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Abstract
Nowadays, inertial confinement fusion (ICF) research related to noncontact positioning and transport of free-standing
cryogenic targets is playing an increasingly important role in this field. The operational principle behind these
technologies is the magnetic acceleration of the levitating target carrier (or sabot) made from Type-II, high-temperature
superconductors (HTSCs). The physics of interaction among levitation, guidance and propulsion systems is based on a
quantum levitation of high-pinning HTSCs in the mutually normal magnetic fields. This paper discusses current target
delivery strategies and future perspectives to create different permanent magnet guideway (PMG) systems for ICF target
transport with levitation. In particular, several PMG building options for optimizing both suspension and levitation
of ICF targets using an HTSC-sabot will be analyzed. Credible solutions have been demonstrated for both linear and
round PMGs, including the ones with a cyclotron acceleration process to realize high-running velocities of the HTSC-
sabot for a limited magnetic track. Focusing on physics, we describe in detail the main aspects of the PMG building
and the results obtained from computations and proof of principle experiments. High-pinning HTSC magnetic levitation
promises a stable and self-controlled levitation to accelerate the ICF targets placed in the HTSC-sabots up to the required
injection velocities of 200 m/s and beyond.

Keywords: high-temperature superconductor-sabot; inertial confinement fusion; permanent magnet guideway system; stability; target
delivery with levitation; Type-II superconductivity

1. Introduction

In inertial confinement fusion (ICF) research, the Lebedev
Physical Institute (LPI) is now focusing on the noncontact
positioning and transport of free-standing cryogenic targets
at the powerful laser facility. A feature of the current devel-
opments is that the technologies being created must take
into account many stringent requirements on the successful
delivery process related to a future laser-driven ICF reactor.
The top-level requirements[1] are given in Table 1.

To meet these challenging requirements, a number of laser
facilities for high-power laser experiments with shot repeti-
tion rates between 1 and 10 Hz are being developed[2]. In
addition, issues related to target injection and laser engage-
ment are under active consideration. In Ref. [3], the authors
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demonstrated 10 Hz free-fall bead pellet injection and laser
engagement with γ-ray generation. The studies discussed
in Ref. [3] were conducted at room temperature (300 K).
However, any target injector must operate at a very low
temperature, allowing no heat energy transfer into the target
from the accelerating medium, that is, no target heating
above T ~ 18 K.

Therefore, new solutions for target delivery systems are
essential for modern ICF experiments. In this paper we con-
sider different superconducting magnetic levitation (maglev)
systems that can accelerate the targets up to required values
of Vinj, and can overcome mechanical friction.

The simplest direct-drive cryogenic target is a spherical
deuterium-tritium (DT) fuel ice layer enclosed by a thin
polymer shell. The generally accepted approach is that each
target during delivery is inserted into a target sabot to protect
them from thermal and mechanical overloads (Figure 1).
Table 1 shows the accelerations imposed on the target, which
are likely to be required for an ICF reactor. However, it is
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Figure 1. Assembly of the HTSC-sabot + target, or HTSC-projectile (not to scale): (a) 1 – HTSC-housing, 2 – polymer insert with a target nest on its top,
3 – MgB2 driving coils, 4 – cryogenic target; (b) 5 – mock-up of the HTSC-housing made from superconducting ceramics, ρ = 4 g/cm3[4,5], 6 – hole for the
polymer insert; (c) 7 – target shell, 8 – solid fuel layer, 9 – vapor fuel.

Figure 2. Comparative efficiency chart of two principally different approaches: (a) traditional (target mounted onto the holder, or one-of-a-kind technique
for today’s ICF experiments); (b) free-standing targets, or FST approach, for mass target fabrication under high repetition rate conditions.

Table 1. Target acceleration requirements for ICF.

Operational parameters Requirements
Acceleration, a 500g–1000g
Injection velocity, Vinj 200–400 m/s
Delivery rate, ν 5–10 Hz
Target temperature at laser shot, Tshot ~18 K

Note: g is the free-fall acceleration.

desirable to work at lower accelerations since the target must
reliably survive the injection overloads without damage.
In Section 3 we will define the conditions to achieve the
required injection velocity without exceeding acceleration
limitations.

Temperature limitations are as follows: (1) target heating
up to the triple point (19.79 K) must be excluded so that
the DT remains uniformly frozen within the capsule surface
(Figure 1(c)); (2) for obtaining the maximum energy yield
from target implosions, the DT fuel must be at approximately
18 K when the target reaches the laser focus (see Table 1);
and, finally, (3) the maximum allowable DT temperature
change during target delivery is approximately 100 mK[4].

Thus, the ability of the DT target to withstand overloads
and overheating is a key in the target accelerator design. The
scientific and technological issues associated with this task
are as follows: (1) design bases must provide a noncontact

target acceleration (i.e., without mechanical friction) to avoid
heating the DT ice layer; (2) as a consequence, it removes
the issue of developing cryogenic lubricants, the effective-
ness of which at cryogenic temperatures (<20 K) is highly
questionable; (3) it is desirable for accelerations imposed on
the target to be within acceleration limitations; (4) design
solutions must be rather compact to significantly reduce the
target production costs; (5) design solutions must also be
compatible with mass target fabrication and operation at high
repetition rate (HRR) conditions[5].

The last condition (5) is very important for the imple-
mentation of in-line target production, which requires one to
develop fabrication technologies working with free-standing
(un-mounted) targets but not with a target mounted onto
the holder as it is in today’s ICF experiments. Therefore,
we will make some comments that will be useful for a
better understanding of the problem as a whole. A basic
requirement for mass target fabrication is the technology
efficiency, that is, the ability to build on its basis a facility
for the target production in a batch mode. Therefore, the
choice of target fabrication method plays a decisive role. A
cost-effective approach for ICF target supply was proposed
at the LPI (see Figure 2). It is based on using free-standing
and line-moving targets[5–8] to develop target fabrication
and delivery technologies with an emphasis on repetition
systems, which is referred to as the FST approach. Figure 2
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uses the following notations: 1 – target, 2 – holder (working
with a single target), 3 – a batch of free-standing shells filled
with fuel, 4 – shell container (SC), 5 – layering module
(LM), 6 – layering channel (LC), 7 – test chamber (TC). The
right-hand side of the figure schematically shows the targets
rolling in the spiral LC cooled outside by liquid helium, and
then the experimental results on target injection to the TC at
T = 4.2 K at a rate of 0.1 Hz (current value).

