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Radial focusing of electron wave packets using linearly chirped intense pulses
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We present a theoretical study of the properties of an electron wave packet created by a linearly chirped
pulse in the strong-field regime. Radial focusing of the wave packet at macroscopic distances which occurs in
the case of a weak laser pulse is still possible but at different time and position. Two different situations are
reported(1) The case of a weakly chirped pulse, for which power broadening of the energy distribution occurs.
The electron wave packet focuses to less than the inverse of the pulse spectrum bari@wikte. case of
highly chirped pulses, for which a new regime is highlighted where power narrowing of the energy distribution
occurs. Saturation effects are shown in this case to improve the quality of focusing by reducing the temporal
distortions of the wave packet at the focus point.
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[. INTRODUCTION spreading and revivals of the wave packet. Extension to the
case of two-electron atoms leads to new effects such as ion-
The use of ultrashort pulses represents a powerful apzation suppressiofl7], laser induced autoionizatioi8],
proach to perform quantum control of both physical and@nd inner electron ionizatioi9,20. Calculations have also

; ; ; been performed to design tailored pulses for optimal control
chemical processg4—3]. One important reason is the pos-
P dd-3 P P of Rydberg electron wave packet dynami&l], whereas

S'b”.'ty 0 _manlpulate the spectrum of such pulses in order totemporal coherent control of energy and angular distribution
design tailored laser pulses for coherent confdgh]. As an have been experimentally realizE20]

alternative to using fully shapgd pulses,_significant and Spec-— | our approach, in Ref11], we have considered only the
tacular eﬁeqts can be thalned by §|mply using .Ch'rp?q/veak-field regime. The study of the strong-field regime is a
pulses. For instance, efficient population transfer via adianagral extension as a higher level of signal is expected.
batic following [6], vibrationnal ladder climbing(7], or  Moreover, in this regime, the quantum system can have its
pump-dump procesg8] has been achieved. Wilsoet al. roperties radically changed, leading to new effects where
have shown that negatively chirped pulses can be used e usual pictures derived from the perturbative approach
compensate partially for the anharmonicity in the vibrationalpreak down. The saturation of a continuum with a strong
states, allowing the wave packet to focus at a certain inteftaser pulse is a well-known phenomen@ee Ref[23], and
nuclear distancg9,10]. Of special interest here, the case of references thereinMoreover, when the continuum presents
an electron wave packet created in the continuum. We haveo resonance, the slowly varying continuum approximation
shown in a previous papelll] that positively linearly is generally used, allowing a significant simplification of the
chirped pulses can be used to manipulate the radial motion dérmalism. Irreversible evolution to the continuum and
an electron wave packet. The wave packet is then shaped power broadening of the energy distribution are the most
such a way that it focuses radially at macroscopic distancestriking consequences of the interaction. For higher intensi-
from the ion core. This has also been reported in the study dies, more complex phenomena appear, such as(&dbve
the dynamics of autoionizing wave packets in calciitg].  threshold ionizationand tunnel ionization.
This effect is interesting since it may open the possibility to !N this paper, we study the radial focusing of an electron
design an ultrashort electron pulse source at low energy. Th¥ave packet created by a strong linearly chirped pulse that
compensation of radial dispersion at the range of centimete!@nizes an alkali atom. We consider the case where the
represents an important step to overcome for practical use OW.'V varying continuum approximation can be dong and
ultrashort electron pulses. However, other problems, such e intensities co_n5|_der(_ad here are below those required for
angular focusing and compensation of the spatial dispersio : and_ tunnel ionization[24,25. We ShO.W that power
effects, have to be surmounted before performing such a df_roadenmg no llonger occurs for highly chirped pul_ses and
sign. When accelerating electrons to high energy with a he energy d|§tr|but|.on turns out to be narrowed with increas-
extracting static field, the spreading becomes negligible. Thi?g the laser intensity. We study also the changes that oceur
is the case of ultrafast electron diffractigd3] or high- 0 Fhe shape of the wave pagket near the focus po!nt. Safu-
energy electron diffraction RHEE[L4]. ration effects are sh_own for h|gh_ly chlrpeql puls_es to improve
The dynamics of electron wave packet have been intent_he quality of focusing by reducing the distortions that may

sively be explored in the case of Rydberg states of onedceur in the weak-field regime, whereas for weakly chirped
ulses the wave packet duration is reduced.

electron systems. Depending on the nature of excited statel
the wave packet can be initially localized radially or angu-
larly [15,16. Motion of the wave packet is quasiclassical at
short times, but at longer times the discrete nature of the We consider an alkali atom with a single active electron
spectrum and anharmonicity of the potential lead to quantunon the outer shell. The system is initially in a bound state

Il. THEORETICAL MODEL
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|oo) and a linearly chirped laser pulse ionizes the atom, thupacket propagation that is only radial. The problem is re-
bringing the electron into the continuum. The continuumduced to the case of wave packet spreading in one dimen-
states are well described by a simple model where the elesion.

