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Abstract

Properties of the edge plasma in the SSPX spheromak during the plasma formation and sustainment phases are

discussed. For the breakdown and formation phase, the main emphasis is on the analysis of possible plasma con-

tamination by impurities from the electrodes of the plasma gun (helicity injector). The issue of an azimuthally uniform

breakdown initiation is also discussed. After the plasma settles down in the main vacuum chamber, one has to sustain

the current between the electrodes, in order to continuously inject helicity. We discuss properties of the plasma on the

®eld lines intersecting the electrodes. We conclude that the thermal balance of this plasma is maintained by Joule

heating competing with parallel heat losses to the electrodes. The resulting plasma temperature is in the range 15±30 eV.

Under the expected operational conditions, the `current' velocity of the electrons is only slightly below their thermal

velocity. Implications of this observation are brie¯y discussed. Ó 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

The attractiveness of spheromaks as fusion reactors

stems from a topological simplicity of the reactor

chamber and magnetic system, and relatively high

plasma betas [1]. Based on this understanding, the sus-

tained spheromak physics experiment (SSPX) project

has been recently launched at LLNL. SSPX is a gun-

driven spheromak, where the plasma is created (and

then maintained) by a voltage applied between the

electrodes of a coaxial helicity injector (gun) (Fig. 1).

Our main purpose will be to study the processes in the

edge plasma for the parameter domain characteristic for

the SSPX device, although our results may be of interest

for other spheromaks, too.

Plasma±wall interaction is important for essentially

all types of fusion devices but in gun-driven spheromaks

it may become a de®nitive element, especially at the

early stages of the discharges. This is because both the

formation of the toroidal con®guration and its further

sustainment require direct contact of a plasma with the

gun electrodes, and the current injected into the device

depends on the properties of the edge plasma.

The scenario of SSPX operation is planned to be as

follows. The quasi-steady solenoid (Fig. 1) creates a

magnetic ®eld of the shape shown in Fig. 1(a). A typical

value of the radial component of the magnetic ®eld is

0.05 T (imposed magnetic ¯ux <34 mWb). The hydrogen

(or deuterium) gas is then pu�ed into the gun region, in

eight points uniformly distributed over the azimuth and

situated on the tapered section of the gun. The voltage is

applied between the inner and the outer electrodes with

a controlled delay with respect to the gas-pu�. Gas

breakdown occurs, and a ring-shaped plasma is formed.

Under the action of the azimuthal magnetic ®eld, the

plasma gets accelerated downward and is ejected into

the main chamber. Reconnection occurs in the zone

near the gun muzzle, and the spheromak is formed

(Fig. 1(b)). The second, quasi-steady-state phase of the

experiment then begins, during which the spheromak is

sustained by dynamo activity driven by the voltage ap-

plied between the electrodes, which ampli®es the im-

posed ¯ux by a factor �3±10.

The external circuit that initiates the discharge con-

sists of a condenser with a capacitance C0 � 10 mF
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(initially charged to the voltage V0 � 10 keV), an in-

ductance with L0 � 2:12 lH, and a resistor r0 � 4 mX.

After spheromak formation in the main chamber, the

discharge is maintained for several milliseconds by a

pulse-forming network (charging voltage 5 kV). The

inner surface of the gun and the main chamber is coated

with a 200 lm thick tungsten coating.

2. The initial stage of the discharge

The initial stage of the discharge, during which

plasma stays inside the gun, is very important at least for

two reasons: It determines the degree of the azimuthal

uniformity of the initial con®guration, and it may be

de®nitive in establishing the impurity concentration in-

side the spheromak plasma (because during this phase

the entire plasma is in immediate proximity to the gun

electrodes). We divide this initial phase into two very

easily distinguishable sub-phases: a relatively short one,

when breakdown occurs and plasma reaches a consid-

erable (say, 10%) degree of ionization, while still re-

maining near the gas-pu� position, and a longer one,

during which the plasma gets moved towards the gun

muzzle and ejected into the main con®nement volume.

