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INTRODUCTION AND SUMMARY

Reactor fuels which have received very high exposures (up to 100,000
Mwd/metric ton) will not only have high concentrations of radioactive
fission products, but will also have very much higher‘concentrations of
the non-radioactive species of the same elements. In some cases it may
be possible to produce such large quantities of certain fission elements
that feed concentrations may be limited by the solubility limits of these
elements. In order to obtain some idea of what these production rates
are, calculations of the buildup of selected fission products in the
General Atomics ESADA reactor were mede. The ESADA reactor is a high-
temperature, gas-coocled, graphite-, thorium-, uranium-fueled reactor.

The results of the calculations indicate that the most important
fission produced elements (or groups) are as follows: rare earths, zirconium,
molybdenum, xenon, cesium, and ruthenium.

DISCUSSION

The calculations were made for the ESADA reactor core having the
following concentrations and exposures:

Burnup - 84,000 Mwd/metric ton fuel

Irradiation time - 1800 full power days

Specific power - 46,7 Mw/metric ton fuel

Fissions - 1.38 fissions per initial fissile atom
C/M ratio - 200

C/U ratio - 2750

Composition

Initial Final
233pg /202, - 1.7 x 1072
233y /292y, - 2.47 x 1072
234y /2320y, - 5.55 x 1073
235y /232m, 6.8 x 1072 7.32 x 103
236y /232, - 1,10 x 10-2
238y /232y, 4.7 x 10°2 3,78 x 10~8
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Figure 1 shows the effect of irradiation time on isotopic concentra-
tions of the important heavy isotopes or gross fission products in the
ESADA reactor. The points at 1800 days (full power) ere General Atamic
calculations. Because of the reasonable agreement between our calcula~
tions and those of GA, we feel that the individual fission products should
also be reasonable. The agreement for fissile materials and gross fission
products were within 6%.

The individual fission products or fission elements are given in
Tables 1 through 3.

The flux and cross-section relationships supplied by S. Jaye! of
General Atomic are as follows:
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Fig. 1. Effect of Irradiation Time on Isotopic Concentrations in ESADA Reactor.




Table 1. Fission Product Concentrations Due to 235U Fissions

Cancentration of Fissico Product (atams/original nhm;'wn) After sn Irradiation Time (days)
Isotope 150 300 450 600 50 900 1050 3200 1350 1500 1650 1800 1950 2100 2250 2400

