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Feasibility of a nitrogen-recombination soft-x-ray laser using capillary discharge Z pinch
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Capillary discharge Z pinches have been shown to be efficient drivers for x-ray lasers (XRLs). In this work
we examine the possibility of realizing a H, nitrogen recombination laser (3—2 transition) at
A=13.4 nm, using a capillary discharge Z pinch. A pulsed power generator with 60 kA peak current and 70 ns
quarter period have been used to generate Z-pinch plasma in a 90-mm-long and 5-mm-diameter capillary. The
plasma conditions were evaluated experimentally, using a filtered x-ray diode detector and time-integrated
spectroscopy. The conditions required for the XRL were analytically estimated based on simple steady-state
rate equations and then compared to experimental results. We demonstrated above 10% N’* abundance at
pinch time, while at least 50% is required. Then, in the expansion phase, the plasma is cooled in a time less

than 5 ns to temperatures below 60 eV, as needed for the recombination laser. These results suggest that the
required conditions for nitrogen-recombination lasing could be achieved in a capillary discharge Z pinch, but

a higher-power driver might be needed.
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I. INTRODUCTION

Coherent soft-x-ray radiation can be used in a wide range
of applications: high-resolution imaging and microscopy
[1,2], lithography [2,3], time-of-flight spectroscopy with
single-photon ionization [4], etc. There are several ways of
realizing coherent soft-x-ray radiation: a soft-x-ray laser in
highly ionized plasma [5,6], harmonic up-conversion of a
high-power optical laser [7,8], synchrotron radiation [9], and
the x-ray free electron laser (XFEL). In this paper we focus
on achieving x-ray lasers (XRLs) by population inversion in
multiply ionized ions.

There are primarily two different schemes for realizing
XRLs, which differ in their pumping mechanisms. One
scheme is based on collisional excitation in Ne-like or Ni-
like ions [10]. This scheme was first demonstrated by Mat-
thews et al. in 1985 at A =20 nm (3p — 3s transition of Ne-
like selenium) [5]. The second scheme is based on three-
body recombination in highly ionized plasma, as was first
realized by Suckewer et al. in 1985 at N=18.2 nm (H,, line
of H-like carbon) [6].

In order to realize lasing in the three-body recombination
scheme, there are two essential stages: plasma heating to the
appropriate ionization level and then a fast enough cooling
to escape thermal equilibrium. The nonequilibrium nature
of the rapidly cooled plasma (faster then the three-body re-
combination rate) allows the three-body recombination of
ions in the highest ionization level achieved in the heating
phase to be dominant even at low temperatures. In such
plasma, population inversion can be achieved (as will be
further explained in the following sections) between the
quantum level of the collision limit and the level below it.
Slow cooling, through thermal equilibrium, will deplete
the population of the highly ionized plasma, and high tem-
peratures will eliminate the population inversion through
thermal excitation to the lower lasing level. As can be under-
stood, the difficulty in realizing three-body-recombination la-
ser lies in achieving the rapidly cooled nonequilibrium
plasma. The advantageous property of the recombination
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scheme is that the lasing occurs between two levels with
different principal quantum numbers, An=1. The lasing tran-
sition energy is given by AE=R, Z*[n"2~(n+1)7%], where R,
is the Rydberg constant and Z is the ionization degree. Un-
like the recombination scheme, in the collisional excitation
scheme the laser transition is between two levels with differ-
ent angular momentum A/=1, with a transition energy of
AE=2.7(Z-8) eV [10]. Therefore for a given ionization en-
ergy a shorter-wavelength laser can be obtained with the re-
combination scheme. This gives a strong motivation for
implementing a high-gain-length recombination XRL.

