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OW THE POSSIBILITY OF ULTRAHIGH MAGNETIC FIELDS FRODUCTION
IN IMPLODING FLASMA: MAGNETIC FLUX RETENTION

G.E.Vekatein

Institute of Nuclear Physics
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The problem of the axial magnetic flux retention in a low-

ﬁ plasma imploded by the cylindrical liner has been studied.It

is shown that the rate of magnetic flux losses in such a system
becomes snomalously high due to the formation of a high-densi-
ty plasma sheath ot the liner wall. Analytical sclution of the
plasma transport equatiions based on the self-similar nature of
the sheath profile evolution in time has been obtained. The en-
hanced magnetic flux losses result in rather hard requirements
to the liner velocity needed for the production of ultrahigh
magnetic fields in imploding plasma.

Intrﬂ&uction

Recently the new scheme for production of ultrahigh {~100
Mgs) magnetic fields hus been proposed [1,2]J based on. the
implozion of the plasma with a frozen magnetic field by the 1li-
ner, In this method the field amplification is-provided hy cur-
rents inﬁgped in the plaema, and it resuits in socme advantoges
in comparison with the traditional way of megagauss fields pro-
duction by magnetic flux compression with a conducting liner.

The principal problem is now as follows: what implosion ve-
locity it needs for "frozen in field” condition to be valid®
It hae been congidered in [1.2] that it needs the magnetic Rey-
nolds number .Sﬁ1 to be much greater than unity:

Sm 3 E‘_({:) _uL('E)f/Dm{—t-:J s 7 : (1)

Here K, 1s the radius of the iiner, U_ = fﬁLf - implosion ve=-
leceity, Dm ='02f4if§“ - magnetic visco sity coefficient of
the plasma, S =-plasma conductivity. But as it was noted in
[3], the rate 0f the magnetic Iflux losses in such a system be-
comes anomalously high in comparison with the simple estimati-
on that results in criteria (11'The reason is that the growing
maegnetic field in the main volume of system pushes plssma to
the liner, so the high-density plasma sheath is formed rear the
wall. The corresponding plasma flow leads to the convective
transport of the magnetic field to the sheath where the field
is lost due to resistive megnetic diffusion, Az a result the
magnetic field remains frozen intec the plasma if the fellowing
condition, rather more hard than criteria (1), is satisfide:

Sete. = R UL/Dype > 4 (2)

b,

where the effective magnetic visco sity of the plasma,
greatly exceeds its classical value |), = CifﬂHTfT.
These features of the magnetic field diffusion in implo-
ding plasma have been confirmed by the numerical simulation
results presented in [ﬁi]. Az to the analytical solutions of
a plasma transport equations obtained in f4] v they are irre-
levant for the problem under discussion. The reason ias that
these self-similar sclutions correspond to the homogeneous com-
pression while the effect mentioned above results from the




plasma redistribution during its implosion.

In this paper it is shown that the problem of the magnetic
field evolution in a 1nwu‘§ plasma imploded by the liner pos-
seses the analytical solution for an arbitary sub-alfvenic im-
ploaion low RL(t). It is baned on the fact that the thickness
of a high-density near-wall plasma sheath, where sll the gradi-
ents are significant, remains small as compared to the plasma
radius. So the evolution in time of the paremeters of z homo-
geneous plasma may be obtained from the simple equatione that
describe the balance of energy, magnetic flux and number of
particles between the sheath and the msin plasma volume. At
first the sheath structure is determined which is described by
the self-similar solution of the plasma transport equations in
the magnetic field, Then the equation for the magnetic field
in imploding plasma is obtained and the possibility of the ul-
trahigh fields preoduction in such a scheme is discussed.

2. Basic equations and near-wall sheath structure

Let us consider the cylindriecally symmetric plasma implo-
sion with the axial magnetic field. At the initial moment (be-
fore compreesion) inside the liner with radius R, we have a
homogeneous plasm with the demsity [N, , temperature T, and
seed magnetic field H,, As to the sense of the problem it is
supposed that the plasma pressure is small as compared with
the magnetic ome, so that ‘?czxrn,Tﬂ/Hf « 7 . In the com-
pressed plasma the magnetic field greatly exceedsits value at
the liner (for the non-conducting liner the magnetic field ¢ .
the liner remains to be equal to H,). At the same time for the
sub-alfvenic imploesion (only this one is of practical interest
here) the process is almougt adiabatic and the total pressure
remains to be approximately homogeneous:

% (nT + W/eq) = C (3)

Under the condition (.« 1 it means that although in the main
volume plasma pressure is small ( §.=8Wn.T./y’« 1 ), the high-
pressure plasma sheath bears near the liner wall where I T ~
Hiﬂffﬁ' and N >> ;. (here and later on the quantities H;, T:
and 1. mark the parameters of the homogeneous plasma in the
centre of the system)., The qualitative sketch of the magnetic

