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1 A PROJEKT TEMAJA

Kutatési teriiletem nagyintenzitasti, femtoszekundumos lézerimpulzusokkal gerjesztett nemlinearis
folyamatok vizsgéalata, melyek attoszekundumos impulzusok keltését teszik lehetévé. Az eldallitott
attoszekundumos impulzusok hossza hasonld a hidrogén atom elektronjanak klasszikus keringési idejéhez,
igy az ,attofizika” 1 témateriiletében lehetdség nyilik anyagi elektron-dinamikai folyamatok
tanulmanyozasara eddig ismeretlen iddbeli felbontasban.

Ennek a kutatdsi témanak kiilonds jelentGséget biztosit az, hogy egy eurdpai kutatasi
nagyberendezés (ELI — Extreme Light Infrastructure) létrehozésara iranyuld program keretében Szegeden
épiil majd a vilag élvonaldba tartozd lézerrendszer, melynek 6 profilja az attoszekundumos jelenségek
vizsgalata lesz.

Manapsag kereskedelmi forgalomban kaphaté femtoszekundumos (1 fs = 107 s) impulzusokat
szolgaltato 1ézerek alkalmazasaval 100-1000-szer rovidebb, attoszekundumos (1 as = 10™"* s) impulzusokat
lehet 1étrehozni [G. Farkas, C. Téth, Phys. Lett. A 168, 447 (1992)., F. Krausz, M. Ivanov Rev. Mod. Phys.
81, 163 (2009)]. Rovid fényimpulzusok létrehozasa két szempontbol is kiilonos jelentéséggel bir. Egyrészt
egy impulzus energiajat minél rovidebb iddtartamra szoritjuk dssze, annal nagyobb csucs-teljesitményt és
erdsebb elektromos teret lehet elérni, ami ujabb és ujabb fény-anyag hatdsok tanulméanyozasat teszi
lehetévé (meg kell jegyeznem, hogy a jelenleg femtoszekundumos lézerrel elérhetd intenzitdst a
harmonikus generalds alacsony hatasfoka miatt még nem sikeriilt megkozeliteni attoszekundumos
impulzusokkal — de a tudomanyteriilet fejlodésével ez is elérhetdvé valhat). Az impulzusok rovidiilésének
masik jelentdsége abban rejlik, hogy pumpa-proba vizsgalatokban a rendelkezésre allo impulzusok hossza
szabja meg gyors folyamatok vizsgalatanak iddbeli felbontasat.

Attoszekundumos impulzusok 1étrejottének feltétele, hogy széles spektrumu, koherens sugarzast
hozzunk 1étre az XUV — rontgen tartomanyban. A spektrumnak olyan nagy tartomanyt kell atélelnie, hogy
nem létezik olyan lézer-anyag, mely ebben a savszélességben erdsiteni tudna, ezért attoszekundumos 1ézer
nem létezhet. Ugyanakkor nemlineéaris folyamatok révén (mint példaul a magas-harmonikus keltés)
lehetséges femtoszekundumos 1ézerimpulzusokat magasabb frekvenciaji spektralis tartomanyba
konvertalni, megteremtve az attoszekundumos impulzusok szintetizalasanak lehet6ségét. A konverzio
révén a magas rendl harmonikusokra atorokitddnek a keltd 1ézerimpulzustol kedvezd optikai tulajdonsagai
(ultrarévid impulzushossz, magas fotonenergia, iranyitottsag, nagy fényesség, magas térbeli és id6beli
koherencia).

Az elmult év kutatasi eredményeit négy témateriilet koré csoportositottam:

1. Attoszekundumos impulzusok alakformalasa (XAC)

2. Attoszekundumos impulzus-sorozat nem-adiabatikus leirasa (gazban keltett harmonikusok)
3. Magasharmonikus keltés plazma felszinen
4

Attoszekundumos impulzusok keltése THz-es tér jelenlétében
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2 A MUNKA RESZLETES TARTALMI LEIRASA.

2.1 Attoszekundumos impulzusok alakformilisa (XAC)

Az attoszekundumos impulzusok egy 4j spektralis tartomany (XUV — rontgen) meghdditasaval uj mérési,
manipulalasi eljarasokat igényelnek, hogy a femtoszekundumos tartomanyban kozismert rugalmas
alakformalas, diagnosztika elérhetd legyen. Az attoszekundumos impulzusok keltésének fizika folyamata
hogy vékony fém sziird alkalmas lehet az attoszekundumos impulzusok fazisat kedvezden valtoztatni, és az
impulzusok akar harmad hosszlisagra is Osszenyomhatok [R. Lopez-Martens, et al., Physical Review
Letters 94, 033001 (2005)]. Anyagi diszperzié hasznalatanak nagy hatranya, hogy a szliré csak az adott
anyag abszorpcids savja kozelében rendelkezik negativ csoport-késleltetés diszperzidval, vagyis nagyon
korlatozott a modszer alkalmazhatosaga.

Impulzus kompressziora, illetve alakformaldsra egy masik moddszert javasolunk [L. Poletto, P.
Villoresi, Appl. Opt. 45, 34 (2006)
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R. A. Ineschi, K. Varji, F. Frassetto, L. Poletto and P. S
Villoresi: Design of an adaptive compressor and Time (f2)
pulse-shaper for attosecond XUV pulses, CG.P.9-MON at CLEO/Europe-EQEC 2009, Munich, June 14-19

L. Poletto, F. Frassetto, R.A. Ineschi, P. Villoresi, K. Varju: Design of an adaptive compression for attosecond XUV
pulses, pp. 136-138 in Proc. Ultrafast Optics V11, High Field Short Wavelength X111, Arcachon, Aug 31-Sep
4,2009
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K Varju, M Mero, F Frassetto, L Poletto and P Villoresi: Compression methods for XUV attosecond pulses, p. 138
(Poster 32) in Book of Abstracts Light at Extreme Intensities LEI’09 Oct 16-21, Brasov, 2009

A kutatas nyoman egy kézirat is készilt, melyet utolso javitasok utan révidesen be fogunk kildeni

egy referdlt folydirathoz (csatolva):

Katalin Varju, Roberto Antonio Ineschi, Mark Mero, Fabio Frassetto, Luca Poletto and Paolo Villoresi: Compression
methods for XUV attosecond pulses

2.2 Attoszekundumos impulzus-sorozat nem-adiabatikus leirdsa (gidzban keltett
harmonikusok)

A magas harmonikus keltés folyamatanak alapja a lézer elektromégneses terében levé atom optikai

ionizécidja, az elektronok lézer-térbeli mozgasa. Ennek leirdsat az B+,

idofiiggd Schrodinger-egyenlet megoldasaként adodo elektron T
~
hullamfiiggvény adja. Ez a szamitas mar egyszer(i atomok esetén is \\\

igen id6 igényes, és az eredmények értelmezése nélkiilozi a fizikai,

intuitiv jelleget. A magas harmonikus jelenség értelmezéséhez

rendelkezésre all egy félklasszikus modell [M. Lewenstein, et al.,
Phys Rev A 52, 4747 (1995)], mely a nyeregpont-kozelités alkalmazéasaval gyorsan eredményhez vezet és
alkalmazaséaval nyert eredményeim a folyamatok alapvetd tulajdonsagainak megértéséhez segitettek hozza
[K. Varju, et al., Journal of Modern Optics 52, 379 (2005), K. Varja, et al., Phys Rev Lett 95, 243901
(2005)]. Korabbi munkaimban csak a sugarzas fazisat vizsgaltam, és csak adiabatikus (lassan valtozo keltd
impulzus) esetben. Ezt a modellt fejlesztettem a sugarzas spektralis intenzitasanak és a néhany-ciklusa
keltd 1ézerimpulzus esetében fellépdé nem-adiabatikus jellegek vizsgalhatosaganak érdekében.

