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Methods for the measurement of the duration of high-harmonic pulses
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We present two methods for measuring the duration of ultrashort high-harmonic pulses produced by an
intense laser pulse propagating in an atomic gas. Both methods rely on the nonlinearity of ionization of atomic
gases by optical laser pulses. In the first method, the same medium is used for the dual purpose of generating
and measuring the high harmonics. The second method uses atomic photoionization in an intense low-
frequency laser field to produce the optical analog of a ““streak camera” capable of subfemtosecond resolution.
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PACS numbdis): 42.50.Hz, 32.80.Wr, 42.65.Ky

[. INTRODUCTION the principle of the streak camera, but with two important
modifications. First, the standard photocathode is replaced by
With ultrashort pulses from conventional lasers alreadyan atomic ga§15,16 placed directly in the region where the
approaching the duration of a single cycle of visible light, measurement occurs. Second, the fast deflecting field, used
obtaining shorter pulse durations requires shorter wavefor the measurement, is a strong laser field. After a general
|engths and new nonlinear media. High_harmonic genera[ioﬁresentation of the method, we consider the measurement of
in ionizing gases promises to provide both requirements aeulses that ardi) shorter and(ii) longer than the optical
once. Contr()”ing the high-harmonic generation process haﬂeriOd of the deflecting field. We then investigate the reso-
been proposed as a way to generate attosecond fjalsgs  lution and limitations of the technique and illustrate its capa-
Although the wavelengths emitted through high-harmonidbilities by considering typical experimental conditions.
generation are currently limited to the soft-x-ray range, high Section V concludes the paper by summarizing its main
harmonics are already usé@l] as an alternative to synchro- results and highlighting some promising implications.
trons. This coherent extreme ultravioletUV) source also
promises a high temporal resolution and easy synchroniza-
tion with short visible pulses. Il. STRONG-FIELD —ATOM INTERACTION
Pulse duration measurement at these wavelengths requires AND HIGH-HARMONIC GENERATION
a new technology espeua!ly for the subfemtosgcond dura- The field-atom interactions that are of interest in this pa-
tions. The standard techniques of autocorrelation are cur

. . . per can be described by three main st¢pg—19 in the
rently impossible to use because of the lack of suitable Opt'Fc))w-frequency—strong-fie)lld limit. This Iirf?t) i (S:Izefined by

cal materials at these wavelengths and of efficient nonlinear o2 . :
rocesses at the intensities expected. Cross correldffens 6U’3>|">ﬁw’ where U= e"Epq/dmeo” IS the average ki-
P : ” xp : fnetic energy(i.e., ponderomotive energyof an electron

11] are limited to a resolution of the order of the duration o assm, and charge—e) oscillating in a strong fieldof
the reference pulse. Conventional XUV streak cameras havg" e g€ Ing g M
requency and maximum amplitud&,,) and |, is the

a resolution of-1 ps[12-14 and cannot be much improved ionization potential of the atom. These three steps form the

without drastic modifications. oundations of strong-field high-harmonic generation
We propose two methods for measuring the duration OF 9 9 9 )

high-harmonic pulses. Both rely on basic characteristics ofa ncljnathiagﬁiesgeeﬁéctz?r%r?t(%?]qislsstséepscr:itfrds :?;ﬁeaglé?;?rlgncgj rr?—
strong-field laser-atom interactions, summarized in Sec. Il. q ' P

In Sec. Il we present a measurement method that uses t els through the pqtential barrier forme_d by the superpqsi—
same nonlinear medium for the high-harmonic generatiofi®" of the Coulombic field of the core with the laser electric

and for the simultaneous measurement of the duration of th eld. T_unnel lonization occurs W'th. an instantaneous rate
high-harmonic pulse. This can be done by controlling the etermined by the amplitude of the field and is quantitatively

polarization state of the fundamental laser field. Section IIIdescrlbed by the Ammosov-Delone-Krain¢&DK) theory

deals with three different issues. First, we present the effe .OF]ZE' Strong-f|eld t“tf?”e' ionization is the first step of the
of a modulation of the ellipticity of the fundamental pulse on Igh-narmonic generation process.
the high-harmonic generation and show how it allows us to In the sepor!d step, the electron_ IS ac_celerated _by the
extract the duration of the high-harmonic pulse. Second, w8trong electric fieldalso <?a||e.zd the driving fieldand gains
present the resolution of the technique and its limitations€nergy. The Iafer electric I|eld has the general fdz(h)
Third, we consider how the method could be used experi= Eq(t){coswt)x+e(t)sin(wt)y}, wheree is a parameter de-
mentally. scribing the field ellipticity(e=1 for circularly polarized
The second method, presented in Sec. IV, can be used tght and 0 for linearly polarized lightand Ey(t) is the en-
measure ultrashort pulses created by any method. It relies arelope of the field. This plane-wave description of the laser
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field is only valid in the short-pulse limit where the electron damental. During the second step, the electron travels several
motion in the field is confined to a small volume in which the nanometers away from the core before the field reverses its
laser field is uniform. To first order, the electron motion candirection driving the electron back toward the ionic core.
be described classical[\L8]. The corresponding expressions Compared to atomic dimensions, this distance is huge and a
for the electron Ve|0city V(Vx(t),vy(t)) and position Sl|ght e|||pt|CIty in the driVing field is sufficient to deflect the

