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Starting with the discovery of x-ray lasers in 1984, laser-created plasmas remained for almost a 
decade, the only medium in which large amplification of soft-x-ray radiation could be obtained. In 
this paper the recent first demonstration of large soft-x-ray amplification in a discharge-created 
plasma column, realized utilizing a fast capillary discharge to collisionally excite the 46.9 nm 
transition of Ne-like, Ar is reviewed. Results of the parametrization of the Ar IX discharge-pumped 
amplifier, the study of the dynamics of its plasma column, and the measurement of the time history 
of the laser pulse are reported. Prospects for laser operation at shorter wavelengths are also 
discussed. 0 1995 American Institute of Physics. 

I. INTRODUCTION 

Recent x-ray laser reviewslw3 summarized the significant 
progress achieved in this field, following the first successful 
demonstration of collisionally excited4 and recombination 
pumped5 soft-x-ray lasers in plasmas generated by powerful 
laser drivers. Such progress includes the expansion of the 
spectral range covered by x-ray lasers, the demonstration of 
saturation of the small signal gain, and the characterization 
of the spectral and spatial properties of these lasers. Also, 
efforts have been made to improve their coherence properties 
and to shape their pulselength for specitlc applications. 
These bright sources have also been successfully utilized in a 
number of proof-of-principle experiments in x-ray micros- 
copy,. x-ray holography, and in the diagnosis of dense 
plasmas.6 

However, the most recent reviews on this fieldlm3 stress 
in their conclusions, the need for the. development of more 
compact, higher efficiency soft-x-ray lasers that, being more 
affordable and accessible to users, could make their use 
widespread in important applications. With this objective, 
efforts have recently been devoted to explore soft-x-ray laser 
excitation schemes that make use of tabletop laser drivers. 
Experiments have been conducted in both collisional excita- 
tion and recombination schemes.7-” These experiments have 
yielded, to date, gain-length products of C4, with the excep- 
tion of a recent experiment in which a 100 fs pulse from a 
terawatt laser was used to pump Pd-like Xe, resulting in 
gl-11 at 41.8 run.” 

Alternatively, pulsed-power-driven plasmas have also re- 
ceived significant attention, both theoretical and experimen- 
tal, as potentially high efficiency laser sources. However, de- 
spite the success id the development of discharge-pumped 
lasers at wavelengths as short as 116.1 nm as early as in 
1972,” the 100 nm barrier remained insurmountable for the 
development of shorter-wavelength discharge-pumped lasers 
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for over 20 yr. A major obstacle has been axial inhomogene- 
ities in the plasma produced by nonsymmetric compressions 
and instabilities that severely distort the, plasma, thus de- 
stroying the amplification. For example, Kr -pinches pro- 
duced plasmas with an adequate ionization balance to ex- 
plore for gain by collisional excitation in transitions of the 
Ne-like ion, yet no amplification was observed.‘3314 To cir- 
cumvent the limitations imposed by the plasma inhomogene- 
ities, schemes have been explored that make use of large 
x-ray fluxes produced by plasmas created by powerful 
pulsed-power machines to photopump a separate, more qui- 
escent plasma by resonant photoexcitation or by photoioniza- 
tion followed by recombination.i4-‘* Resonant photopump- 
ing of He-like Ne ions by He-like Na line emission, and of 
Be-like Mg IX ions by Li-like Al XI line radiation produced 
in pinch plasmas, has resulted in fluorescence in the laser 
lines and in the generation of population inversion.‘7,18 How- 
ever, further experiments are still needed to demonstrate am- 
plification in these pulsed-power-driven photopumped 
schemes. : 

As a route to compact, efficient, and simpler soft-x-ray 
lasers, we have proposed the direct generation of an axially, 
uniform plasma column by a fast discharge in a capillary 
channel.lg Discharges in evacuated capillaries had been pre- 
viously studied as sources of continuum radiation in the soft- 
x-ray region for spectroscopy, microscopy, and 
lithography.m0-22 

