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Abstract

We have investigated the effect of free electrons on the spectral properties of high-order harmonics generated in a neon
gas jet by a 30 fs Titanium:Sapphire pumping laser with intensities in the ranges:a@ W/cm? The main feature

of our observations concerns the possibility of continuously tuning the harmonic wavelength in the spectral region
20-7 nm, by taking advantage of the blue shift of harmonic wavelengths induced by the presence of free electrons to
cover the entire spectral region between two consecutive harmonics of the unshifted spectrum. Different amounts of blue
shift, which can be as large as 0.3—0.4 nm, are imparted to the given harmonic by simply changing the gas-jet-laser-
beam-waist relative position. We have also interpreted our experimental results with a simple model for the generation
process based on the “barrier suppression” ionization of an atom exposed to an ultraintense laser field.

1. INTRODUCTION Nevertheless, Corkurf1993, and Schafer and coworkers
(Schaferet al., 1993 have proposed a simple model for

High-order harmonicéHOH) of very intense infrared laser the harmonic generation process, where tunneling ioniza-
pulses represent an interesting source of high brightness vaggn, plays a fundamental role. According to such a model,
uum ultraviolet(VUV ) and extreme ultravioletXUV) ra-  ap electron escapes to the continuum through the potential
diation(Protopapastal, 1997). Since harmonics generated payrier created by the atomic and the radiation field poten-
in gas are produced in a coherent process, it can be showp|s, gains energy from the laser field and, within one op-
that the coherence properties of the primary laser source cafta| cycle, recombines with the parent atom to the ground
be transferred to some extent to the harmonic radidfon state, emitting a high-energy photon. This semiclassical
mire et al, 1996; Belliniet al., 1998, provided that partic-  odel accounts for the main features of the harmonic gen-
ular experimental conditions are met. Moreover, it can b&ation process and is in agreement with a full quantum-
shown that HOH pulses last less than the laser {@$®ver  mechanical treatment of the interaction of an atomic system
etal, 1996. All the mentioned properties of HOH radiation \yith a very intense radiation fielLewensteiret al, 1994.
make it possible to employ it as a XUV radiation source with|t g1s0 accounts for the drop in the harmonic conversion
unprecedented properties in terms of coherence, brightnes§ﬁiciency when the laser intensity exceeds a limit value
and peak intensity. (depending on the laser wavelength, the pulse duration, and

