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ABBREVIATIONS AND ACRONYMS
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ABSTRACT

Recent advances in magnetic confinement fusion technology have attracted billions of dollars of
investments in startups from venture capitals and corporations [26], resulting in the development of devices
aiming to demonstrate net energy gain in a self-heated burning plasma, such as SPARC [25] (under
construction) and others. However, future fusion power plants must operate in regimes that will require
technologies far beyond current experience. According to a National Academies of Science, Engineering,
and Medicine report [26], to have nuclear fusion power plants contributing in a timely manner to the planned
reduction of atmospheric carbon dioxide, a pilot plant should be built by 2035, and it should demonstrate
fusion power production and the performance of the tritium fuel system (requiring a high enough tritium
breeding) by 2040. A recognized key technology gap by [26] is the fusion first wall and blanket since no
current blanket concept is considered satisfactory or has been built and proven.

The first wall and blanket in magnetic fusion reactors form a vital and complex system, as it must satisfy
different functions such as power extraction, tritium breeding, plasma containment, radiation shielding, and
safety. The list of design requirements is even longer: high enough tritium production for fusion self-
sufficiency, low material activation, decay heat and shutdown dose rates, high thermal efficiency, high-
capacity factor, high magnets-divertor-vacuum vessel-first wall life, low corrosion, low cost, and
intrinsically safe (requiring minimal licensing). Despite fifty-plus years of research, the first wall and
blanket concepts proposed suffer from fundamental technical problems and immaturity (TRL=2-3) that
jeopardize the timely delivery of a commercial fusion power plant. A fusion first-wall blanket has never
been built nor tested, and a "winning", practical functioning design requires enough engineering margins
(high enough tritium breeding considering the uncertainty, etc.), manufacturing simplicity, ease of
continuous operation, maintenance, and low cost.

A new, groundbreaking blanket concept called "Nested Pebble Bed Blanket" (NesPeB) was developed at
ORNL under the successful ARPA-E GAMOW FERMI project (patent application allowed by the
USPTO). The NesPeB blanket concept addresses current blanket concepts' shortcomings and technical
immaturity, paving the way for accelerated delivery of fusion power plants. NesPeB is based on nested
pebbles, which are binary-sized lithium-ceramic pebbles enclosed in "Beryllide" perforated and coated
spherical shells, which are also binary-sized, stacked on top of each other, forming a "bed" and cooled by
Nitrogen gas also "sweeping" the Helium and Tritium generated by the neutron irradiation of Lithium; the
vacuum vessel plasma facing material is Molybdenum-96 and -97 with the first wall cooled by Helium
while the divertor armor is made of Tungsten. The simulations of the NesPeB blanket using Fusion Reactors
Models Integrator (FERMI) are encouraging as they estimate a tritium breeding ratio (TBR) greater than
1.2 using natural Lithium, acceptable pressure drop, and excellent heat transfer properties. Furthermore, the
NesPeB blanket is not limited by magneto-hydro-dynamics (MHD) effects, is designed for online refueling,
relies on existing tritium extraction technologies, has a simple construction, and limits the corrosion and
chemical reactivity problems.

NesPeB has the potential to be transformational and disruptive since it can solve all the main, challenging
technical problems of fusion device blankets and accelerate a pilot plant delivery for 10 or more years.



1. INTRODUCTION

The structures surrounding the fusion plasma that forms a plasma chamber, i.e., the first wall, the blanket,
and the divertor, serve a vital role in fusion energy systems, providing tritium fuel, radiation shielding of
the vacuum vessel (VV), and magnets, efficient power extraction, plasma purification, and safety barrier.
A fusion first wall-blanket has never been built nor tested, and a "winning", practical functioning design
requires enough engineering margins (high enough tritium breeding considering the uncertainty, etc.),
manufacturing simplicity, ease of continuous operation and maintenance, and low-cost.

The main blanket concepts proposed in the literature are (1) liquid metal cooling and/or breeding, (2) solid
(ceramic) breeding gas or water-cooled, (3) molten salt cooling and breeding. In Table 1, the liquid metal
(Li and PbLi), solid (ceramics), and molten salt (FLiBe) concepts and the one proposed here (Nested Pebble
Bed) vs key engineering requirements are compared. Colored in green are the favorable properties of the
blankets, while the drawbacks are in red. The current designs are unsatisfactory ("red" drawbacks), while
NesPeB looks the best.

Among the requirements in Table 1, the most important for a fusion blanket is the TBR, which is the ratio
of Tritium produced vs the Tritium burnt in the fusion reaction. The TBR should be greater than 1.15 for
fusion self-sufficiency, as exposed in [15]. Tritium is bred by the interaction of the neutrons generated by
the D.T. fusion reaction and the Lithium in the blanket. The neutrons are generated at 14MeV but moderate
and/or scatter diffusing in the blanket, broadening the neutron energy spectrum to all the energies.

