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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 1.31&m laser. To generate plasma with reduced lateral density
gradients, the~130-um-wide main pulse focus, producing a pump irradiance~&.8x 10" Wcem ™2, 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 0.5 cm™?, the double-pass beam is deeply saturated and provides
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.
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I. INTRODUCTION meter, the experimental implementation of this transient col-
lisional excitation(TCE) approach involves traveling-wave

Development of collisional x-ray lase(XRLs) and their  excitation. Using this technique, saturation has been reported
use for various applications is currently a diversified disci-at 32.6 and 19.6 nm in Ne-like Ti and G&2,13, and at
pline where several approaches are being pursued in parall&l.9, 13.9, 14.7, and 18.9 nm in Ni-like Sn, Ag, Pd, and Mo
[1-3]. While population inversion in all these systems is[14—-17, the Pd laser delivering the highest output energy of
created by collisional excitation of a closed-shell or subshel~12 ©J [16].
ion configuration by free plasma electrons, there are signifi- The second approach of generating strongly amplified soft
cant differences in generating the plasma active medium witlx-ray radiation is a capillary-discharge system where the las-
appropriate ionization balance, and/or its heating to the reing medium is generated in a gas-filled capillary channel by
quired temperature. a fast discharge current pulse. Saturated operation at 46.9 nm

The first and perhaps most widespread approach, using &g Ne-like Ar has been demonstrated on this sch¢h&19,
the active medium a plasma created and heated by transveraed pulses with the average energy of 0.9 mJ were generated
illumination of a solid(or gas puff target, has been routinely [20]. More recently, nearly a fully coherent beam was
implemented to produce population inversions in Ne- andachieved with this system using a 36-cm-long capill&¥].
Ni-like ions and intense lasing over a broad wavelength The third experimentally demonstrated approach is based
range. By using a-few-hundred-ps down to sub-100-p®n optical-field ionization by ultrashort laser pulses and em-
pumping, saturated emission was obtained at 20.6, 23.@loys a longitudinally pumped channel in a gas cell. The
15.5, 21.2, and 25.5 nm in Se, Ge, Y, Zn, and Fe Ne-likeplasma is generated by tunneling ionization, while the popu-
lasers, respectivelyd—8], and at 5.8, 7.3, and 13.9 nm in Dy, lation inversion is driven by collisional excitation by the
Sm, and Ag[9-11] Ni-like lasers. The maximum reported electrons passed into the continuum; the ionization and
output from these systems—and the only one exceeding fiumping are thus largely decoupled through bypassing the
mJ—was 7 mJ in Ne-like Y, using frequency-doubled multi- process of ionization cascade by free electrons. Using this
kilojoule pumping[6]. A modification of the pumping con- scheme, lasing at 41.8 nm in Pd-like X22] was reported,
figuration, consisting in the decoupling creation of a plasmaand saturation was achiev¢@3] with an estimated output
with the required ionization balance and creation of the elecenergy of~25 nJ per pulse, at a 10 Hz repetition rate.
tron temperature optimizing the excited-state kinetics, has In this work, we maintain our interest in Ne-like systems
recently made it possible to achieve saturation with pumpinglriven by multi-100-ps pulses and using solid targets. We
energy of a few joules delivered in typically picosecondsystematically examine the optimum performance of the
pulses. Regarding the amplification lengths of about a centidouble-pass amplification at 21.22 mm at the transition
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FIG. 1. Schematic experimental setinot to scal@ The cross-slit camera sits in the space between the converging laser beams and views
the target under-13° with respect to the horizontal plane. The flat half-cavity mirror is located 8.5 mm from the target edge. The
spectrometer may be used both in the standard spectrally resolving mode or in a low spectral-resolution mode with the entrance slit open;
in the latter case a haircross in front of the slit is employed as a spatial/dimensional fiducial.

(2P3/8P112) -0 (2P3/33S112) -1 In Ne-like zinc, using a  Fresnel numberra/\L close to 1(ais the gain region size
plasma column of 3 cm length. Strong lasing at this transiand L the optical path length in the systenwe first adjust

tion (henceforth labeled=0-1) hasbeen demonstrated in the prepulse conditions to maximize the AS&mplified
Ref.[24], while the fundamental role of very weak prepulsesspontaneous emissipeingle-pass output at 21.2 nm. Subse-
(0.01-0.1% of the pump energin the functioning of this  quently, we optimize the half-cavity output with respect to
laser was identified some time late#5-27. Saturated op- both the prepulse conditions and the half-cavity geometry.
eration of theJ=0-1 zinc laser using the double-pass con-The obtained results are discussed using model calculations
figuration was demonstratdd,26] and has been character- of a saturated, bidirectional propagation ASE system.

ized in detail[28].

