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Abstract

In this report, we discuss the physical concept and the results of mathematical modeling of free-standifig3aiget
layering for inertial confinement fusiofICF), including the detailed descriptions of the heat transfer and layer
symmetrization mechanisms.

Keywords: Free standing target; Inertial confinement fusion; Self-symmetrization

1. INTRODUCTION shevaet al., 1994; Aleksandrovat al., 1999, 1996) to
ensure the layer quality survival. In this work we present
A prototype of the system for mass-producing cryogenicnew results relative to cryogenic solid layeritgjleksan-
targets has been created at the Lebedev Physical Institutkovaet al., 200J).
(LPI). The system is capable of filling, layering, and deliv-
ering large, free-standingunmounted cryogenic targets.
This allows one to carry out the experiments on rapid for-2. SIMULATION CODE FOR RAPID FUEL
mation and self-symmetrization of a fuel layer onto the LAYERING INSIDE MOVING
inner surface of a spherical shell. The observed layering FREE-STANDING ICF TARGETS
time does not exceed 12 s fonldnd D, layers. The cryo-
genic targets for these experiments are polystyrene shells dfodeling the FST layering was aimed at determination of a
0.7- to 1-mm diameter and 8- to 1&om wall thickness. The prevailing layering mechanism and development of a base-
layer thickness is between 30 and 10®. The FST system line program for calculation of a corresponding layering
operates with 25 targets at one time. They remain untime. The heat transfer mechanism is a key momentin cryo-
mounted in each production step. The transport process genic layer formation. In the experiment, the fuel cooling
target injection between fundamental system elements: shelind the phase transitions in the shell are inevitably three-
container—Ilayering module—test chamlfeee Fig. 1 dimensional3D) processes because, in principle, it is vital
Most of the theoretical effort has focused on developmento avoid unwanted side effects: nonspherical heat removal
of mathematical models which describe each productiorirom the target, a nonradial temperature gradient, and grav-
stepinthe FST system: rapid filling to decrease the radiatioftational sag of the liquid fuel. Thus, the correct mathemat-
damage due tg-ray from tritium decay during the diffusion ical descriptions of the fuel layering require 3D model
fill (Aleksandrova & Belolipetskiy, 1999 199%), rapid  development. However, these effects play only quantitative
layering to fabricate the homogeneous f(&leksandrova role and can change the valuergf,, several times, whereas
etal, 1993, 1994, 1996 200(), rapid target characteriza- there is a physically important parameter which qualita-
tion (Aleksandrovatal.,, 199%, 2000a), and deliveryfKore-  tively changesy,m 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
Address correspondence and reprint requests to: V. Aleksandrova, P.

Lebedev Physical Institute, Russian Academy of Sciences, P.O. Box 11792&{',3e a one-Q|mgns|onal Spherl_cally symmgtnc'model as a
Leninskiy prospect 53, Moscow, Russia. first approximation for calculating the layering timg.
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10 (D-T) or 25 (Hz, D, ) SHELLS
R
Mggig(t) = j Psotia(T)-4arr 2 dr, 5
MOVING SHELL WITH serve for determination of the phase boundaries location:
’//L’lg_l,lln FUEL gas—liquid(r = rg(t)), and liquid—solid(r = rs(t)). The
values 0fmyad(t), Miguia (1), Mseiig(t) can be found from the

conditions of phase transitions at the fuel phase boundaries
(Stephen'’s problem
SPIRAL LAYERING

CHANNEL aT oT
/\gl( I) rnQaS _47Trgl ([kgasa_] - |:kliquid _:| ):
’_—___,__——-—' I {rry or r=rg

(6)
TEST CHAMBER

drnsoi aT oT
//’/ Ais(Tis) - < = 47Tr|§<[ksond 5] T [kliquid _} B )

dt or

LAYERED TARGET @)

