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PRODUCTION OF TRANSPLUTONIUM ELEMENTS IN THE
HIGH FLUX ISOTOPE REACTOR (HFIR)

J . E. Bigeiow, B. L. Corbett , L. J . King,
S. C. McGuire, T. M. Sims

The National Transplutonium Element Production Program was

es tab l i shed in the l a t e 1950's to concentrate the " l a rge - sca le"

production of transplutonium elements, e spec ia l ly berkelium

through fermium, at a cent ra l loca t ion . These products v/ere

then to be d is t r ibu ted to researchers throughout the country

upon the recommendations of a Transplutonium Program Committee

which was comprised of representa t ives from the major labora-

t o r i e s which had an i n t e r e s t in transplutonium element r e -

search . Thp research community supported t h i s plan en thus ia s -

t ically, as the scientists then could concentrate on their

experiments and not have to concern themselves with the manu-

facture of their samples, a task which previously had occupied

most of their time. The Oak Ridge National Laboratory was

selected as the site for these new production facili t ies, con-

sisting of a high flux reactor and an adjacent radiochemical

processing plant which was ultimately to be capable of pro-

ducing gram amounts of 25ZCf and related quantities of the

other heavy elements {I). These man-made elements are all
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highly radioactive and can only be processed safely and

reliably with remote handling technology in an elaborate

facility, such as the Transuranium Processing Plant (TRU).

This facility and some of the processes carried out therein for

recovery and purification of transplutonium elements are

described in other papers in this symposium (2̂ >£.jj>.). The

success of this plan is attested to by the fact that we have

now made over 1000 shipments of these elements to 30 different

laboratories throughout the U.S. and in several foreign

countries.

All of this would not be possible without the High Flux

Isotope Re; ~:or (HFIR) to serve as a source of neutrons to

carry out the transmutation of the elements. Since first

reaching full power (100 MW) on October 21, 1966, through

December 31, 1979, the HFIR has logged 4148 equivalent full

power days for an overall operating efficiency of 86%. During

many years, this figure has run 93% or more.

The purpose of this paper is to indicate the capabilities

of the HFIR for transplutonium element production and par-

ticularly to dwell on the mathematical techniques involved in

forecasting the composition of irradiated target materials.

Early work along this line was published by Burch, Arnold, and

Chetham-Strode (6). That information provided the basis for

design of the HFIR and TRU facilties.
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The High Flux Isotope Reactor (HFIR) was designed to pro-

duce very intense neutron fluxes (>1()15 neut'cm-2*s~l)

expressly for the production of transplutonium elements {]_).

The various core components are arranged in concentric

cylindrical regions, all of which have a height of about 0.6 m.

The innermost region is a flux trap containing the target

island. This is surrounded by the two-piece annular fuel

assembly. A new fuel assembly contains initially 9.4 kg of

235y ancj c a n operate 21-23 days before replacement. Farther

out from the center!ine are the control cylinders, inner and

outer, and lastly the beryllium reflector which is made up of

several annular segments to facilitate replacement as required

by radiation damage. The beryllium reflector region is

penetrated by a number of thimbles which, although they are not

currently used for transplutonium element production, are very

useful for isotope production or irradiation experiments of

many kinds (8).

The primary coolant (light water) is admitted to the

pressure vessel at 49°C and at a pressure of 5.2 MPa. The

coolant flow of 1 m-fys results in a temperature rise of 24°C

and a pressure drop of 0.76 MPa as the coolant flows through

the reactor, removing the 100 MW of fission heat.

The target island contains 31 positions for the aluminum-

clad target assemblies. As presently operated, the target in

the centerline position is replaced with a versatile hydraulic
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rabbit facility, which gives ready access to the position or

highest flux in the reactor. From time to time, other target

positions have been replaced by special experimental assem-

blies, so that the number of target positions available for

transplutonium element production fluctuates between 27 and 30.

The target assembly is shown in Fig. 1 in a cutaway view to

show tne interior features. The actinide oxide—aluminum

powder blend is pressed into pellets, 35 of which are loaded

into an aluminum tube fitted with aluminum alloy liners to main-

tain a void at each end. End plugs are welded into the ends to

encapsulate the radioactive material. The upper end plug also

serves as a remote handling fixture. A coolant flow shroud is

mechanically attached to the outside of the tube providing

each target rod with its own coolant channel, as well as main-

taining the hexagonal lattice spacing in the reactor. Target

rod assemblies may be loaded with up to 10 g of 242pUj 243/\m>

or 244cmj or any combination of the above, including equili-

brium amounts of heavier-isotopes, for a total of 10 g of

heavy metal (11.15 g of oxide). The 242pu targets for the ini-

tial reactor loading were fabricated in a glove box facility (_9),

but the other materials are all sufficiently radioactive as to

require remote fabrication in the TRU hot cells (10).

