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The axial injection of a high-beta collisional plasma from a conical
theta-pinch source into a multiple-mirror device and its subsequent
thermalization due to shock formation is investigated numerically and
experimentally. An ideal-fluid Langrangian simulation is developed and
used to study plasma expansion from the theta-pinch into a solenoidal
field. Expansion into multiple mirrors is then examined. Shocks are
found to form sequentially in the mirror throats, beginning with the
mirror nearest the theta-pinch; these propagate upstream and thermalize
the drift energy. The shocks form later in time as the mirror fields
are reduced, until a minimum field is reachéd below which shocks do not
form. Experimental results are presented (temperatures of 6-15 eV,
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densities of 10 cm'3) which verify the predictions of the simu-

lations. The observation that quadrupole stabilization fields interfere

with shock thermalization is discussed.

PACS numbers: 52.30+r, 52.35.Tc, 52.55.Ke, 47.60.+i

a)Present address: Fusion Research Center, University of Texas, Austin,
Texas 78712.
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I. INTRODUCTION

The process by which plasma may be injected axially and efficiently
trapped in a magnetic mirror machine or set of multiple mirrors is of
interest for many laboratory experiments. Frequently the plasma is so
collisional that shock formation in the mirror throats is the dominant
thermalization mechanism for single-ended injection. Much experimenta]l'B,
theoretica14’5 and numer'ical5 work has been performed investigating
shock-thermalization of plasma flow by a single mirror. Although plasma
trapping in mirror machines by shock formation has been studied experi-

menta]]y6

» 1ittle theoretical or numerical work exists. The purpose of
this work is to investigate, via a numerical fluid simulation and related
experiments, plasma expansion from a conical theta-pinch into a multiple-
mirror device and subsequent plasma trapping. The plasma studied is of
high beta (the ratio of plasma pressure to vacuum magnetic field
pressure).

Section II presents a description of the experimental apparatus.
Section III describes the fluid simulation code. The code is first used
to study the scaling of plasma parameters - density, temperature, drift
velocity, etc. - for plasma injection into a uniform solenoid (a mirror
ratio Rm of unity) as the ratio of solenoidal field to peak theta-pinch
field bS is varied. Then, a solution for injection into multiple mirrors
with Rm = 4 js presented, which points out the features of shock forma-
tion and thermalization. A study is presented of the dependence of the
shock formation time in the first mirror as a function of the "machine
parameters" Rm and bs. The predictions of the simulations are compared
with experiments in Section IV; the experiments are performed both with

and without quadruple stabilizing fields for Rm > 1.



II. THE EXPERIMENTAL APPARATUS

The experimental apparatus can be divided into three major
sections: (1) the multiple-mirror device, (2) the conical theta-pinch
plasma source, and (3) the guide-field region. A scale drawing of the
experiment, showing only a portion of the multiple-mirror device, is
given in Fig. 1.

The magnetic field of the multiple-mirror device is generated by
four independent magnet systems. A solenoid consists of an approximately
8-m long series of linked current loops. A set of eleven magnetic mirror
coils of average radius 6.85 cm are spaced by a "cell 1engthf % of 75 cm.
The remaining magnets are sets of linked Ioffe bars which alternate
current directions from cell to cell. To achieve minimum-average-8
stability, there are two separate quadrupole-coil systems.7 There are
four separate capacitor banks which power the coils. Each is fired at
such a time that all fields peak together, and each bank is then crow-
barred. The L/R decay times are all approximately 2 msec, which is
sufficiently long for the fields to be considered constant in the
experiments to be discussed. The vacuum chamber is primarily made of
sections of 3.5-in. i.d., 50-mil wall stainless steel tubing. These
sections are joined in each midplane with short glass sections having
four access ports each. The base pressure of the system is ~10'6 Torr.
It is useful to define a nomenclature for the various port positions:

The mirrors are numbered from the theta-pinch end starting with 0 and
are denoted by TO, Tl’ TZ’ etc. (T standing for “throat"), as in Fig. 1.
The midplane ports (glass sections) are denoted by MOl’ MlZ’ M23, etc.
(i.e., the midplane ports between T0 and Ty, etc.), as in Fig. 1. The
three pumping ports are at MOI’ M45, and M89’

A theta-pinch device was chosen for its ability to produce a high-
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beta, relatively clean plasma. A fast capacitor bank is discharged through
a single-turn conical coil surrounding ihe vacuum chamber in which hydrogen
gas is transiently admitted. The axial pressure of the resulting plasma
drives an expansion centered about the location of peak magnetic field.

For a conically shaped coil, this location is near one end of the coil,

and the expansion is largely directed toward the other end. The coil is of
minimum inner radius 3.7 cm, maximum inner radius 6.8 cm (6° cone angle),
and length 30 cm. A cross section is shown as the dotted lines in Fig.

2 along with the calculated (dashed curve) and measured (solid curve)
magnetic field profiles. The calculated profile was obtained by assum-

ing that the current distribution lies on the inner surface of the coil

2

and varies as ri'

order to take advantage of the increasing azimuthal electric field with

» where ri(z) is the inner radius of the coil. In

radius, the quartz discharge chamber is also conical and fitted to within
1/4 in. of the coil. Hydrogen is injected into the chamber at a point
Jjust behind the coil by an electromechanical fpuff valve", indicated in
Fig. 1.