tron is assumed to be scattered by the ion core represented by The chirped pulse is generally obtained by sending an
a central potentigl26,27]. We neglect in this formalism the initial Fourier transform limited pulse in a dispersive me-
continuum-continuum coupling and the spin orbit-couplingdium or apparatugpair of gratings or prisms, pulse shaper

in the continuum which is known to have a small effectwhich induces a quadratic phase shifi(w)=¢$3/2(w
except when the Cooper minimum region is considered- o )2. In this expressiong, is the laser frequency angly
[28,29. In this case, hydrogenlike wave functiohs|,m)  represents the amount of chirp introduced. Assuming an ini-
can be used to represent the continuum state®presents tial Fourier-limited Gaussian pulse with an amplitude propor-
the electron kinetic energy They are expressed as igng| toe~ (70 the electric field of the pulsE(t) can be
R.i(r)Yim(6,¢) in ther representatiofwith (r,0,¢) repre- | itten as

senting spherical coordinates df. The distances and ki- 5
netic energies considered here(1 um, £>0.1eV) are E(t)=E, exp{—(i)
high enough to neglect the potential energy when compared T
to the electron kinetic energy. In this case, we can use an.

e idtgioLt (4)

asymptotic expression of the radial functioR,(r) with
=, _(Lkr)sinkr—I=/2+ 5.). In this expression, 62
=#2k?/2m, and 8,, is the phase shift of the wave function =10\ 1t4—7 (53)
due to the interaction with the central potential. The wave 0
function in the ionization continuum can be written as and
(etg) 24y
|lﬂ(t)> LG] f aa|m(s,t)exr< | 7 t)|8|m>d8 5—m2/761) (5b)

()
Here, 7 is the duration of the chirped pulse which is broader
with the amplitude of transition per square energy @nit, than the initial pulse ands characterizes the frequency

given by sweeping in time. More precisely, the instantaneous fre-
quency isw + 246t and sweeps linearly with a rate charac-
1 [t (eteg) . . ~
aslm(syt):-_j wamE(t)ag(t )exp i ———t’ |dt’. terized by 6. The Fourier transform E(w)
h ) h =[TZE(t")e'“! dt’ that characterizes the field spectrum can

2 be written as

Here, 1, is the dipole moment between the initial state E(w)oce 0000 gl (G2 (0= 0)?, (6)

| o) and the one-electron statelm) in the continuume, is

the ionization potential from the initial leveE(t) is the For highly chirped pulses such ag;> 75, the quadratic
electric field, andy(t) is the amplitude of probability for the Phase oscillates strongly. Using the stationary phase approxi-
initial state. The expression of the wave function in the Mmation, we found that at timeonly the frequency compo-
representation is obtained by using the asymptotic expressiorents located in a restricted interval of the order gf ¢

for the radial wave function. We retain only the outward partaround the instantaneous frequeney + 26t (5=1/2¢

that corresponds to the emission of an electron. We obtainontribute to the chirped pulse field. From E§a), we see

the following relation: that 7=2¢g/ 7y: the chirped pulse behaves as a quasimono-
5 chromatic field whose frequency sweeps during the time
Y(F1)= _z Y:n(a,cp)e‘””’z from the low-frequency part of the spectrum — 751 to the
2ikr fm high component ones + 7, 1. This image of the chirped
. pulse will be useful in the following to highlight the physics
xf A m(o,1)e K 2%imeldg, (3)  of its interaction with the atomic system.
e/t The radial focusing, which occurs when weak laser

chirped pulses are used, has been established and discussed
with w= (e +¢)/%. All the properties of the electron wave in a previous papdrll]. We summarize the main features in
packet are contained in this equation. The radial and angulahe following section and then tackle the case of saturation
motions are linked through the phase skiff. The spectral regime(Sec. I\).
dependence of this term is very weak over the laser spectral
range and it can in most cases be dropped out of the integraly; rapIAL FOCUSING OF ELECTRON WAVE PACKET
It plays a role only for very low kinetic energies of the elec- IN THE WEAK-FIELD REGIME
tron (<0.1 eV), below the range of energy considered here
(=eV). The radial and angular parts of the wave function can For a positively chirped pulse, radial focusing of an elec-
be factored ouf1l]. This leads to a time-independent angu-tron wave packet is possible. This can be understood as fol-
lar distribution that is always delocalized and the wavelows. When ¢3>0, the instantaneous frequency is swept
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from low frequency Kw) to high frequency $w,) as The broadening of the electronic pulse is now determined by

time increases. In a classical image, the slow electrons arhe contribution of the third-order term to the phase in Eq.

created first and the fast ones will catch up. When the sign of10). This contribution is negligible only if this term g2,

the chirp is reversed, fast electrons are created first and so théhich can be written as

delay with the slow electrons increases during the propaga- - ng

tion. Obviously, focusing is impossible in this case. We es- )—,,»1. (12

tablish in the following the conditions to fulfill in order to get bo

an optimized ele_ctron pl_JIse at th_e chus pom_t. When this condition is realized, the electron densityr at
In the weak-field regime, the initial state is weakly de- o Ca(t—r¢ Jo) 22

pleted, thenay(t)=1. When the ionization process ended =Tt 1S given by N(ry,t)«e f7ve’ 7o, Moreover, the

h

(t>7), the amplitude transition expresses as wave packet represents the inverse Fourier transform of the
' amplitudea, . Its temporal behavior reproduces the laser-
HMglm~ pulse profile, and perfect focusing of the wave packet is then

