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Efficient, high-brightness soft-x-ray laser at 21.2 nm

B. Rus,* A. Carillon, P. Dhez, P. Jaegle´, G. Jamelot, A. Klisnick, M. Nantel,† and P. Zeitoun
Laboratoire de Spectroscopie Atomique et Ionique, Universite´ Paris–Sud, Baˆtiment 350, 91405 Orsay Cedex, France

~Received 1 July 1996!

In this paper we review the development of a soft-x-ray laser at 21.2 nm, recently carried out at the
Laboratoire de Spectroscopie Atomique et Ionique. Amplification is generated by electron collisional pumping
on a 2s22p53p-2s22p53s, J50–1 transition in neonlike zinc (Zn201). The lasing medium is a
;150mm32 cm line plasma produced by irradiating slab Zn targets at a net intensity of;1.4
31013 W cm22, using a 1.06-mm, 600-ps-long pulsed laser delivering;350 J of net energy on the target.
Accompanying the driving pulse by a 100-mJ-level prepulse train through deliberately imperfect isolation of
the mode-locked laser oscillator, theJ50–1 gain coefficient;5 cm21 is generated. The emission appears in
an;100-ps burst and precedes the lasing on both the much weakerJ52–1 lines and the x-ray continuum
peak. TheJ50–1 output source region, the beam spatial profile, and its time history have been measured and
their relevance to the kinetics of this lasing system is discussed. A half cavity was implemented and a strong
double-pass amplification at 21.2 nm with a 2-cm-long plasma obtained. With the gain-length product achiev-
ing ;17.3 according to the particular configuration, saturation was demonstrated, which is confirmed through
a schematic model of the level kinetics. To our knowledge, it is the first neonlike soft-x-ray laser where
saturation on theJ50–1 line was achieved by using a half-cavity arrangement. Absolute energy measure-
ments indicate;400mJ in the half-cavity-generated beam and a peak output power of;5 MW, which makes
this laser one of the most efficient soft-x-ray lasing systems demonstrated to date.@S1050-2947~97!01805-2#

PACS number~s!: 42.55.Vc, 42.60.Da, 42.25.Kb, 52.50.Jm
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I. INTRODUCTION

The development of soft-x-ray lasers has been a subje
intense worldwide effort for more than a decade, followi
the initial demonstration of strong lasing near a wavelen
of 20 nm @1#. Outstanding progress on many issues has
pecially been made recently@2–4#. Population inversion
schemes by using ultrashort pulse drivers with the aim
obtaining lasing in the nanometer spectral region have b
investigated@5–12#. The efficiency of the existing soft-x-ra
lasers has been significantly improved@13–15# and x-ray
beams of desired optical qualities have been produced@2,16–
18#. Finally, a significant effort has been made on the dev
opment of applications of the soft-x-ray lasers@19,20#.

While research on x-ray lasers emitting inside the wa
window and providing highly coherent beam is maintain
by many laboratories, ultimately making possible the holo
raphy of living cells, there is a call for moderate- or sma
scale devices supplying lasing action in the spectral regio
tens of nanometers and being available to a wide scien
community. This need stems, on the one hand, from the p
pect of many applications of such sources of extrem
bright, coherent, and highly monochromatic radiation a
on the other hand, on the limited accessibility and low re
etition rate of the present soft-x-ray lasers generated
large-scale facilities. The goal of this paper is to review
results of a program being undertaken at the Laboratoire
Spectroscopie Atomique et Ionique~LSAI! and the Labora-
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toire pour l’Utilisation des Lasers Intenses~LULI ! on the
development of a soft-x-ray laser emitting near 20 nm a
addressing issues such as efficiency, feasibility, and rep
tion rate, which are crucial in the context of application r
search.

The soft-x-ray laser described uses collisional excitat
pumping in neonlike zinc (Z530). Its simplified Grotrian
diagram representing levels involved in the observed las
is shown in Fig. 1. Population inversions are produced
appropriate electron densities and temperatures betw
manifold 2p53p and 2p53s levels through a combination o
electron collisional excitation from the Ne-like ground sta
2p6 and dielectronic recombination fromF-like states fol-
lowed by radiative-collisional cascades. While the upp
3p levels are metastable with respect to radiative dipole
cay to the ground, the lower 3s levels are strongly deplete
by this process, which maintains the inversion. Among
3p-3s fine-structure levels the strongest inversions
generated for the (12,

1
2)J50→( 12,

1
2)J51 , and (32,

3
2)J52

→( 32,
1
2)J51 , and (12,

3
2)J52→( 12,

1
2)J51 transitions, using a

j j -coupling description and notation (j , j )J referring to the
angular momenta of the core and of the excited 3l electron,
J being the total angular momentum of the level. In th
notation the real levels are labeled by the correspond
dominant pure (j j )J coupling:

1 the same applies toLS nota-
tion; the use of which makes the above transitions to co
spond for ZnXXI to 1S0→1P1 ,

1D2→3P1 , and
3P2→1P1 . The wavelengths of these transitions of conce
henceforth abbreviated solelyJ50–1 andJ52–1, are in

cs,

ty 1In fact, each real stateJM, whereM is the magnetic quantum
number, is a linear superposition of (j j )JM eigenstates.
3858 © 1997 The American Physical Society
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55 3859EFFICIENT, HIGH-BRIGHTNESS SOFT-X-RAY LASER . . .
neonlike zinc 21.22, 26.23, and 26.72 nm.
The collisional excitation scheme has proved to be

most robust approach to date for generating strongly am
fied soft-x-ray radiation. The gain medium is usually
plasma column ablated from a massive slab target or a
foil by impact of a laser pulse, and a bright x-ray beam
produced by amplified spontaneous emission~ASE!. Using
neonlike ions, intense soft-x-ray lasing has been dem
strated on elements ranging from Si (Z514) to Ag (Z
547), supplying lines in a spectral range from 87.4 down
9.9 nm@24–26#, while by employing nickel-like ions wave
lengths inside the water window~2.3–4.4 nm! have been
generated@2#. Experimentally as well as theoretically th
most extensively studied types from the those using neon
sequence have been germanium (Z532) and yttrium (Z
539) lasers~e.g., @2,27#!, the former mainly due to a rela
tively modest required driving energy (;kJ), the latter
rather for its high output power. TheZ-scaling properties of
the neonlike scheme, namely, a very strongZ dependence o
the necessary driving power and relatively slow scaling
the lasing wavelength, result in very poor efficiency in ge
erating wavelengths in a nanometer spectral range, but
the other hand, make this scheme suitable for produc
strong lasing in the tens-of-nanometers region by using
ments of a low atomic number. This has recently been sho
the most spectacularly in a Ne-like argon (Z518) laser emit-
ting at 46.9 nm, which uses an alternative driving sche
based on capillary discharge@4# and approaches a ‘‘table

