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Four orthogonal line-focused 351-nm beams have been used to implode 2-mm-long, 100-um-diam
thin Al cylinders. The resulting linear, high-density, high-temperature plasma has characteristics

suitable as an x-ray-laser medium.

I. INTRODUCTION

Many proposed x-ray-laser schemes incorporate a
linear, high-density, high-temperature plasma generated
by a cylindrically focused beam, or by multiple spherically
focused beams from a high-intensity laser.! For the plas-
ma to be optimum as an x-ray-laser medium, it should not
only have density and temperature conditions appropriate
for maximum population of the x-ray-laser ion states, but
also have a geometric shape and uniformity of plasma
conditions conducive to providing high x-ray gain along
the axis of the plasma. Most experimental studies of col-
lisionally excited or recombination x-ray laser schemes
have so far used laser-produced plasmas created from
solid targets. The characteristics of such plasmas pro-
duced by spherically focused laser beams have been inves-
tigated in great detail because of their application to laser
fusion studies. Plasmas created by cylindrically focused
laser beams have not been examined so thoroughly.? In
some respects, plasmas produced from solid massive tar-
gets by short intense laser pulses are not ideal for x-ray-
laser schemes. These plasmas have steep electron-density
and temperature gradients across which ion-state popula-
tions are rapidly varying, making the conditions for x-ray
gain highly transient. In general the plasma flow in these
high-laser-intensity interactions is not stationary, and as a
consequence regions of specific ion-state populations are
not stationary with respect to an optical axis through the
plasma, thereby limiting the time for which optimum gain
conditions exist. Moreover, refraction of x-rays on the
plasma density profile can contribute to an additional loss.
These factors are compounded by the microscopic varia-
tions produced in the plasma profile by the small-scale
variations in the intensity profile of most focused laser
beams. These limitations can be alleviated with simple
changes to the target design.

One approach to producing a more uniform plasma in
which the effects of nonuniformities in the irradiating
beam are smoothed out is to form the plasma from an ex-
ploding thin foil. There are several ways in which a thin
foil can be exploded or decompressed in the early stages of
its irradiation by a high-power laser pulse. It is well-
known that the interaction of intense (> 10" Wcm™2)
short (< 100 ps) long-wavelength (AS'1 um) laser radia-
tion with solid material is dominated by resonance absorp-
tion,® a process in which most of the absorbed energy is
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coupled through intense electromagnetic plasma waves to
collisionless fast, or hot, electrons. In a thin-foil interac-
tion, these hot electrons quickly explode the foil by elec-
tron energy deposition. Similar conditions may be
achieved with intense short-wavelength radiation where
rapid decompression of the foil results from shock and ra-
diational heating.* Alternatively, targets fabricated of
low-density material (n <ngy;4) may be good candidates
for x-ray-laser media, although the effects of self-induced
whole-beam self-focusing may have to be taken into ac-
count.’

II. IMPLODING CYLINDRICAL TARGETS

We describe here two novel approaches to the develop-
ment of a linear uniform medium suitable for x-ray gain
conditions. Both these approaches depend upon the abili-
ty to uniformly compress cylindrical targets with multi-
ple, line-focused laser beams. In these initial investiga-
tions, we have considered primarily Al cylinders for a
number of reasons. The spectroscopy of Al is well-
known,® and there are a number of transitions on which
high gain can potentially be produced in a recombining
plasma,”® with or without enhanced plasma cooling.®
With the limited energy currently available under line-
focus conditions with OMEGA, we consider the implo-
sion of cylinders of moderate Z, in which temperatures
sufficiently high to ionize and excite the requisite energy
levels can be generated (typically > 400 eV). Thirdly, we
chose Al because of its relative ease of fabrication in the
form of free-standing, ultrathin-walled cylinders.