The described experi_ment employs a separf_;ltely de_livered Il. EXPERIMENT
prepulse to produce a wide preplasma column into which the
main pulse, focused much more tightly, is coupled. This ar- The experiment was conducted at the recently established
rangement, thus far experimentally unexploited, allows us td®’ALS (Prague Asterix Laser Systenfacility [32,33. The
produce a plasma with reduced lateral gradients and thumain experimental resource at PALS is an upgraded version
reduce the deleterious effects of lateral beam refraction. Thief the former Asterix IV iodine laser systeff34] developed
adds to the known prepulse benefits consisting in an increasyé the Max-Planck-Institut fuQuantenoptiKGarching. The
of the transverse size of the gain region and a reduction daser provides up to 1.2 kJ at the fundamental wavelength of
the transverse density gradient, improving significantly thel.315um in a typically 450-ps full width at half maximum
propagation conditions of the x-ray beam along the plasm&WHM) pulse, in the main beam of 29 cm diameter. Addi-
[29]. Moreover, a prepulse may positively contribute to thetionally, up to 100 J may be delivered in the auxiliary beam
beam coherence through smoothing the amplifying mediunef 14.8 cm diameter, having an identical temporal profile as
over a micrometer scale and reducing small-scale fluctusgthe main beam. This beam was used here to produce a
tions of the local gain30]. prepulse.

The investigated zinc XRL is pumped by a wavelength of The experiment was deployed in the PALS tandem of
1.315um. This is expected to act beneficially for the perfor- vacuum target chambers of advanced concefi8®. The
mance of the system, as simulations show an enhanced effixperimental arrangement is shown in Fig. 1. The x-ray laser
ciency of a 1.3um driver over the commonly used 1.g6n  amplifier is generated by irradiating a 3-cm-long target
pumping[31]. To achieve an efficient extraction of the popu- which consists of an optically polished zinc slab with a sur-
lation inversion, the XRL is operated in a double-pass reface flatness of about am or better. One 5-cm-high target
gime. may be used about 100 times, which is achieved by its ver-

The primary goal of this experiment was to demonstratdical translation after each shot by typically 3@n to ex-
that a half-cavity zinc XRL pumped by multi-100-ps pulsespose the fresh target surface to the driving beam in the sub-
of energy~500 J is capable of delivering several millijoules sequent shot. The target is bonded on an interchangeable
in a narrowly peaked beam; this represents a dramatic effiock-in support plate, and, once the target is consumed, this
ciency improvement over the formerly reported multikilo- piece can be promptly replaced by another “batch.”
joule pumping required to produce a comparable output. An- The pump-laser sequence consists of a joule-level
other rationale was to show that the half-cavity arrangemenprepulse, followed after 16:0.5 ns by the main driving
may be implemented in a fashion compatible with a potenpulse delivering to the target typically 500(3600 J at the
tially high shot rate. To achieve high spatial coherence, th@utput of the lasgrand producing a net irradiance 6f2.8
investigated XRL is operated in a configuration with the X 10" W cm™2. The prepulse beam is applied at the target at
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an angle of 25° from abovsee Fig. 1 and is focused down
to a 40-mme-long line by a tandem of cylindrical and spheri- CCD camera
cal lenses, overfilling the target in order to produce uniform @
prepulse conditions over the full length of 3 cm. The width

of the prepulse focus was typically 700 wm, significantly

larger than the focus width of the main beam. The prepulse
energy varied between 0.75 and 17 J, while its typical value

was 1.6 J corresponding to a net target irradiance- @6

X100 Wem ™2,

The main beam is focused by fd3 composite system
consisting of a matrix of ten planoconcave cylindrical [enses xrL beam
15060 mm and a single aspherical lens. It provides a
highly uniform 30-mm-long line focus of~130 um width.
The cylindrical matrix is arranged as two arrays of five
lenses mounted on a support including a 10-mme-high central FIG. 2. Fresnel double mirror x-ray interferometer consisting of
strut across the horizontal beam axis, protected from the laser “ridged roof” with the surface roughness of5 A. It is posi-
by a stripe of absorbing glass. This arrangement is an imtioned ~3 m downstream from the plasma exit plane via reflection
proved version of a previous desifi86], where cylindrical —on a 45° mirror. The dimension of the Fresnel double mirror is (2
lenses extending over the full height of a laser beam weré<15)x 60 mm. The camera consists of 54312 pixels of the size
employed. Here, by vertically stacking two lenses, a moret9<19um.
uniform and narrower line focus may be generated, benefit-
ing from the possibility to cost effectively fabricate shorter layed by a visible imaging system to a CCD camera. A spa-
cylindrical lenses with very tight specificatioriparallelism tial fiducial consisting of a 12@sm-diameter wire haircross
of the face surfaces, parallelism of the generating axis to thig positioned 22 cm in front of the phosphor.
side edges The sole expense of achieving the significantly The x-ray beam is spectrally analyzed by a grazing-
improved focus quality is almost a negligible screening ef-incidence grating spectrometer employing Wadsworth geom-
fect of the central strut, amounting here to 4.5% of the totaktry [38]. A spherical blazed grating with 900 lines/mm and
beam energy. with a radius of curvature 4675 mm is used to focus near-

