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The energy balance in the plasma of a coaxial plasma opening switch
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The two-dimensional energy flow in the plasma of a coaxial plasma opening S®i@8, during

the Hall-induced shock penetration of a magnetic field, is analyzed. The electron collisionality is
assumed to be high enough that the dissipated magnetic-field energy becomes electron thermal
energy. It is shown that that part of the magnetic-field endegyhird that is dissipated at the
cathode at the generator side of the plasma, becomes an electron kinetic energy, that is convected
along the current channel. It is also shown that in the magnetized plasma magnetic-field energy
flows backwardsowards the generator. The third new result is that inside the shock front, electron
thermal energy is converted into magnetic-field enexpntrary to the usual situation in shock
waves in which field energy is converted into particle thermal energy1988 American Institute

of Physics[S1070-664X98)01604-§

I. INTRODUCTION sipation. The mechanism of energy dissipation in a low-

Magnetic-field penetration into plasma is one of the mOSt_collisionality plasma_ is ngt c_Iear. It has been shown that even
fundamental issues in plasma physics. In recent yeard the electron collisionality is low(but not too low, a large
magnetic-field penetration, which results either from a den-d'ss'pat,'on_ can occur .at the shock Iaye_r, and the dissipated
sity nonuniformity or from a cylindrical geometry, has been magnet|(:6-f|eld energy is then conver.te.d mtg electron thermal
extensively explored:1* The mechanism of this penetration energy”~® The case of a very low collisionality has also been
is of much interest, since it is expected to play a role inaddressed, and the electron inertia has been shown to be
processes when the time scale is between the electron af@Portant’**>!“The electron temperature was not measured
ion cyclotron periods and the length scale is between th& those recent POS experiments, in which the magnetic-field
electron and ion skin depths. These time scale and lengtBenetration was measuréf> Future experiments may re-
scale are characteristic of plasmas in certain pulsed-powateal which process actually dissipates the magnetic-field en-
devices, such as the magnetically insulated ion diod€rgy in POS experiments. Theoretical investigations could
(MID),*® the plasma-filled diodgPFD)*® and the plasma explore the characteristics of the energy dissipation in the
opening switch(PO9,'"*® and also of some basic plasma various regimes.
physics experiments.Indeed, it has been suggesteld that In the present paper we restrict ourselves to the regime
in short conduction POS experimefft&3this mechanism is  in which the electron collisionality is not too low, so that the
responsible for the observed fast magnetic-field penedissipated magnetic-field energy is converted into electron
tration20:2223 thermal energy. We present three new results. It has been

The electron dynamics and the magnetic-field evolutionrshown in a two-dimension&2D) analysis of the energy flow
in the fast processes analyzed here are governed by the equbat the magnetic-field energy flux along the current channel
tions of electron magnetohydrodynami@WH),* a branch  near the cathode is only two-thirds of the incoming
of multicomponent magnetohydrodynami¢sIHD) deter-  magnetic-field energy flux in the vaccuhit has been con-
mined by the condition of smallness of the mass velocitycluded, thereforéthat a third of the incoming magnetic-field
compared to the current velocity. In fact, the ions are asis dissipated near the cathode at the plasma-vacuum bound-
sumed here to be immobile. A condition for the validity of ary. We show here that this third of the magnetic-field en-
EMH is that the characteristic scale of the probléex-  ergy, that has been dissipatedcmvectedalong the current
pressed in terms of gradientss much smaller thaw/w,;,  channel as electron thermal energy. This first new result is
the ion skin depth. The opposite condition leads to thegerived in Sec. Il in which the energy flux along the current
single-fluid MHD being dominant. We also assume that thechannel is analyzed, following the model description in Sec.
electron collisionality is small so that the rate of evolution is||. |n Secs. IV and V we briefly review the analy&isf the
not determined_by_ collisional diffusion, but rather by the energy flow during the Hall-induced shock penetration in a
large Hall electric field. o slab geometry, and explain the partition of the energy flow

