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Photoelectron spectroscopic determination of the energy bandwidths of high-order harmonics
(7th—55th) produced by an ultrafast laser in neon
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The energy bandwidths of high-order harmonics of a Ti:sapphire ultrafast laser are extracted from electron
kinetic-energy measurements of the photoionization of gas-phase atoms and molecules. High-order harmonics
of the 70 fs, 800 nm laser are produced by focusir®}5 mJ pulses into a jet of neon gas and are frequency-
separated by a grazing-incidence grating. Photoelectrons resulting from the ionization of gaseous samples are
energy-analyzed with a magnetic bottle time-of-flight spectrometer. Energy broadening of the photoelectron
peaks at low kinetic energies are a direct result of the energy bandwidths of the harmonics. The energy
bandwidths of the harmonics are found to increase from @DIQ3) eV (7th harmoni¢ to
0.37(x=0.03) eV (45th harmonig in a gradual manner. The higher-order harmor{#sth—55th appear to
reach a plateau at a value®f0.43 eV. Though a full theoretical treatment of bandwidths of the harmonics for
the 70 fs driving pulse regime does not exist, the theories developed for shorter pald@sf¢§) can give
insight into the observed results.

PACS numbes): 42.65.Ky, 42.50.Hz, 32.80.Fb, 32.80.Rm

[. INTRODUCTION describe the electric field envelope of the generated light by
introducing higher-order nonlinear electric susceptibilities of
The focusing of an intense ultrafast laser in a rare-gaghe medium, as perturbation theory suggests. In the case of
medium provides a source of coherent, ultrafast vuv andhigh-order harmonic generation, however, small perturba-
soft-x-ray radiation via the nonlinear process of high-ordertions can no longer be used to describe the nonlinear process
harmonic generatiofHHG). Since the first harmonic spectra OF the resulting pulse envelope. For example, it is not fea-
were obtained in 198[71,2], an extensive amount of research Sible to expand the susceptibility equation out to the 35th
has been done to understand the high-order harmonic geﬁ_rder. Similar arguments are made elsewhere in the literature

eration process as well as the properties of the resulting vu ALl . . L
soft x-ray light. A recent area of interest concerning the harmonics is the

There are many unique characteristics of the harmoniéemporal and spectral characteristics of the generated soft-x-

generation process tsel, which have been sudied throughfl B SR, © RS TR T RRERR R RER I
both experiment and theory. It has been found that the extent P P

th . tion d d | fact h width of the soft-x-ray pulses, most recently describing the
o harmonic generation depends on several factors, suc %?(Citing possibility of attosecond pulse generafid@,13]. It

the nature of the rare-gas medium, several aspects of e | ,yn that for most experimental conditions the harmonic
focusing conditions and spatial mode of the fundamental lageneration process favors the rising portion of the ultrafast
ser in the nonlinear mediufi8], and the length and chirp of |5ser pulsg4,14). Pulse durations of the harmonics are pre-
the fundamental pulsigt]. dicted to be a factor of 3 shorter than the driving laser pulse
To a large extent, theory has successfully modeled thesgngth[8], and several experimental measurements confirm
behaviors[5,6], and the basic process of generating high-that the pulse length is indeed shortened, although the exact
order harmonics is well understood. A semiclassical modehmount varies. For example, in REL5], the pulse duration
can qualitatively describe the harmonic generation procesf the 23rd harmonic of a 70 fs Ti:sapphire laser was mea-
in which the electron tunnels through the barrier formed bysured to be 5&15fs using a cross-correlation technique. In
the Coulomb potential and the intense laser field. The elecanother experiment using a similar techniqaé], the tem-
tron then recombines with the parent atom upon reversal gboral width of the 19th harmonic of a Ti:sapphire laser was
the optical field, releasing coherent high-order radiation ainvestigated as a function of the driving laser pulse length
odd harmonics of the fundamental wavelength However, (120 fs—1 pgand the position of the laser focus with respect
the semiclassical model is unable to predict detailed spectrab the gas jet. Although deconvolution of the width of the
characteristics; hence, quantum mod@s 10| are required 19th harmonic was not possible, the cross-correlation full
for a more complete description. width at half maximum(FWHM) was always shorter than
In other nonlinear optical processes, such as third-ordethe driving laser pulse length.
harmonic generation or four-wave mixing, it is possible to A number of theoretical studies of the bandwidths of the
harmonics of very short pulses<@0 fs) are available
[9,10]. According to calculations, both narrowing and broad-
*Permanent address: Tata Institute of Fundamental Researcéning trends can exist with increasing harmonic number de-
Homi Bhabha Road, Mumbai 400 005, India. pending on the conditions of harmonic generation. In addi-
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tion, studies of the intensity-dependent phase of the
harmonics find an intrinsic blueshift and negative chirp. It is
confirmed experimentally that for very short pulses the har-