The lateral extent and uniformity of the plasma column,parallel emission to the detector, which is an XUV imaging
as well as the superposition and coalignment of the prepulseameraPhotonic Sciengeequipped with a phosphor and an
and the driving foci, were monitored by a cross-slit x-ray optical-fiber demagnifier, butt coupled to a cooled CCD. The
camera face viewing the target undefl.3° with respect to camera is located at 305 cm from the plasma and allows
the horizontal plandsee Fig. 1 The camera provides an Viewing a spectral window of-40 A. The spectrometer sits
astigmatic image of the plasma column in a multi-keV specOn a translation-rotation board making it possible to see the
trum, with a vertical magnification of 3 and a horizontal plasma under different pointing angles and thus examine the
demagnification of 4.5. An off-shelf charge-coupled deviceangular profile of the x-ray emission. A 1,6 Al filter was
(CCD) chip stripped off the cover glass, filtered by auB*  used to avoid saturating the detector in half-cavity shots.

Al foil, is employed as a detector. The coherence analysis of the x-ray beam emitted by the

The half-cavity is a centerpiece in achieving large ampli-half-cavity was performed using a wave-front-splitting
fication lengths and deeply saturated lasing. It consists of &resnel interferometef39,4Q (see Fig. 2, located 3 m
25-mm-diameter Mo:Si flat multilayer mirror, with a reflec- downstream from the plasma. The interference pattern is pro-
tivity near 21 nm of~30%|[37]. The mirror is positioned at duced by reflecting the beam at grazing incidetivere 6J
8.5 mm from the plasma, and is mounted on a compact fiveoff a tandem of adjacent plane mirrors inclined to each other
axis support allowing to remotely control its position and at a small anglg5.2 mrad. Upon crossing over, the reflected
orientation. The reflecting surface is protected from plasm&eam halves produce an interference pattern. The resulting
debris by a stainless-steel shield with a 1-mm hole allowingtinges were detected by a phosphor-coated>6322 pixel
the x-ray beam to pass, placed mm in front of the mirror. CCD camerd ARP Photonetiquelocated in the overlapping
This arrangement restricts the mirror damage to an aretegion of the beam halves, 70 cm downstream from the
roughly equal to the hole size, and allows one mirror to beFresnel double-mirror center. To augment the observed
employed for as many as 100 shots. fringe spacing, the camera was inclined to view the fringes

The emerging XRL beam was alternatively analyzed by aunder a near-grazing incidence angé). No filters were
footprint monitor or by an x-ray spectrometer, or may be sentised in these measurements in order to maintain the wave-
to an x-ray interferometer. The beam is switched between th&ont quality of the emitted beam.
individual diagnostics by making it reflect off the respective
flat retractable multilayer mirrofMo:Si) working at 45°.

The footprint monitor is located at a distance of 110 cm
from the XRL exit plane and employs a fine-grain Th-doped The data provided by the cross-slit x-ray camera allowed
phosphor scree(Proxitronig coated by a 40-nm Al layer to us to evaluate the size and quality of the line focus, and
reject visible light. The signal produced on the screen is rethereby accurately determine the plasma pump conditions

intersection e A
of the beam halves /\ A

Fresnel
double mirror
("ridged roof")

IIl. EXPERIMENTAL RESULTS
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FIG. 3. Image of the plasma column in a multi-keV x-ray spectral raf@ePreplasma emissiofiaken with increased energy in the
prepulse beam to become visible, without firing the main pulé&e Image of the plasma created by the main pulse.

throughout the experiment. To discern the prepulse focusjonuniformities of the prepulse beam. In contrast, the main
shots with increased enerdy=60 J in the prepulse beam pulse focus is both highly uniform and has an ever1,30
were fired, in absence of the main pump beam. pm, width across the full length of 3 cm, illustrating the

Atypical set of the focus x-ray images is shown in Fig. 3.performance of the composite focusing system employed.
The prepulse focus width is- 700 xm, and in the longitu- We believe that the superior quality of the focus played a
dinal direction it largely overfills the target length of 3 cm. It significant role in achieving the reported operation param-
also exhibits minor intensity fluctuations, replicating the eters of the described zinc x-ray laser.
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FIG. 5. The 21.2-nm XRL single-pass output as a function of
* the prepulse energy; the error bar space is represented by a shaded
2 mrad . : .
region for clarity. The optimum prepulse energy 1.6 J corresponds
to a net target irradiance e£2x 10'° W cm 2.