WITH SOLID FUEL
CRYOSTAT Here Ay (T) and A5(T) are the phase transition heat, and
Ty = Tli=r,, Tis = Tl are the temperatures at the fuel

Fig. 1. Schematic of the layering module operation for a rep-rate cryo-

genic target fabrication phase boundaries. Equatiot® and(7) should be added

with the law of mass conservation:

. . . . — + Miguia + Msoiia) = O.
The heat transfer in a one-dimensional spherically sym- it (Moas ™ Miauia + Meoia) = 0 ®

metrical model is described by the following equation:
The flow continuity atr = R, whereR is the inner shell

N1 a9/, T radius, is of the form
quE—r—zg(f |?> 1)
5] ] ®
for each fuel phase: gaseols= gas), liquid (I = liquid), Yor |i-r oo Ji-r’

solid (I = solid) and the shelll = sh). The temperaturg(r)
is continuous at boundaries between the fuel phases and t
inner shell surface. Here we use the following nomencla-
ture:p, is the densityC, is the heat capacitl is the thermal
conductivity,t is the current time.

The gas density and the pressurk are related by the [ﬂ] =0. (10)
following equation: ar

Ilfé 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:

The boundary condition at= R + R, wheredR is the
(2)  shell thickness, should be chosen from the experimental

3 RgT ap?
(mi/p)=b  (p1)? conditions. Three cases are thinkable in this respect.

In Eq.(2) Ryis the gas constan is the molecular weight,
T is the absolute temperatur@andb are the temperature-
dependent parameters. The gas mass in the target is knowry 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
Texternat), then the boundary condition at= R + SR is of
whererg (t) is the gas—liquid boundary. It can change inthe form

time due to phase transitions. The mass of the liquid and

solid phases, Ten(r = (14 8)R) = Texiernr(t). (11

2.1. High cooling rates; motionless target

mgas(t) = Lgl pgas(T)'47Tr2 dr, (3
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Table 1. Comparative data for the glass and polystyrene shell; Table 2. The results obtained for the glass shell under

Tsurface= 1 MS,0R =10 um variations in6R andrsface
Glass Polystyrene Teurface T T T3 T4
Gas 71 T2 73 s T T2 H, (25 mg/cc), SR =15 um
1.0 5.83 10.74 15.59 18.71
Hp(25mg/co 43 853 853 137 9562 1682 100 2503 3581 4223  47.07

D, (50 mg/co) 5.74 7.99 13.29 16.3 124.57 227.6 H, (25 mg/cc), SR = 25 um

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 2751 395 48.7 53.76
The modeling results are most conveniently analyzed by

introducing the following parameters; taceis the time(in
milliseconds of temperature drop at the outer shell surface,
which is only dependent on the experimental conditions;
71,72, T3, T4 (in milliseconds are the times of the onset and 10 ms for thin shells, and 100 ms for thick shells. During this
the end of fuel liquefaction and freezing, respectively, andime, the liquid fuel will inevitably sag to the target bottom
T, is the target temperature before layering. because, as estimated aboxg,,iry ~ 10 ms.

Inthe case of high cooling rates, the time of target cooling  Thus, itis impossible to form a uniform cryogenic layerin
and solid layer formation are controlled by their own timesthe motionless target even in the case of high cooling rates.

of the heat transport in the fuel and the shejlandrgne. Below we considgr the fuel_formation in a mqving target,
The dynamics of fuel liquefaction and freezing is given in namely:(a) due to its free fall in vacuum when it is cooled by
Table 1. In our calculations, the shélR = 1 mm,sR=  radiative heat transfer only; arib) due to the FST layering,

10 um) is filled with hydrogen(p = 25 mg/cc) or deute-  OF solid layer formation in a free-standing target moving in
rium (p = 50 mg/co), T, = 300K, Teyrrace= 1 MS, UNless the layering channdkee Fig. 1, which allows the decrease
otherwise specified. The shell material is glass or polystyrenéf the effect of gravitational fuel sag, and, what is more