When using very high Ia'lser fields, the ipnization of the_the atomic specig@scorresponding to the barrier suppres-
gas sample occurring during the generation process typjon. In this case, the atomic potential well is completely
cally reduces the harmonic conversion efficiency, as a CONguppressed and electrons immediately escape from the par-
sequence of the depletion of the neutral atom populationent atom. Suppression of the potential well prevents the
free electrons from recombination and, thus, no high-energy
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saturation intensity for the ionization process increases foradius at the waist isy, = (Ab/27)Y2 = 22.5 um, which
decreasing pulse duration. Thus, for laser pulses lasting legxceeds the diffraction limited value by 25%.
than 100 fs, submillijoule pulse energies can efficiently gen- The gas sampléNe) is injected into the interaction cham-
erate high order harmonics in the tunneling regi{@éris-  ber by an electromagnetic valap to 100 Hz repetition
tov et al., 1997), provided the focussing geometry leads torate) producing a jet diameter at nozzle of 0.8 mm, and op-
an intensity on the gas target of the order ofM/cm? and  erating with a valve opening time of 3QGs. By varying the
not exceeding the barrier suppression intensity. At the samgas backing pressufgypically 2-5 bay, the gas pressure in
time, laser systems operating in the above mentioned pulgée interaction region has been estimated to vary between 20
energy and pulse duration regime can easily operate at@and 50 mbar. Such values, as well as the synchronization
relatively high repetition ratéypically 1 kH2). with the laser pulse, have been set so as to maximize the
Another important consequence of the ionization of theharmonic signal. Harmonic radiation has been analyzed with
gas medium where the harmonics are produced is the bluggrazing incidenc€6°’), Rowland mounting monochroma-
shift of the harmonics, which is originated by the temporaltor based on a platinum coated, 300 grogwes, spherical
change in the free electron densi®N,/dt). The last quan- grating (2 m radius of curvatune designed for broadband
tity strongly depends on laser intensity and on the time needeeffficiency in the 80 nm-5 nm spectral range. Atoroidal mir-
to ionize a considerable fraction of neutral atoms, and it hasor (incidence angle 83:5and radii of 2.8 m in the tangen-
been recently showiMiyazaki & Takada, 199bthat sucha tial plane, and 60 mm in the sagittal plang used to focus
time can be considerably less than the laser pulse duratiothe harmonic beam onto the monochromator entrance slitin
In principle, the blue shift undergone by the harmonics, ifthe tangential plane, matching the instrument aperture. It
properly controlled, can be used for a fine tuning of the co-also provides focusing in the sagittal plane in a position at
herent radiation generated in the VUV and XUV regions. the center of the diffracted spectrum. By correcting the
The above considerations have led us to study the processounting astigmatism, our two-component optical instru-
of harmonic generation in a neon gas jet by using a 30 fsnent achieves high sensitivity and high spectral resolution
Ti:Sapphire laser source operating at high repetition rate. liitypically 1500, thus allowing a detailed analysis of the spec-
particular, we have carefully investigated the spectral proptral structure of the harmonics. Finally, the detector is a chan-
erties of the harmonics extending below the 20 nm regiomel electron multiplier with bare glass photocathode, with
(corresponding to harmonic orders between 40 and.100variable gain up to the photon counting regime.
Special attention has been paid to the analysis of the depen-
denqe ofthe_ plue shift of the harmomc spectral peal_<s on thg. EXPERIMENTAL RESULTS
relative positionz, of the gas jet and laser beam waist. The
extent of such a shift of the harmonic wavelength can be ai Figure 1 we report a typical spectrum obtained in Ne with
large as 3—4 A in the deep plateau region, thus allowing &, ~ 520 1J. Only the short wavelength region of the spec-
continuous, fine, and reliable tuning of the output harmonictrum is shown. We can clearly observe up to the 95th har-
wavelength in the interval between two consecutive harmonmonic (Ags = 8.4 nn), although one can identify smaller
ics of a reference spectrum. Finally, we have also checkegdeaks up to the 103rd harmonic. The large value of the signal-
our experimental results with a simple theoretical modelto-background ratio is due both to the absence of back-
based on barrier suppression ionization of noble atoms ex-
posed to ultrashort and ultraintense laser fields. This has
allowed a better characterization of the complex dynamics
of the building up of the harmonic pulse in an ionizing gas 6
medium. i

H81

2. EXPERIMENT 4 FH71 | HO1

3l ‘ P H101

y (arb. units)

We have used a Ti:Sapphire laser system with chirped-puls@
amplification based on a nine-pass confocal amplifier stage®
and a prism compressor. This system generates 30 fs, up t5 |
0.8 mJ laser pulsdsentered at 796 npat a 1 kHz repetition & 1L

rate. Owing to a precise high-order dispersion control up tog J K
the fourth-order, the system provides high-quality pulses withg

a symmetric intensity envelope over a range of three orderd- 11 10 9 8 7
of magnitude. The laser beam is focused with a lehs
23 cm) through a 0.5 mm thick fused-silica window into the A (nm)

laser-gas interaction chamber. We have measured a confoga. 1. Harmonic spectrum in Ne with pulse ener@y = 520 uJ at
parameteb = 4 mm. Accordingly, an estimate of the beam z=1.6 mm.
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ground radiation and to the high spectral resolution of thalitions, such a time interval lasts considerably less than the
monochromator. In order to maximize the harmonic photorlaser pulse.
yield in the short wavelength region, we positioned the gas We have, thus, investigated the possibility to continu-
jet at a distance = 1.6 mm downstream to the laser beam ously tune the harmonic wavelength in the spectral interval
waist. The existence of an optimum gas jet positidiffer- between two consecutive harmonics of a reference spectrum
ent fromz = 0) is in agreement with theoretical calculations by simply changing the position of the gas jet relative to the
(Saliereset al, 1995 and with similar measurements laser beam waist. As a clear example, we report in Figure 3
performed by several authofSakai & Miyazaki, 1994; the detail of the spectral region around the 73rd harmonic
de Lisioet al,, 1998. (A73=10.9 nm). The curves are normalized at the peak value.