Table 1: Main fusion blanket concept specifications compared with the NesPeb blanket.

- Liquid Metal (Li) Liquid Metal (PbLi) solid (Ceramics) Molten Salt (FLiBe) _

TBR >1.15 No ELi enrichment 5Li enrichment Be multiplier and 5Li enrichment, Be multiplier and 5Li No ELi enrichment
structure minimization enrichment
Melting point 180C 235C >1200C 460C >1200C
Material Vanadium alloy or RAFM steel, at high ~ RAFM steel or SiC - at high T requires ~ RAFM steel and He or H;O coolant,  Corrosion and high T, RAFM steel, Helium and
compatibility/ T requires coatings coatings Best material compatibility no clear solution Neon coolants
pairing
Working High coolant pressure if gases are used  High coolant pressure if gases or High coolant pressure if gases or Atm pressure High coolant pressure as
pressure water are used H,0 are used gases used
MHD effects Electrical insulators required for MFE Electrical insulators required for MFE No MHD effects Small MHD effects No MHD effects
Tritium High tritium solubility/inventory, High tritium solubility/inventory, Simple & mature tritium extraction No mature tritium Simple & mature tritium
extraction different extraction techniques needed  various extraction techniques needed extraction technology  extraction
Safety Very high chemical reactivity with H;0  Lower chemical reactivity than pure Li  Reactivity with H,0. Less severe Low reactivity with air.  Risk of reactivity with H;0 is
and air reactivity with air. Generation of tritium minimized
fluoride gas
Breeder Fluid inlet/outlet Fluid inlet/outlet Replacement of the ceramic pellets.  Fluid inlet/outlet Pebbles inlet/outlet
replacement Relevant evolution under irradiation
Neutron Mo need of neutron multiplier No need of neutron multiplier Replacement of the beryllium Replacement of the Pebbles inlet/outlet
multiplier pellets/plates beryllium plates
replacement
TRL 2-3 2-3 2-3 2-3 2

Most of the designs [15] require a Lithium-6 enriched isotopic composition (from the natural 7.5% to 60%,
for example) to reach a TBR>1.15 as Lithium-6 is a much better "breeder" than Lithium-7 (it produces
Tritium at any neutron energy and with a very high "thermal" (0.025 eV) cross-section (936 barns)). The
need for Lithium-6 enrichment, though, is a "deal-breaker", as Li-6 enrichment is expensive and has
national security implications. A pure liquid lithium-cooled and bred blanket may not need Lithium-6
enrichment, but it has very high chemical reactivity with water and air and the need for electrical insulators,
especially in the high magnetic fields typical of compact fusion machines.



2. TECHNICAL DESCRIPTION

A nested pebble bed blanket has high thermal efficiency, a high tritium breeding ratio (higher than 1.2)
using natural lithium isotopic composition, it contains the plasma chamber, and it shields the structural
containment and the magnets of fusion reactors. The nested pebble bed blanket uses reduced activation steel
structures (RAFM), minimizing the production of long-term radioactive isotopes, has effectively no
corrosion and reactivity problems, can sustain very high temperatures (up to 1200 °C), and can be easily
refueled online without disrupting the operation of fusion reactors. Nested pebble bed blankets generate no
magnetohydrodynamics phenomena, facilitate mature tritium extractions, and eliminate exposure to water
moisture. The nested pebble bed blanket is regenerative, adaptable, and cost-effective.