Mar korabban ismert volt, hogy az

8 ' ' — ] attoszekundumos impulzus sorozat impulzusai a keltd
= :5 : ! \ @ : lézerimpulzus véges volta miatt folyamatos valtozast
g 2k h,‘_ {M r(mr || '|pm | n y mutatnak a femtoszekundumos idéskalan. Ennek a
E, ‘Z %ﬁmﬂ | ﬂlrt"’x‘w‘l:l #W ‘ Fl o VW”N\ IL?)W? véltozasnak a kvantitativ vizsgélatat végeztem el. Azt
% L U ]l U ] tapasztaltuk, hogy az impulzusok ,kovetési
i -6 - - tavolsaga” az impulzusok hossza illetve az

S 2 o 4 impulzusok fazisa (CEP) a sorozat elemeiben

Time (%) kiilonbozoek. A valtozast Osszefiiggésbe hoztuk a

harmonikus  keltés soran  fellépd  dipolfazis
derivaltjaival, és megvizsgaltuk, hogy a valtozasért milyen mértékben felelés a 1ézerimpulzus adiabatikus,

illetve nem-adiabatikus valtozasa.
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domain, pp. 328-330 in Proc. Ultrafast Optics VII, High Field Short Wavelength X111, Arcachon, Aug 31-

Sep 4, 2009

A kutatds nyomén ket kézirat is készilt, melyet utolsé pontositasok utan révidesen referalt

folydiratokhoz fogunk benyujtani (csatolva).

K. Varja, T. Ruchon, Mark Mero, B. Carré, A. L'Huillier, and P. Saliéres: Saddlepoint approach to describe high order
harmonics generated in a noble gas on the femtosecond and attosecond timescales
K. Varja, T. Ruchon, Mark Mero, B. Carré, A. L'Huillier, and P. Saliéres: Distortions of the attosecond pulse train

generated by a multi-cycle laser beam

2.3 Magasharmonikus keltés plazma felszinen

Nagy intenzitasa lézertér szilard feliileten plazmat

magasrendii  harmonikusok keltéséhez vezethet. Ez a

modszer is alkalmas attoszekundumos impulzusok

generalasara. [Thaury et al., Nat. Phys. 3, 424 (2007)] A
plazma harmonikusok eldallitasahoz nagysagrendekkel
magasabb lézerintenzitasra van sziikség, ezért ennek a
folyamatnak a vizsgalata kezdetibb fazisban van, mint
szabad gaz részecskék optikai ionizacioja révén keltett
harmonikus sugarzas megismerése. Ugyan a jelenség

sokkal Osszetettebb, mint gazok esetén, mégis nagy

jelentésége van ennck a modszernek, mert a lézer—
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intenzitas novelésével ez a folyamat sokkal nagyobb intenzitasu attoszekundumos impulzusok keltését teszi
lehetéve.

A szilard felszinen az intenzitastdl fiiggden tobbféle folyamat is lejatszodhat, melyek alapjaban
kiilonboznek a gaz-fazisu részecskék optikai ionizacidja révén keltett harmonikus keltés folyamatatol, ezért
ezeknek a folyamatoknak a vizsgalata most nagy érdeklddésre szamot tarto teriilet.

Gaz harmonikusok esetében kozismert, hogy a harmonikus keltés hatasfoka és a keltett

harmonikusok polarizacidja a 1ézerimpulzus polarizacios allapotatol jelent6sen fiigg, ami azért fontos, mert
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a lézerimpulzus ellipticitasat idében valtozova téve elérhetd, hogy a harmonikus-keltés ideje 1ényegesen
rovidebb legyen, mint a lézerimpulzus hossza, ami izolalt attoszekundumos impulzusok keltésére
hasznalhato. Az MTA-RMKI (Budapest), MPQ (Garching, Germany), University 'Politehnica’ of Bucharest
kutatoival kozosen azt vizsgaltuk, hogy a szilard felszinen torténd harmonikus keltés folyamatat hogyan
befolyasolja a general6 lézerimpulzus polarizacids allapota. A kisérleteket Garchingban végeztiik.

Els6 eredményeink azt mutatjak, hogy mind az ellipticitds ndvelésével, mind a linedrisan polaris
1ézertér p-polarizaciordl s-re vald atfordulaskor a harmonikusok intenzitisa gyorsabban csékken, mint a
szimulécio joslata, vagyis a polarizacios idékapuzas plazma harmonikusok esetén is elképzelhetd lehet.

A kisérletek kiértékelése még folyamatban van, az eredményeket tovabbi elemzések elvégzése utan
referalt folydiratban fogjuk kozolni.

2.4  Attoszekundumos impulzusok keltése THz-es tér jelenlétében

Az attoszekundumos impulzusok Iétrejottének feltétele, hogy a magas-harmonikus folyamat révén
kellden széles spektrumu koherens sugarzast tudjunk kelteni. A spektrum kiterjesztése a keltd lézer
impulzus intenzitasanak vagy hullamhosszanak novelésével érhetd el. Az intenzitas novelése a kelt6 kozeg
kimeritésével jar, mig a hullamhossz novelésével a harmonikus keltés hatasfoka romlik.

Egy 1j javaslat szerint a spektrum kiterjeszthetd gy is, ha nagy erdsségii, sztatikus elektromos tér
jelenlétében keltjitk a harmonikusokat [Y. Xiang, et al., Physical Review A 79, 053419 (2009)]. Ebben az
esetben a harmonikus generalasi folyamat mar nem ismétlédik félperiodusonként, az egymast kovetd

félperiodusok aszimmetrikussa valnak. Minden masodik félperiddusban az eredd elektromos térerésség
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nagyobb, mint egyediil a l1ézertér esetében lenne, ezaltal a szabad elektronok nagyobb mozgasi energiat

nyerhetnek az elektromos tért6l, és nagyobb frekvenciaju 4107 ormre ettt
> V4 r1: " I ro. r . 1 5 N
foton kibocsatasa valik lehetévé. A masik félperiodusban = “’U (a)
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) {
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keltjik az attoszekundumos impulzusokat. Ezt a Harmonic order

lehetéséget vizsgaltuk egy numerikus modell segitségével.