The penetration of the magnetic field into the plasmagy|ong the current channel. The other two new results concern
must be accompanied by a large magnetic-field energy disne evolution of the magnetic field in cylindrical geometry,
which we address in Secs. VI and VII. In Sec. VI we analyze
dElectronic mail: fnfrucht@weizmann.weizmann.ac.il the energy flow across the plasma region at the generator
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side through which the magnetic field has already penetratesdvhere we neglected the heat conduction. We assume here
and present the second new result of the paper: There isthatcp,=5/2 and that, = 3/2. Combining the last two equa-
voltage drop from the current layer edge towardsdahede tions, we write the energy conservation as

and the magnetic-field energy flows towards gfemeratorin

- o7 B-B 5 c
the magnetized plasma. The net magnetic-field energy flux — |——+¢|+V.|= eve+ — ExB|=0. (8)
into the plasma, is thereforgssthan two-thirds of the total 8w 3 4m

energy flux into the plasma. In Sec. VIl we examine the|n writing Egs. (7) and (8) we assumed that the electron
energy balance in the shock layer. We show that, contrary tehermal energy is large compared to the electron kinelic
the usual situation, herat the shock layer electron thermal rected energy. A condition for the validity of this assump-
energy is converted into magnetic-field ener@yis is the  tion will be given shortly. Equationsl), (3), and (4) yield

third new result of the paper. the equation that governs the magnetic-field evolution
B’y _, jxB c
EZTV B—V x on +V on XVpe. 9
Il. THE MODEL &

) o In the next section we use the above equations to analyze
The evolution of the magnetic field and the electron dy-the energy flow along the current channel.

namics are governed by the EMH equatidriBhe general-

ized Ohm's law Is ll. THE CURRENT CHANNEL—THE ENERGY FLOW
. 1 VPe AND THE VOLTAGE ACROSS IT
E=nj+ — XB- , (1) , : : . .
nec ne We restrict ourselves to configurations in which the
dnagnetic field has one component only, in the ignorable di-

fection. These configurations will be a slab geometry in

where the electron inertia is neglected. Also, the process
are so fast that the ions are assumed immobile and the cu

rent is due to the electron motion only which the quantities depend onandz only and the mag-
_ netic field has a component only, and a cylindrical geom-
j=—enve. (2)  etry in which the quantities depend orandz and the mag-

Here E andB are the electric and magnetic fieldsjs the ~ Netic field has & component only. We also assume that the
electron density assumed constant in time due to quasi ne@€nsity may vary in the direction normal to the electrodes.
trality, e is the elementary charge; is the assumed small . A solution of the equat|0n§ |n.Sec. I for these cqnﬂgu-
resistivity, v, is the electron fluid velocity, ang, is the rations shows that the magnetlc' flgld may penetrate mtq the
assumed isotropic electron pressure. The conditions for th@lasma as a shock wave'*The distribution of the magnetic
electron collisionality which justify the neglect of electron fiéld in the plasma at a certain time during the shock pen-
inertia and the assumption of isotropic electron pressure hav@ration is shown in Fig. 1 for a slab geometry and in Fig. 2
been discussed befoté The magnetic-field evolution is de- for a cylindrical geometry. The current flows along the lines

termined by Faraday’s law in the figures. It is seen that the current flows inside the
plasma in a narrow current channel. The current is emitted

_ } E:VXE 3) from the cathode at a small region at the generator edge of

c dt ' the plasma and flows axially along the cathode. It then flows

towards the anode at a location that moves axially with the

where the current and the magnetic field are related by Am ,
shock propagation.

peae’s law _ ) .
In this section we calculate the energy flux integrated
am _VxB @ across the current channel, making use of the fact that the
c /= ' current channel is narrow. Such calculations will be valid for

both geometries, and for both current channels, along the
cathode and at the shock front. We will then obtain the en-
J (B-B C ) ergy flux per unit length in the ignorable coordinate direc-

— | =—|+-—V-ExB=—E-j. (O

at A7 1on.

8w
Following Eg. (5), the total electromagnetic field flux,

The electric field energy is smaller than the magnetic—fielqhe Poynting flux, along the current channel per unit length
energy as a result of the neglect of the displacement current he ignorable coordinate direction, is

in Ampere’s law.

