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ABSTRACT

An investigationhas been performed to evaluatethe capabilities of the Annular Core Research Reactor
and its supporting Hot Cell Facility for the production of 99Moand its separation from the fission product
stream. Various target irradiation locations for a variety of core configurations were investigated,
including the central cavity, fuel and reflector locations, and special target configurations outside the active
fuel region. Monte Carlo techniques, in particular MCNP using ENDF B-V cross sections, were employed
for the evaluation. The results indicate that the reactor, as currently configured, and with its supporting
Hot Cell Facility, would be capable in meeting the current U.S. demand if called upon. Modest
modifications, such as increasing the capacity of the external heat exchangers, would permit significantly
higher continuous power operation and even greater 99Moproduction ensuringadequate capacity for future
years.

INTRODUCTION

The Annular Core Research Reactor (ACRR) located within Technical Area V (TA-V) at Sandia
National Laboratories in Albuquerque, New Mexico is a DOE Defense Programs reactor developed for
weapon-effect studies in direct support of defense programs} The ACRR was designed to have
characteristics suitable for the support of weapons programs. These characteristics, however, lend
themselves well to in-pile experimentationand testing in support of other programs such as LMFBR and
LWR safety studies, space nuclear thermal propulsion studies, and fission-pumped laser development.
These studies characteristically involved fission production in experiment components. The amounts of
fissile material involved ranged from a few grams to several kilograms for simulation of LMFBR or LWR
post-accident decay heating, induced temperaturechanges in the experiment samples ranged from a few
hundred K to well over fuel,melt (>3000 K).

With the reduction in defense-related activities, diversification efforts are now under way to employ
the reactor and its support facilities in other programs in order that benefits in addition to defense are
derived by the public. Although several initiatives are under way to utilize the reactor in such a manner,
this paper will concentrate on one such initiative, namely, the production of radioisotopes for
pharmaceutical applications in nuclear medicine.

" This work was supported by the U.S. Department of Energy under Contract DE-AC04-94AL85000.
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The ACRR consists of an annular array of -236 UO2-BeOfueled elements having an active fuel length
of-52 em submerged in an open water pool -10 m deep. The fuel UO2loading is 21.5 weight percent and
the uranium enrichment is 35%. A dry irradiation cavity -22.8 cm in diameter occupies the space inside
the annulus and extends to the top of the pool. The reactor is significantly under-moderated and the
unperturbed neutron flux is predominately epi-thermal. The core is cooled by natural convection; the pool
water is cooled to a nominal 300 K by an external heat exchanger.

The ACRR can be operated in the pulse mode as well as steady-state mode. In the pulse mode, 300
MJ of fission energy can be generated in a single pulse whose width at half maximum power is 4-6 ms.
In the steady-state mode, power operations of up to 2 tvP_Vcan be maintained indefinitely. Operations at
or above 4 MW are currently limited by the pool water heat capacity and the extemal heat exchanger
capacity but can be maintained for several hours. Since the emphasis in the past has been on the pulse
mode or some variation of the same in direct support of weapons effect studies, the minimal effort
required to increase the steady-state power capability has not been made.

NUCLEAR MEDICINE RADIOISOTOPE NEEDS

Nuclear medicine has become a very important part of the health care system in the U.S. as well as
the rest of the world. Crucial to nuclear niedicine is a reliable and continuous supply of those
radioisotopes used, the major one being 9'_Tc which results from the decay of 99Mo. 99"Tc is involved
in 85-90% of _ nuclear medicine procedures in the U.S. and its use is expected to increase at a rate of
10-15% a year. It is currently supplied almost exclusively by one source, Nordion International, Inc. of
Canada.

There are two basic methods for the production of 99M0; by neutaon activation of 98M0, a stable
isotope with an atomic abundance of -24%, or by the fission process. The fission process, discussed
exclusively in this paper, is preferable and is the most widely used method since a very high specific
activity can be achieved, allowing for smaller dispensers or generators. In the fission process, "targets"
loaded with highly enriched uranium are placed in a reactor core in high flux areas and are irradiated for
several days. As the 23_Uin the targets fissions, fission products are generated, one of which is 99Mo,
produced with a probability of-6%.

