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ABSTRACT
Syrinx is a targeted research program with the objective to study, through practical
examples, the fundamentals necessary to define the details of all parts which will be required
for a new powerful plasma radiation source. The current level of activities of Syrinx is in the
design and construction of a multi-megajoule class IES based pulsed power driver which will
use long conduction Plasma Opening Switch technology. The present paper reviews mainly the
basic experimental research of the POS and Z-pinch accomplished in the framework of Syrinx
project. This work has a unique international level of participation, from conceptual designs to
particular investigations.
INTRODUCTION
To provide for the radiation output expected to be of relevance in many applications, a
pulsed power facility with a primary energy storage in the tens to hundred megajoule regime is
anticipated. Apart from the simple consideration of costs, the problem of delivering electrical
energy of this magnitude, from the storage region to the load region efficiently, is a formidable
issue to be tackled. Among the issues of pulsed power science that one must address, one could
group them under a number of headings; primary energy storage, energy transfer, secondary
energy storage, closing and opening switches, power delivery, power concentration, energy to
radiation conversion.
The Syrinx project was initiated in 1991 with join participation from CEG and LPMI.
As a research program, it can combine an open-minded approach to new technologies and novel
concepts, while guided by well established methodologies and expertises. A number of existing
technologies are possible candidates for scaling up to the very high energy system foreseen.
Primarily, the selection criteria is constrained by cost and efficiency. Inductive Energy Storage
(1ES) approach based on the Plasma Opening Switches (POS) technology seems to be rather
attractive from the point of view of cost, while additional POS physical investigation should be
done and aimed to optimize a POS at high power levels.
On the other hand, physical study and optimization of the Plasma Radiation Source
(PRS) also represents a scientific challenge of the project. Existing Z-pinch facilities like Saturn
is already producing radiation in the 70-90 TW region in the keV band with radiative energy in
excess of 0.5 MJ [1]. New facilities coming on line could bring this figure to the 1 to 2 MJ
regime. While a Plankian radiation spectrum may be desirable for some applications, it is
sometimes not the most efficient way of utilizing the available energy resources in certain test
environment, where the effect in a particular spectral band is to be studied. This has led in the
past to extensive development of K-shell plasma radiation sources for emission in the 1-5 keV
region. Above 100 keV, traditional beam-target bremsstrahlung sources have been successful
in fulfilling the requirement. In between, the issue and the solution is not so clear. Particularly
in the 1 0 - 4 0 keV region, where the efficiency of routine plasma radiation sources is low,
efforts have still to be made to find an optimal solution. The Composite Pinch (CP) scheme
being currently studied for Syrinx represents here one of the candidates for such PRS load.
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LONG-CONDUCTION-TIME POS INVESTIGATION
The POS problem has been under investigation in the Laboratoire de Physique des
Milieux Ionises, Ecole Polytechnique (PMI) during the last five years [2]. We studied POS
operation in coaxial and strip-line geometries on MAG-1 generator for the 0.5-1 \is conduction
times and 200-400 kA conduction current level. Investigation of a 2 MA conduction current,
Ijis conduction time POS was carried out in collaboration with High Current Electronics
Institute on GIT-8 IES facility.
A 200-400 kA conduction current POS in cylindrical geometry
In this series of experiments the POS operated with electrodes in cylindrical geometry
on the MAG-1 inductive storage generator [3]. A low-inductance capacitor bank provided at full
charging voltage a 500 kA upstream current with a quarter-period of 900 ns into the switch.
POS opening switched a 400 kA current with a 100 ns rise-time into a 25 nH inductive load.
In the series when plasma density diagnostic was applied the installation was charged at
a lower voltage with the aim to decrease the level of electromagnetic noise. We used the laser
interferometry as a diagnostics [4], and the time history of the line density integrated in the
cordial direction was investigated. This approach allowed us to determine the geometry of the
density evolution, to measure some temporal characteristics of this process and to compare
them with the characteristic velocities of magnetic field penetration [5]. A typical time history of
the line integrated density during the POS operation is shown in Fig. 1. This picture was
obtained when the probe beam was located at the load side of the plasma, in the middle of the
interelectrode gap. At this radial position along different axial locations of the probe beam the
density time behavior was similar: after a certain increase it decreased till the absolute limit
which could be resolved by our technique.
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Fig. 1. Measured time integrated density for the position of 2.9 cm from the cathode and 1.4 cm from the gun
axis towards the load for the gun shot only (dashed line) and with MAGI (solid line). There are also shown:
upstream (Ig) and downstream (Iload) currents, magnetic field near the downstream plasma border (Bp).
Fig. 2. Reconstruction of the density maximum propagation through the plasma. Dashed lines indicate the
initial plasma boundary. Moments of the peak maximum arrival are referred to the start of the upstream current.

