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Nonadiabatic three-dimensional model of high-order harmonic generation
in the few-optical-cycle regime
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A numerical model to calculate the high-order harmonics spectrum of a macroscopic gas target irradiated by
a few-optical-cycle laser pulse is presented. The single-atom response, calculated within the nonadiabatic
strong-field approximation, is the source term of a three-dimensional propagation code. The simulation results
show remarkably good agreement with experiments performed in neon using laser pulses with durations of 30
and 7 fs. Both simulations and experiments show discrete and well-resolved harmonics even for the shortest
driving pulses.

PACS numbds): 42.65.Ky, 42.65.Re, 32.8&

[. INTRODUCTION calculated, then it is inserted as a source term in the propa-
gation equations of the harmonic field, to obtain the macro-
High-order harmonic generatighiHG) [1,2] is a rapidly  scopic response of the excited nonlinear medium. The most
developing topic in the field of laser-atom interaction. Be-accurate way to obtain the single-atom response is the nu-
sides its fundamental interest, it represents an attractive techaerical solution of the three-dimensional time-dependent
nique for the production of ultrafast coherent radiation in theSchralinger equatiorf{16,17] for the atom interacting with
UV and soft-x-ray regions of the spectrum using a tabletophe laser field. Since this approach is quite time consuming,
system. Recent advances in ultrashort-pulse laser technolo%a|ytica| models based on the approximate solution of the
have allowed the generation of light pulses with 20—-30-fsgchrwinger equation have been proposed:; a particularly suc-
duration and mJ-level energy; these pulses can be furthefagsfy one, developed by Lewenstein and co-workers
shortened to sub-10-fs d_uration by hollow fiber compressioTl&lq’ is known as the strong-field approximatié8FA),
[3]. A number of theoretical studies have shoyvn the advanénd shows good qualitative agreement with the exact solu-
tages of using such short pulses for H45-6], since atoms ion. When the single-atom response is used to study propa-

can be exposed to higher electric fields before a S|gn|f|car(1§ation effects, two approaches are followed. A first set of

fraction is ionized, the conversion efficiency increases an Y iudies uses the adiabatic approximation. assuming that the
higher energy photoemission can be achieved. In addition PP ' 9

the use of short driving pulses should allow one to combinéﬁtomiC response_is determined by th? instgntaneous Iaser in-
the fields of several harmonics and generate, under suitabl€NSIy- Using th|s approgch three-d|men5|onal' propagaﬂon
conditions, soft-x-ray pulses with attosecond durati@h mod"elg,, calculatlng the smgle—atom response either with the
Recently, several HHG experiments, performed using botpchralinger equation[20-23 or with the SFA[24-2§,
20-30-fs pulses[8—11 and sub-10-fs pulse$12-15, have been developed. Other studies use a nonadiabatic ap-
showed a strong dependence of the spectral characteristics Bfoach, calculating for each atom of the nonlinear medium
the observed harmonics on the experimental conditionghe full response to the electric field of the driving pulse,
(driving pulse duration and intensity and laser-gas interactio®gain using either Schdinger equatiori27-29 or the SFA
geometry. To understand these results, a detailed theoreticdB0,31]. However, to our knowledge, in the nonadiabatic
model for the calculation of HHG spectra in the few-optical- case, only one-dimensiongplane wave¢ geometries were
cycle regime of the driving pulse is required. considered.
Typical HHG calculations consist of two parts: first the  For few-optical-cycle pulses the adiabatic approach is
microscopic (single-atom response to the driving field is clearly not valid, because the electric field varies consider-
ably during one optical cycle, and the atomic response to the
entire pulse(not to an instantaneous intengityeeds to be
*Electronic address: giulio.cerullo@polimi.it calculated. On the other hand, in many experimental condi-
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tions, the one-dimensional approximation appears to be too t
crude. Sst(t',t>=(t—t')lp—%p&(tﬁt)(t—t')%J/Az(t”)dt".

