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Th e h igh har m oni cs pro d uced by focusing an in tense femtosecond laser
in a gas are theoreticall y shown to be locked in phase. T he physics of this
locking is discussed and a new metho d based on quantum interf erence in

tw o-photon , tw o-color ioni zatio n allow ing to retrie ve the relative phase of
harmonic pairs is describ ed. T he main result is that the 5 harmonics of
orders 11{1 9 pro duced in argon generate a train of subfemtosecond pulses

w ith a perio d of 1.35 fs and a duration of 250 attoseconds.
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1. I n t rod uct io n

The race to shorter l ight pul ses has started im medi atel y after the advent
of the laser in 1960. W i th the inv enti on of the Q -swi tchi ng by Bob Hel lwarth, in
1964, pul sesdropped from 100 m icroseconds to 100 nanoseconds. The intro ducti on
of the mode-locking by D eMari a, shrank the pul se lengths another Ùve orders of
m agni tude to 1 ps. Thi s trem endous reducti on of factor 1 0 8 occurred in just a few
years. The pace then considerabl y slowed down and it to ok about 10 years to Shank
and Ipp en to cross the picosecond l ine thro ugh intra -cavi ty com pensati on of the
group- veloci ty dispersion in a cw mode-locked osci llato r. The next steps were even
m ore painsta ki ngly slow. The inventio n of the chi rped pul se am pl iÙcati on metho d
by G. Mo urou launched the era of ul tra -short ul tra -intense all -solid-sta te lasers but
di d l ittl e to the pul se shorteni ng i tsel f. The discovery of the Kerr lens m ode-locki ng
(kno wn for a whi leas the magic mode-locking , unti l the m echanism wa s elucidated)
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in a Ti :sapphi re oscillato r by Sibb et in 1991 tri ggered a new descent al tho ugh a
very slow one: in spi te of the intro ducti on of the chi rp ed m irrors and techni ques
to pro duce large bandwi dths thro ugh self-phase m odul atio n the shortest pul se for
a Ti :sapphi re laser as yet is sti l l about 5 fs and the rate of decrease, on the scale
of Fi g. 1, is close to zero. There are several alterna ti ves to the Ti :sapphi re laser i t-
self tho ugh, carryi ng the prom ise to break the femto second barri er: hi gh-harm onic

Fig. 1. Steps of the laser short pulses history . T he 1 fs line seems hard to cross. Refer-

ences to the original articles may be found in the excellen t review [1].

generated (HHG ) by an ul tra short (7 f s) 800 nm pul se was al ready shown to be a
good candi date f or crossing the l ine [2]. The bandwi dth stretchi ng thro ugh refrac-
ti ve index m odul atio n in a molecular gas induced by dri vi ng a Ram an tra nsi ti on
slightl y o˜- resonance [3] is surel y m ost prom ising to o and o˜ers a numb er of very
attra cti ve features: high conversi on e£ ciency, wi de bandwi dth, di rect contro l of
the phasesof the successive Stokes com ponents thus al lowing the pro ducti on and
shaping of subfemto second pul ses. The present work is deal ing wi th sti l l another
possible route to such pul ses whi ch uti l izes the bandwi dth of the hi gh harm on-
ics spectrum and the (surpri sing) theo reti cal ly-predi cted property of a constant
phase relati onshi p between the spectra l com ponents of the pl ateau. The tempora l
beati ng of equal ly spaced quasi-monochro mati c wa ves wo uld then generate a pe-
ri odi c tra in of pul ses, each of whi ch wi th a dura ti on of a few opti cal cycl es onl y.
Ho wever, a nonl inear, instead of l inear, spectra l phase density (not to m enti on a
random one) would be su£ cient to result only in a very weak m odul atio n of the
Ùeld am pl i tude.

Al tho ugh hi gh harm oni cs have been studi ed f or more tha n Ùfteen years and
are com m only uti l ized as com pact source of XUV radiati on [4], the questi on of thei r
relati ve phases has been addressed onl y in theo ry [5] because of the exp erimenta l
di £ cul ty in m easuri ng the beati ng in the ti m e-domain. There is no kno wn metho d
to resolve such sharp tem poral substructure s, if they exi st, except auto correl ati on.
Unf ortuna tel y auto correl ati on requi res a nonl inear signal whi ch harm onics have,
as yet, pro ved unabl e to pro vi de except for low orders [6]. A special pro perty
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of two- photo n, m ul ti color ionizati on kno wn for som eti m e (VÇeniard et a l. [7]) is
abl e neverthel essto pro vi de the desired inf orm ati on in the frequency domain. In
a recent wo rk [8] we have im plem ented thi s metho d and indeed observed a l inear
spectra l phase density in a group of Ùveharm onics generated in argon, as predi cted
in [5] wi th the exci ti ng consequence tha t pul ses as short as 250 as are pro duced
by such a superpositi on.