FIG. 1. Simplified Grotrian diagram of Ne-like zinc (Z530).
Among the 3s and 3p levels only those susceptible to provid
lasing are shown~the wavelengths are labeled in nm!. In addition to
those indicated, population inversion may exist on the tran
tions (32,

1
2)J52→( 32,

1
2)J51 , ( 32,

3
2)J51→( 32,

1
2)J51 , ( 32,

3
2)J50

→( 32,
1
2)J51 , and (12,

1
2)J50→( 32,

1
2)J51 ~‘‘cross core’’!, providing

wavelengths of 31.44, 27.86, 22.03, and 15.183 nm, respectiv
Furthermore, amplification on the transition between core-exc
levels 2s2p63d( 12,

5
2)J52→2s2p63p( 12,

3
2)J51 , corresponding to

the wavelength of 22.69 nm@21#, has been observed in this schem
in some experiments on Ne-like Ge@22,23#.
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top’’ size. The efficiency of this scaling is also clearly dem
onstrated in the present work where gain lengths;10 in
single pass ASE at 21.2 nm are obtained using only
;430-J driver.

Despite the successful implementation of the neonl
collisional scheme, some issues are not yet fully understo
Although detailed numerical modeling predicts the strong
gain for the (12,

1
2)J50 to (

1
2,

1
2)J51 transition, as a consequenc

of the high rate of monopole collisional excitation of th
( 12,

1
2)J50 level from the ground under appropriate densitie

experimentally theJ52–1 lasing lines have been found
dominate the output of these systems when driven b
single pulse. The main reasons likely for this discrepan
may lie in the inaccurate treatment of the (1

2,
1
2)J50 level in

atomic physics calculations, which constitutes an indep
dent research topic@28,29#, and/or in inaccurate modeling o
the plasma profile near the critical surface where theJ
50–1 gain is generated, especially in the early plas
times.

Recently it has been revealed that theJ50–1 output
from slab-target systems may be greatly promoted by te
niques consisting basically, albeit not exclusively, in the
leviation of plasma refraction. This is accomplished by a
plying a weak prepulse several nanoseconds prior to
main driving pulse@30–33# or by using a sequence of two o
three laser pulses@34,35#. While these approaches have ve
recently become quite widespread, it should be underli
that the full quantitative understanding of the effects invo
ing prepulsed pumping using very weak irradiance is s
presently incomplete despite the experimental@36–39# and
theoretical@40,41# progress achieved. Another technique f
boosting theJ50–1 output is using bent targets@42#, where
refraction is compensated by gain region curvature, wh
may be employed in conjunction with the prepulse or t
sequential pumping regime@43,44#.

The strongJ50–1 lasing in the zinc laser described
achieved through small-level prepulse pumping, w
prepulses containing;531024 of the energy of the main
driving pulse and producing target irradiance of ord
73109 W cm22. Although high gain at 21.2 nm has bee
reported@45#, the key role of extremely weak prepulses f
this laser was not quantitatively recognized until later. T
prepulse technique as a means to greatly boost theJ50–1
output in neonlike systems has been known since 1
@30,31# using typically 6-J prepulses to produce;2
31011 W cm22 on the target, at a level of;531023 with
respect to the main pulse. The intense lasing at 21.2
reported in@45# was, however, due to prepulses remnant
the shot from the mode-locked laser oscillator, which were
a much lower level and were undetectable by then availa
techniques monitoring the parameters of the LULI laser sh
Following the results by Cairnset al. @32,33# showing that a
significant effect could be produced in neonlike germani
with a prepulse level as low as;231024, a modification
was made in the LULI laser chain so as to produce prepu
free pulses. This allowed us to establish the role of
prepulses in ourJ50–1 Zn laser@13,46#. The sensitivity of
the J50–1 line in neonlike Zn to very weak prepulses w
also independently demonstrated in@47#.

The 21.2-nm zinc laser described here uses a pump
sequence consisting of a train of prepulses now controlla
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3860 55B. RUSet al.
produced as a remnant from the laser oscillator. The b
differences in the performance of the laser with and with
the prepulses are presented and discussed in this work. W
still being pursued, a detailed investigation of the dep
dence of the 21.2-nm output on the individual prepulse
rameters such as contrast or timing with respect to the d
ing pulse has been made and its results are discu
elsewhere@36–38,48#.

An important part of our work concerns experiments
double-pass amplification using a half cavity. This arran
ment is known to have a high potential of enhancing the to
x-ray laser output and hence the efficiency of the system
well as of improving optical qualities of the x-ray beam
However, difficulties with its implementation have been r
ported in a number of experiments. More specifically,
half-cavity mirror was destroyed in some cases before c
ditions for significant amplification were created in th
plasma~see, e.g.,@2,49#!. The maximum distance of the mir
ror from the plasma end being dictated by the duration
gain phase, the mirror survival in the particular conditions
a critical issue for the success of such experiments. In
work an efficient half-cavity operation is demonstrated w
a mirror placed at a distance as short as 6 mm. We dis
various aspects relevant to the half-cavity operation and
line issues connected to its practical design making it p
sible to routinely perform half-cavity shots with a single m
ror alignment.

By using half-cavity saturated output at 21.2 nm was p
duced. Temporal and spatial characteristics of the emi
x-ray beam were measured and a brief account of the
tained results is presented. The absolute measurements
beam energy allows one to evaluate the performance of
laser in terms such as instantaneous power and bright
and to compare it with other laboratory soft-x-ray sourc
available.

The paper is structured as follows. Section II describes
experimental conditions under which this work was ma
and the x-ray diagnostics employed. The results of meas
ments of various characteristics of the single-passJ50–1
ASE output at 21.2 nm are presented in Sec. III and
compared to the analogous parameters of theJ52–1 lines.
In Sec. IV we discuss some aspects of the half-cavity des
and in Sec. V the obtained results of double-pass amplifi
tion at 21.2 nm are presented. The experimental data
accompanied by results of a schematic modeling confirm
that saturation is achieved. Section VI concludes and outl
prospects for application of this soft-x-laser being curren
in progress or to be developed in the future.

