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Soft-x-ray laser interferometry of a pinch discharge using a tabletop laser

C. H. Moreno? M. C. Marconi¥ K. Kanizay, and J. J. Rocca
Electrical Engineering Department, Colorado State University, Fort Collins, Colorado 80523

Yu. A. Uspenskii and A. V. Vinogradov
P. N. Lebedev Physical Institute, 53 Leninsky Prospekt, Moscow 117924, Russia

Yu. A. Pershin
Kharkov State Polytechnic University, 21 Frunze Street, Kharkov 310002, Ukraine
(Received 18 December 1998

We have used a tabletop soft-x-ray laser and a wave-front division interferometer to probe the plasma of a
pinch discharge. A very compact capillary discharge-pumped Ne-like Ar laser emitting at 46.9 nm was com-
bined with a wave division interferometer based on Lloyd’'s mirror and Sc-Si multilayer-coated optics to map
the electron density in the cathode region of the discharge. This demonstration of the use of tabletop soft-x-ray
laser in plasma interferometry could lead to the widespread use of these lasers in the diagnostics of dense
plasmas[S1063-651X99)12507-9

PACS numbds): 52.70.La, 07.85-m

[. INTRODUCTION plasmas that are produced at that large laser facility. How-
ever, the large size and low repetition rate of this type of
The ability to produce time-resolved two-dimensional soft-x-ray laser constitutes a limitation to its use in the study
maps of the electron density in dense plasmas is of majopf other dense plasmas.
interest in understanding their dynamics, and validating and The important progress recently achieved in the develop-
improving complex numerical plasma hydrodynamic codesment of tabletop soft-x-ray lasers creates new opportunities
Interferometry with optical lasers has been widely utilized toin the diagnosis of dense plasmas. A capillary discharge-
map the electron density in numerous laser-created an@umped tabletop laser operating at 46.9 nm has been dem-
discharge-created plasmas. However, free-free absorptigistrated to reach the saturation inteng@dy. A measure-
and refraction of the probe beam by the plasma limit thement of the spatial coherence of this laser showed that it
maximum electron density and plasma size that can bgxceeds the requirements to probe millimeter-size plasmas
probed with optical wavelengths. An additional limitation is [4]. This laser can significantly extend the range of e|ef3tf0n
imposed by the maximum number of fringe shifts50) that densitiesn, and plasma sizet that can be probed with
can be detected in practi¢&]. Since all three of these limi- tabletop lasers. For example, for a plasma with an electron
tations can be greatly reduced using a shorter wavelengti¢mperature of 200 eV and=15, free-free absorption at
probe beam, the extension of plasma interferometry to soft46.9 nm determines an optical depth of unityrgt =5.8
x-ray wavelengths can significantly expand the maximumx 10*cm™ [1]. In comparison, for the fourth harmonic of
plasma densities and sizes that can be probed. Nd-YAG (A=0.265um), an optical depth of unity is
Soft-x-ray lasers have the brightness, monochromaticityreached ah?L = 1.7x 10*°cm®. Therefore, if we consider a
and spatial coherence necessary to conduct interferometpiasma withn,=2x10?*cm 2 and allow for an attenuation
measurements in dense plasmas. The first soft-x-ray plasnud the probe beam af *, the Ne-like Ar laser can be used to
interferometry experiments have made use of a 15.5-nm Ngsrobe plasmas up to 1.45 mm in size, while a 0.2656-
like Y soft-x-ray laser pumped by Nova, the world’s most beam allows probing of plasma sizes up to ori40 um.
powerful laser[1,2]. In those pioneering experiments the Moreover, the smaller refraction angle of the 46.9-nm beam
soft-x-ray laser was combined with a Mach-Zehnder interferallows probing of plasmas with 30 times larger electron-
ometer to probe high-density laser-created plasmas. That ardensity gradients. Several other relatively compact laser-
plitude division interferometer was implemented utilizing pumped soft-x-ray lasers have also reached gain saturation
thin multilayer beamsplitters and multilayer-coated mirrors[5], or are on the verge of reaching gain saturation and pro-
developed for that wavelength. In those experiments the opducing the output energies that will allow their use in plasma
tical laser beam that pumps the soft-x-ray laser and the laseliagnostics[6,7]. These tabletop soft-x-ray lasers could be
that produces the high-density plasma are produced by thésed to probe a great variety of dense plasmas. However,
same Nd:glass laser systgiMova) and, therefore, the soft- multilayer beamsplitters cannot be presently developed for
x-ray laser pulse and the plasma generation are perfectly sythe wavelengths corresponding to several of these lasers
chronized, a situation that is ideal to probe the very densg3,6,8 due to the lack of materials with the adequate optical
constants. This limits the implementation of amplitude divi-
sion interferometers and requires the development of alterna-
*Permanent address: Departamento de Fisica, Universidad deve interferometer configurations. Possible solutions include
Buenos Aires, FCEyN, Buenos Aires, Argentina. amplitude division interferometers schemes based on diffrac-
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duration[13]. Lasing is obtained by exciting a 4-mm diam-

