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This article reviews the progress in the development of practical table-top sources of soft x-ray laser
radiation. The field is rapidly approaching the stage at which soft x-ray lasers sufficiently compact
to fit onto a normal optical table will be routinely utilized in science and technology. This is the
result of recent advances in the amplification of soft x-ray radiation in both compact laser-pumped
and discharge-pumped devices. The use of excitation mechanisms that take full advantage of new
ultrafast high power optical laser drivers and multiple pulse excitation schemes has resulted in the
demonstration of saturated soft x-ray amplification at wavelengths as short as 14 nm using several
Joule of laser-pump energy. Moreover, several schemes have demonstrated significant gain with
only a fraction of a Joule of laser-pump energy. In addition, the demonstration of saturated table-top
soft x-ray lasers pumped by very compact capillary discharges has shattered the notion that
discharge-created plasmas are insufficiently uniform to allow for soft x-ray amplification, opening

a route for the development of efficient, high average power soft x-ray lasers. Recently, a table-top
capillary discharge laser operating at 46.9 nm has produced millijoule-level laser pulses at a
repetition rate of several Hz, with a corresponding spatially coherent average power per unit
bandwidth comparable to that of a beam line at a third generation synchrotron facility. This review
summarizes fundamental and technical aspects of table-top soft x-ray lasers based on the generation
of population inversions in plasmas, and discusses the present status of development of specific laser
systems. ©1999 American Institute of Physids$S0034-67489)00110-0

I. INTRODUCTION availability of practical and affordable table-top x-ray lasers
will impact numerous scientific disciplines and industries,
Great progress has been achieved in the last severalien exceeding current predictions.
years in the development of very compact and practical soft  This review summarizes fundamental and technical as-
x-ray lasers= The field is rapidly approaching the stage at pects of the development of table-top soft x-ray lasers based
which soft x-ray lasers sufficiently compact to fit onto a nor-on the generation of population inversions in plasmas. How-
mal optical tablgfrequently described as “table-top” las¢rs ever, the direct amplification of radiation in plasmas is not
will be routinely utilized in science and technology. The mo-the only means by which coherent soft x-ray radiation can be
tivations for the development of table-top soft x-ray lasersgenerated. Alternative methods include harmonic up-
are numerous. They include the characterization and processenversion of high power optical lasér€ synchrotron
ing of materials, very high resolution metrology, studies insources**and free electron lasef§ELs).>** Synchrotron
atomic physics, photochemistry and photophysics, biologicasources have the very important advantages of broad tunabil-
imaging, and the diagnostics of very high density plasmasity and high average power. In contrast, they fall short of the
Practical table-top x-ray lasers will also open up exploratiorhigh peak brightness needed in applications such as the study
of completely new fields, such as nonlinear optics at ul-of nonlinear phenomena at ultrashort wavelentasd the
trashort wavelengths. In the not very distant future, wherdiagnostics of dense plasm&s® Also, they are very large
their wavelength will drop below 1 nm, applications such asand expensive to construct. An alternative also based on ac-
time-resolved x-ray diffractometry of biological and inor- celerator technology is the use of self-amplified spontaneous
ganic materials, and medical diagnostics with coherent x rayemission in a FEL!#*3In a soft x-ray FEL, an electron beam
will also be realized. Moreover, several of the most impor-would radiate at higher powers and with better coherence
tant applications may yet be unforecasted. When novel praghan it does due to spontaneous synchrotron radiation. Sev-
tical sources of intense electromagnetic radiation were devekral single-pass ultrashort wavelength FELs have been pro-
oped in the past, new regimes of physical parameters becanp@sed or are under constructitiNevertheless, these lasers
accessible, often resulting in the observation of unexpectedill not be table-top devices in the near future. Alternatively,
phenomena that led to important scientific and technologisoft x-ray coherent radiation can also be generated using ei-
breakthroughs. Based on such historical considerationsher nonlinear optical techniques for frequency up-
many researchers believe that the benefits of the widespreadnversion of optical laser radiation, or by direct amplifica-
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tion of spontaneous emission in a plasma. Very importansoon followed by numerous successful soft x-ray amplifica-
progress has been achieved in the past several years in ttien experiments conducted using some of the world’s most
generation of high order harmonics of intense ultrashorpowerful lasers as pump sour¢és?® Subsequent experi-
pulse optical lasers. Harmonic up-conversion in table-top laments achieved for the first time soft x-ray laser operation in
ser systems has been reported to generate radiation at watbe saturated reginfé;*’ and realized proof-of-principle
lengths as short as 2.7 rhiPresently, fairly optimized con- demonstrations in several applications. These applications
ditions in nonphase matched configurations yield typically anclude microscopy®*° holography?® diagnostics of dense
conversion efficiency of about 16 in the range of 10-40 plasmag?®!® and the excitation of nonlinear photolumines-
eV (on the order of 1% photons per pulgeand 108 in the  cence in crystals! However, the large complexity, cost, and
40-150 eV range (f6-10 photons per pulse€ The highest  size of these lasers, and their low repetition rate, are barriers
energy reported for a high order harmonic pulse, 60 nJ athat limit their widespread utilization. It became clear that
about 50 eV, was obtained using the second harmonic of &or soft x-ray lasers to be nearly as commonly used as optical
powerful glass laset Recently, the demonstration of phase- lasers, the development of compact, low cost table-top soft
matched harmonic conversion of visible light into soft x raysx-ray amplifiers was required. Several articles have reviewed
with a generation efficiency of 16—10 6 in the 40-70 eV the progress in the development of x-ray asérs/ starting
spectral regiohwas reported. Soft x-ray pulses with an en- with Waynant and Elton in 1978. The book by Elton dis-
ergy of >0.2 nJ/pulse per harmonic order were produced at &usses the developments up to 1898, detailed account of
repetition frequency of 1 kHz utilizing 20 fs optical pulses. the progress realized since that time can be found in the
This recent development promises to result in soft x-rayproceedings of two biannual conferences that focus on the
pulses with a high peak brightness and high average powefievelopment and application of soft x-ray lasers>*-*
Alternatively, table-top x-ray lasers have the advantage of a  The next few years are likely to witness a dramatic in-
much higher energy per pulse, and the potential to producgérease in the use of soft x-ray lasers in applications as a
x-ray beams with very high average powéEor example, at result of the very rapid progress recently achieved in the
a photon energy of 26.5 eV, a very compact dischargéievelopment of compact pump sources, and the recent dem-
pumped table-top soft x-ray laser has already produced ounstration of large soft x-ray amplification in table-top sys-
put pulses with an average energy of 0.88 m32( tems. The advances in pump sources include the develop-
X 10" photons/pulse) at a repetition rate of 4 Hz, corre-ment of multiterawatt table-top optical laser systems based
sponding to an average output power-e8.5 mW2€ Never-  On chirped pulse amplificati6fi ®> and fast capillary dis-
theless, as different applications will require soft x-ray radia-charges capable of generating highly ionized plasma col-
tion with specific characteristics, in many cases the use ofmns with very high uniformity and length-to-diameter as-
these various sources will be complementary. The focus dPect ratios approaching 1000 t&*I."° Also contributing to
this article is table-top soft x-ray lasers. For a description ofh€ progress towards practical table-top x-ray lasers is the
the characteristics and status of alternative methods for th@chievement of very important reductions in the laser pump
generation of coherent soft x-ray radiation, the reader is reénergy required for lasinf,"*to less than 1.”2"">®This is
ferred to the literaturé-13 in part the result of the implementation of excitation mecha-
The quest for practical x-ray lasers started shortly afteftisms that take full advantage of the high intensity and short
the demonstration of the first lasers in 198@®roposals of ~Pulse width of new ultrashort pulse optical laser systems.
excitation schemes for x-ray lasers date back to 1965, wheffltérnatively, the observation of large soft x-ray amplifica-
the possibility of achieving soft x-ray amplification by colli- tion in fast capillary discharge plasnfas™has shattered the
sional recombination was first suggested by Gudzenko an@otion that discharge created plasmas are insufficiently uni-
Shelepir?® This was followed by proposals of photoioniza- form to allow for soft x-ray amplification, and has opened a
tion pumping of x-ray lasers in 196%7and of electron impact New route for the development of very efficient high average
excitation scheme® 2" The latter were inspired in part by Power soft x-ray lasers. These recent developments, coupled
the earlier success in the development of visible and ultral® advances in soft x-ray optfts™ create the grounds for a
violet ion lasers excited by electron collisioff® However, ~ Promising future for table-top soft x-ray laser sources.
the dramatic scaling of the pump power requirements with
decreasing wavelength and the low normal incidence refleq;. REQUIREMENTS FOR SOFT X-RAY
tivity of bulk materials at soft x-ray wavelengths, combined AMPLIFICATION IN PLASMAS
with the short lifetime of the excited levels involved in the AP . q ina |
lasing process, made the realization of soft x-ray lasers a* ump power requirements and scaling laws
very challenging task. Several experiments realized during For most efficient energy extraction from a laser media it
the 1970s and early 1980s yielded the observation of popus necessary to operate in a regime where gain saturation is
lation inversions and gaiif 3" Nevertheless, the experimen- achieved® In most optical lasers the feedback provided by
tal demonstration of large amplification at soft x-ray wave-the optical cavity allows us to easily reach the light intensi-
lengths was not realized until 1984, when Mattheats3®  ties at which the media is saturated. In contrast, the duration
and Suckeweet al>® observed amplification from the gen- of the gain in soft x-ray lasers is usually shorter than the time
eration of population inversions in plasmas by collisionalrequired for the effective use of an optical cavity. This is the
electron excitation and collisional electron—ion recombina+esult of either the rapid self-terminated nature of the popu-
tion, respectively. These pioneering demonstrations werkation inversion in transient schem&s,”or the difficulty of
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105¢ where the Einstein coefficient for spontaneous emission
E scales along an isoelectronic sequencAas \ 2. Consid-
104; ering as an example the case of a naturally broadened tran-
= 3 sition with AvecA,; we obtain
g 1035 0 g ANN2=N, A2, <)
2 :
£ 100} In turn, the minimum pump power density required to
= i maintain a certain upper laser level population denblity
10k scales as
1 : P=N,A he No\ 3 4
1 . 1 N i . 1 — I
5 10 15 20 D U @

Capillary length
apliary length {cm) It results from Eqs(3) and (4) that the power density re-

FIG. 1. Integrated intensity of the 46.9 nm line of Ne-like Ar as a function quired to obtain a certain gain coefficient in a naturally

of plasma column length in a capillary discharge amplifier. The exponentialhrgadened transition scales as
increase of the intensity ceasedatl5 cm, where the saturation intensity is

reachedfrom Roccaet al, Ref. 70. Pocgh ™ 5 )

maintaining for a sufficient period of time the stringent N consideration of the case of Doppler broadening, the
plasma conditions necessary for amplification in quasi-cwine-broadening mechanism most frequently dominant under
schemed®-4783Consequently, soft x-ray lasers normally op- soft x-ray Iasgr operat'lng conditions leads to a dlﬁgrent but
erate with a single-pass or double-pass amplification of th&!s0 _dramatic scaling of the power requirement,
spontaneous emission through the gain medium. In such an2@9V(KTi/u)A . Nevertheless, assuming for illustration
plified spontaneous emission amplifiers the spectrally intePUrPoses the natural broadening case, the operation of satu-

grated intensity of the laser line increases as a function ofated, mirrorless lasers at 50 and 5 nm can be estimated to
plasma lengthl, as require a pump power density 1@nd 162 times larger than

a 500 nm blue—green laser, respectively, where it is assumed
E that the use of the cavity reduces the gain requirement for
—) (e9'-1)¥4gled) 12 (1)  lasing in the visible by a factor of 100. In addition, the pump
g power required for lasing at soft x-ray wavelengths is often
further increased by refraction losses that reduce the effec-

whereg is the small signal gain coefficient, afdis a con- ) ici
stant proportional to the emissivily.Ideally, this nearly ex- V€ gain coefiicient. _ _ o
ponential amplification continues until the intensity ap- Another way to illustrate the large increase in excitation
proaches the saturation intensity. For example irequired for lasing at ultrashort wavelengths is to consider
collisionally excited laser systems, gain saturation is typi-the plasmg conqmons necessary to sustain a_S|gn|f|c_ant
cally reached whe |~ 14—20%-47#3n the example illus- population inversion. As an example, let us consider lasing

trated in Fig. 1, corresponding to the amplification of theby collisional electron impact excitation in the singly ionized

46.9 nm line of Ne-like Ar in a discharge-created plasma, the(Ar ) and I\!e-like(Ar _'X) stages: of argon at 48_8 and 46.9
laser line intensity increases with a gain coefficiemt nm, respectively. While for lasing in the blue in Mrthe

~0.92 et until saturation is reached &t 15 cm?%83 In necessary plasma density and temperature are typibally

~ 3em-3 - 29 [aci : ’
conclusion, to achieve saturated soft x-ray amplification in a2 10"*cm™® and Te~5 eV, lasing at 46.9 nm in Ne

H ~ 8 _ 83 F
single- or double-pass amplifier the gain coefficient must be/ K€ Al FeguiresNeg~5x 10'%, T.=60-80 V" This is more

depending on the length of the plasma, 1-3 orders of mag@n @ six-order magnitude increase in T, product,

nitude larger than that typically encountered in most visibleVhich account for most of the large power density increase

gas laser&® Moreover, the fundamental physics of the gen_needed for lasing in the Ne-like ion. A further reduction of

eration of amplification by stimulated emission determines dN€ 1aser wavelength to 8 nm, which can be achieved, for

dramatic upward scaling of the power density deposition re_example, by collisional excitation of Ni-like Nd, requires an

quired to obtain substantial gain at ultrashort Wavelengths‘.aledron temperature 6£800 eV and an electron density of

0 -3 89 T
The small signal gain coefficient is the product of the stimu-220ut 3< 10°°cm™=.% The very large pump power densities
lated emission cross sectienand the population inversion required to achieve these plasma conditions, and the often

; 23,86 present requirement of a small optical thickness in the trans-
densityAN o ee .
verse direction?® define gain volumes that are small com-
95 pared to those of longer wavelength plasma lasers. Typical
AN= ( N,— Nl—), dimensions of gain media for soft x-ray lasers range from 10
91 to 100 um in diameter and 0.1 to 5 cm in length. An excep-
5 @ tion are capillary discharge pumped lasers, which make use
- = Agih 22 of plasma columns=300 um in diameter and up to 34 cm in
g ocAN= Nz N]_ y
8mAv 01 length17:18.70
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(a) recognized by Chirko?’ and later analyzed by many
detector plane others?-%Refraction causes a loss that decreases the effec-
5 typical ray % tive gain and, in the most severe cases limits the maximum
g ¥ _ ! % amplification length. It also affects the direction and the spa-
5 _";’S lasing plasma tial distribution of the amplified soft x-ray beam, increasing
é > C — \ - the beam divergence, deviating the beam, and causieg
g z " \[\ pending on the symmetry of the plasimsidelobes in the
% z: lasing direction beam profilé*%? or annular beam pattern§®’ Measure-

beam pattern

(@ ments of the near-field and far-field intensity distributions

that show the effects of refraction have been performed in
(b) several soft x-ray laseré-%°

