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Efficient, high-brightness soft-x-ray laser at 21.2 nm
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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 lonique. Amplification is generated by electron collisional pumping
on a x%2p°3p-2s22p®3s, J=0-1 transition in neonlike zinc (ZRA"). The lasing medium is a
~150umx2cm line plasma produced by irradiating slab Zn targets at a net intensity- b#

X 10 W cm™2, using a 1.06em, 600-ps-long pulsed laser delivering350 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, te=0—1 gain coefficient-5 cm™ ! is generated. The emission appears in

an ~100-ps burst and precedes the lasing on both the much wdak2r1 lines and the x-ray continuum

peak. Thel=0-1 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 thed=0-1 line was achieved by using a half-cavity arrangement. Absolute energy measure-
ments indicate~ 400 uJ in the half-cavity-generated beam and a peak output powersdfIW, which makes

this laser one of the most efficient soft-x-ray lasing systems demonstrated t¢E260-294{@7)01805-2

PACS numbes): 42.55.Vc, 42.60.Da, 42.25.Kb, 52.50.Jm

[. INTRODUCTION toire pour I'Utilisation des Lasers Intens¢sULI) on the
development of a soft-x-ray laser emitting near 20 nm and
The development of soft-x-ray lasers has been a subject afddressing issues such as efficiency, feasibility, and repeti-
intense worldwide effort for more than a decade, followingtion rate, which are crucial in the context of application re-
the initial demonstration of strong lasing near a wavelengttsearch.
of 20 nm[1]. Outstanding progress on many issues has es- The soft-x-ray laser described uses collisional excitation
pecially been made recentlj2—4]. Population inversion pumping in neonlike zinc Z=30). Its simplified Grotrian
schemes by using ultrashort pulse drivers with the aim ofliagram representing levels involved in the observed lasing
obtaining lasing in the nanometer spectral region have bee shown in Fig. 1. Population inversions are produced at
investigated 5-12]. The efficiency of the existing soft-x-ray appropriate electron densities and temperatures between
lasers has been significantly improvet3—15 and x-ray  manifold 2053p and 253s levels through a combination of
beams of desired optical qualities have been prodi2dd—  gectron collisional excitation from the Ne-like ground state
18]. Finally, a s!gmﬁcant effort has been made on the develvzpe and dielectronic recombination frof-like states fol-
opment of applications of the soft-x-ray las¢is,20. lowed by radiative-collisional cascades. While the upper

.Wh'le research on x-ray lasers emitting |ns_|de the V\_/ater?)p levels are metastable with respect to radiative dipole de-
window and providing highly coherent beam is maintained

by many laboratories, ultimately making possible the hoIog—Cay to the ground, the lowersdevels are strongly depleted

raphy of living cells, there is a call for moderate- or small- by this process, which maintains the inversion. Among the

scale devices supplying lasing action in the spectral region o}p—Bs tflr;e-?ctructtl;]re ief els the; lstrongest cljnvegrsélons are
tens of nanometers and being available to a wide scientifigengerla e ord leg A 2)3203(2’2)321’ an (2'2?322
community. This need stems, on the one hand, from the prosg-’ {22)3=1, an G2)3-2—(2,2),-1 transitions, using a
pect of many applications of such sources of extremely) “COUPIing description and notation) (), referring to the

bright, coherent, and highly monochromatic radiation and2ngular momenta of the core and of the excitécelectron,

on the other hand, on the limited accessibility and low rep P€ing the total angular momentum of the level. In this
otation the real levels are labeled by the corresponding

etition rate of the present soft-x-ray lasers generated oRotal -° 1 .
large-scale facilities. The goal of this paper is to review thed_ormnant pure j), coupling: the same applies 1S nota-
results of a program being undertaken at the Laboratoire dion: the use of which makes the above transitions to corre-

1 1 1 3
Spectroscopie Atomique et loniqieSAI) and the Labora- zpondl for Zmxi to "So—"Py, "D,—°P;, and
P,—*P,. The wavelengths of these transitions of concern,

henceforth abbreviated solely=0-1 andJ=2-1, are in
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201 top” size. The efficiency of this scaling is also clearly dem-
o hwe Fke giound sfofo onstrated in the present work where gain length%0 in
single pass ASE at 21.2 nm are obtained using only a
2p°3d ~430-] driver.
— (1/2.3/2),., Despite the successful implementation of the neonlike
20°3p collisional scheme, some issues are not yet fully understood.

(3/2,5/2),_,

Although detailed numerical modeling predicts the strongest
gain for the §,3);_o to (3,3) -, transition, as a consequence
(1121/2)s-0 of the high rate of monopole collisional excitation of the
(17232, (3,3);- level from the ground under appropriate densities,
oo experimentally theJ=2-1 lasing lines have been found to
e dominate the output of these systems when driven by a
single pulse. The main reasons likely for this discrepancy
may lie in the inaccurate treatment of thg ) ,_, level in
atomic physics calculations, which constitutes an indepen-
dent research topi@8,29, and/or in inaccurate modeling of
the plasma profile near the critical surface where the
=0-1 gain is generated, especially in the early plasma
times.
'S, 20, Ne-like ground sfate Recently it has been revealed that the0—1 output
from slab-target systems may be greatly promoted by tech-
FIG. 1. Simplified Grotrian diagram of Ne-like zin@ €30).  Niques consisting basically, albeit not exclusively, in the al-
Among the 3 and P levels only those susceptible to provide leviation of plasma refraction. This is accomplished by ap-
lasing are showfthe wavelengths are labeled in hrin additonto ~ plying a weak prepulse several nanoseconds prior to the
those indicated, population inversion may exist on the transismain driving puls¢30—33 or by using a sequence of two or
tions & 3,0—G D, G )i—G Do, G Yy, three laser pulsd$4,35. While these approaches have very
—(3, 3321, and G, 3);-0—(3, 3);-1 (“cross core”), providing  recently become quite widespread, it should be underlined
wavelengths of 31.44, 27.86, 22.03, and 15.183 nm, respectivelghat the full quantitative understanding of the effects involv-
Furthermore, amplification on the transition between core-excitedng prepulsed pumping using very weak irradiance is still
levels 252p°®3d(3, 3);-,—252p°3p(3, 3);-1. corresponding to  presently incomplete despite the experimefigd—39 and
the wavelength of 22.69 nfi21], has been observed in this scheme theoretical[40,41] progress achieved. Another technique for