The Poynting theorem, that results from E®. and (4), is

The electron pressumng, is related to the internal elec- _c f -

tron energy through Pragneic™ 7 | d%penft-EXB. (10
Pe= 3€. (6)  Also, following Eq.(7) the flux of electron thermal energy is

The electron energy evolution is governed by the electron . 5

heat-balance equation Pthermai= j AXpenft- 5 €Ve- (12)
de 5 . In Egs.(10) and(11) € is a unit vector normal to the plane
TV g =il (" tor which we calculate the flux.
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FIG. 1. A slab geometry—the distribution of the magnetic field in the o o N
plasma during the shock penetration. The dashed lines are the magnetic-fiidG- 2. A cylindrical geometry—the distribution of the magnetic field in the
contours, and also the lingplanes along which the electron current flows ~Plasma during the shock penetration. The dashed lines ar@theontours,

from the cathodeddenotedK) towards the anodédenotedA). The region and also the linegplanes along which the electron current flows from the
where the dashed lines are is the current channel. The magnetic field gathode(denotedK) towards the anodédenotedA). The region where the
maximal at the generator side of the plasiita the left of the current ~ dashed lines are is the current channBl, is maximal at the generator side
channel and decreases across the current channel. The magnetic field & the plasmato the left of the current channeind decreases across the
zero to the right of the current channel. Shown are the values of the energgurrent channel. The magnetic field is zero to the right of the current chan-
fluxes through the rectangle boundaries in the directions of the arrows. ThBel- Shown are the values of the energy fluxes through the rectangle bound-
first number in each pair is the magnetic-field energy flux and the secondries in the directions of the arrows. The first number in each pair is the
number is the thermal energy flux, both in unitsRfE,(z=2,), the total magnetic-field energy flux and the second number is the thermal energy

energy flux along the current channel near the cathode. flux, both in units ofPE}(z=2,), the total energy flux along the current
channel near the cathode.

We assume that the electrons are collisional enough and

o . It is easy to show that, when E@L2) holds, the assump-
that the shock penetration is accompanied by a large electraon
) . tion of an electron thermal energy larger than the electron
heating. The electron thermal energy is then related to th

magnetic field A5 Einetic (direpted energy is justified if thelwidth of the cur-

rent layer is larger than the electron skin dett; c/wpe
B2 (wherew,, is the electron plasma frequencyrogether with
€~ gn (120 the usual requirement for the dominance of the Hall

field, 1 8c/w,>L (wp,; is the ion plasma frequengywe

The collision frequency has to be larger thanobtain that our treatment is valid fef w,>L>c/wye. This

B/[(8mmn)*¥?]L,* whereL is a characteristic scale length. regime of validity of the results usually holds for short con-

In this case each electron experiences an average of modeiction plasma opening switchés.

than one collision during the time it spends inside the current  We calculated the fluxes by performing the integration in

layer. This collision frequency is much lower than the colli- Egs. (10) and (11), using the relationg6) and (12) and the

sion frequency that is needed to explain the fast magnetieexpression for the electric fie[dq. (1)]. We do not show the

field penetration into the POS plasma. We note that this coldetails of these calculations, which are similar to those per-

lisionality, however, is much larger than Spitzer's formed in Ref. 5. As we mentioned above, we assume that

collisionality. It is comparable to the ion plasma frequency,the current channel is narrow so that the plasma density and

and may result from the ion acoustic instabifity. the coordinates are constant across it. The magnetic field and
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the electron pressure do vary, of course, across the curre. SLAB GEOMETRY—THE AXIAL ENERGY FLOW
channel.

Integrating Eq.(10) across the current channel we find
that the total electromagnetic field flux, the Poynting flux, B=8B,, (18)

per unit length in the ignorable coordinate direction through
the current channel, is that has & component only, is applied at= 0, the plasma—

vacuum boundary at the generator side. The cathode is lo-
po 5¢B. (13 cated atx=0 and the anode is located @t x,. For both
magnetic™ " ] 44r2%en,.’ slab and cylindrical geometry we assume that the cathode
and the anode are conductors of infinite conductivity. The
Heren is the plasma density at the current channel. Thigyjasma density increases monotonically from the cathode to-
density, uniform across the narrow current channel, mayyards the anode. The configuration and the resulting
vary along the current channel if the plasma density is noagnetic-field distribution at some time after the application
uniform. Also, B is the magnetic field at the magnetized of the magnetic field are shown in Fig. 1. We note that in this
side of the current layer. In performing the integrati@h6) configurationB, is negative.
and (11) we assume that the magnetic field at the cathode | the slab geometry the magnetic field, and therefore
side of the current layer is zero. Of the Poynting fllB0.  giso the electron pressure, are uniform at the magnetized side
(13)] 2 is due to the Hall term and is due to the pressure of the current channel. As a result the electric field in the
gradient term in the electric field expressififq. (1)]. The  plasma is zero except inside the current channel. Therefore,
electromagnetic flux is mostly magnetic field energy flux,the energy flow through the axial current channel along the
since in the plasma the electric field is much weaker than thgathode and the voltage across it are also the total energy