N aaaas - ' - Londor’? has analyzed the effect of refraction on the
of Lr(em)= 120 amplification for the case of a plasma with a density gradient
BF  go=son- 2 E in one dimgnsion, as encountered v_vhen irradiatilng a fqil tar-
7E get with a line-focused laser. Treating the density profile as
13 0. 3 parabolic, he showed that the typical distance in the direction
= sk E of propagatiorg, in which a ray stays within the lasing me-
S 3 dium before bending out, defined as the characteristic refrac-
3t 0.25 tion lengthL,, is
Sk ;
A E n
(1) 0.125 : L=L, n_ec ®
T B A &0
Lz (em) whereng, is the maximum electron density. The correspond-
FIG. 2. (a) Schematic of ray propagating along a plasma column of dimen-""9 refraction anglep, can be expressed as
sions .y, L, having a density gradient in thedirection. Refraction de-
flects the ray. Constant properties are assumed iry ieection, which is /Neo
perpendicular to the plane of the figufe) On-axis laser flux as a function b= n_ec' ©)

of plasma length for several values of the refraction lerigtlas specified,

assuming a gain coefficiegt=5 cm . ForL,<0.2 the exponential growth | the one-dimensional case, refraction reduces the gain by

's not mantainedfrom R. A. London, Ref. 92 1/L, and determines for large plasma lengths-L, an ef-
fective gain coefficient

B. Refraction losses
1
In the most commonly utilized soft x-ray laser excitation et =9~ - (10
r

schemes the gain increases as a function of the plasma den-

sity. However, an upper limit is set by electron collisions that | ondon expressed the dependence of the on-axis radia-

at sufficiently high electron density thermalize the popula-ion flux on plasma length as a function of a parameter, the
tions of the laser levels, destroying the populationrefraction gain-length defined as

inversion®® Another limit to the maximum usable plasma
density is often imposed by refraction, that bends the x-ray G,=9L,. (13)

beam out of the gain volume as a result of the variation of . . -
. gain volu . vanat From the above expression, E@0), for the effective gain it

the index of refraction due to electron density gradients i . .
the transverse direction. The index of refraction in a plasmr;;flonowS that the length dependence of the laser intensity cor-

o responds to one of two distinct cases determined by whether
is given by : : :
the refraction gain length is larger or smaller than 1. When
/ Ne G,>1, exponential growth of the laser power is maintained
n=Y\1- no (6) until the laser intensity reaches the saturation intensity. In
contrast, wher, <1, refraction sets a limit to the exponen-

wheren is the critical density tial growth and the laser power reaches a constant value for
TMGC? large lengths, never achieving the saturation intengg
Nec= (7)  case of the curve corresponding ltp=0.125 in Fig. 2Zb)].

e\? Chilla and Rocc® extended the analysis to the case of cy-
Therefore, for a plasma column in which the electron densityindrical geometry, which is of interest for discharge-pumped
decreases as a function of distance away from an[&igs  lasers and axially pumped laser-created plasmas. In this case,
2(a)], the refractive index increases in that direction. In suchin which the index has a gradient in two directions, refraction
a plasma, commonly encountered in many x-ray laser amplintroduces a loss term l1 for each dimension and the ef-
fiers, a ray propagating from a region of lower index of re-fective gain is
fraction to one of higher index of refraction is bent away
from the axis and from the region of maximum gain. The Jort =g — E (12)
problem caused by refraction on x-ray amplifiers was early L,
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2p°3d 3p—3s transitions in Ne-like Se and Ne-like 3. Ne-like
PETAS ions have a fully occupied outer shell and are hard to ionize.
This is a significant advantage because it results in a high
relative abundance of the lasing ions over a wide range of
plasma parameters. To date, amplification has been demon-
strated in the majority of the Ne-like ions having atomic
number between SRef. 125 and Ag'?®

Figure 3 shows a simplified energy level diagram for a
typical Ne-like system that illustrates the laser transitions
and the dominant processes involved in the generation of
amplification. It corresponds to the @il laser first dem-

2p°3p 4’/
IS0 (2Py3Py),
—T N

(20353052 bt
(2P 3032 )

5Py 1 (2R 30)
—1D2' (2P3;3P50)
:301; (29432 e

3D2? (2P323P112)ye2

- 5)7 onstrated at the Naval Research Laboratory by eeal*°

ER/ The 3p laser upper levels are populated by electron mono-

‘,05_ F > pole collisional excitatiorE, from the Ne-like ion ground
state and also through recombination from the F-like ion, and

20726 1o by cascades from higher energy levels. A small contribution
Ne-like Ge ground state might also come from inner shell ionization of the Na-like
FIG. 3. Simplified Grotrian diagram of Ne-like Ge showing the laser tran-Stat.e' The. p.OpUIatlon inversions are maintained by the very
sitions of interest and the dominant excitation and deexcitation processJ@p'd radiative decay of thes3laser lower levels to the
responsible for the creation of population inversions between phar@ 3 ground state of the ion through strong dipole-allowed transi-
levels. The laser levels are labeled in bdtB andjj notations.(See C.  tions E;. Therefore, operation of these lasers in a quasi-cw
Keane, Ref. 53. regime requires the plasma to be optically thin for the tran-
sitions originating from the laser lower level. This imposes a
Therefore, in this two-dimensional case, exponential growthestriction in the maximum plasma column diameter, that is
of the intensity continues until saturation of the gain isoften significantly relaxed by a Doppler shift in the lines
achieved only ifG,>2. caused by radial velocity gradients in the plasiffa’?®The
Several techniques have been successfully developed fmping rate and the population inversion increase with the
reduce the detrimental effects of refraction. They include th%|ectr0n density_ However, as mentioned before1 the maxi-
use of curved laser targets, the reduction of sharp densityyum electron density at which an inversion can be main-
gradients by the use of a prepulse in laser-pumpegained is limited by collisional mixing between the upper and
systemd?*"and the use of a magnetic field in discharge-|ower laser levelS8

pumped laser5.° Plasma waveguides hagirl]%a density mini-  From the beginning of the study of soft x-ray lasing in
mum on axis have also been develoff and success-  Ne-like ions, models have predicted the largest gain to occur
fully used in soft x-ray amplification experimerftsPlasma i the transition linking the (g%3p 'S,) and (20°3s'P,)

waveguides can be expected to have an important impact Qipper and lower levels, respectively=£0—1 line. This is

the development of efficient table-top x-ray lasers. because the highest monopole excitation rate into the 3
manifold is to theJ=0 level. However, the first observation
IIl. POPULATION INVERSION MECHANISMS of amplification occurred instead in tlle=2—-1 lines of Ne-

like Se, in 1984 Subsequent experiments conducted in the
following few years confirmed the observation of larger gain
The collisional electron excitation scheme was onein the J=2-1 lines* with the exception of experiments
of the first explored theoretically in detdf7?’ Several conducted in loweiZ elements that showed slightly higher
compact, high gain, laser-pumgéd’® and discharge- gain in theJ=0-1 line?® This apparent contradiction be-
pumped—83124soft x-ray amplifiers have been successfully tween theory and experiment in the distribution of the gain in
developed based on this scheme. This x-ray laser excitatiomigh Z elements attracted significant attention, and gave ori-
mechanism resembles that of some of the most widely utigin to a number of suggested explanatiifs**?Increased
lized visible and ultraviolet ion lasers, the cw argon ion andunderstanding of the cause of this anomaly resulted from
krypton ion laserg®?° in which the laser upper levels are recent experiments in laser-created plasmas that made use of
predominantly excited by direct electron impact collisiona prepulse in the excitation. The prepulse significantly
from the ground state of the ion stage of interest. In the mosthanges the spectral composition of the x-ray laser output,
common implementation of these lasers, the generation of gsulting in a great increase in the intensity of the0—1
population inversion occurs in a quasi-cw regime, aided byine.13-1%8 An important characteristic of plasmas created
the very favorable radiative lifetime ratio between the laseffollowing a prepulse is the reduced density gradients, and
upper and lower levels. The upper levels are metastable witbonsequently reduced refraction. It was concluded that lasing
respect to radiative decay to the ground state, and the lasar the J=0-1 line takes place in regions of higher plasma
lower levels are depopulated by strong dipole-allowed trandensity, where without a prepulse refraction losses signifi-
sitions. The first successful demonstration of lasing at softantly decrease the effective amplification of this line rela-
x-ray wavelengths utilizing this approach was realized ative to theJ=2-1 line. TheJ=0-1 line has been observed
Lawrence Livermore National Laboratory involved the to be clearly dominant in loviZ Ne-like ions generated by

A. Collisional electron excitation

Downloaded 06 Jul 2006 to 129.82.233.53. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp



3804 Rev. Sci. Instrum., Vol. 70, No. 10, October 1999 J. J. Rocca

either laser excitation of a solid target using apicosecondsby heating the plasma at a rate faster than the
prepulse:®®1041%jaser excitation of a gas-puff targef, or  relaxation rate of the excited states. The larger gain coeffi-
fast capillary dischargd 83124 cients are a consequence of several phenomena that, for a
The collisional electron excitation of Ne-like ions is one short period following rapid transient heating, contribute to
of the most studied and proven excitation mechanisms. It hagenerate a much higher population inversion. These include
originated some of the most robust soft x-ray lasers demorthe fact that immediately following rapid collisional excita-
strated to date, including several table-top soft x-raytion, and before collisions have the time to redistribute the
lasers!’ 767883124\ evertheless, it also has a significant dis- populations, the upper laser level population is larger as a
advantage: the high degree of ionization and consequentiyesult of its larger rate of excitation. The other phenomena
the large pump power that is required to obtain lasing at dhat contribute to an increased gain are the increased rate of
given wavelength. Alternatively, the Ni-like sequence haselectron excitation in an overheated plastnecall that the
been proposed and successfully utilized to extend collisionexcitation rate depends exponentially on the electron tem-
ally excited lasers to shorter wavelengffid*/7115116.134-144  haratyre, and a reduction in the rate of collisional mixing
Lasers in the 8°4d—3d%p transitions of Ni-like ions are between the closely spaced active levels. The latter allows
direct analogs to lasers inp23p—2p°3s transitions in  operation at significantly higher electron density, and there-
closed shell Ne-like ions, but have the advantage of produdore at increased pumping rates. Transient gains in excess of
ing amplification at a shorter wavelength for a given state ofLl00 cm * have been predicted theoreticalf{~*°°The short-
ionization. This higher quantum efficiency significantly re- lived transient population inversions, which are pumped di-
duces the pumping energy required to achieve lasing by cokectly from the ground state by electron collisional excita-
lisional excitation at a selected wavelength. The ldvels  tion, last until collisions redistribute the populations among
are populated through a combination of direct electrorlevels. Following this short transient period of high popula-
monopole collisional excitation from thed3® ground state tion inversion the gain decreases until the laser level popu-
of the ion and from cascading from upper levels. As in thelations finally reach the quasisteady state value. In summary,
case of Ne-like lasers, the laser lower level is rapidly dedn the transient electron collisional excitation scheme a popu-
populated by dipole-allowed radiative decay to the groundation inversion is created because the transient collisional
state. The highest gain is observed in the0O—1 line. Ni-  processes of excitation of the laser upper and lower level
like soft x-ray lasers were first demonstrated in 1987 in aroccur at different rates, and not because of the faster rate of
Eu laser-created plasma, producing an amplificatiorglof radiative relaxation of the laser lower level. Therefore, in the
~4 at 7.1 nnf® Subsequently, the scheme was isoelectronitransient regime there is no need to limit the transverse di-
cally extrapolated to other ions with laser wavelengths asnension of the plasma in order to ensure optical transpar-
short as 3.56 nm in Ni-like At?® Hagelstein first proposed ency of the lower level radiation. The main advantage of the
the use of lowZ Ni-like ions to develop table-top collisional transient excitation scheme for the realization of table-top
lasers at wavelengths near 20 nm and computed significantray lasers is the greatly reduced laser pump energy re-
gain for overheated plasma conditiofi For several years quired for excitation. For example, a few J/cm deposited in
the maximum amplification obtained in Ni-like ions re- ~1 psin a line-focused plasma have produced gains of up to
mained smaller than that obtained in Ne-like systems, an@5 cmi ! in the 3p0—3s J=0-1 line of Ne-like Ti at 32.6
below the values required for gain saturation. Neverthelessym.”®’® The transient excitation scheme has been also ex-
the use of multiple-laser-pulse excitation techniques and theended to the Ni-like sequence, where a gain of 35 tmas
optimization of target geometries has greatly increased theeported in the d—4p J=0-1 line of Ni-like Pd at 14.7 nm
gain in Ni-like ions'#1-143144Recently, gain saturated opera- utilizing ~5 J of excitation energf’-"8
tion has been obtained at wavelengths as short as 7.3
nm1141151431he amplification of soft x-ray radiation by col-
lisional excitation is not limited to Ne-like and Ni-like ions. B. Collisional recombination
Gain has also been observed in Co-like ibt%sand the use

of the Nd-like sequence has also been propd&&Hs This population inversion mechanism was first proposed

by Gudzenko and Shelepin in 1985The first report of

1. Transient electron collisional excitation large amplification at soft x-ray wavelengths by plasma re-
combination ¢l=6), corresponds to an experiment realized

The collisional electron excitation scheme describedby Suckeweret al. in 19843 More recently, recombining
ab(_)ve is intrinsically a quasisteady state schem_e in Whidblasmas pumped by table-top lasers has produced amplifica-
lasing can occur for as long as the plasma conditions necegyy, in transitions to the ground st&&* with gains up to

sary for the generation of a population inversion can beg|~6.5 at wavelengths as short as 13.5 nm. Evidence of
maintained. A recently demonstrated variation of the COI”'ampIification by plasma recombination has also been re-
sional electron excitation scheme takes advantage of thﬁorted in plasmas created by compact electrical

much larger population inversions that can be obtained Und%’ischargeg&lﬁ—lssln this scheme, the laser upper level is

rapid transient excitatioft™ "It was first recognized by Afa- 45 jated following the recombination of ions with a charge
nasiev and Shlyapts&¥ that gain coefficients that are 1-2 7 /1 ith an electron, through a three-body interaction de-

orders of magnitude larger than those obtained for the SaM&rined as collisional or three-body recombination:
transition in the quasisteady state regime can be produced for

a short period of timetypically subpicosecond to tens of AZt142e AT te. (13
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This type of process is the inverse of collisional electron
ionization. It preferentially populates highly excited bound

levelsAZ" of the ion of charge, favoring the generation of
population inversionthe recombination rate scales with
the principal quantum number of the level, 9.1 As the
reaction above suggests, the collisional recombination rate n=4 v
R3y, IS proportional to the square of the electron density. The
recombination rate is also extremely sensitive to the electron
temperatureRg, = T, *°.2%" Therefore, the generation of 18.2nm laser
large population inversion by recombination requires a dense
and relatively cold plasma.

