PHYSICAL REVIEW E VOLUME 62, NUMBER 5 NOVEMBER 2000

Potential formalism for an axial energy cumulation process
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A central filament is assumed to be axially positioned inside a collapsing cylindrical thin shell. A cumulation
process is induced by generating a high magnetic field between the shell and the filament. Assuming a
dissipationless approach, it is shown that this problem is equivalent to two point particles moving in a
potential.

PACS numbdis): 52.55-s, 52.75--d

Cumulation, i.e., concentration of energgr magnetic into the surrounding plasmas. Here we propose to use the
fields or any other physical quantjtinto a small volume is inverse Faraday effect by propagating circularly polarized
well under research and development in pulse power devicefaser light along an underdense layer of the filan{antoat-

In particular, different imploding-pinch devices have been ing). Therefore we shall analyze ca&® in particular.
investigated1-4]. The concentration of energy into a small The filament length over which the inverse Faraday effect
fiber plasma provides extremely high temperatures, whichs effective can be estimated by assuming that the laser ab-
might pave the way to thermonuclear fusion and other techsorption is due to inverse bremsstrahlung. In this case the
nical applications. length | in units of cm is inversely proportional to the ab-

Two scenarios can be considered for the model describesbrption coefficient.
in this paper, where a central filament is assumed to be axi-
aIIy. positioned inside a cyllindrical sheI_I qollapsing by the 1*3-4(Té'5)7\[2(1020/ne)2(1/2),

Z-pinch effect. The cumulation process is induced by gener-

ating a high magnetic field between the cylindrical shell anq/vhereT andn, are the electron temperatufia keV) and
e e

the filament. oS . 3 o S
. . i _density(in units of cm ), Z is the plasma ionization, a
(a) The first scenario presumes that the central filament igg theyiaser waveleng)tmin m) pFor A ~1um, n ng
. ' e 3

a porous material with a density of the order of the plasma, 10%em 2 (4 the critical density, T,=1 keV, andZ=1
critical density (i.e., the number of electrons per tris one getslw0315 om P ’ ’

1 2 : : .
10°/)},, where),, is the laser wavelength ipm). Circu- Besides the axial magnetic fieRl, created by the inverse

larly polarized laser lightCPLL) is absorbed along the fila- Faraday effect, there is also an azimuthal magnetic Bed
ment and by the inverse Faraday effect induces an axial ma%'enerated by a term of the formaB,/ot=Vn
e

netic field between the filament and the shell. Recently,xv[-l- /(e R oimnli -
) e o/(eng)] which implies thaB y~T.7,/(L,Lt), where
megagauss axial magnetic fields have been meafBi@idn | g 4 scale length in the axial direction and in our case is of

laser plasma interactions. . ;
. . . the order of the filament length ang; is a transverse scale
In the CPLL scenario, another configuration can be taker|1 9

. ; . M . ength and in our case is of the order of the filament radius.
into account: the filament is soligvith a density larger than \y.n'| 01 cm. T.~1000eV. L-~0.005cm. and a laser
the critical density and a porous material is placed betweenpulse &uraﬁon (’)f ?he order é)f Tl n's we c;an expect that
the filament and the shell. The laser light is absorbed beB /B.<10"2. so that the interchange’instability modes are
tween the shell and the filament and a reversed field configuﬁgt inz1portan,t

ration is generatedbetween the filament and the shelin :

thi th tic field inside the fi ti Another issue is the Rayleigh-TayldRT) instabilities.
IS case the magnetic ield Inside the flament IS Z€ro, aSyqre gre two phases where they can destroy the cylindrical
suming a dissipationless system.

0 . . symmetry: (1) the Z pinch of the shell during its accelera-

(b) An external magnetic field,, is applied between the_ tion phase and2) the filament acceleration by the magnetic
the shell d ‘deal dissination ¢ ‘b field between the cylindrical shell and the filament. The first

€ Shell, and an ideal dissipationiess System must be agg,q jo typical of anyZ-pinch scheme and this instability may
sumed, so that the magnetic field does not penetrate into t & reduced by the scheme where multiwire shells are im-
filament(i.e., it behaves as a superconducting plasma ploded[8-10.. The second one is typical of our scheme and

indzzgdnﬁazzeert]iirli‘?eﬁsarg?qﬁt;zea;etg:r:neiglljg/ {;“t(iallnttjlnd(ca:rPdLeLveIi—t 's analyzed following Chandrasekhgkr1]. The amplitude
opment, with very promising resul{$,6]. It could actually of the RT instability is proportional to exp(); the growth

