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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 Physics.@S0034-6748~99!00110-0#
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I. INTRODUCTION

Great progress has been achieved in the last sev
years in the development of very compact and practical
x-ray lasers.1–4 The field is rapidly approaching the stage
which soft x-ray lasers sufficiently compact to fit onto a no
mal optical table~frequently described as ‘‘table-top’’ lasers!
will be routinely utilized in science and technology. The m
tivations for the development of table-top soft x-ray las
are numerous. They include the characterization and proc
ing of materials, very high resolution metrology, studies
atomic physics, photochemistry and photophysics, biolog
imaging, and the diagnostics of very high density plasm
Practical table-top x-ray lasers will also open up explorat
of completely new fields, such as nonlinear optics at
trashort wavelengths. In the not very distant future, wh
their wavelength will drop below 1 nm, applications such
time-resolved x-ray diffractometry of biological and ino
ganic materials, and medical diagnostics with coherent x r
will also be realized. Moreover, several of the most imp
tant applications may yet be unforecasted. When novel p
tical sources of intense electromagnetic radiation were de
oped in the past, new regimes of physical parameters bec
accessible, often resulting in the observation of unexpec
phenomena that led to important scientific and technolo
breakthroughs. Based on such historical considerati
many researchers believe that the benefits of the widesp
3790034-6748/99/70(10)/3799/29/$15.00

Downloaded 06 Jul 2006 to 129.82.233.53. Redistribution subject to AIP
ral
ft

t
-

-
s
ss-

al
s.
n
l-
n
s

ys
-
c-
l-

me
d

ic
s,
ad

availability of practical and affordable table-top x-ray lase
will impact numerous scientific disciplines and industrie
even exceeding current predictions.

This review summarizes fundamental and technical
pects of the development of table-top soft x-ray lasers ba
on the generation of population inversions in plasmas. Ho
ever, the direct amplification of radiation in plasmas is n
the only means by which coherent soft x-ray radiation can
generated. Alternative methods include harmonic u
conversion of high power optical lasers,5–8 synchrotron
sources,9–11 and free electron lasers~FELs!.12,13Synchrotron
sources have the very important advantages of broad tun
ity and high average power. In contrast, they fall short of
high peak brightness needed in applications such as the s
of nonlinear phenomena at ultrashort wavelengths14 and the
diagnostics of dense plasmas.15,16 Also, they are very large
and expensive to construct. An alternative also based on
celerator technology is the use of self-amplified spontane
emission in a FEL.12,13In a soft x-ray FEL, an electron beam
would radiate at higher powers and with better cohere
than it does due to spontaneous synchrotron radiation. S
eral single-pass ultrashort wavelength FELs have been
posed or are under construction.12 Nevertheless, these lase
will not be table-top devices in the near future. Alternative
soft x-ray coherent radiation can also be generated using
ther nonlinear optical techniques for frequency u
conversion of optical laser radiation, or by direct amplific
9 © 1999 American Institute of Physics
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tion of spontaneous emission in a plasma. Very import
progress has been achieved in the past several years i
generation of high order harmonics of intense ultrash
pulse optical lasers. Harmonic up-conversion in table-top
ser systems has been reported to generate radiation at w
lengths as short as 2.7 nm.6 Presently, fairly optimized con
ditions in nonphase matched configurations yield typicall
conversion efficiency of about 1026 in the range of 10–40
eV ~on the order of 109 photons per pulse! and 1028 in the
40–150 eV range (106– 107 photons per pulse!.5 The highest
energy reported for a high order harmonic pulse, 60 nJ
about 50 eV, was obtained using the second harmonic
powerful glass laser.8 Recently, the demonstration of phas
matched harmonic conversion of visible light into soft x ra
with a generation efficiency of 1025– 1026 in the 40–70 eV
spectral region7 was reported. Soft x-ray pulses with an e
ergy of.0.2 nJ/pulse per harmonic order were produced
repetition frequency of 1 kHz utilizing 20 fs optical pulses7

This recent development promises to result in soft x-
pulses with a high peak brightness and high average po
Alternatively, table-top x-ray lasers have the advantage o
much higher energy per pulse, and the potential to prod
x-ray beams with very high average power.17 For example, at
a photon energy of 26.5 eV, a very compact discha
pumped table-top soft x-ray laser has already produced
put pulses with an average energy of 0.88 mJ (.2
31014photons/pulse) at a repetition rate of 4 Hz, cor
sponding to an average output power of.3.5 mW.18 Never-
theless, as different applications will require soft x-ray rad
tion with specific characteristics, in many cases the use
these various sources will be complementary. The focus
this article is table-top soft x-ray lasers. For a description
the characteristics and status of alternative methods for
generation of coherent soft x-ray radiation, the reader is
ferred to the literature.5–13

The quest for practical x-ray lasers started shortly a
the demonstration of the first lasers in 1960.19 Proposals of
excitation schemes for x-ray lasers date back to 1965, w
the possibility of achieving soft x-ray amplification by coll
sional recombination was first suggested by Gudzenko
Shelepin.20 This was followed by proposals of photoioniz
tion pumping of x-ray lasers in 196721 and of electron impac
excitation schemes.22–27 The latter were inspired in part b
the earlier success in the development of visible and ul
violet ion lasers excited by electron collisions.28,29 However,
the dramatic scaling of the pump power requirements w
decreasing wavelength and the low normal incidence refl
tivity of bulk materials at soft x-ray wavelengths, combin
with the short lifetime of the excited levels involved in th
lasing process, made the realization of soft x-ray laser
very challenging task. Several experiments realized du
the 1970s and early 1980s yielded the observation of po
lation inversions and gain.30–37Nevertheless, the experimen
tal demonstration of large amplification at soft x-ray wav
lengths was not realized until 1984, when Matthewset al.38

and Suckeweret al.39 observed amplification from the gen
eration of population inversions in plasmas by collision
electron excitation and collisional electron–ion recombin
tion, respectively. These pioneering demonstrations w
Downloaded 06 Jul 2006 to 129.82.233.53. Redistribution subject to AIP
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soon followed by numerous successful soft x-ray amplifi
tion experiments conducted using some of the world’s m
powerful lasers as pump sources.41–43 Subsequent experi
ments achieved for the first time soft x-ray laser operation
the saturated regime,44–47 and realized proof-of-principle
demonstrations in several applications. These applicat
include microscopy,48,49 holography,50 diagnostics of dense
plasmas,15,16 and the excitation of nonlinear photolumine
cence in crystals.51 However, the large complexity, cost, an
size of these lasers, and their low repetition rate, are barr
that limit their widespread utilization. It became clear th
for soft x-ray lasers to be nearly as commonly used as opt
lasers, the development of compact, low cost table-top
x-ray amplifiers was required. Several articles have review
the progress in the development of x-ray lasers,52–57starting
with Waynant and Elton in 1976.52 The book by Elton dis-
cusses the developments up to 1990.58 A detailed account of
the progress realized since that time can be found in
proceedings of two biannual conferences that focus on
development and application of soft x-ray lasers.1–4,59–61

The next few years are likely to witness a dramatic
crease in the use of soft x-ray lasers in applications a
result of the very rapid progress recently achieved in
development of compact pump sources, and the recent d
onstration of large soft x-ray amplification in table-top sy
tems. The advances in pump sources include the deve
ment of multiterawatt table-top optical laser systems ba
on chirped pulse amplification62–65 and fast capillary dis-
charges capable of generating highly ionized plasma
umns with very high uniformity and length-to-diameter a
pect ratios approaching 1000 to 1.66–70 Also contributing to
the progress towards practical table-top x-ray lasers is
achievement of very important reductions in the laser pu
energy required for lasing,72–80to less than 1J.72–75,80This is
in part the result of the implementation of excitation mech
nisms that take full advantage of the high intensity and sh
pulse width of new ultrashort pulse optical laser system
Alternatively, the observation of large soft x-ray amplific
tion in fast capillary discharge plasmas81–83has shattered the
notion that discharge created plasmas are insufficiently
form to allow for soft x-ray amplification, and has opened
new route for the development of very efficient high avera
power soft x-ray lasers. These recent developments, cou
to advances in soft x-ray optics84,85 create the grounds for a
promising future for table-top soft x-ray laser sources.

II. REQUIREMENTS FOR SOFT X-RAY
AMPLIFICATION IN PLASMAS

A. Pump power requirements and scaling laws

For most efficient energy extraction from a laser media
is necessary to operate in a regime where gain saturatio
achieved.86 In most optical lasers the feedback provided
the optical cavity allows us to easily reach the light inten
ties at which the media is saturated. In contrast, the dura
of the gain in soft x-ray lasers is usually shorter than the ti
required for the effective use of an optical cavity. This is t
result of either the rapid self-terminated nature of the po
lation inversion in transient schemes,74–78or the difficulty of
 license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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3801Rev. Sci. Instrum., Vol. 70, No. 10, October 1999 X-ray lasers
maintaining for a sufficient period of time the stringe
plasma conditions necessary for amplification in quasi-
schemes.38–47,83Consequently, soft x-ray lasers normally o
erate with a single-pass or double-pass amplification of
spontaneous emission through the gain medium. In such
plified spontaneous emission amplifiers the spectrally in
grated intensity of the laser line increases as a function
plasma length,l, as

I 5S E

g D ~egl21!3/2~glegl!21/2, ~1!

whereg is the small signal gain coefficient, andE is a con-
stant proportional to the emissivity.87 Ideally, this nearly ex-
ponential amplification continues until the intensity a
proaches the saturation intensity. For example,
collisionally excited laser systems, gain saturation is ty
cally reached whengl'14– 20.44–47,83In the example illus-
trated in Fig. 1, corresponding to the amplification of t
46.9 nm line of Ne-like Ar in a discharge-created plasma,
laser line intensity increases with a gain coefficientg
'0.92 cm21 until saturation is reached atl'15 cm.70,83 In
conclusion, to achieve saturated soft x-ray amplification i
single- or double-pass amplifier the gain coefficient must
depending on the length of the plasma, 1–3 orders of m
nitude larger than that typically encountered in most visi
gas lasers.88 Moreover, the fundamental physics of the ge
eration of amplification by stimulated emission determine
dramatic upward scaling of the power density deposition
quired to obtain substantial gain at ultrashort waveleng
The small signal gain coefficient is the product of the stim
lated emission cross sections and the population inversion
densityDN23,86

DN5S N22N1

g2

g1
D ,

~2!

g5sDN>
A21l

2

8pDn S N22N1

g2

g1
D ,

FIG. 1. Integrated intensity of the 46.9 nm line of Ne-like Ar as a functi
of plasma column length in a capillary discharge amplifier. The exponen
increase of the intensity ceases atl .15 cm, where the saturation intensity
reached~from Roccaet al., Ref. 70!.
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where the Einstein coefficient for spontaneous emiss
scales along an isoelectronic sequence asA21}l22. Consid-
ering as an example the case of a naturally broadened
sition with Dn}A21 we obtain

g}DNl2>N2l2. ~3!

In turn, the minimum pump power density required
maintain a certain upper laser level population densityN2

scales as

P5N2A21

hc

l
}N2l23. ~4!

It results from Eqs.~3! and ~4! that the power density re
quired to obtain a certain gain coefficient in a natura
broadened transition scales as

P}gl25. ~5!

In consideration of the case of Doppler broadening,
line-broadening mechanism most frequently dominant un
soft x-ray laser operating conditions leads to a different
also dramatic scaling of the power requireme
PagA(kTi /m)l24. Nevertheless, assuming for illustratio
purposes the natural broadening case, the operation of s
rated, mirrorless lasers at 50 and 5 nm can be estimate
require a pump power density 107 and 1012 times larger than
a 500 nm blue–green laser, respectively, where it is assu
that the use of the cavity reduces the gain requirement
lasing in the visible by a factor of 100. In addition, the pum
power required for lasing at soft x-ray wavelengths is oft
further increased by refraction losses that reduce the ef
tive gain coefficient.

Another way to illustrate the large increase in excitati
required for lasing at ultrashort wavelengths is to consi
the plasma conditions necessary to sustain a signific
population inversion. As an example, let us consider las
by collisional electron impact excitation in the singly ionize
~Ar II! and Ne-like~Ar IX! stages of argon at 488 and 46
nm, respectively. While for lasing in the blue in ArII the
necessary plasma density and temperature are typicallyNe

'531013cm23 and Te'5 eV,29 lasing at 46.9 nm in Ne-
like Ar requiresNe'531018, Te560– 80 eV.83 This is more
than a six-order magnitude increase in theNe* Te product,
which account for most of the large power density increa
needed for lasing in the Ne-like ion. A further reduction
the laser wavelength to 8 nm, which can be achieved,
example, by collisional excitation of Ni-like Nd, requires a
electron temperature of.800 eV and an electron density o
about 331020cm23.89 The very large pump power densitie
required to achieve these plasma conditions, and the o
present requirement of a small optical thickness in the tra
verse direction,58 define gain volumes that are small com
pared to those of longer wavelength plasma lasers. Typ
dimensions of gain media for soft x-ray lasers range from
to 100mm in diameter and 0.1 to 5 cm in length. An exce
tion are capillary discharge pumped lasers, which make
of plasma columns.300mm in diameter and up to 34 cm in
length.17,18,70

al
 license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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B. Refraction losses

In the most commonly utilized soft x-ray laser excitatio
schemes the gain increases as a function of the plasma
sity. However, an upper limit is set by electron collisions th
at sufficiently high electron density thermalize the popu
tions of the laser levels, destroying the populati
inversion.58 Another limit to the maximum usable plasm
density is often imposed by refraction, that bends the x-
beam out of the gain volume as a result of the variation
the index of refraction due to electron density gradients
the transverse direction. The index of refraction in a plas
is given by

h5A12
ne

nec
, ~6!

wherenec is the critical density

nec5
pmec

2

e2l2 . ~7!

