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Abstract—Powerful techniques for spectral broadening and (CPA) [6] has made possible the amplification of ultrashort
u!trabroad-band dispersion control, which aII_ow compression _of pulses to unprecedented power levels. Pulses as short as 20
high-energy femtosecond pulses to a duration of a few optical {5 nave now become available with terawatt peak powers at

cycles, are analyzed. Spectral broadening in a gas-filled hollow . . S
fiber and compression by chirped mirrors with high-energy 20- '€Petition rates of 10-50 Hz [7]-[9] and with multigigawatt

fs input pulses are presented. Using 1-mJ seed pulses we havdP€ak power at kilohertz rates [10]-{11].
demonstrated the generation of 0.5-mJ 5-fs pulses at 0,8n Ultrashort pulses can also be generated by extracavity com-

and 1-kH_z repetitiqn rate. General design criteria to scale the pression techniques. In 1981 Nakatswkal. [12] introduced
compression technique toward the terawatt level are presented. a method for optical pulse compression based on the interplay
Index Terms—Femtosecond laser, pulse compression. between self-phase modulation (SPM) and group velocity
dispersion (GVD) that arise during the propagation of short
light pulses in single-mode optical fibers. The propagation of
_ _ the pulse along the optical fiber spectrally broadens and chirps
FEMTOSECOND laser pulses are essential to the invesfie |aser pulse as a result of the combined action of SPM
~gation of many important processes in physics, chemistiyag GvD. The spectrally broadened pulse is subsequently
biology and electronics. A significant step forward in the,mpressed in a carefully designed optical dispersive delay
generation of femtosecond pulses was made in 1981 WitRe The increased spectral bandwidth of the output pulse
the development of the colliding pulse mode-locked (CPMipaples to generate a compressed pulse shorter in duration
dye laser [1], with the first demonstration of sub-100-fs lasgh5n the input pulse. Using this technique pulses as short
pulses. Pulses as short as 27 fs were generated in 1984 usiag & s at 620 nm were obtained in 1987 from 50-fs pulses
prism-controlled CPM laser [2]. The evolution of the femtose‘b‘enerated by a CPM dye laser [13]. More recently, 13-fs pulses
ond dye laser technology during the 1980’s has revolutionizgd ., o cavity-dumped Ti:sapphire laser were compressed
molecular and condensed_-matter spectroscopy. An extrem&]y4_6 fs with the same technique using a prism chirped
important break-through in the technology of femtosecongi o Gires—Tournois interferometer compressor [14], [15].
lasers was achieved in 1991 with the first demonstration g wever, the use of single-mode optical fibers limits the
the self-mode-locked Ti:sapphire laser by Sibleital. [3]. gulse energy to a few nanojoules. In 1996, a powerful pulse

This achievement triggered a renaissance of solid state las B?npression technique based on spectral broadening in a
Since then, a dramatic reduction in achievable pulse duratiﬂ

was obtained. Pulses as short as 7.5 fs have been direg
generated by a Kerr-lens mode-locked Ti:sapphire oscillator
using chirped mirrors for intracavity dispersion control [4] an
more recently, self-starting 6.5-fs pulses were generated
using prism pairs in combination with a double-chirped mirrag
and a broad-band semiconductor saturable absorber mirror
In parallel with this progress in femtosecond pulse generati
the introduction of the technique of chirped-pulse amplificatiot% t

I. INTRODUCTION

llow fiber filled with noble gases has demonstrated the
}Sability of handling high-energy pulses (submillijoule range)
6]. This technique presents the advantages of a guiding
lement with a large diameter mode and of a fast nonlinear
dium with high damage threshold (tunnel ionization). The
plementation of the hollow-fiber technique using 20-fs seed
Ises from a Ti:sapphire system [10] and a high-throughput
adband prism chirped-mirror dispersive delay line has led
he generation of multigigawatt 4.5-fs pulses with an energy
" - ved October 31 1997 Th . wed b tof 20 1J [17], [18]. A prerequisite for achieving this result was
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dispersion control over the above mentioned spectral range 10t

without the need for prisms. These mirrors have opened the =

way to scaling sub-10-fs hollow-fiber-based compressors to g 08 EH,,
substantially higher pulse energies and hence, peak powers 3 06 |

than previously possible. Recent experiments demonstrated 5

the generation of 0.5-mJ 5-fs pulses at a repetition rate of 204 EH

1 kHz [19]. Details about the design and characteristics of s 2
this novel ultrabroad-band mirrors are presented in a paper 3 021 EHy
submitted to this same issue [20]. In this paper, we shall 0.0 s

