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Abstract

Linear "wire"-lenses are ideal collecting devices for high energy particles emer­

ging from a target. Optimum yields are expected, if the current carrying medium is a plasma 

column in z-pinch configuration. A pulse generator featuring 20 kJ, 12 kV and up to 200 kA 

has been set up to study the influence of gas-type, gas pressure and preionisation on break­

down delay, jitter and pinch dynamics by current, voltage, field and streak camera measure­

ments. Electrodes with pseudo-spark geometry are used to reduce internal resistance and 

electrode destruction and to stabilize the pinch. The test results lead to a design of a 

prototype lens for the CERN antiproton source.
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1. Introduction

The present daily antiproton collection and accumulation rate for p-physics at the SPS- 

collider and at LEAR will be increased by at least a factor of 10. A larger production cone 

of antiprotons (transversal acceptance - 200 mm mrad and ∆p/p = 0.06) has to be transferred 

to the future ACOL-ring. Hence a much stronger "wire" lens is needed for p-collection in­

stead of the actually used magnetic horn. A wire lens is essentially a cylindrical conductor 

passed by a high current of uniform density in axial direction. The resulting linear 

Bq- field leads to simultaneous focalization in both transversal planes. Such a lens is also 

foreseen for focusing the protons coming from the PS to the p-production target (Fig. 1). 

Two ways of realizing linear lenses are now pursued at CERN:

a) The conductor consists of a solid or liquid lithium rod (lithium lens).

b) The current carrying medium is a low pressure plasma column (plasma lens).

Although Li is the least absorbing solid material the p-losses in a 10cm long lithium 

cylinder already exceed 10%. The non-absorbing plasma lens can be made longer and, while 

achieving the same focusing effect, can be run at a lower current. A 10cm long lithium lens 

pulsed with 1 MA peak current can therefore be replaced by a plasma lens of equal diameter 

and 30 cm length pulsed with only 350 kA current amplitude.

In a low pressure plasma lens the p absorption can, except from end cap losses, be neglec­

ted. The current densities in the electrodes and return conductors are relatively small and 

mechanical and magnetic forces on the quartztube and the electrodes are not important. The 

current penetration time in a plasma can be controlled. The current pulse needs to flow for 

a few microseconds only. The stored energy in the capacitor bank can be fully used, provided 

the plasma lens layout is chosen such,that the maximum discharge current coincides with 

the required operating current for p collection. The main problem of the plasma lens is 

the energy dissipation inside the plasma vessel leading to electrode damage by evaporation 

and sputtering and to a deterioration of the insulator surface by radiation (IR to soft 

X-ray) and deposition of evaporated metal.

For both types of lenses the life-time limitations have to be overcome by the proper choice 

of materials, configuration and cooling devices. The plasma lens design requires in addi­

tion the knowledge of the pinch dynamics and of its control. Contrary to the lithium lens 

instabilities like turbulences, "kink" and "sausage" instabilities, may lead to irreprodu- 

cible focusing results and have to be avoided. The work described in this report is mainly 

concerned with the basic problems of energy dissipation in the plasma lens and with the dy­

namics and stability of the pinching process. From experimental results obtained with a pre­

liminary prototype lens and test generator we established scaling laws necessary to design a 

plasma lens taylored to a specific application.

The life-testing of a plasma lens under real operating conditions and the measurement 

of magnetic field distribution inside the quartz tube will be the aim of the next develop­

ment stage, which has started now and will be described elsewhere.



Two cases of applications of plasma lenses in high energy physics are known from
1 2Berkeley and Brookhaven . Whereas the Berkeley focussing device was rather modest with

respect to the power involved, the performance of the BNL plasma lens, realized in 1965,

came rather near to what will be reguired for ACOL. The 8NL lens was successfully working 

for 24 hours beam time in the AGS and produced a net gain in neutrino events.

2. The prototype plasma lens

2.1 Configuration of the plasma lens

It is our aim to develop a system in which the azimuthal BQ- field of a current carry­

ing self-pinching plasma column serves for high energy particle focussing. Fig. 2 shows the 

principal scheme of such a z-pinch device. Under the influence of the magnetic self-field 

the plasma shell will be symmetrically compressed towards the axis of the guartz cylinder 

and extends longitudinally between the hollow anode and cathode electrodes. We call such a 
geometry pseudo-spark structure3. Though the typical effects of the pseudo-spark are only 

observed during the initial break-down phase, we believe that such a structure has also 

some advantages for later discharge phases. Longitudinal plasma shockwaves can easily 

expand into the hollow electrode spaces. The energetic electron beam through the anode can 

be deviated electrostatically by the insertion of an insulating end-cap facing the anode 

hole. This has the further advantage of decreasing even more the absorption of antiprotons 

The electrode center hole diameter is determined by the maximum angle of the p-cone to be 

captured. It should correspond to the pinch diameter at p production time. The current has 

to enter and leave the plasma column through symmetrically arranged return conductors and 

stripline connections.