Az eredményeket egy absztraktban foglaltuk dssze, melyet a CLEO konferenciara nyujtottunk be.
(csatolva)

K. Varju, J. A. Fiilop, P. Dombi, G. Farkas, J. Hebling:Attosecond Pulse Generation in Noble Gases in the Presence of
Extreme High Intensity THz Pulses, CLEO/QELS 2010: Laser Science to Photonic Applications, May 16-21,
2010, San Jose McEnery Convention Center in San Jose, California

3  TARSADALMI HASZNOSITAS - NYILVANOS FORUMON TORTENO BEMUTATAS

Az ELI-nek kdszonhetden jelentdsen megndtt kutatasi teriiletem iranti érdeklédés. Az elmult évben
szamos ismeretterjesztd szintl eléadast tartottam:

1. Bud6 Agoston Fizikai Feladatmegoldo Verseny kozépiskolasoknak, az eredményhirdetésen a legeredményesebben
versenyz6 didkok és tanaraik szamara eléadast tartottam Nemlinedris optikai jelenségek cimmel.
2. A Magyary Zoltan és OTKA Posztdoktori Oszéndijasok tudomanyos eredményeit bemutaté talalkozon eléadast
tartottam Attoszekundumos impulzusok cimmel
A TII. Hungarian ELI Symposium (KFKI) meghivasara el6adast tartottam Attosecond pulse generation cimmel
A MAGYAR TUDOMANY UNNEPE: Nagyintenzitasu lézerfizikai kutatisok Szegeden el6adassorozat keretében
eléadast tartottam Attoszekundumos impulzusok cimmel

W

4  KOZLES ALATT ALLO PUBLIKACIOK

A palyazat révén tamogatott idészak minddssze 12 honap volt. Ez az id6 révidnek bizonyult a
kutatas elvégézése utan az eredmények folyoiratban torténd kozlésére. Kérem, hogy a beszamold
értékelésénél vegyék figyelembe az elért eredmények késébbiekben torténd publikalasat is. Az elkésziilt

kéziratokat az alabbiakban mellékelem.
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High order harmonic generation (HHG) is the prevailing method for the production of
ultrashort pulses in the extreme-ultraviolet (XUV) and soft x-ray domains. The broadband
coherent harmonic radiation supports optical pulses of attosecond duration. XUV pulses
generated in gases via HHG carry an intrinsic positive chirp. Compression of attosecond
pulses has been demonstrated using metallic transmission filters, a method with very limited
tunability.

We discuss here the applicability of an XUV Attosecond Compressor (XAC): the
two-grating configuration is a versatile method for temporal shaping of XUV radiation.
We compare the compression achievable with XAC and metallic filters on simulated HH

spectra. (©) 2010 Optical Society of America
OCIS codes: 050.1950, 190.4160, 260.7200, 320.0320, 320.5520, 320.5540.

1. Introduction

In the interaction of intense laser pulses and rare gases, high order harmonics are produced, transforming
all the desirable properties of the generating laser pulse to the XUV and soft X-ray regime. Although the
conversion efficiency is low, short duration, high degree of coherence and focusability make the produced har-
monics an excellent source of short wavelength radiation. Also the broad bandwidth supports the production
of attosecond pulses. The access to this unexplored time domain opens new frontiers in atomic, molecular
and solid-state science, and new experiments with an unprecedented time resolution become possible.

XUV attosecond pulses, produced via high order harmonic generation in gases, possess a positive chirp,
intrinsic to the generation process [1,2], leading to longer than transform-limted pulses. To increase the
usefulness of these pulses phase shaping has to be achieved. Thin metallic filters have constituted a simple
and effective way to compensate the intrinsic chirp of XUV attosecond pulses [2, 3]. There is, however, a
considerable disadvantage: metallic filters exhibit negative GDD only in well-defined wavelength regions (just
above the absorption band), i.e. this method has a very limited tunability. Additionally, the transmission of
the XUV radiation is strongly reduced by absorption.

The method presented here provides an alternative solution for the temporal compression of XUV attosec-
ond pulses by controlling the GDD by means of a double-grating compressor. The design of the XUV Attosec-
ond Compressor (XAC) [4], originates from the scheme of an XUV Time-delay Compensated Monochromator



( [5]- [7]), realized to select a suitable portion of the HH spectrum within a broad spectral interval without
altering the intrinsic pulse shape. We test here the applicability of the pulse shaper on simulated HH radia-
tion, and also compare the pulse compression capability of the XAC to that of metallic filters. We note here,
that in the XAC scheme both positive and negative GDD may be introduced, so not only pulse compression,

but pulse shaping in general can be achieved.

2. Synthesis of an attosecond pulse

High order harmonic generation in rare gases is a result of an electronic process: after optical ionization, the
electron is accelerated in the laser field, then recaptured by the parent ion, emitting its excess energy in form
of an XUV photon. The properties of the radiation is inherited from the electron. The quantum mechanical
description of the generation process makes use of certain simplifications, such as the one-electron and strong
field approximations. The simulated XUV fields presented in this paper are calculated via a nonadiabatic
version [8] of the saddlepoint method [9].

Group delay (fs)

Spectral amplitude (arb. u.)
Electric field (arb. unit)

L L L I 1E-9
20 40 60 80 100

Harmonic order

Time (fs)

Fig. 1. (a) Spectrum and group delay of the high order harmonic radiation produced at a
generating intensity of 1.5 - 10'* W /cm? (green) and 6 - 10'* W/cm? (purple). (b) Corre-
sponding attosecond pulses possessing an intrinsic chirp (dashed lines) and their Fourier

limit (solid lines).

Using long laser pulses for the generation process, a sequence of peaks corresponding to odd harmonics
is produced in the spectrum, which corresponds to a series of attosecond pulses separated by half period in
the time domain [10]. Harmonic generation with few cycle pulses, combined with ellipticity [11] or intensity
gating [12] of the radiation allows to limit harmonic generation to a single half cycle, leading to the production
of an isolated attosecond pulse, i.e. a selection of one pulse from the train.

In the simulation we consider a short, Gaussian sine type driving pulse of duration 25 fs, and numerically
limit HHG to the first half cycle after the peak - only to produce continuous spectra and GD curves.
The central wavelength of the pulse is 790 nm. We present attosecond pulses produced at generating peak
intensities 1.5 x 1014 and 6 x 10* W/cm? in neon gas.

The generated spectra together with the group delay (GD) values are shown in Figure 1. We have deter-
mined an average GDD for these two cases as 13-1073 fs? and 3.7-1072 fs2. We observe that with increasing

intensity the cutoff moves towards higher frequencies, and the value of the chirp decreases. We show in



Figure 1 the produced attosecond pulses, and their Fourier limit. As the spectral range increases and the
chirp decreases, we get a shorter attosecond pulse for the higher generating intensity.

3. Compression by metallic filters

Close to absorption resonances material dispersion can be negative, which can be exploited to compensate
the pozitive chirp of the generated attosecond pulses. Matching the generating intensity (and consequently
the generated spectrum) to the material properties one can achieve compression of attosecond pulses close
to the Fourier limit [2,3].
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Fig. 2. Transmission and group delay of a 200 nm thick Aluminum / Zirconium filter.

Aluminum transmits radiation in the 20 - 70 eV region and at the onset of the transmission curve the
filter possesses a negative GDD as shown in Figure 2. A laser pulse of intensity 1.5 - 10'*W/cm? generates
high harmonics in neon in this spectral range. Appropriately choosing this thickness of the filter, one can
minimize the GDD, and therefore the pulse duration of the XUV pulses. In this case study we have found a
minimal pulse duration when 1000 nm of aluminum filter was used.

Zirconium works as a bandpass filter in the 70 - 160 eV region, where we produce our high harmonics at
a laser intensity 6 - 10*W /cm?. We have found a minimal pulse duration with 1500 nm of Zr filter.

Pulseshapes after transmission through these filters are shown in Fig. 3 (orange curves).