We assume that a constant-in-time magnetic field

magnetic field. _ flow inside the plasma between the electrodes and the volt-
The flux of electron thermal energy is found to be age between them at that axial location.
5cR3 Following Egs.(15) and (17), the energy flux per unit
cc (KA) (5 _ H
P9 =— 88Ter (14)  length through the plane at, Py’ (z=21), is
5cB3
where again we used relatiaf12). The total energy flux PikA (2= zl)=P§gf;|(z=zl)=—%To. (19
through the current channel is the sum of the fluxes given in (L
Egs.(13) and(14). This sum is The density at the current channel, is the density at the

5083 cathodeny since the current channel &tz is in the vicin-
Pg%: pggg) I pgﬁgrma,_ _ ch (15) ity of the cathode. Followmg our analysis of the energy flow

9 967 enc along the current channel it is clear that here too the flux of
thermal energy comprises a third of the total energy flux in
Fhe current channel, while the magnetic energy flux com-
prises two-thirds of the energy flux

It is clear that the flux of thermal energq. (14)] com-
prises a third of the total energy flux in the current channe
[Eq. (15)], while the electromagnetic energy fl{ikq. (13)]

comprises two thirds of the total energy flux: pﬁafgheﬂézz 21)=2PKAN (z=2,) (203
Pf‘rﬁg)gnetic: %P%& (163 and
and Plhemal 2=21) = PSR (2=21). (20
Pl =Pl (16b  The voltage across the electrodes is
These relations were noted in Ref. 5 for the energy flow (KA) 0 5B3
through the current channel at the shock front. As shown VPR (z=2)=V™(z=21)= 24meny’ (22)
here these relations are more general and hold also along the ) _ _
axial current channel near the cathode. Let us look at the axial energy flux in the vacuum region
The Vo|tage across the current channel is between the genel’ator and the plasma. The enel’gy flux per
unit length in they direction is
v<C°>=—f drE =i§c (17) c c
PP 24meng’ Pl (2=2)= 71— f dXEBy=— 7~ BV N (z=2,),

whereE,, is the electric field component perpendicular to (22
the current channel. This electric field component, and con

sequently also the voltage, are afsdue to the Hall electric given by Eq.(18). The region to the left of the shock front is

. 2 .

field an(_j5 due t.o the rf)ressure gradlent.. for th | time independent, and therefore, the voltage between the
Having derived the above expressions for the vo 898 |ectrodes ar=z, is identical to this voltage a=2z, in the

across and the energy flux through the current channel, w lasma

turn in the next sections to the energy fluxes in the slab an
in the cylindrical geometries. VKA (z=2,)=V KA (z=2)). (23

since the magnetic field in the vacuum is uniform and is
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- . (KA)
Substltutlng expressllom21) for the voltageV'\*V(z=2,) AP agnetic P%&gnen# p@lgnenc
into Eq. (22) we obtain that
5cB3 2 ( 1- %) P (z=2y) (273
0 3 n total "
Plaal (2=2v)= = g5 7 = Plaal (2= 21). (24 A

Equivalently, the net electron thermal energy flux into that
The energy flows from the vacuum into the plasma as amegion is

electromagnetic energy at a rate given by expresigi 1 n

The energy in the plasma flows at the same rate al_ong the APy ermae Pgﬁgrmaﬁ_ pgﬁgrma[:g (1_ n_K> ngg‘l(zzzl).
current channel. In the plasma not all the energy flux is elec-

tromagnetic energy, a third has been converted into electron (27D
thermal energy, as stated in E@Ob. The lower rate of The total energy flux is
magnetic-field energy flow inside the plasma, only two- n

thirds of the rate in the vacuum, as was noted in Ref. 4 is Aptotal:(l_ _K) P (z=2,). (270
due to a conversion of a third of the total energy flux into