To generate the highly ionized plasma needed for the
XRL, there are two possible power drivers: high-power la-
sers [5,6,11,12], and electrical discharge Z pinch [13-16].
The use of capillary discharge Z pinch as a driver was first
proposed for the recombination laser by Rocca ef al. in 1988
[17]. In their system a high-current pulse (=20 kA) with a
fast rise time (dI/dt=0.5 kA/ns) flows through a carbon
capillary and ablates the inner capillary wall, thus producing
carbon plasma. The current through the plasma column pro-
duces an azimuthal magnetic field which compresses the
plasma to the axis. At the pinch time (time of maximum
compression), most of the plasma’s kinetic energy thermal-
izes, producing a narrow column of hot dense plasma (7,
=50 eV and N,=5X 10'8cm™3). In these experiments stimu-
lated emission of the H, line at A=18.2 nm has been ob-
served with a gain length up to 5 (g=<3 cm™!), but saturation
was not achieved [16,18,19]. The major drawbacks in the
ablative capillary discharge Z-pinch apparatus are a rela-
tively short capillary (<4 c¢m), which limits the gain length,
and low reproducibility [20]. These drawbacks originate
from the high voltage needed for surface breakdown and the
poor reproducibility of the surface breakdown in the carbon
capillary.

Gas-filled capillary discharge Z pinches do not suffer
from these drawbacks, and regularly produce long (up to
45 cm), narrow (r,<0.1rg), and stable plasma columns
[14,15,21]. Capillary Z-pinch experiments have been used
successfully for Ne-like argon and collisional excitation
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XRL at A\=46.9 nm [13,14], producing up to E=0.88 mJ per
pulse with 4 Hz repetition rate [21].

In this work we studied the theoretical and experimental
requirements needed for the H-like nitrogen H, recombina-
tion laser at A=13.4 nm, using a gas-filled capillary dis-
charge Z pinch. The capillary discharge Z pinch apparatus
has been shown to be capable of producing the required hot
plasma conditions with a reasonable power driver. We also
expect that the required cooling time period and cold plasma
temperature can be realized through the hydrodynamic cool-
ing generated by the rarefaction wave reflecting from the
outer surface of the compressed plasma column moving to-
ward the center. By simple estimations (which are beyond
the scope of the current paper), other cooling mechanisms
relevant to the Z-pinch process, such as heat conductance to
the walls from the plasma column, were found to be negli-
gible.

The main goal of this work is to compare experimental
measurements on a fast (dI/dr=0.85 kA/ns) capillary dis-
charge Z-pinch plasma system to the required plasma condi-
tions. Since the exact cooling time and final temperature
achieved through the rarefaction wave cannot be easily mod-
eled, fast diagnostics were implemented, focusing our mea-
surements on the cooling stage.

Further support to our claim is shown in [22,23] through
magnetohydrodynamic (MHD) calculations and gain estima-
tions for our experimental apparatus, predicting maximum
gain of 2 cm™'. Since these calculations do not take into
consideration all the physical effects, such as wall current, an
experimental approach is needed to find the required pulsed
power performance. In this paper we show that the required
cooling time and the cold plasma temperature are appropriate
for the recombination laser. On the other hand, the electron
temperature at the pinch time (maximum temperature) is not
sufficiently high to achieve the required fully stripped nitro-
gen abundance. In Sec. II we derive the required laser pa-
rameter and describe the Z-pinch dynamics. In Sec. III we
describe the experimental apparatus and diagnostics. In Sec.
IV we compare the required laser parameters (Sec. II) to our
measurements.

II. THE REQUIRED PLASMA AND z-PINCH CONDITIONS

In the three-body recombination process N’ +2e— N
+e, one electron is captured by the ion and a second electron
gains the energy and momentum difference [10,24]. The rate
of this process is proportional to N>T7,% [10,24], where N, is
the electron density and 7, is the electron temperature. The
captured electron is collisionally deexcited down to a spe-
cific level—the “collision limit.” Levels above this limit are
collisionally coupled to the continuum and levels below it
are radiatively coupled to the ground state due to spontane-
ous decay (see Fig. 1). The collision limit is defined as the
level for which the spontaneous decay rate is equal to the
rate of collisional deexcitation into that level. As the electron
temperature or density decreases, the collision limit in-
creases.

