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The feasthility of usir t~ the mass ratio Nd1146/Nd1145

and the activity ratio Cs1311/CsJ37 as ,ff—slte indicators

of bomb—grade plutorLi um production in commercial light

water reactors is exam ined. The theor’et.icar basis of these

ratios as on—site indicators of flu~rice is developed

and experimental validation of their utility as such is

examined. The escape rate of cesium and neodymium is

approximated and detection limit s determined. Although

both ratios are experimentally validat !d as indicators

of’ fluence , neither cesium nor n~ odymIum escapes a reactor

in great enough concentration t~ be accurately measured

off—s ite.
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ISOTOPIC CORRELATION TECHNIQUES

4

AS AN OFF-SITE REACTOR f~ONIT OR

I. I n t r o d u c t i o n

The United States would like to export nuclear

reactor technology and fuel without contributing to

the proliferation of nuclear weapons. Prospective third

world customers do not possess the technology to convert

commercial uranium fuel to bomb—grade uranium ; this

requires an inversion of the ratio of U238/1J235, which

is 97/3 for a representative light water reactor (LWR)

fuel. However , absorption of’ fast neutrons from fission—

r ing U235 converts U238 into Pu~ 39 . Pu 739 has nucl ear

properties similar to those of U235; it  can be used as

reactor fuel or weapo n f u e l .  The cooL Iriuous conversion

of U238 to Pu~ 39 in a power reactor !~u r n i n g  U235 is the

proliferation concein.

If t1i~ Pu239 is riot reiiiovcd from the reactor core

soon after Its f’or’matloni, It L~ c’ absorbs neutron s and is

converte’i to Pu2140. ~ubstant IaI : i m o un t s  of Pu2~4O In a

mixture of the two plutonium .tsotopes makes the plutonium

unusable in a weapon ; moreover , t he  separat ion of’ these

isotopes is even more difficult than the  enrichment of

uranium . Economical generation ol power requires a long,

sustained fission cycle ; production of bomb—grade plutonium ,

hereafter referred toas Pu239 isolation , requires frequent
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shutdown for Pu239 removal. Obviously , on—site Inspection

to determine length of fission cycle is the most straight-

forward method for determining wh~ther a reactor is being

used for production of power or Pu239 Isolation .

Another method for determimil .rig Pu239 isolation in—

volves examination of irradiated fuel elements. Weitkainp

has demonstra ted a l i nea r  r e l a t i o n s h i p  between 1J235

depletion and the ratIo Pu2110/Fu239 (Ref 1:212). Data

generated by Origen , the  Oak Ridge National Laboratories

Isotope Generation and Depletion Code , verifies this

relationship; U235 depletion and the ratio Pu2~40/Pu239

have a linear correlation factor of 0.9995 (Ref 2:106).

D e t e r m i n a t i on  of U 2 3 5  dep le t ion , or burnup , of a fue l

( element i n d i c a t es  the  r e l a t i v e  amoun t s  of Pu2 14 0 and Pu239;

low burnup  i n f e r s  Pu2 3 9  i s o l a tio n .  One method of deter-

m i n i n g  fue l  b u r n i u p  is called isotopic correlation tech-

niques (ICT); it Is based on the fac t  tha t  the ra t io  of

certain fission product nuclides varies systematically

w i t h  fue l  burr iup . U se of a r a t i o  e l im i n a t e s  the need

fo r k n o w l e d g e  af the  o r i g i n a l  f u e l  mass .

ICT have demons t ra ted  their utility as an on—site

safeguards technique for determining Pu239 Isolation ;

they are also used at fuel rt cycllng facilities to verify

fissile content of incoming shipments. The problem

addressed herein Is the feasibility of using Isotopic

correlation techniques to monitor , off—s ite , for product ion

of bomb-grade plutonium in a power reactor.

2
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Goodwin , dealing with the  same prob lem , developed

a set of criteria which a nuclide ratio must meet if

off—site application of ICT Is to be possible (Ref 3:10).

The essential elements of those cr i t e ria  are :

(1) The niuclides must be isotopes of the same

element .

(2) ThIs element’s chemical properties must enable

it to escape from the fuel  arid reactor.

(3) The Istoplc ratio must he measurable off—site.

Goodwin predicts that In 1982, 75% of the world’s reactors
will be LWR ’s, arid that 92% of the world’s reactors will

be using slightly enriched (1—3% ) uranium dioxide (Ref

3:1 3,15). Only LWR’ s burning slightly enriched uranium

{ dioxide will be considered .

Isotopic  cor re la t ions  have been the subject of both

t h e o r e t i c a l  — ni d ex~ e r im e n t al  Ln t v e s t i g a t  t on (Ref  11 :) 4 2 6 )

Theoretical Irivcst~ gat1ori is ~‘enera1ly carried out by

performing ac.curate burnup calculations , from which

correlations are derived. Experimental investigation is

based on detailed measurement of irradiated fuel Isotopic

composition , from which correlations are derived .

Analysis of’ the off—s ite application of ICT began

with a literature survey of theoretical correlation in-

vestigations. Isotopic ratios thereby identified were

evaluated against Goodwin ’s criteria ; the ratios Csl3!4/Cs137

arid Ndl146/Nd1145 were judged suitable. A literature survey

of experimei 1
~a1 Investigations of these two ratios was

3
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conducted to validate them as Indicators of fuel depletion .

The literature revealed a power history dependence of

the cesium ratio, but the degree of th is  dependence

and Its impact on the utility of’ the cesium ratio as a

burnup indicator , independent of’ knowledge about power

history , were not clear . Calculations were performed to

determine the degree and impact of’ t h i s  dependence.  The

escape mechanisms from fuel to environment were examined

and escape rates estimated. These escape rates were

coupled to the dilution processes operating on the two

reactor effluents considered , stack gas and coolant

water, and limits of ratio measurability predicted.

I

~~ 1

1;

- ~~~~ - 

;

-, — • . - ‘ -  - * 
.- ‘ S S ,~~~

‘ • -~ 
- 

- t.



— - -. - .

II. Theoretical A n a l y s is  of ICT

The evolution of isotopic correlation techniques

began with W. J. Macok’s proposal , in 1965, that ratios

of’ fission product nuclides be used for determination

of nuclear  fue l  burniup (Ref  5). At that  t ime , determina-

tion of burnup by fission product analysis was based on

the quantitative measurement of a selected fission product

nuclide . Use of’ a ra t io  instead of an absolute  atom

abundance c i rcumvented the requ i remen t s  for complete

sample dissolution and volume measurements.

Maeck’s method was based on the premise that for

stable fission product A , with large capture cross

sec t ion , and stable fission product A+l , with small

capture cross sect Ion , the  ratio A+l/A increases ex-

ponentially with irradiation time . His calculations

indicated t ha t  the ratios Ndi~~ /Ndl~43, Kr81$/Kr83, and

Xe132/Xel3l were suitable for burnup determination.

The first interest in radlonuclide ratios as

indicators of fuel turnup was demonstrated In 1968 by

Hick and Lamnier (Ref 6). They developed a computer code ,

IRREL , for calculation of fission product activities as

a function of fluence and determined that the activity

ratio Cs13~4/Csl37 was an effective measure of fluence.

Fluence is a measure of’ fuel exposure ; fuel depletion

- 
( )

, 4 ;
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is easily calculated from the  r e la t ionsh ip s :

t’Jc~ e~
0
~~~ (1)

256 L35~

Ui35 ~~P~~r~~i = (tv’L - N~ )/  N~_ (2)

where
V

1*0) initial amount of’ U235
2S~

amount of U2 35 at fluence

= absorption cross section or U235

fluence

The most complete compilation of isotopic ratios for

LWR fuels  is that of the  Jo in t  Research  Center  of ’

• Euratom (Ref )4:1~27). They identify the following ratios

as indicators of 15235 dep letion: Csl3~4/Cs137, Kr8 L~/Kr86 ,

Kr86/Kr83, I-Cr8l~/Kr83, Xel32/Xe131, Xe13~/Xe131, Xel32/Xe13~I,

Ndl)46/Nd1145, Nd1146/Nd1LI8, Ndl148/Nd1LI5. Two ratios of

neodymium isotopes identified by Macok (Ref 5:15) are

ignored in the preceding compilation; they are Nd1~44/Ndl~43

and Nd1~46/Ndi~43. These twelve ratios meet the first of

Goodw in’s criteria. Their escape potential and off—site

measurab ility must be determined. Since escape potential

( is d etermin ed by chemical characteristics , use of same—

6
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element ratios simplifies escape—path analysis. The im—

portant determinants of escape potent ia l  are s ta te  (solid ,

• liquid , gas) and chemical reactivity. Escape potential

increases as state change s from solid to gas and decr ~ ases

as r e a c t i v i t y  increases.

Krypton and xenon are inert gases; their escape

potential is extremely high . However , all their Isotopes

of interest herein are naturally occurring . Kr83 and

Xel3l have isomeric states , but the half—life of Kr83m is

less than two hours and only 8E - 3 ( I . e .  8 x io~~) of the Xel3l

passes through the isomeric state (Ref 7). DIsregarding

these Isometr ic states , calculations were performed to

compare expected effluent concentrations of’ the three

krypton Isotopes arid the three xenon isotopes to environ-

mental background concentrations. Using data from the BWR

at Oyster Creek , N. J ., it was determined that the stack

gas contained concen t ra t ions  on the order of 1E6 per cc of

the Krypto n  i so topes  arid lE7 p er  cc of the Xenon isotopes.

The a tmospher ic  background c o n c e n t r a t i o n s  were calculated

to be on the  order of lE l2  per cc for k ryp ton  isotopes

and 1E11 for xenon iso topes .  These ca lcu la t ions  are con-

tained In Appendix A. Krypton arid xenon are not present

in measurable amount in coolant water effluent. Clearly,

krypton and xenon do not meet the off—site measurabili—

ty criteria ; they will not be considered further .