In this work, we present a three-dimensional propagation ! 3
model, using the nonadiabatic SFA to calculate the single-
atom response. The results of the simulations are comparékhe dipole matrix element for transitions from the ground
to the experimental HHG spectra, acquired using 30- andtate to a continuum state characterized by the momeptum
7-fs pulses. The simulations are in remarkably good agreesan be approximated, for hydrogenlike atoms[ &
ment with the experimental results, both for the linewidth 21 5
and relative strength of the harmonics and for the spectral _. 27 2p) P

" : d(p)=i 2 3 4
position of the cutoff. The effects of carrier phase on the iy (p=+21y,)

HHG process are also investigated. The paper is organized as ) .
follows: Sec. Il introduces the three-dimensional nonadia-The last term in Eq(1) takes into account ground-state

batic model used for our calculations. Section Il describeglepletion using the theory of Ammosov, Delone, and

spectra. In Sec. IV the simulation results are discussed arfiPns [33], and gives the following tunnel ionization rate
compared to experiments. Finally, Sec. V contains the confrom the ground state:

clusions. ——
)= c |2 4o, B 4oy .
w( )_wp| n* o, ex 30,)’ )

IIl. NUMERICAL MODEL

_ where
A. Single-atom response

In our numerical model, the single-atom response is cal- |

p 9|E1(t)| * Iph v
culated using the SFAL8,19, which analytically solves the @p= “’t:W' nt=Z\ =
Schralinger equation using the following assumptiogisall ep P
bound states in the atom are neglected, except the ground o2n*
state; and(ii) in the continuum, the electron is treated as a |Co = —,
free particle moving in the laser electric field, with no influ- n*I'(n*+1)I'(n*)

ence of the atomic potential. This approach has been shown . . .
to provide good qualitative agreement with the numericaIWherez is the net resulting charge of the atofy, is the

solution of the Schrdinger equation, at least for harmonic ggg?gﬁgﬁ;teggﬂ dorfnrsesr:ggr%%%ce?tog' Sgg@n;g:)e arroe_
photon energies significantly larger than the atomic ioniza- 9 P y-Eq P

tion potentiall ,. In our model the SFA is used in a nona- vides the free-electron density. in the gas, given by

diabatic form, so that the full electric field of the laser pulse t
is used to calculate the nonlinear dipole momémsing ne(t)zno[l—exp{—f w(t")dt’
atomic unit$ as o

d,(H)=2 Re[ift dt’

] , (6)

- 32 wheren, is the neutral atom density, and only first ionization
) is considered.

et+i(t—t")/2
X d*[pg(t’,t)—A(t)]d[ ps(t’,t) —A(t)] B. Propagation effects
‘ The single-atom response is inserted as a source term into
Xexp[—iSst(t’,t)]El(t’)]exp{—f w(t’)dt’}. the equations governing the evolution of the fundamental
—o and the harmonic beams, which are solved in cylindrical co-

(1) ordinates and assuming radial symmetry. The propagation of
the fundamental wavelength beam in the ionizing gas is de-
scribed by the equation

In Eq. (1), E4(t) is the electric field of the laser puldas-

sumed to be linearly polarizgdA(t) is its associated vector ) 1 %E4(r,z,t) w,zj(r,z,t)

potential,e is a positive regularization constaiy; and S VRi(rzt) - c? at? - c? S
are the stationary values of the momentum and quasiclassical (7)
action, andd is the dipole matrix element for bound-free

transitions. The stationary value of momentum is given by Where

e’ng(r,z,t)]?
1 t wp(r,z,t)= e
Pst(t’,t)=wflA(t”)dt”, 2 0l
' is the plasma frequency,is the propagation coordinate, and
r is the transverse coordinate. This equation takes into ac-
and the corresponding stationary action is count both temporal plasma-induced phase modulation and
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spatial plasma lensing effects on the fundamental beanyyhere E,(r,z’,w)=F[En(r,z',t')] and P,(r,z',o)
while it does not consider the linear gas dispersion and the. E[P,(r,z’,t')]. Note that in deriving Eqs(9) and (12)
n il ’ .

depletion of thg f'undamental beam dgring the HH(_S'processwe did not perform the slowly varying envelope approxima-
which are negligible under our experimental conditions. BYiion in time. These equations are solved, for each valus, of

going to a m_oving coordinate frarr(e_ =z.a.ndt :t_Z/F) using a Crank-Nicholson routine. Typical values of the pa-
and performing the paraxial approximatiore., neglecting rameters used in the calculation ar¥ Zor the 7-fs pulses

2 12 H i
9°E1/92%), we obtain the equation or 2 (for the 30-fs puls@spoints in time, 300 points along

