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We investigate a simple scheme for autocorrelation measurement of an xuv pulse. It is based on double
ionization of He. We have found that, in a certain photon energy range, the detectawubly charged
positive ionsinstead of energy-resolved photoelectrons is sufficient for autocorrelation, which greatly simpli-
fies the detection system for practical use.
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In recent years, efforts have been and are still being madperformed: The pulse duration was indirectly estimated from
to develop ultrashort-pulse lasers in the vacuum ultraviolethe bunching of electrons. The difference between the FEL-
(vuv) ~ extreme ultraviolet(xuv) region. So far there are xuv pulse and the HHG-xuv pulse is that the former is not
two distinct approaches toward that direction. accompanied by a synchronized near-infrared pulse, which

The first one is the high harmonic generatietHG) from  makes a cross correlation very difficult. The intensity of the
a femtosecond Ti:sapphire laser, where the generated xXU¥EL-xuv pulse, however, is sufficient to induce nonlinear
pulse is necessarily accompanied by a near-infrared fundgghenomena. Obviously a direct pulse width measurement is
mental pulse with sufficient intensity. So far the autocorrela-desired for a femtosecond FEL-xuv pulse.
tion measurement was successful only up to the 9th har- So far no theoretical analysis has been reported for auto-
monic[1] due to the insufficient intensity to induce nonlinear correlation of an xuv pulse. This is because there has been no
phenomena. In order to circumvent this problem, varioudight source available, until now, with sufficient intensity for
schemes, which are essentially variants of cross correlatioautocorrelation in the xuv regime. As described above, how-
[2—-11], have been invented to measure the pulse duration adver, the time is about to come for the intense FEL-xuv
an HHG-xuv pulse. Briefly, due to the presence of an intens@ulse. We note further that a significant improvement in in-
fundamental pulse, the intensity and shift of the sidebands itensity for the HHG-xuv pulse has been recently reported
the photoelectron signal produced by the HHG-xuv pulsg17]: Using a loose-focus geometry, they have obtained a few
depend on the time delay between the HHG-xuv and fundauJ energy foreach11-15th HHG pulse, and 0,3J energy
mental pulses. Since the delay is variable by using an opticgbr the 27th HHG generated from a 35 fs Ti:sapphire laser.
delay line or a dispersive element, the sideband signal can t®y focusing into the 5um spot size and assuming that the
utilized for cross correlation. It should be noted that anpulse duration of the 27th HHG is about 35 fs, the intensity
HHG-xuv pulse can have a subfemtosecond pulse duration gan be>4x 10" W/cm?, which is much more than suffi-
the high harmonics are superposed phase-coherent, as degient to induce two-photon processes. It is these consider-
onstrated in Refs[4-6,12,13. A usual cross-correlation ations that lead us to the quantitative investigation of an
scheme does not work for such a short pulse, since the timgutocorrelation scheme for the ultrashort xuv pulse, which
resolution is limited by the fundamental pulse whose duracould serve as a benchmark for future measurements.
tion extends from a few femtosecon@5] to tens of fem- In this paper, we analyze an autocorrelation scheme for an
tosecondd7,6]. In order to obtain highetsubfemtosecond xuv pulse, using He gas as a nonlinear medium, through the
temporal resolution, one must employ a phase-dependeretection of doubly charged Bie ions. In particular, as de-
cross correlation. Note that all of these techniques are pogicted in Fig. 1, we focus on the photon energy range of
sible because of the simultaneous presence of the fundamemg—54.4 eV, where two and three photons are required for
tal and xuv pulses. direct and sequential double ionization, respectivilg].

