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Observation of emission process in hydrogen-like nitrogen Z-pinch
discharge with time integrated soft X-ray spectrum pinhole image

Y. Sakai,"® J. Rosenzweig,? H. Kumai,' Y. Nakanishi,' Y. Ishizuka," S. Takahashi,’
T. Komatsu, Y. Xiao," H. Bin," Z. Quishi,! Y. Hayashi," I. Song,! T. Kawamura,’

M. Watanabe,' and E. Hotta'

'Department of Energy Sciences, Tokyo Institute of Technology, Nagatsuta, Midoriku, Yokohama,

Kanagawa 226-8502, Japan

’Department of Physics and Astronomy, University of California Los Angeles, 405 Hilgard Ave.,

Los Angeles, California 90095, USA

(Received 25 July 2012; accepted 11 January 2013; published online 28 February 2013)

The emission spectra of hydrogen-like nitrogen Balmer at the wavelength of 13.4nm in capillary
Z-pinch discharge plasma are experimentally examined. Ionization to fully strip nitrogen at the
pinch maximum, and subsequent rapid expansion cooling are required to establish the population
inversion between the principal quantum number of n=2 and n=3. The ionization and
recombination processes with estimated plasma parameters are evaluated by utilizing a time
integrated spectrum pinhole image containing radial spatial information. A cylindrical capillary
plasma is pinched by a triangular pulsed current with peak amplitude of 50kA and pulse width of
50ns. © 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4789617]

I. INTRODUCTION

Soft X-ray lasers (SXRLs) in hot plasma have been
investigated for a few decades by now,' following the lasing
process pumped by irradiation of pulsed laser to a solid me-
dium.*® In a high energy density plasma, where radiation
diverges significantly, several unique schemes are utilized in
order to elongate the amplification path, such as capillary ab-
lative wave guiding,3 curved targets,” pulsed train lasers® or
grazing incidence irradiation.” In 1994, lasing of a Ne-like
Ar collisional SXRL at an wavelength of 46.9 nm has been
demonstrated by use of a capillary Z-pinch gas discharge,10
which realizes higher energy conversion efficiency and sta-
ble repetitive operation.''™"* In these experiments, a pre-
discharge has been employed to suppress the MHD instabil-
ity growth in the implosion phase, and use of the gaseous
medium makes it possible to optimize an initial discharge
condition.'* Meanwhile, the possibility of SXRL at shorter
wavelengths has also been investigated resulting in the lasing
at 13.2nm Ni-like Cd and 18.2nm H-like C recombination
lines by ablative capillary discharge.ls_19 As a consequence,
a gas discharge H-like N recombination SXRL (Fig. 1) at the
wavelength of 13.4nm (EUV) has been proposed,”’ and the
observation of He and Lyman series radiation has been
reported thus far.*'*?

Lasing of the Balmer « radiation requires a strong ioni-
zation, to NVIII at the maximum pinch, and subsequent rapid
cooling. These requirements are needed to establish the pop-
ulation inversion between the principal quantum number
n=2 and n = 3; the population of the ground state should be
low enough to suppress radiation trapping by the Ly «,
besides collisional or radiative de-excitation rates from the
higher states to n = 3 state should be higher than the radiative
decay rate from n =3 to lower states, while collisional exci-
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tation from the ground state to n=2 state should be sup-
pressed. In this paper, experimental observation of the
Balmer, Lyman series and He-like resonance lines using a
time integrated spectrum pinhole images (Fig. 2) are
reported. The ionization and recombination process of nitro-
gen discharge are investigated for insight into the formation
of the population inversion.

Il. EXPERIMENTAL DESCRIPTION

H-like N plasma was generated by a triangular pulsed
current having a peak amplitude of 50 kA and a pulse width
of 50ns.2*** An alumina (Al,O3) ceramic capillary with an
inner radius of 1.5 mm and a length of 75 mm was filled with
nitrogen molecular gas at differing initial pressures P;y; (esti-
mated from the initial NII number density N™' at the room
temperature) of about 2500 mTorr (NT' ~ 1.5 %107 cm ™),
1500 mTorr (N*! ~ 1.0 x 10" cm™?), 1000 mTorr (N*! ~
6.5 x 10"°cm %), 750 mTorr W' ~ 5.0 x 10'cm ™), and
250 mTorr (N"' ~ 1.5x10"°cm™). Nitrogen gas was
slowly pre-ionized'' by a small RC circuit-derived current
with an amplitude of 10 A, and a decay time constant of 3 us.
A schematic diagram of the time-integrated spectrum pin-
hole imaging set-up is shown in Fig. 2. The spectrum of the
nitrogen plasma was resolved using a transmission grating
with a lattice constant of 1/1000mm ™", in combination with

Collisional de-excitation

N7+
I

Balmer vy, 38.2 nm
Balmer 3, n=
10.0 nm Balmer o,

13.4 nm

n=2
Lyman a,
2.5nm 'Radiation trapping
No+ n=1

FIG. 1. Quantum levels of H-like N ion.