In addition, note that the FST approach can significantly
reduce the tritium inventory in the production facility. This
follows from a number of facts: (1) the use of a shell batch
allows one to reduce the excess fuel and the fill time per
target; (2) filling the shells at a constant pressure gradient
reduces the diffusion fill time of the shell batch as a whole;
(3) storage of the filled shells is not required since after their
cooling they are immediately injected to the LC; (4) in the
LC the shells move top-down in a rapid succession of one
after another during FST layering; (5) the total layering time
is typically less than 30 s, which has a side benefit for tritium
inventory minimization; (6) the finished targets are injected
in a rep-rate mode from the LC (the bottom part of which is
a gravitational injector) to the TC (interface unit between the
LM and target delivery system).

The above shows that the goal of the FST approach is to
show the benefits of using free-standing targets for in-line
production under HRR conditions, which will help advance
the science and engineering base at the relevant ICF level.
A detailed description of the in-line FST production and
multiple target protection methods for target delivery at
HRR laser facilities, including the results achieved to date
(experimental and theoretical), can be found in Refs. [5–8].

Our new project has started to develop a demonstrator
containing all components needed for a successful delivery
process and also taking into account the requirements of a
future laser-driven ICF reactor. The work carried out at the
LPI[9–12] has focused on realizing a noncontact positioning
and transport of free-standing cryogenic targets based on
the quantum levitation effect of high-temperature supercon-
ductors (HTSCs) in magnetic fields. The levitation working
principle is based on the magnetic interaction between bulk
HTSCs and permanent magnets distributed along the accel-
eration track. In the proposed approach, the levitating HTSC-
sabot is accelerated in the permanent magnet guideway
(PMG) system with a magnetic traveling wave generated
by a propulsion system. Using the permanent magnets and
high-pinning HTSCs has opened up new possibilities, since
HTSCs can be mechanically stable in a wide range of
positions and orientations when interacting with a permanent
magnet. The PMG optimization is the most critical issue of
practical interest since it generates the magnetic field affect-
ing the trajectory of the HTSC-sabot. Several PMG systems
are now being designed to support the target survivability
and demonstrate successful acceleration scenarios.

A stable acceleration of the HTSC-sabot in the mutually
normal magnetic fields is provided by a special configuration
of the operating sub-systems.

1. The HTSC-sabot (Figure 1(a)) includes the follow-
ing: MgB2-superconducting coils (MgB2 parameters
are given in Refs. [13,14]) as a driving body (or driving
coils); HTSC-housing allowing for the HTSC-sabot
levitation in the PMG system; a heat insulating polymer
matrix with a target nest.

2. The PMG system includes a magnetic rail (or track),
which can be built up from individual linear and/or
curved track units. The magnetic field of the PMG
system causes levitation and guidance forces due to the
pinning of flux lines in the HTSCs[15–17], providing large
lateral stability of the HTSC-sabot trajectory. Such a
noncontact approach allows extended maintenance-free
operation with high efficiency because it needs only
energy for cooling and propulsion.

3. The propulsion system includes a set of field coils
to generate magnetic traveling waves that act on the
HTSC-sabot. Since superconductors are diamagnetic
materials, they will be pushed out of the region of a
strong magnetic field, and hence the HTSC-sabot will
be accelerated in front of the magnetic traveling wave,
that is, the phase (or longitudinal) stability[18] will be
provided during its acceleration.

For the ICF, it is of great importance, both from the
scientific and technological points of view, that maglev trans-
port[14] enables quick acceleration (‘HTSC-sabot + target’ or
the HTSC-projectile gradually gains its velocity) and decel-
eration (stage of target separation from the sabot) at very
high velocities. In modeling actual HTSC-PMG maglev sys-
tems, both conventional up-down-suspended HTSC-PMGs
and side-suspended ones have great potential for maglev
applications.

This paper covers the activities related to up-down-
suspended HTSC-PMG maglev systems:

• a study of characteristics of the HTSC materials and
PMG systems, which is very important for maglev
system performance in terms of levitation force and
stability;

• a study of PMG geometry optimization (from linear to
curved-line systems) to realize a cyclotron acceleration
process for an HTSC-sabot moving in a limited PMG.

Below the results obtained from computations and proof
of principle (POP) experiments are discussed.
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2. Superconducting materials

We begin with the issue of HTSC selection for a target sabot.
From ICF requirements, it is defined by the target temper-
ature (it must be T = 18.3 K at the laser shot) and HTSC
potentials to produce a stable target acceleration up to the
required injection velocities. From physics, the possibility
of their practical application is directly related to the flux
pinning of quantized magnetic flux lines in the HTSCs.

Below the temperature TC of superconducting state tran-
sition[15–17], HTSCs are materials that exhibit two super-
conducting states in applied magnetic fields (B) and have
therefore two critical magnetic fields, Bc1 and Bc2. The
first is a state of perfect diamagnetism (Meissner effect)
with complete expulsion of the magnetic flux from the
HTSCs (B < Bc1) so that they cannot contain any magnetic
fields inside them. However, if the value of B is increased
(B > Bc1), a transition to a second state occurs that allows
the magnetic flux lines to penetrate through the HTSC bulk.
Thus, when the applied field B is Bc1 < B < Bc2, the magnetic
field is not excluded completely, but rather is constrained
in filaments within the HTSCs. These filaments are in the
normal state surrounded by super currents that are associated
with a regular array of super current vortices, or a vortex
lattice. This state is called the mixed or Abrikosov state[15].
Here, some remarks concerning the HTSC properties are
necessary.

Most HTSCs have spatial imperfections, so-called defects
in their lattices (missing or misplaced atoms, grain bound-
aries, etc.). Depending on the quality of the HTSCs, the
vortices may either be free to move inside them (pure
samples), or they may be strongly pinned to the lattice defects
(impure samples). In real HTSCs, the flux lines are pinned by
imperfections and become frozen in the bulk superconductor.
The levitation technology uses the feature of flux pinning in

the HTSC samples to stabilize their lateral position on the
magnetic track. Thus, the flux pinning effect (or quantum
locking phenomenon) allows the HTSC sample to be locked
in space, leading to its stability. If necessary, flux pinning can
be enhanced by growing HTSCs with additional impurities.

Our study has shown that high-pinning HTSCs, such
as superconducting tapes of the second generation (2G-
HTSC tapes)[10,19] and superconducting ceramics[9], can be
successfully used in levitation experiments. The value of
TC ~ 90 K, and demo experimentation can be made above
77 K, the boiling point of liquid nitrogen, which is much
cheaper, more convenient and practical than experiments
at 18 K (work temperature for target delivery). Below we
consider two important cases.

The first is noncontact target transport. Usually, we use
the two simplest mock-ups surrogating the HTSC-sabots, in
the form of an ‘open parallelepiped’ (Sabot #1, its cross-
section forms a trough, Figures 3(a)–3(c)) and as a ‘hollow
parallelepiped’ (Sabot #2, its cross-section forms a square,
Figures 3(d) and 3(e)). A detailed description and dimen-
sions of both sabots are given in Ref. [12].

