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Abstract

In this report, we discuss the physical concept and the results of mathematical modeling of free-standing target~FST!
layering for inertial confinement fusion~ICF!, including the detailed descriptions of the heat transfer and layer
symmetrization mechanisms.
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1. INTRODUCTION

A prototype of the system for mass-producing cryogenic
targets has been created at the Lebedev Physical Institute
~LPI!. The system is capable of filling, layering, and deliv-
ering large, free-standing~unmounted! cryogenic targets.
This allows one to carry out the experiments on rapid for-
mation and self-symmetrization of a fuel layer onto the
inner surface of a spherical shell. The observed layering
time does not exceed 12 s for H2 and D2 layers. The cryo-
genic targets for these experiments are polystyrene shells of
0.7- to 1-mm diameter and 8- to 15-mm wall thickness. The
layer thickness is between 30 and 100mm. The FST system
operates with 25 targets at one time. They remain un-
mounted in each production step. The transport process is
target injection between fundamental system elements: shell
container—layering module—test chamber~see Fig. 1!.

Most of the theoretical effort has focused on development
of mathematical models which describe each production
step in the FST system: rapid filling to decrease the radiation
damage due tob-ray from tritium decay during the diffusion
fill ~Aleksandrova & Belolipetskiy, 1999a, 1999b!, rapid
layering to fabricate the homogeneous fuel~Aleksandrova
et al., 1993, 1994, 1996b, 2000b!, rapid target characteriza-
tion ~Aleksandrovaet al., 1999b, 2000a!, and delivery~Kore-

shevaet al., 1994; Aleksandrovaet al., 1999a, 1996a! to
ensure the layer quality survival. In this work we present
new results relative to cryogenic solid layering~Aleksan-
drovaet al., 2001!.

2. SIMULATION CODE FOR RAPID FUEL
LAYERING INSIDE MOVING
FREE-STANDING ICF TARGETS

Modeling the FST layering was aimed at determination of a
prevailing layering mechanism and development of a base-
line program for calculation of a corresponding layering
time. The heat transfer mechanism is a key moment in cryo-
genic layer formation. In the experiment, the fuel cooling
and the phase transitions in the shell are inevitably three-
dimensional~3D! processes because, in principle, it is vital
to avoid unwanted side effects: nonspherical heat removal
from the target, a nonradial temperature gradient, and grav-
itational sag of the liquid fuel. Thus, the correct mathemat-
ical descriptions of the fuel layering require 3D model
development. However, these effects play only quantitative
role and can change the value oftform several times, whereas
there is a physically important parameter which qualita-
tively changestform several orders of magnitude. We mean
the rate of heat removal from the target, that is, a thermal
boundary condition onto the outer shell surface. Therefore,
in estimating the role of heat transfer mechanism, one can
use a one-dimensional spherically symmetric model as a
first approximation for calculating the layering timetform.
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The heat transfer in a one-dimensional spherically sym-
metrical model is described by the following equation:

rl Cl
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D ~1!

for each fuel phase: gaseous~l 5 gas!, liquid ~l 5 liquid !,
solid~l 5solid! and the shell~l 5sh!. The temperatureTl ~r !
is continuous at boundaries between the fuel phases and the
inner shell surface. Here we use the following nomencla-
ture:rl is the density,Cl is the heat capacity,kl is the thermal
conductivity,t is the current time.

The gas densityr and the pressureP are related by the
following equation:

P 5
RgT

~m f 0r! 2 b
2

ar2

~m f !2 . ~2!

In Eq.~2! Rg is the gas constant,m f is the molecular weight,
T is the absolute temperature,a andb are the temperature-
dependent parameters. The gas mass in the target is known:

mgas~t ! [ E
0

rgl

rgas~T !{4pr 2 dr, ~3!

where rgl~t ! is the gas–liquid boundary. It can change in
time due to phase transitions. The mass of the liquid and
solid phases,

mliquid ~t ! [ E
rgl

rls

rliquid ~T !{4pr 2 dr, ~4!

msolid~t ! [ E
r1g

R

rsolid~T !{4pr 2 dr, ~5!

serve for determination of the phase boundaries location:
gas–liquid~r 5 rgl~t !!, and liquid–solid~r 5 rls~t !!. The
values ofmgas~t !, mliquid ~t !, msolid~t ! can be found from the
conditions of phase transitions at the fuel phase boundaries
~Stephen’s problem!:
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Herelgl~T ! andl ls~T ! are the phase transition heat, and
Tgl [ T 6r5rgl

,Tls [ T 6r5rls
are the temperatures at the fuel

phase boundaries. Equations~6! and ~7! should be added
with the law of mass conservation:

d

dt
~mgas1 mliquid 1 msolid! 5 0. ~8!