Brr  1.616+20 T.817420 6.75 420 5.623420 4.661420 3.861420 3.200420 2,665420 2.225+20 1.866420 1.5TW420 1.336+20 1.1M420 9.896419 B.653419 T.659419
Dy, 3.432420  4.361420 3.9k 420 3,322420 2.759420 2.286+20 1.896420 1.576420 1.33420 1.1 420 9.255+19 7.84 419 6.693+19 5.768419 5. 23419 .52T419
r  7.87 421 1.436422  1.9T2+22 2.M15422 2.TE1422 3.08h22  3.335422 3.5M3422 3.TATe2 3.863422  3.986422 hog 422 k1B 422 k257422 h,32he22  4.363422
r 9.302420 1.698421 2.332421 2.856421 3.200421 3.648421 3.96421 L.10MR1  h.h 421 RSTHA2Y b 721421 L.B4SHR2)  h.g52+21  5.0u5+21 5.126421  5.198421
Sr 5.125420 4.959420  4.198420 3.483+20 2.882+20 2.387420 1.981420 1.6M5420 1.3TT420 1.155420 9.Th9¢19  8.286419 7.103+19  6.149+19 5.383319 k.TTLA9
s 147 21 2.668:21 3.642421  k.U32421  5.07 421  5.585421 5.998421 6.32T+21 6.588421 6.793421 6.95W421  7.07T9e21 7.174+21  7.245421 T.29821  7.336+21
o 6.269+21 1.1M22 157122 1.9R3422 2.213422  2.05h22  2.653422 2.809+2 2.956422 3.072+22 3.16+22  3.25M22 3,321+22  3.361vep  3.h34422  3.48 422
851::- 7.43 419 1.333420  1.797420 2.15%20 2.437+20 2.646+20 2.8 420 2.909+20 2,983420 3.027+20 3.089¢20 3.051420 3,04 +20 3.018+20 2.987+20 2.95 420
Ter  9.963420 1.81421 2.5 421 3.050421 3.523121  3.907s21 h.226421 RbS14R21  L.T23421  L.8994R21  5.056+21  5.169+21 5.303+21 5.k@e21  5.b89+21  5.566+21
1%p  2.541420 2.298420 1.913420 1.582/20 1.30920 108420 8.998419 T.AG1419 6.259419 5.255419 b.439419  3.TT6+19 3.281419 2,809419 2.h63+19 2.187+19
106p,  8.261+19  1.303+20 1.543420 1.625420 1.607+20 1.527+20 1.M13+20 1.282+20 1.148+20 1.018+20 B.954+19 7.84 +19 6.845+19 5.97 +19  5.209+19  h.556+19
STru  2.757+21  5.032421  6.909+21 8.6 421 9.7h1«21 1.08 422 1168422 1.261422 1.302422  1.353+22  1.396422  1.432422 1 463+22 1.49 22  1.5122  1.535422
133%e  7.5T5419  €.254419 5.165+19 h.269+419 3.533419 2.928:19 2.A33419 2.028419 1.7 +19 1.A2B419 1.200+19 1.051419 8.88+18 7.729418 6.806+18  6.07 +18
Ne 8538421 B8.263+421  1.138+22 1.393+22 1.60422 L.TT422 1.RM4E2 2.045422 2.1h6422 2.231422 2.30422 2.363+22 2.815422 2,56 422 2.5 +22 2.53he22
T 5.136419 L.223+419 3.488+19 2.883+419 2.385+19 L.9TT+19 1.643419 1.369+19 1.186+419 9.635+18 B.156+18 6.958:18 5.99 418 5,211+18 4.588+18 4.09 +18
1 3-13 420 5.703420 T7.818:20 9.556+20 1.096:21 1.215421 1.312+21 1.391421 1.456421 1.51 +21 1.55ke22  1.5Gi421 1.602+21 1.6474) 1.67 +21  1.688421
Te 8.208418 9.393+418 8.59 418 7.362418 6.171418 5.135¢18 L.266408 3.589418 2.96 418 2.AT9«1B 2.087+18 1.T6%18 1.511418 1.3024918 1.135+18 1.0 +18
128, 2.4T2419 2.146419  1.7TT419 1,569+19 1.215+19 1.006+19 6.356418 6.958418 5.816418 4.805418 4.128418 3.514s18 3.018+418 2.619+18 2.296+18 2.042+18
“Tre  6.563420 1.196:21 1.6k5+21 2.015421 2.321421 2.57h21  2.78h4@1 2.95921  3.105421 3.227+21  3.33 421 3.415:21  3.agu42)  3.5592) 3.616+21 3.66Ts21
1370 1069021 2.666+421 3.637421 h.A2W21  5.05821 5.568:21 5.976421 6.3 421 6.55621 6.75T:21 6.912021 T.03321  7.121421 7.187401  T.235+21  T.26T+21
Cs  3.175+421 5.782+21 T.R1+21  9.67h+21 111422 1229122 1.325422 1.M03422  1.068422  1.521422 1.56k422 1.6 +22  1.609%2 165342 1.6Ti+22 1.691+22

1408  1.808/20 1.493420 1.233420  1.019+20 8.432419 6.988419 5.805419 M.B837+19 L4.0MT419 3.803419 2.88 419 2.456:19 2.113419 1.837+419 1.616+19 1.kk +19
L1kg 2.374419  1.96 419  1.619+19 1.336+19 1.107419 9.1T5418 7.621408 6.35 418  5.312418 K.M66418 3.779+18  3.222+18 2.7T12418 2.41 ¥18 2.12 +18 1.889+18

STha 1572421 2.87 421 3.9 +21  b.805+2)  5.557421 6.162+21  6.664421 7.002421 7.03 421 T.T22421 7.968:21 B8.1TR21 6.356+21 B.51141 B.6W6+21 B.766+21