Therefore, for a plasma column in which the electron den
decreases as a function of distance away from an axis@Fig.
2~a!#, the refractive index increases in that direction. In su
a plasma, commonly encountered in many x-ray laser am
fiers, a ray propagating from a region of lower index of r
fraction to one of higher index of refraction is bent aw
from the axis and from the region of maximum gain. T
problem caused by refraction on x-ray amplifiers was ea

FIG. 2. ~a! Schematic of ray propagating along a plasma column of dim
sions 2LX, LZ having a density gradient in thex direction. Refraction de-
flects the ray. Constant properties are assumed in they direction, which is
perpendicular to the plane of the figure.~b! On-axis laser flux as a function
of plasma length for several values of the refraction lengthLr as specified,
assuming a gain coefficientg55 cm21. For Lr,0.2 the exponential growth
is not mantained~from R. A. London, Ref. 92!.
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recognized by Chirkov,90 and later analyzed by man
others.91–96Refraction causes a loss that decreases the e
tive gain and, in the most severe cases limits the maxim
amplification length. It also affects the direction and the s
tial distribution of the amplified soft x-ray beam, increasin
the beam divergence, deviating the beam, and causing~de-
pending on the symmetry of the plasma! sidelobes in the
beam profile44,92 or annular beam patterns.17,97 Measure-
ments of the near-field and far-field intensity distributio
that show the effects of refraction have been performed
several soft x-ray lasers.97–99

London92 has analyzed the effect of refraction on th
amplification for the case of a plasma with a density gradi
in one dimension, as encountered when irradiating a foil
get with a line-focused laser. Treating the density profile
parabolic, he showed that the typical distance in the direc
of propagationz, in which a ray stays within the lasing me
dium before bending out, defined as the characteristic ref
tion lengthLr , is

Lr5LxAnec

ne0
. ~8!

wherene0 is the maximum electron density. The correspon
ing refraction anglef r can be expressed as

f r5Ane0

nec
. ~9!

In the one-dimensional case, refraction reduces the gain
1/Lr and determines for large plasma lengthsLz.Lr an ef-
fective gain coefficient

geff 5g2
1

Lr
. ~10!

London expressed the dependence of the on-axis ra
tion flux on plasma length as a function of a parameter,
refraction gain-length defined as

Gr5gLr . ~11!

From the above expression, Eq.~10!, for the effective gain it
follows that the length dependence of the laser intensity c
responds to one of two distinct cases determined by whe
the refraction gain length is larger or smaller than 1. Wh
Gr.1, exponential growth of the laser power is maintain
until the laser intensity reaches the saturation intensity.
contrast, whenGr,1, refraction sets a limit to the exponen
tial growth and the laser power reaches a constant value
large lengths, never achieving the saturation intensity@the
case of the curve corresponding toLr50.125 in Fig. 2~b!#.
Chilla and Rocca95 extended the analysis to the case of c
lindrical geometry, which is of interest for discharge-pump
lasers and axially pumped laser-created plasmas. In this c
in which the index has a gradient in two directions, refracti
introduces a loss term 1/Lr for each dimension and the e
fective gain is

geff 5g2
2

Lr
. ~12!

-

 license or copyright, see http://rsi.aip.org/rsi/copyright.jsp



wt
is

d
th
s

pe
e

ni-
-

t

n

lly
ti
ut
n
e
on
o
of
b

se
w
as
an
o
a
e

ize.
igh
of
on-

ic

a
ns

of

no-

nd
ion
e
ery

si-
cw
n-
a

t is
s

the
axi-
in-
nd

in
cur

3
n

the
in

s
r
-
in

ori-

om
se of
tly
put,

ed
nd
ing
a
ifi-
la-
d

an
ss

3803Rev. Sci. Instrum., Vol. 70, No. 10, October 1999 X-ray lasers
Therefore, in this two-dimensional case, exponential gro
of the intensity continues until saturation of the gain
achieved only ifGr.2.

Several techniques have been successfully develope
reduce the detrimental effects of refraction. They include
use of curved laser targets, the reduction of sharp den
gradients by the use of a prepulse in laser-pum
systems,100–117and the use of a magnetic field in discharg
pumped lasers.118 Plasma waveguides having a density mi
mum on axis have also been developed74,119–123and success
fully used in soft x-ray amplification experiments.74 Plasma
waveguides can be expected to have an important impac
the development of efficient table-top x-ray lasers.

III. POPULATION INVERSION MECHANISMS

A. Collisional electron excitation

The collisional electron excitation scheme was o
of the first explored theoretically in detail.22–27 Several
compact, high gain, laser-pumped75–79 and discharge-
pumped81–83,124soft x-ray amplifiers have been successfu
developed based on this scheme. This x-ray laser excita
mechanism resembles that of some of the most widely
lized visible and ultraviolet ion lasers, the cw argon ion a
krypton ion lasers,28,29 in which the laser upper levels ar
predominantly excited by direct electron impact collisi
from the ground state of the ion stage of interest. In the m
common implementation of these lasers, the generation
population inversion occurs in a quasi-cw regime, aided
the very favorable radiative lifetime ratio between the la
upper and lower levels. The upper levels are metastable
respect to radiative decay to the ground state, and the l
lower levels are depopulated by strong dipole-allowed tr
sitions. The first successful demonstration of lasing at s
x-ray wavelengths utilizing this approach was realized
Lawrence Livermore National Laboratory involved th

FIG. 3. Simplified Grotrian diagram of Ne-like Ge showing the laser tr
sitions of interest and the dominant excitation and deexcitation proce
responsible for the creation of population inversions between the 3p and 3s
levels. The laser levels are labeled in bothLS and jj notations.~See C.
Keane, Ref. 54.!
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3p– 3s transitions in Ne-like Se and Ne-like Y.38 Ne-like
ions have a fully occupied outer shell and are hard to ion
This is a significant advantage because it results in a h
relative abundance of the lasing ions over a wide range
plasma parameters. To date, amplification has been dem
strated in the majority of the Ne-like ions having atom
number between Si~Ref. 125! and Ag.126

Figure 3 shows a simplified energy level diagram for
typical Ne-like system that illustrates the laser transitio
and the dominant processes involved in the generation
amplification. It corresponds to the GeXXIII laser first dem-
onstrated at the Naval Research Laboratory by Leeet al.40

The 3p laser upper levels are populated by electron mo
pole collisional excitationE0 from the Ne-like ion ground
state and also through recombination from the F-like ion, a
by cascades from higher energy levels. A small contribut
might also come from inner shell ionization of the Na-lik
state. The population inversions are maintained by the v
rapid radiative decay of the 3s laser lower levels to the
ground state of the ion through strong dipole-allowed tran
tions E1 . Therefore, operation of these lasers in a quasi-
regime requires the plasma to be optically thin for the tra
sitions originating from the laser lower level. This imposes
restriction in the maximum plasma column diameter, tha
often significantly relaxed by a Doppler shift in the line
caused by radial velocity gradients in the plasma.127–129The
pumping rate and the population inversion increase with
electron density. However, as mentioned before, the m
mum electron density at which an inversion can be ma
tained is limited by collisional mixing between the upper a
lower laser levels.58

From the beginning of the study of soft x-ray lasing
Ne-like ions, models have predicted the largest gain to oc
in the transition linking the (2p53p 1S0) and (2p53s 1P1)
upper and lower levels, respectively (J50 – 1 line!. This is
because the highest monopole excitation rate into thep
manifold is to theJ50 level. However, the first observatio
of amplification occurred instead in theJ52 – 1 lines of Ne-
like Se, in 1984.38 Subsequent experiments conducted in
following few years confirmed the observation of larger ga
in the J52 – 1 lines,44 with the exception of experiment
conducted in lower-Z elements that showed slightly highe
gain in theJ50 – 1 line.40 This apparent contradiction be
tween theory and experiment in the distribution of the gain
high Z elements attracted significant attention, and gave
gin to a number of suggested explanations.130–132Increased
understanding of the cause of this anomaly resulted fr
recent experiments in laser-created plasmas that made u
a prepulse in the excitation. The prepulse significan
changes the spectral composition of the x-ray laser out
resulting in a great increase in the intensity of theJ50 – 1
line.103–108 An important characteristic of plasmas creat
following a prepulse is the reduced density gradients, a
consequently reduced refraction. It was concluded that las
in the J50 – 1 line takes place in regions of higher plasm
density, where without a prepulse refraction losses sign
cantly decrease the effective amplification of this line re
tive to theJ52 – 1 line. TheJ50 – 1 line has been observe
to be clearly dominant in low-Z Ne-like ions generated by

-
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either laser excitation of a solid target using
prepulse,103,104,108laser excitation of a gas-puff target,133 or
fast capillary discharges.81–83,124

The collisional electron excitation of Ne-like ions is on
of the most studied and proven excitation mechanisms. It
originated some of the most robust soft x-ray lasers dem
strated to date, including several table-top soft x-r
lasers.17,76,78,83,124Nevertheless, it also has a significant d
advantage: the high degree of ionization and conseque
the large pump power that is required to obtain lasing a
given wavelength. Alternatively, the Ni-like sequence h
been proposed and successfully utilized to extend collis
ally excited lasers to shorter wavelengths.43,44,77,115,116,134–144

Lasers in the 3d94d– 3d94p transitions of Ni-like ions are
direct analogs to lasers in 2p53p– 2p53s transitions in
closed shell Ne-like ions, but have the advantage of prod
ing amplification at a shorter wavelength for a given state
ionization. This higher quantum efficiency significantly r
duces the pumping energy required to achieve lasing by
lisional excitation at a selected wavelength. The 4d levels
are populated through a combination of direct elect
monopole collisional excitation from the 3d10 ground state
of the ion and from cascading from upper levels. As in t
case of Ne-like lasers, the laser lower level is rapidly d
populated by dipole-allowed radiative decay to the grou
state. The highest gain is observed in theJ50 – 1 line. Ni-
like soft x-ray lasers were first demonstrated in 1987 in
Eu laser-created plasma, producing an amplification ofgl
'4 at 7.1 nm.43 Subsequently, the scheme was isoelectro
cally extrapolated to other ions with laser wavelengths
short as 3.56 nm in Ni-like Au.126 Hagelstein first proposed
the use of lowZ Ni-like ions to develop table-top collisiona
lasers at wavelengths near 20 nm and computed signifi
gain for overheated plasma conditions.138 For several years
the maximum amplification obtained in Ni-like ions re
mained smaller than that obtained in Ne-like systems,
below the values required for gain saturation. Neverthel
the use of multiple-laser-pulse excitation techniques and
optimization of target geometries has greatly increased
gain in Ni-like ions.141–143,144Recently, gain saturated oper
tion has been obtained at wavelengths as short as
nm.114,115,143The amplification of soft x-ray radiation by co
lisional excitation is not limited to Ne-like and Ni-like ions
Gain has also been observed in Co-like ions,140 and the use
of the Nd-like sequence has also been proposed.138,145

1. Transient electron collisional excitation

The collisional electron excitation scheme describ
above is intrinsically a quasisteady state scheme in wh
lasing can occur for as long as the plasma conditions ne
sary for the generation of a population inversion can
maintained. A recently demonstrated variation of the co
sional electron excitation scheme takes advantage of
much larger population inversions that can be obtained un
rapid transient excitation.76–78It was first recognized by Afa-
nasiev and Shlyaptsev146 that gain coefficients that are 1–
orders of magnitude larger than those obtained for the s
transition in the quasisteady state regime can be produce
a short period of time~typically subpicosecond to tens o
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picoseconds! by heating the plasma at a rate faster than
relaxation rate of the excited states. The larger gain coe
cients are a consequence of several phenomena that,
short period following rapid transient heating, contribute
generate a much higher population inversion. These incl
the fact that immediately following rapid collisional excita
tion, and before collisions have the time to redistribute
populations, the upper laser level population is larger a
result of its larger rate of excitation. The other phenome
that contribute to an increased gain are the increased ra
electron excitation in an overheated plasma~recall that the
excitation rate depends exponentially on the electron te
perature!, and a reduction in the rate of collisional mixin
between the closely spaced active levels. The latter allo
operation at significantly higher electron density, and the
fore at increased pumping rates. Transient gains in exces
100 cm21 have been predicted theoretically.146–150The short-
lived transient population inversions, which are pumped
rectly from the ground state by electron collisional exci
tion, last until collisions redistribute the populations amo
levels. Following this short transient period of high popu
tion inversion the gain decreases until the laser level po
lations finally reach the quasisteady state value. In summ
in the transient electron collisional excitation scheme a po
lation inversion is created because the transient collisio
processes of excitation of the laser upper and lower le
occur at different rates, and not because of the faster rat
radiative relaxation of the laser lower level. Therefore, in t
transient regime there is no need to limit the transverse
mension of the plasma in order to ensure optical transp
ency of the lower level radiation. The main advantage of
transient excitation scheme for the realization of table-
x-ray lasers is the greatly reduced laser pump energy
quired for excitation. For example, a few J/cm deposited
;1 ps in a line-focused plasma have produced gains of u
35 cm21 in the 3p– 3s J50 – 1 line of Ne-like Ti at 32.6
nm.76,78 The transient excitation scheme has been also
tended to the Ni-like sequence, where a gain of 35 cm21 was
reported in the 4d– 4p J50 – 1 line of Ni-like Pd at 14.7 nm
utilizing '5 J of excitation energy.77,78

B. Collisional recombination

This population inversion mechanism was first propos
by Gudzenko and Shelepin in 1965.20 The first report of
large amplification at soft x-ray wavelengths by plasma
combination (gl.6), corresponds to an experiment realiz
by Suckeweret al. in 1984.39 More recently, recombining
plasmas pumped by table-top lasers has produced ampli
tion in transitions to the ground state72,74 with gains up to
gl'6.5 at wavelengths as short as 13.5 nm. Evidence
amplification by plasma recombination has also been
ported in plasmas created by compact electri
discharges.66,151–155In this scheme, the laser upper level
populated following the recombination of ions with a char
Z11 with an electron, through a three-body interaction d
scribed as collisional or three-body recombination:

AZ1112e→AZ* 1e. ~13!
 license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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This type of process is the inverse of collisional electr
ionization. It preferentially populates highly excited bou

levelsAZ* of the ion of chargeZ, favoring the generation o
population inversion~the recombination rate scales withn,
the principal quantum number of the level, asn4).156 As the
reaction above suggests, the collisional recombination
R3br is proportional to the square of the electron density. T
recombination rate is also extremely sensitive to the elec
temperatureR3br}Te

24.5.157 Therefore, the generation o
large population inversion by recombination requires a de
and relatively cold plasma.