In the present paper we shal l Ùrst revi ew the theo reti cal reasons why harm on-
ics phases m ay be \ locked" , then summ ari ze the VÇeniard et al . m etho d and how
we have appl ied i t to the harm oni c phase determ inati on. W e shal l bri eÛy discuss
the resul ts, thei r extra polati on to even shorter pul sesand Ùnal ly the possibi l i ty to
select a single subfemto second harm oni c pul se.

2. W hy ar e hi gh h ar m on ics i n ph ase?

The generati on of high order harm onics is very di ˜erent from the fam i liar
situa ti on of nonl inear opti cs: in thi s latter casethe electron remains strongly bound
and emission is tha t of a slightly anharm onic oscil lato r. In HHG , on the contra ry,
an electron wa ve packet appears in the conti nuum at som e distance of the nucl eus
in a fracti on of the pum p laser opti cal cycl e. The f ate of thi s wa ve packet depends
on the phase of the pum p Ùeld at whi ch i t has been freed: l iberated before a
m axi mum of the Ùeld, i t wi l l never return (i onizati on). W ave packets born in the
conti nuum after the m axi mum of the Ùeld wi l l , on the contra ry , be dri ven back
m ore or lessrapi dly by the Ùeld to the nucl eus and recombi ne to the ground state
or rescatter from i t (Fi g. 2). Thi s is the essenceof a very popul ar classical m odel
of HHG [9] and i ts quantum extensi on Ùrst worked out by Lewenstei n et al . [10].

Fig. 2. Classical electron tra j ectories in the lab frame (lef t ) in the K ramers{ H enne-

b erger oscilla tin g frame (right). T raj ectories returning to the nucleus are show n in dashed

lines (lef t) or below the thick line (right).

The classical electron tra jectori es in the electrom agneti c Ùeld are the basis of
the physi cs of HHG . Such tra jectori es can be vi sual ized in the lab fram e or, m ore
cl earl y in the fram e oscil lati ng at the opti cal frequency in whi ch the electron is
ei ther at rest or tra vel s in a stra ight lines wi th an ini ti al vel ocity such tha t the l ine
is ta ngent to the sine curve whi ch, in thi s frame, shows the tra jectory of the nucl eus.
Thi s representa ti on in thi s so-called Kra m ers{ Henneb erger (or KH) fram ewas Ùrst
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intro duced by Mul ler [11]. One of the disti nguishing features of the Co rkum m odel
is tha t i t predi cts imm ediately the value of the highest harm oni c order (cuto ˜ )
whi ch can be produced at a given pum p intensi ty from energy conservati on as the
sum of the m aximum ki neti c energy the electron can ha ve at the m om ent of the
recol l ision wi th the nucl eus (3.17U p, where U p i s the pondero moti ve energy) and
the ato m ionizati on potenti al I p . Besides, the m odel has the interesti ng and not
tri vi al consequence tha t the ato mic di pole is com plex and has a phase given by
the quasi-classical acti on between the instant the electron leaves the nucl eus and
tha t of i ts return and recombi nati on [10, 12].

For each harm onic (correspondi ng to a given ki neti c energy of the re-col l iding
electron) there are two tra jectori es (sho wn in the KH frame in Fi g. 3).

Fig. 3. Long and short traj ectories (straight lines) w ith the same kinetic energy upon

return to the nucleus (sine curve).

Anto ine et al . [5] have calculated tho se phasesfor consecuti ve harm onics and
judg ed tha t a plot of the phase di ˜erences versus the harm onic order looked pretty
m uch random . Pro ceeding to the calcul ati on of the superpositi on of harm onicswi th
such phases(and am pl itudes derived from the same m odel [10]) they di scover tha t
\ . . . surpri singly, the tra in of pul ses is not as i rregular as one could have expected
on the basis of the phase vari ati on" . We would l ike to rem ark tha t the calcul ated
phase di ˜erences m ay not be as i rregular as it appears at Ùrst g lance and conÙrm
tha t the underl yi ng regul ari ty is indeed a consequence of the classical m oti on of
the electron.