2.1. The breakdown phase

The mass of the hydrogen gas pu�ed into the gun will

be approximately twice the mass of the plasma in the

device at the nominal density � 1014 cmÿ3. After the

gas-pu� occurs, one waits until the gas spreads out

uniformly in the azimuthal direction: the gas from each

valve would have to expand by the distance of approx-

imately 2pR=8 � 35 cm (both ways). Assuming that the

gas will spread at approximately the same speed in the

vertical direction, the initial height h0 of the gas cloud

would be similar, h0� 35 cm. In fact, because of the

tapered shape of the outer electrode (Fig. 1), the gas

penetration to the upper part of the gun will be limited

so that h0 will probably be closer to h0� 20 cm. One can

now evaluate the number density nH2
of the molecular

hydrogen in the gas-pu�: 2pRh0a�2nH2
� � 2niV , where a

is the annulus width (below the valves), and V is the

volume of the plasma chamber. Taking V � 0:4 m3,

h0 � 20 cm, a � 16 cm, R � 50 cm, one ®nds that

nH2
� 4ni � 4� 1014 cmÿ3. At this density, the product

anH2
corresponds to a breakdown voltage � 7±8 kV (the

left branch of the Paschen curve, [2]).

The vertical distribution of the gas density has a

maximum at some height (approximately corresponding

to the position of gas valves). Because, as has been al-

ready pointed out, the gas density is at the left branch of

the Paschen curve, the breakdown will ®rst occur in the

vicinity of this density maximum. The ionization rate is

not a limiting factor: the e-folding time for density

growth is �1=nH2
hrvii; taking even a relatively low value

for the ionizaiton reactivity, �3� 10ÿ9 cm4=s, one ®nds

that the exponentiation time is less than 1 ls.

The threshold energy above which the sputtering

of the tungsten begins is 400 eV for hydrogen, and

175 eV for deuterium; at energy �1 keV the sputtering

Fig. 1. The spheromak geometry and magnetic ®eld con®guration, axisymmetric around the left axis: (a) the vacuum magnetic ®eld,

generated by the magnetics shown in gray, and (b) an example of the ideal MHD equilibrium of the coupled spheromak and gun.
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coe�cient is �4� 10ÿ4 for hydrogen, and �7� 10ÿ3 for

deuterium. For 1 keV oxygen it is approximately 0.2 [3].

The sputtering coe�cient for 10 keV ions is in the range

�2� 10ÿ3 for the hydrogen, �10ÿ2 for deuterium, and

�0:4±0:5 for oxygen [3]. Sputtering by hydrogen and

deuterium is more important than the sputtering by

heavier ions (e.g., oxygen) if the atomic concentration

of the latter is less than �4� 10ÿ3 in hydrogen and

�2� 10ÿ2 in deuterium. Throughout this paper, we will

assume that this condition is satis®ed and neglect the

presence of gaseous impurities.

To eliminate impurities from the gas chamber to a

maximum possible degree, the whole chamber will be

baked at a temperature up to 150�C as well as glow

discharge cleaned. In addition, following the initial stage

of experiment, boronization of all the plasma-facing

surfaces will be used. We believe that there is a good

chance that the gaseous impurities (which may still re-

main at the remote surfaces in the diagnostic and vac-

uum port after all cleaning procedures [4]) will not reach

the main chamber and the gun because of the pulsed

nature of the experiment.

The other concern may be a heating of the tungsten

surface in the gun which, under certain circumstances,

may lead to formation of cathode spots and arcs [5].