Hydrogen-like ions, as originally suggested b
Gudzenko and Shelepin,20 have a very favorable energy lev
structure for the generation of population inversions by c
lisional recombination. In principle several transitions can
inverted, but initially much of the attention focused in th
very favorable 3–2 transition of these ions. As an exam
Fig. 4 shows the atomic processes involved in the genera
of population inversion in the 3–2 transition of H-like C
18.2 nm by collisional recombination. When the plasm
cools, collisional recombination populates highly excit
states, and electron collisions rapidly transfers the popula
to levels of lower energy. Since collisional electron d
excitation is inversely proportional to the square root of
energy difference between the levels,158 this electronic cas-
cade reaches a level at which electron de-excitation is
longer dominant over radiative decay. At this level t
bottleneck that is produced in the cascade creates a po
tion inversion respect to a lower level, that is most co
monly de-excited by very rapid radiative decay to the grou
state of the ion.

The amplification of soft x rays by plasma recombin
tion would seem to require conflicting plasma conditions
very highly ionized plasma and a very cold electron tempe
ture. In practice, the problem has been traditionally solv
utilizing a two-step process. First, a highly ionized and de
plasma is generated by a heating pulse. Second, the plas
rapidly cooled following the termination of the excitatio
pulse. By this method the plasma is hot during the excitat
pulse, allowing for the generation of the required high pop
lation density of ionsAZ11, and cold during the recombina
tion phase. The required cooling rate is determined by
recombination rate. The plasma can be rapidly cooled by
adiabatic expansion,30,31,37,127,159–166by electron heat con
duction to a nearby wall or colder neighboring plasma,167 or
by radiation from high-Z ions introduced as impurities int
the plasma.168,169All three cooling mechanisms, or combina
tions of them, have been utilized experimentally to gener
gain at soft x-ray wavelengths by collisional electron–i
recombination. In particular, important efforts have been
voted to the demonstration and study of amplification in
18.2 nm 3–2 line of H-like C. Initial experiments observ
population inversions in plasmas that were generated by
lating solid carbon targets or carbon fibers with high pow
laser pulses, and cooled by adiabatic expansion.30,31,35–37

Large amplification was first observed in an experiment
which a 300 J pulse from a CO2 laser with about 75 ns puls
width was used to generate a nearly totally ionized car
plasma column by bombarding a carbon solid target
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mersed in a strong solenoidal magnetic field.39 The magnetic
confinement was allowed to maintain a high electron den
while the plasma was cooled by radiation and electron h
conduction to adjacent cooling blades. Laser pulses of ab
3 mJ were generated at an efficiency of 1025. Amplification
has also been demonstrated in numerous experiment
which line focus plasmas were cooled by free adiaba
expansion.41,160–165 Gain has been reported in H-like N
ions,163 in the 4f – 3d and 5f – 3d lines of Li-like ions,164–166

and in Be-like and Na-like ions.170

An important advantage of the recombination sche
with respect to the collisional excitation scheme involvi
Dn50 transitions is its more rapid scaling to shorter wav
lengths with nuclear chargeZ. However, recombination la
sers have suffered the problem of not scaling adequately
plasma column length. The largest gain length prod
achieved to date isgl'8.39 It is possible that the problem i
related to the very high sensitivity of the gain in recombin
tion schemes to the variation of the plasma parameters
can be more pronounced for longer plasma columns. Ne
theless, the causes of this limitation are not w
understood171 and are a topic of current discussion that mu
be resolved for x-ray recombination lasers to achieve th
full potential.

1. Recombination lasing in transitions to the ground
state

Jones and Ali172 demonstrated theoretically that larg
transient gains could be generated in the 2–1 transition
H-like ions following recombination of a totally ionized
plasma of arbitrarily low temperature. This kind of las
scheme using a transition to the ground state is very att
tive to rapidly scale recombination lasers to very short wa
lengths. It provides a method to amplify with a high quantu
efficiency very short wavelength lines in species which
only moderately ionized. For example, in this scheme las
at 13.5 nm requires an initial plasma of totally stripped

FIG. 4. Simplified Grotrian diagram of H-like C showing the process
responsible for the generation of population inversion between then53 and
n52 levels in the 18.2 nm CVI recombination laser.
 license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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ions ~three times ionized atoms!, while lasing at 3.37 nm can
be attempted in CVI in a plasma that initially is only six
times ionized. In the first case the quantum efficiency~QE!,
computed as the ratio of the laser photon energy and
energy required to totally strip the atom, is QE50.45. This is
a large improvement with respect to a recombination la
based on the 3–2 transition of H-like ions, that for lasing
a similar wavelength would require an inversion in H-like
(l513.4 nm) with a QE50.06. The high QE of laser tran
sitions to the ground state offers a possible route for
development of very short wavelength lasers with small
citation energy, potentially resulting in very short wav
length table-top recombination lasers. However, for lasing
occur in a transition to the ground state, recombination ha
be very rapid to allow for the generation of large upper la
level populations before the ground state ion level is sign
cantly populated. The recombination time must then
shorter than the radiative lifetime of the laser upper le
which is, for example, 26 and 1.6 ps for then52 level of
H-like Li and H-like C, respectively. These time scales a
often shorter than the time required by any plasma coo
mechanism to cool a hot plasma before the ground sta
significantly populated. Therefore, amplification in tran
tions to the ground state requires the generation of hig
stripped ions in a plasma with a low electron temperatu
Peyraud and Peyraud173 proposed the use of multiphoton ion
ization to produce a plasma of fully stripped ions and c
electrons on a time scale that is short compared to the rec
bination time. However, means for the generation of init
plasma conditions for lasing in a transition to the grou
state did not exist in 1975, the time of the analysis of Jo
and Ali. The advent of very powerful subpicoseco
lasers62–65 and the understanding of above-thresho
ionization174 have made possible the relatively recent obs
vation of soft x-ray amplification in transitions to the groun
state.72,74,175

Burnett and Corkum176 recognized that a cold plasma o
highly stripped ions in which recombination can occur in t
subpicosecond time scale can be created by optical-fi
induced~OFI! ionization using linearly polarized light, an
proposed the realization of ultrashort wavelength lasers
lizing this approach. For a linearly polarized laser pulse,
electrons are compelled to return their quiver energy to
laser field. This method can therefore create plasmas tha
simultaneously highly ionized and cold in a time scale mu
shorter than their recombination time. Amendt and Eder
Ederet al.177,178analyzed different aspects of the impleme
tation of soft x-ray recombination lasers based on OFI. T
first observation of gain in an OFI plasma was reported
Nagataet al. in the 2–1 transition of H-like Li at 13.5 nm.72

Experiments subsequently conducted at Princeton179 and at
Berkeley178 observed similar results. Heating associated w
Raman backscattering was recognized as a possible obs
for extending this scheme to much shorter wavelengths.
schemes requiring pump laser intensities on the orde
1017W cm22, e.g., Li-like Ne at 9.8 nm, it has been su
gested that the use of short driving pulses~,100 fs! can
provide a solution.178 However, the same theoretical analys
concluded that it will be difficult to keep heating associat
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to Raman scattering at acceptable levels in shorter wa
length schemes that require intensities on the order o
31018W cm22.170 Experiments are needed to evaluate t
implications of these potential limitations to the scaling
OFI recombination lasers. The progress in the developm
of OFI recombination lasers is summarized in a later sect

C. Photoionization and resonant photopumping

These two population inversion mechanisms for x-r
amplification have in common that the excitation of the la
upper level population involves the use of high energy p
tons. The generation of large population inversions followi
the selective x-ray photoionization of inner shell electro
was originally proposed by Duguay and Rentzepis in 19621

The generation of population inversions by this mechan
is possible because at photon energies just above the th
old for inner shell photoionization the cross section is
order of magnitude larger for inner-shell electrons as co
pared to outer-shell electrons. This scheme has the pote
advantage of leading to relatively compact lasers with wa
lengths shorter than 1.5 nm.180,181 In principle, it can allow
for operation at a low plasma temperature of less than 1
with consequently small Doppler broadenings and large g
coefficients. The incoherent x-ray photons that pump the
ser media would be normally produced by a nearby plas
created by heating a target made of a high-Z material such as
gold with an intense ultrashort laser pulse. Experiments h
demonstrated total laser energy to incoherent x-ray ene
conversion efficiencies of;20% ~.1% into x rays with en-
ergy above 1 keV!. Photons at energy below the inner-sh
binding energy are removed with an appropriate filter
avoid pumping of the laser lower level.

The first proposal for inner-shell photoionization lase
at x-ray wavelengths21 has preceded by decades the devel
ment of sufficiently powerful ultrashort pulse las
drivers.62–65 The photoionization scheme was first demo
strated in the visible region of the spectrum by Silfvastet al.
in 1983.183 McGuire proposed the production of populatio
inversions by selective Auger decay following inner-sh
photoionization.184 In 1986 Kapteyn, Lee, and Falcone dem
onstrated lasing at 108.9 nm in doubly ionized Xe by Aug
decay following the photoionization of neutral Xe.185 Output
energies of severalmJ in this transition were subsequent
obtained at a 2 Hz repetition rate by Sheret al. utilizing
traveling wave excitation.186 Amplification in the equivalent
transition in Kr at 90.7 nm was also observed.187 However,
no demonstration of a photoionization laser at x-ray wa
lengths has yet been realized. Nevertheless, the recent d
opment of relatively compact lasers capable of produc
peak powers of up to 100 TW greatly increases the like
hood that this type of x-ray laser will be realized in the ne
future.

Kapteyn has analyzed the possibility of obtaining lasi
by preferentially photoionizing theK-shell electrons of
low-Z elements,180 focusing in particular on theKa line of
Ne (l51.5 nm). Previously, Elton had discussed the pos
bility of obtaining quasistationary population inversionKa

transitions,182 and Hagelstein had analyzed the possibility
 license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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producing a 27 eV laser by photoionizing the 2s shell of
neutral Ne to create a 2p– 2s inversion in NeII.53 A main
advantage of theKa scheme is its scalability to very sho
wavelengths. The energy level diagram of theKa Ne laser is
illustrated in Fig. 5. The filtered x rays primarily photoioniz
the inner-shell electrons, producing population inversion a
gain in the allowed radiative transition between t
(1s)21 2S and (2p)21 2P levels of the singly charged ion
Rapid Auger decay with a rate of~2.7 fs!21 is the dominant
mechanism of depopulation of the (1s)21 laser upper level.
However, the self-terminating lifetime is not the domina
process that limits the duration of the gain. Instead, the m
nitude and duration of the gain is limited by electron co
sional ionization of neutral neon atoms. The energetic e
trons created in the lasing material by photoionization a
Auger decay create predominantly ground-state Ne ions
are the laser lower level. Therefore, this is intrinsically
ultrashort pulse x-ray laser. Kapteyn has concluded that
ing in theKa transition of Ne at 1.5 nm could be produce
by traveling-wave excitation using a pump laser genera
.10 J pulses of approximately.50 fs duration.180 In this
scheme, the target would be a thin beryllium foil, which
coated on one side with a structured x-ray emitting mate
and supports a frozen mix of Ne–H on the other side. T
beryllium acts as an absorber for low energy x rays that
capable of producing outer-shell ionization, and also se
rates the hot x-ray emitting region from the laser region
that thermal ionization of Ne does not take place. Hydrog
acts as an electron moderator in the lasant material to m
gate electron collisional ionization. The theoretical study
the Ka photoionization lasers was extended by Eder a
co-workers178,181,188who calculated a scaling law relating th
necessary laser pump energyEL to the wavelength that ca
be achieved. Assuming 20 fs x-ray pump pulses, they
tainedEL5(4.5/l)2, where the laser wavelengthl is in nm
and EL is in J.189 Calculations for inner-shell photoionize
lasing in C at 4.5 nm suggest that a driving laser energy
the order of 1 J should be sufficient to produce a gain co
ficient of 10 cm21 and a large gain-length product.188 Barty
et al. have proposed another approach to the pumping
inner-shell x-ray lasers, in which the pumping is not bas
on x-ray photons but rather on a burst of fast electrons p
duced by an ultrashort pulse laser.63 A major motivation for
this scheme is the nearly 100% efficiency with which a c
cularly polarized high-intensity optical laser can produce
burst of electrons with a pulse width and energy roug
corresponding to the duration and ponderomotive energ
the irradiating laser, respectively. Nevertheless, atomic e
tron impact ionization cross sections favor outer-shell ioni
tion over inner-shell ionization, and thus the automatic po
lation inversion that is possible with x-ray pumping n
longer takes place in this scheme. However, the scheme
posed by Bartyet al. relies instead on the Coster–Kron
mediated decay of the laser lower level to create
inversion.63