Model of Flux in the HFIR Target Island

In the target island, the neutron flux (the product of

neutron concentration and velocity) varies strongly with space,
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time, and neutron energy. The means through which these

variables are handled is discussed below.

The original reactor neutronic design (and numerous sub-

sequent analyses made to determine the impact of inserting

various kinds of highly absorbing experiments in or near the

target island) utilized a 1-dimensional calculation of neutrons

in a 33-energy-group spectrum interacting with the materials in

the arious radial zones in the reactor. For the purpose of

estimating the transmutation of actinide elements, a 2-group

set of fluxes were calculated by combining the 11 groups from

0.414 eV to 101 eV and calling the result "resonance" or

"epithermal" flux and considering all neutrons below 0.414 eV

as "thermal." The calculated values of these two flux groups

are shown on Fig. 2 as a function of radial distance from the

reactor centerline for several different target loadings. The

vertical lines represent the radial locations of the various

groups of target rods. One of the family was chosen to repre-

sent the loading typically encountered in regular operation and

the intersection of that curve with the various target posi-

tions was then designated as Standard Midplane Flux for that

ring of targets.

The axial distribution was measured in early experiments in

the HFIR. The data were very well fit by the usual chopped

cosine distribution with a small amount of reflector peaking

(Fig. 3) . For the purpose of calculating the average com-

position of the targes, the axial average flux could be
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calculated by integration between the physical boundaries ot

the active target region, although more often the target com-

positions are calculated at various places along the rod and

then axially averaged by Simpson's Rule.

Although not true in most reactors, the neutron fluxes

within the HFIR target island (because of its flux-trap design)

vary very l i t t l e throughout the 23-day history of an operating

cycle. Therefore, a time-average flux was calculated which was

proportional to the reactor thermal power. When calculating

exact histories of target rods, the power data were taken from

the reactor operating logs. For design studies, a constant

flux for a 23-day period was assumed.

Cross-Section Model

Neutron cross sections are a measure of the probability of

neutrons interacting with a given nucleus, and the rate at

which a given reaction occurs is given by the product of the

microscopic cross section,6 , and the neutron f l u x , 0 . Since

different kinds of interactions are possible (e.g., neutron

capture, scattering, fission) a cross section is associated

with each of these processes and the various cross sections are

additive. The cross sections are a w&ry strong function of the

incident energy of the neutron, and some means of folding this

information into the spectrum of neutrons must be ut i l ized.

Fortunately, as far as transplutonium element production in the

HFIR is concerned, most of the interactions of interest (both
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capture and fission) occur in the thermal and epithermal energy

regions. The two regions are modeled differently.

Thermal Cross Section. In most of the nuclides of

interest, the cross section in the thermal region varies inver-

sely with the neutron velocity, v, which is proportional to the

square root of the neutron kinetic energy. The neutron energy

spectrum in this same region is reasonably well approximated by

a Maxwel1-Boltzman distribution in thermal equilibrium with the

light-water moderator (which is estimated to average about 54°C

in the flux trap). Two conventions are used here: (1) the

thermal cross section used in our calculations is the cross

section for interaction with neutrons having a velocity of 2200

m/s (which corresponds to an energy of 0.025 eV, the most pro-

bable energy for neutrons in thermal equilibrium at 20°C). The

symbol for this cross section is 622001 (2) the thermal flux

(0th) 1S represented by an "equivalent 2200 m/s" flux (^2200)

which is that flux which, when multiplied by 62200, yields the

same reaction rate as does the actual flux folded into the

actual cross sections, when integrated across the entire energy

spectrum from 0 to 0.414 eV. If the cross section truly varied

as 1/v and if the neutron energy spectrum were truly in

equilibrium at some temperature, T, the ratio between this

equivalent flux and the actual flux would be:

ft 2200

Do Not Type
Past this
Line



TOP

DO NOT TYPE ON THIS LINE

Start typing,
on this line.

Start First
Page Here.

Do Not Type
Below This
Line.

50

35

For the HFIR, this ratio is 0.839, and for calculationa!

purposes, the thermal fluxes described in the preceding section

were multiplied by this quantity before use in computing reac-

tion rates.