Table 1 shows the main features of the first prototype and the possible data of a later 

real plasma lens. The linearity of current density with radius should be better than 10% 

and stability of the discharge is required during the 450 ns of p production time. A photo 

of the first plasma lens prototype is shown in Fig. 3.

TABLE 1

First prototype Real plasma lens

Length of quartz cylinder 200 mm 270 mm

Inner diameter of quartz cylinder 40 mm 190 mm

Electrode hole diameter 20-25 mm 20-40 mm

Pinch diameter 3-10 mm 20-40 mm

B - field (max) 3 T 5-8. T

B - gradient (max) 600 T/m 100-400 T/m

Current (max) 190 kA 350-450 kA

Time to first pinch phase 2-15 ps 5-7 us

- 2 -
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2.2 Pinch dynamics

where I is the current, n the number density, and T the medium temperature.

Several models have been developed which approximately describe the pinching process occu- 

ring in a typical capacitor discharge circuit (Fig. 4). The sudden compression of a weakly 

preionized low density plasma by means of a large current lasting for some microseconds has 
been described by Rosenbluth et al 7. Assuming a large initial conductivity the skin depth 

is much smaller than the radius of the plasma column and the current starts to flow in a 

thin shell on the column surface. The fast rising magnetic pressure drives the shell inward 

which sweeps up all particles encountered during the movement towards the axis ("snow-plow" 

model).

When radiation losses, ohmic heating, gas ionization processes and shock waves are 

neglected we obtain, with the approximation of the one-fluid MHD-momentum equation for infi­

nite plasma conductivity,

[2 ]

and with Maxwell's equation curl B = μ0 J, 

the differential equation

Pinching is confinement of a plasma or a conducting liquid by magnetic self-fields. 

This effect is observed when the magnetic field pressure exceeds the pressure of the conduc­

ting medium:

where
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and k = specific heat ratio ( K = 5/3 for a mono-atomic gas), po and po are the initial 
density and pressure values and the model assumes adiabatic behaviour, pVconstant. Fig 

5 shows the normalized radius x as a function of normalized time t for different values of 

a. From the expression for t) we can deduct an approximate scaling law for the pinch time.

Tpi nch =time from start of discharge up to the first contraction) 

with A = atomic number.

The prediction of the snow-plow model for the minimum contraction radius is 0 < r • , r K pinch
< 0.1 r0. This deviates from reality, since generally pinch radii larger than 0.1 r0 are ob-

8 9served. Other models, like the "slug" model or the "energy balance" model , predict rather 

large rplnch -values. During the initial pinch phase only and for pressures < Imb the 

snow-plow model is an acceptable approximation. For high pressures above a few mb the other 

models are nearer to reality. The compression of the plasma column represents a sensible 

change of inductance and resistance in the discharge circuit and should be observed on the

plasma lens current waveform as a dip and on the difference voltage waveform as a peak. In 

case of a mainly inductive plasma lens

variable plasma lens inductance. Vp is

the peak voltage is V « I dL„/dt where L is the 
P P P

a maximum when the imploding current shell decele­

rates and is reflected near the lens axis. Several pinch oscillations may be observed under

certain conditions, before thermalization and instabilities like turbulences, lead to a dif­

fuse discharge filling the whole guartz tube. A z-pinch is sensible to instabilities of the 

so-called "sausage" or "kink" type (Fig. 6). Depending on pressure and gas type the dischar­

ge can already be disturbed from the beginning by turbulences. For the plasma lens such ins­

tabilities have to the avoided and stable conditions at maximum current during a period of 

at least 450 ns have to be maintained. An axial Bz - field may considerably improve the 

discharge stability (Fig. 5) and permits to directly control the pinching parameters 

t . , and r . . . However, it is desirable to work without B7, since a second 
pinch pinch L

pulse generator would be needed.