0.0 0.2 0.4 0.6 0.8 1.0

focus on the theoretical and experimental characterization \ _
Normalized spot size (w/a)

of the hollow-fiber technique. The paper is organized as

follows. Sections Il and Il are devoted to a theoreticatig. 1. Coupling efficiency, for the hollow fiber hybrid modes Ek, (i =

analysis of the hollow fiber in term of mode characteristics arfe2: 3) as a function of the normalized input spot siz:.

nonlinear pulse propagation, respectively. Spectral broadening

and compression experiments with high-energy 20-fs puISaeﬁinearly polarized input beam can only excite the ;EH

are presented in Section IV. Optimum conditions for pulse ) . .
modes of the hollow fiber, which are the only ones showing

compression are outlined considering the role of SPM and gas : . .
nonzero power coupling, since they are the only linearly

d'Spefs'O”- General design criteria to scale the compressilarized modes sustained by the hollow fiber. Assuming a
technique toward the terawatt level are presented in Sectlon%?

Section VI briefly outlines a few applications of high-eners_:]zvi{f:rl]J S(;I:;r;gcfliiT; %be_an; “(?Xe a(rI_yTQp /(ZLaQr)IéedaiE)rlﬁethgs'
sub-10-fs pulses. i = Loexp ur m

hybrid modes, with magnetic fieldf; = HoJo(u1mr/a)Ex,
wherewy,, is the mth root of the equatiowy(uy,,) = 0, it

II. HOLLOW-FIBER MODE CHARACTERISTICS is possible to solve the equation for the coupled power. The
fc%upling efficiencyy = P./P,,, whereP,, is the input power,

The use of the hollow fiber presents the advantages o .
tlérns out to be given by

guiding element with a large-diameter single mode and of
fast nonlinear medium with a high threshold for multiphoton ] ] 9 2y 12
ionization. Wave propagation along hollow fibers can be 77:4[f7’]0(u1"’7/a) oxp(—r?/w?) dr]
thought of as occurring by grazing incidence reflections at [w2f7’J3(u1nl7’/a) dT]

the dielectric inner surface. Since the losses caused by these ] o
reflections greatly discriminate against higher order moddg9- 1 shows the calculated coupling efficiengypf the EH,,,

only the fundamental mode, with large and scalable size, wii* = 1. 2, 3) hybrid modes as a function of the input-
be transmitted through a sufficiently long fiber. For fused silid¥®am Spot size normalized to the capillary radjug/a) in
gas-filled hollow fibers the fundamental mode is the EH corresp.ondence of the tip of the hollow fiber. From Fig. 1
hybrid mode, whose intensity profile as a function of the radiffte optimum value ofw/a turns out to be 0.65. By proper
coordinater is given byIo(r) = IoJ2(2.405r/a), wherel is mode-matchmg the coupllng efficieneyfor _the fundamental

the peak intensity,J; is the zero-order Bessel function and EH11 mode is~98%, while the correspondingfor the EH.»

is the capillary radius [21]. Since the field attenuation constafode i5~0.5%. Note that to have a coupling efficiency larger
is proportional toA2/a?, where) is the laser wavelength, theth@n 90%,w/a can range from 0.49 to 0.84. For spot size
losses can be made arbitrarily small by choosing a sufficient{§/ues smaller than the optimum one the coupling efficiency
large capillary radius. By proper mode matching, the incidefftf the fundamental mode drastically decreases and higher
radiation can be dominantly coupled into the fundament@fder modes are increasingly excited. In the optimum coupling
propagation mode. Good mode coupling between the inpqﬁndmon mode dlsc_r|m|nat|0_n of the fundamental mode_from
beam and the excited hollow fiber mode is essential foigher order modes is very high even with short hoII_ow_flbers.
proper operation of the compression stage. Mode-mismatcHioreover, the hollow fiber preserves the polarization of
increases losses and introduces higher order modes excitafBf, inPut radiation and, since it acts as a distributed spatial
lowering output beam quality and giving rise to intermoddi!t€", Suppressing high-frequency spatial components possibly
dispersion. Considering propagation along théirection, the pres_ent, output beam is expected 'Fo be diffraction limited.
coupled powerP, can be approximately calculated, as in thErofile _measurem_ents at different dlsta_nce_s from t_he OL_Jtput
case of optical fiber, using the following expression [22 :ft_he fiber show indeed that the beam is virtually diffraction
P. =[] E;x Hy -2 dS, where E; is the electric field limited [17]-{19].