Analyzing the layering processes in a motionless targeti,mportant, the maintenance of rapid symmetrization mech-
one should take into account the following characteristicanisms induced by target moti¢see Sections 2.3 and.3
parameters: the time of gravitational fuel sag to the target

The characteristic time of the fuel sag for a typical target ] o
of 1-mm diameter can be estimated as follows: Under target cooling by radiative heat transfer dffilge fall
in vacuum, the external boundary condition is of the form
2R
Tarauty =\ Tg7 =10 MS, [4wr2ksh—3h + a(T)~TS‘,‘1] - 0. (12)
ar r=(1+8)R

whereg s the free fall acceleration. In regard to the time OfThe heat transport outside the shellis irradiation of a “black”

liquid phase existence, = 4 — Tl.ltwm suffice to "?O”'tor or “gray” body. In this case, the rate of target cooling be-
the value ofr;_; = 73— 7, < 7. Itis because of;_, is only L N ;
comes negligible, and the layering timg, o« o, whereo is

a part of the whole time interval, that it is actually a most ; ; .
. . . .the Stephen’s constant. In other words, during the layering
convenient quantity to compare the calculation results. Herein

o B o .~ process in a free falling target, one can forget about the
after it is referred to as a “characteristic time” of liquid oo
. gravitational fuel sag and, as a consequence, form a per-
phase existence.

The left side of Table 1 shows the data for the glass shell.
First, note that in the case obBuel 7;_; isabout 10 ms. The _
right side of Table 1 shows the data for the polystyrene shellT@ple 3. The results obtained for the polystyrene shell under
Since the heat capacity for polystyrene is less than for glas¥2"1ations indR; Hz (25 Mg'cC), Taurace= 1 MS
then the value of5_; should grow in magnitude. Our cal- SR ()

H . 1 T2 73 T4
culations show that even the valuemf— 7, considerably
exceeds 10 ms both fortdnd D,. Tables 2 and 3 presentthe 1.0 7.99 16.90 30.13 38.04
results corresponding to variations dR and 7 face EVi- L5 11.39 24.00 44.20 54.89
dentlv. the ch teristic ti ith U 2.0 15.04 31.17 58.47 71.88
ently, the characteristic timg_; grows with increasingin =~ 3’y 2301 45.89 87.86 106.57
SR andrsace 5.0 41.67 77.87 150.22 179.19
Summarizing the obtained results, special attention shouldo.o 95.62 168.2 327.86 382.47
be given to the fact that in the most interesting case oft5.0 189.31 293.89 538.04 617.96

polystyrene shell, the time of liquid phase existence exceeds
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fectly uniform solid layer. However, in doing so, the layer-  The following nomenclature is useét is the Young’s
ing time becomes experimentally unacceptable. modulus,¢ = 6R/R, V is the shell velocity, an&; is the
sound velocity, the parametgr= r?/4R?, wherer is the
contact area radius,,, is the layering channel radius.

Case Arelates to arolling target, which is always retained
against a contact surface. The energy of the shell deforma-
The moderate cooling rates are realized when the target ion corresponds to the work of the normal compori¢wof
cooled by heat conduction through a small contact arethe target pressure on the channel wall along the pa#is
between the shell and the wall of the layering charfeee  can be, for example, the shell weigfdrmula A2 in Table 4,

Fig. 1). For a given heat fluxj at the external shell surface, centrifugal force, and so forth. The forbkexists quite long,
one can write the following boundary condition: 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
Accounting for the heat removal in the contact area give®f the contact area is abotuts 2A/V. The shell decelera-
rise to another boundary condition, which holds true for thintion occurring during collision phasg~ V?A is consid-

2.3. Moderate cooling rates; moving target
or FST layering

=G 13

r=(1+8)R B

aTsh]
4arr %k
[ s o

shells: erably more than the free-fall acceleratign and the
impulsive braking force is considerably more than any
[Tsh]r:(1+§)R = (1 - X) [Tsh]r:R + X'Texlernal- (14) feaSible fOI'Cd\l.

