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Multimillijoule, highly coherent x-ray laser at 21 nm operating in deep saturation
through double-pass amplification
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The deeply saturated operation of a double-pass Ne-like zinc soft x-ray laser emitting at a wavelength of
21.2 mm is reported, along with results of a study and optimization of its beam parameters and coherence. The
active medium is a 3-cm-long plasma column produced by a separately delivered prepulse and a main pulse
with a duration of;450 ps, supplied by a 1.315-mm laser. To generate plasma with reduced lateral density
gradients, the;130-mm-wide main pulse focus, producing a pump irradiance of;2.831013 W cm22, is
placed on top of a much broader prepulse focus. The x-ray laser emission emerges as a narrowly collimated
beam possessing high spatial quality and coherence. The dependence of the output on the prepulse conditions,
the pump power, and the setup of the half-cavity mirror are investigated and discussed. The study of the beam
transverse coherence demonstrates its strong dependence on pump energy. The large gain-length product
attained through half-cavity operation allows for an efficient extraction of the energy stored in the active
medium. With a small-signal gain of 7~60.5! cm21, the double-pass beam is deeply saturated and provides;4
mJ of energy in one pulse, corresponding to peak power in excess of 40 MW, and implies that this system is
the most powerful x-ray laser yet demonstrated. The inherent engineering conception of the device is compat-
ible with a repetition rate in a hertz domain.

DOI: 10.1103/PhysRevA.66.063806 PACS number~s!: 42.55.Vc, 42.60.Da, 52.50.Jm, 42.25.Kb
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I. INTRODUCTION

Development of collisional x-ray lasers~XRLs! and their
use for various applications is currently a diversified dis
pline where several approaches are being pursued in pa
@1–3#. While population inversion in all these systems
created by collisional excitation of a closed-shell or subsh
ion configuration by free plasma electrons, there are sign
cant differences in generating the plasma active medium w
appropriate ionization balance, and/or its heating to the
quired temperature.

The first and perhaps most widespread approach, usin
the active medium a plasma created and heated by trans
illumination of a solid~or gas puff! target, has been routinel
implemented to produce population inversions in Ne- a
Ni-like ions and intense lasing over a broad wavelen
range. By using a-few-hundred-ps down to sub-100
pumping, saturated emission was obtained at 20.6, 2
15.5, 21.2, and 25.5 nm in Se, Ge, Y, Zn, and Fe Ne-l
lasers, respectively@4–8#, and at 5.8, 7.3, and 13.9 nm in D
Sm, and Ag@9–11# Ni-like lasers. The maximum reporte
output from these systems—and the only one exceedin
mJ—was 7 mJ in Ne-like Y, using frequency-doubled mu
kilojoule pumping@6#. A modification of the pumping con
figuration, consisting in the decoupling creation of a plas
with the required ionization balance and creation of the e
tron temperature optimizing the excited-state kinetics,
recently made it possible to achieve saturation with pump
energy of a few joules delivered in typically picoseco
pulses. Regarding the amplification lengths of about a ce
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meter, the experimental implementation of this transient c
lisional excitation~TCE! approach involves traveling-wav
excitation. Using this technique, saturation has been repo
at 32.6 and 19.6 nm in Ne-like Ti and Ge@12,13#, and at
11.9, 13.9, 14.7, and 18.9 nm in Ni-like Sn, Ag, Pd, and M
@14–17#, the Pd laser delivering the highest output energy
;12 mJ @16#.

The second approach of generating strongly amplified
x-ray radiation is a capillary-discharge system where the
ing medium is generated in a gas-filled capillary channel
a fast discharge current pulse. Saturated operation at 46.9
in Ne-like Ar has been demonstrated on this scheme@18,19#,
and pulses with the average energy of 0.9 mJ were gener
@20#. More recently, nearly a fully coherent beam w
achieved with this system using a 36-cm-long capillary@21#.

The third experimentally demonstrated approach is ba
on optical-field ionization by ultrashort laser pulses and e
ploys a longitudinally pumped channel in a gas cell. T
plasma is generated by tunneling ionization, while the po
lation inversion is driven by collisional excitation by th
electrons passed into the continuum; the ionization a
pumping are thus largely decoupled through bypassing
process of ionization cascade by free electrons. Using
scheme, lasing at 41.8 nm in Pd-like Xe@22# was reported,
and saturation was achieved@23# with an estimated outpu
energy of;25 nJ per pulse, at a 10 Hz repetition rate.

