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Temporal phase control of soft-x-ray harmonic emission
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We report a strong dependence of the soft-x-ray spectra generated by high harmonic emission on the chirp
of the excitation pulse, when an ultrashort laser drives the process. For identical pulse durations, distinct
harmonic peaks can be observed for positively chirped excitation pulses, while for negatively chirped pulses,
the harmonic peaks become irregular. This behavior is explained by simulations that combine the chirp of the
laser with the intrinsic phase shift of the harmonics. This work resolves an outstanding discrepancy between
theory and experiment by demonstrating that high-order harmonic generation driven by short-duration pulses
can result in distinct harmonic peaks. This work conclusively demonstrates the role of the intrinsic phase in
determining harmonic emission spectra, and control this phase during the emission process.
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PACS numbgs): 42.50.Hz, 32.80.Rm, 42.65.Ky, 42.65.Re

In recent years, there has been much interest in the préAn improved understanding of these effects is important for
cess of high-order harmonic generatidHG) [1-9] be- several reasons. First, a complete understanding of the
cause of potential applications of coherent vacuum ultraviosingle-atom HHG process, and particularly the role of pa-
let (VUV) and soft-x-ray sources in science and technology@meters such as laser chifphich is always varied and
[10,11. To date, the dependence of the harmonic Outpu{somewhat uncertain in experiments, but until this work not
spe,ctra on laser intensity, wavelength, polarization, an onsidered in theo_retlcal modghwill help us to understand
pulse width has been studied both experimentally and thed!'€, r0!€ Of collective effects. Second, a more fundamenftal
retically. For example, by comparing the experimentallyunde.rstand'ng may allow us to optimize the HHG process for

) ' . specific applications through cycle-by-cycle coherent control
measured cutoff wavelengtthighest energy photon pro-

! . f ) ) he basi agf the radiating electron. Third, concepts such as attosecond-
duc.:e'd as a function o atpmlc SPecies, the basic conceptugy 4tion pulse generation depend on the validity of theoreti-
validity of the “rescattering” picture[1,12] of HHG has

. X i cal models of the HHG process; thus validation of these
been ver|f_|ed. Hovv_ever, more-detailed comparisons of thesg,odels  will help to guide further experimental efforts
models with experiment has proven to be difficult, becausgg 13,14
of the lack of detailed experimental data and greatly varying The well-established “rescattering” model of HHG views
experimental parameters. One prominent outstanding queg=ray emission as the result of scattering or recombination of
tion in the literature is that of the role of single-atom effectsan electron, ionized in a strong laser field, with its parent ion.
vs colfective(l.e., phase-matdhinfrects. In this work, we _In this picture[ 1,1, the shortest x-ray wavelength emitted
consider the case of HHG at low pressures, where one exs directly related to the strength of the electromagnetic field
pects collective effects to be minimized. We observe that, foat the time of ionization. The use of very short pulses makes
positively chirped pump pulses, the individual harmonicit possible to extend high-order harmonic generation to
peaks are well defined and discrete, while for negativelyshorter wavelengths, since a rapidly rising excitation pulse
chirped pump pulses, the harmonic output spectra merge intallows the atoms to survive to a higher intensity before ion-
a continuum. By comparison with both analytic semiclassicalzing [5—7,9. Previous work has demonstrated that a fast-
theory and quantum models, we show that these spectral feahanging pulse intensity can spectrally shift the HHG radia-
tures are a result of thesingle-atom intrinsic phase of the tion. For example, for a given order, the phase of the x-ray
generated harmonic emission, which can be reduced or emmission(with respect to the laser fieldthanges with laser
hanced by adjusting the phagshirp) of the excitation laser intensity[15]. In the midplateau region, many electron tra-
pulse. jectories contribute to emission at the same harmonic order.
This work explains an outstanding discrepancy betweetEach contribution has a different frequency shift, depending
theory and experiment for HHG of very shoft-25-f§  on when the emission occurs. These phase effects are the
pulses. Experimentally, well-defined harmonic spectral peakerigin of the interference effects predicted and observed in
are observed, but theoretical models have indicated that thée midplateau regiofi7] where the harmonic spectra are not
harmonic emission should be an irregular continuum. Thisas well resolved and discrete as near cutoff. In contrast, near
discrepancy had been attributed to collective or spatialeutoff the harmonics are generated by only a few electron
averaging effects. This work demonstrates that even a modrajectories, corresponding to electrons ionized near the peak
est value of positive chirfwhich broadens the pulse by less of the laser pulse. Classically, these trajectories correspond
than 50% can result in spectrally resolved emission peaksto the case of the electron that acquires close to the maxi-
mum quiver energy from the laser field and then rescatters
from its parent ion. The limited humber of contributing tra-
*Electronic address: kapteyn@umich.edu jectories reduce interference effects, and the harmonics near
FAX: (313763-4876. cutoff exhibit well defined individual peaks. As stated above,
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a direct consequence of this is that the harmonics near cutoff .
are negatively chirpefi8]. This induced negative chirp can w\/\/\/\m\w
be explained by the intensity-dependent pHd€g17] of the /\NJ\,M\/\/V«\Mfi
harmonic generation process near the peak of a short laser

