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1.0 ABSTRACT
Curves suitable for predicting the buildup of heavy
isotopes in uranium reactor fuel of any likely initial
isotopic composition are presented. The curves were com-
puted for seven values of thermal neutron flux between
1012 and 1015 n/cn?/sec, assuming constant flux, and ex-
tended to flux-times of 3 x 1021 n/cm®.
2.0 INTRODUCTION
Neutron irradiation of uranium results in formation of a number of
uranium and transuranic isotopes, some of which have nuclear properties that
render them undesirable as reactor fuel constituents. The effect of these
isotopes on reactivity, based on single, long-term irradiation of fuel of
various enrichments, has been considered by many investiga’cors@1"5 Ullmann

and Arnold7 investigated the buildup of U236, U237, Np237, 238

and Pu in re-

cycled U235 fuels and showed how, even with partial removal of U236 in each

cycle, these products could grow to such levels as to influence the type and
frequency of chemical processing and fuel fabrication.

The present calculations, performed on an analog computer, have been
carried out primarily to serve as a tool in studying transuranic activities
of interest to the chemical processer. They permit rapid estimation of heavy-
element concentration in irradiated fuels of any likely initial composition,
and are, consequently, especially suitable for studying the buildup in fuel
recycled through chemical processing, fabrication, and irradiation a number
of times. Results are presented in the form of curves expressing the growth
of 'individual isotopes from pure U233, U23h, U235, U236, and U238 during
irradiation at constant flux. Seven values of thermal neutron flux between

10'? ana 107 n/cm?/sec were considered, and irradiations were extended to

flux~-times near 3 x lO21 n cm?.

The author gratefully acknowledges the assistance and suggestions received
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from R. A. Dandl relating to the use of the analog computer for these calcu-

lations. In addition, he would like to express his appreciation to J. Halperin

and R. W. Stoughton for their many enlightening discussions on heavy element

cross-sections and to H. E. Williamson for his help in operation of the computer.
3.0 CROSS-SECTIONS

The paths for buildup of the significant transuranic isotopes from the five
long-lived uranium isotopes are given in Figs. 1 through 5. The mechanism of
production is primarily that of n,y reactions and B decay, but alsoc considered
here are the n,2n reaction of U238 and the partial decay of metastable Am.‘e)+2 by
electron capture (Fig. 5). In addition, destruction of certain isotopes by
fission and ¢ decay was taken into account.

The choice of the best cross-section values for use in the present calcula-
tions was complicated in many cases by uncertainties attributable to resonance
absorption. Those isotopes known or suspected to possess large resonance integrals
must be assigned effective reactor cross-sections for computation of reaction ra;es.
The effective reactor cross-sections quoted here are intended to be used with
thermal fluxes determined from a cadmium ratio measurement and the 2200 m/sec
cross-section of a l/v detector. However, in those cases where epithermal absorp-
tion is sizable, the precise value of the effective cross-section to be used is
so dependent on the particular reactor, position in the lattice,and operating
peculiarities that the choice of an exact value for such calculations cannot be
taken too seriously. The values selected are a representative set approximating
those for the MIR configuration;a consequently, the buildup of isotopes reported

here must be interpreted in the light of this approximation.

® The MIR is a thermal reactor operated with highly enriched U235 fuel, present
1n the form of thin plates of aluminum-uranium alloy. It is cooled by forced
Convection of natural water over the fuel plates.
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The wajority of the cross-section values were taken from the compilation
of Hughes and Harvey.8 The exceptions were as follows:

U233, U235, and Pu239: The so=-called international values proposed at
the Geneva Nuclear Energy Conference, August 1955, and reported in Nucleonics9
were used. The U235 and Pu®39 values were corrected for their non-1/v character
by use of the factors given by Harvey and Hughes.