In this work, we maintain our interest in Ne-like system
driven by multi-100-ps pulses and using solid targets.
systematically examine the optimum performance of
double-pass amplification at 21.22 mm at the transit
©2002 The American Physical Society06-1



views
. The
slit open;

RUS et al. PHYSICAL REVIEW A 66, 063806 ~2002!
FIG. 1. Schematic experimental setup~not to scale!. The cross-slit camera sits in the space between the converging laser beams and
the target under;13° with respect to the horizontal plane. The flat half-cavity mirror is located 8.5 mm from the target edge
spectrometer may be used both in the standard spectrally resolving mode or in a low spectral-resolution mode with the entrance
in the latter case a haircross in front of the slit is employed as a spatial/dimensional fiducial.
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5 3s1/2)J51 in Ne-like zinc, using a
plasma column of 3 cm length. Strong lasing at this tran
tion ~henceforth labeledJ50-1) hasbeen demonstrated i
Ref. @24#, while the fundamental role of very weak prepuls
~0.01–0.1 % of the pump energy! in the functioning of this
laser was identified some time later@25–27#. Saturated op-
eration of theJ50-1 zinc laser using the double-pass co
figuration was demonstrated@7,26# and has been characte
ized in detail@28#.

The described experiment employs a separately delive
prepulse to produce a wide preplasma column into which
main pulse, focused much more tightly, is coupled. This
rangement, thus far experimentally unexploited, allows us
produce a plasma with reduced lateral gradients and
reduce the deleterious effects of lateral beam refraction. T
adds to the known prepulse benefits consisting in an incre
of the transverse size of the gain region and a reduction
the transverse density gradient, improving significantly
propagation conditions of the x-ray beam along the plas
@29#. Moreover, a prepulse may positively contribute to t
beam coherence through smoothing the amplifying med
over a micrometer scale and reducing small-scale fluc
tions of the local gain@30#.

The investigated zinc XRL is pumped by a wavelength
1.315mm. This is expected to act beneficially for the perfo
mance of the system, as simulations show an enhanced
ciency of a 1.3-mm driver over the commonly used 1.06-mm
pumping@31#. To achieve an efficient extraction of the pop
lation inversion, the XRL is operated in a double-pass
gime.

The primary goal of this experiment was to demonstr
that a half-cavity zinc XRL pumped by multi-100-ps puls
of energy;500 J is capable of delivering several millijoule
in a narrowly peaked beam; this represents a dramatic
ciency improvement over the formerly reported multikil
joule pumping required to produce a comparable output.
other rationale was to show that the half-cavity arrangem
may be implemented in a fashion compatible with a pot
tially high shot rate. To achieve high spatial coherence,
investigated XRL is operated in a configuration with t
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Fresnel numberpa2/lL close to 1~a is the gain region size
andL the optical path length in the system!. We first adjust
the prepulse conditions to maximize the ASE~amplified
spontaneous emission! single-pass output at 21.2 nm. Subs
quently, we optimize the half-cavity output with respect
both the prepulse conditions and the half-cavity geome
The obtained results are discussed using model calculat
of a saturated, bidirectional propagation ASE system.

II. EXPERIMENT

The experiment was conducted at the recently establis
PALS ~Prague Asterix Laser System! facility @32,33#. The
main experimental resource at PALS is an upgraded ver
of the former Asterix IV iodine laser system@34# developed
at the Max-Planck-Institut fu¨r Quantenoptik~Garching!. The
laser provides up to 1.2 kJ at the fundamental wavelengt
1.315mm in a typically 450-ps full width at half maximum
~FWHM! pulse, in the main beam of 29 cm diameter. Add
tionally, up to 100 J may be delivered in the auxiliary bea
of 14.8 cm diameter, having an identical temporal profile
the main beam. This beam was used here to produc
prepulse.

The experiment was deployed in the PALS tandem
vacuum target chambers of advanced conception@35#. The
experimental arrangement is shown in Fig. 1. The x-ray la
amplifier is generated by irradiating a 3-cm-long targ
which consists of an optically polished zinc slab with a s
face flatness of about 5mm or better. One 5-cm-high targe
may be used about 100 times, which is achieved by its v
tical translation after each shot by typically 300mm to ex-
pose the fresh target surface to the driving beam in the s
sequent shot. The target is bonded on an interchange
lock-in support plate, and, once the target is consumed,
piece can be promptly replaced by another ‘‘batch.’’

The pump-laser sequence consists of a joule-le
prepulse, followed after 10~60.5! ns by the main driving
pulse delivering to the target typically 500 J~;600 J at the
output of the laser! and producing a net irradiance of;2.8
31013 W cm22. The prepulse beam is applied at the targe
6-2
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MULTIMILLIJOULE, HIGHLY COHERENT X-RAY . . . PHYSICAL REVIEW A 66, 063806 ~2002!
an angle of 25° from above~see Fig. 1! and is focused down
to a 40-mm-long line by a tandem of cylindrical and sphe
cal lenses, overfilling the target in order to produce unifo
prepulse conditions over the full length of 3 cm. The wid
of the prepulse focus was typically;700 mm, significantly
larger than the focus width of the main beam. The prepu
energy varied between 0.75 and 17 J, while its typical va
was 1.6 J corresponding to a net target irradiance of;1.6
31010 W cm22.