In Figure 2 we show two spectrain the same experimentaFrom Figure 3, we measure a total shift of the 73rd harmonic
conditions except for a different position, of the gas jet of more than 3 A, which is approximately the wavelength
with respect to the laser beam fodydaced az = 0). The  separation between the 71st harmofatso visible on the
main features emerging from the figure af®: a larger ex-  red side of the upper curveéand the 73rd harmonic. In the
tension of the plateau for the spectrum corresponding to eange ofzvalues from 0.4 mm to 2.2 mm, the laser intensity
position of the gas jet closer to the laser beam waisinely  in the interaction region varies betweerd X 10** W/cm?
z; = 1.6 mm); (2) a blue-shift of the whole spectrum with and~10%° W/cm?
respect to the spectrum obtainedzat= 2.1 mm. The two The effect of a rapidly ionizing atomic population on the
positionsz, andz, correspond to a laser intensiiy the gas  spectral characteristics of high-order harmonics is also evi-
sample of ~6.7 X 10 W/cm? and ~5.3 X 10** W/cm?,
respectively.

The maximum observed harmonic order of about 97 in

the first case and 89 in the second one are in good agreement
with the maximum expected order according to the cutoff 0.4 mm
law giving the highest photon energy emitted ina HOH gen-
eration process when using ultrashort laser puls&3) fs) \/f\/\\/\ ] |
(Changet al,, 1997).
The blue shift of harmonics when the generating medium
is closer to the laser beam focus can be explained by the 0.7 mm
higher intensity experienced by the gas sample. In fact, it is ’
originated by the temporal change in the free electron den- -
sity (0N./0t) which is the larger the higher the laser intensity =
and the shorter the time interval necessary for the ionization >
of a considerable fraction neutral atoms. It has been shown & [ 1mm
(Miyazaki & Takada, 199fthat in similar experimentalcon- &
>
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Fig. 3. Detail of the spectral region around the 73rd harmdttie bluer
S (nm) peak. The experimental conditions are the same as Figure 1. Different
curves have been obtained at differenpositions(from bottom to top:
Fig. 2. Harmonic spectra in Ne with pulse ener@y = 520 uJ at z=122,19 16, 1.3,1.0, 0.7, 0.4 mnThe arrows indicate the central
z= 2.1 mm(thick line) andz = 1.6 mm(thin line). wavelength of the 73rd harmonic power spectrum.

https://doi.org/10.1017/5026303460018317X Published online by Cambridge University Press


https://doi.org/10.1017/S026303460018317X

480 P. Ceccherini et al.

although the effect is less pronounced in the investigated

pressure range.
/\ H75 H77/\ As a final remark, let us observe that the blue shift intro-

/\ duced by changing the gas-jet-to-laser-focus relative posi-
/ \ tion is only weakly dependent on the harmonic order for the
\ harmonics in the deep plateau regi@n> 39, in our casg
P.=5ba and that it is much larger than the observed blue shift of the
laser wavelength divided ly As an example, the blue shift
measured for the 73rd harmonid gt= 10*° W/cm? is about

0.3 nm. This would lead to a shift for the fundamental of the
order of 73X 0.3 nm= 21.9 nm, while the blue shift of the
P,=3ba fundamental wavelength amounts to only 5 nm, as deter-
mined by an Optical Multichannel Analyz6€DMA). A pos-
sible explanation is the following: An OMA performgiane
/\\ averageof the power spectrum over the entire laser pulse
duration, whereas thastantaneou®lue shift depends on
. theinstantaneou®nization rate. If a given harmonic is gen-
erated in a time interval considerably shorter than the laser
pulse duration, its blue shift must reflect what thstanta-
L . L . L neousblue shift(and, in turn, thénstantaneousonization
11.0 10.8 10.6 10.4 10.2 rate) was at the instant when the harmonic was generated.
» (nm) With this picture in mind, it is reasonable to expect that the
fundamental wavelength blue shift deduced from the har-

Fig. 4. Detail of the spectral region around the 73rd harmonic. Different monic blue shift can be much |arger than thme avera_ged
curves have been obtained at different backing pressBgéspm bottom direct measurement.
to top:P, =1.8, 3, 5 bar.