© 2013 American Institute of Physics
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FIG. 2. Time integrated spectrum pinhole imaging set-up.

an X-ray CCD camera (Andor DO434) that has 1024 x 1024
pixels with each pixel area of 13-um square. The transmis-
sion grating was placed at a distance of 600 mm from the
end of the capillary, and a distance between the grating and
the CCD camera was 425 mm. Two slits of 1 mm X 5mm
were placed between the capillary and the transmission gra-
ting. The aperture diameter of the transmission grating was
50 um. For 10nm soft X-rays, the spectral resolution is
~0.2nm with AJ/A ~ 1/50, and the radial (vertical) spatial
resolution is ~10 um.

The local electron temperature of the highly-charged
nitrogen plasma is estimated by fitting the temperature-slope
of the bremsstrahlung radiation formula,25 26

Zave 2 hw
Pff o neNi\/ Te <\/—T_> CXP(T> (1)
€ €

where, Z... is an average charge state number, /i is the
reduced Planck constant, o is the angular frequency, 7. is the
electron temperature, N; and 7, are the ion and electron den-
sities, respectively. In the Z-pinch discharge, electron temper-
ature satisfies 7. </iw for the Balmer and Lyman series.
Thus, the bremsstrahlung radiation formula is approximately
reduced to an exponential factor. The electron temperature is
roughly estimated in the order of 25 eV, as one physical refer-
ence of the anisotropic ionization non-equilibrium plasma. It
should be noted that the ablated material (mainly oxygen),
which is also considered in the interpretation of the spectra,
may not be evenly distributed at the beginning of main dis-
charge. Therefore, the spectra of the H-like oxygen ions are
significant when the initial nitrogen gas pressure is 250
mTorr. Each spectrum is taken by a single shot, and the repro-
ducibility is relatively high as long as proper pre-discharge
current is measured, as is shown in Ref. 11.

lll. RESULTS

Typical observed spectrum pinhole images are shown in
Fig. 3. In the Z-pinch plasma, ionization to the NVI state
only proceeds in the implosion phase at a temperature in the
range of several tens of eV. Afterward, the transition to NVII
and NVIII states proceeds. Strong emission of the He o line
of NVI at the wavelength of approximately 3 nm has been
observed on capillary axis. In contrast, NVII and NVIII are
generated at the maximum pinch, which remain in the subse-
quent expansion phase. Therefore, the Balmer series of NVII
at a wavelength of several nm may be observed near the
upper and lower edge (off-axis) of the spectrum pinhole
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FIG. 3. Typical observed time integrated spectrum pinhole images at various
initial N, gas pressures.

images. Hence the plasma parameters at the maximum pinch
are evaluated using the on-axis profiles, where emission in-
tensity is strongest. The off-axis spectrum profiles containing
the Balmer series radiation are used to give information on
the expansion phase.

It should be noted that the on-axis slope of the temperature
curve are more or less affected by the implosion and expansion
phase, which lowers the estimated 7, at the maximum pinch.
However, although the total soft-X-ray radiation measured by
the XRD at the maximum pinch and in the expansion phase
are about the same intensity, strong emission from the He and
Lyman series only exists at the maximum pinch.”* As shown
in the following experimental results, the observed minimum
radius of the pinched plasma is approximately <1/5 of the cap-
illary inner radius, and therefore the photon density in the
expansion phase is decreased by one order of magnitude.
Thus, the on-axis spectrum is used to evaluate the plasma pa-
rameters at the maximum pinch. Typically, a secondary pinch
was not observed and maximum pinch occurs in the first decay
phase of the triangular pulsed current, as shown in typical
XRD signals.”*?” However, in the experiment with initial gas
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pressure of 250 mTorr, a secondary pinch or slow expansion
after the first maximum pinch might have occurred.

