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Abstract. Powerful techniques for spectral broadening andSPM) in a single-mode optical fiber is a well-established
ultrabroadband dispersion control, which allow the comprestechnique: pulses down #®fs were obtained in 1987 from
sion of high-energy femtosecond pulses to a duration of a few0-fs pulses from a mode-locked dye laser [10]. More re-
optical cycles, are presented. Spectral broadening by propeaently 13-fs pulses from a cavity-dumpeti:sapphire laser
gation along hollow-core fused silica fiber filled with atomic were compressed ®fs with the same technique [11]. How-
and molecular gases is studied under two excitation regime=ver, the use of single-mode fibers limits the pulse energy to
with high-energy input pulses df40 fs and 20 fs duration  a few nanojoules. A powerful pulse compression technique
respectively. Conditions for optimum pulse compression arbased on spectral broadening in an hollow fiber filled with
outlined considering the role of self-phase modulation andoble gases has demonstrated the capability of handling high-
gas dispersion in the two regimes. Wi#l® fs input puls- energy pulses (subn] range) [12]. This technique presents
es and under optimum compression conditions we demorthe advantages of a guiding element with a large diameter
strate a pulse shortening down 4 fs with output energy mode and of a fast nonlinear medium with high threshold
up to70Jusing a high-throughput prism-chirped-mirror de- for multiphoton ionization. New concepts in the construction
lay line. These pulses are the shortest generated to date atdispersive delay lines have been applied in the develop-

multigigawatt peak power. ment of specially designed chirped mirrors for fine control of
cubic and quartic phase dispersion terms over a large spec-
PACS: 42.65.Re; 42.65.Vh tral bandwidth [3]. The implementation of the hollow-fiber

technique usin?0-fs seed pulses from &i:sapphire sys-
tem [5] and a high-throughput broadband dispersive delay
Ultrashort-pulse lasers are the most important experimentéihe consisting of prisms and chirped mirrors has recent-
tools for investigating fast-evolving atomic and molecular dy-ly permitted the generation of multigigawatt sGlis puls-
namics in physics, chemistry, and biology. In the last fewes [13].

years, great technological advances have been made in the In this paper we present a comprehensive analysis of com-
field of ultrafast pulse generation. New mode-locking techpression experiments with high-energy femtosecond pulses
niques such as additive-pulse mode-locking and Kerr-lenperformed using gas-filled hollow fibers. Spectral broaden-
mode-locking have been successfully used for femtosecoridgs obtained in different gases are comparedilfd-fs and
pulse generation from a wide range of solid-state laser osciR0-fs input pulses generated By.sapphire laser systems, and
lators [1]. Using chirped mirrors [2] for intracavity dispersion the optimum conditions for pulse compression are outlined
control, pulses down t@.5fs have been directly generated considering the role of SPM and gas dispersion. A new ultra-
by a Kerr-lens mode-lockedi:sapphire oscillator [3] and, broadband prism-chirped-mirror dispersive delay line, char-
more recentlyf.5-fs pulses have been obtained using broadacterized by a high throughput and dispersion control up to
band semiconductor saturable absorbers for self-starting [4fhe fourth order, is described in detail. The paper is orga-
Ti:sapphire amplifiers seeded by femtosecond laser oscillaized as follows. In Sect. 1 we provide a description of hol-
tors can now generate pulses2i-30 fs with gigawatt [5, low fiber modes and discuss the major advantages of this
6] or terawatt [7—9] peak power at repetition rates in thedevice compared to optical fibers. Sect. 2 reports on typi-
kHz and 10 Hz regimes, respectively. Ultrashort pulses cancal spectral broadenings achieved under different excitation
also be generated by extracavity compression techniques, @onditions. In Sect. 3 we report on the characteristics of the
which the pulses are spectrally broadened upon propagatigism-chirped-mirror compressor and discuss the experimen-
in a suitable nonlinear waveguide and subsequently contal results obtained wit20-fs input pulses. Under optimum
pressed in a carefully designed optical dispersive delay lineeompression conditions we show a pulse shortening down to
Spectral broadening of laser pulses by self-phase modulatiah5 fs with output energy up t@0wJ. These pulses are the
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shortest generated to date at multigigawatt peak power. In
Sect. 4 the characteristics of the output beam after compres-
sion are reported. Finally, the new prospects in high-field light

matter interactions opened up by the results reported in thi$
work are discussed in Sect. 5. 3
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1 Propagation modes and losses in hollow fibers
The use of hollow fibers allows the exploitation of a spa- 0.2
tially uniform SPM and overcomes the limitation imposed 0.0
on the pulse energy by the small core diameters of single- ~ 20 40 60 80 100
mode fibers. Owing to the large and scalable mode size, this Fiber Length (cm)

technique can handle much higher pulse energies than tradi-
tionally used single-mode optical fibers.