A key parameter for all the blankets in fusion devices is the Tritium Breeding Ratio (TBR); to have a self-
sustaining fusion process, a tritium breeding ratio, which is the ratio of Tritium generated by a fusion
reaction versus the Tritium burnt in that reaction, should be greater than about 1.15 (see [15]). To achieve
this number, fusion reactor designs require expensive, up to 90% enriched lithium-6 breeders. Using a
cheap, natural lithium isotopic composition, the nested pebble bed blanket has a tritium breeding ratio
greater than 1.2. Fig. 1 shows a nested pebble 100, which is comprised of solid breeder spheres 102 (a
Lithium ceramic) encased within a neutron multiplier shell 104 made of beryllide (beryllium-vanadium or
beryllium-titanium) compound. The breeder spheres 102 are generated through chemical and thermal
processes, creating Lithium ceramic breeder spheres 102 that maximize the lithium content and tritium
breeding, that are hard (e.g., they resist scratching, abrasion, and penetrations, for example) and that are
resistant to high temperatures (up to 1200 °C). The breeder spheres 102 comprise compositions of lithium
ceramics such as lithium oxide (Li20), lithium orthosilicate (Li4SiO4), and/or lithium metatitanate
(Li2TiO3). In use, a fluid such as an inert gas Nitrogen (N), for example, impinges the neutron multiplier
shell 104, with some fluid flowing about its outer surface and other portions flowing through the neutron
multiplier shell 104 via the perforations 106. A plurality of flow coolant distributor elements 110 are
disposed on continuous portions of the inner surfaces of the neutron multiplier shell 104 and are fastened
in line with the perforations 106. The fluid cools the shell 104 and the breeder spheres 102 and sweeps
Helium (He), Tritium (or T), and tritiated water (HTO) (produced by the neutron-lithium nuclear reaction
in the breeder spheres 102) from and through the voids 114 between the breeder spheres 102. The swept
Helium, Tritium, tritiated water, and coolant inert gas flow out of the neutron multiplier shell 104 through
some perforations (holes) 106 and a flow distributor 110 that has perforations 112. To maximize lithium
(Li) content, the lithium ceramic breeder spheres 102 and beryllide neutron multiplier shells 104, for
example, are binary-sized and have different-sized diameters, such as three-to-one diameter ratios (3:1), as
do the neutron multiplier shells 104. Fig. 1 also shows a hatch 105 of the shell 104 to load/unload the
spheres 102 (see also the gap 108). The hatch 105 can be mechanically coupled to the neutron multiplier
shells 104 making it movable and lockable or it may be securely fastened to the neutron multiplier shells
104 with a fastener such as through a screwing or thermal bonding.

Fig. 2 shows a mockup of the nested pebble (gold color) that has a series of perforations (holes) 106,
rendering it a porous pebble. The shell is filled with lithium ceramic pebbles (in white). The flow coolant
distributor elements 110 have a plurality of inward perforations (holes) 112 smaller than the outer surfaces
perforations 106 of the neutron multiplier shell 104 and smaller than the breeder spheres 102 to keep the
flow section comparable to the section 106 but restricting the exhaust of the breeder spheres 102.
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FIG. 1: an enlarged cross-sectional view of the "nested pebble" composed of tritium breeding spheres (e.g., lithium ceramics)
enclosed within a neutron multiplier shell (e.g., beryllide) showing coolant flow (e.g., neon) through the neutron multiplier shell,
purging various gases (Tritium, Helium, tritiated water steam, and minor others).

FIG. 2: a mockup of the nested pebble (gold color) filled with Lithium ceramic pebbles (in white).



Fig. 3 shows a fusion reactor 402 that has a donut-shaped toroidal vacuum chamber 406 containing the
plasma 408. Fusion nuclear reactions happen in the plasma, which is confined within the donut-shaped
vacuum area by magnetic fields generated by electric currents that flow through the coils.

The magnetic confinement prevents the fusion plasma from coming into contact with the inner first wall
502 that surrounds the donut-shaped toroidal vacuum chamber 406, preventing the fusion plasma from
disrupting the fusion process and melting the first wall 502. A packing and/or an array of a plurality of
nested pebbles 100 positioned directly adjacent to each other comprise the nested pebble bed blanket 403
that surrounds a vacuum chamber 406 of the fusion reactor 402. The nested pebble bed blanket 403 is
exposed to a neutron flux generated by the fusion plasma 408. In the fusion reactor 402, the neutrons are
multiplicated by the neutron multiplier shells 104, such as by beryllide (beryllium-vanadium and/or
beryllium-titanium compounds) shells, and interact with the breeder spheres 102 (e.g., lithium ceramic
spheres), heating the nested pebble bed blanket and generating helium (He), tritium (H or T), tritiated water
(HTO), and in minor quantities, lithium hydroxide LiOH and other elements that diffuse out of the spheres
into the coolant/sweeping gas (Nitrogen). The tritiated water (HTO) is in the steam phase, and it is generated
by the dissociation of oxygen that recombines with Tritium generated by the neutron reactions with the
Lithium in the ceramic breeder spheres 102. An inert gas such as Nitrogen is pumped by a blower 603 from
a top area 5 of reactor 402 and flows downward. It cools the nested pebble bed blanket 403, which is heated
by the volumetric heat generated by the neutrons released from the fusion plasma 408 interacting with the
nested pebbles 100 in the blanket, and it collects/sweeps the gases generated by the neutrons- breeder
spheres 102 reactions, i.e., Helium, Tritium, tritiated water and small quantities of other gases. The Nitrogen
rich new gases flows through the holes in the perforated hoppers 401, and are collected near the bottom of
reactor 402. The replenishment system enables automatic nested pebble bed blanket rejuvenation through
an automatic replenishment system and transfer process managed by a processor and/or controller. The
nested pebbles 100 are loaded from the top of reactor 402 by a replenishment system such as an automated
conveyor system 412. Spent embedded neutron multiplier shells 104 are exhausted through the hoppers
401. The holes of the perforated hoppers 401 are configured and calibrated to allow Nitrogen to pass through
to a gas loop while guiding the nested pebbles 100 down to a transfer conveyor system 414 near the bottom
of reactor 402. The nested pebble bed blanket 403 is contained and separated from the vacuum chamber by
a first wall composed of a sandwich of materials such as a plasma- facing refractory material 502 and a
steel material 504 cooled by an inert gas such as helium 506 and a structural ring 400. The steel wall portion
504 is adjacent to an inert gas channel 506.

