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Abstract

The dynamics of a linear z-pinch is studied. Through
the pinched plasma column of length 270 mm and diameter up
to 40 mm flows a current of maximum 400 kA; the resulting
azimuthal magnetic field, spatially and temporally stable
for up to 0.5 ps, shall be used as a focusing lens for a
charged particle beam. The discharge current and voltage
were measured, as well as the magnetic field strength at
different radii. The current density as a function of
radius and time was derived, and also the velocity and
width of the imploding current 1layer. Current loops
("inductons"), excited near the maximum contraction moment,
were found; they lead to a favourable amplification of the
pinch current and of the magnetic field in the column. By
choosing aluminium oxide as wall material and hydrogen as
filling gas the formation of harmful wall currents can be
avoided.
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Abstract

The dynamics of a linear z-pinch is studied. Through the pinched
plasma column of length 270 mm and diameter up to 40 mm flows a current
of maximum 400 kA; the resulting azimuthal magnetic field, spatially
and temporally stable for up to 0.5 ps, shall be used as a focusing
lens for a charged particle beam. The discharge current and voltage
were measured, as well as the magnetic field strength at different
radii. The current density as a function of radius and time was de-
rived, and also the velocity and width of the imploding current layer.
Current 1loops ("inductons"), excited near the maximum contraction
moment, were found; they lead to a favourable amplification of the
pinch current and of the magnetic field in the column. By choosing
aluminium oxide as wall material and hydrogen as filling gas the

formation of harmful wall currents can be avoided.

Introduction

High-energy charged particle beams can be focused by magnetic
quadrupole lenses, or by a device producing an azimuthal magnetic field
B. Such a field can be created by a magnetic horn!', or by a "wire"?
lens. A wire lens 1is essentially a cylindrical conductor through which
flows a strong axial current of uniform density. The resulting B-field,
which i1s linearly increasing with radius inside the conductor, leads to
simultaneous focusing in all transverse directions. A wire lens 1is the
most efficient device for focusing antiprotons (p) with a large pro-
duction cone, as it will be the case for p to be transferred to the fu-
ture CERN ACOL ring.

In the "plasma lens" the conductor is a column of ionized gas.
This gas is practically transparent for high energy particles and does
not deteriorate the emittance of the beam being focused.

A plasma lens based on the z-pinch effect was designed, built, and
installed in the Alternating Gradient Synchrotron at BNL in 19653. In
this type of plasma lens a pulse of high current flows through a partly
preionized gas, producing total ionization and an imploding plasma
column. The particles to be focused pass through the plasma lens near
the moment when the plasma column reaches its minimum ("pinch")

diameter.



The BNL plasma lens successfully focused secondary particles, but
failed after only a few hours of operation. No further applications of
this kind have been pursued since, until a research and development
program was started at CERN in 19834:5. Here the design goals are a
plasma column of 40 mm diameter and 270 mm length, carrying a current
of 400 kA for 0.5 ps. Radially constant current density is desirable,
but deviations from linearity up to * 10% can be accepted. Such a lens
can collect antiprotons up to an angle of 0.2 rad emerging from a 3 mm
diameter, 55 mm length iridium target situated 110 mm from the entry to
the plasma column. The plasma lens has to have a lifetime of at least

1.5 » 106 pulses at a repetition rate of 0.4 Hz.

The two main objectives of plasma lens development at CERN were
the achievement of the required dimensions and current density of the
plasma column and of sufficient life-time of the plasma lens tube.
Unfortunately the causes of failure of the BNL plasma lens were not
krown. Before 1nstalling a plasma lens into the ACOL target area the
farlure mechanisms had to be studied 1in the laboratory®. Plasma
dynamics and long term behaviour are now so far under contrel that
testing of a plasma lens in the beam 1s envisaged for 1988. The main

differences compared to the BNL lenz will be:

- hydrogen as filling gas instead of argon

- aluminium oxide as tube wall material instead of fused silica

- hollow electrodes instead of plane electrodes

- no longitudinal, stabilizing field, B,, which would need an
additional pulse generator

- 20 kJ stored pulse energy instead of 100 kJ

- shorter pulse length of 30 us instead of 60 ps.