Hydrogen-like ions, as originally suggested by
Gudzenko and Shelepfihave a very favorable energy level
structure for the generation of population inversions by col-
lisional recombination. In principle several transitions can be
inverted, but initially much of the attention focused in the
very favorable 3-2 transition of these ions. As an example,
Fig. 4 shows the atomic processes involved in the generation c¢vi  n=1
of population inversion in the 3-2 transition of H-like C at
18.2 nm by collisional recombination. When the pIasmaF'G- 4, _Simplified Grotriar_1 diagram of_H-Ii_ke C_showing the processes
cools, collisional recombination populates highly eXCitedresponsmle for the generation of population inversion between @ and

. . "“'n=2 levels in the 18.2 nm @ recombination laser.
states, and electron collisions rapidly transfers the population

to '.e"?'s .Of _Iower energy. Smce collisional electron de'mersed in a strong solenoidal magnetic fi&l@he magnetic
excitation is inversely proportional to the square root of the

diff bet the leviERé this electroni confinement was allowed to maintain a high electron density
engrg;r/ ! k(]arencel ve Iwete\r/]vhi eh E\I/ tr, r|1$de ecxrc;trllg (;ais— nwhile the plasma was cooled by radiation and electron heat
cade reacnes a fevel at which electron de-excitation 1S N, q,ction to adjacent cooling blades. Laser pulses of about
longer dominant over radiative decay. At this level the

bottleneck that is produced in th de creat I3 mJ were generated at an efficiency of t0Amplification
ottieneck that 1S produce € cascade creales a populgs 5150 been demonstrated in numerous experiments in
tion inversion respect to a lower level, that is most com-

. ) o hich line focus plasmas were cooled by free adiabatic
rsr':gtnelyo??r-]ixgaed by very rapid radiative decay to the groundgxpansiori‘.l’leo‘l% Gain has been reported in H-like Na

h lfioati f soft by ol b ions%3in the 4f—3d and 5 —3d lines of Li-like ions14-166
e amplirication or soft X rays by plasma recom Il’la—and in Be-like and Na-like iongo

tion vr\:ouhltj seem (;O §eqmre C(()jnfhctmg pllzsnra tcondtmons: a  an important advantage of the recombination scheme
very highly 1onized plasma and a very cold electron temperag, ., respect to the collisional excitation scheme involving

ture. In practice, the problem has been traditionally soIvecYV

S . . o An=0 transitions is its more rapid scaling to shorter wave-
utilizing a two-step process. First, a highly ionized and dens‘?engths with nuclear chargg. However, recombination la-

&8s have suffered the problem of not scaling adequately with

pulse. By this method the plasma is hot during the excitatiorgIasma column length, "The largest gain length product

pulse, allowing for the generation of the required high popu- chieved to date igl~8 It is possible that the problem is
lation density of ionsAZ+2, and cold during the recombina- related to the very high sensitivity of the gain in recombina-

. . . . . tion schemes to the variation of the plasma parameters that
tion Ph‘.ise-. The required cooling rate is dgtermmed by th an be more pronounced for longer plasma columns. Never-
recombination rate. The plasma can be rapidly cooled by A cless. the causes of this limitation are not well
adiabatic expansiot?,31:37:127:159-164)y electron heat con- Jerstooli* and topic of Cdi ion that must
duction to a nearby wall or colder neighboring plastffaor understood “and are a fopic ot current discussion that must

- : . . . o be resolved for x-ray recombination lasers to achieve their
by radiation from highZ ions introduced as impurities into

the plasma®®1%9All three cooling mechanisms, or combina- full potential.

tions of them, have been utilized experimentally to generated: Récombination lasing in transitions to the ground

gain at soft x-ray wavelengths by collisional electron—ionStaté

recombination. In particular, important efforts have been de-  Jones and Ali’?> demonstrated theoretically that large
voted to the demonstration and study of amplification in thetransient gains could be generated in the 2—1 transitions of
18.2 nm 3-2 line of H-like C. Initial experiments observed H-like ions following recombination of a totally ionized
population inversions in plasmas that were generated by alplasma of arbitrarily low temperature. This kind of laser
lating solid carbon targets or carbon fibers with high powerscheme using a transition to the ground state is very attrac-
laser pulses, and cooled by adiabatic expandldh®~37 tive to rapidly scale recombination lasers to very short wave-
Large amplification was first observed in an experiment inlengths. It provides a method to amplify with a high quantum
which a 300 J pulse from a GQaser with about 75 ns pulse efficiency very short wavelength lines in species which are
width was used to generate a nearly totally ionized carbomnly moderately ionized. For example, in this scheme lasing
plasma column by bombarding a carbon solid target im-at 13.5 nm requires an initial plasma of totally stripped Li

n=3 v cascade

n=2

Strong radiative decay

rapidly cooled following the termination of the excitation
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ions (three times ionized atomswhile lasing at 3.37 nm can to Raman scattering at acceptable levels in shorter wave-
be attempted in @ in a plasma that initially is only six length schemes that require intensities on the order of 1
times ionized. In the first case the quantum efficie(Q{), X 10"8W cm~2.17° Experiments are needed to evaluate the
computed as the ratio of the laser photon energy and thinplications of these potential limitations to the scaling of
energy required to totally strip the atom, is ©B.45. Thisis  OFI recombination lasers. The progress in the development
a large improvement with respect to a recombination laseof OFI recombination lasers is summarized in a later section.
based on the 3-2 transition of H-like ions, that for lasing at
a similar wavelength would require an inversion in H-like N o ]
(\=13.4nm) with a QE0.06. The high QE of laser tran- C- Photoionization and resonant photopumping
sitions to the ground state offers a possible route for the These two popu|ation inversion mechanisms for X-ray
development of very short wavelength lasers with small examplification have in common that the excitation of the laser
citation energy, potentially resulting in very short wave- upper level population involves the use of high energy pho-
length table-top recombination lasers. However, for lasing taons. The generation of large population inversions following
occur in a transition to the ground state, recombination has tehe selective x-ray photoionization of inner shell electrons
be very rapid to allow for the generation of large upper lasefas originally proposed by Duguay and Rentzepis in 1867.
level populations before the ground state ion level is signifi-The generation of population inversions by this mechanism
cantly populated. The recombination time must then bes possible because at photon energies just above the thresh-
shorter than the radiative lifetime of the laser upper levebld for inner shell photoionization the cross section is an
which is, for example, 26 and 1.6 ps for the=2 level of  order of magnitude larger for inner-shell electrons as com-
H-like Li and H-like C, respectively. These time scales arepared to outer-shell electrons. This scheme has the potential
often shorter than the time required by any plasma coolingidvantage of leading to relatively compact lasers with wave-
mechanism to cool a hot plasma before the ground state iengths shorter than 1.5 ntfi*8%In principle, it can allow
significantly populated. Therefore, amplification in transi- for operation at a low plasma temperature of less than 1 eV
tions to the ground state requires the generation of highlwith consequently small Doppler broadenings and large gain
stripped ions in a plasma with a low electron temperaturecoefficients. The incoherent x-ray photons that pump the la-
Peyraud and Peyralfd proposed the use of multiphoton ion- ser media would be normally produced by a nearby plasma
ization to produce a plasma of fully stripped ions and coldcreated by heating a target made of a highmaterial such as
electrons on a time scale that is short compared to the recongold with an intense ultrashort laser pulse. Experiments have
bination time. However, means for the generation of initialdemonstrated total laser energy to incoherent x-ray energy
plasma conditions for lasing in a transition to the groundconversion efficiencies 0f20% (>1% into x rays with en-
state did not exist in 1975, the time of the analysis of Jonegrgy above 1 keY Photons at energy below the inner-shell
and Ali. The advent of very powerful subpicosecondbinding energy are removed with an appropriate filter to
laser§?=% and the understanding of above-thresholdavoid pumping of the laser lower level.
ionizatiort’* have made possible the relatively recent obser-  The first proposal for inner-shell photoionization lasers
vation of soft x-ray amplification in transitions to the ground at x-ray wavelengtis has preceded by decades the develop-
state’> 74175 ment of sufficiently powerful ultrashort pulse laser
Burnett and Corkur{® recognized that a cold plasma of drivers®?-%° The photoionization scheme was first demon-
highly stripped ions in which recombination can occur in thestrated in the visible region of the spectrum by Silfveisal.
subpicosecond time scale can be created by optical-fieldn 198382 McGuire proposed the production of population
induced(OFI) ionization using linearly polarized light, and inversions by selective Auger decay following inner-shell
proposed the realization of ultrashort wavelength lasers utiphotoionizationt®* In 1986 Kapteyn, Lee, and Falcone dem-
lizing this approach. For a linearly polarized laser pulse, theonstrated lasing at 108.9 nm in doubly ionized Xe by Auger
electrons are compelled to return their quiver energy to thelecay following the photoionization of neutral X&.Output
laser field. This method can therefore create plasmas that aemergies of severgkJ in this transition were subsequently
simultaneously highly ionized and cold in a time scale muchobtained & a 2 Hz repetition rate by Sheet al. utilizing
shorter than their recombination time. Amendt and Eder andraveling wave excitatioh®® Amplification in the equivalent
Ederet al1’"1"®analyzed different aspects of the implemen-transition in Kr at 90.7 nm was also observ8dHowever,
tation of soft x-ray recombination lasers based on OFI. Thewo demonstration of a photoionization laser at x-ray wave-
first observation of gain in an OFI plasma was reported bylengths has yet been realized. Nevertheless, the recent devel-
Nagataet al. in the 2—1 transition of H-like Li at 13.5 nff.  opment of relatively compact lasers capable of producing
Experiments subsequently conducted at Princéfcand at  peak powers of up to 100 TW greatly increases the likeli-
Berkeley ® observed similar results. Heating associated withhood that this type of x-ray laser will be realized in the near
Raman backscattering was recognized as a possible obstadlgure.
for extending this scheme to much shorter wavelengths. For Kapteyn has analyzed the possibility of obtaining lasing
schemes requiring pump laser intensities on the order dfy preferentially photoionizing theK-shell electrons of
10’Wem 2, e.g., Li-like Ne at 9.8 nm, it has been sug- low-Z elements& focusing in particular on th&, line of
gested that the use of short driving puldes100 f§ can  Ne (A=1.5nm). Previously, Elton had discussed the possi-
provide a solutiort’® However, the same theoretical analysis bility of obtaining quasistationary population inversist,
concluded that it will be difficult to keep heating associatedtransitions:®? and Hagelstein had analyzed the possibility of
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producing a 27 eV laser by photoionizing the 2hell of (1s)!
neutral Ne to create af2-2s inversion in Nei.>®> A main - —
advantage of th&, scheme is its scalability to very short

wavelengths. The energy level diagram of #hgNe laser is

illustrated in Fig. 5. The filtered x rays primarily photoionize Auger decay
the inner-shell electrons, producing population inversion and T=2.7S5 fsec
gain in the allowed radiative transition between the Photoionization | geer Transition

mechanism of depopulation of theg)I * laser upper level. p)? (2s,p)?
However, the self-terminating lifetime is not the dominant j

process that limits the duration of the gain. Instead, the mag- Eizctron Ionization

nitude and duration of the gain is limited by electron colli-

sional ionization of neutral neon atoms. The energetic elec- Nel Ne Il Ne III

trons created in the Iasmg material by phot0|0n|zat|0n an¢IG. 5. Simplified energy level diagram of a proposed inner-shell photoion-

Auger decay create predominantly grOU_ndTSt?-te_Ne_ ions thafation laser in thek, transition of Ne at 1.5 nm. X rays photoionize the 1
are the laser lower level. Therefore, this is intrinsically anelectrons of the Ne atoms creating a population inversion and gain in the

ultrashort pulse x-ray laser. Kapteyn has concluded that lag1s) *—(2p) ! transition of singly ionized Ne. Rapid Auger decay de-
ing in theKa transition of Ne at 1.5 nm could be produced pleteflthe (%) ! laser upper I(_e\_/el. Electron |mpact |on|zat|(_)n populates the
. .. . .~ (2p) " laser lower level limiting the duration of the gaifrom H. C.

by traveling-wave excitation using a pump laser generatingapteyn, Ref. 18p
=10 J pulses of approximateh:50 fs durationt® In this
scheme, the target would be a thin beryllium foil, which is
coated on one side with a structured x-ray emitting materiapump source, resonant photopumping relies on very intense
and supports a frozen mix of Ne—H on the other side. Thdine emission to pump the laser upper level. Therefore, this
beryllium acts as an absorber for low energy x rays that arenechanism requires a precise wavelength coincidence be-
capable of producing outer-shell ionization, and also sepatween powerful pump lines and lines that can populate a
rates the hot x-ray emitting region from the laser region sdaser upper level by resonant photoabsorption from a highly
that thermal ionization of Ne does not take place. Hydrogerpopulated state, typically a ground state. It was recently
acts as an electron moderator in the lasant material to mitishown by Nilseret al. that the amplification observed in the
gate electron collisional ionization. The theoretical study of3d 'P;—3p 1P, line of Ne-like Ar at 45.1 nm in a laser-
the K, photoionization lasers was extended by Eder anctreated plasma was assisted by photopumping due to reab-
co-workers’®18L18yho calculated a scaling law relating the sorption of the 8 !P,;—2p!S, resonance liné®* This
necessary laser pump energy to the wavelength that can mechanism of self-pumping of a strong emission line in an
be achieved. Assuming 20 fs x-ray pump pulses, they obeptically thick plasma has also been proposed as a mecha-
tainedE, = (4.5/\)?, where the laser wavelengthis in nm  nism for driving the population into the laser upper levels of
and E, is in J8 Calculations for inner-shell photoionized other Ne-like and Ni-like ion$?® However, a directly pho-
lasing in C at 4.5 nm suggest that a driving laser energy omopumped x-ray laser has not yet been realized. This excita-
the order 6 1 J should be sufficient to produce a gain coef-tion mechanism has nevertheless produced amplification at
ficient of 10 cm * and a large gain-length produ€f Barty  ultraviolet wavelength?*~'*and a large number of laser
et al. have proposed another approach to the pumping oproposals based on x-ray line-coincidence studies are await-
inner-shell x-ray lasers, in which the pumping is not basedng realizatior>>°8197-29%jgnificant efforts have been dedi-
on x-ray photons but rather on a burst of fast electrons proeated to attempt the demonstration of amplification at 23.1
duced by an ultrashort pulse la$8/ major motivation for nm in He-like Ne by resonant photoexcitation of the
this scheme is the nearly 100% efficiency with which a cir-1s>—1s4p P, transition in that ion with 1.1 nm radiation
cularly polarized high-intensity optical laser can produce arom He-like Na plasmas generated by very large pulsed-
burst of electrons with a pulse width and energy roughlypower generator&>-2>An experiment conducted in 1992 at
corresponding to the duration and ponderomotive energy dbandia National Laboratory using the Saturn generator, at the
the irradiating laser, respectively. Nevertheless, atomic eledime the world’s most powerful pulsed-power machine, pro-
tron impact ionization cross sections favor outer-shell ionizaduced 200 GW in the 1.1 nm Na pump line and obtained
tion over inner-shell ionization, and thus the automatic popuevidence of a population inversion in He-like Kg.How-
lation inversion that is possible with x-ray pumping no ever, no gain was reported. Of greater interest for the devel-
longer takes place in this scheme. However, the scheme propment of table-top lasers are experiments that have been
posed by Bartyet al. relies instead on the Coster—Kronic conducted with more compact drivéf$-2°2Gain on the or-
mediated decay of the laser lower level to create theler of 1 cmit and agl=2 was reported in the -4f and
inversion®? 3d-5f lines of Li-like Mg ions, pumped by a Si plasma

