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ABSTRACT

The future production capability of the U, S, nuclear
power complex is estimated for four radloigotopes that are
of interest as heat sources, namely, 147Pm, 21°po, 2°%py,
and 2%40m, Production estimates for the next 15 years are
derived from forecasts of the growth rate of nuclear power
and published data on isotopic ylelds, The estimated total
possible production by power reactors Iin the decade 1971-
1980 ranges from 100 kwt (thermal kilowatts) of 2%4%Cm to
240 kwt of 21%Po; the estimated possible annual rates in
1980 range from 30 to 50 kwt. Substantial increases in the
production of 2%®8py and #4%*Cm can be achieved by irradiating
237Np and 2%%Am from power reactors in speclal reactors that
operate at a neutron flux of 10* n/(cm®)(sec) or higher.
Recycling of plutonium in power reactors will also increase
production of 24%(m, ;
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INTRODUCTION
NASA and other agendies project increasing demends for radlo-
igotopes as heat sources. 1 The growing nuclear power industry is

s potential supplier,

This report i1s an evaluation of the potential of the nuclear
power industry to produce *47Pm, 21°Po, 2%°Py, and 2440y by 1980,
Such sn evaluation is needed to indicate the industry's posslible
potential for isotope productlon and to encourage application of the
necessary effort to define the potentlial more accurately. In maklng
this evaluation, the simplifying bases listed below were agsumed, even
though they introduce uncertainties, many of which may never be
resolved completely:

¢ The nuclear power industry will grow smoothly and continuously.

In the earlier years a smooth growth is obvlously impossible
pecause each new reactor adds significantly to the slze of the
industry. These unpredictable deviations from smooth growth
can have a significsnt effect on the production of radlolsotopes
that require long lead times, such as =*°Pu.

e The nuclear power industry will grow at an optimistlc rate.

An optimietic projection was selected from avallable forecasts (#~5!
because of the recent lncresse in orders for large nuclear power

plants. Even if all estimates of the size of the nuclear industry }
in 1980 were the same, the rate of growth achieved by the industiry

mey differ from any predicted rate, and deviatlons from the pre-

'dicted growth will affect the rate of production of radlolsotopes.
“Partlcularly, a more rapid rate of growth in the earlier years

would increase slgnificantly the production of radlolsctopes

requiring long lead times, such as **®Pu,

e TVields of 227Np and 242Am (the precursors of 22®pu and #**Cm,
respectively) per unit of power generated will be equal to those
in the Yankee lsttles.

Yields in this study are based on chemical analyses of Yankee fuel,
the only such data avallable., The yield of these radiolsotopes per
unlt of power generated in the reactors expected by 1980 msay be
lower than for Yankee, because the yleld 1s closely related to the
reactor lattice design and the fuel exposure, and calculations on
other reactor designs are only now becoming avallable. Thus,
present production estimates of nonfisslon product lsotopes are
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largely a matter of technicgl Judgment, whereass the yields of
fission product lsotopes can be estimated more accurately from

published data.

Chemlcal separatlon technology asnd large-scale capaclty willl be
avallable when needed in the 1970's,

Plutonium wlll be available for recycle 1n fuel assemblies, and
there will be a technology and an economlce incentive for its use,

Radloisctopes produced in U.S.-designed reactors bullt 1n forelgn
countrles are not included.
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SUMMARY

Ag much as 500 kwt (thermal kilowatts) of 238py may be required
for space missions hefore 1980; as mueh as 250 kwt per year of combina-
tions of 22°Pu, 2440y, 21%Po, and 147pp may be needed in the 1970's.'"

For comparlson, the estimated productlon capacities of the U. 5.
power reactor complex gre summarized below for three gituatlons:

I.

IT.

I1T.

Only the power reattors with fiuxes less than
L x 1013‘n/(cm?)(sec) are used.

hctinide production ig increased PY converting
237yp and Z%%Am from power reactors O 238py
and 24tCm in reactors operating at & flux of
104 n/(cm?)(sec) or more.

Actinide production ig further increased by
recycling fuel 1n one-fourth of the power reactor
capacltys the neptunium and americlum from all
power regctors are converted &as in II.

The production of the fission product 147py 1is the same In all
cases. However, in case I, 2*°Po, 288py, and 2440y will compete for
reactor space; therefore, aombinations of these nuclides will be pro-
duced in quantities 1ess than the sum of the tabulated numbers.