Please note, that the use of filters shapes the spectrum as well as the group delay of the pulses, that
affects pulse shaping. Furthermore, we use the filters close to their absorption, so with increasing thickness
the throughput of the radiation decreases. We optimized the filter thickness for best compression, and found,
that the peak intensity is reduced to 5% for aluminum and even further, about 10~° times the unshaped

case for zirconium. Using thinner filters allows higher transmission at the cost of less compression.

4. Compression by an XUV attosecond compressor

In the XAC gratings our mounted for grazing incidence, to increase reflection in the XUV domain, utilizing
conical diffraction, where the incident and diffracted wave vectors are almost parallel to the grooves. The
geometry is shown in Fig. 4a: the direction of the incoming rays is described by two parameters, the altitude
~ and the azimuth «. All the rays leave the grating at the same altitude at which they approach. The azimuth

« of the incoming rays is defined to be zero if they lie in the plane perpendicular to the grating surface and
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Fig. 3. Attosecond pulse generated at (a) 1.5 - 10'* W/cm?[(b) 6 - 10'* W/cm?]. Fourier
limited duration is 105 as [35as], the pulses are generated with a duration of 520 as [275as],
and we compress it in 1000 nm of Aluminum to 125 as [in 1500 nm of Zirconium to 75
as] with a considerable shoulder. Best compression with XAC provides pulses 115 as [60as]

long. For better clarity the pulses are shifted in time.

parallel to the rulings, so —« is the azimuth of the zero-order light. 3 defines the azimuth of the diffracted
light at wavelength A and order m. The grating equation is written as:

siny(sin @ + sin f(w)) = mAao, (1)
where o is the groove density.

cone with half-angie ¢

cone with half-angle y

Fig. 4. (a) Grating in the off-plane mount. (b) XAC compressor built from two gratings at
a normal distance h.

The XAC arrangement consists of two identical gratings, aligned at the same altitude. The azimuth angle
a1 of the incident rays on G1 is the same for all the wavelengths and gives the wavelength of maximum
diffraction efficiency Ag = 2sin~ysind/o with 51(Ag) = a1 = . The azimuth angle £;()\) of the rays
diffracted from G1 at different wavelengths is calculated from Eq. (1). The beam propagates toward the



second grating placed at a normal distance h (see Fig. 4b). Due to the symmetry of the configuration, the
azimuth angle B2(A) of the rays diffracted from G2 is constant with the wavelength and equal to aq, so all
the exit rays are parallel.

Adapting the method described in [13] we calculate analytically the GDD introduced by the two grating

arrangement. The phase response is given by

U(w) = wh ) {1+ cos [r — cos™" (sin® ycos(a — B(w) + 7) + cos®v)| } — 2who tan B(w),  (2)

¢sin 7y cos B(

where we used the same notation as in [4], except for h, the perpendicular distance between the two
gratings. Differentiation gives the GD, GDD and TOD.
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Fig. 5. GD obtained with the XAC at various grating distances h. Parameters: o = 200
mm~!, o =4.5° v = 1.5°

The analytic formula reproduces the GD curves obtained with the ray tracing algorithm in [4], and proves
that the GD is proportional to the grating distance, as speculated in the previous publication. We would like
to note here, that this analytic formula applies for the chief ray, i.e. the ray emerging from the optical axis,
and enables fitting certain parameters of the setup for optimal GD compensation. It cannot however account
for off axis rays, so aberrations of the optical system must be accounted for by the ray tracing algorithm, as
in [4].

In the actual XAC design [4] there are four additional parabolic mirrors in grazing-incidence, to collimate
and refocus the XUV radiation such that the gratings are operated in parallel light. The XUV source is
located at the front focal point, and all the rays are collected at the focus of the last mirror, while a spectrally
dispersed image of the source is obtained in the intermediate plane. The two mirrors placed between the
gratings act as a telescopic arrangement, thus we have S” = S — (fy + f3) where S is the chief ray optical
path between the two gratings, and h = S’ X sin~y cos 3(wp). This makes it possible to produce an effectively
negative grating separation, continously tuning the GD(w) from negative to positive values.

In contrast to double-pass compressors, here we have only a single pass: the different colours are focussed

and overlap only at the focal point.



Using the ray tracing algorithm we optimize the grating parameters to minimize aberrations of the setup.
We obtain that for the photon energy range 20-70 eV produced by the 1.5-10'* W /cm? intensity laser pulse

use of ¢ = 200 mm~?!

,a = 4.5° v = 1.5° is desirable. Comparing the intrinsic GD curve shown in Fig. 1
with that obtainable with the XAC (Fig. 5) one can see that it is not possible to produce a transform limited
output, but using the analytic formula for the GD we can easily optimize the grating distance to produce the
shortest pulse duration. We achieve the best compression at a grating separation Ah = 160um, producing a
compressed pulse shown in Fig. 3 (green curve). The asymmetric side structures are due to the higher order
chirp still present after the XAC.

As a consequence of the off-plane mount, we achieve a photon throughput much higher than that of a con-
ventional two grating configuration. The presented XAC arrangement provides a spectrally flat transmission
of about 20% (7). Amplitude shaping achievable by masking in the intermediate plane might also improve
the output pulse shape.

For the other generating intensity, and therefore other photon energy range, we find the optimum grating
parameters as ¢ = 300mm~ta = 3.5°y = 1.2° ( [4]). The best compression for this situation is achieved
at Ah = 200um, the corresponding pulse presented in Fig. 3 (green curve). We notice that the compressed
pulse has a very strong asymmetric shoulder, because in this very broad bandwidth we cannot compansate
the higher order dispersion. For better comparison with the metallic filter case we introduce a spectral cut
between photon energies 75 eV and 190 eV similar to that imposed by the transmission of Zr (blue curve).

The transmission of the XAC setup has a higher transmission then the metallic filters. The XAC has
approximatelly 20% spectrally flat throughput.

5. Conclusions

In this paper, we have tested methods for the compression of chirped, broadband attosecond pulses. Varying
the grating separation in the XAC or the thickness of metallic filters allows one to tailor the GD of the XUV
pulses, to a certain limit. These methods can be used to compress, or tailor the pulse shape, imposing a wide
range of chirps

We find that when a material can be choosen to match in transmission and GDD the generated harmonic
range the two methods achieve comparable compression. But the XAC is obviously more versatile in pro-
ducing positive or negative chirps of variable magnitude and in the desired spectral range. And even more
importantly it has throughput higher by orders of magnitude.

We have found that even with the XAC the intrinsic chirp of the attosecond pulses cannot be arbitrarily
tuned. The corresponding residual GD and the spectrum is shown in Figure 6.

The existence of an intermediate plane in the XAC arrangement, where the radiation is spectally dispersed,
however, enables further tailoring. We propose to insert a deformable mirror in the intermediate plane, which

allows a small, but arbitrary phase shaping.
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This paper shall describe the possibilities opened by a saddlepoint discussion: like easy sep-
aration of short and long trajectory components, isolating the attosecond pulses in the train
(characterisation-wise). This will also be the ”‘platform”’ to test the validity of the PRL Taylor-
expansion: we derive analytic formulae for ACEP, GD, GDD of pulses within the train, and compare
the analytic - PRL - nonadiabatic saddlepoint results.

PACS numbers:

When a laser pulse is focused to a high intensity in
a rare gas jet, high-order harmonics of the driving field
are generated [1]. These harmonics serve as a broad-
band XUV radiation source enabling the production of
attosecond pulses[2].