of the incident beamﬁf the magnetic field of the excited
fiber mode,é, the unity vector corresponding to the fiber
axis z and dS the elementary fiber transverse section. This
is an implicit relation, since the amplitude f;ff is unknown.
Nevertheless, knowing the modal shapes of input and guidedPulse propagation in a gas-filled hollow fiber can be de-
beams, it is possible to calculate the power transmissisaribed by the same equations used for the case of optical
solving the previous integral. It is worth to point out thafibers. Considering propagation along the z-direction, the

(1)

I1l. N ONLINEAR PULSE PROPAGATION
IN A GAS-FILLED HoLLOW FIBER
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electric field for the fiber modes can be written as follows Wavelength (nm)
[23]: 11001000 900 800 700 600
E(r,w) = F(z,y)A(z,w) explifi(w)2] 2) ror A

AW
where A(z,w) is the mode-amplitudef'(z,y) is the mode- ;'
transverse-distribution ang(w) is the mode-propagation con-
stant. The propagation equation for the guided field splits
in two equations forA(z,w) and F'(z,y). In the first-order |
perturbation theory, a perturbatiahn = m»|E|? of the re- i ’,' \

fractive index does not change the modal distributi(, v/), 00 . ¥, A |
while the mode propagation constabtw) can be written as ' 300 350 400 450 500

B(w) = B(w) + AB, where the perturbations3 is given by Frequency (THz)

@
o [ [ Al )P do dy ;
©

//|F(a:,y)|2 dz dy > ol T=45fs

where k¢ is the vacuum wave number. As it is evident

from (3), the perturbatiom\3, which includes the effect of

fiber nonlinearity, is related to a spatial average on the fiber

transverse section of the perturbatian. In this way, spatially

uniform SPM and related spectral broadening can be realized. J J J

After having performed the integration over the transverse 0_20 10 0 10 20

coordinates, the treatment of nonlinear propagation reduces Delay (fs)

to a one-dimensional problem. Taking the inverse Fourier (b)

transform of the equation that describes the evolution of titgy. 2. (a) Spectral broadening in kryptonat 2.1 bar andPy = 2 GW.

mode amplitudeA, it is possible to write the propagationThe spectrum of the input pulses is shown as dashed line. (b) Measured
. . . . . (solid line) and calculated (dots) interferometric autocorrelation trace of the

equatlon forA in the time domain in _a reference frame movméompressed pulses; an evaluation of the pulse duration (FWHM) is also given.

with the pulse at the group velocity,. Let us introduce a

temporal scale normalized to the initial pulse half-width (aéffects become important for pulse evolution along the fiber
1/e-intensity point) 7y through+ = (¢t — z/vg)/Tp and a P P 9 ’

. ) : s Optimum exploitation of the interplay between GVD and

normalized amplitudd/(z, ) using the definition: SPM for the generation of linearly chirped pulses calls for
Az, 1) = V/Pyexp(—az/2)U(z,T) (4) an optimum propagation length,, ~ (6L Lqg)*/? [24],
which shows the relative importance of both the GVD and

where Fy is the peak power of the incident pulse and thgpM effects for good pulse compression.
exponential factor accounts for fiber losses. Assuming an
instantaneous nonlinear response, the normalized amplitude |v. SpecTRAL BROADENING AND PULSE COMPRESSION
satisfies the following propagation equation [23]:

1
!

Intensity (a.u.)

\
\
!
1
05 | \
\
\
i
'

AB =

SH Intensity (a.u.)

Previous experiments were performed using 20-fs input

LOU _ sgn(fe) OPU | sgu(fs) U e pulses with an energy of 4@J, and a 60-cm-long hollow
"or 2Ly 0712 ’ 6L, or3 L,; fiber with an inner radius of 8@xm filled with krypton. A
i 9 typical broadened spectrum for a krypton presguse 2.1 bar
2 ¢ 2 . . . .
|IUIFU + —(UIFU)| () is shown in Fig. 2(a). Assuming for kryptom, = ny/p =