The recombination laser is inherently a non-steady-state,
time-dependent process. At the first stage the plasma is
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FIG. 1. (Color online) Simplified Grotrian diagram of H-like
nitrogen showing the processes responsible for the generation of
population inversion between the n=3 and n=2 levels in the
13.4 nm (H, line) N®* recombination laser.

heated and the ions are highly ionized; then the plasma is
cooled and the three-body recombination becomes the domi-
nant process. At this stage electrons recombine and deexcite
into the collision limit level (n,,), while the lower laser level
(nym—1) rapidly depletes due to spontaneous radiative decay.
As a result, a population inversion occurs between ny;,, and
ny,—1. Since we are interested in the H-like nitrogen-
recombination laser, at least 50% of the ions should be fully
stripped (N7*) at the heating stage [10]. The relation between
the ionization abundance and the electron temperature was
calculated using a set of steady-state rate equations including
collisional ionization, three-body recombination, and radia-
tive recombination from the ground state [10,22]. This cal-
culation indicates that an electron temperature above 140 eV
is needed.

For the required electron density there are two contradic-
tory requirements. On the one hand, high electron density is
needed for the dominance of the three-body recombination
process. On the other hand, a low electron density and low
electron temperature are needed to reduce collisional and
resonant excitation into the lower lasing level (n=2), de-
stroying the population inversion. The population inversion
was estimated by examining the steady-state rate equation of
the lower lasing level [10], and thus finding the ratio N,/Ns.
Equation (1) is the steady-state rate equation, which includes
collisional excitation (X,,), deexcitation X,,;, and spontaneous
decay (A,;), where [ represents the lower level and u the
upper level. The steady-state assumption is justified as long
as the rate of depletion of the free electron reservoir and the
rate of cooling are slow compared to the atomic processes
time scale. In addition, optically thin plasma was assumed,
i.e., negligible reabsorption. In [22] Varb er al. have calcu-
lated the nitrogen level dynamics, using MHD and the FLY
atomic code. These calculations show negligible difference
due to opacity. These results were also verified in our calcu-
lations using the FLY code.
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FIG. 2. (Color online) Inversion factor for various different elec-
tron densities and electron temperatures. The white line differenti-
ates between a positive inversion factor (below it) and a negative
inversion factor (above it). An N;=10*N; ratio was used to calcu-
late the inversion factor.
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In order to calculate the inversion factor using Eq. (2), we
postulated a constant ratio between the populations of the
upper lasing level and the ground state (N;/N3). This ratio
represents how many of the ions are initially fully stripped,
i.e., a higher ratio corresponds to a lower electron tempera-
ture at the pinch time. This is expected since as the electron
temperature rise the abundance decreases and the ratio de-
creases. In [22,23] a ratio of 10 was calculated for an elec-
tron temperature of ~140 eV. Since the inversion factor de-
creases for higher N,/Nj ratio (lower electron temperature at
the pinch time), we used the severe case of N;=10*N;.

_ 83N X3+ (N/N3)N X5+ Az
82 N X3+ A

The inversion factor given in Eq. (2) was calculated for a
wide range of electron densities and temperatures as shown
in Fig. 2. The white line follows F=0, so a positive inversion
factor corresponds to plasma conditions below that line. Fig-
ure 2 indicates that for positive gain the electron density
should be below 10?° cm™ and the electron temperature
should be below 60 eV. At electron temperatures above
60 eV the collisional excitation from the ground state into
the lower laser level will destroy the population inversion.
These conclusions are almost independent of the ratio N;/ N3
we postulated, but the absolute value of the gain does depend
on this ratio.

The cooling rate should be fast enough not to deplete the
population of totally stripped ions. Therefore the hydrody-
namic cooling rate must be faster than the three-body-
recombination rate, i.e., AtngéR%5 ns [12,25].

F=1

(2)
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FIG. 3. (Color online) The pinch radius-time schematic map.
Each color represents a different stage of the pinch and a different
temperature.