A different pumping mechanism also based on the ex
tation by energetic photons involves resonant pho
absorption.190,191In contrast with the photoionization schem
discussed above, which can make use of a broadband x
Downloaded 06 Jul 2006 to 129.82.233.53. Redistribution subject to AIP
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pump source, resonant photopumping relies on very inte
line emission to pump the laser upper level. Therefore,
mechanism requires a precise wavelength coincidence
tween powerful pump lines and lines that can populate
laser upper level by resonant photoabsorption from a hig
populated state, typically a ground state. It was recen
shown by Nilsenet al. that the amplification observed in th
3d 1P1– 3p 1P1 line of Ne-like Ar at 45.1 nm in a laser
created plasma was assisted by photopumping due to r
sorption of the 3d 1P1– 2p 1S0 resonance line.192 This
mechanism of self-pumping of a strong emission line in
optically thick plasma has also been proposed as a me
nism for driving the population into the laser upper levels
other Ne-like and Ni-like ions.193 However, a directly pho-
topumped x-ray laser has not yet been realized. This exc
tion mechanism has nevertheless produced amplificatio
ultraviolet wavelengths,194–196 and a large number of lase
proposals based on x-ray line-coincidence studies are aw
ing realization.53,58,197–202Significant efforts have been ded
cated to attempt the demonstration of amplification at 2
nm in He-like Ne by resonant photoexcitation of th
1s2– 1s4p 1P1 transition in that ion with 1.1 nm radiation
from He-like Na plasmas generated by very large puls
power generators.203–205An experiment conducted in 1992 a
Sandia National Laboratory using the Saturn generator, a
time the world’s most powerful pulsed-power machine, p
duced 200 GW in the 1.1 nm Na pump line and obtain
evidence of a population inversion in He-like Ne.205 How-
ever, no gain was reported. Of greater interest for the de
opment of table-top lasers are experiments that have b
conducted with more compact drivers.206–208Gain on the or-
der of 1 cm21 and agl.2 was reported in the 3d– 4f and
3d– 5f lines of Li-like Mg ions, pumped by a Si plasm
created by a laser pulse of 120 J energy and 400
duration.206 Another experiment observed an enhancemen
the population of the upper level of a MoVII transition near
60 nm when photopumped by a line in MoXII from an adja-

FIG. 5. Simplified energy level diagram of a proposed inner-shell photoi
ization laser in theKa transition of Ne at 1.5 nm. X rays photoionize the 1s
electrons of the Ne atoms creating a population inversion and gain in
(1s)21→(2p)21 transition of singly ionized Ne. Rapid Auger decay d
pletes the (1s)21 laser upper level. Electron impact ionization populates
(2p)21 laser lower level limiting the duration of the gain~from H. C.
Kapteyn, Ref. 180!.
 license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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cent laser-created plasma.207 Also, a resonant photopumpin
study of Be-like MgIX ions by Li-like Al XI line radiation
has been performed driving an Al pinch with a 0.5 T
pulsed power generator.208 The objective of this experimen
was to obtain amplification on the MgIX 2s4p– 2s3d tran-
sition at 2.28 nm. Evidence of fluorescence from the 4p level
of Mg IX due to photopumping by the 4.83 nm line of AlXI

was reported.
The population inversion mechanisms discussed ab

are by far the most studied, and include all the soft x-
lasers demonstrated to date. However, other x-ray popula
inversion schemes based on different atomic processes
as charge transfer, have also been proposed.58,209–211 Re-
cently, Hagelstein analyzed the possibility of extending
concept of lasing without inversion to soft x-ra
wavelengths.212

IV. PRESENT STATUS OF TABLE-TOP DRIVERS

Many of the recent advances in table-top soft x-ray
sers have been made possible by the development of
compact high power drives. Up to the late 1980s practica
all soft x-ray amplification experiments made use of hig
energy optical laser drivers that generated pulses of nano
ond duration. Large pulsed-power generators were also u
in attempts to obtain soft x-ray amplification, but did n
succeed in observing gain. While research towards the de
opment of table-top x-ray lasers based on nanosecond p
laser drivers continues to date,80 much of the recent effor
has shifted towards the use of small-scale high power
trafast laser drivers74–78,216 and compact high powe
discharges.17,68–70,81–83,124,152–155New opportunities for the
efficient pumping of table-top soft x-ray lasers have aris
from the development of compact, very high power ultraf
optical lasers based on the technique of chirped-pulse am
fication~CPA!, and from the demonstration of highly ionize
capillary discharge plasma columns of unprecedented a
uniformity. CPA of ultrashort laser pulses presently allo
for the generation of multiterawatt peak powers from tab
top systems operating at repetition rates of typically
Hz.62–65Compact fast capillary discharges have been sho
to successfully concentrate large amounts of electric
stored energy in needle-shaped plasma columns with le
to diameter ratios approaching 1000:1 and excellent a
uniformity.68–70,81–83The characteristics of these drivers f
table-top lasers are summarized in the following sections

A. High power ultrashort-pulse lasers

The high power ultrashort pulse drivers used in table-
x-ray laser research are based on either excimer-base
solid-state amplifier media. Ultrashort pulse excimer ba
systems have been available since the 1980s and typi
produce pulses of 0.3–0.5 ps duration and energy up to a
hundred mJ.213–215However, the output energy of relativel
compact high power excimer amplifiers is limited to the
values by the low saturation fluence~'mJ/cm2!. Presently,
the majority of compact high-peak power laser systems
CPA in solid-state amplifiers, a scheme first demonstrated
Mourou and co-workers217 based on the concepts of optic
Downloaded 06 Jul 2006 to 129.82.233.53. Redistribution subject to AIP
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pulse compression developed by Treacy218 and Martinez.219

This approach allows us to take full advantage of the h
saturation fluences~;1 J cm2!, broad gain bandwidth, and
relatively long upper laser level lifetime of solid-state amp
fier media such as Ti:sapphire, Nd–glass, and Cr:LiSAF. T
result has been the development of terawatt peak-power
tical lasers operating at pulse repetition rates of 10 Hz t
can fit on a single optical table, and larger systems produc
several tens of terawatts that fit in a few optical tables.62–65

The characteristics and design issues of high power ultra
laser systems have been recently reviewed in detail
Backuset al. in a previous issue of this journal.62 Neverthe-
less, for completeness the basic concept and status of
high power ultrashort-pulse laser drivers for table-top s
x-ray laser research are briefly summarized below.

In the CPA technique, a short seed pulse is first stretc
in duration, then amplified, and finally recompressed to i
ally its initial duration.217 The process allows us to obtai
extremely high peak powers by the amplification of u
trashort pulses, while avoiding very high intensities in t
amplification pulse that would damage the amplifiers.62,64,217

A schematic description of a CPA amplifier system is illu
trated in Fig. 6. Low-energy seed pulses (1 – 1031029 J) are
typically produced by a mode-locked oscillator, most co
monly a Ti:sapphire laser pumped by a cw Ar ion laser o
diode-pumped frequency-doubled Nd:YAG laser. The d
covery of Kerr lens mode locking220,221 and its subsequen
refinements,222 have produced pulses as short as.4 fs and
have made the generation of sub-20 fs seed pulses a rou
Prior to amplification, the seed pulse is stretched in durat
by a factor 103– 104 by introducing a frequency chirp, with a
corresponding reduction in intensity. The concepts of disp
sion control developed by Martinez219 allow for the construc-
tion of a perfectly matched stretcher–compressor pair. T
stretcher, that in its original design consisted of a pair
diffraction gratings in an antiparallel configuration contai
ing a telescope composed by two identical lenses, gener
large positive dispersion factors. For the amplification
very short seed pulses it is necessary to implement a stret
that matches the dispersion of the compressor and of
other dispersive elements in the system, including the g
medium, Pockel cells, polarizers, isolators, etc. This has b
accomplished with all-reflective stretchers, which pres
several advantages.62,223 The stretched seed pulses are fi
amplified to 1–10 mJ by either a regenerative or a multip
amplifier, and are subsequently injected into one or m
amplifiers. The design of ultrashort-pulse laser amplifi
must take into account the gain narrowing that results fr
the reduction of the bandwidth of the amplified pulse cau
by the larger amplifications of the frequency componen
which are closer to the central frequency of the ga
medium.62 However, gain narrowing has not precluded t
amplification of sub-20 fs pulses to peak powers up to 1
TW.62,65,224Following amplification, the pulse is finally re
compressed close to its original pulse width by a pair
identical parallel gratings that provide a negative group de
dispersion. In very high power systems, at least the fi
grating compressor is enclosed in a vacuum chambe
avoid wave front distortion and filamentation.
 license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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Relatively compact ultrashort pulse optical laser syste
with peak powers in the 5–100 TW range have been rece
demonstrated based on the CPA technique.62–65A schematic
of a multi-TW laser system developed at the Max Born
stitute is illustrated in Fig. 7. It consists of a hybrid CP
system utilizing a Ti:sapphire oscillator and regenerative a
plifier and a Nd:glass amplifier chain designed to produc
synchronized sequence of a long pulse~1.2 ns of up to 7 J!
and a short pulse~0.7 ps of up to 4 J!.76,225In this system, a
seed pulse produced by a Ti:sapphire oscillator is chirpe
'1 ns in a double pass grating stretcher. A single puls
switched out of the oscillator and is amplified in a regene
tive amplifier. The output pulse is further amplified in
chain of five Nd:phosphate glass amplifiers before being s
to form two beams that are amplified in two final amplifi
arms. The pulse from one arm is compressed in a gra
compressor that is enclosed in an evacuated box to produ
short pulse of 0.7 ps duration. The two pulses have ortho

FIG. 6. Schematic diagram of a high-power ultrashort-pulse laser sys
based on chirped pulse amplification. The shaded rectangles in the exp
and compressor setups represent diffraction gratings~from Backuset al.,
Ref. 62!.
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nal polarization in order to recombine them with a polariz
prior to focusing them onto the solid target. This impleme
tation allows a jitter-free synchronization of the two pulse
As discussed later, this type of laser system has been
cessfully used to generate very large transient population
versions in Ne-like and Ni-like ions.76–78,225,226 Great
progress has also been recently achieved in the develop
of sub-20 fs systems that are likely to lead to the demons
tion of gain in inner-shell transitions in the near future. A 5
TW, sub-20 fs Ti:sapphire system capable of operating a
Hz has been demonstrated at the University of California
San Diego63 and a 100 TW, 19 fs, 10 Hz system has be
recently completed at JAERI~Japan!.224 Systems with simi-
lar characteristics and peak powers up to 30 TW have a
been built at several other institutions.64 For more details on
high power ultrafast lasers, the reader can refer to the rev
paper by Backus and references therein.62 While some of the
above lasers represent the state of the art in terms of ou
powers for relatively compact systems, smaller ultrasho
pulse lasers with lower output powers have also made
nificant contributions towards the development of table-
soft x-ray lasers,72–75 and are likely to continue playing a
role in the future.

B. Fast capillary discharges

Direct excitation of plasma columns with an electric
discharge has the potential advantage of generating
x-ray lasers that are very efficient and compact. Howev
axial inhomogeneities in the plasmas of high power d

m
sor
lasers by
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
a sequence of a long and a short pulse. This laser was successfully used to pump transient-inversion collisional lasers in Ne-like Ti and Ne-like V~Ref. 76!.
~Diagram courtesy of P. V. Nickles, MBI!.
 license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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charges, produced by nonsymmetric compressions and in
bilities, have impeded for many years the development
discharge driven soft x-ray lasers. Recently, this situation
dramatically changed with the demonstration of satura
table-top lasers driven by capillary discharges.83 Fast dis-
charge excitation of capillary channels 1.5–4 mm in dia
eter filled with preionized material has resulted in the s
cessful compression of a significant fraction of the discha
power into plasma columns of;300mm diameter, achieving
the high power density deposition and the good axial unif
mity necessary for soft x-ray lasing.68,69,82Fast compression
of larger diameter plasmas inZ-pinch discharges has als
generated axially uniform columns227 in which soft x-ray
amplification by collisional recombination has be
investigated.153

Roccaet al. first proposed the development of soft x-ra
lasers based on fast capillary discharges in 1988.228 Prior to
their use in soft x-ray laser research, discharges in evacu
plastic capillaries had been investigated for applications
spectroscopy, microscopy, and lithography.229–232However,
with the exception of an experiment in an evacuated te
capillary excited with a'10 ns rise time pulse,232 most of
these plasmas had been excited with relatively slow cur
pulses with rise times>50 ns. In these slow discharges, t
large mass of wall-ablated material typically limited the ele
tron temperature to values,60 eV. These plasmas wer
typically generated by discharging a low inductance cap
tor ~5–100 nF! through a circuit in which the capillary chan
nel also acts as the main discharge switch with the purp
of minimizing the inductance. Capillary discharges of th
kind have been employed to investigate gain by collisio
recombination.66,151,152,233–236The capillary discharges tha
to date have proven to be most successful for soft x-ray la
excitation have a rapid current rise time, typically 10–40
The fast current rise time minimizes the amount
material that is ablated from the capillary walls before t
magnetic field compresses the plasma, detaching it f
the walls.68,82,83 Diagnostics68,82,237,238 and model-
ing82,83,129,240,241confirmed that the plasma of these fast ca
illary discharges is not a stationary homogeneous colu
but that it rapidly contracts, heats up, and expands, const
ing a kind of wall-influencedZ pinch. These fast compres
sional capillary discharges have several demonstrated ad
tages to pump compact and efficient soft x-ray lasers: fi
the very high efficiency with which they can create plasm
with high densities of multiply ionized species;68,69,239sec-
ond, the possibility to generate plasma columns with v
large aspect ratios~up to .1000:1!;70,83 third, the very high
axial uniformity that results from highly uniform initial con
ditions, a very rapid compression, and possible w
stabilizing effects,129 and fourth, the rapid motion of the
plasma at the time of lasing, that causes a strong dyna
Doppler shift that helps to radiatively depopulate the la
lower level as a result of a reduction of the radial opacity.129

Figure 8 is an schematic representation of the puls
power generator and capillary discharge setup that was
cessfully used to amplify the 46.9 nm line of Ne-like Ar
intensities exceeding the saturation intensity.68,82,83The cap-
illary was placed in the axis of a 3 nF liquid dielectric ca-
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pacitor that was pulse charged by a Marx generator. T
capillary loads were excited by discharging the capac
through a spark-gap switch pressurized with SF6. The gen-
erator was used to excite Ar plasma columns up to 20 cm
length with current pulses of.39 kA peak amplitude and 75
ns first half cycle duration.70 The same generator was als
used to excite capillary channels of 1 mm diameter and 1
length with current pulses of.100 kA peak amplitude and
11 ns 10%–90% current rise time.66 A more compact dis-
charge setup based on a Blumlein transmission line that
cupies a space of only 0.431 m2 in an optical table was use
to produce laser output pulses with energy up to 25mJ in the
46.9 nm line of Ne-like Ar.245 A photograph of this discharge
is shown in Fig. 14 in Sec. V. More recently, a capilla
discharge laser of similar size produced an average ou
pulse energy of 0.88 mJ at a repetition rate of 4 Hz at t
wavelength.18 A higher power capillary discharge that ge
erates current pulses of up to 200 kA with a 10%–90% r
time of .10 ns was recently developed to explore the g
eration of the plasma conditions that are necessary for
plification at shorter wavelengths.242 The final stage of the
pulse generator consists of a radial water-dielectric Bluml
transmission line. The very rapid current rise time is o
tained by switching the transmission line through an array
seven synchronized spark-gap switches.