Wave propagation along hollow guides can be thought of
as occurring by grazing incidence reflections at the dielec-
tric inner surface. Since the losses caused by these multiplg
reflections greatly discriminate against higher-order modesg
only the fundamental mode will be transmitted through a suf-»
ficiently long fiber. This offers the potential for using a large &
channel diameter without compromising the quality of the g
output beam. The modes of hollow cylindrical fibers with di- =
ameters much larger than the wavelength were considered
by Marcatili and Schmeltzer [14]. These fibers support three
types of modes: transverse circular electfi€&gm), in which
the electric field lines are transverse concentric circles cen- g 20 40 60 80 100
tered on the propagation axis, transverse circular magnetic Fiber Length (cm)

(TMom), with the electric field directed radially, and hybrid o
modesE Hpm (|pl = 1), with all the electric and magnetic rlg-l. a Transmission of the fundamental modéH1;) at 780 nmas a

e . function of hollow fiber length for different values of the capillary radius
components present (th.e axial field components are relativg~r/,nsmission of theE Hy1 mode and next high-order modgHy, for a
ly small so that the hybrid modes are almost transverse). Th&.m capillary radius as a function of fiber length
mode with lowest attenuation iBEp; if the refractive index
of the external medium is greater tha®2 times that of the
internal medium, in the other cases the fundamental mode is the discrimination of the fundamental mode from higher
EH11. For fused silica gas-filled hollow fibers the lowest-lossorder-modes. Figure 1b shows the calculated transmission of
mode is theEH1; hybrid mode, whose intensity profile as the EH11 fundamental mode and that of the subsequent, lin-

a function of the radial coordinates given by: early polarised, hybrid mod&H1, for a hollow fiber with
a capillary radius offOpwm, at 780 nm as a function of the
I(r) = I0J§(2.405/a) (1) fiberlength. Asis evident from the figure, for sufficiently long

fibers the mode discrimination is very high so that only the
where lg is the peak intensity) is the zero-order Bessel fundamental mode can propagate. The transverse mode purity
function anda is the capillary radius. For the same mode theof the beam exiting the waveguide can be significantly better
real, 8 (phase constant), and imaginary? (field attenuation  than that suggested by Fig. 1b for large capillary radii, pro-
constant), parts of the propagation constant are given by [14¥ided that the incident radiation is dominantly coupled into

the fundamental propagation mode by proper mode match-

21 1 /2.405.\2 ing.
ﬁ—7[1‘5< 2ra )} @
a (2405 ZA_Z 41 3) 2 Spectral broadening by hollow fibers
2 \2r ) 288 i1

2.1 Experimental set-up
wherel is the laser wavelength in the gas medium aiithe
ratio between the refractive indices of the external (fused silThe experiments reported in this and the following sections
ica) and internal ( as% media. Since the attenuation constantere performed using two different excitation sources. A first
is proportional tor</a>, the losses can be made arbitrarily series of experiments was carried out by usirig:aapphire
small by choosing a capillary radius sufficiently large relativelaser with chirped-pulse amplification (CPA-1 by Clark-
to the wavelengtfi. This is shown in Fig. 1a in which we MXR), which providesl40fs pulses a#Z80 nm with energy
have plotted the transmission of the fundameBtHl ; mode  up to660Jat al-kHz repetition rate. A second series of ex-
at a wavelength o780 nmas a function of the hollow fiber periments was carried out by using a Kerr-lens mode-locked
length for different values of the capillary radiasranging  mirror-dispersion-controlledTi:sapphire oscillator, which
from 30m to 90pm. An important issue to be considered provides nearly transform-limite8-fs pulses. These pulses
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Fig. 2. Schematic diagram of the experimental setup.
L is an AR-coated lens 080 cm focal length, M1
is a silver-coated mirror wittb0 cmradius of curva-
ture; M2, M5, andM6 are silver-coated plane mirrors
andM3, M4 are chirped multilayer mirrors?1-P4are
AR-coated multilaye20° fused silica prisms (the pris-

| matic delay line is folded by a silver-coated mirror
RM2 | not shown in the figure). The beam reflected back by

