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lonization of alkali-metal atoms by ultrashort laser pulses
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The ionization of alkali-metal atoms by ultrashort laser pulses, which perform less than two optical cycles,
is investigated by means of a theoretical method based on Coulomb-ValRéyvstates. This approach was
shown to provide reliable predictions for the ionization of hydrogen atoms both at small and high laser
intensities. In the present paper, it is extended to the ejection of electrons from the valence shell of alkali-metal
atoms. CV predictions are shown to be in good agreement with the results given by a full numerical treatment
of the time-dependent Schitimger equation. Compared to hydrogen targets, the presence of the core results in
a much more extended domain of application of the CV approach.
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[. INTRODUCTION electron experiences a nuclear Coulomb field that is weaker
than in the initials orbital, which penetrates deeply in the
Nowadays, intense laser pulses that contain less than twepre. Thus, the conditiofii) that requiresr<T/2 might ap-
optical cycles(in the full width at half maximumhave been pear too restrictive. Therefore, one may expect a wider range
achieved[1]. Such pulses lead to a new kind of laser-atomof application of the CV theory with alkali-metal atoms.
interaction physics in which the monochromatic photon as- In Sec. II, the extension of TDSE and CV methods to
pect of the laser field vanishg®]. As a result, the ionization alkali-metal targets is presented. The consistency of the
process is strongly affected. In previous papg8gi, we  physical assumptions is analyzed in Sec. lllA. The physics
showed that the electron-energy spectrum no longer exhibitf the ionization process is exhibited in Sec Il B by compar-
equally spaced peaks connected to multiphoton absorptioiig the energy distributions of the ejected electrons predicted
(above threshhold ionizatipnEven with energetic enough by CV and TDSE approaches. It is shown that with alkali-
photons, the standard photoelectric peak does not show up Metal atoms, good CV predictions may be made with pulse
this case. Instead, the distribution exhibits a peak at an erglurations significantly longer thai/2, thus extending the
ergy corresponding to a transfer from a pure classical fieldlomain of application of the CV theory slightly beyond the
[2]. limits of the sudden approximation. In our previous papers,
In principle, the new features of the ionization process cardll studies have been made using fully symmetric pulses. In
be predicted by a full numerical treatment of the time-the present paper, the influence of the absolute phase of the
dependent Schdinger equation for a one-active electron laser field on the accuracy of CV predictions is investigated
system in an external electric field. However, in case of indin Sec. lllC. Conclusions are drawn in Sec. V.
tense laser fields, this type of approach, hereafter referred to Atomic units are used throughout unless otherwise stated.
as TDSE, becomes very difficllB,4]. Moreover, TDSE cal-
culations appear unrealistic with two-active electron systems.
Therefore, we developed an approach, which is specifically Il. EXTENSION OF TDSE AND CV THEORIES
adapted Fo atom ioniz.at_ion by very short laser pulses what- A. Model of laser pulses
ever the intensity3,4]: it is based on Coulomb-Volko{CV) ] o )
states[5]. For hydrogen targets, we have shown that it pro- _We consider a symmetric linearly p_olarlzed laser pulse
vides accurate predictions of ejected electron distributions a¥ith @ photon energy set ©=0.05 a.u. in order to overlap
long as the two following conditions are simultaneously ful-the energy range of photons commonly generated by Ti:
filled: (i) the laser electric field makes less than two oscilla-S@Pphire lasers. The finite duration of the pulse is featured
tions, (ii) the interaction timer does not excee®/2 whereT ~ through a square-sine envelope. Under these conditions, the
is the initial orbital period. Now, the ionization of alkali- field expression is
metal atoms is an interesting case because the orbital period

of the valence electron in the ground state is much longer R |Eo sin(wt+ ¢O)sin2(1t) if 0<t<rt

than the orbital period of H(§), thus meeting the two pre- F(t)= T (2.1

ceeding requirements with more realistic laser pulse dura- 0 elsewhere

tions. Further, the presence of a rare-gas-type core in alkali-

metal atoms has a specific influence on the ejection of the

valence electron: once it is in the continuum, the ejectedvith
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This value of ¢ ensures the field to be symmetric with long laser pulse$9], we showed that, subject to the two
respect tor/2. conditions (i) and (ii) quoted in the introduction, they are
good approximate solutions of E@.3) [5]. Further, we also
B. Model for valence electron orbitals of alkali-metal atoms showed that one may introduce CV bound states, which read