The flow continuity atr 5 R, whereR is the inner shell
radius, is of the form

Fkl

]Tl

]r
G

r5R
5 Fksh

]Tsh

]r
G

r5R
. ~9!

In Eq. ~9! subscriptl corresponds the fuel phase which is
located on the inner shell surface at a given time moment.

The boundary condition at the target center is evident:

F ]T

]r
G

r50
5 0. ~10!

The boundary condition atr 5 R1 dR, wheredR is the
shell thickness, should be chosen from the experimental
conditions. Three cases are thinkable in this respect.

2.1. High cooling rates; motionless target

To obtain high cooling rates, the target should be in thermal
contact with an external agent. Such an agent, for example,
can be liquid helium immediately surrounding the target. If
the target is placed into a cryostat with a given temperature
Texternal~t !, then the boundary condition atr 5 R1 dR is of
the form

Tsh~r 5 ~11 d!R! 5 Texternfl~t !. ~11!

Fig. 1. Schematic of the layering module operation for a rep-rate cryo-
genic target fabrication.
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The modeling results are most conveniently analyzed by
introducing the following parameters:tsurfaceis the time~in
milliseconds! of temperature drop at the outer shell surface,
which is only dependent on the experimental conditions;
t1,t2,t3,t4 ~in milliseconds! are the times of the onset and
the end of fuel liquefaction and freezing, respectively, and
Tin is the target temperature before layering.

In the case of high cooling rates, the time of target cooling
and solid layer formation are controlled by their own times
of the heat transport in the fuel and the shell,tgasandtshell.
The dynamics of fuel liquefaction and freezing is given in
Table 1. In our calculations, the shell~2R 5 1 mm, dR 5
10 mm! is filled with hydrogen~ r 5 25 mg0cc! or deute-
rium ~ r 5 50 mg0cc!, Tin 5 300 K, tsurface5 1 ms, unless
otherwise specified. The shell material is glass or polystyrene.

Analyzing the layering processes in a motionless target,
one should take into account the following characteristic
parameters: the time of gravitational fuel sag to the target
bottom and the time of liquid phase existence.

The characteristic time of the fuel sag for a typical target
of 1-mm diameter can be estimated as follows:

tgravity ' !2R

g
' 10 ms,

whereg is the free fall acceleration. In regard to the time of
liquid phase existencetlq 5 t42 t1 it will suffice to monitor
the value oft3215t32t1 , tlq. It is because oft321 is only
a part of the whole time intervaltlq that it is actually a most
convenient quantity to compare the calculation results. Herein
after it is referred to as a “characteristic time” of liquid
phase existence.

The left side of Table 1 shows the data for the glass shell.
First, note that in the case of D2 fuelt321 is about 10 ms. The
right side of Table 1 shows the data for the polystyrene shell.
Since the heat capacity for polystyrene is less than for glass,
then the value oft321 should grow in magnitude. Our cal-
culations show that even the value oft2 2 t1 considerably
exceeds 10 ms both for H2 and D2. Tables 2 and 3 present the
results corresponding to variations indR andtsurface. Evi-
dently, the characteristic timet321 grows with increasing in
dR andtsurface.

Summarizing the obtained results, special attention should
be given to the fact that in the most interesting case of
polystyrene shell, the time of liquid phase existence exceeds

10 ms for thin shells, and 100 ms for thick shells. During this
time, the liquid fuel will inevitably sag to the target bottom
because, as estimated above,tgravity ' 10 ms.

Thus, it is impossible to form a uniform cryogenic layer in
the motionless target even in the case of high cooling rates.
Below we consider the fuel formation in a moving target,
namely:~a! due to its free fall in vacuum when it is cooled by
radiative heat transfer only; and~b! due to the FST layering,
or solid layer formation in a free-standing target moving in
the layering channel~see Fig. 1!, which allows the decrease
of the effect of gravitational fuel sag, and, what is more
important, the maintenance of rapid symmetrization mech-
anisms induced by target motion~see Sections 2.3 and 3!.