II. EXPERIMENTAL ARRANGEMENT

The experiments were conducted at the x-ray laser fac
of the LULI at the École Polytechnique, Palaiseau, Franc
The plasma is created by irradiating flat zinc slabs 2 cm
length by six 90-mm-diam beams of the LULI Nd:glass
ser. Energies typically 430 J at the fundamental wavelen
of 1.06mm are available for these experiments at the out
of the laser, in near-Gaussian;600-ps full width at half
maximum ~FWHM! pulses. Each laser beam is focus
down to a line;2.4 cm long and;100mm wide by a pair
of f /7.4 and f /10 crossed cylindrical lenses. The line fo
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thus generated are superimposed upon one another@see Fig.
2~a!# with a precision greater than 50mm, giving rise to the
resulting spot;150mm wide and creating a net target irra-
diance typically'1.431013 W cm22. Slightly overfilling
the 2-cm-long target by the 2.4-cm line focus avoids creation
of a cold plasma at the target ends. Good irradiation unifor-
mity along the focus axis is ensured primarily by the radial
profile of the laser beams with the intensity near the circum-
ference being typically'50% higher than the intensity on
the axis, which is generated by the rod-based LULI laser in
the absence of some of the apodizers in the chain. With
appropriate focusing a considerably more uniform intensity
distribution along the focal line may thus be generated, in
contrast to a beam of flat profile.

A parameter of fundamental importance in the function-
ing of the soft-x-ray laser under investigation is the em-
ployed temporal structure of the pumping laser. The main
laser pulse driving the highly ionized plasma is accompanied
by a train of small pulses separated by 10 ns, as schemat
cally shown in Fig. 2~b!. The train is a remnant from the
mode-locked laser oscillator, which is intentionally imper-
fectly isolated by operating only one Pockels cell in the

FIG. 2. ~a! Target irradiation geometry at the XRL facility at
LULI. The laser beams arrive separated by 18° in the vertical plane
the total angle between extreme beams is thus 90°.~b! Temporal
structure of the LULI laser pulse~not to scale!. The main driving
pulse is preceded by a train of small prepulses separated by 10 n
All the values indicated correspond to the net total energy on the
target; those belonging to the prepulses are measured with a prec
sion of about 50%. The last prepulse in the train to the main pulse
energy ratio is 5(62)31024.
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FIG. 3. Experimental setup for investigation of collisionally pumped XRL at LULI. The Focal spectrometer~see the text! is converted
into an analyzer of XRL beam divergence with the help of a plane mirror, whereas the elliptical mirror system covering refraction a
0–15 mrad collects the total XRL emission produced and is used in gain measurements. The axial soft-x-ray emission emerging
is analyzed by the Rowland spectrometer~not represented here!, while the half-cavity multilayer mirror protected by a pierced shield
placed on this side of plasma in the double-pass amplification shots.
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chain. The last prepulse preceding the main pulse deliv
;170 mJ of energy on the target and produces a net irr
ance '73109 W cm22. The overall energy of all the
prepulses preceding the main driving pulse is about 800

A scheme of the basic arrangement of the target and
diagnostics being used throughout this work is shown in F
3. The targets employed are 1-mm-thick zinc plates o
purity 99.991%, mechanically polished to a surface flatne
better than;50mm. After each shot the target is vertical
translated by typically 300mm and the plate height of typi
cally 7 cm allows it to be used it for more than 100 shots

The soft-x-ray emission emerging near the plasma axi
on the east side detected by the Focal grating spectrom
coupled to a streak camera and on the west side by the R
land spectrometer providing time-integrated data. The Fo
spectrometer@50# has been used in these studies as the p
cipal instrument for analyzing the emitted soft-x-ray spec
It employs Wadsworth geometry in which parallel emissi
of a given direction is focused to a point on the focal circ
and uses a blazed spherical grating with 900 lines/mm a
dispersive element. It provides a viewing field of roughly
Å, with a resolution of;0.7 Å, in a spectral range betwee
about 40 and 700 Å. The Kentech Low Magnification x-r
streak camera using a reflective photocathode and havi
time resolution of order 10 ps is used as the detector.
spectrometer was adapted for use in experiments on c
sional excitation x-ray lasers by adding beam collection
tics that reflects the off-axis refracted x-ray emission towa
the entrance slit. There are two devices used alternatively
elliptical mirror system serving to gather the total x-ray las
emission and a plane mirror that is used for a precise ana
of the x-ray laser beam in a limited range of refracti
angles. In the elliptical mirror system two glass plates
bent to elliptical shape in a matrix and are arranged in suc
way that two of their focal points are matched while t
other two correspond respectively to the target edge and
spectrometer entrance plane~see Fig. 3!. The arrangemen
covering refraction angles up to 15 mrad thus produces
fect imagery between the pair of conjugate axial points c
rs
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responding to their two distant foci while working as a
optical system with transverse magnification of about 12
near-axis objects. The reflected emission enters the s
trometer slit under an angle about 10 times smaller than
refraction angle and consequently appears shifted in wa
length on the detector plane, with respect to its nominal
sition corresponding to the axial direction. Ray tracing@48#
reveals that due to astigmatic properties of the system as
as due to alignment imprecision and assumed fabrication
perfections, the emission emerging from an;100-mm re-
gion at the plasma exit plane is spread out over;3 mm at
the slit plane, which determines a requirement for the
width.

The 20-cm-long plane mirror is a nonfocusing eleme
and is employed with the spectrometer entrance slit op
The arrangement thus works with very small spectral reso
tion capability and is designed to analyze quasimonoch
matic emission with respect to the spectrometer view
window, as is the case of the investigated soft-x-ray la
emission. Individual rays are incident on the grating und
different angles and each point at the streak photocath
thus corresponds to a particular ray direction, i.e., to a p
ticular refraction angle. In a typical setup for measuring t
angular characteristics of the 21.2-nm beam the mirror c
ers refraction angles ranging from;5.5 to;10 mrad.

In experiments on single-pass ASE the west-going a
soft-x-ray emission is analyzed by the Rowland spectrom
@51# using a 3600-lines/mm blazed spherical grating a
making it possible to record in a single shot a wavelen
window of ;20 nm, with a high resolutionDl/l of
;531024. Time-integrated spectra are recorded us
;18-cm-long Kodak SC5 XUV flexible film plates attache
to the Rowland circle by a bending jig. The x-ray emission
brought to the spectrometer entrance slit by a pair of t
grazing incidence toric mirrors working as an imaging sy
tem in the tangential~i.e., horizontal! plane. The angular
acceptance of this system is roughly 15 mrad.

Although not shown in Fig. 3, a standard diagnostic d
vice used in all experiments were a multipinhole camera@52#
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3862 55B. RUSet al.
with a charge coupled device~CCD! detector, providing a
front view of the plasma keV emission and supplying th
information both about the plasma lateral width and its u
formity. This information is, among other things, used
indicate that similar target irradiating conditions are achiev
in successive laser shots, as well as in different experime
sessions.