The temperature of the experiment was T ~ 80 K < TC,
and it was maintained due to the fact that liquid nitrogen
was poured directly into Sabot #1 (Figure 3(b)) and Sabot #2
had a polymer foam (Figure 3(c)) filled with liquid nitrogen.
This is the very reason that basically determined the choice
of the HTSC-sabot’s geometry, namely, to prolong the time
spent below the superconducting state transition during its
transport with levitation (Figures 3(b), 3(c) and 3(e)).

The second case being addressed is rigid, noncontact target
positioning at a given point in space. The quantum locking
(or pinning) forces can be either attractive or repulsive.
They act to keep the HTSC in the same place in order
for the magnetic flux inside its bulk to stay the same[15–17].
This is evident from the experiments in Figure 4, in which

(a)

T ~ 80 KT = 300 K

(d)

T = 300 KT ~ 80 K T ~ 80 K

(b) (c) (e)

Figure 3. The HTSC-sabots used in the experiments: (a) Sabot #1 (mass is 1.25 g); (b) Sabot #1 with liquid nitrogen inside in the round PMG-1; (c) Sabot
#1 levitation with a load capacity of three cylindrical surrogate targets (1.1 g each) in the round PMG-2; (d): Sabot #2 (mass is 1 g) with a polymer foam
inside (shown on the right); (e) Sabot #2 acceleration in the inclined linear PMG.

Figure 4. Repulsion and attraction forces produced by interaction in an HTSC sample: 1 – a piece of YBCO ceramics with dimensions of 1.6 mm × 1.6 mm ×
2.2 mm and a mass of 24 mg; 2 – PMG system. The HTSC sample can be suspended above the magnet (a), in the center of it (b) and below the magnet (c).
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Figure 5. Quantum locking as a promising method for target assembly, known as ‘hohlraum’ targets: (a) PS shell (1) with a deposited YCBO-layer at T ~
80 K, 2 – magnetic holder (NdFeB disk with OD = 15 mm, ID = 6 mm, d = 5 mm plus iron insert with OD = 6 mm, d = 5 mm), 3 – transport belt for
magnetic holders placement; (b) holder spacing on the moving belt; (c) cylindrical container mounted onto the holder.

superconducting ceramics based on YBa2Cu3O7-x (YBCO)
is used[9]. The suspension in Figure 4(c) cannot be explained
by the Meissner effect because the Meissner force is strictly
repulsive and dictates that a superconductor will always
expel the magnetic field from its interior, and thus bend the
magnetic field around it (see, for example, Figures 4(a) and
4(b)). The HTSC sample in Figure 4(c) does not fall down
just due to the quantum locking phenomenon (Figure 4(c)).

In this way, experiments with strongly pinned HTSCs and
a special configuration of the PMG system display a high
stability allowing the demonstration of striking effects, such
as lateral or inverted suspension. The PMG system shown in
Figure 4 consists of two ring magnets (OD = 15 mm, ID =
6 mm and assembly thickness 6 mm). The magnetic field on
the NdFeB magnet surface is Bmax = 0.18 T. In general, for
building different PMG systems we used standard permanent
magnets in a variety of shapes and sizes (cast and sintered
neodymium NdFeB ones, sintered samarium-cobalt SmCo
ones and ferrite magnets manufactured by MIDORA Ltd.)
and inserts made of soft magnetic materials.

For the ICF, quantum locking can be used for indirect-
drive target assembly when the target is placed inside a
small cavity called a hohlraum[1]. It is a cylindrical container
made from high-atomic-mass materials, such as gold and
lead, with holes in the ends for laser beam entry. The first
experiments modeling the quantum locking in the context of
its promotion as a means of indirect-drive target assembly
were made in Ref. [9].

Recently, new experiments on the assembly of a cylin-
drical container (made from glass for process visualization)
and a magnetic holder have been successfully completed
(Figure 5). In demo experimentation, an HTSC covering
(YBCO-layer as a target carrier) was deposited onto the
outer surface of a polystyrene (PS) shell (OD = 2 mm). The
YBCO-layer is a composite from a viscous polymer having
YBCO-micro-particles (OD = 10–50 μm). Practically, it is
possible to use any other HTSCs that will satisfy most of
the critical fabrication tolerances for target compression, and
not only for the indirect-drive targets, but also for solving the
layering and transport issues in the case of the direct-drive
targets as well. Figure 5 is an illustration of some interesting
possibilities of using HTSCs for ICF applications. Note that
the target positioning remained unchanged until the moment

when the YBCO-layer warms from T ~ 80 K back up to
the transition temperature TC ~ 90 K. Moreover, attempts to
displace the target at a distance of two target diameters from
the center of the PMG system always led to its return to the
starting position.

Thus, the quantum locking based on flux pinning effect
can significantly improve the stability of the HTSC sample
positioning. Here, the following question naturally arises:
how can one transport such strongly pinned samples? The
answer lies in the special construction of the PMG system.
When HTSCs with high flux pinning capabilities are used,
their motion and much of their motion stability are ensured
by their placing in a magnetic field gradient. If the magnetic
field has certain symmetry, HTSC movement is possible
along the symmetry lines of the magnetic field. In all other
directions the superconductor is locked. This opens a way
to create different PMG systems with a magnetic track –
linear or curved – for HTSC transport with levitation. In
other words, if there is a strong magnetic field gradient in
one direction and no gradient in others, the HTSCs can
demonstrate a stable levitation above the magnetic track,
being free to move back and forth along the track.

3. North–South–North magnetic track and main aspects
of the linear PMG system

The idea behind the magnetic track construction to demon-
strate a stable HTSC levitation was described in Ref. [17]. It
is the so-called ‘North–South–North’ (N-S-N) track, which
is an assembly of many elementary blocks. Each elementary
block (Figure 6(a)) is three bar magnets magnetized through
the thickness and aligned anti-parallel to each other. This
arrangement of polarities produces a considerably strong
gradient of the magnetic field in the y-direction so that the
process of HTSC quantum locking by height and orientation
suppresses any arising undesirable vibrations in the system.
If we build a track by connecting one elementary block
with many others along the x-direction (Figure 6(b)), we
get a desirable result: the magnetic field configuration will
act to confine the HTSC in the y-direction while allowing
motion in the x-direction. Thus, a map of the magnetic field
lines above the N-S-N track forms a sort of ‘corridor with
magnetic walls’ for noncontact HTSC transport.

https://doi.org/10.1017/hpl.2022.1 Published online by Cambridge University Press

https://doi.org/10.1017/hpl.2022.1


6 I. V. Aleksandrova et al.

Figure 6. Schematic diagram of the magnetic track construction: (a) N-S-N elementary block; (b) linear N-S-N magnets arranged in three rows forming a
linear track (figure taken from Ref. [11]).