Epithermal Cross Section. In the region of neutron

energies slightly higher than thermal (epithermal) the modeling

of cross sections is quite different. In this region, there

are sharp peaks in the cross sections at certain energies where

the kinetic energy plus the binding energy of the neutron in

the nucleus matches the energy state of a compound nucleus.

This phenomenon is called resonance absorption; thus, this

energy region is frequently referred to as the "resonance"

region. The great amount of detail in the energy-dependent

neutron cross-section-data (_U) makes the evaluation of the

overall reaction rate extremely difficult unless some kind of

overall averaging can be accomplished. Fortunately, the energy

dependence of the flux in this part of the spectrum approaches

an idealized case which is exactly the form required to

simplify the analysis. So the cross sections can be integrated

through the resonance region without involving the fluxes, and

then the flux can be included later in the form of the flux per

unit lethargy (a quantity proportioned to the natural logarithm

of the energy). Thus, the overall reaction rate constant, k,

for resonance neutrons will be

k = RI • V
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where RI is the resonance integral of the cross sections and

^ r e s is the resonance flux per unit lethargy.

As indicated above, in evaluating ^ r e s » the averaging was

performed only between 0.414 eV and 101 eV as the majority of

the interactions involving transplutonium nuclides occur in

this interval; further, i t was a sub-grouping readily available

to us from the complete reactor neutronic analysis.

Resonance Self-Shielding. At the energy corresponding to

the peak of a given resonance, the absorption cross section can

be enormous. Here, the nucleus becomes effectively a sponge,

soaking up the vast majority of the neutrons with energies near

that of the resonance. In a target of finite thickness (such

as the 5-mm-diameter active region in the HFIR target rods),

the atoms in the outer layers of the target react strongly with

the incoming neutrons and prevent the neutrons from reaching

the atoms in the interior. This phenomenon is known as reso-

nance self-shielding, and is a function of the atom density of

the absorbing nuclei, the geometry of the region containing the

absorbing nuclei, and bhe scattering properties of all nuclides

contained within that region. The relationship below is valid

for a single resonance absorption peak, but for a real nuclide

possessing a multitude of resonances, i t should be regarded

more as an empirical correction for resonance self-shielding:

Do Not Type
Past th i s
Line



TOP
/O

DO NOT TYPE ON THIS LINE

Start typing,
on this line.

50

Start First
Page Here.

35

Do Not Type
Below This
Line.

. RI
Vl+CN

where RIeff is the effective resonance integral, N is the

number of grams of the particular nuclide in one target rod,

and C is a constant incorporating the conversion factors of N

into atom density, as well as the information relating to the

target geometry and neutron scattering properties.

All of these models must now be combined to yield a useful

approximation for the reaction rate of a nuclide with the

neutrons in the HFIR.

Reaction Rate = N(^6)eff = N^2200^2200 +

The constant C was in i t ia l ly calculated for the nuclide

based on the f i r s t major resonance at 2,68 eV (_12_). For

some nuclides, values of C were assumed based on the peak absorp-

tion cross section in the major resonance. Others were assumed

based on proportionality to the resonance integral (which can

be measured empirically without knowing the detailed energy-

dependent spectrum). Then, these assumed values for C and also

^2200 w e r e adjusted by t r ia l and error procedures to produce

reasonable agreement with experimentally determined tran-

mutation reactions (vide infra). In some cases 62200 and RI

were taken directly from l i terature values because no experi-

ments of ours have provided a strong tes t to show that other

values would be preferred. Table I shows values presently in
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Table I Neutron cross sections used to compute transmutations in HFIR
target irradiations

(iucllde

««M
2 3 3Pu

ZkHta

2-3j,u

Pu
2-.6?u

2>J t o

'"•"""to

2115Aa
2"«ta
2»»G.

21lSCn
lltSCo

*k7Cia
2"aCn

2u9Co
2 S O Q »

2 5 OB*.