A m(w,t>71)= E(w). (7)

achieved at the position;. Beyond this position, the wave
packet spreads again in the same manner as it spreads after
dts creation near the ion core. The quantum spreading cannot
be suppressed in free space for all positions. The focusing
timet;=r¢/vg, from Eq.(11), is

if

The energy distribution of the electron reproduces only th
pulse spectrum. Using this expression in &), the density
of electrons,N(r,t)=|4|?, ejected in the continuum for
timest> 7 can be written as follows: 2¢te

2 tf:ﬁ'

(13
N(r,t)oc

f o o0 0D 2Agilkr+ ¢ (0w )X2-0t]q )
Focusing occurs really only if timg verifiest;> r to ensure
®) that the wave packet is entirely emitted in time when it
] reaches the focusing point. This condition was needed to use
For unchirped pulsesg,=0. The electron wave packet the expression of the laser-pulse spectrum in Etjsand(8).
spreads in the vacuum because of the nonlinear dependengge strong limitation to the focusing comes from condition
of the free motion phaskr with the energy. When the elec- (12) that needs higher kinetic energy for the electron and
tron e_nergy diStribution iS Sma”er than the mean kinetiC enmoderate Chirping for the pu'se_ The Strong dependence on
ergye=fi(w_—w), we have the pulse duration makes the focusing for very short pulses
751<Qh. ) diffipqlt. Whgn r_elatiqn(12) is not fulfillgd, the wave packet
exhibits oscillations in the wings which are a signature of
) third-order contributions, similar to those observed in the
In this case, the free phase(r,t,w)=kr—wt can be ex- emporal profile of ultrashort pulses when odd-order contri-
panded as a function @ aroundw, : butions cannot be compensated.

The order of magnitude far; lies in the centimeter range
/ m i : ,
r ——t)Aw for large values of the chirp parameter. For instance, in the
200 —w)) case of potassium\f,,=4.28 eV), if the system is initially

o(rt,o)=[k(o)r—ot]+

m prepared in the g state, with an ionization wavelength

— ( I\ /—g (Aw)? =339 nm, the kinetic energy of the electroreis 2 eV. For
32 (oL~ w)) do=2x10" fs$?, the focusing distance is as large as 10.95

m (Aw)? cm and we have;=127 ns which is larger tham, even if

+lr/ P~ w|)5) 8 +eee (10 pulses as short as 400 fs are usked which 7=0.1 ns). For

these values, we haver(ﬁ)s_rg/ ¢¢=31 and thus inequality

(12) is verified. If the initial pulse was unchirped, the time

The first-order term is responsible for the translation of they, ation of the electron pulse at the focus point would be
electron wave packet. In _the stationary phase apprOX|mat|oréqua| tor. The compression rate in this caseris,=250.

the most important contribution arises from values BEX  an efficient focusing is thus obtained. This effect is shown in
which cancel this term. This leads to the well-known relat|on|:ig_ 1 where we represent the electron density near the focus
r=uvgt, with vg=[2fi(w — w)/m]*the group velocity: the point in the time-space representation.

maximum of the wave packet moves at a constant speed and
behaves classically. Higher-order terms contribute to the

. L . IV. SATURATION REGIME
spreading of the wave packet that broadens with time in the SATU © G

radial direction. When the strength of the laser pulse is increased, the ini-
When ¢5#0, the chip introduces a quadratic phase thatial state is substantially depleted. The approximata
cancels the second-order term in Ef0) for a positionr =1 does not hold in this case and relatigh is no longer
given by valid. The value ofay can be easily determined in the case
where the continuum is structureless, which allows the use of
ro— / 8 sl (11) the slow variation continuum approximation and the adia-
f mr2 70" batic elimination of the continuum. This is the case of alka-
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T, chirp parameter ispy=10 s, it gives 7=20 ps and the
| T — peak laser intensity of the chirped pulse is then only 1.4
i X 10° W/cn?. These values are far from the intensity re-
b i ) quired to observe ATI transitionsx(10*2 W/cn?) and justify
] ‘ | the negligence of continuum-continuum transitions in our
08 | | il ! model.
LS | The change in the expression of the initial-state amplitude
has a great impact on the behavior of the transition ampli-
tudesa,,, and the electron wave packet. Moreover, the en-
ergy distribution of the electrons is no longer representative
of the laser-pulse spectrum. We show in Sec. IV A that the
interaction with the strong chirped pulse can be described in
terms of an effective weak field allowing us to use the results

0.6

N (arb.units)

0.4

0.2

obtained in Sec. Ill. Then we focus in Sec. IVB on the
L = behavior of the transition amplitudes and the new energy
00 18 distribution. Finally, we study in Secs. IVC and IVD the
B ‘\c‘“\ new behavior of the electron wave packet, especially at the
t(ps) 20 ' focus point.

