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Abstract – The experiments with an argon multiple
shell gas puff z-pinch at microsecond implosion
times were performed on the GIT-12 generator.
The implosion dynamics was inferred from current
and load voltage traces. Plasma electron tempera-
ture was measured by a ratio of x-ray detector re-
sponses. The results are discussed from viewpoint
of argon K-shell production at a microsecond im-
plosion time regime.

1. Introduction

Bright K-shell (hν ≥ 1 keV) plasma radiation sources
are conventionally based on a z-pinch implosion
driven by a fast (τ ≈ 100 ns) pulsed power generator
[1]. Slower generators, for example, a microsecond
capacitor bank, potentially have lower cost, less tech-
nical complexity and high efficiency of conversion of
the stored energy to the plasma kinetic energy. How-
ever, on such generators a large initial radius r0 > 4 cm
should be exploited in order to provide a specific en-
ergy per ion Ki [2] sufficient to ionize plasma into K-
shell and excite the K-shell electrons. Some experimen-
tal and theoretical results (see, for example, [3, 4, 5, 6])
have shown that the high initial radius implosions are
strongly affected by Rayleigh-Taylor (RT) instabili-
ties. The instabilities can result in plasma sheath break
up in the course of implosion that prevents a tight
plasma pinch formation in the final implosion stage
and efficient K-shell radiation production.

Tight plasma pinches could be produced and es-
sentially better radiation performance could be at-
tained using a staged z-pinch such as a double shell
[7] or multiple shell [8] z-pinch. The neon K-shell
yield observed on a microsecond capacitor bank with
a double z-pinch can reach the typical neon K-shell
yield values for a fast generator [9].

The paper presents results of experiments on argon
K-shell (hν ≈ 3÷4 keV) radiation production, which
were performed on the GIT-12 pulse generator oper-
ating in a microsecond mode. The experiments were
carried out with argon multi-shell gas puffs (shell-on-
shell-on-solid-fill)) with the length of 1.8 cm. Two
concentric annular gas jets had diameters of 16 cm
(outer shell) and 8 cm (middle shell). The inner on-
axis solid fill had the diameter of 2.2 cm. The load
scheme, experimental results on K-shell yield and
implosion stability can be found in accompanied pa-

pers [10, 11]. This paper concentrates on plasma tem-
perature measurements and comparison of snowplow
calculated implosion dynamics with experimental one.

2. Motivation of the Nozzle Parameter Choice
The GIT-12 generator was redesigned for direct drive
microsecond implosion experiments. In this mode the
generator delivers 4.7 MA current with a rise time of
1.6 µs on a short-circuit load. The GIT-12 installation
is composed of 12 modules and a central collector
with a load unit. Each module consists of nine parallel
Marx generators, a vacuum insulator, a vacuum coax-
ial line connecting the module to the central collector.

The implosion time was chosen to be close to 1 µs,
since microsecond implosion experiments on K-shell
radiation production was the point of interest.

The outer shell initial diameter was chosen to be
16 cm. According to snowplow calculations, this al-
lows reaching a specific energy per argon ion
Ki ≈ Emin = 38 keV/ion [2] at the implosion time of
0.7÷0.9 µs for reasonable ratios of the shell masses.
The energy Emin is an energy per ion required to ionize
argon atoms up to the K-shell and to heat the electrons
up to the optimum K-shell emission temperature [2].
This approach assumes that conversion of the kinetic
energy to plasma thermal energy in the final stage of
implosion is the only mechanism responsible for
plasma heating. Of course, it is preferable to have the
energy Ki higher than Emin in order to have some en-
ergy reserve for radiation production. A number of
experiments with single shell z-pinches have shown
that the highest K-shell yield was observed at
Ki ≈ (1.1÷1.4) Emin [12, 13] when the experimental
conditions correspond to I 

4 K-shell radiation scaling.
The middle and inner shell diameters were chosen

to be approximately the same as in the experiments
with a double shell z-pinch on the GIT-12, performed
with a plasma opening switch at current rise time of
300 ns [14]. The middle shell diameter was 8 cm,
while the inner shell was a solid fill with the outer
diameter of 2.2 cm.