In some of the experiments a flat-KAP-crystal imagi
spectrometer was employed to record theL-shell resonance
lines, providing spatial resolution along the plasma axis. T
keV time-integrated spectra thus acquired made it possib
survey the plasma ionization balance and its uniform
along the axis and served to infer the electron tempera
and Ne-like ground-state density as well as the lateral siz
the Ne-like region. While we briefly mention some of th
results in this paper, we do not discuss them as they co
tute an independent topic and have been described in d
elsewhere@36,37#.

Besides this basic diagnostic suite, several simple dev
were employed in some measurements. Their brief desc
tion will be given along with the obtained results. The a
rangement of the half cavity and its design will be describ
separately in Sec. IV.

III. CHARACTERISTICS OF THE J50–1
SINGLE-PASS ASE AT 21.2 nm

Except where explicitly noted, the data presented in t
paper were obtained with the nominal driving condition
i.e., at a net target irradiance of;1.431013 W cm22 and
with the prepulse train of parameters displayed in Fig. 2~b!.
Figure 4 illustrates a typical large-band time-integrated a
spectrum from a 2-cm-long Zn plasma, obtained with
Rowland spectrometer. The film record covers a spec

FIG. 4. ~a! Time-integrated film record of soft-x-ray axial spe
trum emitted by a 2-cm plasma, obtained with the Rowland sp
trometer, covering a spectral range;18–28 nm.~b! Emitted time-
integrated axial spectrum obtained from~a! by converting the
exposed film optical density into the incident intensity. TheJ
50–1 lasing line at 21.2 nm entirely dominates over two wea
J52–1 lines at 26.2 and 26.7 nm.
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range from about 18 to 28.3 nm. TheJ50–1 lasing line at
21.2 nm dominates the spectrum, with time-integrated int
sity exceeding about 15 times the intensity of theJ52–1
lines. No amplification is seen on the other two potentia
lasing 3p-3s transitions falling into this spectral window
namely, (32,

3
2)J50 to ( 32,

1
2)J51 at 22.03 nm and (32,

3
2)J51 to

( 32,
1
2)J51 at 27.86 nm, and on the (2s2p63d)J52 to

(2s2p63p)J51 inner-shell hole transition at 22.69 nm.
Figure 5~a! shows a typical example of the streak reco

of the 21.2-nm emission from a 2-cm plasma, obtained
using the Focal spectrometer and the elliptical mirror syste
The emission appears in a short burst'100 ps and exhibits a
strongly pronounced maximum. These characteristics are
served to be fairly independent of the plasma length,
though the intensity strongly increases with plasma leng
ening.

The crucial role of the prepulses in the generation of
strongJ50–1 lasing is illustrated in Fig. 5~b!, displaying
temporal evolution of the 21.2-nm output from a 2-c
plasma in two different pumping modes. While the first p
corresponds to the streak data shown in Fig. 5~a! when the
nominal prepulse train with the fractional intensi
'531024 of the last prepulse to the main pulse of intens
;1.431013 W cm22 is applied, the second plot correspon
to the case when only the heating pulse of otherwise ide
cal parameters drives the plasma. More specifically, in
latter case the prepulse energy was reduced by a facto
;700, i.e., the irradiance corresponding to the intensity
the last prepulse in the train to;107 W cm22, by switching
an additional Pockels cell behind the first preamplifier in t
laser chain. The result of this comparison is clear:
21.2-nm output virtually disappears when the prepulse tr
is absent, being barely discernible from the background,
is at least 30 times less intense than when the prepulse
is applied.

Figure 6 represents the 21.2-nm temporal peak intens
spectrally integrated over the line profile, as a function of
plasma length. It should be noted that the data, obtained i
accurate measurement devoted to the intensity vs pla
length dependence, exhibit a very good exponentiation.
measured values are fitted to the Linford function@53#, ex-
pressing the intensity produced by an ASE system of len
l ,

I ~ l !5w
j

g

@exp~gl !21#3/2

Agl exp~gl !
, ~1!

where j is the spectral peak emissivity,g the spectral peak
gain coefficient, andw a factor depending on the intrinsi
line profile. The best least-squares fit to the data yields a g
of 4.960.2 cm21 and is represented in Fig. 6 as a so
curve. The value of 4.9 cm21, implying a gain-length prod-
uct of ;9.8 for the 2-cm plasma, is used throughout th
work as a nominal one for evaluating some other charac
istics of the 21.2-nm emission, inasmuch as rough meas
ments carried out, under identical driving conditions,
other occasions provided very similar values.

The gain coefficient on theJ52–1 lasing lines at 26.2
and 26.7 nm was measured to be 2.360.6 and 2.6
60.4 cm21, respectively @45#. More importantly, theJ
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55 3863EFFICIENT, HIGH-BRIGHTNESS SOFT-X-RAY LASER . . .
52–1 output has been observed to be almost insensitive
the presence of the prepulse train, in strong contrast to
J50–1 case.

The time history of the lasing lines emitted by a 2-cm
plasma is plotted in Fig. 7. Two streak records, correspon
ing to theJ50–1 andJ52–1 measurements, are mutually
timed with the help of the soft-x-ray continuum with a pre
cision '650 ps. TheJ50–1 emission peaks 100650 ps
before theJ52–1 lines that roughly follow the evolution of
the continuum, the maximum of which is expected to occ
near the peak of the driving laser pulse. The FWHM duratio
of theJ50–1 signal is'100 ps which is noticeably shorter
than the;300-ps duration of theJ52–1 emissions. The
behavior represented in Fig. 7 was observed to be wea
sensitive on both the driving laser energy and the plasm
length.

The occurrence of the ASE signal at 21.2 nm in ear
plasma times and its short duration clearly indicates that t
J50–1 inversion is predominantly driven by processe
other than theJ52–1 inversions and that the correspondin

FIG. 5. ~a! Streak record of theJ50–1, 21.2-nm emission pro-
duced by a 2-cm plasma, obtained with the help of the elliptic
mirror system.~b! Comparison of theJ50–1 output from a 2-cm
plasma when the nominal prepulse pumping@see Fig. 2~b!# is used
and when only a single driving pulse is employed~the prepulse
train is reduced in this case by a factor of;700 by using additional
Pockels cell in the laser chain!.
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x-ray beams are subject to different propagation conditi
in the plasma. A quantitative analysis of the streak data fr
different plasma lengths suggests@45,48# that the temporal
structure of theJ50–1 output is governed by the evolutio
of the emissivity rather than by the evolution of the gain: t
analysis shows the latter to exhibit little variation fro
250 to 1150 ps relative to the ASE output. Another co
clusion, allowing for the fact that theJ50–1 and 2–1 tran-
sitions at 21.2 and 26.7 nm share the same lower le
( 12,

1
2)J51 , was that these lines come from different plasm

regions. This was confirmed by a direct measurement of
near-field ASE pattern, carried out with the help of a simp
device consisting of a precisely positioned stainless cut e
placed 1 mm from the plasma end at the Focal spectrom
side. The edge was advanced in each shot by steps 25mm
away from the target surface to gradually screen the emit
region and the desired information was obtained by subtr
ing the signals received in two subsequent positions of
edge. The drive beams were carefully apertured so tha
laser light hit and ablated the edge. The obtained results f
2-cm plasma are shown in Fig. 8. It is seen that the 21.2-
emission emerges essentially from a narrow;35-mm
~FWHM! region strongly peaked'30mm from the target
surface, whereas the 26.7-nm line is emitted over
;200-mm broad zone and its maximum appears at a dista
'100mm. The strong dominance of theJ50–1 emission
near the target, i.e., in a high-density plasma, suggests o
again the collisional pumping to be the major process po
lating theJ50 upper level.