A. Maximum pinch

On-axis spectrum profiles for various initial gas pres-
sures at the wavelength of below 15nm are shown in
Fig. 4(Left). Local electron temperatures are estimated as
represented in Fig. 4(Right) using the continuous spectrum
at a wavelength of around hundreds of eV. The correlation
between the estimated 7. . and ionic charge state at the
maximum pinch is analyzed as follows:

(@) Pipi=2500 mTorr, T, pax ~ 50eV
The estimated electron temperature is ~50eV and H-
like N line is not observed.

(b) Py, =1500 mTorr, Te yax ~ 75V
Temax 1s increased to about ~75eV and He o at a
wavelength of around 3 nm are observed. Weak radia-
tion at a wavelength of 13—-14nm is observed that is
considered to be mainly emitted from the NVI state.

(¢)  Pini=1000 mTorr, T, ax ~ 100eV

1 5 10 15
T T
A
th
=2 g
H3S
a £
g
W S ‘
[eV]] £ 3
s} 0 orr]
2 g 3 150 200 250 300
g 5
P A £ E T 3
. E Temax: 150 [eVH
5 Te,max [CV] ‘
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EE = e E
z g E
f g r
Te.max{100 [eV] ‘ ‘
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P Te,m N [CV]
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Phot %
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FIG. 4. (Left) On-axis emission spectrum profiles at various initial gas pres-
sures. These spectra are expected to have the information at the maximum
pinch. (Right) Estimated on-axis local electron temperature obtained by fit-
ting a spectrum profile at around hundreds of eV to bremsstrahlung free-free
radiation intensity formula.
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Discrete line spectra in the wavelength of <10nm are
observed at T, ,,x ~ 100eV. Therefore, Balmer series
radiation of NVII and OVIII lines is confirmed. Weak
radiation in the wavelength range of 6-8nm corre-
sponds to the Balmer series of OVIIL.

(d)  Pini=750 mTorr, Te max ~ 150V
The electron temperature is increased to Temax ~
150 eV, resulting in observed enhancement of the He
lines and Lyman series. Thus, highly excited states of
H-like N ion are generated, and therefore the existence
of NVIII is expected.

()  Pini =250 mTorr, Te ax ~ 150eV
The maximum temperature may saturate at T max
~ 150eV. In this case, intensity of the Balmer series of
OVIII at a wavelength of about 6—8 nm is significantly
enhanced, which indicates an increase of ablation
materials from the inner wall of the Al,O ceramic cap-
illary. Strong continuum radiation at wavelengths
<7nm implies the existence of the NVIII as well as
OVIIII. Large amount of the ablation materials may
decrease the maximum temperature by insufficient
compression or strong radiation cooling by O and Al.

As a result, emission of Balmer series as well as Lyman
series has been observed with an estimated temperature of
100-150eV. A relatively shorter pulse width of discharge
current makes it possible to pinch the plasma column without
significant ablation of the capillary inner wall.”! From Fig. 3
in the case of initial gas pressure of 750, 1000, and 1500
mTorr, strong intensity of He o radiation is observed, with a
plasma radius in the range of a few hundreds of um. The He
o radiation is thought to be emitted at the implosion and the
maximum pinch. It should be noted that this strong radiation
could be utilized as a compact radiation source in the water
window regime, as proposed in Ref. 28.

The FWHM of He « line shown in Fig. 5 is approximately
1/5 of capillary inner radius. Assuming that nitrogen plasma is
fully ionized to NVI or higher charge states at the maximum
pinch, the maximum 7, is approximately estimated as

2
Hemax ~ ZayeN! <’—) ~ 10" [em™], 2)

"'min

where the average charge state number is assumed to be Z,.

~ 5, and the initial number density is Nt ~5%x10"%cm ™.

Pini: 1500 [mTorr] Pini: 1000 [mTorr] Pini:750 [mTorr]

El
S,
5 FWHM:
£ ro/5
G
5]
2
g
£
-150 0 150
Radial length [um]

FIG. 5. Intensity profiles of He o line at a wavelength of around 3 nm with
an initial nitrogen gas pressure of 1500, 1000, and 750 mTorr.
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B. Expansion phase

The plasma parameters in the expansion phase are eval-

uated from the off-axis spectrum in the wavelength range of
several nm. The estimated electron temperature and electron
number density at radial positions of 0-200 um, 400-600 ym,
and 800-1000 um for initial gas pressures of 1500 mTorr,
750 mTorr, and 250 mTorr are shown in Fig. 6.