- : ratel” is given b
produce powerful magnetic fields on a very short time scale, IS g y

of the order of 100 ps or less. In contrast, external coils are
more conventional, but they need a much longer time to be 2=
created, which also means they have more time for diffusing

K P2—P1

, 1
p2tp1 @

-Y

whereg is the acceleratiorp, andp, are the densities of the
*On leave from SOREQ NRC, Yavne 81800, Israel. heavy and light fluidgthe magnetic field acts as the lightest
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fluid with zero density, k=2#/N where\ is the wavelength tor equal to the square of the first root of the Bessel function

of the instability, andy=B2/2gp\. of order 1. In the above example the diffusion time is re-
As p;=0, wheny=1 the implosion is stabilized by the duced to 0.3 ns.
applied magnetic field. It must be noted thatlepends omn The equation of motion for a thin shell of matter, assum-

and it is easier to stabilize short-wavelength modes thaing axial symmetry, is given in cylindrical coordinates by
long-wavelength perturbations. Of course, wavelengths can- 5
not very long because they are approximately limited to the o ﬂ: _ ‘9_PS
shell diameter. For instance, f@&,,=4 MG and a relevant sdt ar’
acceleration of 1¥cm/$ during the interaction phase be- )
tween the shell and the filament, one obtaips~0.5. Whereps andPs are the shell density and pressure, respec-
Therefore, for this example, the axial magnetic field reducedVely. In order to write the equation of motion for an aver-
instabilities due to perturbations with amplitude smaller tharf9€ radial distance) we define
about 0.5 cm. 20726 (r)r dr

The current generated by the CPLL will also produce a r
magnetic field inside the hollow filament in the opposite di- (f(r))= (rg_ri) : (@)
rection to that between the shell and the filament, so that the
net flux is zero. For a filament of radiws and a shell of Using the approximatiom3—r2=2(r)d, whered=r,—r,
radiusr, flux conservation requires and (r)=r;~r,, and introducing the shell mass per unit
lengthM = ps27(r)d into Eq. (6), one gets

ri(t)srs=ry(t), (6)

B,(in)a?=B,(out)(r’—a?), 2
[TH"S 1) “ ” H H H H d2<r> r2 &PS
where “in” and “out” refer to inside and outside the fila- M——-= —277f r——dr=—2m[r,Py(ry)—r,Pg(rq)],
ment. dt no o
In our model, the analysis will be restricted to the “col- (8)

Iision”hbetweerr: the ihellr?r::d the filarrr:ent, iﬁe.,ftlhe Interac- pere the right-hand side was obtained by integrating by
tion phase where the shell approaches the filament, an\g : - L

therefore (—a)<a, and B(in)<B,(out). The magnetic arts and assuming the thin shell approximation

field must be switched off once the bulk of the filament has r

already been accelerated toward the axis. From that point on, f Pdr<P(r)r for rysr<r,. (9)

the implosion is driven only by the kinetic energy transmit- 1

ted from the shell to the filament and it becomes a standard
problem of inertial confinement. The CPLL is applied only an
in that period of time, which means that a short-pulse lase
triggered around the collision time is the suitable tool for this

Through the shell, a curremg flows in the axial direction
d the shell implodes onto the coaxial targhe filament.
This current creates an outer toroidal magnetic figld im-
plying a pressuré4(r,) of

purpose.
Using this “CPLL scenario,” the laser duration time B2

scale is much less than the time scale of the magnetic diffu- Py(ro)= 8—9 (10
aa

sion (into the filamenk In fact, a characteristic magnetic
diffusion time would be |
—_S
47ral? B"_Srz' (1)
TB: C2 I (3)

In these equations, cgs units are used, except for the current

wherel is the diffusion penetration length,is the speed of Which is in ampees.

light, ando is Spitzer's conductivitf7] in units of s * given |5 is the value of the maximum current. The current in a
by Z-pinch discharge is time dependent with a time scale varia-

tion of the order of 1us. However, the time scale of the

8.70x 10" - process considered in this paper is of the order of 1 ns.
o= e (4 Therefore one ma that th teris tant f
ZInA y assume that the curltens constant for
the calculations presented here.
with T, in eV. Therefore, for a Coulomb logarithm An axial magnetic fieldB,, is created as described above
~10, we have in scenario(a) or (b). The magnetic fieldB, between the

shell and the filament and its pressure are obtained by using
the flux conservation principle,