2 PE,(r.2' 1) the radial direction, and-400 points along the longitudinal

V2Ey(r,z/ b)) — = —— = direction. The fundamental pulse is assumed to be Gaussian
c Jdz'ot both in space and in time. Since the longitudinal variations of
W2(r.2' 1) the fundamental beam over the interaction re_qmmicall_y_
= p;—z'El(r,Z’,t’)- 8y  of the order of 1 mmare not too large, we find that it is

enough to calculate the source terms in E@.and (12

(i.e., G and P,) once every ten steps in the longitudinal
direction, thus greatly increasing the speed of the computa-
tion. For the harmonic field, gas absorption is also taken into
account. Once the harmonic field at the exit face of the gas
jet (z' =z,,) is computed, the power spectrum of the har-
monics is obtained by simply integrating over the transverse
direction:

The paraxial approximation, which is valid for beam sizes
significantly larger than the wavelengfB4], does not im-
pose any limitation on the pulse duration. The temporal de
rivative in Eq.(8) can be eliminated by a Fourier transform,
yielding the equation

2iw JE(r,Z',0)

V2E (1,2 0)— — =G(r.z,0) (9

c 9z |h(w)ocf0 B0 (F, Zouy )| 2277 d. (13)
where
Finally, to assess the usefulness of our three-dimensional
”El(r,z',a,): IE[El(r,z’,t’)], propagation approach, we also performed calculations using
a simpler one-dimensional model. To this purpose we ne-
B w2(r,z' t' glected the transverse Laplace operator in Egsand(12)
G(r,z',w)=F pTEl(r,z’,t’) , and we considered uniforgplane wav illumination of the

target in the transverse dimension. The resulting propagation
. equations are

andF is the Fourier transform operator acting on the tempo-
ral coordinate. For the harmonic field we solve the propaga- 2iw IE,(2', o)

tion equation =G(z', ), (14

C 0z’

1 6%Eq(r,z,1) 3?Pp(r,z,t)
_2 =

V2E(r,z,t)— c

M0 ’ (10) &E Z,,(l) | ~

at* at* “;T) =~ 5 CouPu(Z ©). (15
whereP,(r,z,t)=[ng—ne(r,z,t) Jdy(r,z,t) is the nonlinear _ . o o
polarization generated by the gas. In this equation the fred this model the driving-pulse variation along the longitudi-
electron dispersion is neglected because the plasma fr&&! direction are only due to free-electron effects.

qguency is much lower than the frequencies of high-order

harmonics. The nonlinear dipole moment is calculated at . EXPERIMENT

each position inside the jet by using the corresponding fun-
damental field derived by solving E(?). Again going to a
moving coordinate frame and using the paraxial approxima
tion, Eq.(10) becomes

The experiments reported in this work were performed
using a Ti:sapphire laser system with chirped-pulse amplifi-
cation, generating nearly transform-limited 30-fs pulses, with
central wavelength of 795 nm, energy up to 0.8 mJ and
2 g 2 ’ g 1-kHz repetition rate. These pulses are shortened to sub-
VfEh(r,z’,t’)— E J Eh(t’z,’t ) = 1o "Pn(r,2',t') 10-fs duration using the hollow-fiber compression technique
¢ 9z’ gt [3,35]. The pulses are first spectrally broadened by propaga-
tion into a 60-cm-long hollow fiber, having an inner diameter
of 300 um, filled with argon, and then compressed to an
%Imost transform-limited duration using a high throughput
dispersive delay line consisting of six bounces on chirped
mirrors [36]; typical pulse durations ranging from 5 to 7 fs
are routinely achieved. The spectral broadening in the hollow
fiber gives rise to a slight blueshift of the pulse spectrum,
(120  with a resulting carrier wavelength of 740 nm. In addition,

&t/z
11

Also in this case we eliminate the temporal derivative by
Fourier transform, obtaining the equation

y 2iw JEN(T,Z, ) , =
VlEh(f,Z',w)—TT:—w moPn(r,z',w),
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FIG. 1. Measured harmonic emission spectrum of a neon gas jet FIG. 2. Measured harmonic emission spectrum of a neon gas jet
illuminated by a 30-fs laser pulse with a peak intensity ofilluminated by a 7-fs laser pulse with a peak intensity of
7Xx 10" Wicn?, 9x 10 Wicn?.