The high efficiency with which these fast capillary di
charges can generate highly ionized plasma columns is il
trated by the remarkable similarity of the two Ar spect
shown in Fig. 9.239 The spectrum in Fig. 9~a! corresponds to
a 43 kA, 13 ns rise time, 28 ns full width at half maximu
~FWHM! discharge through a 2.5-mm-diam Ar-filled cap
lary channel,239 while the spectrum in Fig. 9~b! is from a 1
MA current implosion in a large multiterawatt pulsed pow
machine~Gamble II, see Ref. 243!. Argon plasmas driven by
a 51 kA current pulse of similar characteristics in 1.5 m
diam capillaries were reported to reach an electron temp
ture of .150 eV.68 Moreover, spectra of similar discharge
in CaH2 and TiH2 capillaries showed that the electron tem
perature is sufficient to excite the upper laser levels in N
like Ca and Ti.69,239

The dynamics of the plasma column of a fast capilla
discharge is illustrated in Fig. 10 by a sequence of tim
resolved end-on soft x-ray pinhole camera images.237 The

FIG. 8. Schematic diagram of the capillary discharge setup used to ob
saturated amplification of the 46.9 nm line of Ne-like Ar~from Roccaet al.,
Refs. 68 and 82!.
 license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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images correspond to a plasma generated in a 4 mmdiam
polyacetal capillary filled with 700 mTorr of Ar by a curren
pulse of 62 ns first half-cycle duration and 39 kA peak a
plitude. During the first part of the current rise time, t
distribution of the current density and the soft x-ray incoh
ent plasma emission are localized near the capillary w
@Fig. 10~a!#. Subsequently, the electromagnetic forces of
rising current pulse create a shock wave and rapidly co
press the plasma to a size of about 300mm diameter@Figs.
10~a!–10~d!#. A significant part of the current~20%–50%! is
computed to flow through material ablated from the capilla
walls by plasma radiation and heat conduction.83 The opti-
mum conditions for lasing by collisional electron excitatio
occur several ns before stagnation, when the first comp
sion shock wave reaches the axis. Finally, the plasma col
expands and cools@Figs. 10~e!–10~g!#. A second less signifi-
cant compression, that is of no interest for lasing, occurs l
in time @Fig. 10~h!#. Figure 11 illustrates the calculated ev
lution of the electron temperature and density in the vicin
of the axis of a similar Ar capillary discharge plasma excit
by a current pulse having a half-cycle duration of about
ns. Lasing by collisional electron excitation of Ne-like A
ions takes place at a time when the electron density is rap
increasing and reaches (0.3– 131019cm23), when the elec-
tron temperature is 60–80 eV.83,241 Subsequently, the elec
tron density continues to increase as the plasma stagn
and laser action ceases due to increased refraction and
sional thermalization. The electron density and the sponta
ous emission reach their peak values at stagnation 5–
after the laser pulse.

FIG. 9. Argon spectra corresponding to:~a! 1 MA current implosion in the
Gamble II generator~Ref. 243! and ~b! 43 kA, 30 ns FWHM discharge
current pulse through a 2.5 mm diam capillary~Ref. 239!. Transition wave-
lengths are in Å.
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V. SPECIFIC LASER SYSTEMS

A. Capillary discharge lasers

1. Ne-like Ar laser

The first observation of large soft x-ray amplification
a discharge-created plasma was realized in 1994 by Ro
et al. in the 3p– 3s J50 – 1 line of Ne-like Ar at 46.9 nm
using the fast capillary discharge setup illustrated in F
8.81,82 In that initial experiment, a discharge current pulse
60 ns half-cycle duration and.40 kA peak current was use
to excite Ar plasma columns in 4 mm diam capillary cha
nels up to 12 cm in length. Figure 12 shows the measu
increase of the intensity of the 46.9 nm line as a function
plasma column length, that corresponds to a gain-len
product ofgl57.2 for the 12 cm long plasma columns.
small gain was also observed in theJ52 – 1 line of Ne-like
Ar at 69.8 nm.82 The existence of small amplification in th
J52 – 1 line was later also reported by Hildebrandet al.244

Subsequent experiments employed longer plasma colum
up to 20 cm in length, under better optimized discharge c
ditions. Double-pass amplification experiments were a
conducted using an Ir mirror.83 The latter experiments
yielded an effective gain-length product ofgl527. These
experiments resulted in the first observation of gain satu
tion in a table-top soft x-ray amplifier. The results of singl
pass amplification measurements for capillary plasma
umns up to 15.8 cm in length are shown as open circle
Fig. 13. The energy of the laser pulse is observed to incre
exponentially for lengths up to about 12 cm, where it beg
to saturate. A fit of the data corresponding to plasma c
umns up to 11.5 cm with the Linford formula87 yields a gain

FIG. 10. Sequence of time-resolved pinhole images of an Ar capillary
charge plasma viewed end-on. The capillary diameter is 4 mm and its le
12 cm, and the Ar pressure is 700 mTorr. The current pulse has an am
tude of.39 kA and a half period duration of 62 ns. The timing with respe
to the origin of the current pulse is indicated. The images correspondin
times near maximum compression@(9D),(E)# were acquired with reduced
detector sensitivity to avoid saturation~from Tomaselet al., Ref. 237!.
 license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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coefficient of 1.16 cm21. Saturation of the laser intensity wa
observed at gain-length products of about 14. The meas
saturation behavior was found to be in good agreement w
the result of two independent radiation transport models
the capillary plasma columns. The solid line in Fig. 13 is t
result of calculations performed assuming parabolic gain
density profiles, while the dashed line correspond to com
tations conducted for the time-dependent electron den
and gain profiles obtained from magnetohydrodynamic
atomic physics calculations.83 It should be noted that in thes
calculations consideration of refraction losses was found
be essential to adequately describe the measured energ
pendence on plasma column length. The laser pulse w
was measured to be about 0.8 ns.83

Based on the results summarized above, very com
saturated 46.9 nm lasers of size comparable to that of m
widely utilized visible and ultraviolet gas lasers we
developed.17,18,245 Figure 14 illustrates the size of one o
these capillary discharge soft x-ray lasers in comparison
5 mW He–Ne laser. The soft x-ray laser occupies a surf
space of about 1 m by 0.4 m in an optical table.245 This
capillary discharge pumped table-top laser was success
used to perform high resolution soft x-ray laser interfero
etry and shadowgraphy of plasmas.246,274 Recently, a capil-
lary discharge soft x-ray laser of similar size was operate
a repetition rate of 7 Hz to produce an average output p
energy of 135mJ, corresponding to an average laser pow
of .1 mW.17 The latest results include the generation
laser pulses with an average energy of 0.88 mJ at a repet
rate of 4 Hz in a highly saturated amplifier.18 Figure 15 il-
lustrates the laser output energy and average output po
characteristics of this laser that used a ceramic capillary 3
cm in length. The spatially coherent average output po
per unit bandwidth emitted by this compact table-top lase
26.5 eV is comparable to that generated by a beam line
third generation synchrothon facility.17 Its peak coheren
power per unit bandwidth exceeds that of the synchrotron
nearly 6 orders of magnitude. With a peak spectral brig
ness of.131023 photons/~see mm2 mrad2 0.01% BW! this
table-top laser is among the brightest soft x-ray sour
available.

FIG. 11. Computed variation of the electron density and temperature on
axis of an Ar capillary discharge amplifier. The capillary diameter is 4 m
the Ar pressure 700 mTorr, and the current pulse has a half-cycle durati
70 ns and a peak amplitude of 39 kA~from Shlyaptsevet al., Ref. 241!.
Downloaded 06 Jul 2006 to 129.82.233.53. Redistribution subject to AIP
ed
th
r

d
u-
ty
d

to
de-
th

ct
ny

a
e

lly
-

at
e
r
f
on

er
.5
r
t

t a

y
t-

s

2. Ne-like Ar capillary discharge laser beam
characteristics: Near-field and far-field patterns, and
spatial coherence

The beam divergence and intensity distribution patte
from the Ne-like Ar capillary discharge laser were syste
atically measured over a wide range of dischar
parameters.97 Figure 16 shows the variation of the two

he
,
of

FIG. 12. Axial spectra of Ar capillary discharge for three different plasm
column lengths showing lasing in the 46.9 nm line of Ne-like Ar. A stro
increase of the laser line intensity is observed~from Roccaet al., Ref. 81!.

FIG. 13. Measured and computed 46.9 nm laser output energy as a fun
of capillary discharge plasma column length. Single and double-pass m
surements are indicated by open and full circles, respectively. The lines
the result of two different radiation transport calculations~from Roccaet al.,
Ref. 83!.
 license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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3813Rev. Sci. Instrum., Vol. 70, No. 10, October 1999 X-ray lasers
dimensional near-field and far-field intensity distribution
the laser output as a function of discharge pressure for
charges in a 4 mmdiam polyacetal capillary. The size of th
beam at the exit of the amplifier and its divergence w
observed to increase from about 150 to 300mm and from 2
to 5 mrad, respectively, as the pressure was decreased
750 to 500 mTorr. Simultaneously, the beam intensity dis
bution changed from a single-peaked pattern to an ann
profile. These effects were shown to be the result of
creased refraction in the lower pressure discharges cause
larger electron density gradients.97 The larger gradients ar
mostly the result of a stronger compression and a redu
plasma column size in the lower pressure discharges.
spatial images of the beam intensity distribution correspo
ing to the higher pressure discharges are seen to have a
good cylindrical symmetry, and significantly less structu
than those that have been reported for laboratory-size la
driven soft x-ray lasers.102

Another important laser beam characteristic is its deg
of spatial coherence. Measurements in a capillary discha
pumped Ne-like Ar 46.9 nm laser observed for the first tim
a monotonic increase of the spatial coherence as a func
of plasma column length in a soft x-ray amplifier,247 a result
that is important for achieving a very good spatial cohere
in cavity-less soft x-ray lasers. Several theoretical stud
had predicted such improvement of the spatial cohere
with amplifier length as a result of gain guiding and refra
tive antiguiding that decrease the number of modes gui
along an amplifier column.248,249 In the capillary discharge
pumped Ne-like Ar laser, the spatial coherence was m
sured recording the diffraction produced when the soft x-
laser beam intersects a knife edge~Fig. 17, top!, a technique
developed by Rus and first utilized by Albertet al.250 to mea-
sure the coherence of a laser pumped Ne-like Zn laser.
ure 17~bottom! shows the measured diffraction patterns c
responding to capillary plasma lengths between 8 and 1
cm, and compares them to the results of a wave op
model. The improvement of the coherence with amplifi
length is evident in the increased fringe visibility observed
the diffraction patterns corresponding to the longer plas
columns. Figure 18 shows results of a quantitative anal
of these data. The coherence is observed to increase m

FIG. 14. Photograph comparing the size of a saturated table-top 46.9
capillary discharge laser~back! to a 5 mW He–Nelaser~front! ~from Colo-
rado State University!.
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tonically with capillary length, in good agreement with th
result of the wave-optics calculations. For the longest ca
laries studied, 16.4 cm, the coherence length in the tange
direction was determined to be about 4.5 mm in a pla
situated at 5.9 m from the exit of the amplifier. This corr
sponds to an effective coherence angle of.0.8 mrad, and to
a beam that is approximately six times diffraction limited
the tangential direction. Off-axis measurements showed

m

FIG. 15. Measured output pulse energy and average output power
table-top capillary discharge 46.9 nm laser operating at a repetition
quency of 4 Hz.~a! Shot-to-shot laser output pulse energy.~b! Average
output power computed as a walking average of 60 contiguous laser pu
~c! Distribution of the output pulse energy. The average pulse energy is
mJ and the standard deviation is60.06 mJ ~from Macchietto et al.,
Ref. 18!.
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the coherence length in the radial direction is 30%–5
shorter than in the tangential direction.247 Wave-model com-
putations suggest that a likely cause of the observed an
ropy of the spatial coherence is the change of the elec
density during the laser pulse. The observed monotonic
crease of the spatial coherence with plasma column leng
an additional corroboration of the very high axial plasm
uniformity that is obtained in fast capillary discharges.