In this paper, we present some initial investigations of
these ideas performed with four line-focused beams of the
upconverted 351-nm OMEGA facility.’ The four beams,
each producing ~50 J in ~600 ps, were focused orthogo-
nally onto the cylindrical target (Fig. 1) by an f/3.7
fused-silica lens combination comprising a high-power as-
pheric singlet lens and a close-coupled spherical cylindri-
cal corrector plate, producing a line focus of length 1700
pm and width S50 um. Focused onto a target of ~ 100-
pm diameter, with the four beams tangentially overlap-
ping the target, average irradiation intensities of ~ 10'
W/cm? were produced. The four beams were coaligned
with the aid of a solid reflective cylindrical surrogate tar-
get, from which fiducials were transposed to fixed high-
resolution viewing systems for positioning the irradiated
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Two-element fused-silica
focusing system

1/3 aspheric focusing element
1/40 cylindrical correctors
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Energy ~ 50 J 100-um diameter
600 ps ‘\

FIG. 1. Four-beam compression of cylindrical targets with
orthogonal 351-nm line-focused beams of OMEGA.

targets. Individual beams were aligned in position to an
accuracy of ~20 um, and oriented parallel to one another
to ~10~2 rad. For the purpose of aligning the cylindrical
plasma to the axis of diagnosing instrumentation, the axis
of the cylindrical target could be set to an axis fixed to the
enclosing vacuum chamber to an accuracy of 3Xx10~°
rad.

Two types of imploding targets were investigated, and
compared to a solid Al cylinder target. These are illus-
trated in Fig. 2. The first, Fig. 2(a), comprised a 100-
pm-diam CH cylindrical shell, 3—5 pm thick, the inside
of which was coated with a 0.3-um-thick layer of Al. The
CH in this target serves as an ablator, its thickness being
chosen to equal the ablation depth for an intensity of
~10" W/cm~2'° Thus the Al layer is subjected to
minimal heating until it stagnates at the center of the tar-
get. One-dimensional hydrodynamic simulations of this
type of target with the Lagrangian code, LILAC (Fig. 3),!!
indicate that the Al reaches final density and temperature
conditions of 4Xx10** cm~3 and ~300 eV, respectively,
over a radial extent of <3 um. Being ablatively driven by
short-wavelength radiation, this target is sensitive to irra-
diation nonuniformities resulting from the use of only
four beams. Were this final core density to be created it

(a)

Ablatively Driven Shell

(b)

Compressed Exploded Shell

Void (50 um) Void (35 um) ———
Al (0.3 um) Al (0.3 um)

CH (3-5 um)

Au (0.015 um)

FIG. 2. Two types of cylindrical target designs investigated
(a) a CH-coated metal cylinder, in which the CH acts as an abla-
tor; (b) an ultrathin metal cylinder which explodes before being
compressed.
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FIG. 3. Trajectories of material interfaces predicted by the
one-dimensional hydrocode LILAC for the ablation target shown
in Fig. 2(a). (a) shows the case for a low-Z center ablator, (b)
shows the effect of adding a thin layer of high- Z material (Ni).

would be somewhat higher than the optimum for most
soft-x-ray-laser schemes, and persists for only a short
period of time. However, it is unlikely that the sharp cen-
tral peak in density predicted by the one-dimensional hy-
drocode would, in reality, materialize. Some excursions
from a uniform implosion would smooth the sharp densi-
ty peak into the surrounding plasma. These conditions
can in any case be modified by the addition of a thin
(=~0.015 pm) high-Z (Au) radiational source of preheat
on the outside of the CH shell. The initial burst of x-ray
emission from the Au shell penetrates the CH and
preheats the Al before it is compressed. The resulting in-
flight decompression of the Al leads to a reduced final
core density. Although the temperature of the preheated
target is reduced to ~ 130 eV, the effect of the radiation
from the outer layer is to increase (almost threefold) the
duration over which the Al maintains a temperature in ex-
cess of 100 eV, to decrease the final core density by a fac-
tor ~3 and to increase the spatial extent of the predicted
central density peak to ~10 pm.
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FIG. 4. One-dimensional simulation of the decompression
and implosion of an ultrathin-walled metal (Al) cylindrical shell
target.
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FIG. 5. Density and temperature profiles at different times following the implosion of a thin Al cylindrical shell of the type shown

in Fig. 2(b).