The stability and reproducibility of the pinch conditions will not
be dealt with in detail here. Generally instabilities occur only after

the first contraction phase where the pinch will be used for focusing.

Kink (m = 1) instabilities can well be observed with the two mag-
netic probes at fixed longitudinal position because they would lead to
different signals on both probes. Balloon (m = 0) instabilities do not
appear at the same longitidunal position with always the same amplai-

tude. Hence they can be also recognized by reproducibility measure-



ments. With streak photography this has been verified on an earlier
plasma lens prototype®:6, The results of stability measurements with

magnetic probes and streak photography will be reported elsewhere.

In this paper we report results of measurements of the azimuthal
magnetic field strength B(r,t) as a function of radius and time, as
well as other quantities derived from B(r,t), such as current density
j(r,t) as a function of time and radius, and the velocity of the implo-
ding plasma layer. Total pinch current and voltage were also measured.
The influence on these quantities of various parameters (gas type, gas
density, capacitor bank voltage and wall material) will be discussed.
Additional results are the appearance of current loops (“inductons”)?

and wall currents.

Z2-Pinch Models

The theory of the dynamic z-pinch has been discussed since 1954.
We shall here describe shortly three models that have been conceived in
order to explain the phenomena in the linear pinch. The first one® is
the "snowplow" model in which the plasma current 1is assumed to be
confined inside an infinitely thin cylindrical shell. At the beginning,
the current flows along the container wall, where the inductance of the
configuration plasma-return conductor is minimum. Then, because of
magnetic pressure, the shell moves towards the axis, sweeping up all
particles it encounters. This model, based on momentum conservation,
predicts an infinite compression on the axis. The scaling laws for the

pinch time were of some practical use for a former lens prototype.

In the more realistic model of MiyamotoS%, a current shell of
finite width is confined between a shock front and a "magnetic piston*
(Fig. 1), which move radially inwards. Energy conservation is
considered, in addition to momentum conservation. This "snowplow energy
model" describes qualitatively the observed imploding annular current
layer, the pinch radius, the time to minimum radius of the current-
conducting plasma column ("pinch time"), and the subsequent oscillatory
behaviour.

A further refinement of the theory is the addition of the elec-

trical circuit equations to the plasma MHD equations®. The circuit
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equations take into account electrical parameters (Fig. 2), including
the time-varying pinch inductance Lp. Here a set of self-consistent
non-linear differential equations is obtained. These equations can be
solved numerically; Fiqgure 3 shows some of the results for two differ-
ent matching parameters a. a is the ratio of external circuit cycle
time /ToCo divided by the propagation time of the shock front from the

wall to the axis. Normalized variables are used; their definition is:

normalized pinch voltage : v = Vp/Vo
normalized radius t X = Ip/rg
normalized current pio=dip JTo7Co/Vo
normalized time 1 = t//TCo

vp-pinch voltage; Vg-charging voltage of capacitor Cg; rp—pinch radius;
rg-container radius; ip-pinch current; Lg-parasitic inductance; t-time

from current start.

Fig. 2
Lo
__ 7 LYY Equivalent electrical circuit
1 \ of the z-pinch.
- Co - capacitance of capacitor
/% Lp bank,
i vel(t) - capacitor voltage
Ve C= o Vo (v (0) = Vol;

Lo - parasitic inductance;
Lp[t] - pinch inductance;
Rplt) - pinch resistance;
1 E7 vp[tJ - pinch vaoltage;
77 Y ip(tl - circuit current.
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Fig. 3 - Computed pinch radius x, current i, and voltage v,
as function of time t. Normalized variables are
used [see definitions in text]. The parameter a is
given by o = const - (VgCp)0-5/p0:25 . rgJ, where
@ Is the initial gas density.