Fig. 4 shows in detail the first wall that surrounds vacuum area 406 as a first barrier to the hot plasma and
contains the nested pebble bed blanket. The first wall is a sandwich of materials, e.g., a plasma-facing
refractory material 502 and a steel 504, which is cooled by an inert gas such as Helium flowing in cooling
channels 506. The refractory material wall can be made of Tungsten or it can comprise titanium (Ti),
zirconium (Zr), and one or two isotopes of molybdenum (e.g., 96Mo and/or 97Mo), for example. More
specifically, the refractory material wall 502 comprises titanium zirconium-molybdenum (TZM) alloy
containing a 0.5% titanium element, a 0.08% zirconium element, a 0.02% carbon element, and 99.4%
molybdenum isotopes 96Mo and/or 97Mo to limit long term radioactive waste. The refractory material wall
502 is adjacent to a steel 504 that conveys thermal energy induced by the fusion plasma to a coolant flow
channel 506 that removes that thermal energy. Helium is pumped by the blower 601 from the bottom area
of reactor 402 and flows upward in channel 506, cooling the fusion-facing wall 502. It is collected near the
top of the reactor 402.
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Fig.3: cross-sectional schematic of a fusion reactor with a nested pebble bed blanket swept by a coolant inert gas (e.g., neon) and
rejuvenated by a replenishment system.
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Fig. 4: enlarged cross-sectional view of the plasma-facing refractory "first wall", its cooling channel, and part of the blanket.

Fig. 5 shows a thermal-hydraulic system for the fusion reactor 402. In operation, Nitrogen rich of Tritium,
Tritiated water steam, and Helium is discharged near the bottom of reactor 402 and flows to a first heat
exchanger 602. The first heat exchanger, 602, transfers the thermal energy (heat) of Nitrogen gas to a cooler
fluid such as a molten salt (e.g., molten nitrate), which heats up and is then pumped to a thermal storage
system and/or a power conversion process or a power generating cycle to generate electricity, for example,
or other power. Some power cycles use carbon dioxide (CO2) or water (steam) during the power generating
cycle. Also in Fig. 5, the Lithium breeding generates important products for the fusion fuel, e.g., Tritium
and tritiated water, that are extracted (along with other products and impurities such as Helium and lithium
hydroxide) from the Nitrogen rich of Tritium, tritiated water steam, and helium mixture by a
separator/purifier 604 and then pumped back into the blanket by the blower 603. Tritium, tritiated water,
and other gas levels must exceed a predetermined concentration in pure Nitrogen before an efficient
separation occurs. For example, when one percent concentration of tritiated water (HTO), tritiated hydrogen
(HT), and Helium (He) with respect to the total amount of Nitrogen mass is reached, separator/purifiers 604
is able to remove most of them from Nitrogen by extraction and a purification process or system. The
purified Nitrogen is recirculated back into the Nitrogen loop. A second heat exchanger, 606 transfers the
thermal energy of the hot Helium that cools the reactor's first wall (composed of walls 502 and 504) to a
second cooler fluid, which can again be molten salt (e.g., molten nitrite). The cooled Helium referred to as
processed Helium, is then pumped by the blower 601 into reactor 402 to continue cooling the first wall 502
through the coolant channel 506, while the molten salt carries the thermal energy to a thermal storage
system and/or to a power cycle that produces electricity.
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Fig. 5: enlarged cross-sectional view of the plasma-facing refractory "first wall", its cooling channel, and part of the blanket.