\

\

\

M4 is slightly separated from the incident beam to al-
GP low coupling byM6. PR provides polarization rotation
[/ using silver-coated mirror$sP is a 1-mm-thick fused
| silica plate with AR-coated back sidBSis a broad-
| to BBOVC stal band dielectric beam splitter on a fused silica substrate
___________ rysal | identical toGP. RM1 and RM2 are silver-coated roof
v mirror assemblies

|
Interferometric

au’tocorrelator| &—5\ BS _
l N

were amplified at a repetition rate @fkHz in a multipass gases such as argon and krypton will be reported both for
amplifier pumped by the second harmonic of a Q-switched 40fs and20-fs input pulses. An example of spectral broad-
Nd:YLF laser [5]. The output pulses have a duratio0fs  ening achieved using a molecular gas such as nitrogen is also
energy up to300.J and a spectrum centered @'80nm  reported under the above excitation conditions.
Both amplifier systems delivered approximately transform-
limited pulses. Fused silica hollow fibers@&@-70 cmlength
and70-80m capillary radius were used. The fiber was kept2.2.1 ArgonFigure 3a shows the output spectrum measured
straight in a V-groove made in an aluminium bar, which wasby using 140fs input pulses at peak powd?p = 3.5 GW
then placed in a pressurized chamber. The laser beam enteffed a gas pressurp = 4 bar. The spectrum shows amplitude
the chamber through-mm thick fused silica windows coat- modulations that are characteristic of a pure SPM process.
ed for broadband antireflection (see Fig. 2). The chamber wasssuming for argom,/p = 9.8 x 10-24m2/Whbar[17], one
filled with several gases such as argon, krypton, and nitrogesbtainsL ~ 0.66 cm for a capillary radius of7fOpum. On
at different pressures. The overall throughput of the presconsidering the contributions to second-order dispersion from
surized chamber, including coupling and fiber losses as weboth gas [18] and fiber [14], one gets a valugof- 48 f&/m
as some residual reflection losses at the antireflection-coatadhich givesLy~ 131 m These values givédgpt~ 2.3 m,
windows, wasx 50— 65%, for the various fibers used in the which turns out to be much longer than the fiber length
experiments, close to the values predicted by (3). This indi¢70 cm). Therefore, the effect of dispersion is almost negligi-
cates that bending and surface-roughnesslosses are negligible, as observed experimentally. The observed linear depen-
in our case. dence of the spectral broadening on gas pressure suggests that
nonlinear refractive index contributions arising from atom-—
2.2 Spectral broadening with atomic and molecular gases atom interactions are negligible at these pressures. 2Uifs
input pulses, the spectral broadening presents a different be-
Pulse propagation in a hollow fiber filled with gases can béavior. A typical shape of the spectrum measured at the
described by the same equations used for the case of optiutput of the fiber for an argon pressupe= 3.3 bar and
cal fibers. The relative weights of SPM and dispersion can ban input peak powePy =4 GW is shown in Fig. 3b. The
evaluated using characteristic parameters such as the nonlshape of the spectrum is much more uniform than that ob-
ear lengthL ;) and the dispersion lengthy, defined as £15]: tained with 140fs input pulses. This indicates that, at this
Ln=1/(yPy) andLyg = T02/ |2|, wherep, = d28/dw? is  shorter pulse duration, gas dispersion, in addition to SPM,
the group velocity dispersion (GVD) of the fiber filled with also plays an important role during pulse propagation. In
gas, Pp is the peak power of the pulse afig is the half- fact, in this case one obtains, ~ 0.92 cm (for a capillary
width (at the Ye-intensity point) of the pulse. The nonlinear radius of80um) and Ly &~ 3.2 m (82 ~ 40 f$/m), so that
coefficienty is given byy = nawo/CAeff, Wherewp is the  the optimum length turns out to Hegpt ~ 42 cm which is
center laser frequency, is the light speed in vacuummy,  somewhat shorter than that used in the experiments. How-
is the nonlinear index coefficienh & ng+ nal, wherel is  ever, if one takes into account the peak power reduction dur-
the field intensity) andhest is the effective mode area. Opti- ing propagation, which tends to increabsg, the length of
mum exploitation of the interplay between GVD and SPM forthe fiber is not too far from optimum. As is evident from
the generation of linearly chirped pulses calls for a propagarig. 3, 20-fs pulses produce a much larger spectral broad-
tion length Lopt &~ (6LniLg)Y/? [16]. In what follows, SPM-  ening than140fs pulses in the experimental conditions de-
induced spectral broadening in a hollow fiber filled with noblescribed above. To understand the physical processes that lead
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Fig. 3. Spectral broadening in argoa)(at p = 4 barand Py = 3.5 GW ob- ) o
tained with1404s input pulsesp at p= 3.3 barand Py =4 GW obtained ~ F9- 4&.b. Spectral broadening in kryptom)(at p= 2 barfor Py = 3.5 GW
with 20-fs input pulses. A low-intensity pedestal (approximatéf of the ~ oPtained with140fs input pulses, andb) at p=2.1barand Po =2 GW
peak) on the short wavelength side extends somewhat b&l@mm The obtained with20-fs input pulses. A Iow—lntens!ty pedestal (approximate-
spectra of the input pulses are showrdashed lines ly 1% of the peak) on the short wavelength side extends somewhat below
600 nm The spectra of the input pulses are showmlashed lines