There is a need identified by the nuclear medicine community to provide an additional source of 99M0

-preferably a domestic vendor- to help ensure an uninterrupted supply of the isotope to the medical
community. Current DOE plans call for the Omega West Reactor (OWR) at the Los Alamos National
Laboratory to become a primary 99Mosource, with the ACRR playing a back-up, supplemental, and
research role in support of the DOE Isotope Production and Distribution Program (IPDP). Federal Drug
Administration (FDA)-approved fission product production and separation techniques developed and
employed by Cintichem will be used in the initial stages of the program. Cintichem served as a domestic
source prior to its shutdown in 1991.

CRWErdA FOR 99MoPRODUCTION

In addition to the obvious criteria relating to protection of the public and the environment, other
criteria must be met in order for any facility to be a viable source to meet U.S. 99Modemands. Some of
these are discussed below.
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A. REACTOR 99MoPRODUCTION CAPACITY

Current world demand requires that approximately 35,000 Ci of 99Moper week must be produced in
targets exposed in a reactor or reactors. For a seven-day irradiation time (chosen arbitrarily, a seven-day
irradiation time represents -83% of the saturated activity for 99Mo) approximately 41 Ci of 99Mo are
produced as fission products per kW of target power. Thus to meet world demand, -854 kW of target
fission power must be generated continuously. Approximately 400 kW of continuous target power
generation is required to meet an assumed U.S. demand of -16,500 Ci per week. If 7-day irradiation, 10-
kW targets were to be employed, --40 targets would be processed weekly to meet U.S. demand.

B. DEDICATED, RELIABLE, AND NEAR CONTINUOUS REACTOR OPERATION

Due to the relatively short half-life (2.75 days) of 99Mo and the daily dependence of the health care
system on 99Mo, a reactor operating in the production mode must be dedicated and reliable. It must
essentially operate continuously with target additions and removals occurring at intervals of no more than
a few hours. Extended reactor shutdown times for removal and/or loading of targets, inspection and
maintenance, refueling, or due to component failure are costly and unacceptable from a reliability
standpoint.

C. REACTOR CHARACTERISTICS AND FUEL BURNUP

The reactor configuration and characteristics must be such as to accommodate 1) a relatively large
number of target additions and their reactivity effect and 2) equilibrium and shutdown xenon reactivity
effects. The characteristics should be such as to give as high a ratio of target power to fuel-element power
as possible to minimize cost and the overall waste (target waste and spent fuel) generated.

D. ACCESS TO AND TRANSFER OF HIGHLY RADIOACTIVE TARGETS

Since reactor down time must be minimized, ready access to the targets must be available. Accessible
cores such as open-tank (swimming-pool) systems may be preferable since targets can be removed or
added with only short reactor power operation interruptions. Swimming-pool systems have the further
advantage of underwater transfer of the hot (10,000 to 20,000 Ci) targets to transfer casks or directly to

processing cells. Transportation time from the reactor to the processing facility must be minimized. Each
hour lost between target irradiation and completion of processing results in a loss of 1% in the quantity
of the finished product. Operation of the reactor and the processing facility should be on a common site
to minimize transfer time and over-the-road shipment of highly radioactive materials.

E. HOT CELL FISSION PRODUCT STREAM PROCESSING CAPABILITY AND
RELIABILITY

A shielded and remotely operated process line is required to extract the 99Moand other useful isotopes
from the fission product stream, recover the uranium (if practical), and package the waste products. The
demands on the remote shielded processing vary with the fission history of the targets to be processed.
The greater the induced target fission power, the fewer is the number of targets to be processed per unit
time. To meet U.S. demand, the fission product activity input to the processing line, independent of the
number of targets, is, for a 2-hour reactor-to-hot cell transfer time, in excess of 400,000 Ci per week. The
reliability of the process line is equally as important as that for the reactor, and redundancy and ready
access for maintenance are required.