the hollow fiber acts as a distributed spatial filter, so that thénental results are reported by filled circles in Fig. 3 for 30-
compressed pulses are diffraction limited and with a nearlyUPPer pansland 7-fs(lower panel driving pulses. The line-
Gaussian far-field profile. The sub- 10-fs pulses are focuse¥idth (at 1k of harmonic peak valuewas estimated by fit-
onto the gas jet by a 25-cm focal length silver mirror and theling the spectral profile of a single harmonic with a Gaussian
estimated spot size 825 um (a half-width at 1¢2 of inten- shape. The (_:ontrlbutlon of the mstrumente_\l function was
sity). During the experiments we could easily switch from then quadratically subtracted. The harmonic order depen-
sub- 10-fs to 30-fs excitation pulses by evacuating the ho|de_nce of the linewidths is strlk_mgly different in the two situ-
low fiber, in order to avoid spectral broadening. In this wayations: For 30-fs pulses, they increase by a factor of 4 in the
the spatial properties of the excitation beam remained th@0—100-eV energy range, while, for the 7-fs pulses they re-
same, and the role of the pulse duration could be evaluate®@in nearly constant with harmonic order.

The gas sampléneon is injected into the interaction
chamber using an electromagnetic valve. The gas pressure at
the interaction region, having an estimated length of 1 mm,

5

is approximately 40 torr. The harmonic radiation is analyzed 4 7
with a grazing-incidence Rowland mounting monochromator
designed for broadband efficiency in the 5-50-nm spectral 3 1
range. A toroidal mirror is used to focus the harmonic beam

onto the monochromator entrance slit in the tangential plane. 5
The optical instrument achieves high sensitivity and high
spectral resolutionup to 1500, thus allowing a detailed
analysis of the spectral structure of the harmonic radiation.
The instrumental function was estimated by means of ray
tracing of the optical setup in the operative conditions, and
taken into account to deconvolute the harmonic linewidths.

Figure 1 shows a typical harmonic spectrum obtained in
neon using 30-fs excitation pulses, with the center of the gas
jet located~2 mm downstream the laser beam waist; the
estimated laser peak intensity in the interaction region was
~7X10*W/cn?. The spectrum displays well-resolved har-
monic peaks at photon energies up~+d.30 eV. A typical
harmonic spectrum obtained in neon with 7-fs excitation
pulses, in the same focalization conditions as the 30-fs pulse
and at a laser peak intensity 6f9x 10"Wj/cn?, is shown L |
in Fig. 2. Also in this case we observe discrete and well- 50 70 90 110 130
resolved harmonic peaks at photon energies up 160 eV.
The partial overlapping of the harmonic peaks gives rise to a
broad pedestal for short wavelengths. FIG. 3. Linewidths of the harmonics generated by 3Qsisper

Taking advantage of the well-resolved harmonic spectragane) and 7-fs(lower panel pulses. The points represent the ex-
for both driving pulses, we have analyzed the wavelengtlperimental data, while the solid lines are the results of simulations
dependence of the harmonic peak linewidths. The experiusing the three-dimensional propagation model.

30 fs

Linewidth (10" Hz)

1+ 7fs 1

Photon energy (eV)
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FIG. 4. Macroscopic harmonic spectrum of a neon gas jet, cal- Photon energy (eV)

culated using the one-dimensional propagation model, for a 30-fs
driving pulse with a peak intensity of710W/cn?. Inset: single-
atom emission spectrum.

FIG. 6. Macroscopic harmonic spectrum of neon gas jet, calcu-
lated using the three-dimensional propagation model, for a 30-fs
driving pulse with a peak intensity ofs710%W/cn?.

