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NEUTRON SOURCE STRENGTH IN FFTF FUEL AS A ,  

FUNCTION OF IRRADIATJON I 
P. A. Ombrellaro and N. E. Petrowicz 1 

I I. INTRODUCTION , 
-. 

The neutron source strength associated with fuel irradiated in the 

NOTICE 
This report was prepared as an account of work 
sponsored by the Unitcd States Government. Neither the 
United States nor the United Stater Departmcni of 
Enerw, nor any of thcir employecs..nor any of thcir 
contractors, subcontractors, or their employees, maker 
any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, complctcness 
or usfulncss of any information, appamtur, product or 
process disclosd, or reprepnu that its u s  would not 
infringe privately owned righu. 

FFTF reactor is important,in determining the reactivity of the core 

when it is shut down or being refueled. The monitoring of subcriti- 

cal reactivity for FFTF will be done with the Modified Source Multi- 

plication (MSM) technique which requires an accurate knowledge of 

the neutron source strength in high exposure fuel elements replaced 

with fresh fuel elements in a shut down reactor. 

As a means of obtaining the most accurate source evaluations possible 

with existing nuclear data for FFTF irradiated fuel, a technique for 

generating one-group actinide . . cross sections for use in isotopic 

buildup and depletion codes was developed. A further objective of 

the work was to use the cross sections and recently evaluated spon- 

taneous fission and (ct,n) reaction neutron yield data to calculate 

the neutron source strength in typical compositions of FFTF-type fuel 

as a function of flux level and irradiation time and then to compare 

the results with those of a previous study to assiss the differences 

in the nuclear data. This paper will highlight the important aspects 
of this study and present some results. 

11. NEUTRON SOURCES IN FFTF FUEL 

In FFTF fuel the source neutrons are produced by certain isotopes 

which are both present in fresh fuel and built up by neutron ir- 

radi'ation. Sourc-e neutrons result predominantly from isotopes that 

either fission spontaneously or alpha decay and then induce ia,n) 
reactions with the oxygen isotopes in oxide fuel. 

Initially, the, fuel is composed of natural uranium plus plutonium 

isotopes from 2 3 8 ~ u  to. 2 4 2 ~ ~ .  In addition, 241~m is present as a 

result of the decay of the relatively short-lived 241pu. Irradia~ 

tion of fuel in FFTF can produce a wide variety of additional 
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SOURCE STRENGTH IN FFTF FUEL 

Source neutrons result from: 

1. Spontaneous fission of 

actinide isotopes. 

2. Alpha particles emitted 

by actinide isotopes that 

react with isotopes 170 

and 180. 
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A. ACTINIDES PRESENT IN UNIRRADIATED FUEL 

241 8- 2 4 1 A m  
PU14. 8 y r s  

B. ACTINIDES PRESENT IN IRRADIATED FUEL 

URANIUM ISOTOPES: U235 TO U239 

NEPTUNIUM ISOTOPES: Np236 TO Np239 

PLUTONIUM ISOTOPES: Pu236 TO Pu244 

AMERICIUM ISOTOPES: Am240 TO Am244 

CURIUM ISOTOPES: 'Cm2'40 TO Cm246 



isotopes. Some of these have substantially larger neutron yields 

than the initial isotopes. Hence it is found that the build up o f .  
even trace quantities of these isotopes results in a substantial in- 

crease in the neutron source strength. 

111. SOURCE DENSITY 

The neutron source density at some Location in the fuel as a function 

of time is related to the isotopic composition of the fuel by Equa- 
tion l. Here, STOT = ZSi, is the total neutron source density at a 

point, where Si is the contribution to the source density produced by 

isotope i. The quantity Si = piYi, where pi is the density of iso- 

tope i at some time, andYi is the total neutron yield for isotope i. 

Equation, 2 shows that Yi is equal to the sum of the spontaneous fis- 

sion and (a,n) yields for isotope i. In this study the change in 

the isotopic density of each isotope as a function of irradiation 

was calculated with the Oak Ridge isotope depletion and buildup 
code ORIGEN. In addition, the neutron yield terms were treated as 

input parameters in the code SOURCE, used to evaluate the source 

strength. 

IV. NEUTRON YIELDS 

Measured yields are not available in the literature for all isotopes 

that can contribute to the neutron source. Therefore., it was nec- 

essary to refer to availab1.e nuclear data in order to evaluate the 
yield terms for each isotope whose yields have not been measured. 