U23u: An apparent inconsistency exists between the 2200-m/sec absorption
cross-section of 92 T 7 barns and the reactor activation cross-section of T2
* 10 varns reported by Harvey and Hughes. In view of the large resonance
absorption expected, it was felt that a choice of 90 barns, near the higher
value, was Jjustified.
U236: Resonance absorption by this isotope is known to be large, and in
dilute concentrations this can be expected to result in a reactor cross-section
considerably in excess of the 2200-m/sec value. Consequently, the value of 24
barns reported by Auclair et al.10 was chosen for these calculations.

U238: An estimated value of 28 barns wag gsed in these calculations,
based on the 280-barn resonance integral of U23 .

In slightly enriched systems where the effective reactor cross-section
would be appreciably less, the levels of the respective daughters in the yR38
chain can be found with only slight error by wultiplying the presently calculated
values by the ratio of the appropriate cross-section tc 28 barns.

U238: An n-2n cross-gsection of 10 willibarns was estimated for use in
this work.

Pu238:
was adopted.

PuEuO: An estimated value of 1000 barns was used, based on the thermal

cross-section of about 500 barns and the large resonance at 1 ev.,

The value of 552 barns reported by Butler, Lounsbury, and Merri'ttll

Pu242: The value of 68 barns reported by Butler, Lounsbury, and Merrittll
was used.
Am2u3: A value of 138 barns was used, based on work reported by Butler,

Lounsbury, and Merritt.ll
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APPENDIX

5.0 CALCULATIONS
Differential equations were set up expressing the rates of production and
destruction of each isotope along the paths indicated in Figs. 1 through 5.
As an illustration, the set of simultaneous equations representing the U235
chain given in Fig. 3 will be presented. In the equations, o denotes the
total, or absorption cross-section; of equals the capture cross-section for n,y
reactions; op = fission cross-section; A is the decay constant = ln 2/half-life;
N = the number of atoms present at irradiation time t; NO = the number of atoms
initially present at zero irradiation time; ¢ = thermal neutron flux. The con-

ventional method of denoting isotopes by use of the last digit of the atomic

number and the last digit of the isotopic mass is employed throughout this report.

For U235: dNQS

= = (%)as P
PP 26 = (o) By - ()6 Mg
ok Eg%l = (% )pg Blipg = Aop Ny
1237, %—7- = Apy Ny - ()7 By
L d‘g‘iﬁ = (9)gy Mgy - (Tp)gg Pig - A38 Y38
S A g Mag - (9)g Mg - Aug Mg

23, M | -
Pu " g (dc )h8 ¢Nu8 (da)u9 ¢Nu9

These equations were simulated on an Electronics Associates Group 16-31R

linear analog computer and solved, maintaining ¢ constant. Results in the form

Fe
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of curves expressing the buildup of individual isotopes as a function of
irradiation time were obtained with Brown Electronik recorders for values of

b b 15 n/en® /sec. These

¢ = 107, 3 x 1012, 1013, 3 x 1013, 10%%, 3 x 10", and 10
curves were reproduced as tracings for this report and were scaled along both
coordinates in order to yield the maximum sensitivity for reading and interpola-
tion. It is believed that their precision is in all cases within 10 percent of
the exact solutions of the equations. This is less than the uncertainties asso-
ciated with most of the cross-section values used in the calculations. The use
of the curves can best be explained by recourse to an example.

Example. What is the amount and isotopic composition of plutonium produced
in a fuel assembly after irradiation at average thermal neutron flux of 3 x lOlh

n/em®/sec for 3%.7 days (t = 3 x 10°

sec)? Tt is assumed that the assembly con-

tains, initially, 100 g of U235, 7 g of 1230, 6 g of U238, and 1 g of V23,
Solution. By reference to Fig. 6, it can be seen that the irradiation of

this assembly equivalent to a flux-time of 9 x lO20 n/cm? corresponds to a U235

burnup of (1-0.54)100 = 46 percent. The numbers of atoms of each uranium isotope

initially present are:

23
Ngh Y (?égi)x 107°) _ 2.57 x 10°% atoms
P . (100) (6.02 x 1073) 1023
b5 = (235) = 80T x 1077 atons
P, - (D (6.02x1073) o0 20
o = (236) = 1. X atoms
23
Ng8 ) (%égg)x 107°) _ 1.54 x 10°° atoms