Figure 7. POP experiments for testing a one-stage linear accelerator: (a) general view of the PMG with only one gap at a length of 24 cm (1 – field coil, 2 –
HTSC-sabot (300 K), 3 – gap between the magnets covered in the middle with an iron collector (4), 5 – iron base, 6 – permanent magnets); (b) Sabot #1 at
the end of the magnetic track; (c) Sabot #1 during acceleration in the middle of the magnetic track, where the load capacity is six spherical polymer shells
of about 0.6 mg each (tandem sabot); (d)–(f) freeze frames of the video recording of Sabot #2 acceleration (view from above).

Practically, the bar magnets are mounted on an iron base
to withstand the interaction between them and to create the
magnetic track of a required fashion (using both linear and
curve tracks) with a required acceleration length. To do this,
the iron base thickness must be specially selected so that
the magnets can be arranged with a minimal gap between
them. This is due to the fact that such gaps located regularly
along the acceleration track create magnetic gradients and
reduce the HTSC-sabot velocity. This plays a significant role
in the case of a small size of the accelerated objects. Taking
into account that the outer diameter of the cryogenic target
is about 4 mm[1], we have built a magnetic track with a
minimum number of gaps, or even without them.

The general view of a prototype of a one-stage linear
accelerator made at the LPI is presented in Figure 7(a).
Experiments with this prototype enable one to study the
basic behavior of stable levitation of the HTSC-sabot in
the linear acceleration system. The PMG system has only
one linear track, which consists of six rectangular NdFeB
magnets having a size of 120 mm × 8 mm × 5 mm with the
middle two covered with an iron plate (magnetic flux line
collector) having a size of 240 mm × 8 mm × 1 mm. The
PMG lies on an iron base with a size of 240 mm × 24 mm ×
3 mm. The maximum magnetic field is Bmax = 0.42 T at
the PMG side edges. The field just above the iron plate

Table 2. Field coil working parameters used in the HTSC-sabot
acceleration experiments.

Parameters Performance data
Total number of turns 96
Number of winding layers 6
Number of turns per layer 16
Wire material & diameter Copper, ∅ 0.8 mm
Coil diameters and height ID = 18.5 mm, OD = 27 mm,

H = 14.7 mm
Winding height H1 = 13.6 mm
Current amplitude 200 A
Pulse duration 1 ms
Maximum magnetic induction 0.35 T

(position 4 in Figure 7(a)) is 0.33 T. The working parameters
of the field coil are given in Table 2.

The force F driving the HTSC-sabot in the x-direction
(along the PMG) is given by the following formula[16]:

F = χ

2μ0
V

dB2
x

dx
, (1)

where μ0 is the permeability of the vacuum, χ is the
magnetic susceptibility of the HTSC material, V is the
volume of the HTSC-sabot, x is the acceleration direction of
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Figure 8. Freeze frames of a Sabot #1 jump under the electromagnetic pulse action (B = 0.33 T, τ = 1 ms): (a) before the electromagnetic pulse, liquid
nitrogen is poured into Sabot #1, where the observation time (frames a1–a4) is approximately 1 s; (b) initially the coil and Sabot #1 with a load capacity
(copper plate inside it) were cooled with liquid nitrogen, and then an electromagnetic pulse was applied to the coil.

Figure 9. Experimental illustration of the characteristics of the HTSC-PMG maglev linear system: (a) schematic diagram, 1 – field coil, 2 – HTSC-sabot,
3 – PMG system, 4 – magnetic brake (if it is required by the experimental conditions, the system can have left- and right-hand brakes, or one of them, or
none); (b) an option of the brake placement in the PMG system; (c) no co-linearity between elements 1 and 2; (d) and (e) collinear element arrangement;
(f)–(h) oscillations of Sabot #1 between two brakes under mechanical drive pulse.

the HTSC-sabot and Bx is the magnetic induction produced
by the field coils of the propulsion system. The PMG field
generated by the permanent magnets is directed normally
to the x-direction that leads to the HTSC-sabot levitation
due to the Meissner effect, which contributes to a levitation
force Flev.

Note that the magnetic susceptibility is χ < 0 for any
superconductor, and therefore the HTSC-sabot will be
pushed out from the area of a stronger magnetic field.

As regards the magnitude of the driving force, data from
specially designed experiments showed that the used field
coil (its parameters are given in Table 2) can easily affect
Sabot #1 (push it, see Figure 8) by the electromagnetic pulse
generated during experiments.

The levitation and guidance performance of the HTSC-
sabot has been tested during its acceleration in the mutually

normal magnetic fields, as shown in the schematic diagram
(Figure 9(a)).

A magnetic pulse generated by the field coil (B1) drives
the HTSC-sabot, and at the same time the PMG system
(B2) ensures its levitation while driving. The magnets in
the PMG-system are magnetized through the thickness, and
are aligned through N-S-N. The magnets at the end are
aligned with S up (Figure 9(b)). It works as a magnetic brake
(B = 0.4 T) for reflecting the HTSC-sabot to the starting
position practically with no energy loss. In doing so, a proper
co-linearity between the axes of the field coil and HTSC-
sabot is required (see the experiments in Figures 9(c)–9(e)).
Note also that the HTSC-sabot motion can be launched both
magnetically (e.g., with a field coil, see Figures 9(c)–9(e))
and mechanically (e.g., with a simple mechanical ‘push’, see
Figures 8(f)–8(h)).

https://doi.org/10.1017/hpl.2022.1 Published online by Cambridge University Press

https://doi.org/10.1017/hpl.2022.1


8 I. V. Aleksandrova et al.

Table 3. MSL accelerator parameters in the case of Vinj = 200 m/s (values are
specified for driving coils from MgB2 at TS = 20 K).

B0 (JC) 0.25 T (5000 A) 0.5 T (4000 A) 1.0 T (2500 A)
a 400g 640g 800g
La 5 m 3 m 2.5 m
N 200 125 100

Important is the fact that the scheme in Figure 9(a) can
be also used to conduct a study with different HTSC-sabots
to address the issues of repetition rate experiments (with
a magnetic brake on the right-hand side) and mechanical
overloads under acceleration.

Our work has recently been extended to upgrade the
existing linear acceleration scheme for reaching a higher
level of co-linearity between the coil and sabot axes. In the
POP experiments Sabot #1 was used. The experiments have
shown that even with rather modest parameters of the field
coil (Table 2) but with correct co-linearity, the HTSC-sabot
velocity can be increased almost by an order of magnitude:
from 10 cm/s up to 1.25 m/s, and in the process, the HTSC-
sabot maintains its velocity along the entire track length,
equal to 24 cm (see Figure 7).