The rem ark is sustained by the graph of Fi g. 4 whi ch reveals a regulari ty i f
one consi ders two groups: for each group the phase di ˜erence is appro xi matel y a
l inear f uncti on of the order. If a is the slope of such a functi on, the m odul us square
of the sum of N harm oni cs is the functi on csc2 ( ! t + a ) sin 2 N ( ! t + a ) whi ch has
two tem poral peaks per funda menta l cycl e 2 ¤ = ! . The other group wi th a slope
b wi ll also pro duce two peaks per opti cal cycl e phase-shifted wi th respect to the
Ùrst ones by (b À a ). Theref ore, a phase distri buti on as the one in Fi g. 3 wi l l in
general pro duce 4 narro w peaks per opti cal cycl e as indeed found in [5]. One can
veri fy tha t the phasesderived from the purel y classical tra jectori es are distri buted
along a curve sim i lar to the one calcul ated from the Lewenstei n m odel in showi ng
the quanti ty À U p § as a functi on of the ki neti c return energy (Fi g. 5).
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Fig. 4. Phases di˜erence vs. harmonic order. T he dots are the values taken from [5].

T he dotted lines indicate the grouping of harmonics.

Fig. 5. Classical action À U p § versus kinetic energy at return.

The classical calculati on tho ugh pro vi des two phases for each ki neti c en-
ergy, correspondi ng to a sing le harm oni c order, whi le in the quantum calcul ati on
onl y one phase per harm onic order survi ves quantum interf erence. The upp er and
lower bra nches of the curve in Fi g. 4 correspond to the long and short electron
tra jectory, respect ively. However, i f stati sti cal ly both bra nches are present in the
quantum calculati on (Fi g. 3) four narro w peaks per opti cal cycl e wi l l appear in
the ti m e dom ain as indeed found by Anto ine et al . Note tha t on ei ther bra nch,
near the inÛexion point, the phase is a quasi l inear functi on of the ki neti c energy,
i .e. of the harm onic order, and hence the correspondi ng spectra l components are
phase-locked.

No w, accordi ng to Anto ine et al . num erical simul atio ns [5], summ ati on of
the Ùelds radiated by al l the dipoles conta ined in the intera cti on vo lume, incl uding
phase-m atchi ng e˜ects, selects one or the other of the two bra nches depending on
the jet positi on wi th respect to the laser focus. The precise cause of thi s amazing
e˜ect is di£ cul t to tra ce back as i t results from the ro le of not onl y the ato m ic
phase, but also of the geom etri c phase in a Gaussian beam (so-cal led Gouy pha se)
and the plasma and ato m ic dispersion term s, al l of whi ch except the last are
intensi ty- dependent (and theref ore space and ti m edependent). As a consequence of



318 P. Agost ini et al .

thi s exci ti ng predi cti on, since apparentl y one branch of the curve is el iminated and
onl y two narro w tem pora l peak per opti cal cycl e survi ve, the maxi mum contra st
is achi eved f or the resulti ng subfemto second pul se tra in.

In summ ary, harm oni csare in phase because the classical acti on along either
the long or the short tra jectories is a quasi- l inear functi on of intensi ty (thi s is
pri mari ly a consequence of the non-perturba ti ve aspect of high order harm oni c
generati on) and because of the interpl ay of the resulti ng intensi ty dependent- phase
wi th the other intensi ty- dependent phases in the macroscopic emission volum e.

3. D et er m i nat io n of t h e har m oni c r el at iv e p hases

Since the ti m e dom ain is not accessibl e to measurement wi th enough res-
oluti on, one al terna ti ve is to seek the inf orm atio n in the Fouri er space, i .e. the
frequency or energy dom ain. VÇeniard et al . [7] have proposed tha t thi s phase could
be retri eved from a m easurement of a three- color, two -photo n ioni zati on pro cess.
In such a tra nsiti on, the tra nsiti on ampl i tude is proporti onal to the product of two
of the three Ùelds and is a functi on of thei r pha ses. The pri nci ple of the metho d
can be sketched as fol lows: Co nsider the sup erpositi on of two Ùelds of the same
am pl i tude E 0 at consecuti ve harm onic frequenci es q ! and ( q + 2 ) ! ( q is an odd
integ er): E 0 exp [ i( q ! t + ' q ) ] and E 0 exp ( i [ ( q + 2 ) ! t + ' q+2 ] ) and a fundam ental
Ùeld E 1 exp [ i ( ! t + ' )] . Because the tra nsi ti on to the Ùnal state of energy (q + 1 ) !