The reasons of such choice of the shell initial di-
ameters were based on two opposite points of view.
These viewpoints are not evidently true and introduce
a number of simplifying assumptions. The first as-
sumption is that the outer shell, which is surely
affected by Rayleigh-Taylor instabilities, could be
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stabilized by a middle shell due to snowplow stabili-
zation [15, 16]. Further in the course of implosion the
plasma sheath composed of the outer and middle shell
could be stabilized by the inner shell. In this case the
implosion dynamics should be described well by a
snowplow model.

It seems to be reasonable to place a middle shell
just on a half way of the outer shell. Such configura-
tion allows reduction both the outer shell path (i.e.
traveled distance) and the joined outer and middle
sheath path. The reduction of the sheath path should
decrease the instability level in the sheath. For exam-
ple, in the linear approximation the e-folding number
of RT instabilities Г ∝ ∫g0.5dt ∝ g0.5τ ∝ s0.5, i.e. the
shorter is the shell pass s, the lower is the instabilities
level (here g – acceleration of the shell, τ – implosion
time). Moreover, the amplitude of perturbation ξ
seems to be proportional to the traveled distance in the
nonlinear stage of the RT instability: ξ ∝ gt2 ∝ s (see,
for example, [17]).

Another point of view takes into account a possi-
bility of current switching from the outer shell to the
middle shell. The switching could be provided by the
following: 1) "anomalous" resistance of the outer shell
plasma caused by a low plasma density of the shell as
a whole [18] or local density reduction due to insta-
bility development [19]; 2) a break up of the sheath
and consequent plasma flow switching due to strong
nonlinear RT instability development [5] or due to
perturbation near the nozzle, which could be a result
of angular divergence of the gas puff [9] (a conven-
tional gas puff looks like a truncated cone); 3) reduc-
tion in the plasma conductivity due to dense cold va-
pors of the electrode material near the electrode [20]
or due to heat losses to the massive electrode itself,
that could be more pronounced for microsecond time
implosions. If the current switching from the outer to
middle shell could occur, then the middle shell to-
gether with the inner shell could be considered as a
double shell z-pinch driven by a faster (in comparison
with 1 µs) generator. Our previous experiments with
an argon double puff on the GIT-12 generator [14] at
the current rise time of 300 ns (an opening switch was
used) have demonstrated that K-shell yield as high as
1.1 kJ/cm can be attained when middle and inner shell
diameters were 8 and 1.6 cm, respectively. Therefore,
it seems quite reasonable to use approximately the
same middle and inner shell radii in order to reach
high argon K-shell yield.

The outer Mo, middle Mm and inner shell Mi
masses were varied in the course of the experiments to
find out a better K-shell radiation performance. De-
pending of the total puff mass the implosion time was
varied from 550 to 950 ns resulting in peak current
variation in the range 2.2÷3.4 MA.

The estimation of the gas mass injected into the
interelectrode gap was based on the pressure meas-
urements upstream of the nozzle critical cross-section

with the use of a piezoelectric gauge. Prior to a shot,
the pressure measurements were carried out. Time
dependencies of the pressure were recalculated to the
gas puff masses by the method described in [21].

3. Diagnostics

The diagnostics included B-dot probes and an induc-
tive divider for the load current I and the load voltage
U measurements, respectively. The time dependence
of the load inductance L(t) and the mean current radius
r(t) were estimated from relations: L(t) ≈ ∫U dt / I and
L(t) = L0 + (µ0 l / 2π) ln (r0 / r(t)), neglecting an active
resistance contribution to the load voltage U. Here r0
is the outer shell initial radius, L0 is the inductance of
the region between the initial outer shell position and
the return current conductor, l is the z-pinch length.

The pinch image in the final stage of implosion
was registered by a time-integrated pinhole camera
with filters transmitted efficiently argon K-shell x-
rays. The argon K-shell yield and power were meas-
ured by two PCDs. The first one (PCD1) was filtered
by 3 µm Pd + 10 µm polypropylene; the second one
(PCD2) was filtered by 6.35 µm Ti + 10 µm polypro-
pylene. An x-ray diode (XRD) with aluminum cathode
filtered by 2 µm kimfol + 0.2 µm aluminum was used
to register softer x-rays. The main contribution to
XRD response is determined by the argon L-shell ra-
diation. The detectors sensitivities are shown in Fig. 1.
The mica convex crystal spectrograph was used to
observe K-shell argon spectrum.
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Fig. 1. The x-ray detector sensitivities and an argon spec-
trum calculated by collisional radiative model to show the 