monic widths change dramatically as the fundamental pulse 3
is positively or negatively chirped. In Refl14], discrete ] i E 4
high-order harmonics are observed for positively chirped 25 Y

fs excitation pulses where only continuous radiation is ob-
served for the transform-limited and negatively chirped
pulses. For longer driving laser pulses 100 fs), there are
scattered experimental measurements of bandwidths of indi-
vidual harmonic$17-19 (which will be summarized in Sec. FIG. 1. Experimental apparatus. The output of a Ti:sapphire
[11), but a systematic experimental investigation of the bandtaser(1) is focused by a len&2) into a rare-gas jet3) to produce
width vs harmonic number does not exist. In this work, wehigh-order harmonics of the lasét). A single harmonid5) can be
describe a method of directly measuring the spectral widthselected with a grazing incidence grati(® and focused into the

of a wide range of harmonics, in an attempt to provide newnteraction regior(7) onto a gaseous sampl8). Electrons ejected
data to be tested by the existing theory and to complemerftom the sample gas are energy-analyzed with a magnetic bottle
previous measurements of the spectral profiles of ultrafagtlectron time-of-flight spectromete®).

laser harmonics.

Quantum theoretical models can give spectral informatiorsoft-x-ray light source. We use these photoelectron spectra to
when the particular conditions of an experiment are speciextract the spectral bandwidth of a wide range of harmonics
fied. Even so, quantum and numerical methods become irwith energies oy, =15-85 eV.
creasingly difficult as the driving laser pulse length includes
more optical cycles, and most of the existing theory is for Il. EXPERIMENT
pulses<30 fs. Bandwidth measurements for harmonics pro-
duced by laser pulses in the intermediate range of 70 fs are The experimental apparatus is shown in Fig. 1. An ul-
therefore valuable since there is very little theoretical or ex{rafast laser is tightly focused into a rare-gas jet, where high-
perimental information available. order harmonics of the laséup to the 65th are created. A

In addition to the importance of harmonic bandwidth to single harmonic can be isolated with a grating and focused
the theory of harmonic generation, bandwidth information isonto a gaseous samp(ele, Ne, Kr, Xe, N, NO), where it
essential to consider the utility of the harmonics for time-causes photoionization. Electrons ejected from the sample
resolved spectroscopy. The range of energies obtained kgas are energy-analyzed using a magnetic bottle time-of-
harmonic generation is ideal for spectroscopic studies of corflight spectrometer.
levels in atoms and molecules. With a femtosecond source at The laser system consists of a seed Ti:sapphire oscillator,
these photon energies, many new possibilities arise, such gimped by a frequency-doubled diode-pumped cw
monitoring chemical shifts of core-level electrons for disso-Nd:YVO, laser (532 nm), that generates 55 fs pulses cen-
ciating molecules in time. Pulses in the intermediate pulsdéered at 800 nm. These pulses are then temporally stretched,
duration range of 70 fs are expected to be well suited fosubsequently seeded into a regenerative amplifier and a
pump-probe spectroscopy. Shorter pulses would producdouble-pass amplifier, where each stage is pumped by a
harmonics that are spectrally too broad, and relevant spectrérequency-double®@-switched Nd:YLF laser, and finally re-
scopic structure would remain unresolved. Longer pulsesompressed into femtosecond pulses. The final output of the
produce harmonics that are spectrally narrow, but if the pulséaser system is 70 fs pulses @ 1 kHz repetition rate with
duration becomes too long, the time scales for the processes2.5 mJ/pulse. This 1 cm diameter laser beam is tightly
that can be measured become limited and the harmonic efffocused with a 45 cm lens (6xm diameter spot sizdnto
ciency decreases. It is also important to understand how th& neon gas jet. This yields a laser intensity in the jet of about
bandwidth changes with the harmonic number if one chooseSx 10 W/cm?. Harmonic generation occurs in the rare-gas
to select different harmonics for photoionization. medium, resulting in coherent radiation at the odd harmonics