120 : with respect to the target surface. This pointing angle was
a4 observed to be only weakly dependent on the driving laser
5 19 energy.
g /\ The laser signal at 21.2 nm was completely dominating
g 8 the emitted spectrum, which allowed us to use the camera
g \ coupled to the spectrometer to assess the number of photons
%’; 60 contained in the x-ray beam. To this goal, the spectrometer
§ / entrance slit was opened t910 mm to collect the whole
g beam, and the detector was slightly moved away from the
/ \ focusing circle to receive nonfocused emission over a large
2 I \ area. Upon converting the signal thus received via the quan-
N— tum efficiency of the phosphor and other characteristics of
04 "2 0 2 4 6 8 10 12 14 the Photonic Science camera, the number of soft x-ray pho-
Angle (mrad) tons generated in the single-pass ASE regime is estimated to
90 be in excess of 1§, indicating saturated operation.
#06_1107 The dependence of the x-ray laser output on the prepulse
- A\ was examined for prepulse energies ranging from 0.75 to 17
.g / \ J, while the prepulse focus conditions, as well as all charac-
2 a0 teristics of the main beam, were kept unchanged. The ob-
g \ tained dependence of the emerging x-ray signal is displayed
2 6 \ in Fig. 5, containing both single-pass ASE and double-pass
a \ data. These show that the performance of the studied x-ray
a“ca’ 40 laser is optimized, under the given experimental conditions,
= / for a prepulse energy of 1.6 J, which corresponds to a net
2 irradiance of ~1.6x10°Wcm™2 or to the prepulse-to-
/ main-pulse irradiance ratio 6f 6 X 10 4. We note that this
0 b i . i : i SV observation of a specific weak prepulse optimizing a zinc
4 6 4 -2 0 2 4 6 8 10 laser corroborates the former results obtained using a differ-
Angle (mrad) ent experimental setuptl]. A similar prepulse dependence

was also observed in the Ni-like Ag lasgrl], in contrast
FIG. 4. Far-field patterrifootprint) of the 21.2-nm XRL beam With some other x-ray lasers apparently exhibiting a mono-
produced in the single pass, with its horizontal and vertical densitonic dependence of the output on the prepulse.
tometry profiles. The target surface is on the left side of the foot- Upon activating the half-cavity mirror, the x-ray laser out-
print. put from a 3-cm plasma is boosted typically 11 times, al-
though it moderately depends on the angle under which the
A footprint of the ASE x-ray beam emergent from a 3-cm-beam reflected from the mirror is reinjected back into the
long plasma is shown in Fig. 4, along with its intensity pro- plasma for return amplification.
files. A smooth ellipsoidal beam possessing a high degree of Figure 6 displays a footprint record of the double-pass
both horizontal and vertical symmetry is produced, with re-beam emitted in the optimum half-cavity configuration, at
spective divergences of(30.5 and 5+0.5 mrad. The the reinjection angle of 1 mradsee below. The beam
beam is emitted from the plasma at an angle(@f®5 mrad  emerges from the plasma under an angle-6fmrad and its
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FIG. 7. The single{®) and double-pass®) 21.2-nm output as
a function of the duratioripowen of the pump pulse. The signifi-
cantly plummeted double-pass signal for a 344-ps pulse indicates
gain duration being shorter than the radiation transit time in the
half-cavity.

2000 : . . . .
#04_1207 gain fades out or not during the return pass in the half-cavity,

r‘»\ several shots with different lengths of the pump pulse were
fired. The results are shown in Fig. 7.
The XRL output corresponding to single-pass ASE exhib-
\ its a moderate dependence on the pump pulse, decreasing
1000 slightly with its duration as a result of decreasing pump
/ power. This relatively weak dependence on the pump power
/ \ suggests again that the x-ray laser emission produced by a
500 single pass is saturated. A similar behavior is observed for
/ \ the double-pass output, except for the pump pulse of 344 ps
(the shortest that can be presently generated at PAdsSilt-
0 o ; : ' : . : : ; — ing in an abruptly lowered XRL output, which was also the
* % ¥ 2 41 & & W B2 N lowest half-cavity XRL signal obtained in the whole experi-
Angle (mrad) ment. This drop-off behavior is a clear-cut indication that the
gain duration for 344-ps pumping is shorter than the x-ray
radiation transit time in the half-cavity, while the gain driven
\ by a 450-ps pump lasts sufficiently enough to fully sustain
1500 ( \ the return amplification. The character of the double-pass