The second one is a free-electron la@€EL), which is,  Since direct double ionization is a lower-order process, it
for example, represented by the TESLA Test Facilifif F) might dominate for a certain range of intensities and pulse
at the Deutsches Elektronen-SynchrotrdDESY). They  durations, as we will show in this paper. This means that the
have successfully generated intense vuv pulses in the wavewo-photon double ionization signal can be used for the au-
length of 95-105 nm with an energy of 30—1Q0/pulse tocorrelation measurement. One may ask why we do not
and an estimated pulse duration of 30—100 fs. The outcomieok at the two-photon above-threshold ionizati@Tl). Of
ing beam diameter is reported to be 2&f, resulting in an  course, that can be used for autocorrelation as well. The ad-
intensity of >6x 10'2 W/cn? [14—16 without focus. If the  vantage of using the double ionization instead of ATl is that
upgrading of the FEL goes well, an intense FEL-xuv pulsein the former it is doubly charged ions that are used for
will be available in the next few years. A detailed character-autocorrelation, while in the latter it is energy-resolved pho-
ization of the FEL-xuv pulse, however, has not yet beentoelectrons. Needless to say, the charge-selected detection of

positive ions is technically much easier than the energy-
resolved detection gfhotoelectronsBefore moving onto the
*Email address: t-nakajima@iae.kyoto-u.ac.jp description of the scheme, we note that our analysis is based
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on the rate equations together with a detailed atomic strucdenote the double-ionization yields via the direct and se-
ture calculation armed with a multichanri@ispline method, quential processes, respectively. (photons/cris) repre-
which can fully take into account the configuration interac-sents a photon flux, and it is connected to the intenkity
tion among bound, single-continuum, and double-continuunfW/cn?) through I¢=1/%w®, where iw (J) is a photon
stateq19,20. energy.

The scheme we investigate is depicted in Fig. 1. Helium For a square pulse with a duratien it is trivial to solve
atoms in the ground state interact with an xuv pulse. States these equations analytically, and under the weak excitation
s, 2s, 2p, andd, respectively, describe the ground-state Hein thatR,~1 at all time, we obtaiRy ~ {3127 for direct
;s S singly |on|ze+d states Hels, 2s, and 2, and doubly two-photon double ionization andRy ”—‘0-5(Ugls0(1i)d
ionized state H&". In the photon energy range we have ) @) 3 2 T

+ 0 g2502sdt Ogzp02pd) [F7° fOr sequential double ioniza-

chosen, direct double ionization requires two phot@eth : :

A). Physically direct double ionization means that the two!o"™ where the first and the rest of the terms represent se-
electrons are simultaneously ejected with kinetic energieguem.IaI (*+2)- and (2+1)-photon double ionization, re-
such that their sum is equal to the excess energy above trpectively. -~

double-ionization threshold. Sequential double ionization re- O the present study, we specifically assume the photon

quires at least three photortgath B+ path C and pathD energy of 45 eV. Using a multichan_nBlspIine code o!evel-
+pathE, etc). It should be noted that the ionic states otherol?,gd In recer1t532/ea|[§9,2q, E'g)e obtain th7e52cr0345 sect|0(2)s as
thann=1 andn=2 have been neglected in our model, the “gd :8'1>f5110 40”‘43'(2) Tg1s~ 1'0i<5%0 ,SMS Ogzs
justification for which will be given later in this paper. =2.3x10 > en's,  ogpp=3.8X10 " cnt's,  0gy5=2.4

If we are to look into the photoelectron energy spectrum> 10 ° cn, o{2y=1.0x10 Zcnt's, 0254 2.4
with or without resonance, a set of amplitude equations o 10~ *° cn?, andopq=9.0X 10 cn. In our scheme the
density-matrix equations has to be used for the analysigccuracy of the double-ionization cross sectioff) is of
[18,20. However, if the photon energy is chosen such thaparticular importance. It should be noted that the difference
there is no resonance involved, and the population of eachetween our cross section, obtained from a multichannel
charge stateRy (neutra), Ris+Rys+ Ry, (singly ionized, B-spline method, and the one obtained by using a product of
andRy (doubly ionized, is of interest, a set of rate equations Coulomb wave functions for the double continuum together
is sufficient to describe the system: with a truncated summation for intermediate states for

