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1. Introduction

The soft X-ray (46.9 nm) Ar+8 lasers based on capillary discharge Z-pinch plasmas require the
excitation pulses with short (a few hundred ns) periods and high (a few tens kA-s) amplitudes. Such
pulses are usually produced by high-voltage (up to ~ 800 kV) Marx generators in a C-C charge-
transfer scheme. The Ar*® lasers can operate by using the capillary Z-pinch pulses with lower
amplitude (I ~ 10 kA) and shorter (T/2 ~ 100 ns) current half-periods produced, for instance, by an
impulse transformer driven by a high-voltage Marx-generator. Our goal is the development of
compact soft X-ray lasers excited by the low current (Imin < 10 kA) and low charge-voltage (U < 100
kV) pumping systems [1, 2]. Our MHD simulations, which are based on a one-fluid, two-temperature,
one-dimensional magneto-hydrodynamic model [3, 4] of capillary Z-pinch discharges and atomic
kinetic code, showed that the low current and low charge-voltage could be sufficient for the
achievement of the mirror-less lasing. One of our pumping systems (transformerless system), does
use a double Z-pinch directly produced by the Marx-generator in the three-electrode longitudinal
discharge (double capillary channel). Another pumping scheme is based on the use of an impulse
transformer without using the high-voltage Marx generator for the transformer primer circuit. The
present study describes preliminary results of the theoretical analysis, development, and experimental
investigation of these two pumping schemes. Properties of the laser-plasma channels have been
analyzed by using our MHD simulations based on the aforementioned one-fluid, two-temperature,
and one-dimensional magneto-hydrodynamic model and atomic kinetic code for different parameters
of the pumping scheme.

The investigation of wake-field acceleration of electrons by laser pulse in plasma waveguides
produced by capillary Z-pinch has been conducted in [5, 6]. In this paper, we present a theoretical
investigation of the wake-field acceleration of electrons by CO2-laser pulse with a wavelength of
10.6pm and input peak intensity of >10'°> W/cm? in transient hydrogen-plasma waveguide produced
by the capillary Z-pinch.

2. Atomic kinetic code and magnetohydrodynamic model
Refraction-reduced (effective) laser gain is given by

A (%) _Fw ne (1)
Geff - 87Z'A/1 Ajl(niu niI g| r nec ’
where Aul is the radiation decay rate, gun is the statistical weight of the upper/lower energy level, Feyi

is the geometrical factor and ne° is the critical electron density. Balance equations of the ion energy
levels read
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where Cim®™ and Cni® are the excitation and de-excitation coefficients. The simplified formula of
escape factor E(tkm) at txm Optical depth is given by

E :1—ﬂ’1j_xx e (1—exp[- 7., exp0 [~ x* JHix. (3)
The plasma parameters for the atomic kinetic code were calculated by using the magneto-
hydrodynamic equations (4-9):
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where ne and n; are the electron and ion densities, vr is the plasma radial velocity, Jz is the axial current
density, A is the axial vector potential, p is the plasma pressure, g IS the stress tensor, g'i and g are
the radial ion and electron a heat flows, Qi and Qe are the heating power densities of ions and electrons.

3. Soft X-ray Ar*8 laser by capillary, low-current, double Z-pinch
In the argon-filled capillary, the soft x-ray (A = 46.9 nm) Ar*8 lasers excited by the two-electrode Z-
pinch discharge with the short (a few hundred ns) periods and high (a few ten kA-s) amplitudes have
been investigated in the last years. In the present study, the soft x-ray Ar*® laser pumped by the three-
electrode Z-pinch discharge in the double capillary channel was modeled and experimentally
investigated.

The experimental set-up, laser scheme, and diagnostics are shown in Figs. 1. The six-stage
Marx generator (Co ~ 5 nF) produces ~200 kV output voltage. The water dielectric capacitor (C1 =
4.4 nF) is connected to the Marx generator through the inductance coil (L ~ 6uH). The two Ar*é-
plasma channels were generated inside the 3 mme-inner-diameter alumina capillary during the
discharge of Ci1 switched by the water spark gap (SG).
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Fig.1

Photo (a) and scheme (b) of the laser experimental set-up and diagnostics of Ar*¢ laser.
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The pumping (I ~ 8 kA, T/2 ~ 175 ns) and pre-ionization (I ~ 20 A, trc ~ 5 us) electric currents
flowing through the double plasma channel (21p = 2 x 18 cm) were measured by Rogowsky coils.
Soft X-ray emission was detected by a fast vacuum X-ray photodiode (XRD).

The examples of pumping currents (I ~ 8 kA, T/2 ~ 175 ns) flowing through the two plasma
channels of the double Z-pinch discharge are shown in Fig. 2 (a).
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Fig.2

(a) The pumping currents in the two plasma channels. The modeled (b) and experimental (c) laser beams.