IV. RESULTS AND DISCUSSION . . . -
ics emitted over several optical cycles exhibit a broad range

Single-atom spectra calculated, within the SFA, usingof frequency shifts, thus giving rise to highly structured
30-fs and 7-fs driving pulses with peak intensities of 7 spectra. These results indicate that the single-atom response
X 10" and 9x 10" W/cn?, respectively, are shown in the is not sufficient for the study of the spectral properties of
insets of Figs. 4 and 5. In both cases, the spectra in thBarmonic radiation generated by few-optical-cycle laser
plateau region are highly structured, with the individual har-pulses.
monics hardly recognizable; discrete harmonics reappear Figures 4 and 5 show HHG spectra obtained from a mac-
only in the vicinity of the cutoff(not shown. The noisy roscopic medium(a 1-mm-thick neon jet with uniform
structure of the single-atom emission spectrum in the plateaatomic densityn,= 1.3x 10'%atoms/cm, corresponding to a
region is confirmed by the numerical solution of the Sehro 40-torr pressure using the one-dimensional propagation
dinger equatior]5,22] and is a typical feature of the short- code. The driving pulses have duration of 30 Fgy. 4) and
pulse regime, due to nonadiabatic effects caused by thé fs (Fig. 5, and peak intensities of %10 and 9
variation of the driving-pulse intensity over one optical cycle X 10™Wi/cn?, respectively. Unlike in the single-atom case,
[37]. In fact, a plateau harmonic is made up of two relevantharmonics start to become distinguishable, although the
contributions, corresponding to two different electron trajec-spectra are still highly structured and noisy in comparison to
tories in the continuum, which have an intensity-dependenthe experimental ones. This partial cleanup of the spectra can
phase[38]. As the laser intensity varies in time, these two be attributed to free-electron-induced phase mismatch, which
contributions are subject to a different frequency shift, leadselectively reduces the contribution of some trajectories. For
ing to a splitting of the harmonic peaks. In ultrashort lasermuch longer pulsegduration~150 f9 this mechanism has
pulses, not only the intensity, but also its time derivative,been shown to be effective in recovering a clean harmonic
shows a rapid temporal variation; as a consequence, harmostructure after propagatidr80]; in our temporal regime, it
cannot explain, alone, the observed features of experimental
spectra.

Figure 6 shows a HHG spectrum calculated, using the
B 7 previously described three-dimensional code, for a 30-fs
driving pulse, focused to a waist of 2am. The target neon
gas jet is located 2 mm downstream from the laser beam
B T waist, has a length of 1 mm and an atomic density, assumed
60 | constant along the propagation direction, of=1.3
x 10'%atoms/cm; the laser peak intensity in the center of
the jet is 7< 10**W/cn?. These parameters try to reproduce,
as closely as possible, the conditions under which the data
shown in Fig. 1 were acquired. In this case the spectrum is
160 strikingly different both from the single-atom and one-

dimensional spectra, and remarkably similar to the experi-
mental result; it shows discrete and well-resolved harmonics,

FIG. 5. Macroscopic harmonic spectrum of a neon gas jet, calwith widths strongly depending on their order, and very little
culated using the one-dimensional propagation model, for a 7-f§esidual noise between the peaks. This dramatic change in
driving pulse with a peak intensity o£910"W/cn?. Inset: single-  the spectral features can be understood in terms of the phase
atom emission spectrum. mismatch mechanisms which are active in three dimensions,

100 120 140
Photon energy (eV)

Intensity (arb. units)

60 80 100 120 140
Photon energy (eV)
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FIG. 7. Macroscopic harmonic spectrum of neon gas jet, calcu-
lated using the three-dimensional propagation model, for a 7-fs
driving pulse with a peak intensity of>810™W/cn?.

in addition to the one induced by free electrons. In fact, in a
focused beam, the nonlinear polarization phase depends on UU
longitudinal and radial variations of both intensity and phase M AN A AR
of the driving pulsg24,39: these additional phase mismatch 80 100 120 140 160 180
mechanisms lead to a more effective trajectory selection. Photon Energy (eV)