The focus of the instrument described here is to eventuef the laser. We find that when the laser focus is located 2
ally perform femtosecond x-ray photoelectron spectroscopynm after the center of the gas jétonfocal parameteb
(FXPS on molecular systems. Therefore, high photon flux in~=30 mm), maximum efficiency in the low-range to
the individual harmonics, minimal bandwidth, and minimal midrange harmonics is achieved, while moving the jet closer
chirp are important parameters. Although it is in principleto the focus gives better signals in the higher harmotgdst
possible to measure the bandwidths of the harmonics witland abovg All measurements reported here are taken with
high-resolution monochromators, the present work demonthe laser focus after the gas jet, and data from the higher
strates that the energy bandwidths of the harmonics of a 70 fsarmonics are compared at both laser focus positiafter
Ti:sapphire laser system can alternatively be measured ke center of the jet and at the center of the. j&he 1 kHz
using photoionization transitions in gaseous He, Ne, Kr, Xerare-gas jet is produced with a piezocrystal behind a 1 mm
N,, and NO. In this paper we describe the experimental aprozzle, which is driven by 300 V square pulses synchronized
paratus used to collect valence shell and core-level photde the 1 kHz repetition rate of the laser. The pulsed valve is
electron spectra of atoms and molecules with a femtoseconhcked by a Ne pressure €280 kPa(40 psj) and pumped
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by an 800 L/sec blower pump. The atomic density within the C ' ' ' ' 7]
gas expansion at a distance of 1 nilocation of the laser i 1
beam from the nozzle is~5x 10" atoms/crA.

A single harmonic can be selected from the resulting
beam of vuv/soft-x-ray wavelengths utilizing a concave grat-
ing at grazing incidence~4 m radius of curvature, 1200
lines/mm, gold-coated The grating is rotated about the cen-
ter of its face using a commercial rotation stage with subde-
gree precision. The total angle between the entrance and exit
beams is 150°. Since the beam is refocused to a line by the
grating, we are able to select either a single harmonic in first
order(9th to the 55th for these conditionsr all the harmon- ,
ics in zeroth order(specular reflection by a 0.5-mm-wide 9.2 9.4 9.6 9.8
vertical slit located about 12 cm from the interaction region. Binding Energy [eV]

The selected beam then enters the interaction region, which .
contains a sample gas of the atom or molecule under study. FIG._2. Photoelectron spectrum of NO gas taken with the 9th

Gaseous samples are introduced into the interaction rélmonic of a long puise, narrow band Nd:YAG lasé,,
gion of the magnetic bottle spectrometer through a stainless 10-496 €V (dashed ling Here the inherent resolution of the
steel tube with a circular opening of approximately 0.3 mmmagnetlc bottlg spectrometer is seen in the peak yvldths. The vibra-
in diameter. A leak valve controls the continuous flow of thetlonall progression of the NOground state gives rise fo the three

ina th h th . The chamb . ‘geaks separated by 0.28 eV. The solid line shows the same vi-
gas going througn the opening. The chambel Pressure NSpagona) progression, but with the 7th harmongentered at,,
from a base pressure of &710 ° Pa (510 ° Torr) to