The theta-pinch may be operated in a ringing mode or a preionized/
crowbarred mode with a variable number NPB of 2.1-uF, 50-kV primary-bank
capacitors. For producing large quantities of relatively cool plasma,
the former is used because of its simplicity and reliability. For a
hotter, cleaner plasma, the latter mode is required. The pieionizer con-
sists of a 0.4-uF, 125-kV capacitor charged to 60 kV which is discharged
through the coil just prior to primary-bank firing. Discharge wave-
forms, obtained with a pickup coil located in the fringing fields of
the theta-pinch coil, are shown in Fig. 3 for (a) ringing and (b) pre-
jonized/crowbarred operation. Here, NPB=3 and the delay between puff-
value and theta-pinch triggering td was 300 psec. (The significant

modulation of the crowbarred current is due to the low inductance of
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the theta-pinch coil relative to that of a single crowbar spark gap.)
In order to isolate the multiple-mirror device from the neutral
gas injected by the puff valve, the theta-pinch and the multiple-mirror
device are separated by a guide-field solenoid of length 138 cm. A
special set of quadrupoles is used to map an elliptical flux surface in
the first mirror throat (when the strong and/or weak quadrupoles are
energized) back to a circle near the theta-pinch. For the experiments
in Section IV, the guide field is set equal to the solenoid field. As
shown in Fig. 1, the windings of the guide-field solenoid are spread
apart at two locations denoted by MBo and MAB (75 cm and 150 cm from
MOl’ respectively) to accommodate two port sections. An iris aperture
having minimum and maximum openings of 0.45 cm and 5.9 cm, respectively,
and capable of being adjusted while under vacuum is located about 15 cm
downstream of MAB’ shown in Fig. 1. For the experiments to be discussed,
the aperture is set fully open.

8

The experimental data was obtained with Langmuir probes,” a triple-

probe9 10

» compensated diamagnetic loops™~, and a ﬁve]ocity-stagnation
probe." The Langmuir probes, each consisting of 40-mil exposed lengths
of 5-mil tungsten wire, are biased at -50V to collect ion saturation
current, from which the plasma density is inferred. The triple-probe
consists of three identical Langmuir probes in close proximity; two of
the probes are biased with respect to each other,with one in ion

saturation, and form a standard floating doub]e-probe8

, while the third
probe floats. The current of the biased pair provides a measure of the
plasma density while the voltage between the positively-biased probe

of the pair and the floating probe is proportional to the electron
temperature. The contribution of plasma drift to the Langmuir-probe

and triple-probe currents is approximated by the expression



/2

1
Y . .
I = (Ii+1d) , where Ii is the thermal ion saturation current given

. 11
by Lafromboise™”, and I, = nevAé, where A6 is the probe area projected

in the direction of flow. The velocity-stagnation probe is a relatively
small gridded electrostatic analyzer oriented such that the entry grid
faces away from the theta-pinch. To avoid drastically disturbing the
plasma, the device is located approximately 2 cm off axis. Inside, a
collector plate is biased at -50V with respect to the floating case.
When the drift velocity is significant, no current is collected since
the entry grid is in thé wake of the flow. Otherwise, ions are col-
lected; a pulse of curkent then indicates an abrupt halting of the
flow, as after passage of a shock. Prior to this time, drift velocity
is obtained using time of flight from the theta-pinch. The compensated
diamagnetic loops, indicated in Fig. 1 as DLA, DLOl’ and DL12, each
consists of a coil wrapped around the vacuum chamber in series with
another coil over the first with twice the area and half the number of
turns, such that the vacuum signals vanish. With plasma present, the
integrated output voltage is proportional to the plasma pressure (beta)
averaged over the chamber cross section (for B < 0.5). DL01 and

DL12 each have four inner turns while DLA has two. The effects of the
metallic vacuum chamber on the loop signals are corrected using a

minor change in the passive integrating circuitry.lz

I11. FLUID SIMULATION OF PLASMA INJECTION

A. Description of the computer code

An ideal-fluid analysis incorporating high beta is performed based
on the equations of Hamada et a1.5 These consider an azimuthally
symmetric plasma column in which transport across the magnetic field is

neglected. A paraxial approximation is made for which the radial flow



velocity is much less than the axial velocity. The equations of force,

energy, and continuity are then, respectively,

dv 3

nm; ¥ = -2 2= (nkT), (1a)
dr __ 2 ¢fov , 1 dA |
i 3T[az*Adt]’ (1b)
dn _ _ {3v 1dA
at - '"{az * R dt]’ (1c)

where d/dt = 3/5t + v3/9z, z is the coordinate along the magnetic

field, n is the ion (singly charged) and electron density, A is the
plasma cross section, v is the flow velocity along the field, T is the
common ion and electron temperature, m; is the jon mass, and k is
Boltzmann's constant. In addition, we use the equations of magnetic
flux conservation, radial pressure balance, and the definition of plasma

beta, respectively given by

S8y = o, (2a)
LN (2b)
2nkT + 5— =5~ , 2b
2uo Zuo
2
B “1-1
B = 2nkT[ e ] (
= | , 2c)
Zuo

where Bi and Be are the magnetic fields respectively internal and
external to the plasma column and M, is the permeability of free space.