A .  Spontaneous Fission Yields 

Neutron yields for'spontaneous fission were evaluated by D. L: Johnson 

of HEDL for thirty-three isotopes from 2 3 5 ~  to 246~m. The general 

trend is for spontaneous fission yield terms to increase substantially 

when one goes to heavier elements.. Table 1 shows some calculated 

spontaneous fission yields and a comparison of these yields for a few 

isotopes for which measured yieids also exist. In general, the cal- 

culat'ed data exhibit deviations of up to 15% relative to the mea- 

sured, data. 
. . . . 
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NEUTRON SOURCE DENSITY 

'TOT = TOTAL NEUTRON SOURCE DENSITY (n/cm2 - sec) 

Si. = p.Y 
1 1 i = SOURCE DENSITY PRODUCED BY ISOTOPE i 

OF DENSITY pi(gm/cm3) 

Yi = TOTAL NEUTRON YIELD (n/gm-sec) OF ISOTOPE i 

Y,. (S . F. ) = .SPONTANEOUS 'FISSION 'YIELD OF 'ISOTOPE i 
.1 

Yi(a,n) = ALPHA-NEUTRON REACTION YIELD OF ISOTOPE i 
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Isotope 

Pu238 

TABLE 1 

SPONTANEOUS FISSION YIELDS ('n/g-.$'+c') 

Calculated Yields 

2.197 ( + 3 )  

2.082 (-2) 

8.95 (+2) 

1.716 (+3) 

5.686 (-1) 

1.969 (+7) 

(1.159) (+7) 

Measured Yields 
% Maximum 
Deviation 

2.54+0.32+ (3) 

(2.259) (-2) 

(8.95+0.81)'(+2) 

(1.577k0.039) (+3) 

None 

(1.967) (+7) 

(1.151k0.069) (+7) 



B. . . (a,n) Reaction Yields 

The neutron yields from spontaneous (a,n) reactions were evaluated 

for the same thirty-three isotopes ranging from 2 3 5 ~  to 246~m by 

Ombrellaro and Johnson of HEDL. 

Table 2 shows a comparison of the (a,n) yield for a few isotopes for 
- .  

which measured'yields also exist. In general', the calculated data 

exhibit maximum derivations of 10% relative to the measured data. 

V. ANALYTIC TECHNIQUE USED FOR DEPLETION AND BUILDUP CALCULATIONS 

The computer code ORIGEN, used for calculating the depletion and 

buildup of isotopes in FFTF fuel as a function of irradiation, 

solves a set of coupled differential equations represented by Eq- 

uation 1 of Figure 1. 

.The first term on the right represents the loss of isotope i by 

radioactive decay, where Aiis the decay constant of isotope i. T h e  . 

second term represents the loss of isotope i by neutron absorption, 

where F~ is the effective absorption cross section (including fis- 
sion). 

Increases in isotope i due to radioactive decay of other isotopes j 

are represented by the third term. Here, contributions from beta 
decay, alpha decay, electron capture and isomeric transitions were 

included wherever they werc significant. 

Increases in the isotope i due to neutron-induced reactions on .other 

isotopes are represented by the sum of terms 

For these, contributions from (n,y) and (n,2n). reactions are .in- 

cluded where they might be significant and can be evaluated. 



' TABLE 2 

( a , n )  REACTION YIELD Cn[g,-set'] E N  FFTF FUEL, AND 

OTHER WTERI'ALS 

% Naxir~wrt 
I s o t o p e  'C 'a lcu l ' a ' t ' e  d' Yi'e'l 'd s Me'a'sur'e'd Y Ce'ltl s ' De'jr'i a:t'j;:bn 
P u 2 3 8  1 . 3 9 6  (:*4) 1, 4 ( 3 4 1  0 . 4 - %  
P u 2 3 9  4 . 0 6 0  ( ,* l )  3 . 8  (:*I) 7 . 0  
P u 2 4 0  1 . 5 2 0  (*2)  1 1 4 5  (:*2] 5 . 0  . . 
P u 2 4 2  2 , 1 1 6  (-*O) 2 . 1 3  (:*O'] 0 ., 8 

. . 
Am241 2 . 7 9 0  (,*3) 2 .. 6 8 (:+ 3 1 4 . 0  
Cm242 3 . 8 3  (.*6) , .3 
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Ni = ATOM DENSITY ISOTOPE i 

NiAi = LOSS OF ISOTOPE i DUE TO RADIOACTIVE DECAY 

N.a.$ = LOSS OF ISOTOPE i BY NEUTRON ABSORPTION 
1 1  

ChjiNj = INCREASE IN ISOTOPE i DUE TO RADIOACTIVE DECAY 
i OF ISOTOPE j 

Laki$Nk = INCREASE IN ISOTOPE i BY NEUTRON-INDUCED 
k REACTIONS IN ISOTOPES k 

-Fi:gure '1, X3o.tope Bui'ldup and Dep:let'?:on EquatEon, 



It should be noted that effective cross sections used here were ob- 

tained for'particular neutron spectra at specific locations in the 

reactor. This was done so that the spatial variations in the de- 

pletion and buildup calculations would take into account variations 

in both the total flux and the spectrum. 