A

ficld and plasma pressure profiies is shown in Fig, 1,

The cheath thicknees /A  is much less than the plasma ra-
dius (LA << P, see Appendix, 1), so the problem of the sheath
structure description may be considered to be plane., Let u~ use
the reference frame connected with th2 iiner, ite wall is the
plane X' = O and the plasma occupies the region X - 0, Then
the plasma transport equations {57 tauke the form:
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(here the notations of [5_4 are used), W TR e

The boundary conditions for the set (4-7) require that at the
liner wall (I = O) the magnetic field is equal to the seed one:
H{c.4Y= H, , and the plasma velocity 17/6.+"% = O. e shall con-
sider also the heat capacity of the liner to be large enough,
o that its temperature remains constant: T ¢ iﬁ:*“ﬁ_ . Without
the sheath {i.e. at X(>> A ) the plasma and the magretic fieid
are homogeneous, so we are interested in such the sclution of
set (4=7) that H =H; , N =; and 7 = T when X =+ 09,
The small thickness of the sheath mentioned above leads
to the fact that the magnetic field and energy fluxes q, and
qy draged by the plasma flow to the wall remain approximately
constant inside the sheath (see Appendix, 2):

] -
-

I '-'iH 3 o B - L: ! y &
Afy=- S*{'Tt dr< Yy , A4y “'_E}".:-_-E (074 Vg Adr=< Gy

i A4
50 we can use the following constant flux relations insted

of eq's (6) and (7):
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where 7j; = U(t©o2) dis the velocity of the homogeneous plasma
flow to the wall. It is convenisnt now to use the following di-
mensionless varisbles: » = H /F: jﬁr n/n e R Vi e ~5
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Pig. 1. The plasma pressure and the msgnetic field profiles
in imploding plasma

)

: o TH ME o i ; oW o - .") :
A= T/r, with Ty= H /in; , and F=CiVil, Dy (D= Crphm
-magnetic viscosity cf a plasma with the temperature T = T,),
Then eq's (4), (6') 2nd (7') take the form:

0e w1 (8)

! F:s.:r.i'l ‘L.E'-/
b{.h*l?.le"}TJ‘.&I;{?T‘I (9)
2 %?' tA6 T ¢ S 9RUrh e

It is important for the problem under consideration that =1ltho-
ugh in the main part of the volume the plasma is strongly mag-
netized (the parameter LJ,7T > 1, where .U, is the cyeclotron
frequency and [ =~ the scattering time for the particles ), the
magnetic field reduction and the plasma density growth in the
sheath make the plasme unmagnetized at the liner wall, so that
WsT « 1 at X = 0. At the same time it is well known [ 5]
that the plasma traneport coefficients have a gquite different
dependence on plasma parameters and magnetic field in the mag-
netized and unmagneiized plasma. Therefore we use here rather
simple expressions for 5, and <, that give correct results
for these two limiting cases { il £ 1 and \Jn C<< 1), For
that purpose let us consider separately three domaines of s plas-
ma parameters: I - the plasma with magﬁetizad electrons and
ions, where ({uy T ); >1; IIT - unmagnetized plasma with ({ .7),;
< 3 II - the intermediate domain withﬁagnatized electrons
but unmagnetized ions, Since (Ww T ): = M7 (Wwn T Jg , where
FJL'E I”ﬂafm;_-:é:’f is the mass ratio for e%];ectrnn and ion, the fol-
lowing inequalities are valid in 1I: M < (Wa T ); < 1, After
that the dimensionless coefficients J and ¥ in eq's (9)
and (10) may be written in the following form fS] 2

Moy s N2 ] Yo/ . 1251
0420 (1) h87%5>u?s
r Pie Ll /P

; — -1 Y 1 :
X=< 806/h, (1D & qp@:‘f’l‘fé i =
| ! 8065 (1)

Here SE (L-J'HT}G_ u':ﬂ: : He : TH\;",%} /I - the large parameter, which
(as it will be shown later) finally leads to the anomalous mag-
netic flux losses. Let us formulate now the boundary conditions
in dimensionless variables notations. Since during the implesion
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the magnetic fizld in = conpressed plasma dominates its wvaluc
at the liner vall, it is possible to consider N {g = Djx G.
Purther, the temnperature of 2 homogeneous plasma T:«h ™ = HL Xin;
(it foullows from lI_I:L = 37H{TL/HL; <« < '), 80 e {{-—" oy )= O,
"t the same time the value of Ty rises during the compression
( T itn H.) and finally significantly dominates the temperature
of the liner wall T_ . This allows to put & (&= 0 )z 0. s
a2 result the structure of a near-wall sheath may be described
by the universal set of eq's (8)-(10) and bourndary conditions

Dlee0) 2 k(A oo)= sl oo ) A
%

; (12)
o) = h(0)= B(0)=E(1C9)= U

Tt means that for an any moment of the implosion process the
profiles of the magnetic field H, density n and plasma tempera-
ture T in the sheath differ only by the scale, g0 the evoluti-
on of the sheath exhibitz self=saimilar nature,

Since the plasma velocity |l enters into eq's (9) and
(10), they have to be solved, in general, together with the
continuity equation (5). But in this ‘case the situation great-
ly simplifies because we have L= 7 ﬁ'} in that part of the
sheath where the convective contrihution to the magnetic and
energy fluxesz becomes significant (see Appendix, 3).