The second type of cylindrical target is shown in Fig.
2(b). This consists of an ultrathin (0.3 pm) Al cylinder,
~70 um in diameter.'> The target is fabricated by a nov-
el method in which a solid cylinder of polystyrene is first
overcoated with a thin layer of Al, and then leached away
by chemical etching.!? LILAC hydrocode simulations indi-
cate that when irradiated, the thin Al cylindrical shell
rapidly decompresses, reaching a mass-averaged density of
~0.1ngjq4, at a time ~ 500 ps before the peak of the laser
pulse (Fig. 4). The decompressed shell then rapidly im-
plodes, producing at stagnation a small (=30 pm diame-
ter) high-density region in the center of the cylinder, sur-
rounded by a lower density plateau (Fig. 5). A fairly large
fraction (see Fig. 5) of the mass of the original shell is lo-
cated in the high-density central region. In the post stag-
nation phase, this central high-density region unloads ra-
dially and aids in maintaining the long scale length of the
electron density plateau. In Fig. 5, this phenomenon can
be seen by following the outward flow of the Lagrangian
cell marks with time. From Fig. 5, it can be seen that two
regions of the plasma possess parameters suitable as an x-
ray-laser medium. The narrow central region reaches
electron densities higher than 10*2 cm~3 over a radial ex-
tent of 10—20 um with a temperature of several hundred
electron volts. Although the code predicts a minimum in
the electron temperature on axis, it is likely that in reality,
the temperature in this region would be smoothed by
small scale inhomogeneities. This high-density, high-
temperature region persists for some time (several 100 ps)
following the implosion, and therefore offers potentially
an optimal medium for x-ray amplification. The under-
dense region of the plasma is maintained by flow of plas-
ma from the dense core. Under the influence of continu-
ing absorption during the remainder of the laser pulse, a
long, radially expanding plateau of plasma of electron
density larger than 10 cm~3 is produced. Almost sta-
tionary in profile, and with an electron temperature ap-
proaching 1 keV, this plasma provides conditions general-
ly considered optimum for collisional excitation or recom-
bination pumped laser schemes.

III. EXPERIMENTAL INVESTIGATIONS

In order to test these concepts, exploratory experiments
were made with cylindrical targets irradiated by four
orthogonal, line-focused uv (351-nm) beams from the 24-
beam OMEGA laser facility. The primary intent behind
these investigations was to examine experimentally the
target concepts described above with a view to determin-
ing the degree to which these implosions are one-
dimensional (or geometrically uniform), and to what ex-
tent the code correctly predicts the plasma conditions.

Several experiments were performed with targets of the
type illustrated in Fig. 2, and compared with uniformly ir-
radiated solid Al cylindrical targets of the same diameter.
An extensive array of diagnostics was deployed in these
experiments (Fig. 6), including plasma calorimetry, x-ray
photography, and time-integrated x-ray spectroscopy.
Time-resolved x-ray measurements were made with two
instruments, an x-ray transmission grating spectrograph
coupled to a streak camera,'’ and an elliptical crystal
spectrograph also coupled to a streak camera.'*

Absorption was measured with an approximately iso-
tropic array of 20 plasma calorimeters. These registered a
uniform plasma blow-off distribution, with overall ab-
sorption of ~50% for the solid and ablatively driven

Pin-Diode
X-Ray
Spectrometer

Streak X-Ray Grating
Spectrograph

Pinhole
Camera

O~

I~

X-Ray Crystal
Spectrograph

Streak X-Ray
Elliptical-Crystal
Spectrograph

FIG. 6. Schematic of principal diagnostic systems deployed
to characterize cylindrical plasma.
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(a)

(b)

(c)