(8/2,3/2),.,

(1/2,1/2),y ——

1.046
1.066
1.080

(3/2,1/2),0; —

1.152
1.177

in some experiments on Ne-like ¢22,23. boosting thel=0—1 output is using bent targdi2)], where
refraction is compensated by gain region curvature, which
neonlike zinc 21.22, 26.23, and 26.72 nm. may be employed in conjunction with the prepulse or the

The collisional excitation scheme has proved to be thesequential pumping regim@3,44.
most robust approach to date for generating strongly ampli- The strongJ=0-1 lasing in the zinc laser described is
fied soft-x-ray radiation. The gain medium is usually aachieved through small-level prepulse pumping, with
plasma column ablated from a massive slab target or a thiprepulses containing-5x10"* of the energy of the main
foil by impact of a laser pulse, and a bright x-ray beam isdriving pulse and producing target irradiance of order
produced by amplified spontaneous emissi8SE). Using  7x10° W cm 2. Although high gain at 21.2 nm has been
neonlike ions, intense soft-x-ray lasing has been demonreported[45], the key role of extremely weak prepulses for
strated on elements ranging from SZ£14) to Ag (Z this laser was not quantitatively recognized until later. The
=47), supplying lines in a spectral range from 87.4 down toprepulse technique as a means to greatly boostth@—1
9.9 nm[24-26, while by employing nickel-like ions wave- output in neonlike systems has been known since 1993
lengths inside the water windo@2.3—4.4 nm have been [30,31 using typically 6-J prepulses to produce 2
generated 2]. Experimentally as well as theoretically the X 10'* W cm™2 on the target, at a level of 5x 1072 with
most extensively studied types from the those using neonlikeespect to the main pulse. The intense lasing at 21.2 nm
sequence have been germaniu®=32) and yttrium Z reported in[45] was, however, due to prepulses remnant in
=39) lasers(e.g.,[2,27]), the former mainly due to a rela- the shot from the mode-locked laser oscillator, which were at
tively modest required driving energy~(kJ), the latter a much lower level and were undetectable by then available
rather for its high output power. Th&-scaling properties of techniques monitoring the parameters of the LULI laser shot.
the neonlike scheme, namely, a very str@ahdependence of Following the results by Cairnet al.[32,33 showing that a
the necessary driving power and relatively slow scaling ofsignificant effect could be produced in neonlike germanium
the lasing wavelength, result in very poor efficiency in gen-with a prepulse level as low as2x10 %, a modification
erating wavelengths in a nanometer spectral range, but, onas made in the LULI laser chain so as to produce prepulse-
the other hand, make this scheme suitable for producinffee pulses. This allowed us to establish the role of the
strong lasing in the tens-of-nanometers region by using eleprepulses in oud=0-1 Zn lasef13,46. The sensitivity of
ments of a low atomic number. This has recently been showthe J=0-1 line in neonlike Zn to very weak prepulses was
the most spectacularly in a Ne-like argof= 18) laser emit-  also independently demonstrated47].
ting at 46.9 nm, which uses an alternative driving scheme The 21.2-nm zinc laser described here uses a pumping
based on capillary dischardd] and approaches a “table- sequence consisting of a train of prepulses now controllably
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produced as a remnant from the laser oscillator. The basic
differences in the performance of the laser with and without
the prepulses are presented and discussed in this work. While
still being pursued, a detailed investigation of the depen-

dence of the 21.2-nm output on the individual prepulse pa- Slab

rameters such as contrast or timing with respect to the driv- target

ing pulse has been made and its results are discussed Laser
elsewherd36—38,48. beams

An important part of our work concerns experiments on
double-pass amplification using a half cavity. This arrange-
ment is known to have a high potential of enhancing the total
x-ray laser output and hence the efficiency of the system as
well as of improving optical qualities of the x-ray beam.
However, difficulties with its implementation have been re-
ported in a number of experiments. More specifically, the
half-cavity mirror was destroyed in some cases before con- ' 350 J
ditions for significant amplification were created in the
plasma(see, e.g.[2,49]). The maximum distance of the mir-
ror from the plasma end being dictated by the duration of
gain phase, the mirror survival in the particular conditions is
a critical issue for the success of such experiments. In this b)
work an efficient half-cavity operation is demonstrated with
a mirror placed at a distance as short as 6 mm. We discuss
various aspects relevant to the half-cavity operation and out-
line issues connected to its practical design making it pos-
sible to routinely perform half-cavity shots with a single mir-
ror alignment. ‘ | ‘ | ‘ ‘ , | ‘ ‘ ‘

By using half-cavity saturated output at 21.2 nm was pro- -1 %0 80 -76 -0 -0 40 -0 20 -0 O
duced. Temporal and spatial characteristics of the emitted fime (e)
x-ray beam were measured and a brief account of the ob-
tained results is presented. The absolute measurements of theFIG. 2. (a) Target irradiation geometry at the XRL facility at
beam energy allows one to evaluate the performance of theULI. The laser beams arrive separated by 18° in the vertical plane;
laser in terms such as instantaneous power and brightneti total angle between extreme beams is thus @)°Temporal
and to compare it with other laboratory soft-x-ray sourcesstructure of the LULI laser pulsgot to scal¢ The main driving
available. pulse is preceded by a train of small prepulses separated by 10 ns.

The paper is structured as follows. Section Il describes thé!l the values indicated correspond to the net total energy on the
experimental conditions under which this work was made?@r9et those belonging to the prepulses are measured with a preci-
and the x-ray diagnostics employed. The results of measuré&.on of about 50%. The "'ﬁt prepulse in the train to the main pulse
ments of various characteristics of the single-pas—1  SNergy ratio is 5¢2)x10°%

ASE output at 21.2 nm are presented in Sec. Il and arg, o generated are superimposed upon one anfberFig.