The time sequence of the density maximum appearance with respect to the opening is
shown in Fig. 2. The shock process had a wedge-like profile. The thickness of the shock front
was estimated from the experiment with use of typical rise-time of the density peak —100 ns
and typical velocity in axial direction Uf ~ 107 cm/s, that gave 5 ~ 1 cm.
In case of magnetic field penetration into the bulk of plasma the ions can be considered
to be motionless when the velocity of this penetration is higher than the Alfven velocity,
uf » VA- Such theoretical solution does exist in frames of Electron Magnetohydrodynamics
(EMH) [6, 7] where the magnetic field and electron current flow is governed by the Hall effect
on the background of fixed ions. At the same time, such a "pure" EMH penetration (KMC-type
[8]) cannot be accompanied by density perturbations. Another limit case (MHD shock-wave)
corresponds to the density jump running away from the magnetic field piston. Most probably,
our situation corresponded to the frontier case, when EMH criterion is satisfied at the magnetic
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field front, 6 < 8j = c/eopj, and ions acquire velocities behind this front (up(R) = VA2/2uf) (socalled Hall shock-wave [5, 9, 10]). We note, that the maximum piston velocity is reached when
Up = Uf and corresponds to the snow-plow approximation with Up max = w^lfl. With this
consideration, a satisfactory explanation of the experimentally observed shock profile is
obtained.
A 200 kA conduction current POS in planar geometry
On a new high-power inductive storage POS facility the plasma switch should be
coupled to a magnetically-insulated transmission line (MITL) and a load. Planar geometry of the
POS/MITL assembly would allow, in principle, more compact and less inductive design of a
multimodule system. Plane geometry of the plasma switch was tested at 200 kA level of the
conduction current on the two-module version of MAG-1 installation [] 1], Fig. 3.
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Fig. 3. General design of one MAG-1 strip-line module (side view).
Fig. 4. Upstream and downstream current densities measured in the center of the anode for two cases: (a) initial
configuration without the anode "wings", 16 guns, and (b) with the "wings", 10 guns.

In the initial strip-line configuration, the generator charging voltage of 30 kV yielded the
maximum conduction current Iomax = 200 kA in one module, conduction time tc = 700-800 ns
and the opening time not less than ts = 150-200 ns (Fig. 4a). Plasma current losses after the
opening were as high as 10-20% of Iomax- In this configuration, in spite of initially
homogeneous plasma injection, the plasma motion had different velocities in the center and at
the borders of the strip-line. Therefore, relatively long opening time could be a result of
asymmetry of our plasma system. To suppress this effect, we installed two additional anode
"wings" in the plasma injection region. These electrode "wings" partially closed the opened
strip-line borders and prevented the plasma to exit from the interelectrode gap. The opening
became faster (Fig. 4b) and the plasma current losses became smaller. From our point of view,
this fact confirms the influence of the initial plasma density homogeneity on the "quality" of the
opening at least in the planar configuration of electrodes.
Synchronization of two modules with the help of a low-inductive upstream connection
between them [12] was also verified experimentally. First, the synchronization was tested for
the conduction time difference changing from 200 to 500 ns. In this case the rise-time for the
sum of both load currents was shorter than in absence of the connection between the modules.
Second series was performed when the initial plasma density and tc were approximately the
same for both modules. The result of this series was opposite to that of the first series. If Atc <
ts, the external upstream connection often made Atc even bigger. Therefore, one can conclude
that the procedure of synchronization proposed in [12] was efficient only in the case when the
difference of the conduction times of two plasma switches was bigger than the opening time of
one POS.
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A 2 MA conduction current POS on GIT-8 generator
High-current Plasma Opening Switch was experimentally studied on GIT-8 inductive
generator in collaboration with High-Current Electronics Institute . The GIT-8 POS was
operating at 2 MA current with the conduction and opening times of 1 j.is and 100-150 ns
accordingly. Interesting peculiarity of the GIT-8 POS was an axial plasma injection, towards
the generator [13].
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Fig. 5. Typical plasma density behavior at A = 21.5 mm with the GIT-8 current (gl 1) and during the plasma
guns firing only (p24). R denotes the POS resistance estimated as V (lQ-l]oac]):
Fig. 6. Variation of the measured plasma density oscillation frequency with the averaged plasma density, n e =
<n c Lp>/L p .