Several experiments were recently conducted in both 
capillary discharges23-27 and pinch plasmas28~2g to explore 
for amplification by collisional. recombination. While 
gain23?27v2g and anomalous line intensity ratios indicative of 
population inversiot? have been reported, only limited ex- 
ponentiation has been observed, with the laser line intensity 
remaining comparable to that of the surrounding lines for the 
longest plasma columns explored, Alternatively, it has been 
recognized that capillary discharges could also create .ad- 
equate plasma conditions for soft-x-ray amplification by col- 
lisional excitation.30-33 We suggested, based on preliminary 
experiments,30.32d3 that fast discharge excitation of a capil- 
lary channel filled with a selected mass density of uniformly 
preionized material would lead to amplification in Ne-like 
and Ni-like ions. 
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FIG. 1. Schematic diagram of pulse generator and capillary discharge setup. 

Recent experiments conducted at Colorado State Univer- 
sity accomplished the first demonstration of Iarge soft-x-ray 
amplification in a discharge-created plasma, utilizing a rela- 
tively compact discharge setup.34 A gain Iength of gl=7.2 
was measured in the 46.9 nm J= 0 - 1 line of Ne-like argon 
in a 12 cm long plasma column generated by a fast capillary 
discharge. In the next section we summarize these results and 
present measurements of the variation of the laser line inten- 
sity as a function of the discharge parameters. In the follow- 
ing sections we discuss both the study of the evolution of the 
capillary plasma column at the conditions at which lasing is 
observed, and the measurement of the time history of the 
laser pulse. In Sec. V we discuss the prospects for the opera- 
tion of discharge-pumped lasers at shorter wavelengths. 

that larger laser intensities were observed in pure argon dis- 
charges rule out a possible crucial role of H, in the laser 
population mechanism, confirming this is a collisionally ex- 
cited laser. Figure 2 shows the dramatic increase of the in- 
tensity of the 46.9 nm transition of Ne-like Ar observed 
when the plasma length is increased from 3 to 12 cm, In the 
spectrum of Fig. 2(a), corresponding to a 3 cm long capillary, 
the J= 0 - 1 line is observed to be less intense than the sur- 
rounding lines of Mg-like Ar, and to have only about twice 
the intensity of the neighboring 3d-3p Ne-like Ar line at 
48.5 nm. In the spectrum corresponding to the 6 cm long 
plasma, the intensity of the J= 0- 1 line surpasses those of 
all surrounding lines, and, in the case of the 12 cm plasma 
column, this line totally dominates the spectrum, At this 
point the intensity of the lasing line was measured to exceed 
that of the 48.5 nm line by more than 300 times. A plot of the 
integrated line intensity of the J = 0- 1 line as a function of 
the capillary length shows an exponential increase. A fit of 
these data to the Lindford formula35 yields a gain coefficient 
of 0.61-0.04 cm-‘, corresponding to a gain-length product of 
7.2 for the 12 cm column. Preliminary measurements con- 
ducted with a 16 cm long plasma column, indicate that the 
intensity of the laser line continues to increase with capillary 
length. A quantitative measurement of the gl product in this 
case, however, has not yet been obtained, since the line in- 
tensity saturated the detector when attenuated by the thickest 
aluminum filter we had available for the experiment. 

II. DEMONSTRATION OF AMPLlFlCATlON IN NE-LIKE 
ARGON 

Experiments designed to search for amplification in Ne- 
like Ar were conducted utilizing the fast capillary discharge 
setup schematically shown in Fig. 1. Argon plasma coIumns 
were generated by discharging, through a spark gap pressur- 
ized with SF,, a 3 nF liquid dielectric capacitor into 4 mm 
diam capillary channels filled with preionized gas.32,34 The 
capacitor was pulse charged by a Marx generator. A system 
composed by a toroidal copper mirror placed at 82” and a 2.2 
m grazing incidence spectrograph with a 1200 l/mm grating 
was used to analyze the radiation axially emitted by the 
plasma column through the hollow grounded electrode. Fol- 
lowing the identification of the J= 0- 1 line in Ne-like Ar at 
46.875t0.015 nm, measurements of its intensity were con- 
ducted as a function of capillary length to search for ampli- 
fication. In these experiments special care was taken in main- 
taining constant the characteristics of the excitation, defined 
by the amplitude and period of the current pulse, as the cap- 
illary length was varied. The first observation of large ampli- 
fication in Ar D( at 46.9 nm was realized both in pure argon 
and in Ar-H2 gas mixtures at pressures near 700 mTorr ex- 
cited by a current pulse with a half-period of about 60 ns and 
an amplitude near 39 kA.34 More recently, it was realized 
that the H, fraction used in the Ar-H, experiments was, due 
to incomplete mixing of the gases in the gas manifold used in 
the experiment, significantly smaller than the 1:2 ratio re- 
ported, and amounted to be less than 10%. This and the fact 