Figure 7 shows the harmonic spectrum calculated, with
the three-dimensional model, using a few-optical-cycle driv- FIG. 8. Macroscopic harmonic spectrum of neon gas jet, calcu-
ing pulse. Its spectral width matches that of the pulse emerdated using the three-dimensional propagation model, for a 5-fs
ing from the hollow fiber, and an additional chirp is intro- driving pulse with a peak intensity 0£910™W/cn?, and two dif-
duced to reproduce the experimentally measured pulsewidtigrent values of the absolute carrier phase.
of 7 fs. The interaction conditions are the same as in the
previous calculation and the pulse peak intensity at the centevith the harmonic order, since all the harmonics are emitted
of the jet is 9< 10" W/cn?. Also in this case we obtain good over a few cycles of the driving pulse.
agreement with experimental resultsee Fig. 2, and we For sub-10-fs driving pulses, a strong influence of the
observe clean and distinct harmonics, due to the same phasearrier phase of the pulse on the single-atom emission spec-
matching mechanisms discussed for the 30-fs pulses. Botthum was recently predictef31,40. This effect has been
calculations and experiments performed using 7-fs pulsepointed out as a limiting factor for the use of few-optical-
clearly demonstrate that, in our interaction geometry, dis¢ycles pulses for HHG, and also proposed as a possible tech-
crete harmonic spectra can be obtained even with sub-10-fique for measuring the absolute carrier phase. In order to
pulses. We also made simulations with transform-limitedevaluate its influence in our experimental conditions, we per-
5-fs pulses, and still obtained well-resolved harmonics. Wdormed simulations with different values of the absolute car-
note that the previously reported harmonic continuum ob+ier phase. We found that, for the 7-fs pulses used to simulate
served with 5-fs driving pulsg42-14 was obtained using a our data, the phase has a negligible influence both on the
completely different interaction geometry, with an interac-shape and the amplitude of the HHG spectra. We attribute
tion length one order of magnitude smaller and gas pressurdbis result to averaging effects due to driving pulse phase
one order of magnitude larger. variations, both in the longitudinal and transverse directions,

Our numerical model also reproduces quite well thewhich wash out the phase dependence of the single-atom
wavelength dependence of the harmonic peak linewidthgesponse in the three-dimensional interaction geometry. To
The estimated linewidth&ull width at 1/ of the harmonic  study this effect in greater depth, we made simulations with
peak valug obtained from the calculated spectra by fitting transform-limited 5-fs pulses, for which carrier phase effects
the spectral profile of a single harmonic with a Gaussiarshould be more pronounced. In these simulations we also
profile, are shown by solid lines in Fig. 3. Also in this caseneglected free-electron-induced phase modulation, which
the agreement with experimental results is very satisfactorywould reduce the influence of carrier phase. The results are
For the 30-fs pulses, the wavelength dependence of the lineshown in Fig. 8 for two phase values differing by2. In this
widths can be at least partially understood in terms of thecase we observe some changes in amplitude and shape of the
different emission times of the harmonics: those well in thespectra, which, however, do not significantly alter their main
plateau are emitted over several optical cycles, while thoseharacteristics. Our analysis therefore allows us to conclude
approaching the cutoff are emitted only over a few cyclesthat macroscopic HHG spectra with sub-10-fs driving pulses
close to the peak intensity of the laser pulse. For the 7-fglo not critically depend, at least in the plateau region, on the
driving pulses, the linewidth remains approximately constantbsolute carrier phase.
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V. CONCLUSIONS agreement, both for the linewidth and relative strength of the
harmonics and for the spectral position of the cutoff. It is

In th|§ work we have presented a qumerlcal model for th.G%nteresting to note that, even with 7-fs driving pulses, both
calculation of the HHG spectrum emitted by a macroscopic

gas target irradiated by an ultrashort laser pulse. The mod?slle r:gll\?etlcti)%zfggn?gsenmental results show discrete and well

is nonadiabatic, i.e, the nonlinear dipole moment of each . : .
atom in the gas is calculated using the full electric field OfHH-g]eug?r?;iia\?vtg\;lgsasl-syé?g Jﬁ\r”s;u%)::lr; ge;hzn%hf:;ilgfs
the driving pulse; the single-atom response is inserted as ﬁne to investigate a number of topi¢s.g. th’e offects of

e e S a1 P o harmonic speoumder realstic expermen
begm The ngnadiabatic approach is obvious| neededgf tF\I conditions. In addition, it will allow one to study the
few—o. tical-cvele pulses: ouprpwork shows that ?/n our inter_c{ransverse properties of the emitted harmonics and their fo-

-op ycle p ' : . ! . cusability, which is an important issue for applications to
action geometry, only a three-dimensional calculation cal . .

. 4 ; . soft-x-ray nonlinear optics.

reproduce satisfactorily the experimental results. We fin
that, while thg smgle—atom emission spectra are _hlghly struc- ACKNOWLEDGMENT
tured and noisy in the plateau, after propagation they are
considerably cleaned and recover a discrete and well- This study was partially supported within the framework
resolved harmonic structure. Comparing our simulations taf the Istituto Nazionale di Fisica della Materia under the
experimental results obtained focusing on neon pulses witproject “Femtosecond soft x-ray generation by high energy
duration ranging from 30 to 7 fs we find remarkably goodlaser pulses.”
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