‘
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The escape potential of the neodymium isotopes would

appear to be low; neodymium Is a non—vola t i l e  react ive

rare—earth metal . Its melting poin t is 102Lt degrees

(centigrade ) arid its boiling point is 3027 degrees (Ref 8:B

121). Escape data kept by reactor operators and agencies

regulating them deal only with radionuclides (Ref 9). Of

the neodyriiium isotopes of concern herein , only Ndl~ 4 Is

radioactive , but its half—life of 5El5 years causes its

radioactivity to be commonly disregarded . As demonstrated

in Appendix A , measured concentrations of one isotope

can be used to infer concentra tions of other Isotopes of

that element . The only indication of neodymium escape found

in the literature was a Ndl147 concentration of 3E—7 Curies

( per liter of ~oo1ant in a BWR (Ref 10:8). This activity

concentration equates to a number density of l.5~4ElO atoms

of Nd1147 per liter. Thermal—neutron fission of 15235 results

in the following yields:

6.03% Nd1143, 5.62% Nd11~LI , 3.98% Ndl~ 5,

3.07% Ndl’46, 2.70% NdlL47, 1.71% NdlL~8

(Ref 11:98). All these isotopes could be expected to have

been present in the coolant with concentrat ions of’ the same

order of magnitude as Ndl117.

Although lElO atoms per liter is certainly a measur-

able amount , neodymium’s ability to escape from the coolant

to the environment is uncertain. If neodymium does escape

to the environment , its off—site measurability will be corn—

plicated b y the natural occurrence of all isotopes of

8
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interest (Ref 8:B51). Further consideration of neodymiwn ’s

escape potential and off—site measurability is deferred

until the analysis of escape mechanisms is completed. Since

t-ie neodymium ratios are, at this point , of questionable

utility, experimental validation f’or only one of the ratios

will be considered . In addition to being cited as an

indicator of 15235 depletion , the ratio Ndl1~6/Ndli~5 shows

a direct relationship to Pu2140 content (Ref 1:212); only

this neodymium ratio will be considered f’urther .

The chemical characteristics of’ cesium do not iminedi—

ately categorize its escape potential; although volatile

(boiling point of 690 degrees), it is the most electroposi-

tive (reactive) element (Ref 8:B106). However , one environ—

( mental study has shown that Cs1311 and Csl37 can be found in

measurable concentrations in both the stack gas and discharge

canal of a PWR (Ref 12). Since neither Cs134 nor Cs137

occur naturally (Ref 8:B146), off—site measurability will

not be complicated by natural background concentrations.

The cesium ratio appears to be the best candidate for off—site

application.

The literature survey of’ theoretical investigations

of ICT upon which the preceding selection of ratios was

based revealed three other items of Interest. The first of

these items is the creation by the International Atomic

Energy Agency (IAEA) of an ICT data bank; data has been

collected from reprocessing plants and analytical labora-

tories and stored with a common format for ease of subse—

-
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quent retrieval (Ref 13). The ratio chosen as an on—site

indicator of 15235 depletion was Csl3L~/Csl37. A code (ISOCORR )

has been developed which performs the theoretical analysis

L of correlations and compares the calculated data with the

experimental data stored in this bank(Ref 111).

The second item of interest is a wide concern over

the sensitivity of theoretical isotopic correlations to

fission product nuclear data (FPND) accuracies (Ref 1, 15—17).

Weitkamp identifies the yield of Csl37 as the only signifi-

cant FPND involved in the production scheme of Cs137 (Ref

17:201). He apparently disregards the short—lived precursors

of Csl37 (1137 and Xel37). Weitkamp lists the yield and

capture cross section of Csl33 and the capture cross section

of’ Cs1314 as the significant FPND in the production scheme

of Csl3~~; again , he has disregarded the precursors Of Cs133.

As the uncertainties in cross sections are greater than

the uncertainties in yields , t he accuracy of the cross

sections of Csl33 and Csl3~4 is the limiting factor in cal-

culating a Cs13~4/Csl37 ratio. A 1% error in the cross

section of Csl33 causes a 1% error in the amount of Cs13Z~

(Ref 17:200). The important FPND in the calculation of the

Nd1146/Nd1~45 ratio are capture cross sections of Ndl14~~, Ndl~ 5

and yields of Nd1145, Ndl’46 (Ref 17:205).

The final Item is an indirect reference to the power

dependency of the Csl3L4/Csl37 ratio as a measure of fluence;

this dependency was to become a concern during examination

of the experimental investigations of ICT. Fig. 1 shows the

10
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theoretical variation of’ the Csl3L~/Cs137 activity ratio

( with irradiation time and neut ron flux for fission of 15235.

The intersections of the flux arid time lines are the

plotted points. The two circled points both represent

the same fluence; varying the flux by a factor of two

changes the Csl3L~/Csl37 ratio by 27%.
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Fig. 1. Cs1311/Cs137 Activity Ratio at Shutdown Versus Integrated
Neutron Flux for Different values of Neutron Flux and Irradiation
Time (Ref. 15:2141)
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Ill .  Ex p e r i m e n t a l  V a l ida t i on  of Cesium and

Neodymium R a t i o s

Selec t ion  of the ra tios  Cs13 1~/Csl37 arid Nd 1146/Nd l 14 5

as p rospec t ive  o f f — s i t e  in dica to r s  of f u e l burnup is based

on t h e i r  t heore t i ca l  u t i l i t y  as on— s~ te burriup indicators;

e x p e r i m e n t a l  va l i da ti on  of t h e i r  u n — s i t e  u t i l i t y  was the

subject of a second literature survey. The work of Hick

and Larnmer (Ref 18) demonstrates an Interesting application

of’ both the theoretical and experimental aspects ‘)f isotopic

co r r e l a t i ons ;  they  con ibine gamma—spec t r ome t r i c  mea sure—

meri ts  and t heo r e t i ca l  c a l c u l a tion s to est a b l i s h  a f i s s ion

product inventory which Is more accurate and complete than

( is pos sible with either expei’lr rt -r It or calculation alone.

Their code ( I R H E L ) for ca 1culat ~~on of’ fi~ s1~~-~ product

inventory requires neut ron flux input Wita (value and

spectral shape ) of uisivaiiah ft accuracy. On the other

har si , ~ a r nm a — sp e c 1 r o i r i e t r I c  meas~ir~ -m~-ni t s are sufficiently

accura te  for  on ly  a l im i t e d  ~et~ of’ fission products; due

to m u t u a l  l in e llltevf et ’unicf- or absence of gamma l ines ,

many isotopes cannot  he m ea: 3ur -d a c c u r a te l y .  Fl ick  and

Lammer u se e x per im e n t a l  r e s u l t s  for  Cs1311 and Cs].37 and

a knowledge of the i r r a d i a t i o n  h i s t o r y  to derive proper

neutron flux input data for IRREL ; IRREL then is ab le to

compute a fission product inventory of any desired degree

of completeness. 
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The re la t ionship  between f luence  and fuel  depletion

is defined In the preceding chap t e r ;  another  measure of

fuel  deplet ion , or bur r iup ,  i s  preferred In exper imenta l

work . This unit Is the megawatt—day per- tonrie (M~4D /T) .  As

t h e  name suggests , fuel  in a r- eoutor’ operating at a spec i f i c

power level (~ f one megawat t  (thormol ) per tonrie (1000 KIlo-

gram s)  of fue l  i n i t i a l l y  presen t  w i l l  be depleted by one

MW D/T in One d ay .  The fuel  is cori s~ de red to cons ist  of

heavy elements o n l y ;  in fue l e l emen t s  of uranium d iox ide

w i t h  s tainless steel claddi ng,  only the weight  of ’ the uranium 
- •

d i o xide Is consi dered in the u n i t  M~ D/T (R ef  19 :260) .

Dragnev and Beets exami n e  the f eas ib i l i ty  of using

n o n — d e st r u c t i v e  gamma upec t r orne t ry  measurements of irradiated

( fuel  assemblies  to determ ine the type  of fue l  (pre—ir rad ia t ion

enrichment), the history of i ts  i r rad ia t ion, and the

operational history of the re-act,or dut .lrri r. the period when

the measured fuel was in the c r e  of’ the reactor (Ref 20).

The i rr adia t ed  fue l  Is from t l~~ Germa n Vak reacto r;  the fuel

e lements  are made of r” - 1 lots with 1.27 -rn outer  diameter

and 1.59 cm l eng th .  A fue l  r o d  is composed of two L1 8_pellet

s e c t i on s ;  the rod d i a m e ter  is  l. L~5 cm . Tire fue l  con ìs is ts

of 2 . 3 3 %  enrIched uranium in the form of s in t ered  u r a n i u m

dioxide ; cladding is 0.85 mm Zircaloy—2.

Since It was planned to measure each fuel assembly

In only one spot along Its axis , measurements of the axial

distribution of’ hurnup are made to determine the best spot

( for measurement . The ratios between the intensities of the

1~4
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6O5KeV gamm a peak (C31 3L I ) ve rsus  the 663 KeV peak (Csl37)

and the 796 KeV peak (Csl3 14 ) ver sus  the 663 KeV peak (Cs137)

are used as burnup monitors. The results can be summarized

as follows :

(1) The axial distributions of the activIty

ratios follow qualitatively the distribution

of the Integrated neutron flux at different

points of the reactor core .

(2) The axial distribut ion of Cs1314 activities

decreases steeply to  t ir e ends of the fuel

asseiiiblies; this rapid decrease is caused by

t h e fact t h at Csl314 accumulation Is nearly

proportional to tire second degree of the integrated

neutron flux .

(3) The activity ratio CsI3LI/Csl37 as a burnup

monitor gives the correct burnup value despite

th e lack of f u e l  In the cent er of the rod

(v i d  be t vn ;e i t  l i r e  tw o ~~~~~ cl. ] 
((ni ; de scribed above )

FIg. 2 shows the results of a s i n g l e  point  measure-

ment of the  gamma sp e c t r u m  of s Vak f u e l  assembly  a f te r

1.58 years  co , l in g  t im - . The i eak labeled 605 Is the

605 KeV peak of Cs1314 ; the other peaks  of I n t e r e s t  are

6(, 2 (Cs 137) and 796 (C51314 , but mislabeled as Cs137).

The q u a l i t y  of the f igu r e  i s  poor because  It  was dup l ica ted

from m i c ro f i c h e . T ie -  ai ’~ as under  the  fu l l — e n e r g y  peaks

are related to the amou n t of co r r e s p on d i n g  g a m m a  radioact ive

fi s sio n  products  in the measured fuel assembly.