The main beam is focused by af /3 composite system
consisting of a matrix of ten planoconcave cylindrical lens
150360 mm and a single aspherical lens. It provides
highly uniform 30-mm-long line focus of;130 mm width.
The cylindrical matrix is arranged as two arrays of fi
lenses mounted on a support including a 10-mm-high cen
strut across the horizontal beam axis, protected from the l
by a stripe of absorbing glass. This arrangement is an
proved version of a previous design@36#, where cylindrical
lenses extending over the full height of a laser beam w
employed. Here, by vertically stacking two lenses, a m
uniform and narrower line focus may be generated, ben
ing from the possibility to cost effectively fabricate short
cylindrical lenses with very tight specifications~parallelism
of the face surfaces, parallelism of the generating axis to
side edges!. The sole expense of achieving the significan
improved focus quality is almost a negligible screening
fect of the central strut, amounting here to 4.5% of the to
beam energy.

The lateral extent and uniformity of the plasma colum
as well as the superposition and coalignment of the prep
and the driving foci, were monitored by a cross-slit x-r
camera face viewing the target under;13° with respect to
the horizontal plane~see Fig. 1!. The camera provides a
astigmatic image of the plasma column in a multi-keV sp
trum, with a vertical magnification of 3 and a horizont
demagnification of 4.5. An off-shelf charge-coupled dev
~CCD! chip stripped off the cover glass, filtered by a 3-mm
Al foil, is employed as a detector.

The half-cavity is a centerpiece in achieving large amp
fication lengths and deeply saturated lasing. It consists
25-mm-diameter Mo:Si flat multilayer mirror, with a reflec
tivity near 21 nm of;30% @37#. The mirror is positioned a
8.5 mm from the plasma, and is mounted on a compact fi
axis support allowing to remotely control its position a
orientation. The reflecting surface is protected from plas
debris by a stainless-steel shield with a 1-mm hole allow
the x-ray beam to pass, placed;1 mm in front of the mirror.
This arrangement restricts the mirror damage to an a
roughly equal to the hole size, and allows one mirror to
employed for as many as 100 shots.

The emerging XRL beam was alternatively analyzed b
footprint monitor or by an x-ray spectrometer, or may be s
to an x-ray interferometer. The beam is switched between
individual diagnostics by making it reflect off the respecti
flat retractable multilayer mirror~Mo:Si! working at 45°.

The footprint monitor is located at a distance of 110 c
from the XRL exit plane and employs a fine-grain Tb-dop
phosphor screen~Proxitronic! coated by a 40-nm Al layer to
reject visible light. The signal produced on the screen is
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layed by a visible imaging system to a CCD camera. A s
tial fiducial consisting of a 120-mm-diameter wire haircross
is positioned 22 cm in front of the phosphor.

The x-ray beam is spectrally analyzed by a grazin
incidence grating spectrometer employing Wadsworth geo
etry @38#. A spherical blazed grating with 900 lines/mm an
with a radius of curvature 4675 mm is used to focus ne
parallel emission to the detector, which is an XUV imagi
camera~Photonic Science! equipped with a phosphor and a
optical-fiber demagnifier, butt coupled to a cooled CCD. T
camera is located at 305 cm from the plasma and allo
viewing a spectral window of;40 Å. The spectrometer sit
on a translation-rotation board making it possible to see
plasma under different pointing angles and thus examine
angular profile of the x-ray emission. A 1.5-mm Al filter was
used to avoid saturating the detector in half-cavity shots.

The coherence analysis of the x-ray beam emitted by
half-cavity was performed using a wave-front-splittin
Fresnel interferometer@39,40# ~see Fig. 2!, located 3 m
downstream from the plasma. The interference pattern is
duced by reflecting the beam at grazing incidence~here 6°!
off a tandem of adjacent plane mirrors inclined to each ot
at a small angle~5.2 mrad!. Upon crossing over, the reflecte
beam halves produce an interference pattern. The resu
fringes were detected by a phosphor-coated 5123512 pixel
CCD camera~ARP Photonetique! located in the overlapping
region of the beam halves, 70 cm downstream from
Fresnel double-mirror center. To augment the obser
fringe spacing, the camera was inclined to view the fring
under a near-grazing incidence angle~6°!. No filters were
used in these measurements in order to maintain the w
front quality of the emitted beam.