3. DESIGN JUSTIFICATIONS

A way to increase the tritium breeding ratio is to maximize the lithium content, making the breeder spheres
102 and the neutron multiplier shell 104 (collectively referred to as nested pebbles 100) spherical and
binary-sized. A sphere size ratio (SR) of 3 and a Volume Fraction of the Large sphere (VFL) of 0.7 increases
the solid random packing fraction (fraction of the total sphere volume versus available volume) from 0.64
(single size spheres) to 0.71. Higher size ratio spheres have even higher random packing fractions. For
example, a sphere size ratio of 5 allows a maximum packing fraction of about 0.76 (see Fig. 6). In the use
case of 3:1 diameter ratios in the binary-sized breeder spheres 102, the large spheres may have a diameter
of 2.4 mm, and the small spheres may have a diameter of about 0.8 mm, respectively. The inner perforations
(holes) 112 of the flow distributors 110 in the multiplier spherical shell 104 would have a diameter of less
than 0.8 mm (e.g., 0.7 mm) to retain the small breeder sphere 102 within the neutron multiplier spherical
shell's 104 inner volume. The perforations (holes) 106 (that lead the flow to the flow distributors 110) of
the neutron multiplier shell 104 may have a diameter of less than 2.4 mm, which retain the large breeder
spheres 102 in the multiplier shells 104 in case of a rupture of a flow distributor 110. In the case of 3:1
diameter ratios in the binary-sized multiplier spherical shells 104, the large spherical shell may have a
diameter of about 6 cm, and the small one has a diameter of about 2 cm. When the volume fraction of large
breeding spheres and multiplier spherical shells (VFL) is 0.7, and the size ratio (SR) is 3, there are eleven
times the small breeder spheres 102 and small neutron multiplier spherical shells 104, respectively, than
the large breeder spheres 102 and the large neutron multiplier spherical shells 104, respectively. Further,
the spherical shape of the beryllium (beryllide) neutron multiplier shells 104 encasing lithium breeder
spheres 102 facilitate neutron backscattering inside the shell. Alternative single-size shapes of spheres 102



and shells 104, such as ellipsoids with axes ratios near 1.25:1:0.8 or other shapes, can be envisaged so that
the packing fraction (of lithium ceramics spheres 102 and/or nested pebbles) is still higher than 0.6 and
avoiding the use of flow distributors.
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Fig 6: Average packing fraction vs Volume Fraction of Large Pebble (VFL) for binary-sized pebbles randomly arranged [1].

Further, when the binary-sized breeder spheres 102 comprise lithium oxide (Li20) and the neutron
multiplier binary-sized spherical shells 104 comprise a beryllide compound with a shell thickness of about
1 mm, the nested pebble bed blanket's 403 overall lithium content is about 0.42 g/cm3, which is greater
than prior art molten salt blankets, comprising a mixture lithium fluoride (LiF) and beryllium fluoride
(BeF2) called FLiBe, of about .27 g/cm3. Further, Lithium oxide (Li20) has higher lithium atom density
compared to other lithium compositions (0.93 g/cm3 vs 0.54 g/cm3 in lithium orthosilicate Li4SiO4, for
example); notably, the overall lithium content of the nested pebble bed blanket 403 approaches pure liquid
lithium blankets of 0.45 g/cm3, which is lower than the pure liquid lithium density of 0.51 g/cm3 because
of steel structures. However, pure liquid Lithium may not be used in large quantities due to its reactivity
(flammability) with air, moisture, and water, corrosiveness with steels, and chemical toxicity.

Nested pebbles 100 made of binary-sized (3:1 ratio) lithium oxide (Li20) breeder spheres 102 included in
beryllide compound neutron multiplier spherical shells 104 achieve a tritium breeding ratio exceeding 1.2.
This tritium breeding ratio is realized using a natural lithium composition in the breeder spheres 102, i.e.,
7.5% Lithium-6 and 92.5% Lithium-7. This is in contrast to conventional reactor blankets that use up to
about 90% enrichment in Lithium-6 to attain a comparable tritium breeding ratio. Lithium oxide (Li20O)
also has a strong thermal conductivity (3 W/(mK)), and the breeder spheres 102 made of lithium oxide
(Li20) function at a high-temperature operational range (400 °C — 600 °C).

The use of a fast-sweeping Nitrogen coolant that comprises no helium content enables more efficient
extraction of the Helium produced by fusion reactions because of its speed and absence of limiting diffusion
resistance in comparison to using a low-speed helium sweeping gas (as used in current fusion reactor solid
blankets design), reducing the lithium oxide breeder sphere 102 swelling and so preserving their integrity.
Additionally, Nitrogen is unreactive with Lithium oxide at high temperatures, and it is cheap. Neon could
also be used because of its superior thermal properties since it has high thermal conductivity, heat capacity,
and low viscosity, but it is expensive, while Argon (another option) activates under irradiation.

Production of the corrosive lithium hydroxide (LiOH(T)) is kept at low levels by the fusion reactor's
separator/purifier 604, where lithium hydroxide (LiOH(T)) is extracted (along with tritiated hydrogen (HT),



helium (He), and tritiated water (HTO)). Further, the beryllide neutron multiplier shells 104 resist oxidation,
making it resistant to the lithium hydroxide (LiOH(T)) induced corrosion.