compared to the analogous parameters ofr@—1 lines.  5(4)] with a precision greater than 5@m, giving rise to the
In Sec. IV we discuss some aspects of the half-cavity des'ngsulting spot~ 150 «m wide and creating a net target irra-

and in Sec. V the obtained results of double-pass amp”ficadiance typically ~1.4x 10 W cm~2. Slightly overfilling

tion at 21.2 nm are presented. The experimental data ai§q »_cm_jong target by the 2.4-cm line focus avoids creation

accompanied by results of a schematic modeling confirmingy 5 ¢4 plasma at the target ends. Good irradiation unifor-
that saturation is achieved. Section VI concludes and outllneﬁmy along the focus axis is ensured primarily by the radial

prospects for application of this soft-x-laser being currentlyy,qfije of the laser beams with the intensity near the circum-

in progress or to be developed in the future. ference being typically~50% higher than the intensity on
the axis, which is generated by the rod-based LULI laser in
Il. EXPERIMENTAL ARRANGEMENT the absgnce of some of thg apodizers in the chqin. With
appropriate focusing a considerably more uniform intensity
The experiments were conducted at the x-ray laser facilitistribution along the focal line may thus be generated, in
of the LULI at the EEole Polytechnique, Palaiseau, France.contrast to a beam of flat profile.
The plasma is created by irradiating flat zinc slabs 2 cm in A parameter of fundamental importance in the function-
length by six 90-mm-diam beams of the LULI Nd:glass la-ing of the soft-x-ray laser under investigation is the em-
ser. Energies typically 430 J at the fundamental wavelengtbloyed temporal structure of the pumping laser. The main
of 1.06 um are available for these experiments at the outputaser pulse driving the highly ionized plasma is accompanied
of the laser, in near-Gaussian600-ps full width at half by a train of small pulses separated by 10 ns, as schemati-
maximum (FWHM) pulses. Each laser beam is focusedcally shown in Fig. 20). The train is a remnant from the
down to a line~2.4 cm long and~100xm wide by a pair mode-locked laser oscillator, which is intentionally imper-
of f/7.4 andf/10 crossed cylindrical lenses. The line foci fectly isolated by operating only one Pockels cell in the

q)

170mJ
156 mJ
5y 64y 88mMJ 110 my 136 mJ
10mJ 18mJ 29mJ
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Elliptical mirror beam collection system spectrometer
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beam scanning elliptical mirror 2 |
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FIG. 3. Experimental setup for investigation of collisionally pumped XRL at LULI. The Focal spectrofsetthe tejtis converted
into an analyzer of XRL beam divergence with the help of a plane mirror, whereas the elliptical mirror system covering refraction angles of
0-15 mrad collects the total XRL emission produced and is used in gain measurements. The axial soft-x-ray emission emerging westward
is analyzed by the Rowland spectromefeot represented herewhile the half-cavity multilayer mirror protected by a pierced shield is
placed on this side of plasma in the double-pass amplification shots.

chain. The last prepulse preceding the main pulse deliversesponding to their two distant foci while working as an
~170 mJ of energy on the target and produces a net irradbptical system with transverse magnification of about 12 for
ance ~7x10° Wcem 2. The overall energy of all the near-axis objects. The reflected emission enters the spec-
prepulses preceding the main driving pulse is about 800 mdrometer slit under an angle about 10 times smaller than its

A scheme of the basic arrangement of the target and theefraction angle and consequently appears shifted in wave-
diagnostics being used throughout this work is shown in Figlength on the detector plane, with respect to its nominal po-
3. The targets employed are 1-mm-thick zinc plates of esition corresponding to the axial direction. Ray tracidg]
purity 99.99+%, mechanically polished to a surface flatnessreveals that due to astigmatic properties of the system as well
better than~50 um. After each shot the target is vertically as due to alignment imprecision and assumed fabrication im-
translated by typically 30@&m and the plate height of typi- perfections, the emission emerging from &100-um re-
cally 7 cm allows it to be used it for more than 100 shots. gion at the plasma exit plane is spread out owve8 mm at

The soft-x-ray emission emerging near the plasma axis ithe slit plane, which determines a requirement for the slit
on the east side detected by the Focal grating spectrometaidth.
coupled to a streak camera and on the west side by the Row- The 20-cm-long plane mirror is a nonfocusing element
land spectrometer providing time-integrated data. The Focaind is employed with the spectrometer entrance slit open.
spectrometef50] has been used in these studies as the prinThe arrangement thus works with very small spectral resolu-
cipal instrument for analyzing the emitted soft-x-ray spectration capability and is designed to analyze quasimonochro-
It employs Wadsworth geometry in which parallel emissionmatic emission with respect to the spectrometer viewing
of a given direction is focused to a point on the focal circlewindow, as is the case of the investigated soft-x-ray laser
and uses a blazed spherical grating with 900 lines/mm as amission. Individual rays are incident on the grating under
dispersive element. It provides a viewing field of roughly 20different angles and each point at the streak photocathode
A, with a resolution of~0.7 A, in a spectral range between thus corresponds to a particular ray direction, i.e., to a par-
about 40 and 700 A. The Kentech Low Magnification x-rayticular refraction angle. In a typical setup for measuring the
streak camera using a reflective photocathode and havingangular characteristics of the 21.2-nm beam the mirror cov-
time resolution of order 10 ps is used as the detector. Thers refraction angles ranging from5.5 to ~10 mrad.
spectrometer was adapted for use in experiments on colli- In experiments on single-pass ASE the west-going axial
sional excitation x-ray lasers by adding beam collection opsoft-x-ray emission is analyzed by the Rowland spectrometer
tics that reflects the off-axis refracted x-ray emission toward$51] using a 3600-lines/mm blazed spherical grating and
the entrance slit. There are two devices used alternatively: amaking it possible to record in a single shot a wavelength
elliptical mirror system serving to gather the total x-ray laserwindow of ~20nm, with a high resolutionAN/\ of
emission and a plane mirror that is used for a precise analysis5xX 10 %, Time-integrated spectra are recorded using
of the x-ray laser beam in a limited range of refraction ~18-cm-long Kodak SC5 XUV flexible film plates attached
angles. In the elliptical mirror system two glass plates arego the Rowland circle by a bending jig. The x-ray emission is
bent to elliptical shape in a matrix and are arranged in such brought to the spectrometer entrance slit by a pair of two
way that two of their focal points are matched while the grazing incidence toric mirrors working as an imaging sys-
other two correspond respectively to the target edge and them in the tangentiali.e., horizontal plane. The angular
spectrometer entrance plafgee Fig. 3 The arrangement acceptance of this system is roughly 15 mrad.
covering refraction angles up to 15 mrad thus produces per- Although not shown in Fig. 3, a standard diagnostic de-
fect imagery between the pair of conjugate axial points corvice used in all experiments were a multipinhole canjged
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range from about 18 to 28.3 nm. Tle=0-1 lasing line at
21.2 nm dominates the spectrum, with time-integrated inten-
sity exceeding about 15 times the intensity of the2—-1
lines. No amplification is seen on the other two potentially
lasing 3p-3s transitions falling into this spectral window,
namely, €,3);-o to (3,3);-; at 22.03 nm and §3),_, to
(3%),_, at 27.86 nm, and on the $2p%3d);_, to

b) (2s2p®3p),_, inner-shell hole transition at 22.69 nm.