These experiments are of great importance because such
a linear accelerator can be used in high-velocity applica-
tions in that it allows a convenient spacing of the multiple
field coils and thus building a multiple-stage linear (MSL)
accelerator. This approach is evaluated with respect to the
technical feasibility of the corresponding MSL components:
HTSC-projectile acceleration a, acceleration length La and
the number of the field coils N in the propulsion system.
The goal is to achieve the required injection velocities
(Vinj = 200–400 m/s) without exceeding acceleration limi-
tations (see Table 1).

We consider the possibilities of its building by using
an advanced option of the HTSC-sabot construction: 2G-
HTSC-Tapes-Housing + MgB2-Coils (Figure 1(a)). The crit-
ical temperature of MgB2 is TC = 39 K, which meets the
temperature tolerance for ICF targets (T ~ 18 K, see Table 1).
It possesses high values of the critical current JC at a rather
small external magnetic field B0

[7] (Table 3). In the case
of the MSL accelerator, the acceleration lengths can be
estimated by using the following relations[12]:

{
La = π

2 Vinj
RFC
RSC

MPR
FpinVS

,

Fpin = JC (B0,TS)×B0,
(2)

where MPR is the mass of the HTSC-projectile, RFC is the
field coil radius, RSC is the MgB2-coil radius (with a margin
RFC/RSC = 5), Fpin is the pinning force density and JC is
the critical current density, which depends on the external
magnetic field in the coil center B0 and the temperature TS

of HTSC.

Figure 10. Acceleration length La for two values of the HTSC-sabot
velocity: 200 and 400 m/s.

Using the MgB2 measurements[13,14] in terms of B0 and JC,
we calculated the acceleration parameters at TS = 20 K for
Vinj = 200 m/s and MPR = 0.5 g. A reactor-scaled cryogenic
target has the diameter of approximately 4 mm and the mass
of MT ~ 4.5 mg (MT << MPR), and it can be formed by the
FST layering method[7]. The obtained results are presented
in Table 3.

According to these results, at a = 400g the injection
velocity Vinj = 200 m/s is reached at a 5 m track length
under the following parameters of the propulsion system:
B0 = 0.25 T, JC = 5000 A, N = 200. Significant reduction
of the MSL accelerator dimensions and the number of the
field coils can be obtained by doubling the magnitude of the
magnetic field (B0 = 0.5 T) and thus increasing the HTSC-
sabot acceleration up to a = 640g.

Taking into account the results of our estimations (see
Table 3) and considering that 200 m/s is a lower velocity
limit (see Table 1), to achieve higher values of Vinj becomes
a problem for moderate acceleration lengths at the lower
acceleration limit.

Figure 10 confirms this statement: for velocity
Vinj = 400 m/s the acceleration length becomes 20 m
at a < 500g. If the targets have adequate mechanical
robustness and protection, another acceleration scenario
can be implemented: Vinj = 400 m/s, La = 10 m, a = 800g,
which in turn leads to a considerable growth of on-target
mechanical overloads but still less than 1000g.

Thus, for the MSL accelerator, top injection velocities
(~400 m/s) lead either to long acceleration lengths and a sig-
nificant number of the field coils, or to a sharp acceleration
growth. A way to minimize these problems is to develop a
more compact design of the target accelerator, and wherein
to optimize its performance and enhance its reliability and
safety to contribute to reducing the target production costs.

https://doi.org/10.1017/hpl.2022.1 Published online by Cambridge University Press

https://doi.org/10.1017/hpl.2022.1


A high-pinning-Type-II superconducting maglev 9

4. A next generation PMG system of a cyclotron type

These challenging requirements can be met using a next
generation PMG system of the cyclotron type. The charac-
teristics of the permanent magnets composing the guideway
are very important in terms of levitation force and stability,
and therefore we consider this issue in more detail.

We start with a round PMG system (Figure 11), which is a
combination of two elements: a permanent magnet – axially
magnetized NdFeB ring – and an iron base (Figures 11(a)
and 11(b)). The iron base shaped into a pole piece (iron pot)
guides and concentrates the magnetic flux onto the working
surface (Figure 11(c)).

Special attention should be paid to Figure 11(d), which
maps the magnetic field configuration by means of a mag-
netic field viewing (MFV) film also known as green MFV
film. It allows one to easily view the magnetic fields and
pole patterns on a magnet or magnetic assembly surface.
Figure 11(d) demonstrates a circular symmetry of the mag-

netic field of the PMG system. This means that the magnetic
flux does not change along the circular track, allowing the
HTSC-sabot to move around freely. In all other directions the
HTSC-sabot will be locked due to the magnetic field gradient
across the track (white line in Figure 10(d)).

The z-component of the magnetic field contributing to
the levitation height is given in Figure 12. A magnetometer
based on the DKhK-0.5A Hall probe with a sensitivity of
280 mV/T is used. The measuring range is ±250 mT, the
absolute error is ±5 mT and the positioning accuracy of the
sensitive element is 0.1 mm. The plateau on the blue curve
for z = 1 mm is due to the limitation in the magnetic field
magnitude, which can be measured by DKhK-0.5A.

First of all, our work was focused on experiments with
mechanical propulsion in order to most easily investigate
such parameters of round PMG system as guidance, levita-
tion and stability (Figures 13–16). In doing so, the HTSC-
sabot initially needs a small push to get going, and then it will
maintain its velocity until the moment when its temperature

Figure 11. A round PMG system to provide a stable cyclic motion of the HTSC-sabot about the Z-axis: (a) and (b) PMG system design; (c) overview of the
ring magnet placed in the iron pot; (d) magnetic field mapping on the ring magnet surface.

Figure 12. The z-component of the magnetic field (Bz) versus radius (r) above the round PMG at various heights: blue – 1 mm, violet – 4 mm, aquamarine
– 7 mm, red – 10 mm, green – 11 mm and black – 16.5 mm. Between 1 and 7 mm above the track, the gradient is still very strong to control the HTSC-sabot
trajectory.

https://doi.org/10.1017/hpl.2022.1 Published online by Cambridge University Press

https://doi.org/10.1017/hpl.2022.1


10 I. V. Aleksandrova et al.

Figure 13. Quantum locking based on the flux pinning effect makes the HTSC-sabot orientation fixed in space so that it will not re-orient itself without any
external action (the HTSC-sabot temperature is ~ 80 K).