1500 \

Intensity (arb. units)

2000 T T
#04_1207

data also shows that the mirror maintains its reflectivity over
the duration of the x-ray pulse.
100 \ The half-cavity configuration was optimized with respect
to the reinjection angle under which the ASE emission was
- reflected back to the plasma for return amplification. The
/ ~N obtained footprints corresponding to reinjection angle®f
/ \ -3, 1, 5, and 9 mradthe mirror tilt ® being 1, 3, 5, and 7
mrad, respectivelyare displayed in Fig. @. From Figs.
4 6 -4 -2 0 2 4 6 8 10 8(b) and §c), showing the XRL beam divergence and its
Angle (mrad) intensity as a function of the reinjection angle, it is apparent
that both the intensity and the beam spatial quality are simul-
taneously optimized for the reinjection angle= 1 mrad(al-
though a comparable intensity is produced dgr=5 mrad).
Also, from Fig. 8a) it is seen that the refraction angle is
nearly independent of the reinjection angle, retaining a value
horizontal and vertical divergences of @&&.5 and of 5(x=0.5 mrad, which is identical, within the experimental
5.8(+0.5 mrad, respectively, are close to those of the singleprecision, to the pointing angle of the single-pass ASE beam.
pass ASE. These observations, providing important insights into the
Regarding the radiation transit time of 256 ps in the half-morphology of the gain region, are further discussed in
cavity, non-negligible with respect to the 450-ps pump pulseSec. IV.
duration, it was essential to establish whether the gain life- A typical interferogram produced by the half-cavity beam,
time allows the backward-propagating radiation to be ampliusing the Fresnel wave-front-splitting interferometer, is
fied over its whole path in the plasma. To check whether theshown in Fig. 9. The fringe straightness and contrast, appar-

Intensity (arb. units)

0

FIG. 6. Far-field patternfootprint) of the double-pass XRL
beam, with its horizontal and vertical densitometry profiles. The
target surface is on the left side of the footprint.
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FIG. 8. The half-cavity output as a function of the mirror azimuth anjle ray emerging from the plasma under a forward anrgle
is reflected back under an angle=2® — «;, and reenters the plasma at a distafiee2D (a;—P) with respect to the emerging point;
is the horizontal size of the gain regioi@ The x-ray beam footprints fob =1, 3, 5, and 7 mradthe haircross vertical wire is positioned
at 5 mrad, (b) the horizontal and vertical divergence as a function of the reinjection af@léje output intensity as a function of the
reinjection anglg ¢ and O are the data from the footprint monitor and from the XUV spectrometer, respegtively

ent from the interferogram lineout, demonstrate both a goodaser, which was observed to vary during this particular se-
beam wave-front quality and high spatial coherence of thigies of shots.
x-ray laser.

The visibility of the fringes, Smax—Smin)/(Snax™Snin)»
where the signal§;,.x and S,;;, correspond to the maximum
and adjacent minimum in the fringe system, was inferred The x-ray laser output generated both by the single and
after subtracting from the raw interferograms a backgroundhe double pass was observed to be largely robust with re-
signal of a value carefully determined for each shot. Thespect to different pumping conditions. It equally exhibited an
analysis included no further processing tending to artificiallyexcellent reproducibility after an exchange of the target
enhance the interferogram quality. The error bars, estimateand/or of the half-cavity mirror.
conservatively at-0.05, correspond to the uncertainty in the  One of the parameters determining the output beam is the
determination of the background sigr@hostly due to vis- trajectory along which the emission reflected from the half-
ible light penetrating the CCDand to the variation of the cavity mirror is fed back into the plasma for return amplifi-
visibility across the interferogram. cation, as seen from Fig. 8. When the ASE beam is reflected

The dependence of the fringe visibility on the net pump-into a low-density plasma further away from the target, the
ing energy is shown in Fig. 10. The data clearly show thatmerging output beam is a moderately amplified, refraction-
the coherence of the x-ray beam increases with the pumpnaffected duplicate profile of the ASE seed. As the reflected
energy(and thereby pump powgerThe highest fringe visibil- ASE emission is injected closer to the target, it samples a
ity achieved under the given experimental configurationhigher gain but suffers from refraction and the output beam
amounts to 0.51. On the other hand, the data, collected fgurofile is unlike the ASE beam shape. The pointing angle of
several days, exhibit a notable scatter, which was observed the output beam is however essentially independent of the
occur especially on a day-to-day basis. The origin of thisreinjection conditions, implying that its intensity reflects the
scatter, which is in stark contrast to the reproducibility of thegain magnitude at the sampled distance from the target. This
x-ray laser output intensity, is not clear; it may however be atmakes it possible to assess the transverse size of the gain
least partially attributed to the rising edge shape of the pumpegion, using the data from Fig. 8.