In summary, the conditions required for the nitrogen-
based recombination laser are that initially at least 50% of
the ions should be fully stripped, which implies heating to
electron temperatures above 140 eV. Then the plasma should
be cooled to electron temperatures below 60 eV while main-
taining electron densities of (5—10) X 10" cm™ are main-
tained, and the cooling time should be less than 5 ns.

The dynamics of a z pinch is demonstrated in the radius-
time schematics in Fig. 3. As the current rises in the capillary
a pressure wave enters into the gas and compresses it. At this
stage, which corresponds to t<<t; and T=T); in Fig. 3, the
plasma is not significantly heated, but accumulates kinetic
energy. When the pressure wave reaches the center, r=0 and
t=t; in Fig. 3, a shock wave is reflected, propagating out-
ward (toward the capillary wall). The shock wave heats and
ionizes the plasma to the temperature 7, at times t; <t<<ts.
During #; <t<t; the hot plasma emits x-ray radiation. Even
though the maximum temperature is expected at ¢, maxi-
mum emission is expected when the shock wave leaves the
plasma at t=t,, since due to thermal conductivity the tem-
perature in the triangle between #; and 73 is only slightly
lower than at ¢, while at #, a maximum volume of the hot
plasma is achieved. The time of maximum compression and
emission (¢=t,) is also called the pinch time. When the shock
wave leaves the plasma column, f, in Fig. 3, a rarefaction
wave enters into the plasma, expanding it, and cooling it
adiabatically to temperature Ty (green area) in Fig. 3, within
a time period f3—t,.

In this work we used a pulsed power generator with a
peak current of /,,,,=60 kA and a quarter period of 7,
=70 ns (dI/dt=0.85 kA/ns), (see right axis of Fig. 4). Ben-
Kish et al. [14] used a pulsed power generator with a peak
current of /,, =40 kA and a quarter period of 7y,,=51 ns
(dI/dr=0.78 kA/ns) with an argon capillary discharge z
pinch to obtain electron temperature of 100 eV and electron
density of 10?°%cm™3. Therefore we expected that our current
profile would be appropriate to achieve the desired electron
temperature.

In addition to achieving the required electron temperature
at the pinch time, a fast cooling is required (Az<<5 ns) for
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FIG. 4. (Color online) XRD signals (left axis) and current measurements (right axis) are shown as a function of the time. The legend
shows the filter transmission energy (300—455 eV Ti, 300-575 eV Cr, and 300-855 eV Ni). Here we present four measurements with
different initial pressures of N, molecules: 0.6 Torr, top left corner; 1 Torr, top right corner, 1.4 Torr, bottom left corner, and 1.8 Torr,
bottom right corner. Good repeatability of the current and the XRD signals is evident.

the recombination laser. The total cooling time is estimated
by the time it takes the rarefaction wave to traverse through
the plasma column, i.e., At,=t3—1, in Fig. 3, which depends
on the rarefaction velocity (v,) and the pinch radius (r,). The
rarefaction wave velocity is the sound velocity and was es-
timated in [26] to be v,~107cms~'. The pinch radius is
usually less than one-tenth of the initial radius as was mea-
sured in [14]. Since we are using a 5-mm-diameter capillary,
the expected total cooling time is estimated to be t=r,/v,
~0.10X0.25/107=2.5 ns. We emphasize that the total cool-
ing time is only an upper limit to the local cooling time at
r=0, which is the time scale relevant for the lasing, i.e.,
a local cooling time of less then a few nanoseconds is
expected.

Estimation of the gain achievable in our experimental
system requires knowledge of the electron temperature and
density profiles in order to calculate the atomic level abun-
dance. Vrba et al. performed these calculation in [23], for
the current profile and capillary radius of our system. They
used a one-dimensional magnetohydrodynamic code
(NPINCH) to calculate the temporal dynamics of the plasma
electron temperature and density. Then they fed the hydro-
dynamic results into the FLY atomic code. These calculations
predict gain up to g=2cm™! at initial nitrogen density of

Ny=1.4x10"cm™3. Though these calculations predict gain,
they do not take into consideration some important effects
such as wall current. These effects might reduce the current
that compresses the gas by up to 40% [27].