Bgﬂioisotopes from POWET Complex

{thermal kilowatts)

! cumulative production Annual Rate of
Capacity for 1971-1980 Eggﬁuctiod in 1980

JE S ¢ S s = SN+ I 24
238py 160 700 800 50 190 220
2440m 100 600 1700 30 170 480

14 7py 130 - - Lo - -

210po 240 - - 50 - -

NASA

Objective 500 500 500 250 250 250

Thus ,

the nuclear iﬁdustry will be able to contribute signiflcantly
to the supply of radiocisotopic heat sources. In time, with the help of

reactors operating at fluxes of 104 n/(cmz)(sec) or more, it can meet
the demand. Interim needs will presumably be filled by the AEC's pro-

duction compleX.




S DISCUSSION

THE NASA REQUIREMENTS

Published data on NASA requirements (!’ indicate a need for 500 kwt
of #2fpy by 1980, and for larger gquantities if certain missions materi-
alize, NASA also wants %7Pm, 219pg, ang 244cq, During the decade
1971 to 1980, annual requirements may rise to 250 kwt for any one of
the four radioisotopes.

GROWTH OF NUCLEAR POWER IN THE U. s.

The estimates in this .report are based on a 1964 forecast by the
General Electrie Company of the growth of central-station nuclear power
in the U, 8,2 According to’ this forecast, nuclear capacity will
Increase at the following ‘annusl rates, which are for the first year
of operation of the new equipment on the utility systems:

. 1968 1,400 Mwe
oo 1970 2,800 Mye
1975 7,500 MWe

11980 10,000 MWe

The cumulative capacities corresponding to these additlon rates are
represented by the top curve in Figure 1, The Hanford N-Reactor
(800 MWe), not included in the forecast, wlll add 7% to the 1970
capacity and 2% to the 1975 capacity.

100,000
LT T T T
80,000 —
60,000

40,000

Installed Capacity, MWe

20,000/

ol I
1964 1966 1968 1970 1972 1974 1976 1978 1980

End of Calendor Year

FIG. 1 PREDICTED GROWTH OF NUCLEAR POWER IN THE U. S.




Other recent forecasts are in reasonable agreement with the
General Electric prediction, as follows:

Installed Capaclty

Source of Forecast in 1980, MWe
General Electric Co. (2! ' .92,000
Westinghouse Electric Co.!®! 43,000 to 84,000
U. S. Atomic Energy Commission{*! 60,000 to 90,000
Federal Power Commission!(S’ 70,000

A slightly revised forecast was reported by General Electrlic in
September 1965.(3’ This forecast is also shown in Figure 1, but was
not used as & bagis for calculations of radioisctope production,

In converting the nuclear capacities to isotope production rates,
we assumed that:

The first producte from spent fuel discharged from a
new reactor are avallable four years after reactor
startup. This period includes one year for cooling
and chemical processing of the fuel.

Present-day HpO-moderated converters with a net thermal
efficliency of 32% are used.

The average fuel exposure 1g 24,000 MWD/MTU™ .

The over-all reasctor operation is equivalent to the
reactor operating 80% of the time at full power.

DATA ON RADIOISOTOPE YIELDS

Within the past few months, radiocisotoplc analyses of irradiated
fuel from the Yankee reactor have been reported. 1In 1962, the

Westinghouse Atomlc Power Division (WAPD) began & continuing evaluation
of this fuel and has reported the results quarterly. °

some typleal WAPD fuel samples were analyzed in detall at Battelle-
Northwest.!7' Results of these analyses are summarized in Table I

* Megawatt-days per metric ton of uranium,
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and are discussed in the Appendix. Simplified calculations of fuel
burnup and isotope production, normalized to these enalytical results,
form one of the bases for the estimates in this report.

TABLE 1

composition. of Irradisted Yankee Fuel
Baged on snalyses at BattelleuNorthwest(7)

content(a)

Fuel Plutonium
Exposure, Total Pu, Each Isotope, isotopic % 237Np, ®44om, 47pp

MWD/ MTU &/ MWD Spy Z40pu ZiTpy EEPy  mg/MWD mg/MWD ma/MWD(b)
8,500 0.600 85.3 10.0 4.3 0.35 (18) - {(9.4)
13,700 0,524 80,0 12,8 6.5 0.76 17.7 0,04 {9.8)
24,300 0433 71.5 16.2 10.5 1.9 18.7 0.325 (7.4)
24,300 with
Fuel Recycle - [55.0] {27.5] [13.0] [4.5] [25.3] [3.%] [7.4]

(a)} Analyzed content except where indicated as follows:
( ) interpolated
[ ] extrapolated

{b) At reactor discharge.

