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Abstract

Cryogenic fuel target (CFT) injection is a critical component of the phased strategy to develop and demonstrate
successful target technologies for ICF/IFE applications. This opens a way to implement a uniform laser irradiation of CFTs
which are flying in the reaction chamber. The paper goal is the development of basics and concepts for CFT injection at least
at a rate of 10 Hz that is characteristic of IFE reactor. For this, a setup based on magnetic levitation (MAGLEV) technologies
was created to demonstrate credible solutions in the area of CFTs noncontact transport and their repeatable injection.
Herewith, a necessary element is a levitating CFT carrier made from Type-Il, high-temperature superconductors
(HTSCs).This paper discusses four principal categories: 1) tandem HTSC-carrier configuration (design and materials); 2)
construction of a linear permanent magnet guideway (PMG) to maintain a friction-free acceleration of the HTSC-carrier; 3)
development of a spring mechanism for driving the HTSC-carrier; 4) development of an optical tracking system to control
the HTSC-carrier and injected targets motion. In demo experiments (T = 80 K), a magnetic track (size 360x24x5 mm) had a
cross-sectional magnetic induction gradient AB = 0.33 T to provide a required stability of the levitation height over the
whole acceleration length. The motion of the HTSC-carrier (size 50x4x4 mm, mass 0.55 g weight) containing two surrogate
targets (3-mm-glass beads) was recorded, followed by HTSC-carrier mechanical braking and targets injection with a rate of
10 Hz (target nest from foam polymers) and 25 Hz (target nest from full density polymers). A soft electromagnetic option of
the HTSC-carrier braking using two ring permanent magnets were also analyzed. Further development of the proposed
approach will allow to demonstrate the CFT acceleration, injection and tracking systems, and to obtain new results under
conditions of the uniform irradiation of CFTs on existing laser drivers.

1. INTRODUCTION

Fuel supply for high-power laser facilities or inertial fusion energy (IFE) reactor is a key component in the
controlled thermonuclear fusion research program. Fuel supply includes: 1) manufacturing of the free standing
(un-mounted) CFTs and 2) finished CFTs injection into the reaction chamber at rates as high as 5-10 Hz with a
precise CFT" location to achieve their uniform, spherically symmetric irradiation by a laser.

The features of scientific and technological problems associated with the first task are discussed in detail in [1].
The present work is devoted to the second task: CFT delivery by injection both in a single and a repeatable
mode with a rate at least of 10 Hz.

At present, in existing inertial confinement fusion (ICF) facilities, laser irradiation is carried out on a CFT,
previously fixed at the laser focus using a special suspension (thread, capillary, cone, film, etc.; see, for
example, [2]). The presence of a material contact between the suspension and the CFT does not allow the
fundamental requirement of ICF to be realized: uniform or spherically symmetric irradiation of CFT. The
problem solution lies in the implementation of the CFT delivery by injection.

For this goal, innovative technologies for the creation of a noncontact HTSC-MAGLEV accelerator with a
levitating CFT-carrier are intensively developed at the Lebedev Physical Institute (LPI). The studies are based
on the phenomenon of quantum levitation of HTSCs in the gradient magnetic fields. The basics and concepts for
HTSC-MAGLEYV acceleration for ICF/IFE can be found in [3, 4].