thermal energy flux. This partitioning of energy between  pespite the different rates of flow of the magnetic-field
magnetic-field energy and electron thermal energy that hagnergy and the electron thermal energy, the rates of accumu-
been found at the shock lay2exists already in the current |ation of these energies in the plasma are equal. The rate of

channel along the cathode. The dissipated magnetic-field ergcymulation of magnetic-field energy in the plasma
ergy, which has been converted into electron thermal ENergYy - aneicis

is also convected along the current channel as a part of the

2
total energy flux. This is the first new result of this paper. x  Bp
¥ pap Qmagnetic: jx dxﬁvsa (28
1

wherev is the shock velocity, the velocity of propagation of

V. A SLAB GEOMETRY—THE ENERGY FLOW AT the current channel. As was previously shatrthis veloc-
THE SHOCK FRONT REGION ity is

The energy flux along the shock front in the slab geom- 5cB, d
et_ry has been analyzed in Ref. 5. For completeness we Us™5,—o 4y
briefly present the results here. _ o _

The energy flow along the current channel is not con-The rat(_a of accumulation of magnetic-field energy in the
stant, since the density varies radially. The net axial flow intaPlasma is therefore
a rectangle of a unit length in thedirection is the difference SCBS 1 1) 1 . Ny s

E n_A - E n_A total

1
) | (29

n

between the inward flow at boundary 1 in Fig. 1 and the

Qmagneticz_ 10924
outward flow at boundary 2. The fluxes at boundary 1 are 192m%e

(30)
1) —2p(co o, .
Plragnetic= 3P toal 2=21)- (258 The rate of accumulation of electron thermal ene@yerma
pl)  _1pld 25h is identical toQmagnetic 0ECauUse of Eq12). Even though the
thermai~ 3 total( 2= Z1). (25D total energy is conserved, as expectdt® .= Qmagnetic

We take boundary 1 to be close enough to the cathode so th&tQtnerman the netrates of flow of magnetic-field energy and

the energy flow along the current channel is the same as tH €lectron thermal energy are different than the respective
energy flow along the current channel near the cathode, arf@t€s of accumulation of energy inside the region. This is
in particular atz=z,. The partition of the flux between because inside the shock layer the resistivity cannot be ne-
magnetic-field energy and electron thermal energy is thglected and the work done by the electric field converts

same at boundary 2, following our general analysis of thénagnetic-field energy into electron thermal energy. The
current channel in Sec. IIl. The fluxes are lower, however WOk rate, the rate of Joule heating, is found by integration

due to the higher plasma density at boundary 2. They are &cross the region

XA 1 n
P s~ 5 e PRRME=20 oa  WoJ ol w1 Tpsiiama o
A
and This is the rate at which magnetic-field energy that flows into
the region is converted to electron thermal energy. As was
) 1 ng also shown in Ref. 5, this rate is a quarter of the net rate of
Plaeimar — 3na Ploa(z=121). (26 magnetic-field energy flow into the regidiq. (273]. The

rate of accumulation of magnetic-field energy is the net rate
The net magnetic-field energy flux into the region is the sunof magnetic-field energy flow into the region minus the
of the fluxes at the two boundaries. This is because in thamount that is being converted to electron thermal energy.
slab geometry there is no energy flux through the boundarieSimilarly, the rate of accumulation of electron thermal en-
3 and 4. The net magnetic-field energy flux is therefore  ergy is the net rate of electron thermal energy flow into the
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region plus the amount that is being converted to electron 5ch3
thermal energy. Using Eq$27a, (27b), and (31) we find P (z=21)=— I8ment’ (37
that these two rates are equal K
AP agneticc W= AP hermart W= Qmagnetic Qthermal- and that the voltage across the current channel is
. . 5b3
This makes the total energy accumulated in the plasma V(®9(z=z;)= ———. (38
g P 24aenr
equally divided between magnetic-field energy and thermal K
energy, as also given by E(O). As has been shown generally in Sec. lll, it is easy to show

In the next sections we analyze the cylindrical geometr

Y%hat here too the energy flux through the current channel is
and present two additional new results. 9y 9

divided as two-thirds magnetic-field energy flux and one
third thermal energy flux

