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ABSTRACT

The Savannah River Plant has been engaged in two programs
for production of transplutonium elements. The first, a research
effort, involved the lrradiation of plutonium to produce target
material for the Oak Ridge HFIR. The second is a production
effort to produce 3 kg of 2%%Cm, These programs have recently
been combined in a manner that enhances both, through the use
of a new mode of high~flux operation for the Savannah River
reactors. Extended irradiation of the HFIR target material has
been accomplished in a high-flux test at 5.4 x 10'S neutrons/
(cm®)(sec), and the high-flux mode will be used to accelerate

the production of 2%%Cm,
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PRODUCTION OF TRANSPLUTONIUM ELEMENTS
AT SAVANNAH RIVER

INTRODUCTION

Savannah Rilver first became involved 1n the transplutonium program
in 1959, with the irradiation of 23®°Pu to produce about 1 kilogram of
242py plus 1 kilogram of mixed 2%%Am and 2%%*Cm. This was part of a
program that was summarized in 1963 by D. E. Ferguson and other members
of the staff of the Oak Ridge National Laboratory.(l) The materlals
produced were to be used as targets in the High Flux Isotope Reactor
(HFIR) at Oak Ridge.

At Savannah River, this work was done in two transplutonium
campaigns, which are listed flrst in the chronology shown in Figure 1.
These two campaigns have been completed and the products have been
separated and purified.

A major change 1n the program developed late in 1963, when
Savannah River was also asked to produce 3 kilograms of 2**Cm for
experimental use as a radiolsotopic heat source for the space progran.
Although the production of 24%Cm 1s a distinctly separate activity
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CURIUM |
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from the original transplutonium program, 1t starts out in the same
way; that 1s, with a long-term irradiation of 23°Py, However, signifi-
cantly larger quantities are involved. Part of this 2%4%Cm production
program has been completed, and it 1s represented by the item Curium I,
which appears next in the chronology.

In planning the 244Cm production program, we recognized that
better results might be obtained by performing the irradiation in two
steps: the first at a neutron flux of the order of 10* and the second
at a flux of about 105, To explore this possibility, an experimental

- test of high-flux operation was successfully conducted. A flux of
5.4 x 10*5 neutrons/(cm®)(sec) was achieved, exceeding the record set
by the Russian SM-2 reactor by more than a factor of two. This opera-

“tion has continued while the products of Curium I are being separated
and prepared for continued irradiation.

In reviewlng our plans for the high-flux test, the AEC's Trans-
plutonium Program Committee recognized that the time scale of the
original transplutonium program could be compressed by returning the
HFIR target material to this high-flux environment; thils was done.

Although the second part of the curium production program,
Curium II, remains to be done, the prospects are already very favor-
able for the research programs on the transplutonium elements. The
total amount of transplutonium elements in existence 1s about ten times
as great as was first expected, and we are 12 to 18 months ahead of the
schedules outlined in 1963. One should not conclude from this that the
research programs are chance beneficiaries of a production program.
The production program could not have proceeded so expeditiously if so
much of the technology had not already been developed 1in the research
programs ., '

Several technlcal papers on various aspects of the Savannah Rilver
work have been published and others are in the process of publication.
I shall summarize this work and show i1ts relation to the over-all
program for the production of transplutonium elements,

THE TRANSPLUTONIUM CAMPAIGNS

For the original transplutonium campaigns, coextruded rods of
plutonium-aluminum alloy, clad with aluminum, were prepared by
0. J. Wick's Metallurgy Development Division at Hanford. These rods
were irradiated at Savannah River for a very long time to convert 23°py
to 242py, 24%am, and 2%%Cm. This was done by "incidental" irradiation
in reactor loads primarily designed for other purposes. The permissi-
ble neutron flux in the targets was limited by the transfer of heat
produced by fissions in the 2%°pPu. As the 23°Pu burned up, the targets
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were progressively moved to reglons of increasing flux. Except for the
brief interruptions required to permit this movement, the Ilrradlation
was carried continuously through to completion for each of the two
campalgns.

The separations processes used in these campalgns are described
in a paper by Eargle, Swindell, and Martens of the Savannah River
Plant.(z) The principal problem was that of dissolving and handling
the small and very preclous amount of target material in equipment that
is normally used to process large quantities of enriched uranium,.
Small residues of this major product might seriously contaminate the
specially irradiated plutonium. This was avolded by extensive flushing
with nitric  acid.