2.2. Slow cooling rates; moving target

Under target cooling by radiative heat transfer only~free fall
in vacuum!, the external boundary condition is of the form

F4pr 2ksh

]Tsh

]r
1 s~T !{Tsh

4G
r5~11d!R

5 0. ~12!

The heat transport outside the shell is irradiation of a “black”
or “gray” body. In this case, the rate of target cooling be-
comes negligible, and the layering timetform@s, wheres is
the Stephen’s constant. In other words, during the layering
process in a free falling target, one can forget about the
gravitational fuel sag and, as a consequence, form a per-

Table 1. Comparative data for the glass and polystyrene shell;
tsurface5 1 ms,dR5 10 mm

Glass Polystyrene

Gas t1 t2 t3 t4 t1 t2

H2 ~25 mg0cc! 4.3 8.53 8.53 13.7 95.62 168.2
D2 ~50 mg0cc! 5.74 7.99 13.29 16.3 124.57 227.6

Table 2. The results obtained for the glass shell under
variations indR andtsurface

tsurface t1 t2 t3 t4

H2 ~25 mg0cc!, dR5 15 mm
1.0 5.83 10.74 15.59 18.71

10.0 25.93 35.81 42.23 47.07

H2 ~25 mg0cc!, dR5 25 mm
0.5 8.4 15.93 23.89 28.04
1.0 8.84 16.37 24.32 28.48
5.0 16.06 25.49 33.25 37.49

10.0 27.51 39.5 48.7 53.76

Table 3. The results obtained for the polystyrene shell under
variations indR; H2 (25 mg0cc),tsurface5 1 ms

dR ~mm! t1 t2 t3 t4

1.0 7.99 16.90 30.13 38.04
1.5 11.39 24.00 44.20 54.89
2.0 15.04 31.17 58.47 71.88
3.0 23.01 45.89 87.86 106.57
5.0 41.67 77.87 150.22 179.19

10.0 95.62 168.2 327.86 382.47
15.0 189.31 293.89 538.04 617.96
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fectly uniform solid layer. However, in doing so, the layer-
ing time becomes experimentally unacceptable.

2.3. Moderate cooling rates; moving target
or FST layering

The moderate cooling rates are realized when the target is
cooled by heat conduction through a small contact area
between the shell and the wall of the layering channel~see
Fig. 1!. For a given heat fluxq at the external shell surface,
one can write the following boundary condition:

F4pr 2ksh

]Tsh

]r
G

r5~11d!R
5 2q. ~13!

Accounting for the heat removal in the contact area gives
rise to another boundary condition, which holds true for thin
shells:

@Tsh# r5~11d!R 5 ~12 x!@Tsh# r5R 1 x{Texternal. ~14!

The contact area occurs due to the shell deformation dur-
ing its motion in the channel. In this case, the rate of heat
transport outward from the target depends on the contact
area size. Hence, there is a possibility to influence the time
of condensed layer formation by varying the target trajec-
tory or layering channel geometry. An estimation of the
contact area as a function of the target parameters can be
done from energy balance between the initial energy of the
target center of mass and the energy of shell deformation. It
is assumed that the spherical shape of the shell remains
unchanged, excluding its bottom segment. This segment
forms a circular area of contact. The elastic contraction of
the shell material in this bottom segment consumes the ini-
tial energy of the target center of mass. The energy of the
shell deformationWsh and the occurring normal reaction of
support are estimated in approximation of a thin shell. As-
sumption that the shell is thin is rather questionable in the
case when shell displacementD is less then its thickness.
Nevertheless, this estimation gives right insight to the prob-
lem. Table 4 summarizes the obtained results.

The following nomenclature is used:E is the Young’s
modulus,j 5 dR0R, V is the shell velocity, andCs is the
sound velocity, the parameterx 5 r 204R2, wherer is the
contact area radius,rtube is the layering channel radius.

Case A relates to a rolling target, which is always retained
against a contact surface. The energy of the shell deforma-
tion corresponds to the work of the normal componentN of
the target pressure on the channel wall along the passD. It
can be, for example, the shell weight~formulaA2 in Table 4!,
centrifugal force, and so forth. The forceNexists quite long,
but generates a comparatively small contact area.