Thus, the target cooling is caused by heat conduction

The contact area occurs due to the shell deformation duithrough either large, but short-lived contact aré2ase B,
ing its motion in the channel. In this case, the rate of heabr small, but long-lived one&ase A, which is character-
transport outward from the target depends on the contadzed by a parameter= (2NA/MV 2)%5, For a typical target
area size. Hence, there is a possibility to influence the timef 1-mm diameter, the estimations giye~ 10~* (Case A
of condensed layer formation by varying the target trajecandy ~10~3-10"*atV =10 crmy/s (Case B. These estima-
tory or layering channel geometry. An estimation of thetions have demonstrated that the contact area size of
contact area as a function of the target parameters can W@ * can be formed under FST experimental conditions.
done from energy balance between the initial energy of thélow let us show that the value gf= 10"* is quiet enough
target center of mass and the energy of shell deformation. b form the cryogenic layer for several seconds. In this case
is assumed that the spherical shape of the shell remairtbe external boundary condition can be written in the formin
unchanged, excluding its bottom segment. This segmemwhich the heat flux at the outer shell surface becomes a
forms a circular area of contact. The elastic contraction oparameter—-Q (W/cm? K).
the shell material in this bottom segment consumes the ini- As for the temperaturg,,, two remarks are in order. Since
tial energy of the target center of mass. The energy of théhe heat capacity for polystyrene is less than for glass, then
shell deformation\, and the occurring normal reaction of there is no sense to cool the target fram = 300 K. In
support are estimated in approximation of a thin shell. As-addition, to fabricate the inner solid layer €f100 um in
sumption that the shell is thin is rather questionable in thehickness, the shells are first filled to a pressure 4000 atm
case when shell displacemeftis less then its thickness. at 300 K and then cooled down to a certain temperaiyre
Nevertheless, this estimation gives right insight to the prob€onsiderably less than 300 K. This is because of low strength
lem. Table 4 summarizes the obtained results. 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 ~ \ 3W,,/4pR3E- £ (A1) X =~ \ 3MargetV 7/8pRE- £ (B1)

3Rg ~ Y4 hell B2
X~ .| — (A2) X~C,oranemptyse (B2)
C2 s
Cylindrical W R 1 129 R? _ vV 1 R 1 129 R?
X~ 3 1+—.———.2— X»vg.— l+—.£—17§.7
4pE-R3.¢ Fube 4 32 IPpe s V2 Ttube I'ibe
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Table 5. The time moments of the onset and the end of fuel

17

‘I'I'emperature (K}

liquefaction and freezing for different values of Q ang T cp
332 Bt Bubble Point

Q 71 72 T2 T2
Tin = 300K Formation Isochore —>

0.1 297.35 388.08 578.27 640.09

0.01 297.35 2657.75 3329.3 3459.91
Tin=36K 21.0 Ta=21K 0 NUi, = 100 %

2.0 13.54 91.67 274.07 337.85

0.1 18.7 109.61 299.77 31.48 T

0.01 70.51 432.3 1106.83 1234.02 139 |0

0.002 292.34 2034.82 5253.67 6346.84 n-H,

5.5 Toa=65K NUgw = 30 %

atroom temperatur@leksandrova & Belolipetskiy, 1999 Fuel density (me/c) |
199%). The calculation results for different values@and a 10 20 30| 40| so| eo| 70| 80

T, are given in Table 5 for a targéR = 0.492um andSR =
0.01 um) filled with hydrogen H (29 mg/cc, near critical
point).