The full numerical resolution of the time-dependent R R . it
Schralinger equation for a one-active electron system in a Xﬁ(f,t):%(f,t)eXF{IA(t)'f—Ef dt’AZ(t’)},
laser field has been briefly described in our last pa&d 0
(see Ref[6] for more details Let us just recall that the

radial part of the total wave functiowr(r,t) is expanded on  \here ;(r,t) is the initial unperturbed target bound state.
a B—splme basis set. Substltutlng'thls form wf(r,t) in A(t) is the vector potential given b§((t)=—f5dt’lf(t’). In
TDSE gives a set of coupled equations that is solved NUMery . .ose of the ionization of hydrogen targe;g'g(Ft) is

cally. In the length gauge version of the dipole approxima-_ . R ;
tiony the time—d(gpengdengt Scldiager equationpis giv%?] by prolectecj onto the ingoing continuum Coulomb wave func-
tion C (r,t) given by

(2.6

vy [ V2 . - -
I =| - HVDHLRM) WY, (23

Co(ri)= €™l (1+iv)F(—iv,1,—ikr

- - - . (277_)3/2
where, in the frozen core approximatiovi(r) is the model

potential experienced by the valence electron of alkali-metal —ik-r)ekreie, (2.7
atoms. In the present case, the form\gf) is
which describes exactly a free electron in the field of the
Z Z. Z. B proton. In the case of alkali-metal atoms, there is no simple
V(r)=——+———(1+ar)e 2, (2.9 . . - L .
rr r analytical wave functionps(r,t) describing the electron in
the field of the core. It can be obtained only by a full nu-
whereZ is the nuclear charge arit}. is the number of core merical treatment of the stationary Schimger equation.
electrons« is a parameter to be optimized in order to repro-Therefore, it appears interesting not to loose the power of the
duce, as well as possible, the ground and a few excited levelS8V approach that is based on simple analytical expressions
of the valence electron. This type of potential was initially to be handled. Thus, one has to look for an approximate
developed to represent an electron in the field o4 dore  analytical final state. With intense laser fields, the electron is
[7]. TDSE calculationgnot presented hereshow that the ejected at large radial distancen a very short time. Under
orbital energiesE; of the valence electron for the ground these conditions, the electron experiments rapidly the field of
states of sodium, potassium, and rubidium agree very wekl remote positive charge, which may be considered as a qua-
with the corresponding orbital energies given by Clementisipunctual charge. Hence, we will assume that the final elec-
and Roetti[8] by setting «=1.8972, «=1.6730, andae  tron wave function is approximatively given by the regular
=1.9785, respectively. Further, for each alkali-metal atom incontinuum Coulomb staté.7), i.e.,
its ground state, the TDSE wave function of the valence ~ R
electron fits almost perfectly the corresponding orbital of gof(r,t)zcg(r,t) (2.9
Clementi and Roetti. Now, the orbital period of valence elec-

tronsT is estimated by the following formula: The discrepancy betweep(r,t) andCy (r,t) comes from
the behavior of the electronic wave function in the region
2a(r) . o
T= , (2.5  Where the core influence is significant. As a result, we know
(v) that a non-Coulombic phase appears explicitly in the

asymptotic form of<pf(F,t). Thus, our theory is based on the
asumption that the non-Coulombic phase has no major influ-
ence on the continuum wave function in the context of in-
tense laser fields.

where(r) is an average value afthat is obtained numeri-
cally. The average value of the velocity in the initial bound
state(v) is approximated by { 2E;)¥? as prescribed by the
virial theorem. Then, estimated orbital periodisare Ty,

=355 a.u=0.88 fs, Tx=48.6 a.u=1.17 fs and Ty,
~54. au=1.3 fs. IIl. RESULTS AND DISCUSSION