S eter and a 16.4-cm-long polyacetal capillary filled with Ar
Soft X-ray gas at a pressure of about 600 mTorr with a fast current
pulse. The current pulse that has a peak amplitude of about
37 kA and a first half-cycle duration 6£72 ns is produced

by discharging a Blumlein transmission line that uses water
as dielectric. The transmission line is pulse-charged utilizing
a compact Marx generator. The laser setup has a size com-
parable to many widely utilized visible and ultraviolet lasers
and occupies a table area of about 041m. The beam
divergence is about 5 mrad at the discharge operating condi-
tions used in the experimeft4]. In a previous experiment
we have determined that the output of this laser is spatially
coherent within a cone that has a full angle of 0.5-0.8 mrad

[4].

Imaging Mirror
R=60cm

MCP-CCD
Detector

. B. Lloyd’'s mirror interferometer
FIG. 1. Setup used for soft-x-ray interferometry of a pulsed 4

discharge plasma. Lloyd’s mirror is the simplest possible wave-front divi-
sion interferometef15]. In this interferometer scheme an
tion gratings[9] and wave-front division interferometers elongated mirror is positioned at grazing incidence to inter-
[10,11]. Recently, a Fresnel bimirror wave-front division cept and redirect part of a beam originated from a coherent
soft-x-ray interferometer was demonstrated and used in consourceS. The part of the beam reflected by the mirror is
bination with a 21.2-nm Ne-like Zn laser to probe surfacemade to overlap with the rest of the beam onto a detector
defects induced by an intense electric figld]. screen where the interference pattern is observed. The spac-
We have recently demonstrated the use of a dischargéng of the interference fringes in the detector plakkeis a
pumped 46.9-nm tabletop laser and a wave-front divisiorfunction of the distance between the sourcgand a generic
soft-x-ray interferometer in plasma diagnosti¢€]. The in-  location on the Lloyd’s mirror surface, the distancebe-
terferometer is based on Lloyd’s mirror and recently develtween that location and the detector screen, and the distance
oped Sc-Si multilayer mirrors having a normal incidence re-d=2b sin § betweerSand its virtual images’ created by the
flectivity of ~34% at 46.9 nm. We have used these tools td_loyd’'s mirror (whered is the grazing angle of incidence of
map the electron density in the cathode region of a moderthe radiation on the mirror surface
ately dense pinch plasma with high spatiai10 um) and
temporal(0.6—0.7 ngresolution. This experiment constitutes Al= (b+o)A _ (b+C)A 2.1)
the demonstration of the use of a tabletop soft-x-ray laser and d 2bsinés’ '
of a wave-front division interferometer in plasma diagnos- ) ) ) )
tics. In this paper we discuss all the aspects of this experi- It Should be noted that in selecting the interfringe separa-
ment, including the Lloyd’s mirror interferometer, the devel- tion there is not complete freedom in the choice of the graz-
opment of the Sc-Si multilayer mirrors, the characterization"d incidence anglé because in combination with the length
of the discharge plasma, and present interferometry data. TH¥ the Lloyd's mirror this angle also determines the maxi-
next section describes the experimental aspects of this papdpum transverse size of the region that can be probed. Figure

and Sec. Il discusses the results of the interferometry megé illustrates the combination of fringes density and maxi-
surements. mum transverse plasma sizes that are accessible for probing

by changingé for several mirror lengths between 10 and 25
cm. It was assumed that the soft-x-ray laser beam is coherent
II. EXPERIMENT within a cone of 0.7-mrad full angle, and that the parameters