Let us start to solve eq's (8)-(10) from the unmagnetized
plasma at the liner (domain ITTI). Since the magnetic field he-
re is rather small (h = 0 at § = 0), it follows from the
pressure balance condition (8) that PO~ 1. The main contribu-
tion to the magnetic (9) and energy (10) fluxes comes from the
resistive magnetic diffusion and heat conductivity, so accord=-

ing to (11): -

w—}?bnﬁ""f’”——»”l , ejf”iﬂ‘ (13)

It follows from (12) and (13) that the distance from ihe liner
c._ 873 and the magnetic fleliif; increase Ah 8 QU4 Such e
solution is valid up to E;‘H 51 ?, Where the electrons become
magnetized (at & ~ -.31 the magnetlc field lh ~ 1), The thick-
ness of this region A - A gﬂ?-’: & Fop &> h the

transition to domain (II) occcurs, where the electrons are al-
ready magnetized ( /Jse Te¢> 1) but the ione are not yet (lua T<1)

8

Here eq's (9) and (10) may be tranaformed, using (8) and (11),

into the form: !.1 p ,{( g‘l
=3 c
O e A

Yi? g*,% _E,—[q h) - 46‘?&, 56u+h

It is easy to see from the last relstion that in region (II) the
value of d&xag <. 0, so the temperature of a plasma reaches
its maximum Q. ~ QJ at (W4 T ) ~1. Then, while the tempe-
rature drops on A& ~ Q,1 , the plasma pressure decreases from
PO~ 1 to P £~ IUL‘?"‘E , where the ions become magnetized also
(therefore in domain (II) the transition from the plasma with

£ ~ 1 to the low- $ plasma gccurs). It was assumed above that
here the density of a plasma is high ( P> 1), so convective
contributions to_the fluxes (9) 3;1& (10) are negligible. It is
the case if W2, 1, 1.e. &3> N"A,]

A8 for the magnetized plasma (domain I, it follows from
(8)=(11) that the plasma pressure decreases rapidly while the
temperature ramalns ap];zJ:-t:u:cim&1::5:1:.!r constant ( 9~ 6, ):

A (00) /ol én 6~ f*“ 1. This is valid while the density ig
high: P> 1. For D~ 1 the temperature rapidly falls: G~ ¢
The typical thickness of the sheath &ﬁ' is by the order of
magnitude aqual to CY 3/5 « The qualitative form of the whole so-
lution is shown in Fig, 2.

For what follows it is important to know the amount of the
plasma concentrated in the sheath, 'ﬂA (5) )df. It ie easy
to see from the solution obtained above that the main contribu-
tion to [—[& comes from the region of the sheath where the
plasma pressure DG~ 1 and the value of bpe'lp ~ 1:

. gfﬂtf ?: ~ &> (15)
A

; (14)

Returning now to the usual variables and taking into account the
cylindrical geometry of our system, the whole number of partic-
les in the sheath may be written as follows:

)} i
N, = 2R %ﬂdriﬁRﬂ: ‘?iﬁfdQCHL rev: (16)

”The final results are the same also for o < lu,"5f4

the sheath structure slightly changes in this case.

, and only

9



Fig., 2. The structure of the near-wall sheath
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where J is a numerical factor which can be computed from the
eo's (6') and (7°) with the exact values of the plasma transport
coefficients [-5-_}.

3. Magnetic field amplification in imploding plasma

let us consider now the evoluiion in time of the homogeneus
plasma during the implosion process, The retained magnetic flux
=T R“H: decreases due to the convective flow into the sheath,

80

.'ig.:_ TR Gy == 2aRV: H; e <

One more equation follcws from the balance condition for the num-
ber of particles between the homogeneous plasma and the sheath:

4;'% = AARU. N
Assuming now the implosion law REt) to be prescribed 2) and tak-
ing into account that the magnetic field is frozen into the ho-
mogeneous plasma: ”C/H: = const = Hﬂ/hﬁ » 1t is posmsitle to find
the magnetic field H, (t) from the eq's (16)-(18). y introducing
the new variables

3 i - E s - = i . R
R IR L) /RL-.I )= (%FEGH-:.: Y(D=Na /4 RZn,
(here (. 1s the typical velocity of a liner)
«q's (16)-(18) may be transformed as follows:

dx. 4o e 4 I (19)
d% Cmeh g Ui’ e et §
where
54?{._1; = TN€ R, L f_fﬂ,\c H. R

iz the effective magnetic Reynolds number. Since the sum x + y=
w3t cnd at initial moment x = 1 and ¥y = 0, the first of eq's
(19) may be easely integrated:

4 5. Ay

It follows from (20) that the magnetic flux losses from the imp-

E)The evolution in time of the radius of a plaama R{t) has to be
determined from the equation of motion for the liner and this
is a sepayrate problem.