IV. DISCUSSION
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FIG. 9. Interference fringe pattern produced by the half-cavity beam and the Fresnel double-mirror interferometer, and an averaged
lineout taken across the fringes. The XRL beam vertically overfills the mioforFig. 2), and its horizontal dimension is11.5 mm. The

defects in the raw CCD record are due to microscratches on the conversion phosphor. The visibility of the fringes in the central part of the
beam amounts here to 0(430.05.

Assuming that the ASE beam with a horizontal diver-gain region of the plasma. Due to refraction, not all rays
gence¢y emerges from an active region of siag,, upon  arriving at the gain region at the plasma entrance plane will
reflection at the half-cavity mirror this beam will reenter the propagate and receive amplification over the full return
plasma expanded in size wy+2D ¢y, whereD is the length, and the actual value of feedback for the surviving ray
distance plasma mirror. To produce an intense double-pagzindles will be given by considering the overlap plane some-
output, the seeded beam must non-negligibly overlap witlplace inside the plasma. By labeling the mirror reflectivity
the gain region, which will typically occur for reinjection (the “raw” spectral reflectivity at the given wavelengtand
positions extending over a distance equal to the seed beathe geometric coupling efficiencg,, the feedback in the
size, i.e.wy+2D ¢ (assuming a static gain region over- case of a plane mirror can be expressed as
lapped at least by 50% by the seed begartdsing ¢
=3 mrad,D =8.5 mm, and the data from Fig. 8, which show WhHWy
that comparable x-ray outputs are produced for reinjection FZRC@:R[WH(2D+d)¢H][WV+(2D+d)¢>v]’ @
distances § scanned over~100 wum, we obtain wy

~50 um. wherew and ¢ denote gain region size and beam divergence
The feedback provided by the half-cavity mirror, which in the horizontal and vertical directions according to the sub-

we define here as the fraction of the ASE output returnedcripts, andd is the distance of the overlap plane from the

back to the plasma for further amplification, can be evaluategasma end. Takingwy~50um, wy~130um, ¢y

as the reflected fraction of the x-ray beam overlapping the< 3 mrad, ¢y=5mrad, R=0.3, D=8.5mm, the feedback

amounts toF=0.087 whend=0 mm, andF=0.027 ford
0.6 =30 mm. The actual feedback lies between these extreme
values, and we may take as its best estimate the average of
these two values, i.eE=5.8X 107 2.

0.5

—

> 04 - u The observed X enhancement of the x-ray output in the
2 l i E* half-cavity configuration with respect to the single pass pro-
2 03 Lz i vides additional evidence that the laser is strongly saturated.
v Jii 23] ; ; e

2 | ;f iT Given that the x-ray beam receives amplification over the
=02 3 1 full return path, the outputy, in the small-signal gain regime

would approximatelyneglecting the effects of spectral nar-
rowing by gain) amount to

e
-

250 300 350 400 450 500 550
~ +
Net pump energy () lap~1sd F exp(gol) +1], (2

FIG. 10. Visibility of the interferometric fringes generated by Wherelg, denotes the single-pass outptjs the feedback
the half-cavity, as a function of the net pump energy. The verticadefined abovel is the plasma length, and where it is as-
error bars reflect visibility variation across the central part of thesumed that the small-signal gagg has an identical value for
interferograms. the forward and return pass. Assuming the feedlfaels.7
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X102, for L=3 cm we obtaing,=1.87 cm 1. This value 10 10"
is clearly inconsistent both with the number of photons 1 i w5
(larger than 18 emitted in the single pas®stimated from 01 o o 2
the spectrometer detector, and also with the high coherencg / 3
of the emitted beam, indicating that the system operates in & o / w0* §
deep saturation. 5 10° / w5
To quantitatively determine the performance of the stud-& * -
ied x-ray laser with respect to the saturation intensity of the® o / . §
amplifying plasma, we carried out simplified modeling of / A -
radiation transfer in an active medium that is representative ~ ** / w0
of the experimental situation encountered. The model, de-