3 electron in the transverse direction. This deflection prevents
ROX(1),Y(1)) are recollision and reduces the emission of high harmonics
X(t) = Xynf — cog wt) }+ Vot + X, (19 [23,32—34. This crucial ellipticity dependence of high-
X harmonic generation has been proposed as a way to create
_ . 1 eVOt 4 attosecond pulsd4]. The central purpose of this paper is to
V(U= X =sin(wt)} +2Vyt+Yo, (1b) present methods for measuring the short pulses that should
Vx(t)zvmsin(wt)Jrvg, (10 be obtained through high-harmonic generation.
Vy(t)= —stCOS(a)t)+VO, (1d) . A MULTISHOT MEASUREMENT METHOD BASED

ON THE TEMPORAL CONTROL OF THE DRIVING

0 0 PULSE ELLIPTICITY
where V= —eEy/Mew, Xpm=—eEy/mw? andVy, Vy,

Xo, andY, can be determined by assuming théto) =0 Any measurement method must be able to determine the

andR(t,) =0, with t, being the time of ionization. The use duration that a light pulse would have in_the absence of
of these classical equations and initial conditions is justifieqneasurement. Usually, the measurement is separated from
by good agreement with experimefiz2—24 and for high- the production process to prevent perturbing the production
harmonic generation they are consistent with the results of BY theé measurement. The following method relies on a very
fully quantum mechanical treatmef5]. The quantities/? cﬁfferent_ approach since the measurement occurs during the
= —V_sin(wty) andvgzsvmcos@to) are directly measured light-emission process. It can be used for measuring the du-

in short-pulse above-threshold ionization experiments witr{at'gr]: ofdhlgh—hflrlmorluc pulses produced by a linearly polar-
low-frequency circularly polarized light as the final electron 1zed fundamental pulse.
velocities[22,26]. MeasuringVy andVy can form the basis

of a measurement method with suboptical cycle resolution A. Ellipticity modulation and measurement
since they are a signature of the laser phase at the time of of the high-harmonic pulse duration
lonization. High-harmonic generation is only possible if three condi-

A third step in the strong-field—atom interaction can occurtions are simultaneously fulfilledi) lonization of atoms can
if the electron is driven back into the vicinity of the parent occur, (ii) phase-matching conditions are fulfilled, afii)
ion. There the electron may recombine to the ground stateslectron-ion recollision is possible. The high sensitivity of
emitting a high-frequency photon. These three successivge third condition to the ellipticity of the polarization of the
steps are the basis of high-harmonic generation. The periogundamental provides a way to introduce a time scale in the
icity of this coherent process permits emission of odd highhigh-harmonic emission process by temporally modulating
harmonics of the fundamental only. the ellipticity of the driving field. Provided that the maxi-

For efficient high-harmonic generation, other conditionsmum ellipticity is small € =Eoy/Ep,~0.1), modulating the
such as phase matching7,28 or depletion of the atomic ellipticity can be done without affecting the conditiofis
medlum[29,3(] are very important. These conditions SUg- and (||) that determine the duration-harm of the h|gh-
gest a number of approaches to generating very short highrarmonic pulse obtained with the linearly polarized funda-
harmonic pulsedi) High-harmonic generation requires ion- mental.
ization that is impOSSible until the laser intenSity passes the High_harmonic generation depends Crucia”y on the e|||p_
ionization thresh0|d intensity. It aISO becomes ImDOSSIb|q|C|ty of the driving pu'se’ its efficiency fa”|ng by1 50% for
once every atom is ionize@inless the field is intense enough . —0.1. This dependence has been extensively studied
to ionize the ionk Since tunnel ionization is a highly non- 23 37_32 and shows good agreement with the semiclassi-
linear process, the rapid turn-gpeginning of the ionization  cal model[23]. For small ellipticity and for harmonics well
and turn-off(~100% probability of ionizationof the single-  ahove the ionization potential, the high-harmonic yield

atom response calculated in a one-dimensional Conﬁguratioﬁhumber of photons of a given harmohﬁis a Gaussian
can lead to high-harmonic pulses significantly shorter than

the fundamental pulse duratiofii.) Kan et al.[31] proposed Y(e)=Yqexp — ye?), 2

to further reduce the high-harmonic duration by use of dis-

persion due to free electrons. This dispersion induces a phaséth y~60[33,34). The ellipticity dependence of the high-
mismatch that turns off the high-harmonic generation wherharmonic yield changes very slowly with the high-harmonic
the electron density is too high. The rapid turn-on of theorder[33,34.