Ty @
woto 9T 2.78x 10-23 m2/W bar [25] andf, ~ 60 f&/m [21], [26]

wheref3, = d?3/dw? is the GVD of the fiber3; = d*3/dw® one obtainsL,; ~ 1.1 cm,L, ~ 2 m. These values provide

is the third-order dispersionsgn(/;) = +1 (¢ = 2, 3) Loy = 36 cm, which is close to that used in the experiments.
depending on the sign of};,L, = 1§/|32| and L/, = The frequency broadened pulses emerging from the hollow
T$/)3s| are the second- and third-order dispersion lengthfiper were collimated and propagated through a dispersive
L,; = 1/vF, is the nonlinear length. The nonlinear coefficiendelay line based on chirped mirrors and two pairs of fused
v is given by v = nswo/cAer, Where wy is the center silica prisms of small apex angle (20 Fig. 2(b) shows
laser frequencyc is the speed of light in vacuunm. is the measured interferometric second harmonic autocorrelation
the nonlinear index coefficientn(= no + nof, wherel is trace of the compressed pulse. From this trace, a pulse du-
the field intensity) andd.q is the effective mode area. Theration of 4.5 fs (FWHM) was evaluated. Pulse energy after
first term in the squared bracket of (5) describes the SPMempression was 20J [17], [18].

process, the second one governs the self-steepening effecgcaling the input energy to higher values we demonstrated
which leads to an asymmetry in the SPM-broadened spectitee generation of sub-10-fs pulses at the subterawatt peak
The dispersion length&y, L/, and the nonlinear lengtti,; power level [19]. Details on the experimental set-up are given
give the length scales over which the dispersive or nonlinear[19]. 20-fs input pulses with an energy of 1 mJ were coupled
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Wavelength (nm) TABLE |
1000 900 800 700 600 MAXIMUM PEAK INTENSITY Jmmax |ONIZATION DEGREE IV, REFRACTIVE INDEX
1.0 T 7 ‘ CHANGES DUE TO PLASMA (Any,) AND TO KERR EFFECT (2 - Imax ), AND
! “‘ THEIR RATIO, FOR THREE DIFFERENT PULSE DURATIONS 79
\
—_ 75 (fs) La N(x107) an, 17D 5 b A1
] k (x10* W/em?) (x107 bar")  (x10° bar?)
& i 20 2.018 3.49 2638 1.493 5.66
2 05¢F ! \
® \ 50 1.807 3.15 2381 1.337 561
2 \ 125 1.635 2.98 2.253 1.210 536
—- \
! \
1] \
1 \
0.0 el ) I . .
300 350 400 450 500 By best compression of the pulse whose spectrum is shown
Frequency (THz) in Fig. 3(a), we measured the interferometric autocorrelation
@ trace of Fig. 3(b). From this trace a pulse duration of 5.2
P - _ fs (FWHM) was evaluated. In the absence of spectral phase
modulation we obtain a Fourier-transformed pulse width of
3 T=52fs 4.9 fs, indicating that the generated pulses are almost transform
. limited. Pulse energy after compression was 0.5 mJ, which cor-
Z responds to a peak intensity of 0.1 TW. Since the output beam
é is almost diffraction limited, it is expected to be focusable to
I U irradiances in excess of 10W/cm?.
w
L L
20 10 0 10 20 V. TowaRDS SuB-10-fs RULSES
Delay (fs) WITH TERAWATT PEAK POWER

(b) The potential scalability of this compression technique to
ﬂ?- 3. (f;l) Specftft?;' broadteninlg in ?rgor?lﬂt 0.5 gafﬁnﬁp = 58 GMW- higher pulse energies is an important issue considering the
(so?idsrl)iﬁg)n;rr?docalcjlaltne%u(dF:)L:ss)eiit:esrf:roor\r/lvgtriaclzsau?oscoerreIle;%n(tr)aceegfs Lt‘ Zﬁrem availability of 20-fs laser pulses with peak powers up
compressed pulses; an evaluation of the pulse duration (FWHM) is also givt®. the terawatt level. The laser peak power must be smaller
than the critical powet”,, for self-focusing (for a Gaussian
. , . . . eam P., = )\?/2xn»), which is determined by the type
Into a 85'Cm"°”9 hollow f|per with an inner radius of 13(& gas used an/d by )its pressure. Moreover, t)rlle ma>)</i?num
pm, filled with argon. A typlcal broaglen_ed spectrum for_ Afhser peak intensity is determined by the threshold for tunnel
argon pressurg = 0.5 b$r4|s ghown in Fig. 3(a). Aisum'ngionization. This represents a constraint to the hollow fiber
f02r argon7, = 9.8x 10 ~m /W bar [25] andf, ~ 2.8 diameter and to the type of gas. For pulse energy in the
fs*/m [21], [26], one obtaind,, ~ 1.3 cm andZy ~ 45 m, range of a few millijoules neon or helium seem to be the

so that the optimum length turns out to Bg,; ~ 1.8 m, best choices. We first calculated the maximum pulse peak