Figure 14. Freeze frames of the Sabot #2 rotation along a fixed trajectory
(T ~ 80 K): (a) and (b) near the internal PMG border (the levitation height
is 6 mm, the average HTSC-sabot velocity is 0.15 m/s); (c)–(e) in the
external PMG border (the levitation height is 3 mm, the average HTSC-
sabot velocity is 0.8 m/s).

approaches the transition temperature TC ~ 90 K. The follow-
ing set of the experiments was made, using the following.

(1) Different sabot geometries with an additional loading
(see, for example, Figures 3(c) and 7(c)) and without
it (Figures 13–16).

(2) Different sabot orientations during the acceleration to
study stability issues (Figure 13).

(3) Different sabot trajectories along the inner and outer
circular lines of the round PMG system at different
levitation heights: Figures 14(a) and 14(b) – the lev-
itation height is 6 mm, and Figures 14(c)–14(e) – the
levitation height is 3 mm. A height of approximately
10 mm is still possible, but the levitation is not stable
anymore. The choice of optimal height is mainly
limited by two facts: above by the magnetic field
distribution at the given levitation height, and below
by the fact that small levitation heights can cause some
magnetic friction to the track.

(4) Different driving pulses to realize different HTSC-
sabot velocities due to a mechanical ‘push’ of varying
strength (the velocities are around 0.15 m/s (Figures
14(a) and 14(b)) to 0.8 m/s (Figures 14(c)–14(e)). After
an initial ‘push’, the HTSC-sabot trajectory remained
unchanged during rotation. The number of turns at the
same levitation height depends on the time before the
HTSC warms from T ~ 80 K back up to the transition

temperature TC ~ 90 K. To avoid heating, insulation
materials and some of their combinations were used
in the experiments: liquid nitrogen, aluminum foil and
polymer foam saturated with liquid nitrogen. Note
also, if the temperature is far from the value of TC, the
levitation drift is absent (the gap between the HTSC-
sabot and PMG system is kept unvarying with time).

Other experiments have been centered on attempts to
model the cyclotron acceleration process with an increase
in external influence on the HTSC-sabot. In Figure 15 the
HTSC-sabot moves along a trajectory in the form of an
unwinding spiral going away from the center of the PMG
system. This is due to the fact of changing the PMG system
inclination to the beat of the HTSC-sabot rotation. Upon
reaching a certain velocity Vout (which depends on the PMG
field), the HTSC-sabot leaves its trajectory, which leads to
derailment in the outer border of the track. In our case it
happens at a velocity of Vout = 1.48 m/s. We emphasize that
the PMG field plays the role of a kind of ‘magnetic wall’ so
that the HTSC-sabot experiences the magnetic force due to
which it moves in a circular trajectory before feeding a new
portion of energy.

These results have shown that implementation of the
cyclotron acceleration process is possible. A practical oppor-
tunity opens up when passing from mechanical to magnetic
propulsion (Figure 16). However, in this case (compare
Figures 9(a) and 16) it is difficult to achieve a proper co-
linearity between the axes of the field coil and HTSC-
sabot, especially if installing the field coil on a round track.
Therefore, we have proposed a new track topology for ICF
target acceleration, as presented in Figures 17–19.

Figure 17 shows schematically an option of a cyclotron
HTSC-maglev accelerator with an oval-shaped PMG that
has linear tracks with field coils and round tracks to provide
rotary functions. Such a configuration is designed to place
the HTSC-sabot in such a cyclic trajectory when it gains the
required injection velocity Vinj moving in a limited PMG[5].

The HTSC-maglev cyclotron accelerator has a modular
design, the main components of which are as follows.

• Projectile loading module: (a) for loading the HTSC-
projectile (1) at the starting point by a target loading
system (TLS) (2), which operates using special guid-
ing tubes as proposed and examined in Ref. [20] for
manipulation of cylindrical cryogenic targets required
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Figure 15. Freeze frames of the rotation movement of Sabot #1 along a changing trajectory (T ~ 80 K): (a) starting from the PMG middle (frame 1), Sabot
#1 gradually picks up its velocity and shifts due to the centrifugal force to the outer PMG border (frame 5); (b) frames 6–8 correspond to the last few turns,
and then Sabot #1 stalls from the trajectory when its velocity becomes equal to 1.48 m/s.

Figure 16. The round PMG system with magnetic propulsion (T ~ 80 K): 1 – field coil (the drive pulse is generated in the sabot position corresponding to
frame 1), 2 – Sabot #1, 3 – NdFeB ring magnet.

Figure 17. An option of the cyclic HTSC-maglev accelerator for target delivery at the laser focus: 1 – HTSC-projectile (HTSC-sabot + target), 2 – TLS,
3 – start (input) coil, 4 – field coils, 5 – magnetic rail, 6 – brake (output) coil, 7 – used HTSC-sabot, 8 – SCS, 9 – target after separation from the HTSC-sabot,
10 – tracking system; 11 – to the reaction chamber. In this scheme, the start (3) and brake (6) coils can play the role of the field coils (4), which simplifies
the accelerator design. The HTSC-sabot (7) can be reused again and again in the target delivery system.

for the experiments at the Facility for Antiproton and
Ion Research; (b) for launching the HTSC-projectile in
the PMG by a start coil (3) with an initial velocity v0.

• Cyclotron acceleration module: for accelerating the
HTSC-projectile in a pulsed magnetic field of the field
coils (4) located on the linear tracks. In the process,
the field coils generate the magnetic traveling waves
that act on the HTSC-sabot. As a result, the HTSC-
projectile moves along the closed magnetic rail (5) and
gradually gains its velocity up to the required value
Vinj. To control the HTSC-projectile trajectory, a special
magnetic gradient in the PMG cross-section and HTSC

materials with the strong pinning capabilities are totally
relevant.

• Projectile separation module: for separating the HTSC-
sabot and target with the brake coil (6). In the process,
the HTSC-sabot drops its velocity during its decelera-
tion in the magnetic field of coil (6), while the target
keeps its velocity moving by inertia (the target is non-
magnetic and it is not affected by the magnetic field).
The used HTSC-sabot (7) is removed from the PMG
by a separation coil (not shown in Figure 17) with a
pulsed, repetitively cycled field, and then it is directed
to a sabot collection system (SCS) (8). The target (9)
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Figure 18. An oval-shaped PMG with a length of 22 cm and a width of 9.5 cm was build up from four individual tracks to alternate acceleration (track 1)
and rotary functions (track 2), having four gaps between them (3): (a) general view of the PMG system; (b) magnetic field mapping by MFV film; (c) Sabot
#1 (with liquid nitrogen inside, T ~ 80 K) at the output of the round track.