To solve the injection problem it is important to clearly distinguish two different options in the research:
injection rates for ICF (existing laser facilities) and for IFE (future reactor). Using ICF laser facilities opens up
new perspectives and new capabilities in HTSC-MAGLEV application for laser ICF/IFE. It will allow to
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integrate the operation of target acceleration, injection and tracking systems, and to enhance the CFT
performance during implosion when the laser beams will be focused on the CFT surface in a uniform pattern.
For IFE reactor (chamber radius R¢, ~ 6 m [5]), the CFT with a temperature of T ~ 18 K must be accelerated to
high injection speeds of 200—400 m/s to withstand the high temperature environment of the reaction chamber
(wall temperature is T, ~ 1758 K [5]). According to the Stefan-Boltzmann law J, = 6T, the value of the thermal
radiation flux density J, coming from the hot chamber walls and incident on the CFT surface is proportional to
the fourth power of the temperature. Taking this into account, the requirements for the CFT injection rate for the
existing ICF laser facilities (T, = 300 K and Ry, = 1-5 m) can be an order of magnitude lower. The
mathematical modeling performed in [6] has confirmed this assumption. For a low initial aspect ratio (A = 3 and
A = 5), the direct-drive targets with a 300 xg-DT mass [7] have a speed range of Vi, = 3.2-17 m/s, which is
significantly lower than for IFE reactor. This makes it possible to start developing a CFT injection system
operating at room temperature and to demonstrate key issues for the injection process on existing laser facilities
(Table 1). Then, one can integrate the target acceleration, injection and tracking systems into a single system at
room temperature T, and then upgrade it to cryogenic operations and high temperature chamber wall.

TABLE 1. THE REQUIRED INJECTION SPEED OF THE CFT (m/s) FOR ITS ACCURATE PLACEMENT
IN THE CENTER OF THE REACTION CHAMBER

Ren (M) o = 45° o =30° a=15° a=10° o=5° Note: ICF laser facilities

5.0 7.1 7.6 9.8 12.1 17.0 UFL-2M [8], NIF [9], LMJ [10]
0.9 3.2 3.4 4.5 5.4 7.7 OMEGA [11]

0.5 2.2 2.4 3.2 3.8 5.4 DOLPHIN [12]

0.15 1.2 1.3 1.7 2.1 3.0 GARPUN [13]

2. EXPERIMENTAL SETUP

To achieve the values specified in Table 1, the first stage of a linear HTSC-MAGLEYV accelerator is being
created at the LPI. This approach is attractive because there is no physical contact between the levitating HTSC-
carrier and the accelerator, and as a result, there will be no wear of either component during the CFT delivery
especially under high repetition rate operation. Besides, the issue of using the cryogenic lubricants is removed,
because their effectiveness at temperatures of T < 20 K is very problematic. Finally, the aim is to avoid
additional preheating of the CFT due to mechanical friction, since the permissible variations in the CFT
temperature should not exceed 100 mK [14].

The setup includes the following main components: simple and tandem HTSC-carriers and HTSC-MAGLEV
accelerator. Three models in the form of a «hollow parallelepiped» (cross section forms a square) were used:
model #1: size 25x4x4 mm, mass 0.97 g; model #2: 37x4x4 mm, 0.29 g; model #3: 50x4x4 mm, 0.55 g (Fig.
1). The HTSC-carriers were made from second-generation high-temperature superconductor (2G-HTSC) tapes
[15] with a J-P1-04-20Ag-20 Cu structure and a critical superconducting temperature T¢ ~ 92 K. As 2G-HTSC
tapes are type Il superconductors they allow the magnetic flux lines penetration through their bulk when the
applied magnetic field B is between Bc; < B < Bc,, where Bc; and B, are the critical magnetic fields. The
penetration of flux lines produces the flux vortices (so-called Abrikosov vortices [16]), the state of which
appears as “frozen” in the volume of the superconducting material, and any spatial motion of the superconductor
will lead to the motion of the magnetic flux line associated with the vortexes. According to Lenz Law, when an
electric current is induced due to a changing magnetic field the direction of the induced current will always
oppose the change in the field that caused it. Thus, the effect of the “frozen” flux (flux pinning effect or
quantum locking phenomenon) allows fixing the HTSC sample in space, which leads to levitation stability of
the acceleration process [16-18].

FIG. 1. HTSC-carries used in the experiments. In (a): general view of three carries models at room temperature (T = 300
K); in (b:) HTSC-carrier during levitation (model #1, T ~ 80 K).
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During levitation, the HTSC-carrier was maintained at a temperature of 80 K < T¢ ~ 92 K at the expense of a
polymer foam saturated with liquid nitrogen (T =77 K) and placed inside it (see Fig. 1a, model #3).