Inspection of Figs. 2 through 5 indicates that plutonium isotopes will be

formed along four primary paths: by n,y reactions with U238, n,2n reactions
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with U238, and n,y reactions with U‘235 and U236. The contribution from U23u
will be inconsequential because of its low initial concentration and longer
path. TFor the case of plutonium buildup from U235, only two isotopes need

238 and Pu239. Using Fig. 3-F, the time factor, F, for a

be considered, Pu
14 5 ) 3
flux of 3 x 10 is seen to be 107, and the concentration factor, f = 1.9 x 10-.

From the time factor, the scaled irradiation time, T , is calculated as
6 /147
T = t/F = 3x10/10° = 30 sec

From the curve for ¢ = 3 x 101”, it is seen that a concentration ratio, ONY of

0.027 corresponds to T 30. Using the concentration factor, f = 1.9 x 103,

it is seen that

0.027/1.9 x 103 = 1.2 x 107 aton of PP

[

o)
Myg/Nps5 = mg/f
per initial atom of Ue35

The total atoms of Pu238 produced from U237 in the fuel assembly is

NAB = (1.k2 x 1072) (2.57 x 1023) = 3.6 x 1018 atoms

The amount of Pu23? produced from U235 can be computed in a similar fashion,

using Fig. 3-F. At T = 30, n, . is equal to 0.008. Therefore, noting that

49

f=7x 103, Nh9/N25 = Nu9/f = 0.008/7 x 103 = 1.14 x 107 atom Pu239/initial
atom U372, Total atoms Pud” from U-S°, My = (114 x 1070) (2.57 x 1023)
2.9 x lO17 atoms .

The production of plutonium isotopes from U236 and U238 is calculated

from the appropriate curves in the same manner as was done for U235. The results
are summarized in Tables 1 and 2. To obtain the total amounts of each isotope
present at reactor shutdown, the contributions from U235, U236, and U238 are
added, yielding

238

1
Total Pu = 3.6 x 1018 +1.06 x 1087 + 4.2 x lO15 = 1.42 x 1077 atoms
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Total Pu23? = 2.9 x 1077 + 9. x 1007 + 2.2 x 1077 = 2.3 x 1022 atoms
Total Pu%0 = 5 x 1016 4 2.8 x 107 = 2.8 x 107 atoms

Total P2t = 7 x 105 + 6.5 x 10%° = 6.5 x 10*® atons

Total Pu2h2 - 6.2 x 1077 atoms
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Table 1.  Production of Plutonium from U230
t=3x 10° sec; § = 3 x 10tk n/cm?/sec
Time Factor, F = 10°; T =t/F = 30
Isotope, Concen. Ni/Ng6 N =
i Fig. No. n,  Factor, f = N/f (N /M9)(1.8 x 10°8)
py?238 4D  0.083 1.k x 102 5.9 x 107¥ 1.06 x 1077
pu>3? 4-E  0.026 5 x 10° 5.2 x 1079 9.4 x 1017
py2H0 4-F 0.009 3 x 103 3 x 1070 5 x 1010
py 2L k-G 0.003 8 x 10° b x 1077 7 x 1007
Pu2h2 bog _ _ _ _
Table 2. Production of Plutonium from U238
t=3x 10° secy; § =3 x 101k n/cmz/sec
Time Factor, F = 105; T =t/F = 30
Isotope, Concen. Ni/NgB Ny =
i Fig. No.  n;  Factor, f =N/t (N /8g)(1.54 x 10%°)
py238 5-D 0.082 3 x10° 2.7 x 1077 4.2 x 10
Pu®3? 5-F 0.57 40 1.43 x 1073 2.2 x 1019
pu20 5-G 0.27 1.5 x 10° 1.80 x 1073 2.8 x 10%9
2t 5-H 0.083 2 x10° L.2 x 107} 6.5 x 1018
P22 5-1 0.024 6 x10° 4.0 x 107 6.2 x 1017
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