A schematic representation of the setup of the experimerfif the interferometer correspond to the implementation de-
is shown in Fig. 1. It comprises a tabletop capillary dischargescribed below. It was also assumed that the edge of the mir-
laser that produces a=46.9-nm probe beam, a capacitive or is positioned to intercept the axis of the beam. Starting at
discharge that generates the transient plasma that is the o= 0. both the fringe density and the size of the probe region
ject of the study, and a wave-front division interferometerincrease as a function @up to 5~0.1-0.2 mrad depending
consisting of a grazing incidence mirror and two Sc-Sion the mirror length. At this point a further increase in the
multilayer mirrors positioned at near-normal incidence. EacHrazing incidence angle continues to enlarge the fringe den-

of the major Components of the experiment are discussegity but causes a decrease. of the size of the region that can be
below. probed due to a decrease in the overlap between the reflected

beam and the rest of the beam. For example, the computa-
tions show that under these conditions, a mirror length of 20
cm allows the probing of a transverse plasma size of 300

The soft-x-ray laser used in this experiment is awith a fringe density of 22 mm' at the object plane. In
discharge-pumped collisionally excited Ne-like Ar tabletoppractice the useful size of the region of the interference
laser emitting in a single line at 46.9 nm. It produces laseifringes is somehow reduced by the appearance of diffraction
output pulses with energy of up to 2&] and of 0.6—-0.8-ns fringes caused by the interception of the beam with the edge

A. Tabletop capillary discharge Ne-like Ar laser
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s tichannel plate(MCP) followed by a phosphor screen, an
" image intensifier, and a 10241024 charge-coupled device
25 om (CCD) array. The MCP was gated duringb ns to eliminate

'S
=)

the background signal caused by the long-lastin@00 n3
self-emission of the plasma. Also, the phosphor screen was
20 coated with a thin aluminum film to reduce the background
signal caused by visible plasma radiation. The Lloyd’s mir-

w
a

@
S

§25 i ror was positioned at a grazing angle of incidence of about
g 1.4 mrad, that determined an interfringe separation of 32
20 channels on the CCD corresponding to a fringe density of
15\ 10 ~26 mm ! on the object plane.
\
10
T C. Multilayer mirrors
5 . . .
/________-——>§> The interferometer design requires the use of two near-
% o2 o3 v o5 o6 o7 08 normal incidence mirrors. The literature indicates that Ir or

Size (mm)

Os coatings can produce normal incidence reflectivities of

FIG. 2. Computed fringe density vs maximum transverse plasm&€arly 20% at 46.9 nni16]. However, we have observed
sizes that are accessible for probing for mirror lengths betweeflUring our experiments that in practice the reflectivity of Ir
10-25 cm. It was assumed that the soft-x-ray laser beam is coheref@atings deposited by electron-beam evaporation on super-
within a cone of 0.7-mrad full angle. The edge of the Lloyd mirror Polished surfaces is onk¢10% at this wavelength, which in
is assumed to intercept the axis of the beam. The parameters of ti@aIr setup that uses two near-normal incidence mirrors re-
interferometer correspond to the implementation described in théluces the intensity of the probe beam reaching the detector
text. by nearly two orders of magnitude. To obtain a significant

improvement in the throughput of the interferometer we de-
of the Lloyd’s mirror. Nevertheless, a moderate increase ofigned and manufactured multilayer coatings optimized for
the size of the probed region with respect to that shown irmaximum reflectivity at this wavelength. In plasma interfer-
Fig. 2 can be obtained by positioning the edge of the mirroometry experiments the narrower bandwidth of these opti-
off axis. This was the situation of our experiment in which mized multilayer mirrors also provides the important addi-
we probed a region 0400 um with a fringe density of 26 tional advantage of an increased contrast between the
mm %, reflected probe beam and reflected plasma self-emitted radia-

