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The MARIA reactor is currently the only operating nuclear reactor in Poland. It is
operated by the Nuclear Facilities Operation Department at the National Centre for Nuclear
Research (NCBJ) located at Swierk Nuclear Centre 30 km outside of Warsaw. The first
criticality was achieved in 1974 after 5 years of construction work. The operation horizon is
set in the 2050s. Its design was based on the MR research reactor operated by the Kurchatov
Institute in Moscow [1,2], however, the original design was improved domestically in
order to meet specific Polish needs: horizontal neutron beams for scattering experiments,
and vertical irradiation positions for radionuclide production were added. The MARIA
reactor is a water- and beryllium-moderated, water-cooled, channels-in-pool type reactor.
Pressurized fuel channels contain concentric multi-tube fuel element assemblies. The
reactor core, submerged in the water pool, has been designed with a high degree of
flexibility to provide a wide range of applications. As a multifunctional research facility;,
MARIA also covers utilizing neutron beams for research on boron neutron capture therapy
(BNCT) and irradiation of biological samples, neutron activation analysis, and research
conditions of the Creative Commons  fOT condensed matter physics. An essential part of the MARIA mission is the training of
Attribution (CC BY) license (https:// ~ Students and nuclear specialists.
creativecommons.org/licenses /by / The MARIA reactor’s nominal thermal power is 30 MW. Following preparations
4.0/). that started in 2004, the MARIA reactor core underwent conversion from HEU to LEU,
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which ended in 2014. In the process, we licensed two types of LEU fuel—French MC
and Russian MR, both under 20% of uranium enrichment. The National Nuclear Security
Administration (NNSA) assisted MARIA'’s conversion through its Global Threat Reduction
Initiative (GTRI), which aims to reduce and protect vulnerable nuclear and radiological
materials located at civilian sites worldwide [3,4]. Argonne National Laboratory (ANL)
backed NCB]J in evaluation of the feasibility of converting MARIA to operation with LEU
fuel, selection of a suitable LEU fuel design and development of a new version of the safety
analysis report. ANL assisted NCB] with the procedure of conversion approval in national
regulatory body assessment.

During the conversion process, the need for upgrading and modernization was re-
vealed. Therefore, the reactor was systematically modernized, most important moderniza-
tions performed included replacement of main cooling pumps and commissioning of the
new residual heat removal pumps, partial replacement of beryllium and graphite blocks,
modernization of the power supply system, heat exchangers piping design change, and
modernization of experimental facilities on horizontal reactor channels.

2. Description of the MARIA Reactor Core

The reactor core is enclosed in the nest structure, which supports its elements: fuel ele-
ments in channel tubes, beryllium blocks serving as one of the two moderating substances
(together with light water) and graphite blocks reflecting neutrons to the core. Additionally,
some of the blocks contain horizontal holes for the extraction of neutron beams from the
reflector to the horizontal beam tubes penetrating the reactor biological shield. All of the
elements mentioned above are located in the pool containing light water that serves as a
coolant and biological shield.

Fuel channels, and graphite and beryllium blocks are conically arranged. This solution
makes the reactor core compact and, at the same time, it is easy to load it from the top. The
cross-sections of the reactor are shown in Figure 1. A detailed description is presented in
the following sections of the article (and also can be found in [5]).
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Figure 1. Vertical cross-section of the reactor pools.
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The reactor core design includes the modularity of the structures including beryllium
and graphite blocks, plugs and channels. This feature provides a possibility to adjust
the reactor core to the stakeholders’ requirements and enables tailoring use of neutrons.
Schematic diagram of the exemplary core layout is shown in Figure 2.
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Figure 2. Exemplary MARIA reactor core layout with marked irradiation position.

2.1. Fuel Elements

Since 2015, when the reactor was fully converted to LEU fuel, two types of fuel
elements have been utilized. The MC-5 fuel element, is manufactured by France and the
MR-6 fuel element is designed and delivered by the Russian Federation. The fuel assembly
contains five (MC-5) or six concentric (MR-6) tubes with uranium enriched to: 19.75% and
19.7% of 235U, respectively. The MC-5 fuel meat utilize uranium silicide (U3Sip). The MR-6
fuel is manufactured as uranium oxide (UO,) dispersed in aluminium matrix. Each fuel
element tube is cladded in 2 mm of aluminium sheath. Active length of the fuel, for both
types, is 1 m. Schematic drawings of both types of fuel are presented in Figure 3.
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Figure 3. Fuel elements utilized in MARIA reactor: MR-6 (top) and MC-5 (bottom).
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Fuel assemblies are placed in the pressurized channels and are individually connected
to the primary cooling circuit. Typically cycle-to-cycle core configuration is changed due to
the fuel burnup and current irradiation requirements. For example, irradiation of uranium
plates inside rigs for Mo production requires the replacement of two fuel assemblies.