III. THE EXPERIMENTAL SETUP AND DIAGNOSTICS

A 5-mm-diameter and 90-mm-long quartz capillary dis-
charge Z-pinch system has been built, with a pulsed power
generator that produces a peak current of 7,,,=60 kA and a
quarter period of 7;,4,=70 ns (dI/dt=0.85 kA/ns). The cur-
rent was measured using a 7=2.1 us integrated detector,
which measured the change in the magnetic flux. A fit of
the measured current to an RLC circuit resulted in the fol-
lowing parameters: R=0.55 (), L=165 nH, C=12 nF, 1),
=~ 140 ns, and V=280 kV.

In a capillary discharge Z pinch, there is a problem of
channel-like breakdowns. In gas-filled capillaries this prob-
lem is solved by using a prepulse [28], which ionizes the gas
prior to the main pulse and ensures a uniform distribution of
the main current (60 kA). The prepulse is a relative low cur-
rent (40 A) passing through the capillary 2.5 us before the
main current pulse. In our case the prepulse also disassoci-
ates the N, molecules into two N atoms. Additionally, due to
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the uniform plasma conditions achieved by the prepulse, the
jitter in the Z-pinch process is smaller than 0.4 ns. This was
measured by the emitted x-ray radiation (photon above
300 eV) as demonstrated in Fig. 4.

The characterization of the plasma was done using two
different diagnostics: a time-resolved fast x-ray diode (XRD)
with different filters and a time-integrated x-ray spectrom-
eter. The filtered XRD measured the temporal dynamics of
the plasma, and serves as a low-spectral-resolution spectrom-
eter, since each filter transmits photons in a specific energy
window. The combination of the time-integrated spectros-
copy system with the known transmission of the filters has
been used to infer which lines each filter transmits.

The XRD detector is based on the photoelectric effect.
X-ray photons pass through a meshed anode, hitting the pho-
tocathode and releasing electrons. The photoelectrons accel-
erate to the anode due to a bias voltage (—500 V). We used a
cesium iodide photocathode (evaporated on a nickel sub-
strate), and measured the XRD rise time to be 0.3 ns with a
response of 500 C/MIJ. Due to the hygroscopic nature of the
cesium iodide the response was one-third of the theoretical
value, yet more than an order of magnitude higher than typi-
cally used materials such as polished carbon and gold with
measured responses of 4 C/MJ, and 20 C/M], respectively.

The pinch emission was measured through on-axis and
off-axis pinholes, using the XRD detector with different fil-
ters. In Fig. 4 the filtered XRD signals (left axis) and the
current measurements (right axis) are shown for different
shots. The measurements were taken for various initial gas
pressures: 0.6, 1.0, 1.4, and 1.8 Torr of N, molecules. The
reproducibility of these results implies very good stability of
the plasma column, as expected from previous gas filled cap-
illary discharge Z-pinch experiments [14,28].

The filtered XRD measures only photons with energy
above 300 eV, therefore the signals correspond only to
highly ionized ions. The XRD signal begins only when the
inward-moving pressure wave reaches the capillary center
(¢, in Fig. 3) and an expanding shock wave is formed. The
pinch time ¢, in Fig. 3 corresponds to the maximum emission
time. For example, at initial gas pressure of 1.4 Torr the
signal is zero until /=70 ns (<7, in Fig. 3). At this time
there is a fast rise of the signal for 3 ns, followed by a fast
decay of the radiation for 5 ns. The pinch time is therefore
tyincn(1.4 Torr)=73 ns (¢=t, in Fig. 3).