To achieve rapid dissolution of the plutonium-aluminum alloy, a
two-step dissolving procedure was used. The aluminum was selectively
dissolved in a boiling solution of sodium hydroxide and sodlum nitrate,
leaving undissolved actinides., The solution was then acldified with '
nitric acid and boiled with potassium fluoride to dissolve the plutonium,
americium, and curium,

In extracting the products, advantage was taken of another produc-
tion program at Savannah River. Mottel and Proctor(S) have described
the rack of equipment shown in Figure 2. The idea was originated by

~

RACK

FIGURE 2




Warren Winsche and was first installed at Savannah River for the
recovery and .separation of 237Np and 2®8Pu, This rack contains a pre-
fabricated separations system that can be plugged into existing modules
of a Savannah Rlver separations building. The figure shows that the
assembly is complicated and compact. Once installed, the rack can be
operated remotely. If trouble develops, the entire rack, or certain

of its more critical components, can be removed and replaced. These
systems are quite reliable and remarkably versatile. The racks include
resin beds to separate the plutonium by anion exchange. The plutonium
is decontaminated sufficiently to be concentrated, precipitated, and
calcined to oxide in unshielded facilities,

Americium and curium isotopes were recovered from the ion exchange
raffinate: in the first campaign, by a double sulfate precipitation,
and in the second, by batch solvent extraction. These products were
shipped as a nitric acid solution to ORNL for final purification,

Recovery of 2%42py averaged 91% for the two campaigns.  60% of the
americium and curium was recovered in the first campaign and 90% in the
second. Table I summarizes the results of these campaigns and repre-
sents the status of the transplutonium program prior to the changes

brought about by the curium production program.

TABLE T

Results of Transplutonium Campaigns

Reactor Separations %

Yield, g Yield, g Recovery
242py 1020 930 91
243pm 380 300 80
244cm 410 330 80

CURIUM |

2440m may be the first transplutonium isotope to have substantial
practical application. For example, it may be used as a heat source
for the space program. Its half-1life of 18 years is adequate for most
missions, and its specific power (2.65 watts/gram) is high enough for
thermionic power conversion, The Savannah River program for producing
3 kilograms was designed to meet an early delivery date. Consequently,
much intermediate material is left in the pipeline.
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This program started, like the earlier transplutonium campaigns,
with the irradiation of 22®py, but the irradiation was a "main line"
effort rather than an incidental one. With techniques adapted from
other production programs, the plutonlum was alloyed with aluminum and
fabricated into aluminum-clad billets, which were then extruded into
thin-walled fuel tubes. This coextrusion was done on a conventional
press without elaborate containment,

A full reactor load was fueled by a uniform mixture of the
plutonium-aluminum assemblies and enriched uranium-aluminum assemblies.,
Fach assembly contained a poison rod of aluminum-lithium alloy. As the
plutonium burned up, the decrease in reactivity was compensated by
replacing the burned-up uranium fuel with fresh uranium assemblies and
by replacing the poison rods with rods containing less lithium. New
mechanical techniques were devised to replace the poison rods, and these
techniques were entirely successful.

The strategy of the program is evident in the graphs of Figure 3,
adapted from a paper by Groh, Huntoon, Schlea, Smith, and Springer.(4)
The graph on the left shows the reduction in total plutonium content
and the growth of 243%Am and 2#*Cm. Note that the scale factor for the
plutonium differs from that for americium and curium. The graph on
the right shows the varying isotopic composition of the plutonium,

The abscissae for both graphs are in exposure units of 102! neutrons/cm®
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Early in the planning of this program, we realized that time and
money might be saved by interrupting the irradiation at an exposure
corresponding to the vertical dashed lines. At this point, most of
the 2%%Py would be gone, 2*°Pu and 24*Pu would be near maximum, and
the quantities of americilum and curium would be so low that we need not
worry unduly about possible inadvertent losses. Time and money required
for the chemical separation could be more than recovered by completing
the irradiation at a higher neutron flux. 1In effect, this plan would
greatly compress the time scale for the portion of each graph that lies
to the right of the dashed line. High-flux operation was undemonstrated,
but it could be tested during the intermission between the two parts of
the curium production program.

The two-stage irradiation plan was adopted. The stages were
designated Curium I and Curium II. At present, the Curium I irradia-
tion is complete., During the chemical processing of the irradiated
plutonium, we have been testing the high-flux mode of operation.
Therefore, I shall describe the status of the high-flux tests before
discussing future plans for curium production.