13%a  1.50m21  2.7h2621  3.76 421 A.59T21  5.286421  5.852+21 6.318:21 6.70421 7-009421  T7.282421 7.099+21 7.68L21 7.83k421 7.96391 8.0T3+21 8.168:21
Te  M.255420  3.677420 3.03420 2.515420 2.08 420 1.723+20 L.M31420 1.19020 9.959419 8.366+419 7.07 19 €.02 419 .17 419  4.k86419 3.9368:10 3.5 49
1435, 1.906420 1.5TA420 1.3 420 1.075+20 8.891+19 7.368+19 6.123409 5.1 419 M266419 3.567+19 3.036419 2.56B:19 2.227u19 1.93€+19 1.70%+19 1.518+19
Whce 1279421 1.95 421  2.235421  2.263420 2.192+2) 2.026321 1.82Ts21 161821 1A6R1 1.22021 1.061421  9.136¢20 7.959420 €.77 €0 5.85 :20  5.081420
BT 6.106+20 1.0M2421  1.333421 1517421 1.62 421 1.662421 1.65021 1.623@1 15621 1.AS0421 1.h09we1  1.32221 1.234481  1.2hT®1  1.063:21 9.833+20
. 1.162422 2084422  2.862422 3.505422 4.037+22 L.UTTeR2 B8R  5.AT422 5.b 422 5.603+22 S.TR2  5.M&2  6.0TTe2 6.10 92 6.29 422 6.37Be22
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Table 2. Fission Product Concentrations Due to 233U Fissions
Concentration of Fission Product (atoms/originel kilogram 232mm) After an Irrsdiation Tiwe (days)