Assume, for example, that the tungsten surface is heated

for a time sHEAT, and the energy delivered during this

time per unit surface area is Q. Then, the surface tem-

perature will rise by DT �Q=cv�sHEATv�1=2
, where v is the

thermal di�usivity, and cv is a thermal capacity per unit

volume. The numerical form of this estimate is

DT �K��500Q �J=cm2�=�sHEAT �ls��1=2
. One can expect

that, during the breakdown and translation phase, the

wall heating will occur predominantly in a strip a few

centimeters tall on the cathode surface in the area where

the initial breakdown occurred: the magnetic ®eld lines

are frozen into the cathode, and the ends of the current

shell will probably remain attached to the zone where

the current started to ¯ow. The total energy dissipated in

this ring at the cathode surface can be obtained by

multiplying a characteristic current (�300 kA) by a

characteristic sheath voltage (�100 V) and the duration

of the translation phase (�100 ls). In this way, one ®nds

that the energy released at the cathode surface is �3 kJ.

For the strip 5 cm tall this gives rise to a temperature

increase �100 K. This temperature increment is small

and should not cause any problems.

However, if the current exhibits ®lamentation insta-

bility and becomes concentrated over a smaller fraction

of the surface, the temperature in the hot spots may

increase considerably. Whether this undesirable phe-

nomenon actually occurs, will become clearer after ex-

periments begin.

Very soon after the initial breakdown occurs, the

plasma density reaches the level �108±109 cmÿ3 where

the Debye radius evaluated for the applied voltage be-

comes smaller than the inter-electrode gap. At later

times, the potential is concentrated in the Debye sheath

near the cathode. The current density in the plasma at

this stage is of the order of the ion saturation current

density

jsat � encs; �1�
where n is the plasma density, and cs is the ion acoustic

velocity.

At the breakdown stage of the discharge, the fol-

lowing two simplifying factors help in a more quanti-

tative analysis of the problem: ®rst, the charge on

the capacitor has not changed signi®cantly yet and the

voltage on it is very close to the initial voltage V0; the

current sheet has not yet moved much from the point

where initiation occurred and, therefore, the inductance

of the circuit remains constant. Thus, one can write the

following equation for the voltage across the plasma

gap:

V � V0 ÿ L0
_Isat �2�

(the contribution of the external resistor r0 � 4 mX is

negligible during this stage).

The saturation current in the plasma can be evalu-

ated as

Isat � 2pRhjsat; �3�
where jsat can be evaluated from Eq. (1), and h is the

height of the plasma shell. The time-dependence of the

density n that enters Eq. (1) is determined by the rate of

ionization processes. Note that, when all the neutrals are

ionized, the saturation current is

I �max�
sat � 2eNH2

cs=a; �4�
where NH2

is the total number of hydrogen molecules

injected into the device, and a is the anode±cathode gap

in the gun. Taking NH2
� 4� 1019, and T � 15 eV, one

®nds I �max�
sat � 1:6 MA, well above the current (�200±300

kA, see below) required to eject the plasma into the main

volume. Therefore, the maximum saturation current is

never reached during the breakdown and translation

phase.

We suggest using the following extrapolation to

describe the current growth at an early stage of the

discharge:

Isat � eImax
sat �exp�t=s� ÿ 1�: �5�

The small parameter e (of which the ®nal results depend

only logarithmically) takes into account a low initial

density, whereas s characterizes the ionization time. We

emphasize that approximation (5) is good only at the

early stage of the discharge, when the ionization degree

is still low. It does not describe the ¯attening of the I�t�
dependence which will inevitably occur later in the pulse

but is su�cient to describe evolution of the current until
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the voltage drops, and the current reaches the level de-

termined entirely by the external inductance (we will

shortly ®nd the time when this happens). From Eqs. (2)

and (5) one ®nds the time-dependence of the voltage

across the gun:

V � V0 ÿ eL0Imax
sat

s
exp

t
s

� �
: �6�

This voltage drops rapidly because of inductive e�ects.

The time within which it reaches a level DV � 200 V

where the sputtering ceases to exist is

t1 � s ln
V0s

eL0Imax
sat

�7�

(we have neglected DV compared to V0). The plasma

current at this point is V0s=L0 � 15 kA (for s � 3 ls; the

parameter s depends on the ionization rate and may lie

between 1 and 4 ls). Note that the plasma current does

not depend on e at all. For the height h of the plasma

shell of the order 4±5 cm, this current corresponds to the

plasma density �1013 cmÿ3. Taking e � 10ÿ3, one ®nds

t1 � 10 ls.