Wh.iCh. is 2.2 times larger than that used in _the e)_(per?menfﬁtensity for which the refractive index variation due to the
This is due to the fact that the effect of dispersion is le orr effect (An = noI) dominates, by a factor of5

pronounced with respect to the previous case, as it is a Q plasma nonlinearityAn, = w?/2wZ, wherew, is the
p L

evident from the spectrum of Fig. 3(a), which presents asma frequency). The calculated maximum intensifigs,

deepe_r mgdulanon. After reco_lhmatu_)n by a sH_ver mirror th_ re reported in Table | for three pulse durations, together with
beam is directed toward the dispersive delay line. At the m“ﬁe degree of iONIZatiolN = ionized /Mmeutral, the changes

lijoule level the prism-chirped-mirror compressor previousl}h refractive index due to plasman, (normalized to the
described cannot be employed because of self-focusing in %ssure) and to Kerr effechn — 771;—7 and the ratio
- maxy

prisms. In this case, only ultrabroad-band chirped dielectrig, /A, " For determining the ion density we have considered
mirrors were used. Owing to a novel design technique [2Q], . the tunnel ionization, which should be the dominant
these chirped mirrors introduce a nearly constant negat'gﬁ)cess. This maximum intensity, together with the input peak

group-delay dispersion over a spectral range as broad as JaQler b determines the minimum capillary effective area

THz (650-950 nm), and exhibit a high reflectivity over th?‘leﬂ,mm — Py/Inax. Since the maximum input peak power is

wavelength range of 600—1000 nm. The overall transmiSSiV'&étermined by the critical powe?,,, the maximum usable gas
of the compressor, including the recollimating and Steeri'}ﬂessure tums out to be given By, = A2/27r12 Py. Fiber
optics, is~80%. The compressed pulses were measured % qth; can be evaluated considering the following expression

interferometric second-harmonic autocorrelation. The secoqgf the spectral broadeniniy, valid for Gaussian input pulses
order interferometric autocorrelation signal is generated in;

X . i the absence of dispersion [23]:

15-um-thick BBO frequency doubling crystal and recorded at

a scan rate of 1 Hz. To evaluate the pulse duration, we took the Aw = 2.867Pyzeg /7o (6)
inverse Fourier transform of the spectrum and assumed, as free

parameter, some residual cubic phase distortidi¢/dw?). where 7y is the input pulse duration (FWHM), and.g is
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Wavelength (nm) Wavelength (nm)
1000 900 800 700 600 1000 900 800 700 600
i 1 T T N T T T
08¢ __o08¢f
S 1
s 8
= =
2 2
S 04r S 041
E E
00 1 1 L 00 L 1 I
300 350 400 450 500 300 350 400 450 500
Frequency (THz) Frequency (THz)
@ @)
1.0 1.0
T=5fs
o8t __ 08+
3 3
& 06 TR
Z 2
g ‘®
D 04 S 04
E £
02 02+
0.0 * . ! ’ * 0.0
-30 -20 -10 0 10 20 30 -30 -20 -10 0 10 20 30
Delay (fs) Delay (fs)
(b) (b)

Fig. 4. (a) Spectral broadening obtained by computer simulations of thég. 5. (a) Spectral broadening obtained by computer simulations of the
propagation of 20-fs 4-mJ pulses along a 50-cm-long 268inner radius propagation of 50-fs 4-mJ pulses along a 55-cm-long gAiRinner radius
hollow fiber filled with neon atp = 0.65 bar. (b) Intensity profile of the hollow fiber filled with neon atp = 1.64 bar. (b) Intensity profile of the