III. EXPERIMENTAL RESULTS

The data provided by the cross-slit x-ray camera allow
us to evaluate the size and quality of the line focus, a
thereby accurately determine the plasma pump conditi

FIG. 2. Fresnel double mirror x-ray interferometer consisting
a ‘‘ridged roof’’ with the surface roughness of;5 Å. It is posi-
tioned;3 m downstream from the plasma exit plane via reflect
on a 45° mirror. The dimension of the Fresnel double mirror is
315)360 mm. The camera consists of 5123512 pixels of the size
19319mm.
6-3
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FIG. 3. Image of the plasma column in a multi-keV x-ray spectral range.~a! Preplasma emission~taken with increased energy in th
prepulse beam to become visible, without firing the main pulse!, ~b! Image of the plasma created by the main pulse.
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throughout the experiment. To discern the prepulse foc
shots with increased energy~'60 J! in the prepulse beam
were fired, in absence of the main pump beam.

A typical set of the focus x-ray images is shown in Fig.
The prepulse focus width is' 700 mm, and in the longitu-
dinal direction it largely overfills the target length of 3 cm.
also exhibits minor intensity fluctuations, replicating t
06380
s,

.

nonuniformities of the prepulse beam. In contrast, the m
pulse focus is both highly uniform and has an even,;130
mm, width across the full length of 3 cm, illustrating th
performance of the composite focusing system employ
We believe that the superior quality of the focus played
significant role in achieving the reported operation para
eters of the described zinc x-ray laser.
6-4
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MULTIMILLIJOULE, HIGHLY COHERENT X-RAY . . . PHYSICAL REVIEW A 66, 063806 ~2002!
A footprint of the ASE x-ray beam emergent from a 3-cm
long plasma is shown in Fig. 4, along with its intensity pr
files. A smooth ellipsoidal beam possessing a high degre
both horizontal and vertical symmetry is produced, with
spective divergences of 3~60.5! and 5~60.5! mrad. The
beam is emitted from the plasma at an angle of 5~60.5! mrad

FIG. 4. Far-field pattern~footprint! of the 21.2-nm XRL beam
produced in the single pass, with its horizontal and vertical de
tometry profiles. The target surface is on the left side of the fo
print.
06380
of
-

with respect to the target surface. This pointing angle w
observed to be only weakly dependent on the driving la
energy.

The laser signal at 21.2 nm was completely dominat
the emitted spectrum, which allowed us to use the cam
coupled to the spectrometer to assess the number of pho
contained in the x-ray beam. To this goal, the spectrom
entrance slit was opened to;10 mm to collect the whole
beam, and the detector was slightly moved away from
focusing circle to receive nonfocused emission over a la
area. Upon converting the signal thus received via the qu
tum efficiency of the phosphor and other characteristics
the Photonic Science camera, the number of soft x-ray p
tons generated in the single-pass ASE regime is estimate
be in excess of 1013, indicating saturated operation.

The dependence of the x-ray laser output on the prep
was examined for prepulse energies ranging from 0.75 to
J, while the prepulse focus conditions, as well as all char
teristics of the main beam, were kept unchanged. The
tained dependence of the emerging x-ray signal is displa
in Fig. 5, containing both single-pass ASE and double-p
data. These show that the performance of the studied x
laser is optimized, under the given experimental conditio
for a prepulse energy of 1.6 J, which corresponds to a
irradiance of ;1.631010 W cm22 or to the prepulse-to-
main-pulse irradiance ratio of;631024. We note that this
observation of a specific weak prepulse optimizing a z
laser corroborates the former results obtained using a di
ent experimental setup@41#. A similar prepulse dependenc
was also observed in the Ni-like Ag laser@11#, in contrast
with some other x-ray lasers apparently exhibiting a mo
tonic dependence of the output on the prepulse.

Upon activating the half-cavity mirror, the x-ray laser ou
put from a 3-cm plasma is boosted typically 11 times,
though it moderately depends on the angle under which
beam reflected from the mirror is reinjected back into t
plasma for return amplification.

Figure 6 displays a footprint record of the double-pa
beam emitted in the optimum half-cavity configuration,
the reinjection angle of 1 mrad~see below!. The beam
emerges from the plasma under an angle of;5 mrad and its

i-
t-

FIG. 5. The 21.2-nm XRL single-pass output as a function
the prepulse energy; the error bar space is represented by a sh
region for clarity. The optimum prepulse energy 1.6 J correspo
to a net target irradiance of'231010 W cm22.
6-5
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RUS et al. PHYSICAL REVIEW A 66, 063806 ~2002!
horizontal and vertical divergences of 3.8~60.5! and
5.8~60.5! mrad, respectively, are close to those of the sing
pass ASE.