positions of the most important K-shell and L-shell lines

4. Technique for the Plasma Electron Temperature
Estimation

The diagnostic set allows estimation of the electron
temperature of the plasma pinch. First, the K-shell
power Pk, the time-integrated K-shell radiating pinch
radius rk and the time-integrated He-α to Ly-α line
ratio can be measured. These data allow performing
the electron temperature and ion density measure-
ments in a fashion proposed in [22]. Following the
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method, collisional radiative equilibrium (CRE) model
calculations are performed for a uniform plasma col-
umn with the radius rk to fit experimental values of Pk

and He-α to Ly-α line ratio. The calculated ion density
and electron temperature of a uniform plasma column,
which provide this fit, are supposed to be some aver-
aged parameters of the real plasma.

Second, the electron temperature can be estimated
from the ratio of PCD's signals. Due to a sharp Pd L-
edge cutoff at 3.17 keV, the second PCD registered
net argon He-α line radiation, while the first PCD was
sensitive to all K-shell lines and continuum (Fig. 1).
The CRE model [23] calculations were carried out for
a range of reasonable values of ion densities and
plasma column radii. The ratio of He-α line power to
the total K-shell radiation power was shown to be
0.85÷0.88 at the electron temperature of 500÷900 eV
(Fig. 2).
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Fig.2. Argon K-shell radiation power Pk and ratio of He-α
line power P(He-α) to the K-shell power Pk calculated by
the CRE model at ion density of 2.4⋅1019 cm–3 and plasma 

column radius of 0.1 cm

Third, the ratio of PCD response to XRD response
is sensitive to the plasma electron temperature, be-
cause the PCD observes only K-shell emission, while
the XRD response is conditioned mainly by the argon
L-shell radiation. The responses of the XRD and
PCD1 were calculated using the CRE model [23]
spectrum and detector's spectral sensitivities (Fig. 1).
The experimental geometry was taken into account.
The calculations were performed for plasma column
radii of 0.1÷0.3 cm and column line masses of
50÷100 µg/cm. These values were expected to be
typical in the experiments. The temperature depend-
ence of the PCD1 to XRD response ratio was calcu-
lated to be a weak function of the column radius and
the line mass. The plot of the electron temperature vs
ratio of PCD1 to XRD responses is shown in Fig. 3.

The calculated ratios for each temperature value
were averaged, and then the temperature dependence
of the detector's response ratio was approximated by
an analytical expression. The expression does not in-
troduce an error more than 15% in the temperature
range of 400÷1000 eV. The time dependence of the
electron temperature can be determined using the ex-

perimental XRD and PCD traces and the analytical
expression obtained.
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Fig. 3. The electron temperature vs ratio of PCD1 to XRD
responses

5. Experimental Results

The shell masses were varied in the experiments to
reach a tight final pinch and to find out the better K-
shell radiation performance. The final pinch with a
diameter of 1.8 mm was formed at outer/middle/inner
masses Mo:Mm:Mi of 50:110:50 (µg/cm) [10, 11]. The
K-shell yield of 500 J/cm was registered that is ap-
proximately twice lower than the K-shell yield pre-
dicted by the two-level model [24] for a maximum
current of 2.4 MA and a pinch radius of 0.1 cm.

Only weak He-α line was observed in the experi-
mental spectrum in this shot. This did not allow appli-
cation of the method [22] for electron temperature and
ion density measurements. The PCD2 response was
only 10÷15% higher than PCD1 response multiplied
by the ratio of PCD2 to PCD1 sensitivity for the He-α
line (Fig. 4). These results give clear evidence that the
electron temperature was in the range of 500÷900 eV.
Such electron temperature is low for efficient K-shell
radiation production. Indeed, 2-fold increase in the
electron temperature from 700 eV to 1400 eV results
in approximately 10-fold increase in K-shell power
(Fig. 3).
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Approximately the same electron temperature
(650÷700 eV) was inferred from the ratio of PCD1 to
XRD responses (Fig. 5). The electron temperature was
determined in the range where the PCD1 response
exceeds a threshold corresponding to 10% of its peak
value. According to the CRE calculations the argon
plasma ion density should be 1.8⋅1019 cm–3 at this
value of the electron temperature to provide the meas-
ured peak K-shell power of 28 GW/cm. That corre-
sponds to the K-shell radiating mass of 30 µg/cm.
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Fig. 5. PCD1 and XRD traces, the time dependence of the
electron temperature Te for the shot with the K-shell yield of