pulse, which causes the emission from subsequent cycles on
the pulse leading edge to be earlier in phase from cycle to
cycle, and which also results in a higher return energy of the
rescattering electron. This effect leads to a phase shift. How-
ever, near the peak of a pulse, the decrease in the shift leads /\/V\/\/\N\/\/\,\N\/\w
to an induced negative frequenchirp. Finally, we note that

the effects of the intrinsic phase on the spatial properties of /\/\/\/M

harmonic emission have also been investigfiedj19.

"+"107 fs

Intensity (arb.units)

For our experimental work discussed here, we used an /\/\/\/\/\/\,\ 053 £
ultrashort-pulse Ti:sapphire amplifier system described pre- | o e PN
viously [20]. The near-transform-limited pulse width used in 6nm Snm

[ i i H i length
this experiment was 40 fs. The output beam diameter of the armonic waveleng

laser was 1 cm, and a 1-m focal length curved mirror was FIG. 1. Experimentally measured harmonic spectra for posi-
used to focus the beam onto a gas jet, producingl®0- tively (+ sign) and negatively(— sigrn) chirped laser excitation
um-diam focal spot. The gas nozzle diameter was 1 mmpulses.

while the gas pressure was approximately 8 torr. Typically,

10 mJ of laser energy was used to generate the harmonics, |n order to understand the experimentally observed spec-
which corresponds to an intensity of K80'> W/en? atthe  tra, we simulated harmonic generation using the Lewenstein
focus. The x rays were dispersed using a flat-field soft-x-raynode| [22,23. This model is valid for harmonic orders
spectrometer, and then detected using an image intensifigjgher than the ionization potential, and also requires that the
with a pair of microchannel plate detecto®ICPS. The  photon energy of the laser be much smaller than the ioniza-
spectrally dispersed image of the high harmonic emissiogjgn potential, which is true for our experiments=800
was recorded using a cooled charge-coupled-device camefgn). We use the saddle-point integration over momenta to
connected to a computer. A Ogn-thick carbon filter was  simplify the calculation, and use hydrogenlike dipole matrix
placed in front of the MCP to block the very bright scatteredelements to simulate the real helium atom. The depletion of
light from low-order harmonics. _ the ground state was calculated using Ammosov-Delone-
The chirp of the excitation laser pulse could easily bekrainov ionization rate§24]. The results of our simulations
varied by adjusting the separation of the gratings in the pulSgyr He are shown in Fig. 2, which clearly show that for
stretcher. The resultant harmonic x-ray spectra were Obpositively chirped excitation pulses, the HHG peaks are well
served to change dramatically as a function of excitation layefined, while for negatively chirped excitation pulses, the
ser chirp, as shown in Fig. 1. The harmonic peaks shift theaks close to cutoff are spectrally smeared, in very good
longer wavelengths for positive chirp, when the leading edg@greement with our experimental d4#25]. Similar results
of the pulse is redder than the trailing edge. This effect iSor Ar have been obtained recently by Sadiset al.[16,17.
qualitatively similar to our previous results with arglél,  The numeric simulations alone, however, do not explain why
and can be explained by the wavelength change on the leaghe harmonic spectra are influenced by the chirp of the laser.
ing edge of the laser pulse as the pulse is chirped. What was oy results can be explained intuitively by assuming that
not explained at that time was the asymmetry in spectrahoth the laser pulse and the harmonic pulse are Gaussian.
broadening that occurred as the laser pulse was positively 6fe |aser field at given timeis then expressed as
negatively chirped. In the case of He, this asymmetry is even
more dramatic, as shown in Fig. 1. The harmonic peaks are i
observed to broaden dramatically as the pump pulse is nega- E1(t) =Esexp(—T'1t?)expliogt), @
tively chirped, merging into a continuum in the case of He.