In the use case, beryllium (beryllide compound Be-V and/or Be-Ti) is used in the neutron multiplier shells
104 because of its low energy threshold (e.g., 1.86 MeV) for (n,2n) neutron multiplication. A (n,2n) reaction
represents a neutron-induced reaction when a neutron collides with a target nucleus, ejecting the two
neutrons. Further, beryllium has a very low neutron absorption, has a high melting point (1287 °C), is
lightweight, resists indentation, scratching, and abrasion (e.g., it is stiff), is a good thermal conductor, is
non-magnetic. Beryllide compounds share all the beryllium properties, but in contrast to pure beryllium,
they have the added advantage of not deforming meaningfully because of their desorption properties of
helium and tritium gases generated by neutron irradiation. Comparatively, beryllide has a density thirty
percent lower than aluminum and a stiffness three times greater than titanium. As a consequence, the nested
pebbles 100 can be made of very light materials, e.g., beryllide (Be-V and/or Be-Ti) and a lithium ceramic
(Li20), resulting in a small gravity load in the blanket's nested pebble staking and the disclosed beryllide
neutron multiplier shells 104 do not need steel structures to maintain their structural integrity, maximizing
the nested pebble bed blanket's trititum breeding ratio; further the thinner are the shells (e.g., ST = (outer
diameter (OD) — inner diameter(ID) )/2) the higher is the tritium breeding ratio.

The stacking and the geometry of nested pebbles 100 facilitate automatic and continuous replacement that
may be based on a reactor's tritium breeding efficiency. When a surface coating material, such as titanium
nitride (TiN), is applied to the nested pebbles, the coefficient of friction among the nested pebbles is reduced
from 0.5 (beryllium-beryllium) to 0.11 (titanium nitride-titanium nitride), facilitating the nested pebble's
movements during the recharging and unloading. Further, such coating eliminates the health risks
associated with beryllium (beryllide) powder generated from the nested pebbles "rubbing" with each other
in their movements, including the potential for respiratory illness and skin disease.

In the fusion reactor 402 shown in the cross-section in Fig. 4, typically one-third of the heat produced by
the fusion reaction may be transferred to the first-wall 502 (by plasma irradiation and charged particles -
surface heating) while two-thirds of the heat may be transferred to the blanket, i.e., the nested pebble bed
blanket heated by volumetric heating induced by the neutron flux-pebbles interaction. The fusion reactor's
helium coolant dissipates heat from the first wall efficiently through its heat transfer properties (high
thermal conductivity, high heat capacity, and low viscosity), and its ability to operate at high temperatures
without becoming reactive with any material; the refractory material 502 that serves as the plasma-facing
wall 502 comprises titanium (Ti), zirconium (Zr), or TZM because of its outstanding physical properties
comparable to Tungsten. Molybdenum, though, has a much lower atomic mass, generating substantially
higher radiative power losses. The -96 and -97 isotopes of molybdenum (e.g., 96Mo and/or 97Mo) are
chosen to avoid long-term radioactive waste, as proven in [5] (see Fig. 9). Further, Molybdenum is quite
stable under neutron irradiation (low transmutation rate) and can actually multiply neutrons above 7 MeV
(see (n,2n) in Fig. 8). Tungsten has been used typically for first-wall and divertor armor, and a comparison
of the two is shown in Table 2.

The titanium-zirconium-molybdenum alloy comprises a molybdenum alloy containing 0.5% titanium,
0.08% zirconium, and 0.02% carbon with the balance (99.4%) molybdenum -96 and -97. The alloy reduces
the likelihood that the plasma facing wall 502 becomes brittle at high temperatures (TZM has a higher
recrystallization temperature than pure molybdenum). Moreover, titanium-zirconium-molybdenum
behaves much like Tungsten, with up to fifty displacements per atom and with high strength, hardness,
creep resistance, and ductility, and without any disadvantages of Tungsten, as shown in Fig.7.

TZM further has a higher recrystallization temperature than pure molybdenum, reducing the likelihood of
embrittlement at higher temperatures and in elevated temperature applications, TZM's higher strength,
hardness, creep resistance, and ductility ensure it will not weaken or soften. Further, with neutron damages
up to 50 dpa, TZM behaves very closely to Tungsten (Fig. 7, [29]). Because of the points above TZM with
Molybdenum in its isotopic composition -96 and -97 is preferred to Tungsten here as a first wall material.
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Table 2: Tungsten vs. Molybdenum

Property Tungsten (W) TZM (Ti-Zr-*Mo-'Mo)
Melting point 3422 °C 2623 °C
Tungsten is more resistant to the extremely high temperatures

found in fusion reactors.
Thermal conductivity 170 W/mE 118 W/mK
Tungsten transfers heat more effectively than molybdenum

from plasma-facing surfaces.

Sputtering Yield Similar
Hydrogen retention W lower than TZM

TZM's higher hydrogen retention may degrade plasma

performance more than tungsten.

