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A fast discharge current pulse (5C ns FWHM) was used to create a highly ionized plasma in a
500-gem-diam lithium hydride capiliary 3.8 cm in length. Time-resoived extreme uliraviolet
spectra of the capillary plasma show simultaneous line emission from highly ionized (G VI)
and singly ionized (O 1) species, indicating the existence of & hot-core plasma (Te» 25 eV)
surrounded by a significantly cooler plasma near the walls. The intensity of the 72.9 nm
emission corresponding to the Li IIT 3-2 traasition was observed to increase during the decay
of the current pulse, consistent with excitation by electron-ion recombination. The resuits are
relevant to the possibility of amplification of extreme ultraviolet radiation in a discharge-

pumped device.

Several types of discharges have been used to excite elec-
tron-ion recombination laser transitions in the infrared, visi-
ble, and near ultraviolet.” ® The generation of denser and
more highly ionized plasmas, which rapidly recombine at
the end of the excitation, might enable recombination laser
action at extreme ultraviolet wavelengths in a discharge-
pumped device. Pulsed capillary discharges can produce
dense highly ionized plasmas and have been used a5 spectro-
scopic sources in the study of multiply ionized spectes and in
the generation of x-ray radiation.””” We have proposed the
use of a fast capillary discharge plasma as a medium for the
ampiification of extreme uitraviolst radiation following elec-
tron-ion recombination. In this scheme a nearly totally ion-
ized piasma with a large length to diameter ratic {/ /d ~ 100)
is initially created by a fast capacitive discharge. Electron
heat conduction to the capillary walls in addition to other
energy losses is expected to rapidly cool the plasma at the
decay of the current pulse resulting in a large recombination
rate.'" Under optimized plasma conditions amplification
might occur in several transitions, for example, in the 3-2
transition of hydrogenic ions. Besides the interest in capil-
fary plasmas for the direct discharge excitation of short
wavelength laser transitions, laser-heated capillary plasmas
have also been recently suggested as x-ray laser media."'

Herein we discuss time-resolved measurements of the
extreme ultraviolet spectral emission of a $00-um-diam lith-
iem hydride capillary discharge excited by a fast current
pulse with a full width at half maximem (FWHM) of about
50 ns. The study was designed to gain understanding of the
lithium capillary plasma regarding the possibility of ampiifi-
cation of the Li lIf 72.9 nm line following electron-ion re-
combination. Time-integrated spectra of larger diameter (2
mm) lithium capillary plasmas have been previously report-
ed for excitation pulses one order of magnitude longer (0.6
pus FWHM).? To cur knowledge, this letter is the first report
of time-resolved spectra from a highly ionized capillary dis-
charge. The use of a gated dual plate intensified array detec-
tor provided the required sensitivity to obtain extreme ultra-
violet spectra with 5 ns resolution in a single-shot discharge.
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A 500-pm-diam lithium hydride capillary 38 mm in
length is excited by discharging a low inductance ring of
ceramic capacitors. Lithium hydride was selected to build an
electrically nonconducting capiliary from which lithium is
ablated 1o create a plasma.? The material for the construc-
tion of the capillary was obtained pressing LiH pellets at 4G
tons/cm” to produce cylinders of | cm diameter. A hole 500
p#m in diameter was then machined in these solid pieces of
LiH. Three of these cylinders were finaily assembled and
potted together in low vapor pressure epoxy to form a 38-
mm-long capillary. The discharge setup is schematicaily
represented in Fig. 1. A 6.6 nF ring of ceramic capacitors is
directly connected tc twe hollow graphite electrodes posi-
tioned at each end of the capillary. No additional current
switch other than the capillary itself was included in series
with the capillary discharge to minimize the circuit induc-
tance, which was found to be 70 nH. The capacitors are
charged to a value below the breakdown voltage of the capii-
lary. Values in excess of 50 kV can be reached after firing the
discharge several times. Discharge initiation is achieved by
the plasma which is produced by switching a third electrode
located in the proximity of the cathode to negative high vol-
tage. The discharge setup is evacuated from both ends of the
capiilary using a turbomoiecular pump. A solenoid sur-
rounding the capillary can produce an axial magnetic field of
up te 100 kG with the purpose of providing additional con-
trol over the plasma evolution. However, the resuits report-
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FIG. 1. Schematic diagram of the capillary discharge setup.
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ed herein were obtained in the absence of an externally ap-
plied magnetic field.

The axial emission of the discharge in the extreme uitra-
violet was analyzed with 2 1 m focal length normal incidence
vacuum spectrograph using gratings of 600 and 2400 lines/
mm. Time-resolved spectra were obtained by gating a win-
dowless intensified muitichannel plate diode array detector.
The spectrograph and the detection electronics were placed
inside a Faraday enclosure to protect the electronics from
the electromagnetic noise generated by the short discharge
puises. The distance between the capillary and the entrance
slit of the spectrograph was 1.3 m. Efficient light collection
was achieved using an aluminum-coated spherical mirror
placed G.56 m from the discharge at an angle of 13° with
respect to the axis of the discharge. The mirror focuses the
capillary radiation in a line approximately 100 um wide al-
lowing the coliection of sufficient radiation to easily obtain
single-shot spectra with an entrance slit of 20 um and a2 5 ns
FWHM optical aperture. The signais from a Rogowski coil
used ‘o monitor the discharge current pulse and the gating
pulse which activates the multichannel! plate were digitized
and recorded by a 200 MHz dual channel transient digitizer
for every discharge pulse. The 45 ns FWHM discharge cur-
rent pulse produced from capaciiors charged to 40 kV is
itiustrated in Fig. 2. The peak current is 3 kA and the excita-
tion energy is 5.3 J, corresponding to a power density depo-
sition of 1.6 X 10°° W cm 2,