The plasma under study is positioned to intercept aboution. Soft-x-ray multilayer coatings made of multiple pairs
half of the laser beam, leaving the rest of it practically un-(periods of absorber/spacer materials such as Mo-Si, Cr-C,
perturbed. The plasma introduces a number of fringe sNifts and Cr-Sc have been extensively used as reflectors in the
in the probe beam that is related to the electron demsityy =~ 10—30-nm spectral region for nearly 20 years. However, the

choice of the best partner materials for the fabrication of

N= Lﬂde L ne 2.2 reflective multilayers at 46.9 nm is not clearly evident. All

o A 2\ ngg’ ' the previously developed multilayer coatings, including

Mo-Si and MoSj-Si, have very low reflectivity at 46.9 nm

wherex is measured along the probe bedmis the plasma [17,18. Under these circumstances the identification of the
length along the path of the probe beam, api$ the index  optimum material combination is key to the design of high
of refraction of the plasma, which in turn relates to the elecreflectivity coatings at the wavelength of interest. We chose

tron density n, as n=(1—n¢/n.9*? where n,,=5 the Sc-Si combination in view of the following: Si is one of
x 10?%cm™2 is the critical electron density for the propaga- the best spacer materials for this wavelength due to its low
tion of the 46.9-nm laser probe radiation through the plasmaabsorption, and also the technology for its deposition into
Consequentlyn, can be readily inferred by measuridgpb,  thin layers is well developed. The remarkable feature of Sc
if the plasma length. is known. as an absorber material for this wavelength region is its high

In our experiment the point sourc® was obtained by refractive index originating from very intense transitions of
focusing the laser beam with a concave Sc-Si multilayer mirthe 3p core electrons to the practically unoccupied I3and
ror having a radius of curvaturRB=60cm. This concave (3p®4s?3d'—3p°4s23d? transitiony, which starts at\
mirror also images the plasma onto the detector plane. The-35nm. In addition, Sc has low absorption because of the
Lloyd’'s mirror was obtained by cleaving a 2.5-athi8-cm  small nhumber of valence electrons is 4nd 3 shells and
strip from a polished silicon wafer. The plasma was posi-the low values of the cross sections of valence photo excita-
tioned at 2.4 m from the exit of the laser, where the beam hasons atA =46.9 nm. For our humerical calculations the op-
a spatial coherence length of at least 1.2 mm. The distandial constants for Si were obtained from the literature, while
between the curved mirror and the plasma was 31.4 cm, anthose for Sc were obtained froab initio calculationg19].
the distance between the curved mirror and the detectofhe theoretical results show that a perfect Sc-Si multilayer
screen was 676 cm. A flat Sc-Si multilayer mirror was usedvould have normal incidence reflectivity as high as 67% at
to relay the image onto the detector. This optical setup. =46.9 nm.
projects onto the detector plane a real image of the plasma A series of concave Sc-Si multilayer mirrors having a
with 21.5< magnification. The detector consisted of a mul-periodH =18—27 nm were fabricated on superpolished sub-
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— the calculated and observed reflectivity of the Sc-Si mirrors.
Lo - Reflectivity Also, it is probable that some of the irregularities in the
== Bandwidth . ..
50 25 dependence of optical characteristics on a wavelength ob-
~ served in Fig. 3 are connected with these processes. Never-
2 ;\\ ° 20 theless, the fabricated Sc-Si multilayer mirrors provide ap-
S \‘-\\ o E proximately 300% improvement in the normal incidence
«g . . e 55 reflectivity available in practice for interferometry experi-
g3 5 ments with the 46.9-nm laser. Moreover, our studies show
Q = . . . .
S g that the Sc-Si mirrors have a large potential for still further
~ A . .
20 10 improvements of the reflectivity at 30—50 nm, and that they
- have a significant thermal stability that will allow their use in
10 'T‘\-~-~.:.... REE controlling rather intense soft-x-ray beams. More details
""" ST about the Sc-Si multilayer mirrors can be found in RE24.,
0 0 22].
35 40 45 50
Wavelength (nm)