It should be noticed that the measured gain coefficient of 
0.6 cm-’ is the effective gain, having a reduced value with 
respect to the maximum gain coefficient go=” AN due to 
refraction effects. The role of refraction can be estimated by 
modifying the beam optics analysis by London,36 for the 
cylindrical geometry of the plasma column of the capillary 
discharge, In the case of a cylindrical plasma column larger 
than the characteristic refraction length L, , the effective gain 
coefficient, (Y, can be shown to be related to the gain coeffi- 
cient go by 

2 
a=g0- L’ 

r 

where L, can be calculated from the gradient of the index of 
refraction by 

/z 

Assuming a plasma density of 5X 10” cmw3 and para- 
bolic density and gain profiles with a full width at half- 
maximum (FWHM) of -300 ,um it results that L,=6.7 cm 
and go-O.9 cm-‘, corresponding to a decrease of the gain 
due to refraction of -0.3 cm-‘. While the refraction effects 
are estimated to be non-negligible, they are, nevertheless, 
according to this approximation sufficiently small (corre- 
sponding to a refraction gain length G, = go L,- 6 > 1) to 
allow for maintained exponential growth of the intensity 
with plasma column length,s6 as observed in the experi- 
ments. 

Measurements of the integrated intensity of the 46.9 nm 
Ar IX line were also conducted as a function of discharge 
current and pressure to determine the dependence of the am- 
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FIG; 2. Axial spectraSfrom kr pl+,$?~olum.q~F3, 6, and 12 cm long. A  dramatic increase in the intensity of the J=O- 1 line of Ar IX at 46.9 nm as a function 
of capillary length is observed. The’sp‘ectra cotrespijnd to 38C 1 kA discharges in 4 m m  diam capillties. 

. , . 

plification on these-discharge parameters. Figure 3 shows the plification are obtained at pressures approximately between 
dependence of the amplified line intensity on the discharge 500 and 750 mTorr. 
current for an operating pressure of 700 mTorr. Amplification Spectra were also obtained in the wavelength region cor- 
of the J= 0- 1 line was observed at currents between .34 and responding to the J= 2- 1 line of the Ne-like Ar at 69.8 nm, 
41 kA, with a maximum occurring near 39 kA. All of the which is theoretically predicted to have a lower gain.37 Mea- 
measurements were conducted with- a, wide gate pulse (-30 surements of the variation of the intensity of this line is 
ns) in the ditector; to allow for time integration of the am- complicated by the fact that it appears blended with the 
plified radiation independently of,any variation in the time of 2p53p3D3--2p?3s3P2 Ar IX transition, which cannot be 
occurrence. of the laser pulse as the discharge parameters inverted.38 A comparison of averages of series of spectra 
were varied. Figure 4 shows the dependence of the amplified from 3 and 12 cm capillaries shows a superlinear increase of 
line intensity as, a function of the filling gas pressure. The the intensity of the 69.8 nm line, indicative of’gaiti in the 
data, obtained from discharge..shots at approximately the J = 2 - 1 transition of Ar IX. However, the intensity of tl$s 
same current; 39 kA, show that adequate conditions for am- line remains smaller than that of neighboring Ar VIII resonant 
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FIG. 3. Variation of the integrated intensity of the 46.9 nm Ar IX line as a 
function of discharge current. The data were taken from 4 m m  diam, 12 cm 
long capillaries filled with 700 mTon of argon. 

lines, even in the 12 cm capillaries. The absence of strong 
amplification in this J = 2 - 1 line is in agreement with results 
obtained in laser-created plasmas for low-2 Ne-like ions at 
Livermore, where in the case of Ti XIII only the J= 0- 1 line 
was observed to lase.39 It should be noticed, however, that 
due to the good reflectivity of materials in the 70 nm region 
the utilization of a mirror, or eventually an optical cavity, 
provided the inversion can be maintained for a sufficiently 
long time, might allow for significant amplification of the 
J= 2- 1 lines, despite their smaller gain coefficients. 