) _, g =10.91 eV) of the fs Ti:sapphire laser. The broadening of the
between 6.X10 " and 1.3<10 “ Pa (5<10°° and 1  peaks is due to the energy bandwidth of the 7th harmonic. The

x10"* Torr) during experiments. height discrepancy in the highest binding-energy peak between the
In the interaction region where the harmonic beam andyd:YAG laser and the 7th harmonic of the Ti:sapphire laser is due
particle beam cross, photoionization occurs and the resulting the efficiency of the photoelectron spectrometer at different pho-
photoelectrons are collected into a magnetic bottle time-oftoelectron energies. Though these peaks have the same binding en-
flight electron analyzer. The electrons are captured by a higbrgy, the dashed line peak corresponds to very low photoelectron
magnetic field &7.4 kG) in the interaction region, pro- energy, where the collection efficiency is quite low.
duced by a stack of SmCo permanent magnets approximately
2.5 cm below the sample gas inlet. Thel.4 m flight tube  static cell of Xe gas at 3 torr. The 118 nm outgli0.5 e\j
is differentially pumped relative to the interaction regi®a  was used to ionize NO slightly above thresh¢®i26 eV
maintain pressures belowx110"* Pa or 1x10 °® Torr)  [21]), giving low-energy photoelectron peakiselow 2 e\J.
and is wrapped with a wire coil through whica 3 A dc  This spectrum is shown as the dashed line in Fig. 2. Vibra-
current is passed to create a low magnetic figée field tional resolution is achieved in the NOX state, and photo-
lines in Fig. 1. This magnetic-field configuration serves to electrons resulting from =0, 1, and 2 are observed. In this
ensure a high collection efficiency of electrons over a largevay, an energy calibration of the magnetic bottle spectrom-
angle of initial trajectories (2 steradians[20]. All parts  eter was obtained at low energies, and the inherent resolution
within the interaction region are coated with graphite toof the system was determined.
minimize surface charging and contact potential effects. The bandwidth of the NO photoelectron peaks using the
Pairs of retarding grids are placed at each end of the flightanosecond laser is limited by the resolution of the spec-
tube to decelerate electrons up+t@l0 V, while maintaining  trometer and not by the narrow bandwidth of the laser. The
an electrically field-free region in the flight tube. This allows best reported magnetic bottle resolutionAi§,e/E e~1%
us to isolate any region of a spectrum and bring it below §20], when the magnetic fields are meticulously adjusted.
eV photoelectron energy where the resolution of the Specthe AEe/Ep, of our NO data was found to be 5%, giv-
trometer is optimal. A microchannel plate detector is used tang the basic resolution for the magnetic bottle spectrometer.
detect the electrons arriving in real time. The preamplifiedHere and throughout the papéi, . designates photoelectron
detector pulses are analyzed with a multichannel scaler witBnergy and;,, represents photon energy. TAE ,/E,, for
5 ns bin resolution. A quadrupole mass spectrometer is loany magnetic bottle system is approximately a constant num-
cated opposite to the gas jet to allow for photoion masser with E, [20], therefore limiting the useful energy range
analysis when necessary, but was not used in this study. over which bandwidth information of the light source can be
obtained. For example, for AE,./E, of 5% there is al-
Il RESULTS AND DISCUSSION ready a spectrometer broadening of 0.25 eV at a photoelec-
tron energy of 5 eV. Therefore, for photoelectron peaks at
To calibrate the resolution of the magnetic bottle time-of-energies beyond 5 eV, a broadening due to the energy band-
flight spectrometer, a narrow bandwidth laser source wasvidth of the photon source that is less than 0.25 eV is
used to photoionize NO gas. The ninth harmonic of 1064 nmmasked by the spectrometer resolution. This means that un-
(118 nm was created by focusing the standard 355 nm outambiguous bandwidth information can only be extracted
put (third harmoni¢ of a commercial Nd:YAG laser into a from low-energy photoelectron peaks. In this work, two

Photoelectron Signal [arb. units]
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the photon flux. These losses considered, the photon flux is
in agreement with high-order harmonic photon fluxes re-
ported elsewhere with similar systeifz3,24].