Regarding the radiation transit time of 256 ps in the ha
cavity, non-negligible with respect to the 450-ps pump pu
duration, it was essential to establish whether the gain l
time allows the backward-propagating radiation to be am
fied over its whole path in the plasma. To check whether

FIG. 6. Far-field pattern~footprint! of the double-pass XRL
beam, with its horizontal and vertical densitometry profiles. T
target surface is on the left side of the footprint.
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-

-
e
-

i-
e

gain fades out or not during the return pass in the half-cav
several shots with different lengths of the pump pulse w
fired. The results are shown in Fig. 7.

The XRL output corresponding to single-pass ASE exh
its a moderate dependence on the pump pulse, decrea
slightly with its duration as a result of decreasing pum
power. This relatively weak dependence on the pump po
suggests again that the x-ray laser emission produced
single pass is saturated. A similar behavior is observed
the double-pass output, except for the pump pulse of 344
~the shortest that can be presently generated at PALS! result-
ing in an abruptly lowered XRL output, which was also th
lowest half-cavity XRL signal obtained in the whole expe
ment. This drop-off behavior is a clear-cut indication that t
gain duration for 344-ps pumping is shorter than the x-
radiation transit time in the half-cavity, while the gain drive
by a 450-ps pump lasts sufficiently enough to fully sust
the return amplification. The character of the double-p
data also shows that the mirror maintains its reflectivity o
the duration of the x-ray pulse.

The half-cavity configuration was optimized with respe
to the reinjection angle under which the ASE emission w
reflected back to the plasma for return amplification. T
obtained footprints corresponding to reinjection anglesa r of
23, 1, 5, and 9 mrad~the mirror tilt F being 1, 3, 5, and 7
mrad, respectively! are displayed in Fig. 8~a!. From Figs.
8~b! and 8~c!, showing the XRL beam divergence and i
intensity as a function of the reinjection angle, it is appar
that both the intensity and the beam spatial quality are sim
taneously optimized for the reinjection anglea r51 mrad~al-
though a comparable intensity is produced foraz55 mrad).
Also, from Fig. 8~a! it is seen that the refraction angle
nearly independent of the reinjection angle, retaining a va
of 5~60.5! mrad, which is identical, within the experiment
precision, to the pointing angle of the single-pass ASE be
These observations, providing important insights into
morphology of the gain region, are further discussed
Sec. IV.

A typical interferogram produced by the half-cavity bea
using the Fresnel wave-front-splitting interferometer,
shown in Fig. 9. The fringe straightness and contrast, ap

e

FIG. 7. The single-~d! and double-pass~l! 21.2-nm output as
a function of the duration~power! of the pump pulse. The signifi-
cantly plummeted double-pass signal for a 344-ps pulse indic
gain duration being shorter than the radiation transit time in
half-cavity.
6-6
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FIG. 8. The half-cavity output as a function of the mirror azimuth angleF: a ray emerging from the plasma under a forward anglea f

is reflected back under an anglea r52F2a f , and reenters the plasma at a distanced;2D(a f2F) with respect to the emerging point;wH

is the horizontal size of the gain region.~a! The x-ray beam footprints forF51, 3, 5, and 7 mrad~the haircross vertical wire is positione
at 5 mrad!, ~b! the horizontal and vertical divergence as a function of the reinjection angle,~c! the output intensity as a function of th
reinjection angle~l ands are the data from the footprint monitor and from the XUV spectrometer, respectively!.
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ent from the interferogram lineout, demonstrate both a g
beam wave-front quality and high spatial coherence of
x-ray laser.

The visibility of the fringes, (Smax2Smin)/(Smax1Smin),
where the signalsSmax andSmin correspond to the maximum
and adjacent minimum in the fringe system, was infer
after subtracting from the raw interferograms a backgrou
signal of a value carefully determined for each shot. T
analysis included no further processing tending to artificia
enhance the interferogram quality. The error bars, estim
conservatively at60.05, correspond to the uncertainty in th
determination of the background signal~mostly due to vis-
ible light penetrating the CCD! and to the variation of the
visibility across the interferogram.

The dependence of the fringe visibility on the net pum
ing energy is shown in Fig. 10. The data clearly show t
the coherence of the x-ray beam increases with the pu
energy~and thereby pump power!. The highest fringe visibil-
ity achieved under the given experimental configurat
amounts to 0.51. On the other hand, the data, collected
several days, exhibit a notable scatter, which was observe
occur especially on a day-to-day basis. The origin of t
scatter, which is in stark contrast to the reproducibility of t
x-ray laser output intensity, is not clear; it may however be
least partially attributed to the rising edge shape of the pu
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laser, which was observed to vary during this particular
ries of shots.