atomic susceptibilitfbeginning of the ionizationcombined Since the ion and the electron recombine within one laser
with the rapid turnoff due to dispersion should squeeze th@eriod after ionization[35], Eq. (2) applies to a time-
duration of high-harmonic pulses to approximately one opti-dependent ellipticity provided that the ellipticity is approxi-
cal period of the fundamenta(iii) High-harmonic emission mately constant over one optical cycle. This restriction still
requires electron-ion recollision and the probability of recol-allows us to modulate the ellipticity on a time scale that can
lision can be controlled through the polarization of the fun-be much shorter than the envelope of the fundamental pulse.
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FIG. 1. Temporal evolution of the amplitude of the driving field Tarm’ Tonod

and sketch of its polarization pattern. The position of the polariza:

tion pattern(relative to maximum of the envelopis defined by the FIG. 2. High-harmonic signal emitted as a function of the ellip-

dephasingp,4 between the two components of the driving field and ticity modulation period in units of the duratiaf of the unper-

is fixed for one shot. Shot-to-shot changes in the dephasing induce L . . _—
a global shift of the polarization pattern. urbed high-harmonic pulse. Depending on the initial phage

between the two fields, the high-harmonic signal is between the
) ) ) ) maximum(+) and the minimun{—) signal plotted here. The signal
Perturbing the linearly polarized intense fundamentalyyeraged over every phafell line) is quasiconstant and must be
pulse (central frequencyw,) with a weak perpendicularly kept constant in any experiment in order to ensure that the effective
polarized pulsecentered at a frequenay; # wq, with [w; ellipticity is constant. A measurement of the ellipticity modulation
—wo|<wq, having an envelope similar to the envelope of period T 41/, that reduces the amplitude of the fluctuations to 50%
the fundamental pulse and similar geometrical characterissf the maximal value allows us to obtain the high-harmonic pulse
tics) leads to a total driving field with time-dependent polar- duration through the relatiory, = Tmog1/22-5-
ization. The instantaneous ellipticity of the field is
harmonic emission and the known temporal evolution of the
e(t,0rq) = €mad SIN Tt/ Trnogt @ra) |, ©) ellipticity. The number of detected photons in the high-
harmonic pulse is

Tmoq= 7/ (wg— w,) being the(controllable ellipticity modu-
lation period andp,y the dephasing between the two colors N(@rd)“J
(defined, for instance, at the maximum of the envelppies
the following we consider théexperimentally simplecase
of a phasep,4 that is constant during each shot but changingwhere e(t,¢.4) is given by Eq.(3), Yo(t) is the temporal
randomly from shot to shot. Shot-to-shot changeg gfshift ~ envelope of the high-harmonic emission that would be ob-
the polarization patterfFig. 1. tained without the perturbing pulse, anrgy is the phase
In the measurement method studied in this section, weharacteristic of one shot. In equati¢$), we add the pho-
comparer,,m, (duration of the high-harmonic pulse obtained tons emitted at different times. This is justified in the time
without the perturbing pulsewith T,,.4 via the effect of el- domain. In the frequency domain, the ellipticity modulation
lipticity modulation on the high-harmonic emission. changes the spectrum and can transfer energy from one har-
For T moc™ Tharm the driving pulse ellipticity is quasicon- monic to another. A measurement of the number of photons
stant during all the high-harmonic emission and the emittecmitted should therefore be done without selecting a well-
signal depends on the instantaneous ellipticity at the time ofiefined frequency. However, recent calculati¢8s] have
high-harmonic emission. If the driving field is linearly polar- shown that even an ellipticity of 30% associated with an
ized at that moment, then the high-harmonic signal is maxiellipticity modulation period of 1.2, (T, is the optical pe-
mum. By contrast, the high-harmonic emission is reducediod of the fundamentalefficiently couples neighboring har-
(by ~50% for e~0.1) if the driving field is elliptic at that monics only. For smaller ellipticities and longer modulation
time. Since the instantaneous ellipticity changes randomlyperiods the effect should be even smaller and therefore de-
from shot to shot, the high-harmonic signal fluctuates betecting simultaneously a few harmonics should be sufficient
tween these two extremes on a shot-to-shot basis. to justify this approximation.
For the other extremeT(,,¢<7ham), Where the ellipticity For a given ellipticity modulation perio@,,oq and high-
oscillates many times during the high-harmonic emissionharmonic durationr,,, the number of photons emitt¢&q.
the high-harmonic signal is reduced for ally . In this case, (4)] fluctuates from shot to shot as a functionggf;. These
the high-harmonic signal is stabland attenuatecbn a shot-  fluctuations are bounded by two extreme values
to-shot basis. Therefore, recording the shot-to-shot fluctuaNmadTmod:7harm) @Nd Niin(Tmod: Tharm) - N Fig. 2 these ex-
tions of the high-harmonic signal emitted by a perturbedtreme values of the high-harmonic signal are displayed as a
pulse allows us to compare the periodicity of the ellipticity function of 7,5/ Tog @SSuming that the unperturbed high-
modulation with the duration of the high-harmonic signal harmonic pulse has a Gaussian temporal shape and that the
emitted by the unperturbed fundamental. maximal ellipticity isenm4=0.1. The fluctuations of the sig-
We can compute the emitted high-harmonic signal by ushal are large forT,,,¢>7am They decrease a$,,,y de-
ing the Gaussian ellipticity dependen&eg. (2)] of the high-  creases and disappear B 7ham The essential point is