By compiling the He data for the various harmonics, a
calibration of the magnetic bottle spectrometer over the full
kinetic energy range is made. A plot of the known photoelec-
tron energy,Ep.=Ep,—1,, vs time-of-flight of the elec-
trons,t, is expected to follow the equation

(a) |

Photoelectron Signal [arb. units]

1 [d\?
Epezzme T (1)
0 5 10 1520 25 30 20 30 40 50 60 70 80 wherem, is the mass of the electron amdis the distance
Photoelectron Energy [eV] traveled by the electron. To fit the acquired data to a proper

N t~2 curve, both a time and energy offset are introduced, and
FIG. 3. (a) Photoelectron spectrum due to all harmonics S'mm'Eq. (1) becomes

taneously incident on a sample of He gas. The first harmonic ener-
getic enough to ionize He is the 17tky,=26.4 eV). Each sub- 1
sequent harmonic is seen as another main ionization peak at Epe= E0+_me(
increasingly higher energiegb) A single harmonic(61st, E;, 2
=95 eV), selected by the grazing incidence grating incident on a
sample of He gas. Not only is the main ionization peak seen, buBY allowing d, t,, and E, to be variables, a nearly per-
also the first and second satellite peaks. fect fit to the data is obtained, giving values af
=1.38(x0.04) m, ty=-0.03(x0.01) us, and Eg
methods are therefore utilized. Specific atomic or molecular=0.16(=0.15) eV. The flight tube distance agrees well
transitions that fortuitously yield low-energy electrons for with the physical dimensions of the system, andttheffset
certain harmonics are studied in one series of measuremeritsdue to the inherent delay between the arrival of the laser
and the retarding grids are used to lower the electron enepulse at the interaction region and the trigger signal derived
gies in the other. from a photodiode. Based on the uncertainties of the calibra-
After determining the magnetic bottle resolution, the har-tion parameters, we estimate the uncertainty in the band-
monics from the Ti:sapphire laser are used to produce photawidth measurements to be0.03 eV.
ionization spectra. When light from the zeroth-order diffrac- High-order harmonics may exhibit a blueshift due to the
tion of the grating, the specular reflection, is incident upon antensity-dependent phase of the harmonic generation pro-
sample of helium gas, the photoelectron spectrum in Figcess. For very short pulsess@5 fs), the amount of blue-
3(a) is obtained. The first harmonic to ionize He is the 17thshift can change with harmonic number, due to the very fast
(26.35 eV}, and each higher harmonic ionizes He as well,intensity variation of the optical driving pulse. In our case,
giving a harmonic spectrum. Up to the 37th harmonic, thewith a 70 fs pulse, harmonic generation occurs predomi-
spectrum is clearly resolved. As can be seen, the resolutionantly during the rising edge and peak of the driving pulse,
of the data-acquisition system is quite good at low photoelecthus the variation of the pulse intensity can be considered
tron energies, is limited by the magnetic bottle resolution inapproximately linear in time, giving a constant bluesff]
the mid-energy range as discussed above, and finally is fufer all harmonics. However, thE, offset for our calibration
ther limited by the 5 ns bins of the multichannel scaler in theis nearly zero within the uncertainty. It is conceivable that a
high-energy range. very small contact potential effect in the interaction region,
By rotating the grating away from the specular reflection,despite the graphite coating, and a small constant blueshift of
single harmonics can be selected. Figu(i® 3hows the pho- the harmonics compensate each other.
toelectron spectrum that results from a single harmonic inci- After proper calibration of the spectrometer, photoelec-
dent on He, in this case the 61st. Not only do we observe theon spectra of several atomic and molecular gases were
main photoionization peak, but also the first and second sataken, using either the specular reflection of the grating or
ellite peaks. The binding energy and the cross sections of thedividual harmonics. From these photoelectron spectra, we
He main and satellite peaks are well knoj&2], and from  measured photoelectron peaks resulting from ionization of a
this we are able to calculate the photon flux present in aumber of different harmonics. First, by using several differ-
single harmonic. For the high-order harmonics within theent target gases, it is possible to obtain low-energy photo-
plateau region(41st to 61st with Ne as nonlinear mediym electron peaks directly resulting from ionization with a range
we estimate, to an order of magnitude, thatof harmonics. Each atom or molecule has a characteristic
~10° photons/pulse in an individual harmonic actually ionization potential and precise core-level binding energies.
reach the interaction region, er10° photons/sec with the 1 Sample spectra using Xe as the target gas are shown in Fig.
kHz repetition rate laser. There is severe astigmatism assd- The line doublet shown in Fig(d) results from ionization
ciated with using a concave grating at grazing incidence, anftom the 54,,, and 53, valence levels with the 11th har-
the harmonics focus to a line instead of a spot. The beam isonic, whereas the doublet in Fig(b} is due to ionization
apertured with an iris, resulting in a significant reduction offrom the 4ds, and 4ds,, core levels with the 47th harmonic.