11 )
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Fig. 2. Partial Gamma Spectrum for Vak Fuel Assembly (Ret. 2O:31~)
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SIngle point  m e a s u r e m en t s  of t h e  a c t i v i t y  r a t ios

Csl3 14 (60 5  KeV ) /Csl37 and Cs13 14 (796 KeV)/Cs137

for  eleven Vak f u e l  a sse m b l i e s  w i t h  cool ing  t ime  of 0.42

years  are r epor ted .  F i g .  3 p lo t s th ese measuremen t s

again st the ca lcu la ted  burnup  of each f u e l  assembly ; the

ci rcled poin ts  represent  the r e-p orted da ta .  As the reported

data represents  a l i m i t e d  range of bu r n i ups , a l inear leas t—

sq~~res fi t  of the data  was c a lc u l a t e d  (Re f  2 1: 14 3 ) .  The

points  marked by x represent  a p r o j e c t i o n  of t h i s  f i t .  The

data associated with the 605 KeV peak has a linear correla-

t i o n  c o e f f i c ien t  ( R )  of 0 .7 3 7 ,  w h i L e  for  the  796 KeV data ,

R = 0 .  899 .

E 3oth the in i t i a l  and f i n a l  a m o u n t s  of U2 35 for each

fuel  assembly  are repor ted , pe rmi t t ; l rr g ca l cu la t ion  of U2 35

deple t i o n .  Fig.  /4 p l o t s  U2 3 5 d e p let i o n  a g a i n s t  the  two

a c t i v i t y  r a t i os .  A g a i n , c i r c l ed  p o i n t s  r ep resen t  repor ted

dat a , arrd x ’ s r ep r e s en t  a l e ast — s q u a r e s  f i t .  For the  605

KeV data , R = 0 . 7 0 6 ;  for  t he  796 Key data , R 0.896.

Using the  79~ KeV da t a , DragnIOV arid Beets formula ted

a method for  m a k i n g  the  C s l 3 I l / C a l 3 7  r a t i o  appear  to be a

f ar be t t e r  m d  1c:j t or of Lu r r r u p  t h a n  d t : i r r o n r s t r a t e d  by Fig.  3.

Their t r e a t m e n t  i n v ’ l ’ ; -; ;  d l  y i n  I ng each act i v i t y  r a t io  by

the act I vi ty r at  I o of t h f ue l  as sem n b I y w i t h  ii Ighest  burnup ,

and d i v i d i n g  e r i c h  bum ’r iup  by h :  h igh es t  bu rnup ; they calculate

a l inear c o r r el a t i on  t a c ts r  of’ 0 .993 for ’  the re la t ionship

between relative burnup and n’ ’lative activity ratio.

• ( Bresesti and t’eron i report  on experimental  work corre—
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Pig . 3. Burnup Versus Cs1314/Cs137 Activity Ratio at 0.142 Years
Cooling Time for Different Gamma Lines of Csl3~I
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Fig. 1 . U235 depletion versus Cs1311/Cs137 activity ratio at
0.112 ye~r~ cooling time for different gamma lines of’ Csl31~
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la t ing the Cs13/4/Cs137 a c t i v i t y  r ’atio to the ratio Pu/U in

Irradiated fuel assemblies (Ref 2 3 ) ;  f o r t u n a t e l y ,  the i r  re—

sults are presented in a manner which permits the Cs13/4/Cs137

activity ratio to be curr’i-lat :o to burnup . They measure

the gamma spectrum of twelve fuel assemblies in the spent

fuel pond of the Trirro PWR reactor’; cooling t ime is not

repor ted .  The burnup  va lues  ar ’e generated by a two—dimen-

sional burnup  code (BuRSQu :[D) u s i n g  th ree  neut ron  energy

groups (2 thermal , 1 fast); previous experiments validate

the accura cy of the  code . While Dragnev and Beets measure

each assembly at only a single point , Bresestl and Peroni

measure each corner of the assembly at nine levels. The

count ings  for  the nine po in t s  are summed , and t hen t he

areas of the  photopeaks  for the  four’ c o rn e r s  are summed

to g ive  an In tegra l  value for’ the entire fuel assembly.

This Integral spectrum for the  f u e l  assembly corresponds

to a total counting time of 96 m i n u t e s .

Three sets of activity ratios are reported: Csl3ll (605

KeV)/Cs137 (663KeV), Csl3/4 (796+802)/Csl37(662), Csl3/4

( l3 6 5) / C S 13 7 ( 6 62 ) .  These r a t ios  are p lo t ted  versus burnup

in Fig. 5; the  circles represent data from fuel assemblies

with an initial enrichment of 3.13%, and the x ’s represent

fuel assemblies with an Initial enrichment of 3.90%. The

lines represent a least squares fit to the data; R values

are: 0.8393 for the 605 KeV data , 0.5679 for the (796+802)

KeV data, 0.69’16 for the 1365 KoV data.

( Bresesti and Peroril also correlate Cs137 activity to

20
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burnup ; H is o.86~ for  th is  c o r r e l a t i o n .  This re la t ionship

is of Interest because the next experiment to be examined

deals with correlation of ’ the a c t i v i t y  ra t io  Cs1314 /Csl37

to 0s137 activity.

Leender assume s a l inear  r e l a t i o n s h i p  t e tween burnup

and Cs137 activity; his experiment examines the relation—

• ship between Cs137 a c t i v i t y  and the a c t i v i t y  ra t io  Csl3 14 /

Cs137 (Ref 2/4). He measures the gamma spectrum of two

sets of’ fuel rods from the Sena reactor; one set has half

the burnup of the other (actual burnups not specified).

Csl3~l activity is considered to be given by the mean of the

605 and 796 KeV peaks . The relationship between Cs137

activity and the Cs13/4/Cs137 activity ratio for fuel rods

with the lesser burnup has an R of 0.993/4. R for the greater

burnup rods is 0 .9955 .

Beets , Bemelmans and Pirard examine the Csl3~ /Cs137

activity ratio correlation to burniup in two phases (Ret 25).

The f i r s t  phase involves the non—destructive ganuna spectro—

metric measurement of fuel assemblIes in the spent fuel

pool , while the second phase deals with destructive measure-

ment (fuel is decladded and dissolved). This experiment

was intended to determine the effect of mutual shielding

and attenuation when entire fuel assemblies are measured .

In the non—destructive phase , the gamma spectrum for each

fuel assembly is measured In a single point , at the middle

of the active length; the time of measurement is 15 minutes.

To account for attenuation and detector efficiency effects,

22 
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a correction factor F is determined for each measurement .

F is given by the relation

F= O.?3(~~~~~ + (3)

where the C’s are the areas under the Cs13/4 peaks. A

linear correction is then applied to the measured Cs137

activity (662 KeV peak) using the relation

~~~~~~~ 
- -v~ 

- ~~~4)

where A is act ivity, and C662 is the area under the 662 KeV

peak of Cs137. The activity ratio Cs13/4/Cs137 refers to

the measured Cs13/4 activity, which is determined using the

605 KeV peak , and the calculated Cs137 activity, which

is defined by Eq(-14). This activity ratio is correlated to

the weighted burnup , where weighted burnup is defined by

the expression :

~~ ~~~i~/ ~i )  e~
’ 

~ (5)

where

SW = weighted burnup

?t. = num ber of m o n t h s  of fue l  cycle

5 burniup

= monthly integrated power

= total integrated power

= time of irradiation

t ime of measurement

C-H i
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The non—des t ruc t ive  phase of t h i s  exper iment  results  In an

R of O.99~6 for the re la t ionship  between the  Csl3Ll/C s137

activity ratio and the weighted burnup.

The destruct ive ph ase involves chemical  decladding

and d i s s o l u t i o n  of the fue l  w i t h  n i t r i c  ac id ;  the  gamma

spectrum of the solution Is then measured .  The a c t i v i t y

ratio and weighted burnup are determined In the same manner

as in the non—destructive phase; R for the destructive

measurement phase is 0 . 9 8 9/ 4 .

Gualandi presents  i nt e r e s t i n g  resul ts  on the corre-

lat ion between the  Cs13/4/Cs L37 activity ratio and the -

mass ratio Pu/U (Ref 26). Unfortunately, his report ed

data is too Incomplete to permit ts applicat ion to a burnup

C correlation as was done w l u h  the v:ork of Bresest i .  However ,

reexamination of the Bresest~ dat-a (Ref 23:/4) demonstrates

a linear relationship between burnup - m d  the Pu/U ra t io

( R = 0 . 9 9 9 2 ) ;  this justifies qualitat i ve applicatIon of

Guala ridi ’ s resu l ts  to t h e  correlation between the Cs13/4/Cs137

a c t i v i t y  ~‘atIo and hurnup. Gualandi shows  tha t  initial fuel

enrichment has only ~ s l ight.  in f l uenc e on the Cs13i4/Cs137

and Pu/U correlation (Pig. 6), while power history has

a strong influence (i”lg . 7). lIe concludes th~tt safeguards

application (on—site) ol’ the Cs13~4/CSl37 activity ratio

requires a thorough knowledge of powex~ hi story . Since the

absence of information about power history I~; the premise

upon which the requirement for an oI’f-~ tt e mon it or Is base d,

the degree of power history dependence Is of fundamental
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Fig. 6. Influence of the Fuel Enrichment on the Correlation
Between Cs1314/C5137 and Pu/U (Ref 26:618)
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Fig. 7. Influence of the Power Rating on the Correlation between
Cs131i/Cs137 and Pu/U (Ref. 26:619)
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importance. The power history dependence of’ the Cs13/4/Csl37

a c t i v i t y  ra t io  as an indicator of burnup Is analyzed in

the  fo l lowing  chap te r .

Fur the r  I n f o r m a t i o n  on the  o n — s i t e  app l i c a ti on  of

the Csl3/4/Cs137 activity ratio is ava i lable Jr ~ references

27 arid 28; Ursu e x a m i n e s  t h i s  r a tio  as an In d i c a t o r  of

cooling time (Ref 29).

The literature survey yielded only one experiment

deaIin~ wIth a neodymium r a t i o  as a b u r n i u p  m o n i t o r ;  fortun-

ately it examined the one ratio of i n ter e s t  here in , Ndl~46/Ndl /4 5 .