Case B relates to a target trajectory, which has two al-
ternative phases: the free-fall phase and the collision phase.
The shell deformation occurs only during the second phase
due to shell collision with the channel wall. The lifetime
of the contact area is aboutt ' 2D0V. The shell decelera-
tion occurring during collision phasea ' V 20D is consid-
erably more than the free-fall accelerationg, and the
impulsive braking force is considerably more than any
feasible forceN.

Thus, the target cooling is caused by heat conduction
through either large, but short-lived contact areas~Case B!,
or small, but long-lived ones~Case A!, which is character-
ized by a parametere 5 ~2ND0MV 2!0.5. For a typical target
of 1-mm diameter, the estimations givex ' 1024 ~Case A!
andx '1023–1024 atV $10 cm0s ~Case B!. These estima-
tions have demonstrated that the contact area size ofx $
1024 can be formed under FST experimental conditions.
Now let us show that the value ofx $ 1024 is quiet enough
to form the cryogenic layer for several seconds. In this case
the external boundary condition can be written in the form in
which the heat flux at the outer shell surface becomes a
parameter—Q ~W0cm2 K !.

As for the temperatureTin, two remarks are in order. Since
the heat capacity for polystyrene is less than for glass, then
there is no sense to cool the target fromTin 5 300 K. In
addition, to fabricate the inner solid layer of; 100 mm in
thickness, the shells are first filled to a pressure of;1000 atm
at 300 K and then cooled down to a certain temperatureTd

considerably less than 300 K. This is because of low strength
and high permeability of hydrogen isotopes in polystyrene

Table 4. Estimation of the contact area size

Substrate Case A: Rolling target Case B: Colliding target

Planar x '!3Wsh04pR3E{j ~A1! x '!3MtargetV 208pR3E{j ~B1!

x ' !3{R{g

Cs
2

~A2! x '
V

Cs

, for an empty shell ~B2!

Cylindrical
x ' ! Wsh

4pE{R3{j S11
R

rtube

{
1

4
2

129

32
{

R2

rtube
2 D x '

V

CS

{
1

!2
S11

R

rtube

{
1

4
2

129

32
{

R2

rtube
2 D
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at room temperature~Aleksandrova & Belolipetskiy, 1999a,
1999b!. The calculation results for different values ofQ and
Tin are given in Table 5 for a target~R5 0.492mm anddR5
0.01mm! filled with hydrogen H2 ~29 mg0cc, near critical
point!.

It is seen from Table 5 thatQ5 0.002~W0cm2 K ! gives a
layering time of'6–7 s, which is in a good agreement with
the FST experiments. On the other hand, it is evident thatTin

becomes a parameter as well, and its choice cannot be
independent.

Now determine the layering time as a function of the
contact area size in the frame of one-dimensional model by
changing the external boundary condition. This has been
done numerically by solving Stephen’s problem for moving
boundaries between the fuel phases~gas, liquid, and solid!
and for nonlinear boundary condition onto the outer shell
surface.

Table 6 presents the comparative experimental and theo-
retical results. We use the following nomenclature:tres is the
target residence time in the layering channel,tform is the
calculated layering time, and alwaystform # tres, NUin and
NUout are the layer nonuniformity before and after target
layering. In the FST experiments, several interchangeable
layering channels: cylindrical~wide and narrow at verti-
cally inclined geometry of the experiment! and spiral are
used. The medium immediately surrounding the target in-
side the channel is vacuum or heat-exchanged helium at
different pressures. Currently, the layered target is charac-
terized conventionally using computer-aided CCD cameras

with one or two views. In the near future we plan to com-
plete the FST system with a new characterization subsystem
for tomographic target imaging~Aleksandrovaet al., 1999b,
2000a!. Below we describe the conditions of FST experi-
ments presented in Table 6~Osipovet al., 1999; Koresheva
et al., 2000; Aleksandrovaet al., 2000b!:

• Cylindrical channel with gaseous helium inside (line 2
in Table 6). A 983-mm-diameter polystyrene shell was
filled up to 765 atm of H2 at 300 K ~gas density—40
mg0cc!. The initial target temperature before layering
was 21 K. According to the phase diagram~Fig. 2!, the
initial state of H2 before layering was liquid1 vapor
with NU5100%. A 88-mm-thick layer withNU, 30%
has been formed at 5.5 K inside the cylindrical chan-
nel ~Figs. 2 and 3a!. The layering time was no more
than 8 s.