F. HOT WASTE STORAGE AND ULTIMATE DISPOSAL

For a given 99Mo supply rate, the amount of fission product waste is independent of the target fission
characteristics. However, the total waste including activated non-fissile materials, uranium, and
contaminated process materials, does depend on the target fission characteristics. It is estimated that 2-3
drums of radioactive waste would be generated per week in meeting U.S. demand with 7-day irradiation
of 10-kW targets and the Cintichem process. Assuming a 6-hour processing time for the targets,
approximately 280,000 Ci of fission products exit the processing line as waste per week. The relatively
rapid decay of the waste fission products (reduced to 1.7x103of process stream exit value with 1 year of
post-processing decay) suggests the need for a temporary shielded and secure storage space to permit
decay to levels more tractable for transportation and ultimate disposal.

G. SPECIAL NUCLEAR MATERIAL (SNM) REQUIREMENTS

To achieve adequately high target fission densities for production and processing, highly enriched
uranium is required for the targets. To meet U.S. demand with 40 targets per week (each target
containing 20 g of 93% enriched uranium and with a one year site residence time), the on-site inventory
of fully enriched uranium would be at least 41.6 kg. Short term recovery and recycle of the uranium
would reduce the on-site SNM requirements and would probably be essential for waste reduction.

H. PROXIMITY TO RAPID DISTRIBUTION POINT

Again due to the relatively short half-life of 99Mo, it is important to minimize transport time to an air
transportation hub adequate to serve the extensive and complex distribution system. Close proximity to
a major airline terminal serviced by properly equipped carriers is essential.

ACRR 99MoPRODUCTION CAPABILITY

The ACRR (shown in Figures 1 through 3), in addition to being flexible with regard to operating
modes (pulse and steady-state power), is also flexible in geometric configuration. Targets could be
irradiated in any of more than 300 grid locations as well as in the high flux central cavity or within the

pool but outside of the fuel grid. Eleven of the grid locations are currently excluded, since they are
devoted to control, transient, and safety rods. Since the ACRR is significantly under-moderated, large
increases in the thermal flux component in the vicinity of the target can be realized with local adjustments
(increases) of the moderator to target uranium ratio.

Target irradiation anywhere in the pool, or in the central cavity region with the cavity liner removed,

has the advantage of the inherent convective cooling of the pool water. Such cooling has been
demonstrated in operation to be adequate for fuel elements (similar in dimensions to the Cintichem targets
described later) up to 23 kW per element. Analyses indicate that element powers can be accommodated
up to -36 kW with an adequate critical heat flux margin. An additional significant advantage of pool
irradiation is that irradiated targets can be transferred from their irradiation location directly into a transfer

cask submerged in the pool. The transfer process would be under more than 6 m of water and would
present minimal ALARA concerns.

Although high target power is achievable in cavity irradiation with the cavity liner in place, a separate
cooling system would be needed and irradiated targets must be provided with special shielding for the

short transfer from the top of the cavity access to the adjacent pool water. These disadvantages carl be
mitigated by relatively minor modifications to the cavity vertical access tube.
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Figure 2. Artist Conception of the ACRR Core.
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Figure 3. The ACRR Core Configuration with 236 UO2-BeO Fuel Elements.

A. REFERENCE TARGET DESIGN

Although not optimum for the ACRR neutronic characteristics, the target design used in the FDA-
approved Cintichemprocess will be used as the basis for evaluating the ACRR 99Mo production capability.
The target can be represented, for calculation, as a hollow closed-end 0.076 cm-waUstainless-steel pipe
with a thin layer of U308on the inside surface. For the purpose of these calcu!ations, the target length
is assumed to be 50 cm and the outer diameter is assumed to be 3.175 cm. The _-_Uloading can vary but
will be assumed for this study to be 20 g. To first order, the target power varies linearly with 235Uloading
for modest changes about 20 g.

