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Ion density and current distributions
in a propagating current sheet, determined by microwave
reflection technique
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Electron and ion density distributions and the problem of electron/ion current
partitioning are studied in a large radius Z-pinch in argon. Radial scans of the
electron density and temperature profiles in the propagating sheet are obtained
with a multi-purpose microwave interferometer which measures the complex
reflexion coefficient from the plasma. At 70 GHz the probe resolves densities up
to 10'7cm~3 over dimensions of ~4mm. Profiles of the electric and magnetic
field components are obtained using standard probe techniques, and these data,
are used to calculate ion and electron current components in the sheet.

Within the approximations of MHD theory, calculations show that the overall
axial current pattern is built up of four interior zones alternately dominated by
electron or ion current. This structure is observed to be closely correlated with
variations of the Hall parameter, w,/v,, about the value of unity through the
sheet, which suggests that this parameter might be used as a guide to the relative
importance of ion conduction in pinch discharge current sheets.

1. Introduction

Travelling current sheets of the type encountered in pulsed plasma accelerators
or magnetic compression experiments have been shown to differ from more con-
ventional discharges in the relative importance of ion conduction to the overall
current density pattern (Lovberg 1963; Lovberg 1966; Johansson 1965; Bodin,
Newton & Peacock 1961). Unlike simple low current discharges, where the ion
and electron current components may be expected to scale in proportion to the
respective scalar mobilities, intense current sheets involve self-induced magnetic
fields large enough to drive the electron Hall parameter, (), = electron gyro-
frequency/electron collision frequency, beyond unity, thereby preferentially
restricting the electron current to a magnitude comparable to, or even less than,
the ion current. The question of current partitioning is also related to other
kinetic processes of interest, such as the dynamics of the current sheet, and the
ionization and acceleration of the overrun gas. In a more macroscopic view, the
relative importance of ion current bears on the dynamical efficiency of the
acceleration process, the extent of energy loss and erosion at the electrodes, and
the onset of hydromagnetic instabilities (Bodin & Newton 1963).

t Present address: Culham Laboratory, Abingdon, Berks., England.
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In this paper we investigate the partitioning of current between electrons and
ions in a z-pinch machine. The electromagnetic acceleration processes which
sustain the current sheet embody interlocking aspects of compressible gas
dynamics, ionized gas physics, electromagnetic field theory, and particle electro-
dynamics, all of which contribute to great difficulties in formulating an adequate
theory of current sheet structure. We will assume a fluid representation here,
which allows the currents to be derived from a generalized Ohm’s law for the
plasma, and the requisite MHD parameters are reviewed in §2. Section 3 deals
with the discharge device, and §4 describes the measurements, which consist of
obtaining electron density and temperature distributions in the sheet, and
profiles of the interior electric and magnetic fields.

The mapping of electron density in a current sheet presents some special
problems, e.g. spatial resolution of a few mm in all directions plus sensitivity over
a wide range of densities up to 1017 cm~3. The microwave techniques developed
for the density and temperature measurements are described in §4.

Refinements to the fluid model of the current sheet, based on the experimental
data, are examined in §5. Forces acting on the ion fluid are ordered, and electron
and ion currents are plotted from the experimental data. The resulting current
pattern is found to have a layered structure, which is empirically related to the
Hall parameter.

2. Parameters of the problem

In order to obtain serviceable relations between the plasma currents and
measurable quantities, one can begin with the MHD charge transport equation
for an ionized gas (Sutton & Sherman 1965) (MKS units),
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6
which relates the total current density j to theelectric and magnetic fields Eand B,
the scalar conductivity o,, the fractional degree of ionization «, the electron
pressure P,, the electron density =,, the electron and ion Hall parameters Q,, Q,,
the proton charge ¢, and the mass average gas velocity,

V= (me Ve+mi Vi+m'n. Vn)/(me+mi+mn)) (2)

where the subscripts ¢, 1, n refer to electrons, ions, and neutrals respectively. The
first term of (1) represents the effect of electric fields, pressure gradients, and
motional EMF in driving the currents, the second term is the Hall effect, and the
third term is the so-called ‘ion-slip’ effect. This last contribution arises in the
event of vanishingly few collisions between ions and neutrals, which gives rise to
different flow velocities, and hence a net ion current in a co-ordinate system
moving with the mass average fluid velocity. We will assume here that any
neutrals in the current sheet are tightly collision coupled to the ion stream (see
§5), in which case (1) takes the simpler form

VP) Q, .

j=0,|E+V,xB+ —=jxB (3
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in which only the ion velocity appears. The components of V,in the sheet can be
calculated from (3) if the net current density, the E and B fields, and the para-
meters F,, n,, Q,, and o, can be determined.