Befor’e p re se n t  i r i ~ an an al ys i s  of t ha t  e x p e r i m e n t , it is

necessar ’y 1•o W- firie a third measu~’e of burnup , atom percent

l H s sior i . Atom p ercent  f i ssi o n  (Ft ) is d e f i n e d  as the number

of’ fissions divided by the I n i t i a l  n u m b e r  of heavy a toms

t i m e s  l 0 0 ( R e f  l~;: tG/4 ). Determination of Ft burniup requires

measurement of’ ti le number of atc,nris of a fission product

monitor and the n umber of’ i’e~ ; I dual heavy atoms; the fuel

spec J men is d i  ssoi ved ar id  maBs sl ( - e I • I ’ lm et r y  use d for  measure-

ment  of number  dens It le s .  h u r t l u l I  1~~~~ then calculated from

t h e  rc-latlonshi ~~I 
-

,‘~~
= /oo~~M/y.)/~I/i.- M/v)J ( 6 )

where

fV\ = n u m b er  I !’  atoms of f l s~~iou product  moni tor

V = fractional fis sloti yIeld 01’ M

H = iiumber of residual heavy atoms

The most exact fission l roducl: monitor Is Nd1118 (Ref 22:59).
( )  
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Koch examines the c erolation between Ft and the  mass

ratio Ndl/46/Ndl’~5 (Ref 30); he uses Ndl/48 as the fission

product moni tor  In determining Ft .  Koch calculates a least—

square s f i t for measurements  made on Trino fue l  samples

and reports  the  e q u a t i o n ; h i s  r esu l t s  are shown in F ig .  8.

The c i rc les  represent  data  for  the  Trino f u e l  samples;  the

x ’s represent data for Sena fuel samples. The ~ena fue l

data Is not used in the linear regression.

In summary , the linear relationship between the Cs13~/

Cs137 activity ratio and U235 depletion is well documented

exper imenta l ly , al though many measures  of U2 35 depletion

are ~ised . Experimental validation of’ a linear relationship

between t he  mass r a t io  N dl /4 6/N d l 14 5 and U235 depletion is

sparsc- but c o n v i n c i n g .

~iu aiand~ (R e f  26)  r a i ses  the  issue of ’ a power

histor-:i dependence when examining the value of’ the cesium

r a t i o  as a b u r r iu p  i n d i c a t o r ;  pow er h i s t o r y  dependence is

best defined by using fluence as a measure of burnup .

P r constant -  f l u x , flueni c-e is the  product  of ’ f l u x  and t ime ;

a 1Iart Icul ~J 1- f l uen ce  can be ob ta ined  by di ff erent combina-

tions of’ flux and time . G ua la n d i  contends that  the Cs13~i/

Cs137 activity ratio Is a f u n c t i o n  of’ flux and time rather

than an independent [‘unction of’ fluence . The degree of

this power history dependence :Is critical to the utility

of’ the cesium ratio as an off—s Ite Indicator of burnup .
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Ft = iO.i++ 13.25~(I~.J4144/Nc~t4~). 8 +
o-Ft /1.6 
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Fig. 8. Burnup versus Ndl’16/Nd1115
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IV. Power History Dependence c f  the  A c t i v i t y  Ra t io

~~ Csl3~(Csl37 as an indicator of Burnu~

Determination of the degree of’ power h i s to ry  dependence

of’ the activity ratio Csl314/Cs137 as an indicator of burnup

requires a computer code w h i c h  can calculate the accumula-

tion arid decay of fission products for varying power histories.

The accumula t ion  and decay of’ fission products in fuel

elements can be described by a set of linear differential

equations of the form (Ref 18:19):

d = ~ * A/p, o~ ~ ~ A ~J~
I

— N o ~~~— 1~N~
t 

(7)

( w~ie re

N number of a toms of I so tope  of ’ atomic nulnber
J i and mass J

= sum over all fisslie Isotopes present in fuel
4.

number~ of a toms of’ [ ‘I s su e isotope of a tomic
n u m ber  k ari d mass 1

= f is si o n  cross sec t ion  ( b a r n s )

direct fission yield of fission product (i, j)

= neu t ron  fl ux ( cm ~~~see~~~)

= thermal capture cross section (barns)

A = decay constant (sec ’
~ -)

For each fission product i sot op e  a separate differential
A l t

equation exists and these equations are coupled via IY,/.~ and

29
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NT’; these differential equation s can be solved analytically

by Laplace Transform for a t ime c o nst a n t

~evem ’n l a s s u m p t i o n i s  ar e  r e qu i red  to develop a simple

f i ss ion  p r o d u c t  Invent s:! coI~ ; the  f i r s t  of these  assumpt ions

is  tha t  the ru- u t r n f ’ l u x  I:; t lr i ie  c o n s t a n t .  A c t u a l l y ,  the

Irradiation hlstor’y In a t ’ I - a ct o r ’  consists ( i f  a sen c-s of

cons tan t  power c yc ] e s  with the neu t ron  f l u x  vary ing  as a

function of the fissile inventory . The second necessary

assumption Is that U235 is the only fissile isotope in

the fuel; this assumption dlsx’egar’ds fast fission of U238

and also the fission of accun nul ating plutonium .

FIg. 9 shows the production scheme for Csl314 (Ref 31).

Tables I and IT show the nuclear data required; Table III

defines the symbols u sed In the two preceding tables

(R ef 2 :6 5 , 72 , 7 9 ).

The f i n a l .  a — siuript . Ion is that capture cross sections

less than o n e  barn c- in be d l sr ’ I -garded ; the  v a l i d i t y  of t h i s

ass umpt i on w i l l  l e  ex a m I r i ( - d  W h en  the  code is completed.

Th e largest e ap t u r e  cross seet~~on In the mass 132 chain (Fig.

9) Is that of ’  X e 1 3 2 ;  s i n c e  t h i s  cross section Is less

than  1 barn , on ly the  mass  133 c h a i n  is required in the

production schunnie of Csl3~4. The coupled equations which

must be solved are

se 51’ çdN,a3 /dz~ 
= A113ç 0p 2c,33 ~ ~/- N,,~ o

(
‘ 

— N o ~~ -AN~~ ( 8)
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Fig. 9. Production Scheme for C51314
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- where J~~ is the absorption cross section. These equations

are solved in Appendix B. These tedious hand calculations

L 
can be avoided by using the MIT code MACSYMA 272; this

code ’s solution of Eq (114) is shown in Fig. 10.
C

The production scheme for Cs137 is shown in Fig. 11

(Ref 31). Since the capture cross sections for the members

of’ the mass 136 chain are all less than 1 barn , only the

mass 136 chain is required In the production scheme of

Cs137. In addition to Eq (114), the coupled equations which

must be solved are:

d AJ,~ / i~ iv~~ ~ -
~~ A

— (\J/37 a~ ~~ — (15)

C’ /‘63$” 0~ ~ C~ ~~~ A N,~
(16)

d/d, / c /~ iV2~.c-,c ~~~~~~~~~~~~~~~~~
0 (17)

The solution to these equations is contained in Appendix B.

The instantaneous number of Cs1314 and Cs137 atoms are given

by the expressions

Cs —C~0tAJ,3~ ~~ e — e 
~~
. C~e

( 18)
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Fig. 11. Production Scheme for Cs137
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where the C’s and D ’ i represent constants defined in Appendix

B, and t represents time .

Using these expressions for’ the number of Cs1314 and

Cs137 atoms , a cesium inventory code (TEST) was written

which calculates the amount or activity of each of these

Isotopes with input parameters of’ initial amount of U235,

neutron flux and time . The first application of the

code wa s to compare it to ORI GEN (R ef 2) ;  ORIGEN is the

model used for PWR ’s and BWR ’s by the U.  S. Nuclear Regulatory

Commission (Ref3:28). Tables IV and V are output from ORIGEN

being used to modcl a PWR r’uriri1n~ at a constant average

specific power of 30 MW per metric ton of uranium charged

to the core . The same input parameters used by ORIGEN

were used in TEST; t he lis t in g and out put are conta ined in

Appendix C. The oul,put of both programs Is for 110 day

Increments. The depletion of 1J235 shown by TEST Is within

1% of the depletion of U235 gtven by ORIGEN for the entire

fuel cycle (1100 days). Fig. 12 compares the amount of

Cs1314 calculated by each code. TEST’s result is 36%

higher than ORIGEN ’s :tt 110 days; the difference decreasea

to 13% at 1100 days. S in ce all the assumptions made to
( )  
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simplify TEST tend to decrease the production rate of

Cs1314, TEST was expected to calculate a lower value of’

Cs1314 than ORIGEN . That TEST calculates a higher value

than ORIGEN causes the accuracy of the mathematical

methods used in ORIGEN to be suspec t .  The re la t ive  decrease

in amount of Cs13 14 (+36% to +13%) with increasing time

Is as expected . ORIGEN accounit ~ for  the f iss ion of

accumulating Pu239, while TEST considers only ~J235 fission .

Fig.  13 c ompares the amount of’ Cs137 calculated by

each code. TEST’s result is 35% higher than ORIGEN ’s

at 110 days and 14% lower at 1100 days. Again , the relative

decrease In amount of Cs137 (+35% to _LI%) Is due to the

fact that TEST disregards the fission of accumulating

Fu239.

Fig. 114 compares the Cs1314/Cs137 mass ratics calcu—

lated by TEST and ORIGEN ; there is less than 0.1% differ—

ence at~ 110 days an d 16% difference at 1100 days. The

comparison between TEST and 0R~GEN can he summarized as

follows. Ther’ Is c Lose agreement on U235 depletion and

Cs1314/Cs137 ma:~s ratio . TEST Is 35% hIgher than ORIGEN

for both 1sot~ ç e~: nl - 110 days , but the ratio (TEST value’

ORIGEN value ) de ’i~~a:~’~ with time for both isotopes, It

is concluded that T}’ST Is an acceptable code for examining

the power hlstor’y d”pc idt~nce of the cesium ratio as an

indicator o~
’ burnup.

The resuit.i (if t Ii s~ ~-‘omparIson between TEST and ORIGEN

can also be used t) examine the Impact of disregarding capture
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cross sec t ions  of less than one barn In the design of the

code TEST . A pp~-ndix C ~;hows that TEST calculates 8.08E5 grams

of Cs137 after 110 days and 5.00E6 grains aft ’r 1100 days.