2.2. Moderator

The main moderating element in the core is water, which also provides cooling of
fuel channels and core materials. Its volumetric fraction in the core is only 20%, but it
contributes to neutrons slowing up to 70%. The remaining 30% of neutron moderation
occurs in beryllium, constituting the core matrix and filling up the space between the fuel
channels. Due to its better nuclear properties, beryllium enables expanding the lattice pitch
creating space for large loop experiments.

2.3. Reflector

The reflector consists of graphite blocks canned in aluminium and cooled by the pool
cooling water flowing in the separate pool cooling circuit. Besides the basic graphite blocks,
the reflector contains multiple square blocks with beam holes forming the extensions
of horizontal beam tubes and aluminium blocks filling the reflector space around the
horizontal channel passages.

2.4. Reactor Cooling System

The MARIA reactor is equipped with two individual primary cooling systems. It
helps to provide safe operation and allows operation of special in-core facilities which can
be connected to the main cooling system. MARIA’s primary cooling system consists of
two circuits:

e fuel channel cooling circuit;
e  reactor pool cooling circuit.

The fuel channel cooling circuit consists of the main loop and residual heat removal
loop jointly attached to pressure stabilizer. During normal operation, two main pumps
are operational with two residual heat removal pumps operating in by-pass loop. The
schematic drawing of fuel channel cooling circuit is presented in Figure 4.
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Figure 4. Schematic drawing of fuel channel cooling circuit.
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The reactor pool cooling circuit removes heat generated in beryllium matrix, in
graphite reflector and reactor pool water. The water flowing down through the core
is sucked into a chamber underneath, flows through the collector in the installation duct
and is directed through a gauze filter to the circulating pumps, after which it passes through
the heat exchangers and again into the reactor pool.

2.5. Reactor Shielding

The upper reactor shielding is provided by 7 m of pool water above the core. It also
provides shielding against gamma radiation from secondary radiation sources, such as
headers and connecting pipes of the primary cooling circuits and the pipes of test loops
filled with activated coolants.

The lateral shielding comprises graphite reflector and pool water, but its main element
is a wall of heavy concrete, 2.2 m thick at the core level. Inside, steel wall is adjacent to
concrete wall of the reactor pool, while its outside shape is an irregular polygon. The
reactor side shield reduces the radiation levels to low dose rate values enabling the work
in the experimental hall.

A summary of the main parameters of the MARIA research reactor is presented in
Table 1.

Table 1. A summary of the main parameters of the MARIA reactor.

Parameter Value

Maximum power 1.8 MW per fuel element
Core

- Thermal flux, in core 2.5 x 10 n/(cm?s)

- Thermal flux, in reflector Upto3 x 108 n/(cm?s)
- Fast flux, irradiation position Upto 1 x 10 n/(cm?s)
- Neutron lifetime 142-151 us

- Light water moderation ratio ~70%

- Beryllium moderation ratio ~30%

Fuel channel cooling circuit

- Inlet temperature/pressure 50 °C/1.7 MPa

- Outlet temperature/pressure 115°C/1.1-1.3 MPa

- Flow rates 25-30 m3/h per channel

3. Irradiation, Experimental and Testing Facilities in MARIA Reactor

The MARIA research reactor offers an opportunity to use several production and
experimental devices at once, inter alia:

vertical channels for radionuclide production;
thermostatic irradiation rigs for material testing and reactor fuel studies, horizontal
experimental channels for neutron beam studies;

e possibility of using pressurized fuel channels for radionuclide production and ad-
vanced nuclear technology research.

The neutron irradiation services provided at the MARIA research reactor include
a wide range of radionuclide production, neutron activation analyses and biomedical
technology. Today, nuclear reactors remain a key component in the production of the
nuclides mainly for use in nuclear medicine diagnostics and therapy. Available services
cover the activation of a large spectrum of target materials for the production of nuclides,
which can be processed at the discretion of the customers. The irradiation services are
performed in various facilities installed in MARIA, depending on the required neutron
flux levels, irradiation period, targets mass and their geometry. MARIA design allows
installation of various types of irradiation facilities and neutron sources corresponding
with the neutron flux performance 2 x 10 n/cm? s in the case of thermal neutrons and
3 x 10" n/cm? s in the case of fast neutrons. The neutron flux density assumes a cosine
distribution [6], and its value depends on the location in relation to the fuel channels.
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3.1. Infrastructure for Radionuclide Production

In the reactor core and reflector area there are a number of vertical irradiation chan-
nels, mainly used for radionuclide production but also which can be used for research
involving irradiation.