We understand the high order harmonic generation
mechanism as a three-step process where an electron is
teared off from the atom, accelerated in the laser field,
and then recaptured while emitting the excess energy in
form of a high-energy photon [3, 4]. Letting aside the
macroscopic phase matching effects, many properties of
the XUV radiation are inherited from the field-driven
electron dynamics. The evolution of the free electron in
the laser field can be approximated in a classical model
[5], the main characteristics of the temporal structure
of the attosecond pulses is obtainable: electrons of dif-
ferent kinetic energy return at different times, leading
to a varying emission time (group delay) for the differ-
ent energy components of the XUV pulse. The instant
of ionization (i.e. the phase of the driving field) unam-
bigously determines the kinetic energy of the returning
electron, and the time of return. We might say, that
these three parameters specifies the electron path, and
they are strongly related/coupled.

SADDLEPOINT APPROACH

A fully quantum mechanical description of the har-
monic generation process is presented in [6, 7], which
has been further developed [9] to account for nonadia-
batic effects arising when short driving pulses are used.
The results presented in the present paper has been ob-
tained using the method described in these references.
The dipole moment of the electron producing the XUV
radiation is given as

x(t) = z[ dt’/d3pE(t’)d;(p—A(t)) X
d.(p — A(t'))exp(—iS(p,t,t")) + c.c. (1)

where p is the canonic momentum, ¢’ is the ionistaion
time and ¢ is the time of recombination. d,(p) is the
dipole matrix element, corresponding to ionisation (re-
combination) to a momentum state characterised by p.
The phase term accumulated in the continuum state is
the same as the classical action:

S(p,t,t') = /tt dt” <(p_‘42(t“))2 + Ip> (2)

’

Here A(t) is the vector potential corresponding to the
fast varying electric field given as:

E(t) = By - (cos (j) ) Y coswtrd) (@)

where w is the carrier component of the fundamental
T

frequency, ¢ is the carrier envelope phase, and cos;- =
(271/%) where T is the FWHM duration of the driving
pulse.

The harmonic pulses presented here are generated in
Neon, by a 30 fs pulse, with a peak intensity 2 - 10
W /cm?.

In Eq. (1) we identify the ionisation and recapture
process and the evolution of the electron wavepacket in
the laser field in the integrand. The stationary action
principle applied to the harmonic dipole phase results in

three coupled saddlepoint equations:

Dy = # j;t/ A(t”)dt”
qw — (ps_AZ(ts))2 ~I,=0 (4)
(ps_fz(t;))2 + Ip — 0



describing momentum and energy conservation for the
generation process [6, 9]. The solutions to these will de-
scribe all possible electron trajectories. Each trajectory
is characterized by the three parameters, namely ioniza-
tion time (¢'), return time (¢) and momentum (p), and
these values unambiguously define the electron trajec-
tories, and hence the corresponding dipole. In each half
cycle we get two classes of solutions for each ¢ value, used
as a continuous parameter. For each of these trajectories
we can determine the dipole moment, 53 indexed by ¢
(harmonic order) and j trajectory class:

7 27 s 3/2
é-q = \/det(S”) |:6+7;(t57t;)/2:| x
E(ty)d; (ps — A(ts))da (ps — A(t5)) X ()

exp(—iS(ps, ts, t}) + iwts)

In Figure 1 we plot the XUV photon energy as a func-
tion of return time. The usual conclusions can be drawn
from such a plot: in each optical cycle there are two tra-
jectories leading to the same energy photon, the so-called
short and long trajectories. The two trajectories merge
at the cutoff, the position of what varies along the pulse,
together with the driving laser pulse envelope. The slope
of the curve made up from short trajectory components
has an opposite sign, as compared with the long trajec-
tory class, corresponding to opposite chirp in the two
cases.

We would like to emphasize here, that in this Figure,
each point of the curves represents an electron trajectory,
and this illustration helps to categorize them. All short
trajectory components are plotted in blue, and long tra-
jectories in orange. Trajectories contributing to the emis-
sion of a certain spectral range can be identified as points
within a horizontal structure, and emission in a tempo-
ral slot can be obtained from trajectories in a vertical
section.

The spectrum of harmonic radiation is then given as
the Fourier transform of x(t), which is reduced to a sum
of the contribution from the “relevant” quantum trajec-
tories.

Tg=Y & (6)

The key word here is: relevant. A great advantage of
this approach is, that the relevance of the trajectories is
defined for each physical situations. For a given driving
pulse we solve the saddlepoint equations for each half
cycle, to obtain a set of solutions. Summing all the solu-
tions provides the total harmonic radiation, but to gain a
specific information about the radiation, we can restrict
summation over a class of solutions (trajectories).
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FIG. 1: Harmonic photon energy as a function of the recom-
bination time, solutions of the saddlepoint equations.

SHORT AND LONG TRAJECTORIES

In the interaction of a single atom with the laser pulse,
both short and long trajectory components are gener-
ated, and this is what we describe in the model presented
here. When harmonics are generated experimentally, it
is the macroscopic sum of the radiation produced by the
individual atoms or molecules. Since the phase behaviour
of the short and long trajectories are very different, phase
matching in the extended medium always favours one tra-
jectory class, so the produced radiation is dominated by
radiation from one trajectory class. [8, 16]

In the saddlepoint approach, it is very easy to separate
the short and long trajectory components (based on e.g.
the value of the return time), and hence compare the
properties of the radiation produced via either trajectory
class, as shall be done in the following sections.

FEMTOSECOND CHARACTERISATION OF
THE HARMONIC RADIATION

As explained in our previous paper [10], the femtosec-
ond characteristics of the harmonic radiation arises from
the variation of the intensity of the generating laser pulse,
and is observable on the individual harmonics. To inves-
tigate the extent of this effect, for each harmonic order
we sum up all trajectories contributing, i.e. the summa-
tion in Eq. 6 is along horizontal sections of Figure 1, i.e.
on the index j. In fact, for the femtosecond characteri-
sation we don’t have a continuous time parameter, but
rather, we are sampling each harmonic at the discrete
return time instants, so we have

zg(t) =& at t=t] (7)

As the magnitude and phase of z, varies from cycle
to cycle along the driving pulse, i.e. on the femtosecond
timescale, enables us to describe the harmonic emission
on the femtosecond scale.



It has been seen both experimentally, and
theoretically[10, 11], that the generated harmonics
are chirped, i.e. there is a streaking of frequency with
time, arising from the change of the driving intensity.
Using the saddlepoint solutions, it is possible to de-
termine the harmonic spectrum generated at different
parts of the fundamental pulse by summing only in a
selected range of cycles. Figure 2 shows the spectra
resulting from short and long trajectory components at
four different segments/temporal window of the driving
pulse. The parts of the laser pulse is colored red at the
beginning, then green, orange and blue at the falling
end. The top figure shows the spectra produced by
short trajectories. For the 21st harmonic there seems
to be no shift of the peak, corresponding to zero chirp.
The harmonic below shows a very small positive chirp,
while the harmonics above show a negative chirp that
increases with harmonic order. The middle figure shows
the spectra for the long trajectories. Here the chirp
is negative for all harmonics, and higher in magnitude
than in the case of the short trajectory. As shown in
[10], the chirp of the harmonics can be expressed as

09?1
b! =81n(2) —2L 2.
] 8 H( ) aI Tg (8)
q 19 21 33 35

b short (10%®fs™%)  0.8549 0.223 -6.266 -8.017
b long( 0%%fs™2)  -41.21 -40.72 -35.08 -33.47
short (10%%fs™2) 0.688 0.137 -6.6 -8.8
ﬁw long (10%%fs™2) -34.8 -34.4 -28.1 -25.7

TABLE I: Comparison of the chirp values deduced from equa-
tion 8 and the peak shift in Figure 2.