• Spiral channel (line 4 in Table 6). A 980-mm-diameter
polystyrene shell was filled up to 237 atm of D2 at
300 K ~gas density—33 mg0cc!. The initial target tem-
perature before layering was 26 K. According to the
phase diagram, the initial state of D2 before layering
was liquid1 vapor withNU 5 100%. A 30-mm-thick

Table 5. The time moments of the onset and the end of fuel
liquefaction and freezing for different values of Q and Tin

Q t1 t2 t2 t2

Tin 5 300 K
0.1 297.35 388.08 578.27 640.09
0.01 297.35 2657.75 3329.3 3459.91

Tin 5 36 K
2.0 13.54 91.67 274.07 337.85
0.1 18.7 109.61 299.77 31.48
0.01 70.51 432.3 1106.83 1234.02
0.002 292.34 2034.82 5253.67 6346.84

Table 6. The comparative experimental and theoretical results

Shell~polystyrene!

Fuel
2~R1 dR!

~mm!
dR

~mm!
Tin

~K !
W

~mm!
tres

~s!

tform ~s!
at x 5

0.003–0.001
NUin

~%!
NUout

~%!

H2
* 983 15 21 88 8 1–4 100 ,30

H2
* 983 15 15 88 8 0.3–1.4 100 100

D2
** 980 20 26 30 12 2–6 100 ,20

*cylindrical channel; **spiral channel.

Fig. 2. A 88-mm-thick H2 layer was formed in a cylindrical layering chan-
nel for a time of less than 8 s.
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layer with NU , 20% ~which is a resolution limit for
our current characterization system! has been formed at
5.5 K inside the spiral channel~Fig. 1!. The layering
time was no more than 12 s. Usage of the spiral layering
channel allowed us to have a better uniformity of the
layer.

Thus, according to FST layering experiments, both the
channels provide a rapid self-symmetrization of a highly
nonuniform liquid layer and formation of rather uniform
solid layer~see Table 6, lines 2 and 4!. The observed target
residence time inside both layering channels and the calcu-
lated layering time are in a good agreement, andtform , tres.

It should be noted that under loweringTin to 15 K the
symmetrization effect was not observed~see Table 6, line 3,
and Fig. 3b!. In the frame of our model, the following ex-
planation can be proposed. Since the solid layer formation
goes through the liquid phase, then the time of liquid phase
existence is a key parameter and must be sufficient for layer
symmetrization. AtTin , 16 K, this time is very small; at
Tin . 30 K ~bubble point!, there is a gaseous fuel phase
which requires some additional cooling time, which, in prin-
ciple is a “dead layering time.” Therefore, the temperature
range of 16 K, Tin , Ts, whereTsis the initial temperature
of fuel separation into liquid and gaseous phases, is the
working range for the FST layering. Of course, the choice of
an optimalTin should be given for each particular formation
isochore~see Fig. 2!.

From physics, formation of a rather uniform solid layer
directly from a highly nonuniform liquid layer can be con-
trolled by a very simple mechanism. An “ice spot” is gener-
ated in the liquid phase~after its gravitational sag! in the
vicinity of the contact area. Due to the target rolling along
the layering channel, this ice spot is removed from the liq-
uid, and the next one occurs in a new contact area between
the shell and liquid layer. In doing so, the ice spot begins a
random walk onto the inner shell surface, and the solid layer
is formed similar to a thread applied onto a ball. In places of
“ice outgrowths” arising, the heat removal becomes smaller
and, as a result, the solid layer formation accelerates in the
cavities and smooths them. For the described mechanism,
the layer symmetrization time cannot exceed the layering
time under conditions ofTin 5Ts, and takes several seconds.

In the next section, we make an attempt to provide some
grounding in theory for describing a more complex mecha-

nism: initial symmetrization of the liquid layer with its fur-
ther freezing resulting in a uniform solid layer. At present,
this is an important aspect of our activity because the work
in this direction can lead to a new, simpler construction of
the layering channel. In essence, the generation of one or
another mechanism depends on the target trajectory realized
in the layering module, particularly, on the target velocity.