VI. CYLINDRICAL GEOMETRY—THE AXIAL ENERGY Plrognetié 2= 21) = 5Pisa( 2=21) (399
FLOW
and
Here we assume that a constant-in-time magnetic field
bo P’Eﬁg)rma(Z: z)= %ng%|(2= ;). (39
B= ég -, (33) .
r We also comment that we could define the current channel

i (co)— 2 -
is applied atz=0, the plasma-vacuum boundary at the gen_lmpedancez 51/6menc’ry and write the energy flux

erator side. The cathode is located atr, and the anode at [_Egﬁcc()?p] g(‘/d_tggc)l\’onage[EQ- (39)] as Piso(z=2y)
the largerr =r . Hereby=r¢B, is constant, and, is the W andVo= h. | dth "
magnetic field near the cathode in the vacuum at the genera- ' ¢ U now to the voltage across and the energy flux

tor side. The plasma density is uniform. The configurationt rough the magnetized plasma. The radial variation of the

and the resulting magnetic-field distribution at some timepégsswe inside thedn:)agnhetlzfed p"?‘sm""% acc%r'dllngl to .Eq'
after the application of the magnetic field are described b ), Is accompanied by the formation of a radial electric

Fig. 2. We note that in this configuration alBg is negative. f||eld [Eq. i#].djrhlst' raolllal elﬁcmct:e;d fo't?]ts inside the
We also note that one can use the relation plasma inthe direction from Ihe catnoce 1o the anipo-
site to the direction the electric field points inside the current

—chy channel. Thus, the potential in the magnetized plastalis
I= 2 (34) towards the anode. The potential variation from the cathode
to the anode imonmonotonicThe peak of the potential is at
the edge of the current channel at the magnetized side. At
that axial location the voltage across the current channel is
larger than the voltage between the electrodes. This voltage

betweenby and the total current and express the results in
terms ofl.
The electron thermal energy is

b2 across the magnetized plasma, resulting from the pressure
€=g 7 (35  gradient, is
and the electron pressure is b bg
P vPlasma gy~ S| 0 0 ) (40)
b2 3 \8wner; 8mner;
Pe=15—12: (36) . . . .
wr Note again that this voltage regative The voltage between
Contrary to the slab geometry, in the cylindrical geometryth® €lectrodes &=z, is
the magnetic field, and therefore also the electron pressure, VKA (7= 7) =\ (7= 7,) + V(Plasma 7= 7. (41)

are not uniform at the magnetized side of the current chan-
nel. As a result the electric field is not zero in the magnetizquSing the values of the two voltages, E438) and (40), we

plasma. Therefore, the voltage between the electrodes fallg, 4 the voltage between the electrodegatz; to be

not only across the current channel, but also across the mag-

netized plasma, where there is no current. In addition, the 3 2 2

presence of an electric field inside the magnetized plasma is V¥ (z=z;)= 5 1+ 3 r—?) Vi (z=2,). (42)
A

accompanied by an energy flow through the magnetized

plasma. We note again that the voltage between the electrodes is
Let us first analyze the energy flow through the currentyyjierthan the voltage across the current channel
channel. In the slab geometry we have written the energy

flow per unit length. Here we write the energy flow inte- VKA (z=27,)< V() (z=72,). (43)
grated across the azimuthal direction. Using Ed%) and

(17) we find that the energy flow through the current channel  Let us look at the energy flux through the magnetized
atz, is plasma. All this energy flux is magnetic and therefore

Downloaded 07 Feb 2004 to 132.77.4.129. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



Phys. Plasmas, Vol. 5, No. 4, April 1998

chy
24men

1 1

Poa " (z=2,)=P e
Fa Tk

|
total e asmaé z2=29)=—

magneti ( ) .
(44)

Note that the last expressionriegative The energy flows in

the magnetized region in the direction of the generator. The

total energy flux inside the plasma is

|
P (z=12,).