3. Lasing in Ne-like S in vapor created by discharge
ablation and scaling to shorter wavelengths

The capillary discharge Ne-like Ar amplification resu
were extended to Ne-like S by Tomaselet al., with the dem-
onstration of a gain-length product of 7.5 in th
3s 1P1

0– 3p 1S0 line at 60.84 nm.124 This experiment demon
strated that large amplification in discharge created plas
can be also obtained in elements that are solid at room t
perature, a situation that will be frequently encountered
attempts to extend this scheme to shorter wavelengths
obtain amplification in Ne-like S, the discharge setup illu
trated in Fig. 8 was modified to allow for the injection of th
sulfur vapor into the capillary channel through a hole in t
ground electrode. The sulfur vapor was produced abla
the wall of an auxiliary capillary channel, drilled in a sulfu
rod, with a slow current pulse delivering 200 J in about
ms. The vapor generated by this capillary discharge was
jected into the main capillary channel where it was sub
quently excited by a fast current pulse having a first ha
cycle duration of;72 ns. Strong amplification was observe

FIG. 16. Near-field and far-field patterns of a capillary discharge Ne-like
laser beam as a function of capillary discharge pressure. Diametral cuts
normalized intensities are shown at the left of each image. The mea
ments correspond to discharges in a 16.4 cm long, 4 mm diam polya
capillary excited by a 37 kA current pulse~from Morenoet al., Ref. 97!.
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for a broad range of pressures, from 300 to 700 mTorr,
for currents between 33 and 38 kA. Figure 19~a! shows a
spectrum obtained under optimized conditions for amplifi
tion. The spectrum is completely dominated by theJ50 – 1
line transition of Ne-like S, which appears at 60.8

r
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FIG. 17. ~Top! Schematic representation of the setup used to measure
spatial coherence of a Ne-like Ar capillary discharge laser.~Bottom! ~a!
Measured diffraction patterns corresponding to different plasma colu
lengths. ~b! Cross sections of~a!. ~c! Corresponding diffraction patterns
computed using a wave-optics model~from Marconiet al., Ref. 247!.
 license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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60.015 nm. Another line of Ne-like S, the 3p 1P1– 3d 1P1
0

transition at 60.12 nm that in the absence of amplificat
should have similar intensity, also falls in the spectral ran
of Fig. 19~a!. The fact that the intensity ratio of these tw
lines is observed to be at least 100 is clear evidence of
plification of theJ50-1 line. Figure 19~b! shows the mea-
sured increase of the laser line intensity as a function
plasma column length. It corresponds to a gain coefficien
0.45 cm21, and to a gain-length product of 7.5 for 16.8 c
long capillaries. Lasing occurs shortly before stagnation
the plasma column, in a gain region of about 300mm in
diameter as in the case of Ne-like Ar. The deceleration of
plasma column near the axis prior to stagnation results
velocity gradient that, due to motional Doppler broadeni
considerably facilitates the radial escape of the lower la
level radiation. At the time of lasing, the electron density a
temperature in the gain region are computed to be ab
(2 – 3)31018cm23 and 60–80 eV, respectively. This tem
perature corresponds to a plasma that is overheated wit
spect to the temperature range ofTe520– 40 eV for maxi-
mum Ne-like S abundance in a steady-state plasma. Du
the exponential dependence of the excitation rates on
electron temperature, the overheating causes a larger p
lation inversion and, consequently, a larger gain than
attainable in steady state. Such overheating of the pla
with respect to steady-state ionization conditions can
more easily achieved in low-Z elements like S, due to a larg
decrease of the ionization time with ion charge. In additi
in this sulfur laser transient population effects are found
play a more important role than in the argon laser. While
these relatively long-lived discharge plasmas transient eff
are not nearly as dramatic as in plasmas produced by p
second lasers, the computations indicate that in the cas
the discharge-pumped sulfur laser experiment trans
population effects can increase the gain by 20%–40%.124

Scaling of collisionally excited capillary discharge lase
to wavelengths shorter than 46.9 nm will require the use
elements heavier than Ar and higher excitation power de
ties. The scaling of plasma conditions and pump requ
ments for lasing at wavelengths as short as 10 nm have

FIG. 18. Variation of the spatial coherent length of a 46.9 nm capill
discharge Ne-like Ar laser as a function of plasma column length. The
is the result of a wave-optics model calculation~from Marconi et al.,
Ref. 247!.
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estimated.82 In most cases, this will require the use of el
ments that are solid at room temperature. The necessary
por density can be produced using discharge ablation or
porization methods.69,124,239,251–253The same pulse generato
used to saturate theJ50 – 1 line of Ne-like Ar was em-
ployed to conduct preliminary experiments in capillari
containing Ca and Ti. The spectra obtained yielded a c
identification of emission from the laser lines in Ne-Like C
and a possible identification of theJ50 – 1 laser line in Ne-
like Ti.69 Recently, current pulses of up to 200 kA pea
amplitude and.10 ns rise time were used to explore th
generation of capillary plasma columns with the conditio
necessary for amplification at shorter wavelengths.242

4. Gain in discharge-pumped recombination systems

The recombination scheme has the potential advan
of allowing for a more rapid scaling of discharge-pump
amplifiers to shorter wavelengths. Evidence of gain has b
reported in several discharge-pumped recombination la
experiments.151–155,66However, in all cases only small expo
nentiation (gl,4) has been observed to date, with the la
line intensity remaining of the same order as that of s

e

FIG. 19. ~a! Spectrum of the axial emission of a capillary discharge in
The amplified 60.8 nm 3s 1P1

0– 3p 1S0 line of Ne-like S completely domi-
nates the spectrum, while the 60.12 nm 3p 1P1– 3d 1P1

0 line of the same ion
~that in the absence of amplification should have similar intensity! is not
observed.~b! Measured variation of the integrated line intensity of the 60
nm J50 – 1 line of Ne-like S as a function of plasma column length~from
Tomaselet al., Ref. 124!.
 license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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rounding nonlasing lines emitted by the plasma. Such a sm
increase in the line intensity complicates the interpretation
the results and the verification of gain in recombination la
experiments. This is because in recombination systems
laser lines can be intense even when no amplification
present, and phenomena such as end effects that affec
axial homogeneity of the plasma parameters can influe
the intensity dependence with plasma column length.

The possibility of obtaining amplification by collisiona
recombination in capillary discharge plasmas was propo
by Roccaet al. in 1988, who analyzed the case of ampli
cation at 18.2 nm in the 3-2 line of H-like C.228 Early ex-
periments by Marconi and Rocca conducted in a LiH ca
lary observed an increase in the intensity of the 3-2 line
H-like Li in the recombination phase of a plasma.233 Similar
results in H-like Li were later obtained by Po¨ckl et al., who
also conducted gain experiments in Li-like 0.254 Several sub-
sequent experiments were conducted in capillary discha
with the goal of obtaining amplification in the 18.2 nm lin
of CVI.66,151,152,234Steden and Kunze reported as evidence
gain the observation of short spikes in the intensity of
18.2 nm line of H-like C, occurring at the time of maximu
current during the second half-cycle of the current.151,255The
experiments were conducted using polyacetal capillaries
cited by a low-energy discharge pulse of 240 ns period. T
intensity of the spikes increased with the capillary leng
although not exponentially as it would be expected for
case of a constant gain coefficient.151 Attempts to observe

FIG. 20. Spectra of the axial emission of an oxygenZ-pinch plasma as a
function of plasma column length. A nonlinear increase of the intensity
the 52 nm 4f – 3d line of Li-like O line is observed during plasma recom
bination ~from Wagneret al., Ref. 153!.
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these spikes in similar setups at other institutions w
unsuccessful,234–236and spectroscopic studies suggested t
the plasma conditions do not satisfy those required for
observation of amplification by collisional recombination
H-like C.235,236 Kunze et al. later suggested that the spike
could be amplified spontaneous emission due to charge
change between CVII ion streams created in the neck regio
of an m50 instability and CIII and CV ions present in the
colder surrounding regions.255 Experiments conducted a
Colorado State University showed that a much stronger 1
nm CVI emission can be obtained in polyethylen
capillaries.66,234 Polyethylene capillaries excited by fast cu
rent pulses~11 n rise time, 40 ns half-cycle duration! yielded
time-resolved spectra in which anomalously large intens
ratios between the 18.2 nm~3-2! and 13.5 nm~4-2! lines of
H-like C are indicative of amplification.66 However, these
experiments did not show a reproducible supralinear incre
of the laser line intensity with capillary length. Shinet al.152

subsequently reported evidence of amplification of the 1
nm H-like C line in polyethylene capillaries 1.2 mm in d
ameter excited by a current pulse of 220 ns half-cycle du
tion, generated discharging a 120 nF capacitor charge
17–27 kV. Time-integrated spectra showed an exponen
growth of the laser line intensity for capillary lengths b
tween 0.8 and 1.6 cm, corresponding to a gain coefficien
2.8 cm21. The supralinear increase of the line intensity w
observed to level off for plasma lengths longer than 1.6 c
and to be present only in the first few discharges of new
prepared capillaries. Recently, Dussartet al. conducted ex-
periments in a similar ablated polyethylene capillary d
charge and reported the observation of a small superlin
increase in the CVI Balmer-a and -b lines.152

Gain following plasma recombination has also been
ported in severalZ-pinch plasmas. Experiments performe
by Glenzer and Kunze utilizing a gas-liner plasma pin
yielded evidence of gain in the 4f – 3d lines of OVI and FVII

at 52.0 and 38.2 nm, respectively.154 Measurements of am
plification as a function of plasma length are difficult to pe
form in this device, and were not reported. Instead, the g
was inferred from the ratio of axial and radial line intensitie
For OVI this ratio was observed to be indicative of a ga
length product of 4.5. In the case of FVII measurements wer
only conducted in the radial direction, and the existence
line enhancement was inferred from the ratio of the inten
ties of the 4f – 3d and 4d– 3p lines. The strongest amplifi
cation was reported to occur always at times shortly bef
maximum pinch compression. Pinhole pictures of the plas
revealed the existence of Rayleigh–Taylor instabilities. C
lisional recombination was suggested as the mechanism m
probably responsible for the observed line enhancements
a possible influence of instabilities was not ruled out.154

Wagneret al.obtained axial emission spectra of an oxygez
pinch that show a small supralinear increase of the inten
of the 4f – 3d and 4d– 3p lines of Li-like O at 52.0 and 49.8
nm as a function of plasma length up to 9 cm.153 From these
data, shown in Fig. 20, gain-length products of about 2.5
2.2 were reported for each of these two lines, respectiv
The supralinear increase of the intensity of these lines
curred about 45 ns after the maximum compression, du

n
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the expansion of the plasma. This time delay is consis
with the interpretation of amplification by collisional recom
bination. Amplification experiments in the isoelectron
equivalent of these lines in Li-like Ne at 29.2 nm and 28
nm were performed by Bo¨ss et al.155 Discharges in 6
mm diam tubes yielded two fluorescence maxima in th
lines, the second corresponding to excitation by recomb
tion of He-like Ne ions. The observation of a relative i
crease of the second intensity maxima with respect to
first in longer plasma columns, and the narrowing of its te
poral profile were reported as evidence of gain. Howeve
measurement of exponential growth of the intensity of th
laser lines with plasma column length has not yet been
ported.

In summary, several recombination laser experiment
discharge-created plasmas have yielded indications of am
fication. However, in all the experiments the maximum a
plification obtained to date has been small. Additional effo
are required to increase the amplification to the level nec
sary for the development of a practical laser.

B. Laser pumped by ultrashort pulse lasers

1. Collisionally excited Pd-like Xe laser in an optical-
field-ionized plasma

Lemoff et al. realized in 1994 the first demonstration
a collisionally excited laser in an OFI plasma, obtaining
gain of gl'11– 12 in the 41.8 nm line of Pd-like Xe.75 In
this experiment, an intense circularly polarized femtosec
optical laser pulse was used to simultaneously create
highly ionized lasing ions and the hot pumping electrons
this excitation method, originally suggested by Burnett a
Corkum,256 tunneling ionization strips the atoms to create t
ground-state ions in the ionization stage of interest, and p
duces electrons with sufficient energy to collisionally exc
these ions to the upper laser level. Lemoff, Barty, and Ha
proposed the implementation of this scheme in eight ti
ionized gases to obtain amplification in lines in the 30–
nm wavelength region.257 In the successful Pd-like Xe ex
periment the excitation was provided by circularly polariz
laser pulses with an energy of 70 mJ and a duration of 4
generated by a CPA Ti: sapphire laser operating at 10
The radiation of the pump laser was longitudinally focus
onto a Xe gas target to tunnel ionize the atoms to the Pd-
ionization stage and to simultaneously produce the hot e
trons necessary to collisionally excite the laser upper le
Figure 21 illustrates the differentially pumped gas tar
used in the experiment. The gas target was implemente
continuously admitting Xe gas into a cell provided wi
,500 mm diam pinholes for the entrance and exit of t
pump laser beam and for the exit of the amplified soft x-
radiation. The gas cell was placed inside a main vacu
chamber that was continuously pumped to maintain a p
sure of less than 231023 Torr. In this way, the femtosecon
laser pulses were allowed to propagate in a nearly gas-
region until immediately before entering the gas cell th
contained up to 12 Torr of Xe. The pinholes were placed
translation stages to conveniently change the gas ta
length, allowing for the measurement of the amplification
Downloaded 06 Jul 2006 to 129.82.233.53. Redistribution subject to AIP
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a function of plasma length. The pump laser was circula
polarized by a mica quarter waveplate and was focused b
50 cm focal length mirror to an intensity.331016W/cm2

over a length of at least 7.4 mm.
Figures 22~a! and 22~b! show spectra corresponding t