We sssumed that the 1sotope ylelds in BWR's per unit of electrical
capaclty are equal to those in PWR's.* This sssumption cannot be
tested now inasmuch ag no comparsble anslyses of fuel from PWR'!'a are
avallable. However, the assumption appears reasonable because the
following three differences 1n the operating characterigtics of the
two resctor types tend to equalize thelr productivitles, Compared to

PWR's, the BWR's have:

e A harder neutron epectrum., This favors actinide
production. '

e A lower (~30%) specific power. This delays dellvery
of the products.

e A lower 225( enrichment and a higher plutonium burnup.
This improves the ylelds of the higher actinides at a

glven fuel exposure.

* BWR = boiling H,0 reactor, PWR = pressurized H,0 reactor,

-11-~




ESTIMATED PRODUCTION CAPACITIES

The estimated production capacities of the nuclear power complex

for 147Pm,
estimates for each isotope are dlscussed below,

210p,  238py  and 244Cm are summarized in Figure 2. The

Promethium- 147

The production rates for M"Pm ghown 1in Figure 2 were derived from'

the measured '*7Pm content of Yankee fuel, which 18 1,03 x 10° curies/
MTU at an exposure of 24,000 Mwp/MTU. ‘7' When corrected back to the

time of discharge, this rate becomes 1.63 x 105 curies/MTU, or 54 w/MTU.

To allow unwanted *4#®Pm to decay, the promethium must be stored

for about two years after it is discharged from the'rea.c'tor.

delay is about one half-life of 147Pm, the production 13 ecut in half.
This reduced producticn 1s plotted in Figure 2.

Annual Production of Isotopes, kwt

50

40

30

20

I | | l L

Bases: I. All irradiations performed in power reactors.
- 2. Average fuel exposure of 24,000 MWD/MTU,

3. No plutonium or uranium recycle.

2440m Produced
in Fuel

244¢m from Py Irradiotions

o]
1966 1968 1970 1972 1974 1976 1978 1980

Year

FIG. 2 ESTIMATED CAPACITIES FOR RADIQOISOTOPE PRODUCTION
IN U.S5. POWER REACTORS

-12.

R o R TiL. IR PR T WLTER foru st i i 1o 10 S

Since this

g




A plant to recover *7Pm and other fission products 1s to be built
at Hanford. It will have & **7Pm capaclity equivalent to 17 kwt/yr. (8
By 1980, & capaclity of about 40 kwt/yr wlll be needed.

Polonium-210

210p; 1y produced by neutron capture in 2°°Bi targets. The pro- P
duction rate depends on the neutron flux, the irradlation time, and the v
amount of reactor space that 1s occupled by bismuth targets. Estimates
heve been published of the possible #2%Po production from each of 18 o
power reactors that are now in operation or under congtruction.t®
These estimates are based on assumptions that 2.4% of the fuel volume
1s avallable for target assemblles and that the thermal neutron flux
in the target is the game as the average in the fuel. The average
potentlal production of the five largest reactors studied {211l 300 MWe
or more) is 1.65 x 10™° kwt of 21%Po per year per MWe of capacity pro-
vided the net thermal efficlency of the reactors is 32%, the reactor
operation 1s equivalent to operating 80% of the time at full power,
and the irradiation time is one year. Production rates derived from
these date are shown in Figure 2. The estimates include allowance for
decay during a four-month period for cooling and processing. By 1980,
the annual 2:°Po productlon can be about 50 kwt, which 1s one-fifth the

NASA requirement.

The half-life of 21°Po 18 short in comparison with the interval
between refuelings of power resctors (4.6 months vs, 12 to 24 months).
If the bilsmuth targets could be removed after about six months of }
irrediation (when the 22°Po concentration i1s somewhat more than half
the saturation value), 22°Po production would be about one-third greater
than shown 1n Figure 2.