Plasma density was measured again with the help of interferometer described in [4]. The
scene beam crossed from shot to shot the GIT-8 POS plasma along different chords at 28 mm
from the plasma injection plane and at different radial positions of the gap, A = r - rc.
Typical time history of the line integrated density during the POS operation is shown in
Fig. 5. Until the current starts to flow through the plasma channel and during 300-500 ns after
the beginning of the upstream current, the line-integrated plasma density, <n e L p >, follows the
one measured during the gun firing only. Then, the density increases over the guns-only
density (region 1 in Fig. 5) and drops abruptly (region 2). This fact can be an indication of the
passage of a shock-wave through the point of measurements [5, 10]. Then, the linear plasma
density rests almost at the same level as when the upstream current starts. The most interesting
peculiarity of the plasma density behavior was an appearance of fast density oscillations with
the characteristic frequency co ~ 5xl0 7 -10 8 rad/s, prior and during the opening (region 3).
Separate series with pulsed-power allowed identification and consecutive suppression of
different sources of noise. The refraction effect could interfere only during and after the
opening. Therefore, the earlier fast oscillations were produced by a real plasma process.
We applied also hard X-ray diodes to register Bremsstrahlung radiation produced by
fast electron leakages along the plasma injection region. This electron leakage is the most
intensive at the downstream plasma edge and allows its location to be determined [14]. The
timing of X-ray radiation showed that the final POS opening process occurred in the region of
plasma density measurements and the registered fast oscillation reflected some feature
characterizing the opening process.
Fig. 6 demonstrates that the registered plasma oscillations strongly depend on the mean
density. The function which fits the experimental data with the minimum absolute dispersion is
approximately co ~ ne~0-5- Most probably, the measured oscillations were a result of
hydrodynamic plasma instability having characteristic frequency equal to v A /^, where v A is the
AlfVen velocity, and the instability wavelength X ~ 0.5 cm yields already an absolute value of
frequency close to the experimentally measured. One of important consequences of this
conclusion is that the well-known Hall plasma resistance may increase N times with respect to
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the value 30u/c [15], where N = Aak/A. is the number of the plasma necks in the interelectrode
gap Aak-

POS optimization
For effective inductive energy storage the POS conduction time, tc, should be close to
the time of discharge of a given primary energy source. On the other hand, successful POS/load
coupling on a new inductive storage facility is possible only with a preliminary information
about maximum POS resistance and its rise-time, ts. A number of empirical scalings for tc value
already exists and gives a satisfactory correspondence with the (as POS experiments (see, e.g.,
Refs. in [10]). However, existing relations for the conduction time often contain a free
parameter which is chosen only after comparison with already realized plasma switch design. In
addition, no theoretical estimate for the opening time of a us POS exists for the moment.
Our point of view is based on the POS physics understanding represented in Refs. [5,
9, 10, 16]. In the long-conduction-time POS (Lp > 5,, L p is the plasma length) the conduction
phase is limited by the value tc = Lp/uj « V2~Lp/<VA>, where <VA> is the mean Alfven velocity
averaged over the conduction time. This value is determined by the maximum piston velocity
which is realized in the interelectrode gap by the Hall shock-wave. In terms of the charge
density passing through the cathode surface during the conduction phase, q/Sq (So = 2nrL p
denotes the surface occupied by the injected plasma), the conduction phase is terminated when
1.8x10"' ]Vrfc (-£-),
q=
Idt
(1)
cmwhere n p denotes the ion density in cm"3 and the most widely used carbon plasma is supposed.
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Fig. 7. Optimization of the POS configuration on the new inductive storage generator for hg = 20 cm (see
text).