After the plasma has cooled from the shock, e.g.,
t>70 ns at initial pressure Py=0.6 Torr, there remains sub-
stantial radiation for a relatively long time (tens of nanosec-
onds). The intensity of this radiation varies for the different
filters and different initial density. The source of this radia-
tion might be Ohmic heating, although it is not fully under-
stood. The measured pinch time was compared to the pre-
dicted time of the snowplow model [29], shown as arrows in
Fig. 4. As expected, the measured pinch time is 30-35 %
(about 15 ns) longer than the snowplow prediction. This dis-
crepancy is due to the simplifying assumptions of the model,
mainly because it does not take into account effects such as
wall current. Ritucci et al. [27] showed that about 30-40 %
of the current flows in an ablative layer near the wall, which
is consistent with our measurements.

A free standing, transmission grating, time-integrated
spectroscopic system was built to infer which lines were
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FIG. 5. (Color online) Time-integrated transmission grating
spectroscopy results at four different initial gas densities, 0.6, 1.0,
1.4, and 1.8 Torr. Bottom x axis is the spectrum wavelength \ in
nanometers. The Top x axis is the spectrum wavelength E in eV.

transmitted through each filter. The spectrometer system
used a grating constant of d=100 nm with a linewidth of
S=35 nm. A 100 wm slit was mounted in front of the grat-
ing, and the capillary emission was measured behind a
0.2-mm-diameter pinhole. The grating was located 316 mm
from the capillary end, and 309.3 mm from the detector.
A photostimulated luminescence (PSL) plate detector was
used with a readout resolution of 17.5X 17.5 um? per pixel.
Since the capillary discharge Z pinch emits a low photon
flux, we used the shortest possible distance between the cap-
illary and the detector. Thanks to the reproducibility of the
system, each measurement was an integration of ten con-
secutive shots. In general, as the distance between the plasma
source and the detector increases, a better resolution is
achieved [30]. Here, the resolving power is AN/A=20-200
(AN=0.13 nm), and the wavelength range is 1.5-20 nm (the
upper limit is due to the PSL plate width of 10 cm).

Figure 5 shows four measured spectra with different ini-
tial gas pressures. We observed the H-like nitrogen lines and
the recombination spectra of H-like and fully stripped nitro-
gen. Observed lines that match published lines [31,32] to
~1 A (the spectrometer resolution) are identified in Fig. 5.
There are many lines that were not identified. These lines
probably originate from the cathode and anode ablation at
late times due to the time-integrated measurement. This ab-
lation plasma, which consists of 70% tungsten and 30% cop-
per, has many lines in the measured area, especially at
A=3-10 nm, where there are few nitrogen lines.

The spectrum can be divided into three different sections:
A=11nm, 3<A<11 nm, and A<3 nm. The spectrum at
wavelengths above 11 nm consists mostly of Li-like nitrogen
lines, from relatively cold plasma. This is expected in time-
integrated measurements. The “broad” line observed at A\
=14=*=1 nm is composed of Li-like, He-like, and H-like ni-
trogen lines.

Since there is no continuum radiation emitted at wave-
lengths above 9 nm (see Fig. 5) the measured spectrum at
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FIG. 6. (Color online) Filter transmission (right axis) and mea-
sured spectrum (left axis) as functions of photon energy.

wavelengths 3—11 nm is not related to bremsstrahlung radia-
tion. This spectrum corresponds to line emissions from the
electrodes’ ablated materials and to photorecombination of
fully stripped nitrogen to H-like nitrogen at the second level
(n=2, A=7.3 nm). This is evident in the measurement at
initial gas pressure of 0.6 Torr. In the measurements at
higher initial gas pressure, there is also a contribution from
recombination of H-like nitrogen to the second level of He-
like nitrogen (n=2) with energy difference of about 130 eV
(A=9.5 nm).

The spectrum at wavelengths below 3 nm gives most of
the information about the ionization abundance of the nitro-
gen plasma. In this region only nitrogen lines exist and ac-
cordingly the interpretation is straightforward. In these
wavelengths, the filtered XRD signals were used to measure
the ionization abundance dynamics, as well as to estimate the
electron temperature. At-A=2.5 nm (E=500 eV), there is an
observable line, which is either the He-f line or the Ly-«
line which cannot be distinguished with the resolution of our
spectrometer.