B. ANALYSIS

Analyses were performed by independent analysts using the Monte Carlo code MCN1_ with ENDF
B-V cross sections but with independent models. Homogenized region as well as discrete geometric
representation of target and core geometry were employed. The discrete representation generally gave
target powers approximately a few percent less than those obtained using homogenized region
representation since they better accounted for local flux depression due to target neutron absorption. Both
cavity and grid target irradiations were examined for targets used in the FDA-approved Cintichem process,
as well as idealized targets having minimum parasitic absorption and optimized moderator-to-target fuel



ratios. However, since the focus of this study was the evaluation of the ACRR capability for a known
and approved process, unless stated as otherwise, all calculation results presented are for Cintichem targets
with a 20-g 23_Uloading. A target design optimized for fission density in the target uranium would yield
an improvement of approximately a factor of two in target uranium fission density at any given location
and at any given reactor power, even without consideration of potentially favorable shifts in global fission
density profiles induced by large target perturbations. Fission densities in excess of 1.2 and 2.4 kW/g,
for 2 and 4 MW operations, respectively, are readily achievable for neutmnically optimized target designs.
Thermal-hydraulic considerations would likely limit the fission density permissible in neutronic_y
optimized target designs.

C. TARGET IRRADIATION IN GRID LOCATIONS

Calculations indicate that if Cintichem targets with 23SUloading of 20 g (Cintichem achieved loading
up to 25 g of :3_U) were simply placed in grid locations without any attempt to further optimize moderator
or moderator-to-fuel ratios, target powers ranging from 4 to 8 kW could be achieved with 2-MW ACRR
operation. The lower value corresponds to the outermost grid locations while the higher value corresponds
to inner grid rows. Higher target powers could also be achieved by removing some fuel elements in the
vicinity of the targets, to locally increase the moderator-to-fuel ratio and hence the local thermal-flux
component.

D. TARGET IRRADIATION IN THE CENTRAL CAVITY W/TH THE CAVITY
LINER IN PLACE

Calculations indicate that for up to 25 water-cooled and moderated Cintichem targets placed in the
central cavity (implying that the cavity is flooded with water), target powers of 12 kW each can be
attained for a 2-MW ACRR operation with the cavity liner in place. The fission heating resulting in the

cavity from ,such irradiation would be .--300 kW and would provide 75% of the U.S. demand. However,
since the cavity is normally dry, a cooling system would have to be engineered to provide adequate
cooling to the targets. The amount of cooling that can be obtained by convective flow from the pool
through the cavity has not yet been determined, but has been estimated to be greater than 200 kW. Forced
flow would, of course, provide greater cooling capacity.

E. TARGET IRRADIATION WITH THE CAVITY REMOVED

With the cavity liner removed and replaced with a grid structure, not only is target cooling and
transfer facilitated, but local target fission power is increased by the increased moderation and the absence
of the neutron-absorbing stainless steel cavity liner. For a 2-MW operation, 15 kW of fission power can
be generated in each of up to 19 targets placed in the central region. Furthermore, the fission-power
potential is increased for each of 24 targets which could be placed in the first fuel-element row.

F. ACRR CAPABILITY SUMMARY

The actual target fuel configuration to be employed depends on the production goal (fraction of U.S.
demand) at any given time. Table 1 gives the pertinent characteristics for several plausible, but not
necessarily optimum, configurations using the Cintichem target design with a 20-g 23SUloading. In
practice, reactivity adjustments through control rod movement or through the addition or removal of fuel
elements woukl be necessary to achieve a kerrof unity. The values of fuel element and target powers
presented for a given configuration are subject to some change, depending on the method used to adjust
reactivity.
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Table 1
Reactivityworth andpeak fuel element power for variousconfigurationsof targets in the cavity
and core regions. The values are based on a total (targets + fuel elements) power of 2 MW.

i i i _ -- iiiI iiiiiiiii ii i iii i ii illl iii illll iiii

Average Peak Peak Fuel Total
Std. Target Target Element Target
Dev. Power Power Power Power