1



loding plasma nay be characterized by the effective magnetic
diffusion coefficient
™ y ; P
L’}t{_r = \ifHaf e 22)

L

It is intresting to note that the value or Doy« dves not depend
on the collision frequency in a plasma, though the flux losses
are indebted to the finite plasma reglstivity. The situation
here is rather similar to that in s shock wavres, Tne thickness
of a shock front is formed that is sufficient to produce digsi-
pation prescribed by Hugoniot relations. In our case the plag-
ma resistivity and heat conductivity regulate the thickness of
the sheath in such a way that the magnetic flux which enter in
the sheath due to convection can be transfered to the wall by
resistive diffusion. :

For the illustration the solutions of eq.(21) for different
effective magnetic Reynolds numbers S ¢pf. are shown in Fig,3.
Here the magnetic field evolution in a pPlasmé imploded by the
liner with the conmstant velocity (Z(T) w 1 -~ T ) is plotted.
It is seen from Pig.3 that it needs Sgu 230 for the effecient
ten-fold radii compression of the geed magnetic field.

The important difference between ihe rescults obtained abo-
ve and the criteria (1) is that the value of E§{4g_ is propor-
tional to the density of = plasma (while the usual magnetic
viscogaity of a plasma ED#T doesn't depend on it). So, accord-
ing to (20), it is profitable now to increase the initial den-
8ity of a plasma flg « Choosing approximately the same pArame=
ters of a system as discussed in [1,21, i.e. R, ;;1ﬁﬁhmq and

H, = 0,2 Mgs it follows from (20) that even for ﬂc=:10190m_3-
it needs Ui *::FJD?GmJ"Eac to achieve ge-f—!-’ =30, and this velo-
city greatly exceeds the values supposedlnﬁ].35 It must be no-
ted here that the requirements to the implosion rate may be
even more hard with the liner deceleration at the final stage
of the compression taken into account,

3] Me numerical factor ol in (20) has been determined by the
comparison of the graphs plotted in Fig.3 with the computer
similation results presented in [4], It gives L x 0,4,
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Appendix

1. The solution described sbove was based on the facti the
near-wall sheath thikness ;_’p.\ is much less than the radius of
a plasma K. Let us check this relation. According tn estimations
given in part 2, A~ cSEHQJH/U';. Using now (16) and the dimen-
sionless magnetic flux X , it ie eagy to show tha*

-t %Sfﬂ' A e e

L

i SR op
It is seen from (A.1) that the sheath thikness /. increases
while the flux reduces, but to the moment when the gignificant
part of the initisl magnetic flux is lost, i.e, X'~ (1 =2 )1,
the relative value of /% remains snall:

Ah R/l_.{sif_‘g' = Q

2. Let us proove that the ﬂhaﬁge of the magnetic flux in-
side the sheath is negligable, i.e. Aqh {"f’ Cty = 1T H; « From
eq.(6) it follows that A Qy=- S?WAtdx~ 2(HAV/dt | a4 the
same time the whole flux G, =17 H; == 1/21R Vet =-1/arR"
AMUH Yt (see eq.(17)). Therefore the ratio AW/ G~ AR,
The same relation is also valid for the energy flur:

Adw/qw ~ 4 /R <« 1

3. In the adiabatic approximation when the pressure balan-
ce condition (3) is satisfied, the velocity of a plasma has to
be determined from the continuity equation (5). By integrating
it over I  and taking intoc account that at the liner wall
(X = 0) the plasma flow halte, we have :

v o
S N
= i SHJLQ' (4.2)
o

As it follows from the results of part 2, the amount of a plas-
ma in the sheath is determined by the region with X- X~ { @u/r
(see eq.(15)). So the integral in the r.h.s. of (A.2) ceases
t¢ depend on A :owhen O > 2,4 « It means that for
L7X,;we have the constant plasma flux A = N U7 s 1.8,, in di-
mensionless notations, (i< ’?;xuﬂ (and UL..-E""E;IUD for I's fl‘,f )Je The-
refore the convective contribution to the magnetic (9) and ener-
gy (10) fluxes is significant only in that part of a sheath
where the density Erm"f.

(A1)
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