2.3 The test pulse generator

Though the performance of the test generator (Fig. 7) used for the first prototype lens in­

vestigations was inferior to what will be required for a real plasma lens in future, espe­

cially due to its high total inductance and too low peak current, we could study a number of 

important basic problems and we were able to determine the layout of the next prototype 

lens. The electrical scheme of the discharge circuit is given in Fig. 8 and its parameters 

in Table 2.
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TABLE 2

Charging voltage Uo 12 kV

Total storage capacitance C 281 uF

Total circuit inductance ^tot 0.7 nH (mainly in capacitors)

Maximum energy/pulse ^max 20 kJ

Maximum current with first prototype
plasma lens I max

190 kA in helium at 10 mb

Half wave length T1/2 45 (J.S

As switches for the lens and the crowbar branch we used either ignitions or pseudo-spark 

switches. The latter type of switch is more precise (jitter < 20 ns) and can be conveniently 

incorporated into flat and coaxial strip lines. The plasma lens has to be preionized prior 

to the main discharge in order to reduce break-down delay and jitter and also initial energy 

losses due to high internal resistance. Preionization was applied in form of a weak (1mA) de 

current and by using the strong leakage current through a saturable inductor incorporated 

into the main stripline of the circuit. The currents in the circuit were measured with three 

air-slit transformer coils and the differential voltage accross the plasma lens with two 

carefully screened high voltage probes.

3. Measurements

As mentionned above we established the priority list of plasma lens problems as follows.

- energy dissipation in the lens

- pinch dynamics

- stability of discharge

- longterm behavior / 
f (not treated in this report)

- B -field measurements > 0

3.1 Global discharge parameters and waveforms

Though we know that the internal resistance R, and the inductance Lp of the plasma lens 

vary during the discharge process we may deduce mean values from the amplitudes, damping 

factors and phase shifts of the current and differential voltage waveforms. Neglecting the 

crow-bar (Fig. 8) we have to deal with an R-L-C circuit in the first approximation. Typical 

average internal resistance values of 10 to 15 mQ have been measured with the 40 x 200mm 

prototype lens. Figs. 9 a-f show typical current and differential voltage signals. The 

effect of pressure and electrode shape on discharge behaviour was studied with helium, 

argon, nitrogen and xenon as filling gases. In Figs. 10 a and b the results are given for He 

and Ar. The effect of electrode shape (flat, hollow or multihole) on current amplitude was 

less than 5%, contrary to what we expected. The reduction of breakdown delay and jitter in 

the plasma lens under the influence of a weak preionization of 1 mA is shown in Fig. 11. In 

Ar and He such a weak preionization shortens the breakdown delay in average by a factor 

of 5.
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In order to reduce the initial energy dissipation in the lens a "strong" preionisation was 

applied by the leakage current (10 to 100A during Ips) through a series saturable Metglass 

inductor which was incorporated into the stripline and which saturated after Ips. The satu­

rable inductor also enables a more efficient use of the circuit crowbar (see Fig. 12).

3.2 Study of pinch dynamics by streak and framing photography

The significance of the dips observed in the current waveforms and the peaks in the 

voltage waveforms is fully confirmed by optical measurements with a streak camera. This ca­

mera allows to take either framing pictures (typically 5 snapshots every 12.5 ns) or streak 

photographs with streak speeds from ps/cm to ms/cm. Both modes were used. The streak mode is 

well suited to quantitatively measure the temporal evolution of the pinch, whereas framing 

photography may reveal spatial and temporal instabilities of the plasma column.

The streak camera measurements were performed with helium, argon, xenon and nitrogen as 

filling gases in the plasma lens. With argon, xenon and Ar/He, Xe-He mixtures the discharge 

appeared to be very stable up to and even beyond the first plasma column contraction phase. 

Nitrogen discharges proved to be less stable especially at pressures below 1 mbar. With he­

lium stability and reproducibility could not be obtained over the whole pressure range from 

0.1 to 20 mbar. Here turbulences start to form right from the beginning and persist during 

the whole discharge cycle (Fig. 13). The excellent spatial and temporal discharge stability 

in argon is shown by the streak photo of Fig. 14. The spatial stability of the plasma column 

is also visible in the framing photographs (Fig. 15). In Figs. 16 and 17 the congruence bet­

ween current and voltage signals and the streak photos of the contracting plasma column is 

demonstrated with argon and xenon. With increasing pressure minimum pinch radius rp^nc^ 

and pinch time tpinch increase as shown in Figs. 18, 19, 20 for argon, xenon and nitro­

gen. The opposite is true for increasing capacitor charging voltage Uo. In Fig. 21 this 

effect is given for a 50/50-He/Xe mixture.