357 Figure 5a) shows a typical example of the streak record
30t of the 21.2-nm emission from a 2-cm plasma, obtained by
25+ using the Focal spectrometer and the elliptical mirror system.
The emission appears in a short bu#st00 ps and exhibits a
strongly pronounced maximum. These characteristics are ob-
served to be fairly independent of the plasma length, al-
though the intensity strongly increases with plasma length-

Q)

Emitted signal (arb.units)
N
o

5t ening.
0 ‘ : ; : : . : —— . The crucial role of the prepulses in the generation of the
LA I strongJ=0-1 lasing is illustrated in Fig.(B), displaying
Wavelength (nm) temporal evolution of the 21.2-nm output from a 2-cm

plasma in two different pumping modes. While the first plot
corresponds to the streak data shown in Fig) Svhen the
nominal prepulse train with the fractional intensity
integrated axial spectrum obtained frofe) by converting the 5x10 3Of the I,aZSt prepqlse to the main pulse of intensity
) : e e . . ~1.4x 10" W cm? is applied, the second plot corresponds
exposed film optical density into the incident intensity. The to th h v the heati | f oth ise identi
=0-1 lasing line at 21.2 nm entirely dominates over two weaker 0 € case when .On y he heating pulse of o 'e'rW|se I. ent-
J=2—_1 lines at 26.2 and 26.7 nm. cal parameters drives the plasma. More specifically, in the
latter case the prepulse energy was reduced by a factor of

with a charge coupled devic€cCD) detector, providing a ~700, i.e., the irradiance corresponding to the intensity of
the last prepulse in the train toe 10’ W cm™ 2, by switching

front view of the plasma keV emission and supplying thus - ' : o
information both about the plasma lateral width and its uni-a" @dditional Pockels cell behind the first preamplifier in the
formity. This information is, among other things, used to laser chain. The_ result pf this comparison is clear: th_e
indicate that similar target irradiating conditions are achieved®-2-nm output virtually disappears when the prepulse train
in successive laser shots, as well as in different experiment&} a0Sent, being barely discernible from the background, and
Sessions. is at least 30 times less intense than when the prepulse train

In some of the experiments a flat-KAP-crystal imaging'S aPplied. _ _
spectrometer was employed to record thshell resonance Figure 6 represents the 21.2-nm temporal peak intensity,
lines, providing spatial resolution along the plasma axis. ThéPectrally integrated over the line profile, as a function of the
keV time-integrated spectra thus acquired made it possible tglasma length. It should be noted that the _data, (_)btalned in an
survey the plasma ionization balance and its uniformity2ccurate measurement devoted to the intensity vs plasma
along the axis and served to infer the electron temperatur€9th dependence, exhibit a very good exponentiation. The

and Ne-like ground-state density as well as the lateral size gf€asured values are fitted to the Linford funct[&3], ex-
the Ne-like region. While we briefly mention some of the Pressing the intensity produced by an ASE system of length

results in this paper, we do not discuss them as they consti:

tute an independent topic and have been described in detail

elsewherd 36,37. () =w j [expgh)—1]%2
Besides this basic diagnostic suite, several simple devices = 5 al exoal) |

were employed in some measurements. Their brief descrip- gl exp(gl)

tion will be given along with the obtained results. The ar-

rangement of the half cavity and its design will be describedvherej is the spectral peak emissivitg, the spectral peak
separately in Sec. IV. gain coefficient, andv a factor depending on the intrinsic

line profile. The best least-squares fit to the data yields a gain
of 4.9+0.2 cm ! and is represented in Fig. 6 as a solid
curve. The value of 4.9 cit, implying a gain-length prod-
uct of ~9.8 for the 2-cm plasma, is used throughout this
Except where explicitly noted, the data presented in thigvork as a nominal one for evaluating some other character-
paper were obtained with the nominal driving conditions,istics of the 21.2-nm emission, inasmuch as rough measure-
i.e., at a net target irradiance of1.4x10*Wcm 2 and ments carried out, under identical driving conditions, on
with the prepulse train of parameters displayed in Figp).2 other occasions provided very similar values.
Figure 4 illustrates a typical large-band time-integrated axial The gain coefficient on thd=2-1 lasing lines at 26.2
spectrum from a 2-cm-long Zn plasma, obtained with theand 26.7 nm was measured to be 2@B6 and 2.6
Rowland spectrometer. The film record covers a spectrat 0.4 cni'!, respectively[45]. More importantly, theJ

FIG. 4. (a) Time-integrated film record of soft-x-ray axial spec-
trum emitted by a 2-cm plasma, obtained with the Rowland spec
trometer, covering a spectral rangel8—28 nm.(b) Emitted time-

@

Ill. CHARACTERISTICS OF THE J=0-1
SINGLE-PASS ASE AT 21.2 nm
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0- wave\engrh% 300 -
100+ Z 250+
c .
200 3 2004 g=4.9+0.2 cmn’
5
3004 > 150+
g O F
o 400 @ 100+
o
£ s00- = 504
600 0 . ; . ; : . ; .
7004 0 10 20
800 Target length {mm)
\/ FIG. 6. The 21.2-nm peak intensity vs plasma length. The solid
21.2nm curve is the Linford fitted function corresponding to a gain coeffi-
cient of 4.9 cm®.
90 T
80 4 x-ray beams are subject to different propagation conditions
7 704 in the plasma. A quantitative analysis of the streak data from
3 ed with prepulse train different plasma lengths sugge$#5,48 that the temporal
S ol structure of thel=0-1 output is governed by the evolution
-’gf w0l of the emissivity rather than by the evolution of the gain: the
£ analysis shows the latter to exhibit little variation from

zz 1 b) 50 to +150 ps relative to the ASE output. Another con-
T clusion, allowing for the fact that th&=0-1 and 2-1 tran-
sitions at 21.2 and 26.7 nm share the same lower level

0 100 200 300 400 500 600 700 (3,3);-1, was that these lines come from different plasma
7 Time (ps) regions. This was confirmed by a direct measurement of the
g 20T without prepulse frain near-field ASE pattern, carried out with the help of a simple
§ 104 device consisting of a precisely positioned stainless cut edge
I : : ety ; : placed 1 mm from the plasma end at the Focal spectrometer
£ 0 100 200 300 400 500 600 700 side. The edge was advanced in each shot by stepgsn?5