However, for positive laser chirp, the peaks become narynereE, is the peak field, ana; is the carrier frequency.
rower and well defined. _ . _ The chirp of the pulsé, is included in the complex Gauss-
Experimentally, we characterized the laser chirp using the, parametef’;=a,—ib,, wherea; =2 In(2)/AZ and At,

technique of second-harmonic frequency-resolved opticqg the full width at half maximun{FWHM) of the pulse. In

gating[21]. The experimentally measured pulses for positivey experimentsh,;=0 corresponds to a transform-limited

a_nq_negative chirps were quite symmetric, rulipg out the pos ulse, which has the minimum pulse durati@® fs). When
sibility that the observed spec.;trall asymmetries arose fro e grating separation in the stretcher is increased, it intro-
some unexpected phase variation in the pump pulse shape fgr .o« - ot positive chirpb(>0) on the pulse, and in-

positive and negative chirps. We can therefore conclude thah g yses the pulse duration. Decreasing the grating separation

the observed spectral changes are indeed influenced primge, b oadens the pulse, but introduces a net negative chirp
rily by the sign of the input laser chirp. Finally, numerical €b1<0) ’

simulations show that, at the pressures and intensities used in
these experiments, the effect of ionization-induced blue shift

on the harmonic spectra is very small and therefore can be
neglected. Eq(t) =Eqexp(—agtY)exdigoit+ Piu(t)], (2

The electric field of thejth harmonic is given by
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Harmonic wavelength (nm) FIG. 3. Normalized chirp parameteb{/q) of the emitted har-
monic pulse as a function of laser pulse duration. The sign of the

FIG. 2. Numerical simulation of high harmonic emission spectraChirp of the laser pulse is indicated from each curve.

near cutoff for different values of chirp of the excitation pulses:

ositively chirped pulse$+ sign and negatively chirped pulses . . .
I(D_ sign).y ped pulses+ sign g y ped P Upo is the ponderomotive potential at the peak of the pulse. It

is interesting to note that since the cutoff harmonic oler

whereE, is the peak field, and,=2 In(2)/A, while At is ~ 9Ven by (,+3.2U )/ w,, for very high orders we can
N i i Y 1 approximate 3 /hw by q. After omitting the dc phase

the FWHM of intensity,®,.,(t) is the total phase, which ! “po’ :

can be written as the sum of two paf28]: shift, we then obtain

® e 1) = Pipord 1) + Pasef 1), 3) Dora(t) =A(— 281+ by)t™. ®)

where® ,.(t) =qb;t? is that phase induced by the chirp of Ey com_bir}i_n:gd qu.(Z) with Eqg. (5), we can thus describe the
the laser pulse, and gpodt) is the phase of the induced "2 monic eI by

dipole moment, which is laser intensity dependent. E (1)=E.exo —T.t2)exni t 6
It has been shown that under the quasiclassical approxi- o) =Egexp—Igt)expiqost), ©