The results of the far-field pattern measurement of thJ
50–1 ASE are shown in Fig. 9~a!, which displays angular
profiles of the 21.2-nm beam produced by a 2-cm plas
corresponding to times separated by 50 ps with respect to
instant of the emission peak~the streak data are also in
cluded!. It is seen that the beam is very narrow with a dive
gence at the instant of its maximum of 2.860.5 mrad. The
refraction angle quickly diminishes early in time and sta
lizes at 7.260.5 mrad starting from the emission tempor
peak. The 21.2-nm beam divergence undergoes only a m
evolution, but slightly increases as time progresses.
characteristics of theJ52–1 beams were revealed t
strongly differ from those of theJ50–1 beam. Data for the
J52–1, 26.7-nm emission corresponding to the instant of
maximum are shown in Fig. 9~b!. They provide a fairly flat

l

FIG. 6. The 21.2-nm peak intensity vs plasma length. The s
curve is the Linford fitted function corresponding to a gain coe
cient of 4.9 cm21.
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FIG. 7. Time evolution of the
lasing lines and the soft-x-ray
continuum ~dashed curve, not to
scale! emitted by a 2-cm plasma
Note different vertical scales fo
the J50–1 andJ52–1 lines. It
is apparent that conditions for th
strongest J50–1 amplification
occur before those leading t
maximization of the J52–1
lines, as well as before the peak o
the continuum emission, which is
expected to maximize near th
peak of the driving laser pulse.
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beam profile with a divergence of 1164 mrad, peaking 15
63 mrad off axis. Almost identical characteristics were me
sured for theJ52–1, 26.2-nm beam.

In addition to the basic importance of theJ50–1 beam
characteristics for development of the half cavity, these d
along with the measured near-field profiles, supply valua
information about the density and the gain region profil
First, whereas theJ50–1 emission emerges from the 2-c
plasma as a strongly collimated beam, the divergence of
J52–1 beams is much larger@the value 11 mrad roughly
corresponds to the gain region aspect ratio; see Fig. 8~b!#.
This indicates that while a number of rays propagating alo
different trajectories experience comparable gain in the c
of theJ52–1 emission, a narrowly defined optimal ray pa
producing maximal amplification exists for theJ50–1
emission.

Second, theJ50–1 beam is seen to be significantly le
refracted than theJ52–1 beams although it emerges fro
denser plasma. In the subcritical plasma with a scale len
L the local refraction ratio scales asda/dz}l2ne /L, where
a is the ray angle with respect to the longitudinal axisz and
ne is the electron density. Despite its shorter wavelength,
J50–1 beam should thus be expected to be more refra
than theJ52–1 beams as it is generated in an active reg
located principally in high-density plasma.

Ray tracing simulations have been performed to help
derstand these observations@48,54#. This modeling reveals
that in a plasma profile with a density scale length bel
100 mm, typical for a single-pulse driving by an intensi
'1.431013 W cm22 ~e.g., @55#!, the J50–1 emission
would suffer severe refraction and could in no case rece
amplification in the narrow gain region along the full 2-c
plasma length. No near exponential growth with respec
plasma length would be possible in such a case, in str
contrast to the observed intensity vs length exponentiatio
shown in Fig. 6. On the other hand, the measured near-
-
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J50–1 intensity profile and the near exponential behav
may be theoretically reproduced, assuming a relaxed elec
density profile characterized by a scale length of about
mm, which is 2–3 times larger than values occurring in
single-pulse-driven plasma. The major finding discussed
detail in @54# is that in the large-scale length plasma theJ
50–1 emission receives maximal amplification only along
well-defined, roughly symmetrical trajectory remainin
within the narrowly peaked gain region. In contrast, in t
broad and rather uniformJ52–1 active region with a
smaller local gain at lower densities there exist many
paths producing comparable gain lengths, though the m
mal amplification occurs for a ray that begins in den
plasma, thus benefiting from high spontaneous emission,
propagates along the gain region to be almost refracted
of it at the exit. This results in a beam profile refracted mo
strongly than theJ50–1 beam and having a significant
larger divergence, as observed experimentally.

The fact that the prepulsed pumping used significan
increases the plasma scale length appears to be further
ported by the pinhole camera images of the plasma in
keV spectral region, shown in Fig. 10. We see that in
prepulse regime the lateral plasma dimension is;60%
greater than in the single-pulse driving, which indicates t
the lateral ~vertical! refraction is alleviated through thi
plasma profile broadening, and also suggests that compa
scale length augmentation may be expected in the transv
direction. Furthermore, it is seen that the plasma create
the prepulse regime emits more intensely in the keV reg
and that its uniformity along the axis is improved. The high
intensity of the keV radiation suggests the plasma is den
and/or more spread~voluminous! in the direction perpen-
dicular to the target, which are both modifications acti
toward enhancement of theJ50–1 laser output. We note
that a detailed study of the parameters of the zinc plas
carried out through a keV line spectroscopy@36,37#, con-



f
a
s
t
i-
t

-
o
e.

h

55 3865EFFICIENT, HIGH-BRIGHTNESS SOFT-X-RAY LASER . . .
FIG. 8. Distribution of the in-
tensity of the ~a! J50–1,
21.2-nm emission and~b! J
52–1, 26.7-nm emission at a
plane 1 mm away from the exit o
a 2-cm-long plasma. The dat
were obtained by scanning thi
plane by a precisely positioned cu
edge; the accuracy of this pos
tioning with respect to the targe
surface was better than610mm.
The points correspond to the dis
tances intermediate between tw
subsequent positions of the edg
Two sets of shots for each line
were carried out so as to establis
the shot-to-shot reproducibility.
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firms the aforementioned observations by measuring
;50% increase of the lateral plasma dimension and
;30% increase of the Ne-like ground-state density when
prepulse train pumping is applied.

