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The features of nonstationary double layers in the high-current pulsed discharges have been theoretically and
experimentally investigated in this paper. The expression for the capacity of strong double layer in quasi-MHD ap-
proximation has been obtained and the area of its applicability has been indicated. The equation for the capacitive
component of the double layer current has been derived in this paper. The dynamics of the double layer current ca-
pacitive component in the high-current pulsed discharge and the way to verify the calculations has been shown.
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INTRODUCTION

Recently, the interest in the study of space charge
electric double layer in the plasma has renewed [1]. This
is due to the ability of the double layer to input the pulse
energy with a power density of 1...10 GW/cm? locally
into the plasma. Such power levels give the opportunity
to obtain intensive neutron fluxes from the plasma, the
super-powerful directional radiation and to provide
high-gradient effect on the solids surface of different
nature for modification of the structural-phase state on
different scale levels.

However, it should be noted that a double layer is a
powerful dynamic system whose parameters are change
at high speed. From electrical point of view double layer
can be represented as an aggregate of a resistor and a
capacitor (Fig. 1,b). When changing the voltage and
current of the layer the capacitor charge also changes.
This entails the appearance of the capacitive component
in the discharge current, which must be taken into ac-
count when calculating the input power into the dis-
charge.

CALCULATING

The value of the current capacitive component ic (t)
is determined by the double layer charge changing

Q(t):

ic(t)zcol_'d\é%"' DL‘dEtDL’ 1)
which depends both on the layer capacity Cp, and its
voltage Vp, . Therefore, at first we define the layer ca-
pacity.

The double layer capacity
Because the layer thickness is much smaller than its
transverse dimensions, the double layer specific capaci-
ty CipL we find from the expression:
Ip/2
Vq—l = VL ”p(z]dz . (2)
DL DL 0

The charge density distribution in the layer o(z) de-
pends on the charge distribution ¢,n,(z) of 4" particles
components [2] (see Fig. 1,a):

Cl DL =
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p(Z): Qenbe(z)"' Qbinbi(z)"' Qenre (Z)+ qrinri (Z) ’ (3)
where be — the accelerated electrons, bi — the accelerat-
ed ions, re —the reflected electrons, ri —the reflected
ions.

Fig. 1. The qualitative potential distribution (a) and the
charge density (c) in the double layer, the equivalent
electrical circuit of the double layer (b)

For accelerated electrons and ions the charge distri-
bution is determined from the current continuity condi-
tions:

jbe —

qenbe(z) = = _\/E “Jpe - ; ) 4)
Voe2)  V2e 7 +0(2)
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L:j [ Mia 1
Vi (2) " 2Z;pe \/VDL+(0i0—¢(Z)
where ¢.0,pi0 — potentials corresponding to the starting
energy of the electrons ¢ :mevgco/Ze and ions

(5

Ooili (2) =

Pio = MiaViao/2Ziae (Zia— the effective ions charge).
The volume charge density distribution of accelerat-
ed ions using a  Langmuir ratio [3]

a=.|my/Z,m, - j,/j. ,can be represented as:
m a
nz)= =%, - : 6
Dpi"pi (Z) 2e Jbe JVDL 0 — (ﬂ(Z) ( )

The volume charge density distribution of reflected
electrons qn,.(z) and ions qg,n,;(z) in case of the

Maxwell velocity particle distribution function obey the
Boltzmann law, and for strong double layer is given by:

qenre (Z) ~

VpL— (Z)
- TM(/’; 1 (7)

__m, j a 1 .
~— _ .
2e \/% VL + ®eo

qrinri(z)z
. ﬁ P e~
~ 2 Jbe \/ﬁ .

(For strong double layer g.VpoL >>T,). These expres-
sions are obtained from the quasi-neutrality condition at
the layer boundaries:

N,

~ Zigy| ) and

n
be‘ ( )’VDL o(z)=Vp,

+ Zlanbl‘ ( )

¢7( )’VDL *

lC‘ rt‘ 0 nb@‘q)(z):O '

After the substltutlon of equations (4,6,7,8) into the
expression  (3) using dimensionless  quantities

¢(Z)_ ( )/VDL v Eic=Tc/ZiceVpy \ Ees=Tou/Vpr
B0 =0u0/VoL + 0 = @0 /Vy the charge density distri-
bution in the strong double layer will look like:

Mo Joe | a
ple)= 2e \F|:\/l+g0al - \/¢ce+¢
+(]/\/a—a/\/1+_¢m).e—w/s,c_
()] o

Thus, the specific capacity of the strong double layer

(2) is given by:
'|jbe|/|VDL|3/2' (10)