500 J/cm

The PCD1 and XRD responses, and the electron
temperature Te are shown in Fig. 6 for a shot with
higher z-pinch mass. The outer/middle/inner masses
Mo:Mm:Mi were 150:70:150 (µg/cm). The electron
temperature does not exceed 540 eV. The low electron
temperature resulted in a low K-shell yield of
100 J/cm. The absolute time scale in Fig. 4, 5 and 6
does not relate to onset of the generator current.
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Fig. 6. PCD1 and XRD traces, the time dependence of the
electron temperature Te for the shot with the K-shell yield of

100 J/cm

The experimental traces of generator current I,
load voltage U and load inductance variation ∆L =
= L(t) – L0 are shown in Fig. 7. The current sheath radius
r(t) obtained from time variation of the inductance is
shown in Fig. 8 together with a z-pinch radius rsp(t) cal-

culated by the snow plow model for the shot with the
K-shell yield of 500 J/cm. The time scale in Fig. 7 and
Fig. 8 starts at the onset of the generator current.
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Fig. 7. Generator current I, load voltage U and load induc-
tance variation ∆L = L(t) – L0 for the shot with the K-shell 

yield of 500 J/cm
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Fig. 8. Comparison of experimental current sheath radius
r(t) with calculated one rsp (t). The calculated implosion 

velocity Vsp and experimental PCD1 trace are also shown

In spite of complexity of the implosion process,
the experimental radius r(t) is consistent with the
snow plow calculation radius until the last 5 mm of
the implosion. To obtain this fit, the shell masses in
the calculation were reduced only by 10% relatively to
that ones measured by pressure gauges.

The most important discrepancy between rsp(t) and
r(t) is observed at the radius less 0.5 cm. The experi-
mental dynamics evidently exhibits slowing down
of the current sheath, while calculated radius rsp(t)
continues to decrease with a rising velocity. The
snow plow calculated implosion velocity reaches
4.8⋅107 cm/s at the 10-fold inner shell compression.
This velocity value corresponds to the kinetic energy
per ion of 1.3 Emin, that should provide plasma ioniza-
tion into K-shell and efficient excitation and emission
of the K-shell electrons. The maximum velocity in-
ferred from the experimental radius r(t) does not ex-
ceed 3.5⋅107 cm/s and kinetic energy per ion is signifi-
cantly lower than Emin.
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6. Discussion and Conclusion Remarks

The slowing down of the current sheath was observed
in microsecond implosion time experiments at the cur-
rent level of 7÷12 MA [3]. In those experiments carried
out with a thin aluminum foil mounted at the initial
radius of 7 cm, the shell deceleration became evident
at the radius of 1.5 cm. The diameter of the plasma
pinch in the spectral range above 1 keV was measured
to be 0.5÷2 cm. X-ray yield as low as 0.5÷2 kJ/cm
was obtained in the spectral range hν ≥ 1 keV.

The plasma deceleration in the final implosion
stage is mostly determined by the high amplitude in-
stabilities developing in the course of the implosion.
Both the instability development and electrode abla-
tion can cause a residual plasma breakdown and for-
mation of a secondary current path at the radius of few
centimeters [3]. This current shunting can reduce the
energy delivered to the plasma pinch.

The multiple gas puff shell z-pinch exhibits the
slowing down at the smaller radius of 0.5 cm, perhaps
due to higher implosion stability. Nevertheless, the
observed sheath deceleration still limits the energy
delivery to the plasma pinch. As a result, the electron
temperature is rather low (≈ 700 eV) that leads to the
low argon K-shell yield of 500 J/cm, in spite of the
fact that a tight K-shell radiating pinch with the di-
ameter of 0.18 cm is obtained.

Thus, the experimental results have shown that the
final implosion velocity was overestimated in the pre-
liminary snow plow calculations, which were used to
choose the multiple shell z-pinch initial radii. It seems
reasonable to increase the initial radius of the outer
shell by ≈ 20÷30% to provide higher final velocity and
higher electron temperature of the plasma pinch. That,
in its turn, should provide higher argon K-shell radia-
tion yields at the microsecond implosion time regime.
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