+ o0

B Yo(hexd — ye(t, ¢rq)?1dt, 4
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TABLE I. Ratio of Trq1/2 to the high-harmonic pulse duration frequencies have different phase velocities in a dispersive
Tharm fOr different high-harmonic pulse shapes. medium and dephasing occurs through propagation. Dephas-
ing also appears because of geometrical effects especially
around the focus of a Gaussian beam.
Tonody/zl Tharm 3.7 26 24 1.7 In practice, however, no phase changes between the fun-
damental and measurement pulses are important provided
that the phase-matching condition necessary for efficient
that measuring moq1/2, the modulation period for which the high-harmonic generation is approximately fulfilled. In an
amplitude of the fluctuations is reduced to 50% of the maxidonizing atomic medium the propagation of the fundamental
mal amplitude, gives the duratian,,,of the high-harmonic is more affected than the propagation of the high harmonics
pulse through the relatiorr, i~ Tmoq1#2.6 (in Fig. 2,  that is quasi-vacuum-like. The phase-matching conditions
Tmod1/2iS indicated by a dotted line depend on the phase difference between fundamental and
As with standard autocorrelation measurement, we ashigh harmonics and high-harmonic emission becomes very
sume a given shape for the high-harmonic pulse in order tgnefficient when the propagation of the fundamental differs
extract its duration from the measurement. We calculated thsignificantly from a vacuumlike propagation in the volume
measured duration for several pulse shayg($), all having  where high harmonics are emittf2i7]. Therefore, observing
a full width at half maximum ofr,m. The different values  efficient high-harmonic generation implies that propagation
obtained forT yoq1/2/ Tharm displayed in Table I, change only s quasi-vacuum-like for both fundamental and perturbing
by a factor~2 between the extreme cases where the pulsgylses(which have similar propagation characteristiesd
shape is square or Lorentzian. Without any precise knowlthat dephasing between them can be ignored. As an example,
edge on the high-harmonic pulse shape, we can estimate i{ghen the phase-matching conditibdk= 7 (L is the length

Ratio Lorentzian se¢h  Gaussian square

duration through the relation of the atomic medium where the dispersion is mainly due to
free electron and\k is the wave-vector mismatch between
Tharm= | mod1/72-5- the fundamental and the high harmonitsfulfilled, the er-
ror on the measurement due to the shift of the polarization
B. Resolution and limitations of the method pattern is approximatel¥,q/d, whereq is the order of the

highest detected harmonic.

The main limitation of this measurement method arises
from the requirement of slowly modulating the ellipticity
f the drivin | ndii) d at which w n modu- '_%ince we .have assumed that the eIIiptigity of the driving field
of the g pulse, a speed & ch we can modu- g approximately constant over one optical period. In order to

Iat%;[)rtlre] tﬂ“pt:ﬁ't}/'_ tom r nse and phase-matchin N Juantify the speed with which the ellipticity can change, we
. € single-a esponse phase ching cot .OEerformed classical simulations of the electron trajectory.
tions are sensitive to the ionization rate. Therefore, it is criti-

. ) e found that the electron motion is not significantly per-
cal that the perturbing pulse be weak so that it does n()\r(l\J/rbed by the temporal evolution eft) until the modulation

significantly change the ionization rate. In the case where thSeriod is as short as 2I5. Our criteria for a “significant

maximal ellipticity is 0.1, the maximum amplitude of the modification of the electron motion” relies on the difference

total _eleptriq field lies between 1 and_ 1.005, increasing thebetween the transverse electron deflection in a field with
Q)?T]'e?iﬂ';at;%% rztr?[iznlt]e%i?ynlgfsg)l(()){“lt\ivvfrl:g;: algtlijlllatid t@me-dependent eIIipti_city gnq .in a field with constant .eIIip-
—0.1 is sufficient to reduce the high-harmon.ic sidnal bythlty (the vall_Je_o_f this ellipticity is the_ vqlue of the time-
~56% of its maximal valuEq. (4)] dependent ellipticity at the moment of ionizatjofror T g
SN =2.5T this difference is less than 20% of the maximal de-