Eq (17), which is the production s rate equation for Cs137,

has two loss t e r ms.  One loss term is for capture , and the

other  is for  d cay . TEST d is regards  the  cap ture  term

because the capture cross section of’ Csl37 is 0.169 barns .

Using the above values for number of Cs137 atoms and Eq (17),

loss rates due to capture arid delay were calculated. At

110 days , the capture  loss rate is 3.52E—6(grams/sec) and

the decay rate Is 5.92E—14 ; at 1100 days , the capture loss

rate Is 2.18E—5 and the decay rate is 3.66E—3 . In both

cases , the capture  loss rate is two orders of magnitude

less than the decay rate.

All applications of the code TEST hereafter described

use nuclear data from Tables I and II and an Initial U235

charge of 1.140E2 metric tonis (same as ORIGEN PWB model).

The first applic :sttou of’ TEST to the question of’ power

history dep~ nden~ e In v o lv e d  c on s t an t  f l u x  runs to a fluence

of 8.914 E20 (n eu ti ’ u n ss l I e r ’  square cm). Nine flux levels

(from ORIGEN PWR model cperating at 30 MW per metric ton

of U) were used; Irradiation time required for the desired

fluenc e was 300 days for the highest flux and 1400 days for

the lowest flux. Table VI lists the flux , t ime , and

activity ratio Cs1314/Cs137 for a fluence of 8.911 E20; a

25% change In flux shows only a 1.5% change In activity

ratio. - -
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TABLE VI

Activity Ratio Cs1314/Cs137 (R) for Different Power Histories
to a Fluerice (phi x t) of 8.911 E20 (phi in neutrons per square
cm sec; t in see)

PMI~~3.4~~E +j l  “ “‘‘‘~O O f l •
PHI~~3.~~1E’t3  1= 2 7 O 4 ’ ~3Il4 .
P H 7~~3 , 1r F + 1~ T~~2~~t~~’7’~~.PHt:3. f)’.~ ’+t3  r:~~~~1 1 C) i l L ,.
PHt~~2.)~~F4 I~ r~~1), ’~~1~ € ,.
PHi ‘2.31 ‘~~~~

- ~ 1’ ~16” ~~.‘ ~ 7 • = 1. at. 61 ‘~‘2Qiô6 13
PH 2.71i ’+1~ ~

‘=~ ‘-1~.77’~5.PHI~~2.~~3l +13 r = ’
~ 4- , n 15 ?I.  ~~~~~~~~~~~~~~~~~~

TABLE VII

Activ ity Ratio Cs1344/Cs137 CR) for Different Power Histories

PHI=2.53~
’413 T~~’5 ° ’ O O P .

PHI:2.fj3c +t ’~ 
r~~~~5~~7( ~O O .  P .1~+3~4 5 7 ~ E,~ l,

PHI 2.71Ei~13 t~~’59”OOO . R - .23689O~ 73518’
PHI:1. T = 2 5 ’ ) ’ f l O f ’J . ‘ .23083?9201 i,?
PHI=2 .SiF-f 1~ T : ” q ? O O O .  R . 3 ~~~~â5C~~4~ t,2L4
PHI=2 .q3E.13 1= ”5 q ? 0 0 0 ,  R~~...3t 8 3.~~26 ’27 7
PHI~ 3.G5~ +l3 r:2~ q~~no o .  R: .,338t3~91’~ 9
PHI=3 .tbC .1~ T~~ ’,~~~h ’ G O O •  R: .b386O~~2? li1O6(,
PHI:3.31r413 T:~~ g” r5fl’l~

R~~~. ...~~372T ~~~~1~~~7 1
T~~~~~~~~~’ h O U .  R: .Oi~ d 0 ? 3~ 4 5 ’ 3

PHI= 2.t,.~ F+t3 t 5 ~~’Ol~O.
PHI:?•7IF~ 1’1 t:’!9’flOfl. R~.~~ 669O~ 7~ 6t82PHI=?. f J1~~4 t 3  t:~~5g2 rJ~~fl, R: .33 30d5t 27S 7 0t

R:.!.T221406C~ 9?~
PNI:3.l~.E#t3 T~~ ’~~?Ofl O. P= .b31,Ot 2 13O)~~1

PHI~~ •ter•t~ r:”592000. R .ô298911~~~t~ i7
PHIS3.itr-.’t! t=’5~ ”OOO. R:.? 3 6M 57 c 3 ~ 9 Q 2 8 2
PHI= 3.,5E+1~ T=259’OCO. R:,6~ O37621&f3t.6~
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A ~econid app lication of TEST examined more extreme

variations In flux level; a listing and the output of this

program are contained in A p p e n d i x  D . The purpose of this

program was two—fold; only the odd lines of output are

addressed at t h i s  po in t . Ten flux levels , from 1E13 to

lEl14 (neutrons per square cm see), were run for Len time

periods ~ach; the time periods ran from 30 to 300 day s, in

increments ot’ 30 days. The output lists the flux , t ime

(see), and activity r’atIo Csl3~4/Csl37. Recalling the

theoretical correlation betwe - si fluenco and Cs1314/Cs137

activity ratio addressed irs Chapter Ii , i t Is i nteres ting to

note that TEST shows a l in e a r  co r r e l a t i on  coe f f tc le n t  of

0.9999 for  t h i s  r e ] a t 1 o n I ~’I s 1 }  foi ’  a constant flux . Returning

to power history dependence , A ppendix V shows that for a

fluence of 2.59E20, chang1t~~ the flux by a factor of 2

changes the  activity ratio by 0.7%. For the same fluenee ,

changing the flux by a factor’ cf ~ changes the activity ratio

by l~ %, arid a f a ct o r  of 10 changes the activity by 23%.

In other words , If’ the Cs134/Cs137 actLvlty ratio is used

as a mon i to r  at’ f i -u en ce  arid the urseertuinty In flux level Is a

fac tor  of 5, then the  u n c e r t a in t y  irs f lu e n c e  wi l l  be 12%.

Ano the r  way i n  w h i c h  pow er  h i s t o r y  can vary is the se-

quence arid duration of’ power s h u t d o w n s  In fuel cycle .

Table Vii shows the TEST output for two power cycles with

terminal fluenee of h.9lE?0; the flux ‘evels are those

used by the ORIGEN PWR model. Case 1 has a 30—day shutdown

in the fourth month , wh ile Case 2 has a 30—day shutdown
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in the seventh mon th .  The outpu t  l is ts  the  a c t iv i ty

._
# I~ ra t io  at the  end of each mon th ;  the difference in activity

ratios at the terminal fluence is 0.7%. A similar program

was run to determine the effect of s h u t d o w n s of d i f f e r e n t

lengths ; two fuel cycles of constant flux and 300—day dura—

tiori were modeled. The first case had a flux of 7El3

with a 30—day shutdown In the fourth m o n t h ;  t e rmina l

fluenice arid activity ratio for case 1 were l.633E21 and 1.97,

respectively. Case 2 used a flux of’ 8El3 with a 60—day

shutdown In the f o u r t h  and fift h months ; terminal fluence

and a c t i v i t y  ra t io  were 1.659E2 1 arid 1.99, respectively.

The grea ter  f l u e nc e  ( 1 . 6 % )  has an activity ratio 1% higher.

The power history dependence of the  Cs1314/Cs137

( 
activity ratio as an indicator of’ fluence can be summarized

as fo l lows . Shutdowns  whose l en gt h  is short compared to

the  h a l f — l i f e  of Cs13 11 (2 yr’s.) have an insignificant

i mp a c t . on the  a c cu r ’a -~ y of t h e  ( :1 - s l um r a t i o  as an indicator

of f i u - u c e .  h owever , an order  O f ’  m a gn i t u d e  u n c e r t a i n t y

in the f l u x  l ’-ve l  of’ t he  reactot ’ results in a 23% uncer ta in ty

In t h u  f l u e n c e  In d i c a t e d  by a pa r t  ~u lar  cesium ra t io .

A s m e i s t l o r i u - d e a r l i e r , th e  p r ogram con ta ined  In

Append ix  V w a s  d e s l g t s -d to s er ’ vk -  a dual  purpose .  The odd

l ines  of’ ou tpu t .  or ’- for  a Cs l3L l  d i rec t  f i s s ion  yie ld  of

zero , and the  even l u s t - s  of’ out~put are for a Cs13 11 d i rect

fission yield of s. ~~~~~ G o o d w i n  c i t e s  the 5 . 2 E — 6  value

(Ref 3:112); QRIQ1-~H us -m; ‘~rro. The difference in amount

of C~ l311 calcu lated b~ TF ST using these two values Is
I
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significant for low fluences; a flux of lEl3 for 30 days
I 

results In a 5% difference in Cs1314 calculated . An order

of magnitude Increase in fluence decreases the difference

In Cs13~4 calculated by an order of magnitude .

(
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V. Escape from Fuel to Environment

Anal ysis of the escape from fuel to env ironm ent of

the Isotopes of Interest , Cs1311/137 arid Ndl115/1146, is

addressed In three pa r t s :  escape from fuel matr ix , breach

of fue l  cladding , escape from coolant to environment .

The rate at which fission products are able to breach the

cladding Is determined by the burnup of the fuel; since

burnup detection Is the ultimate goal , breach of cladding

will be examined most thoroughly.

Escape from Fuel Matrix

FIg. 15 shows the possible fission product escape

mechanisms from the fuel  matr ix t o the fuel rod p lenum

( (Ref  32:5). The fuel matrix is a ceramic , sintered uranium

dioxIde; this ceramic Is formed into pellets and stacked

Inside a Zircaloy tube. A helium—filled plenum is provided

at the top of the tub-a (rod) t-o collect fission product

gases. - The ends of the tube are sealed with welded plugs

(Ref 33:0). Pri~ r to sealing , a helical compression

spring is plaeod to bear’ on top of the pellet stack to

prevent shifting of’ fu e L pellets during handling (Ref 314:117).

A temperature as h1~;h as 1800 degress C can exist In the

center of a new fuel Pt-Hut operating at a linear heat

generation rate of 13 .14 kW/ft(Ref 35:310), whIle the

primary coolant irs a typi -al LWR operates at 300 degrees C.