IV. HALF-CAVITY DESIGN FOR ACHIEVING DOUBLE-
PASS AMPLIFICATION AT 21.2 nm

The results obtained in single-pass ASE regime allow
us to proceed to the development of a half cavity, with
aim of significantly boosting the output power—and in tu
improving the efficiency—of this soft-x-ray laser, as well
generating a bright, narrowly collimated 21.2-nm beam w
a high degree of coherence. An x-ray mirror~XRM! placed
near one end of the plasma provides an optical feedback
magnitude of which we define as the fraction of the intens
of the ASE beam, returned to the gain region for reamp
cation. Referred to henceforth as effective reflectivityReff , it
may be expressed as

Reff5RCg , ~2!

whereR is the normal-incidence reflectivity of the mirro
andCg the geometric coupling efficiency, accounting for t
reflected beam geometric overlap with the gain region at
plasma entrance plane. The value ofCg depends solely on
n
n
e

d
e

he
y
-

e

the XRM geometry, on the gain region dimensions, and
the parameters of the x-ray beam and may be easily ca
lated with the help of ray optics~for details see@13,48#!. On
the other hand, endurance of the reflectivityR during the
event may be established exclusively by the experiment
particular from the temporal evolution of the half-cavity ou
put as an eventual sudden loss of reflectivity would br
about a rapid alteration of the emitted signal~e.g.,@49#!. This
is due to the fact that a complete understanding of mec
nisms responsible for the structural damage of a multila
structure in the laser plasma environment is yet to
achieved, although plasma x-ray radiation and side-scatt
stimulated Brillouin scattering have been identified as
predominant causes@2#. In this work the XRM survival dur-
ing the x-ray pulse duration is apparent from the data p
sented in Sec. V.

The ratio of the output x-ray laser intensityIXRM gener-
ated by the half cavity and the single-pass ASE intensitI
may be, in the nonsaturated regime, evaluated by using
~1!. Labelinggf andgr the gain coefficients relevant, respe
tively, to the forward and the return propagation of the x-r
beam through the plasma, the ratio of the intensities in
unsaturated regime will be

IXRM
I

5ReffS 11
gr
gf

D 21/2

exp~gr l !, ~3!
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FIG. 9. ~a! Angular profile of
the 21.2-nm beam emitted by
2-cm plasma, in instants separate
by 50 ps with respect to its maxi
mum. It is seen that the beam
peaks at;7.2 mrad off axis and
its divergence is;2.8 mrad. The
data were obtained using the plan
mirror; the corresponding raw
streak record is also shown.~b!
Angular profile of the J52–1,
26.7-nm beam corresponding t
the instant of its maximum. The
beam peaks at'15 mrad and its
divergence is '10 mrad. The
larger data uncertainty compare
to theJ50–1 case is due to par
tial overlapping of the twoJ
52–1 beams and their low inten
sity.
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where it has been assumed thatgf l@1 andgr l@1. The ef-
fective gain-length product in the half-cavity configuration
then

~gl !eff>gf l1gr l1 ln Reff . ~4!

The half cavity was produced in this work by a spheric
x-ray Mo:Si multilayer mirror with a radius of curvature 13
mm. It comprised 12 layer pairs with a nominal period
11.7 nm, deposited by ion-beam sputtering@56# upon a 25.4-
mm-diam fused silica substrate with a rms surface roughn
l

f

ss

less than 1 Å. Its normal-incidence reflectivityR, measured
with synchrotron radiation@57#, was typically;30% at the
design 21.2-nm wavelength.

The basic requirement of the half-cavity design is that
radiation round-trip time in this device is smaller or at mo
equal to the gain lifetime. An analysis of the streak da
reveals that the value 4.9 cm21 is maintained within
610% over an;200-ps interval, while a simple modelin
based on the measured temporal shape of the ASE p
provides an estimation of the FWHM gain lifetime o
;280 ps. This implies the maximal distance of the ha
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FIG. 10. Front-view images of a 2-cm-long zinc plasma in the keV spectral region, obtained with the multipinhole camera. T
record corresponds to the nominal prepulse train pumping regime, while the second was obtained when the main pulse alone was
densitometric traces taken down the plasma axis as well as perpendicular to it reveal that the prepulse pumping leads to an'60% increase
of the lateral dimension of the keV-emitting region, to an axial uniformity improvement, and to an enhancement of the emitted si
10
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cavity mirror from the end of a 2-cm plasma of about
mm. The XRM was therefore operated at a nominal dista
of 9 mm, although a limited number of shots was carried
with the XRM positioned at 6 mm. In each case it w
aligned to return the emission appearing at 7.2 mrad,
corresponding to the beam angular peak, back along
e
t

.,
he

same trajectory towards the amplifying region.
Given the measuredJ50–1 gain region dimension

303150mm2 and the beam divergence;33;7.5 mrad2 ~a
value corresponding to the geometric divergence is assu
in the latter case!, by applying the ray optic approach an
following Eq. ~2! the effective reflectivityReff for the XRM
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3868 55B. RUSet al.
placed at 9 mm amounts to 6.831022, while for the 6-mm
distance we obtain 9.831022 @48#. Regarding the precision
of knowledge of the individual parameters involved, we m
expect conservatively that these calculated values appl
the real experiment with an accuracy of650%.

The radiation fed back by the XRM on the entrance pla
of the gain region will be subjected to refraction and the to
amplification received in the return pass will depend, amo
other things, on the injection angle and the divergence of
injected beam. However, in the studied laser, as discusse
Sec. III, amplification occurs along a narrowly define
strongly gain-dominated ray path corresponding to the
angle near 7.2 mrad, which undergoes only a minor temp
evolution during the duration of gain. By ensuring the AS
emission appearing at 7.2 mrad to reenter the gain reg
along the same trajectory after reflection on the XRM,
propagated gaingb may be assessed by the valuegf mea-
sured for the single pass. Assuming, accordingly,gb54.9
60.5 cm21 and accounting for the calculated values
Reff , the effective gain-length product (gl)eff achieved by
double passing a 2-cm-long plasma by use of the half ca
with XRM at 9 mm will be 16.921.7

11.4, whereas for the XRM
at 6 mm it will reach 17.321.7

11.4. These numbers suggest th
the half-cavity output will, in both cases, exhibit saturati
behavior and that the corresponding augmentation of in
sity of emission produced by the double pass with respec
that of single pass will be lower than values indicated by E
~3! applying for the small-signal gain regime, name
;850 and;1250 in the respective cases.