1snp(n<10) [18], is only one order of magnitude, which is

- @ z @ |2 rather small, considering the crude approximations employed
Ry=— "gd+k=13252p ook |1Etoqusle Ry, (1) in Ref. [18]. Our number compares quite well with those
reported in Refs[21,22 within only 30% difference. There-
. . (2) s
—(o@ 24 (2,2 fore, we consider that our ¢ must be within a factor of 2
Ris= (0415l £+ 0g1sl £) Ry~ 0l £ Ry @ accuracy from the real value.
. ()2 If we assume an intensity df=2x10 W/cn? and a
Ri=0gclERg— owdl eR  (k=25,2p), (8)  square pulse 0f=50 fs duration, we obtain, from the ana-
) - lytical solutions given above, th&y =3.1x 10 ¢ and R,
Rg, = o5d1ZRy, (4 =2.4x1078, revealing that the direct double-ionization
yield is more than two orders of magnitude larger than the
Rdzzg(li)d@Rler 0 2sd FR2s+ Tapdl FR2p (5  sequential double-ionization yield18], i.e., Ry +Ry,
=Ry, This is the reason why the total double-ionization
whereai(jz)’s andoy;’s are, respectively, the two- and single- signal H&* can be used for autocorrelation. It is worth not-

photon ionization cross sections from statej. Ry andRy,  ing that the (2+1)-photon double-ionization yield is about
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FIG. 3. Autocorrelation width(FWHM) determined from the
numerical solution of Eq€1)—(5) as a function of intensity for four

FIG. 2. Variation of the yield of doubly charged ions He  different pulse duration, 100 fs, 50 fs, 30 fs, and 10 fs with a
produced by the direct and the sequential processes, as a function @aussian profile. FWHM determined from the direct double-
time delay between two identical pulses. Pulse duration is 50 fdonization yield(thin solid ling, sequential double-ionization yield
(FWHM) with a Gaussian profile(a) 1=102W/cn?, (b) | (thin dashed ling and the total double-ionization yieldolid line).
=10 W/cn?, and(c) | =10" W/cn?. In each graph, total yield
of the direct and the sequential procesteid line) and the yield  \yidth on the double-ionization cross sectio(ﬁ) whose ac-
by the direct process onlithin solid ling are plotted. curacy may not be as good as other parameters, we have set

. _ oéﬂ) to be zero as an extreme test, and repeated the calcula-
40 times larger than that of the {12)-photon double ion- tjon, finding a negligible differencénot shown. This means
ization. Regarding patD, we have found that the contribu- that, although sequential ¢12)- and (2+ 1)-photon double
tion of the branching into the ionic states with high®er jonization hashird-order nonlinearity for asingle pulseits
(=3) is about 13% with respect to the total two-photonngnjinearity is very close to thsecond orderfor time-
single-ionization rates. Knowing this and the single-photonge|ayed pulse pairSimilar calculations have been performed
ionization rate from those ionic states, we estimate that thgy, 5 secR pulse. Again we have found resultsot shown
contribution of the ionic states neglected in p&Xof Fig. 1 herg very similar to those presented in Fig. 3. These results
to sequential double ionization is less than 5%. Thereforeg e quite encouraging in the context of usintptal double-
we can safely neglect those ionic states in dath ionization signal for autocorrelation of an xuv pulse.

Now, to be more realistic, we numerically solve the rate | the present work, we have specifically assumed the
equations for a time-dependent pulse. In Fig. 2, we show @hoton energy of 45 eV. It is meaningful to examine whether
variation of the yield of doubly charged ions, He Ry, for  oyr scheme works at different photon energy for 40 eV
the direct process only arRhlJr R, for the total(direct plus <% w<54.4 eV. Among the various ionization cross sec-
sequentigl process, as a function of pulse delay at three dif-tions used herayézd), o2, Uézz)s, Uézz)p, Tgiss o2y, Tasg,
ferent intensities =102, 103, and 18* W/cn? for each  andoyq, it is only o'{2) that significantly changes its value
pulse. The pulse duration has been chosen to be pfulfs at different photon energies simply because of the level
width at half maximum(FWHM)] with a Gaussian temporal structure of H&. Using a Green-function technique, we have
profile. It is perhaps useful to estimate how many doublycalculated the variation af(lzs)d The result is shown in Fig.
charged ions we can get per pulse. If we assume the intensit, It can be seen that the variation of its value is within one
and the pulse duration to bex2L0*2 W/cn?, 50 fs(Gauss-  order of magnitude as long as the photon energy is not very
ian), the H&™" yield is ~ 10~ ®, which means that the number close to resonance. Recalling that the Fourier width of the 50
of HE?* ions is about 20/pulse under the He gas pressure o pulse is<0.08 eV and is still<l eV for a 10 fs pulse,