(a)

(®)

Pini = 1500 mTorr, T, jax ~ 100eV

The estimated maximum temperature (on-axis) is Te max
~ 100eV and off-axis electron temperature decreases to
~50eV. Since ionization to NVII and NVIII states are
not sufficient, Balmar series is not observed in any radial
position.

Pini =750 mTorr, Te ax ~ 150eV

It is expected that the pinched plasma with a radius
of ~200um, Tepmax ~ 150eV, and n, ~ 10 cm ™
expands to a radius of ~400-600 um and cooled
down to ~75eV with n. ~ 10" cm™>. At a radius of
~800-1000 um, the estimated temperature is further
decreased to ~50¢eV. In the off-axis position, with an
estimated temperature of ~75 eV, a slight enhancement
of the relative intensity of the Balmer series radiation
with respect to the NVI line at the wavelength of 12 nm

15 0 5

(©)
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is observed. Also, enhancement of the emission inten-
sity at the tail of the Balmer series may suggest the ex-
istence of the satellite lines by doubly excited states.
These results may be revealing the presence of the
enhanced stimulated emission of Balmer series in the
expansion phase. The intensity ratios of the Balmer «,
7 to the NVI line for on-axis and off-axis position are
1:1 and 2:1, respectively.

Pini =250 mTorr, Te max ~ 150eV

Relative slight enhancement of Balmer series is
observed in the off-axis region. Although the pinched
plasma with T, n,x ~ 150eV may cooled down to
~75eV when a plasma radius is about 400—600 um,
the temperature at a radius of about 800—-1000 um does
not drop to <75eV. This may be caused by an addi-
tional heating after the first maximum pinch, due to the
mismatching between shorter pinch time and the phase
of triangular pulsed current.

IV. DISCUSSION

In order to establish the population inversion in Balmer

o, requirements for the transition rate of n=2 and n=3
states are evaluated by

0 5 10 15

W

NAE
INVT
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-1000 [wm]
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o
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FIG. 6. Off-axis spectrum profiles at various initial gas pressures, which are expected to have information in the expansion phase.
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aNSE, dNge,

dt dt )

From the spectrum, pinhole images in the expansion phase
of the initial gas pressure of 750 mTorr, the estimated n, is
in the order of 10" cm > with T, ~ 50-75¢eV. In this case,
collisional relaxation time 7 7g,—, between quantum levels
p and ¢q is several ns for n=4 and n=35 states, and is
increased by one order of magnitude for the n=3 and n=4
states, which may be evaluated by collisional de-excitation
rate coefficient DE,, , given as, %

1

DE, ,(To)n.. X

TLTEp—q ™

Thus, Griem’s boundary is estimated to be in the range
n=3-4 when the expanding plasma reaches inner wall of
the capillary and collisional excitation from n=2 to n=3
states is suppressed. In this condition, the transition rates of
n=2 and n=3 can be evaluated using the escape factor A
expressed as

dN+6

o neNTS,DE 4 3(Te) =N (Anms 2+ Anes_1)
dNte
d_n;2 ~ N::63An:3—2 - N;rzﬁzAn:Z— lAn:2_ 1

)

Therefore, approximately the inequality Eq. (3) leads to a
sufficient condition for the escape factor given by

N8 (2A0=32 + Ans_1) — neN,S,DE 4 5(T)

NS A
<N:f3 2A0-3_2 +Ap—3-y N 2An—3-2 +Ap—3_1
NS, An=21 An=21
1
~5 < Aop-1s, (©)

as long as the plasma of NVIII state is in the recombination
phase. In a highly charged H-like N plasma, the escape factor
A is affected by several phenomenon, such as Stark and
impact broadening,* thus detailed numerical analysis should
be required. However, in this discussion, the escape factor
may be analytically evaluated from Eq. (6) by only taking
into account the Doppler shift. The escape factor A for Gaus-
sian profile due to the Doppler shift in a cylindrical plasma
column is approximated as'2%°

1
A~v—m
7(nlogt)'/?
, (7
B —_ e h
T~ ﬁ Nllm—ecfu—lm»

where N; is the number density of lower level, / is the effec-
tive length of light pass, and f;,_; is the oscillator strength. In
the Z-pinch discharge, the radial gradient of fluid velocity is
presumed to reach Vvgyiq ~ 10°/s in the expansion phase.22

Phys. Plasmas 20, 023108 (2013)

Thus, the Doppler shift of the angular frequency associated
with the fluid motion is several times larger than that arising
from thermal effects.'”" Using the expanding plasma radius
of several hundreds of um as the characteristic plasma length,
An—1-2 > 1/2 yields a required ion number density of
N6 <107 em™.