C1DL = \/me/ze'“ (alq)ai’q)celgic’gea)

where

(a ¢at7¢ce’ ic ea)
= js[a/¢1_¢+¢a,. ~1/.[p+ . +
0

o [Tt -
e/ [ 1/ 1+ g, )-e 17w Jag, AD

whose solution has the form:
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(et 60 s Pai Poc ) =
= 2a(\J05+¢, —l+p,)-

~2(J05+ 0, —\Jp. )-
~ o (Yo —a/ Loy ) (e -1)-
— &, (a/\/(p_m—l/\/u_(pce).@—ﬂkea e,

Integrating C,, on the layer surface, we obtain the
double layer full capacity Cp, :
CoL = J Cipds =

SDL

(12)

| Jbe
= I [} ] i d =
o B o
m | gic 1 Eear Paiy Pee ) .
= /_e . . ds =
2e |VDL |3/z S.IZ[L | Jb9| i

_[m Lo
_\/; |I(€icy‘9937¢ai’¢ce) IVDL|3/2'

Here |i,e|= I|jbe|ds—the electron beam current in the

(13)

SDL
layer can be associated with the total current through the
layer |ip, |, which is the sum of electron i, and ion iy;

currents. Taking into account the Langmuir ratio

i | =ise| + | = lie| - (L + @ Zggm, iy ),

from which:

(14)

1
I+a.Zm,[my, .
Taking into account that «./Z,m,/my, <<1, then
the double layer capacity is giv-

ive| =lipe|- (15)

‘ibe ~
en by:

Za

Cov = \/; ‘VDL‘3/2 ‘ (O( ‘C"zc’gea>¢ai’¢66)"

Fig. 2 shows the dependence of the reduced double
layer capacity Cp; /|ip,| on the layer voltage drop [V, |

at zero particles temperatures on the layer boundaries
(i =0, dee =0, &6c =0, &a=0). It is seen that when the
voltage increasing the double layer capacity decreases.
When the voltage on the layer ~ 100 V and the current
~ 33 kA the layer capacity is ~0.5 uF! But when the
voltage ~ 1 kV, and the current has same value, the layer
capacity is reduced to 15 nF.

Taking into account the particles temperature in the
isothermal case reduced double layer capacity can be
written as:

3/2
Cor-Tal

\’DL\

(16)

‘[(a glC7€€(l’¢§;;¢CCX . (17)

\Ze

Fig. 3 shows the dependence of specific double layer
capacity Cp, 7. /ip,| on the relative layer potential

Tea‘ at ¢ai = ¢ce’ Eic = Eeq

drop |eVp, /
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Nonmonotonic in the top left part of the graph asso-
ciated with the violation of the expression applicability
conditions (17), which is valid for the strong double
layer (eV,, >>T,,), when the penetration of reflected
particles on the opposite side of the layer not taken into
account.
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Fig. 2. The dependence of the reduced double layer ca-
pacity Cp; /|ip| on the layer voltage drop [V, | at
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Fig. 3. The dependence of the specific double layer ca-
pacity CD,_Te:;/2 /iD,_ on the relative layer potential drop
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The capacitive component of the current

The differential of the double layer capacity in (1)
can be obtained by differentiating the expression (16) by

ipc| and [V :

4 ‘ZDL‘_E.M
Vol 2 Vo
where A4 =1.687-10" - |I(&,., 0. Buir b )| - FVIUA.

dCDL = 1 (18)

Substituting it in equation (1) we obtain the equation
for current capacitive component ic (t):

ic (t)-dt= 3/2

Vo |

|:|IDL | dVDL +VDL

|iDL|_
(19)

Expressing the double layer current i, through the
discharge current i and the capacitive current i taking
account that ic|<[i we can
lio.|=li —ic|=li|-fic|. Substituting it in (19) and
grouping terms, we can rewrite the expression for the

current capacitive component in the form of:
3/2

into write

dlic| 1 |VDL| N 1 'dVDL.li |:

d A V,, © v, dt '°

_d_M_L.%.|.| (20)
dt 2v, dt

Here are two cases when the capacitive current takes
a positive value (iz >0 )'

di. 1 g2 dVp ) .
-t : | DL| e =
at  2v,, A dt
_d|'|_L.dV¢.|,|, @1
dt  2v, dt
and negative value (ic <0)
di. 1 2 y2  dVp ) .
-~ __— . _'|VDL| —— |l =
dt 2V, (A dt
dli
_ Al 1 dvy il (22)
dt  2v, dt

Introducing the notation

K(t):L.[%.[VDLF/Z _dvij, (23)

Np, dt
dif 1 dvp,
F(t - 24
© dt v dt i 24)

and solving the differential equations (21) and (22) we
find the expression for the capacitive component of the
double layer currentat ic >0
t T

- I( T -d‘r IK }d§

t
i (t) J.F e dr, (25
0
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andat ic <0:
frlhde € fule)as
ic(t):—el ~IF(2’)-€ j dr. (26)