At the end of the conduction time, when the plasma length which remains ahead the
shock leading edge is small, Az < 5l5 the magnetic field starts to penetrate rapidly in front of
the plasma piston and arrives to the load. The characteristic time of this process can be
estimated for C 2+ as follows [10]:
t -

c
COpjUf

~ i ? x 1 0 ~ m " p 8 (O

(7}

D

where uf is the KMC velocity [8], B is the maximum magnetic field in Gauss and 8 r expresses a
strong interelectrode plasma density inhomogeneity (3np/3r ~ n p /8 r ), or the measure of
curvature of the magnetic field lines in cylindrical geometry (8r ~ r/2). If one substitutes roughly
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5 r - 5j, a universal estimate can be obtained: ts ~ 1.25xlO~-VB. This signifies that for
sufficiently fast opening (t s < 100 ns) the magnetic field must exceed a certain value,
B > 10 kG. To be more rigorous, this equation is an estimate of the plasma resistance risetime, which can differ from the experimentally measured load current rise-time in case if the
latter is "load-limited", tLexp ~ L2/R ^ ts (L2 is the load inductance and R is the resistance of
the load circuit).
Comparison of Eqns. (1) and (2) with recent POS experiments requires additional
information about the initial plasma density. Such comparison is presented in [10] and confirms
Eqns. (1, 2) to be valid for rather large range of plasma switch characteristics.
An example of the diagram used to design the POS configuration in the project of a new
six-module inductive storage generator is shown in Fig. 7 (tc = 0.7 (as, Irj = 0.8 MA for
one module). Initial density profile in the gap (ng(r), or Gj and G2) is assumed to be known
[4]. Therefore, ng(r) curves can be easily represented together with n*(r) curves defined by
Eqn. (1) (n* is the density corresponding to the optimum conduction time). Anode and cathode
radii are chosen to have the opening time in the range 50-100 ns. The distributions G\ and G2
must satisfy inequality n > n* inside the interelectrode gap.
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Fig. 8. (a) Examples of the POS with extended length and axial plasma density gradient, (b) example of the
plasma switch in PF and PFS configurations.