2

. (2

(t+tg)
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FIG. 4. Photoelectron spectra of Xe using single harmonas:
ionization from 5 valence levels by the 11th harmonib) ioniza-
tion from 4d core levels by the 47th harmonic.

This figure demonstrates the wide range of photon energies
available, with which we are able to obtain both valence and
core photoelectron spectra with good resolution.
Photoelectron spectra of Ne, Ar, and Kr were also taken. Photon Energy (eV)
Similar to Xe, the main ionization peaks of these other rare )
gases exhibit a doublet structure due to the fine-structure FIG. 6. (8) The absolute energy width of the low-energy photo-
splitting of the ionic ground state. This splitting is too small €/€ctron peaks from Fig. felow 4 eV} is plotted as a function of
in the cases of Ne and Ar to be fully resolved and the cor'€ Photon energy or the harmonic used to ionize the electron from
é/\_/hlch the peak arises. The retarding grids in the electron flight tube

ments. lonization of rare gases frams levels, on the other were not used for this data séb) A more complete data set using

' the retarding grids to measure the bandwidths of all the harmonics

hand, does not suffer from fine-structure splitting, but thefrom the 9th to the 55th. Comparison @ and (b) shows that no

cross sections are generally small. This ionization ProCeSificial broadening exists when utilizing the retarding grids. Target

was only observed in the case of Ne. . gas is He ©), Ne (x), Xe (0), N, (A), and NO ©), and the
Photoelectron spectroscopy of molecular gases with thgyjiq jine is the average for each harmonic.

harmonics is also possible, and several peaks frgnami

NO were measured. The peaks from NO, shown as the SOIIﬁarrow band Nd:YAG laser, except using the 7th harmonic

line in Fig. 2 are especially important, since thgy represent yhe Ti:sapphire laser. Comparison of the two spectra in
the same vibrational progression that was obtained with th%ig_ 2 clearly shows the broadening of the photoelectron

peaks due to the bandwidth of the 7th harmonic.
0F ' ' ] Using all the data discussed above from He, Kr, Xg, N
o ] and NO, we measured the full width at half maximum of
: several photoelectron peaks with energies ranging from 1 to
20 eV. In Fig. 5, a plot ofAE,¢/E Vs photoelectron en-
; ] ergy, Eye, is shown. From this figure two different trends in
o ] measured bandwidth can be seen. The high kinetic energy
o ] photoelectron peaks converge to a value around 5%, which
OE® 3 is due to the spectrometer resolution, and the peaks below
F e E%Q % o ] ~4 eV photoelectron energy show a steep rise, where the
o o 2 X R ] bandwidth is primarily due to the energy width of the har-
[ ] monic light used to eject that electron. We then take the
ot . . . = points below 4 eV in Fig. 5 and, after deconvolution with the
0 5 10 15 20 spectrometer width, ploAE,. (now equal toAE,) as a
Photoelectron Energy (V) function of photon energyg,,, , in Fig. 6a). All the points in

FIG. 5. The relative energy width of photoelectron peaks fromFig- 6@ were taken without the use of the retarding grids.
several different gases vs their respective photoelectron energies. A more complete study was done, however, by utilizing
The higher-energy photoelectron peaks converge to a relative widtf€ retarding grids in the magnetic bottle system. In this way,
of 4—5 %. For photoelectron peaks belew! eV, a new trend can @ particular transitiorifor example, the main ionization peak
be seen, where th&E of the peaks is due to the energy bandwidth Of He) can be selected, and the electron kinetic energy
of the harmonics. Target gas is H& (), Ne (X), Xe (), N, (A),  shifted into the region where the bandwidth of the laser
and NO Q). dominates the spectrometer width for each harmmicier