Consequently, a fully stripped nitrogen plasma is neces-
sary, and this requirement could not be satisfied in the
experiment, as evaluated in the following discussion. In the
experiment, femax ~ 10" em 3, NIT:(’I ~ 10®cm™3, and
Temax ~ 150eV are considered to be obtained at the maxi-
mum pinch. In addition, from the time evolution of XRD
signal,> the maximum pinch duration is estimated to be
Atax ~ several ns. Assuming that almost all of NVII is ion-
ized to H-like N ions at the beginning of the maximum
pinch, N*7 is estimated to be less than half of N*°, as

N+7 ~ JJ(Te>neN+6dt ~ j(Te max)”e,maxN+6Atmax

1
< N7 8
SV ®)
where J(T.) is Seaton’s collisional ionization rate
coefficient,
1 1

J(T) ~2x107° exp <_|AEion|) [cm?/s],

T.
9)

A/ Te [GV] |AEion|

which is a function of 7, and ionization potential
AEion.25 2632 1n this experiment, N;fl is estimated to be in
the order of 10"cm™> at the maximum pinch, and
10'7 cm ™~ when the plasma is cooled down to a several tens
of eV. Therefore, the required sufficient condition N6,
< 10'"7 could not be satisfied in the experiment, and fur-
ther increase of energy density for stronger ionization is nec-
essary to avoid radiation trapping.

Assuming that the Griem’s boundary is between n=3
and 4, if the supply of the population from the continuum state
to n =4 state by collisional de-excitation is large enough, the
population of n =3 state could be sufficient for the formation
of population inversion with respect to the n =2 state. Thus,
the requirement for the collisional de-excitation is reduced to

DE,_5_4ne > Ap—yq_3 ~ 100 [s71]. (10)

As a result, the electron number density of 7, ~ 10" cm >

requires electron temperature of a few tens of eV. In order to
ionize N'VII to NVIII state by a factor of several times higher,
Ne, max Should be increased by one order or T . should
be >200eV with (200 [eV])/T(150[eV]) ~ 10 for rapid
ionization in the maximum pinch using only several ns. How-
ever, the increase of 1. by one order of magnitude also short-
ens the collisional thermalization time for the n = 3 state to ns
order. Technically, it is difficult to cool down the discharge
plasma from T, . ~ 150eV to a few tens of eV in a few ns,
hence the increase of n,. should be considered carefully.
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On the other hand, increase of T .x to ~200eV also
increases the T, coolea 1N the expansion phase. However, the
increase of T max from 150eV to 200eV would not signifi-
cantly affect the cooling time, because the free expansion
time scale is on the order of several ns to a few tens of ns as
long as the discharge current decays sufficiently quickly.?
Even the radiation cooling removes the excess heat energy
of 50eV within a few tens of ns by radiative recombination
according to the following:

t150[ev] [OC
J J {neN T Rpaq(Te) } TedTedt
50 [CV] 00y 0

ne+N+7 7
NneN”Rrad( 100 [eV])xa few tens [ns] %100 [eV],
ne+N+7
(11)

where R, ,4(T.) is the radiative recombination rate coeffi-
cient.”” Thus, the increase of Temax to ~200eV would be
preferred for stronger ionization to NVIII.

V. CONCLUSIONS

The emission spectra of H-like N plasma was analyzed
using the time integrated spectrum pinhole image. H-like N
ions are generated at the estimated temperature of >100eV,
and the existence of NVIII state is anticipated at T ax ~
150eV with ng, ax ~ 10" cm 2. The Balmer series observed
in the off-axis spectrum profiles are expected to have informa-
tion on the recombination phase with estimated electron tem-
perature of ~50-75eV. However, T, and 7. at the maximum
pinch are not sufficiently high to strongly ionize NVII to the
NVIII state. Thus, further experimental investigation of the
ionization and recombination dynamics with T ya0x ~ 200V
would be necessary in this approach. Also, further numerical
investigation of the detailed recombination kinetics® is
needed. However, the feasibility of H-like N discharge plasma
as a compact soft X-ray source using Balmer, He, and Lyman
series radiation is shown.
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