FIG. 1. Focusing of the electronic wave packet in thet)
representationN(r,t) is the electronic density represented for
=1ps, py=10"fs, ande=1eV. A time translationt—t—r/v, The amplitude of the transitioa,, is expressed from
has been performed to make the density centered around time zergags. (2) and (14) as

A. Description in terms of effective weak field

i ) . : 1 [t (ete)
ine metals, where in the energy range of interest thereisno 5 (¢ t)= __f Ma|mEeff(t')ex+ —t’}dt’
autoionizing state that can lead to the presence of resonances. i) h

An analytical expression can then be derived for the initial- (16)
state amplitude that decreases exponentially in our case as
(see, for instance, Refg30,31)). with

t I'(t")
t It E (t)=E(t)ex;{—f —dt’} 17
ao(t)=exp{ —J %dt’} (14) ot — 2
These expressions suggest that compared to the weak-field
with the ionization ratd” given by regime whereEq¢;=E, the effect of the strong field consists
T in changing the expression of the interacting field frerto
r't= T'E(t)|2 (15 Eef. An important feature is that only the envelope is af-

fected by this transformation, sindeis real. This analogy is
very convenient for understanding the behavior of the elec-

states that can be excited from the initial state. The ionizatioﬂzlro?hwave pacfket urlldf_erléhe s'FronghﬂeId, T'ncz |tsb propsrttles
rate depends on the pulse intensity rather than on the field (Ne case of weak-lield regime have alréady been deter-

amplitude. The initial-state amplitude at the end of the pulsémned' This analogy will represent the key idea through this

involves the time-integrated ionizing rate and hence depena%aper to understand the changes in the dynamics of atomic

on the energy radianden J/n?) of the exciting pulse. Except systems in the strong-field regime. We examine now the

for losses that might be introduced by the chirping apparatus.s,h""pe of the envelope of the effective weak field which con-

the chirping of a pulse does not change the energy containetf'ns all the information due to the strong field. For the

with ﬁ2zz|,m;¢§,m, the summation is over all the electron

in the pulse. The saturation regime is thus obtained for th aussian pulse given in relatied), an analytical expression

same energy radiance of the chirped or unchirped pulse. T Qf therzeffectlve field can be found.' From the relation
decrease of the intensity when chirping the pulse is compenf_x€ ¥ dx’ = (\/m/2)erfck) where erfc is the complemen-
sated by the increase of the time duration of the pulse frontary error function, the following expression fig; may be

7o to raccording to formuld5a). An order of magnitude can derived:

be given for the energy radiance needed to reach saturation. Eerf(t)= Eof(t)e—iﬁtze—iwu, (18)

In the case of potassium prepared initially in thp By

state, Sy, and D3 5, Orbitals can be excited in the con- where

tinuum with a one-photon transition. For a linearly polarized ) s

laser field withA =335 nm, we obtainz?=14.07 a.u. and f(t)=e 7 exr{— g erfo—vat/)
the saturation regime [(ZI'(t)dt=1) is reached forl 7

=28 mJ/cm, wherel =2ce|Eo|? is the peak laser intensity is the envelope of the effective weak fields
and 7 is the time duration. For an initial pulse witngy  =[(7)%¥¥v2]u?/ceshl T is a parameter that characterizes
=1ps, the required intensity is 2@L0°° W/cn?. If the  the saturation and depends on the energy radiamcé\n

(19
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FIG. 3. Variation of the time shift,;;; and the temporal width
of the effective fieldr.¢; as a function of the saturation parameter
Tshift and 7e¢ are expressed in units of

FIG. 2. (a) Field envelope of the chirped pulss /"* that
ionizes the atom(b) amplitude of the initial levek ™ (s4erfd=v2i7)
(c0 envelope of the effective weak field f(t)

=g (U’ (serd—v209) The |aser parameters here afg=1 ps, o , ) )
#L=10" fs?, and sor=20 ps. The saturation parametersis 12.  temporal width is the half width at &/of the maximum. This

definition is convenient in our case because it givgs= 7

) ) exactly in the weak-field regime. Moreover, the effective
example of the time dependence of the different envelopegeak field can be well fitted by a Gaussian envelope for the
above is shown in Fig. 2. We report the envelope of theange of intensity saturation considered here, which will al-
chirped pulsee*(”f)2 [curve(a)], the amplitude of the initial lows us, in the next paragraphs, to approximate many quan-
level e~ (erfev2U7) for s=12 [curve (b)], and the resulting tities with analytical expressions thus highlighting the phys-
effective weak-field envelopé&(t) [curve (c)] which is the ics of the interaction. Exact numerical simulations are
product of the two terms. For the chosen value of the satuperformed each time to confirm the results obtained with this
ration parameter, the initial level is depleted well before theapproach. Two quantitiesg,i;; and 7. decrease rapidly
pulse ended. The interaction time between the laser pulse andth s until s=10 and vary slowly thereafter. For large val-
the atomic system is thus reduced, and the system is sensitives of the saturation parameter suctsas,/8, an analyti-
to only a small part of the laser pulse located on its risingcal expression can be found for the time shiffs
edge. The effective weak field turns to be time shifted, and~ — ~(In \/s/\/87) Y2 that turns out to be of the same order of
its time duration reduced. Another effect is the decrease imagnitude as the chirped pulse duratiorFor the duration
the maximum of the envelope when the laser intensity inof the effective field, no analytical expression is possible. For
creases. However, for the amplitudgs:, given in Eq.(16),  |arge values o, the time duration is reduced more than 40%
this effect is counterbalanced by the contributiorEgfto the  of its value r in the weak-field regime. In the following, we
effective field (18) that increases and the population in the discuss the consequences that the previous features induce
continuum as well. This result is consistent with the conseron the transitions amplitudes.
vation law of population that states that the population in the