The results fit the experimentally obtained values to an accept-
able degree for the case of large external inductance (Lg » Lp )6, The
main drawback of the theory seems to result from the assumption that
the gas 1s totally ionized at the start of the current pulse. In
reality, the gas in the present experiments is only weakly ionized at
the start. The energy expenditure to dissociate the gas (e.g. when
using hydrogen), and to ionize it cannot be neglected and must appear
in the energy balance equation. A model including shock waves, initial
ohmic resistance, ionization and dissociation energy and a degree of
ionization below 100% has been developed and successfully compared with
the latest prototype measurements. The results will be published at a
later date.
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Plasma Lens Prototype Design

For the use of a linear pinch in a particle accelerator hollow
electrodes (Fig. 4) are favourable. Such a structure needs only thin
windows in the rear electrode walls for the passage of the beam. The
absorption of high-energy particles is low. These windows, which will
be simultaneously exposed to the dense primary proton beam and to the
hot plasma of the lens are one of the remaining technological problems
which have to be solved after installation of the plasma lens in the
target area. Figure 5 shows a section of one of the plasma lens proto-
types which have been studied. The hollow electrode walls are made from
stainless steel. Only the parts directly exposed to the plasma are made
of Densimet (95% W). They are water cooled from the rear side. The in-
sulating cylinder of 250 mm length and 200 mm inner diameter is joined
to the electrodes with temperature resistant graphite seals. Different
insulator tubes made from quartz, aluminium oxide, aluminium nitride
and boron nitride were tested. In some experiments metallic rings or
graphite rings were mounted inside the insulator. For long-term studies
the exterior of the insulating cylinder had to be cooled with water or

01l. Air cooling proved to be inefficient.

The Z-pinch tube is filled with hydrogen, helium or argon at
pressures ranging from 10 to 1000 Pa. It is inserted symmetrically into
a strip-line table which 1is linked to the electrodes by bolts or a
metal housing as return conductors. Gas is injected via a needle valve

at the cathode and pumped away at the anode.

Experimental] Set-Up

The Z-pinch tube is placed in the centre of a pulse generator con-
sisting of four identical capacitor banks of 108 uF total capaci-
tance'0, Each capacitor bank is linked to the central strip-line table
by a 0.5 m wide sandwich strip-line containing a high-current pseudo-
spark switch. In the plasma tube current amplitudes of 400 to 500 kA
are obtained. By replacing the plasma tube with a low inductance
short-circuit, peak currents of 800 kA have been measured. Charging
voltages up to 20 kV were applied. Two parallel high-voltage regulated

power supplies allow a maximum repetition rate of 0.4 Hz. The low



pressure gas in the Z-pinch tube 1s weakly preionized by a 5 kV/1 ma

d.c. discharge.

The operation of the generator and the switches can be monitored
by four Rogowski-type current pick-ups'!! incorporated into the strip-
lines. Two loops for total current measurement based on the same
principle are wound around the plasma tube. The signals are passively
integrated with almost negligible distortion and parasitic noise. The
voltage between the plasma tube electrodes is measured with commercial
high-voltage probes. A photodiode, linked to the rear centre of the
plasma tube cathode by a fibre optic cable, monitors the axial light

output from the pinch.

The magnetic field distribution inside the tube is determined as a
function of time by two electrically screened coils of 0.5 mm diameter
and 0.5 mm length. Both probe coils are radially inserted into the dis-
charge plasma through the insulator wall (Fig. 4). Quartz tubes of 4 mm
diameter protect them against contact with the plasma. The coils can be
moved together with their nickel screens in the radial direction.
Electrostatic pick-up is negligible for this type of coil and magnetic
field penetration is instantaneous, since the probes sit outside the

nickel screens.