The experiments have confirmed that the 2G-HTSC tapes [15] can be successfully used to maintain a friction-
free motion of the HTSC-carriers, and also to provide a required stability of the levitation height over the whole
acceleration length due to the flux pinning effect.

HTSC-MAGLEYV accelerator consists of four units (see Fig. 2):
— PMG system with a magnetic track with the following parameters:

e Size 360x24x5 mm;

e Permanent magnets with an axial magnetization are oriented S-N-S on the track to produce a large
cross-sectional gradient [17] (in our case AB = 0.33 T);

e Permanent magnets are covered in the middle with an iron collector to guide and concentrate the
magnetic flux onto the working magnet surface.

e Such magnetic track architecture is due to the fact that much of the stability during acceleration comes
from placing the HTSC-carrier in a magnetic field gradient when there is a strong gradient in one direction and
no gradient in the others. For this case, in the PMG construction the magnetic track must allow the HTSC-
carriers to move freely only in one direction on account of the existing cross-sectional magnetic-induction
gradient according to formula [18]:

F= 4y a8y
244 Sy
where po is the permeability of vacuum, Vs is the superconductor volume, dBS/ dY js the cross-sectional

gradient of the magnetic induction. Recall that superconductors are classified as diamagnetic materials with a
magnetic susceptibility yx < 0. This allows avoiding any contact of HTSC-carriers with a stronger magnetic field,
which pushes out them and return them to their initial trajectory.

—Trigger system includes a spring mechanism for driving the HTSC-carrier. This is a tightly wound spring
about to explode (8-mm-diameter spring and 4-mm-diameter in a compressed state, its height is 15-mm
maximum, 4 turns).

— Optical system for tracking HTSC-carrier and injected targets during motion.

— Separation module between HTSC-carrier & target, including a mechanical brake and an injector nozzle.
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FIG.2 A schematic (a) and a general view (b) of the spring HTSC-MAGLEYV accelerator: 1- spring trigger mechanism, 2 —
HTSC-carrier (T = 80 K), 3 — two surrogate targets (glass beads of 3 mm in diameter), 4 - magnetic track (T = 300 K), 5 —
optical sensors for speed measurements of the HTSC-carriers, 6 — mechanical brake and injector nozzle, 7 — laser
semiconductor diode (A = 650 um), 8 — injected target.
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The processes of both acceleration and deceleration of the levitating HTSC-carrier can be carried out either by
mechanical or electromagnetic action [4]. In this work, the carrier driving in the HTSC-MAGLEV system was
provided by mechanical action based on a spring mechanism.

A schematic and a general view of the experimental setup are shown in Fig. 2. The magnetic track is a simple
combination of neodymium-iron-boron magnets and sheet steels. It consists of 9 rectangular magnets with axial
magnetization and residual magnetic induction of 1.45 T. A magnet size is 120 mm x 8 mmx 4 mm. The middle
three magnets are covered with an iron plate (magnetic flux line collector) having a size of 340 mm x 10 mm x
0.5 mm. All construction lies on an iron base with a size of 360 mm x 24 mm x 1 mm. The cross-sectional
gradient is AB = 0.33 T. Directly above the magnetic track, a 24-mm-wide plastic limiter is installed, at the end
of which a mechanical brake is mounted with a vertical 3.5-mm-wide nozzle for the flight of the injected target.

The speed of HTSC-carrier was measured according to an optical scheme shown in Fig. 3. After
synchronization, each radiation detector located at a certain distance L from each other records the moments of
intersection of the HTSC-carrier with a laser beam: t; and t,. Hence, the HTSC-carrier speed can be simply
defined as v = L/At. The accuracy of determining the coordinates is +1 mm at a base distance L = 200 mm. The
accuracy of determining the radiation detector response is +20 ps. The speed measurements of the HTSC-
carriers of various geometry in the spring HTSC-MAGLEV accelerator showed the values in the range of
2.8-7.1 m/s.

FIG.3 Optical scheme for speed measurements of the HTSC-carriers: 1 — HTSC-carrier, 2 — He-Ne continuous-wave laser, 3
— laser radiation detector, 4 — magnetic track.