Equation(1) indicates that th_e_ transverse d.”ft c_)f the elec- lection. In conclusion, the slow ellipticity variation allows
tron and therefore the probability of recombination depen s to measure high-harmonic pulses as short as one optical

on the freque.n0|es. To ensu.re a coqstant ma.X”T“.Jm tran?)'eriod of the fundamental. This is the basic resolution of this
verse deflection, the effective maximum elliptiCityes technique

= y(wl)/EX(wO)(wllwo)z must be kept constant. For a per-
turbing pulse centered at 670 nm and a fundamental at 800
nm, (w,/w)? is as big as 1.4. To ensure a constant effective
ellipticity e.z=0.1, the ellipticity must bes=E(w;)/ A weak tunable perturbing pulse, synchronized with the
E,(wg)~0.14 and the weak field starts to perturb the ioniza-main intense pulse, is available in many laboratories. For
tion process. Measurement with a perturbing pulse on théstance, it can be obtained with continuum generation and
infrared side of the fundamental lowers the required perturbsubsequent reamplification or optical parametric amplifica-
ing field strength and is preferred. tion. Fundamental and perturbing pulses are then accurately

In principle, propagation of the laser pulses in the ionizingsynchronized and the phase between them is random.
atomic medium could influence the measurement in a num- Very short ellipticity modulation periods are feasible. For
ber of ways. For example, the polarization pattern must havastance, combining a fundamental pulse centered at 800 nm
a fixed position compared to the fundamental envelope fowith a perturbing pulse centered ajn or 670 nm leads to
one laser shot. This imposes a fixed phase relation between modulation periodT .= 2.5Ty, sufficient to measure
the two perpendicular components of the driving field duringhigh-harmonic pulses as short as one optical period of the
all the high-harmonic emission process. However, differenfundamental.

Three factors might impose fundamental limitations on
the method. They ar@) perturbation of the ionization pro-
cess(ii) dispersion and other phase shifts during propagatio

C. Experimental considerations
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Since the measurement method relies on recording the
shot-to-shot fluctuations of the perturbed high-harmonic sig-
nal, it implies that the unperturbed signal must fluctuate very
little. Statistical fluctuations of the unperturbed signal are
reduced if no frequency selection is made since it allows an
average over a larger number of XUV photons. Intensity
fluctuations in the fundamental can also be reduced through ¢
careful prefiltering of the laser shots.

Before concluding this section, we note that averaging
over many shots of same phagg; would greatly improve
our measurement method. This requires knowledge of the
phaseg,q. Knowledge ofe,q is possible either by control-
ling it or by measuring it. This technology is just emerging.
A perturbing pulse and a driving pulse originating from the
same ultrashort pulse and separately amplifiéd] have a

well-defined and controllable phase relation. A method to FIG. 3. Schematic of the S“.bfemtosecond S‘Fea" camera. An
fully characterize the time-dependent polarization state of XUV pulse and a low-frequency field copropagate in an atomic gas.
q’he XUV photons ionize the atoms and the low-frequency field

pullse has also just rt])een rﬁpor(éliﬁ].t " d dent ellioti deflects the electrons in a way that depends on the moment at which
n summary, we have shown that ime-dependent ellipliCy, g a1ms are ionized. Recording the distribution of electron veloci-

ity (.:ar? be used to mgasure the duratipn of the high'harmomfies or energies gives access to the shape of the XUV pulse.
emission from experiments using a simple linearly polarized

fundamental pulse. If a time-dependent ellipticity is used tocan pe used for the measurement while simultaneously keep-

Deflecting field:
deflects the
clectrons

Atomic
gas

4

ionizes the atoms Ny

reduce the duration of the high-harmonic pul$eh an al-  ing a good resolution. Even with these important modifica-

ternz_ﬂive method is necessary for the measurement. The né¥$ns. the basic principle of the measurement is similar to
section presents such a method. standard streak camerdBig. 3. A short ionizing pulse

(XUV pulse creates an electron pulse replica by single-

IV. A SUBFEMTOSECOND STREAK CAMERA photon ionization of the atoms and the duration of the elec-

XUV streak cameras are useful for the characterization Ofron replica is measured with a rapidly changing fiete

XUV short pulses. Their resolution is presently limited to ow-irequency fiekdl In the following, we assume that_ the
S ; continuum of states has no structure over the bandwidth of
~1 ps[12-14. The resolution limitations are given by the

. . -7 "7 the ionizing pulse.
basic design of the streak cameras and a new design is re- . .
In Sec. Il we discussed the motion of an electron released

quired to Jovercome the.se limitations. S_trong-field F?hy.s'csi‘rom rest in an intense electric field showing that the time of
and atomlc' |ori|zat|on give the opportunity for drastic im- ionization can be determined through a measurement of the
provement in time resolution. drift motion of the electron. An electron releasedt@with

an initial kinetic energyU, [Uj =3m(V§,+V§,)] wil

move with its drift velocity
The basic principle of a streak camera is to create an