4. Discussion

The streak measurements together with the differential voltage signals measured across 

the plasma lens enable systematic comparisons of the measured pinch times and radii with the 

behavior predicted from the simple snow-plow model (chap.2.2). The absolute values of 
rpinch and ''pinch are not reproduced but the scaling according to equ. [4] seems to be 

valid over a limited parameter range. In Fig. 22 the pinch time is plotted against p ' 
and po1/2. At higher pressures and lower voltages f(p^2) seems to be a better appro­

ximation. The same is valid for the pinch radius (Fig. 23). Fig. 24 shows plots of pinch 
time and pinch radius as function of Uo _1/2. Similar results are obtained with xenon as 

seen in Figs. 25, 26 and 27. The linear dependence of pinch time on the inverse fourth power 

of atomic number is demonstrated by Fig 28. In all the measurements described above the re- 

producibi lity of consecutive discharges is very important. Fig. 29 shows that after opening 



7

the plasma lens at atmospheric pressure several shots are needed to arrive at a reproducible 

situation. In the results measured on the first prototype lens extrapolations to different 

discharge conditions (cycling frequency, charging voltage, total circuit inductance, etc) 

and plasma lens configurations (length, radius) are possible. For a real plasma lens a 

defined pinch radius
must be obtained at the time of p - collection. It is also desirable to get coincidence of 

pinch time and time to peak current. Free parameters for achieving these requirements are 

charging voltage, inner plasma lens quartz tube radius, gas pressure and type of gas. The 

validity of extrapolation was checked with a second prototype lens (Fig. 30) designed for 

use in the same old pulse generator. The inner diameter of this 250 mm long lens was 236 

mm. As shown in Fig. 31 coincidence of the first contraction phase and the maximum current 

can be easily obtained with this prototype.Internal resistance and plasma temperature of the 

larger prototype are lower than in the first model. Current densities of typically 50 to 200 

kA/cm and internal resistance values of 10 to 15 mQ are observed in the small prototype, 

whereas the internal resistance of second prototype is below 10 mQ and the current density 
does not exceed 50 kA/cm2. Details of the measurements the with the second prototype, 

especially results of magnetic field distribution measurements, are later reported 

elsewhere.

5. Future plans

A real plasma lens for p-collection should approximately have the dimensions and elec­

trical specifications given in Table I. The next step of the development programme is the 

construction of a new pulse generator for testing a prototype lens which would come near to 

a final real version. The main aim of this phase is the study and improvement of long term 

behavior under realistic conditions in the laboratory, that is without proton and antiproton 

beams. We expect problems with electrode erosion and deposition of metal vapor on the quartz 

tube of the lens. The new pulse generator will have the following features:

Table 3

Maximum peak current Imax 500 kA

Charging voltage uo 20-25 kV

Total storage capacitance C 100 pF

Total circuit inductance Ltot 0.15-0.18 pH

Max energy/pulse E-max 30 kJ

Half wave length T 1/ 2 10-12 ps
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Demonstration of sufficient lifetime remains the main subject of this development 

phase. Only after its successful completion we will be able to recommend the installation of 

a real plasma lens in the AA and ACOL target area. The life test will be accompanied by 

thorough measurements of magnetic field distribution Bg (r,t), current and number density 

distribution j (r,t), n (r,t) streak and Schlieren photography, etc.

Construction of the new pulse generator starts in September 1984. Progress will depend 

on available effort. Fortunately we can count on two very fruitful cooperations with the 

Physical Institute of the University of Erlangen and with the Electrotechnical Institute of 

the University of Naples.
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Principle of plasma lens 

with pseudo-spark geometry

Fig. 2

Future layout of antiproton collection

Fig. 1



First plasma lens prototype

Fig. 3



Capacitor

a) b)

a) Schematic of z-pinch (from Ref. 6)

b) Simplified equivalent discharge circuit. The voltage 
across the plasma lens is Vp o, I ( dl_p/dt + Ri), 
where R, = internal ohmic resistance of the plasma lens.

Fig. 4

Normalized radius of dynamic-pinch plasma as a function of 
normalized time showing plasma collapse, or pinch effect 
(solid curve). Dashed curves show the effect of neutral 
gas pressure on collapse (from Ref. 6).

Fig. 5



The m = 0 (sausage) instability
of the pinch.

The m = 1 (kink) instability.