Figure 2 also demonstrates the modeled (b) and experimental (c) intensity distributions in the Ar*e-
laser beam. The relatively low intensity of the laser beam (c) is attributed to the asymmetries and
fluctuations of the pumping currents (Fig. 2 (a)) in the two plasma channels.

The computer simulations and experimental results have shown that the low inductance of the
double plasma channel provides the pumping currents with shorter amplitudes for more effective
pumping of the capillary Ar*8-lasers. While the fluctuations and asymmetries of both the pre-
ionization and main-pumping (Fig. 2 (a)) currents in the plasma channels impose limits on the
stability of the three-electrode Z-pinch and the laser output.

4. Soft X-ray Ar*® laser using impulse transformer

The Ar*® lasers can operate by using the capillary Z-pinch pulses produced by impulse transformers
driven by the high-voltage Marx-generator. In the present study, the soft x-ray Ar*8 laser is pumped
by the Marx-less system that uses the 1:4 auto step-up impulse transformer. The energy was stored
by a capacitor with the stored energy E ~100J. In the case of 15-25 kV primary-winding voltage,
under optimal conditions, we achieved 90-100 kV output pulses with current-amplitude ~8 kA and
rise-time ~80ns.
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Fig.3

The (a) and (b) photos of the pumping system based on the use of impulse transformer. (c) The pumping current.

The experiments with the pumping system based on the use of an impulse transformer showed
that the pumping power is not sufficient for the laser operation. Our new ~ 3 times-more-powerful
transformer-based system is shown in Fig. 4. The experiments with the new system are in progress.
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Fig.4

The scheme (a) and photo (b) of our new more powerful pumping system based on the use of impulse transformer.

5. Wakefield acceleration of electrons in plasma-waveguides produced by capillary Z-pinches
The waveguide properties of the capillary Z-pinch plasma were obtained from space and frequency-
dependent wave equation that combines the attenuated charged particle inertia and the light wave
effects in the plasma for the ideal Gaussian laser beam. For a simulation of the temporal and spatial
evolution of plasma variables during the capillary discharge, we used our MHD model complemented
with atomic data of hydrogen. For a simulation of the wake-field acceleration, we used the particle-
in-cell (PIC) model of acceleration of electrons combined with the MHD model. The model can be
summarized as follows. Newton’s 2nd law for j-th electron with relativistic correction is given by

9 (m,y19,)-F (10)
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where me is the electron rest mass, ” _(1 Ve €] s the relativistic factor, and F =Fe *Fris the
force acting on electron. It is superposition of two most dominant electric and ponderomotive forces:
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2 = 2
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Here, E=-VU is the electric field caused by charge separation, E. s the electric field amplitude of

laser and ax is the central angular frequency of laser pulse. Electric field caused by charge separation
can be obtained from Poisson’s equation

-V =pleg, (12)
where p = <Z>eni— ene is the charge density. In the discrete case of PIC model, the expression in
bracket can be written as follows
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where % and %' are the positions of j-th electron and ion. Combining these equations, we get the
system of equations of density perturbation model that includes the following equations
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The evolution of the electron density and energy gain during the acceleration was computed by using
the PIC model for different wave-guiding regimes, which occur at the propagation time of 0-10 ps
(Fig. 5). The studies were conducted for the input peak intensity of 10W/cm?. The peak value of the
Z-pinch current pulse, half-cycle duration, and the initial gas pressure were set to 10 kA, 100 ns, and
1.1 mbar, respectively.
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(a) The maximum electron energy vs time. (b) The energy and spatial distribution of electrons at 9 ps.
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Simulations demonstrated the repetitive focusing and defocusing patterns with intensity increase at
the focal points. The quasi-synchronization of the electron energy maxima with the inflection points
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between peaks of the intensity of the guided laser beam was demonstrated. The effect can be used for
the optimization of the electron acceleration in plasma waveguides produced by the capillary Z-pinch.

Summary

The soft x-ray Ar*® lasers and wake-field electron accelerators in the low-current capillary Z-pinches
have been investigated theoretically and experimentally. The presented studies showed that the low
inductance of the double plasma channel provides the pumping currents with shorter amplitudes for
more effective pumping of the capillary Ar*8-lasers. While the fluctuations and asymmetries of both
the pre-ionization and main-pumping currents in the plasma channels impose limits on the stability
of the three-electrode Z-pinch and the laser output. The experiments with the low-power pumping
system based on the use of an impulse transformer showed that the pumping power is not sufficient
for the laser operation. The experiments with our new ~ 3 times-more-powerful transformer-based
system are in progress. Our computer simulations of the wake-field electron accelerators in the low-
current capillary Z-pinched demonstrated the repetitive focusing and defocusing patterns with
intensity increase at the focal points. The synchronization of the electron energy maxima with the
inflection points between peaks of the intensity of the guided laser beam was demonstrated. The effect
can be used for the optimization of the wake-field electron acceleration in plasma waveguides
produced by the capillary Z-pinch.
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