Xe target pressures of 3 and 12 Torr respectively. The
Torr spectrum shows an increase of more than 2 order
magnitude in the recorded integrated intensity of the 41.8
laser line with respect to the 3 Torr spectra, a clear indicat
of amplification. A more direct measurement of the gain w
obtained from the variation of the intensity of the laser li
as a function of gas target length. The result of this meas
ment is shown in Fig. 23. The gain coefficient was estima
at 13.3 cm21 using the Linford formula,87 corresponding to a
gain-length productgl511.2 for an estimated target lengt
of 8.4 mm. When the range was limited to the data from
to 7.4 mm~dashed line!, a better fit was obtained with a gai
coefficient of 16.8 cm21 and gl512.4 for a 7.4 mm target
Subsequent experiments determined that to achieve a
gain it is critical to avoid a significant prepulse in the fem
tosecond laser pulse.258 The laser pulse width was not mea
sured. However, at the operating pressure of 12 Torr,
16.5 nm line radiation that links the laser lower level to t
ground state is trapped, with an estimated absorption len
of less than 0.1mm. This forces the stimulated emission
self-terminate after a time interval on the order of the upp
state lifetime, estimated at about 3.4 ps at 12 Torr.75

This collisionally excited OFI laser has the advantage
requiring a low excitation energy, allowing for high repe
tion rate operation. Amplification at a repetition rate of 1
Hz was already demonstrated in the successful proof
principle experiment conducted at Stanford.75 A remaining
challenge in the development of this laser scheme is the
ther increase of the amplification required to generate
practical output pulse energies that will enable its use
applications. This will most likely require a method to cha
nel the tightly focused pump laser beam over longer d
tances using a waveguide. Scaling of this scheme to sho
wavelengths will require higher intensities of the pum
pulse. For example, lasing in Ni-like Xe at.10 nm will
require a laser intensity of about 531018W cm22. Alterna-
tively, it has been proposed that this scheme could be sc

FIG. 21. Schematic illustration of the gas target setup used to obtain la
in Pd-like Xe at 41.8 nm in a plasma created by optical field induced i
ization. Excitation was provided by circulary polarized laser pulses with
energy of 70 mJ and a duration of 40 fs from a CPA Ti:sapphire la
operating at 10 Hz~from Lemoff et al., Ref. 75!.
 license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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3818 Rev. Sci. Instrum., Vol. 70, No. 10, October 1999 J. J. Rocca
to shorter wavelengths utilizing Be-like ions.259

2. Amplifiers based on recombination of an optical-
field-ionized plasma

Amplification has been observed at 13.5 nm in the 2
transition of H-like Li in recombining plasmas ionized by
strong optical field.72,74,260,261The gain obtained in differen
experiments ranges fromgl.4 ~Ref. 72! to gl.6.5.260 The
first observation of amplification in an OFI plasma was
ported in this transition by Nagataet al.72 The setup of the
initial OFI recombination laser experiment conducted at
RIKEN ~Japan! in 1993 is schematically illustrated in Fig
24. A cold plasma of totally ionized Li ions was generated
two steps. First, a plasma of singly ionized Li ions was p
duced by line focusing a 20 ns KrF laser pulse with an
ergy of 200 mJ onto a rotating lithium target located in
evacuated chamber. Second, after a selected time delay
plasma was optical-field ionized with a pulse of 50 mJ e

FIG. 22. Data showing the amplification of the 41.8 nm line of Pd-like
in a plasma created by optical field induced ionization;~a! and ~b! are
spectra corresponding to Xe target pressures of 3 and 12 Torr, respect
~c! Variation of the integrated intensity of the 41.8 nm line of Pd-like Xe
a function of gas target length~from Lemoff et al., Ref. 75!.

FIG. 23. Variation of the integrated intensity of the 41.8 nm line of Ni-li
Pd as a function of Xe gas target length in a plasma created by optical
induced ionization~from Lemoff et al., Ref. 75!.
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1

-

e

-
-

the
-

ergy from a linearly polarized subpicosecond~0.5 ps! KrF
laser pulse. The subpicosecond laser pulse was longit
nally focused to an intensity of 131017cm22, at a distance
of 0.5 mm from the target surface. The Lyman series em
sion from the H-like Li ions was detected with a flat fie
grazing incidence spectrograph. Figure 25 shows the m
sured variation of the 13.5 nm laser line intensity wi
plasma length, from which a gain coefficient of 20 cm21 was
deduced. The 13.5 nm radiation pulse was measured to
a FWHM duration of less than 20 ps, with the peak intens
occurring about 20 ns after the pump laser pulse.261 This
delay suggests that the laser upper level is not directly po
lated by the pump laser, but by collisional relaxation pr
cesses following collisional recombination. However, sin
the maximum plasma length was only 2 mm, the result
gain-length product was limited togl.4. Similar experi-
ments conducted at Princeton also using a KrF laser pump179

and at Berkeley using the second harmonic of a Ti:sapp
laser178 confirmed the nonlinear growth of the intensity
the Lyman–a transition of H-like Li observed at RIKEN.
Nevertheless, in all three experiments the maximum am
fication length was limited to about 2 mm by the difficulty o
propagating the radiation in the plasma, due to ionizati
induced refraction. This is a limitation of the confocal geom
etry that, as a result of maximum intensity on axis, induc
the highest degree of ionization and electron density on-a
Approaches to overcome this problem have been sugge
and include the generation of very flat transverse inten
profiles,178 and the generation of plasma waveguides with
minimum density on axis.74,119–121Progress in the implemen
tation of the latter approach was reported by Korobk
et al.,74 who used the setup illustrated in Fig. 26 to increa
the amplification length to 5 mm by preforming a plasm
waveguide in a LiF microcapillary tube. A plasma with
minimum electron density on-axis was generated by abla
of the capillary walls with a 100 mJ, 5 ns pulse of 1.06mm
wavelength radiation from a Nd/YAG laser loosely focus
on the entrance of the microcapillary. Following a time del
of several hundred nanoseconds, the plasma was further
ized with a laser pulse of.50 mJ energy and 250 fs duratio
from a KrF excimer laser that was tightly focused at t
entrance of the microcapillary. The observed increase of
intensity of the 13.5 nm line of H-like Li as a function o
length is shown in Fig. 27, and corresponds togl'5.5.74

These results were obtained at a repetition rate of 2 Hz.

ly.

ld

FIG. 24. ~a! Schematic illustration of the experimental setup used at RIK
in the observation of amplification in the 13.5 nm line of H-like Li in
plasma created by optical field induced ionization~from Nagataet al.,
Ref. 72!.
 license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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Gain by recombination in an OFI plasma has also b
reported in other ions. Chichkovet al. investigated amplifi-
cation in transitions to the ground states in low-cha
ions: OII, OIII , CIII , and NIII .262 A motivation for the study
of amplification in these ions was their larger ratio of stat
tical weights between the lower and upper laser lev
(g1 /g2'1), which is more favorable for the generation
population inversion. The ions of interest were produc
by OFI of O2, CO2, and N2 gases in gas jets using 80 m
pulses from a 150 fs Ti:sapphire laser. Evidence of amp
cation was observed in the 2p2s 3P– 2p2 3P transition of
O III (l537.4 nm) and in the 2p23s 2P– 2p3 2D line of OII

(l561.7 nm). The data suggest gain coefficients as high
25 cm21, but again the overall amplification was small due
the small length of the gas targets. Recently, Chichkovet al.
have questioned the interpretation of the H-like Li OFI a
plification experiments based on the possible existence o
clusters.175 However, additional experiments are needed
confirm this hypothesis.

In summary, the OFI laser recombination scheme
transitions to the ground state has been reported to gen
amplification at wavelengths as short as 13.5 nm with la
excitation energies of only 50 mJ. The small excitation e
ergies are compatible with the requirement for the genera
of high repetition rate table-top soft x-ray lasers. Howev
the remaining challenge in realizing a practical OFI lase
the increase of the gain-length product from the repor
values of <6.5 to the larger values necessary to achie
practical output energies. Predictions of the output pulse
ergies that can be expected of OFI lasers range from 1mJ
~Ref. 178! to 10–20mJ.260 The OFI recombination schem
can in principle also be scaled to shorter wavelengths
using ions with higher ionization potentials. This could
implemented using more intense optical fields, provided t
parametric electron heating effects~mainly stimulated Ra-
man backscattering! are not found to be a limitation.

3. Transient inversion collisional lasers
The recent availability of relatively compact multiter

watt ultrashort-pulse optical laser systems with output en

FIG. 25. Results of amplification experiment in the 2-1 line of H-like Li
a plasma created by optical field induced ionization. Intensities of the
nm line of H-like Li and 19.9 nm line of He-like Li as a function of plasm
column length. The dashed curve is a calculated increase correspondin
small-signal gain coefficient of 20 cm21 ~from Nagataet al., Ref. 72!.
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gies of several Joules has opened the opportunity to dem
strate soft x-ray lasing by transient electron collision
excitation.76–78,263This approach has allowed researchers
reduce the size of high gain laser-pumped soft x-ray co
sional lasers from that of fusion-type laser facilities to t
space occupied by a few optical tables. The implementa
of transient inversion lasers is based on a two-step excita

.5

o a

FIG. 26. Schematic illustration of the experimental setup used at Princ
in the creation of an OFI plasma in LiF microcapillaries for the observat
of amplification in the 13.5 nm line of H-like Li~from Korobkin et al.,
Ref. 74!.

FIG. 27. ~a! Axial spectra of an OFI plasma created in a LiF microcapilla
using the setup shown in Fig. 26. Then52 – 1 transition of H-like Li at 13.5
nm is observed to increase as a function of plasma length with a
coefficient of 11 cm21 ~from Korobkin et al., Ref. 74!.
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sequence. First, a long scale length plasma containing
active ions must be prepared, since the inversion lifetim
usually shorter than the ionization time. This also allows
the elimination of the micron-scale plasma density gradie
that are created when a solid target is irradiated with a sin
ps pulse. The experiments reported to date have used a
laser pulse with a duration on the order of 1 ns and energ
several Joules.76–78 Second, after a time delay selected
optimize the degree of ionization, electron density, and d
sity gradients, the plasma is rapidly heated with a picosec
or subpicosecond laser pulse. The ultrashort pulse rap
increases the electron temperature to match or exceed
corresponding to the excitation energy of the laser up
level, generating the transient inversion.

The first demonstration of amplification by transient i
version was realized by Nickleset al. in the 32.6 nm 3p– 3s
J50 – 1 line of Ne-like Ti.76 The experiment was performe
at the Max Born Institute using the hybrid CPA Ti-sapphi
Nd:glass pump laser diagrammatically illustrated in Fig.
This laser system delivers synchronized long and short l
pulses of.1.2 ns and 0.7 ps duration, respectively. A du
cylindrical lens optics system was used to line focus the
beams onto the target with a width of 30mm over lengths of
1–5 mm. The diagnostics system consisted of a transmis
grating and a streak camera. No laser pulse was observe
long as only one of both laser pulses was used. The
observation of gain was realized with short pulses of m
than 2 J and long pulses of more than 3 J. Figure 28~a! shows
a streak camera record of the spectrally and temporally
solved plasma emission in the 10–50 nm spectral region
a 5 mm long plasma created with pump intensities of 112

and 1015W/cm2 for the long and short pulse, respective
The bright and short spot at the top corresponds to str
amplification of the 32.6 nm of Ne-like Ti. The soft x-ra
laser pulse was measured to have a duration of less tha
ps. Weaker lasing was also observed in a line near 30
This second laser line was identified as the 3d– 3p J
51 – 1 transition of Ne-like Ti. The inversion in this line i
made possible by the reabsorption of the 3d 1P1– 2p 1S0

transition.192,193Figure 28~b! illustrates the measured growt
of the intensity of the 32.6 nm laser line as a function
plasma column length, for plasmas as long as 5 mm. Des
the large statistical fluctuations a nonlinear increase is cle
observed. It was analyzed to correspond to an average
of 19 cm21 and to a gain-length product of'9.5.76 This gain
coefficient is about seven times larger than that previou
reported for the same line in the quasisteady state reg
when pumped by a 0.6 ns duration pulse with an energy
200–500 J.103 These transient inversion Ne-like Ti resul
were reproduced and further improved by Dunnet al. at
Lawrence Livermore National Laboratory~LLNL !, who re-
ported a gain-length product of 14 in this laser line and a
obtained amplification at 25.5 nm using Ne-like Fe.78 The
size of the system utilized by Dunnet al. is that illustrated in
Fig. 29, which depicts the layout of the Compact Multipul
Terawatt laser facility~COMET! at LLNL. The pump laser
occupies two 1.2 m33.6 m optical tables with a total area o
less than 10 m2. It is a 15 TW hybrid laser system consistin
of a Ti:sapphire oscillator tuned to 1050 nm wavelength a
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four-stage Nd–phosphate glass amplifiers. It generates
synchronized laser pulses of 7.5 J in 500 fs and 15 J in
ps at a repetition rate of one shot every 4 min. In some of
experiments the compressor gratings were detuned to
duce 1 ps pulses. Typically 50 shots on target are achieve
a day.

Transient collisional excitation experiments conducted
Rutherford Laboratories with.15 J of short-pulse excitation
energy from the Vulcan laser facility saturated the 32.6
line of Ne-like Ti and the 19.6 nm of Ne-like Ge.263 While
this pump laser is not a table-top system, a measuremen
the laser output intensity versus pump energy suggested
saturation of the Ne-like Ti line could also be achieved w
a short-pulse excitation energy of.5 J. The soft x-ray laser
output energy was measured to be.20 mJ, corresponding to
an efficiency of 231026.