Equations (2a)-(2c) can be combined to yield

5§ - 8,082 s (1-0)1/20. (1d)



The adiabatic Mach number is defined by M = v/vs, where Vg = [2(5/3)T/m1.]]/2
is the adiabatic sound speed.

Equations (la)-(1d) are a set of four equations in the four
unknowns n,T,v, and A in terms of the known external magnetic field
Be(z). Be(z) is taken to model the magnetic field of the experiment
at the time of peak theta-pinch current, as in Fig. 4. Here, the solid
and dashed profiles represent the cases Rm = 4 and Rm = 1, respectively.
In both cases bS’ defined as the ratio of solenoid (and guide) field
to peak theta-pinch field, is 0.2. The location z/lC = 0 is taken to
correspond to the first mirror throat (TO), such that the location of
the theta-pinch field maximum is z/]C = -2.5.

Following the procedure of Hamada et al., Eqs. (la)-(1d) are
rewritten in a Lagrangian frame (moving with the fluid) and solved
numerically for a plasma initially at rest and localized entirely within
the theta-pinch region. The initial profiles of n and T decrease -
monotonically from LS and T0 at z/lc = -2.5 to zero at the plasma-vacuum
interface z/lC = -2.5+c1. In the following solutions, the normalized
axial extent of the initial plasma, Tqs is chosen to be 0.4, such that
the interface lies roughly at the front of the theta-pinch coil. The
initial beta and temperature profiles are chosen to be approximately
uniform over most of the plasma. The boundary conditions are chosen
to be v=0 at z/]c=-2.5 (by symmetry as eBe/az=0 there) and T=0 at the
plasma-vacuum interface (a simplified statement of a vanishing force
density there).

In order to deal with shocks, an artificial viscosity introduced by

13

VonNeumann and Richtmyer®” is employed. The resulting system of equa-

tions is solved using the packaged partial differential equation solver



14 as the core of a controlling and diagnostic code. Details

PDECOL
of Be(z), the solution scheme, and the initial conditions are found in
Ref. 12.

Before presenting numerical solutions, the differences between the
present formulation and that of Hamada et al. should be pointed out.
They considered uniform initial conditions in a uniform theta-pinch
field enabling them to base their formulation on the problem of an ideal
gas localized at one end of an otherwise evacuated tube by a diaphragm
which is subsequently ruptur‘ed.15 They chose as a boundary condition
at the plasma-vacuum interface the theoretically derived escape-front

velocity Vg = [2/(Y'])]Vso’ where y = 5/3 and v, is the sound speed

o
in the undisturbed gas. In the present formulation, such a choice is
inappropriate because the nonuniformities in the initial conditions do
not allow a theoretical determination of the escape-front velocity.
Instead, the escape front is allowed whatever velocity is consistent
with a vanishing force density.

Before proceeding with a study of flow through multiple-mirrors,
it is worthwhile to examine the expansion of the plasma from the theta-
pinch into only the solenoid field.

B. Solutions for Rp =1

A numerical solution for bS = 0.2 and 60 = 0.9 is presented in

Fig. 5. Spatial profiles of n/no, T/To, 8 and v/vi0 where Vig ©

(2kTo/mi)]/2, are presented at normalized time intervals of‘t/tc = 0.25
in Fig. 5 (tc = ]c/vio)' The dotted curves in the p]ot§ of v/vi0 are
graphs of v /v, = (5T/3T0)]/2, the normalized sound speed; the dots are
Lagrangian grid points and represent fluid elements.

It is evident from the first "snapshot" at t/tc = 0.25 that the

flow has become predominantly supersonic with a nearly linear velocity
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profile behind the escape front, as in the results of Hamada et al. As
time progresses, the escape-front velocity slowly increases, surpassing
the value Ves and maxima develop in the profiles of n, T, and 8 down-
stream of the theta-pinch. These results, which differ from those of
Hamada et al., are due to the stronger pressure gradients which empty
the present theta-pinch faster than that of Hamada et al. This is evident
by the steeper slope of v(z) in the theta-pinch regibn than elsewhere.
General observations are the following: The decay of n and T is
initially rapid (especially n) because of the radial expansion of the
plasma upon exiting the theta-pinch. (Note the scale change in the plot
of n/n0 at t/tC = 0.75.) This does not apply to B since the drop in Be
partially cancels the decay of the product nT. At later times the decay
of n, T, and B is governed by axial expansion. Provisions exist in the
code to monitor the fluid paraﬁeters versus time at a fixed position
("probe traces"). Results at z/1c = 0.5 (the midplane of the first
mirror cell) for the solution just discussed are shown in Fig..5(b).
Although the Mach number, given by the ratio of the curves V/Vio and
Vs/Vio’ is seen to decay monotonically at a given position, the flow
never becomes subsonic; hence, no shocks form and the flow velocity
is never thermalized.

To investigate the scalings of n, T, B, and v with bS (and 80),
a series of runs is made for all combinations of the values bS = 0.1,
0.2, 0.3, and B = 0.0, 0.5, 0.9, 0.99. The normalized quantities

, and M at z/1C = 0.5 are plotted

TBmax’ anax’ Temax’ Bmax’ Vsmax Bmax

versus bS with BO a parameter in Fig. 6. Here T = t/tc, n = n/no, T = T/To,
and V = V/Vio’ and the subscript Bmax denotes the quantity at the time of

peak beta. (For BO = 0, is defined as the average of the times when

Temax
n and T reach their maxima.) First, it is evident that TBmax and Vemax are
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closely related; in fact, the normalized "time-of-flight" velocity Vtof

agrees closely with V - the true normalized flow velocity.