ATTOSECOND CHARACTERISATION OF THE
HARMONIC RADIATION

Focusing to the short term characteristics of high or-
der harmonic radiation, one finds that the radiation is
bunched into attosecond pulses. It has been proven ex-
perimentally, that these attosecond pulses are chirped,
i.e. the frequency is streaked in time, the harmonic com-
ponents are delayed relative to each other. The same
characteristics is seen in Fig. 1, looking at the electron
trajectories that result in emission within an optical cy-
cle. There are two branches of trajectories, in both of
them return time varies with photon energy, meaning
that the components are emitted with a varying delay.
For the short trajectory class frequency increases with
time, resulting in positively chirped pulses, whereas for
the long trajectory class we expect negatively chirped
pulses. Also, the return times for the two classes are
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FIG. 2: Harmonic spectra generated at different portions of
the 25 fs laser pulse of peak intensity 2 x 10** W/cm? in Neon.

different, so we expect to observe the short and long tra-
jectory pulses shifted in time.

To study the attosecond pulses by means of this saddle-
point method, we sum up separately all short trajectory,
and all long trajectory components. Applying Fourier
transform for the spectrum given by Eq. 6, we obtain
the two corresponding pulse trains, that we illustrate in
Fig. 3. We observe that the pulses are delayed, and the
timing of the pulses correspond to the return time of the
carrier harmonic component. It is also clear from the il-
lustration, that the two pulse trains consist of oppositely
chirped pulses: for the short trajectory the instantaneous
frequency of the bursts increases, for the long trajectory
it decreases with time.

Using this method we can also compare pulses in dif-
ferent regions of the pulse train by summing electron tra-
jectories in certain return time regions. It has been seen
in [13] that there are pulses-to-pulse changes in the train
in timing, chirp and ACEP. We show in Figure 4 two
sections of the attosecond pulse train, generated via the
short trajectory class.

SPECTRAL FEATURES

Summing all saddlepoint solutions in Eq. 1 provides
the total harmonic spectrum. Restricting the sum to
short or long trajectories allows to compare the two types
of radiation spectrally. Already in Figure 2 we have seen
that for the long trajectory there is a greater chirp and
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FIG. 4: Attosecond pulse train sections.

thus the harmonic lines are supposed to cover a broader
range. In Figure 5 we plot the two spectra: the long
trajectory harmonics are so broad, that the adjacent lines
overlap, and we observe the fringe pattern at the even
orders described in [14].

It was shown in Figure 1 that for such short driving
pulses the intensity and thus the cutoff position varies
so rapidly pulse-to-pulse, that there is a considerable de-
crease in the number of half-cycles contributing to the
emission of a harmonic with increasing harmonic order.
This results in different temporal durations of the har-
monic, which we see in the spectrum as narrow lines for
the low orders and broader lines for the higher orders.

In Figure 5 (c) we indicate how the duration of the har-
monic pulses change with harmonic order. For plateau
harmonics we expect and we observe approximatelly the
same pulse durations. As we are reaching the cutoff,
the contributing half-cycles, and thus the duration of the
harmonics decreases.

In a magnified section of the highest orders (Fig. 5
(b)) we also see side-maxima between the harmonic lines.
The number of sidemaxima is decreasing with increasing
harmonic order, corresponding to a reducing number of
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FIG. 5: (a) Harmonic spectra produced by short and long
trajectory components. (b) Cutoff portion of the generated
spectra in a logarithmic scale. (c) Individual normalised tem-
poral shape of some of the generated harmonics.

contributing half-cycles. [15]

In Figure 6 we plot the phase of the harmonic field
(short trajectories). It clearly illustrates, that there is
a chirp within the harmonic bandwidth, this is the har-
monic chirp that was investigated in Fig. 2, that is neg-
ative in most cases, apart from the lowest orders: H19
appears to posses a positive chirp, and the phase of H21
varies linearly with order, i.e. it has no chirp. The higher
orders all have a negative chirp, the magnitude increases
with order. The phase values at the center of the har-
monic lines also lie on an upward-pointing second or-
der curve, corresponding to a positive atto chirp, which
shows up in Figure 3. (This figure corresponds to Fig. 7
of [10], but it is not an artist’s view anymore)

The phase of the dipole moment of Eq. 6 can be writ-
ten as:

\I;j:nfl'_

; S(p,t,t') + wtl, (9)

where ng is the phase of the complex factors.
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Distortions of the attosecond pulse train generated by a multi-cycle laser beam
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Pulses of the attosecond pulse train are characterized. We study pulse-to-pulse variation of ACEP,
GD and GDD and connect the variation to the dipole phase derivatives. We test the adiabatic and

non-adiabatic nature of the pulse distortions.

PACS numbers:

In the interaction of rare gases and intense laser pulses,
an XUV spectrum of high harmonics is produced[1],
broad enough to support the production of attosecond
pulses. In case of few cycle generating laser pulses, and
selection techniques based on intensity or ellipticity gat-
ing single attosecond pulses are produced. In the more
general case a train of attosecond pulses is created|2, 3].

For a finite laser pulse the electric field of the laser
pulse changes from cycle to cycle, leading to the pro-
ducion of uneven bursts: the delay, chirp and carrier-
envelope phase (ACEP) of the attosecond pulses vary
from pulse to pulse [4, 5].

Measurement...[6, 7]

In our previous publication[4] we have presented an
adiabatic phase expansion to characterize attosecond
pulse trains in the multicycle time scale, and pointed
out the variation of the pulse characteristics along the
train. Here we advance on the question, presenting ana-
lytic formulae for the ACEP, GD and GDD variation of
the pulses, discussing the physical parameters responsi-
ble for the distortions, and comparing the results with
those obtained in a non-adiabatic model[11].

ADIABATIC DESCRIPTION

In the adiabatic model[4] we assume the generating
pulse to be synthetised from constant-amplitude sine sec-
tions. The attosecond pulse train is produced by the co-
herent sum of the harmonics:

q9=qf
Bxuv(t) = 3 Ag(t)e =0 (1)

q9=q:

where w is the laser frequency, Aq(t) and ¥, (t) are the
amplitude and phase of the ¢th harmonic, depending on
time t. |Exyv(t)|? consists of a train of pulses of du-
ration a few hundred attoseconds, separated by half the
laser period, spanning over an interval of few tens of fem-
toseconds. Eq. (1) treats differently the attosecond and
femtosecond time scales of the problem: the femtosecond
structure is expressed in the time domain, through the

(slow) time variation of A,(t) and ¥,(t). The attosecond
electric field, on the other hand, is here characterized by
the spectral variation of A; and ¥,. The phase of the
single-atom response

\I/q(t) + qwt = Q‘PO(t) - (I)q(t) (2)

includes a contribution from the fundamental field
qq)() (t), with

By(t) = wt + o + bot* /2 + . .. (3)

where ¢y is the fundamental CEP and by a possible fre-
quency chirp, as well as phase terms originating from the
generation process