The components of E and B can be measured directly by standard probing
techniques, and yield, via Maxwell’s equations, the net current density j and, in
principle, the net charge density n,—n,. Similarly, the microwave probe to be
described yields direct measurement of the two quantities n, and »,, the effective
electron collision frequency for momentum transfer. For the ionization levels of
interest (> 0-1%,), Coulomb collisions dominate over electron-neutral collisions
and v, can be identified with the Spitzer electron-ion collision frequency (Heald
& Wharton 1965; Spitzer 1962)
_2:9x10-%Zn,(cm~3)In A

Ve = Vy , (4)
c el Tei.(ev)
. 10778
where A= 1-55 x 101°T%(eV) (5)
an(cm"’)

The logarithm is a slowly varying function, ~ 6 in these experiments, and Ze is
the charge on an ion. Having the density and temperature, the electron pressure
can be found from the ideal gas law

P, = n kT, (6)

where k is Boltzmann’s constant. The pressure gradient can be calculated from
profiles of P,

The conductivity in (3) can be expressed with various degrees of sophistication
(Sutton & Sherman 1965), but we will use the simple Lorentz form,

_ YB 7€
g(0)m, v,

. H
_33x 1;)41');13&1', eV) (ohm —m)-1 (7)

corrected for the low frequency limit, g(0) = 37/32, and the slight effect of
electron—electron collisions, 0-582 < y5 < 1 (Heald & Wharton 1965; Spitzer
1962). The Hall parameter is defined in terms of the same collision frequency,

_ Wy _ 2:06 x 10"y, B(W/m?) T (V) (8)
* Ty, Zn,(cm3)In A

and satisfies the identity o(B/Q, = n,e. Thus all the plasma parameters in (3)
reduce to functions of n, and 7, (or v,) and some fundamental constants, and the

task becomes one of measuring these and the field distributions through the
sheet as functions of 7. Solution of (3) for V, will then yield the ion current

ii = n;ZeV, (9)

0

and since the net j is known, the electron current as well.
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3. Discharge device

The dimensions and operating parameters of the 2-pinch discharge circuit were
chosen to provide well-formed current sheets which are intense, stable, acceler-
rating, and reproducible from shot to shot. The discharge vessel, shown in
figure 1, is a glass cylinder 20 cm in diameter and 5 cm high, closed by aluminium
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Ficure 1. Discharge apparatus (schematic).

electrodes 1-9cm thick. These are fitted with O-ring seals, gas valve, streak
camera slot, and a variety of probing ports. Switching is by a low pressure gas
triggered discharge, described elsewhere (Jahn ef al. 1965). For the usual driving
currents (200kA) and argon pressures (0-1torr), the current sheet is ~2-5cm
wide and makes the 10 cm incursion to the axis in ~ 4 usec.

The driving current was programmed to be approximately constant during
this time by suitably arranging twenty 2:56 4F capacitors along the distributed
inductance furnished by two parallel plate transmission lines each 10 ft in length.
The resulting bank, which is described elsewhere (Black 1965, 1966), stored 2-5kJ
at 10kV and yielded a roughly rectangular current pulse of ~ 200 kA x 5 usec for
the experiments.

4. Experimental results

The current waveform is shown in figure 2 as the output of a passively inte-
grated Rogowski coil, together with a streak photograph of the discharge showing
its trajectory during the constant current phase. The photograph was taken
through the diamentral slot in the upper electrode, with a neutral density filter
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placed over the centre to reduce the intense luminosity near the axis. The probe
measurements to be described were all made as functions of time at R = 5cm,
the halfway position of the sheet’s radial trajectory to the axis.

Magnetic and electric probe measurements

Magnetic probe loops of conventional design (Huddlestone & Leonard 1965),
2mm in diameter, were introduced into the discharge to measure the time deriva-
tive of the magnetic field as the current sheet passed the probes. The usual glass
jacket was discarded in favour of a smaller nylon body reinforced with brass,
which left the exposed pick-up loop covered with only a thin insulating layer of
epoxy (figure 10). The B probes were placed to intercept the current sheet
head-on, and aligned to respond to the desired component of B. The probe
response was passively integrated, and calibration was done in position by
passing a known current through a central shorting post between the electrodes.