(a to m ic uni ts) can occur thro ugh ei ther the absorpti on of one photo n of the har-
m onic q f ol lowed by ab s or pt io n of one funda menta l photo n or one photo n of the
harm oni c q + 2 and emission of one funda m ental photo n, the tra nsi ti on am pl i tude
is the sum of tw o term s

A 0 E 0 exp [ i( q ! t + ' q )] E 1 exp [ i ( ! t + ' )]

+ B 0 E 0 exp( i [ ( q + 2 ) ! t + ' q +2 ] ) E 1 exp [ À i( ! t + ' )] ; (1)

hence the pro babi l i ty is

A 2 + B 2 + 2 AB cos(2 ' + ' q À ' q+2 + ˚ q À ˚ q +2 ) ; (2)

where the two tra nsiti on m atri x elements A 0 and B 0 have beenwri tten as A exp ( i ˚ q )

and B exp ( i ˚ q +2 ) , respect ively wi th A and B real . The matri x elements are com -
pl ex because of the diverg ence whi ch app ears in the summ ati on over interm ediate
states in the second- order perturba ti on, two- photo n tra nsiti on as the harm oni c
photo ns are larger tha n the ioni zati on potenti a l.

Equa ti on (2) is the key resul t of [7] and suggests ri ght away the exp erimenta l
m etho d: i f ' i s ta ken as the phase of the f undam enta l rel ati ve to tha t of the
harm oni c Ùeld of (say) order q (the absolute phase ori gin is arbi tra ry) i t can be
wri tten as ! § where § i s a delay intro duced between the two Ùelds, then Eq. (2)
predi cts tha t the two -photo n peak in the pho to electron energy spectra, wi l l be
m odul ated by the cosine functi on of period ¤ = ! (i .e. ha l f the funda menta l opti cal
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cycl e) wi th a pha sewhi ch is a sum of the phase di ˜erence between the two harm oni c
Ùelds and an ato m ic phase arising from the two -photon m atri x element.

4 . Pr act i cal im pl em entat io n

The setup has been described in deta i ls elsewhere [8, 13]. Bri eÛy, the laser
beam (6 m J, 40 fs, 1 KHz Ti :sapphi re from the LOA, Palaiseau) laser is spli t into
two col l inear parts by an annul ar mask: one outer annul ar intense beam used to
generate harm oni cs and an inner, weak Ûat to p beam used as the IR beam of the
theo ry above. The two pul ses m ay be delayed wi th respect to each other by two
glass pl ates of the same thi ckness (Fi g. 6).

Fig. 6. C o-axial interf erometer. T he mask M splits the beam into two co-axial beams.

Glass plates L 1 and L 2 control the relative timing of the tw o pulses w hile the sphere

S controls the energy of the central b eam. T he central b eam tra vels through the hole

H inside L 1 . Lens L focuses the annular beam into the harmonic jet J but very w eakly

the central one. Distances betw een and and and are not to scale.

Both beam s are then focussed by the lens into a gas jet where harm oni cs
are generated al tho ugh onl y the externa l annul ar beam actua lly contri butes to
the generati on since the centra l beam intensi ty in the jet is much to o low. The
harm oni c beam and thi s weak beam, af ter elim inatio n of the annul ar beam by a
pi nhole , are f ocused into a second gas jet located inside an electron ti m e-of-Ûight
spectrom eter where the two- photon ionizati on ta kes place. The electro n spectra
di splay photo electro n peaks due to harm onics alone and peaks due to two -photo n
tra nsiti ons. The Ùrst ones are separated by (si nce only odd harm oni cs are
present) and the others (sidebands) are located at m id-distance between them .
The same setup m ay be used f or cross-correl ati on m easurements by m oni to ri ng
the sidebands am pl itudes versus tempora l delay (f or delays of the order of the
pul ses), for using the ponderom oti ve streaki ng of the ioni zati on potenti al [13] and
for the present m etho d whi ch di ˜ers from the cro ss-correl ati on only in the delay,
now of the order of the opti cal cycl e.