Power reactors will probably be & high-cost source of 22®Po, In
addition to the disparities between desirable irradiation intervals and
refueling schedules, the 21°Po is produced at low concentration, about
5 g per ton of bismuth., Costs incurred outside of the reactor for
handling bismuth at thls low concentration probably willl be high.

Plutonium-238

238py 18 produced by multiple neutron captures. The pertinent
reactions in reactors that are fueled with uranium of low enrichment
~are the formation of #®*7Np by the reactions

2357 (n,vy) 2%°U (n,v) 2%7U (B) 2%7Np

and
288U (n,2n) 287U (5) EQYNP

-13-




followed by the reaction

227np (n,v) 2°%Np (B) %°°Pu

To avold dilution of the 22%Pu with unwanted isotopes, the #*7Np is
gseparated from irradiated fuel and is then irradlated further. The
production of 228py ig therefore a two-step process.

A 2%7Np concentration of 455 g/MTU 1n Yankee fuel irradiated to
24,000 MWD/MTU, or 18.7 mg/MWD, has been measured.{?’ The corresponding
production rates are thown in Figure 3. The Yankee data indicate that
fuel exposure has minor effect on the *37Np production rate; the con-
centration in fuel irradiated to 13,700 MWD/MTU is 1little more than
nalf that at 24,000 MWD/MTU, but the higher fuel throughput for the
lower exposure compensates to the extent that the annual production
rates of 2%7Np at the two exposures differ by only 5%.

After the 237Np 1s recovered, it can be irradiated to make 238pu

either in power reactors or in special converter reactors that operate
at a hlgher neutron flux, Figure 2 shows the estimated 238py productlon
capability for the irradiation of 2°7Np 1n power reactors, For this
estimate, the fractlonal conversion of 227Np for one year of irradiation
was obtalned from Reference § as the average for the five largest
present-day reactors, 0.086 g of 238%py per g of #%7Np irradiated. The

tH000
l I I l l I l
800— Bases: 1. Nuclear power capacities as in Figure | .
o 2. Average fuel exposure of 24,000 MWD/MTU
g
£ 600— —
=
2
a
5 400— —
=)
g
<
200— —
| |

0
1966 1968 1970 1972 1974 1976 1978 1980
Year

FIG. 3 ESTIMATED PRODUCTION OF Z’Np IN U.S. POWER REACTORS

w1l




corresponding 227Np burnup (10.5%) wae obtained from Reference 10, which
shows the fractional conversion as & function of 237Np burnup. Recycle
of unconverted 2®7Np was assumed, with a six-month delay to separate
238p,; and fabricate new 2°7Np targets. On this basis, approximately

160 kwt of 228Py could be produced in power reactors by 1980.

The production of 222Pu can be accelerated by irradiating #27Np at
a higher flux than is typleal of power reactors. The higher the flux,
the shorter the irradiation time required to convert a given fraction
of the neptunium. A flux of about 10'* n/(cm?)(sec) would suffice for
near-maximum production of #3%pu, Shorter irradiations at even higher
fluxes do not help because (1) the time required for out-of-reactor
processing then 1limits the production rate, and (2) #°®Np flssions
decrease the product yield,

Estimates of 22%8py production from 227Np irradiations at a flux
of 2 x 10** n/{em?)(sec) are shown in Figure L. These estimates are
based on the 227Np supply rates in Figure 3 and the conversion data in
References 9 and 10. Three months! irradiation at 2 x 10** n/(cm®)(sec)
converts 1?% of the 2%7Np to 288py {8) e corresponding 237Np burnup
1g 24%.(2%) e assumed that 90 days are required to cool the.neptunium
targets, separate the unconverted neptunium, refabricate 1t into new
targets, and put it back in the reactors, The productlon rates under
these conditions are severalfold greater than those of power reactors.

200 —
I ! [ l

% w0
= 160 Basis : 237Np ond 243Am supplied by
S U.S. power reaclors and irradiated
5 at > 10" n/(cm?)(sec).
=
3 120 —
.
o
=]
2
= 80 =
=

40 —

. | I

1966, 1968 1970 1972 1974 1976 1978 1980
Year

FIG. 4 ESTIMATED PRODUCTION OF 23%py AND 244Cm IN HIGH - FLUX [IRRADIATIONS
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Curium—244f

Cm are present in irradiated fuel from power
antities can be produced by irradiating elther
nent fuel.