Harmonic intensity (arb. units)

4. THEORETICAL BACKGROUND

) o ) ~In order to understand the most relevant features of our
dent when the laser intensity is kept constant while Vary'ngexperimental results, that is, the considerable and some-

the gas density. Figure 4 shows three curves obtained at dif;y,, surprising blue shift undergone by the harmonics in

ferent values of the valve baking presstmamely, atthree  he geep plateau region, we have interpreted these results
different local gas pressuned\lso in this case we observe a ,, tarms of a simple theoretical model, following the ap-

shift of the harmonic wavelength towards the blue rggion Ofproach of Miyazaki and Takadd 995, which was based
the spectrum as long as the gas backing pressure increasgg, the ADK-tunneling ionization of the medium as origi-
nally treated by Keldysk1965 and Ammoso\et al. (1986.
Since the laser intensities of our experimé€nt— 10 X
10'* W/cm?) approach the barrier suppression intensity of
05F Ne (=8.6 X 10** W/cm?), we have used the ionization rate

T formula originally proposed by Krainofd997) and Bauer

0.4+ % and Mulser(1999, which incorporates barrier suppression
I ionization in the ADK theory.
—~ 03} E /}/ As a consequence, the ionization ratg,E(t)], is calcu-
g 0.2 i /% lated agin atomic unit$
® a3 E(t) (4e|p3/2>2”
01 =—-__—7
| WIEL] an (2E(t))¥® \ E(t)n
0.0 o 21
S TS ST SO S S S SR % f Aiz(xz + P )dex 1
5 6 7 8 9 10 11 0 (2E(1))?® W
Intensity (x10' W/ecm®) whereAi denotes the Airy functiorE(t) is the field ampli-

tude at time, |, is the ionization potentiak is the Euler’s
Fig. 5. Calculated blue shifts for the 51&dashed lingand 73rd(solid P P B

° “12 : ) .
line) versuslaser intensity for a Ne local pressure of 50 Torr. The corre- mjlmber' anah Z(ZIP) z bemg the regldual_ Ion Charge'
sponding experimental pointsquares for H51 and circles for Hrare ~ SINCe wWe limit ourselves to the case of singly ionized atoms
also reported. (Z=1).
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Thus, by assuming that the problems of phase matchingionic in Ne is generated at intensitieg.9x 104 W/cm?,
and of the single-atom response can be treated separatefigcording to thecut-off law. Such an intensity is already
the time dependent intensity of thgth harmonic field, well beyond the intensity threshold for the saturation of the
I (t,qw), reduces to: dipole moment intensity response.
Finally, we have replaced in EqR) the time-dependent
I(t,qo) ~ [d(gw, t)[PN2(H)W2(t, E)|Fe(AK D[2V(D),  (2) interaction volume in the gas mediuWt), with a constant,
nearly cylindrical volumeV of gaseous medium, having a
whered(qo, t) is the dipole moment at the frequency of the height equal to gas jet diameter and base areas given by the
gth harmonicV(t) the laser-gas interaction volume at time laser cross-section at the beam waist, multiplied by a func-
t, [Fo(AK, t)|? the phase-matching factor describing propa-tion corresponding to the temporal profile of the laser inten-
gation effects in the ionizing mediutak =k, — gk,), and  sity, f(t). In particular, we have assumétt) = 1(t)/l, =
N(t) the density of neutral atoms at tinhegiven by seclf(1.76t/7), wherer is the FWHM laser pulse duration.
With these assumptions, E@) can be recast as

N(t) = No— Ne(t) = Noexp[— ft W(t’,E(t’))dt’], &)
e I (t,qw) o N2(O)W2[t, E(1)]|Lc[*F (1), 4

Np being the initial atomic density.
Itis worth stressing that, although our laser pulse duratio
is almost ten times shorter than the one used by Miyaza o
Let us now observe that, due to the tunnelling ionization

Tak I 11 optical cycl ill ) .
and Takad#1999, and only about 11 optical cycles, we sti factor, N°W?, of Eg. (2), harmonics are emitted well be-

assume in our analysis that the slowly-varying envelope ap: . ; . .
proximation holds essentially true, and that the atomic di_fqre the laser |ntenS|ty.(t) reaches its ma?<|mum value,
en the strong depletion of the gas medium. Let us also

pole spectral response can be decomposed in discrete specﬁ’é ) i : . o
components corresponding to odd harmonics of the fundaqle\1f|ne witht4(E) the time at which theyth harmonic in-

: 5 tensity profile reaches its maximum value. According to
ge;:fai;geg.uency, as discussed by several auttgateres Yablonovitch(1988), the time-dependgnt _spectral shéfi,
Next, by following Miyazaki and Takad&1995 we of the laser fundamental wavelengths given by
have replaced,(Ak, t) in Eq. (2) by the coherence length
Le = 7L/(Adg + Ade), whereL is the medium length. The SA(T) = — e’A’L Ne
phase mismatch term due to the focusing geomethypis~ 2mrmec® ot
2(g—1)L/b (b> L), and the one due to free electrons is