1] 10 20 30 40 50 60

scribed in detail elsewhel@?2], treats time-dependent bidi- Amplficaton length ()

rectional amplification of axial emission in a refraction-free
active medium, and accounts in full for the transfer of the FIG. 11. The XRL output versus amplification length. For clar-
spectral line profile. It is assumed that both the small-signaity only a few experimental points of those collected are repre-
emissivity and the small-signal gaigiven by the atomic sented, but include the extreme values obtained for each amplifica-
kinetics rates in absence of the amplified radiatiare con-  tion length. The solid line represents a full bidirectional simulation
stant along the amplifier axig let j, and g, denote their of a half-cavity system and corresponds to a small signal gain of
peak spectral values. By labeling with and|~ the emis-  7.0(=0.5 cm™ ! (see text For comparison, the dashed line shows
sion propagating in the positive and negatwelirection,  the intensity-length dependence of a simple, continuous ASE am-
respectively, the basic equation of the model can be explifier with unidirectional radiation propagation.
pressed as

[24] (for details and discussion see Rp£2]). Specifically,

al*(z,t,v) +&I (zt,v) B jo(t,v) the emissivity was assumed here as 50-ps flat top, linearly
cot 9z - Lo Z,1) rising over 50 ps and decreasing exponentiallygof the
() peak value over 200 ps, while the gain profile included a
sal

rising edge of 50 ps to a constant peak value lasting 200 ps
go(t, )15 (z,t,v) and followed by a linear decrease down to zero over 150 ps
W, 3 (the influence of different time profiles on the output of the
: x-ray laser is discussed in R¢fi2]). The peak values of the
sl 1) small-signal emissivity and gain were taken as parameters to
adjust the calculated ratios of the outputs from different am-
plification lengths to those found experimentally. The satura-
Loz )= (2t +1 (2., ) ]dv" (4)  tion intensity was o= 1.5X 10 Wem™2, which is a value
’ - v Y resulting from atomic constants and rates pertinent tZn
is the spectrally integrated sum intensity of the right- andUnder appropriate plasma parameters. »
left-going emission, anti=hv,/o g is the saturation inten-  1he small-signal emissivity and gain best fitting the mea-
sity involving the spectral peak frequeney, the cross sec- ;ured ratios of the x-ray signal between d'lfferent amplifica-
tion of the stimulated emissiom, and the gain recovery time ton Iength:Q,Z (25, 30, and 7160 min is  1.5(=1.0)
7=. The saturation intensity depends on the plasma condiX 10° Wcm™? and 7.0+0.5) cm ™, respectively. It is worth
tions solely—and weakly—through. noting that,.because of the strong saturation, both the_ calcu-
The feedback provided by the half-cavity mirror, sitting at lated magnltudes_ Qf the output !nt¢n5|tles and their ratios are
a distanceD left from the plasmdsee Fig. 1, enters into Eq. only weakly sensitive to the emissivity value. The calculated

where

(3) as a boundary condition. Specifically, curve of the x-ray output as a function of the amplification
length, corresponding to these emissivity and gain values, is
I T(z=0¢t,v)=F1 ~(z=0t—2D/c,v), (5) shown in Fig. 11, along with the experimental data from the

x-ray spectrometer. The results confirm that the laser is
The validity of the model was examined using a previ-deeply saturated, with the equivalent small-signal gain-
ously reported half-cavity Zn lasg€28] as a testbed, employ- length product 8oL +In(F) amounting to~39. By integrat-
ing therein experimentally determined time profiles of theing the real(i.e., progressively reduced by saturajigain
emissivity and gain. Despite the relative simplicity of the over the amplification lengthl2, we obtain the full-signal
model, a remarkably good agreement between the calculateghin-length product of-21. The simulations equally confirm
and measured time evolution of the x-ray laser output signathat the half-cavity output is, under the given experimental
for different half-cavity configurations was found2]. conditions, nearly independent of the exact value of the feed-
The Zn laser reported in this work was modeled usingback introduced by the mirror.
time evolution of the small-signal emissivity and gain ac- The calculated duration of the x-ray output pulse is
cording to those established experimentally for Ne-like Zn in90(+10) ps FWHM. Taking into account the exit aperture of
a previous measurement of the time characteristics of norb0X 130um pertaining to single-pass output, the energy
saturated output produced by plasmas of different lengthsontained in one pulse is-4 mJ corresponding to-3
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TABLE |. 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 410t

Output pulse duration 96:10) ps

Peak power 40 MW

Beam divergenceh(Xv) 3.5 5.5 mrad

Peak spectral brightnesa x/\=10"3) 10" photons s* mm™ 2 mrad®
No. of shots with one target/mirror ~100