Ti o
ime (pe) away from the target surface to gradually screen the emitting

FIG. 5. (a) Streak record of thd=0—1, 21.2-nm emission pro- region and the desired information was obtained by subtract-
duced by a 2-cm plasma, obtained with the help of the eIIipticaIIng the signals received in two subsequent positions of the

mirror system(b) Comparison of thd=0—1 output from a 2-cm €dge. The drive beams were carefully apertured so that no
plasma when the nominal prepulse pumpiage Fig. 2b)] is used  laser light hit and ablated the edge. The obtained results for a

and when only a single driving pulse is employétle prepulse 2-cm plasma are shown in Fig. 8. It is seen that the 21.2-nm
train is reduced in this case by a factor-e700 by using additional €mission emerges essentially from a narrew35-um
Pockels cell in the laser chain (FWHM) region strongly peakee=30um from the target
surface, whereas the 26.7-nm line is emitted over an
=2-1 output has been observed to be almost insensitive te 200-um broad zone and its maximum appears at a distance
the presence of the prepulse train, in strong contrast to thee100um. The strong dominance of thk=0-1 emission
J=0-1 case. near the target, i.e., in a high-density plasma, suggests once
The time history of the lasing lines emitted by a 2-cmagain the collisional pumping to be the major process popu-
plasma is plotted in Fig. 7. Two streak records, correspondkating theJ=0 upper level.
ing to theJ=0-1 andJ=2-1 measurements, are mutually  The results of the far-field pattern measurement ofxhe
timed with the help of the soft-x-ray continuum with a pre- =0-1 ASE are shown in Fig.(8), which displays angular
cision ~*+50 ps. TheJ=0-1 emission peaks 1800 ps profiles of the 21.2-nm beam produced by a 2-cm plasma,
before thel=2-1 lines that roughly follow the evolution of corresponding to times separated by 50 ps with respect to the
the continuum, the maximum of which is expected to occurinstant of the emission peafthe streak data are also in-
near the peak of the driving laser pulse. The FWHM duratiorcluded. It is seen that the beam is very narrow with a diver-
of theJ=0-1 signal is~= 100 ps which is noticeably shorter gence at the instant of its maximum of 2.8.5 mrad. The
than the~300-ps duration of thed=2-1 emissions. The refraction angle quickly diminishes early in time and stabi-
behavior represented in Fig. 7 was observed to be weakllzes at 7.2-0.5 mrad starting from the emission temporal
sensitive on both the driving laser energy and the plasmpeak. The 21.2-nm beam divergence undergoes only a minor
length. evolution, but slightly increases as time progresses. The
The occurrence of the ASE signal at 21.2 nm in earlycharacteristics of the]=2—-1 beams were revealed to
plasma times and its short duration clearly indicates that thetrongly differ from those of thd=0—1 beam. Data for the
J=0-1 inversion is predominantly driven by processes]=2-1, 26.7-nm emission corresponding to the instant of its
other than thel=2-1 inversions and that the correspondingmaximum are shown in Fig.(B). They provide a fairly flat
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beam profile with a divergence of ¥14 mrad, peaking 15 J=0-1 intensity profile and the near exponential behavior
+3 mrad off axis. Almost identical characteristics were mea-may be theoretically reproduced, assuming a relaxed electron
sured for thel=2—1, 26.2-nm beam. density profile characterized by a scale length of about 125
In addition to the basic importance of tde=0—1 beam um, which is 2—-3 times larger than values occurring in a
characteristics for development of the half cavity, these datsgingle-pulse-driven plasma. The major finding discussed in
along with the measured near-field profiles, supply valuableletail in [54] is that in the large-scale length plasma the
information about the density and the gain region profiles=0-1 emission receives maximal amplification only along a
First, whereas thd=0-1 emission emerges from the 2-cm well-defined, roughly symmetrical trajectory remaining
plasma as a strongly collimated beam, the divergence of thaithin the narrowly peaked gain region. In contrast, in the
J=2-1 beams is much larg¢the value 11 mrad roughly broad and rather uniformd=2-1 active region with a
corresponds to the gain region aspect ratio; see RigJ).8 smaller local gain at lower densities there exist many ray
This indicates that while a number of rays propagating alongaths producing comparable gain lengths, though the maxi-
different trajectories experience comparable gain in the caseal amplification occurs for a ray that begins in dense
of theJ=2-1 emission, a narrowly defined optimal ray pathplasma, thus benefiting from high spontaneous emission, and
producing maximal amplification exists for th#=0-1  propagates along the gain region to be almost refracted out
emission. of it at the exit. This results in a beam profile refracted more
Second, thel=0-1 beam is seen to be significantly lessstrongly than theJ=0-1 beam and having a significantly
refracted than thd=2-1 beams although it emerges from larger divergence, as observed experimentally.
denser plasma. In the subcritical plasma with a scale length The fact that the prepulsed pumping used significantly
L the local refraction ratio scales ds:/dz=\?n./L, where increases the plasma scale length appears to be further sup-
a is the ray angle with respect to the longitudinal axiand  ported by the pinhole camera images of the plasma in the
n. is the electron density. Despite its shorter wavelength, th&eV spectral region, shown in Fig. 10. We see that in the
J=0-1 beam should thus be expected to be more refractgatepulse regime the lateral plasma dimension~§0%
than theJ=2-1 beams as it is generated in an active regiorgreater than in the single-pulse driving, which indicates that
located principally in high-density plasma. the lateral (vertica) refraction is alleviated through this
Ray tracing simulations have been performed to help unplasma profile broadening, and also suggests that comparable
derstand these observatiof¥3,54]. This modeling reveals scale length augmentation may be expected in the transverse
that in a plasma profile with a density scale length belowdirection. Furthermore, it is seen that the plasma created in
100 um, typical for a single-pulse driving by an intensity the prepulse regime emits more intensely in the keV region
~1.4x108Wcem 2 (e.g., [55]), the J=0—1 emission and that its uniformity along the axis is improved. The higher
would suffer severe refraction and could in no case receivétensity of the keV radiation suggests the plasma is denser
amplification in the narrow gain region along the full 2-cm and/or more sprea@voluminous in the direction perpen-
plasma length. No near exponential growth with respect talicular to the target, which are both modifications acting
plasma length would be possible in such a case, in strontpward enhancement of the=0-1 laser output. We note
contrast to the observed intensity vs length exponentiation dbat a detailed study of the parameters of the zinc plasma,
shown in Fig. 6. On the other hand, the measured near-fieldarried out through a keV line spectroscof86,37, con-
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firms the aforementioned observations by measuring athe XRM geometry, on the gain region dimensions, and on
~50% increase of the lateral plasma dimension and atthe parameters of the x-ray beam and may be easily calcu-
~30% increase of the Ne-like ground-state density when thé&ated with the help of ray opticor details se¢13,48)). On
prepulse train pumping is applied. the other hand, endurance of the reflectiiRyduring the
event may be established exclusively by the experiment, in
particular from the temporal evolution of the half-cavity out-
put as an eventual sudden loss of reflectivity would bring
about a rapid alteration of the emitted sigtel.,[49]). This

The results obtained in single-pass ASE regime alloweds due to the fact that a complete understanding of mecha-
us to proceed to the development of a half cavity, with thenisms responsible for the structural damage of a multilayer
aim of significantly boosting the output power—and in turnstructure in the laser plasma environment is yet to be
improving the efficiency—of this soft-x-ray laser, as well asachieved, although plasma x-ray radiation and side-scattered
generating a bright’ narrow|y collimated 21.2-nm beam Wi[hStimU|ated Brillouin Scattering have been identified as the
a h|gh degree of coherence. An X-ray m|r(mR|\/|) p|aced predominant cause{ﬁ]. In this work the XRM survival dur-
near one end of the plasma provides an optical feedback, tHeg the x-ray pulse duration is apparent from the data pre-
magnitude of which we define as the fraction of the intensitysented in Sec. V.