The signals are either passively integrated and available on
storage oscilloscopes or they can be acquired by transient digitizers

and processed in a microcomputer system.

Results and Observations

Figure 6 shows a representative oscillogram of pinch current and
pinch voltage for a capacitor bank voltage (Vo) of 15 kV and a hydrogen
£i11l of 400 Pa. Note the strong deviation of the discharge current from
a sine wave form due to the variable inductance of the plasma column

dominating the electrical circuit.

Figure 7 shows the measured azimuthal magnetic field B as a
function of time, for different radii. The parameters here were Vg =
12.5 kV and a hydrogen fill of 800 Pa. The imploding current wave can
be discerned in the B-measurements. In the example given in Fig. 7, the

velocity of the front of the current layer was about 3 » 10% m/s. In



radii larger than a certain minimum radius rp (20 mm in Fig. 7) the
current wave running outwards produces the second peak of B. At the
radius rp the tail of the imploding wave and the front of the

reflected wave merge, producing a single peak.
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Figure 8 shows the current through annular shells of 10 mm width,
as a function of time. These currents were derived from magnetic field
{B) measurements, for a hydrogen fill at 400 Pa and a charging voltage
of 15 kV. The imploding current layer can be clearly seen, while the
outward moving wave is in this case strongly damped. The substantial
current near the wall (between 90 and 100 mm radius) should be noted,
as well as induced current shells'? in the opposite sense (between 30
and 90 mm radius), moving rapidly outwards near the time tp correspond-

ing to rp.
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Fig. 8 - Current between two radii (e.g. 70/80 denotes current between
70 mm and 80 mm) as a function of time from current start.
Hydrogen 400 Pa, Vg = 15 kV.
Note the imploding current wave, the weaker outward running
wave, the existence of wall currents [curve 90/100), and the
negative currents at the pinch moment tp,
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Figure 9 shows results of measurements of B as a function of time
and radius, for a hydrogen fill of 400 Pa and a charging voltage of
10 kV. There is no magnetic field B within a radius which is a nearly
linearly decreasing function of time, up to the pinch moment; this is a

consequence of the imploding current layer.
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Figure 10 shows the current density as a function of radius, at
the pinch moment. The parameters here were the same as for Fig. 9. The
current density was derived from B measurements; the smallest radius
for which B was measured here was 10 mm. The current density is appro-
Xximately constant in rings 10 mm ¢ r < 15 mm and 15 mm < r < 17 mm and
equals the central current divided by the central cross section within
r = 10 mm. Outside r > 17 mm it is essentially zero. The current
density at radii < 10 mm could be measured only at smaller voltagesS,
where it proved to be approximately constant over the pinch radius. We
define the “pinch radius" as the radius Ip of a full cylinder,
through which the product B-r is maximum at this voltage; B is the
magnetic field measured at the radius r. The pinch time tp 1is the time
at which B-r is maximum. If the current density within the column is
constant, then (B-r)pax 1s proportional to the maximum current
strength within the column.

11
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Figure 11

containing the total discharge current for hydrogen at 400 Pa and Vg

shows the width of the annular cylinder essentially

10 kV. The shock front and the magnetic piston can be seen; note that

the width of the current layer increases as the wave implodes.

The

front of the current layer proceeds with about 3:10% m/s. The finite

width of the current carrying cylinder leads to a roughly constant cur-

rent density distribution at the pinch moment. The pinch moment here is

12



tp = 4.6 ps. Up to tp the magnetic field 1s reproducible within ap-
proximately 5% from pulse to pulse. For a hydrogen fill at 400 Pa tp
decreases monotonically with increasing Vg, while Ip increases; the
reason for the increase of Ip are currents in the opposite direction
(seen as negative currents in Fig. 8), which amplify the current within

rp at higher Vg.