V. HALF-CAVITY-GENERATED SATURATED OUTPUT
AT 21.2 nm

The Mo:Si multilayer XRM was attached to a micromot
pad and was aligned by a telescope system, with a preci
corresponding to the orientation of its normal better th
60.5 mrad in both the vertical and horizontal planes. It w
protected from plasma debris by an independently positio
shield having a hole 1 mm in diameter to pass the x-ray la
beam. The mirror damage induced by a shot was thus
stricted to a spot of typically less than 2 mm in diameter a
each mirror could be used many times~typically 203! with-
out the necessity of realigning it between the shots. T
x-ray laser beam was analyzed on the east side by using
same diagnostics suite as in the single-pass experiments
was properly attenuated by various Al filters so as to av
saturation of the detector.

For the XRM operating at the distance of 9 mm, typica
60-fold enhancement of the time-integrated output sig
compared to single pass is observed for a 2-cm-long plas
with a very good reproducibility on the shot-to-shot bas
On the other hand, the enhancement brought by the X
placed at the distance of 6 mm from a 2-cm plasma w
;80. The temporal evolution of the half-cavity pulses ge
erated in both configurations is shown in Fig. 11. It is se
that their shapes as well as their duration are similar to
of the single pass~Fig. 7!, suggesting that no sudden destru
tion of the XRM structure occurs within the x-ray pulse d
ration. Equally it is seen that the ratio;80/;60 of the
double-to-single-pass output augmentations for the two c
roughly equals the ratio of the correspondingReff , which
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corroborates this observation and suggests that the est
tions of effective reflectivities given above are basically c
rect.

To assess the magnitude of the small-signal return g
coefficientgr we examined a half-cavity configuration usin
a 1.5-cm-long plasma and the XRM positioned at 14 mm
which the round-trip time is identical to that in the case o
2-cm plasma and the XRM at the distance of 9 mm.
Reff54.531022 and assuminggr54.960.5 cm21, this
setup should produce unsaturated output with (gl)eff
511.621.5

11.2 and should thus boost the output intensity by
factor of about 50. The time-integrated enhancement of
output signal@the temporal evolution of which is shown i
Fig. 11~c!# with respect to the single-pass ASE generated
a 1.5-cm plasma is;30. This is fairly close to the expecte
value and suggests that a small-signal gain within the in
val 4.960.5 cm21 does exist during the return propagatio
of the x-ray beam in the half cavity using a 2-cm plasm

FIG. 11. Time-resolved 21.2-nm double-pass output produ
by ~a! a 2-cm plasma and the XRM placed at a distance of 9 m
~b! a 2-cm plasma and the XRM placed at a distance of 6 mm,
~c! a 1.5-cm plasma and the XRM placed 14 mm from the plas
end. By comparing with Fig. 6 it is seen that both the FWH
duration and the overall character of the laser output are very s
lar to that produced in the single pass.
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The rolloff of the measured output from the exponenti
curve in that case occurs thus conclusively due to saturat

An overview of the experimental results displaying th
intensity of the x-ray laser as a function of the effective ga
length is in Fig. 12. For the measurements obtained with
half cavity the gray column corresponds to the error in t
gain-length estimation, arising from the assumed 50% ac
racy of the calculatedReff and from the considered interva
4.4–5.4 cm21 of the return gain coefficientgr . The experi-
mental data are compared to a curve obtained by a mo
calculation solving the equation of radiative transfer for th
transition (12,

1
2)J50 to ( 12,

1
2)J51 and accounting for the rates

of the processes involved in the kinetics of these levels@48#
through their values provided by detailed numerical simu
tions @58,59#. It is seen that the calculated curve compares
the experimental data very well and confirms that the lase
saturated in the half-cavity shots with a 2-cm-long plasma

The saturation intensityI sat is defined~see, e.g.,@60#! as
the intensity reducing the small-signal gain by one-half a
equals

I sat5
hn

stR
, ~5!

wherehn is the photon energy,s5Al2/8p the cross section
of stimulated emission~A being the spontaneous emissio
rate!, andtR the gain recovery time, which is determined b
the processesdepopulatingthe upper level (12,

1
2)J50 in the

small-signal regime. From the modeling we obtainI sat
59.83109 W/cm22 and taking into account the measure
dimensions of the near-field pattern as well as the;80-ps

FIG. 12. Intensity of theJ50–1, 21.2-nm emission as a func
tion of effective gain-length product (gl)eff , including data from
both the single- and the double-pass shots~in log10 scale!. The
dashed line represents an exponential intensity increase with g
coefficientg54.9 cm21. The (gl)eff uncertainty for the half-cavity
shots corresponds to the conservative error estimation of the e
cient reflectivityReff and the gaingr present during the return pas
~see the text!. While the intensity rolloff from the exponential char
acter for the half-cavity shots with a 2-cm plasma is clearly app
ent, the solid curve represents the calculated dependence accou
for the effect of saturation~see the text!. The right-hand scale cor-
responds to the calculated value of emitted-to-saturation inten
ratio.
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duration of the half-cavity emission, the energy of one pulse
of the x-ray laser corresponding to the output intensity jus
equal toI sat is estimated to;170mJ.

The characteristics of the half-cavity-generated x-ray
beam were investigated using the plane mirror and by re
cording its ‘‘footprint’’ on a CCD camera of calibrated spec-
tral sensitivity. The horizontal angular profile of the double-
pass emission generated by a 2-cm plasma, obtained with t
help of the plane mirror, is shown in Fig. 13. The beam
peaks at 6.3 mrad and its divergence is;2.6 mrad, both
values exhibiting only a negligible temporal evolution. From
the comparison with the single-pass profile it is seen tha
although the half-cavity beam exhibits a slightly reduced di-
vergence as well as the refraction angle, the profiles ar
alike, suggesting that the return amplification occurs along
ray path that is similar to the one in the case of a single pas

The energy of the x-ray beam was obtained from footprin
shots performed in two separate experiments using thinne
backside-illuminated CCD cameras Thomson 5123512
pixel TSC 7395A and Tektronix 102431024 pixel-type, re-
spectively. The x-ray beam was properly bandpassed an
relayed onto the CCD chip by a 21.2-nm Mo:Si multilayer
optics of measured reflectance. In one case a single 45
angle-of-incidence multilayer mirror was used, while a set o
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FIG. 13. Angular profile of the 21.2-nm beam emitted by a 2-cm
plasma in the half-cavity configuration, in instants separated by 5
ps with respect to its maximum~the corresponding raw streak
record is also provided!. It is seen that the beam peaks near 6.3
mrad, which is slightly less than in the single-pass case~cf. Fig. 8!,
whereas the temporal evolution of this pointing angle is almos
negligible.
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3870 55B. RUSet al.
three mirrors was employed in another case~the details about
both arrangements may be found elsewhere@13,48#!.