An upper-bound estimate for the amount of sput-

tered tungsten is

NZ <
S0

e

Z t1

0

Isat�t�dt � S0V0s2

eL0

; �8�

where S0 is the maximum sputtering coe�cient, corre-

sponding to the initial voltage. Taking S0 � 2� 10ÿ3,

and the other parameters as before, we ®nd

NZ � 5� 1014. This should be compared with the total

number of hydrogen ions in the system, �4� 1019.

Hence, sputtering by plasma ions produces an insignif-

icant amount of impurities in the breakdown phase.

The sputtered tungsten atoms have an energy in

the range of a few electron-volts, and velocity

�2� 105 cm=s. Within a few microseconds, they will

penetrate a distance of the order 1 cm from the wall.

Some of them will be ionized (the ionization time for

tungsten atoms in a 10±20 eV plasma with a density

103 cmÿ3 will be �10 ls) and accelerated back to the

cathode. The self-sputtering coe�cient for tungsten is�2

at 10 keV, and that might cause a run-away of tungsten

accumulation. However, the exponentiation time cannot

be shorter than the ionization time 10 ls. This is the time

when inductive e�ects become already important, and

the sheath potential drops to 1±2 keV. At this lower

voltage, the self-sputtering coe�cient becomes less than

1, and the run-away gets terminated. We, therefore,

conclude that self-sputtering can hardly increase the

amount of tungsten impurities by more than a factor of

2±3. As noted earlier, the breakdown voltage at the hy-

drogen density nH2
� 4� 1014 cmÿ3 (that will be estab-

lished after azimuthal spreading of the gas-pu�s) is rather

high. If there are problems with discharge initiation at

this density, one might consider applying voltage with a

shorter time-delay with respect to the gas-pu�. At a hy-

drogen density�1015 cmÿ3 the breakdown would require

a considerably lower voltage, in the range of 1 keV. The

problem in this case is that the current will be initiated in

well-separated channels. If these channels persist in the

later stages of the discharge, the plasma ejected into

the main chamber may be too strongly non-uniform. The

balance would be between a cleaner and a more uniform

discharge. Alternatively, one could inject excess gas,

which might lead to a lower quality spheromak.

2.2. The plasma translation phase

Within a few microseconds following t � t1 (Eq. (7)),

almost complete plasma ionization occurs in the region

where the breakdown has initially developed. As we

show in Section 3, the plasma temperature T will be in

the range 15±20 eV. According to Eq. (1), the current

density will be �200 A=cm
2

(we assume that the ion

density is 2� 1014 cmÿ3). This means that the current

through a 1 cm-tall ring at the surface of the gun elec-

trode will be as high as �60 kA, and the nominal cur-

rent of 300 kA will ¯ow through a ring 5 cm tall. In

other words, a considerable skin-e�ect will occur. The

electrical resistivity of a fully ionized 10 eV plasma is of

the order 10ÿ3 X cm. For the current density

�200 A=cm
2
, the electric ®eld strength is only 0.2 V/cm.

Therefore, the bulk resistance cannot change our con-

clusion regarding the presence of a strong skin e�ect.

Accordingly, one can expect that at this second stage

the system will become almost purely inductive, and the

potential drop over the sheath will become just a few

T=e (needed to sustain the saturation current). There-

fore, sputtering by hydrogen or deuterium ions will be-

come negligibly small. Some sputtering by heavier

impurities (oxygen, nitrogen) may still occur.

The current-carrying shell will be pushed downward

and will collect the unionized hydrogen on its path. This

will cause a further increase of the density of the current-

carrying shell. Eventually, all the hydrogen will be swept

by the shell.