Isotope 150 300 450 600 50 900 1050 1200 1350 1500 1650 1800 1950 2100 2250 2h00

Bor 4224419  1.358420 2.25 420 2.984420 3.567420 5.025420 4.303420 b.66 +20 4.B7A420 5.036+20 5.156+20 5.2k8420 5.312420 5.355420 5.382420  5.396420
Py 1,246+19  5.762+419 1.086420 1.523420 1.873420 2.15 420 2366420 2.535420 2.665420 2.764420 2839420 2.895:20 2.935420 2.962.20 2.98 +20 2.99 «0
STzr  3.200420  1.551421 3.538+21 6.13 421  9.198421 1.064+22 1.637422 2.032422 2.MA5422 2,87 422  3.306422 3.TWB422  L.196422  L.GR6422 5.1 422  5.552422
86, b GUT+19  2.329420 5.314420 9.208420 1.382421 1.899+21 2,h59421 3.054+21 3.6TH421 L.315421 A.97 421  5.635421 6,309+21 6.988421 7.67 421 B,353+21
89, 3.945+419  1.21k+20 1.9€3+20 2.569+20 3.048420 3.423+420 3,726+20 3.943420 A.127420 k.25 420 4 3h9+R0 4 422420 4473420 4,508420 4,53 420 b5k 20
gy 6.412419  3.001420 6.839+20 1.18 421  L.T64e21  2.415+21 3.125+21  3.851421 5.61A421  5.39421  6.185421 6.982421 T.76 +21 B.5T7421l  9.369+21  1.016422
S‘l‘m 2,185420 1.029+20 2.34T+20 4.065421 6.099+21 B.379+21 1.085422 1. 34T+22 L.62 422 1902422 2,19 42 2.483+422 2,TT9+22  3.0T7+22 3.3T7+22 3.6TT+22
85¢r 1L.177+18  5.482418 1.237+19  2.118+419 3.14 419  L.262419 5.452,19 6.684+19 T.93B419 9.2 419 1.016420 1.17 420 1.202420 1.411420 1.520420 1.6h1420
STgr  £.511019  3.167420 7.363420  1.307+21 2.006421 2.815421 3.72 421 B.TO6421  5.T62+21  6.88 421  B.0RM421  9.253+421  1.05 422  1.1T7422 1.30T422  L.439422
3Ry 5155028 2.637419 4.3 419 5.318419  6.25h419  6.586419 7.557+19 6.0 +19 8.339419 8.6 419 B.769+19 B.929+19 9.028+419 9.004+19 9.13k+19  9.154+19
10€g, 2.554418 1.1 +19 2.293+19 3.629+19 L4.961419  6.268419 7.4kT+1g B-5 +19 9.bL+19  1.02 420 1,086420 1.141420 1.186420 1.222+20  1.251420 1.274+420
SThu  7.120419  3.354420 7.652420 1.3%6421 1.984+21 2.T33+21 3.539421 4394421  5.206421  6.206421 7.148+21 B.104+21 9.071421 1.004422 1.102+22 1.2 +22
133ye  7.239¢18  1.579+19 2.261+19 £.798+419  3.22 419  3.55 419 3.807+19 4005419 4.156+19 K.272419  L.356+19 h.417+19  L.b59419  4.4BT+19  4.503+419  b,509419
STy, 2.137480  1.006421 2.296+21 3.979+21 5.97 421  B.204421 1.063s22 1.319+22 1.588422  1.864+22 2,1hT422  2.435422 2.726+22 3,019422  3.313+22 3.609+22
1317 6.3258  1.41 419 2.03 419 2.518419 2.902+19  3.202419 3.436419 3-616419 3.754419 3.858+419 3.935419 3.99119 4,03 419 4.055419 k.07 419  k.076+19
ST, 1.236+419  5.813+19 1.325+20 2.293420 3.4364+20 L.TI6+20 6,1 420 T-565+20 9.089420 1.06642F 1.226421 1.388+421 1.552421 1.716+21 1.881421 2.045+21
127pe 4,09 417  1.434+18 £.511418  3.443418 L.213+418  &.822,13 5.3 418 5.6Th418 5.962418 6.182+418 6.348+18 6.471+18 6.56 +1B  6.621418 6.661418 6.683+18
1230 1.625418  .4h2+18 6.508+418 8.682+18 1.015+19  1.131419 1221419 129 419 1.343419  1.384419 1514419 1.536419 1451419 1.b62+19 1.468+19 1.4T1+19
STpe 2666419 1.256+20 2860420 L.963420  T.MAB20  1.023421 1,306,210 1646421 1.98 421 2326421 2.679+21 3.038421 3.4 421  3.766421 4.138421 k500421
BTos  6.398:19  3.236+20 T.354420 1269421 1.B96+21  2.50k421 3 345421 4-138421 B.951421 5.787421 6.633+21 7.485+21 B8.337421  9.186421 1.003+22  1.087422
STee 1128120 5.217420 1.17 21  1.99%421 Z.94T+21  3.993+21 5105421 6-263+21 T.553421 B.661+421  9.882421 1.111422 1233422 1.355+22 1.ATT422  1.598422
10p,  1.694419 3.928+419 5.713+419 7T.115419 B.219+19  9.078+19 9.Th6+19 1.026420 1.065420 1.095420 1,117420 1.133+20 1.1hk+20 1.151420 1.155+20 1.156+20
401, 2.166+18 5.099+18 7.ih5+18  9.29 418  1.07h+19 1.187419 1.27h419 1-382+419 1.39%419 1.533419 1.461+419 1.582+419 1.49T+19 1.506+419 1.511419 1.513+19
Tha  6.993+19 3.203+20 7.512420 1302421 L.953421  2.663421 3.aTsee1  Me3154@ 5.1%42 6.1 421 T.R21L  T.961R1  B.91421  9.86921 1.083422 1179422
139,  5.94 419 2.795420 £.37 420 1.103+21 1.653+21  2.269:21 2.936421 3.642421 L.3TT421  5.134421  5.907421  €.69 421 T.u81421 B.276+21 9.073+21 9,.869+2)
Wlge  2.80909 7.676+19 1.173420 14920 1.THE20  1.94k420 2,088:20 2.217420 2.308420 2,377420 2.M20+20 2.U66420 2.433420 Z.51 420 2.521420  2.526+20
W3p.  1.37%19  3.214419 4.650419 5.851419  6.76hel9 7.479419 8.038419 O.M64A9 6.7R419  9.0k1+19  9.225419 9.359+419 9.k52+19 9.513+419 9.548+19  9,563+19
Wk 3.581419 1.513420 3.088420 4.79020 6.573420  B.018420 9.351420 1.058/21 1.158421 1.2041421 131 421 1.365421 1.k0B421 1442421 1468421  1.487421
WTp,  1.70419  T.755419 1.693420 2.807420 4.008420  5.202420 - 6.552420 T-TT5420 06.939420 1.003+21 1.104421 1.197+21 1.281421 1.357421 1.42ke21  1.485421
TRE 3.672420  1.729421 3.94421  6.835421 1.026422  1.409422 1 fo5.op 2-267+22 2.T2T+2  3.200422  3.689+22 4.16342 L.683422 5.186+22 5.602422 6,199+
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Table 3. Total Fission Product Concentrations
Concentraticn of Fission Product (stoms/ariginel kilogram 233m) After an Irrsdiation Time (days)