Figure 19. First experiments with an oval-shaped PMG without any gaps (‘one-piece’ design or non-composite magnet): (a) stable levitation of Sabot #2
(T ~ 80 K, HTSC-sabot axis along the track); (b) magnetic field mapping by MFV film; (c) stable levitation of Sabot #1 (T ~ 80 K, HTSC-sabot axis across
the track).

enters a precision system (10) for in-flight tracking of
its parameters (quality, velocity and trajectory) with a
high-resolution Fourier holography method[21,22]. Note
that there is another OPTION #2 when the separation
module is located outside the acceleration trajectory,
but directly on the injection one before the tracking
system (10). Position (11) corresponds to the target
injection to the reaction chamber. The issues of target
monitoring and trajectory correction during its flight in
the reaction chamber, including strict time synchroniza-
tion with a laser pulse, were considered, for example, in
Refs. [3,23].

Note also that our experiments (see the previous sections)
with strongly pinned HTSCs and a special configuration
of the PMG system display a high stability, allowing the
demonstration of lateral, vertical (gravitational injector[11])
or inverted positions of the plane of the maglev delivery
system relative to the target chamber.

Currently, our work is focused on the cyclotron accelera-
tion module to define development pathways and potential
engineering solutions that represent a promising technologi-
cal application for ICF target delivery. We have started with
the HTSC-sabot acceleration using only several field coils
and a limited magnetic rail consisting of an oval-shaped
loop. It was built up from four individual tracks to separate
acceleration and rotary functions: two linear and two curved
tracks with four gaps between them (Figure 18). The curved
tracks are a part of the ring magnet, similar to the magnet
shown in Figure 11. Using one field coil (see Table 2), the
velocity of the HTSC-sabot is approximately 1 m/s per one
round[5].

Recently, another line of research dealing with PMG
systems with a magnetic rail without any gaps has been
rapidly developed (the so-called ‘one-piece’ design or non-
composite magnet, as shown in Figure 19). This is an
oval-shaped magnet that is made from NdFeB alloy, sin-

tered, with an axial magnetization and having a size of
140 mm × 64 mm × 14 mm. The magnet also has an
anti-corrosion cover Ni-Cu-Ni, its weight is 245 g and the
magnetic field is Bmax = 1.47 T, which is 3.5 times more
than in the case of the linear PMG (0.42 T at the PMG
side edges). To assess future prospects, it is very important
to study the stability of the HTSC-sabot motion, which is
directly related to the safe operation of the proposed PMG
system. First demonstration experiments (Figure 19(c)) have
shown that this very simple combination ‘one-magnet-plus-
HTSC-sabot’ displays a high stability of the levitation and
acceleration processes, and can be considered as an efficient
approach for optimizing the track unit structure in the future
HTSC-maglev cyclotron accelerator.

In this regard, it becomes urgent to study the next tech-
nologically important range of Vinj = 10–50 m/s. Below we
specify the necessary requirements for the HTSC materials
and PMG fields for a proposed cyclotron acceleration mod-
ule. Firstly, for a given velocity Vinj, we need to estimate the
parameters of the curved tracks of the PMG system needed
to perform the rotary functions, namely, the radius R of the
curved tracks and the magnetic field distribution along the
radius. We consider the simplest case R being a constant as
it was in our experiments (Figure 18). A study of the effect
of more complex shapes of the transition curve between
two linear tracks on the dynamic levitation performance
of the HTSC-sabot (including suppression of the external
disturbances, if any) is planned for the near future.

While moving circularly, the HTSC-sabot interacts with
the PMG, generating a guidance repulsive force Fr to balance
the centrifugal force Fc. Using Equation (1), the mechanical
equilibrium equation of the HTSC-sabot running stably on
the circular PMG track is given by the following:

Fr = χ

2μ0
V

∂B2

∂r
= m

V2
inj

R
= Fc, (3)
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Figure 20. The magnetic force field Kr versus track radius for different injection velocities: 1 − η = 1.0 × 103 g/cm3, Vinj = 200 m/s; 2 − η =
2.5 × 10 3g/cm3, Vinj = 100 m/s; 3 − η = 4.5 × 103 g/cm3, Vinj = 50 m/s.

where R is the track radius and m is the HTSC-sabot mass.
Equation (3) can be written in a form convenient for further
analysis:

Br
dBr

dr
= μ0

χ

m
V

V2
inj

R
. (4)

Now let us introduce a parameter η characterizing the
HTSC material properties: η = ρ/χ, where ρ = m/V . Then
Equation (4) takes the following form:

Kr = Br
dBr

dr
= μ0 η

V2
inj

R
. (5)

Due to the permeability of the vacuum, μ0 = 4π ×
10–7 N/A2 is constant, and the values of η and R determine
the value of Kr, that is, magnetic force field (Br × dBr/dr)
along the track radius for each individual Vinj. The results
for Kr are shown in Figure 20 through calculations for
different values of the parameter η under the given injection
velocities. It is clearly seen that in strong magnetic fields
of B = 1–3 T the magnetic field gradients of such order
can be realized only at small distances, which limits the
linear dimensions of the accelerated body to values of
the order of a few centimeters. As noted above, the mass
of a reactor-scaled target is approximately 4.5 mg and its
outer diameter is approximately 4 mm, which are very much
suitable conditions for maglev target acceleration. Regarding
the accelerator dimensions, the obtained results for
Vinj = 50 m/s are evidently applicable, starting with
the smallest value R = 1 m: point A1 – the value of
Br = 1125 T2/m, which can be written, for example, as
Br = 2 T × 0.56 T/mm; point A2 − Br = 225 T2/m or Br =
1 T × 0.225 T/mm.

For velocities of 100 and 200 m/s, we write similar
values for R = 3 m: point B − Br = 833 T2/m or Br = 2 T ×

0.416 T/mm; point C − Br = 1333 T2/m or Br = 3 T ×
0.67 T/mm.

To improve the obtained results, especially for Vinj >

100 m/s and track radius R < 3 m, it is necessary to select
HTSC materials with less density ρ and larger susceptibility
χ (i.e., to reduce the parameter η, see Equation (5)). We
consider already tested HTSC samples, as well as evaluate
promising developments that are more suitable to a high-
velocity running of the HTSC-sabot. Figure 1(b) shows an
HTSC-housing made of bulk YBCO manufactured in the
LPI by the method of solid-phase reactions[9], for which
we have the measured values of the magnetic susceptibil-
ity[10] both at temperatures of experimentation Texp ~ 80 K
and at temperatures of target injection Tinj ~ 17 K (which
must be less than the target temperature at the laser shot
T ~ 18 K). The values of the lower and upper critical fields
are μ0HC1 = 3 mT at T = 17 K and μ0HC2 > 45 T at
0 K, respectively. The properties of the YBCO samples were
measured in Ref. [10] using a multifunctional automated
measuring complex PPMS-9 (Quantum Design Ltd.), which
provides options to measure the magnetic moment, both in
static and dynamic modes, with an accuracy of 2.5 × 10−5

emu. The maximum value of the magnetic field reaches
9 T under field uniformity in the sample region, which is
no worse than 0.01%. The temperature range available for
measurements is 0.35–400 K with a temperature control no
worse than 0.01 K. It has been found that in the fields we are
interested in (1–3 T) the measured values of the magnetic
susceptibility at Tinj ~17 K (χ ~ 0.9 × 10−3) are almost an
order of magnitude more than at Texp ~ 80 K (χ ~ 10−4).
The density of YBCO samples was ρ = 4–6 g/cm3, so that
minimal value η = 4.4 × 103 g/cm3. This value accurately
reflects Case 3 in Figure 20.