The measurements provided an energy of typically 0
mJ, which corresponds to 431013 photons, in one half-
cavity pulse. A footprint image of the half-cavity-generate
beam is shown in Fig. 14. The record corresponds to
beam intensity distribution at the distance of about 50 c
from the plasma exit, 6 cm downstream a reference cro
wire system attached on a 5-mm-diam aperture. While
record provides a beam with the divergence of abo
2.836 mrad2 in the horizontal and vertical directions, it sup
plies also basic information about the beam transverse coh
ence through diffraction fringes present at the edges of
wire shadow. As seen from Fig. 14, typically four fringes a
thus observed, from which we infer a transverse cohere
length of;45mm @48#.

Combined with the;80-ps half-cavity pulse duration, the
energy of 0.4 mJ gives a peak output power of;5 MW.
Regarding the 353150mm2 output aperture, the brightnes
amounts to;331015 W cm22 sr21 per bandwidth of 0.01%
of the emitting 21.2-nm wavelength, which makes this las
one of the brightest laboratory soft-x-ray sources develop
thus far.

FIG. 14. Footprint image of the half-cavity generated 21.2-n
beam after passing a cross-wire system placed at a distance o
cm from the plasma, revealing a 2.836 mrad2 time-integrated pro-
file. The 100-mm-diam wires are separated by 1 mm. The diffra
tion fringe patterns shown are produced on the wire edges
correspond to the distance of 60 mm downstream the cross-w
system.
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VI. CONCLUSIONS AND PROSPECTS

In this paper we described the neonlike zinc soft-x-r
laser operating at 21.2 nm, which has been developed a
LSAI and LULI. A summary of the major characteristics o
this laser and of its driver is displayed in Table I.

While in the single-pass ASE regime the laser deliv
5–7mJ, the full 0.4 mJ energy per pulse quoted in Table
achieved by employing the half-cavity configuration.
should be noted that despite operating the half-cavity x-
multilayer mirror in the close proximity to the plasma, th
mirror damage has not been found to be a limiting factor
the design of this soft-x-ray laser and the half-cavity sh
are now routinely performed.

The 21.2-nm laser described has been experiment
characterized in many parameters. Its functioning relies
sentially on the use of the prepulse-train pumping and a
although to a lesser extent, on the creation of an accept
uniform irradiation along the focus axis. It should be not
that the influence of very weak prepulses on parameter
the laser plasma presents a relatively new topic in the la
plasma physics—especially in the context of collisiona
pumped x-ray lasers—with some aspects neither experim
tally nor theoretically fully resolved. Regarding the key im
portance of prepulses for the studied zinc laser, we have b
expending some effort on the investigation of this issue. T
analysis of the near- and far-field patterns of the lasing li
provide strong evidence for an increase of the transve
~perpendicular to the target! plasma scale length in th
prepulse regime, confirming the results of computer simu
tions predicting such an effect. The obtained data also s
gest that the prepulse pumping leads to an increase of
active plasma and thereby equally to an increase of the
eral plasma scale length.

We have recently undertaken several experiments u
single prepulses arriving 2 and 4.5 ns ahead of the m
pulse, devoted to a detailed investigation of the depende
of the J50–1 output in Zn (Z530), Cu (Z529), and Ni
(Z528) on the prepulse contrast ratio and delay@38,48#. The
major finding is that Zn exhibits rather unique behavio
namely, that with the 4.5-ns delay there is a contrast ra
~energy of the prepulse vs the energy of the main pulse! of
;231023 for which the maximalJ50–1 output is gener-
ated, while for Cu and Ni theJ50–1 signal increases
monotonically with the prepulse level, as it does for all thr
elements when the 2-ns delay is used. This result sugg
that the prepulse effect is critically dependent on the so
state properties of the given element and that their ex
description is crucial to theoretically reproduce the obser
behavior. This has not yet been achieved, as the comp
simulations predict aJ50–1 output increase with increas
ing prepulse contrast ratio. We note that in another work@47#
the largestJ50–1 output was produced at a contrast ratio
;0.02 using a prepulse applied 5 ns ahead of the main pu
the irradiance supplied by the latter of 331013 W cm22 be-
ing, however, higher than in our studies. Obviously furth
effort, including the investigation of the preplasma alone
to be spent to achieve a full understanding of this pheno
enon. We note that experimental studies devoted to inve
gation of Zn and Cu plasmas created by intensities in
range 109–1011 W cm22 @39#, i.e., pertinent to those create
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TABLE I. Characteristics of the 21.2-nm zinc soft-x-ray laser in the half-cavity configuration.
denotes bandwidth.

Driving wavelength 1.06mm
Net driving energy ;350 J
Energy of the last prepulse in the prepulse train '170 mJ
Net driving intensity ;1.431013 W cm22

XRL wavelength 21.22 nm
Energy in the XRL beam 0.4 mJ
Number of photons in the XRL beam 431013

XRL pulse duration 80 ps
XRL beam peak power 5 MW
XRL beam solid angle 2.531025 sr
XRL brightness 331015 W cm22 sr21 (0.01 BW)21

Transverse coherence length~50 cm from the plasma! 45 mm
Efficiency ~XRL energy/driving energy! 1026

Efficiency ~gl/TW of driving energy! 24 TW21

Repetition rate 1 shot/20 min
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ot
by the prepulses discussed here, reveal strong differenc
the plasma parameters between these two elements.

As concerns the studied zinc soft-x-ray laser, using
prepulse train has lead to the largest 21.2-nm output. H
ever, no definitive conclusion can be made at this point
the maximal delay of the single pulse was 4.5 ns compa
to the 10-ns prepulse separation in the train, although
note that generating the prepulse train is conceptually sim
as this is naturally produced by mode-locked oscillators.
changing the extinction ratio of the Pockels cell used un
normal circumstances to isolate the prepulse train from
main pulse, the intensity of the prepulse train may be var
However, in general, the laser chain may amplify pulses
different intensities in a nonlinear way. To exploit this a
proach in a manageable fashion, it is therefore necessa
have a fast response energy monitor to record the final
ergy on target from each pulse.

At present, the 21.2-nm zinc laser is further optimized a
is exploited as a tool for applications of soft-x-ray radiatio
Studies of curved targets in the half-cavity configurati
have been initiated and the early measurements indicate
this arrangement is able to boost the output energy to a
lijoule level @61#. Experiments using different half-cavit
configurations, with the aim to improve the transverse coh
ence, are equally planned. In parallel, systematic invest
rt
.
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to
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tion of the prepulse effect is being pursued. Concerning
applications, two main topics are currently being develop
Studies of UV soft-x-ray excited luminescence of some
logenide crystals such as CsI and CsCl have been made@20#.
Experiments to use the 21.2-nm soft-x-ray beam to pro
high-density plasmas through interferometry techniques
in preparation.
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