A different pumping mechanism also based on the excicreated by a laser pulse of 120 J energy and 400 ps
tation by energetic photons involves resonant photoduration?’® Another experiment observed an enhancement of
absorptiont®19|n contrast with the photoionization scheme the population of the upper level of a Mo transition near
discussed above, which can make use of a broadband x-r&0 nm when photopumped by a line in Mp from an adja-

(1s) "1 2s and () ! 2P levels of the singly charged ion. @ 849 eV
Rapid Auger decay with a rate ¢2.7 f9 ! is the dominant !
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cent laser-created plasfif.Also, a resonant photopumping pulse compression developed by Tréatyand MartineZ°
study of Be-like Mgx ions by Li-like Alxi line radiation  This approach allows us to take full advantage of the high
has been performed driving an Al pinch with a 0.5 TW saturation fluence$~1 Jcnf), broad gain bandwidth, and
pulsed power generat8t® The objective of this experiment relatively long upper laser level lifetime of solid-state ampli-
was to obtain amplification on the Mg 2s4p—2s3d tran-  fier media such as Ti:sapphire, Nd—glass, and Cr:LiSAF. The
sition at 2.28 nm. Evidence of fluorescence from tipdevel  result has been the development of terawatt peak-power op-
of Mg Ix due to photopumping by the 4.83 nm line of Al  tical lasers operating at pulse repetition rates of 10 Hz that
was reported. can fit on a single optical table, and larger systems producing
The population inversion mechanisms discussed aboveeveral tens of terawatts that fit in a few optical tal5fe§®
are by far the most studied, and include all the soft x-rayThe characteristics and design issues of high power ultrafast
lasers demonstrated to date. However, other x-ray populatiolaser systems have been recently reviewed in detail by
inversion schemes based on different atomic processes suglackuset al. in a previous issue of this journéd.Neverthe-
as charge transfer, have also been propd%€8?'Re- |ess, for completeness the basic concept and status of CPA
cently, Hagelstein analyzed the possibility of extending thenigh power ultrashort-pulse laser drivers for table-top soft
concept of lasing without inversion to soft x-ray x-ray laser research are briefly summarized below.
wavelengths!? In the CPA technique, a short seed pulse is first stretched
in duration, then amplified, and finally recompressed to ide-
ally its initial duration?!” The process allows us to obtain
extremely high peak powers by the amplification of ul-

Many of the recent advances in table-top soft x-ray la-trashort pulses, while avoiding very high intensities in the
sers have been made possible by the development of neamplification pulse that would damage the ampliffér&h**/
compact high power drives. Up to the late 1980s practicallyA schematic description of a CPA amplifier system is illus-
all soft x-ray amplification experiments made use of high-trated in Fig. 6. Low-energy seed pulses (1x1®°J) are
energy optical laser drivers that generated pulses of nanoselypically produced by a mode-locked oscillator, most com-
ond duration. Large pulsed-power generators were also usédonly a Ti:sapphire laser pumped by a cw Ar ion laser or a
in attempts to obtain soft x-ray amplification, but did not diode-pumped frequency-doubled Nd:YAG laser. The dis-
succeed in observing gain. While research towards the devetovery of Kerr lens mode lockifg’?**and its subsequent
opment of table-top x-ray lasers based on nanosecond pulgefinement$?* have produced pulses as short-a4 fs and
laser drivers continues to ddf&much of the recent effort have made the generation of sub-20 fs seed pulses a routine.
has shifted towards the use of small-scale high power ulPrior to amplification, the seed pulse is stretched in duration
trafast laser drivefé78%1® and compact high power by a factor 18-10" by introducing a frequency chirp, with a
discharges/-68-7081-83.124.152-15ja\yy opportunities for the —corresponding reduction in intensity. The concepts of disper-
efficient pumping of table-top soft x-ray lasers have arisersion control developed by Martin&? allow for the construc-
from the development of compact, very high power ultrafastion of a perfectly matched stretcher—compressor pair. The
optical lasers based on the technique of chirped-pulse amplstretcher, that in its original design consisted of a pair of
fication (CPA), and from the demonstration of highly ionized diffraction gratings in an antiparallel configuration contain-
capillary discharge plasma columns of unprecedented axiahg a telescope composed by two identical lenses, generates
uniformity. CPA of ultrashort laser pulses presently allowslarge positive dispersion factors. For the amplification of
for the generation of multiterawatt peak powers from table-very short seed pulses it is necessary to implement a stretcher
top systems operating at repetition rates of typically 10that matches the dispersion of the compressor and of all
Hz.52-5° Compact fast capillary discharges have been showmther dispersive elements in the system, including the gain
to successfully concentrate large amounts of electricallynedium, Pockel cells, polarizers, isolators, etc. This has been
stored energy in needle-shaped plasma columns with leng@ccomplished with all-reflective stretchers, which present
to diameter ratios approaching 1000:1 and excellent axiaeveral advantagéé?* The stretched seed pulses are first
uniformity £8-7081-83The characteristics of these drivers for amplified to 1-10 mJ by either a regenerative or a multipass
table-top lasers are summarized in the following sections. amplifier, and are subsequently injected into one or more
amplifiers. The design of ultrashort-pulse laser amplifiers
must take into account the gain narrowing that results from

The high power ultrashort pulse drivers used in table-topghe reduction of the bandwidth of the amplified pulse caused
x-ray laser research are based on either excimer-based by the larger amplifications of the frequency components,
solid-state amplifier media. Ultrashort pulse excimer basedvhich are closer to the central frequency of the gain
systems have been available since the 1980s and typicallyedium® However, gain narrowing has not precluded the
produce pulses of 0.3—0.5 ps duration and energy up to a feamplification of sub-20 fs pulses to peak powers up to 100
hundred m¥*3-25However, the output energy of relatively TW.5265224Fqllowing amplification, the pulse is finally re-
compact high power excimer amplifiers is limited to thesecompressed close to its original pulse width by a pair of
values by the low saturation fluenéeemJ/cn?). Presently, identical parallel gratings that provide a negative group delay
the majority of compact high-peak power laser systems usdispersion. In very high power systems, at least the final
CPA in solid-state amplifiers, a scheme first demonstrated bgrating compressor is enclosed in a vacuum chamber to
Mourou and co-workefs’ based on the concepts of optical avoid wave front distortion and filamentation.

IV. PRESENT STATUS OF TABLE-TOP DRIVERS

A. High power ultrashort-pulse lasers
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nal polarization in order to recombine them with a polarizer
prior to focusing them onto the solid target. This implemen-
N tation allows a jitter-free synchronization of the two pulses.
{ As discussed later, this type of laser system has been suc-

Amplificd pulse

Stretched pulse Amplifier

Short pulse . . .
cessfully used to generate very large transient population in-
Amplificd short versions in Ne-like and Ni-like ion® 78225226 Great
Stretohor Compressor pulse progress has also been recently achieved in the development

o _ of sub-20 fs systems that are likely to lead to the demonstra-
FIG. 6. Schematic diagram of a high-power ultrashort-pulse laser systerfjgn of gain in inner-shell transitions in the near future. A 50

based on chirped pulse amplification. The shaded rectangles in the expan - . .
and compressor setups represent diffraction gratifrgen Backuset al,, *Fl, sub-20 fs Ti:sapphire system capable of operating at 10

Ref. 62. Hz has been demonstrated at the University of California at
San Dieg8® and a 100 TW, 19 fs, 10 Hz system has been

Relatively compact ultrashort pulse optical laser systemgecently completed at JAERDapai.”** Systems with simi-
with peak powers in the 5-100 TW range have been recentl{@r characteristics and peak powers up to 30 TW have also
demonstrated based on the CPA techni®tfu€® A schematic een built at several other institutioffsFor more details on
of a multi-TW laser system developed at the Max Born In-high power ultrafast lasers, the reader can refer to the review
stitute is illustrated in Fig. 7. It consists of a hybrid CPA Paper by Backus and references theféiwhile some of the
system utilizing a Ti:sapphire oscillator and regenerative amabove lasers represent the state of the art in terms of output
plifier and a Nd:glass amplifier chain designed to produce ®#owers for relatively compact systems, smaller ultrashort-
synchronized sequence of a long pulde2 ns of up to 7 pulse lasers with lower output powers have also made sig-
and a short pulséd.7 ps of up to 4 J7%225|n this system, a  hificant contributions towards the development of table-top
seed pulse produced by a Ti:sapphire oscillator is chirped t§0ft x-ray lasers?~">and are likely to continue playing a
~1 ns in a double pass grating stretcher. A single pulse i§ole in the future.
switched out of the oscillator and is amplified in a regenera-
tive amplifier. The output pulse is further amplified in a
chain of five Nd:phosphate glass amplifiers before being spli
to form two beams that are amplified in two final amplifier Direct excitation of plasma columns with an electrical
arms. The pulse from one arm is compressed in a gratindischarge has the potential advantage of generating soft
compressor that is enclosed in an evacuated box to producexeray lasers that are very efficient and compact. However,
short pulse of 0.7 ps duration. The two pulses have orthogoaxial inhomogeneities in the plasmas of high power dis-

P. Fast capillary discharges

Ar pump laser Master osci!l,ator \ . YAG
Tsunami pump laser
A Z PCi|H—{ HI | \ regenerative amplifier
A —A \ \
e o <=
G2 G1 |st—in} _ y
& - -
stretcher ¥ \
polarizer

relayed
A3 A2 fast PC A aperture

A4 1
Ao [t mn] o] = [omn ] =t mm et |
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A

— — |\ e | -
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FIG. 7. Schematic diagram of the high power CPM hybrid laser system developed at the Max Born Institute to pump transient inversion soft x-ray lasers by
a sequence of a long and a short pulse. This laser was successfully used to pump transient-inversion collisional lasers in Ne-like Ti andReé-Mg V
(Diagram courtesy of P. V. Nickles, MBI
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charges, produced by nonsymmetric compressions and insta-
bilities, have impeded for many years the development of
discharge driven soft x-ray lasers. Recently, this situation has
dramatically changed with the demonstration of saturated
table-top lasers driven by capillary dischar§és:ast dis-
charge excitation of capillary channels 1.5-4 mm in diam-
eter filled with preionized material has resulted in the suc-
cessful compression of a significant fraction of the discharge
power into plasma columns ef300 um diameter, achieving

the high power density deposition and the good axial unifor- -
mity necessary for soft x-ray lasit§®®#2Fast compression i,

of larger diameter plasmas i-pinch discharges has also capacitor

generated axially uniform columffS in which soft x-ray FIG. 8. Schematic diagram of the capillary discharge setup used to obtain

amplification by collisional recombination has been sayrated amplification of the 46.9 nm line of Ne-like (dom Roccaet al,
investigated>? Refs. 68 and 82

Roccaet al. first proposed the development of soft x-ray
lasers based on fast capillary discharges in 188@rior to pacitor that was pulse charged by a Marx generator. The
their use in soft x-ray laser research, discharges in evacuategpillary loads were excited by discharging the capacitor
plastic capillaries had been investigated for applications inhrough a spark-gap switch pressurized with,.SFhe gen-
spectroscopy, microscopy, and lithograghy.>**However,  erator was used to excite Ar plasma columns up to 20 cm in
with the exception of an experiment in an evacuated tefloength with current pulses 6£39 kA peak amplitude and 75
capillary excited with a~10 ns rise time puls&? most of ns first half cycle duratio? The same generator was also
these plasmas had been excited with relatively slow currenised to excite capillary channels of 1 mm diameter and 1 cm
pulses with rise times=50 ns. In these slow discharges, the length with current pulses of100 kA peak amplitude and
large mass of wall-ablated material typically limited the elec-11 ns 10%—-90% current rise tifi& A more compact dis-
tron temperature to values:60 eV. These plasmas were charge setup based on a Blumlein transmission line that oc-
typically generated by discharging a low inductance capacieupies a space of only 041 n? in an optical table was used
tor (5—100 nB through a circuit in which the capillary chan- to produce laser output pulses with energy up tqud5n the
nel also acts as the main discharge switch with the purposé6.9 nm line of Ne-like AP*° A photograph of this discharge
of minimizing the inductance. Capillary discharges of thisis shown in Fig. 14 in Sec. V. More recently, a capillary
kind have been employed to investigate gain by collisionaddischarge laser of similar size produced an average output
recombinatior?®1%1:152233-236rha capillary discharges that pulse energy of 0.88 mJ at a repetition rate of 4 Hz at this
to date have proven to be most successful for soft x-ray lasavavelengtht® A higher power capillary discharge that gen-
excitation have a rapid current rise time, typically 10—-40 nserates current pulses of up to 200 kA with a 10%—90% rise
The fast current rise time minimizes the amount oftime of =10 ns was recently developed to explore the gen-
material that is ablated from the capillary walls before theeration of the plasma conditions that are necessary for am-
magnetic field compresses the plasma, detaching it frorplification at shorter wavelengti%’ The final stage of the
the walls®®828  Diagnostic®®22372%8 and model- pulse generator consists of a radial water-dielectric Blumlein
ing8283.129.24024, gnfirmed that the plasma of these fast cap-transmission line. The very rapid current rise time is ob-
illary discharges is not a stationary homogeneous columrtained by switching the transmission line through an array of
but that it rapidly contracts, heats up, and expands, constituseven synchronized spark-gap switches.
ing a kind of wall-influenced pinch. These fast compres- The high efficiency with which these fast capillary dis-
sional capillary discharges have several demonstrated advacharges can generate highly ionized plasma columns is illus-
tages to pump compact and efficient soft x-ray lasers: firstirated by the remarkable similarity of the two Ar spectra
the very high efficiency with which they can create plasmasshown in Fig. 9° The spectrum in Fig. @) corresponds to
with high densities of multiply ionized speci&€$%923°sec-  a 43 kA, 13 ns rise time, 28 ns full width at half maximum
ond, the possibility to generate plasma columns with verFWHM) discharge through a 2.5-mm-diam Ar-filled capil-
large aspect ratioup to =1000:1;'%#third, the very high lary channef*® while the spectrum in Fig.(®) is from a 1
axial uniformity that results from highly uniform initial con- MA current implosion in a large multiterawatt pulsed power
ditions, a very rapid compression, and possible wall-maching(Gamble I, see Ref. 243Argon plasmas driven by
stabilizing effects?® and fourth, the rapid motion of the a 51 kA current pulse of similar characteristics in 1.5 mm
plasma at the time of lasing, that causes a strong dynamidiam capillaries were reported to reach an electron tempera-
Doppler shift that helps to radiatively depopulate the laseture of >150 eV Moreover, spectra of similar discharges
lower level as a result of a reduction of the radial opatity. in CaH, and TiH, capillaries showed that the electron tem-