X 10 x-ray laser photons. This value corroborates the numis, in principle, capable of operation at 1 Hz or at an even
ber of photons estimated from the data of the spectrometdiigher frequency, and its present repetition rate is determined
Photonic Science CCD camera, and regarding the accuragylely by the driving IR laser.

of the assessed size of the gain region, it presents a rather We suppose that the performance of the XRL reported in

conservative estimate of the actual output. this paper may be further improved by the optimizing param-
eters of the prepulse. This would be possibly accomplished
V. SUMMARY by using a longer separation between the prepulse and the

P ) main pulse than 10 ns, and/or by using an appropriately
The presented half-cavity based x-ray laser at 21.2 nn%gned sequence of prepulsig28]. A possible improvement

delivers stable output parameters over a broad range o : N
pumping conditions. The 450-ps duration of the pump puISE\should also be made through shaping the distribution of the

has been found adequate to maintain the population irWe}gtensity of the prepulge focus., especially in the.IateraI direc-
sion over the radiation round trip in the laser consisting of 10N Our future experiment will address these issues.
3-cm plasma and a mirror distance of 8.5 mm. This made it A tOPic remaining to be fully understood is the observed
possible to achieve an amplification length of 6 éwith a behavior of the transverse coherence of the XRL beam.
minor effective reduction due to the loss on the mirrand Whilst the obtained data clearly show a strong overall in-
resulted in a deeply saturated XRL operation supplying 4 mgrease of the beam coherence with the pump encagy
of energy in pulses shorter than100 ps, equivalent to the thereby with the small-signal gainthey also exhibit a sig-
peak power in excess of 40 MW. To our knowledge, this isnificant shot-to-shot scatter which does not correlate with
the highest peak power achieved by an x-ray laser to date.(minor) fluctuations of any other measured XRL parameter.
The main parameters of the half-cavity XRL output areNo correlation with small shot-to-shot variations of the pump
summarized in Table I. The pulse duration was not measurepulse FWHM duration was found either. Whereas an in-
and is estimated from the double-pass saturated amplificatiotrease of the coherence with an increasing gain coefficient,
modeling, the validity of which was checked using, as agenerated due to stronger pumping, is expected and was pre-
tested, a double-pass Zn laser with an experimentally knowglicted theoretically[43], the reasons for the shot-to-shot
time-resolved outpui28]. fluctuations remain unidentified. We suspect that a possible
The achieved results illustrate that multi-100-ps pumpecyplanation may involve fluctuations of an early rising edge
soft-x-ray lasers currently offer by far the highest output en-gf the pump pulse and/or microscopic variations of the target
ergy in the given spectral domain, delivered in a high-qualitys face. We however note that significant shot-to-shot fluc-
beam. Accordingly, these “quasisteady state” lasing systemg ations of the beam coherence were also observed in the

constitute a specific laser class having different assets tha&]scharge-pumped Ne-like Ar lasg#4], possibly implying
the TCE x-ray !asers._ While the_lr pumping need_s are CUlinat this phenomenon may reflect rather fundamental aspects
rently incompatible with the available tabletop drivers and

their scaling down to significantly shorter wavelengths ap—Of Elr_f corr:erentce_ btwld-upl_ln ?‘SE SB;SttﬁmZ' ibed 21.2
pears unrealistic, they offer multimillijoule, controllable out- € characteristic applications of the describe -<-nm
Hgser will be able to benefit from the combination of the high

put possessing characteristics of a true laser beam in t I .
conventional sense. pulse energy and the beam quality including coherence. As a

The half-cavity using a flat multilayer mirror has become Précursor applicaf[ion, we have_ succe_ssfully exploited this la-
a routine component of the experiment. We were able t&er at PALS for interferometric problng of solid-state sur-
stack up the individual impact areas of 1 mm diamétac- faces subjected to strong electrical fields]. Other pre-
ing the plasma during the shot and damaged by plasma d@ared interferometric applications include probing of laser-
bris afterwardsin a way that allows us to perform about 100 produced plasmas and of solid surfaces subjected to strong
shots using one single mirror. By benefiting from a compactyadiation field§35]. The large energy and peak power avail-
appropriately engineered automated mirror stage, the aligrable will make it possible to perform experiments devoted,
ment of the flat mirror was extremely simple and its reposi-for instance, to soft x-ray ablation of solids, volumetric
tioning between subsequent shots could be performed in eplasma heating by soft x-ray radiation, or probing large-size
fectively less than 1 s. Accordingly, the described x-ray laseplasmas and surfaces.
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