/
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Fig. 15. Fission Product Escape Mechanisms for Fuel Matrix to
Primary Coolant (Ref. 32:5)
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There are four possible escape mechanisms from fuel

to plenum (Ref 32:7):

( 1) d I f fus ion , trapping , and release from traps

( 2 )  knockout release and surface effects

(3) bubble migration

(11) release through cracks In  the  fuel matrix

In the temperature range 800 to 1800 degrees C ,

fission product movement oecurs by a complex diffusion

trapping mechanIsm; the f i ssion product atom diffuses

through the fuel material until trapped . There are two

categories of’ traps , Intrinsic traps and point de fects.

Intrinsic traps are flaws , suc h as gra in boundar ies , in

the fuel material; they are an i n h e ren t  property of the

( material. Point defects are formed by Irradiation and

annealed out by heat . The t r apped f i s s i on product atom

is eventually released as a result of thermal agitation .

This p~’ocess contInues ur itli the fission product atom

reaches the outside of t h e fuel nsatet’ial. The diffusion

t r a p p i n g  m e c h a n i sm  Is the doiri l nant escape mode because It

occurs irs the t.empt~r’ature r- --11u-y where LWR fuels operate.

If a fl :;sioni o :curs withIn 20 Angstroms (A) of

the surface of the fuel inater’ial , the kinetic energy of a

fission fragment. mLsy drive it t~hrough the surface; some

of the surface molecules ar-u knocked out and trapped

fission products released . This escape mechanism Is called

knockout release; below 700 degrees C , knoc kout release

Is the dominant escape mode.
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Bubble migration occurs at high fuel temperatures

(above 1800 degrees) when the fuel matrix begins to lose

strength; bubbles form when diffusing atoms Joint together.

Bubb le migrat ion occurs alon g a therma l gradient by a

mechanism called surface diffusion . The formation and

movement of these bubbles causes swelling Irs the fuel

matrix . Bubble migration is not a significant escape

mode because LWR fuels do not reach a high enough temperature .

Rapid temperature changes in the fuel matrix can

cause the low tensile strength ceramic to crack; diffusing

fission products can then be released to the plenum by

these cracks. Since rapid reactor start—up or shutdown is

not a normal p r au t ic e , release th rough  cracks Is not a

4 signifIcant escape mechanism during routine reactor operation .

Since diffusion (Including trapping and release)

is the dominant escape mode from fuel matrix to plenum ,

It is appropriate at this point to examine the diffusivity

of ces ium , rieodyns Lum arid their pr’ecursors. Goodwin ’s

assumption that th~ use of a same—element ratio ensures

uniform fractional release from the  fuel matrix (Ref 3:49)

is not Justi fied ; the fractional release of’ any member

of a decay chain is not simply and exclusively determined

by its own diffusivity (Ref 36:89). The fact that each

precursor Is able to diffuse before decaying will Increase

the fractional release of a particular isotope above the

level which eat Lmates Ignoring the mobility of precursors
( 51;
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would suggest . Decay products having precursors with

r e l a t ive ly  high d i f f u s i vi t i e s  arid h a l f — l i v e s  which are a

significant fraction of irradiation tIme will experience

the greatest Increase in fractional release.

The precursors of both neodymium isotopes of interest

are cerium (Ce) and praseodym i um (Pr’); only Pr1145 has a

half—life of significan t length , 6 hours (Ref  11 :9 8) .

There is little to be found in the literature about the

dif’fuslvity of’ non—volatiles; t-he bulling point of neodymium

and both its precursors is over 3000 degrees C. However ,

Brown and Faircioth state that cerium Is relatively Immobile

(R ef 37 :31) ,  and they conclude that cerium escapes the

fuel matrix only as a recoiling fission fragment . This

ç 
conclusion i m p l i es  t h a t  only cerium atoms produced with

1OA of the s u r f a c e  of the fuel matr ix have a chance of

escaping (Ref 3 2 : 9) .  rt Is logical to assume , based on

non—volatility, th a t  Pr and Nd are as Immobile as Ce.

Since neither Pr nor Nd is a direct fission product

(Ref 2:80), the only Nd to be found outside the fuel

matrix is that formed by decaying Ce which has escaped

by recoil as a f l s s i - - n  f r a g m e n t .  For one of the Vak fuel

pellets described in  Chapter III , only 3.l5E—7 of the

volume lies within 1OA of t he  surface. Even If one assumes

that. all cerium atoms produced In this volume recoil

ou tward , only 3.l~ J~—7 of the cerium atoms produced wi-thin

the fuel can escape the fuel matrix. From the standpoint

of e~ cape rate , this effectively reduces the neodymium
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fission yield by a factor of’ 3.15E—7 .

‘~~ The v o l a t i l i t y  of cesium gives it great mobi l i t y

within the fuel m a t r i x ;  It migra te s  radially and axially

In the direction of decreasing temperature (Ref 38). Both

cesium Isotopes of interest have iodine and xenon as

p recursors , but the only half—lives of signifIcant length

irs e i ther  chain are those of ’ 1133(2 1 hr ., ) and X e 13 3 ( 5 .2 7 d ) .

Since both iodine , a halogen , and Xenon , a n o b l e  gas, have

greater diff’uslvltles than  cesium (Ref 39), the fractional

release of Csl34 should be greater than that of Csl37;

Brown and Faircioth investigate and verify this experi-

mentally (Ref 37). Frlskney and Spi-ight perform calcula—

tionis to (~u3ntify this difference irs fractional release

(Ref 36:90); their results are shown in Fig. 16. Curves

(7) and (8) ap p l y  to Cs137 because of the short half—lives

of its precursors. The other’ curves apply to Cs131;. Dl

r e p r e s ent s  the d 1 f f u ~~io n  c o e f f i c ie n t  of 1133, and D2 refers

to Xe133. D3 refers to Cs13~4 , and the unsubscrlpted D

refers to Cs.13T. ~ Irice a ( h i f f I s s l o n  coefficient Is a function

of grain radius arid t em p e r a t u re , two arbitrary D’s are

Investigated , JE-l 3 ~i rid IE-l14 (square cm/sec). For the

worst case , Li] a’id i ;~ both art order of magnitude greater

than D3, there Is a difference of 27~ In fractional release

of the two isotopes at  100 days; this case is represented

by curves (3) and (7).

The calculations of Friskney and Speight involve a

simple diffusion niodel .; I t  neglects both the trapping—release
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(3) in the Chain
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mechanism involved in d i f f u s i on  arid the fact  that  cesium ’ s

movement is actually a migration to  lower tempera ture .

However , their relative values of fractional release should

be valid if t he  correct absolute diffusion coefficients

are used. The unavailab ility of t he se  diffusion coefficients

prevents  r e so lu t ion  of the issue of’ d i ff e r e n t  f r ac t iona l

release of CslV4 and Cs1~ 7.

In summar y , only a very small fraction of the neodymium

(cerium) atoms can escape from the fuel matrix , while

the cesium Isotopes have a h igh , but apparently diff~ rent ,

escape rate.

Breach of Fuel Cladding

The fuel rod cladding acts as a barrier for fission

( 
product transport and as a -entainer for  the  f I s s i o n  gas -

pressure buildup ; It is designed ~o prevent fission products

from escaping to the primary coolant. FIg. 15 shows the

possible escape mechanisms t h s ’o u ~~h the fuel cladding.

Eckart calculates diffu sion rate of i.3E—~-I cm/year for

a noble gas in the  fu e l  clad (Ref 32:29); the thickness

of cladding on the Vak fin-i described ea r l i e r  Is 8.5E— 2 cm.

It ~iouJd take even t he  mo st  mobile fission product 600

years to d ICflA:e t~h r u u g h  the  fuel clad ; examination of the

fissions product c o nt en t  of’ a t’ (’sctor ’s primary coolant

demonstrates that f’lsslori product release Iflust take place

through defect:; irs the fuel, rod cladding. Stainless steel

was u~ied as fuel cladding In early LWR ’s, but only zirconium

alloys have been used since 1968 (Ref ~10).
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The causes of fuel failures (clad defects) for slightly

enriched uranium dioxide clad with Zircaloy are reviewed

by Robertson (Ref ~0 ) ;  he groups the causes of fuel  fa i lure

Int o three categor ies: manufac tur ing defects , external

causes , fuel— cladding Interactions.

M a n u f a c t u r i n g  d e f e c t s  Include f a u l t y  components ,

f au l ty  content  and f a u l t y  assembly .  Fau l ty  components

shows a very low in c i d e n c e  because of the s impl ic i ty

of the fuel rod ’ s design ; of the 700 , 000 rods irradiated

In 1971, none showed a fabrication defect of any kind

(Ref  ~-I 1: 185) .  The most significant type of faulty content

defect is contamination of the fuel by a hydrogenous

compound such as water ;  hydrogen in te rac t s  wi th  the Zircaloy

C cladding by a process called h y dr i d in g .  The formation of

zirconium hydride makes the c lad brittle and causes a

clad volume increase; these two changes In the clad can

lead to cracking. The most frequent incidence of faulty

assembly involved end—plu~ welds; but these are an Insignifi-

cant contributor to fuel failure as they are usually detected

by the quality control measures of the manufacturer .

Ex terna l cause s of clad failure include the fol lowing :

fuel handling , foreign bodies , fue l overpower , vibration

and fretting , cladding corrosion . In many power reactors

fuel  management r eq t s im ’es  that  i r radia ted  fuel  assemblies

be repositioned at the end of’ a cycle ; these assemblies

are then Irradiated again in a subsequent cycle. This

( reposi~t1on1ng subjects the cladding to mechanical forces
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when It is most suscep t ib le  to damage , i . e .  when embrit t le d

( by irradiation damage and some degree of hydriding . The

curren t des ign of fue l hand l ing  equ ipmen t  has p rac t i ca l ly

eliminated fuel handling as a cause- of’ failure .

If a foreign body is trapped between fuel rods , it

may be excited Into v ib r a t i o n  by the flow of coolant ;

the relatively thin cladding is then susceptible to fretting

(chafing) damage . start—up cleanliness of the primary

coolant circuIt precludes this failure mechanism .