to the observed behavior, we have performed computer sine second-order dispersion one gets a valyéat 60 fs/m,
ulations of the pulse propagation along the hollow fiber takwhich gives L4~ 105m These values give opt~ 1.7 m,
ing into account the self-steepening effect and the dispersiomhich turns out to be longer than the fiber length used in the
up to the third order. The calculated spectral broadeninggxperiment. Therefore the effect of dispersion is almost neg-
in the above experimental conditions, turns out to~b2.4 ligible as in the case of argon. A typical broadened spectrum
times larger in the case &0-fs pulses than in the case of measured using a0-fs input pulse for a krypton pressure
140fs pulses, in good agreement with the results shown ip = 2.1 barand an input peak powdPy = 2 GW is shown
Fig. 3. in Fig. 4b. In this case one obtaihg ~ 1.1 cm (for a capil-

lary radius 0f80m) andLq &~ 2 m (82 ~ 60 f$*/m), so that
2.2.2 Krypton A typical broadened spectrum measured athe optimum length turns out to beypt & 36 cm which is
p = 2 barof krypton andPy = 3.5 GW in the case ofl40fs  close to that used in the experimer@® €n). Figure 5 shows
input pulses is shown in Fig. 4a. The shape is somewhdhe results of computer simulations 2&-fs pulse propaga-
asymmetric and more uniform compared to that observetion along the hollow fiber in the experimental conditions
with argon. The greater extension to the blue side of thelescribed above. To obtain a qualitative agreement with the
input laser wavelength is a consequence of self-steepeningreasured spectral broadening we have assumed a nonlin-
which has previously been observed in liquids, solids [19ear index coefficienh, three times smaller than the quoted
20] and optical fibers [21]. In fact, by decreasifly to  value. We can attribute the difference to the uncertainty of the
1 GW the spectrum becomes symmetric. The steeper traijuotedn; value, especially for femtosecond pulses. The cal-
ing edge of the pulse implies larger spectral broadening onulated spectral broadening shows a behavior which is quite
the blue side since SPM generates blue components neepse to that observed experimentally. Figure 5b depicts the
the trailing edge. According to our experimental conditionstemporal intensity profile of the pulse at the output of the
the critical distance corresponding to shock formation [15]fiber. The nearly flat-top shape indicates [15] that the use
in the absence of dispersion, turns out to be of the ordeof 20-fs seed pulses can lead to nearly ideal conditions for
of the fiber length 70 cm). Assuming for kryptornz/p = the generation of linearly chirped pulses in the krypton-filled
2.78x 1072m?/Whbar [17], one obtaind_p ~ 0.47 cmfor  waveguide.
a capillary radius o70p.m. On considering the contributions
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Fig. 5. aSpectral broadening obtained by computer simulations of the puls-
es at the output of a hollow fiber filled with krypton under the same
experimental conditions reported in Fig. 4b usid@fs input pulses. Fig. 6. aSpectral broadenings¢lid line) obtained by launching40-s puls-