Amax
This result is useful in a practical sense, since the former is much easier
to measure in the laboratory. For moderate values of BO’ both velocities
increase slightly with bS’ in agreement with the experimental results of
Waelbroeck et a1.10 This can be understood from the plot of TBmax in
which the temperature is seen to increase with bS: because of equi-
partition, more energy is then available for the drift. However, for
Bmax + 1, the flow velocity drops with bS as exemplified by the case

BO = 0.99--this is presumably a result of the increasing field that the
plasma must push aside.

The increases in anax and T with bS are results of reduced

Bmax
radial decompression upon exiting the theta-pinch. The increases with
By are due to essentially the same effect--by Eq. (1d), the increase in
the cross section of a fluid element in dropping to a lower field is

of Fig. 6
3/2

reduced by the factor {(1-8)/(1-Bo)f/% Empirically,

scales roughly as bsl/z, and

Temax
Nemax scales somewhat slower than Témax
« bs3/4 (except in the case 80 = 0.99). Because the increase in the
product Ngmax TBmax is less than that of bg, Bmax is seen to decrease
with bS‘ The extreme nature of the case Bg = 0.99 is clear in the fact
that Bmax decays very little for bs = 0.1 or 0.2, implying that as

g ~+1, Bmax remains constant during the flow. This is a consequence of
the magnetic pressure of the strongly distorted field, which constrains
the plasma from expanding axially. Using the results for V and

Bmax’ MBmax

Bmax
Témax’ the Mach number is also plotted in Fig. 6. Unlike V
decreases monotonically with increasing bS or By-

The quantitative features of Fig. 6 are of course particular to the

location of the fprobes" and to the initial conditions. Choice of the
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axial extent of the initial plasma has a strong effect on the quantita-
tive nature of the probe traces although the qualitative features are
the same. It is found that halving Zq roughly ha1ves the peak va1qes
of n, T, and B. This is understandable, since at any given time the
plasma has undergone roughly twice as much axial expansion. The drift
velocity is changed only minimally; as a consequence, the Mach number
increases as 4] decreases.

C. Solutions for Rm >1

From the results of the last section, much can be said about the
initial phases of the flow through a multiple-mirror system. It is
evident that the velocity of the forward portion of the flow is
sufficiently large for a fluid element to traverse a mirror scale
length before the macroscopic profiles change significantly. Thus,
the flow through a mirror is quasi-static and steady-state equations

may be used. From Eqs. (la)-(1d) with 3/3t = 0, one obtains

y..2/3
2+ 5 [[5%) - 1J = vg, (3a)
(na)? - 5 (%-g) (/3 -1) =1, (3b)

where the subscript 0 now denotes values at the entry to the mirror
where the flow quantities are normalized. For VO > > 1, one obtains
V=vVpand n = a'l(T = a'2/3). Thus, in the forward portions of the
flow, the velocity is relatively unperturbed by the mirrors while the

density and temperature rise by roughly the factors Rm and R;/3,

respectively. The plasma beta, which scales as nTA2 , then decreases

1/3
o

given position decays, seen in Fig. 5(b); this effect is accentuated

only by the factor R As time progresses, the flow velocity at a

in the mirrors where, by Egs. (3a) and (3b), V decays faster than VO'
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Likewise, the relative increases inn, T, and Ve in the mirrors become
greater as Vo decays. Thus, it is possible for the mirrors to drive
the flow subsonic, producing shocks and thermalizing the flow energy.
Since the velocity profiles monotonically increase in z, as seen
in Fig. 5(a), this will first occur in the mirror farthest upstream (TO).
To be more quantitative, a numerical solution with Rm = 4 is pre-
sented in Fig. 7, where, as in Fig. 5, bS = 0.2 and BO = 0.9. The
first "snapshot" in Fig. 7(a), in which the flow has encountered the
first mirror (TO), is at t/tC = 0.75; as asserted above, the velocity
profile is relatively unperturbed. At t/tC = 1.0, the flow has en-
countered the second mirror (Tl); in the first mirror, n and T increase by
roughly the factors Rm = 4 and R§/3 = 2.5, respectively, and B8 dips
only slightly, as expected. At't/tC = 1.25, the flow has encountered
the third mirror (Tz); it is evident that the depressions in the velocity
profile are progressively larger in the upstream mirrors. At t/tC = 1.5,
the flow is very nearly sonic in the first mirror, where the relative
increases in n and T are greater than the factors Rm and R$/3,
respectively, in agreement with the predictions based on Eqs. (3a) and
(3b). This is seen to produce a "spike" on the beta profile just up-
stream of z/p,c = 0. Between t/tc = 1.5 and t/tC = 1.75, the flow
becomes subsonic in the first mirror. (At t/tc = 1.75, the shock is
not fully formed, as evident in other solutions in which the artificial
viscosity is deleted.) At t/tc = 2.0, the shock is fully formed and, as
time progresses, it propagates upstream, carrying with it abrupt
increases in n, T, and 8 and an abrupt drop in v. (In fact, v is
seen to reverse direction as the plasma “sloshes? back.)
Comparing the profiles downstream of the first mirror with those
of Fig. 5(a) reveals that those of n and B are reduced in the present