8z-stabi1ised pinch

Z-pinch plasma instabilities. Stabilization may be improved by a 
longitudinal magnetic field Bz,provided that

Fig. 6



Prototype pulse generator for the first 
plasma lens prototype

Fig. 7
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Typical waveforms of current and differential voltage measured with the 
first plasma lens prototype.

a) Diff. voltage on PL with Xe at 3 mb, Uo = 4 kV (500 V/div).
b) Diff, voltage on PL with Xe at 10 mb, Uo = 4 kV (500 V/div).
c) Current through PL with Xe at 3 (below) and 10 (up) mb, Uo = 4 kV (25kA/Volt).
d) Diff, voltage on PL with Ar at 1.8 mb, Uo = 6 kV (500 V/div).
e) Current through PL with Ar and 1.8 mb, Uo = 6 kV (25kA/Volt).
f) Simultaneous diff, voltage and current with Ar at 5mb, Uo = 5 kV (scaling 

as above).

Fig. 9



Effect of pressure and electrode shape on peak current.

a) PL filled with Ar, Uo = 5 kV.

b) PL filled with He, Uo = 5 kV.

+ cathode with many small 
o cathode with one single

(4 mm diam.) holes.
centre hole (25 mm diam.).

Fig. 10



Effect of weak preionization (1mA, 5 kV) on breakdown delay and 
jitter of the plasma lens prototype in the Ar and Xe.

Fig. 11



a) b)

Current waveform of PL with He at 0.8 mb, Uo = 4.5 k.V
a) No crowbar switching (37.5 kA/Volt).
b) With crowbar in action and compared with previous case(a).

Fig. 12

a) Unstable discharge in PL with helium at different pressures photographed with 
a streak camera (streak speed 3ps/cm Uo = 4 !<V )

b) Corresponding differential voltage waveforms

Fig. 13
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a)
b)

a) Framing photos of pinched plasma column near anode in PL with Ar at 
4 mb, Uo = 7 kV (distance between frames = 12.5 ns).

b) Diff. voltage waveform and trigger pulse for streak camera.

a) Streak photo taken just before maximum contraction.
b) Camera timing pulse in relation to diff. voltage waveform.

PL filled with Argon at 4 mb, Uo = 7 kV.

Fig. 16



XENON

current voltage
a) Streakphoto of PL with Xe at 10 mb, Uo = 7kV, streakspeed 3ps/cm 
b) and c) corresponding current and diff, voltage waveforms

Fig. 17



ARGON

0.1 . 0.3 . 0.8 2.0 mb 4.0.8.0,12.0, 2 0.0 mb
40
m
m

Streak photos of PL filled with Ar at different pressures, 
Un = 9.0 kV , streakspeed = 2 ps/cm.
Note rising pinch radius and pinch time with rising pressure.

Fig. 18



Streak photos of PL filled with xenon at various pressures, 
Uo = 11 kV, streakspeed = 3 ps/cm.

Fig. 19



NITROGEN

Streakphotos of PL filled with nitrogen at various pressures, 
Uo = 9 KV, streakspeed = 3 ps/cm

Fig. 20



Streakphoto of PL filled with a 50 He/ 50 Xe mixture at 5 mb and
pulsed with various charging voltages Uo.
Note decreasing pinch radius and pinch time with rising charging 
voltage (streakspeed = 3 μs/cm)

Fig. 21



Pinch time from streakphotos and diff, voltage measurements as function 
of fourth (a) and second (b) root of argon pressure for various char­
ging voltages Uo.

Fig. 22



Pinch radius from streakphotos as function of fourth (a) or second (b) 
root of argon pressure for various charging voltages Uo.

Fig. 23



Pinch radius (a) and pinch time (b) as functions of the inverse 
square root of charginq voltage Uo for various argon pressures.

Fig. 24



Pinch time from streak and differential voltage measurements as 
function of the fourth (a) or second (b) root of xenon pressure 
for 7 and 11 kV charging voltage.

Fig. 25



Pinch radius from streak measurements as function of fourth (a) or 
second (h) root of xenon pressure for 7 and 11 kV charging voltage.

fig. ?6



Pinch radius (a) and pinch time (b) as functions of inverse 
square root of charging voltage l!0 for various xenon pressures.

Fig. 27



Fig. 28

Reproducibility of consecutive discharges after opening PL at 
atmospheric pressure.

Fig. 29



Photo of second plasma lens prototype (inner quartz tube diameter 
of PL-prototype II = 236 mm).

Fig. 30

Simultaneous current 42.5 kA/V and diff. voltage (1kV/div) signals 
of PL prototype II filled with Ar at 0.07 mb, Uo = 8 kV.
Note: Maximum current and pinch phase can be easily made to coincide.

Fig. 31