IV. DISCUSSION

The x-ray laser output generated both by the single
the double pass was observed to be largely robust with
spect to different pumping conditions. It equally exhibited
excellent reproducibility after an exchange of the targ
and/or of the half-cavity mirror.

One of the parameters determining the output beam is
trajectory along which the emission reflected from the ha
cavity mirror is fed back into the plasma for return ampli
cation, as seen from Fig. 8. When the ASE beam is reflec
into a low-density plasma further away from the target, t
emerging output beam is a moderately amplified, refracti
unaffected duplicate profile of the ASE seed. As the reflec
ASE emission is injected closer to the target, it sample
higher gain but suffers from refraction and the output be
profile is unlike the ASE beam shape. The pointing angle
the output beam is however essentially independent of
reinjection conditions, implying that its intensity reflects th
gain magnitude at the sampled distance from the target. T
makes it possible to assess the transverse size of the
region, using the data from Fig. 8.
6-7
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FIG. 9. Interference fringe pattern produced by the half-cavity beam and the Fresnel double-mirror interferometer, and an
lineout taken across the fringes. The XRL beam vertically overfills the mirror~cf. Fig. 2!, and its horizontal dimension is;11.5 mm. The
defects in the raw CCD record are due to microscratches on the conversion phosphor. The visibility of the fringes in the central p
beam amounts here to 0.43~60.05!.
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Assuming that the ASE beam with a horizontal dive
gencefH emerges from an active region of sizevH , upon
reflection at the half-cavity mirror this beam will reenter t
plasma expanded in size towH12DfH , where D is the
distance plasma mirror. To produce an intense double-p
output, the seeded beam must non-negligibly overlap w
the gain region, which will typically occur for reinjectio
positions extending over a distance equal to the seed b
size, i.e.,wH12DfH ~assuming a static gain region over-
lapped at least by 50% by the seed beam!. Using fH
53 mrad,D58.5 mm, and the data from Fig. 8, which sho
that comparable x-ray outputs are produced for reinjec
distances d scanned over'100 mm, we obtain wH
'50mm.

The feedback provided by the half-cavity mirror, whic
we define here as the fraction of the ASE output return
back to the plasma for further amplification, can be evalua
as the reflected fraction of the x-ray beam overlapping

FIG. 10. Visibility of the interferometric fringes generated b
the half-cavity, as a function of the net pump energy. The vert
error bars reflect visibility variation across the central part of
interferograms.
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gain region of the plasma. Due to refraction, not all ra
arriving at the gain region at the plasma entrance plane
propagate and receive amplification over the full retu
length, and the actual value of feedback for the surviving
bundles will be given by considering the overlap plane som
place inside the plasma. By labeling the mirror reflectivityR
~the ‘‘raw’’ spectral reflectivity at the given wavelength! and
the geometric coupling efficiency,Cg , the feedbackF in the
case of a plane mirror can be expressed as

F5RCg5R
wHwV

@wH~2D1d!fH#@wV1~2D1d!fV#
, ~1!

wherew andf denote gain region size and beam divergen
in the horizontal and vertical directions according to the s
scripts, andd is the distance of the overlap plane from th
plasma end. Taking wH'50mm, wV'130mm, fH
'3 mrad, fV55 mrad, R50.3, D58.5 mm, the feedback
amounts toF50.087 whend50 mm, andF50.027 for d
530 mm. The actual feedback lies between these extre
values, and we may take as its best estimate the averag
these two values, i.e.,F55.831022.

The observed 113 enhancement of the x-ray output in th
half-cavity configuration with respect to the single pass p
vides additional evidence that the laser is strongly satura
Given that the x-ray beam receives amplification over
full return path, the outputI dp in the small-signal gain regime
would approximately~neglecting the effects of spectral na
rowing by gain! amount to

I dp'I sp@F exp~g0L !11#, ~2!

where I sp denotes the single-pass output,F is the feedback
defined above,L is the plasma length, and where it is a
sumed that the small-signal gaing0 has an identical value fo
the forward and return pass. Assuming the feedbackF55.7

l
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31022, for L53 cm we obtaing051.87 cm21. This value
is clearly inconsistent both with the number of photo
~larger than 1013 emitted in the single pass! estimated from
the spectrometer detector, and also with the high cohere
of the emitted beam, indicating that the system operates
deep saturation.