case. This is a consequence of the choking of the flow by the shock
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upstream of To. Between t/tc = 2.5 and t/tc = 2.75, the flow becomes
subsonic in the second mirror and a shock propagates upstream, as
before. As expected, this process continues from mirror to mirror.
(The numerical solution is terminated at t/tc = 3.0 because of the
spreading of the grid points downstream of z/zC = 0, as evident in the
dotted profile of Vs/vio' This increases the shock thicknesses, as
seen in the second shock, rendering quantitative interpretations un-
justifiable.) We note that once the flow becomes subsonic in a mirror,
it remains exactly sonic in the throat (evidenced by crossing of the
curves v/v1.0 and vs/vio‘ Hence, unlike subsonic flow through a mirror,
the flow here is choked “from above" rather than "from below." As for
Rm = 1, probe traces at z/SLc = 0.5 are presented in Fig. 7(b). Com-
parison with Fig. 5(b) up to the times of the maxima of n, T, and 8
reveals that the profiles are very similar. However, the profiles of
n, T, and especially B are seen to decay more rapidly in Fig. 7(b), a
consequence of the choking of the flow by the first shock. For the
reasons mentioned earlier, the numerical solution could not be run long
enough for the second shock to reach the probes.

As in Fig. 5, the specifics of the solution shown in Fig. 7
depend on the choices for bS’ 80, and, here, Rm‘ For the values used
in Fig. 7, a shock forms at T0 very early, such that much of the
plasma is prevented from entering the device. (This fact is not
altogether bad since, at later times, the shock at T0 can turn back
cold, contaminated plasma. In contrast, for sufficiently small mirror
fields it is anticipated that shocks do not form until much of the plasma
has escaped the device. It is of interest then to study the time of

shock formation as a function of the machine parameters bS and Rm.
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Numerically determined values of T (defined as the normalized
time at which the flow becomes sonic at TO) are plotted versus bs in
Fig. 8 for By = 0 and By = 0.9 and for R, = (a) 2, (b) 3, and (c) 4.
(Since the shock is not fully developed at Tgs the artificial viscosity
is not employed; this ensures that Tg is not reduced by this term.)

The dashed lines in Fig. 8 represent values of bS for which shocks do
not form (at least not before t/tc = 8, when the plasma has essentially
escaped from the device). The sharp ﬁkneesf of the curves near these
values of bS’ especially for BO = 0.9, indicate a "cutoffﬁ in the shock-
formation process, in agreement with the theoretical results of Hamada
et al., who demonstrated that solutions exist without shocks for suffi-
ciently small Rm and large M. This effect is not dependent on just the
relative mirror strength bm = RmbS’ as is evident in Fig. 8 in which
the case Rp = 2» bg = 0.2 leads to a shock while the case R = 4,

bS = 0.1 does not. This is presumably a result of the larger value of
M in the latter case, as seen in Fig. 6. For bS above the fcutoffﬁ

values, T_ is seen to decrease smoothly with bs.

s
For fixed values of bS and Bgs Tg decreases as Rm increases. This
is due simply to the elevation in temperature, and hence in the sound
speed, in the mirrors, which locally decreases the Mach number and
allows for a quicker transition to subsonic flow. For fixed values of
bS and Rm’ Tg decreases dramatically as BO increases from 0 to 0.9. In
fact, in the latter case, T, becomes relatively independent of bS
(above cutoff, of course). This strong dependence on BO is also a
consequence of the increase in temperature with BO’ as is evident in
Fig. 6. Finally, we note that Tg asymptotes to a minimum value with

increasing Rm and BO’ as it must since the escape front does not

arrive at T0 until t/tc = 0.75.
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IV. EXPERIMENTAL RESULTS

A. Injection into a solenoid (Rm = 1)

The purpose of these experiments was to investigate the scaling of
plasma parameters with NPB’ the number of energized theta-pinch primary
bank capacitors, at a constant solenoid field of approximately 0.18T.

The studies were performed with the theta-pinch operated in the preionized/
crowbarred mode.

Oscilloscope traces of the outputs of diamagnetic loop DLO] and a
Langmuir probe at MO] are presented in Fig. 9(a) for tq = 300 psec,
and the outputs of DLO] and the triple-probe at M01 are presented in
(b) for td = 400 usec; in both examples, NPB = 3. The shapes of the loop
signals (proportional to beta) in (a) and (b) and the triple-probe current
and temperature signals in (b) are seen to resemble the beta, density,
and temperature traces, respectively, of the simulation shown in Fig.
5(b); in fact, even the relative times of the peaks of the loop signal
and the triple-probe current and temperature signals of (b) are in the
same order (temperature-beta-density). However, the Langmuir probe trace
in (a) is highly oscillatory. The violent fluctuations on the leading
edge are interpreted as fluctuations in the space (and floating) poten-
tials of the plasma caused by the ringing preionizer. The smaller ripples
later in time are interpreted as potential fluctuations caused by the
modulation of the crowbarred theta-pinch current, evident in Fig. 3(b).
These interpretations are supported by the facts that the oscillations
are not reflected on the loop trace and are much smaller on the triple-
probe current. Because of the latter, the triple-probe data is used to

obtain the densities in this section.
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As was seen from the simulation results of Section IIL.B, "Bmax

and TBmax both decrease with bg = B¢/Byp (for fixed initial conditions).