THE HIGH-FLUX TEST

The primary objective of the high-flux test was to establish the
feasibility of an accelerated irradiation for curium production, but
it was designed in a way that would allow us to explore a range of
operating conditions that would be applicable to a variety of possible
production objectives. The achlevement of a world's record for sus-
tained neutron flux was a secondary, though interesting, objective. The
many considerations involved in the high-flux test were reviewed in
detail in a series of papers(S) presented at the Eleventh Annual Meeting
of the American Nuclear Society in June 1965, These can be summarized
as follows:

1. The entire flow of heavy water coolant was concentrated
into 20% of the normal complement of fuel tubes. The
considerations of interest here are the effects of high
flow velocities in causing erosion of aluminum surfaces
and in causing mechanical vibration,

2. The 235U fuel was reduced to the minimum required for a
reasonably long exposure and for a satisfactory degree
of control through a 40% burnup. Here, we needed to
carefully explore our ability to predict nuclear charac-
teristics over a wide range of unusual conditions.

-10-
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3. Specific power in the fuel was increased to levels that
are beyond the normal range of experience. Heat transfer
limitations have been previously explored in detail in
the laboratory, but the high-flux test offered an oppor-
tunity to gain operating experlence at rates as high as
2.5 x 10® Btu/(hr)(ft2).

Aside from these technical aspects, the high-flux test provided a
necessary and important demonstration of operating skill and experience.

A thermal neutron flux of 5.4 x 105 neutrons/(cm®)(sec) has been
achieved. Possible further improvements would permit operation above
1018, However, at the present stage, the feasibllity of high-flux
irradiation for production of curium is firmly established, Such an
operation can now be regarded as comfortably within reach.

Recognizing the possible benefits of the high-flux test, the
Transplutonium Program Commlttee of the AEC's Division of Research
quickly decided that as much as possible of the avallable 2%2Py should
be irradiated as a part of the experiment, With some extra effort by
all concerned, more than half of the total available supply was assem-
bled. The total was 525 grams of 242Py; all of this was put into the
high-flux core, Some of this material is in slugs prepared at Savannah
River; some is in prototype HFIR targets; and some 1is in actual HFIR
targets, which will later be transferred to Oak Ridge for further
irradiation in the HFIR,

This 2%2Py will be irradiated throughout the high-flux test and
possibly through the high-flux stage of the curium production program.
The planning remains flexible and can be changed in any way that will
give the best result from the combined Savannah River—Oak Ridge effort.
Figure L4 shows the calculated amounts of transplutonium isotopes that
will be present in these targets i1f the irradiation .at Savannah River
continues until September 1966. The various isotopes are shown 1n their
conventional positions in a chart of the nuclides.

The remailning 20% of the starting material (242Pu) is shown to
indicate the extent of burnup. The other ltems are products, including
244py, a rare, very long-lived isotope of plutonium. All of the trans-
plutonium elements, through einstelnium, are shown in at least milligram
quantities., There will be at least micrograms of every possible 1lsotope
through 255Es, This lays a substantial foundation for exploration
upward in both atomlic numbers and mass numbers,

In this continued exploration, we stand ready to help our colleagues

at other locations. With encouragement and guidance from Albert Ghiorso
and Ken Hulet of UCRL, we have designed and bullt a "rabbit" that will

- 11 -




PRODUCTS OF SAVANNAH RIVER
HIGH-FLUX IRRADIATION

(Assuming continued irradiation to Sept. 1966)

- _ ™

Es 253 |Es 254 |Es 255
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Cf 249{Cf 250(|Cf 251{Cf 252(Cf 253 |Ct 254
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Bk 249
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3mg |69ug |2159 |19mg | 26¢ 9mg |3Img

Am 241 |Am242|Am 243
220 9| 3 pg | 529

Pu 242 Pu 244

104 g 3g FIGURE 4
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remove small samples from the reactor and deliver them to the experi-
menter within two to three seconds. With this rabbit, a little bit of
luck, and their well-known perseverance, Ghlorso and Hulet hope to pro-
duce 25%Fm from 257Fm.