To quantitatively determine the performance of the st
ied x-ray laser with respect to the saturation intensity of
amplifying plasma, we carried out simplified modeling
radiation transfer in an active medium that is representa
of the experimental situation encountered. The model,
scribed in detail elsewhere@42#, treats time-dependent bid
rectional amplification of axial emission in a refraction-fr
active medium, and accounts in full for the transfer of t
spectral line profile. It is assumed that both the small-sig
emissivity and the small-signal gain~given by the atomic
kinetics rates in absence of the amplified radiation! are con-
stant along the amplifier axisz; let j 0 and g0 denote their
peak spectral values. By labeling withI 1 and I 2 the emis-
sion propagating in the positive and negativez direction,
respectively, the basic equation of the model can be
pressed as

]I 6~z,t,n!

c ]t
6

]I 6~z,t,n!

]z
5

j 0~ t,n!

11
I tot~z,t !

I sat~ t !

1
g0~ t,n!I 6~z,t,n!

11
I tot~z,t !

I sat~ t !

, ~3!

where

I tot~z,t !52`
1`@ I 1~z,t,n8!1I 2~z,t,n8!#dn8 ~4!

is the spectrally integrated sum intensity of the right- a
left-going emission, andI 5hn0 /stR is the saturation inten
sity involving the spectral peak frequencyn0 , the cross sec-
tion of the stimulated emissions, and the gain recovery time
tR . The saturation intensity depends on the plasma co
tions solely–and weakly–throughtR .

The feedback provided by the half-cavity mirror, sitting
a distanceD left from the plasma~see Fig. 1!, enters into Eq.
~3! as a boundary condition. Specifically,

I 1~z50,t,n!5FI 2~z50,t22D/c,n!, ~5!

The validity of the model was examined using a pre
ously reported half-cavity Zn laser@28# as a testbed, employ
ing therein experimentally determined time profiles of t
emissivity and gain. Despite the relative simplicity of th
model, a remarkably good agreement between the calcul
and measured time evolution of the x-ray laser output sig
for different half-cavity configurations was found@42#.

The Zn laser reported in this work was modeled us
time evolution of the small-signal emissivity and gain a
cording to those established experimentally for Ne-like Zn
a previous measurement of the time characteristics of n
saturated output produced by plasmas of different leng
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@24# ~for details and discussion see Ref.@42#!. Specifically,
the emissivity was assumed here as 50-ps flat top, line
rising over 50 ps and decreasing exponentially to1

10 of the
peak value over 200 ps, while the gain profile included
rising edge of 50 ps to a constant peak value lasting 200
and followed by a linear decrease down to zero over 150
~the influence of different time profiles on the output of t
x-ray laser is discussed in Ref.@42#!. The peak values of the
small-signal emissivity and gain were taken as parameter
adjust the calculated ratios of the outputs from different a
plification lengths to those found experimentally. The satu
tion intensity wasI sat51.531010 W cm22, which is a value
resulting from atomic constants and rates pertinent to Zn201

under appropriate plasma parameters.
The small-signal emissivity and gain best fitting the me

sured ratios of the x-ray signal between different amplific
tion lengths ~25, 30, and 60 mm! is 1.5(61.0)
3104 W cm22 and 7.0~60.5! cm21, respectively. It is worth
noting that, because of the strong saturation, both the ca
lated magnitudes of the output intensities and their ratios
only weakly sensitive to the emissivity value. The calculat
curve of the x-ray output as a function of the amplificati
length, corresponding to these emissivity and gain values
shown in Fig. 11, along with the experimental data from t
x-ray spectrometer. The results confirm that the laser
deeply saturated, with the equivalent small-signal ga
length product 2g0L1 ln(F) amounting to'39. By integrat-
ing the real~i.e., progressively reduced by saturation! gain
over the amplification length 2L, we obtain the full-signal
gain-length product of;21. The simulations equally confirm
that the half-cavity output is, under the given experimen
conditions, nearly independent of the exact value of the fe
back introduced by the mirror.

The calculated duration of the x-ray output pulse
90~610! ps FWHM. Taking into account the exit aperture
503130mm pertaining to single-pass output, the ener
contained in one pulse is;4 mJ corresponding to;3

FIG. 11. The XRL output versus amplification length. For cla
ity only a few experimental points of those collected are rep
sented, but include the extreme values obtained for each ampli
tion length. The solid line represents a full bidirectional simulati
of a half-cavity system and corresponds to a small signal gain
7.0~60.5! cm21 ~see text!. For comparison, the dashed line show
the intensity-length dependence of a simple, continuous ASE
plifier with unidirectional radiation propagation.
6-9
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TABLE I. Parameters of the 21.2-nm beam emitted by the half-cavity.

Wavelength 21.22 nm
Output pulse energy 4 mJ
Number of photons per pulse 431014

Output pulse duration 90~610! ps
Peak power 40 MW
Beam divergence (h3v) 3.535.5 mrad
Peak spectral brightness (Dl/l51023) 1027 photons s21 mm22 mrad2

No. of shots with one target/mirror ;100
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31014 x-ray laser photons. This value corroborates the nu
ber of photons estimated from the data of the spectrom
Photonic Science CCD camera, and regarding the accu
of the assessed size of the gain region, it presents a ra
conservative estimate of the actual output.