Hence, increasing the theta-pinch field (increasing NPB) to achieve
higher betas and temperatures may be offset by increasing decompression
into a fixed solenoid field. To examine this question, a number of
shots were taken with ty = 300 usec for NPB = 2,3, and 4. (BTP = 1.2 T,

1.7 T, and 2.2 T, respectively). The data is plotted versus BTP in

Fig. 10, where <> ma js the peak beta averaged over the cross section

X
of the chamber.

We see in Fig. 10 (a) that within experimental error, <B>rax is

relatively independent of NPB; this is in contrast to the simulation
results of Fig. 6, which, for a constant value of BO’ predict a mono-

tonically increasing B with BTP/BS’ This is attributable to the

max

drop in Namax with Brp , seen in Fig. 10(c). From the simulation results

ma
of Fig. 6, Nemax = "Bmax/nO was found to scale somewhat slower than
b§/4, i.e., b2é3. The temperature in a long theta-pinch at peak
compression scales roughly as B$é3 (for By @ constant)ls; hence,

« r2/3 . y-2/3
g BTP bS . Thus, n

drop in n

amax = Namax"0 © b§/3bgzl3 = constant. The

amax with BTP seen in Fig. 10 (c) is not understood but may be

due to increasing amounts of plasma striking the chamber wall upon
exiting the theta-pinch.

Te (Bmax

probe to be about 8 eV (as seen in Fig. 9 (b)). Coupled with an average
14 cm'3

) for NPB = 3 and td = 400 usec was measured with the triple-

of about 8 x 10 , the ion-electron energy equilibration

anax

time17 is of order 1 usec; thus Ti = Te = T. The values of T in

fmax

Fig. 10 (d) were obtained from the ratio <f>/n relative to that

Bmax

for NPB = 3 and td = 400 usec. (This assumes that the plasma cross

section does not itself scale with NPB or td.) T is seen to

Bmax
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increase monotonically with BTP‘ The simulation results of Fig. 6

indicate that TBmax = TBmax/TO scales roughly as b;/z for 60 constant.
« pd/3 -4/3 e s _ -5/6 5/6
For T0 BTP < b g s this implies TBmax = TemaxTO « b s BTP . A

plot of this function, normalized to intersect the plot of T at

Bmax
BTP = 0.17 T, is shown as the dashed curve of Fig. 10(d). The agreement

between the two curves is satisfactory.

The simulations also indicate that V /v, i0 is relatively

gmax = VB max
independent of both by and Bys thus, v « Vin «VTn. For T

Rmax i0 0 0
$é3, this yields vBmax B$£3. A plot of this function, normalized
to intersect the experimental curve of Vemax at BTP = 1.7 T, is shown

as the dashed curve in (b). Again, the agreement is satisfactory.

Finally, the solid curves for TBmax and Vamax are used to obtain the

Mach number, which is also plotted in (b);~MBmax is seen to increase

slightly with BTP' From the numerically determined scalings of Vemax

. . 1/4 .
and TBmax above, one obtains MBmax VBmax/ VT Bmax This

function is plotted as the dashed curve for MBmax in (b). While the

scaling is correct, the experimental values of MBmax are much lower

than the simulation results. A possible explanation of this discre-

pancy is hinted at in Fig. 6; we see that as BO -1, Tsmax dramatically

increases and MBmax decreases. Thus, if the plasma is actually created
in a field-reversed configuration, as is not unusual in theta-pinches
18

which use a ringing discharge to preionize,™™ axial expansion and the
resulting cooling would be delayed until the reversed field dissipated.
(Because of the high collisionality of the plasma, this would happen
fairly quickly.) Since the simulations indicate that vBmax is rela-
tively independent of Bg> such a situation would result in lower Mach

numbers.
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B. Injection into multiple mirrors (Rm > 1)
We now examine qualitatively the predictions of the simulations as
to shock formation. A necessary condition for shocks to exist is that

the flow through the mirrors be collisional, i.e., that Ag Z VT <<%

i m
17

where T; is the jon-ion scattering time*’ and 2 is the scale length

of the mirror field. To reduce A,, the experiments of this section were
performed with td = 450 psec and the theta-pinch was operated in the
ringing mode, producing a denser, coller plasma. In addition, to lower
the ratio BTP/BS (to increase bS) so that the mirror fields for Rm <4
were comparable to the theta-pinch field, only two the theta-pinch capa-
citors were used (bS = 0.15). Under these conditions, the outputs of
DL01 and a Langmuir probe at MO] for Rm = 1 are as shown in Fig. 11 (a)

(note the change in the time scale). FromDLyy> <B> max = 0.021 and

Vemax 6.6 cm/usec. From the triple-probe now located at M12’ T

= 6 eV, Thus, n

gmax

. 14 -3 -
gmax - 910" cm °. For these values, Ag = 0.2 cm,
such that shocks, if they occur for Rm > 1, whould be clearly recognizable.
(A1so shown in Fig. 11 (a) is the output of the velocity-stagnation probe

aimed downstream at MOI’ which is negligible, as expected for Rm = 1.)