Smell amounts
reactors. Additiona
plutonium or #43Am"

o

of 244cp, The direct production of 2440m in
power reactor fuel, W th no recycling of plutonium or amerlclum, was
estimated from the gic analyses of Yankee fuel. 7! At 24,000
MWD/MTU, this fuel contains 7.9 g of 2e40p/MTU. In translating this
yield to annual production rates, we assumed that the 24%Cm must be

held for two yesrs after discharge to permit 242cm to decay. The aging
period delays delivery and allows 5% of the product to decay. The
estimated‘productipn;rates are plotted in Figure 2; the total producticon
through 1980 is.estimated to be 90 kwt.

Direct product

The 2%4cm production depends gstrongly on fuel exposure. The con-
centration in Yankeé.fuel at 13,700 VWD/MTU is only one-tenth of that
at 24,000 MWD/MTU. ' 7! Although the lower concentration is partially
offset by higher fuel throughputs, the annual production rates for the
lower exposure aré OAly 20% of those for the higher exposure. An
average exposure of 24,000 MWD/MTU in power reactors in the 1970's
appeare reasonable, 8&s reactors are being designed now for exposures
of 21,000 to 22,000 MWD/MTU (e.g., Connectlcut Yankee, Dresden 1I).

Production of 2*%Cm by Plutonium Trradistions. The rate at which
2440m can be produced by irradiating plutonium in power reactors depengs
on the quantity of plutonium that 1s irradiated, its 1lsotoplc composl-
tion, and the irradiation time. As ahown below, the 2%4%Cm yield from
plutonium targets at power reactor fluxes [<I X 1022 n/(cm®)(sec)] 1s
only a small fraction of that produced directly in power reactor fuel.
Reference 9 lists the following estimates for four years of irradiation:

Wt of Pu Power Level, 2%%Cm Yield,
Reactor Charged, kg . MWt g/kg Pu
connecticut Yankee 90 1470 0.24
Malibu 75 1470 0.41
Nine-Mile Polnt 70 1540 0.76
Oyster Creek 124 1600 0.70
So, Calif. Edison 77 1210 0.24
_16-




The average yleld for these five reactors is 0.47 g/kg of Pu irradiated;
this number applies when 2%°Pu is the target and when 2.4% of the fuel
volume is replaced by targets. If reactor-grade plutonium (~20% 24%py)
1s the target, the 244Cm yield can be increased 80%. On the basis of
these data, less than 20 kwt of 2%%Cm can be obtalned by 1980 by
irradiating plutonium targets in power reactors. This is only 20% of
the amount produced directly in power reactor fuel.

Production of 2%4Cm by Irradiating Americium. 24%Cm production
could be increased by irradiating plutonium at a neutron flux of about
1014 n/(cm2)(sec). However, a more economical way 1s to separate 243pm
from power reactor fuel, and to lrradiate this ilsotope to form 2440 by

the reaction

243Am (n,?) 244Am (a) 244cm

No experimental data are avallable on the ®*®Am content of power
reactor fuel., However, because of the excellent agreement (sece
Appendix) between measured and calculated concentrations of #4%cm in
Yankee fuel, calculated ylelds of 243Am are belileved to be sufficlently
accurate for estimating purposes. As shown In Table II, the estimated
243y concentration in fuel irradisted to 24,000 MWD/MTU is 40 g/MTU.
We assumed that 90% of the Z4%Am can be converted to #4*Cm each year
(including allowance for chemlcal processing)., This conversion rate
requires a neutron flux greater then 1 x 10** n/(cm®)(sec)., The corre-
sponding 24%Cm-production rates are plotted in Figure 4. . Comparison
with Flgure 2 shows that the 2%%Cm production from #*%Am is about six
times the direct production in power reactor fuel. i

' TABLE IT

Radiolsotopes In Power Resctor Fuels

Data derived from éxperimental date on Yankee Fuel

Fuel

Exposure, Concentration at Dischar§e(a)! 5éMTU

MWD/ MTU Pu ZO'Np Z44cm Pm Am

8,500 5,100 {153) - (80} -

13,700 7,190 242  0.55 (133) (6)

24,300 10,500 455 7.9 (180) (40) .