It is seen from Table 5 th& = 0.002(W/cm? K) gives a
layering time of~6—7 s, which is in a good agreement with

Fig. 2. A88-um-thick H; layer was formed in a cylindrical layering chan-
nel for a time of less than 8 s.

with one or two views. In the near future we plan to com-
lete the FST system with a new characterization subsystem
or tomographic targetimagin@leksandrovatal., 199%,

2000a). Below we describe the conditions of FST experi-

the FST experiments. On the other hand, it is evidentThat
becomes a parameter as well, and its choice cannot
independent.

Now determine the layering time as a function of the
contact area size in the frame of one-dimensional model b
changing the external boundary condition. This has been
done numerically by solving Stephen’s problem for moving
boundaries between the fuel phasgas, 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 nomenclatuygis the
target residence time in the layering channe),, is the
calculated layering time, and alwayg,» = tes, NU,, and
NU,, are the layer nonuniformity before and after target
layering. In the FST experiments, several interchangeable
layering channels: cylindricalwide and narrow at verti-
cally inclined geometry of the experimgrdand 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

Lt

ments presented in Tablg@sipovet al., 1999; Koresheva
al., 2000; Aleksandrovat al., 200():

e Cylindrical channel with gaseous helium inside (line 2

in Table 6) A 983-um-diameter polystyrene shell was
filled up to 765 atm of H at 300 K(gas density—40
mg/cc). The initial target temperature before layering
was 21 K. According to the phase diagréfig. 2), the
initial state of H, before layering was liquid- vapor
with NU =100%. A 88um-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 6A 980-um-diameter
polystyrene shell was filled up to 237 atm of, @&t
300 K (gas density—33 mfgc). The initial target tem-
perature before layering was 26 K. According to the
phase diagram, the initial state of, Defore layering
was liquid+ vapor withNU = 100%. A 30um-thick

Table 6. The comparative experimental and theoretical results

Shell(polystyreng

Trorm (S)
2(R+ 6R) SR T W tres aty = NUn  NUu
Fuel (pm) (pm) (K) (pm) (s) 0.003-0.001 (%) (%)
H5 983 15 21 88 8 1-4 100 <30
H3 983 15 15 88 8 0.3-1.4 100 100
D3* 980 20 26 30 12 2-6 100 <20

*cylindrical channel; **spiral channel.
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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
(b) in the layering module, particularly, on the target velocity.

Tor=55K
Tin = 21K Tin=15K

(@)

Fig. 3. Cryogenic layer formation at different initial temperatures.

3. DYNAMICAL SELF-SYMMETRIZATION
OF THE LAYER: SHALLOW WATER

. L . EQUATIONS FOR AROLLING
layer withNU < 20% (which is a resolution limit for SPHERICAL TARGET

our current characterization systenas been formed at

5.5 K inside the spiral chann¢Fig. 1). The layering  As the target is cooled, there comes a point where the fuel

time was no more than 12 s. Usage of the spiral layeringjas in the shell is all but liquefied. The life time of the liquid

channel allowed us to have a better uniformity of thephase before the onset of fuel freezing considerably exceeds

layer. the time of gravitational sag,,ir, ~ 10 ms even in the case

Thus,according t ST ayerng experments, bt O ool atetsee Secton 2 Ths means Ut e
h | i i If- izati f a highl SR )

channels provide a rapid self-symmetrization of a hig ytarget bottom, which inhibits, or in more exact terms, makes

nonuniform liquid layer and formation of rather uniform impossible formation of a uniform cryogenic layer. The use
lid layer Tabl lines 2 and.4rh rved target . ) e v
solid layer(see Table 6, lines 2 and.4rhe observed targe f FST layering allows one to avoid the difficulties arising

residence time inside both layering channels and the caICLonO| r solid laver formation in the motionl target. Below
lated layering time are in a good agreement, ang < ties under solic iayer formatio € motioniess target. below,