Since in operation the fuel expands more than the

cladding , some voidage is usually provided within the

fuel  rod to al low for t h is  d i f f er e n t i a l  expansion . The

magnitude and location of the  voidage is at least roughly

matched to the expected temperature distribution of the

C fuel , which In turn depends on the power developed in the

fue l .  If’ the power developed is cons iderably  greater

than that for which t he  fue l  rod was designed , the cladding

can be overstressed to the point of failure .

In some power reactors , vibration of the fuel assemblies

has resulted In severe fretting , arid even penetration of’

the claddIng. In some Instances a complete string of fuel

assemblies has v i b r a t e d  against a tube con ta in ing  it , whi le

in others a slirI ce j- grid or simnilax- component has vibrated

against the fue l  rods.

Cladding corrosion is assigned to external causes

since the corrosion resistance of Zircaloy is adequate

to ensure good fuel rod performance as l ong as the coolant
( 
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chemistry is well controlled. Where corrosion—induced

fuel failures have been reported the basic cause has been

a heavy build—up of deposits on the cladding surface , re—

suiting In the Zircaloy corrosion occuring at a much higher

temperature than expected on the clad outer surface.

Fuel—cladding Interactions include the following

mechanisms : rod e longat ion , fue l  d e n s i f i c a t l o n, cladding

fatigue , power ramp failures. Rod elongation and fuel

densification shorten the useful life of a fuel rod , but

do not actually constitute defect mechanisms; neither of

these mechanisno- has directly caused a reported clad

rupture . Clacldinig fatigue also has yet to be blamed for

any fuel failures In power reactors , but clad failure by

f a t i gue  was demonstrated by some early steel—clad experi—

mental fuel rods. Power ramp failures , however, have been

the direct cause of reported- clad ruptures.

When receter power is raised initially the cladding

is undamaged by Irradiation and fuel—cladding clearances

are available to accommodate differential thermal expansion .

If the power is subsequently increased from a low level to

a high leve l , the cladding is somewhat embrittled by

Irrad iation damage while the clearances have been at

least partly taken up by fuel swelling and by the cladding

creeping Inward ; most cladding will slowly deform under

the coolant pressure by Irradiation—accelerated creep. Thus

there exists the potential for power ramps to crack the

( cladding; def’ect probability in ramping failures Increaaes
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with power , power incr ease , burnu p , and dwell time at high

~ t_
- power (Ref ~42).

A fuel—cladding interaction not discussed by Robertson

is fission product induced corrosion of cladding; Wood

identifies iodine corrosion as a contributor to power ramp

fa ilures (Re f ~42:l57). Cesium has also been associated

with cladding corrosion (Ref 38:lL~LI ) .

Of greater importance than clad failure cause Is clad

fa ilure rate .  Mult er summar i z~:s European fuel performance

(Ref 143). For PWR ’s with Westinghouse stainless steel

c’ad fuel rods and a burriup of 28,000 MWD/T, the average

fillure rate has been 0.02%. Zlrcaloy cladding has re-

duced the  failure rate to 0.01% In some cases, but for

PWH ’s the average failure rate remains close to 0.02%. BWR

fuel has shown an average failure rate of 0.01%.

Williamson and Proebstle examine American BWR experience

and recent BW R f u el Improvements (Ref 1414); they conclude

that the newest General Electric BWR fuel is demonstrating

a failure rate of 0.006%.. Kramer examines the American

experience with PWR fuel (Ref 14 5) ;  he shows an average

failure rate of 0.02% and forecasts no foreseeable improve-

ment . The lower failure rate In BWR fuel can be attributed

to the thicker cladding (.025 i nch  for PWR , .033 inch for

BWR) and to the lower coolant pressure (2000 PSI for PWR ,

1000 PSI for BWR).

In summary , breach of fuel cladding Is a result of

clad failure . Current clad failures are usually attributed
I.-
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to h~’drIdin~ and power ramps , and fission product corrosion

I~ recognized as a c o n t r i b u t o r  t -o power -  ramp fa 1lur e~~. The

current clad failure rate Is 0.02% for  PWR ’s and 0.01%

for BWR ’s; a sl ight  improvement  In  BWR fue l  is forecast .

Data on Combust ion E n g in e e r i ng  In c . ( C - E )  and Kraf twer f

Union (K w h ) fuels shows similar failure rates (Ref 146) .

Escape from Primary Coolant to Env i ronment

Fig. 17 shows fission pr duct escape mechanisms from

primary coolant to environment . Environmental Protection

Agency (EPA) surveillance studies describe the radwaste

systert ~s designed to prevent  t h is  escape and analyze their

effectIveness (Ref 147, 14 8) . The r e l a t i v e  abundances of

radionuclides in waste effluents are functions of’ (Ref 1 49 : 3 ) :

(1) their abundance in t h e  primary coolant

(2) their respective half—live s

(3) design of’ the radwaste treatment system

( 14 ) was te  t r ea tmen t  p r a c t i c e s

Radwaste sys tems in  use in American LWR ’s are a compro-

mise between cost and efI -ctiv eriess. The release rate of

cesium by a current- RWR could be reduc -d by a factor of

1000 with a “max imum ” radwaute system co~-~ting twice as

muc h as a curren t ra dwa ste sy stem (Ref  50: 149,52); a rad—

waste system described by the EPA as a “m inimum treat-

ment” system would have half the cost ol’ a curren t system

and. a cesium release i’ate 100 times greater. For a PWR,

a “mlnjjnum treatment” r’a(lwaste system would have one—fourth

the cost of a current system and a cesium release
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rate 100 times greater (Ref 50:59, 61) .
t The maximum coolant canal concentrations of’ C~ 13k

and Cs].37 measured by the EPA at Dresden I , a BWR with

0.01% fuel failure rate , are 1.6E—12 Curles/L and 4.3E—l2

Curies/L , respect ively (Ref 10). The maximum stack release

rate of Cs137 measured at Dresden is 5.5E—1l Curies/sec;

no measurement Is reported for Csl314 . These measurements

were made Just before the end of’ a fuel cycle ; some of’ the

fuel rods were approaching maximum rated burnup .

The max imum coolant canal concentrations of’ Cs134

and Cs137 measured by the EPA at Haddam Neck , a PWR with

0.02% fuel failure rate , are k .OE—13 Curles/L and 3.OE—13

Cur les/L , respectively (Ref 12). The maxImum stack release

rates of Cs1314 and 0s137 measured at Haddam Neck are
(

14.8E—ll Curies/sec and 3.3E—l1 Curies/sec, respectively.

Again , these measurements were made well into the fuel

cycle when some fuel had a t ta ined  high burnup .

Of’ the cesium concentrations reported above , the BWR

has the hIgher reported val ues for both coolant canal and

stack gas; the BWR values wiLl now be used to determine

the limiting distance at which t~h€ - Cs1314/Cs137 activIty

ratio could Lc - measured.
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VI. Detection

Ces ium esca ping through the rea ctor stack Is a very

fine particulate; particulate samples are normally collected

on a filter medium with an air pump and a flow-measuring

device. Gamma—spectrometric analysis for Cs1314 and Cs137

requIres collection of at least 1200 cubic meters of air;

the minimum de tec table  level for both Isotopes Is 1E—l4

Cur ies/cub ic meter (Ref  51:10) .  Since the clandest ine

collection of such a large volume of’ air would require a

reasonable distance between reactor and collection point ,

a collection point at 1500 m (1 mile) will be assumed.

Goodwin (Ref 3:70) gives a good review of’ various

models of atmospheric dispersion; EPA uses the following

generalized Guassian diffusion equat ion (Ref 10:97):

/
X~ Q r r ~~o~~~e (2 0 )

where

X = ground—level centerline concentrat ion
(Cur’ies/cubic meter)

Q = release rate (Curies/sec)

IX? = lateral and vertical dispersion coefficients (in)

= mean wind speed at height of’ release (m/sec)

A = effective release height (m)

Normalized concent rations(X~/Q)as a function of distance

from the stack d -veieped by Brookhaven are used in the

(-
- )
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solution of’ t h i s  equation .

The max imum measured release rate of Csl37 at Dresden

is 5.5E—11 Curles/sec. Cs1314 is not reported , but can

be assumed to escape with a release rate of the same order

of magnitude as Cs137. The EPA r~ ports highest ground—level

centerline effluent concentrat ions for neutral atmospheric

stability and 6 rn/sec wlndspeed at release height (Ref io:148);

the stack height at Dresden Is 91 m. Using the dispersion

coefficients for these conditions , solution of Eq(20) gives

a Cs137 concentration of l.59E—16 Curies/cubic meter at 1

mile from the stack; this concentration is two orders of

magnitude less than the EPA ’s minimum detectable level.

Clearly, there are other ways to approach the detectability

of a given release rate; given the atmospheric conditions ,

the point of maximum ground—level concentration can be

calculated and assumed to be the collection point. However ,

the preceding calculation is so biased in favor of’ a high

Csl37 concentration (particulate settling disregarded )

that further treatm3nt is unnecessary .

The EPA recommends a sample size of 3.5L for gamma—

spectrometric analysis of cesium In water (Ref 51:10); the

minimum detectable concentration Is 1E—ll Curies/L . Clandes-

tIne collection of a sample of’ this size precludes use

of’ the discharge canal itself; dilution by the body of

water receiving the discharge canal must be assumed.

The max imum measured coolant canal concentrations

at Dresden are 1.6E—12 Curies/L for Cs1314 and 14.3E— 12
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Curles/L for Cs137. The coolant canal discharges into a

river whose average flow rate is 11,000 cubIc feet/sec

(cfs); the dilution rate In such a situation Is a function

of an unmana geab le number of var i ab le .~. EPA , however,

uses a very simplistic approach to arrive at a dilution

factor of 50 (Ref 10:60). Another EPA report calculates

a dilutIon factor of 25 for a river with average flow

rate of 18,000 cfs (Ref 12:67). The lower dilution factor

will be used in the interest of maximizing the cesium

concentration at the collection point . Dilution of the

canal concentrations by a factor of 25 results in sample

concentrations of 6.J4E~ 114 Curies/L for Cs13L4 arid 1.72E—13

Curies/L for Cs137; these concentrations are two orders

of magnitude less than EPA’s minimum detectable level.

Again , t h i s  calculation has been biased toward a high

cesium concentration .