A. Consistency of the model

C. Extension of the CV theory to alkali-metal atoms Our model is realistic as long as the non-Coulombic phase

If one can find a good analytical approximation for the has little influence on the continuum wave function. There-
solution of Eq.(2.3), its projection onto the final state should fore, it is important to check under which conditions one
give an accurate prediction of the transition amplitidge. may assume that it is the case before performing any calcu-
Then, the probability to eject an electron with a momentum lation. To do that, the regular continuum Coulomb st@@)
is | T¢|2. Although the well-known Coulomb-Volkov states is compared to the numerical form @f(r,t) that is given by
have been already used in perturbative conditions with veryhe structure calculation module of the TDSE code with the
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FIG. 2. Total ionization probabilities of electrons ejected from
4s and 5 orbitals of rubidium as functions of time. The laser
parameters are:l,=3.51x10*® Wem™2, 7=5.3 fs, and \
=800 nm.
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FIG. 1. Comparison between the radial continuum wave func-

tions of sodium given by TDSE and the regular Coulomb wave il itis i heck h hi .
function for an electron energy 1 a.u. and for various partial Still, it s important to check to what extent this approxi-

waves:| =0 [Fig. 1@)], 1=2 [Fig. 1b)], and| =5 [Fig. 1(c)]. mation of the continuum wave function may provide good
predictions for the ionization process. In what follows, it is
shown that the approximatid2.8) gives reliable predictions
of the electronic spectra as long as the two required condi-
) ) tions quoted in the introduction are fulfilled.
given angular momentunh and for a given energyy. Further, a second question arises that concerns the use of
Therefore, it is necessary to first expand the ingoing cony model potential to describe the ionization of a valence elec-
tinuum Coulomb wave functio@ (r,t) defined by Eq(2.7)  tron by a laser pulse that may be intense enough to eject
in partial waves in order to compare with the radial compo-inner-shell electrons as well. In other words, can we consider
nentRe, (r) of a givenl to REKD’?E(r). According to Ref. thatitis reasonable to assume that the alkali-metal core stays
[10] one has almost unchanged during the period of time required to fully
ionize the valence shell. It is equivalent to check that the
. multiple ionization process is a sequential mechanism. In
Ci (r):;n Re, 1(DY'(6,0), (3.1 order to get significant indication that it might be the case,
’ total ionization probabilities of electrons ejected fromahd
s orbitals of rubidium have been calculated when Rb tar-

where the time-dependent phase factor is omitted and Whegeets are illuminated by 3.5110% Wcm 2, 5.3 fs,

model potential that is defined in Sec. 1l B. The latter gives
the radial part of the wave function calIeREEfﬁr) for a

12 gmii2 800 nm laser pulses. lonization probabilities predicted by

Re (1) = —) W|r(|+1_iy)|r(2kr)l CV calculations are repprtec_j in Fig. 2 as _function;lof time.
( )! For the shortest interaction time, perturbative conditions pre-

X e K, (14 1+iv,2 +2,2ikr) 3.2 vail. Therefore, a Schmidt orthogonalization procedure is

used to makgC (t)) orthogonal to the initial bound state.

In Fig 1, we compareRe, (r) with REEJSEU) for sodium  Thus, one ensures the probability to be zero=a. In order
. . k to check the sequential mechanism with our CV approach, a
targets. The comparison is made fiéf=1 a.u. and forl

0, 1= 2, andl=5. Sodium appears to be the most difficult very high laser intensity is necessary to keep calculations

case among alkali-metal atoms, because it shows the lar eW.thin the time range where CV applies. On Fig. 2, one
9 ' 9&3%tices that the ionization ofsdorbitals begins just a while

overlap between the ground state and the whole Contmuu'ﬂefore the full ionization of the $orbital. It is a good indi-

