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Abstract

The work described in this paper aims at using the dynamic z-pinch as a magnetic lens
system in particle accelerators. A cylindrical plasma lens is a linear pinch in which the
current flows along the cylinder axis and the magnetic field is poloidal. The magnetic field
inside the plasma column constitutes a linear lens for the particles. A plasma lens is under
development for focusing large emittance antiproton beams in the future CERN Antiproton
Collector (ACOL). Its principal characteristics are: a pinch radius of 10 to 15 mm, a plasma
column length of 250 mm, a peak current of 500 kA, and a pulse duration of 4 to 5 ps. A
possible plasma lens charging circuit, using saturable inductors as switches and the expe-
rimental results obtained at CERN with a prototype lens and pulse generator are presented.



1. INTRODUCTION

The antiproton beam emitted by a target has too wide a divergence to
be accepted by a particle transport channel made of conventional iron qua-
drupoles. The insertion of a high magnetic field gradient device between
the target and the entrance to the transport chahnel is therefore necessa-
ry. Essentially two types of devices are considered for this function. One
is the so-called "lithfum lens" (1, 2), which consists of a rod of solid
lithium surrounded by a structure which withstands the large forces exer-
ted by the thermal shock and the magnetic field associated with the large
current. The other solution, described in this paper, is a “plasma lens”

(3. 4, 5), which has the intrinsic advantages of being fully transparent to
antiprotons and of being unaffected by radioactivity and mechanical pressure.
In the Brookhaven plasma lens, developed in the early 60's and used for the
neutrino beam line, a decrease in the divergence of the secondary meson beam
and therefore an increase in the neutrino flux at the detector was obtained.
The discharge was controlled using a solenoidal magnetic field but the life-

time of the lens was only of 24 hours (4).

A uniform current density can be generated in a linear pinch by dischar-
ging .a high voltage capacitor bank between two electrodes in a low pressure
gas. The magnetic field within the plasma, during the pinch phase, produces
strong focussing of antiprotons Eravellinq along the lens axis. The initial
low-density plasma produced by pre-fonization, is assumed to have a large
conductivity so that its skin depth i{s much less than the radius of the



plasma.column. Thus the current flows {n a thin shell on the surface of the
plasma. When the current flow {s sufficiently large so that the inward mag-
netic pressure exceeds the outward kinetic pressure of the gas, the current
shell begins to collapse {nwards.During the equilibrium pinch phase, when
the plasma column reaches its mini{mum radius, a uniform current density,
for a sufficient period of time, can be achieved.

A plasma lens is under development for focussing large emittance anti-
proton beams {n the future CERN ANTIPROTON COLLECTOR (ACOL). In section 2
the beam optics of the linear lens is considered, in section 3 a pulse for-
ming network, using saturable inductors as switches is described and {n
section 4 the experimental results obtained at CERN with a prototype lens

and pulse generator are presented.

2. BEAM OPTICS IN A PLASMA LENS

The antiproton beam has an axial symmetry and is completely defined by

its radius r and {ts divergence . The design of the focussing scheme drawn

in Figure 1 consists {n détermininq the leagth of the drift space £ and of
the lens 1, the radius R of the pinched plasma columns and the plasma current
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vector (26,60) at the end of the target to the vector (x ,q ) at the entran-
ce to the channel. Under the assumption of a linear focussing lens, it can
be proven (see Appendix) that the minimum current Ith necessary to focus the
beam is given by V
_ P2 a2
Ln==% 211.760

where e i{s the electron charge, p the particle momentum and pu, the vacuun
permittivity (45-1077 ). This minimum value corresponds to a rero drift
length. For a finite value of f, the current L& higher and such that:
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Inside the lens, the particles undergo an oscillation for which a pha-

=90l ]/I

The lengths 1 and £ are then given by the expressions:

se ¢ can be defined:

l--ac“’gvsinqa .f--arf cosgp

The parameters, which are aimed at for the ACOL project, aré:

=21 mm 6 = 10 mrad p = 3,5 GeV/c

3 mm 6 =70 mrad r.
0 1

0
15 cm 1 =27 cm R =21 mm I = 400 kA $= /3

r

f

3. THE SATURABLE INDUCTORS

In this section we describe a pulse generator based on the non-linear
properties of the saturable inductors (6, 7). Saturable inductors or magne-
tic switching devices have cores of materials with rectangular B-H charac-
teristics such as to saturate at .wvery low values of the .magnetizing force H,
10 to SO A/m. For small values of the magnetizing force H, the saturable in-
ductor has a high {nductance, 100 to 1000 uH, while when the magnetic mate-
rial saturates, the inductance falls to a very low value, 10 to 100 nH. Be-
cause of the large change in inductance, the saturable inductor may be used
as a switching device. The principal advantages of the magnetic switches are
the long lifetime, the fast switching time ( 1012 A/s) and the simplicity
of the circuits. The principal disadvantage i{s that a special and expensive
core material is required. The electrical scheme of the pulse generator we
have designed {s shown {n £1g. 2.In the last cell of the discharge circuit
the magnetic core {s incorporated between the quartz tube and the return
current conductor. In the electrical equivalent circuit we can consider the
Plasma lens with incorporated magnetic core like a saturable inductor, Py.
The saturable inductor P2 is designed so that the change.in the flux induced
in {ts core by the voltage across.Cy causes saturation when it {s at the ma-
ximum value V. Then {f we assume Cy = C2 = C and {f the saturated inductance
of Py {s smaller than L a fast oscillatory discharge takes place between Cj
and Cy and approximately at half-period of the oscillation all the energy
which was stored in C, has been transferred to Cj. The thickness 4 of the
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Fig. 2. Equivalent electrical circuit of the pulse generator a) and its

last cellAﬁblasma lens with magnetic core.
1) dc-charging circuit; 2) return current coanductor; 3) quartz tu-

be; 4) magnetic core; S) electrodes; 6) plasma current.

magnetic core surrounding the quartz chamber can be chosen such that Cy
discharge into the plasma lens at the moment of maximum charge. Neglecting
hysteresis, eddy-cu?renti and ctopper losses, assuming pre-magnetization
for the saturablé inductor, the thickness d is given by (8):

8£%;- tsLZG

where 1 i{s the length of the lens, B;.is the magnetic field at the satura-
tion inside the core, Ligs is the inductance of the plasma lens when the
magnetic core is in the saturated state and Ip is the required peak plas-
ma current. For economic and technical reasons the core of the saturable
inductors Py and Py must have a min{mum volume. To minimize the core vo-
lume of Py, from the expression of .the thickness d,. it turns out that the
values of Lo and Ly, have to be kept as small as possible. Therefore the
capacitor Cy must be near the capacitoxr-C;. At last to minimire the core
volume of P, the charge of C; must be quick and therefore we need another
capacitor bank Cy with a normal switch near the dc-charging éircuit.

4. EXPERIMENTAL RESULTS

A small plasma lens prototype model with pseuodospark geometry (9)

and a quartz.tube of 200 tm length and 40 mm inner diameter has been stu-
- 12 kv, £ = 200 kAa).

died i{n a 20'kJ capacitor discharge circuit (V. max
The main objects of concern.were: the energy dissipation in the lens, ;he

influence of pre-ionization on breakdown delay and jitter, the pinch dyna-
mics, the stability of the discharge and the verification of scaling laws
needed for the layout of a lens for antiproton focusing.
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Waveform measurements of the current through and the potential diffe-
rence across the plasma lens not only provide information on energy loss,

but also.on breakdown delay, pinch dynamics and st8b111Cy. The breakdown
delay tg , which {s a function of pressure, can be reduced by a factor of
S with a weak (lmA) preionization of the lens. In Ar above 0.5 mb the delay
. %g is less than 20 ns. To minimize initial energy losses a strong pre-ioni-
zation was applied by the leakage current (10-100 A) through a series satu-
rable inductor which saturates after ! ps (10).
half wave measures bet-
for Ar at 4 ab. The vol-

to the first contrac-

The internal resi{istance averaged over the first
ween 10 and 1S mQ . Figure 3 shows typical waveforms
tage peak and the dip in current waveform correspond

tion phase of the pinch (fpinch).
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Fig. 4. Stréak photograph of first

Fig. 3. Current (top) and diff. voltage
contraction phase.

(bottom) waveforms for Ar at 4
mb, Vg = S kv (19 kA/div, 0.5

kv/div).

A more detailed study of pinch dynamics and stability was performed with a streak
camera (11). Streak (Fig. 4) and framing photographs show stability during the pinch phase

for more than the required 500 ns. Pinching time tpinch and minimum pinch radius Rpjnch were
measured as functions of pressure p (Fig. 5), current rise di/dt, and atomic number A for

He, Ar, Nj, Xe and Xe/He, He/Ar mixtures as filling gases. The relative validity of the
magneto-hydrodynamical scaling law for the pinch time tinch = (Ap) 174 (di/dt)e =172 s
verified and for Ryjnch an empirical relationship was found.