It should be noted that under lowering, to 15K the anew mechanism s proposed for ICF target symmetrization

symmetrization effect was not observsge Table 6, line 3 to be successful. To withstand the gravitational fuel sag, the
and Fig. 3b. In the frame of our model, the follovx’/ing ex,- process of reaching the target symmetry goes in two stages:

planation can be proposed. Since the solid layer formatioﬁl) rapid symmetrization of the liquid layer caused by a

goes through the liquid phase, then the time of liquid phaséelatively high target velocity, an@) further freezing of the
' :Fymmetric liquid fuel resulting in a uniform solid layer.

existence is a key parameter and must be sufficient for laye Consider a rotatin herical target. which rolls down

symmetrization. Afl;,, < 16 K, this time is very small; at | 0 ti F aro ah 9 Spl _(Ie_hcaha”get,f ch rofis do d

T, > 30K (bubble point, there is a gaseous fuel phaseaor,]g e layering channel. The sheflrotation causes a sprea
of liquid fuel over the inner shell surface. Under certain

which requires some additional cooling time, which, in prin-C nditions it can result in a uniform layer formation. This
ciple is a "dead layering time " Therefore, the temperaturem(i ortant effectrefer it to as dynamical sZIf sommetrizz.it)on
range of 16 K< T, < Ts whereTsis the initial temperature P y y

of fuel separation into liquid and gaseous phases, is th’FIakes it topical to study a dynamical spread of the liquid

working range for the FST layering. Of course, the choice o ulel '?St'r?e the movm_lg_ghtarg;at andto (rj]evelc_)ptljutm(;ar}cal n:pd-
an optimalT;, should be given for each particular formation €ls ol the process. iherefore, we have Initiated investiga-
isochore(see Fig. 2 tions in this field(Aleksandroveet al., 2001, and our first
From physics, formation of a rather uniform solid layer reiuI:s ar:elf)resen:led_ bellovr\]/. b v filled with liquid
directly from a highly nonuniform liquid layer can be con- f Ie ad Iotow fpkd:”ca SI c id le partr)]{ Le wi h.lqu]“.
trolled by a very simple mechanism. An “ice spot” is gener-ﬁ/eR’ 3<n1 € ;;/f‘<< fs ah 'qul' : ayerh Ic tne_ss:_, whic '?
ated in the liquid phaséafter its gravitational sggn the . and ~ 4, Wherel IS a characteristic size o
vicinity of the contact area. Due to the target rolling alongfSpatlal nonun|form|ty of the layer. Since the_ I|q_U|c_I velocity
the layering channel, this ice spot is removed from the qu—IS _conS|derany_ less thqn ihe sounq vel_oc(cy n 't.’ we can
uid, and the next one occurs in a new contact area betweevﬁme. 3D equat_lons for incompressible liquid. Using con-
the shell and liquid layer. In doing so, the ice spot begins é/ent|onal notations, they are of the form
random walk onto the inner shell surface, and the solid layer

—

i§ formed similar to_a_thread applied onto a ball. In places of v + (VV)V = 1 VP — Gg + vAV, (15
“ice outgrowths” arising, the heat removal becomes smaller ot

and, as a result, the solid layer formation accelerates in the o

cavities and smooths them. For the described mechanism, divv =0, (16)

the layer symmetrization time cannot exceed the layering

time under conditions oF, = Ts, and takes several seconds. wheregg, is the liquid acceleration in a coordinate system
In the next section, we make an attempt to provide someonnected with the targésystemT). Equations(15) and

grounding in theory for describing a more complex mecha{16) can be reduced to 2D shallow water equations onto a
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sphere. To do that, write the pressure across the layer in the(t) in (18) and(19) is time and space dependéaffect of
form rotation axis wobblg

O, = Q(t)-sin®-cosd

Ujs+UZ2
P:p.< ”R ¢ g®.cosﬁ)~(rR+ H), 17

Q, = Q(t)-sin®-sin® (21)
wherer, 9, ¢ are the spherical coordinates in the sysiem
By averagingdth andeth terms of Equatiofil5) overr and Q, = Q(t)-coso,
taking into account Equatiof17), we have:
where®(t), ®(t) are the spherical angles of the ved(t).
Uy 1 dy U, dUy , Cosd Since the rotation velocity in the systefis U, = —[R X
ot ﬁ( " o9 * sing E B sinﬁ) Q], then the spherical velocity components of the rolling
target in(18) and(19) are:

1 a((ug 19)H2>
" RHa \\R 9V Uor =0

1 o
+ ggsing + = (Upy — Uy) + (viscosity, (188 Upy = —RQ-(sin®-sin(¢p — ®)) (22
T

Ug, = —RQ-((—sin¥d cosO + sin® cos¢ — ®)cosd)).
14
(viscosity g =

R?sin? ¢ . . . .
Equations(18)—(22) can be integrated numerically which
0 [ au,\ 92U, allows us to make a conclusion about layer symmetrization
X <Sln19 79 (Slm‘} 5) Py by varying the Reynolgs number, the parameters of engage-
ment(7) and rotation(()).
au, Further we estimate a role of the effect of rotation axis
— Uy —2cosd ﬁ) (18D \obble. Suppose that the liquid velocity practically co-
incides with the shell velocity. Then, the square of the liquid
al, 1 v, U, au, cosd layer velocity which enters in the layer pressure onto the
;*a( ﬁ§+ﬁg+“«a“ﬂm> shell is equal to
1 19 << Ug+UZ2 > H2> U + UL = R2Q2.(sin? ¢ cos? © — Lsin 2¢-sin 20
“sino RHag\\ R 907
L -cog(p — ®) + si’ O
+ . (Uo, — U,) + (viscosity,, (199 (Sif(g — @) + CoL(g — B)-COL D)),
i i o=~ 23
(viscosity),, = 2o
; U o Now, let us average this expressioq over the time, taking that
> <sim9 2 (sim? _‘P> ; -u, the amplitude of the angular velocify is constant, but the
Ll a9 dp angles® and® are not correlated and change randomly near

their mean values
+ 2 cosd —>
dp -
0= —+ W) and ® =n-W,(1), (24)
(19b) 2

Herer is the time of engagement betwedrandU,. Equa- ~ whereWi(t) andW(t) are randomly chosen in the range
tions (18) and (19) should be added with an equation for [—1,1], andé, n are the numerical coefficientthey are<1).
layer thickness: After averaging we have

(U + UZ) = R2Q2-(sin? 9(cos? ©) + (sin* ©)

oH 1 d _ AU H)
— + — (UyHsind) +

- ) =0. (20
at Rsindg \ 09 2¢

-((sin®(¢ — @) + (cos’ (¢ — D))
Our analysis shows that one can expect the layer symmetri-
zation only if the vector of instantaneous angular velocity -cos 9)).
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In particular, atp = 0, 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
so that the layer nonuniformity along the shell can be estifor new megajoule-class laser facilities and inertial fusion
mated as energy power plant.

2 2
(Ugs + UZ) = R2Q2. (% sin? 9 + cos ¥ + %) (25

(o 9= %) 5. CONCLUSION

, 5 In ICF resear_ch, considerable_ recent atter_1tiop has bee_n fo-
H2. <Rﬂz_ (c032 9+ [ sin2 9 + ”’7_> s cosﬁ) cused on the issue of cryogenic target fgbrlcatlon for a high-

3 3 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 onfilling, layering, and delivering large, free-standing,
cryogenic targets is sufficient to elaborate a special R&D
(&2 +n?) ” e (&2 +n?) program that is directed to target fact.ory.creation. A broad
s =1+ 3 Ro? =1.1 3 (27) program for reactor-scaled target fabrication and de!|very at
the center of the target chamber was set up at LPI in 2000.

~ const (26)

This means thatlU ~ 10% and less can be reached at

The last expression indicates a rangather narrow for

changing a “rolling” parameteg, /RQ?: REFERENCES
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