®,(t) = /t lt ar P = A(?)Z Tl et @

Our reconstruction of the attosecond train uses a Tay-
lor expansion up to fourth order of the phase term both
in frequency 2, covering the whole frequency range by
discrete steps of 2w and in time in the long femtosecond
time scale. The Taylor expansion is performed around
(Q,t) = (gow,0), where gg is the central harmonic or-
der and ¢ = 0 is the maximum of the laser pulse. The
phase term originating from the generation process ®,(t)
depends on time via the fundamental laser intensity enve-
lope I(t). Assuming that I(t) is symmetric with respect
to t = 0, all its odd derivatives around ¢t = 0 are equal
to zero. The third and fourth order terms in (2 — gow),
as well as the fourth order terms in ¢ are found to be
very small and can be neglected. We use the notation
v = d?I/dt?, at t = 0. For a Gaussian pulse charac-
terized by a peak intensity Iy and a pulse duration T,
v = —8In(2)Iy/72. Writing the frequency derivatives as
0P/0Q = 1/w dP/9q we obtain:

2
(I)q<t) ~ q)qo(IO) + %?T? + (q - CIO)?T(I) + (5)

q
vt 9%% ~t2 9%®

=00 22 4 (g — q0) % 25 + (¢ — q0)? % 2o

2 0q?

In this equation, all the partial derivatives are taken at
q = qo and I = Iy. The phase of the fundamental and the



effect of a phase modulation induced by the propagation
through a medium with a constant group delay dispersion
denoted by § can be easily introduced. (We here neglect
the group delay of the material, for the sake of simplicity,
since it will just lead to an overall time shift).

Sw?

PO(t) = 7(‘] — q0)? (6)

The total phase becomes

U, (1) + qut = qowt — @y, (1o) + qopo + —%%@ + (Jo%‘)) t2

i
2 2
+ (—%? +Wt+¢o) (¢ —qo0) — (%%q? + 57‘”) (g —qo0)?

T (10™W/cm?) L5 2 1.5 2
q 23 23 27 27
Dy 34.712 34.548 47.793 46.999
0®/0I (10~"*W~'em?) -0.479 -0.221 -2.081 -1.223
0®/dq 1.0017 0.9577 1.0877 1.037
0%®/0¢* 0.07  0.059 0.067 0.053

0%®/0gdI (107"*W~tem?) -0.338 -0.218 -0.472 -0.285
0*®/0¢*01 (107 W~ tem?) -0.026 -0.012 -0.043 -0.017

TABLE I: Values of the spectral phase and phase derivatives
at the 23rd and 27th harmonic of 800 nm radiation in neon.

2 8 T (10™"W /cm? 1. 2 1. 2

+ (_%% + %0) (¢ - QO)t2 - (%8(?;2%)1) (q— %)2 t? (7) q (10 / ) 235 23 275 o7
. L . . Dy 45.212 44.207 59.541 57.638
Differentiation with respect to frequency gives a group 8%/81 (10~ W~ cm?) 29588 -1.58 -5.031 -2.934
delay of 8 /dq 1.0987 1.0377 1.1927 1.106m
8%®/0q* 0.07  0.055 0.081 0.054
1 9% by 020 0?®/9gdI (10~"*W~'em?) -0.497 -0.296 -0.76 -0.387
GD = -— <¢0 - % + (20 - 26(161) t2) .8 02®/9¢*01 (10~ "W~ 'em?) -0.048 -0.018 -0.12 -0.029

The second derivative corresponds to the group delay
dispersion, or second order spectral phase:

Y »Pd
+48q281t .9

5 w?

2 0q? + 2

2
GDD = % <1 o
This analytic formula for the phase enables us to derive
an expression for the ACEP values (by taking the phase
of the carrier component ¥, at the peaks of pulses, i.e.
—qow - GD):

9> [(y9Dd 4 0% by

ACEP =
(10)
These expressions allows a quick and easy character-
isation of the APT with the knowledge of the phase
derivatives[8]. These phase derivatives are calculated us-
ing the saddlepoint method introduced by Lewenstein[9,
10] for a monochromatic fundamental field. Tables I and
IT present some illustrative values for harmonic genera-
tion in argon and neon at two generating intensities and
two harmonic orders for the short trajectories.

NON-ADIABATIC DESCRIPTION

For the non-adiabatic characterization we follow the
method of Sansone[11]. A generating laser pulse of form

B(t) = By - <cos <i)>2 Ccos(wt ) (11)

is chosen where ¢ is the CEP, and cos% = (274

where T= 25 fs is the FWHM duration of the driving

_ 00 (y0®  yI"®  bo) o
P, (10)+4q0 9 <2 i QO26an+ 2>t :

TABLE II: Values of the spectral phase and phase derivatives
at the 23rd and 27th harmonic of 800 nm radiation in argon.

pulse. We simulate harmonic generation in neon, at a
peak intensity of 2 - 1014W/cm?. Using the saddlepoint
approximation we determine the trajectories with ex-
trema of the action, carrying relevant contribution to the
produced radiation. The attosecond pulse train is syn-
thetized from the coherent sum of the dipole radiation
corresponding to each short trajectory. The spectrum is
shaped with a Gaussian filter of central harmonic gg = 25
and Ag = 8. The generated pulse train is illustrated in
Fig. 1 at two CEP values. The pulse characteristics
ACEP, GD and GDD are numerically determined from
the phase of the simulated field.
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FIG. 1: Electric field of the pulse train generated at a peak
intensity of 2x10'*W /cm? calculated using the non-adiabatic
method for two values of the CEP.
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FIG. 2: GD values of the attosecond pulse train calculated
from the adiabatic model (continouos line), and the non-
adiabtic model (symbols) for two different CEP value.

COMPARISON OF THE ADIABATIC AND
NON-ADIABTIC PULSE CHARACTERISTICS

Figures 2 -4 show the GD, GDD and ACEP varia-
tion of the attosecond pulses along the pulse train, cal-
culated analytically for the adiabatic case (Egs. 8-10),
and numerically for the non-adiabtic case, for a 25 fs,
2-10W /cm? peak intensity, by = 0 driving pulse, inter-
acting with neon atoms.

In Fig. 2 we observe a very good agreement between
the two models. Apart from a small deviation at the
wings, the non-adiabatic values appear to follow the same
behaviour, sampled at the pulse appearances. The curve
shifts vertically with the change of CEP, corresponding
to an overall delay of the pulse train cf. Fig. 1. The
pulse-to-pulse variation is determined by the coefficient
of the t? term in Eq. 2. The magnitude of the variation
depends on the generating pulse parameters through bg
and ~, and the peak intensity, generating gas and central
harmonic through the phase derivative %. Using the
data given in the tables, it is easy to determine that the
amgnitude of the group delay variation increases with the
central harmonic, and decreases with the pulse duration,
and the increase of the ionization potential of the gas.

In case of by = 7% there is no change of the delay
with time, i.e. an evenly spaced attosecond pulse train is
generated[5, 8].