.VI. INPUT NUCLEAR DATA 

In calculations on FTR fuel performed in 1975 at HEDL by Boroughs, 

Bunch and Johnson, effective cross sections were derived mainly 

from ENDF/B-IV and used in the code ALCHEMY. The effective cross 

sections were generated by averaging multigroup cross sections with 

a neutron spectrum believed to be representative of the equilibrium 

spectrum in the center.of the core. 

In the present study, energy-dependent cross sections were obtained 

primarily from ENDF/B-V. These were processed by R. E. Schenter and 
F. M. Mann into 42-group constants using the ETOX code.' The 42- 
group,cross sections were then processed through the 1DX code to 
correct for self-shielding effects and to evaluate the elastic re- 

moval cross sections. The 1DX model was developed in terms of 

homogenized zones, each representing one,'.of the six rows of sub-. 
assemblies in the FFTF core, and includes temperatures, dimensions 

and atom densities corresponding to full power conditions. 

In each zone of the 1DX mode, the 42-group cross sections were col- 

lapsed to 12 group's using the equilibrium spectrum of the'zone and 

thereby producing a set of 12-energy group cross sections for each 

zone. Effective one-group cross sections for capture,. fission, 

and (n,2n) reactions appropriate for ORIGEN were obtained by averaging 

the 12-group cross section sets with 12-group fluxes obtained from 
three-dimensional FFTF core calculations. The thre.e-dimensional flux 

calculations were performed for three core configurations; namely, 

beginning of life (BOL), beginning of cycle 4 (B0C.-'4) and end of 
cycle 4 (EOC-4). 



CR.QSS SECTIION EVALUATION PROCESS 

ETOX F. PRODUCED 4.2 .c.GROUP ACTBNI'DE CROSS SECTT'ONS 

BBS'ED ON' ENDFPI3-V DATA 

1DX - 4.2 .-G'ROUK) CROSS SECTJ:ONS WERE SEL'FnSH.IELDED 

A.ND TEBIPEWTURE-CORRECTED . . TO FULL POWER 

CONDI.'TI.:ONS, AND THEN COLLAPSED TO 1 2  GROUPS 

BURN v. 1 2  -GROUP CROSS' SECTIONS' WERE AVERAGED WTTH 

T H R E E T D I ~ ~ E N S L O N ~ L ,  .12-GROUP FLUXES P E P R E - .  

SENTATWE OF BOL, BOC-4 AND EOC-4 CONDITIONS 

TO QBTAIN ONET,G.RQU]P E.FFECTI'VE CROSS SECTIONS 

FOR, ORFGEN 



To clarify the details of the procedure we refer to the core map of 

Figure 2 which represents the midplane configuration of Core 1 in 

hexagonal geometry. The set of 91 subassemblies in the core contains 

27 inner driver and 46 outer driver fuel subassemblies. Each fuel 

subassembly was zoned separately, allowing the radial and axial de- 

pendence of the fuel burnup rate to be accounted for by subassembly. 

In this manner, the fuel subassemblies were represented by 73 dif- 

ferent zones. BOL, BOC-4 and EOC-4 effective one-group cross sections 

for each zone were obtained by averaging the 1 2 - ~ r o u ~  cross sections 

with the three-dimensional, 12-group fluxes. The results of such 

calculations showed that the midplane values- of the cross sections 

are suitable for use over much of the axial region. Therefore, by 

th.2~ ca.lculat$.on and selectRon process, three sets of one,-g~oup, 

midplane, c~oss. sectiions f o r  each. 'of th.e' 73 zones: wer'e 'otitn3ned. 

To minimize the number .of cross sections for general depletion and 

buildup calculations, the cross' sections in each set were spatially 

averaged to provide BOL, BOC-4 and EOC-4 effective cross section 

sets for the inner driver, and outer driver row 5 and row 6 regions. 

Figure 3 shows the results of using BOL inner driver cross sections 

in ORIGEN. As the mixed oxide fuel of FFTF is exposed to high 

neutron flux levels for long periods of time, the bui1d.u~ of::tr;i.ce 

quantities of heavy actinide isotopes.wil1 occur. Moreover, as 

shown in the figure, except for 242~m concentrations, the ENDF/B-V 

based cross sections generally predict larger concentrations than 

those calculated with the earlier set of effective cross sections 

based.on ENDF/B-IV data. 

Typical results of source buildup evaluations based on BOL cross 

sections are shown .inFigure 4 for irradiation of FFTF inner driver 
2 fuel for up to 300 days in a flux of 5 x 1 0 ~ ~  n/cm -sec. 