Various target materials are irradiated in the channels. The one of most bulk is
tellurium dioxide. Annually more than 2000 containers containing almost 200 kg of
tellurium dioxide are irradiated. This results in over 1 PBq of '*'T annual production.
Recently, the tellurium dioxide enriched in '3*Te has been introduced to irradiation. This
greatly increases the efficiency of '3'I production.

The unique infrastructure with two hot cells enables the handling of the irradiated
targets. The first hot cell is a facility with a shielding wall securing operation with materials
up to 3.7 x 10'3 Bq of ®°Co activity The second one with 3.7 x 10'2 Bq of ®*Co activity. The
cans with the radionuclides are transported with a loading machine reaching into the cells
through curvilinear channels. Below the cells there is a transport corridor for inter-cell
transport and for transport outside the reactor. Besides these two hot cells, the reactor is
provided with a hot cell for spent fuel element handling. Heavy shielding allows handling
elements with activity equivalent up to 3.7 x 10'° Bq of fission products. Figure 5 shows
loading outlets of some of the reactor vertical irradiation channels.

Figure 5. Loading outlets of MARIA’ s vertical irradiation channels (also visible core reflector blocks
and horizontal channels).

3.2. Facility for Irradiation Uranium Targets for ° Mo Production
3.2.1. Production of Fission Product Mo Using Uranium Plates

Irradiation of the uranium targets for Mo production plays a particular role in
utilizing the MARIA reactor. This activity supports the global chain of research reactors
producers of ®?Mo. Besides the MARIA reactor, the following European reactors are crucial
in the supply of %Mo: HFR (Petten, The Netherlands), BR2 (Mol, Belgium) and LVR15
(Rez, Czech Republic). Map of ®Mo/?*™Tc supply chain is shown in Figure 6.
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Figure 6. Map of global PMo/PMTe supply chain (European Union (EU) players in blue, state of the market for 2021) [7].

Commercial irradiation of uranium targets for Mo production has been carried out
in the MARIA reactor since 2010 [8]. According to the order, the targets are irradiated in
two or three positions inside the irradiation channel, with four uranium targets placed in
one position. During the operational cycle, two of those channels are installed in the core.
Following the shortage of the critical medical radioisotope *’Mo and its daughter ™ Tc
related to long-term reliability, management of MARIA declared readiness to irradiate
newly designed LEU targets. Due to the high reliability of the reactor and world pressure
to convert to LEU targets, NCB]J decided to start the certification program of the new LEU
targets. The program was successfully completed and irradiation of LEU targets has been
carried out in the MARIA reactor since December 2017 [9].

Receiving the “Mo from the fission products is one of the most effective methods
for gaining this isotope. It enables to gain a high specific activity of this isotope in a
relatively short time. These features combined makes research reactors a crucial tool
to fulfill the supply chain of molybdenum-technetium generators commonly used in
oncological diagnostics.

Adaptation of the reactor fuel channel to irradiate uranium plates relies on its modifica-
tion to provide multiple loading and discharging of the uranium sets with targets into and
out of the installation without the necessity of evacuation of the whole irradiation channel
from the position socket in the reactor core. After reactor shutdown the construction of the
internal channel structure allows the channel head to be removed in order to take out and
transport the irradiation container together with the uranium targets below the water, to
the hot cells. The technology of uranium target’s irradiation gives the possibility to use the
standard reactor channel cooling system to remove the heat from molybdenum channels
and the use of all reactor control systems.

3.2.2. Production of Fission Product Mo Using LEU Microspheres

The worldwide forecasts set an excellent perspective of using *’Mo in nuclear medicine,
which allowed starting with the other program dedicated to *Mo production. Second
technology of *’Mo production is based on the innovative type of targets designed as
microspheres with UO, core. The main advantage of the new technology is minimizing
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nuclear wastes. As a result of collaboration between the MARIA team and specialists
from MURR (Missouri University Research Reactor, located in United States of America)
microsphere target were manufactured and special irradiation facility was constructed and
manufactured in MARIA.

Three irradiation tests were performed from 2017 to 2019 [10,11]. The targets irradi-
ated in the MARIA were transported to the hot cell laboratory in the Radioactive Waste
Management Plant (ZUOP, located in the Swierk Nuclear Centre, the same as MARIA
reactor, which is a great advantage). The radiochemistry procedure was used in order to
separate *’Mo from fission products.