b Intensity profile of the pulse at the output of the fiber es into a fiber filled with nitrogen gt = 3 bargas pressure and for an input
peak powerPy = 3.5 GW. The dashed lineshows a calculated spectrum
after propagation along the fiber considering a nonlinearity with a response
time of ~240fs b Spectral broadening obtained usi2@ fs pulses at
p=4bargas pressure and input peak poweR@&5 GW

2.2.3 NitrogenA typical shape of the output spectrum ob-
tained by launching th&40fs pulses into the fiber ap =
3 bar nitrogen pressure and at an input peak powger= 3 Pulse compression

3.5 GWis shown in Fig. 6a. The spectrum features deep am-
plitude modulations typical of a pure SPM process and a cledPulse compression experiments with gas-filled hollow fibers

red shift, which is the signature of a noninstantaneous Kenvere first performed withl40 fsinput pulses. Transform-
response of the medium. In fact in molecular gases both tHanited 18-fs and 10-fs pulses were generated respectively,
response from bound electrons and nuclei have to be takevith energies up t@401J[12]. In the following we will re-

into account. The noninstantaneous contribution to the Kenport in detail on pulse compression experiments performed
response arises from reorientation of the molecules due tasing 20fs input pulses. A broadband high-throughput
their interaction with the optical pulse electric field throughprism-chirped-mirror dispersive delay line and a specifical-
the anisotropy of the molecular polarizability [22,23]. To ly designed, low-dispersion interferometric autocorrelator are
evaluate the characteristic response time of the nonlineardlescribed in Sect. 3.1 and Sect. 3.2 respectively. The experi-
ty we have calculated the spectrum of the pulse after thenental results are reported in Sect. 3.3.

propagation along the fiber. The measured spectrum is qual-

itatively reproduced, as shown by the dashed line in Fig. 6a,
considering a nonlinearity with a response time~0240fs 3.1 Prism-chirped mirror dispersive delay line

A different situation is observed usir&-fs input pulses. A

typical output spectrum gi = 4 bargas pressure and an input The frequency-broadened pulses emerging from the hollow
peak power oR2.65 GWis shown in Fig. 6b. The broadened fiber were collimated by a silver-coated spherical mirror and
spectrum is less deeply modulated and the cut off in the blupropagated through a dispersive delay line which introduced
side is much less evident. With very short optical pulses than appropriate group deldlyy = d®/dw (®(w) is the phase

instantaneous electronic contribution to the nonlinear indexetardation) as shown in Fig. 2. In order that the frequency-