Figure 8 is an schematic representation of the pulsedperature is sufficient to excite the upper laser levels in Ne-
power generator and capillary discharge setup that was sutke Ca and Ti?%2%°
cessfully used to amplify the 46.9 nm line of Ne-like Ar to The dynamics of the plasma column of a fast capillary
intensities exceeding the saturation inten§f§?%3The cap-  discharge is illustrated in Fig. 10 by a sequence of time-
illary was placed in the axisfa 3 nFliquid dielectric ca- resolved end-on soft x-ray pinhole camera imagésihe

To Marx
generator
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FIG. 9. Argon spectra corresponding t@) 1 MA current implosion in the ~ FIG. 10. Sequence of time-resolved pinhole images of an Ar capillary dis-
Gamble Il generatofRef. 243 and (b) 43 kA, 30 ns FWHM discharge  charge plasma viewed end-on. The capillary diameter is 4 mm and its length

current pulse through a 2.5 mm diam capilléRef. 239. Transition wave- 12 ¢cm, and the Ar pressure is 700 mTorr. The current pulse has an ampli-
lengths are in A. tude of=39 kA and a half period duration of 62 ns. The timing with respect

to the origin of the current pulse is indicated. The images corresponding to
times near maximum compressipf®D), (E)] were acquired with reduced
detector sensitivity to avoid saturatiéfiom Tomaselet al, Ref. 237.
images correspond to a plasma generated 4 mmdiam
polyacetal capillary filled with 700 mTorr of Ar by a current \y SpeECIFIC LASER SYSTEMS
pulse of 62 ns first half-cycle duration and 39 kA peak am-
plitude. During the first part of the current rise time, the A. Capillary discharge lasers
distribution of thg current densﬂy and the soft x-ray incoher-, . jike Ar laser
ent plasma emission are localized near the capillary wall _ ) S
[Fig. 10@)]. Subsequently, the electromagnetic forces of the _The first observation of large soft x-ray_amphflcatlon in
. . a discharge-created plasma was realized in 1994 by Rocca
rising current pulse create a shock wave and rapidly com- ; . .
. . . et al. in the 3p—3s J=0-1 line of Ne-like Ar at 46.9 nm
press the plasma to a size of about 3@ diameter{Figs.

o ) using the fast capillary discharge setup illustrated in Fig.
10()-10(d)]. A significant part of the curren20%-—50%is g 8182, that initial experiment, a discharge current pulse of

computed to flow through material ablated from the capillarygg ns half-cycle duration ane40 kA peak current was used
walls by plasma radiation and heat conducfidthe opti-  to excite Ar plasma columns in 4 mm diam capillary chan-
mum conditions for lasing by collisional electron excitation nels up to 12 cm in length. Figure 12 shows the measured
occur several ns before stagnation, when the first compregacrease of the intensity of the 46.9 nm line as a function of
sion shock wave reaches the axis. Finally, the plasma columplasma column length, that corresponds to a gain-length
expands and coo[§igs. 1Ge)—10(g)]. A second less signifi- product ofgl=7.2 for the 12 cm long plasma columns. A
cant compression, that is of no interest for lasing, occurs latetmall gain was also observed in the=2—1 line of Ne-like

in time [Fig. 10h)]. Figure 11 illustrates the calculated evo- AT at 69.8 nm2 The existence of small amplification in the

- . - 244
lution of the electron temperature and density in the vicinity‘é_bz_1 I'n? was later etllso rep;orteéi Iby H|Ide|braeujal. I
of the axis of a similar Ar capillary discharge plasma excited ubsequent expenments employed fonger plasma coiumns,

. ; up to 20 cm in length, under better optimized discharge con-
by a current pulsel havmg a haIf—cycIe_dqrann of a?"“t 70ditions. Double-pass amplification experiments were also
ns. Lasing by collisional electron excitation of Ne-like Ar

: : Ve ' conducted using an Ir mirrdf The latter experiments
ions takes place at a time when the electron density is rap'd|§//ielded an effective gain-length product gi=27. These

increasing and reaches (0.3%10cm™%), when the elec-  experiments resulted in the first observation of gain satura-
tron temperature is 60—-80 €¥>** Subsequently, the elec- tion in a table-top soft x-ray amplifier. The results of single-

tron density continues to increase as the plasma stagnatgsmss amplification measurements for capillary plasma col-
and laser action ceases due to increased refraction and collimns up to 15.8 cm in length are shown as open circles in
sional thermalization. The electron density and the spontand=ig. 13. The energy of the laser pulse is observed to increase

ous emission reach their peak values at stagnation 5—8 r@ponentially for lengths up to about 12 cm, where it begins
after the laser pulse. to saturate. A fit of the data corresponding to plasma col-

umns up to 11.5 cm with the Linford form{fiayields a gain
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FIG. 11. Computed variation of the electron density and temperature on the 8 o
axis of an Ar capillary discharge amplifier. The capillary diameter is 4 mm, o & J=01
the Ar pressure 700 mTorr, and the current pulse has a half-cycle duration of g Ne-like Ar
70 ns and a peak amplitude of 39 Kkom Shlyaptse\et al, Ref. 241. 3 8 Mg-like Ar
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coefficient of 1.16 cm. Saturation of the laser intensity was
observed at gain-length products of about 14. The measurec
saturation behavior was found to be in good agreement with
the result of two independent radiation transport models for
the capillary plasma columns. The solid line in Fig. 13 is the
result of calculations performed assuming parabolic gain and
density profiles, while the dashed line correspond to compu-
tations conducted for the time-dependent electron density
and gain profiles obtained from magnetohydrodynamic and
atomic physics calculatiorf$.It should be noted that in these
calculations consideration of refraction losses was found to
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140 r
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46 465

47 475 48
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be essential to adequately describe the measured energy clt—‘?G 12. Axial spectra of Ar capillary discharge for three different plasma

pendence on plasma column length. The laser pulse widttblumn lengths showing lasing in the 46.9 nm line of Ne-like Ar. A strong

was measured to be about 0_8853_ increase of the laser line intensity is obsery#dm Roccaet al, Ref. 8.
Based on the results summarized above, very compact

saturated 46.9 nm lasers of size comparable to that of many. Ne-like Ar capillary discharge laser beam

widely utilized visible and ultraviolet gas lasers were characteristics: Near-field and far-field patterns, and

developed’82% Figure 14 illustrates the size of one of SPalial coherence

these capillary discharge soft x-ray lasers in comparisonto a The beam divergence and intensity distribution patterns

5 mW He—Ne laser. The soft x-ray laser occupies a surfacgom the Ne-like Ar capillary discharge laser were system-

space of about 1 m by 0.4 m in an optical taBfe This atically measured over a wide range of discharge

capillary discharge pumped table-top laser was successfuljrameters! Figure 16 shows the variation of the two-

used to perform high resolution soft x-ray laser interferom-

etry and shadowgraphy of plasnf482’4Recently, a capil- 100
lary discharge soft x-ray laser of similar size was operated at i
a repetition rate of 7 Hz to produce an average output pulse = 10¢
energy of 135ud, corresponding to an average laser power i i
of =1 mwW."” The latest results include the generation of 2 'E
laser pulses with an average energy of 0.88 mJ at a repetition | -
rate of 4 Hz in a highly saturated amplifiér Figure 15 il- 8 :
lustrates the laser output energy and average output power n? 0.01 1
characteristics of this laser that used a ceramic capillary 34.5  §
cm in length. The spatially coherent average output power 3 0.001 L
per unit bandwidth emitted by this compact table-top laser at :
26.5 eV is comparable to that generated by a beam line at a 0.0001 — L ‘ .

10 15 20
Effective Length (cm)

third generation synchrothon facility. Its peak coherent 25

power per unit bandwidth exceeds that of the synchrotron by
nearly 6 orders of magnitude. With a peak spectral brightfic. 13. Measured and computed 46.9 nm laser output energy as a function
ness of=1x 103 photons(see mmMmrad 0.01% BW this of capillary discharge plasma column length. Single and double-pass mea-

. . surements are indicated by open and full circles, respectively. The lines are
table-top laser is among the brightest soft x-ray source

) ﬁﬁe result of two different radiation transport calculatiginem Roccaet al,,
available. Ref. 83.
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FIG. 14. Photograph comparing the size of a saturated table-top 46.9 nm (&) Time (sec)
capillary discharge laséback to a 5 mW He—Ndaser(front) (from Colo-
rado State Universiy 4.5 T T T T

. 4o i
dimensional near-field and far-field intensity distribution of % 3.5 e ]
the laser output as a function of discharge pressure for dis- < 3.0} -
chargesn a 4 mmdiam polyacetal capillary. The size of the g 5[ ]
beam at the exit of the amplifier and its divergence were g "0
observed to increase from about 150 to 306 and from 2 o el )
to 5 mrad, respectively, as the pressure was decreased from@ 151 i
750 to 500 mTorr. Simultaneously, the beam intensity distri- % 1.0} :
bution changed from a single-peaked pattern to an annular & 05l ]
profile. These effects were shown to be the result of in- 2 0.0 . ’ .

creased refraction in the lower pressure discharges caused by 0 20 40 60 80 100
larger electron density gradier¥sThe larger gradients are .
; Time (sec)

mostly the result of a stronger compression and a reduced
plasma column size in the lower pressure discharges. The
spatial images of the beam intensity distribution correspond-
ing to the higher pressure discharges are seen to have a vern
good cylindrical symmetry, and significantly less structure 9
than those that have been reported for laboratory-size Iaser-_g 60|
driven soft x-ray laser¥?? n

Another important laser beam characteristic is its degree ‘g
of spatial coherence. Measurements in a capillary discharge 5
pumped Ne-like Ar 46.9 nm laser observed for the first time Q
a monotonic increase of the spatial coherence as a function £ 20}

80+

40}

of plasma column length in a soft x-ray amplifféf,a result E

that is important for achieving a very good spatial coherence 0 ) o

in cavity-less soft x-ray lasers. Several theoretical studies 0.4 0.6 0.8 1.0 1.2
had predicted such improvement of the spatial coherence R Laser Pulse Energy (mJ)

with amplifier length as a result of gain guiding and refrac-
tive antiguiding that decrease the number of modes guidedIG. 15. Measured output pulse energy and average output power of a

along an amplifier columf*®?*°|n the capillary discharge table-top capillary discharge 46.9 nm laser operating at a repetition fre-
i . quency of 4 Hz.(a) Shot-to-shot laser output pulse energh) Average
pumped Ne-like Ar laser, the spatlal coherence was meq:output power computed as a walking average of 60 contiguous laser pulses.

sured recording the diffraction produced when the soft x-ray(c) Distribution of the output pulse energy. The average pulse energy is 0.88
laser beam intersects a knife ed@ég. 17, top, a technique mJ and the standard deviation i50.06 mJ (from Macchietto et al,
developed by Rus and first utilized by Albettal>*°to mea-  Ref. 18

sure the coherence of a laser pumped Ne-like Zn laser. Fig-

ure 17(bottom shows the measured diffraction patterns cor-tonically with capillary length, in good agreement with the
responding to capillary plasma lengths between 8 and 16.fesult of the wave-optics calculations. For the longest capil-
cm, and compares them to the results of a wave optictaries studied, 16.4 cm, the coherence length in the tangential
model. The improvement of the coherence with amplifierdirection was determined to be about 4.5 mm in a plane
length is evident in the increased fringe visibility observed insituated at 5.9 m from the exit of the amplifier. This corre-
the diffraction patterns corresponding to the longer plasma&ponds to an effective coherence angle=.8 mrad, and to
columns. Figure 18 shows results of a quantitative analysia beam that is approximately six times diffraction limited in
of these data. The coherence is observed to increase monthie tangential direction. Off-axis measurements showed that
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FIG. 16. Near-field and far-field patterns of a capillary discharge Ne-like Ar % Simolation ¢
laser beam as a function of capillary discharge pressure. Diametral cuts with §
normalized intensities are shown at the left of each image. The measure- =
ments correspond to discharges in a 16.4 cm long, 4 mm diam polyacetal

capillary excited by a 37 kA current pulggom Morenoet al, Ref. 97. 0 2 4 6 8 10 12
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the coherence length in the radial direction is 30%—-50% i

shorter than in the tangential directiét.Wave-model com-
putations suggest that a likely cause of the observed anisot-
ropy of the spatial coherence is the change of the electron
density during the laser pulse. The observed monotonic in-
crease of the spatial coherence with plasma column length is
an additional corroboration of the very high axial plasma
uniformity that is obtained in fast capillary discharges.

o N A O
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'Experiment
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3. Lasing in Ne-like S in vapor created by discharge
ablation and scaling to shorter wavelengths

The capillary discharge Ne-like Ar amplification results
were extended to Ne-like S by Tomasglal,, with the dem-
onstration of a gain-length product of 7.5 in the
3s1P9-3p 1S, line at 60.84 nnt?* This experiment demon-
strated that large amplification in discharge created plasmas
can be also obtained in elements that are solid at room tem-
perature, a situation that will be frequently encountered in
attempts to _(?Xte_nd t_h'S Scheme to sh(_ther wavelengths. TlgG. 17. (Top) Schematic representation of the setup used to measure the
obtain amplification in Ne-like S, the discharge setup illus-spatial coherence of a Ne-like Ar capillary discharge lagBottom) ()
trated in Fig. 8 was modified to allow for the injection of the Measured diffraction patterns corresponding to different plasma column
sulfur vapor into the capillary channel through a hole in thelengths.(b) C_ross sections _O(a). (c) Correspond_ing diffraction patterns

. _computed using a wave-optics mod&bm Marconiet al, Ref. 247.

ground electrode. The sulfur vapor was produced ablating
the wall of an auxiliary capillary channel, drilled in a sulfur
rod, with a slow current pulse delivering 200 J in about 50for a broad range of pressures, from 300 to 700 mTorr, and
us. The vapor generated by this capillary discharge was infor currents between 33 and 38 kA. Figure(d9shows a
jected into the main capillary channel where it was subsespectrum obtained under optimized conditions for amplifica-
quently excited by a fast current pulse having a first half-tion. The spectrum is completely dominated by fhe0—1
cycle duration of~72 ns. Strong amplification was observed line transition of Ne-like S, which appears at 60.84

Intensity (a.u.)
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FIG. 18. Variation of the spatial coherent length of a 46.9 nm capillary

discharge Ne-like Ar laser as a function of plasma column length. The line Ir
is the result of a wave-optics model calculatigilom Marconi et al, [ gl=15 —= b)
Ref. 247.