excited state at the end of the interaction time isB £ distribution of the el b broaden q
E|,mf|a8|m|2ds=1—|a0|2=1—e‘s and so increases and . Energy distribution of the electrons: Power broadening an

saturates after witls. power narrowing

We represent in Fig. 3 the variation of the time shiff;; In the weak-field regime, from relatiai¥) the amplitudes
and the temporal width of the effective fietd;; as a func- a,,(t) are proportional to the laser field spectrum for
tion of the saturation parameter. These quantities expresseer. In our case, the same relation holds but with the effec-
in units of 7 depend exclusively os. The definition of the tive weak field introduced above. The energy distribution in
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the continuum thus exhibits the properties of the spectrum othis case, we find that the nonvanishing amplitudgs, are
this effective field. Using relation€l6)—(19), we obtain the those associated with frequencies located in an interval of the
following expression: order of 257, around the shifted central frequenay,
Holmee +287nit [the same result can be obtained by performing an
aelm(wvt>7):7Eeff(w)' (20 analytical integration of the integral in Eq21) with a
Gaussian approximation for the envelofpé. Remembering
where that 7 and 7.¢; are of the same order of magnitufieee Fig.
, m 3], and from relations(58) and (5b), the inequality 572,
Eori(w)=Eqe!(®~ @V shite™ 07shirt f fo(t') >1 is equivalent togp>72. It follows that §=1/2¢7, 7
o =2 ¢yl o and thus the energy distribution spreads out over a
X @18t Zgilw—wL ~287ghigt’ 4t/ (21) spectral domain of the order ofa-gl(reff/r) smaller than
the laser spectrum width7Z 1. In contrast with the cases of
is the spectrum of the effective field8) and f.(t)="f(t Fourier-transform-limited pulses or weakly chirped pulses
+ 75nif) represents the envelope of the effective field centredhat lead to power broadening, the case of highly chirped
aroundt=0. pulses such agg> 75 leads to power narrowing of the en-
For unchirped pulsesi=0. The comparison between the ergy distribution of the electrons. This spectacular change
saturation regime and the case of weak-field regime fofay also be explained from the particular properties of the
which 7¢,;1=0 andfc(t)ze*(“fo)2 shows that the expres- chirped pulse spectrum. As noted in the last part of Sec. Il,
sion of the transition amplitudes differs by a phase factothe chirped pulse behaves as a quasimonochromatic field
e'(®~eUmsnitt and the expression of the envelope. The  whose frequency sweeps during the timdrom the low-
phase factor reflects the effect of the time shift induced byfrequency part of the spectrum, — 7, * to the high compo-
the strong field on the spectrum and does not affect the erent onew, + 7, 1. The interaction of such a pulse with the
ergy distribution of the electrons. However, the shape of theytomic system in the saturation regime makes the system feel
envelope is changed because of the shortening of the timgnly a part of the pulse spectrum, because the depletion of
duration of the effective field in the saturation regime. As athe initial state reduces the time interaction franto Toff
result, the electron energy distribution which involves thearound the time shiftrp,r;. The energy distribution of the
Fourier transform of the effective field envelope spreads ovegmitted electrons reflects only the contribution of the fre-
a spectral domain of the order of2, and so is larger than quency components swept during this time. Because the
the pulse spectrum width7g* (half width at 16 of the sweep is linear, the concerned spectral domain is
maximum). This is the well-known phenomenon of power 27, Y(7./7), and so is smaller than the pulse spectrum
broadening in the continuum. width 27, %. It also follows from these arguments that the
For chirped pulsesj#0. The time shift introduces a con- energy distribution is shifted to the low part of the pulse
tribution to the phase integral in relatiof21) which is  gpectrum, which confirms the above result that predicts a
equivalent to a change in the central laser frequency #Qm  shift in the central frequency from, to w, +287ghis. The
to | +287gpir- This effect can be explained from the defi- electron dynamic is then insensitive to the high-frequency
nition (4) for the chirped pulses. The instantaneous fre-components of the pulse spectrum. The power narrowing of
quency isw_ +24t and sweeps linearly with timé The  the electron spectrum follows the variation of the ratio
translation bygpi, Which occurs for the effective field, (7;;/7) that decreases slowly when increasing the laser in-
induces automatically a frequency shift 0b&pir;. Thus,  tensity[see Fig. 3 We represent in Fig. 4 the energy distri-

the energy distribution of_the electrons is no longer centere@,ution of electrons °@|Eeff|) for the following parameters
around the kinetic energy. Note that this change is due to —_ leV, 7,=500fs, and (@ ¢}=0, s=0: (b) =3
- [l - [l o~ Y% — Y, -

+

. . . . &
the combined effects of _chllrp and saturathn, for which both>< 10° 12, s=12: (¢) b= 10 fs?, s=12. The distributions
& and 74,5, are not vanishing. From relatiofbb) and the . X .
are normalized to unity to make a clear comparison between

behavior of g which depends on the chirp through only the corresponding bandwidths. Note that for such laser inten-
the value ofr, we find that this shift increases with the chirp _. U . -1
sity, the ionization concerns with nearly 100%-& %) of

parameterh, and saturates for highly chirped pulses such a he total population in the initial level. In casa), the case of

0> 7(2)' It reaches then a maximum value whose analyticalye,y field regime for which the energy distribution does not
expression is (2b)(In y's/\8)2 for s> 8. depend on the chirp parameter and matches exactly the pulse