FIG. 4. Testing of the magnetic track alignment. In (a): 1 — spring trigger mechanism, 2 — HTSC-carrier (4 — HTSC-carrier
at the start of its guide lane, B — HTSC-carrier in the middle of the magnetic track, C — HTSC-carrier reflection at the
magnetic track end, D — return of the HTSC-carrier at the starting position), 3 — magnetic track, 4 — HTSC-carrier speed
sensors, 5 — mechanical brake. In (b): HTSC-carrier levitation at v ~ 7 m/c (model #2); in (c): HTSC-carrier with a target
nest from a full density polymer levitates at v ~ 3 m/c (model #3); in (c): HTSC-carrier in front of the nozzle after the target
injection.

Alignment of the magnetic track was tested experimentally according to Fig. 4. The cartridge (1) of the trigger
mechanism contains the HTSC-carrier (pos. 2A) which is fired for its placement over the magnetic track (3).
The HTSC-carrier begins to levitate along the magnetic track (pos. 2B) to the end point (5), in which it is
reflected (pos. 2C) and then it returns to the beginning of the path (pos. 2D). Thus, we have a levitating HTSC-
carrier, which is free to move back and forth exactly along the magnetic track. In this case, namely the
magnetic gradient AB = 0.33 T limits its deviations in the transverse direction from the given trajectory.
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3. RESULTS AND DISCUSSION

The following results were obtained in the experiments:
— The HTSC-carrier like tandem was used (two surrogate targets inside one carrier).
— The speed of the HTSC-carrier for one stage of the MAGLEYV accelerator was in the range of 1.2-7.1 m/s,
what is fallen within the range of Table 1. The low speeds correspond to a manual start-up of HTSC-carrier
motion.
— The gap between the HTSC-carrier and a magnetic rail was no varying with time, i.e. the levitation drift
during the HTSC-carrier motion is absent.
— The injection rate was in the range of 10-25 Hz. It depends on the material from which the target nest inside
HTSC-carrier is made.
— The acceleration of the HTSC-carrier with a subsequent braking and then an injection of two surrogate
targets (glass beads) were recorded (Fig. 5 and 6). The time interval between the injection of two targets was ~
0.1 s (Fig. 5, target nest inside HTSC-carrier is from a foam polymer) and 0.04 s (Fig. 5, target nest from a full
density polymer), which corresponds to an injection rate of ~10 Hz and ~25 Hz, correspondingly.
— In the experiments, a hard braking was carried out mechanically, but the possibilities of soft electromagnetic
influence on the deceleration process were discussed (Fig. 7 and 8).
— These results are the bases for high-repetition injection of solid spherical polymer beads (polystyrene,
deuterated polystyrene and some others) with different diameters.

Fig. 5 demonstrates stop-frames of the video recording of two targets injection one after another obtained in
continuous light of semiconductor LD. The target nest is made from a foam polymer. The time interval between
the injection of two targets is ~0.1 s, and the injection rate is 10 Hz.

4 A 4 4
Fig.5 Two targets injection at a rate of 10 Hz using a tandem HTSC-carrier (model #3): frame 1 — before injection; frame 2

— the 1% injected target crosses the laser light; frame 3 — the point of 2" target injection; frame 4 — the 2" injected target
crosses the laser light.

Framel (32

FIG.6 Two targets injection at a rate of 25 Hz using a tandem HTSC-carrier (model #3). In (a): frame 1 — the point of 1%
target injection (shown in white dotted line), frames 2 and 3 — 1% target in flight, frame 4 — the point of the 2™ target
injection (shown in red solid line); in (b): general view of the tandem HTSC-carrier (1 — HTSC-carrier housing; 2 — target
nest from a full density polymer, 3 — polymer foam for saturating with liquid nitrogen); in (c): tandem HTSC-carrier
levitation; in (d) sequential launch of two HTSC-carriers into the MAGLEV accelerator (4 — HTSC-carrier for a single
target, model #1).