3.3. Experimental Facilities for Fast Neutron Irradiation

The MARIA reactor is equipped with an out-of-core irradiation facility which enables
irradiation of large-size (up to 90 mm in diameter) target materials/devices with fast
neutron flux density up to 1.7 x 102 cm~2 s~! and well reduced thermal neutron flux,
limited down to 3.4 x 10! cm~2 s~1. The facility consists of four assemblies with four
irradiation channels each and is used for testing and qualification of various materials,
equipment and components [12,13]. Another purpose-built ready to use facility is a channel
for fast neutron irradiation. The facility comprise a thermal-to-14 MeV neutron converter
with ®Li and deuterium compounds. The two-step reactions induced by thermal neutrons
are the key working principle of the facility [14]. Inside the converter 14 MeV neutron flux
density of over 1 x 10° cm~2 s~! with cut-off thermal neutrons has been achieved. Such
working conditions are affected by the reactor core configuration and thus it is possible to
mimic the neutron energy spectrum in in thermonuclear devices. The loading capacity of
the converter is approximately 60 cm? (four containers, @15 x 90 mm each). The converter
was initially designed for material research, i.e., irradiation tests of new structural materials
for generation IV nuclear reactors and fusion facilities [15,16]. Nevertheless, it can serve
for radiopharmaceuticals production by fast neutrons in threshold reactions.

3.4. Irradiation of Ho-PLLA Microspheres

Irradiation of the Ho-PLLA microspheres is another result of international cooperation
between specialists from MARIA and European company. The microspheres containing
holmium are used in radioembolization procedures as an innovative form of radiotherapy
to treat liver cancer. The preliminary studies show auspicious results, and it could be a
valuable treatment method. In radioembolization, small particles known as microspheres
are administered in the liver artery. The microspheres lodge in the tumour microvasculature
and deposit a targeted dose of radioactivity.

To address the limitations of *°Y therapy, a next-generation radioembolization method
has been developed based on ®*Ho (T} /, = 27 h). 1%Ho emits B-particles of energy up to
1.86 MeV, but it emits in addition also primary photons of 80.58 keV. That allows using
single-photon-emission computed tomography (SPECT) to determine microspheres distri-
bution and dose applied. In addition holmium is a paramagnetic allowing determination of
microspheres distribution also using nuclear magnetic resonance (NMR) imaging [17]. The
microspheres containing holmium are made of biodegradable poly (L-lactic acid)-PLLA.
They are approximately 30 um in diameter. The irradiation process needs to assure precise
166Ho activity (depending on microspheres mass, patient dose, transport time etc.), while
maintaining the physical integrity (size, spherical, homogeneity, etc.).

Degradation of PLLA microspheres starts above a temperature of approximately 60 °C.
Therefore, the process of irradiation has to take into account the possible overheating of
the microspheres [18]. The temperature of the irradiated target depends on nuclear heat
generation in the target, heat transfer. Due to the uncertainties of the aforementioned
parameters, the standard irradiation conditions led to unsatisfactory results.

In order to reduce nuclear heating in irradiated Ho-PLLA microspheres the periph-
eral irradiation channel of the hydraulic rabbit system has been selected to perform the
irradiation. Improved water cooling has been applied to the hydraulic rabbit system chan-
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nels. A purpose-designed irradiation vial for Ho-PLLA microspheres (see Figure 7) and
filling irradiation containers with helium allows for more efficient heat removal from the
microspheres during irradiation.

e

Figure 7. Ho-PLLA vials and irradiation containers [19].

A series of experimental irradiations allowed the irradiation technology to be im-
proved. That led to the successful validation of the MARIA reactor as a supplier of
irradiated spheres in July 2017 [20]. Since then, the Ho-PLLA microspheres irradiated in
the MARIA reactor have been supplied to a number of medical centers in Europe for over
100 cancer patient treatment annually [19].

3.5. Experimental Fuel Assembly MR-2 for Fast Neutron Irradiation

Design of MARIA’s core results in excellent irradiation capabilities in a thermal
neutron spectrum with flux up to 2 x 10 n/cm? s, but it limits the fast neutrons flux to
2 x 10" n/cm? s. In order to broaden the irradiation capabilities in the fast flux new design
of the Russian MR-2 fuel assembly with a place for the irradiation target in the centre of
the fuel element has been proposed—in order to increase fast flux up to 1 x 10 n/cm? s.