+0.015nm. Another line of Ne-like S, thep3P,—3d *P? .l

transition at 60.12 nm that in the absence of amplification
should have similar intensity, also falls in the spectral range
of Fig. 19@). The fact that the intensity ratio of these two
lines is observed to be at least 100 is clear evidence of am-
plification of theJ=0-1 line. Figure 1) shows the mea-
sured increase of the laser line intensity as a function of 0.0 - - 1 1 . L L
plasma column length. It corresponds to a gain coefficient of 10 12 14 16 18
0.45 cm'%, and to a gain-length product of 7.5 for 16.8 cm Capillary length (cm)
long capillaries. Lasing occurs shortly before stagnation of
the plasma column, in a gain region of about 3@ in  FIG. 19. (a) Spectrum of the axial emission of a capillary discharge in S.
diameter as in the case of Ne-like Ar. The deceleration of thghe amplified 60.8 nm 8'P—3p 'S; line of Ne-like S completely domi-
plasma column near the axis prior to stagnation results in gates the spectrum, while the 60.12 nm'®,-3d 'P{ line of the same ion

] . ] . (that in the absence of amplification should have similar intensitynot
Veloc_lty gradlent_t_hat, due to m_OtlonaI Doppler broadenlng’observed(b) Measured variation of the integrated line intensity of the 60.8
considerably facilitates the radial escape of the lower lasefm j=0-1 line of Ne-like S as a function of plasma column lengitom
level radiation. At the time of lasing, the electron density andTomaselet al, Ref. 124.
temperature in the gain region are computed to be about

(2-3)x10'®cm ™3 and 60-80 eV, respectively. This tem- estimated In most cases, this will require the use of ele-
perature corresponds to a plasma that is overheated with rgnents that are solid at room temperature. The necessary va-

spect to the temperature range Tf=20-40eV for maxi-  por density can be produced using discharge ablation or va-
mum Ne-like S abundance in a steady-state plasma. Due {§orization method&>124239.251-255he same pulse generator

the exponential dependence of the excitation rates on thgsed to saturate thd=0-1 line of Ne-like Ar was em-

electron temperature, the overheating causes a larger popgtoyed to conduct preliminary experiments in capillaries
lation inversion and, consequently, a larger gain than thagontaining Ca and Ti. The spectra obtained yielded a clear
attainable in steady state. Such overheating of the plasmgentification of emission from the laser lines in Ne-Like Ca
with respect to steady-state ionization conditions can bend a possible identification of the=0—1 laser line in Ne-
more easily achieved in lo&-elements like S, due to a large |ike Ti.®® Recently, current pulses of up to 200 kA peak
decrease of the ionization time with ion Charge. In addition,amp"tude and=10 ns rise time were used to exp|0re the
in this sulfur laser transient population effects are found tcgeneration of Capi”ary p|asma columns with the conditions

play a more important role than in the argon laser. While innecessary for amplification at shorter wavelendffs.
these relatively long-lived discharge plasmas transient effects

are not nearly as dramatic as in plasmas produced by pico-
second lasers, the computations indicate that in the case &f
the discharge-pumped sulfur laser experiment transient The recombination scheme has the potential advantage
population effects can increase the gain by 20%—4tf%s. of allowing for a more rapid scaling of discharge-pumped
Scaling of collisionally excited capillary discharge lasersamplifiers to shorter wavelengths. Evidence of gain has been
to wavelengths shorter than 46.9 nm will require the use ofeported in several discharge-pumped recombination laser
elements heavier than Ar and higher excitation power densiexperiment$>1-156¢owever, in all cases only small expo-
ties. The scaling of plasma conditions and pump requirenentiation ¢l<<4) has been observed to date, with the laser
ments for lasing at wavelengths as short as 10 nm have bedine intensity remaining of the same order as that of sur-

0.1

Intensity (Arb. units)
T

Gain in discharge-pumped recombination systems
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ovI 30 mm these spikes in similar setups at other institutions were
unsuccessful®*~2%and spectroscopic studies suggested that
the plasma conditions do not satisfy those required for the
observation of amplification by collisional recombination in
H-like C23%%6Kunzeet al. later suggested that the spikes
could be amplified spontaneous emission due to charge ex-
490 500 510 520 530 540 350 560 change between @i ion streams created in the neck region
of an m=0 instability and Gii and Cv ions present in the
colder surrounding regiorf8® Experiments conducted at

80 4 (197ns) om

60

ovl
w -

20

140 1
120 1 Colorado State University showed that a much stronger 18.2
100 nm Cvi emission can be obtained in polyethylene
80-

capillaries®®23* polyethylene capillaries excited by fast cur-
rent pulseg11 n rise time, 40 ns half-cycle duratioyielded
time-resolved spectra in which anomalously large intensity
ratios between the 18.2 nfB8-2) and 13.5 nm(4-2) lines of
H-like C are indicative of amplificatiof® However, these

60 1
40
20 1

intensity [rel. units]

490 500 510 520 530 540 550 560

500 experiments did not show a reproducible supralinear increase
4°°j (19809 o~ 90 mm of the laser line intensity with capillary length. Stenal1°?
subsequently reported evidence of amplification of the 18.2
07 v nm H-like C line in polyethylene capillaries 1.2 mm in di-
2001 4d-3p ameter excited by a current pulse of 220 ns half-cycle dura-
1004 om oty tion, generated discharging a 120 nF capacitor charged to
] 17-27 kV. Time-integrated spectra showed an exponential
4% 500 510 520 530 540 550 560 growth of the laser line intensity for capillary lengths be-

tween 0.8 and 1.6 cm, corresponding to a gain coefficient of
2.8 cm L. The supralinear increase of the line intensity was
FIG. 20. Spectra of the axial emission of an oxygepinch plasma as a observed to level off for plasma lengths longer than 1.6 cm,
function of plasma column length. A nonlinear increase of the intensity inand to be present only in the first few discharges of newly
the 52 nm 4-3d line of Li-like O line is observed during plasma recom- prepared capillaries. Recently, Dussattal. conducted ex-
bination (from Wagneret al, Ref. 153. . . . . .
periments in a similar ablated polyethylene capillary dis-
charge and reported the observation of a small superlinear
rounding nonlasing lines emitted by the plasma. Such a smaihcrease in the @ Balmer« and 8 lines®?
increase in the line intensity complicates the interpretation of ~ Gain following plasma recombination has also been re-
the results and the verification of gain in recombination laseported in severaZ-pinch plasmas. Experiments performed
experiments. This is because in recombination systems they Glenzer and Kunze utilizing a gas-liner plasma pinch
laser lines can be intense even when no amplification igielded evidence of gain in thef4 3d lines of Ovi and Fvii
present, and phenomena such as end effects that affect the52.0 and 38.2 nm, respectivéRf. Measurements of am-
axial homogeneity of the plasma parameters can influencplification as a function of plasma length are difficult to per-
the intensity dependence with plasma column length. form in this device, and were not reported. Instead, the gain
The possibility of obtaining amplification by collisional was inferred from the ratio of axial and radial line intensities.
recombination in capillary discharge plasmas was proposeBor Ovi this ratio was observed to be indicative of a gain-
by Roccaet al. in 1988, who analyzed the case of amplifi- length product of 4.5. In the case of/fF measurements were
cation at 18.2 nm in the 3-2 line of H-like €% Early ex-  only conducted in the radial direction, and the existence of
periments by Marconi and Rocca conducted in a LiH capilline enhancement was inferred from the ratio of the intensi-
lary observed an increase in the intensity of the 3-2 line oties of the 4—3d and 4d—3p lines. The strongest amplifi-
H-like Li in the recombination phase of a plasAiaSimilar ~ cation was reported to occur always at times shortly before
results in H-like Li were later obtained by ld et al, who ~ maximum pinch compression. Pinhole pictures of the plasma
also conducted gain experiments in Li-liké.Several sub- revealed the existence of Rayleigh—Taylor instabilities. Col-
sequent experiments were conducted in capillary dischargdssional recombination was suggested as the mechanism most
with the goal of obtaining amplification in the 18.2 nm line probably responsible for the observed line enhancements, but
of Cv1.56:151:152.23%5taden and Kunze reported as evidence ofa possible influence of instabilities was not ruled Bt.
gain the observation of short spikes in the intensity of theWagneret al. obtained axial emission spectra of an oxygen
18.2 nm line of H-like C, occurring at the time of maximum pinch that show a small supralinear increase of the intensity
current during the second half-cycle of the curred>>The  of the 4f—3d and 4d—3p lines of Li-like O at 52.0 and 49.8
experiments were conducted using polyacetal capillaries exam as a function of plasma length up to 9 &HiFrom these
cited by a low-energy discharge pulse of 240 ns period. Thelata, shown in Fig. 20, gain-length products of about 2.5 and
intensity of the spikes increased with the capillary length,2.2 were reported for each of these two lines, respectively.
although not exponentially as it would be expected for theThe supralinear increase of the intensity of these lines oc-
case of a constant gain coefficiént. Attempts to observe curred about 45 ns after the maximum compression, during

wavelength [A]
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the expansion of the plasma. This time delay is consistent

with the interpretation of amplification by collisional recom- Cx D
bination. Amplification experiments in the isoelectronic
equivalent of these lines in Li-like Ne at 29.2 nm and 28.2
nm were performed by Bis etall®® Discharges in 6
mm diam tubes vyielded two fluorescence maxima in these
lines, the second corresponding to excitation by recombina-
tion of He-like Ne ions. The observation of a relative in- |,
crease of the second intensity maxima with respect to the T
first in longer plasma columns, and the narrowing of its tem- e abeteen | | !
poral profile were reported as evidence of gain. However, a
measurement of exponential growth of the intensity of these

laser lines with plasma column length has not yet been reElG. 21. Schematic illustration of the gas target setup used to obtain lasing
ported in Pd-like Xe at 41.8 nm in a plasma created by optical field induced ion-

. . . _ization. Excitation was provided by circulary polarized laser pulses with an
In summary, several recombination laser experiments iRnergy of 70 mJ and a duration of 40 fs from a CPA Ti:sapphire laser

discharge-created plasmas have yielded indications of ampleperating at 10 Hzfrom Lemoff et al, Ref. 75.
fication. However, in all the experiments the maximum am-

plification obtained to date has been small. Additional effortsy fynction of plasma length. The pump laser was circularly
are required to increase the amplification to the level necegsolarized by a mica quarter waveplate and was focused by a

=
z]
[~anen

vacuum pump

sary for the development of a practical laser. 50 cm focal length mirror to an intensity 3x 10 W/cn?
over a length of at least 7.4 mm.

B. Laser pumped by ultrashort pulse lasers Figures 22a) and 22b) show spectra corresponding to
Xe target pressures of 3 and 12 Torr respectively. The 12

1. Collisionally excited Pd-like Xe laser in an optical- Torr spectrum shows an increase of more than 2 orders of

field-ionized plasma magnitude in the recorded integrated intensity of the 41.8 nm

Lemoff et al. realized in 1994 the first demonstration of laser line with respect to the 3 Torr spectra, a clear indication
a collisionally excited laser in an OFI plasma, obtaining aof amplification. A more direct measurement of the gain was
gain of gl=11-12 in the 41.8 nm line of Pd-like X&8.In  obtained from the variation of the intensity of the laser line
this experiment, an intense circularly polarized femtoseconés a function of gas target length. The result of this measure-
optical laser pulse was used to simultaneously create thement is shown in Fig. 23. The gain coefficient was estimated
highly ionized lasing ions and the hot pumping electrons. Inat 13.3 cm* using the Linford formul&’ corresponding to a
this excitation method, originally suggested by Burnett andjain-length producgl=11.2 for an estimated target length
Corkum?® tunneling ionization strips the atoms to create theof 8.4 mm. When the range was limited to the data from 3.9
ground-state ions in the ionization stage of interest, and prao 7.4 mm(dashed ling a better fit was obtained with a gain
duces electrons with sufficient energy to collisionally excitecoefficient of 16.8 crn! andgl=12.4 for a 7.4 mm target.
these ions to the upper laser level. Lemoff, Barty, and HarriSubsequent experiments determined that to achieve a high
proposed the implementation of this scheme in eight timegain it is critical to avoid a significant prepulse in the fem-
ionized gases to obtain amplification in lines in the 30—50tosecond laser pul$® The laser pulse width was not mea-
nm wavelength regiof®’ In the successful Pd-like Xe ex- sured. However, at the operating pressure of 12 Torr, the
periment the excitation was provided by circularly polarized16.5 nm line radiation that links the laser lower level to the
laser pulses with an energy of 70 mJ and a duration of 40 fground state is trapped, with an estimated absorption length
generated by a CPA Ti: sapphire laser operating at 10 Haf less than 0.lum. This forces the stimulated emission to
The radiation of the pump laser was longitudinally focusedself-terminate after a time interval on the order of the upper-
onto a Xe gas target to tunnel ionize the atoms to the Pd-likstate lifetime, estimated at about 3.4 ps at 12 Torr.
ionization stage and to simultaneously produce the hot elec- This collisionally excited OFI laser has the advantage of
trons necessary to collisionally excite the laser upper levelkequiring a low excitation energy, allowing for high repeti-
Figure 21 illustrates the differentially pumped gas targettion rate operation. Amplification at a repetition rate of 10
used in the experiment. The gas target was implemented biyiz was already demonstrated in the successful proof-of-
continuously admitting Xe gas into a cell provided with principle experiment conducted at StanfétdA remaining
<500 um diam pinholes for the entrance and exit of thechallenge in the development of this laser scheme is the fur-
pump laser beam and for the exit of the amplified soft x-rayther increase of the amplification required to generate the
radiation. The gas cell was placed inside a main vacuunpractical output pulse energies that will enable its use in
chamber that was continuously pumped to maintain a presapplications. This will most likely require a method to chan-
sure of less than 210" 3 Torr. In this way, the femtosecond nel the tightly focused pump laser beam over longer dis-
laser pulses were allowed to propagate in a nearly gas-freances using a waveguide. Scaling of this scheme to shorter
region until immediately before entering the gas cell thatwavelengths will require higher intensities of the pump
contained up to 12 Torr of Xe. The pinholes were placed orpulse. For example, lasing in Ni-like Xe at10 nm will
translation stages to conveniently change the gas targeéquire a laser intensity of about<GL0"¥W cm™2. Alterna-
length, allowing for the measurement of the amplification agively, it has been proposed that this scheme could be scaled
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0.15 : T : ; Rotating Li Target
(a) Filter
XUV
40.02 nm Spectrograph
0.10 | 4 Sub-pi d 1 Grating
41.45 nm KrF Laser Pulse™ {}j ]
41.81 nm