2h,300 with :
Fuel Recycle [15,000] [635] [82.0]  (1890) [230] f

(a) Measured concentrations except where indicated
ag follows:
( ) interpolated :
[ ] extrapolated f
H

-17-
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EFFECTS OF FUEL RECYCLE

It is 1likely that plutonium will eventually be recycled In power
reactors, especlally if uranlum prices lncrease. If such recycling
becomes sizable in the 1970's, and if uranium is also recycled, 22°Pu

and 244Cm production can be increased.

Actinide concentrations in spent fuel from plutonlum recycle were
calculated and are glven in Table II, These estimates showed that when
fuel initially containing 1 wt % Pu is irradiated to 24,000 MWD/MTU,
the 2%7Np, 243am, and 2*“Cm concentrations will be 1.4, 5.8, and 10
times as great as those resulting from irradiatlion of virgln uranium
to this same exposure, No mere than about 25% of the power reactor
cepacity could employ recycle in the early 1970's even 1f &all of the
plutonium and uranium then available were used for that purpose, The
total production of 2%%pu and 24%Cm would increase by 10% and 130%,

respectively, as shown 1n Figure 5, 1f:

Annual Production, kwt

Plutonium and ursnium fuels are recycled in 25% of
the capaclty, and

Neptunium and americium targets are lrradiated.

! l I | I 1
Basis: I Urenium and plutonium recycle in
500 — 25% of U.S. power reactors. —
2. Fuel exposure of 24,000 MWD/MTU.
3. 257Np and 243Am irradiated at
flux >10" n/lcm2lsec),
400 t— o
244¢Cm with
300 b— Pu Recycle ]
238py with
200 — ; —
7
without
100 — ’//’, Pu ecy'cle _—
5% 238py without
S U Recycle
0 L |
1966 1968 IS_?O 1972 1974 1976 1978 1980

Year

FIG. 5 EFFECT OF PLUTONIUM AND URANIUM RECYCLE
ON 238p, AND 2%%Cm PRODUCTION
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CHEMICAL PROCESSING

If spent power reactor fuels are to become a source of #*®Pu and
2440, syltable facilities must be provided for the separation and
purification of these isotopes and thelr precursors, 2*7Np and 243am,
These faclliities are in addition to those now projected for recovery
of the primary components, 2®°Pu and uranium., By 1980, such facllities
must annually recover hundreds of kilograms of 2%7Np, 228pu, 24%Am, and
2440y from power reactor fuels and targets. Also, large quantitles of
materials mugt be refabricated into fuel or target components and
recycled through the reactors, Some of these materials will have to
be fabricated by remote methods.

287yNp 18 now recovered from spent fuel at Savannah Rlver and
Hanford. The commerclal plant being bullt by Nuclear Fuel Services
18 not equipped to recover 2®7Np, nor 1s it equipped to process targets
after irradiation. Thue, & substantial investment in processing plants
1s required for the power reactor industry to produce ®*®Pu.

A similar situation exlsts with regard to 24%Am and ®**Cm, No
facilitliee exlst or are projected to recover these lgotopes except in
experimental smounts. However, even though the most probable chemlcal
processes use very corrosive solutions, technology will be avallable
by the end of this decade for designing separatlons faclilitles.

ECONOMIC FACTORS

A detalled discussion of probable productlon costs for isotopes
is beyond the scope of this report; however, a few general statements
cen be made., First, an important factor that will determine large-
scale use will be the policies that must be developed on the pricing
of the various reactor products. Second, large-scale processlng in the
future should reduce costs significantly, and in certain cases, the
major expense will be the cost of chemical processing. For example,
directly produced **7Pm, 243Am, and ##*Cm can be separated together
with the rare earths and trivalent actinides in the aqueoug chemlcal
process, The costs per gram for separating these products would there-
fore be similar since concentrations are comparable, Equally low costs
for recovering 237Np might be expected for similar reasons., =°7Np and
248%pm gre thus potentlally low-cost feed materials for further irradi-
ation at higher fluxes to produce large quentities of 2°%pu and ®**cCm.

The availability of large quantities of 2+%(m and 2°®Pu at low

unlt costs in the late 1970's and beyond could have a significant and
beneficial effect on the potential market for these products. This
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will be possible only 1f the chemical processes

availability, however,
pted to yleld the deslred products

that are selected can be ada
economically.
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APPENDIX
ANALYSIS OF YANKEE PRODUCTION DATA

The principal experimental data‘5’7’ uged in deriving the results
in this report are summarized 1n Figures A-1 and A-2.