1. Results without quadrupole fields
Because of the relatively low temperature and the corresponding
slow growth rates for MHD instabilities with Rm > 1, as well as the
possibilities of wall stabilization and 1ine-tying, we can perform the
experiment without quadrupole stabilizing fields. Signals from the
same diagnostics as in (a) are shown in Fig. 11(b) for Ry = 3 The
plasma appears stable (no "dumps" on the probe or loop signals) and

secondary peaks occur on the traces well after the peak signals. We
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now show why these secondary peaks represent a shock propagating
upstream from Tl’

We see that the pulses on the Langmuir probe and velocity-stagna-
tion probe signals occur earlier than that of the Toop signal. Since
DL01 is about 12 cm upstream of the probes, this implies that the dis-
turbance moves upstream, as a shock would; from time-of-flight, the
velocity is 1-1.5 cm/usec. The.pu]se on the velocity-stagnation probe
signal indicates that the drift velocity abruptly slows, as it would
after passage of a shock front. The slight difference in the times of

the pulses on the velocity-stagnation probe (located approximately

2 cm off axis) and the Langmuir probe occurs because the velocity of the
disturbance depends on radius, as determined with an array of probes
at differing radii. The non-planar nature of the disturbance qualita-
tively explains the relatively thick front implied by the loop signal.
(Similar loop and probe signals were seen by Uchida et a].l) The larger
pulse on the Toop signal relative to that on the Langmuir probe signal
indicates that the temperature also rises, as it does after passage of
a shock front. (An array of three probes at different radii, indicates
the plasma radius increases somewhat after passage of the disturbance,
but not enough to account for the large pulse on the loop signal.)

It is evident in comparing the Langmuir probe and loop signals
of Figs. 11 (a) and 11 (b) that the primary peaks are smaller and
decay faster in the latter figure. This effect also appears in the
simulation results of Figs. 5 (b) and 7 (b), due to choking of the flow
by a shock already formed upstream of TO' That this indeed occurs is

evident in Fig. 12 (a), which shows the signal from a Langmuir probe
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at MBO (see Fig. 1). The pulse is seen to occur prior to that in Fig.
11 (b). Shown in Fig. 12 (b) are the outputs of the triple-probe at
M12’ indicating a shock forms in Tz; a definite increase in temperature
occurs after passage of the shock. The rapid decay of the primary
density peak can be attributed to the choking of the flow by the

shocks in To and Tl'

To be more quantitative, the secondary peaks in Fig. 11 (b) are
examined with respect to the Rankine-Hugoniot conditions.1 For a
drift velocity of 3.2 cm/usec and a temperature of (1.7 + 0.3) eV
just prior to the shock, and a shock speed of (1.25 0.25) cm/usec,
the density and temperature should increase by the factors 2.2 + 0.16

and 2.0 + 0.15, respectively. Thus, the pressure (proportional to

beta) should increase by the factor 4.4 + 0.5. The density increase
implied by the Langmuir probe current in Fig. 11 (b) is computed to

be 1.9 £ 0.2, agreeing satisfactorily with the predicted value. In
addition, the increase in the loop signal can be accounted for by a
pressure (beta) increase of about 4.4 and a moderate increase in the
plasma radius. Although the signals of Fig. 12 (b) are at Moo the
density and temperature both increase by approximately a factor of two.
These results indicate that the shocks are not particularly strong; for
a strong shock the density should increase by a factor of four.

As in the simulation results of Fig. 8, the time of shock formation
is studied as a function of Rm. The signals from DL01 and a Langmuir
probe at M01 are shown in Figs. 13 (a), (b), and (c) for Ry = 2, 3, and
4, respectively. (The signals in (b) are taken from Fig. 11 (b).) As

expected, the shocks occur earlier as Rm is increased, while the jumps on
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the loop signals are greater; the latter is explained by the fact that
at earlier times the plasma is more energetic.
2. Results with quadrupole fields

A hint of instability is evident on the probe signal of Fig. 13 (c);
other experiments using an array of probes at different radii indicate
the plasma is somewhat off-center (no dumps are observed, however).
Since quadrupole fields are essential for opgration of the device at
higher temperatures (at least in its present configuration), it is
important to examine their effects on shock formation. As a first
guess, one might expect these to be minimal since the quadrupoles
impart only transverse components of magnetic f'ie1d--Rm is not
affected.

The signals from DL01 and a Langmuir probe at M01 are shown
in Figs. 14 (a) and 14 (b) for Rm = 3 and R, = 4, respectively, with

the quadrupole fields at their design levels. (Also shown in (a) is

the output of the velocity-stagnation probe.) Comparison with Figs.

11 (b) and 13 (c), respectively, reveals that the secondary peaks occur
later and are much weaker (especially on the loop signals). In addition,
the increase in temperature at M12, as measured by the triple-probe,

is minimal.

An explanation for the reduced secondary peaks when the quadru-
poles are energized is the following: The quadrupoles map a circular
flux tube in a midplane to an ellipse in a mirror. Under design con-
ditions, a field line defined by the intersection of the chamber wall
and the major axis of the ellipse in a mirror throat is at a radius
r of only 1.7-1.8 cm at a midplane. Plasma outside this radius

max
strikes the wall upon flowing into a mirror region. Since the plasma



radius with Rm = 1 was measured at somewhat greater than 2 cm, a signifi-
cant portion of the plasma with Rm > 1 strikes the wall before reaching

a mirror. Assuming that a shock is formed in a mirror throat over the
entire cross section of the plasma, and that the shock propagates
upstream along a flux tube, one concludes that the plasma lying outside
of Fmax does not participate in shock formation and subsequent thermali-
zation; this would explain the smaller secondary peaks on the loop

signals. Radial diffusion and. subsequent weakening of the shock front

would explain the smaller secondary peaks on the probe signals.