dominates. broadened pulses can be compressed to their transform limit,
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Tg must be precisely controlled over a bandwidth exceeding.2 Interferometric autocorrelator
130 THz The idealTy variation of the compressor for op-
timum pulse shortening is depicted in Fig.dofted ling.  The compressed pulses were measured by interferometric
This curve was obtained by taking the opposite of the grougecond harmonic autocorrelation. The uncoated surface of
delay of the pulse emerging from the output of the hollowa thin fused silica plate reflects 10% of the pulse energy
fiber (filled with krypton), as inferred from computer simula- into a specifically designed interferometric autocorrelator. To
tions. Over the wavelength range @0-950 nm this curve  minimize distortions to the ultrashort wavepackets, all reflec-
notably deviates from a linear behavior due mainly to cu+ive optics in the autocorrelator as well as the steering optics
bic dispersion in the nonlinear medium. In an attempt tan the entire system use silver mirrors protected with low-
realise the ideally by utilizing wavelength-dependent re- dispersion dielectric layers. As they enter the autocorrelator
fraction, a delay line consisting of two pairs of fused silicathe vertically polarized pulses are split, delayed and then re-
prisms of small apex angl@°) was constructed. By using combined by single quarterwave layersTa©, on opposite
thin wedges instead of the traditionally employed large-anglsides of al mmthick fused silica substrate (Fig. 2). This en-
Brewster-prisms, a substantial reduction of the positive matesures a nearly constant &D splitting ratio and negligible
rial group delay dispersion (GDD) in the system is alloweddispersion over the entire spectrum of the pulse. This con-
for. As a result, less negative GDD is required and high-ordefiguration minimizes the overall optical path length in the
phase errors (mainly cubic dispersion) of the prisms can bbeam-splitter substrate [24]. Even more importantly, the in-
reduced in proportion to the reduced negative GDD. The variherent asymmetry of the conventional geometries with one
ation of Tq with the frequency of the entire system betweencoating performing both splitting and recombination is elim-
the output of the fiber and the BBO crystal in the autocorreinated [25]. The asymmetry implies different carrier shifts
lator (prism separatio@ m, total propagation in fused silica (with respect to the envelope) in the two replicas of the pulse.
15mm total propagation length in aB m) is shown as a This results in an asymmetric second-order interferometric
dashed line in Fig. 7. In spite of this improvement, the pris-correlation function, severely affecting the evaluation of the
matic system on its own can realize the requifgdnly over  pulse width in the few cycle regime. The symmetric configu-
a bandwidth of~ 50 THz because of the excessive negativeration shown in Fig. 2 removes this shortcoming. The second-
cubic and quartic dispersion. This bandwidth can be substawrder interferometric autocorrelation signal is generated in
tially extended with the use of chirped multilayer mirrors (M3 a 15-um-thick BBO frequency-doubling crystal. The time
and M4 in Fig. 2), specifically designed to introduce negativelelay in the autocorrelator was calibrated usingHe+Ne
GDD in combination with positive cubic and quartic disper-laser.
sion. The calculated group-delay versus frequency curve (full
line in Fig. 7) fits the required delay variation well over a
bandwidth of120 THz for a prism separation set at8 m.
The dispersive delay line has a high throughpuB6%) over
the wavelength range @30-1030 nm The combination of Figure 8a shows the measured second-harmonic interfero-
low loss and appropriate dispersion control over a relativenetric autocorrelation trace obtained with argon when the
bandwidthAw/wp > 0.3 offers the potential for bandwidth- separation between the two pairs of prisms was s&trat
limited single-cycle optical pulse generation. To evaluate the pulse duration, we took the inverse Fourier

transform of the spectrum of Fig. 3b and assumed, as a free

parameter, some residual cubic-phase distortidfy(dw®).

A good fit to the experimental data was then obtained with

3.3 Experimental results
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a pulse duration (FWHM) 08.3 fs and | d3p/ dw?| = 20 f<’.

The precision of this evaluation is mainly affected by pos-
sible errors in the measured spectral shape (the spectrograph
was calibrated with a standard tungsten lamp) and in the as-
sumed spectral phase; we expect to introduce errors of less
than +10%. The minimum pulse duration, as calculated as-
suming optimum phase distortion compensation, &ads.
Therefore the pulses can be considered to be almost transform
limited. The results of Fig. 8a relate to the case where output
pulse energy from the compressor wHiwJ, corresponding

to an input energy to the fiber @ pJ. By increasing the
input pulse energy td40J and retaining the same argon
pressure, pulses with the same duration with energies up to
70pJ could be generated. In this case, however, somewhat
more pronounced wings appeared in the autocorrelation trace.
Figure 8b shows the measured second-harmonic interfero-
metric autocorrelation trace obtained with krypton. From this

Fig. 7. The desiredTg variation of the compressor for optimum pulse short- trace, a pulse duration d@f5 fs (FWHM) was evaluated with
ening (otted ling as a function of frequencyTy variation @ashed ling the previously described method, assuming a residual cu-

obtained using two pairs of prism3y variation €ull line) using a com- : - - 3 3
bination of two pairs of fused silica prisms @0° apex angle and two bic phase d'Stort'o¢d @/ dw | = 10fs’. Pulse energy after

chirped multilayer mirrors specifically designed to introduce negative GDDCOMpression wa20pJ. These pUls?S represent the shortest
in combination with positive cubic and quartic dispersion generated to date at the tens of microjoule energy level. The
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6+ T=4 the EHy1 mode of the fiber

Fig. 9 as a function of the distance from the fiber tip togeth-
er with the calculated values. The good agreement between
the experimental and theoretical results demonstrates that the
output beam is diffraction limited. This performance is ex-
pected even if the spatial coherence of the input beam is

SH Intensity (a.u.)
[ 8] E-N
T T

0 | l impaired, because the hollow waveguide acts as a distributed
-20 -10 0 10 20 spatial filter, suppressing high-frequency spatial components
Delay (fs) possibly present in the input beam.