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

of the ASE beam, returned to the gain region for reamplifi-
cation. Referred to henceforth as effective reflectiRy, it
may be expressed as

Rei= RCy, (2
where R is the normal-incidence reflectivity of the mirror
andC, the geometric coupling efficiency, accounting for the

reflected beam geometric overlap with the gain region at the

plasma entrance plane. The value@f depends solely on

The ratio of the output x-ray laser intensitygy gener-
ated by the half cavity and the single-pass ASE intenkity
may be, in the nonsaturated regime, evaluated by using Eq.
(1). Labelinggs andg, the gain coefficients relevant, respec-
tively, to the forward and the return propagation of the x-ray
beam through the plasma, the ratio of the intensities in the
unsaturated regime will be

-1/2

exp(g,l),

Ixrm

| Reff

()

1+
Ot
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______ — t__+150 ps peaks at~7.2 mrad off axis and
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Angular profile of theJ=2-1,
26.7-nm beam corresponding to
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where it has been assumed tiggt>1 andg,|>1. The ef- less than 1 A. Its normal-incidence reflectivigy measured
fective gain-length product in the half-cavity configuration is with synchrotron radiatiof57], was typically~30% at the
then design 21.2-nm wavelength.
The basic requirement of the half-cavity design is that the
(gD er=0¢l + 9,1 +1n Rygt - (4) radiation round-trip time in this device is smaller or at most
equal to the gain lifetime. An analysis of the streak data
The half cavity was produced in this work by a sphericalreveals that the value 4.9 ¢rh is maintained within
x-ray Mo:Si multilayer mirror with a radius of curvature 130 *+10% over an~200-ps interval, while a simple modeling
mm. It comprised 12 layer pairs with a nominal period of based on the measured temporal shape of the ASE pulse
11.7 nm, deposited by ion-beam sputterib§] upon a 25.4- provides an estimation of the FWHM gain lifetime of
mm-diam fused silica substrate with a rms surface roughness 280 ps. This implies the maximal distance of the half-
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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. The first
record corresponds to the nominal prepulse train pumping regime, while the second was obtained when the main pulse alone was used. The
densitometric traces taken down the plasma axis as well as perpendicular to it reveal that the prepulse pumping lea6i3%oiacrease
of the lateral dimension of the keV-emitting region, to an axial uniformity improvement, and to an enhancement of the emitted signal.

cavity mirror from the end of a 2-cm plasma of about 10same trajectory towards the amplifying region.

mm. The XRM was therefore operated at a nominal distance Given the measured=0-1 gain region dimensions

of 9 mm, although a limited number of shots was carried ou80x 150 um? and the beam divergenee3x ~7.5 mrad (a

with the XRM positioned at 6 mm. In each case it wasvalue corresponding to the geometric divergence is assumed
aligned to return the emission appearing at 7.2 mrad, i.ein the latter case by applying the ray optic approach and
corresponding to the beam angular peak, back along thillowing Eq. (2) the effective reflectivityRqs for the XRM
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placed at 9 mm amounts to &80 2, while for the 6-mm 300
distance we obtain 9:810 2 [48]. Regarding the precision

of knowledge of the individual parameters involved, we may
expect conservatively that these calculated values apply in
the real experiment with an accuracy ©60%.

The radiation fed back by the XRM on the entrance plane
of the gain region will be subjected to refraction and the total
amplification received in the return pass will depend, among 50
other things, on the injection angle and the divergence of the
injected beam. However, in the studied laser, as discussed in T 200 300 400
Sec. lll, amplification occurs along a narrowly defined, Time (ps)
strongly gain-dominated ray path corresponding to the exit
angle near 7.2 mrad, which undergoes only a minor temporal 70
evolution during the duration of gain. By ensuring the ASE 60 plasma length 2 cm
emission appearing at 7.2 mrad to reenter the gain region XRM at 6 mm
along the same trajectory after reflection on the XRM, the
propagated gaim, may be assessed by the valge mea-
sured for the single pass. Assuming, accordinglys=4.9
+0.5cm ! and accounting for the calculated values of 20
Rerr, the effective gain-length producg()+ achieved by 10
double passing a 2-cm-long plasma by use of the half cavity '
with XRM at 9 mm will be 16.919, whereas for the XRM 0 100 200 300 400
at 6 mm it will reach 17.3}4. These numbers suggest that Time (os)
the half-cavity output will, in both cases, exhibit saturation
behavior and that the corresponding augmentation of inten-
sity of emission produced by the double pass with respect to _. 100 plasma length 1.5 ¢cm
that of single pass will be lower than values indicated by Eq. XRM at 14 mm
(3) applying for the small-signal gain regime, namely,
~850 and~ 1250 in the respective cases.

plasma length 2 cm
250 XRM at 9 mm

200 O]
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40
V. HALF-CAVITY-GENERATED SATURATED OUTPUT
AT 21.2 nm

20

The Mo:Si multilayer XRM was attached to a micromotor 0 100 . 200 300 400
pad and was aligned by a telescope system, with a precision Ime (es)
corresponding to the orientation of its normal better than

+0.5 mrad in both the vertical and horizontal planes. It wa FIG. 11. Time-resolved 21.2-nm double-pass output produced