The fact t ha t  tF~e EPA ’s minimum detectable level

(MDL ) for cesium in water Is an order of magnitude greater

than the reported cc)ulant canal level Is explained by the

fact that the MDL required for measuring a cesium ratio

is an order of magnitude greater than the MDL required for

simple measurement ~f cesium . The canal levels are Just

above the MDL for simple measurement of’ cesium .

The accuracy of thI3 type of measurement is addressed

by Gans (Ref 52); he submitted identical samples containing

on the order of 1E—9 CurIes/I, of Cs1314 and Cs137 to 28

laboratories in Germany and Hol land that  routinely perform

i 
( -
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analytical work for the nuclear industry . He reports a

10% varIation In the measurements reported; furthermore ,

he predicts errors on the order of’ 100% when measuring

concentrations close to the MDL’s used herein .

(
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VII. Results, Conclusions and Recomm endations

Using  measured e f f l u e n t  c o n c e n t r a t i on s of Csl3LI

and Csl37 from an American BWR with a characteristic fuel

failure rate of 0.01%, calculated concentrations at assumed

sample collection point s are two orders of magnitude less

than EPA prescribed minimum detectable levels. These

calculation s are b iased toward the high side , and the

problem of different release rates of the cesium isotopes

from the fuel matrix is disregarded. If minimum radwaste

systems are assumed , the samp le concentrations might approach

minimum detectable level , but measurements at this low level

of concentration are of questionable accuracy. It is con-

cluded that the activity ratio Cs1314/Csl37 is not an accept—

( able off—site indicator of burniup .

The neodymium isotopes , Ndl145 and Ndl146, have fiaslon

yields of the same order of magnitude as Cs137, but only

3.l~jE—7 of’ neodym i um ’:; precursor Is able to escape the

fuel matrix. C]ea~ ]y, the collection point concentration

of’ neodymium will be far less than that of cesium ; conversion

of the expected Cs137 concentration (using minimum radwaste

system ) to a number rien~ ity and reduction of this number

density by a 1’actor of’ 3.l~iE—7 gives an expected neodymium

number density on the ordvr~ of 1 atom/L for a liqu id sample

and 10 atoms/L for an air sample. Measurement of such

levels I~ not possible; th e ratio Ndl~46/Nd1145 is not accept—

able as an off—aite indicator of burnup .
(
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Radioactive noble gases have been successfully

measured by the EPA at 1 mile from the stack; it is

recommended that radioactive Isotopes of Xenon and Krypton

be examined as indicators of burnup .
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Appendix A

Kryp ton and Xenon Effluent Concentrations

Versus Background Concentrations

Molecular Fraction of Kr in Air : 1.0 5—6

Number Density of Air : 2.548 El9 cm—3

Number Density of Kr: 2.548 E13 cm—3

Kr84 Natural Abundance : 0.5690

Kr83 Natural Abundance : 0.1155

Kr84 Number Density: 1.45 E13 cm—3

Kr83 Number Densi ty: 2 94 E12 an—3

Molecular Fraction of Xe in Air : 8.0 5-8

Number Density of Xe: 2.04 E12 czn—3

Xe131 Natural Abundance: 0.2118 —

Xe132 Natural Abundance : 0.2689

Xe].34 Natural Abundance : 0.1044

Xel 36 Natural Abundance: 0.0887

Xel 3l N tnnber Density 4.32 Eli ~n—3
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Xe132 Number Density : 5.49 Eli cm-3

Xe134 Number Density : 2.13 Eli cm—3

Xe136 Number Density : 1.81 511 cm-3

Maximum Observed Stack Gas Concentration of Kr85 at

Oyster Creek : 3.2 5—7 uCi/cc

Max imum Observed Stack Gas Concentration of Xe133 at

Oyster Creek : 1.9 5—4 1iCi/cc

=

~~~~

A Xe /33 b £z E —~ s&...

N

5~

~~ 4~~S1~~~ em~~

For every 100 atoms of U 235 thensally fissioned following

number of atoms crea ted :

C,
78
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Kr83 — 0.48

Kr84 — 1.10

Kr85 — 1.50

Xel3l — 2.64

Xei32 — 4.35 -

Xe133 — 0.360

Xe134 — 7.60

Xe136 — 6.30

Kr83 and Kr84 can be expected to be present in stack gas in

concentration on the order of 1E6 per cubic centimeter .

xel3i , 132 , 133 , 134, 136 can be expected to be present in

stack gas in concentration on the order of 157 per cubic

centimeter .
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Appendix B

Ces ium Product ion Equations
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By similar calculations , the following solutions were determined . The

constants are defined in Append ix C.
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? k0G.~~ M r ESTCIN P UT ,o u - 1 Pur )  
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— RE.~D~ ,C~,133I,CSi33C - -
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Program YCSFOUR

PROGFAM YCSFOUR ( I I’IP’JT ,OtJ TPUT )
P€~AL 11331 ,113fl -

L D1ME~-’SION It 1TEGR (~~),4R~ A Y1 (1O , Y2 (1C ,4pr ~A Y3 (4,2)
OflA I IF ( R .P3 (—O) ,~i ,~~~(—O )/4- CALL SYsrE MC ( 11~~,t NTE r .P )

• R E A D ~~, U 2 3 5 I ,~~ IGF , SI ’ A
P E AD~- , S R I  33 1,  YSB13 3 , ~S0j 3 3
RT~AD~ ,TEI 33I ,YTE 133 ,D T~~133

L pEAo’- ,It~~:,yI~ 33,~~tI3~PEAD*,Xrl33I,X~ i33~~,flXri33
PEAr)~ ,CS1331,CS133C
F~EAO-M- ,I137I,Y113? ,OI137
~‘E AO~’ ,YE137I,DX~ 137
~ E AO’ ,CS137I, Y CS 13 7, f l CS137,CS 13~~PFAO~ ~~~~~~~~~~~~~~~~~~~~~~PqINT~

- ,ARRA Y1
PRINT~~,AR~ A ’ f ?
~RINT* ,A R RAY 3
no io-i I = i, i~a

PHI=t~RR ft Yi (I)
Co ioi  ..) = i , i o
T =A RPAY 2~ J )
00 lf ’ l K=1 ,2
CSI3L- I F ? .A ’ ( 3 ( t , 1<)
YCS1 34~~~ r-~A Y 3 ( 2 ,  0
f lCSi34=AR~~ Y3 (3~ 

to
CS1 3s.C A~~ f~Y 3(L , 4 < )

C IA= 023 514 - S I F’ P-41  -

C1 YS~~t 3 3 ’ C 1 A
C2=SI GA 4~ H1
C3~ 0SB133
C4=S9 1 3~ I
C5=C 1I (C3— ~ 2)
C6= (C1 + (C24-C ’, -(Z3 ’-CL))/ (C3— C 2 )
C7=~ T~~133~~~iA
C 8C~ -’C5
cg=c ’~ co

— C10=0T E133
cti=ri.cs 

-

C12=TF133 1 - -

(‘13 C11f (C~ —C 1O ) +C1?—C ”s/ (C3—Ci~3)
C1’.C 11/C C1~~—C 2)
C15=C9/ (CtO-C3)
Ci6= ’YIt31~ C1~
C17= ( 1O ’P-C13
C18=C 1O” C1~C19=C1O~ Ct~C?a =rr - 1 33
C2i=C1E4Ct~
C22 11331
C23=C 21/(620-C 2)
C24=r19/ C20-63
‘~2~~f17/ (C20’C1O)
C~6=c22+Ctr/(c1o—C2r)) —r~19/ C3~C~ 0)
C 27: V E 133 C ~ PH I
C28 :PXEI3
C29 C27 +C23 86
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C3k=)~F133I
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C55=CS1~~.C~ °HIC56~ flCS 134
C57=C5 1.~~ 1.7
C58 C~~.~ C ’.,3 *

C 59=C 5 Cl. 9
Cb0 C~d,’C50
c3i=r54~ c;t
C62 C’~~’,~ C52
C53 CS13l.I
C6’i C55+C56
C65 C53+ 57
C66 Cf5/(C6~ -C 2)• C61 —C2~TC 6 (~~ts/(C6~ —C 3)

~~ rC70=r~~~/(C~~ —C 1~3)C71 — C IO T
C’2=C6 0/ (Ci~L— C 20)
C73:—C20’T
C7l.=CE~1/(Cb’.-C2))C7~ =_C?CrT
C7E =r E 2 / ( c 6 t~-c.o)
C77=—Ct.0’ I
C78=C6!/ (C2—C6’ )-~ 5 3 / ( C 3 — C 6 ~ )# C 5~ / ( 10—(6l. ) +C60/ (C !0—C6~ )’
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P~OG°.A M Y(~~FOU~ 7~ /7 OPT :l FIN Li.6+1,i,6 06,-

O4 Oi~ D3
4 1 fl5~ OI137• Pó=t1~~7I

D7=O’/ ( O~.— D2 )
D8=O€+0’./(02—D5)
t19=OY EI3
(I~~g~~fl5.V fl~
o11=r~;4n~
D 12 =X E I 3 ? I
C13 =Dl f l /  (0~3—O ’)
Dhl.=nhl/ (O9—fl5 )
015=!’ 10 / ( 0 2 — 0 9 )  4 D 1  1/ (O~~— D 9 )  012
O16=YCS137~ D1
flh7=!’C~ 1 37
O18=~ 9~ flt 3
019=C9401l.
D2O D9~’Dl5
021=P15+C113
022 CS13’I
f l 2 3=r2 1/(o2— O 1.~~)+01-),( r5—D1 7),o~’o , ( D9— r) 17) +’)22
O2’.=t~2 0/ C 0 17—0 9)
D25=t~19/( 017—05)
D26 !~2 1/ (O 17 —n~’)027=—02 . r
D2ô —D5~ T -

O29=— (~Cj4T
U3fl —0l7~ T
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
ACT 134 =AIT DC S13
ACTI37=AMT137’0CS137
Q=ACTI34/ACT1I7
PPIN1 HI ,PH ,” T

~~~~~~~~j p T ,
h’ YC~ 1~~~~~,YCS13i ,’ AMT1~4~~’,AMT 134,

1~ R= ”,~
1~ 1 CONTINUE
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