Fig. 8a,b. Measured golid line) and calculated dotg interferometric au-
tocorrelation trace of the compressed pulses obtained respectively with . .
(a) argon and If) krypton using20-fs input pulses; an evaluation of the D Prospectives and applications
pulse duration (FWHM) is also given
The potential scalability of this system up to higher pulse en-
ergies is an important issue considering the current availabil-
minimum pulse duration, estimated from the spectrum showity of 20 fslaser pulses with peak powers up to the terawatt
in Fig. 4b was4.3 fs; therefore the pulses are almost trans-level or more. Two considerations play the most important
form limited. On increasing the input energy80pJand de-  role.
creasing the pressure 10l barin order to maintain constant Firstly, the laser peak power must be smaller than the
L1, slightly longer pulsesy3 fs) with twice as much energy critical power P; for self-focusing (for a Gaussian beam
(40pJ) were obtained. In the case of nitrogen, by best comP. = 12/27n,). This sets a constraint on the type of noble
pression of the pulses whose spectrum is shown in Fig. 6b, gas used and its pressure. Secondly, the laser peak intensity
pulse duration of- 7 fswas measured. In this case the inter-should not exceed the multiphoton ionization threshold which
ferometric autocorrelation exhibited larger wings than in theapplies for the given pulse duration. This represents a con-
case of argon and krypton. straint to the hollow fiber diameter and to the type of gas
used. By a combination of gas type and proper choice of fiber
diameter, and since the threshold for multiphoton ionization
4 Output beam characteristics increases with decreasing pulse duration [26, 27], the hollow-
fiber techniqgue may be scaled up to pulse energies of a few
The polarization state and the spatial coherence of the beamillijoules using input pulses of 20 fsduration.
is of crucial importance when it comes to applications of = The generation of diffraction-limited multigigawatt light
the compressed pulses to nonlinear optical experiments. Thrnsients in the single-cycle regime promises to be a power-
beam exiting the waveguide was found to be linearly polarful tool for precisely triggering and controlling the evolution
ized in the same way as the input beam. The spatial coherenogatomic systems in strong laser fields. Many applications
of the beam was investigated by measuring the transversell benefit from this capability in the future. Perhaps one of
profile at different distances from the tip of the fiber usingthe most challenging is the generation and control of high-
a CCD matrix detector without any optical systems in be-order harmonic radiation in the soft X-ray spectral region.
tween, in order to avoid aberration effects due to the larg€oherent X-rays [28] are significant for a number of fields in
spectral bandwidth of the pulses. The measured beam profilesience and technology because of their potential for provid-
were compared with the calculated intensity profiles assuming high spatial and temporal resolution. The accumulation
ing free-space propagation of a beam with an initial shapef ionization from the atomic ensemble during exposure to
equal to that of thee H11 mode of the fiber. The full width many optical cycles of currently available intense femtosec-
at half maximum of the measured beam profiles is plotted imnd pulses tends to gradually decrease the number of neutral
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atoms as the light intensity evolves to its peak value. With 9.
decreasing pulse duration, however, the fractional number of
atoms ionized by the leading edge of the pulse decrease§O
allowing higher peak laser intensities to be used and thus

higher photon energies to be generated. In fact the shortest.

harmonic wavelengths generated to dates(nm) have been
produced using the shortest available pulse% fs) with
sufficient energy [29]. It has been predicted in a number of
theoretical papers [30—32] that the strongly driven atoms emit 4

12.

optical cycle. Individual pulses in the train have a duration

of 100 as Driving the atomic system with quasi-single-cycle 16

pulses would also allow the production of single-attosecond,-,
pulses with a much higher efficiency.
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