20f

AE/E (%)
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TABLE I. A tabulation of the average energy widths for all chirp to an ultrafast optical pulse, due to the phase dispersion
harmonics from the 7th to the 55th as taken from Figuiecertainty  of the grating. We have investigated the effect of this chirp
is £0.03 eV). on the bandwidth of the harmonic pulses experimentally by
comparing a photoelectron peak obtained with a single har-

Harmonic AE (V) Harmonic AE (&V) monic with the identical peak obtained with the specular
7 0.11 33 0.21 reflection. In the latter case no chirp is introduced, since the
9 0.08 35 0.23 grating is being used only as a mirror. No difference was
11 0.09 37 0.22 found between the widths of the respective peaks indicating
13 0.10 39 0.28 that there is only minimal effect of the grating on the band-
15 0.11 a1 0.29 width. However, in the context of pump-probe experiments,
17 0.15 43 0.38 a purely temporal broadening of the high-order harmonic
19 0.14 45 0.37 pulses would still be of concern. A grazing incidence grating
21 014 47 0.44 introduces a te_mporal broadening d_ue to both phase front tilt
23 016 49 045 and angular d!sper_sm['QS]. Depending on the area of the
25 014 51 043 grating that is |Ilum|nated by the high-order harmonic pulse,
o7 017 53 0.40 a temporal stretc_:hllng of sgvgrgl .hundred femtos.econds may
29 0.19 5E 0.42 occur. The p0§3|b|llty of minimizing this effect with a two-
3 0'20 : grating setup is currently being evaluated.

In one experiment with similar conditions to the system
here, a narrow slit monochromator is used to scan through
the 27th harmonic of a 140 fs Cr.LiSAF laser. The energy
3 eV photoelectron kinetic energy after deceleratidfigure  bandwidth of the 27th harmonic is found to be0.12 eV
6(b) showsAEy, vs E;, for the measured bandwidths of all [17]. This agrees well with the result from this wo(R.17
harmonics from the 9th to the 55th using the main ionizatioreV for the 27th harmoni¢ because a slightly larger energy
line in He and the Xe»Xe+(5p3‘,21) and XeaXe+(4d5_/%) bandwidth is expected here corresponding to our shorter
transitions. It can be seen from comparison of the two plotpulse length. In another experiment, the 7th and 9th harmon-
in Fig. 6 that the general trend is very similar, which givesics of a 100 fs Ti:saphhire laser are measured to have a
confirmation that any broadening effect of the retarding grideWHM of ~0.1 eV[19], also consistent with the measure-
can be ruled out. A list of the averageE,,, values for har- ments here. Measured bandwidths of harmonics generated by
monics 9-55 are listed in Table I. picosecond lasers, such as in 8], are quite narrow and

In Fig. 6, the natural widths of the Xeddcore-level peaks cannot be compared directly to the results found here.
are taken into account. Core-level ionization results in arfhough other harmonic spectra are reported throughout the
ionic core-hole state that decays very rapidly via Auger proditerature[3,4,29,30, bandwidth measurements are not dis-
cesses. Hence, core-level photoelectron peaks may exhibitcassed and are not easily derived from the figures.
significant natural linewidth. The width of the Xed4evels The general trend seen in Fig. 6 is a gradually increasing
has been the subject of several previous investigationdandwidth from the 7th harmonic to the 45th harmonic, from
which report widths between 0.10 and 0.12 [@6,27]. The  0.11(x0.03) eV to 0.37¢0.03) eV. The higher harmon-
measured widths of the Xeddpeaks in Fig. 6 and Table | are ics, from the 47th—55th, seem to reach a plateau centered
corrected for both the spectrometer broadening and the nataround 0.43 eV. Theoretical treatments of spectral width vs
ral linewidth. harmonic number do exist for driving laser pulse80 fs