1 mm
la |

FIG. 7. X-ray pinhole photographs of cylindrical Al targets.
(a) shows that of a solid Al target of 125 um diameter, (b) an ab-
lative target of Al type shown in Fig. 2(a), and (c) an ultrathin
Al cylinder of ~75 pm diameter.

cylinders, and typically ~44% for the thin Al cylinders.
These measured values of absorption are to be compared
to those predicted by the LILAC hydrocode. These one-
dimensional simulations assumed an f/3.5 cylindrical
focusing geometry of beams focused 6 target radii beyond

the target center. Account is taken for refraction of the
beam in the plasma. The overall corona absorption
predicted by LILAC was ~57% for the thin Al cylindrical
targets and ~98% for the solid and ablatively driven tar-
gets. The latter value is comparable to that predicted and
measured for solid spherical targets with 351-nm radia-
tion at a similar intensity.!* The somewhat lower mea-
sured values may be the result of a greater fraction of the
laser energy being in the wings of the intensity distribu-
tion with cylindrical optics. Apart from x-ray photo-
graphic studies of the extent of the line focus, no optical
measurements of the focal distribution have been made.
In a previous study of line focus conditions,? an intensity
distribution in the focal plane was measured in which
about half of the energy resided in a broad, low-intensity
plateau surrounding the main line-focused region.

X-ray image data of those types of targets irradiated is
shown in Fig. 7. These were obtained with a pinhole x-
ray camera (10-um pinhole) in a 25-um-thick Be filter,
producing images in the 0.8—1.5-keV range. The x-ray
image of the solid Al target [Fig. 7(a)] indicates qualita-
tively the apparent uniform illumination of the target in
cylindrical geometry. Figure 7(b) shows the x-ray image
of an ablatively driven Al shell. This particular target
had an outer layer of Au; however, little difference in the
x-ray emission from the target was observed if there was
no Au layer. Weak x-ray emission from the core of the
imploded shell can be observed. However, its uniformity
along the 2-mm length of the target is poor, as is the
linearity of the compressed core. Figure 7(c) shows the
x-ray image of a compressed thin Al (0.3-um) shell. The
resulting x-ray emission is uniform and collinear with the
original cylinder axis, and its radial extent (~25 um di-
ameter) is in good agreement with the LILAC predictions.
Details of this image are shown in Fig. 8 which shows the

Iso-Intensity Contours at 1.00, 0.90, 0.80, 0.66, and 0.33

1mm

Transverse Distance (46 um/div)
FIG. 8. Calibrated reduction of the x-ray image of the imploded ultrathin Al cylinder.
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calibrated intensity of the x-ray emission, together with a
LILAC prediction of the spatial extent of x-ray emission.
Bright x-ray emission originates from a uniform linear
core of ~20 pum in radial extent. This is then surrounded
by an annular region of 100 um radial extent. Qualita-
tively this is similar to the predictions of the one-
dimensional LILAC simulations shown in Fig. 5, which in-
dicate the formation of a narrow high-density central
compressed core unloading into a broader lower-density
plateau.

The overall relative x-ray conversion was measured
with the low-energy channels ( E < 3 keV) of a 15-channel,
K-edge-filter p-i-n diode—photomultiplier-scintillator x-
ray continuum spectrometer. Assuming isotropy of x-ray
emission, the total low-energy x-ray intensity from the
CH ablative target, the Au-coated ablative target, the thin
Al target, and the solid Al target were in the ratio
0.02:0.1:1.3:1.0.

Time-integrated x-ray spectra of Al emission were
recorded with two planar crystal spectrographs situated
coaxial and orthogonal to the axis of the cylindrical target
axis. [Each spectrograph employed a gypsum crystal
(2d=15.15 A), and surveyed a spectral region of 6.6—8.0
A. Spectra were recorded on Kodak RAR-2497 film
developed according to the calibration of this film by
Henke et al.'® Figure 9 shows details of these spectra.
The temperature of the emitting region was estimated
from the ratio of the intensities of the Al Lyman a (7.173
A) and the Al HeB (1s%1s3p) at 6.635 A. The latter
transition is less sensitive to reabsorption than the Hea
(1s2-1s2p) transition. Assuming an optically thin plasma
for the spectra observed orthogonally to the cylinder axis,
and with the assumption of a collisional-radiative
model,!” a temperature of 600—700 eV is deduced.