Co_mration ]_n. P._ _ _ _ _

Standard core (dry cavity)
a. no targets 1.0016 0.22 .21 NA NA 11.0 NA

Cavity flooded with liner
a. no targets 0.9602 -5.68 .29 NA NA 11.6 NA

b. w/19 targets in central cavity 1.0264 3.52 .33 10.5 12.05 12.49 200

Cavity flooded without liner
a. no targets 0.9951 -0.67 .26 NA NA 15.7 NA

b. w/19 targets in central cavity 1.0795 10.79 .35 12.9 14.0 17.0 245

c. as (b) w/row-6 elements 1.0326 4.32 .25 16.5 17.5 20.65 313.6
replaced by nickel elements

d. as (b) w/additional targets in 1.0167 2.25 .18 9.53 10.9 13.0 410
all row-1 fuel element positions

_1 IlUII II i II _ IJll • A I [ Ill _ IIn II JL_ =J : I J I , , ' _,1 I Ill

As can be seen from Table 1, current U.S. 9gMo '_"

production demand can be met for 2-MW ACRR )4xlo"4 -, . .. _,, r,_operation using the reference Cintichem target o _ _,vr,,,.,
design, with 19 targets in the flooded cavity region ,, R**_,_ _ _. ,, ,,,• W_ JC& TOTAl.

without the stainless steel cavity liner, and with an _t ..............
additional 24 target in the row-1 fuel element
locations (total of 43 targets). A modest increase in
235Uloading to 25 g would give an increase in /_ _

oap xima "MW would permit production far in excess of
current U.S. demand and approaching world
demand levels. Operation at 4 MW would also
permit increased U.S. demand to be met in future 1 _ ![....

thus reducing the hot cell and processing burden, o e :
Other improvements can be inferred from 50

Figures 4 through 6 which show the neutron flux t_r_:t F_ eAvrrrctgrt_.J_t (¢,)
and small-sample fission-density profiles for a few

plausible configurations. The potential for Figure 4. Radial Neutron Flux in the ACRR.
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Figure 5. Fission Density for a Small Sample of Figure 6. Fission Density for a Small Sample of
U-235 in the ACRR. U-235 for Various Target Configurations.

increases in thermal flux and target fission density by locally increasing the moderator (water)-to-target

fuel ratio through target modification is clearly evident from the figures.

ACRR FACILITY WITH RESPECT TO OTHER CRITERIA

Having established that the criteria for production capacity for the ACRR can be met, attention will

now be given to the other criteria for a practical 99Mo source.

The effective neutronic core life of the ACRR has been estimated to be approximately 6 MW-y. The

long life is attributed to the high 23SUloading. Refueling with BeO or with a ZrH-based replacement
would be expected to be infrequent. As can be inferred from Table 1, ample flexibility exists for adjusting
excess reactivity to accommodate target loading and to extend the effective neutronic core life of the
ACRR fuel. In fact, the targets themselves contribute positive reactivity to the reactor. Furthermore, there
is less concern for overriding peak xenon following a shutdown in an epi-thermal system such as the
ACRR than there is in a more thermal system. Both equilibrium and peak xenon poisoning are

proportional to the thermal flux in the fuel region. Due to the epi-thermal nature of the ACRR
unperturbed neutron flux, the thermal flux in the target region can be enhanced while maintaining a
relatively low value in the fuel region. The low ACRR thermal flux (~3x101: n/cm2-s at 2 MW) in the fuel
region where the majority of the fissions take place leads to equilibrium xenon poisoning of approximately
$1.5 in reactivity. The increase in xenon poisoning following ACRR shutdown is barely discernible.
Since the thermal flux in the target region is much greater than in the fuel element region, as total target

power becomes significant with respect to total fuel element power, the importance of xenon increases.

Analyses have shown that continuous production of SSModoes not introduce new safety issues or
extend the bounds of events analyze,d in the Safety Analysis Report. 1 Questions concerning fuel handling

and personal exposures and effluent release to the environment have been addressed and appear to be
tractable.
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Since the ACRR is a swimming pool reactor, targets as well as fuel elements are readily accessible.
They can be transferred underwater with minimum down time and transfer time (a few minutes per target
or fuel element) to contiguous hot cells connected by a water way (adjacent to the ACRR pool is another

larger pool that incorporates the Gamma Irradiation Facility (GIF)), or to a transfer cask for on-site
movement to the larger on-site Hot Cell Facility (HCI_. There is no need for over-the-road movements
of the "hot" targets since both the production and the processing can be conducted within the confines of
a single secure site.