1
75 =3.84X 10-5(Z T332, (5
Boo(r5—ag)=B(r’~a?), (12
where 7z is given in s, T, in keV, andl in mm. For length )
dimensions smaller than the filament radius, e.g.xf0 and _ B7
a temperature of 1 keV, the diffusion time becomas Pm(r)_ﬁ’ (13

~4 ns. Although this estimate is relevant for the initial
stages of the magnetic penetratidm planar geometry the  wherer, anda, are the radius of the shélt,=r(t=0)] and
diffusion time in a cylindrical geometry is reduced by a fac- the filament[ap,=a(t=0)] at the time when the magnetic
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4/3

o
a

field is created. SubstitutinBs(r,) from Eq.(10) andP(r4) ( T 21
21

from Eq.(13) into Eq.(8), one gets the equation of motion of R
the shell for a thin shell approximatiofrl=r~r,~r,), 0

Using Egs.(20) and(21) in Eq. (17), the equation of motion

2 2 2 2\\ 2
M dr _ 15 N BZor [ (rg—ap) (14 (16) of the filament is derived:
sdt 1000 4 \(r*=a?) - 5
— 413 f
The equation of motion for the target, i.e., the central fila- My dt _[2(1+Z)kBT°a0 Afmp)

ment, is given by ) s 212

. 10ceZ5’3< M; \%®] 1 BZal(rg—ag)
au au JaP 2213 |\ A m_ P/ I v N

pf(ﬁ“’ﬁ):_a_rf’ (15) 37 Aim,/ |a 4 |(re—af)

(22

whereu, p;, and Py are the filament speed, density, and the equations of motion of shell and filament, Eds) and

pressure, respectively. ) _ .. (22), can be derived from a potentidi(r,a) given by(in cgs
Uniform pressure and velocity profiles are assumed insidg,its butl in A)

the filament. When the magnetic pressure between the shell

and the filamentP,,, is larger than the filament pressiie, r B
the implosion process takes place with a negative velacity U(r,a)=A Inr_ + 2
Similarly, for P;>P,, the filament expands with a positive 0

<a2—aé>—<r2—ré>)
(r*-a%)

velocity. The pressure can be written &-=P;6(a—r) ag| 3
+P,,6(r—a), whered(x)=1 for x>0 and §(x)=0 for x +Cllz 1) (23
<0. Similarly, the velocity u(r,t)=ug(t)é(a—r)
=(da/dt)6(a—r). Therefore the equation of motion of the |§
filament is A=Too B=3%B%(r3—a3), C=C,+Cr, (24
d’a  P—P,
-t m 16 ZM;\ 5B 1
P a (16) Cc=(1-45><1013)(Tf s
f ag
The filament is assumed to be in a plasma state with a M
pressure composed of two terni;, the ideal gas equation _ f
of state(EOQS, and P, taken as the Fermi-Dirac pressure Cr=2(1+2)ksTo Aim,) (25

[12] (the cold EO$, N ) )
Note thatA,B,Care positive and have dimensions of erg/cm.

P;=P.+ Py, 17 A classical HamiltoniarH can be defined for the canoni-
cal variables andpg anda and ps

PT:(1+Z)nikBT, (18) d
r
1 /3)\23h2 ps:Msar (26)
=25 7] moNe =cene”. (19
20\ 7/ mg
=M E (27)
n. andn; are the electron and ion number densities of the P fdt’

filament plasma, which is assumed to be neutrgi Zn;, Z

being the average degree of ionization. The electrons and the ps pf
ions are assumed to have the same temperdikel;=T. H= 2M  2M;
In Eq. (18) kg is the Boltzmann constanh is the Planck

constant, andn, is the electron mass. Introducing into Eqg. with the usual equations of motion

(19) the filament mass per unit lengM;= 7a’p;, and us- 5

ing the relatiom; = p/(A;m,), wherem, is the proton mass M ﬂ _ ﬂ (29)
andA; is the atomic number of the filament matter, the fila- sdt? ar’

ment pressure is expressed by

+U(r,a), (28

5/3 5/3 d*a __ N 30
o :(1+Z) Mf kBT E Mf Ce fdtZ - Jga’ ( )
f A, ma? "\ @) \Am,) al®