D. Pulsed discharge

FIG. 3. Measured peak reflectivify>, left axis), and bandwidth The plasma that was the object of this paper was formed
(A, right axig of the Sc-Si mirrors as a function of the wavelength. hy means of a pulsed capacitive discharge, utilizing the elec-
The curves are smooth fits to the data points. trode configuration schematically illustrated in Fig. 1. The

plasma formation was initiated by a predischarge between
strates(surface rms roughnessl A) by dc-magnetron sput- the electrode identified asHV in Fig. 1 and a grounded
tering at 3x10 3 Torr of Ar. The multilayer coatings con- cylindrical stainless steel electrode placed at the opposite end
sisted of 10 periods, with a ratio of layer thicknessesof a 4-mm diameter channel in polyacetal. Material ablated
H(Sc)MH(Si)=0.7-0.8 and a 2—4-nm-thick protective layer from the walls of this channel was injected through a hole in
of Si on the top. The sputtering rate was 0.2—0.3 nm/s for théhe grounded electrode into the 4-mm gap between this elec-
Sc layers and 0.4-0.5 nm/s for the Si layers. We found theérode and a knife-edged cathode. These two electrodes were
substrate materigfloat glass, fused quartz, or silicon wafers connected to a 3.2# capacitor charged to 12 kV. The ca-
does not significantly affect the performance of the multilay-pacitor was discharged through a spark-gap switch to excite
ers. In contrast, the use of electron-beam evaporation insteatle plasma that was formed from the material supplied by the
of magnetron sputtering results in strong deterioration of thewuxiliary predischarge and material vaporized from the cath-
quality of the multilayers. The normal incidence reflectivity ode by the discharge current pulse. The cathode was sup-
of the Sc-Si concave mirrors was measured with 10% relaported by a stainless steel cylinder that surrounded the
tive error by comparison of the intensity of the spectra of aplasma providing a return path for the current and partial
laser plasma sourdgaser parameters:A =1.06um, 0.1 J,  protection for the mirrors from ablated electrode material.
5 ns, 1-mm diameter focal spot, and 1)Hxith that of the  This coaxial electrode geometry allows for a relatively low
plasma image produced using the multilayer mirror undeinductance current path, which resulted in a current pulse of
investigation20]. Figure 3 illustrates the results of reflectiv- ~30-kA peak amplitude and 1.,8s half-period. The cathode
ity measurements for eight Sc-Si multilayer mirrors. At ourwas made of either stainless steel or copper. In both cases the
working wavelength of 46.9 nm the normal incidence refleccathode had a knife-edge profile with an edge length of 5
tivity and bandwidth of the mirrors are-34% and 4 nm, mm placed in the direction parallel to the propagation of the
respectively(far right point on the curves of Fig.)3These laser beam. This electrode geometry allowed for the creation
reflectivity data were confirmed in two independent measureef an elongated plasma in the direction of the probe beam.
ments carried out at the BESSY synchroti@erlin) and at  While both cathodes had similar shapes the stainless steel
the Center for x-ray OpticéBerkeley, USA [21]. Moreover,  cathode had corners at the extremes of the knife edge with a
we verified that this relatively high reflectivity is maintained smaller radius.
several months after fabrication and exposure to the atmo- The magnetic force of the current pulse compresses the
sphere. The period and structure of the multilayers werglasma, resulting in the formation of a moderately dense
tested using CuKand CokK, (A=0.154 and 0.179 njrx-ray  pinch that can be identified by the emission of a relatively
reflectometry at small and large angles as well as crossshort burst of short wavelength radiatién150-ns full width
sectional electron microscopy. These measurements allowext half maximum duration The size, composition, tempera-
us to estimate the interface roughness of the fabricated miture and temporal behavior of the plasma were characterized
rors to bec~1.1-1.3nm. An electron microscopy study of utilizing several diagnostic techniques. A vacuum photodi-
the cross section of the multilayers revealed regions of @de with an aluminum photocathode was used to monitor the
mixed composition with a width of 3 nm at all Sc-Si and temporal evolution of the soft-x-ray emission from the
Si-Sc interfaces. Heating of the multilayer up to 670 °K wasplasma in every shot. Figure 4 shows the evolution of the
observed to lead to strong intermixing of Si and Sc layergphotodiode signal in relation to the discharge current pulse.
and to precipitation of the §8is compound. Annealing at The pinch occurrence can be recognized by the pronounced
temperatures above 770 °K resulted in complete degradatigmeak on the photodiode signal, which in this shot takes place
of the multilayer structure. We believe that these interfaceabout 1us after the onset of the discharge current. Signifi-
processes are the main causes of the large difference betweesnt shot to shot variations in the time and amplitude of the
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FIG. 6. Emission spectrum of the cathode region of the pulsed
FIG. 4. Pulsed discharge plasma characteristics: discharge cuUfischarge using a copper cathode.