S. DISCUSSION AND FUTURE PLANS.

By extrapolation from these first prototype results we are now able to
design a new prototype lens where the pinching phase coincides with the cur-
rent maximum and dRpinch /dt and di/dt are zero. This favours stable condi-
tions for focusing. When the time to pinch, tpinch. and the pinch radius,
Ryhinchs are fixed, only pressure p and inner radius r, of the quartz tube are
freec parameters to define the pinch dynamics. The next stage of plasma lens
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Fig. S. Pinch radius and time.as function of pressure (Ar). Pulse energy =
17 kJ.

development aims at life tests of a new prototype under realistic conditions:
1 pulse of 20 to 30 kJ every 3 to S .s, Vc- 20 to- 25 kv, half wave-length 10
to 12 5, and i 450. to S00 kA. In order to obtain pinch. radii of 10 to
1S om-at reasonable gas pressures.a quartz tube radius of 160 to 200 mm will
be required. This lens will be .pulsed in.a simple.low inductance capacitor
discharge circuit. A saturable inductor:for strong pre-ionization.will be
incorporated. Presently a 250.mm diameter lens.is studied in the old high in-
ductance.pulse .generator. Pinch time *pinch and current maximum'can be made
to coincide at 10 kV charging voltage in Ar at 0.15.mb. After successful 1{~
fe testing. a.new plasma lens for real focusing of antiprotons will be incor-
‘porated into a pulse generator of the type described in.sec. 3.
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APPENDIX

BEAM OPTICS IN A LINEAR LENS

The beam characteristics are defined by the emittance ellipses (Fig. 1). The
source-image mapping can be described using a matrix formalism which connects exit-to

entrance transverse particle coordinates:

() - (%)

The transfer matrix of a drift space s

) o-(5 1)

The plasma lens has a focusing strength K equal to:
#od
2

(2) K =8
P

Where e s the charge of the particle, p the momentum and j the current density. Its

transfer matrix is

(3)

cos (K1) 1/ /K sin (K1)
P |- K sin (K1) cos (K1) )

The total transfer matrix:
M =0PD

defines the required imaging {f the drift length is chosen so that
1

(4) f » X tam (7RT)

In this case, M {s written:

0 1
M = ' K sin (K 1)
K sin (K1) 0
and
8
(s) K sin K1 = !
r
o

The radius of the plasma colum results from beam envelope calculations which are

conveniently performed using the Twiss parameters 8, a, y:

(6) a:— 'G::-l_di Y =
2 dz



where ¢ {s the beam emittance, r the beam radius and z the longitudinal coordinate.
In a drift space, the Twiss parameters are transformed according to the relations:

2

2
(7) g = ﬂo + f—- al - ao- _f_ Yyi = _I"’_CL_
! o Bo B1

and, along a focusing lens, g varies like:
(8) B« l__*_c_%i__(il)pl - MAZ(_K_L) s l-cozklizvfl‘z)Yl

so that its maximum value fis:

- 2
(9) g = d B+ Y./ 1 B * n\' . L
1 4 K K

2

By noting that the B value at the image point is:

€

(10) IR

and substituting (7), (4) and (5) into (9), we get the relation

(11) -'1(_ =B (ao-fwai)

with the condition:

12 <B-p <
(12) 0 g 51 50
The relation (11) can be used to choose the plasma current I. Let us define a threshold

current:

2
(13) 1 P 2= 5,

th e wo

s0 that the focusing strength can be written:
6, 2 1

(14) K = —_—
R Len

where R = /C; fs the radius of the lens. The equation (11) becomes:

Ith ("i )2 R \2
(15) 14— - (__)
I To ro

It is helpful to optimize the lens parameters in terms of the phase of the particle

oscillation inside the lens:

(16) ¢ = K



Expressions (4) and (5) can be combined and rearranged to contain electrical and geometrical
parameters only. They provide the formulae for the length of the drift space and the length

of the lens:
r
(17) fe 2 cos ¢
[
{
r
(18) 1« 0 ¢sin ¢
)

i
By replacing 1 and K by their expressions (18) and (14) in the definition of the phase (16),
we get

&6 r 2
(19) th 9 0 sin ¢
I &R
{

From (15) and (19), & biquadratic equation in L can be drawn and its solution fis:

r
0

2 242 2
(20) - — Y10 +J[1o(r—‘)]-4_r1 sin? ¢
Z "o r r

0

x
When ¢ is included between o and 7" , R belongs to the interval ( T iz + roz)

In practical cases, o is small with respect to ryand R is almost constant and equal to ry.

Knowing R, the current I is given by:
2

(21) O L B
ri sin¢ th

In the approximation of a small value of rg, I has the simple expression:

Ith

sinI ¢

The position Z of the beam waist inside the lens results from the condition:

] «

48 .9
dz

applied to the relation (8). After some arithmetics using the formulae (13) to (19), the
expression of z/1 is

1m0
L ]
>
(ad
-3
=1
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belongs to the internal —_r o 1 when ¢ varies from 0 to =
¢ ,r (2 2
(72)
"

The varfations of I, 1, f and R are plotted in Figure 7 for typical parameters of the ACOL
project. In contrast with the lithtum lens which {s limited fn length because of the
antiproton reabsorption, the plasma lens can work in the vicinity of the threshold current.
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Figure 7. Variations of I, R, 1 and f versus ¢