. . o v (@) a 2-cm plasma and the XRM placed at a distance of 9 mm,
protected from plasma debris by an independently positione ) a 2-cm plasma and the XRM placed at a distance of 6 mm, and

shield having a hole 1 mm in. diameter to pass the x-ray lase ¢) a 1.5-cm plasma and the XRM placed 14 mm from the plasma
be_am. The mirror dam_age induced by a ShOt was thus r&nd. By comparing with Fig. 6 it is seen that both the FWHM
stricted to a spot of typically less than 2 mm in diameter andyration and the overall character of the laser output are very simi-
each mirror could be used many tim@gpically 20X) with- |4y to that produced in the single pass.
out the necessity of realigning it between the shots. The
x-ray laser beam was analyzed on the east side by using tie@rroborates this observation and suggests that the estima-
same diagnostics suite as in the single-pass experiments atidns of effective reflectivities given above are basically cor-
was properly attenuated by various Al filters so as to avoidect.
saturation of the detector. To assess the magnitude of the small-signal return gain
For the XRM operating at the distance of 9 mm, typically coefficientg, we examined a half-cavity configuration using
60-fold enhancement of the time-integrated output signaf 1.5-cm-long plasma and the XRM positioned at 14 mm, in
compared to single pass is observed for a 2-cm-long plasmahich the round-trip time is identical to that in the case of a
with a very good reproducibility on the shot-to-shot basis.2-cm plasma and the XRM at the distance of 9 mm. As
On the other hand, the enhancement brought by the XRNRg=4.5X 1072 and assumingg,=4.9+0.5 cm !, this
placed at the distance of 6 mm from a 2-cm plasma wasetup should produce unsaturated output withl)dx
~80. The temporal evolution of the half-cavity pulses gen-=11.6"12 and should thus boost the output intensity by a
erated in both configurations is shown in Fig. 11. It is seerfactor of about 50. The time-integrated enhancement of the
that their shapes as well as their duration are similar to thadbutput signalthe temporal evolution of which is shown in
of the single pas&Fig. 7), suggesting that no sudden destruc-Fig. 11(c)] with respect to the single-pass ASE generated by
tion of the XRM structure occurs within the x-ray pulse du- a 1.5-cm plasma is-30. This is fairly close to the expected
ration. Equally it is seen that the ratie 80/~60 of the value and suggests that a small-signal gain within the inter-
double-to-single-pass output augmentations for the two casesl 4.9+ 0.5 cm ! does exist during the return propagation
roughly equals the ratio of the correspondiRgs, which  of the x-ray beam in the half cavity using a 2-cm plasma.
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(see the text While the intensity rolloff from the exponential char-
acter for the half-cavity shots with a 2-cm plasma is clearly appar- 57
ent, the solid curve represents the calculated dependence accounti 0 |oa
for the effect of saturatiofisee the tejt The right-hand scale cor-
responds to the calculated value of emitted-to-saturation intensit Pointing angle (mrad)
ratio.

3000 +

2500

2000 —+

ensity (arb.units)

1500 +

. FIG. 13. Angular profile of the 21.2-nm beam emitted by a 2-cm

The rolloff of the measured output from the exponentialpasma in the half-cavity configuration, in instants separated by 50
curve in that case occurs thus conclusively due to saturationhs with respect to its maximunithe corresponding raw streak

An overview of the experimental results displaying therecord is also provided It is seen that the beam peaks near 6.3
intensity of the x-ray laser as a function of the effective gainmrad, which is slightly less than in the single-pass da&eFig. 8),
length is in Fig. 12. For the measurements obtained with the/hereas the temporal evolution of this pointing angle is almost
half cavity the gray column corresponds to the error in thenegligible.
gain-length estimation, arising from the assumed 50% accu-

racy of the calculatedR. and from the considered interval duration of the half-cavity emission, the energy of one pulse
4.4-5.4 cm* of the return gain coefficierd, . The experi-  of the x-ray laser corresponding to the output intensity just
mental data are compared to a curve obtained by a modelqual tol o, is estimated to~170 uJ.
calculation solving the equation of radiative transfer for the The characteristics of the half-cavity-generated x-ray
transition G,3);-0 to (3,3);—1 and accounting for the rates beam were investigated using the plane mirror and by re-
of the processes involved in the kinetics of these le{##}  cording its “footprint” on a CCD camera of calibrated spec-
through their values provided by detailed numerical simulatral sensitivity. The horizontal angular profile of the double-
tions[58,59. It is seen that the calculated curve compares tgpass emission generated by a 2-cm plasma, obtained with the
the experimental data very well and confirms that the laser igelp of the plane mirror, is shown in Fig. 13. The beam
saturated in the half-cavity shots with a 2-cm-long plasma. peaks at 6.3 mrad and its divergence~i2.6 mrad, both
The saturation intensitys, is defined(see, e.g.[60]) as  values exhibiting only a negligible temporal evolution. From
the intensity reducing the small-signal gain by one-half andhe comparison with the single-pass profile it is seen that

equals although the half-cavity beam exhibits a slightly reduced di-
vergence as well as the refraction angle, the profiles are

| :2 5) alike, suggesting that the return amplification occurs along a
2 org’ ray path that is similar to the one in the case of a single pass.

The energy of the x-ray beam was obtained from footprint
wherehw is the photon energyr=A\?/8m the cross section shots performed in two separate experiments using thinned
of stimulated emissiofA being the spontaneous emission backside-illuminated CCD cameras Thomson 8522
rate), and 7 the gain recovery time, which is determined by pixel TSC 7395A and Tektronix 10241024 pixel-type, re-
the processesdepopulatingthe upper level £,3);_, in the  spectively. The x-ray beam was properly bandpassed and
small-signal regime. From the modeling we obtdig, relayed onto the CCD chip by a 21.2-nm Mo:Si multilayer
=9.8x 10° W/cm 2 and taking into account the measured optics of measured reflectance. In one case a single 45°-
dimensions of the near-field pattern as well as th@0-ps  angle-of-incidence multilayer mirror was used, while a set of



3870

<€4— target surface

Diffraction fringe pattem at the plane 60 mm downstream the wires .

120
100
80
60
40

Intensity (arb.units)

20

100 pm 100 pm

FIG. 14. Footprint image of the half-cavity generated 21.2-nm
beam after passing a cross-wire system placed at a distance of
cm from the plasma, revealing a X8 mrad time-integrated pro-
file. The 100um-diam wires are separated by 1 mm. The diffrac-

tion fringe patterns shown are produced on the wire edges and
correspond to the distance of 60 mm downstream the cross-wir

system.

three mirrors was employed in another cébe details about
both arrangements may be found elsewHé&&48)).