251Bk

J-3Cf

zsoc£
251C£

2S2Cf

2S3 c f

2S".Cf

2 5 ! «

2"E.i

2SkaEs

2SSpB

2S5r—

255Fa

« BFn

2 "Fa

a _

JUU-Hfe

87.404 y

2.4413 x 10* y

6580 7

14.98 y

3.869 x 135 y

4.955 h

8.28 x \Q7 y

10.6 h

10.85 d

7370 y

10.1 h

26 B

49 n

2.07 h

25.0 a

18.099 y

8265 y

4655 y

1.5b X 107 y

3.397 x 10S y

64 a

1.74 x 10& y

314 d

3.222 h

57 n

352 y

13.09 y

900 y

2.646 y

17.812 d

60.5 d

1.5 h

20.467 d

276 d

39.3 h

39.8 d
1 25 n

3.24 h

20.07 h

2.62 h

94 i

380 u«

2200-n/s
Croaa Section

(barns)

560

265.7

290

360

19.5

80

1.6

277

0

105

0

0

0

0

0

10.0

343

1.25

60

3.56 •

2.8

2

1451

350

0

450

1900

2850

19.8

12.6

50

0

345

10

1.26

60

0

76

26

45

10

0

Capture
Resonance

Self-Shielding
Conatant

0

0

0

0

6.20

0

0

0

0

0

0

0

0

0

0

4.0

2.4

0

0

2.0

0

c
2.4

0

0

1.46

20

14

0

0

0

0

0

0

0

0

0

0

0

0

0

0

Resonance
Integral
(barns)

150

195
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166

1280

0

0

0

0

1500

0

0

0

0

0

650

120

121

500

170

0

0

1240

0

0

750

11600

1600

44

0

16S0

0

0

0

0

0

0

0

0

0

0

0

J2CQ-n/«
Croaa Sectlun

(barna)

16.5

742.4

0.05

1011

0

210

0

0

0

0

2300

0

1128

0

0

1.2

1727

0

120

0

50

0

0

3000

0

1690

0

3750
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1300

0

0

0

3060

1840

0

0

0
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o
5500

0

Flaalon
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Sell-Shielding
Constant

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

4.0
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0

0

0

0

o

0

0

0

5.a

0
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0

0

0

0

0

0

0

0

0

0
o
0

0

0
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Integral
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32A

0

S41

0

0

0

0
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0
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0
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0
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0
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use for the parameters 62200» C, and RI for both capture and

fission for the transuranic nuclides considered in this

program.

Transmutation Reactions

Figure 4 is a portion of the chart of the nuclides which

shows those nuclides which are formed by neutron irradiation and

decay from the starting materials used in transplutonium ele-

ment production. When a nucleus captures a neutron, ;he new

nucleus will be represented by the square to the right (mass

number increases by 1). This process will continue as long as

the sample is in the reactor until a nuclide is formed that

has a high probability of decaying before it is reacts with

another neutron. If the decay is a beta decay, which is

usually the case, a new element is formed (this is represented

by a move diagonally upward to the left, as beta decay is

equivalent to losing a neutron and gaining a proton).

Continued irradiation produces new isotopes of this element

until another beta decay produces still another '_iement. This

is the process that produces all the nuclides shown in the

figure. The process terminates at 258pm because that isotope

decays by spotaneous fission with a half-life of 340 /JS and no

beta-active isotope of fermium is formed before this point is

reached. Other natural decay processes can occur besides beta

decay, such as alpha decay, electron capture, and isomeric

transition. Neutron induced processes, besides capture,
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include fission and various spallation reactions, wttn a couple

of exceptions, the latter are not very important in the

transplutonium element region and they are not modeled in our

calculations.

All of these processes occur simultaneously and each is

first order with respect to the reactant. Thus, the rate of

change of the quantity of nuclide N-j is given by
a

1 a

= -\N] - Ni*(^2200"/i

dt
• 2200 res 0 + P

where most of the symbols were defined before, and the super-

script, a, refers to the sum of neutron capture and fission

processes. P is the production term and is either of the form:

+ JLNi-l

if the nuclide is formed from the precursor by a decay process

or:
RIi-1

^res

if the nuclide is formed from the precursor by neutron capture.

In a target rod which may contain 20 or more nuclides in

significant concentrations, a very complex system of linear

differential nquations with (nearly) constant coefficients is

required to properly model the transmutation reactions.

Various methods could be used to solve this system of

equations, but A. R. Jenkins Q3) recommended for our particular

type of problem that we use the analytic solution to the

Bateman Equations and that the cross sections which vary slowly
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50 as the composition changes be held constant within any one time

step. The cross sections are then re-evaluated for each new

time step as required to maintain a realistic modeling.

Accordingly, he modified the existing CRUNCH Code Q4) to take

account of the 2~group, 3-parameter cross sections as described

above.

When this new program was first implemented in 1964 (on the

CDC 1604 computer), a typical run required about 20 minutes.

Today, on the IBM 360, Model 91, the same job would run in a few

seconds.