ideally compressed pulse. ideally compressed pulse.
TABLE I mJ input pulses, using thé,.. value reported in Table I,
FiBER PARAMETERS (RADIUS @, MINIMUM LENGTH {;nin btain A — 99 102 m?2 hich ds t
AND MAXIMUM GAS PRESSUREpmax) OBTAINED FROM THE We OblaiN Aeg,min = 9.9 X m=, which corresponds to
DESIGN PROCEDURE DESCRIBED IN THE TEXT, FOR INPUT PULSE a capillary radiusea = 258 ym. Assuming for neonp =
WITH THE SAME ENERGY E AND DIFFERENT DURATIONS 7o 7.4x 1072> m?/W bar [25] the maximum pressure turns out
7 (f5) E (mJ) a{um)  bun(cm) P (ba1) to bep,.x = 0.65 bar. In order to obtain a spectral broadening
20 4 258 50 0.65 Aw suitable to sustain a pulse with duratien = 5 fs, the
50 4 172 55 1.64 minimum fiber length, using (7), is given b,;, = 50 cm.
125 4 114 61 4.1 Fig. 4(a) shows the calculated spectral broadening obtained

using the previously calculated parameters. Simple estimation
of the losses due to plasma generation yields that they can

the effective propagation length, which, in the case of lard® neglected for the parameter regime in consideration [27].
aperture fiber, can be assumed to be equal. thssuming It is worth to note that no further parameter adjustment is
an ideally compressed pulse with duration (FWHM) and hneeded to achieve the desired spectral width. This indicates
Gaussian spectrum, the corresponding spectral width is giBat in this case (6) gives a good estimation of the spectral

by Aw = 1.664/7.. Therefore, the minimum fiber length turnd’ro@dening since the dispersion is almost negligii| ~
out to be given by 0.5 f&/m [21], [26]). The compressed pulse, whose intensity

profile assuming a perfect dispersion compensation is shown in
. TO A Fig. 4(b), has relatively small wings. Calculated pulse duration
Imin = 0'1‘)47_6 NoPmasx max (M) is5 fs. Assuming an overall transmission, including hollow
fiber and compressor, 6£70%, this corresponds to a peak
Note that the numerical factor in (7) depends on the actygfensity of 0.56 TW. It is worth to note that, even if the
shape of the broadened spectrum. actualr, value can be different from the quoted one, in order
Using the previous general design criteria, we have pgf obtain the sames, value one has simply to rescale gas
formed computer simulations of the nonlinear propagatigstessure.
of high energy pulses with different duration (20, 50, and In the case of 50- and 125-fs, 4-mJ input pulses, using
125 fs) in hollow fibers filled with neon. The simulationshe I, values reported in Table I, we obtained the fiber
were performed applying the split-step Fourier method to tiparameters reported in Table Il. Fig. 5(a)—(b) shows the cor-
nonlinear propagation equation (5). In the case of 20-fs, responding spectral broadening and intensity profile of the



NISOLI et al. TOWARD A TERAWATT-SCALE SUB-10-fs LASER TECHNOLOGY

ideally compressed pulse, obtained by computer simulatiofs]
for 50-fs input pulses. The spectrum presents deep amplituq_ﬁ
modulations typical of a pure SPM-process; consequently the

compressed pulse shows more pronounced wings.
(8]

V1.

The generation of diffraction-limited multigigawatt light [9]
pulses in the single-cycle regime promises to be a powerful
tool for precisely triggering and controlling the evolution10]
of atomic systems in strong laser fields. Many applications
will benefit from this capability in the future. Perhaps on¢ti]
of the most challenging one is the generation and control
of high-order harmonic radiation in the soft X-ray spectrghy)
region. Coherent X-ray are significant for a number of fields in
science and technology because of their potential for providi
high spatial and temporal resolution. Intense, spatially coher-
ent laser-generated X-rays in the “water-window” (2.33—4.36
nm) will make significant impacts on high-resolution x4
ray microscopy and holography of living cell in biology
[28]. Since the duration of these X-ray pulses is expectétp]
to be shorter than that of the exciting light pulse, their
use for time-resolved X-ray diffraction will allow studying[16]
chemical reactions and structural changes of condensed matter
with never-before-achieved time resolution. Coherent extremg;
ultraviolet radiation extending into the water window has been
generated at a repetition rate of 1 kHz by focusing 5-fs 0.1-T
pulses in a helium gas jet [29]. The incident light field contains
just a few oscillations, which results in the emission of a X-ray
super continuum. Owing to the extremely short rise time of t
driving pulses neutral atoms can be exposed to very high fields
before ionization. As a result, the observed spatially coherent

APPLICATIONS

X-ray continuum extends to wavelength as short as 2.4 nim
(photon energy: 0.5 keV) and is delivered in a well-collimated

beam. This compact system holds promise as a laboratot§™
scale source for biological holography and nonlinear optics in
the X-ray regime. [22]

[23]
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