Long-termneutron activation | W has a lower long-term activation than TZM but when TZM
is enriched with isotopes -96 and -97, its long-lived
radioisotopes are dramatically reduced.

Mechanical properties W is more brittle than TZM.

Flexibility (less brittle) is preferred to accommodate thermal

and mechanical stresses.

Density 19.25 g/cm’® | 10.16 g/ecm’
TZM is much lighter than tungsten: this helps structurally.
Atomic (Z) number 74 42

Tungsten has a much higher atomic number than TZM, with
the chance of generating substantially higher radiative power

losses.

Structural Material Operating Temperature Windows: 10-50 dpa

w ' i

Mo (TZM)
Ta-8W-2Hf
Nb-1Zr-.1C
V-4Cr-4Ti
ODS ferritic st.
F/M steel

316 8§

Inconel 718
SiC/sic

Radiation
embrittiement

600 800 1000 1200
Temperature ("C)

0200 400 1400

Fig 7: Estimated operating temperature windows (dark shaded region) for structural materials in nuclear energy systems for
damage levels of 10 to 50 dpa. The light blue and red regions represent lower and upper temperature uncertainty bands [29].
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Fig. 9: Simulation results Mo isotopes after a 5-year exposure to the divertor armor spectra (ITER). From Gilbert et al. [5].

The molten salt in Fig. 5 may comprise a molten nitrate salt combination by mass of 43% potassium nitrate
(KNO3), 40% sodium nitrate (NaNO2), and 7% sodium nitrate (NaNO3) that possesses a low melting point
(142 °C), a high boiling point (593 °C), it is not corrosive, exhibits insensitivity to radiation damage, does
not undergo reactions with lithium oxide (Li20), has high thermal conductivity, and is liquid at atmospheric
pressure. This type of molten salt (e.g., molten nitrates) is preferable for thermal storage applications or as
an intermediate fluid to insulate neon from water. In systems that adjust electricity generation to match
changes in demand for power (e.g., load-follow generation), thermal storage allows an easy change of
electric output from the fusion power plant. Further, thermal storage provides the thermal inertia needed to
balance the discontinuous power production in typical fusion reactors. The heat transfer salt is maintained
at atmospheric pressure (0.1 MPa), while the neon and helium coolants are pressurized at 8 Mpa. Thus,
should a heat exchange element rupture (e.g., a tube shell), the neon and Helium circulating in the fusion
reactor will discharge into the molten salt, impeding their contamination with the molten salt.
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4. TECHNOLOGY READINESS LEVEL (TRL) ANALYSIS

The supporting technologies of NesPeB - single components like lithium oxide pebbles or systems such as
purification plants, etc. - can be acquired from other technical fields. For example, the pebble bed concept
was validated in fission reactors as well as pebble conveyors and hoppers (Figure 10(a,b)).

Beryllium shells, similar to the nested pebbles, were built for aerospace gyroscopes (Figure 11(a) top);
precise laser drilling can be used for the Beryllide shells perforations, physical vapor deposition (PVD) for
the Titanium Nitride coating on the Beryllide shells (used before in coated drills, see fig. 11 (a) bottom).
Further, Li20 pebbles have been manufactured by wet process (Figure 11(a) middle, see [6,7]).

The purification plant to separate Tritium, tritiated water, and other impurities from Nitrogen is almost
identical to HTGR fission reactors (THTR-300 in Germany and HTR-300 in China [33], i.e., with TRL=9).
The picture in Figure 11(b) represents the purification and extraction plant of THTR-300 (300MW) that ran
in the 1980s for several years and is similar to the currently running Chinese HTR-PM. The gases separated
from Helium by the THTR are Hydrogen and Water. Carbon monoxide & dioxide, Oxygen, Nitrogen, and
incondensable heavy fission gases are also extracted but do not apply to the NesPeB. There is also a dust
filter that, in our case, can remove the lithium hydroxide. The THTR 300 MW purification plant could
separate up to 76g/day of hydrogen, almost the same as 75g/day of Tritium for a fusion reactor of the same
power [33].

Table 3 gives the particular TRL levels of the various components of the NesPeB blanket. While most of
the components of NesPeB have a TRL level of at least 6, the overall TRL level cannot be greater than 2
(concept created and verified by simulations) because there is no hardware yet built to test the concept. The
path to higher TRL levels, though, is quite straightforward as a simple irradiation experiment of a subset of
the pebble bed would be enough to boost the overall TRL to 5-6.