The dominant source of chirp and thus temporal broaden-8,9]. Comparison of the results reported here and these the-
ing of the high-order harmonics stems from the harmonicretical predictions is difficult for several reasons. First, for
generation process itself. It has been reported that an umenger driving laser pulses, theory becomes increasingly dif-
chirped driving pulse produces negatively chirped harmonicgicult as more optical cycles must be treated numerically.
and that the best high-order harmonic generation is achieve8lecond, for very short pulses, saturation due to ionization of
if the driving pulse is slightly positively chirpefil4]. We  the nonlinear gas medium is not reached, since the response
have investigated the effect of a chirped fundamental pulséme of the atoms is slow compared to the temporal envelope
on the high-order harmonic photoelectron spectra for botlof the pulse. In the case of longer pulses, however, saturation
positive and negative chirps of up to 0.3 nm/fs. While foris reached somewhere after the peak of the pulse on the
small positive chirps o~0.1 nm/fs the harmonic genera- falling edge. Nevertheless, we believe it is beneficial to men-
tion efficiency is slightly improved compared to an un- tion the results of theoretical calculations and draw compari-
chirped driving pulse, the efficiency drops off strongly for sons where it is appropriate.
more positively and for negatively chirped pulses. The mea- According to calculations in the single atom picture of
sured bandwidths, however, remain constant except for largearmonic generation from short pulses, the phase structure of
negative chirps where a broadening of about a factor of 1.5he generated harmonics plays a significant r8¢ A
was observed. simple quadratic phase structure gives rise to linear chirp in

In the present setup, the monochromator grating constithe pulse, and no broadening of the spectrum within the
tutes another source of chirp for the harmonic pulses. It igpulse occurs. On the other hand, a complex phase structure
well known that a grating introduces a certain amount ofwith higher-order terms leads to nonlinear chirp and thus
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broadening of the spectrum through the introduction of newseen. It may seem that the two-trajectory picture could ac-
spectral components. The phase of the generated harmonicsunt for the fact that we see a decreasing bandwidth with
is said to be dependent on the intensity variation of the drivdecreasing harmonic number, but we do not observe any
ing pulse, which changes dramatically during harmonic gendifference in the bandwidths of the high-order harmonics
eration for a very short pulse. In this single atom picture, thevhen the position of the jet with respect to the focus is
lower-range and midrange harmonics have a complex phas#anged. We therefore conclude that a theoretical study
structure, due to the fact that these harmonics are creatdzhsed on the particular parameters of this experiment is
over a larger number of optical cycles, with contributionsneeded to fully explain the observed bandwidth trends.
from the rising edge, the peak, and the falling edge of the
pulse. The higher harmonics near the cutoff, however, are IV. CONCLUSION
created over the few optical cycles near the peak of the pulse,
giving rise to a simple quadratic phase structure. This leads In this work, we report the energy bandwidth of a range of
to calculated harmonic spectra with broad, unresolved loweharmonics from the 7th to the 55th of a 70 fs Ti:sapphire
harmonics and well-resolved harmonics near the cutoff.  laser. The bandwidths of the 7th to the 45th harmonics in-
However, when the macroscopic conditions of harmoniccrease gradually from 0.130.03) to 0.37¢-0.03) eV, and
generation are considered in addition to the single atom rereach a plateau 0£0.43 eV from the 47th to the 55th har-
sponse, the results can be much different. In R&f.several monics. To our knowledge, the results given here constitute
aspects of the bulk medium are considered, such as phatige first systematic experimental study of spectral band-
matching and the focus position of the laser with respect tavidths for an intermediate pulse duration. We have shown
the gas jet. They give a two-trajectory picture of harmonicthat these harmonics can indeed be useful for future time-
generation, where the ionized electron can return to the ionesolved spectroscopic studies.
on a short or long trajectory. These two trajectories can in-
terfere w?th each other, or one can dominate .depending on ACKNOWLEDGMENTS
the conditions of harmonic generation. If the jet is located
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