We deduced that the observed line is mostly the Ly-«
line, since its intensity increases as the initial pressure drops.
A decrease of the initial pressure is expected to increase the
electron temperature and to increase the abundance of H-like
nitrogen [22,25].

The filters were chosen to transmit the He and the Ly
series lines, i.e., photons originated from nitrogen ionized
more than five times. Figure 6 shows the transmission of the
filters (right axis) and the measured spectrum (left axis) as a
function of the photon energy in eV. Comparison of the
known filter transmission and the measured spectrum gives
the transmitted spectrum for each filter. Here we used four
different filters: 1 um Ti filter that transmits the He-« line,
0.8 um Cr filter that transmits the He-« line and the Ly-«
line, and 0.4 um Ni filter that transmits the He-« line, the
Ly-a line with its satellites, and the recombination spectrum
of H-like and fully stripped nitrogen. An extra filter that was
used is a 7.5 um Be filter, which transmits the recombination
spectrum of the H-like and fully stripped nitrogen.

PHYSICAL REVIEW E 78, 056404 (2008)

0.5 +

% Ti: Hea
© Cr: He +Ly, o
- Ni: Heu+Lya+recomb|nat|on

0.45

0.4
N6+ & N7+

0.35 L
Recombination

o
w

o

peak amplitod [volt]
o
N
N [6)]

0.15%

L L
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Initial Pressure [Torr]

FIG. 7. (Color online) Peak XRD results as function of the
initial gas pressure for the different filters. The contribution of the
He_, line is shown as the orange (¥) line, the Ly_, added contribu-
tion is shown between the brown (O) line and the orange (*) lines.
The contribution of the recombination of H-like and fully stripped
nitrogen is shown between the purple ((J) and the brown (O) lines.

IV. COMPARISON OF THE REQUIRED LASER
CONDITIONS TO THE MEASURED
PLASMA CONDITIONS

The Z-pinch conditions are inferred by using the filtered
XRD signals and their interpretation using time-integrated
spectroscopy. The peak amplitude of the XRD signal as a
function of initial gas pressure, given in Fig. 7, indicates the
intensity of the different lines at the pinch time. The contri-
bution of the He-a line is given by the orange (*) line in Fig.
7. The added contribution of the Ly-« line is the difference
between the brown (O) and the orange (*) lines. The contri-
bution from the recombination of H-like and fully stripped
nitrogen is given by the difference between the purple (CJ)
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FIG. 8. (Color online) Zoom on the pinch time of the XRD
signals using the Ti (solid line) and Be (dashed line) filters as func-
tion of time. In black (dot-dashed line) is shown the ratio between
the XRD signal with the Be filter and the Ti signal.
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and brown (O) lines. These relative radiation intensities give
an indication of the ionization abundance. From Fig. 7 it is
evident that there is a significant contribution of the H-like
and fully stripped nitrogen-recombination radiation. For ex-
ample, at initial gas pressure of 1 Torr the contribution from
recombination radiation of H-like and fully stripped nitrogen
is twice the emitted radiation from the He-a and Ly-« lines.
Therefore we estimate that the ionization abundance of fully
stripped nitrogen at the pinch time is above 10%. This rela-
tive ionization abundance corresponds to electron tempera-
tures higher than 100 eV, in local thermal equilibrium ap-
proximation [22].

The required electron density for the laser is (5-10)
X 10" ¢cm™. The ion density of the Z pinch at maximum
compression is estimated from the initial gas density and the
compression ratio. The electron density is then the ion den-
sity times the average ionization. Equation (3) gives the elec-
tron density as a function of the initial gas density. To reach
the necessary electron density at the pinch time, the initial
gas density should be Ny=7 X 10' cm™, which is equiva-
lent to initial pressure Py=1 Torr of N, molecules.