Radial and axial surveys of all three magnetic field components in the sheet
revealed a high degree of axial symmetry in the total current distribution, except
near the anode where the patterns became generally more complex, diffuse, and
sometimes bifurcated (Jahn et al. 1968). The investigation was accordingly con-
centrated between the cathode and centreplane. Figure 3 compares, on the same
scale, raw data of B,, By, and B, near the cathode, together with their time
derivatives. The conduction of essentially axial current is shown by the complete
dominance of the azimuthal component B,.

The axial current density could be calculated from cross-plots of integrated
probe data, using Ampere’s law,

. 113(rBy)
5 por or

in the usual manner; but in addition to being time consuming and inaccurate,
because of the need to differentiate experimental data, this method does not
permit visualization of j, in terms of dBy/dt and By, the quantities actually
measured by the probe. Nor is a simple velocity transformation appropriate,
since B, does not actually propagate in the pinching process, although its current
source does. The net current enclosed at radius R at time ¢ is

R
I, (R,?) =f0 27y (r,t)dr (10)

so that the local magnetic field, By = pyl,,./27R, and its time derivative are
functions of both the sheet velocity U,, which convects current past the probe,
and dI/dt in the external circuit, assuming I, . varies proportionally. Manipula-
tion of these relations leads to the current density in terms of the total current I
and direct probe data,

jz(R’ t) =

1 [By(R,t)dl dB, ]
where y, is the permeability of free space. If both the sheet velocity and circuit

current are nearly constant during the sheet transit time over the probe, as they
are here (e.g. figure 2), then dB,/dt determines the current density profile. j, is
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clearly a peaked function in the sheet (figure 3) and calculations show the region,
of negative dB,/dt behind the main sheet to be due almost entirely to decreases
in I after 4 usec. Hence the sheet is ‘well formed’, and when measured value of j,
are inserted in (10), most of the circuit current is found to pass through the
propagating sheet.

The electric field in the sheet was measured with a floating double probe of the
Lovberg-Burkhardt type (Huddlestone & Leonard 1965; Lovberg 1964;
Burkhardt & Lovberg 1962), having a 2mm electrode spacing (figure 10). The
E probe was inserted as a small coaxial line, ending in a central electrode and a
concentric outer ring separated by a truncated cone of epoxy. The coaxial con-
struction eliminated magnetic pick-up, but at the expense of increased sensitivity
to transverse electric field gradients, due to the finite dimensions of the ring. The
probe output was checked against other configurations to ensure that such errors
were small.

Time correlation with B, was obtained by positioning a magnetic probe at the
same axial and radial co-ordinates as the electric probe, but displaced ~%em
azimuthally to avoid mutual interference. Figure 4 shows typical oscillograms
obtained in the centreplane, where the axial current distribution, compared to
the cathode, is seen to be somewhat wider and less reproducible at the rear of the
sheet. The electric field has two components, shown here to the same scale, which
are closely correlated in time (position) with the magnetic field and current
density. The streamwise component E, arises from a slight radial displacement
of the centroids of the electron and ion density distributions, and reaches a
magnitude of ~ 9000 V/m; E, supplies a major mechanism for accelerating over-
run ions in the plasma from rest to their streaming velocity. The applied field E,,
which reaches about the same amplitude as E, in the lab frame of reference, is
reduced in the sheet frame by |U,B,| to a maximum of ~ 3500 V/m. As B,
increases through the sheet, the transformed E, reverses sign and closely follows
E,. (The sheet velocity was measured independently from streak photographs,
and electric, magnetic, and microwave probe data, and all gave U, ~ 25,000 m/sec
at mid-radius, within a few percent.)

The ion density can be related to the electron density from the E probe data
and Gauss’s law. Since radial gradients far outweigh axial variations in the sheet,

this may be written 0B, (ng—m)e
i QPR Vs B il

or € (12)

The maximum n;—n, is found to be < 1077 of the measured electron number
density in the sheet, so that the assumption n; = 7, could be made with negligible
error.

Microwave probe measurements

The electron density and collision frequency were measured with a multipurpose
microwave reflexion bridge which returned information on the complex reflexion
coefficient from the plasma. This technique (Takeda & Tsukishima 1965;
TFunahashi & Takeda 1968; Hermansdorfer 1965) is well suited to current sheet
studies, because the large reflexions from a plasma above the ‘ cut-off’ density =,
can be used to avoid the usual line-of-sight integration of data which characterizes



Current sheet 195

lower density transmission interferometry (Heald & Wharton 1965) thus pro-
providing maximum three-dimensional space resolution as well as sensitivity to
n,, considerably above the usual upper limit of n,.