The energy distribution of the electrons around the shiftedpectrum is representghandwidth 2.5 meV at &/ of the
central frequencyw  +2467ghiry depends on the behavior of maximum). The distribution is centred around the mean
the termfc(t)e‘i‘9t2 in the integral of expressiof21). For  value e=1eV. When saturation is considered, a different
chirp values such a&-gffs 1, wherer; is the time duration  behavior occurs. In cadl), the chirp parameter has a non-
of the effective envelope, the quadratic phase term aboveegligible value, but it is still weak enougizbglr§=0.12) to
introduces small changes and power broadening is still exmake the quadratic phase of the laser-pulse spectrum vary
pected. However, for large values of the chirp such aslowly. As discussed above, power broadening occurs and
5T§ff> 1, the phase term oscillates strongly and significanthe energy distribution broadens here to 4.1 meV. In ¢&se
changes follow. Using the stationary phase approximation irthe chirp parameter is such ¢$/T§=4O. Here, we are in the
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S— whose expression can be approximated by the following ana-
1.0 U (b) lytical expression ¢eri( @)= ¢g or(®— 0 —287snit) %2,
v = © where ¢ o= dp+ A ¢ with
0.8+ ( @) 4_ 1
A(ZS”: ” 7 (23)
06 o0 2¢6>2 Teff)4 '
1+ | —| |[—
To T

%47 A ¢} is the variation of the chirp parameter due to saturation

effects and is always negative. This correction vanishes in
the weak-field regime for which.s;/7=1 or for large val-
ues of the chirp parameter such a@g—c. Important

00 e NN e changes are expected in all other cases.

15 -10 5 0 5 10 15 In the weak-field regime, 7spi=0 and |Eqf(w)]
2
&g (meV) xe~ (=074 The wave packet focuses in the radial direc-

FIG. 4. Energy distribution of the electrons in the continuum t"?” at a distance given by relatlon(ll_), a_nd at t'_metf
(<|agml). Heres =1 eV andry=500 fs(duration before chirping ~ 9iven by Eq.(13) that depends on the kinetic energyand
Case(a) corresponds to the situation of the weak-field regime withthe chirp parametes; . In the saturation regime, the chirp
no chirp, so¢y=0, s=0. Case(b) represents the situation of the parameter is modified, the frequency distribution is shifted
strong-field regime with a small amount of chirppg=3 by 2874hir1, and the termrgy;s, induces a global time trans-

x 10* fs?, s=12) and casdc) corresponds to the strong-field re- lation of the electron wave packktee Eq.22)]. Note that
gime with highly chirped pulses#(= 10" fs?, s=12). The energy this last effect is present whether the laser pulse is chirped or
distribution matches the laser field spectrum (@, whereas not, and is due to the fact that in the saturation regime, the
(b) and (c) give rise to power broadening and power narrowing, rapid depletion of the initial level makes the laser field inter-
respectively. act with the atomic system only during the rising edge of the
pulse, and as a result the wave packet is time shifted. All
case of highly chirped pulses, where the system is sensitivihese changes make both the focusing distance and the fo-
only to the lower part of the laser spectrum. As a result, theeusing time modified. Because the energy and time shifts are
energy distribution narrows from 2.5 to 1.42 meV in com-small compared witle andt;, respectively, the most impor-
parison with the weak-field regime. The maximum of thetant contribution comes from the change in the chirp param-
distribution is also shifted in both casé® and(c) by —0.51  eter. However, for large values ofy, A¢$y—0, the correc-
and—1.9 meV respectively, in good agreement with the pre-+tions due to the energy and time shifts, even if small, cannot
diction above that gives the analytical estimatioAs  be neglected, because, as will be shown next, they can ex-
=2h 87¢pi, for the energy shiff=-0.47(b), =—1.99 meV  ceed the spatial and temporal extensions of the electron wave
(©)], 2h7of; (=4.19 meV and 27y *(7er/7) (=1.44 meV}  packet.
for the energy bandwidth in the case of weakly and highly The radial distance of focusing is affected only by the
chirped pulses, respectivelythe analytical expressions change in the chirp parameter and the mean kinetic energy
would be rigorously exact if the effective weak-field enve- since it does not involve the time application of the laser. The

of electrons (arb.units)

0.2

Normalized energy distribution

lope was a perfect Gaussjan focusing distance is found from relatigl) to be reduced
The changes observed in the amplitude transitions whefrom r; to res;=r+ Ar; with

saturqtlon occurs have significant impact on the 'temporal ABL 355 3A$LSE

evolution of the electron wave packet. In the following sec- Ars=r¢| — + ==+ ——— (24)

tion, we discuss the changes that occur for the focusing of bo 2e 2¢ge

the wave packet. For the focusing time, the changes occur because of all of the

three shifts cited above. The time shiff,;;(<0) of the
C. Radial focusing of electron wave packet in the saturation  effective field advances the creation of the electron wave
regime: Temporal and spatial shifts packet. The lowering of the mean kinetic energy frento