mation, the phase of the induced dipole is determined by 'fh@/herel“qzaq—ibq is the complex Gaussian parameter, and
value of the action acquired along the most relevant saddlq;q:q(_ZalJr b,) is the chirp parameter of thgth har-
point trajectory, i.e.® o) =S [15]. We are only inter-  monic.
ested in harmonic orders close to cutoff, which are gener- The effect of the laser chirp on the chirp of the harmonic
ated, from the classical point of view, by an electron that iscan be seen in Fig. 3, which plots the predictions of &
released at a phase of 0.3 rad, and that returns at a phase\ghen the pump pulse is transform limitebl,& 0), the har-
4.37 rad[for a constant cosdt) field] [1]. The classical monics in the cutoff region are negatively chirpes},€0),
action of such an electron path is sincea;>0. When the laser pulse is negatively chirpéd (
2 em <0), then the negative chirp of the harmonics is enhanced.
_ 2_77 427p7(t )dt” (4) Finally, if the laser pulse is positively chirped(>0), it
h Jos 2m ’ will compensate for the chirp induced on the harmonic field
to some extent, depending on the relative valueb,oand
whereh is Planck’s constantn is the mass of the electron, a,. The observation of an optimum laser chirp to spectrally
and p is the momentum of the electron. This integration shape harmonic emission is similar to recent observations of
gives S=2.92),/fiw;, which is close to the results of pre- quantum control in molecular systems using tailored laser
vious quantum modelsS=3.2U,/Aw) [15]. Note that the pulses[27].
contribution of I, to S is a dc phase shift, which is not ~ The FWHM spectral width of thegth-order harmonic
relevant to our discussion here, and is therefore omittedAa,q is given by[28].
SinceU,, is proportional to the laser intensity, it is clear that

the phase of dipole is intensity dependent. Therefore, for bq 2
short pulse excitation, the dipole phase is also time depen- Awg=\/8(In2)ay 1+ a_q : @)
dent.

At the peak of the laser pulse where the harmonjcS nearhe induced chirfp, on the harmonic pulse will broaden the
cutoff are generated, the pulse shape can be approximated Bgndwidth by a factor of /1+(bq/aq)2 compared to the
a parabola, so tha gi,o(t) = (3.2Up0/hwi)(1— 2a;t?) and  transform-limited harmonic case for an identical pulse width.
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Our simulations show that the HHG pulse duration is thedata showed better-defined harmonic peaks than theory pre-
same for positively or negatively chirped pump pulses dif-dicted [8]. In contrast, negatively chirped excitation pulses
fering only in the sign of the chirp. However, the harmonic will induce a larger chirp and bandwidth on the harmonics
chirp |bq| induced by a negatively chirped laser pulse isthan in the case of transform_—limited excitation,_ and may
much larger than for a positively chirped pulse, as shown irdllow subsequent recompression of the harmonics using a
Fig. 3 and predicted by Eq7). These simple simulations 9rating pair.[8]. _

explain intuitively why spectral asymmetries are observed !N conclusion, we have demonstrated experimentally and
experimentally and predicted numerically in the harmonictheorencglly that high _har_monlc generation is very sensitive
output for positively and negatively chirped excitation to the chirp of the_ excitation pulse. (_)ur_regults conclluswely
pulses. demonstrate the importance of the intrinsic phase in deter-

The chirp parameteb, initially changes very rapidly as mining _the_ ha_lrmonic emission spectra. Moreover, the effects
the pulse duration increases from the transform limit. FurthePf the intrinsic phase were obger\_/ed and controlied by the
increase in pulse duration results in smaller changes,in Instantaneous phase of the excitation laser pulses. The excel-
As a result, the chirp of theth-harmonich,, also follows the lent agreement between our experimental results and theoret-

' q

same trend, as shown in Fig. 3. Thus, most of the effect O'\‘cal calculations based on simple models of HHG validates

laser chirp on the harmonic spectral structure should be o our understanding of this process, and therefore also lends

served for small values of detuning from the transform-credence to recent theoretical predictions, including the pos-

limited case. This is precisely what is observed in both ourE’ibi”ty:ﬂ of generating attosecond-duration light pulses
' 6,8,13.

experimental and numerical simulations, as shown in Figs.

and 2. A small amount of positive chirp can cancel the in- We thank Maceij Lewenstein and Pascal Safefor use-
trinsic phase of the harmonics, resulting in distinct harmonidul discussions. The authors acknowledge support for this
peaks. This explains what had been thought to be an incowork from the National Science Foundation. H. Kapteyn ac-
sistency between theory and experiment, where experimentkhowledges support from the Alfred P. Sloan Foundation.
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