A. Principle of a streak camera

electron replica of a light pulse by illuminating a photocath- Vax=Vox— Vm(to)sin(wty), (53
ode and to measure the duration of the electron pulse with
electron opticg12]. Currently, there are two basic limita- Vay=Voy+ &(to) Vi(to)cog wtp) (5b)

tions to the resolution. The first comes from the spread in the he deflecting field is off
initial electron velocities and the necessity of transportingonce _t e defiecting fie IS off. L
This plane-wave description is valid in the short-pulse

the electron pulse to a deflection region without deformation,. . R : .
b g limit [39,40. In this limit, the deflecting pulse is short

The second limitation is due to the long rise tite100 ps : .
of the deflecting field used to characterize the temporal evgEnoughltypically less than 1 psthat the electron has insuf-

lution of the electron pulse. fipient time to drift by a significant fraction of the focal spot
The two following modifications allow drastic improve- c_iia_meter while the pulse is on. In_ the; oppo_sﬁitmg-pu_lsé
ment of the ultimate resolution of streak cameras. First, td!Mit: the electron leaves the high-intensity domzzainz and
overcome the limitations due to electron transport, we pro—ther""‘f,;Jre gains energy, the ponderomotive enefgy-e“Eq/
pose to use an atomic gas as the electron sqafga6. The  4Mew*, by sliding over the field gradieri#0]. Although the
gas can be placed directly in the region where the fast dgong-pulse limit can be used when the interaction volume is
flection occurs. Second, to increase the sweep rate of theery confined, in this paper we consider only the short-pulse
deflecting field, we propose to use an intense low-frequencyfmit. The initial kinetic energy of the electron U,
laser field. With a characteristic sweep time of the order of=hvyyy,—1,) determines the resolution of this measurement
several femtosecondfor a wavelength of 1gum the optical method and is explicitly considered in Sec. IV D. In the fol-
period is~ 33 fs), a low-frequency field allows us to measure lowing, we assume that this energy is small compared to the
the duration of subfemtosecond pulses. Furthermore, therift energy that the electron acquires from the deflecting
low-frequency deflecting field and the ionizing fielthe field.
pulse that we want to measuirean copropagate. If they co- Equations(5) show that the electron birth timig deter-
propagate with the same velocity, a long interaction lengtrmines three parameteisty, Vi (to), ande(tg)]. Measuring
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~33 fsatA=10 pm

Electron distribution

>
ol
Q
AN 5
Envelope of the g
circularly polarized . ........... ... . 00T 5
deflecting field : 2
5]
Ionizing pulse lQHWr Time
0(t,-t) FIG. 5. For an XUV pulse longer than the optical period of the

deflecting field, the envelope of the deflecting field allows us to
obtain the duration of the pulse. The kinetic energies of the elec-
trons depend on the amplitude of the deflecting field at the moment
of ionization and the distribution of kinetic energies gives the shape
of the ionizing pulse.

FIG. 4. For an XUV pulse shorter than the optical period of the
deflecting field the angular spread of the electron velocity distribu-allows for good detection efficiency without using complex
tion depends on the duration of the ionizing pulse. For a deflectingletectors. Provided that the energy of the XUV photons is
pulse centered at=10um (CO, lase) a 27 angular deflection well known, a linearly polarized deflecting field combined
correspond to a duration of 33 fs. with a detector with spatial and temporal resolution allows us

to determine the initial electron velociy, and therefore to

distributions defined by each of these parameters providesinimize the limitations due to the uncertainty on this veloc-
three approaches for extracting the distribution of electrority. However, there are major disadvantages of using a lin-
birth time and therefore the temporal shape of the XUVearly polarized deflecting field. First, there is no automatic
pulse. Exploiting these different parameters is the subject ofalibration of the time scale as opposed to the case of a
the next two sections, which consider, successively, the casefrcularly polarized deflecting field. A multipulse calibration
where the XUV pulse igi) shorter andii) longer than the is therefore necessary. Second, the velocity change is not

Circularly polarized
deflecting field:

v,
T(> @ (tl)

optical period of the deflecting field. linear with time and evolves as a sinusoidal function. This
must be taken into account in the interpretation of the mea-
B. Subcycle measurement: Use of the phase surement and precludes the use of shots where the electrons
of the deflecting field have the maximal drift velocity.