The circuit equation at this later stage can be written

as follows:

d2

dt2
��L0 � L�I � � I

C0

� 0; �9�

where L0 and C0 are, respectively, the inductance

(2:12 lH) and capacitance (10 mF) of the external cir-

cuit, whereas L is the inductance of the plasma gun. The

latter can be evaluated as

L � L� 1

�
� 1

z
Hg

�
; �10�

where z is the instantaneous position of the current shell

measured from the position of the pulsed valves, L� is
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the inductance of the gun above the level of gas injection

(L� � 0:03 lH), Hg is a distance from the gun muzzle to

an injection point, and 1 is a dimensionless parameter

depending on the geometrical characteristics of the

problem (in our case, 1 � 2:5).

The position of the current shell can be determined

from the momentum balance equation

d

dt
l

dz
dt

� �
� 2pRa

B2
u

2l0

 
ÿ g

B2
0

2l0

z
Hg

!
: �11�

Here l is the mass of the gas-pu� incorporated into the

motion (the current-carrying shell gradually collects

the gas initially situated in front of it); the ®rst term on

the right-hand side (r.h.s.) describes the accelerating

pressure of the toroidal magnetic ®eld, whereas the last

term describes the restoring force acting from the side of

the initial poloidal bias ®eld that is being stretched in the

vertical direction by the shell progressing to the gun

muzzle. The numerical factor g describes the degree of

stretching; in our case it is equal to 4±5 (see the geometry

of the gun in Fig. 1). We used a linear approximation to

the z-dependence of the restoring force. This is certainly

correct at not-too-large zs; the full dependence can be

found only as a result of extensive numerical analyses of

the equilibria.

Under conditions of our experiment, the inertial

force on the left-hand side of Eq. (11) is small compared

to the driving force described by the ®rst term on the

r.h.s. and can be neglected. Accordingly, the motion of

the plasma shell in the gun will be a sequence of equi-

librium states determined by the instantaneous value of

the toroidal magnetic ®eld, Bu � l0I=2pR. Taking

B0 � 0:05 T, and g � 5, one ®nds that the plasma shell

reaches the gun muzzle �z � Hg� at the current

I � 300 kA.

As the gun inductance is small, one can neglect it in

Eq. (9). The current then follows a simple sinusoidal

dependence:

I � V0

����������
L0C0

p
L0

sin
t����������

L0C0

p
� �

: �12�

The maximum would be reached at t � 200 ls and

would be equal to 700 kA although the circuit and

plasma resistance will limit it (note that Eq. (12) can be

used for the ®rst 100 or so microseconds; after that the

current is sustained at an approximately constant level

by a pulse-forming network). The current 300 kA will be

reached at approximately 70 ls. During these 70 ls,

there will be some voltage drop over the gun (caused by

the changing current and the gun inductance). At the

insulator, it will be equal to d=dt�L�I�, and will drop to

zero at the plasma surface. From the above equations,

one easily ®nds that, at the time when the plasma

reaches the gun muzzle, d=dt�L�I� � 1:5 kV. This volt-

age is applied predominantly in the upper part of the

gun, where the plasma density is low; therefore, one

should not expect a considerable in¯ux of tungsten

during this phase.

After the plasma shell reaches the end of the gun, it is

ejected into the main vacuum volume. This plasma

bursting occurs at the inertial timescale sburst [6]; in our

case, sburst will be a few microseconds. A rapid change of

the inductance (at this stage, the approximation (10) is

not valid any more) will cause the appearance of high

voltages across the gap, �L��I=sburst, where L�� is the

inductance of the main plasma volume, �0:1 lH. Tak-

ing I � 300 kA, and sburst�5 ls, one ®nds that the

gun voltage may reach �5 kV. This may cause

additional sputtering, which, however, will occur well

behind the plasma blob that has been already translat-

ed into the main volume. The estimate from above

for the number of tungsten atoms released in the gun

is NZ < S � I � sburst=e. For S�10ÿ3, one ®nds that

NZ < 1016. Although this number is relatively large, one

should remember that, ®rst, the estimate is made with a

very large margin and, second, that these atoms will be

released in the gun, and most of them will be redeposited

there, without entering the main volume.