The transient collisional scheme was also extended
shorter wavelengths utilizing the Ni-like sequence.77,78Dunn
et al. reported a gain of up to 35 cm21 and a gain-length
product of 12.5 in the 4d 1S0– 4p 1P1 line of Ni-like Pd at
14.7 nm. In this experiment, the plasma was formed irra
ating a slab target with a sequence of two laser pulses: a 5 J
pulse of 800 ps duration followed by a 5 Jpulse of 1.1 ps
duration. The spectrum in Fig. 30~a! shows the increase o

FIG. 28. ~a! Results of transient inversion soft x-ray amplification expe
ment in Ne-like Ti. Spectrally resolved streak from a 5 mm long Ti plas
produced as the result of a sequence of a long~1.5 ns, 5 J! and short~0.7 ps,
2.6 J! laser pulses. The intense, short duration emission at 32.6 nm c
sponds to the 3p– 3s J50 – 1 line of Ne-like Ti and is the result of strong
amplification.~b! Nonlinear growth of the 32.6 nm laser line intensity wit
plasma lengths of 2, 3, and 5 mm~from Nickleset al., Ref. 76!.
 license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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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-ray lasers aawrence
Livermore National Laboratory. The pump laser occupies two standard optical tables of dimensions 1.2 m33.6 m with total area less than 10 m2. The system
can be fired once every 4 min~Courtesy of J. Dunn, LLNL!.
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the 14.7 nm line intensity observed when the target len
was increased from 1 to 3 mm. The measured increase o
integrated laser line intensity for target lengths up to 8 mm
shown in Fig. 30~b!. The gain coefficient for lengths betwee
1 and 2 mm is about 35 cm21. The gain coefficient continu
ously decreases to reach a value of 3.9 cm21 for target
lengths above 7 mm. The overall gain-length product w
estimated at 12.5 by continuously calculating the gain a
integrating it over the full 8 mm target length. This smoo
decrease of the gain with target length has been observe
all transient collisional excitation experiments and resemb
gain saturation. However, it is mainly a consequence of tr
sient time effects that cause a gradual decrease of the ga
the x-ray laser beam propagates through the plasma. M
computations suggest the transient gain is very inhomo
neous in space and time, reaching values of 200 cm21 during
the first 2 ps and rapidly decreasing to 28 cm21 by 10 ps
@Fig. 30~c!#.77 The highest gain occurs in a thin layer near t
critical density region while the lower gain is computed
occur in areas with a relatively flat, lower density profile
100–300mm from the target surface. The short inversi
lifetime decreases the photon effective amplification path
the high gain region to an axial length of only;500 nm. The
model computations also suggest that refraction effe
caused by density gradients normal to the target surface
the x-ray laser beam out of the high density and high g
region for longer target lengths, contributing to the grad
decrease of the gain.77 As a consequence of these effects, t
lower density regions are more adequate for amplification
spite of the smaller local gain. Most recently the transi
inversion scheme was extended to several Ni-like ions ra
ing from Y (l524.01 nm) to Mo (l518.89 nm) producing
strong lasing on the 4d 1S0– 4p 1P1 lines.216 It can be ex-
pected that a large number of collisionally excited laser tr
Downloaded 06 Jul 2006 to 129.82.233.53. Redistribution subject to AIP
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sitions will be demonstrated to lase in similar systems in
near future.

In summary, the transient excitation of preformed pla
mas with high power ultrashort-pulse lasers has reduced
nearly 2 orders of magnitude the pump energy required
excite high-gain laser-pumped collisional soft x-ray lasers
Ne-like and Ni-like ions. This has greatly reduced the size
these lasers and has increased their repetition rate up to
shot every few minutes. It has been suggested that trans
inversions driven with ultrashort-laser pulses with energ
on the order of 10–20 J will lead to the realization of hig
gain x-ray lasers well below 10 nm, possibly reaching wa
lengths within the ‘‘water window’’~2.3–4.4 nm! region of
the spectrum.76 Future improvements in pumping efficienc
resulting from optimized target configurations and traveli
wave excitation can be expected to lead to saturated tran
inversion soft x-ray lasers occupying a single optical tab
~See notes added in proof, Dunnet al.!

C. Lasers pump with long pulse lasers „50 ps–10 ns …

While in the last few years the majority of the effor
toward the development of laser-pumped table-top soft x-
lasers has shifted to the use of ultrashort-pulse pu
lasers,72,74–78,216significant gain has also been reported fro
experiments that used longer pump pulses, in the range o
ps–5 ns.73,79,80,264–272Recombination,73,80,264–269and colli-
sional excitation schemes79,144,270–272excited by single or
multiple laser pulses with pulse width ranging from 50 ps
10 ns have been studied.

A series of experiments were conducted during the
10 years at Princeton University toward the development o
small-scale recombination laser in the 18.2 nm line of CVI

utilizing compact Nd-YAG lasers as the pump source.264–267
 license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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In 1989 Kim et al. reported a gain of about 8 cm21 in that
line as a result of an experiment that used a 25 J pump p
of 3 ns duration, line focused into a 5 mmlong solid carbon
target.264 In this experiment, a stainless steel blade w
placed in proximity with the target to provide addition
cooling by thermal conduction and by radiation from iro
impurities. Later experiments obtained similar gain coe
cients in 6 mm long targets with only 4 J of laser excitation
energy using a multifin carbon target.266 However, difficul-
ties were found in increasing the amplification beyond
gain-length products'5. The latest attempt in increasing th
gain-length product in this line utilized a polyethylene m
crocapillary as target.267 The Nd-YAG laser~2.5 J, 1.5 ns

FIG. 30. Results of transient inversion soft x-ray amplification experim
in the 4d– 4p J50 – 1 line of Ni-like Pd at 14.7 nm.~a! Spectra showing
the increase of the intensity of the laser line as a function of target len
The intensity increases by more than 3 orders of magnitude when the t
length is increased from 1 to 3 mm.~b! Measured intensity of the laser lin
as a function of target length. The continuous line is a guide through
experimental points. The data show the decrease of the transient gain
x-ray laser propagates along the plasma column.~c! Computed transient
gain profiles as a function of time measured from the arrival of a 1 ps
excitation pulse~from Dunnet al., Ref. 77!.
Downloaded 06 Jul 2006 to 129.82.233.53. Redistribution subject to AIP
se

s

-

a

pulse width in this experiment! was focused at the entranc
of the microcapillary with the motivation of achieving guid
ing of the pump beam, plasma confinement, and plas
cooling by heat conduction to the walls. A gain-length pro
uct of about 5 was inferred from the intensity ratio of lines
the axial and perpendicular direction~the latter through smal
holes in the microcapillary walls!. However, shot-to-shot in-
tensity fluctuations prevented the verification of this result
the measurement of the increase in the laser line inten
with plasma column length.267 In contrast, a similar experi-
ment recently conducted in a B2O3 microcapillary succeeded
in observing amplification up togl.5 in the 3–2 transition
of H-like B at 26.2 nm.80 The most remarkable aspect of th
experiment is that pumping was done at 1 Hz with two lo
power lasers occupying a space of.1.233 m in an optical
table. The setup resembled that of the OFI H-like Li reco
bination laser experiment illustrated in Fig. 26, with the ma
difference that a 0.4 J, 8 ns Nd/YAG laser replaced
ultrashort-pulse KrF laser, making the arrangement consi
ably more compact. The preplasma was created by a 20
0.2 J KrF laser. The measured growth of the H-like B 26
nm line as a function of plasma length is shown in Fig. 3
Gain in this transition had been previously reported
Goodberletet al.73 who conducted table-top recombinatio
laser experiments utilizing a shorter excitation pulse of 60
duration with an energy of about 0.7 J. A gain-length prod
of about 4 was reported in the 26.2 nm line of H-like
utilizing a target configuration with a cooling blade, simil
to that used in some of the CVI experiments at Princeton
However, the authors later realized that the streak cam
used in the experiments had a nonlinear intensity respons
fact that creates an uncertainty in the results.273 Hara et al.
realized the first experiments that utilized multiple pulse e
citation from a pulse train to excite a recombination laser268

They have conducted a lengthy series of studies with
objective of developing a compact soft x-ray recombinat
laser based on a train of 100 ps pulses produced by a ta
top Nd-YAG laser system.71,268,269In this case, the motiva-
tion for the use of a pulse train is a more efficient product
of highly ionized ions and a faster termination of the exci
tion, determined by the dropoff of the last pulse. Expe
ments conducted utilizing 1.5–2 J of laser pulse energy
excite an 11 mm long Al slab target were reported to prod
a gain coefficient of 3.2 cm21 in the 15.5 nm line of Li-like
Al.71 The latest results include double-pass experiments
multipass experiments that made use of unstable laser r
nators constructed using Mo/Si multilayer mirrors. Eviden
of cavity enhancement in the 15.5 and 15.1 nm lines of
like Al was observed.269

Significant efforts have also been devoted to reduce
size of collisional lasers using laser-pumped pulses of 5
500 ps duration. In 1988 Hagelstein138 proposed to scale
down the size of collisionally excited lasers by excitin
low-Z Ni-like ions with 1–2 J pump pulses and predicte
substantial transient gains. An experiment was implemen
to demonstrate gain near 20 nm using a series of 60 ps l
pump pulses.270,271This initial attempt to scale down the siz
of laser-pumped collisionally excited soft x-ray lasers to
single optical table was also one of the first experiments
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use multiple-pulse excitation. The pump pulses were ge
ated by a laser consisting of a mode-lockedQ-switched
Nd:YLF laser, followed by a preamplifier and a slab amp
fier. Line-focus excitation of a Nb target was reported
result in gains of about 3 cm21 andgl'3 in the 20.4 nm line
of Ni-like Nb. Similar experiments using the neighborin
elements identified emission from the candidate laser lin
Ni-like Mo ~18.9 nm! and Ni-like Zr ~22.1 nm!.271 More
recently, Balmeret al.have reported the observation of larg
amplification in Ne-like ions irradiating slab targets wi
;100 J pulses of 500 ps duration produced by a Nd:g
laser that occupies a laboratory area of about 934 m.79,272

These experiments made use of the prepulse technique
had been successfully used to increase the efficiency of
lisional lasers excited by laboratory-size laser pumps.103–117

The 3p– 3s J50 – 1 lines of Ti, Cr, Fe, Ni, and Zn wer
amplified to reach an intensity at least an order of magnit
larger than the background radiation using a prepulse w
0.7% of the total laser pump energy that preceded the m
pulse by 5 ns. For the 32.6 nm line of Ti, the 25.5 nm line
Fe, and the 23.1 nm line of Ni gain coefficients between
and 3.6 cm21 were obtained for 2.4 cm long curved targe
resulting in gain length products of about 10.79 Angle-
resolved spectra indicated a typical beam divergence
about 3 mrad FWHM. At a recent conference, the sa
group has reported saturation of the 25.5 nm line of Ne-l
Fe and also saturation of the 14.0 and 14.7 nm lines of
like Ag and Ni-like Pd, respectively.144 These latest results in
Ni-like ions were obtained using a sequence of a single
prepulse followed after 1 ns by a main excitation pulse
.30 J, 100 ps. Gain-length products of 15.5 and 15.6 w
obtained on flat Ag and Pd targets, respectively. A compa

FIG. 31. Result of amplification experiment in the 3-2 line of H-like B (l
526.2 nm) using a plasma created by a sequence of two low power
pulses in a B2O3 microcapillary plasma. The on-axis spectra for plasm
lengths of 1, 2, and 3.5 mm show the nonlinear increase of the 26.2 nm
line ~from Korobkin et al., Ref. 80!.
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tive study of the influence of the Pd target surface roughn
on the laser output performance indicated a substantial
crease in laser output intensity for reduced roughness. P
ently, the repetition rate of these soft x-ray lasers is ab
one shot every 30 min limited by the frequency of firing
the pump laser.

VI. DISCUSSION AND FUTURE PROSPECTS

Remarkable progress has been achieved in the last
years in several critical aspects of the development of p
tical table-top soft x-ray lasers. It includes advances in b
table-top laser-pumped and discharge-pumped devi
Laser-pumped soft x-ray lasers have reached saturatio
wavelengths as short as 14 nm using only several Joul
excitation energy. Significant soft x-ray amplification h
also been observed in several systems utilizing only a fr
tion of a Joule of laser excitation energy. A very compa
26.5 eV discharge-pumped laser has been operated at a
etition of several Hz producing millijoule-level laser puls
and an average power of 3.5 mW. This table-top laser p
duces a spatially coherent laser average power per unit b
width that is comparable to that generated by a thi
generation synchrotron beam line, and a peak cohe
power that is several orders of magnitude larger. The red
tion in the size, cost, and complexity of soft x-ray lase
resulting from these developments will soon lead to
widespread use of these sources in numerous scientific
technological applications. Some table-top soft x-ray las
have already emerged from their development stage to
used in applications. For example, a capillary dischar
pumped laser has been successfully utilized to perform
x-ray plasma shadowgraphy and interferometry.246,274These
experiments will soon be followed by an explosion in t
number of applications of table-top soft x-ray lasers. Sign
cant progress can also be expected in the next few yea
the demonstration of compact practical lasers at increasin
shorter wavelengths as a result of the combination of co
pact high power ultrashort-pulse laser systems with trans
inversion collisional schemes, or recombination lasing
transitions to the ground state. Moreover, the advent of r
tively compact optical laser systems with output powers
up to 100 TW can be expected to result in the long awai
realization ofK-shell photoionization lasers operating at e
tremely short wavelengths.

Notes added in proof.Since the submission of this Re
view Article, the proceedings of the latest International Co
ference on X-Ray Lasers have been published. ‘‘X-Ray L
sers 1998’’Proceedings of the 6th International Conferen
on X-Ray Lasers, edited by Y. Kato, H. Takuma, and H
Daido ~Institute of Physics, University of Berkshire, Rea
ing, 1999!. The proceedings of another recent conferen
‘‘Soft X-Ray Lasers and Applications III,’’ edited by J. J
Rocca and L. B. Da Silva, SPIE~Society of Photo-optical
Engineers, Bellingham, WA, 1999!, Vol. 3776, are in press

At the recent conference ‘‘Soft X-Ray Lasers and App
cations III,’’ Denver, CO, 18–23 July 1999, Dunnet al. re-
ported saturation of the 14.7 nm Ni-like Pd and 14.0 n
Ni-like Ag transient inversion collisional excitation lase
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using traveling wave excitation. The laser output pulse
ergy of the line of Ni-like Pd was reported to be appro
mately 10mJ for 7 J oflaser pump energy.
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