Both approaches are single-shot measurements if the
%hase of the deflecting field is not fixed compared to the
envelope of the short pulse on a shot-to-shot basis. Locking
e phase of an infrared field with the envelope of a femto-
second pulse is now becoming feasipig€] and could allow
multishot measurements.

electron time of birthty through the phase of the field,).
This phase dependence has been shown by Tate, Papaio
nou, and Gallaghg#1] in an experiment where they created
free electrons at a controllable phase diang-pulse low-
frequency field. By changing the phasg, they changed the
kinetic energy of the electrons. This phase dependence can
be used with either a circularly or a linearly polarized de-
flecting field. XUV pulses longer than the optical period of the deflect-
In a circularly polarized low-frequency deflecting field an ing field can also be measured by using changes in the en-
electron released &§ is deflected in a directiod(ty) thatis  velope of the deflecting field. The measurement is then based
perpendicular to the direction of the fieldtg{22] and inthe  on V(tg) or e(ty) [Eq. (5)].
plane of polarization. An electron releasé&dlater drifts in a For a circularly polarized deflecting field, the final drift
direction 8(ty+ 8t) = 0(to) + 275t/ Ty, whereT, is the op- energy of an electron released aty is Ug(tg)
tical period of the deflecting field. If an XUV pulse controls = }e?E3(to)/mew?=3meVp(to)?. Assuming a well-known
the electron release, the measurement of the distribution afse time of the deflecting fieldCO, pulses having an
angular deflection is a measurement of the pulse duratior 2-ps rise time are possible to create and amg,44)),
(Fig. 4. The optical period provides a direct time scale fora measurement of the distribution of kinetic energies of the
the measurement. A 10m CO, deflecting field T electrons is a measurement of the duration of the ionizing
=33 fs) is well suited to the measurement of pulses of fewpulse(Fig. 5. For measurement methods relying on electron
femtoseconds or less since a 1-fs duration implies-dr2°  kinetic energy, all electrons must be produced in a volume
wide angular distribution. Measuring angular distributionswhere the deflecting field is uniform.
allows us to do the measurement in a volume of gas where In a linearly polarized deflecting field, electrons are pri-
the amplitude of the deflecting field is not uniform. marily ejected along the polarization direction. However, it
A linearly polarized deflecting field is also interesting if is possible to create a linearly polarized field with a time-
the XUV pulse is shorter than a quarter of an optical perioddependent direction of polarization. Recording the angular
of the deflecting field. The electrons are primarily deflecteddistribution of photoelectrons gives access to the duration of
in the direction of the polarizatiof42] and the shape of the the photoionizing pulse through the rotation rate of the po-
ionizing pulse can be determined from the electron kineticlarization axis. One way to create a deflecting linearly polar-
energy distribution. A well-defined direction of deflection ized pulse with a time-dependent polarization axis is to split

C. Multicycle measurement
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the initial pulse in two pulses perpendicularly polarized, toAU[U 4(t) —U4(t+ 7.9 =AU]. For an electron kinetic-

delay one of them by approximately the duration of theenergy distribution determined by the phastg of a linearly

pulse, and to adjust their relative phase so that the two pepolarized deflecting field, the drift energy changes from zero

pendicular fields oscillate in phase. This can be done with & the maximum valudJ 4 ..« in @ quarter of an optical pe-

Michelson interferometer or simply by using a birefringentriod of the deflecting field o/4. With U4 max= aUy, the typi-

crystal [45]. The direction of the linear polarization at a cal time needed for the energy to change &Y is 7e

given time is then defined by the ratio of the two pulse en-=T /27 /a. Combining this value ofr,es With Ugmax

velopes. =3EYme?, To=2mlw, andl, the intensity of the low-
Short intense low-frequency pulses can be created witrequency field, leads to

optical ultrashort pulselgi4]. Their envelopes are then natu-

rally accurately synchronized with ultrashort pulses and Uy, (eV)

methods relying on changes in the envelope of the deflecting Tres (fS)=1.22 I(T\N—/cmz)

field can be used for multishot measurements.

The initial kinetic energy can be reduced down to the
bandwidth of the XUV pulseSU=7%dw by using an atom

The subfemtosecond streak camera requires (ihadhe  whose ionization potential matches the wavelength of the
XUV pulse creates a perfect electron replica of itself, that isjonizing pulse. The vicinity of the ionization threshold is
the atomic ionization rate must be constant over the entil’ﬁsua”y a region where the photoionization cross section
bandwidth of the ionizing pulse, an@) since propagating changes rapidly. This restricts the bandwidth of the pulses
fields are used, the phaggubcycle measuremendr group  that can be measured since the cross section must be constant
(multicycle measurementvelocities of the deflecting field over the entire bandwidth of the XUV pulse. However, this
must be the same as the group velocity of the XUV pulserestriction is not too severe. For helium, for instance, the
that is, phase advanceslispersion must be considered. cross section changes only by a factor-e2 when the en-
However, the typical necessary gas pressters of mTor),  ergy of the XUV photon changes from 25 to 35 ¢46].
propagation length, and low fraction of ionization ensure thaiihen the uncertainty on the initial electron kinetic energy is

the light propagation in the measurement medium is veryeduced down to the bandwidth of the XUV pulse, we obtain
close to the ideal vacuum propagation.

