrium xenon reactivity can be determined reasonably well

using the cell model.

c- Difference between the two core results is negligible

although the computer time for taking into account the actual

spatial xenon variation may be very large. Thus using average

xenon throughout the core is a good approximation as far as the

equilibrium xenon reactivity is concerned. The deviation in the
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results is small (around 2%) but the computational time saving is

considerable ( at least 50%).

d- If the actual xenon variation in the core is to be considered

it can be found in two iterations i.e. starting from any random

xenon distribution followed by core calculations, readjustment of

xenon and core calculation again would give the actual xenon

values. However, if one starts from a good initial guess, such as

average xenon in the entire core, then even one iteration would

give actual xenon distribution quite accurately.

e- The core calculations show that the increase in equilibrium

xenon reactivity is nearly 1600 pcm when the reactor power is

raised from 1 MS? to 5 MW. But the increase is only 500 pcm when

the reactor power is raised from 5 to 9 Mif. Thus as far as the

worth of equilibrium xenon is concerned it is not going to

increase very significantly after power upgradation.

f- Since the power density is different in different core zones,

build-up of xenon also varies accordingly (Fig. 3) . If the

reactor power is kept constant the flux distribution will modify

with build-up of xenon. For PARR-1 environment these changes are

not significant. Detailed analysis of these flux changes is

beyond the scope of this report.

3.3 gtenon Build-up after Reactor Shutdown

Figures 8 and 9 show the poison reactivity due to build-up

of xenon after reactor shutdown. It is not the absolute xenon

reactivity because at the time of reactor shutdown the reactor is

supposed to be critical and the equilibrium xenon reactivity is

given zero value. In the subsequent discussions the xenon

reactivity ia used for the reactivity due to xenon with

equilibrium xenon reactivity placed at zero level (thus the total

xenon reactivity would be obtained by adding the equilibrium
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reactivity is used for the reactivity due to xenon with

equilibrium xenon reactivity placed at zero level (thus the total

xenon reactivity would be obtained by adding the equilibrium

xenon as far as Fig. 8 and 9 are concerned) . It can be seen from

Fia. fl that xenon buiid-un is sf.ronalv denendenf. on the reacf.onJ

power before shutdown. For 5 MW power the negative reactivity due

to xenon build-up is only nominal with maximum being around 1000

pern after just over 6 hours. At higher power levels the rise is

more pronounced and longer lasting contrary to the equilibrium

xenon, which changes minutely at higher powers.

In Fig. 9 the xenon behaviour of first operational core of

PARR-1 is compared for 5, 9 and 10 MW power levels. It may be of

interest to compare the dead times (the time during which xenon

poison exceeds the maximum core reactivity and reactor can not be

started). Dead time periods for various core reactivities and at

different power levels are shown in Table 2. Ti and T2 are times

(after reactor shutdown) when xenon poison reactivity equals the

maximum core reactivity (i.e. start and end of the dead time) and

Ttot is the total duration of the dead time. All the times are in

minutes.

Suppose the reactor had 1000 pem maximum reactivity at the

time of shutdown. In case of 5 Mff power level the reactor will be

poisoned out after about 5.25 hours and remain so till about 9.9

hours after shutdown with the dead time stretching to about 4.6

hours. For 9 MW operation the dead time will begin just after 95

minutes and last till over 21.5 hours after shutdown. The

duration of the dead time will be about 20 hours. At 10 MW power

level the dead time will start after 82 minutes and continue till

23.2 hours, after shutdown. The dead time duration will be 21.9

hours. If the core reactivity is 1500 pem then for 5 MW operation

the reactor would not poison out. However, for 9 MW operation the

dead time will last from about 160 minutes after shutdown till

over 18.4 hours arid its duration will be about 15.7 hours. In



over 18.4 hours and its duration will be about 15.7 hours. In

case of 10 MW operation the dead time will begin after 135

minutes and continue till 20.3 hours after reactor shutdown. The

dead time duration will be 18 hours. Thus the build-up of xenon

after reactor shutdown is much more pronounced at 9 MW power and

the reactor operating personnel should reckon with smaller

restart time margins after shutdown and longer dead times in case

of reactor being poisoned out. It may be noted that Ti is the

time before which the reactor rereaches the full power and not

when the reactor is just critical. Thus practical dead time will

start several minutes earlier (equal to the time taken to reach

full power level).
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Table 1: Properties of Some Poison Isotopes and Their Precursors

Isotope

(Seconds)

Fission Yield9

(from 235U)

aA (at 2200 m/s)

(10"24 cm2)

52-Te-135

53-1-135

54-Xe-135

54-Xe-135(m)

55-CS-135

58-Ce-149

59-Pr-149

60-Nd-149

61-Pm-149

62-Sm-149

58-Ce-151

59-Pr-151

60-Nd-151

61-Pm-151

62-Sm-151

19

2.365xl04

3.29X104

9.17xlO2

2.3xlO6 y

5.2

1.36X102

6.192xlO3

1.911x105

Stable

1.0

18.9

7.464xlO2

1.022xl05

90 y

3.08xl0~2

3.07xl0"2

9.31X10"4

1.61xlO"3

8.31xlO"6

7.10xl0~3

2.90xl0'3

1.85X10'4

3.19xlO'7

6.72x10-"

7.28xlO"4

2.23xlO~3

1.22X10"3

1.81X10-5

3.97xlO"8

2.638xlO6

8.70#

1400

3.93xlO4

700

1.50xl04

$ From Ref. 6

+ From Ref. 7

9 From Ref. 7 (total fission yield normalized to 1)

* From ENDF/B-V
# From JENDL-3.1
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Table 2: Dead Times for PARR-1 First Operation Core

i ,_ i i i t

! Reactor ! Rho=750 pem ! Rho=1000 pem ! Rho=1500 pem !

J Power ! Ti T2 T t o t ! Tx T2 Ttot ! Ti T2 T t o t •'
i I i f t

! ! 178 808 629 ! 316 593 276 ! - - !

! (5 MW) ! (10.5h)! (4.6h)! !

i i i i f

! ! 68 1389 1321! 96 1292 1197 ! 160 1102 941 !

! (9 MW) ! (22.02h)! (19.94h)! (15.68h)!
i i f i i

! ! 60 1485 1426 ! 82 1394 1312 ! 135 1217 1081 !

! (10 MW) ! 23.77h)! (21.86h)! (18.02h)!

i i i i i
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Fig. 2: Variation of Sm-149 in PARR-1
{Power 10 MW)
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Fig. 3: Xenon Buildup after Cold Start
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Fig. 4: Buildup Of Xenon Reactivity
After Cold Start
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Fig. 5: Equilibrium Xenon Reactivity
As a Function of Reactor Power
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Fig. 7 : Comparison of Equilibrium Xenon
Reactivities Using Different Models
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Fig. 8: Xenon Buildup After Reactor
Shutdown
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Fig. 9: Comparison of Post-Shutdown
Xenon at 5, 9 and 10 MW
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