Applications of Computer Models

Prediction of Target Compositions. One application of the

computer program developed for mathematically modeling the

transplutonium element- transmutations in a HFIR target is that

of predicting the amounts of transplutonium elements which will

be available from a given irradiation. This information is

then used in the planning of processing campaigns. This is

also the mechanism for validating the model by comparing calcu-

lated and measured values. If significant discrepancies arise,

some new values for parameters can be chosen and the process

repeated until the calculated values are acceptably close to

the measured ones. Table II shows the comparison between

calculated and measured values for a recent campaign to process

13 HFIR targets. The exact irradiation histories were included
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Table II. Comparison of Calculated and
for 13 HFIR Targets °rocessed Dering

(The entries in the A& cor.espc. to
from the reactor)

Nuclide

244Cm.

245Cm

246Cm

247Cm

248Cfn

249Bk

250Cf

251Cf

252Cf

253Cf

253Es

254Es

Calculated
Yield

5.9 g

0.08 g

35.9 g

1.0 g

10.2 g

60.4 mg

37.4 mg

13.3 mg

508.2 mg

6.9 mg

2.4 mg

111.1 ug

Measured Isotopa Yields
TRU Campaign 59.

tr.3 date of discharge

Measured
Yield

6.9 g

0.09 g

41.0 g

1.1 g

8.2 g

75.8 mg

50.9 mg

14.4 mg

560.1 mg

9.1 mg

2.9 mg

5.0 ug
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in the computation of each individual target rod (with some

multiplicities) and the results summed.

It can be seen that agreement between calculated and

measured values is probably within the range of analytical

uncertainties, at least up through mass 253.

Qualification of Targets for Irradiation. A second appli-

cation of the model is the prediction of fission rates (and

hence heat flux) for targets being transferred to the reactor

for irradiation. This precaution is necessary to assure that

allowable heat fluxes are not exceeded at any time during the

irradiation history of the targets. The allowable heat fluxes

were selected (15) to prevent melting of aluminum at the center

line of the target rod.

Optimization of Irradiation Times. By far the greatest

usage of the calculational model has been to study the optimi-

zation oi -radiation times. This is a multi-dimensional

problem of great complexity which has as its motivation the

proper utilization of very expensive facilties and a very

valuable inventory of intermediate products, mainly the mix-

tures of curium isotopes. For this reason, various simplified

approximations are applied to the problem to explore the

interacting parameters, even though the problem may not lend

itself to a complete solution.
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The first simplification is to adopt "2Cf as a yardstick

for productivity. This makes sense, because the relatively

small destruction cross section and reasonably long half-life

combine to produce 2^2Cf j n greater abundance than any other

product; further the nuclides past 252Cf are all produced more

or less in proportion to the 252r;f. i t should also be noted

that the half-life of 252Cf is short enough to give i t a very

high specific activity, especially for neutron emission, and

that many features of the design of the TRU Facility and some

of the operating schedules are predicated on the amounts of

252cf to be processed. This should not be taken as an indica-

tion that 252r,f is the most important or most valuable

product, but that it can serve as an important guide to for-

mulating processing plans. Various attempts have been made

(6i lji.,17.) to develop methods of maximizing the 252f,f production

rate, usually assuming an unlimited supply of feed material of

a given composition. In the earlier years, the poor quality of

feed available put greater emphasis on this approach, in order

to obtain the greatest amount of a given isotope at the

earliest possible time for some particular experiment. Since

the Californium-I campuign at Savannah Riv-ar and the consequent

availability of a much better quality of feed, the picture has

been drastically changed. It is now relatively easy to produce

useful quantities of 252Cf and all the related co-products and

the emphasis is shifting toward efficient utilization of the
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finite inventory of Californium-I residues so as to be able to

support the transplutonium element research program on a useful

scale for an extended period of time.

To accomplish this sort of optimization, it was necessry to

define some numeric measure of the quality of various com-

positions of feed batches of curium and of the residues left

after irradiation. The concept of potential californium (18)

seems to fulfill this requirement about as well as any.

Potential californium, broadly, is a measure of the maximum

amount of californium that can be produced from a given batch

of feed, assuming the most efficient means possible. Potential

californium takes account of the fact that many atoms undergo

fission along the path from feed to product. It is now

possible to define the efficiency of a particular irradiation

as the amount of californium produced divided by the amount of

potential californium consumed in the irradiation and sub-

sequent processing. This efficiency measure also takes into

consideration the destruction of the 252^f by decay and neutron

capture and processing losses of all the nuclides in the chain.