The new MR-2 fuel bears similarity to MR-6 fuel. MR-2 design includes two, instead
of six, fuel tubes and an aluminium flow separator. The inner fuel tubes removal created a
space for irradiation container with the 34 mm in diameter along the whole active length
of the fuel. With the fuel active part length of 1000 mm, the total volume of irradiation is
0.0908 m>. Additional cadmium shielding is proposed in one of central container variants
as a measure to cut-off thermal neutrons from the spectrum. The steady state and transient
calculations with the finite volume method were performed, in the latter, loss of coolant
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accident (LOCA) scenario was assumed. Calculations results concluded that the new MR-2
fuel can be safely utilized in the MARIA reactor [21].

The MR-2 fuel opens a possibility for new research programs connected to irradiation
in fast neutron spectrum including material testing for new generation reactors. The 34 mm
container provides a large loading volume for irradiation targets. Two MR-2 fuel elements
are already prepared to be commissioned in the MARIA reactor.

3.6. Horizontal Channels

MARIA is equipped with eight horizontal neutron beams (H1 to H8). The neutron
beam is streamed through horizontal channels that pass through the biological shield
and the reactor pool to the core’s graphite reflector. The channels are arranged axially
or tangentially to the core. The horizontal channels used for fundamental research, sup-
plying the beam of intensity up to 3-5 x 10° cm~2 s~!. The beams was used for broad
range research inter alia: a radiography studies [22-25], an autoradiography for paintings
examination [26,27], a biaxial diffractometery for crystalline and magnetic structures re-
search, a diffractometery for low-angle scattering experiments. Currently, the experimental
hall undergoes modernization. The newly reconstructed H2 channel will supply a new
radiobiological research facility with the neutron beam of epithermal energies. It will
be primarily dedicated to boron neutron capture therapy (BNCT) research [28,29]. The
epithermal energies are achieved by the means of a uranium based neutron converter. The
converter will be installed at the reactor core periphery at the channel inlet and it will
amplify epithermal and fast neutron flux [30,31]. The remaining channels are going to be
equipped in collaboration with Helmholtz-Zentrum Berlin, as shown in Figure 8.

Figure 8. Visualization of laboratory utilizing MARIA’ s horizontal channels.

3.7. Thermostatic Irradiation Rig Program in MARIA

Recently, after almost 40 years of hiatus, research programs involving in-core thermo-
static irradiation rigs were revived in the MARIA reactor. Irradiation rigs enable irradiation
of material samples in conditions similar to those prevailing in cores of new generation
and planned reactors. Rigs are installed in beryllium matrix blocks.

MAKARONI is one of the thermostatic irradiation rig programs currently developed
in MARIA. It is a joint work with the Karlsruhe Institute of Technology under the EU-
ROfusion project. This rig was designed to test components for the planned DONES
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installation [32,33]. One rig will contain three sections with different temperatures. This is
achieved by a combination of gamma heating, electrical heating and ceramic insulation.

The next one is the ISHTAR irradiation device. This capsule is designed and con-
structed under a state-fund project called Gospostrateg-HTR. The purpose of this capsule is
testing materials in very high temperatures, similar to those in HTR reactors. In the case of
ISHTAR we are aiming for temperature homogenization along the core part of the device.
This is done also by carefully designed insulating gas gap, electric and gamma heating.

The ISHTAR device was tested with the use of special hydraulic stand, and the first
batch of measurements confirmed that we can achieve 1000 °C [34] inside the capsule.
Since August 2021 it has been installed in the core and successfully operated for three
consecutive reactor operational cycles [35]. After the reactor’s maintenance break, it is
planned to restart it and test-irradiate for a similar period of time.

4. Summary

MARIA, despite its age calculated from the first criticality, is still a young reactor in
terms of operation years (as shown in Figure 9, below). At the turn of the 1980s and 1990s
the reactor underwent a major renovation and replacement of various elements. Recently
it has undergone fuel conversion and a replacement of the coolant pump system.
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Figure 9. MARIA reactor annual energy generation [MWd] 1975-2021.

After repatriation of all spent LEU fuel elements to the Russian Federation in 2016
Poland is now completely HEU free.

Currently, we are in the process of replacing the beryllium moderator matrix and
graphite reflector elements. The whole physics hall is now refurbished, and we will soon
receive and install new equipment from Helmholtz-Zentrum Berlin and resume horizontal
beams experiments. Also, a new epithermal beam is under construction.

We are constantly working on implementing new programmes for advanced fission
and fusion, and frankly speaking we have quite a few great ideas for the future. Also, we
are quite confident in our role of supporting advanced nuclear energy. Refurbishments
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and the fact that MARIA is operated by rejuvenated team of specialists supported by
experienced colleagues set the horizon of operation into the 2050s.
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