Figure 5 1llustrates the broad usefulness of the high-flux mode
of operation, It is a full chart of the nuclides showing the many
different isotopes that have been irradiated in the high-flux test.
While most of these were for research programs, some of them represent
production interests. High flux 1s useful for high specific activity
in short-lived products. High flux 1s useful for stuffing neutrons into
unstable atoms before they can decay into unwanted products. High flux
1s so useful that it will probably find continued application at Savannah
River so that the type of research represented by Flgures 4 and 5 can
continue to be accommodated.

CURIUM 1l

While the high-flux test has been in progress in the reactor, the
products of the Curium I irradiation have been separated and purifiled,.
The plutonium has been refabricated into new plutonium-sluminum fuel
tubes. The americium and curium have been recovered and may later be

- 12 -
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combined with the products of the second 1rradiation. The lrradiation
will be done in a mixed lattice that combines five enriched uranium-
aluminum fuel assemblies wlth each plutonium-gluminum assembly. The
neutron flux will be in excess of 10*S neutrons/(cm?)(sec).

Returning to Figure 3, we should then recognize that the time
scale for the Curium II irradiation will be greatly reduced so that
it occupies a period of time comparable to that for Curium I. However,
in terms of exposure units, the shape of the set of curves on the right
for plutonium isotopes will not be altered. The americium and curium
curves on the left will be shifted to a lower base point, but this can
be compensated by a slight increase in total exposure.

The exposure will continue until the 242Pu and the 2#%Am approach
a steady-state condition., The 2440m curve will still be ascending
steeply, but the exposure will be terminated when the desired produc-
tion of 3 kilograms has been achleved with an adequate margin,

After the Curium II irradlation, there might be two possible
plans for further programs. In the first, large-scale production of
2440m might continue with a full pipeline. 2%2pu and 2%%Am would be
continuously recycled, while curium would be separated and purified as

- 13 -




shown in Figure 6. Berkelium and californium might be recovered as '
byproducts. 23°Pu could continue to be the basic feed material. Ulti-
mately, plutonium that 1s rich in the heavier isotopes might be obtained

from the power reactor program for use as the feed.

~ ; B

LARGE-SCALE PRODUCTION OF CURIUM
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In an alternative plan, the pipeline might be drained to support
a more ambitious research effort on the transplutonium elements. The
amount of material avalilable for such an effort will be ten times as
great as that available from the transplutonlum campaigns.

Regardless of the direction chosen, the availability of trans-
plutonium elements will be significantly increased.

The transplutonium research programs have contributed importantly
to the curium production effort. The tertlary amine extraction system
(Tramex process) originally developed at Oak Ridge 1s avallable for
the recovery of americium and curium. Thils process has been demonstrated
on a miniature scale at Savannah River and, in collaboration with 0Oak
Ridge, has been further improved. The miniature facility has been used
to process gram quantities of curium and to pave the way for a larger
facility in the Savannah River Laboratory to process the 3 kilograms.

~14-
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To provide a direct comparison with Table. I, we have prepared
Table II, which shows the results that might be expected from the com-
pletion of the Curium II program, Comparlson with Table I indicates
that the abundance of transplutonium starting materials 1s increased
by a factor of about 10,

TABLE IT

Main Products of Curium II

Reactor Separations %

Yield, g Yield, g Recovery
242py 12500 12000 96
243pm 3100 2800 90
244cm 3300 3000 90

If the 24%Cm production program continues, one of the Ilmportant
objectives wlll be to recover the berkelium and californium, Laboratory-
scale tests have shown that thils 1is feaslble., In a steady-state curium
production program, one should expect to get about 5 to 10 mllligrams
of 252(¢f per kilogram of 2%4%Cm produced.

CONCLUSIONS

In summary, the results of the Savannah River actlvity that are
most pertinent to the transplutoniwm program are:

1. The time scale of the over-all program has been
significantly compressed.

2. In the immediate future, the abundance of starting
materials wlll be greatly lncreased, elther as a
result of a continuing production of 244Cm, or through
irradiation of the byproducts of the present pllot
program,

3. The high-flux mode of operation of the Savannah Rlver
reactors has been flrmly established and can be useful

-15-
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for a variety of purposes. Opportunlties to make more .
of the transplutonium elements are llkely to contilnue.
Flux levels 1n excess of 10'°® neutrons/(cm?)(sec) are
possible.

Thue, we have a situation In which both research and application appear
to be moving forward, hand-in-hand. The ultimate potential 1s probably
greater than can be visualized from either the research or the produc-
tion viewpoint alone.
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