Pinch radius Ip and pinch time tp are evaluated as functions of
charging voltage for hydrogen at 400 Pa (Fig. 12). In the same figure
the maximum product, (Br)pax., which is a measure of the focusing power

of the plasma column, is plotted as function of charging voltage.
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Figure 13 shows Ip and tp as a function of the initial hydrogen
pressure, for Vg = 15 kV. The increase of tp with rising pressure is

pronounced, while the change of Ip is slight.

Figure 14 shows the magnetic field as a function of radius at the
pinch moment tp and at a time 0.2 ps before tp, for a hydrogen fill of
600 Pa and a charging voltage of 15 kV. The latter curve corresponds
closely to a magnetic field distribution obtained from a current of
240 kA, flowing with a constant current density within a radius of
15 mm, whereas at the pinch moment a current of 280 kA is flowing

within a 20 mm radius.

13
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For many combinations of gas fill and tube material wall currents
were observed. For a hydrogen fill at pressures above 400 Pa and an
alumina tube, wall currents exist only at the start of the pulse; sub-
sequently, the current layer separates well from the wall and implodes
towards the axis as described before. For argon/quartz or helium/quartz
combinations (or hydrogen/alumina at low pressures), currents near the
wall can persist for the whole duration of the pulse, and can be a sub-
stantial fraction of the total current. These wall currents are harmful
because they lead to an evaporation of the wall material, i.e. erosion
of the tube. Furthermore, the magnetic field in the central plasma
column remains low, because wall currents bypass the pinch currents.
The eroded wall material is mainly deposited on the cool electrodes and
beam windows, leading to a change in performance and eventual failure
of the plasma lens. A convenient measure for erosion is the effective

weight loss of the insulator tube after some 104 to 105 pulsesS.

()}

tp (usec)
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We quote here some erosion rates obtained in life-tests at 16 kV

charging voltage:

Quartz/argon 35 Pa 7.5 mg/pulse
Alumina/argon 35 Pa 3.2-4.7 mg/pulse
Boron nitride/hydrogen 400 Pa 1 mg/pulse
Alumina/hydrogen 400 Pa <0.1 mg/pulse

The electrode erosion rate is much.lower than that of the insulating

tube material.

The difference in performance between open electrode geometry (as
in Figs. 4 and 5) and closed electrode holes was investigated. The
electrode holes tend to stabilize the pinch, i.e. the scatter of the
magnetic field 1is less for an open electrode geometry and stability

lasts longer beyond the pinch moment.

It is interesting to consider the energy balance of the plasma at
the pinch moment. Taking into account the plasma parameters and the
measured magnetic fields, we obtain for a hydrogen fill at 400 Pa, a
tube volume of 8-10 3 m3, a charging voltage of 15 kV and electrical

circuit parameters as given before:

Total energy stored in capacitor bank 12 150 J

Ohmic losses in outer cilrcuit 1 500 J
Dissociation energy 530 J
Ionization energy 3 280 J
Energy in magnetic field of pinch 3 000 J
Energy in magnetic field in outer circuit 500 J
Kinetic energy of plasma 1 65 J
Heat content of plasma 1 460 J

11 920 J

In calculating the heat content of the pinched plasma, an electron
temperature of 3 eV was assumed, which had been measured elsewhere
under similar conditions13. Variation of the plasma temperature (1 to
10 eV) has little effect on this calculation of the overall energy
balance. The energy balance seems satisfactory, considering uncer-

tainties in the plasma temperature and current density distribution.
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The application of a z-pinch discharge for a magnetic focusing
lens requires the knowledge and mastering of the dynamic properties of
the pinch. Unlike in fusion applications where high plasma density and
temperature are most important, a plasma lens needs a defined magnetic
field amplitude inside the pinch of defined geometry for a certain
periode of time. This aim should be achieved with a minimum of enexrgy
input. It is convenient to introduce for such a lens a "quality factor”
g, which is related to focusing strength. In the ideal case of a mag-

netic field linearly increasing with radius, the relation is:

S poe

I BpaxIp * £ = const - g
where S is the area of the plasma column cross section, 2 1its length, f
the focal length, p the particle momentum, Bpsx the maximum azimuthal
field, e the elementary charge, and q = Bpsyx - Ip. The "pinch radius"
Ip is defined as the radius of the column for which q is maximum; in
the case of constant current density this is equivalent to the maximum
current in the column. A plasma lens with the characteristics required
for the CERN ACOL target has to reach g = 80 Tmm and to maintain this
value over 0.5 ps. With 17 kV charging voltage at 600 Pa hydrogen
pressure a quality factor of only 10% less than the design value was

obtained. Full focusing strength will be reached at 19 kV (Fig. 12).

The reason for reaching a high quality factor in spite of the low
total current which flows at the pinch moment is the strong amplifica-
tion of the field inside the pinched plasma column by the "inductons".
These current loops, which are induced as a law of nature in all pinch
configurations and gases we have studied, may reach an intensity which
equals the unamplified pinch current. Hence, there is a shift of
magnetic energy from the external magnetic field towards the internal
magnetic field energy which, in certain cases, is amplified by up to a
factor four. Nevertheless, to produce 1.1 kJ internal magnetic pinch
energy, almost 20 kJ stored energy are required corresponding to 19 kV

charging voltage in the test pulse generator.

Most of the experiments were performed with a current rise ratc of

the order of 5 « 10't A/s. Not only the energy balance 1s favoured by

16



slower current rise times, but also the pinch duration during which the
magnetic field properties should stay constant can be extended to
0.5 pus. A doubling of the generator cycle time and hence a four times
greater storage capacity at half the present voltage is needed. Mea-
surements of the inducton excitation at lower voltages and current rise
time show rather an increase of pinch amplification compared with
faster current rise. Hence, one can expect equal or better pinch ampli-
fication at a lower current rise rate. Another advantage at lower di/dt

is the improvement of spatial and temporal stability of the pinch.

Conclusions

The impleding current layer predicted qualitatively by the snow-
plow energy model has been observed in our experiments. The pinch time
tpas a function of charging voltage Vg corresponds closely to that
given by the theory (tp = const : v 03 ). The dependence of tp on the
initial gas pressure pg 1s different from that predicted, i.e. we ob-
tained from our measurements tp = const - poY-38, as compared to the

predicted tp = const - po0-25,

Considering phenomena in a pinched discharge at gas pressures and
currents investigated by us, the main drawbacks of existing dynamic

pinch theories seem to be the following.

* Assumption that the gas is 1initially ionized; 1in reality the gas
ionization and implosion are concurrent. Dissociation has to be
taken into account for a molecular gas. The energy required for
dissociation and 1lonization can be a substantial part of the

stored energy.

* Neglect of wall currents. For certain combinations of gas and wall
material the wall current can be a large part of the total dis-
charge current. The current in the pinched column is then corre-

spondingly reduced.

* Neglect of negative currents. Current loops ("“inductons"), con-
sisting partly of current in a direction opposite to the main
current, are always induced by the change of the magnetic flux of

the imploding-exploding current column. This current does not

17



appear in the measurement of the total current, but can be clearly
deduced from magnetic probe measurements (e.g. see Fig. 8). In
practice the highest negative currents appear outside the pinched
plasma column when it starts to expand, following the first con-
traction. At the same time the current within the pinched column
is amplified, thus increasing the quality factor q = B'r (propor-
tional to the focusing power). The existence of negative currents
indicates the presence of a conducting plasma gQutside the pinched
column; evidently not all the gas is swept up by the magnetic

piston.

The present results on the dense z-pinch, in conditions investi-
gated by us, show that it is possible to use the pinched plasma column
as a focusing lens for charged particles. The principal features of
such a lens are: negligible absorption of particles, a manageable
plasma dynamics, and prevention of plasma-wall interactions by choice

of appropriate gas/wall-material combinations.
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