Figure 5 shows the behavior of the efficiency so defined for a

typical HFIR target. Also on the figure is the curve showing

the 252Cf content of the target rod, both shown as a function

of the total irradiation time. Figure 6 shows similar curves

for a much poorer grade of curium (about 5% 2 4 6 C m ) . In this

case, all of the optima are shifted to longer irradiation times

and the amount of 2 5 2Cf produced is much less.
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With the above defined procedure for optimizing the length"

of the irradiation time as a function of the quality of curium

in the successive recycles, an attempt was made to determine

the maximum 252r,f production obtainable in the TrtU-HFIR complex.

The following additional simplifying assumptions were made:

1. Fractional targets of a given composition are

permitted, the total number of targets of all com-

positions being 30.

2. Time steps were "quantized" into 0.25-year intervals,

but the fraction of a given batch discharged at any

one time step v/as adjusted to give the :,ame average

irradiation time for that composition as that deter-

mined by the potential californium model.

3. An out-of-reactor period of 3 months v/as chosen to

represent time spent in reprocessing and

refabrication.

4. Other operating parameters, such as target loading,

processing lossi and 252Cf decay before shipment,

were chosen to be as realistic as possible. >-

The results of this exercise are presented as the upermost

curve in Fig. 7. The feed material to the first cycle is

curium originating from the Cf-I campaign at Savannah Rivar.

Curium residues from the first cycle (and each subsequent

cycle) are reycled back to the reactor as quickly as possible,

and additional first-cycle targets are used to fill the
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remaining spaces of the 30 total. The numbers in circles rep-

resent the annual rate of target processing at various stages

along the curve. The numbers increase because the average

quality of the curium improves with recycle, thus shortening

the optimum irradiation period. Figure 7 also shows by the

lower curves the effect of determining the reactor irradiation

period by some othar technique than the "optimum." In these

cases, the number of targets processed per year is arbitrarily

limited to 50 and 25, respectively. Our present mode of opera-

tion is near or slightly below the 25 curve.

Practical Considerations

In spite of the constant attempt to strive toward the

"optimum," we are constantly forced to recognize reality.

Irradiation times were shorter than optimum in the early days

because of problems associated with target failures (19).

Later, as these problems were overcome, they also became moot,

as the improving quality of feed available caused dramatic

reductions in the optimum irradiation time. Since the mid-

701 s, we have not maintained the processing rate necessary to

hold the irradiation times to the optimum, so that targets

which are currently being processed are somewhat "overburned."

Other considerations have a strong bearing on the actual

decisions concerning a processing campaign. Prime vacation

periods reduce the manpower available and slow the processing

rate. Periods of time must be set aside for maintenance.
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Product transportation is a factor, too, especially tor short-

lived products-- Mit learned not to ship out 257pm a s pa r t of

the Christmas rush. The timing of the customer's ability to

utilize the material sometimes affects decisions, as the use of

cyclotrons, lasers, and other such expensive research facilities

must be carefully scheduled long in advance. Even the schedul-

ing of international symposia on transplutonium elements

frequently has an impact on us.

Conclusions

The techniques described here have been demonstrated to be

adequate to predict the contents of transplutonium element pro-

duction targets which have been irradiated in the HFIR. The

deviations, at least for isotopes of mass 253 or less, are

generally within the usual analytical uncertainties, or else

are for isotopes which are of l i t t l e overall import to the

program. We do intend, however, to keep "fine-tuning" the

constants which define the cross sections as time permits.

Work is especially needed to get a better picture of the pro-

duction of 250Cm, 254Es, 255Es, and ultimately 257Fm, since

researchers are frequently stating their interest in obtaining

larger quantities of these rare and difficult-to-produce

nudides.

Meanwhile, the model, as i t stands, is a workhorse for

planning the TRU processing campaigns, for certifying the heat

evolution rate of targets prior to insertion in the reactor,
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for predicting future production capabilities over a multi-year

period, and for making optimization studies. While the latter

are v/ort'nwhile in providing goals, sharp deviations from opti-

mum occur in reality when practical consideration frequently

limit the range of available options.
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FIGURE TITLES

Figure 1. Diagram of HFIR target assembly

Figure 2. Radial flux distribution in HFIR target island

Figure 3. Axial flux distribution in HFIR target island

Figure 4. Transuranium nuclide production paths

Figure 5. Califorrwum-252 production and efficiency for typical
HFIR feed (28* 2 4 6Cm)

Figure 6. Californium-252 production and efficiency for low
quality HFIR feed (5% 246Cm)

Figure 7. Optimized californium production rates
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