111. CAPILLARY PLASMA COLUMN EVOLUTION 

We previously reported a study of the evolution of the 
plasma column in a fast argon capillary discharge,32 but at 
conditions that differed from those in which amplification 
was recently demonstrated.34 To elucidate the dynamics of 
the capillary plasma column at the discharge conditions cor- 
responding to amplification in the J = 0 - 1 line of Ne-like Ar, 
time-resolved end-on soft-x-ray images were obtained. The 
measurements were conducted with a x-ray pinhole camera, 
consisting of a 45 pm diam pinhole placed at 36 cm from the 
end of the capillary and a gated multichannel plate (MCP) 

1W 
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FIG. 4. Variation of the integrated intensity of the 46.9 nm Ar tx line as a 
function of discharge pressure on a 4 m m  diam, 15 cm long capillary filled 
with argon. The discharge current was maintained constant at approximately 
39 kA. 

intensified coupled charge device (CCD) array detector. The 
camera has a calculated magnification of 3.14, a spatial reso- 
lution limited to -60 ,um by the finite size of the pinhole, 
and a temporal resolution of approximately 5 ns. Pinhole 
images of the plasma were obtained using a 1000 A thick 
carbon foil filter, which limits the radiation observed to 
wavelengths below -30 nm. Images were also obtained 
without a filter to allow for the observation of cooler plasma 
regions. In the latter case the wavelength of the radiation 
observed is limited to ha 1300 A by the spectral response of 
the MCP. 

The data confirm that the rapidly rising current in the 
capiIlary channel gives origin to the formation of a strong 
shock that evolves, forming a compressed plasma column at 
the center of the capillary.‘t’ Figure 5 shows a sequence of 
time-resolved pinhole images of the soft-x-ray emitting re- 
gion of the plasma column as a function of time for a 39 kA 
discharge through a 4 mm diam, 12 cm long capillary tilled 
with 700 mTorr of argon. The corresponding evolution of the 
PWHM diameter of the soft-x-ray emitting region of the 
plasma column ,relative to the current pulse is shown in Pig. 
6. The dynamics of the plasma is in good qualitative agree- 
ment with hydrodynamic calculations for a fast argon capil- 
lary discharge. The images obtained at 26 ns from the begin- 
ning of the current pulse show the emission from a 
cylindrical shell, caused by the current distribution deter- 
mined by the skin effect, with an outer diameter that ap- 
proaches that of the capillary channel. The subsequent im- 
ages show that the plasma shell is detached from the wall by 
the forces of the electromagnetic pressure produced by the 
fast current pulse, causing its rapid collapse with a velocity 
that reaches -2X IO7 cm/s, Besides the compressional heat- 
ing, Joule heating is calculated to make a significant contri- 
bution in heating the central region of the capillary plasma. 
Hydrodynamic/atomic model calculations show that in the 
final stage of compression near optimal parameters for gain 
formation in the 3p-3s transitions of Ne-like Ar are 
reached: an electron temperature of 70-90 eV, and an elec- 
tron density of 0.3- 1 X lOI9 cm-‘. Due to the high-velocity 
compression, the electron density abruptly increases to reach 
or surpass the noted values, giving rise to a gain peak that 
has a duration of l-2 ns. Also, when the kinetic energy of 
the shock wave reaches the capillary axis, it causes an abrupt 
increase in the ion temperature, Overionization of the dense 
plasma, increased Doppler broadening, and collisional ther- 
malization lead then to a decrease in the gain, thus terminat- 
ing the laser pulse. The FWHM diameter of the radiating 
region of the plasma column at the time of maximum com- 
pression is measured to be -200 and -300 ,um with and 
without a filter, respectively. The plasma column is observed 
to maintain a diameter close to that achieved at the time of 
maximum compression for about 15 ns, and to subsequently 
expand continuously until shortly after the peak of the sec- 
ond half-cycle, when the diameter of the emitting region is 
measured to be about 3 mm. The column suffers a second 
collapse by the time of the end of the first cycle of the cur- 
rent (not shown in Fig. 5), but reaching this time a diameter 
of about 1 mm, that results in a cooler plasma which is not of 
interest for collisionally excited soft-x-ray lasers. 
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FIG. 5. Series of time-resolved end-on images of the plasma column at discharge conditions*near the, optimum for amplification in the J= 0- 1 line of Ar IX 
in Figs. 3 and 4, for an argon discharge in a 4 mm diam eapilh&. The diameter of the emitting~,region in the first image (a) is 3.5 mm. The timing of each 
image with respect to the current pulse is shown in Fig. 6. . 