A typi cal result is shown in Fi g. 6. The sideband am pl i tude is indeed (ra ther
stro ngly) m odul ated as predi cted by Eq. (2) wi th a period f ound equal to 1.3 fs,
i .e. hal f the funda m ental period of 2.67 fs. The data can be convi nci ngly Ùtted by a
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cosine functi on who se phase knowl edge is the Ùrst step to wards the determ inati on
of the sought ' q À ' q À 2 di ˜erence. Sim i lar results are obta ined for the three other
sidebands tha t could be m onito red between harm oni c 11 and 19. The apparent
phases are very cl ose to each other for the Ùrst 3 and somewhat di ˜erent for the
last one who seaccuracy tho ugh su˜ers from a weaker signal and a poorer stati sti cs.
It is interesti ng to note tha t no m odul ati on at the funda menta l period app ears to
a˜ect the signal . Thi s is a rather pleasant surpri se since such a m odul ati on could
be expected for di ˜erent reasons: (a) the two funda m enta l Ùelds coul d interf ere in
the harm oni c jet and, in spi te of the large di ˜erence in thei r pul se energies, create
a modul ati on of the harm onic intensi ty wi th the funda menta l period; (b) some
funda m ental l ight from the outer annul ar beam is scattered from the harm oni c jet
and passesthe pinhole P . Thi s l ight coul d interf ere wi th the centra l beam inside
the second jet, modulates the IR intensi ty and hence the two -photo n sideband
peak. Actua l ly the sideband signal of Fi g. 7 is norm al ized to the to ta l count to
smooth out long term vari ati ons of the exp eriment param eters (a typi cal scan
ta kes about two hours at 60000 laser shots per delay) and theref ore m odul atio ns
at the funda menta l period m ight be el im inated in thi s pro cess.

Fig. 7. T ypical data show ing the sideband (indica ted by the arrow on the spectrum on

the right) amplitud e versus delay . T he solid line is a cosine Ùt.

It is worth stressing tha t the m etho d measures the phases of the harm oni c
Ùelds at the second gas jet. Any phase shi ft intro duced by the ref ocusing m irro r
adds to tha t of Eq. (2) and m ust be subtra cted from the m easured global pha se.
Thi s phase can be calcul ated from the value of the refracti ve index and/ or kno wn
opti cal constants of the reÛecting m ateri al . A glass spheri cal mi rro r covered wi th
a sing le layer of tung sten has been used. Fi gure 8 shows the reÛectivi ty and phase
shi ft at norm al inci dence on a m onolayer of tung sten for the range of photo n
energies corresp ondi ng to harm onics 11 to 19 (17.75 to 29.45 eV). The phase shift
vari es by about 1 rad over the who le range.

Ano ther phase m ust be determ ined before the phase di ˜erence between con-
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Fig. 8. Real (solid) and imagina ry (dot- dash) parts of W ref ractive index vs. photon

energy in eV . Phase shift (rad) is show n by a dashed line. T he solid segments indicate

the energy of harmonics of the order 11{19.

Fig. 9. H armonic 11{19 phases after correction from the atomic phase and the

W -mirror phase.

secuti ve harm oni cs can be retri eved from the m easurement, nam ely the ato m ic
phase ˚ of Eq. (2). Thi s atom ic phase, kno wn only from the calcul ati on [9], was
calculated wi thi n the framework of second-order perturba ti on theo ry and then sub-
tra cted from the exp erimenta l phase wi th the rem ark able result shown in Fi g. 9,
neglecting the mirro r phase shi ft.

Kno wi ng the spectra l phase density and the ampl i tudes of the harm oni cs
from the associated photo electron peaks and the docum ented photo ionizati on
cro ss-secti ons, the correspondi ng ti me pro Ùle may be reconstructed [9]. The resul t
is a periodic sequence of eight to ten 250 as pul ses (assuming the 10 fs envelope
previ ously determ ined [14]). In thi s measurement the hi ghest harm oni c order tha t
could be moni tored was 19 due to the rapid lossof reÛectivi ty of tung sten at quasi
norm al incidence. It is anti ci pated tha t usi ng a grazing inci dence m irror wi l l in-
crease the useful range of the metho d. Ano ther l imi t tho ugh is the photo ionizati on
cro ss-secti on whi ch decreases to o wi th the photo n energy. Ho wever, longer acqui -
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Fig. 10. Simulated pulse trains from harmonics 11{19 of equal amplitud es and a linear

spectral phase density (lef t) and 10% quadratic term added (right).

siti ons should not be a problem at the repeti ti on rate of 1 kHz avail able wi th thi s
laser. It may be also anti cipated tha t a larger numb er of harm oni cs would then
expl ore som e nonl ineari ty of the curve in Fi g. 4. Al tho ugh the metho d described
in thi s work is appl icable to the extrem e UV i t is dubi ous tha t pul sesshorter tha n
100{ 150 as wi l l be easily seen wi th the present setup. No te tha t a smal l amount
of quadra ti c distorti on of the linear spectra l phase density rapi dly bro adens the
pul ses as showed by the sim ulati on in Fi g. 10 in whi ch a 10% quadrati c term has
been added to the l inear one.