Fundamentally, the scalings (1), (2) allow better pre-definition of the POS geometry on
an IES system in a project. Besides, these relations suggest several modifications of a POS in
order to improve its performance (i.e. shorter ts and higher POS resistance). First, a plasma
switch with extended axial length, Lp, should be investigated. Then, a spatial decoupling of the
plasma densities, nc and n s , "responsible" for the duration of the conduction and opening
phases should be incorporated accordingly. Such decoupling might be done through an axial
plasma density gradient, directed from a generator to a load (Fig. 8a), or by using the axial
plasma motion and plasma expansion during the conduction phase (Fig. 8b). In the last case,
the POS geometry resembles somewhat the Plasma Focus (PF), or Plasma Flow Switch (PFS)
configurations.
INVESTIGATION OF THE COMPOSITE Z-PINCH
The simplest CP consists of two parts [16], an external hollow cylindrical plasma of
fairly low density and an axial high-density plasma core. During the shell compression, RT or
m = 0 MHD instability is supposed to form rarefied regions in the local plasma density. When
the plasma thickness in front of the instability leading edge becomes smaller than c/copi one
should describe this plasma in the frames of Electron MHD [7]. Electrical resistance of these
plasma "necks" can be estimated as the so-called Hall resistance [15]. This resistance provides a
current, Iz, on the axial core with the following characteristic rate of rise
dl z _ c/copi iQ
j
dt
^ tc 21n(r/rc)
(3)
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where X is the macro-instability wavelength, IQ is the generator current, r is the shell radius at
which the disruption occurs, r c is the CP axial core radius and tc = r/v s - r VA is the
additional compression time of the external shell after its disruption (VA is the Alfven velocity).
In addition to the Hall potential there is also a reactive resistance |dL/dt| (L is the inductance
between the inner core and external shell) which can increase Iz. This term can be important in
case of vanishing of the described disruption.
Therefore, if the disruption occurs at small residual distance between the external shell
and the inner CP core and at sufficiently high value of the generator current IQ, dlz/dt can reach
much higher values than dio/dt, as given by Eqn. (3) This CP property promises already higher
homogeneity of the axial core if compared with EW regimes and harder X-ray radiation than in
the liners. Indeed, the experimental results demonstrated higher hard X-ray power to be
produced by a high-temperature/density uniform plasma [17].
Composite Pinch experiments on GIT-4 generator
Experiments were carried out on GIT-4 inductive storage generator [17]. The technical
purpose of this series of experiments was to obtain a powerful homogeneous PRS radiation in
the near- 10 keV region. The Plasma Opening Switch (POS) provided a 1.5 MA current with
the rise-time of 150 ns into a CP load. External plasma was formed by a hollow preionized
double-shell Ar liner with varying linear masses of both shells. Inner axial core consisted of
metal Al, Ti, Ni and W wires with linear masses in the range of 30-90 |ag/cm.
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Fig. 9. (a) Maximum responses of two X-ray channels sensitive to the radiation in 2-5 keV (upper curve) and 520 keV (lower curve) photon energy regions. Best shots for C-pinch, exploding wire and liner configurations for
different time delays of the gas injection (x = 0 corresponds to the wire only shots).
(b) Typical streak picture of the C-pinch. (c) Typical time-integrated image on HP-5 film behind a 200 |.tdiameter pin-hole and 20 u Al filter.

The internal plasma shell and the axial core were considered as a C-pinch. Initial plasma
density was controlled by varying the delay, x, of the generator current start with respect to the
internal shell injection. The optimum T were expected to be in the range T = 50-250 \AS.,
which corresponded to the shell mass mL = 2-40 |.ig/cm.
Optimized C-pinch regimes were characterized by a narrow single-peak above-1 keV
X-ray pulse, axial core preradiation on the streak photos (Fig. 9b), and tight homogeneous
image of the PRS on time-integrated X-ray pictures (Fig. 9c). Besides, for all the axial core
materials used a higher X-ray power was achieved in this scheme, when compared with "pure"
or near-liner regimes as well as the EW regime. Optimum delays, T = 100-200 j.is (mean
initial density in the range 5xl0 1 5 -5xl0 1 6 cnr 3 ), correlated well with the model predictions.
Shots from the central region on the diagram of Fig. 9a correspond in the experiment to the
clearly apparent C-pinch effect (better spatial and temporal homogeneity of the source, etc).
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Time-resolved X-ray spectrum in the optimized Ar/Ni C-pinch indicated also successful
heating of the Ni plasma. Intense radiating Ni K-shell lines and practical absence of the Ar Kshell radiation in the spectrum indicate efficient energy transfer from the external plasma layers
towards the axial core.

CONCLUSIONS
In conclusion, this paper overviews several aspects of the POS and Z-pinch physics
which would have a considerable impact to the Syrinx project. These two elements are
considered to be the most critical in the project and require further detail scientific examination.
In particular, reliable scalings of the conduction and opening time, as well as of the POS
resistance are required to scale the POS operation to higher power levels. Analysis of MAG-1
data proposes already some scaling relations for the conduction and opening phases. Plasma
density measurements on GIT-8 reveal some new features of the POS resistance formation in
high-density regime of the switch operation. Our Z-pinch study allowed us to introduce a
concept of the Composite Pinch. First attempts on the modeling of this scheme were based on
the assumption of disruptions of the current in the C-pinch plasma. Controlled plasma
instabilities are shown to lead to a staged efficient current transfer from the external plasma
layers towards the internal radiating core. Proper choice of initial parameters allowed higher
radiated power, easier X-radiation spectrum control, spatial and temporal homogeneity of the
final collapse. Finally, our POS and Z-pinch research programs are closely connected; both of
them are oriented to better understanding of the current transfer mechanisms in complex IES
plasma systems.
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