3. DYNAMICAL SELF-SYMMETRIZATION
OF THE LAYER: SHALLOW WATER
EQUATIONS FOR A ROLLING
SPHERICAL TARGET

As the target is cooled, there comes a point where the fuel
gas in the shell is all but liquefied. The life time of the liquid
phase before the onset of fuel freezing considerably exceeds
the time of gravitational sagtgravity '10 ms even in the case
of high cooling rates~see Section 2!. This means that the
liquid fuel in a motionless target has the time to sag at the
target bottom, which inhibits, or in more exact terms, makes
impossible formation of a uniform cryogenic layer. The use
of FST layering allows one to avoid the difficulties arising
under solid layer formation in the motionless target. Below,
a new mechanism is proposed for ICF target symmetrization
to be successful. To withstand the gravitational fuel sag, the
process of reaching the target symmetry goes in two stages:
~1! rapid symmetrization of the liquid layer caused by a
relatively high target velocity, and~2! further freezing of the
symmetric liquid fuel resulting in a uniform solid layer.

Consider a rotating spherical target, which rolls down
along the layering channel. The shell rotation causes a spread
of liquid fuel over the inner shell surface. Under certain
conditions it can result in a uniform layer formation. This
important effect~refer it to as dynamical self-symmetrization!
makes it topical to study a dynamical spread of the liquid
fuel inside the moving target and to develop numerical mod-
els of the process. Therefore, we have initiated investiga-
tions in this field~Aleksandrovaet al., 2001!, and our first
results are presented below.

Let a hollow spherical shell be partly filled with liquid
fuel, and let us takeH as a liquid layer thickness, which is
H0R ,, 1 andH0l ,, 1, wherel is a characteristic size of
spatial nonuniformity of the layer. Since the liquid velocity
is considerably less than the sound velocity in it, we can
write 3D equations for incompressible liquid. Using con-
ventional notations, they are of the form

] <V
]t

1 ~ <V ;¹! <V 5 2
1

r
;¹P 2 ?gJ 1 nD <V, ~15!

div <V 5 0, ~16!

where ?gJ is the liquid acceleration in a coordinate system
connected with the target~systemT!. Equations~15! and
~16! can be reduced to 2D shallow water equations onto a

Fig. 3. Cryogenic layer formation at different initial temperatures.
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sphere. To do that, write the pressure across the layer in the
form

P 5 r{SUq
2 1 Uw

2

R
2 gJ{cosqD{~r 2 R1 H !, ~17!

wherer,q,w are the spherical coordinates in the systemT.
By averagingqth andwth terms of Equation~15! overr and
taking into account Equation~17!, we have:

]Uq

]t
1

1

R
SUq

]q

]q
1

Uw

sinq

]Uq

]w
2 Uw

2
cosq

sinq
D

5 2
1

RH

]

]q
SSUq

2

R
2 gJ{cosqD H 2

2
D

1 gJ sinq 1
1

t
~U0q 2 Uq! 1 ~viscosity!q ~18a!

~viscosity!q [
n

R2 sin2 q

3 Ssinq
]

]q
Ssinq

]Uq

]q
D1

]2Uq

]w2

2 Uq 2 2 cosq
]Uw

]w
D ~18b!

]Uw

]t
1

1

R
SUq

]Uw

]q
1

Uw

sinq

]Uw

]w
1 Uw Uq

cosq

sinq
D

5 2
1

sinq

1

RH

]

]w
SSUq

2 1 Uw
2

R
2 gJ{cosqD H 2

2
D

1
1

t
~U0w 2 Uw! 1 ~viscosity!w ~19a!

~viscosity!w [
n

R2 sin2 q

3 Ssinq
]

]q
Ssinq

]Uw

]q
D1

]2Uw

]w2 2 Uf

1 2 cosq
]Uq

]w
D.

~19b!

Heret is the time of engagement between<U and <U0. Equa-
tions ~18! and ~19! should be added with an equation for
layer thickness:

]H

]t
1

1

Rsinq
S ]

]q
~Uq H sinq! 1

]~Uw H !

2w
D 5 0. ~20!

Our analysis shows that one can expect the layer symmetri-
zation only if the vector of instantaneous angular velocity

<V~t ! in ~18! and~19! is time and space dependent~effect of
rotation axis wobble!:

Vx 5 V~t !{sinQ{cosF

Vy 5 V~t !{sinQ{sinF ~21!

Vz 5 V~t !{cosQ,

whereQ~t !,F~t ! are the spherical angles of the vector<V~t !.
Since the rotation velocity in the systemT is <U0 5 2@ ;R3
<V# , then the spherical velocity components of the rolling

target in~18! and~19! are:

U0r [ 0

U0q 5 2RV{~sinQ{sin~w 2 F!! ~22!