5. Sin gl e at t oseco n d pu lse

Besides the periodic tra in of subfemto second pul sesemi tted by a sequence of
pl ateau harm onics of consecuti ve orders because of the special phase relati onship
between them , i t is natura l ly desirable to pro duce a sing le subfemto second pul se.
In the case of m ode- locked lasers, a simi lar problem was solved by extra cti ng one
pul se from the tra in wi th a Pockels cell . The equivalent devi ce woul d have to
open and cl ose in less tha n 2 fs whi ch is m uch shorter tha n avai lable. Rather
tha n extra cti ng one pul se from along tra in another stra teg y is to try to pro duce
harm oni cs wi th a very short pul se envelope. Thi s can be in pri nci ple achi eved
ei ther by using a very short pum p pul se [14] or by l im iti ng the harm onic emission
to a smal l fracti on of a longer one.

The shortest 800 nm pul se achi eved as yet is about 5 fs. Consideri ng the
nonl ineari ty of harm onic generati on, i t can be hoped tha t the harm onic pul ses
pro duced wi th such a pum p wi l l be appro achi ng the fs l imit. Thi s is indeed wha t
wa s observed [2] usi ng the techni que of the ponderom oti ve streaki ng of the ioniza-
ti on potenti al [13] as a probe: usi ng a 7 fs pum p pul se harm onics in the 58{ 71 eV
range produced in neon were found to have a dura ti on of 1.8 fs, shorter tha n the
funda m ental opti cal cycl e. Thi s appro ach is l imited by the shortest pum p pul se
tha t can be e£ ci entl y generated and, assuming a 5 fs i t is not impossible to envi sion
1 fs or shorter harm oni c pul sestha t way.

Ano ther proposal is to chi rp the polari zati on form linear to circul ar and
again ci rcul ar along the pum p pul se evoluti on. Thi s idea is suggested by the ex-
trem e sensiti vi ty of harm onic generati on e£ ci ency to a smal l ell ipsity in the pum p
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Fig. 11. Electron traj ectory (thick line) in the x y plane in a Ùeld circularl y p olarize d

in the same plane.

Fig. 12. Polarization chirp pro duced by superp osing two Gaussian pulses linearl y p o-

larized along two orthogonal directions and w ith a temp oral delay equal to half their

duration. T he p olarizati on is linear only for a fraction of the pulse around its maximum.

l ight (recal l ing the classical m odel thi s stem s from the fact tha t the electron ac-
qui res a tra nsverse dri ft velocity in a circul arl y polarized Ùeld (Fi g. 11) and never
recombi nes wi th i ts ion). The polari zati on chi rp can in pri nci ple be achi eved by su-
perposing tw o l inearl y polari zed Ùelds of slightl y di ˜erent frequenci es [15]. Recentl y
a wa y to achieve the sam e result has been proposed [16] using j ust one frequency:
superposing two Ùelds circul arl y polari zed wi th opposite di recti ons wi th a tem -
pora l delay of the order of the pul ses dura ti on produce the desired polarizati on
vari ati on (Fi g. 12). The rate of the chi rp and the intensi ty duri ng the ti m e the
resul ti ng pul se is l inearly polari zed depend on the delay and the pul se pro Ùles.

6. Co n cl u si on

It so turns out tha t the perhaps naive ideas put forwa rd at the beginni ng of
the ni neti es [17] and later on conÙrmed by a more elaborate theo ry [5] are true
and tha t a linear phase relati onship holds between consecuti ve orders. Thi s predi c-
ti on was veri Ùed in an exp eriment expl oi ti ng the interf erence between two -photo n
ioni zati on am pl itudes whi ch al lowed us to reconstruct the atto second beati ng be-
tween a group of platea u harm oni cs generated in argon. The femto second barri er
is crossed for the Ùrst ti m e by such a source del iveri ng, in the case inv estigated,
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a tra in of 250 as pul sesseparated by 1.3 fs (ha l f the f undam enta l period). It may
be expected tha t pul sestwi ce as short coul d be easily obta ined by usi ng a grazing
inci dence meta ll ic m irro r whi le 25 as pul ses (requi ring the beati ng of 40 consecu-
ti ve harm onic orders) are not extra vagant. Besides, the perspectives for reduci ng
the tra in to a sing le pulse thro ugh polarizati on chi rpi ng are reasonabl y good and
wi l l be tested shortl y by several groups.
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