V. SUMMARY

The presented half-cavity based x-ray laser at 21.2
delivers stable output parameters over a broad range
pumping conditions. The 450-ps duration of the pump pu
has been found adequate to maintain the population in
sion over the radiation round trip in the laser consisting o
3-cm plasma and a mirror distance of 8.5 mm. This mad
possible to achieve an amplification length of 6 cm~with a
minor effective reduction due to the loss on the mirror!, and
resulted in a deeply saturated XRL operation supplying 4
of energy in pulses shorter than;100 ps, equivalent to the
peak power in excess of 40 MW. To our knowledge, this
the highest peak power achieved by an x-ray laser to da

The main parameters of the half-cavity XRL output a
summarized in Table I. The pulse duration was not measu
and is estimated from the double-pass saturated amplifica
modeling, the validity of which was checked using, as
tested, a double-pass Zn laser with an experimentally kno
time-resolved output@28#.

The achieved results illustrate that multi-100-ps pump
soft-x-ray lasers currently offer by far the highest output e
ergy in the given spectral domain, delivered in a high-qua
beam. Accordingly, these ‘‘quasisteady state’’ lasing syste
constitute a specific laser class having different assets
the TCE x-ray lasers. While their pumping needs are c
rently incompatible with the available tabletop drivers a
their scaling down to significantly shorter wavelengths a
pears unrealistic, they offer multimillijoule, controllable ou
put possessing characteristics of a true laser beam in
conventional sense.

The half-cavity using a flat multilayer mirror has becom
a routine component of the experiment. We were able
stack up the individual impact areas of 1 mm diameter~fac-
ing the plasma during the shot and damaged by plasma
bris afterwards! in a way that allows us to perform about 10
shots using one single mirror. By benefiting from a compa
appropriately engineered automated mirror stage, the al
ment of the flat mirror was extremely simple and its repo
tioning between subsequent shots could be performed in
fectively less than 1 s. Accordingly, the described x-ray la
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is, in principle, capable of operation at 1 Hz or at an ev
higher frequency, and its present repetition rate is determi
solely by the driving IR laser.

We suppose that the performance of the XRL reported
this paper may be further improved by the optimizing para
eters of the prepulse. This would be possibly accomplis
by using a longer separation between the prepulse and
main pulse than 10 ns, and/or by using an appropria
timed sequence of prepulses@8,28#. A possible improvement
should also be made through shaping the distribution of
intensity of the prepulse focus, especially in the lateral dir
tion. Our future experiment will address these issues.

A topic remaining to be fully understood is the observ
behavior of the transverse coherence of the XRL bea
Whilst the obtained data clearly show a strong overall
crease of the beam coherence with the pump energy~and
thereby with the small-signal gain!, they also exhibit a sig-
nificant shot-to-shot scatter which does not correlate w
~minor! fluctuations of any other measured XRL paramet
No correlation with small shot-to-shot variations of the pum
pulse FWHM duration was found either. Whereas an
crease of the coherence with an increasing gain coeffici
generated due to stronger pumping, is expected and was
dicted theoretically@43#, the reasons for the shot-to-sh
fluctuations remain unidentified. We suspect that a poss
explanation may involve fluctuations of an early rising ed
of the pump pulse and/or microscopic variations of the tar
surface. We however note that significant shot-to-shot fl
tuations of the beam coherence were also observed in
discharge-pumped Ne-like Ar laser@44#, possibly implying
that this phenomenon may reflect rather fundamental asp
of the coherence build-up in ASE systems.

The characteristic applications of the described 21.2-
laser will be able to benefit from the combination of the hi
pulse energy and the beam quality including coherence. A
precursor application, we have successfully exploited this
ser at PALS for interferometric probing of solid-state su
faces subjected to strong electrical fields@45#. Other pre-
pared interferometric applications include probing of las
produced plasmas and of solid surfaces subjected to st
radiation fields@35#. The large energy and peak power ava
able will make it possible to perform experiments devote
for instance, to soft x-ray ablation of solids, volumetr
plasma heating by soft x-ray radiation, or probing large-s
plasmas and surfaces.
6-10



ff

e
l-

s
.r.

m-
ed

-
r-
e-
nal
ech

MULTIMILLIJOULE, HIGHLY COHERENT X-RAY . . . PHYSICAL REVIEW A 66, 063806 ~2002!
ACKNOWLEDGMENTS

The authors acknowledge the PALS laser facility sta
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