Fig. 2. An example of a model of the SSPX voltage and current, including the e�ects of coupling to the con®ned plasma.
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The plasma current and the voltage at the gun insu-

lator are shown in Fig. 2 for a resistive plasma model

and the actual power system.

3. Plasma on the open ®eld lines during the self-sustained

phase

After some transitional period, the plasma blob will

settle down in the main chamber, and a quasi-steady-

state phase will begin. The expected duration of this

phase is several milliseconds. During this stage, the

current originating in the gun will drive a reconnection

process that will sustain and enhance the poloidal ¯ux.

The magnetic ®eld con®guration acquires the shape

shown in Fig. 1(b). We discuss now the plasma param-

eters on the ®eld lines beginning and ending in the gun.

The current on these ®eld lines will be in the range of

200 kA. From geometric considerations (Fig. 1(b)), one

can see that the parallel current density on these ®eld

lines will be as high as 1:5 kA=cm
2
. The relative velocity

u of electrons and ions is determined by the current

density j and plasma density n:

u �cm=s� � 6� 1018j �A=cm
2�=n �cmÿ3�: �13�

This yields u of the order 108 cm=s, much greater than

the ion thermal velocity, vTi � 5� 106 cm=s (deuterium,

20 eV), and comparable with the electron thermal ve-

locity, vTe � 2� 108 cm=s.

If generation of electrons on the electrode walls (via

the secondary and photo-emission) is small, then the

parallel (to the magnetic ®eld) current density cannot

exceed the ion saturation current, which is of order of

envTi, and the plasma would not be able to sustain the

required current on the open ®eld lines. On the other

hand, in previous spheromak experiments, no obvious

limitations on the current have been noticed. Therefore,

one has to assume that there is either a strong electron

emission from the walls, or the plasma density near the

walls is considerably higher than in the rest of the open

®eld line region, or both. Our present understanding is

that the dense cold plasma near the walls will be formed

almost inevitably (see below). The presence of the dense

plasma near the electrodes may provide conditions

where the current in the central (low density) part of the

¯ux tube is carried by the electrons, while near the

electrodes the current does not exceed the ion saturation

current (because of a high plasma density there).

Emission of electrons from the walls can occur via

the photo-e�ect (under the action of the 10±20 eV

photons emitted by the plasma) and via thermo-ionic

and ®eld emission from the micro-spikes and other

microstructures. The intensity of the radiation losses

su�cient for maintaining a current of �200 kA is

�40 MW, a few times less than the total power circu-

lating in the plasma (we assume that the photoemission

coe�cient is �0.1). In the plasma gun, the ®eld lines

intersect its surface at a small angle. This also helps to

keep the required normal component of the current

density on the electrode at a reasonable level

�100 A=cm
2
.

For the connection length around the spheromak

L � 2±3 m, the acoustic time L=cs is of the order 10ÿ4 s,

considerably shorter than the pulse length. Accordingly,

the plasma should be in a static equilibrium along the

®eld lines. In the strongly collisional regimes typical for

the edge plasma, one should expect only slow plasma

¯ows along the ®eld lines, with a considerable recycling

of the neutrals. Therefore, we adopt as the model the

pressure equilibrium along the ®eld lines:

p � 2nT � const: �14�

Note that possible `wobbling' of the ¯ux-tube in the

course of the dynamo activity does not a�ect this con-

clusion if the motions occur with a speed below the

sound speed.

The Joule heating provides a mechanism, which, in

principle, can maintain plasma both in the central col-

umn and in the area near the outer wall. Let us de®ne a

characteristic Joule heating time as the time within

which the thermal energy content is doubled by the

Joule heating

sJ � �3nT �=�j2=r�: �15�

Numerically,

sJ �s� � 6� 10ÿ18n �cmÿ3�
� �T �eV��5=2

=�j �A=cm
2��2Zeff : �16�

For T � 20 eV, n � 1014 cmÿ3, Zeff � 2, and j �
1:5 kA=cm

2
, we ®nd that sJ � 3� 10ÿ7 s, by far shorter

than the Bohm di�usion time even over the scale of a few

mm. So, probably, the Joule heating is the main mech-

anism for sustaining the thermal equilibrium of the

plasma on the open ®eld lines.