rent pulse and temporal evolution of the vuv/soft-x-ray radiation
emitted by the plasma. distribution of the plasma radiation. For this purpose, the
plasma was imaged on to the slit of a spectrometer using an
radiation intensity were observed. The length of the plasméridium-coated mirror with a radius of curvature of 60 cm.
along the path of the probe beam was estimated from th&he plasma emission in the 50-120-nm spectral region was
extent of the vacuum ultraviolet/soft-x-ray emitting region of measured using a 1-m focal length normal incidence vacuum
the plasma. The size of the vuv/soft-x-ray emitting regionspectrometer provided with a 1200 lines-per-mm grating and
was determined in an auxiliary experiment in which thea gated MCP-CCD detector. Spectra obtained for discharges
plasma was imaged onto the gated MCP-CCD detector witMvith copper and stainless steel cathodes show that the plasma
4.3 X magnification using an iridium-coated spherical mirror contains ions arising from the vaporization of cathode mate-
with a 60-cm radius of curvature. Figure 5 shows an imagdial by the current pulse and O ions and C ions corresponding
corresponding to a discharge conducted using the coppé® material ablated from the polyacetal walls of the channel
cathode. As also observed for the discharges with the stairdf the predischarge. As an example, Fig. 6 shows a spectra
less steel cathode, the vuv/soft-x-ray emission is concergorresponding to a discharge with the copper cathode. The
trated in the vicinity of the cathode. The silhouette of thespectra is dominated by ¥Wand Cull lines. Spectra ob-
cathode can be seen on the right side of the image partiallfained at other wavelengths also show lines of\GuO1I,
covered by plasma. Although the pinch characteristicsind OIv. Spectra corresponding to discharges with the stain-
change significantly from shot to shot the plasma depth alonifss steel cathode are also observed to contain lines of ions
the laser beam path was estimated to be{0%) mm and originated from cathode material, such usiFeCriv, and
(1.9+0.3) mm for the discharges that made use of the stainNi Ill. The presence of strong @lines indicates that in the
less steel cathode or copper, respectively. region of interest the electron temperature is of the order of
The composition and degree of ionization of the plasma inl0 €V and that all the atoms are ionized. The observation of

the region near the cathode was inferred from the spectrdnetal vapor ions and strongest plasma self-emission near the
cathode suggest that material ablated from the cathode

makes an important contribution to the plasma.