— Achromatic Lens
g 0.05 - =300 mm
[~] Multi-Channel
2 f= 400 mm Detector
= Cylindrical Lenses
g) 0.00 ! : ‘ ‘ . 20-ns KrF Laser Pulse
& 15.00 : ; ‘ ‘ ;
3 (b) 4181 FIG. 24. (a) Schematic illustration of the experimental setup used at RIKEN
= |sinm in the observation of amplification in the 13.5 nm line of H-like Li in a
g 10.00 - 3 plasma created by optical field induced ionizatifrom Nagataet al,
5 Ref. 72.
4

5.00 - E ergy from a linearly polarized subpicoseco(@5 ps KrF

laser pulse. The subpicosecond laser pulse was longitudi-
000 L,,._, nally focused to an intensity of 110" cm 2, at a distance

39.5 40.0 40.5 a1.0 a5 42.0 425 of 0.5 mm from the target surface. The Lyman series emis-
Wavelength (nm) sion from the H-like Li ions was detected with a flat field

grazing incidence spectrograph. Figure 25 shows the mea-

FIG. 22. Data showing the amplification of the 41.8 nm line of Pd-like Xe syred variation of the 13.5 nm laser line intensity with
in a plasma created by optical field induced ionizati¢a; and (b) are

. - _plasma length, from which a gain coefficient of 20 chwas
spectra corresponding to Xe target pressures of 3 and 12 Torr, respectively. o=
(c) Variation of the integrated intensity of the 41.8 nm line of Pd-like Xe as deduced. The 13.5 nm radiation pulse was measured to have

a function of gas target lengtfirom Lemoff et al, Ref. 75. a FWHM duration of less than 20 ps, with the peak intensity
occurring about 20 ns after the pump laser péféeThis
to shorter wavelengths utilizing Be-like ioA%¥ delay suggests that the laser upper level is not directly popu-

lated by the pump laser, but by collisional relaxation pro-
. o . cesses following collisional recombination. However, since
ﬁéé{%’rll’l_’;&slﬁzz‘ion recombination of an optical- the maximum plasma length was only 2 mm, the resulting
gain-length product was limited tgl=4. Similar experi-
Amplification has been observed at 13.5 nm in the 2—Iments conducted at Princeton also using a KrF laser plifhp,
transition of H-like Li in recombining plasmas ionized by a and at Berkeley using the second harmonic of a Ti:sapphire
strong optical field?’#2°%2%!The gain obtained in different laset’® confirmed the nonlinear growth of the intensity of
experiments ranges frogl=4 (Ref. 72 to g1=6.5"The  the Lyman-e transition of H-like Li observed at RIKEN.
first observation of amplification in an OFI plasma was re-Nevertheless, in all three experiments the maximum ampli-
ported in this transition by Nagatt al.”” The setup of the fication length was limited to about 2 mm by the difficulty of
initial OFI recombination laser experiment conducted at thepropagating the radiation in the plasma, due to ionization-
RIKEN (Japam in 1993 is schematically illustrated in Fig. induced refraction. This is a limitation of the confocal geom-
24. A cold plasma of totally ionized Li ions was generated inetry that, as a result of maximum intensity on axis, induces
two steps. First, a plasma of singly ionized Li ions was pro-the highest degree of ionization and electron density on-axis.
duced by line focusing a 20 ns KrF laser pulse with an enApproaches to overcome this problem have been suggested,
ergy of 200 mJ onto a rotating lithium target located in anand include the generation of very flat transverse intensity
evacuated chamber. Second, after a selected time delay, theofiles!’® and the generation of plasma waveguides with a
plasma was optical-field ionized with a pulse of 50 mJ en-minimum density on axi§*'1°-2%Progress in the implemen-

tation of the latter approach was reported by Korobkin

N e et al,’* who used the setup illustrated in Fig. 26 to increase
) : the amplification length to 5 mm by preforming a plasma
f>_" waveguide in a LiF microcapillary tube. A plasma with a
E: 1.00- minimum electron density on-axis was generated by ablation
2 of the capillary walls with a 100 mJ, 5 ns pulse of 1,06
® o.0f wavelength radiation from a Nd/YAG laser loosely focused
N on the entrance of the microcapillary. Following a time delay
g [ 1 of several hundred nanoseconds, the plasma was further ion-
§ ool v v ized with a laser pulse 6£50 mJ energy and 250 fs duration
3.8 4.5 5.8 6.5 75 8.5 from a KrF excimer laser that was tightly focused at the
Estimated Length (mm) entrance of the microcapillary. The observed increase of the

FIG. 23. Variation of the integrated intensity of the 41.8 nm line of Ni-like mtenSIty of the 13'5 '.m” line of H-like Li as a functlogl of
Pd as a function of Xe gas target length in a plasma created by optical fiet€Ndth is shown in Fig. .271 and Corre_sponng‘b“’ 3.5
induced ionizatior(from Lemoff et al, Ref. 75. These results were obtained at a repetition rate of 2 Hz.
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FIG. 25. Results of amplification experiment in the 2-1 line of H-like Li in Ly OL
a plasma created by optical field induced ionization. Intensities of the 13.5 . M, 4 2 .
nm line of H-like Li and 19.9 nm line of He-like Li as a function of plasma prterence | NN | O <a S”L‘;ps‘gfs;cg"d
column length. The dashed curve is a calculated increase corresponding to a i WA
small-signal gain coefficient of 20 crh (from Nagataet al., Ref. 72. M, X ........... Low Power
. . . . <::| Laser (Nd:YAG
Gain by recombination in an OFI plasma has also been A i
reported in other ions. Chichkoet al. investigated amplifi- M "“ ¢ He-Ne
cation in transitions to the ground states in low-charge Laser

ions: OIl, O, Cii, and Niii.2%2 A motivation for the study
FIG. 26. Schematic illustration of the experimental setup used at Princeton

of amplification in these ions was their larger ratio of statis-. ; = I .
. . in the creation of an OFI plasma in LiF microcapillaries for the observation
tical weights b_etW?en the lower and upper |aser_ levels amplification in the 13.5 nm line of H-like Lifrom Korobkin et al,
(g1/9,~1), which is more favorable for the generation of Ref. 74.

population inversion. The ions of interest were produced

by OFI of O, CO,, am?'. N gases in gas jets using 80 MJ yies of several Joules has opened the opportunity to demon-
pulses from a 150 fs Ti:sapphire laser. Evidence of amplifigyate soft x-ray lasing by transient electron collisional

cation was observed in thep2s3P—2p?3P transition of  aycitation?®-782%3This approach has allowed researchers to
_ : 202 320 | :

Om (A=37.4nm) and in the @"3s°P-2p~“D line of Ol reqyce the size of high gain laser-pumped soft x-ray colli-

()‘:6}'17 nm). The data suggest gain coefficients as high a§iona |asers from that of fusion-type laser facilities to the

25 cm -, but again the overall amplification was small due tospace occupied by a few optical tables. The implementation

the small length of the gas targets. Recently, Chichébal. 4t yransient inversion lasers is based on a two-step excitation
have questioned the interpretation of the H-like Li OFI am-

plification experiments based on the possible existence of Li
clusterst’® However, additional experiments are needed to
confirm this hypothesis.

In summary, the OFI laser recombination scheme in 2001 tt4nm 13.5 m

transitions to the ground state has been reported to generate 1°°'N—Aw___v_
amplification at wavelengths as short as 13.5 nm with laser

300 4 L=2mm

excitation energies of only 50 mJ. The small excitation en- % 3004 L=dwm

ergies are compatible with the requirement for the generation -5 200 "3/5““'
of high repetition rate table-top soft x-ray lasers. However, t (1.4 um

the remaining challenge in realizing a practical OFI laseris g '] l

the increase of the gain-length product from the reported E L8 13.5 om
values of <6.5 to the larger values necessary to achieve 3004 L $mm “ @D
practical output energies. Predictions of the output pulse en- 400

ergies that can be expected of OFI lasers range fropd 1 1004 —_—

(Ref. 178 to 10—20J2%° The OFI recombination scheme 200 Ty

can in principle also be scaled to shorter wavelengths by

using ions with higher ionization potentials. This could be 7

implemented using more intense optical fields, provided that " T

. . . . 10.0 0.5 R . g 3 K .

parametric electron heating effectainly stimulated Ra- (03 1L0 1S 12025 130 13 140 145

man backscatterincare not found to be a limitation. WAVELENGTH (NM)

3. Transient inversion collisional lasers FIG. 27. (a) Axial spectra of an OFI plasma created in a LiF microcapillary

I . . using the setup shown in Fig. 26. The-2—1 transition of H-like Li at 13.5
The recent availability of relatively compact multitera- nm is observed to increase as a function of plasma length with a gain

watt ultrashort-pulse optical laser systems with output enereoefficient of 11 cm?* (from Korobkin et al, Ref. 74.
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sequence. First, a long scale length plasma containing the
active ions must be prepared, since the inversion lifetime is 40
usually shorter than the ionization time. This also allows for —
the elimination of the micron-scale plasma density gradients

1.
that are created when a solid target is irradiated with a single E %
ps pulse. The experiments reported to date have used a first -.g
laser pulse with a duration on the order of 1 ns and energy of & 20 o
several Joule® "8 Second, after a time delay selected to ¢
optimize the degree of ionization, electron density, and den- £ Al kot samtion

-
o

sity gradients, the plasma is rapidly heated with a picosecond
or subpicosecond laser pulse. The ultrashort pulse rapidly
increases the electron temperature to match or exceed that 0
corresponding to the excitation energy of the laser upper ()
level, generating the transient inversion.

The first demonstration of amplification by transient in- .

version was realized by Nickleat al.in the 32.6 nm §—3s 12 ¢ :‘fi'ggé':z) 1
J=0-1 line of Ne-like Ti’® The experiment was performed 10l absorption edge | ]
at the Max Born Institute using the hybrid CPA Ti-sapphire/ of Alfilter

Nd:glass pump laser diagrammatically illustrated in Fig. 7. 0,8 (»=17nm) R

This laser system delivers synchronized long and short laser
pulses of=1.2 ns and 0.7 ps duration, respectively. A dual
cylindrical lens optics system was used to line focus the two
beams onto the target with a width of 3@n over lengths of
1-5 mm. The diagnostics system consisted of a transmission
grating and a streak camera. No laser pulse was observed as - ) )
long as only one of both laser pulses was used. The first 10 20 30 40
observation of gain was realized with short pulses of more (b) wavelength, nm
than 2 J and long pulses of more than 3 J. Figur@j2shows FIG. 28. (a) Results of transient inversion soft x-ray amplification experi-
a streak camera record of the spectrally and temporally I&hent in Ne-like Ti. Spectrally resolved streak from a 5 mm long Ti plasma
solved plasma emission in the 10—50 nm spectral region fogroduced as the result of a sequence of a Idng ns, 5 Jand shor(0.7 ps,
a 5 mm long plasma created with pump intensities of10 2.6 J laser pulses. The inten_se, short d_uratipn emission at 32.6 nm corre-
and 16°W/cn? for the long and short pulse, respectively, SPONds (o the B-3s J=0-1 line of Ne-like Ti and is the result of strong

. amplification.(b) Nonlinear growth of the 32.6 nm laser line intensity with
The bright and short spot at the top corresponds to Strongiasma lengths of 2, 3, and 5 miflom Nickleset al, Ref. 76.
amplification of the 32.6 nm of Ne-like Ti. The soft x-ray
laser pulse was measured to have a duration of less than 20
ps. Weaker lasing was also observed in a line near 30 nnfour-stage Nd—phosphate glass amplifiers. It generates two
This second laser line was identified as thd—3p J  synchronized laser pulses of 7.5 J in 500 fs and 15 J in 600
=1-1 transition of Ne-like Ti. The inversion in this line is ps at a repetition rate of one shot every 4 min. In some of the
made possible by the reabsorption of thd®,-2p!S,  experiments the compressor gratings were detuned to pro-
transition!®>1%3Figure 28b) illustrates the measured growth duce 1 ps pulses. Typically 50 shots on target are achieved in
of the intensity of the 32.6 nm laser line as a function ofa day.
plasma column length, for plasmas as long as 5 mm. Despite Transient collisional excitation experiments conducted at
the large statistical fluctuations a nonlinear increase is clearliRutherford Laboratories with=15 J of short-pulse excitation
observed. It was analyzed to correspond to an average gaénergy from the Vulcan laser facility saturated the 32.6 nm
of 19 cm ! and to a gain-length product 6f9.5.6 This gain  line of Ne-like Ti and the 19.6 nm of Ne-like G& While
coefficient is about seven times larger than that previouslyhis pump laser is not a table-top system, a measurement of
reported for the same line in the quasisteady state regimihe laser output intensity versus pump energy suggested that
when pumped by a 0.6 ns duration pulse with an energy o$aturation of the Ne-like Ti line could also be achieved with
200-500 J°2 These transient inversion Ne-like Ti results a short-pulse excitation energy ef5 J. The soft x-ray laser
were reproduced and further improved by Duenal. at  output energy was measured tos80 uJ, corresponding to
Lawrence Livermore National LaboratofgLNL ), who re-  an efficiency of 2<107®.
ported a gain-length product of 14 in this laser line and also  The transient collisional scheme was also extended to
obtained amplification at 25.5 nm using Ne-like eThe  shorter wavelengths utilizing the Ni-like sequerié€® Dunn
size of the system utilized by Duret al.is that illustrated in et al. reported a gain of up to 35 c¢m and a gain-length
Fig. 29, which depicts the layout of the Compact Multipulseproduct of 12.5 in the d1S,—4p 1P, line of Ni-like Pd at
Terawatt laser facilitf( COMET) at LLNL. The pump laser 14.7 nm. In this experiment, the plasma was formed irradi-
occupies two 1.2 e 3.6 m optical tables with a total area of ating a slab target with a sequence of two laser pulsésJ
less than 10 f It is a 15 TW hybrid laser system consisting pulse of 800 ps duration followedyba 5 Jpulse of 1.1 ps
of a Ti:sapphire oscillator tuned to 1050 nm wavelength andluration. The spectrum in Fig. &) shows the increase of

0,6

0,4

x-ray intensity, a.u.