V. CONCLUSION
The principal goal of this work was to understand the process by
which a collisional plasma injected into one end of a multiple-mirror

configuration is trapped. To this end, a fluid simulation code was

developed. The results pointed out, first, the significant conversion
of thermal energy in the theta-pinch source to drift energy in the
multiple-mirror device. The scaling of plasma parameters -- density,
temperature, drift velocity, etc. -- were examined in a uniform

solenoid (Rm = 1) as a function of the ratio of the solenoid field to
the peak theta-pinch field bs. It was found that the density, temp-
erature, and drift velocity increased with bS while the beta and Mach
number decreased. Results for injection into mirrors (Rm > 1) indicated
that the drift energy is thermalized by shocks which form sequentially
in the mirror throats, beginning in the mirror nearest the source, and

propagate upstream. The shocks were found to form later as the mirror

fields were reduced, until a ﬁcutoff" was reached in the magnitude of
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the mirror fields below which shocks did not form.

Experiments were performed first in a fixed solenoid field (Rm = 1)
in which the plasma parameters were studied as a function of the peak
theta-pinch field. The scalings of temperature and drift velocity were
well described by the simulation resh]ts for Rm = 1, assuming that the
peak temperature in the theta-pinch was proportional to B$é3. Experi-
ments using a highly collisional plasma were next performed with Rm >1
in which the numerically predicted characteristics of shock formation

and propagation were verified. In addition, it was found that quadru-

pole stabilizing fields interfered with shock-thermalization.
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FIG. 1. The experimental apparatus.
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FIG. 2. Axial magnetic field profile in the theta-pinch coil as measured
. (solid curve with data points) and calculated (dashed curve). A cross

section of the coil is shown as the dotted lines.



FIG. 3. Theta-pinch discharge waveforms in (a) ringing mode and (b)

preionized/crowbarred mode for Npg = 3 and tq = 300 usec. Time scale:

2 usec/div.
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FIG. 4. Normalized magnetic field profiles used in the simulations

with Rm = 4 (solid curve) and Rm = 1 (dashed curve).
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FIG. 5. Simulation results for R, = 1 with bS = 0.2 and By = 0.9. Topto bottom: Normalized density, normalized
temperature, plasma beta, and normalized drift velocity (ViO = (ZkTO/mi)]/z). Dotted curves in plots of

V/Vv;q are plots of normalized sound speed Ve/Vig = (ST/3T0)]/2° (a) Spacial profiles at normalized time

intervals of 0.25 (tc 2 lc/Vio)- (b) Time profiles at 2/2c = 0.5.
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initial beta Bg- (a) Normalized time of peak beta, (b) normalized
density, (c) normalized temperature, (d) peak beta, (e) normalized drift

velocity, (f) Mach number.
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FIG. 8. Simulation results with R_ = (a) 2, (b) 3, and (c) 4 for the
normalized shock-formation time in the first mirror versus the normalized

solenoid field bS and initial beta 80.
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EIG. 9. Signals at M01 with Rm = 1 and NPB = 3 for (a) tq = 300 usec and
(b) tqy = 400 psec. Top traces in (a) and (b) are diamagnetic loop voltage
(50 mV/div), bottom trace in (a) is Langmuir probe current (0.5 A/div),

and bottom traces in (b) are triple-probe current and electron temperature

(0.5 A/div and 2.8 eV/div, respectively. Time scale: 10 usec/div.
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FIG. 10. Experimental data at M01 with Rm = 1 and td = 300 usec for

plasma parameters at the time of the peak diamagnetic loop signal versus

peak theta-pinch field.

city v and Mach number M, (c) density, (d) temperature.

represent scalings predicted by simulations.

(a) Peak chamber-averaged beta, (b) drift velo-
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FIG. 11. Signals at M01 with (a) Ry = 1 and (b) Rp = 3 (no quadrupoles)
from (top to bottom) Langmuir probe (0.5 A/div), diamagnetic loop

(20 mv/div), and velocity-stagnation probe (0.7 A/div). Time scale:
20 usec/div. Npp = 2 (ringing mode), ty = 450 usec.



(a)

FIG. 12. (a) Langmuir probe current (1.0 A/div) at Mg, and (b) triple-
probe current and electron temperature (0.5 A/div and 2.8 eV/div,

respectively) at M12 for R, =3 (no quadrupoles). Time scale: 20 usec/div.

NPB = 2 (ringing mode), ty = 450 usec.
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Figﬂ 13. Signals at M01 from Langmuir probe (0.5 A/div) and diamagnetic
loop (20 mV/div) for Ry = (a) 2, (b) 3, and (c) 4 (no quadrupoles). Time

scale: 20 usec/div. NPB = 2 (ringing mode), ty = 450 usec.
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FIG. 14. Signals at My, for (a)’Rm =3 and (b) R = 4 (with quadrupoles)
from Langmuir probe (0.5 A/div) and diamagnetic loop (20 mV/div). Also
shown in (a) is output of velocity-stagnation probe (0.7 A/div). Time

scale: 20 usec/div. NPB‘= 2 (ringihg mode), ty = 450 usec.
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