B. RUSet al.

VI. CONCLUSIONS AND PROSPECTS

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

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

The 21.2-nm laser described has been experimentally
characterized in many parameters. Its functioning relies es-
sentially on the use of the prepulse-train pumping and also,
although to a lesser extent, on the creation of an acceptably
uniform irradiation along the focus axis. It should be noted
that the influence of very weak prepulses on parameters of
the laser plasma presents a relatively new topic in the laser-
plasma physics—especially in the context of collisionally
pumped x-ray lasers—with some aspects neither experimen-
tally nor theoretically fully resolved. Regarding the key im-
portance of prepulses for the studied zinc laser, we have been
expending some effort on the investigation of this issue. The
analysis of the near- and far-field patterns of the lasing lines
provide strong evidence for an increase of the transverse
(perpendicular to the targefplasma scale length in the
prepulse regime, confirming the results of computer simula-
tions predicting such an effect. The obtained data also sug-

est that the prepulse pumping leads to an increase of the

tive plasma and thereby equally to an increase of the lat-
eral plasma scale length.
We have recently undertaken several experiments using
gingle prepulses arriving 2 and 4.5 ns ahead of the main
pulse, devoted to a detailed investigation of the dependence
of the J=0-1 output in Zn Z=30), Cu Z=29), and Ni
(Z=28) on the prepulse contrast ratio and d€2§,48. The
major finding is that Zn exhibits rather unique behavior,

The measurements provided an energy of typically 0./amely, that with the 4.5-ns delay there is a contrast ratio

mJ, which corresponds to>410'® photons, in one half-
cavity pulse. A footprint image of the half-cavity-generated

(energy of the prepulse vs the energy of the main puiée
~2x10"2 for which the maximall=0-1 output is gener-

beam is shown in Fig. 14. The record corresponds to thated, while for Cu and Ni thel=0-1 signal increases
beam intensity distribution at the distance of about 50 cnmonotonically with the prepulse level, as it does for all three

from the plasma exit, 6 cm downstream a reference crosslements when the 2-ns delay is used. This result suggests
wire system attached on a 5-mm-diam aperture. While th¢hat the prepulse effect is critically dependent on the solid-
record provides a beam with the divergence of aboustate properties of the given element and that their exact
2.8x 6 mrad in the horizontal and vertical directions, it sup- description is crucial to theoretically reproduce the observed
plies also basic information about the beam transverse cohebehavior. This has not yet been achieved, as the computer
ence through diffraction fringes present at the edges of theimulations predict @=0-1 output increase with increas-
wire shadow. As seen from Fig. 14, typically four fringes areing prepulse contrast ratio. We note that in another 4§
thus observed, from which we infer a transverse coherencthe largestl=0-1 output was produced at a contrast ratio of
length of ~45 um [48]. ~0.02 using a prepulse applied 5 ns ahead of the main pulse,
Combined with the~ 80-ps half-cavity pulse duration, the the irradiance supplied by the latter ok30'* W cm™?2 be-
energy of 0.4 mJ gives a peak output power-05 MW. ing, however, higher than in our studies. Obviously further
Regarding the 3% 150 um? output aperture, the brightness effort, including the investigation of the preplasma alone, is
amounts to~3X 10" W cm 2 sr ! per bandwidth of 0.01% to be spent to achieve a full understanding of this phenom-
of the emitting 21.2-nm wavelength, which makes this laseenon. We note that experimental studies devoted to investi-
one of the brightest laboratory soft-x-ray sources developedation of Zn and Cu plasmas created by intensities in the
thus far. range 18— 10 W cm™2 [39], i.e., pertinent to those created
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TABLE I. Characteristics of the 21.2-nm zinc soft-x-ray laser in the half-cavity configuration. BW
denotes bandwidth.

Driving wavelength 1.06um

Net driving energy ~350J

Energy of the last prepulse in the prepulse train ~170 mJ

Net driving intensity ~1.4x10"8 W cm 2
XRL wavelength 21.22 nm

Energy in the XRL beam 0.4 mJ

Number of photons in the XRL beam 4103

XRL pulse duration 80 ps

XRL beam peak power 5 MW

XRL beam solid angle 281075 sr

XRL brightness X 10" Wem2srt (0.01 BW) !
Transverse coherence lend80 cm from the plasma 45 pum

Efficiency (XRL energy/driving energy 10°©

Efficiency (gl/TW of driving energy 24 TWL
Repetition rate 1 shot/20 min

by the prepulses discussed here, reveal strong differences tbn of the prepulse effect is being pursued. Concerning the
the plasma parameters between these two elements. applications, two main topics are currently being developed.
As concerns the studied zinc soft-x-ray laser, using theéStudies of UV soft-x-ray excited luminescence of some ha-
prepulse train has lead to the largest 21.2-nm output. Howlogenide crystals such as Csl and CsCl have been iizdile
ever, no definitive conclusion can be made at this point agxperiments to use the 21.2-nm soft-x-ray beam to probe
the maximal delay of the single pulse was 4.5 ns comparefigh-density plasmas through interferometry techniques are
to the 10-ns prepulse separation in the train, although w#! Preparation.
note that generating the prepulse train is conceptually simple
as this is naturally produced by mode-locked oscillators. By
changing the extinction ratio of the Pockels cell used under The multilayer mirrors used in these experiments were
normal circumstances to isolate the prepulse train from thelesigned and fabricated by J. P. Chauvineau and his team of
main pulse, the intensity of the prepulse train may be variedthe Institut d’'Optique Therique et Appligue in Orsay and
However, in general, the laser chain may amplify pulses ofvere tested for reflectivity with synchrotron radiation by T.
different intensities in a nonlinear way. To exploit this ap- Lucatorto, C. Tarrio, and R. Watts of the NIST Physics
proach in a manageable fashion, it is therefore necessary taboratory, Gaithersburg. Their work is greatly appreciated.
have a fast response energy monitor to record the final enA/e are grateful to Daniel Mazataud and Alain Mens of CEA
ergy on target from each pulse. Limeil and to Dennis Matthews, Luiz da Silva, and Bob
At present, the 21.2-nm zinc laser is further optimized andCauble of LLNL for providing the thinned absolutely cali-
is exploited as a tool for applications of soft-x-ray radiation.brated CCD cameras that were used in the x-ray beam energy
Studies of curved targets in the half-cavity configurationmeasurements. We gratefully acknowledge excellent techni-
have been initiated and the early measurements indicate the&l support of Jean Claude Lagron and Laurent Vanbostal, as
this arrangement is able to boost the output energy to a milwell as the effort of LULI laser facility staff. Finally, we
lijoule level [61]. Experiments using different half-cavity would like to thank Alain Sureau of LSAI, Sylvie Jacquemot
configurations, with the aim to improve the transverse coheref CEA Limeil, and Phil Holden of LSAI for many valuable
ence, are equally planned. In parallel, systematic investigadiscussions on various theoretical issues.
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