Therefore, our near-term goal is to study the cyclotron
acceleration process during gradual increasing of the
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HTSC-sabot velocity in the next technologically important
range, that is, up to 50 m/s.

As for Vinj = 100–200 m/s, it is timely to put the ques-
tion of developing material options and technologies for
next generation HTSCs with reduced density and increased
magnetization. With the objective to improve supercon-
ducting properties, one should pay attention to works that
suggest strategies to overcome present limitations focus-
ing on the development of engineering solutions for novel
HTSC materials. A technology has been developed for the
production of nanostructured ceramics based on YBCO
of various densities (from 6.1 to 2.4 g/cm3) with a high
proportion of the superconducting phase, optimally saturated
with oxygen and with pinning centers from nanoparticles of
parent element oxides[24]. Besides, several groups of porous
superconductors have been investigated. The pores in such
materials allow coolant penetration, efficient heat dissipation
and stable operation. A review of studies of superconductors
with porosities above 50% is presented in Ref. [25].

As for Vinj = 400 m/s, theoretically it is predicated that
the highest velocity of the HTSC maglev vehicle is up to
2900 km/h (~800 m/s)[26]. Practically, different efficient
schemes[14] for optimizing the superconducting levitation
and guidance, including a side-suspended HTSC-PMG
maglev circular line system[26], have been developed as
a strategy to perform a search of the optimal options for
PMGs and HTSC materials. The main advantage of the
proposed schemes is that high-velocity operation and good
acceleration stability can be achieved without the need for
any special control, which minimizes the maintenance costs
and can lead to many other applications.

Closing this section, we note that at this stage of research
our goal was to show the possibility of an alternative
approach to ICF target delivery in comparison with
conventional ones (such as pneumatic, electromagnetic,
electrostatic injector concepts). They are useful for initial
demonstrations, but an advanced noncontact accelerator is
desirable in the long run. To this end, we have designed
and tested linear and cyclic PMG systems to illustrate the
operational principle behind the HTSC-maglev accelerator
for noncontact ICF target delivery that succeeded in
overcoming friction and demonstrated a way to use
propulsion energy more efficiently.

5. Summary

Noncontact target acceleration is one of the key technologies
to realize target delivery to the ICF reactor. This paper
presents the conception, simulation and experimental eval-
uation of noncontact HTSC-sabot acceleration in differ-
ent PMG systems. We found that the parameters of the
permanent magnets composing the PMG system are very
important for their performance in terms of levitation force
and target trajectory control. HTSCs are potentially good

sabot materials for operation with ICF targets because of
their suitable critical temperatures (~90 K) and large stability
due to the flux pinning effect in the HTSCs.

The HTSCs used in our experiments are high-pinning-
Type-II superconductors to enable sufficient levitation and
guidance forces, and stability. Depending on PMG system
design, this allows one to provide a three-dimensional lock-
ing of HTSCs at a given point in space (a promising method
for target assemblies known as ‘hohlraum’ targets), or to
provide a stable levitation of the HTSC-sabots (locking by
height and orientation) during their acceleration over a PMG
system. If necessary, the pinning effect can be enhanced
by knowingly introducing special defects – pinning centers
to the HTSC sample[15–17], which prevent the free move-
ment of the magnetic vortices, and thus energy dissipation,
wherein the main task is to determine the optimal size and
shape of the pinning centers as well as their number and
location in the sample.

This paper also highlights our recent experimental
progress toward using different PMG systems to work not
only in a linear acceleration scheme but also in a cycled
mode to achieve significant reduction of the accelerator
dimensions.

The results of our experimental and theoretical modeling
have shown that the linear HTSC-maglev accelerator can
be built for the entire range of injection velocities. For the
top velocity Vinj = 400 m/s, the acceleration length is La =
20 m at a < 500g. If the targets have adequate mechanical
robustness and protection, another acceleration scenario can
be implemented: Vinj = 400 m/s, La = 10 m, a = 800g
(<1000g, see Table 1).

The concept of a cyclotron HTSC-maglev accelerator is
discussed as well, and the first acceleration experiments were
carried out successfully. Currently, using only one field coil
the HTSC-sabot velocity is approximately 1 m/s per one
round in an oval PMG of 22 cm × 9.5 cm. Our study has
shown that future perspectives to create the cyclotron target
accelerator are primarily associated with a proper choice of
HTSC materials (reduction of the parameter η) and PMG
system construction in which the magnetic track has an
oval-shaped rail consisting of linear and curved parts. The
linear parts take care of the propulsion system alignment
with the HTSC-sabot axis, and the curved parts provide
a round-turn function to close the trajectory and realize
a gradual gain of the target velocity. The PMG system
magnets must have the proper adjustment on the track so
as to minimize the gaps between them and to maximize
the N-S-N cross-sectional gradient of the magnetic field to
provide a large lateral stability of the HTSC-sabot trajectory.
Current results obtained can provide a design reference for
optimizing and constructing an HTSC-PMG system with
higher performance and higher velocity range.

Basically, the research findings demonstrate the ability
of the HTSC-maglev technology for noncontact target
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acceleration under the protection of an HTSC-sabot. The
self-stabilizing effect of the developed HTSC-PMG systems
is the main advantage in comparison to all other levitation
systems. Still, in this context, it should be emphasized that
there are convincing arguments to consider different schemes
for realizing the acceleration process: linear, cyclotron
and combined. In addition, the HTSC-maglev concept is
compatible with the concept of using free-standing and line-
moving targets[5] for fueling of a laser-driven ICF reactor.
Advantages here are the noncontact transport and thus
the lack of wear and mechanical friction. This increases
efficiency and reduces the maintenance cost, which in
turn prolongs the service life of the target delivery system,
especially for its operation under HRR conditions.

All this indicates that the HTSC-maglev concept can
overcome the limitations of conventional acceleration tech-
nologies and become now one of the leading candidates for
meeting the strict requirements of future ICF experiments.
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