https://context.reverso.net/%D0%BF%D0%B5%D1%80%D0%B5%D0%B2%D0%BE%D0%B4/%D0%B0%D0%BD%D0%B3%D0%BB%D0%B8%D0%B9%D1%81%D0%BA%D0%B8%D0%B9-%D1%80%D1%83%D1%81%D1%81%D0%BA%D0%B8%D0%B9/hard+braking

IAEA-CN-316/INDICO ID #2680

Fig. 6 demonstrates stop-frames of the video recording of two targets injection one after another obtained in the
strobe system. The target nest is made from a full density polymer. Time interval between the injection of two
targets is ~0.04 s, and the injection rate is 25 Hz. Fig. 6d shows a sequential launch of two HTSC-carriers into
the MAGLEYV accelerator that shows another scenario for target delivery by injection.

Ending this section note that a hard braking after a powerful acceleration, which will be essential attributes of
the CFT delivery, can be a big problem for IFE reactor, which is as follows: a fragile CFT must survive
deceleration process without damage. Therefore, for a nearest future a step-change in deceleration technology
will be required to meet the 10-Hz requirements for reactor-scaled CFTs. We have started with a soft
electromagnetic option of the carrier deceleration and performed the proof-of-principle experiments.

Since the braking process is a part of separation process between the HTSC-carrier and the target, we will
consider just the electromagnetic option when the properties of HTSC materials can be used optimally for both
separation and braking operation. In the process of separation which can be done with a set of permanent
magnets or field coils, the HTSC-carrier drops its velocity during its motion in the growing magnetic field
according to formula (1), while the target keeps its velocity moving forward by inertia (target is nonmagnetic
and it is not affected by the magnetic field).

In this regard, we made changes in the design of the separation module. The principal of its operation is shown
in Fig. 7. To influence the HTSC-carrier, two ring permanent magnets based on neodymium-iron-boron
(NdFeB) with an anti-corrosion coating of Ni-Cu-Ni (Nickel) were used. The magnet dimensions are: outer
diameter — 35 mm, inner diameter — 20 mm, height — 8 mm. A residual magnetic induction B = 1.4 T. The
HTSC-carrier is thrown vertically from a height of 10 cm with a zero initial velocity (on the ground its speed is
1.4 m/s). During free fall it enters the increasing magnetic field. As the HTSCs are diamagnetic, the HTSC-
carrier is pushed out from the area of a stronger magnetic field.

FIG.7 Vertical deceleration of the HTSC-carrier of a «hollow parallelepipedy type with a polymer foam saturated with
liquid nitrogen in a gradient magnetic field.

Under these conditions the carrier stops and becomes suspended over a magnet at a certain height (Fig. 7a). This
height does not change unless HTSC-carrier temperature changes. Its value depends on the time before the
HTSC warms from T ~ 80 K back up to the transition temperature Tc ~ 92 K. To avoid rapid heating different
insulation materials were used in the experiments. For models in the form of a «hollow parallelepiped» it is a
polymer foam saturated with liquid nitrogen (Figs.7a and 7c¢). For models in the form of «open parallelepiped»
(length inside 25 mm, width inside 8 mm, height 4 mm, total mass 1.25 g, see Fig.7b) it is a liquid nitrogen
(boiling point 77 K) was poured directly into the HTSC-carrier (Fig. 7b). Obviously, the case shown in Fig.7b is
preferable — the height does not change for a long time until the liquid helium boils away. To achieve such
results for the «hollow parallelepiped» carriers, it is planned to use new HTSC materials with porosity above
50%. The pores in such HTSCs provide a better penetration of a coolant, efficient heat removal and stable
operation [19].