(20 which correspond to the Hamilton-Jacobi equations. Equa-
tions (29) and(30) are identical to Eq9.14) and(22). In this
Note thatP(po)/Pr(10eV)~0.2 wherep, is the DT liquid  formalism the magnetic fiel®,, and the current, are con-
density, and this ratio scales with density and temperature agants. The “potential” formalism is applicable only after
p2IT. the B, is induced(by the action of the CPLL beam or by
Assuming an adiabatic energy equation for the filamentexternal coils. Before it, the shell is strongly accelerated
T/p?3=const, one has inward by the pinch effect.
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FIG. 1. The potential (r,a) as a function of the filament radius B
a with the thin shell positionr as a parameter(potential -2 5 z ; 500
unit=100J. Shell mass is 46.4g/cm; flament mass 11.g/cm; (b) 20 fime (ps) 1

maximum pinch current 1 MA; axial magnetic field &1@; initial

shell radius 0.02 cm; initial filament radius 0.01 cm; initial filament ~ FIG. 2. (8). Numerical calculations for the filame(d) and shell
temperature due to laser interaction 10 eV. The filament is made df) positions as a function of time, fdis=25MA, Bz,=4 MG,
deuterium. It is important to observe that the potential shows ao=10eV, andMg=M;: with initial shell speed of 1.&m/ps.(b)

significant well as the radiusdecreases. Evolution of the shell and filament speeds in the case presented in
@).
The extremum of the potential is given by solving
dUlar=0, gU/da=0, implying that on the fraction of the kinetic energy of the shell transmitted
to the filament. If a head-on elastic collision is assumed, it
A r2 can be estimated by
(31

B(ri—aj) T (r7=ad)?
Vi 2(Mgs/My)

4cals 41073 . Vs (Mg/Mp+1’ (39
3B(r5—aj (r*—a’)*’ 32
and
ForZ=1, the solution of these equations is given in practical
units by 1500
r 0.132 _
P = AT ré4/9a(2)/9-|-é/6M fl’GBZ{)gI . 109 (33)
1000|— -
a (9.39<10?) _
°_ i r(2)/3a8/3T(1)/2M f”ZB %3| . 43 (34 Lo
aO \/Af |:
with rg in mm, ag in units of 0.1 mm, T, in eV, M; in 500 — -
uglcm, B,o in MG andlg in MA.
An analysis of the potentidl as a function o for r as a
parameter is given in Fig. 1. From the numerical solutions in
Fig. 1 it is clear that interaction between the two masses is ob——— .

analogous to an elastic collision of point particles with a 420 440 460
reflecting wall ata=0.

The efficiency of the filament implosion depends on the FIG. 3. Filament temperature vs time for the case reported in
hydrodynamic efficiency of the shell-filament collision, i.e., Fig. 2.

480 time (ps) 500
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MfV? 4(Mg/My) 36 tial temperaturel,=10eV. In these numerical calculations,
n= 2= 2 ) B, is switched off after the shell-filament “collision.” The
M. /M)“+2(M/Ms)+1 z . . Lo I
MsVs  (Ms/My) (Ms/My) temperature of the filament for this case is given in Fig. 3.
where V; and V are the velocity of the filament and the Values over 10 keV are obtained inside the filament around
shell respectivély. 7 gets its maximal value f=1) for the time of maximum compression. This temperature would
M¢/M¢=1, which corresponds to the classical billiard be high enough to frigger a DT fusion burst, which is a

i T . ; . . positive conclusion of our analysis. However, additional
thheea%;? gfllsé‘?néégs\’vgﬁhvanﬁ 'Phcgrgél%gagf'?hséof%?;de?nldanalysis of density values and confinement time is needed to

inertial confinement fusiofiCF) the speed of the imploding fave a complete picture of the importance of this scheme for

) . F Ed35 h uture fusion applications. In any case, the potential formal-
matter is very important. From E435) one can see that g, is 4 kinematic view of the cumulation process that could

Vi/Vs increases adls/M; increases, with the asymptotic po created in the interaction between coaxial plasmas sepa-
value of 2. However, in our model the shell mass is Ilmltedrated by a magnetic field.

by the thin shell approximation.

In Figs. 2a) and(2b) the shell and filament positions and ~ We would like to extend our thanks to Z. Henis and |I.
their appropriate velocities are given foj=1 (i.e., Mg  Vorobeichik for useful discussions, and to I. Vorobeichik
=Mjy). Values assumed for the electromagnetic parameterslso for his valuable numerical calculations. This work was
are very high, as needed for fusion scenarios, nan®gly, supported in part by Spain’s Ministry of Education, Science
=4 MG, |4=25MA, and a deuterium-tritium target with ini- and Culture.
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