Ade = quL(ng — m)/c, wherec is the speed of light, and  Therefore, the effective laser wavelength at titve t,,

n, andn, the refractive indexes at the laser agith har- \hen most of thejth harmonic is generated, is+ 5A(t,).
monic wavelengths, respectively, both depending on thech a shift of the fundamental wavelength essentially in-
time-varying electron density. Therefore, we only considery,ces a harmonic spectral shift, = 5A(ty)/q, which dom-
the harmonics emitted within a single time-dependent cojnates over the shiféA(t,)/q3, due to the refractive index

herence length. change at, caused by the presence of free electrons.
We have also assumed a constant value for the atomic \y,e point out thaBA(t,) is much larger than the overall

dipol_e momentd,substantially_inde_per_ldentoftime and har- |3ser blue shiftsA,, of the pumping laser pulse, that we
monic order. Such an approximation is based on the behayjaye measured with an optical multichannel analyzer. In
ior of the atomic dipole moment strength as a function of thégact, the laser spectra obtained after the laser-gas inter-
laser intensity within the adiabatic approximatidrewen-  action region aréime-integrated This means that the large
steinetal, 1999. For harmonics in the deep plateau, infact, p|ye shift occurring in a very short time interval arouyd
the dipole moment strength rapidly increases with laser in(when the laser field is ionizing the medium and the slope
tensity up to a saturation value which, in neon, is reached alt the free electron densityN./dt, is very large is par-
about 2— 3 X 10" W/cm? (Lewensteiret al, 1995. Then  ally cancelled out by the time integration over the entire
the dipole strength saturates, although rapid and intense Ofgser pulse envelope. The overall fundamental blue shift
cillations are calculated. These oscillations, due to quanturpegits from integration of the contributions to the spectral
interference of different electron trajectories, are Washe@hift, each weighted with a coefficient proportional to the

out by propagation effecfsee, e.g., Kaet al, 1995 and  jnstantaneous laser pulse intensity:
Lewensteiret al., 1995. They can, thus, be neglected in the

macroscopic response of the gaseous medium. Since high

ﬁ/vhich allows us to calculate the approximate time profile of
& given harmonic.

©)

order harmonics require rather high laser intensities to be f I(t)SA(t)dt

generated, they are produced only at intensities correspond- g = —————— (6)
ing to the saturated response of a single dipole moment. As f I (t)dt

an example, in our experimental conditions thé7i3ar- —o
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From this expression, it turns out that the overall spectraby the present model, can play a role in contributing to the

shift of the laser puls&j\ ., is much smaller than the max- observed blue shift. Moreover, the phase mismatch due to

imum value,dA(ty), obtained when the ionization rate is free electrons is introduced in our model in terms of a 1D,

maximum. Thus, the measured harmonic blue shifts are muchiniformly ionized medium much shorter than the laser con-

more relevant than it can be expected just by dividing thefocal parameter. Thus, transverse effects due to different rel-

time integrated fundamental blue-shift by the harmonic or-ative positions of gas jet and laser beam waist are obviously

der, namelydA /0. overlooked. Nevertheless, in spite of its simplicity, our model
By relying on this approach, we have, as an example, calis able to reproduce the main qualitative features of our ob-

culated the blue shift of the 51&olid line) and 73rd(bro-  servations and also to lead to a reasonably good quantitative

kenling harmonics, reported in Figure 3 as a function of theagreement with measurements.

laser intensity for a pulse duration of 30 fs and a gas pressure

of 50 Torr. Different laser intensities correspond to different

zvalues. We also report in the same figure the corres,pond?EFERENCES

ing experimental points as obtained from Figure 2 and simaymosov, MV., DELonE, N.B. & Kramnov, V.P. (1986. Sov.

ilar measurements performed on the 51st harmonic. The main Phys. JETF64, 1191.

experimental features, namely the strong dependence on I&AUER, D. & MULSER, P. (1999. Phys. Rev. A9, 569.

ser intensity and the weak dependence on harmonic order BfELLINI, M., LYNGA, C., GAARDE, M.B., Hinsch, T.W., LHuIL-

the induced blue shift, are fully recovered by the model, and LIER, A. & WAHLsTROM, C.-G. (1998. Phys. Rev. Let81, 297.