Below we present a proof-of-principle demonstration of the method of braking the HTSC-carrier to separate a
target with the same permanent magnets as in  Fig. 7. To manipulate the rate of horizontal braking one must
adjust either the magnitude or duration of magnetic force (braking impulse) applied in the horizontal direction to
provide stable and smooth movements of the HTSC-carrier in the MAGLEYV accelerator (Fig. 8). Inour case, the
magnets were located at an angle or parallel each other. The speed of the HTSC-carrier was 1.2 m/c (Fig. 8a,b,
d) and 3.2 m/c (Fig. c, f). Note that in the process of magnetic braking, three main parameters play a role:
temperature, HTSC-carrier speed and magnetic force field (Br x dBr/dr, where r is a coordinate directed along the
acceleration length). Since in our experiments (Fig. 8) the braking time was several seconds, the influence of
temperature can be excluded.
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The results of demonstrating the magnetic braking impulse are as follows: 1) if the HTSC-carrier speed is less
than 1.5 m/c, then the carrier braking is successful; 2) otherwise the HTSC-carrier flies through the magnetic
field without braking regardless of how the magnets are located.

Fig. 7c shows how to change the HTSC-carriers orientation to remove them from the MAGLEV accelerator
after target injection. This is an important step in the development of HTSC-carrier separation module whose
operation is based on using a special coil with a pulsed, repetitively cycled signal to direct the used HTSC-
carriers into a special collection system.

FIG.7. Proof-of-principle experiments: HTSC-carrier braking using magnets located at an angle (a — d) or parallel (f) each
other (I — magnets, 2 — magnetic track, 3 — HTSC-carrier). In (a): HTSC-carrier during motion at 1.2 m/c; in (b): HTSC-
carrier during successful braking; in (c): changing the direction of the magnetic field allows the HTSC-carrier to be turned
by 90°; in (d): HTSC-carrier during motion at 3.2 m/c without braking by magnets located at an angle each other ; in (e):
HTSC-carrier at 3.2 m/c freely passes through the entire braking zone at parallel magnets location as well.

Thus, to manipulate the HTSC-carrier braking or its orientation for removing from acceleration system it is
necessary to create the required magnetic field gradient for a given HTSC-carrier speed. For existing laser
facilities these values are not high (vin; = 3.2-17 m/s; T¢, = 300 K and R¢, = 1-5 m [6]). But for the IFE reactor
(Vinj = 200—400 m/s; Tey ~ 1758 K and Rg, ~ 6 m) [5]) it is important to highlight that the optimization of braking
impulse will require a high level of technical ability.

4. CONCLUSION

A step-change in CFT injection technology is required to meet the ICF/IFE requirements for high repetition rate
(HRR) conditions. This is now being realized at the LPI in the development of HTSC-MAGLEYV technologies
for injection delivery of CFTs at the laser focus both in a single and repeatable mode. Our approach is based on
the phenomenon of quantum levitation of a superconducting target carrier (HTSC-carrier) in gradient magnetic
fields. To meet these challenging HRR-requirements, a setup for demonstrating the injection capabilities was
build using spring launch technology combined with magnetic levitation, allowing no heat energy transfer into
the CFT from the accelerating medium. And in doing so, a CFT overheating will be excluded in terms of loss of
quality of the D-T layers, and a service life of the delivery system will be extended, especially when it operates
under HRR conditions. Experiments and modeling have confirmed the prospects of this approach [20]. In this
work, we used the created setup with the magnetic track having a cross-sectional induction gradient AB =0.33 T
to provide a required stability of the levitation height over the whole acceleration length. A series of injection
tests were conducted to verify a tandem HTSC-carrier configuration. The motion of the tandem HTSC-carrier
containing two surrogate targets was recorded, followed by its mechanical braking and targets injection with a
rate of 10 Hz (target nest from a foam polymer) and 25 Hz (target nest from a full density polymer). Because in
IFE experiments a fragile CFT must survive the braking process without damage, the potentials of a soft
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electromagnetic braking were also analyzed. Proof-of-principle experiments have shown the possibility to
manipulate both the magnetic braking of the HTSC-carrier and its orientation after separation between the target
and HTSC-carrier. The latter is a necessary element when creating the HTSC-carrier separation module to
remove the used carriers from the HTSC-MAGLEV accelerator. Further developments of this direction will
allow planning unique experiments on a uniform, spherically symmetric laser irradiation of CFTs injected into
the reaction chamber of existing laser facilities capable of ignition-level performance.
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