IV. LOCATION OF THE GAIN REGION AND- TIME 
HISTORY OF THE LASER PULSE ~(, 

Model calculations conducted utilizing a hydrodynamic/ 

determine the location of the gain region, the far-field pattern 
of the beam was recorded in the presence of pinholes, placed 
in close proximity to the end of the plasma column, at se- 
lected locations along the plasma diameter. The laser radia- 
tion emitted through the pinholes was recorded at 2.2 m from 
the end of the capillary, utilizing as a spectral filter the graz- 
ing incidence spectrograph, with the slit widely opened to 
-300 pm.- 

atomic code of the capillary discharge plasma37 indicate that 
gain can be obtained on both a cylindrical shell at times 
shortly before the plasma column collapses, and/or on the 
axis .of the capillary, depending on the discharge conditions. 
While time-resolved spectra obtained with a 5 ns gate pulse 
indicate that lasing occurs near the time of the collapse of the 
plasma at the axis of the capillary, the very rapid compres- 
sion of the plasma column makes it difficult to determine the 
spatial location of the gain from a combination of the data in 
Fig. 6 and the timing of the laser pulse. To ‘experimentally 

.i 

Figure 7(a) shows an image obtained with a single 150 
,um pinhole centered on the capillary axis and placed at 1.5 
cm from the end of. the plasma column. It was obtained at 
near optimum conditions for lasing in a 12 cm long capillary. 
Figure 7(b) shows a beam profile obtained by placing in the 
same location a linear array of three 150 pm pinholes, hav- 
ing 300 ,um center-to-center separation, and positioned such 
that ‘the center hole is concentric with the capillary. In,both 
figures the intense emission emanating from the central pin- 
hole indicates that strong amplification is present in the cen- 
tral region of the capillary. While fluctuations of the central 
lobe relative to the sidelobes have been observed for differ- 
ent shots, in the vast majority of the shots the maximum 
amplification was observed to originate from the central re- 
gion of the capillary. In some occasions, however, we have 
recorded beam patterns having a slight depression in the cen- 
ter, an indication that in those shots the optimum plasma 
conditions for amplification might occur off axis. 

Time (ns) 

FIG. 6. Evolution of the outer diameter (defined as FWHh4’of the intensity) 
of the XUV soft-x-ray emitting region of the plasma column as a function of 
time. The solid squares correspond to data obtained interposing a 1000 A 
thick carbon foil, which filters out radiation with A>30 nm. 