The use of a short deflecting pulse implies that the band-

D. Resolution limits

: . ; . 5U (eV)
width of this pulse is large. However, this measurement Tes (f5)=1.22 _
method requires that the frequeneyof the deflecting pulse s | (TWicn?)

is well defined since the measured drift velocity depends on

o. An uncertainty dw on the frequency implies an uncer-  As outlined in Sec. IV B, the uncertainty on the initial
tainty 6Vy,=Vy(dw/ w) for the photoelectron drift velocity. kinetic energy can also be reduceddd =% dw by using a
Since the bandwidthéw of a Fourier transform pulse is linearly polarized deflecting field and a detector with spatial
linked to its durationr by dw=0.315(27/7), using a de- and temporal resolution. This is correct provided that elec-
flecting pulse longer than 30 optical period of the deflectingtrons released in the deflecting field without initial kinetic
field implies a relative uncertaint§V,,/V,, smaller than 1%. energy Uk,=0) are deflected in the direction of the polar-

Such a pulse duration is compatible with the short-pulse limifzation as they are in the classical model. The angular spread
and allows an accurate measurement. associated with tunnel ionization in a low-frequency field
We now consider the influence m) th_e_initial veIoci'Fy was considered by Delone and Krain@2]. For the experi-
of the electron at, [Eq. (5)]. For simplicity, we restrict mental case considered below, it leads to an angular spread
ourselves to the case where the kinetic endugythat the  of —2° in the direction of deflection and is not a limitation.
electron acquires from the deflecting field is bigger than the Improving the resolution for the measurement of a short
initial kinetic energyU, (Uy,=hvxuy—1,=3MeV5). The  pulse of a given bandwidth requires an increase in the inten-
condition Ug>Uy, ensures that the electron deflection issity of the low-frequency field. However, its amplitude is
mainly due to the low-frequency field. Sintg~ U, this is restricted since the deflecting field must not ionize the atoms
equivalent toU ;> U, . by itself. The maximal amplitude of the deflecting field that
allows us to neglect the ionization that it induces depends on
uncertainty on the total energy of an electron released at many experimental paramete(golume of gas |r_rad|§1ted,
: S ; . : pressure of the gas, and duration of the deflecting )fi¢id
given time isAU~ /Uy Uq. This uncertainty determines the many cases, an ionization raW,o<1s® gives a very
resolution of the streak camera. This isotropic case leads t@onservative’ estimate of the maAiiKmum field. According to

the maximum uncertainty on the electron energy and gives ghe ADK tunnel ionization rate[21], the condition
lower bound for the resolutiofthis is the case considered in \, <1 s1 is fulfilled provided that E, (V/m)

the following). For the specific case where the single—photon<f36KX108|3/2
transition occurs from ais state with a linearly polarized P
XUV pulse, this uncertainty is reduced toUJ ~ UkOUdIS,
when the low-frequency field is polarized perpendicularly to 5U (eV)
the XUV field. The resolution limitr,e Of the streak camera Tres (F8)=20\/ 53—
is the time needed to increase the electron drift energly Iy (ev)

If the initial angular velocity distribution is isotropic, the

(eV). This fixes the resolution limit of the
streak camera:
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In a realistic experiment, the intense low-frequency fieldperiod of the fundamental. The second is the optical analog
provided, for instance, by a Gdaser A ~10 um), can have of the streak camera and has subfemtosecond resolution.
an amplitude ofE,=2x 10" V/m (~5x 10" Wicn?) [22] Both techniques can be reversed to create ultrashort
when helium is the atomic photocathodé,{24.6 eV). pulses. The time-dependent polarization technique was al-
When the XUV photons have a mean energy of 50 eV, thgeady presented as a candidate for generating attosecond
ponderomotive energfs00 e\) is larger than the initial ki-  |ight pulses. The subfemtosecond streak camera technique
netic energy of the electrobly ~25 eV. The photoioniza- can also be adapted to generate ultrashort pulses of electrons
tion cross section of helium around 50 eVds-2x107®  with well-defined characteristics. For instance, a circularly
cn? [46] and therefore 10XUV photons propagating in 20 polarized CQ deflecting field deflects electrons in ar2
mTorr of helium for 1 mm release approximately 100 pho-angle in 33 fs. If the electrons are initially released in less
toelectrons. A 2-ps-long deflecting field propagating in thethan 33 fs, the rapid change of the direction of the electron
same medium with a maximum amplitude 0k20° V/m  velocity can be used to select a portion of the electron bunch
and a waist of 200um releases no electron. Under theseand therefore obtain an ultrashort electron pulse. This elec-
conditions the direct measurement resolutiom,js~0.8 fs.  tron pulse created at a well-defined phase of the deflecting
Assuming an~5 eV bandwidth for the XUV pulsécorre- field could be accelerated by a second phase related deflect-
sponding to a bandwidth limited duration of ing field.
~300 attosecondsthe resolution can be reduced down to
~400 attoseconds in the isotropic case and to 180 attosec-
onds for the specific case where the linearly polarized de- ACKNOWLEDGMENTS
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