. . P H -1/
The electron wave packet is connected to the transitioff T 98 decreases both_tsf)e velocity groug(=&*?) and the
?). However, even if the wave

amplitudea,,,, by relation(3) and depends on the laser spec-focusing distancer (=&

trum of the effective field. From relatior8), (20), and(21),  Packet slows down, the stronger energy dependenag of
the electron density can be written as reduces the focusing distance at a larger rate, and the focus-

ing time reduces as a result. Finally, the reducing of the chirp

parameter makes also the focusing time lower fitprto t;

+1t:(App/pg). The total time delayAti=tseri—ts Of the
(22 wave packet is the sum of the contributions of the three

effects (e IS the modified focusing time Using expres-
where ¢¢1(w) is the phase of the effective field spectrum sion (13), we find

2
N(r,t)e

f|~Eeff(a,)|ei[kr+¢eff<w>fw<tfshm>1dw
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Adg e A¢pide
Aty=Tepiptte| —7 + = — | (29 1.0
bo € o€
For large values of the chirp such dg—«, we haveds . 08
2ﬁ7’shift/¢6 and A(f)gzo, SOAthBTShift (<O) As noted Fe)
above, even in this case where only the time and energy@

shifts give important contributions, the time delay is of the 5 7

same order of magnitude as the chirped pulse duratiand
so much higher than the temporal width at the focus point,f 0.4-
which is aroundry. Some values for the above shifts can be 'z
given now. For laser pulses withy=1 ps ¢3=10’ fs?>, and

ormali

s=12, and ife=1 eV, we obtainAt;=—629.2 ps and\r; 021

=—37 um with t;=30.36 ns and;=1.8 cm. The shift in .

the time delay is important but still weak in comparison with 0.0

the focusing time At /t;=2%). Forweakly chirped pulses -3 3
such as¢g=3x 10" fs? and the same values for the other t-t,. (ps)

parameters, we obtain At;=—81.55ps and Ar;
=~ —47.77um which are of the same order of magnitude of FIG. 5. Temporal profile of the square root of the electron den-

t;=91.1 ps and ;=53.98um. The wave packet is then sig- s?ty N_(rfeff,t) (norm_alized to 1at the focus point f_or the f_ollowi_ng
nificantly shifted in time and space in this last case. situations:(a) weak-fleld regime ¢=0), (b) saturation regime with
moderately chirped pulses+£12, ¢j=3x10* fs?), and(c) satu-
ration regime with highly chirped pulses# 12, ¢4= 10 fs?). The
D. Radial focusing of electron wave packet in the saturation other parameters arg=500 fs ande =1 eV.
regime: Wave packet shape

The shape of the wave packet at the focus point is amespectively, whereas the analytical expressions givg
important property that inform us on the quality of the fo- =292 fs andry(e;;/7) “1=862 fs. Thus, power broadening
cusing obtained with this method. In the weak-field regimeleads to the creation of electron pulses significantly shorter
(cf. Sec. 1), when condition(12) is satisfied, the wave packet than the unchirped laser puldey 204 f9. Note that in such
turns out to be proportional to the inverse Fourier transformg situation, however, the chirp parameter is weak and the
of the transition amplitudes,,,,. The time duration is there- focusing distance is smalhere, we obtaif ;¢¢;=6.21um).
fore given by the inverse of the electron distribution whichIn the opposite case of high chirped pulses, the electron pulse
matches exactly the laser spectrum. Hence, the wave packiecuses at large distances;{;;=1.8 cm), but experiences
reproduces the laser-pulse profile before chirping and the famportant time broadening~340 f9 in comparison with the
cusing is at a maximum. weak-field regime.