Time-resolved x-ray spectroscopic studies of the x-ray
emission from the line plasma were made with two streak
spectrographs. These two instruments complemented one
another in spectral resolution and range. The first of
these instruments was a streak transmission grating spec-
trograph'® which provided modest spectral resolution (1.5
A) over a broad spectral range (1—30 A), with a time
resolution of ~30 ps. This spectrograph observed x-ray
emission was orthogonal to the cylinder axis and
comprised a free-standing, 0.6-um-thick, Au bar-grating
with an interbar period of 3000 A, in conjunction with a
streak camera having a soft-x-ray-sensitive CsI photo-

([ T T 3 ‘ ! '
Perpendicular to Axis Coaxial
Al L
é.legi;/i 7173 | Alvea Al Lya ’?‘,’;‘?‘k
=2 4 2+ 7173 A -
[}
c
[}
(a]
1+ 141k 4
L= 1 1 1 1 L
65 7.0 75 80 70 75 80

Wavelength (A) Wavelength (A)

FIG. 9. Time-integrated x-ray spectra obtained collinear and
orthogonal to the cylinder axis.
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Time (200 ps/div)

FIG. 10. Time-resolved soft-x-ray spectra from the streak
transmission grating spectrograph. Data are those from an im-
ploding ultrathin Al cylindrical target.
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FIG. 11. Comparison of a time-resolved soft-x-ray data with
predictions from LILAC. (b) shows the predicted x-ray emission
in the range 1.5—2.2 keV compared to the duration of the laser
pulse (a). (c) shows the measured shape of the x-ray emission in
the 1.5—2.2-keV range (solid line) and the measured overall x-
ray emission (dotted). No direct time relation was established
between the x-ray emission and the laser pulse.
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cathode (100 nm thick) deposited on a 70-nm-thick Form-
var film overcoated with a 30-nm layer of Au. A typical
time-resolved spectrogram of the compressed cylindrical
plasma is shown in Fig. 10. The two-dimensional image
recorded by the streak spectrograph was digitized and
processed to remove image nonlinearities introduced by
pin-cushion distortion in the streak camera image inten-
sifier, and a nonlinear streak rate in the electron-optical
deflection circuitry. The recorded emission is dispersed
chiefly in the first order of the grating and shows the
durations of the continuum emission and of the un-
resolved He-like and H-like Al resonance lines. Figure 11
shows the history of the x-ray emission as predicted by
the one-dimensional hydrodynamic code post processed by
a non-LTE (non—local-thermodynamic-equilibrium)
model of ionization, together with representative experi-
mental data recorded with the streak grating spectro-
graph. Figure 11(b) shows the predicted x-ray intensity in
an x-ray window of 1.5—2.2 keV, approximately that re-
gion in which the resonance line emission from Al would
fall on a time scale similar to that of the laser pulse, Fig.
11(a). A clear peak in the emission is obtained, corre-
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FIG. 12. Time-resolved x-ray spectra of Al resonance lines

from ultrathin shell and solid targets.

sponding to the time at which the decompressed shell
stagnates at the center of the cylinder. This peak in x-ray
emission is superimposed on top of a broad x-ray signal
having a duration similar to the laser pulse. The second
peak in x-ray emission observed in Fig. 11(b) coincides
with the peak in the average temperature of the plasma,
and also with the rebound compression in the compressed
target, as indicated in Figs. 4 and 5. Typical temporal
records of x-ray emission recorded from the streak grating
spectrograph are shown in Fig. 11(c). The dotted trace
shows the time history of all the x-ray radiation in the
range 0.6—4.0 keV, and has a smoothly varying envelope
of duration similar to the laser pulse. The solid curve
shows the temporal shape of the emission in the range
1.5—2.2 keV, bracketing that region in which the reso-
nance lines are emitted. In this trace, a sharp peak in the
emission is observed, which could be interpreted as being
due to the initial compression of the shell.