1sotope 150 300 450 600 750 900 1050 1200 1350 1590 1650 1800 1950 2100 2250 2800
For B.098+2C  9.175420 B8.99 @0 B.607+20 B8.228420 7.886420 7.387+20  7.325+20 T-09M20  6.902420 6.732420  6.584e20  6.056420 €.345420 £.2u7420  6.162420
P, 3.55T4E0  4.F3ND  5.026420 h.B45+20  L4.€32420 K.A36420  h.262420  K.112420  3.9T9«20  3.86M420 3.7€5420  3.679+20 3.60L420 3.539+20 3.482420 3.433420
Far 8.2 421 Lig22  2.3264%  3.008@2 5.70142 LIGR L9122 55T 6.URR  6.733+2 T.00422 T.838422 B.376422 B.9032  9.h2he22 9.985422
355,- 9.8 <20 1.93121 2.365421 3.TTT+21  b.6T1421  5.56T+21  6.005+21  7.208421 S.0Th+21  B.889421 9.€90421 1.088422 1.126+22 1.203+22 1.28 +22 1.35542—2
89y  z.scuezs €.1T3+420  6.161420 6.052+20 5.53 «20 5.8 420 5.6974R0 5.5G0420 S5.AGK420  5.405420 5.328420 5.251420 5.183420 5.123420 5.068420 5.017420
gy 1530422 2.96B:21 L3642  5.612421 6.83%421 8.0 21 9013421 1.01Be22  1.12 42 1.219422  1.328422  1.506422 1.AF422  1.582422 1667422 1.T5 42
ST £.L65:21 1247422 1.59%42  2.33 422 2.803422 3.292422 3.T3B42  8.166422 L.576422 BOTh422  5.350422  5.734422 6.1 22 6.45B422  6.Bl1422  T.15T422
85, 7.zusa9 1.388+420 1.90142C Z.3T1420 2.751+20 3.072420 3.3A54B0  3.5T7420 3.TTT+20  3.987420 k095420 L.221-20 8332420 L.529+20 A.515%<20 L.590420
Thrr  L.0L24E1 2.23k421  3.236+21  4.366421  5.529421 E.722421 T.9WGR1  0,197421  1.0MBR2  1.178422 1.31 422 LMbbeRZ 1058 422 1 TAT422  1.855.22  1.996422
3p 2833475 2.5€2420  £.326420 2.114420 1.034420 1763420 1.656420  1.5A+20 1.k6 420 1.366420  1.323420 1.272420 1227420 1.19 420 1.15 +20  1.134420
1"‘3.. £.716+419  1.413420  1.77242C  1.336420 2.105420 Z.05k420 2.158420 2.132420 2.009+420 2.098420 1.981420 1.925+20 1.B71+20 1.512420 1.TT2+20 1.T3 40
Stan  2.22B421  5.367+73  T.ETMeR)  S.786+21  1.173+22  1.353+22 L.520422 168 42 1.531422 1.9pwe2 2.001422  2.2h2422  2.37 22 2.L9422 2.616422 2,.T35422
155  £.279419 7.633019  T.L26419  7.067419  6.T53419 GATBA9  6.24 419 6.033419 5.856419  5.699419 5.565¢19  5.M4B+1S  5.34T419 5.2 419  5.1B4e19  5.126+19
e MT5EE1 3299421 1.368422 1790422 2200422 2.599+422 2.987422  3.3(ke22  3.73042  K.095422 Lobh9422  W.795422  5.041422  5.479422  5.613422  6.143422
L 729019 £.633¢19  £.515415  5.401419  5.287+19  S.1T9419  5.07T919  A.96549 k.9 419  k.822419 L.T52419  k.687419 4.629419 k.5T€+19 &.529+19 k.k85419
5 3.250-20  6.:B420  £.143+20  1.385421  1.hA2421 1687421  L.9R2+21  2.2k8421  2.365421 2,576+21 2.78 421 2.979«21 3.174421  3.363+21  3.551421 3.T33+21
LTre  E.€17415  1.083419 .11 419 1.080419 1.038419 9.957+18 9.566+2B  9.223418 B.%2418  8.661418 8.03541B  B.2k 418 B.07T1418 7.9£3418 7.796+418 17.683418
128 2635415 2.50 419  Z.h58419  2.337419 2.23 419 2137419 2.057419 1986419 L.R5+419 1.873419 1.807419 1787419 L.753+419  1.72b+19 © 1.698419 1.675419