also the quantitative agreement between numerical and e%HANG, Z., RUNDQUIST, A., WANG, H., MURNANE, M.M. &

perimental values is rather good. This simple model, thus, KAPTEYN. H.C. (1997). Phys. Rev. Letr9, 2967.

confirms the dynamical interplay between the temporal evo-cjm;g/o‘l:’;tg’st;;fNE’ MM. & KapTEYN, HC. (1997). Phys.

lution of the ionization degree in the medium and the queCORKUM’ PB. (1993. Phys. Rev. LetZ1, 1994,

§hiftunde_rgone by the propagatipg harmonic radiation every Lisio, C., ALTuccL C.. BENEDUCE, C.. BRUZZESE, R., DE
in the regime of ultrashort pumping laser pUIses' FiLipro, F., SoLIMENO, S., BELLINI, M., Tozzi, A., ToN-
DELLO, G. & PACE, E. (1998. Opt. Comm146, 316.
DiTMIRE, T., GUMBRELL, E.T., SMiTH, R.A., TiscH, J.W.G., MEY-
ERHOFER, D.D. & HutcinsoN, M.H.R. (1996. Phys. Rev. Lett.
In conclusion, we have demonstrated the possibility of using 77, 4756.
HOH generation to produce continuously tunable, coherGLOVER, T.E., SCHOENLEIN, R.W., CHINN, A .H. & SHANK, C.W.
ent radiation in the XUV(=20 nm-~7 nm). Due to the (1996. Phys. Rev. LetZ6, 2568.
high spectral resolution of the monochromator employeoKA’;{’AEEBCAPJACK’ C.E. & RANKIN,
in our e_xpenment and to a goqd_ signal-to-noise-ratio, aIIKELDYSH’ LV. (1968. Sov. Phys. JETRO, 1307.
harmonic spectra do not exhibit any remarkable backs

. . . ERAINOV, V.P. (1997). In Multiphoton Processes 1996Lam-
ground in the free spectral range between harmonics, whic bropoulos, P. and Walther, H. elislOP Conf. Proc. No. 154

remain well distinguished even at very high orders. This (|nsitute of Physics and Physical Society, Bristol, 1997 98.
achieves good reliability of our measurements. Tunabilityl pwensTEIN, M., BaLcOU, P., IvANov, M.Y., L’HUILLIER, A. &
of harmonic radiation, based on the blue shift undergone Corkum, P.B. (1994. Phys. Rev. 49, 2117.

by harmonics while propagating in an ionizing gas me-LEWENSTEIN, M., SALIERES, P. & L'HUILLIER, A. (1995. Phys.
dium, is obtained by simply adjusting the gas jet position Rev. A52, 4747.

relative to the laser beam waist. Blue shift of harmonics MiYAzaki, K. & Takapa, H. (1995. Phys. Rev. A2, 3007.
though less remarkable, is also observed when increasingROTOPAPAS, M., KeiTeL, C.H. & KNiGHT, P.L. (1997). Rep. Prog.
the atomic density of the medium by increasing the valve Phys-60, 389.

- - : L AKAIL, H. & Mivazaxi, K. (1994). Phys. Rev. A0, 4204.
ﬁig:ﬁgg pressure at a fixed gas jet position and |aseEALIERES, P., HUILLIER, A., ANTOINE, P. & LEWENSTEIN, M.

. . . (1998. Adv. At., Mol., Opt. Phy<1, 83.
The results have been interpreted with a simple mode{, | \.ooc b 'HumiEr A & LEWENSTEIN. M. (1995. Phys.

based on the barrier suppression ionization of atoms due to Rey. Lett75, 3376.

an intense laser field, namely, a pure intensity effect. HOW-scuarer, K.J., YanG, B., DIMaURO, L.F. & KULANDER, K.C.
ever, we expect that other factors, such as the atomic dipole (1993. Phys. Rev. LetfZ0, 1599.

phase and the intrinsic laser pulse chirp, not accounted forYasLonovircH, E. (1988. Phys. Rev. Let60, 795.

5. CONCLUSIONS

R. (1995. Phys. Rev. 52,

https://doi.org/10.1017/5026303460018317X Published online by Cambridge University Press


https://doi.org/10.1017/S026303460018317X