(a) (b)

Figure 10: (a) the core of the Pebble Bed fission reactor THTR-300 (Germany) (b) the hopper of the Pebble Bed fission reactor
HTR-300 (China)
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-160C

1: dust filter, 2: recuperator, 3: cooler, 4: separator, 5: activated charcoal filter,
6: copper oxide catalyst, 7: recuperator,8: cooler, 9: separator, 10: molecular sieve, 11: recuperator,

12: cooler, 13: activated charcoal filter, 14: helium compressor

g

helium out

1: recuperator, 2: helium circulator, 3: cooler, 4: CuO catalyst,

5: molecular sieve

Figure 11: NesPeB already proven technologies: (a) top Beryllium spherical shell from gyroscopes (1.5-inch diameter), (a) middle,
Lithium Oxide Pebbles [6,7], (a) bottom, Titanium Nitride coated drill, (b) Scheme of the THTR gas purification plant [33].

Table 3: NesPeB Technology Readiness Level and Manufacturing Readiness Level analysis
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Nested Pebble .. Beryliumshell ..........

Nested Pebble bed concept Lithium oxide pebbles

Pebble bed concept l........ Titanium Nifride
Coating

Pebbles conveyors .

Tungsten plasma facing lI.IIIIl
wo  EEEEEN
Thermodynamic cycle

Tritium extraction .......
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5. ANALYSIS THROUGH SIMULATIONS

The first simulations of the NesPeB blanket using MCNP (Monte Carlo N-Particle code [40]), part of the
Fusion Reactors Models Integrator (FERMI) [2] software suite, are encouraging as they estimate a tritium
breeding ratio (TBR) greater than 1.2 using natural Lithium for a typical "Fusion National Science Facility"
(FNSF) [39]. The pressure drop across the blanket calculated with the OpenFoam-FERMI code [2] and
approximating the Nested Pebbles with a porous media following validated procedures used in fission
pebble bed reactors [42] was found to be 4.65% of the total pressure (§MPa). Such value is less than 5% of
the total, and it is considered an acceptable loss from an engineering point of view.

Further, the nested pebble simulations demonstrated excellent heat transfer properties. Single pebble
simulations were conducted with representative flows up to 1 m/s fluid velocities (Fig.11(a),(b)), and the
Li20 pebbles never got close to the melting point temperature (1438C).

The current results are summarized in Table 4; a full blanket parametric study and optimization using
simulations are ongoing, and the results will be used to verify the concept. Experimental results will be
needed for a complete validation.

(a) (b)

Velocity: Magnitude (m/s)
1

Sliced view

0.8

0.6

0.4

0.2

Figure 12: (a) detail of the Nested Pebble CAD, (b) detailed simulation with a Im/s impinging velocity.
A separate TM report with the details of the simulations and models is being prepared.

Table 4: Performance metric for the NesPeB blanket that will be evaluated with experiments and simulations

Metric Project Goal Design Outcome FERMI
1 | NesPeB Tritium Breeding Ratio with natural Lithium isotopic composition 12 Fusion self sufficiency 1.21
2 | Blanket pressure drop < 5% of the total inlet pressure Power efficiency 4.68%
3 | Optimal Temperature range for breeding pebbles and shells 350-700C for L20 Ophfr\nc(i:l;sre:gsl‘g éfg Iuﬁ?uﬂifcw’:lfhon \{
P P g gp 350-550 for the Beryllium shells P i
deformation
4 | Lithium hydroxide (LiOH) concentration <70ppm Low corrosion 18D

Coating does not peel off nor degrades meaningfully [Nested Pebbles can move against

5 | Stability and integrity of the shells coating (Titanium Nitride) under irradiation each ofher TBD
6 | Integrity of the breeding pebbles (Lithium Oxide) Acceptable swelling, no failures Reliable fritium production TBD
7 | Integrity of the Beryllium (Aluminum) shell No failures allowed Infegrity of the Nested Pebble Bed 18D
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6. CONCLUSION

The nested pebble bed blanket has high thermal efficiency, sustains Tritium breeding ratios greater than 1.2
using a natural Lithium isotopic composition, has moderate pressure drop, and is cooled and swept from
Tritium efficiently by inert and not corrosive gases (Helium, Nitrogen) with a maximum temperature of
550 °C. The nested pebble bed blanket is unaffected by disruptive magnetohydrodynamics effects because
the blanket does not rely on liquid metal coolants and/or breeders. Because the Lithium ceramic pebbles
are kept insulated from water, the system prevents unintended lithium-water reactions that may create fire
hazards and/or degrade the tritium breeding. The nested pebbles made of Lithium ceramic breeder spheres
and neutron multiplier Beryllide shells are loaded in the blanket cavity and exhausted by continuous
replenishment, i.e., the loading and unloading process and system.

NesPeB has the potential to be transformational and disruptive since it can solve all the main, challenging
technical problems of fusion device blankets and accelerate a pilot plant delivery for 10 or more years.
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