5 Torr and 125«m? interaction volume.
Next we examine the variation of the autocorrelation 50

width, determined from the FWHM presented in Fig. 2, as aﬂam ' ' ' ' ‘
function of intensity of each pulse for four different pulse & /

durations, 100 fs, 50 fs, 30 fs, and 10 fs. In order to see theNI"10 ] 3
contribution of sequential double ionization, we plot three "2 _,

curves in Fig. 3 for each pulse duration, corresponding to the 10 i E
autocorrelation widths determined from the direct signal :
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only, sequential signal only, and the total signal. We can see
that the difference is practically negligible for the pulse du-
rations shorter than 50 fs. At the intensity of2

X 10' W/cn? for the 100 fs pulse, sequential double ioniza-
tion takes place during the long pulse duration, and therefore
the FWHM is different compared with that at lower intensi-  FIG. 4. Two-photon ionization cross section for H® HE™ as
ties. To see the sensitivity of the determined autocorrelatiom function of photon energy.
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this is not a serious problem. The variation of all other crosaised as a nonlinear medium for two-photon double ioniza-
sections turned out to be within 30% difference from those ation, one can always make a similar analysis at the expense
45 eV in the entire range of 40 e¥i w<54.4 eV, and does of elaborate experimental setup to prepare ions prior to the
not affect our conclusion. autocorrelation measurement and smaller cross sections,
For a shorter pulse, say5 fs, the Fourier width may be which requires higher intensity for an xuv pulse. For such a
so broad to cause near-resonance, leading to the undesirbiy photon, there may be no other choice but to detect
enhancement of sequential double ionization. For such anergy-resolved photoelectrons coming out of the two-
short pulse, a time-dependent analysis, for example using ghoton ATI.
set of amplitude equations, may be necessary to extract the In summary, we have quantitatively examined a simple
pulse width from the experimentally obtained autocorrelationscheme for autocorrelation of an ultrashort xuv pulse. It is
width. based on double ionization of He. Under the photon-energy
One may wonder if our scheme can be extended for amange of 40 efw<54.4 eV, doubly charged positive
xuv pulse with higher photon energy, 544»<78.9 eV, ions, Hé", can be used for the autocorrelation measure-
where both direct and sequential double-ionization processasent, since direct two-photon double ionization is dominant
require two photons. In such a photon-energy range, sequenver sequential (£ 2)- and (2+1)-photon double ioniza-
tial two-photon double ionization is dominant over direct tion. We have also found that, even if sequentiat-(2)- and
two-photon double ionization, because it is typically such(2+ 1)-photon double ionization is dominant over direct
that O'ézd)< TgniTnig for He [18], wheren,| are the principal double ionization, the total double-ionization signal can be
guantum number and the orbital angular momentum, respeeised for autocorrelation. We would like to emphasize once
tively. One may still argue, however, that sequential two-more that the detection of doubly charged positive ions is
photon double ionization may be used for autocorrelationtechnically much easier than that of energy-resolved photo-
Although both direct/sequential double-ionization signalselectrons, which makes our scheme practical.
have second-order nonlinearity for a single pulse, it is not so
for a time-delayed pulse pair: By solving a set of rate equa- T.N. acknowledges useful discussions with Dr. K. Mi-
tions similar to Eqs(1)—(5), we have found that the sequen- dorikawa. L.N. acknowledges the financial support of the
tial double-ionization signal has no delay dependence, sinckyoto University Foundation for his stay at Kyoto Univer-
the process does not require thsienultaneousabsorption of  sity, where part of this work was carried out. The work by
two photons. Therefore, our autocorrelation scheme does ndtN. was supported by a Grant-in-Aid for Scientific Research
work for 54.4<h ©<78.9 eV. Of course, if ionic species are from the Ministry of Education and Science of Japan.
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