In order to relate plasma reflexions to the electron density and temperature,
one may begin with the usual manipulation of Maxwell’s equations (Heald &
Wharton 1965) to obtain the harmonic wave equation for a uniform, isotropic
medium of finite conductivity and net charge neutrality,

V2E + (kou*)*E = 0, (13)

where ky( = 27[A, = w/c) is the vacuum wave-number, o is the angular frequency
of the impressed electric field E,

10 .
p* = J(l-@) = b — Yl (14)

is the complex refractive index of the medium, o is the electrical conductivity,
and €, is the vacuum permittivity. The plane wave solutions of (13) are transverse,
in the form
! E = Ejexpi(wt —kop*z) (15)
and the wavelength and attenuation in the medium are thus embodied in the
conductivity term. The simplest derivation of o proceeds by identifying an
‘ensemble-average’ electron, whose drift velocity defines the current per particle
and obeys the heuristic equation of motion

m, ddtd+m v,vy = —eE (16)
with E given by (15). Solution of (16) yields
_Mea _ M€ wh
E  my(v,+iw) =% (Vc-i-iw) (a7

(compare equation (7)) where we have written o in terms of the electron plasma
frequency, w, = y/(n,e?/cym,), the natural frequency of oscillations of the free
electron component. The resonant, or cut-off density is defined by the inverse
relation, n, = €,wim,/e.

Combining (14) and (17) yields the real and imaginary parts of u*,

A R AR T

(@ /w)2 ] [ (wplw)? ]2 [(V )“ (wp/®) ]2}*
2= 11— — Y% Ye\" _\Ypi%) 19
i =-t[1- -] | G) el oo
which specify the wave motion in the plasma in terms of the electron density =,
and collision frequency »,.

In practice the wave-train must cross interfaces, such as a dielectric window,

to reach the plasma, and the resulting probe response involves a solution of the
appropriate boundary-value problem (Jahn 1962). The window can be removed
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from the calculation, by making it a half-wave plate (Jahn 1960), for example,
and the transmission and reflexion coefficients then follow by requiring conti-
nuity of the tangential components of the field vectors at the air-plasma interface.
For the present problem we are interested in the reflexion coefficient,

R* = Ep|E; = |R|exp (igg),
which takes the form (Jahn 1960)
gy = [(A—p2— )+ 43Tt

B = =0
2
= o0 (i) @

These quantities are computed and plotted against n,/n, in figures 5 and 6,
with v,/ as a parameter. For the anticipated small values of v,/w, the reflected
amplitude is most sensitive to n, below n,, the reflected phase angle to n, above «,.
This complementary sensitivity means that interference effects can be produced
over a wide range of densities when the reflected signal is combined with a suit-
able reference signal at the detector.

Let the reference signal have the same magnitude as the signal E; incident on
the plasma. The reflected signal is E;| R |exp (i), and the amplitude A of the
interference signalis £ {1 + | R [exp (i@ )}. Referring to the insert in figures 7 or 8,
we may write this (in normalized form) as

S- g - N/(1+|R|2if|R|eos¢R). 2)

Computed interferometer responses are plotted in figures 7 and 8 for the two
possible bridge modes, corresponding to a choice of (—) in (22)—mode A, where
8- 0 at n, = n, and S 1 as n,—>oo—and vice versa for (+), mode B. The two
modes obviously do not produce symmetric signals, and this property is very
useful in studying electron density gradients (see Appendix).

At the operating frequency of 70 GHz (A, = 4-28 mm), the cut-off density is
n, = 6:1 x 1013 ecm—3, about 102 of the filling density at 0-1 torr. For ionization
levels above ~ 19, there will thus be large reflexions, and from the figures | R
and @ (or S) are seen to be sufficient to determine n, and v, simultaneously over
at least the range 6 x 10'? < n(cm=3) < 10V (small v,/w). Note that a quick
estimate of the collision frequency can be made from the height of the S spike at
n, = n,, which is very sensitive to v,/w.

The bridge circuit used to measure | R| and 8 is shown schematically in figure 9.
It was operated inside a portable screen room, and for § measurements the refer-
ence arm of the interferometer was adjusted to pass a signal equal in magnitude
and phase to the reflexion from a metal block placed over the horn.

Unfortunately, the conventional method for measuring | B|—which relies upon
directional couplers and E—H tuners to buck out spurious reflexions (Heald &
Wharton 1965)—inherently fails when one is confronted with significant two-way
transmission of power in the wave-guide. This is because |R| itself can undergo
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Fraure 2. Streak photograph of discharge, and current wave-form.
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Ficure 3. B-probe data (mid-radius near cathode).
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