Assuming that the main channel of the heat losses is

parallel thermal conductivity, one can write the follow-

ing balance equation:

o
os

jk
oT
os
� j2

r
� 0; �17�

where jk is electron thermal conductivity and s is a

distance along the ®eld line. In Eq. (17), we assume that

the magnetic ®eld (and, therefore, the cross-section of

the ¯ux tube) do not vary along the ®eld line. Assuming,

for simplicity, symmetry of the problem with respect to

the midpoint of the ¯ux tube, one ®nds the following

relation for the plasma temperature in the equatorial

plane:
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j2L2

r0jk0T0

� 16

49

Z 1

0

dz����������������
1ÿ z4=7
p

24 352

� 2:2; �18�

where the subscript 0 designates the values of the cor-

responding quantities in the equatorial plane. Eq. (18)

yields the numerical estimate for the plasma temperature

T0 �eV� � 0:25� j2 �A=cm
2�L2 �cm�Z2

eff �1=5
: �19�

For j � 1:5 kA=cm
2
, L � 200 cm, Zeff � 2, we ®nd

T0 � 30 eV. At Te � 30 eV, the thermal conduction time

and the Joule heating time are of the same order. Note a

relatively weak dependence of the temperature on all

other parameters: this is because of the rapid decrease

(increase) of the plasma thermal conductivity (electrical

conductivity) with temperature. The estimate (19) pre-

dicts the value of T � 15 eV for the gun phase of a

spheromak (after the full ionization occurred).

Near the wall, the temperature (as determined from

Eq. (17)) varies according to the equation

T � �Ds�2=7
; �20�

where Ds is a distance from the wall along the ®eld line.

The pressure equilibrium condition (14) then means that

the density formally diverges at the wall, n � �Ds�ÿ2=7
.

This does not cause the divergence of the total number

of plasma particles (as the density singularity is integr-

able) but it may cause some increase of radiative losses.

4. Summary

We considered the physics of edge plasmas in gun-

driven spheromak. The early stage of the discharge,

when the plasma is situated inside the gun, determines

the degree of symmetry of the initial spheromak plasma,

and the amount of impurities scooped by the plasma

from the walls of the gun. We argue that, in order to

have good initial symmetry, it is advisable to let the

neutral gas injected by pulsed valves spread over the

azimuth. We ®nd that the breakdown voltage for the

uniformly distributed plasma is relatively high, �5 kV.

Still, it is by a factor of 2 below the initial applied

voltage.

The amount of tungsten produced by sputtering the

breakdown stage is small (of the order 10ÿ3% of the

plasma ions). The breakdown phase is followed by the

translation phase, during which the plasma shell moves

towards the end of the gun. At this stage, the voltage

drop over the plasma is small, and no signi®cant sput-

tering occurs in the region of a considerable plasma

density. Some sputtering may occur way back near the

gun insulator but it will hardly a�ect the main plasma.

At the moment when the plasma bursts from the gun to

the main experimental volume, a high inductive voltage

�5 ls in duration develops across the gun. It may cause

sputtering by the ions of the residual plasma left in the

gun. The upper estimate of the tungsten atoms produced

at this instant is in the range of 0.1% of the plasma ions,

but these atoms are produced inside the gun and will be

redeposited on the walls of the gun.

In the quasi-steady-state, the sustainment current

¯ows in the edge plasma region, where the magnetic ®eld

lines begin and end in the gun (or on the walls of the

main chamber). The thermal balance of this plasma is

maintained by Ohmic heating vs parallel heat losses

to the walls. The resulting plasma temperature

(�15±20 eV) very weakly depends on the parameters of

the problem.
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