In the saturation regime, the same features hold but now When condition(12) is not satisfied, the electron wave
with the use of the effective weak field whose spectrumpacket can no longer be correctly focused. In the weak-field
bandwidth is different fromgl, Depending on the chirp, the regime, this inequality represents a strong constraint to the
effective weak-field spectrum may be largpower broaden-  focusing of ultrashort electron pulses for which the spectrum
ing) or smaller(power narrowingthan the initial laser spec- bandwidthr, * is large. Due to the third-order contribution in
trum. The electron wave packet is thus expected to be at thidne phaser, strong temporal oscillations appear in the wave
focus point shorter or larger than the initial unchirped pulsepacket profile that is hence distortétil]. In the saturation
respectively. The expressions for the time duration can beegime, the inequality12) involves the bandwidth of the
approximated by the analytical valuesro;y and effective field spectrum instead eﬁl. For highly chirped
To(7ers/ 7)1, respectively, and these are rigorously valid if pulses such ag;> Tg, power narrowing occurs. Condition
the effective weak-field envelope was a perfect Gaussian. WeL2) is hence less restrictive than in the case of the weak-
represent in Fig. 5 the result of a numerical estimation of theield regime. Saturation leads in this case to the reduction of
square root of the electron density|y{) at the focus point the distortion of the wave packet at the focus point. An elec-
for the following situations:(a) represents the case of a tron pulse that is distorted in the weak-field regime may be
weak-field regime §=0), (b) the case of saturation for a correctly focused on increasing the intensity. This important
weakly chirped pulse =12, ¢4=3.1¢ fs?), and (c) the  result is shown in Fig. 6. An initial laser pulse with a Gauss-
case of saturation for a highly chirped pulse=(12, ¢;  ian envelope such ag= 250 fs[represented in Fig.(8)] is
=10’ fs?). The unchirped pulse is such thaj=500 fs and  broadened by a dispersive medium with=10" fs?. It ion-
the mean kinetic energy is=1 eV. The curves are normal- izes the atomic medium and the mean kinetic energy of
ized to 1, to make better comparisons between the differergjected electrons is=0.5 eV. In the weak-field regimes(
bandwidths, and zero time represents the arrival time of the=0), the left term in relatiori12) is only 3.75 and the third-
maximum of the electron wave packet at the focus point. Therder contribution cannot be neglected any longer. This is
time duration(defined here as the half width ateléf the  observed in curvgb) which represents the electron pulse
maximun) is found to be equal to 500, 296, and 840 fs,profile at the focus point. The wave packet is clearly dis-
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chirping, whereas in the case of power narrowing the tempo-
ral width is larger. In this last case, the saturation was shown
to improve the quality of the focusing substantially, by re-
ducing the distortions that occur in the weak-field regime.
Many effects predicted in this paper can be observed. For
instance, power narrowing by a factor between 1 and 2.5
might be observed. For instance, if a chirped pulse with
=50 fs and¢p=10° fs? ionizes an atom, the energy distri-
bution of the electrons narrows from 28 meV in the weak-
field regime to 17 meV in the saturation regime wih
=10. This can be easily observed with an electron spectrom-
eter of few meV resolution32]. The observation of time
focusing of the electron wave packet represents a more dif-
ficult challenge. It depends on the time resolution of the de-
) tectors and on the severity of the effect of spatial dispersion
3 of the atoms over the laser spot. However, an experiment
-t (pS) under realistic conditions is possible. For instance, with a
FIG. 6. Temporal profile of the square root of the electronic limited-Fourier-transform pulse,= 200 fs yielding to elec-
densityN(r¢qs7,t) (normalized to 1 at the focus point(b) weak-  tron pulses with a kinetic energy of 2 eV, the electron wave
field regime wheres=0, (c) saturation regime witts=12. The  packets broaden to 200 ps after 11 cm flight in the vacuum
parameters for both cases arg=250fs, ¢3=10"fs?, ande  because of spreading. Assuming a laser spot of abowin20
=0.5eV. Curve(a) represents the pulse envelope of the initial laserdiameter, the spatial dispersion leads to about 25 ps spread-
pulsee (1/70)°, ing. The measure of electron pulses may be done in a streak
camera arrangement that gives a resolution of a few picosec-
torted and presents strong oscillations in the tail. When th@nds or even lessl3,33. Once this laser pulse is chirped to
intensity is increasefis=12, case(c)], a different behavior $o=2x 10" fs?, the electron wave packet focuses at the
occurs. Although the wave packet experiences time broadersame distance to the initial laser-pulse durat@@0 f9. This
ing because of the power narrowing of the spectrum, théannot be measured, of course, but a reducing of the time
oscillations are strongly attenuated thus improving the qualbroadening of the electron signal can be observed in the de-
ity of the electron pulse at the focus. Finally, we consider théector from 200 ps to a value about 25 ps due to the spatial
case of weakly chirped pulses suchdis< 75. In this situa- ~ dispersion.
tion, power broadening occurs but the low value of the chirp  The prediction of the changes that occur for the electron
parameter ensures that the re'atim) is a|most a|WayS energy d|Str|bUt|0n When a Ch|.rped Strong Iaser pulse lonizes
verified. Moreover, in this case, the left term in E@2) is @ System may be important in photoelectron spectroscopy.
higher than & (eV)r, (fs) and is then much greater than For instance, if several autoionization channels are present,
one, except for very low kinetic energy and very shortthe resulting dynamics for the electrons depends crucially on
pulses. The electron wave packet is thus not affected bie energy distribution of electrons around these resonances.
high-order contributions to the phase and focuses cor- A detailed understanding of this behavior is then crucial to

0.8

0.6

0.4

N"2 (Normalized to 1)

0.2 +

0.0

rectly with a time bandwidth shorter tham. analyze experimental results. Moreover, the results present
here apply if a continuum of dissociation is considered in-
V. CONCLUSION stead of the continuum ionization. The translational motion

and the inner states of products may be considerably changed

We have presented a detailed study of the behavior ofvhen multichannels are involved in a predissociation pro-
electron wave packets created by strong chirped pulses faess. For laser intensities higher than those considered here,
which the ionization process is almost total. We have showrmther ionization processes such as ATI will come into play.
that radial focusing still occurs in this regime. However, im- The opening of these new channels may considerably reduce
portant new features appear. One striking result is the possihe time interaction between the atomic system and the
bility for highly chirped pulses such agy> 7-3 to produce chirped pulse. Depending on the chirp, one can expect to
energy distributions for the electrons narrower than the pulsgroduce a distribution for the electron energy peaks that is
spectrum, in complete opposition to the case of Fouriernarrower or broader than the laser spectrum.
transform-limited or weakly chirped pulses for which power
broadening occurs. These effects modify substantially the
shape of the wave packet that is also found to focus at dif-
ferent times and positions. Moreover, when power broaden- We sincerely acknowledge V. Blanchet, J. Vigaad A.
ing occurs, the wave packet focuses with a temporal widtiBeswick for stimulating discussions, and C. Marsden for a
shorter than the time duration of the ionizing pulse beforecritical reading of the manuscript.
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