IIl. INTERFEROGRAMS AND CONCLUSION

Soft-x-ray interferograms of plasmas generated using the
stainless steel and copper cathodes are shown in Figs. 7 and
8, respectively. Figures(@ and 8a) show the interference
pattern obtained when no plasma was present. The shadow
of the corresponding cathodes can be seen on the right side
of each image. Uniformly spaced interference fringes with
good contrast corresponding to a fringe visibility ©#0%
can be observed in the central region of the images. The
unevenly spaced fringes that appear at the bottom of Figs.
8(a) and 8b) are diffraction fringes produced by the Lloyd’s
mirror edge. Figures(B) and 8b) show interferograms pro-
duced when the plasma was present. Although the fringe

Distance(mm) contrast is degraded by the plasma self-emission, fringe
shifts are clearly distinguishable in the vicinity of the cath-

FIG. 5. Two-dimensional image of the pulsed discharge cathod€®des. Three-dimensional maps of the electron-density distri-
region for a copper cathode. The anode is located towards the leRutions that result from analyzing these interferograms are
side of the image and falls outside of the area of view. In theshown in Figs. {c) and &c). Contour lines of the respective
interferometry measurements the probe beam propagates alongetectron-density distributions are also displayed at the bot-
vertical line and the Lloyd’s mirror has its reflecting surface paralleltom of each figure. The dark contours show the relative po-
to the plane of the figure. sition of the cathode electrodes. The analysis assumes the

Distance(mm)
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FIG. 7. Interferograms corresponding to a discharge with a %“’E 1 -
stainless steel cathode(a) Reference interferogranno plasma '203 05 a0 §
present. The shade at the right is caused by the cathode elec- %‘é 0 éf
trode. (b) Interferogram with the plasma presenic) Corre- %v-o_s 11711 I R g
sponding bidimensional distribution of the electron density. The a4 / : . I
dark contour shows the position of the cathode. W 40 50 gy ~ 800. = s00

plasma is uniform in the direction of the probe beam. The Distance (um)

elongated shape of the plasma along the cathode’s (@gge

Fig. 5 and the relatively uniform intensity of soft-x-ray self- )
7 T ._per cathode. (a) Reference interferografmo plasma presentThe
emission along the probe path provide justification to thIS‘s)hade at the right is caused by the cathode electrod®.Interfero-

approximation. . - ram with the plasma present(c) Corresponding bidimensional

In b.Oth Cas.es. Fhe highest plasma density ,'S observed istribution of the electron density. The dark contour shows the
oceur in th? vicinity of t_he cathode. In the discharge ShOtposition of the cathode. The relative time at which the interfero-
c_orrespondlng to the stainless steel cathode t?e el§9tf°” de&'am was recorded with respect to the current pulse and the peak of
sity reaches a maximum value of (3.0.3)x 10¥%cm*ina ‘the plasma self-emission is indicatedtas0 in Fig. 4. The probe
region very close to the cathode surface. The electron densifyeam and the cathode knife edge are parallel to the vertical axis.
diminishes smoothly towards the anode. In the discharge
shot corresponding to the copper electrode the highest deabsence of visible distortion of the fringes at distances
sity region of the plasma is observed to be concentratedreater than 30Qum from the cathode confirms that the
within 300 um off the cathode. The electron density reacheplasma density is much lower in that region.
a maximum value of (0.950.30)x 10°cm™3; at about 120 In summary, the results reported in this paper demonstrate
pm from the cathode surface. The significant supply of metathe feasibility of conducting soft-x-ray interferometry with a
vapor from cathode ablation and the concentration of theéabletop soft-x-ray laser and the use of a wave-front division
current in the knife edge contribute to the creation of thisinterferometer in plasma diagnostics. The results also illus-
significantly denser plasma region near the cathode. The rérate that the development of high-reflectivity multilayer op-
gions of high electron density correspond well to those obdfics in the 30—50-nm wavelength region will allow the use of
served to yield maximum vuv/soft-x-ray self-emission. Thethese tabletop short wavelength lasers in a variety of appli-

FIG. 8. Interferograms corresponding to a discharge with a cop-
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cations, including the diagnostics of a great variety of dens@&enware and D. Burd in the development of the tabletop
laboratory plasmas. soft-x-ray laser. The development of the laser was supported
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