The GDD (related to the frequency chirp) of the at-
tosecond pulses also show a parabolic behaviour. The
discrete non-adiabatic values follow the same curve, in-
dependent of the CEP of the laser, but the points are
shifted along the curve corresponding to the time shift of
the trains. The temporal variation depends also on the
generating pulse parameters and the choice of gas via
the phase derivative %%. Using propagation through
a filter, the GDD of all pulses can be shifted by the same
amount. It is possible to achieve no chirp for the central
pulse, but the pulses will possess an increasing amount

\ . \ . . . . . .
10 -8 6 -4 2 0 2 4 6 8 10
Time (fs)

FIG. 3: GDD values of the attosecond pulse train calculated
from the adiabatic model (continouos line), and the non-
adiabatic model (symbols) for a 25-fs, 2 - 10"*W/cm?-peak
intensity laser pulse interactin with neon atoms.

T
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. 4 CEP=pil4

CEP=pil2
»  CEP=3pi/4 /|
non-adiabatic A

ACEP (rad)

Time (fs)

FIG. 4: ACEP values of the attosecond pulse train calcu-
lated from the adiabatic model (continouos line), and the
non-adiabtic model (symbols) for a 25-fs, 2-10*W /cm?-peak
intensity laser pulse interactin with neon atoms. Red dotted
line is a fit to the non-adiabatic values.

of chirp towards the wings. The deviation between the
two models reach about 10% at the FWHM position.

The ACEP does not simply vary by a factor 7 from one
burst to the next, as could be expected for an infinite
driving pulse. At the peak of the pulse, the ACEP is
set by the phase and delay of the central harmonic, the
variation during the pulse is affected by the variation of
the phase and delay with respect to intensity (0®/01I and
0?®/0q0lI).

We observe, that the ACEP and GDD of the individual
pulses shift with CEP but follow the same curve, inde-
pendent of the CEP. Pulse characteristics determined by
the envelope of the IR! Cf. [12] where they claim it is a
non-adiabatic effect. The actual values are obtained by
sampling at the pulse apprearances, which is determined
by the electric field zero crossings, i.e. shift with CEP.

We see, that the temporal characterisation of the in-
dividual pulses in the attosecond pulse train can be
achieved rather accuratelly in the adiabatic model: the
main cause for the variation is due to the intensity enve-
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FIG. 5: Pulse characteristics in normal (red symbols, lower
axis) and inverted (black symbols, upper axis) time scale for
two different fundamental CEP. Solid lines indicate the adia-
batic results.

lope of the generating pulse. A true non-adiabtic feature

would manifest in the asymmetry of the curve, when not
only the instantaneous value of the laser intensity, but
the sign of the change or subcycle deviation from a sine
curve would play a role. To discover non-adiabatic ef-
fects, we plot the pulse characerizing curves in normal
and inverted scales in Fig. 5. We notice that the curves
are slightly asymmetric, accounting for the non-adiabatic
nature.

CONCLUSIONS

In this paper we have studied an attosecond pulse
train, generated by a multicycle laser field. We observe
pulse-to-pulse variations of ACEP, GD and GDD and
connect the variation to the dipole phase derivatives. We
calculate the train distortions using both an adiabatic
and a non-adiabatic model, and find that there is only a
small deviation between the two models.
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Abstract: High harmonic generation by a strong laser pulse in the presence of a THz pulse is simulated. Consequent
spectral extension for different laser wavelengths, and the temporal chirp of the synthesized attosecond pulses are studied.
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OCIS codes: 190.4180 Multiphoton processes; 320.7110 Ultrafast nonlinear optics

1. Introduction

The shortest — attosecond — light pulses available today are produced by high harmonic generation (HHG) of near-
infrared (NIR) laser pulses in noble gas jets [1,2], providing a broad spectral plateau of XUV radiation ending in a
cutoff. The minimum pulse duration is determined by the achievable bandwidth (i.e. the position of the cutoff), and
the chirp of the produced pulses.

The extension of the cutoff by increasing the laser intensity is limited by the depletion and phase matching

problems of the medium. An alternative method demonstrated to produce higher harmonic orders is by using longer
pump pulse wavelength, with the disadvantage of decreased efficiency [2].
In a recent theoretical paper [3] it was shown that application of a quasi-DC high strength electric field results in an
increase of more than a factor of two in the order of efficiently generated high harmonics. Using the pulses of a CO,
laser was suggested for the creation of the quasi-DC high strength electric field. However, it is technically very
challenging to synchronize these pulses, and the possibility of achieving the needed —a few hundreds of MV/cm-
quasi-DC electric field strength is also very questionable.

Alternatively, synchronous production of THz pulses with the IR laser pulse offers a more promising route to
exploit the mechanism proposed by [3], leading to both an increased efficiency and a longer plateau of high order
harmonics with the promise of even shorter attosecond pulses. The first numerical test of this idea has been reported
in [4].

In this contribution we further investigate the method for realistic THz field strengths and short driving
pulses, exploring the effect of longer pump laser wavelength on the process. We assume the presence of high
intensity THz pulses for supplying the high-strength quasi-DC electric field. Recently the generation of 100 MV/cm
focused electric field 55 THz pulses were reported [5].

We calculate the spectrum as well as the chirp of the produced radiation.

2. Method of investigation
We use a non-adiabatic saddlepoint method to determine the generated radiation, following the method of [6]. A
generating laser pulse of form

E(t) = E,, sin(a)lRt)cosz[Lj +Eqy, Sin(@p,t) @)
T

has been used, where is related to the FWHM duration of the driving pulse T through cos(T/27) =2¥*.

We simulate harmonic generation in He atoms, with NIR pulses of peak intensity of 2x10" Wi/cm?
(388 MV/cm) and wavelengths 800 nm and 1560 nm. The THz field strength is varied from 0 to 40 MV/cm (the
highest field strength currently available).

The generated spectra is calculated for each half-cycle, and coherently summed.

3. Influence of the presence of THz field on the high-harmonic spectrum

As a result of the presence of the THz field, the half-cycle periodicity of the HHG process is broken, leading to the
appearance of both odd and even harmonics (see Fig.1a). Furthermore, the addition of a quasi-DC field to the
sinusoidal laser field increases the electric field magnitude in one half-cycle, and reduces it in the next half-cycle,
thus leading to the generation of radiation with a spectrum split to two plateaus. The two cutoffs are set by the



radiation produced in the consecutive half-cycles. The higher cutoff increases, whereas the lower cutoff decreases
with increasing THz field strength (Fig.1b). We also observe, that the relative increase in harmonic order is larger
for the longer NIR wavelength.
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Fig.1. (a) Spectrum of high harmonic radiation produced without (green) and with (black) the THz field for 800 nm laser pulse.
(b) Positions of the two cutoffs (higher cutoff: blue symbols, lower cutoffs: red symbols) for two fundamental wavelengths (open
symbols: A=800 nm, filled symbols: A=1560 nm), as a function of the THz field strength.

4. Temporal characterization of the attosecond pulses.
The broad spectrum of the produced radiation would support the synthesis of attosecond pulses in the absence of a
strong chirp. We find, however, in contrast to [4] that the attosecond pulses produced in this scheme are chirped.
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Fig.2. (a) Spectrum of high harmonic radiation produced in two consecutive half-cycles (red and blue curves). (b) and (c)
Corresponding attosecond pulses, and their carrier frequencies. The slope of the carrier frequency curve corresponds to the chirp.

The method presented here allows for the production of a broader spectral range of harmonics, leading to the
synthesis of even shorter attosecond pulses with suitable chirp compensation techniques.
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