Quantifies of SNM well in excess of those required for _vlo production are handled on a routine basis
within the confines of the reactor site (TA-V).

Preliminary evaluation of the HCF indicate that while some modifications and preparatory work will
be required, the HCF, as currently sized and shielded, is adequate to process at least 20 targets per day.
Incorporation of the GIF cells for the early processing stages would allow more targets to be processed
daily. The economics of uranium recycling will also play a _ole in establishing hot cell needs.

Immediately adjacent to the main processing area of the HCF is a large, heavily shielded room which
would serve for temporary storage of the highly radioactive waste prior to final disposal after an
appropriate decay period. Final disposal would utilize the SNL low level-waste plan.

Sandia National Laboratories in Albuquerque is located on Kirtland Air Force Base. Depending upon
the arrangements made, packaged 99Mo could be delivered to the carrier terminal of the Albuquerque
International Airport adjacent to the base in 10.30 minutes after leaving the TA-V gate. Similar times are
involved if the transport is to a local preparation facility.

Other than a few days of continuous power operation on several occasions in support of LMFBR and

LWR reactor safety studies, SNL's experience in continuous operation is limited. Clearly much attention
will be placed on those modifications in equipment and procedures needed to ensure that a reliable source
will exist. SNL's experience in production-like continuous hot cell operation is even more limited and
even greater attention must be given to preparation for the processing operations. This is not as significant
an issue if the ACRR is used in a back-up, supplemental production, and technology development role,
since few of the traditional programs served have inflexible schedules. Furthermore, most programs
requiring steady-state operations can be served simultaneously with 99Moproduction.

A primary or prolonged back-up production role would preclude those traditional programs requiring
transient operations with significant set-up and/or execution times. Given that other 99Movendors exist,
and that arrangements could be made to pick up the 99Mo production load for the duration of other
program operations, such experiments could be accommodated.

FURTHER INVESFIGATIONS

The Cintichem target design is not optimum for the ACRR characteristics, and several modifications
are being examined to permit a significant increase in fission density with minimal change to those
features important for FDA approval. Dimensional changes to permit greater local moderation and
material changes to reduce parasitic neutron absorption are being investigated.

None of the existing reactor systems (including the ACRR) is the optimum system for 99Moproduction
since their designs were based on other objectives. In an attempt to develop a concept optimized for

efficient 99Mo production with attention given to operating costs, total waste generation, and other
considerations unique to 99Mo supply, several simple reactor systems, based on excess fuel (U-ZrH and
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Bet) currently on hand at SNL, are currently being investigated. Each of these systems could be operated
in the ACRR tank alongside the ACRR in much the same manner as the Fuei-Ringed External Cavity
(FREC) assemblies are operated. The FREC assemblies consist of U-ZrH fuel in a hexagonal grid
surrounding a large irradiation space. The assemblies are, by themselves, slightly sub-critical and serve
as multipliers of ACRR produced neutrons incident on the assembly.

SUMMARY

The results indicate that the ACRR as currently configured, and with its supporting HCF, is adequate
to serve as a back-up for IPDP for prolonged OWR shutdown and to meet U.S. demand if called upon.
Modest modifications, such as increasing the capacity of the external heat exchangers which provide
cooling for the pool, would permit significantly higher-power continuous operation and even greater 99Mo

production ensuring adequate capacity for future years.

Althot_gh the emphasis in the ACRR evaluation has, to date, been on 99Mo production, clearly other
isotopes used in industrial and medical applications can be produced. The production of these isotopes
can be accomplished simultaneously with 99Mo production due to the large number of target location
options. The unperturbed epi-thermal neutron energy spectrum offers potential for greater production of
isotopes obtainable only with higher neutron energy reactions. Studies are underway to quantify the
capability for production of key isotopes through activation and fission product techniques. Furthermore,
the combination of the HCF and the ACRR, with its flexibility in irradiation options, lends itself well to
research and the development of more efficient and cost effective methods of production and processing.
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