(KA)
total

PN (z=21) =P\ (z=2,)+ P (45)

Using Egs.(37) and (44) we find the total energy flux be-
tween the electrodes at=2z,;

2
r
1+ = K)P

(KA X
3ra

total

(co

P totaI(Z: Zl)'

(z=2 )=§ (46)
Yos

We note again that the total energy fluxsshallerthan the
flux along the current channel

(47)

KA
Pgotal)(zz z)) < ng?z)il(zz 2;).
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irlfeAr?na(Z: 2y)~ %P
Generally, the fraction of the magnetic-field energy flux in
the total flux is smaller, and at the opposite limit, whgn
<rp

KA —
Eotal) ( z= Zl) .

p

P(rrl1<a3)r1etiézz z;)= gPEOKtQ)(Z: ;) (51a
and

Piformal 2= 21) = §P0A) (2=21). (51b)
At this limit P{a) (z=z;) is greater than P& iz

= Z]_) .

Equationg43), (47), and(50a comprise the main result
of this section and the second new result of the paper. The
potential doesot vary monotonically in the radial direction,
the magnetic-field energy flows inside the plasma in a direc-
tion oppositeto the direction in which it flows in the current
channel, and the fraction of magnetic-field energy flux in the
total axial energy flux ismallerthan inside the current chan-

At this stage we pause to look at the rate of axial energyrel, and might be even smaller than the fraction of electron
flow in the vacuum region between the generator and théhermal energy flux in the total energy flux.

plasma. The rate of energy flow in tkedirection is

Plotal (2= 2v) = Phrogheié 2=2v)
C ('a (KA)
=3 rdrrErB,,=IV (z=1zy), (48
K

since the magnetic field in the vacuum satisfi@;=b,.

and therefore, as in the slab case, the voltage between tt)

electrodes ar=z, is identical to this voltage a=2z; in the
plasma VA (z=z,)=VKN(z=z,), and therefore

2
2T
pra

(KA) LY PN
3rya

total

(co)

KA
totall Z=21) = Pisal

total

P 1+

(z=12y).

(49

3
(Z:Zv)zg

The axial energy flows in the vacuum and in the plasma are
equal. In the vacuum all the flowing energy is magnetic,

while in the plasma part of it is electron thermal energy.

VII. CYLINDRICAL GEOMETRY—THE ENERGY FLOW
AT THE SHOCK FRONT REGION

Let us turn now to the energy balance at the shock front.
Similar to what we did for the slab geometry, we look at the
energy flow into the segment of the hollow cylinder, the
cross section of which is shown in Fig. 2. At the lower
tboundary 1 energy flows along the current channel. Since
Mfiis boundary is close to the cathode the energy flux is the
same as the energy flux along the current channekat; .

The fluxes of magnetic field energy and electron thermal
energy are therefore

1) _2p(co /5 __
(magnetic_ §Ptotal(z_ Zl)

(529
and
P%l}grmal_

P(cc)

total

_1
3

(z=12y), (52b)

respectively. The fluxes of energy along the current channel

We turn back to the axial energy flow inside the plasmaat houndary 2 are

Let us examine how the energy fluxzt z, is split between

magnetic-field energy and electron thermal energy. The flux
of magnetic-field energy is the sum of the positive flux

through the current channgq. (39a] and the negative flux
through the plasmgEq. (44)]

1 1
A Tk)

(508

The thermal energy flows along the current channel onl
[Eq. (39b)], and therefore

ch?

(KA) -
24men

(magneti¢

2
P (z=2)= 3 Pg(z=21)—

KA) _ _1p(co) o
gherma( zZ= Zl) - §Ptotal( z= Zl) :

At the limit that re=r,, both energy flows are mostly
through the current channel,

P (50h)

KA
P

KA
ag ( |)(2221)

) — ~2
netiéz_ Zl) -~ 3Ptota

and
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2rg
Pgnze)lgnetic: 3 E ngtce)xl(zz ;) (53a
and
%
Pgﬁgrmalz T3 g Pﬁgf;,(z: z;), (53b

respectively, where we take boundary 2 to be close to the
anode. The partition of the flux between magnetic-field en-
yergy and thermal energy is as derived in Sec. Ill for the
current channel. At boundary 2 the fluxes are reduced rela-
tive to the fluxes at boundary 1 due to the larger radius. In
contrast to the slab geometry, here in the cylindrical geom-
etry there is energy flow in the magnetized plasma through
boundary 3. The fluxes through boundary 3 were calculated
in the previous sectiohsee Eqs(37) and (44)]. There is a
backwardsmagnetic-field energy flux through the magne-
tized plasma. Thus
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2 2 The work done by the electric field on the electrons is
Pagnetic — 5|1- iz Po(z=12,) (5439  composed of Joule heating that converts magnetic-field en-
A ergy into electron thermal energy and the work done by the
and electron pressure term
(3) _ . . 1 dp .
Pthermal_ 0. (54b) E-j=mnj r2_ a] E ir- (61)