U0w 5 2RV{~~2sinq cosQ 1 sinQ cos~w 2 F!cosq!!.

Equations~18!–~22! can be integrated numerically which
allows us to make a conclusion about layer symmetrization
by varying the Reynolds number, the parameters of engage-
ment~t! and rotation~ <V!.

Further we estimate a role of the effect of rotation axis
wobble. Suppose that the liquid velocity practically co-
incides with the shell velocity. Then, the square of the liquid
layer velocity which enters in the layer pressure onto the
shell is equal to

U0q
2 1 U0w

2 5 R2V2{~sin2 q cos2 Q 2 2
12sin 2q{sin 2Q

{cos~w 2 F! 1 sin2 Q

{~sin2~w 2 F! 1 cos2~w 2 F!{cos2 q!!.

~23!

Now, let us average this expression over the time, taking that
the amplitude of the angular velocityV is constant, but the
anglesQ andF are not correlated and change randomly near
their mean values

Q 5
p

2
1 j{W1~t ! and F 5 h{W2~t !, ~24!

whereW1~t ! andW2~t ! are randomly chosen in the range
@21,1# , andj,h are the numerical coefficients~they are#1!.
After averaging we have

^U0q
2 1 U0w

2 & 5 R2V2{~sin2 q^cos2 Q& 1 ^sin2 Q&

{~^sin2~w 2 F!& 1 ^cos2~w 2 F!&

{cos2 q!!.
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In particular, atw 5 0,

^U0,q
2 1 U0w

2 & 5 R2V2{Sj2

3
sin2 q 1 cos2 q 1

h2

3
D, ~25!

so that the layer nonuniformity along the shell can be esti-
mated as

S0 # q #
p

2D:

H 2{SRV2{Scos2 q 1
j2

3
sin2 q 1

h2

3
D2 gJ cosqD

' const. ~26!

This means thatNU ; 10% and less can be reached at

~j2 1 h2!

3
# 11

h2

3
2

gJ

RV2 # 1.1{
~j2 1 h2!

3
. ~27!

The last expression indicates a range~rather narrow! for
changing a “rolling” parametergJ0RV2:

S12
j2

3
D2 0.1{

j2 1 h2!

3
#

gJ

RV2 # S12
j2

3
D. ~28!

Summarizing this section, two remarks should be made.
First, in the opposite case of steady-state rotation, the layer
thickness by rough estimation isH ' const{~cosq!21, and
no layer symmetrization can be expected. Second, experi-
mentally, the behavior of<V~t ! in time can differ from that
described above. But it was important to show that just
rotation axis wobble can significantly influence the liquid
layer symmetrization. This process appears to have consid-
erable promise for development of new layering module
designs, for example, a shaker-like unit. Such a layering
module can hold a large number of targets~more than 500!
and work with them at one time. Because the layering time
is short enough, only tens of seconds, the above proposal
can be considered as a new FST scenario for mass-producing
the cryogenic targets.

4. FUTURE TRENDS OF DEVELOPMENT

In this work, we have discussed the theory, simulation pro-
gram, numerical, and experimental results for FST layering,
including the detailed descriptions of the heat transfer and
layer symmetrization mechanisms. Formation of a solid layer
is analyzed for targets moving in the layering module. The
aim of these targets is to demonstrate large benefits of a
layering—plus—delivery scheme for rep-rate cryogenic tar-
get fabrication. Currently, the FST system operates with 25
targets at one time. The targets move downward along the
layering module in a rapid succession—one after another,
which results in a repetitive target injection into the test
chamber~see Fig. 1!. This allows shortening the layering

time per target.An experimental study of the target injection
system in a rep-rate regime of six targets each second is
underway.

The proposed FST model can be adaptable and scalable
for the rep-rate fabrication of large cryogenic targets both
for new megajoule-class laser facilities and inertial fusion
energy power plant.

5. CONCLUSION

In ICF research, considerable recent attention has been fo-
cused on the issue of cryogenic target fabrication for a high-
energy laser driver. Analyzing the obtained results, we can
conclude that the FST layering is a suitable candidate to
meet the goal. The experience thus far gained for solving the
issues on filling, layering, and delivering large, free-standing,
cryogenic targets is sufficient to elaborate a special R&D
program that is directed to target factory creation. A broad
program for reactor-scaled target fabrication and delivery at
the center of the target chamber was set up at LPI in 2000.
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