0
These equations are solved by numerical methods.
Fig. 4 shows the dynamics of the double layer current
capacitive component i (t) (curve 1) and the active

voltage U, (t) (curve 2) in the high-current pulsed dis-

-100

-150t

Fig. 4. The dynamics of the double layer current capaci-
tive component i. (t) (1) and the active voltage U, (t)
(2) of the high-current pulsed discharge

It is seen that the current capacitive component has
the form of bursts with positive and negative polarity. It
means that charge-discharge of the double layer capaci-
ty occurs constantly. When the voltage decreases the
capacitive current value increases. This occurs due to
the fact that the double layer capacity increases, that
requires bigger current for its recharging.

The accuracy of calculations was determined by the
verification points, which were calculated from phase
measurements by means of expression
ic ~@-Cp(i,Vpy)-AVyy,, Where o—the cyclic fre-

quency of the discharge current “fine structure” at the
given point, Vp.— the double layer potential drop
which was assumed equal to the active discharge volt-
age U,(t), a layer capacity Cp. is calculated for the

discharge current values i andU, (t) . The figure shows

that the verification points well agree with the calculat-
ed curve of the current capacitive component.

CONCLUSIONS

The expression for the capacity of space charge elec-
tric double layer in the plasma in quasi-MHD approxi-
mation has been obtained in this paper. The applicabil-
ity area of the found expression has been indicated. The
estimates have shown that in pulsed discharges the ca-
pacity double layer can reach considerable values com-
parable to the capacity of the supply capacitor bank. It
has been shown that when the layer voltage increases its
capacity decreases. So by increasing the voltage drops
from 102 to 10° V, the specific layer capacity decreases
in 3-10%times.

Taking into account the expression for the double
layer capacity, the integral-differential equation for the
capacitive component of the double layer current has
been obtained in this paper. The numerical calculations
have shown a good agreement between the calculated
curve of the current capacitive component and the ex-
perimentally obtained verification points.
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EMKOCTHASI COCTABJISIIOIIASI TOKA IBOMHOTI'O CJIOS B IVIASME
A.0. I'peuxo, H.A. A3apenxos, E.B. babenxo, /I.JI. Paouukos, U.H. Cepeoa, M.A. Illloexyn, A.D. Llenyiiko

TeopeTndeckn M HKCIEPUMEHTANBHO HCCIIEAYIOTCSI OCOOCHHOCTH HECTAIlMOHAPHBIX ABOMHBIX CIOEB B CHIIb-
HOTOUYHBIX MMITYJIBCHBIX pazpsaax. B kBasu-MI'JI-npuOiamkeHNH NOIYYEeHO BBIPAXEHHE A EMKOCTH CHUIBHOTO
JIBOMHOTO CJI0S U yKa3aHa 00JacTh ero mpuMeHnMocTH. [lonydeHo ypaBHEHHE 111 EMKOCTHOM COCTaBIISIOIIEH TOKa
JBoiHoro cnos. Iloka3aHa nuHamMKMKa EMKOCTHOM COCTABIIIOLIEH TOKA JBOIHOTO CJ0S B CUJIBHOTOUYHOM UMITYJIbC-
HOM paspsijie ¥ NPUBEJICH CIIoco0 BeprU(UKaLIK PAcUETOB.

€MHICHA CKJIAZJOBA CTPYMY MOJABIHHOI'O LIAPY B IIJIAZMI
A.0. I'peuxo, M.O. A3apenukos, €.B. babenko, /I./1. Paouixoe, .M. Cepeda, M.O. Iloexyn, O.®. Ilenyiiko

TeopeTn4HO Ta €KCIIEPUMEHTAIBHO JIOCHIIKYIOThCS OCOOIMBOCTI HECTAI[IOHAPHUX TMOJBIHMX MIApiB y CH-
JFHOCTPYMOBHUX IMIYJIbCHUX po3psimax. Y kBaszi-MI'Jl-HaOmmkeHHI OTpUMaHO BHpa3 IUII €MHOCTI CHIIBHOTO TIO-
JIBIHOTO Iapy Ta BKazaHa 00JacTh HOro 3acTocyBaHHSA. OTPUMAaHO PiBHSHHS JIJIS €MHICHOI CKIIQJI0BOI CTPyMY TIO-
nBiifHOTO MHapy. [lokazaHa AuMHAMiIKa EMHICHOI CKJIaI0OBOi CTPYMY MOABIHHOTO MIapy B CUIBHOCTPYMOBOMY IMITYJIb-
CHOMY PO3psAi Ta MpHBeIeHO crocid Bepudikamii po3paxyHKiB.

222

ISSN 1562-6016. BAHT. 2017. Nel(107)