In Figure A-1, the symbols Y¥-1, Y-2, Y-3, and Y-5 ldentify sgamples
that were analyzed in detall at Battelle.'7) Batch 1 and Batch 2 refer
to the Yankee Core I and Core IT material that i1s belng shipped to
Nuclear Fuel Services. The upper curve was drawn through a large number
of data polints obtained by WAPD‘S’ for the asymptotlc or average neutron
spectrum in the core. The lower curve ig typlecal of the perturbed
regions of the core, &.g., near the control rods, and was alsc drawn
through many data points.ie) The lattlce diagram shows the central
core location of the samples measured by Battelle.

rTrr1r 1rrrrrrrro1 0 b ]

8.0001— Y-3 yr A
2 7.000— / _
< -p
> 6,000 — Y-5 Y-l
§ 5,000 Batch 2 V-2 | TATICE _
‘% 4,000 — Batch |- ! Conlrc:al Rods | ] |
o | _-__l ——— 1 ]
o 3,000— E—I_S?Y_E-ll
£ 2,000 ¥-2 | v —
& | 000 C;gl‘er_;f . ]

M "/ +Ore
o R T T T O o s
O 2 4 6 8 1012 14 16

18 20 22 24 26 28 30 32
Exposure, 1000 MWD/MTU

EIG. A-1 239p, PRODUCTION IN YANKEE POWER REACTOR

Samples Y-3 and Y-5 were from the esymptotic region and fall nlcely
on that curve (lebeled A). The other two samples were from a perturbed
region adjacent to the cruclform control rods, and the data for these
samples also fall nicely on the perturbed spectrum curve {labeled P).

To establish the average performance of the core, only the samples Y-3
and Y-5 have relevance with regard to the production of higher isotopes
such as 2+%Am and 2**Cm 1n a pressurized water core. Both the asymptotic

- 2] -




and the perturbed spectra were calculated; the calculated spectra confirm
the application of the Savannah River Burnup Code to predicting power
reactor actinide production. The calculated .and experimental data are
summarlized in Flgure A-2,

100 ==, ] =
— T ——la3gp, - _
/_/___.240% 7
10 L —28p,
- :

R
C ol

w—— Experimental ™|
— — Caiculoted

T
RN

|

10-!

Samples
Y-5,Y-3

T/} Y-2,Y-1

Yankee Fuel Composition, atom %

I IIiIII[

L]

N A 3 =
- /’, e & o
n // z s
| /’, 4 §<_r\c —

s | N | >le

s | 2 3

Exposure, neutrons per kilobarn (1 kilobarn = 10~2! cm?)

FIG. A-2 COMPARISON OF CALCULATED AND EXPERIMENTAL DATA
ON YANKEE FUEL COMPOSITION
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The curves for the calculated and experimental data overlap for
239py and 24%Pu, The experimental data curves for all the plutonium
isotopes were drawn through about 50 experimental poilnts determined by
WAPD. These data were used by WAPFD to modify thelr own calculational
technigues. The Battelle data agree exactly with the WAPD data. The
curves for 244Cm for both spectra also overlap the experimental datea
given by Battelle, The quantity ¢p/¢g 1s the ratlo of fast-to-slow
flux used to duplicate. the spectrum, The ratios were obtained from
WAPD reportste} for the Yankee Reactor. The hardness of the neutron
spectrum accounts for the unexpectedly large amount of 24%Cm production
in Yankee fuel; the thermal or slow neutron flux is only ~1.5 x 10%°®
n/(cm?)(sec). Figure A-2 also shows the exposures in neutrons per
kilobarn that are equivalent to 24,000 MWD/MTU and to 1 year at 10**
n/(cm? ) (sec); these are two other useful measures of fuel exposure.
These exposures apply only to the cases calculated, and thelr mutual
equivalence is not unique, but changes as a function of fuel enrichment,
plutonium content, and neutron spectra. Because the burnup code was
used so successfully to calculate #4*Cm for two spectra, the calculated,
interpolated ylelds of 24%am are believed to be equally accurate, even
though no comparable experimental data are svallable. The burnup code
was also used to extrapolate actinide production for hypothetical fuel
recycle conditiong in the late 1970's. No decrease 1n relative accu-
racy should result from these extrapolations.
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