We can now calculate the net energy flux into the region,

The net magnetic field and electron thermal energy fluxes ardU!tiPlying ther component of Eq(9) by j, and integrating
over the region in Fig. 2, we find that the Joule heating is

APmagnetic: P?nlggnetic_k l:)ﬁnzrs)lgnetic"_ Pg’;gnetic ra 5 1 rﬁ
Al g f dzf dr2ar pjf =15 ( 1-— |PR(z=21). (62
=—|1- _K P(CC) — 55 "k A
15 2 total(z Zl) ( a) .
'a The electron pressure gradient term converts electron ther-
and mal energy into magnetic-field energy:
2
1 2 3 A 1 dp . 2 Ik
AP herma™ Pghgrmal_*' Pghérmal"’ Pghérmal - f dzf dr2ar ——j=——<|1-—=% PES%(ZZ 23).
e en Jr 15 ra
1 ra (63)
-2 [1- 5| pisre=an. (550 -
3 ra The net work of the electric field converts electron thermal

. .. energy into magnetic-field energy at the rate
The net flux of electron thermal energy into the region is 9y g 9y

larger than the net flux of magnetic-field energy, because of 1 rﬁ
i W=—_—|1-—|P&(z=2)) (64)
the backwards magnetic-field energy fllixq. (5438]. The 30 (2] ot 1)-

total net flux of energy into the region is _ o
The difference between the net magnetic-field energy flux

rﬁ (€0 into the region and the magnetic-field energy converted into

AF’totalzg 1- 2 Piotal 2=21)- (56) electron thermal energy is easily shown to be equal to the

A sum of the net electron thermal energy is easily shown to be

The rate of change of the magnetic-field energy inside th&qual to the sum of the net electron thermal energy flux into

region is the region and the magnetic-field energy converted into elec-
5 tron thermal energy
1 A bo
QmagnetiC:E r dr2ar 8mr? Us» (57 APmagnetic_ W= AP permart- W= Qmagnetic: Qthermar- (65
K
wherevs, the shock velocity, f° Equations(62)—(64) comprise the main result of this

section and the third new result of this paper. At the shock
_ 5. (58) layer electron thermal energy is converted into magnetic-
Amner field energy contrary to the usual case.

We therefore find that

chg

UVs=

rﬁ) VIIl. CONCLUSIONS
—|P
2

= 1= (€O (57—
Qmagneti 10(1 totaf 2= 22)- (59 In this paper we investigated theoretically the energy

] ] . balance during a fast magnetic-field penetration into a
Since the density of electron thermal energy in the magnesasma in a plasma opening switch configuration. We as-
tized plasma is equal to the density of the magnetic-fieldg meq that the electron collisionality is low, so that the
energy, the rates of accumulation of the two energies are the,;gnetic-field diffusion is small, but not too low, so that the
Same dissipated magnetic-field energy becomes electron thermal

_ _1 energy. We have shown that that part of the magnetic-field

Qinermar= Qmagnené= 24 Protar (60 energz(a third) that is dissipated atpthe cathode agt the gen-
The net flux of energy into the regidikq. (55)] equals the erator side of the plasma, becomes an electron kinetic en-
sum of the rates of accumulation of magnetic field and elecergy, that is convected along the current channel. We have
tron thermal energies in the regipBgs.(59) and(60)], as it  also shown that in the magnetized plasma magnetic-field en-
should. ergy flows backwards towards the generator. The third new
Since the net rate of electron thermal energy flow intoresult is that inside the shock front electron thermal energy is
the region is larger than the net rate of magnetic-field energgonverted into magnetic-field energy, contrary to the usual
flow into the region, while the rates of accumulation of thesituation in shock waves in which field energy is converted
two energies are equal, it is clear that in the shock layemto particle thermal energy. More experiments are required
electron thermal energy is converted into magnetic-field ento find the electron temperature with good spatial and tem-
ergy. We show directly that this is indeed the case. poral resolutions in order to determine whether the energy

F'a
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