0,2
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FIG. 29. Schematic illustration of the CPM pump laser system and target chamber used to produce transient inversion collisional soft x-rapbaserseat L
Livermore National Laboratory. The pump laser occupies two standard optical tables of dimensions3162mwith total area less than 1(nThe system
can be fired once every 4 miiCourtesy of J. Dunn, LLNL

the 14.7 nm line intensity observed when the target lengtlsitions will be demonstrated to lase in similar systems in the
was increased from 1 to 3 mm. The measured increase of theear future.

integrated laser line intensity for target lengths up to 8 mmis  In summary, the transient excitation of preformed plas-
shown in Fig. 30b). The gain coefficient for lengths between mas with high power ultrashort-pulse lasers has reduced by
1 and 2 mm is about 35 cm. The gain coefficient continu- nearly 2 orders of magnitude the pump energy required to
ously decreases to reach a value of 3.9 trfor target  excite high-gain laser-pumped collisional soft x-ray lasers in
lengths above 7 mm. The overall gain-length product wad\Ne-like and Ni-like ions. This has greatly reduced the size of
estimated at 12.5 by continuously calculating the gain andhese lasers and has increased their repetition rate up to one
integrating it over the full 8 mm target length. This smooth shot every few minutes. It has been suggested that transient
decrease of the gain with target length has been observed ifversions driven with ultrashort-laser pulses with energies
all transient collisional excitation experiments and resemble§n the order of 10-20 J will lead to the realization of high
gain saturation. However, it is mainly a consequence of trandain x-ray lasers well below 10 nm, possibly reaching wave-
sient time effects that cause a gradual decrease of the gain ¥&9ths within the “water window"(2.3—4.4 nm region of

the x-ray laser beam propagates through the plasma. Modghe spectruni® Future improvements in pumping efficiency
Computations Suggest the transient gain is Very inhomogéesulting fl’0m Optimized target Conﬁgurations and traveling
neous in space and time, reaching values of 200'wring ~ Wave excitation can be expected to lead to saturated transient
the first 2 ps and rapidly decreasing to 28 ¢nby 10 ps inversion soft x-ray lasers occupying a single optical table.
[Fig. 30c)].”” The highest gain occurs in a thin layer near the(See notes added in proof, Duenal)

critical density region while the lower gain is computed to

occur in areas with a relatively flat, lower density profile at _

100-300um from the target surface. The short inversion - Lasers pump with long pulse lasers (50 ps—10 ns)
lifetime decreases the photon effective amplification path in  While in the last few years the majority of the efforts
the high gain region to an axial length of ony500 nm. The  toward the development of laser-pumped table-top soft x-ray
model computations also suggest that refraction effectfasers has shifted to the use of ultrashort-pulse pump
caused by density gradients normal to the target surface shifisers’?’4-"82jgnificant gain has also been reported from
the x-ray laser beam out of the high density and high gairexperiments that used longer pump pulses, in the range of 50
region for longer target lengths, contributing to the graduaps—5 ng/>7980264-272Recombinatiorf>8%264-26%nd colli-
decrease of the gafi.As a consequence of these effects, thesional excitation schem&s44270-272gxcited by single or
lower density regions are more adequate for amplification, imultiple laser pulses with pulse width ranging from 50 ps to
spite of the smaller local gain. Most recently the transientlO ns have been studied.

inversion scheme was extended to several Ni-like ions rang- A series of experiments were conducted during the last
ing from Y (A\=24.01nm) to Mo § =18.89 nm) producing 10 years at Princeton University toward the development of a
strong lasing on the di'Sy—4p P, lines?!® It can be ex- small-scale recombination laser in the 18.2 nm line ofi C
pected that a large number of collisionally excited laser tranutilizing compact Nd-YAG lasers as the pump souf®e2¢’
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(@) 140

T pulse width in this experimentvas focused at the entrance
of the microcapillary with the motivation of achieving guid-
- ing of the pump beam, plasma confinement, and plasma
cooling by heat conduction to the walls. A gain-length prod-
uct of about 5 was inferred from the intensity ratio of lines in
the axial and perpendicular directi¢he latter through small
holes in the microcapillary wallsHowever, shot-to-shot in-
tensity fluctuations prevented the verification of this result by
[ — " AL the measurement of the increase in the laser line intensity
100 150 : 150 with plasma column lengtf’ In contrast, a similar experi-
Wavelength (A) ment recently conducted in a8; microcapillary succeeded
in observing amplification up tgl=5 in the 3-2 transition
(b) SR B B R BB of H-like B at 26.2 nnf° The most remarkable aspect of this
r 2‘5"_',‘2',"" experiment is that pumping was done at 1 Hz with two low
102 - ﬁg—r power lasers occupying a space=efl.2x3 m in an optical
3 table. The setup resembled that of the OFI H-like Li recom-
bination laser experiment illustrated in Fig. 26, with the main
difference that a 0.4 J, 8 ns Nd/YAG laser replaced the
ultrashort-pulse KrF laser, making the arrangement consider-
] ably more compact. The preplasma was created by a 20 ns,
J ey 0.2 J KrF laser. The measured growth of the H-like B 26.2
0.0 0.2 0.4 0.6 0.8 1.0 nm line as a function of plasma length is shown in Fig. 31.
Length (cm) Gain in this transition had been previously reported by
Goodberletet al.”® who conducted table-top recombination
(c) 200 T T laser experiments utilizing a shorter excitation pulse of 60 ps
duration with an energy of about 0.7 J. A gain-length product
150 . of about 4 was reported in the 26.2 nm line of H-like B
+2ps utilizing a target configuration with a cooling blade, similar
to that used in some of the \@ experiments at Princeton.
However, the authors later realized that the streak camera
used in the experiments had a nonlinear intensity response, a
fact that creates an uncertainty in the restfitsHaraet al.
realized the first experiments that utilized multiple pulse ex-
citation from a pulse train to excite a recombination |£&r.
They have conducted a lengthy series of studies with the
Distance (um) objective of developing a compact soft x-ray recombination
FIG. 30. Results of transient inversion soft x-ray amplification experimentlaSer based on a train of 125% gﬁsg pU|s,eS produced by a table-
in the 4d—4p J=0-1 line of Ni-like Pd at 14.7 nm(a) Spectra showing 0P Nd-YAG laser systeri-?°*?*In this case, the motiva-
the increase of the intensity of the laser line as a function of target lengthtion for the use of a pulse train is a more efficient production
The intensity increases by more than 3 orders of magnitude when the targejf highly ionized ions and a faster termination of the excita-

length is increased from 1 to 3 mrth) Measured intensity of the laser line . i
as a function of target length. The continuous line is a guide through thé“on’ determined by the dropoff of the last pUIse' Experi

experimental points. The data show the decrease of the transient gain as tﬂ%er_‘ts conducted utilizing 1.5-2 J of laser pulse energy to
x-ray laser propagates along the plasma colufgh.Computed transient ~excite an 11 mm long Al slab target were reported to produce

gair_] p_rofiles as a function of time measured from the arrivabdl ps a gain coefficient of 3.2 cit in the 15.5 nm line of Li-like
excitation pulsdfrom Dunnet al, Ref. 77. Al."* The latest results include double-pass experiments and
multipass experiments that made use of unstable laser reso-
In 1989 Kim et al. reported a gain of about 8 cthin that  nators constructed using Mo/Si multilayer mirrors. Evidence
line as a result of an experiment that used a 25 J pump pulsaf cavity enhancement in the 15.5 and 15.1 nm lines of Li-
of 3 ns duration, line focused imta 5 mmlong solid carbon  like Al was observed®®
target?®* In this experiment, a stainless steel blade was Significant efforts have also been devoted to reduce the
placed in proximity with the target to provide additional size of collisional lasers using laser-pumped pulses of 50—
cooling by thermal conduction and by radiation from iron 500 ps duration. In 1988 Hagelst&ifi proposed to scale
impurities. Later experiments obtained similar gain coeffi-down the size of collisionally excited lasers by exciting
cients in 6 mm long targets with on# J oflaser excitation low-Z Ni-like ions with 1-2 J pump pulses and predicted
energy using a multifin carbon targ@. However, difficul-  substantial transient gains. An experiment was implemented
ties were found in increasing the amplification beyond ato demonstrate gain near 20 nm using a series of 60 ps laser
gain-length products-5. The latest attempt in increasing the pump pulse$’%2"1This initial attempt to scale down the size
gain-length product in this line utilized a polyethylene mi- of laser-pumped collisionally excited soft x-ray lasers to a
crocapillary as targéf’ The Nd-YAG laser(2.5 J, 1.5 ns single optical table was also one of the first experiments to
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100 tive study of the influence of the Pd target surface roughness
on the laser output performance indicated a substantial in-
crease in laser output intensity for reduced roughness. Pres-
ently, the repetition rate of these soft x-ray lasers is about
one shot every 30 min limited by the frequency of firing of
G=14.3cm” the pump laser.

26.2 nm, 3-2 BV $=0.35 mm

80 +

GLinac=5.0

% VI. DISCUSSION AND FUTURE PROSPECTS
Remarkable progress has been achieved in the last few
years in several critical aspects of the development of prac-
tical table-top soft x-ray lasers. It includes advances in both
table-top laser-pumped and discharge-pumped devices.
Laser-pumped soft x-ray lasers have reached saturation at
wavelengths as short as 14 nm using only several Joule of
excitation energy. Significant soft x-ray amplification has
also been observed in several systems utilizing only a frac-
tion of a Joule of laser excitation energy. A very compact
26.5 eV discharge-pumped laser has been operated at a rep-
etition of several Hz producing millijoule-level laser pulses
and an average power of 3.5 mW. This table-top laser pro-
FIG. 31. Result of amplification experiment in the 3-2 line of H-like 8 ( dUces a spatially coherent laser average power per unit band-
=26.2nm) using a plasma created by a sequence of two low power lasawidth that is comparable to that generated by a third-
pulses in a BOz; microcapillary plasma. The o_n-axis spectra for plasma generation synchrotron beam line, and a peak coherent
:%lggprz;f i’ofc')glzg :ﬁSaTnFl esfr_‘%‘g_the nonlinear increase of the 26.2 nm 'as?:.;owgr that is several orders of magnitude larger. The reduc-
tion in the size, cost, and complexity of soft x-ray lasers
resulting from these developments will soon lead to the
use multiple-pulse excitation. The pump pulses were genewidespread use of these sources in numerous scientific and
ated by a laser consisting of a mode-lock@easwitched technological applications. Some table-top soft x-ray lasers
Nd:YLF laser, followed by a preamplifier and a slab ampli- have already emerged from their development stage to be
fier. Line-focus excitation of a Nb target was reported toused in applications. For example, a capillary discharge-
result in gains of about 3 cht andgl~3 in the 20.4 nm line  pumped laser has been successfully utilized to perform soft
of Ni-like Nb. Similar experiments using the neighboring x-ray plasma shadowgraphy and interferomé{f?’#These
elements identified emission from the candidate laser line irxperiments will soon be followed by an explosion in the
Ni-like Mo (18.9 nm) and Ni-like Zr (22.1 nm.2’* More  number of applications of table-top soft x-ray lasers. Signifi-
recently, Balmeet al. have reported the observation of large cant progress can also be expected in the next few years in
amplification in Ne-like ions irradiating slab targets with the demonstration of compact practical lasers at increasingly
~100 J pulses of 500 ps duration produced by a Nd:glasshorter wavelengths as a result of the combination of com-
laser that occupies a laboratory area of aboutd9n.”®?2  pact high power ultrashort-pulse laser systems with transient
These experiments made use of the prepulse technique thatersion collisional schemes, or recombination lasing in
had been successfully used to increase the efficiency of cotransitions to the ground state. Moreover, the advent of rela-
lisional lasers excited by laboratory-size laser pufpst!’  tively compact optical laser systems with output powers of
The 3p—3s J=0-1 lines of Ti, Cr, Fe, Ni, and Zn were up to 100 TW can be expected to result in the long awaited
amplified to reach an intensity at least an order of magnitudeealization ofK-shell photoionization lasers operating at ex-
larger than the background radiation using a prepulse witliremely short wavelengths.
0.7% of the total laser pump energy that preceded the main Notes added in proofSince the submission of this Re-
pulse by 5 ns. For the 32.6 nm line of Ti, the 25.5 nm line ofview Article, the proceedings of the latest International Con-
Fe, and the 23.1 nm line of Ni gain coefficients between 4.Zerence on X-Ray Lasers have been published. “X-Ray La-
and 3.6 cm* were obtained for 2.4 cm long curved targets, sers 1998"Proceedings of the 6th International Conference
resulting in gain length products of about f0Angle- on X-Ray Lasersedited by Y. Kato, H. Takuma, and H.
resolved spectra indicated a typical beam divergence dbaido (Institute of Physics, University of Berkshire, Read-
about 3 mrad FWHM. At a recent conference, the sameéng, 1999. The proceedings of another recent conference
group has reported saturation of the 25.5 nm line of Ne-like'Soft X-Ray Lasers and Applications IIl,” edited by J. J.
Fe and also saturation of the 14.0 and 14.7 nm lines of NiRocca and L. B. Da Silva, SPIESociety of Photo-optical
like Ag and Ni-like Pd, respectivel}** These latest results in  Engineers, Bellingham, WA, 1999Vol. 3776, are in press.
Ni-like ions were obtained using a sequence of a single 8% At the recent conference “Soft X-Ray Lasers and Appli-
prepulse followed after 1 ns by a main excitation pulse ofcations IIl,” Denver, CO, 18-23 July 1999, Durat al. re-
=30 J, 100 ps. Gain-length products of 15.5 and 15.6 wer@orted saturation of the 14.7 nm Ni-like Pd and 14.0 nm
obtained on flat Ag and Pd targets, respectively. A comparaNi-like Ag transient inversion collisional excitation lasers

Intensity, arb.units

Wavelength, nm
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using traveling wave excitation. The laser output pulse en-#A. V. Vinogradov, I. I. Sobe'man, and E. A. Yukov, Sov. J. Quantum

ergy of the line of Ni-like Pd was reported to be approxi-
mately 10uJ for 7 J oflaser pump energy.
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