e €.55 420 1.320421 1.931421 2.511¢21 3.066421 3.597+21 A.11 @1  K.605421 5.085421  5.553421 6.00942) 6.556421 6.694421  7.325421 T.75 «21 B.159+22
1375 1.533.21 2,99 421  4.372+21 S5.6934€1  €.950421 8162421  9.320421  1.003622 1.151422 12022 1.355422 L4522  1.5M6e22 1.638422 1.7271+22 1.B0he22
S%ce 3.283+21  £.3044F1  9.09 «21 1167422 1.h06422 1.628+22 1.83642 2,002 2.213422 2,387422 2.552422 2.T1422 2.862422 3.008+22 3.15042 3.2092
10, 1.977420  1.886.20  1.804420 LT31420 1.665420 1.607+20 1.555420 1.5) 420 1.AT 420  1.A35420 1.M05420 1.379+20 1.355420  1.335420 1.317+20 1.3 <20
1"“;. 2.591419 2,47 419  2.364+19 2.267419 2.131419 2.105419 2.096419 1.9T7+19 1.925+419 1.88 419 1.839+419 1.80k+19 1.TTh419 1.T47419 1.723+419  1.T02419
Tha 1642471 329901 4.691421 6.127421  T.51 421 B.BR541  LODAZ2 1.1k 422 1262422 1380422 1.5 <2 1.60M22 1.2 1.336622  1.94Be22  2.056422
13%,  1.56321 3022421 439721 5.7 <21 .91 6121420 9.25MR21 10322  1.0h 42 12R242 1322 LAITe2 1532422 1.624s22 1.TI5e22  1.80Me22
Whoe  4,536@20  K.ANSe20  L.Z1E420 4.0 420  3.826420 3.667+420 3.520420  3.h0B+20  3.30h420 3.2M420  3.136420  3.068420 3.01 420 2.955+20 2.915420 2.B876+20
W3p 2043420 1.895+20 1.76H20 1.6€ 420 1.566+20 1.4B520 1.R16420  1.346420 1.306420  1.263420 1.206420 1.195420 1268420  1.145+20 1.125420  1.108420
Wb 1315621 2.1 <21 T.54ke21  2.7€3421  Z.83902)  2.828421 2.7664@1 2.676+21 2.57m21 2,47 <21 2.370421  2.279+21  Z2.19%421  C.119421  2.053421 1.995421
Wlog  6.277920 1.1z 421 1.502+21 1.8 421 2.023021 2190421 2.30h21  2,800421 2.05821  2.AGM21  2.513421 2.519421 2.515¢21  2.50hell 2.087421  2.M68421
TRE 1AT9KT 2.257422  3.256422 h.189e22  5.063422  5.886422 6.667 22 7.Mhe22 B.127422  8.615422 9.ME2422  1.013423 1.07T6+23 1.135423  1.198423 1.258423

.‘ e . >




2.4

g% (2000 m/s) = 755 b; oo _ 954 p

*cast/ ®thernar = 2+09

In our calculations using the ISOCRUNCH code, it was necessary to
use a modified one group cross-section., We used a Westcott type correla-
tion which calculates an effective 2200 m/sec cross-section from the
thermal and resonance values and uses an effective 2200 m/sec flux to
obtain the true reaction rate. In general the relationship between the
Westcott notation and the values given by GA is as follows:

Te(2200 m/s) = [o(E) o (E) aE .

In our anelysis using the ISOCRUNCH code, the following values were
used:

#(2200 m/s) = 2.288 x 10*3 n/cm® sec
28(02) = 22.05 D

£(13) = 2280

82(23) = 619D

8.(23) = 8301

8(2k) = 254 b

8g(25) = 5310

2.(25) = 160b

8,(26) = 92D

In many cases the ratios between cross-sections in the above list
mey not be the same as the corresponding ratios in Jeye's list. However,
it was necessary to adjust several cross-sections in order to get a
reasonable fit to the data at 1800 days using our constant cross-section,
constant flux analyses.
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