2
NgzzNizz(&> Ny = 10°N,,. (3)
R,

The temporal dynamics of the pinch is demonstrated us-
ing the XRD signals with the Ti and Be filters. These XRD
signals at initial gas pressure of 1.6 Torr are shown in Fig. 8.
The period <<-5 ns in Fig. 8 corresponds to the time before
the shock wave is formed (r<<7, in Fig. 3). At this stage we
do not measure any radiation of He-like nitrogen. Based on
the steady-state rate equation [22], the electron temperature
is estimated to be less than 30 eV (T in Fig. 3).

When the shock wave is formed at the center and expands
(t,<r<t, in Fig. 3), the plasma significantly heats up and
ionizes. At this time the XRD signal starts to rise (¢>-5 ns
in Fig. 8) due to emission from He-like, H-like, and fully
stripped nitrogen. The maximum emission is measured at the
pinch time t=0 ns (z, in Fig. 3). When the shock wave leaves
the plasma column, a rarefaction wave enters the plasma and
lowers its temperature. As the rarefaction wave traverses to-
ward the plasma center, the emission from He-like nitrogen
drops. After 5 ns the rarefaction wave reaches the center and
the XRD signal almost vanishes completely (73 in Fig. 3).
Therefore the total cooling time of the plasma is less than
5 ns. Additionally, since the emission from He-like nitrogen
is negligible after the rarefaction, the plasma temperature is
less than 60 eV, i.e.,, 73<<60 eV in Fig. 3. We emphasize
again that the total cooling time, measured using the XRD, is
only an upper limit for the local cooling time at r=0, which
is expected to be much faster. The ratio between the filtered
XRD signals (Be to Ti) throughout the pinch (*4 ns in Fig.
8) is constant and time independent for all initial gas pres-
sures, as is demonstrated in Fig. 8 (black dot-dashed line).
Therefore, for the duration of the pinch, the ion abundance
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TABLE I. Comparison between the needed conditions for the
nitrogen recombination XRL and the measured z-pinch plasma
condition.

Condition Requirement Demonstrated
1 N7+ abundance ~50% >10-20 %
Pinch T, ~140 eV =100 eV
2 N, density (5-10)x 10" em™ =(5-10) X 10" cm™3
3 Final 7, T,<60 eV T,<60 eV
4 Cooling duration Ar<35 ns At<5ns

ratio does not change significantly, ie., (N®*+N7+)/N>*
~const. This could be understood if the temperature of the
shocked plasma is almost constant (7,=~const in Fig. 3),
while the preshock and postrarefaction plasma is much
colder and does not contribute significantly to the XRD sig-
nals.

V. SUMMARY

The capillary discharge Z-pinch plasma has been consid-
ered as a driver for a nitrogen-based recombination XRL
with the H,, line (3 — 2 transition). In this work we compared
the plasma conditions require for a recombination laser with
the plasma obtained using a capillary discharge Z pinch. The
experimental setup consisted of a 5-mm-diameter and
90-mm-long quartz capillary and a pulse power generator
with a peak current of [, =62 kA and a quarter time period
of 71,4=70 ns (dI/dt=0.85 kA/ns). The plasma conditions
were examined using two diagnostics. A 0.3 ns rise time
XRD with appropriate filters served as a time-dependent
low-resolution spectrometer. The second diagnostic was a
1 A resolution, free standing transmission grating spectrom-
eter coupled to a photo stimulated luminescence plate, which
gave a time-integrated spectrum.

These diagnostics were used to estimate the plasma con-
ditions at different stages of the z pinch. Table I summarizes
the required plasma conditions and the evaluated experimen-
tal plasma conditions. The results show that all the needed
conditions for nitrogen recombination laser are realized in
the capillary discharge Z-pinch system, with the possible ex-
ception of low N7* abundance. It is speculated that a more
powerful power generator with a similar rise time could
reach the goal of at least 50% fully stripped nitrogen, and
significant lasing.
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