High-resolution time-resolved spectrograms of He-like
and H-like Al resonance lines were recorded on a second
streak spectrograph. This instrument provided high-
resolution (A/AA =~600) time-resolved spectra in the range
5—7 A (1.77—2.48 keV) with a time resolution of 10 ps.
This device consisted of a calibrated, elliptically curved
PET (pentaerythritol) crystal combined with a second x-
ray streak camera having a photocathode of CsI (120 nm
thick) deposited onto a 12.7-um Be substrate.!* Typical
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FIG. 13. Time profiles of the x-ray emission. (a) from the
solid target; (b) from the Al shell target Al 1s-2p line (— — —),
Al 1s%-1s4p line ( ); and (c) non-LTE simulation of the Al
1s-2p line intensity.
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time-resolved spectra from this instrument are shown in
Fig. 12. Figure 12(a) shows the spectra from a
compressed cylindrical target, while that in Fig. 12(b)
shows the duration of Al emission from the plasma off a
solid Al rod target. Both the He-like and H-like lines can
clearly be resolved, as well as the recombination emission
at higher x-ray energies. The slight inward distortion in
the streaked lines is due to an artifact in the streak tube.
Figure 13 shows reduced data obtained from these streak
spectrograms. Figure 13(a) shows the time duration of
the integrated spectral emission in the 5—7.5 A range
recorded from the solid cylindrical target. The shape and
duration of the emission is typical of the x-ray emission
from the corona from a solid metallic target. In Fig. 13(b)
is shown the time history of specific lines emanating from
the compressed cylindrical target. The dotted line shows
the duration of the Ha line whilst the solid line shows the
time history of the Hey line of Al. The overall duration
of these individual lines is significantly shorter than the
laser pulse and the x-ray emission which results from the
coronal plasma produced off a solid target. The Ha line
emission predicted by the non-LTE post processor is
shown in Fig. 13(c) and is seen to be similar to the ob-
served emission in duration and, to some extent, in shape.
The peak in the simulated emission corresponds with the
peak in the average temperature of the plasma. The
differences in the detailed shapes of the observed and
simulated emission histories may be related to effects
causing the differences between the observed and simulat-
ed emission in Fig. 11, but the specific connection is not
clear. The integration of the Hef and Hp lines and the
comparison of their overall relative intensities provides an
estimate of =500 eV for the averaged plasma tempera-
ture, in reasonable agreement with the predicted value.

IV. SUMMARY

This initial investigation of the plasma created by im-
ploding cylindrical targets has provided some interesting
data from which future studies can optimize the produc-
tion of linear plasmas suitable as x-ray-laser media. From
the present studies it is clear that thick ablatively driven
cylindrical shells will only implode symmetrically under
illumination conditions more uniform than used in these
investigations. However, the submicron-thick metallic
shells, which rapidly decompress upon irradiation, im-
plode symmetrically to produce conditions which appear
to be similar to these predicted by the one-dimensional
code LILAC. Further studies are planned to examine in
detail the production of specific atomic levels during shell
implosions.
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focusing system

1/3 aspheric focusing element
1/40 cylindrical correctors
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FIG. 1. Four-beam compression of cylindrical targets with
orthogonal 351-nm line-focused beams of OMEGA.
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FIG. 10. Time-resolved soft-x-ray spectra from the streak
transmission grating spectrograph. Data are those from an im-
ploding ultrathin Al cylindrical target.
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FIG. 12. Time-resolved x-ray spectra of Al resonance lines
from ultrathin shell and solid targets.
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FIG. 7. X-ray pinhole photographs of cylindrical Al targets.
(a) shows that of a solid Al target of 125 um diameter, (b) an ab-
lative target of Al type shown in Fig. 2(a), and (c) an ultrathin
Al cylinder of =75 um diameter.