FFTF CORE llAP 

ID INNER DRIVER SR SAFETY ROD (YITHDRAUN) 
OD OUTER DRIVE!,) PS PERIPHCRIU SHlU ROD , 

CR CONTROL ROD KT KATERIAL TEST LOOP 
1 ~ s  IN-CORE S H ~ M ' ~ '  GPCL GE.UERkL PURPOSE CLOSED LOOP 

SP7 SPECIAL PURPOSE TEST LOOP 

(a)  Contro l  rods were inse r ted  halfwav i n t o  the  core i n  
the BOL and BOC-4 ca lcu la t ions .  For the EOC-4 c a l -  
cu lat ions.  a11 c o n t r o l  rods were withdrawn. . . 

(b) The 1Q p o s i t i o n r  con ta in  KT m a t e r i l l  i n  the BOL c # l -  
cu la t ions  and inner  d r i v e r  I n  t h e  60C-6 and EM-4' 
c a l c u l a t i o m .  

Figure 2 .  core configuration of FFT.F Core 1, 
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Figure 3 . :  Plots of Buildup of Some Important HE sot opes in FFTF 
Inner Driver Fuel Exposed to 7~(10'~) n/cm2-sec Flux. 
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FFTF INNER DRIVER FUEL 

9 = 5(10~~)n/cn?-sec 

- 

- 

SHELF LIFE 8.5 YEARS 

- 

- 

- 

IRRADIATION TIME IN DAYS 
FIGURE 4, Source Buildup Sn Inner Driver Fuel. HEDL 7901-193.1 



The two curves differ in shelf life only. The lower curve repre- 

sents the source buildup for a fuel composition immediately after 

chemical separation; the top curve corresponds to the same compo- 

sition having a shelf life of 8.5 years. The 8.5 year life cor- 

responds closest to that expected for the actual TFTF .fuel at 

startup. 

Note that the increase in source density rate as a function of 

shelf life is dependent on the amount of 241~m present at the be- 

ginning of the irradiation. The source increases much faster when 
241~m is present initially because 242~m is produced rapidly .by . 

241~(n,y) 242gAm reaction and 242g~m subsequently decays by B' 
emission to 242~m. The evaluations of EMDF/B-v cross sections by 
Schenter show that the most signific.ant change from ENDF/B-IV cross 

sections occurs in 241Am, which is important to the build up of 242~m. 

The build up of 242~m dominates the build up of the neutron sources ' 

as shown by Figure 5 where the percent contribution to .the total 

source strength by each of seven isotopes is plotted as a function 
2 of time for FFTF inner driver fuel in a flux of 5 x 1 0 ~ ~  n/cm -sec. 

It is noted that 30 days after irradiation has begun the source 
contribution from. 242~m increases by more than 90% of the total 

source. In Figure .5, the 244~m also builds up rapidly, but not as 

rapidly as 242 Cm. Thus, of particular interest in the build up of 

heavy actinides are the isotopes of 24Z~m and 244~m because of their 
t 

extremely high spontaneous fission and (a,n) activity. 

VII. NEUTRON SOURCE BUILDUP VERSUS IRRADIATION 

Figure 6 shows the inherent.neutron source rate in FFTF driver fuel 

after three full (100 day) exp0su.i.e.s. The depletion and buildup 
calculations were performed as follows. For the first cycle, 0 to 

100 days, BOL cross sections were used. For the second cycle (100- 

200 days) the BOC-4 .cross sections were used. Finally, in the 

third cycle (200-300 days) the EOC-I cross sections were used, 



FFTF INNER DRIVER FUEL 

IRRADIATION TIME IN DAYS 
HEDL 7901 -1 93.8 

FIGURE 5 .  Percent Contribution of Isotope Neutron Source to the Total 
Neutron Source Strength Versus Irradiation Time. 



IRRADIATION TIME I N  DAYS 
H E D L  7901 -039.2 

Figure 6. Sourcc Buildup Versus Irradiation Time. 



The results of these calculations show that the inherent neutron 

source in an FFTF inner driver a.fter full exposure (100 days) is 

approximately six times larger than that 0f.a fresh driver fuel 

element. The total core source density at the end of three cycles 

of operation prior to refueling is approximately two times that at 

: the end of cycle one (100 days). 

In summary, the important improvements which have been made here 

have been in obtaining improved values of cross sections for the 

less common isotopes and accounting for fuel temperature effects, 

energy self-shielding effects and the effect of space-energy flux 

variations during irradiation on the effective cross sections. Ex- 

cept for the concentrations of 242Am, the cross sections generally 

predict larger isotopic concentrations in fuel than those calculated 

with an earlier set of effective cross sections based on ENDF/B.-IV 

data. The evaluation of ENDF/B-V cross sections shows that the 

most significant change from ENDF/B-IV cross sections concerns the 

reactions in 241~m. The changes are important for buildup calcu- 

lations since 241Am produces by neutron capture which lies 

in the direct path to. the production of high inventories of 242~m. 