The pinholes also define specific known locations at the 
end of the plasma column, which, assuming a Gaussian beam 
and with the knowledge of the ray matrix of the detection 
system, allow for an estimate of the beam diameter at the end 
of the plasma column. The radius of the wave front and the 
beam diameter in the plane of the pinhole mask, parameters 
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FIG. 7. The far-field pattern of the 46.9 nm laser radiation emitted through 
configurations of 150 pm pinholes placed at 15 mm from the end of the 
plasma column. The radiation was recorded at 2.2 m from the capillary, after 
being filtered by the grazing incidence spectrograph. (a) Image correspond- 
ing to a single pinhole, aligned with the capillary axis. (b) The image cor- 
responding to a linear array of three pinholes separated 300 pm between 
centers, as illustrated in the figure. 

that completely characterize the beam, can be determined 
from the separation and relative intensity of the peaks, re- 
spectively. Analysis of the intensity profile of Fig. 7(b) re- 
sults in a time-integrated beam diameter at the end of the 12 
cm plasma column of 360 pm FWHM, and a beam diver- 
gence of approximately 5.8 mrad. Nevertheless, a series of 
beam profiles obtained with another capillary consistently 
displayed a relatively larger intensity in the central lobe, cor- 
responding to a smaller plasma column diameter. This indi- 
cates that the extent of the gain region is highly sensitive to 
the plasma conditions that govern its formation. A more pre- 
cise determination of the laser beam divergence and diameter 
was obtained by measuring its intensity profile at three dif- 
ferent locations along the beam path. For this purpose, the 
beam profile was recorded in the presence of an array of 
fiduciary slits. Series of measurements conducted placing the 
slit array at 1.5, 15, and 38 cm from the end of a 12 cm long 
capillary plasma column yielded a beam divergence of 5.5 
mrad and a FWHM beam diameter at the end of the amplifier 
of -300 pm. 

The time history of the laser pulse was also studied uti- 
lizing an internally intensified x-ray streak camera developed 
in house. For this measurement, the streak camera was 
coupled to the 2.2 m grazing incidence spectrograph, posi- 
tioning the photocathode on the Rowland circle. The spec- 
trometer imaged the laser line onto the photocathode of the 
camera and the streak was performed in the direction perpen- 
dicular to the entrance slit of the spectrometer. 

Time (ns) 

FIG. 8. Time history of the laser intensity measured at the center of the 
detected beam pattern (solid line) and of the spatially integrated laser line 
intensity (dashed line), corresponding to a -39 kA discharge through 12 cm 
long, 4 mm diam capillary channel filled with 700 mTorr of argon. 

Figure 8 shows the measured time history of the laser 
intensity at the discharge conditions described as near opti- 
mum for amplification in Figs. 3 and 4. The time dependence 
of both the spatially integrated laser intensity and the inten- 
sity near the center of the beam pattern, where the intensity is 
maximum, are illustrated. It should be noticed that, due to 
the stigmatic characteristic of our optical system, even the 
latter measurement is not completely spatially resolved. The 
FWHM time duration of the laser pulse is approximately 1 
ns, while at the 25% value of the peak intensity the spatiaIly 
integrated pulse is 2.8 ns wide. The observed time extent of 
the amplified pulse is in agreement with the predictions of 
hydrodynamic/atomic code calculation of the capillary dis- 
charge plasma column, which show that for the optimum 
value of the parameters discussed in Sec. II the duration of 
the gain is about l-2 ns. 

The soft-x-ray laser power and energy that could be ob- 
tained assuming saturation will be reached (e.g., via mirrors) 
can be estimated from the measured values of the gain coef- 
ficient (0.6 cm-‘), the laser pulsewidth (- 1.2 ns), and the 
estimated extent of the gain region (-300 ,um diam). For a 
16 cm long plasma column such estimate yields a laser pulse 
energy of the order of 0.1 mJ and a power of about 80 kW. 
Considering a capacitor energy of about 100 J, this corre- 
sponds to a soft-x-ray laser to discharge power ratio of 
- 10-4, and to a laser energy efficiency of -10T6. In com- 
paring this efficiency value to that of laser-pumped soft-x-ray 
lasers having similar efficiencies, it should be noted that in 
the latter case the wall-plug efficiency is further reduced by 
more than two orders of magnitude by the efficiency of the 
laser driver. 