Figure 3 is a time-resolved spectrum of the axial emis-
sion of the capillary discharge in the 68-110 nm spectral
region taken 3 ns after the peak of the current pulse. Intense
Q VI transitions at 103.2 and 103.8 nm are seen at the right
of the spectrum. Alsc visible is the emission from the Li I
3-2 transition at 72.9 nm and oxygen-impurity lines corre-
sponding to all the degrees of ionization from O VI down o0
O II. Unfortunately, the spectral resolution of this instru-
mentation does not allow umambiguous discrimination
between the Li Il 3-2 line at 72.8% nm and a possible contri-
bution from the OV transition at 72.87 nm. Nevertheless,
the major part of the observed emission at 72.9 nm is expect-
ed to correspond to the Li II1 line since the temporal evolu-
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FEG. 2. Discharge current pulse corresponding to a 500-gm-diam lithium
hydride capillary 38 mm in length excited by a 6.6 n¥ capacitor charged to
40 kV. The marks indicate the times at which specira were obtained. The
horizontal dimension of the marks represents the time error bars.
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FIG. 3. Time-resolved axial emission spectra of the lithium capiliary plas-
ma corresponding to 3 ns after the peak of the current pulse. The excitation
voltage was 35 kV. The wavelengths are indicated in nm.

tion of its intensity differs from O V lines. The higher resolu-
tion specirum at 83 mm also shown in Fig. 3 was obtained
with the 2400 lines/mm: grating allowing assignment of the
emission in this spectral region to the G I and O I transi-
tions. The simultaneous emission from species with such a
different degree of ionization as O VI and O Il cannot occur
in a piasma of uniform temperature. A simple collisional-
radiative plasma mode} calcuiation shows that in steady
state & VI is the dominant species only for temperatures
above 15 eV. However, we have a nonstationary excitation
regime, and to make possible the existence of large numbers
of O VI ions at the time of the peak current, the time con-
stant for ionization from O V to O VI must be of the order of
the current rise time. This means that the plasma must reach
a temperature of about 27 V. On the other hand, significant
emissicn from O 11 lines will only occur at temperatures be-
iow 6 eV. This suggests the existence of a hot-core plasma
surrcunded by a much cooler boundary plasma (5 eV) near
the capillary walls at the time of the peak current. This pic-
ture is consistent with the capiliary discharge model devel-
oped by McCorkle in which ablation of the wall materia!l is
described to form a dense, cold boundary plasma that sur-
rounds a less dense highly ionized plasma core.” Assuming
Bennet equilibrium in the core plasma the electron density of
this plasma is estimated to be about 1 10" cm > for a 40
kV discharge. The electron density for amplification of the
Li 31 3-2 transition should be less than 1 X 10" cm  ? at the
time of the peak recombination to avoid excessive deexcita-
tion of the upper level by electron collisions. !?

The time evolution of the axial extreme ultraviolet emis-
sion in the 50-90 nm spectral region for 2 40 kV discharge is
shown in Fig. 4. The marks on the current pulse of Fig. 2
indicate the times at which the spectra were taken. The earii-
est time with respect to the initiation of the current pulse at
which a spectrum cculd be obtained was limited by the in-
trinsic delay of the gating circuit. At the time corresponding
to the peak of the current pulse G V impurity lines are ob-
served to be more intense than the Li I 3-2 transition at
72.9 nm. During the decay of the current puise, the intensity
of the 72.9 nm line increases significantly with respect to the
other lines and becomes dominant, reaching its maximum 26
ns after the peak of the current puise. During the decay of the

M. C. Marconi and J. J. Rocca 2181

~ownlpaded 17.0c1.2007 10.128,82,233.9, Redistribution.subjest fo-AlP.license or eopyright,; see hitp:/aplaip.org/aplicopyrightisp. -




s

Jns

oV 62.9
LiIIT 72.8
75.9
ov|723
Jov 77.4

o«
O 62,5
/

2,
%

o 79.0
Clll 83.3
oll 83.4

~

1 14 ns 2| {58 rs $

Intensity (Arb. units)
Iy

G 200 400 500 &0C 1000 ©
Bicde number

200 400 600 BOC 1000

FI1G. 4. Time-resolved x-ray ultraviolet spectra corresponding to the capil-
lary discharge current pulse shown in Fig. 2. The time delay respect to the
time of the peak current is indicated in each spectium. The numbers on the
right correspond to the marks in Fig. 2. All wavelengths are indicated in
nm.

current pulse, the ratio of the sums of the intensities of O V
to O 1V iines, which is indicative of the degree of ionization
of the plasma, is observed to decrease. Such observations are
consistent with the excitation of Li IEE 3-2 transition follow-
ing three-body electron-ion recombination during the decay
of the current pulse which is enhanced as the plasma cools.
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A highly ionized plasma was created with only 3 J of
excitation energy from a fast discharge in a 500-um-diam
LiH capillary. Time-resclved spectra indicate the coexis-
tence of a hot, highly ionized plasma core surrounded by a
significantly cooler boundary plasma. Diffusion of iotally
stripped ions from the core plasma into the cooler boundary
plasma might lead o an annular region of high recombina-
tion rates, similar to that observed in laser-created plas-
mas,'* in which x-ray ultraviolet gain might cccur under
optimized plasma density conditions.
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