V. PROSPECTS FOR LASING AT SHORTER 
WAVELENGTHS 

A natural approach that can be followed to demonstrate 
lasing in a discharge-created plasma at shorter wavelengths 
consists in the 2 scaling of the colIisiona1 excitation laser 
experiment discussed above along the neon isoelectronic se- 
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quence. Starting from the recent Ar IX (Z= 18) result, Ca XI 
(Z=20), and Ti XIII (Z=22) are the next two ions of this 
sequence that, due to their even Z and consequently small 
hyperfine splitting,“2 are good candidates for amplification. 
Lasing in- Ti XIII has already been demonstrated in laser- 
created plasmas at the Lawrence Livermore- National 
Laboratory.3gP’ Inversion of the populations corresponding 
to the J= 0- 1 line in these ions will result in amplification 
at 383 and 326 A, respectively. It can be expected, according 
to the gain scaling relation g-Z4.5,43 that, if optimum 
plasma conditions can be achieved, the gain of the J= 0- 1 
line in these elements will be higher than in Ar LX, and of the 
order of 1.5 and 3 cm-’ for Ca XI and Ti XIII, respectively. 
An additional experimental complication arises here from the 
fact that these, as well as the next several elements of the 
Ne-like sequence, are solid at room temperature. Several 
techniques, however, can be used to generate a vapor column 
of these elements, including injection of material vaporized 
by a secondary discharge into the capillary channel,44 and 
discharge ablation of the wall of a capillary containing these 
materials.33 

We have recently reported the observation of the 
J=O- 1 and J=2- 1 , lines of Ca XI and possibly of the 
J= 0- 1 line of Ti XIII in a fast capillary discharge in plasmas 
created by discharge ablation of capillaries containing CaH2 
and TiH2.s3 Rapid excitation of 1.5 and 2.5 mm diam capil- 
laries made out of these materials with current pulses of less 
than 70 kA have produced Ca and Ti plasmas in which atoms 
are ionized up to the O-like and F-like state, respectively. To 
be able to tailor the conditions of these plasmas for amplifi- 
cation, we propose the utilization of two discharge pulses: a 
prep&e designed to ablate material from the capillary wall, 
creating a cold plasma with the necessary mass density in the 
capillary channel, followed by a fast, high-current pulse to 
do the excitation. In this scheme both the amplitude of each 
of the pulses and the delay between them can be adjusted for 
independent control of the initial density of material and of 
the excitation. In x-ray lasers in laser-created plasmas, two 
pulse excitation schemes have already been proposed45 and 
successfully utilized41*46 to tailor the plasma conditions to 
achieve high gain. 

To obtain lasing at wavelengths below 300 A in the Ne- 
like sequence, excitation of higher-Z ions, such as Ne-like Cr 
(A=285 A) or Ne-like Fe (X=255 A), is required. It is fore- 
seeable that scaling of the excitation to achieve 50-100 ,um 
diam plasma columns with N,-(2-5)X1020 cms3, and 
T,-500-700 eV could result in lasing below 200 A in 
Ne-like Kr, with gains of the order of 5-8 cm-‘. However, 
the pumping requirements needed to achieve such values of 
the plasma parameters significantly increase the degree of 
difficulty of its practical realization. Alternatively, a more 
rapid scaling to shorter wavelengths could be achieved uti- 
lizing Ni-like ions.8,32*37 In this case, amplification at wave- 
lengths below 200 A can be explored, for example, utilizing 
the 3dg4d’S-3dg4p1P transition of MO XIV (X=189.2 A). 
This transition in MO XIV has been already identified in a 
laser-created plasma, and also a gl product of 3 has recently 
been reported in the equivalent line in Ni-like Nb (X=204.2 
A) in a 0.9 cm long plasma created by a tabletop laser.g 

Excitation of these Ni-like transitions in a fast compressive 
capillary discharge should still require relatively modest cur- 
rents, of the order of less than 100 kA, It is also possible that 
scaling of the excitation to generate plasma columns with 
N,-(2-5)X 102’ cmm3 and T,--300-600 eV could pro- 
duce amplification with gains of 4-6 cm-’ in Ni-like Xe at 
x-91-95 A. 

The recombination scheme also remains as a possible 
approach to obtain large amplification at.shorter wavelengths 
in a fast capillary discharge,19s25 while still maintaining mod- 
erate excitation currents. 
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