H-like spectrum. Since the non-Coulombic phase decreas%%tion that the ionization of alkali-metal atoms by ultrashort

smoothly with the energy, it is clear thaj(r.t) tends to the  ang intense laser pulses is a sequential process. Thus, the
pure Coulomb state when the ejected electron energy inozen core approximation appears reliable as long as laser
creases. An energy of 1 a.u. is small enough to make it gyensities and interaction times are not so large that the core
hard test. In Fig. 1, one notices that a good agreement igng valence electrons are ionized at the same time. Under
rapidly obtained when the value ofincreases. It lzacks UP these conditions, a model potential may be used to describe
the soundness of the replacementgg(r,t) by C (r,t). the ionization of valence electrons by such laser pulses.
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FIG. 3. Energy distributions of ejected electrons from Ng(3
In all cases, the laser field amplitudeFg=0.1 a.u. and the photon
energy isw=0.05 a.u.. The pulse durations are-25 a.u.[Fig.
3(a)], 7=50 a.u. [Fig. 3b)], r=100 a.u.[Fig. 3c)], and 7
=150 a.u[Fig. 3(d)].

B. Energy spectra of the ejected electrons
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FIG. 4. Same as Fig. 3 for K&}.

Rb(5s) are reported on Fig. 4 and 5, respectively. A look at
these figures permits right away to draw conclusions similar
to the ones of the last paragraph. Finally, whatever the alkali-
metal target, the domain where the CV approach provides
reliable data isr<2T or so. Compared to the case of hydro-

From previous studigi,4], the CV approach is known to gen targets, it is extended at least by a factor of 4.

apply as long as the interaction tinmrés shorter than half the

Therefore, it is interesting to investigate the influence of

orbital periodT of the valence electron. In order to check the core on the energy distributions of ejected electrons. To
how the prescription could be extended to alkali-metal atget a better insight, let us take a pulse duration at the limit of
oms, the ionization of Na(§ by a laser pulse, whose field validity of CV. Thus, we choose=100 a.u. and we com-

amplitude and photon energy afg,=0.1 a.u. (,=3.51
X 10" W/en?) and w=0.05 a.u. (Ti:sapphir, respec-

tively, is investigated for increasing values of the interaction 2
time 7. The energy distribution of ejected electrons is dis-
played in Fig. 3 forr=25,50,100 and 150 a.u. (3.6 fs).

Although the orbital period of the unperturbed orbital &f

sodium isTy,=36.5 a.u., a reasonably good agreement be-

tween CV and TDSE distributions is obtained uprte 100.

According to our previous studies with atomic hydrogen tar-

gets [4], good predictions would be expected far
<18 a.u.. Actually, the small value dfy, is mainly due to

the nonzero probability of finding the valence electron of
sodium close to the nucleus where it “sees” a nuclear charge ¢
equal to 11. However, once it is slightly shifted by the laser g¢g

pare the distributions for sodium, potassium, and rubidium

1.5
1
0.5
0

1.5
1
0.5
0

st
(o]

field, the electron stops rapidly experiencing the Coulomb 0.4

field close to the nucleus. Thus, imposing. Ty/2 appears
too restrictive a rule to define the domain where our CV
method applies in this case. Since CV results are reliable up
to =100 a.u., the range of validity for sodium stretches out
to 7<<5T\/2 or so. It is a factor of 5 greater than expected.
One may attribute this extension to a dynamical screening
effect of the core since the same feature does not show up for
H(3s) or H(4s) targets.

For the same parameters of laser pulses as previously, the
energy distributions of electrons ejected from I§j4and
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0.8 . w of the nucleus. Therefore, the attraction of the nucleus is all
0.6 I ] the more effective to reduce the velocity during the pulse that
o4 | the atomic number is large. As a result, the energy distribu-
tion predicted by TDSE at small ejection energies is shifted
02 towards the ionization threshold compared to CV predic-
00 tions. Indeed, the discrepancy between CV and TDSE is
2 o8 larger for heavier alkali-metal atoms.
3 Now, let us consider the energy distributions of Figsl) 3
806 4(d), and 5d). One notices that TDSE calculations predict
g 0.4 | electrons at a higher energy than CV ones. This is due to the
Zo2t fact that the electric field performs more than one oscillation.
5 o For =150 a.u., it makes 1.2 oscillation, whereas it makes
e o only 0.8 oscillation forr=100 a.u. Since one has roughly a
0.8 half-cycle-like pulse in the latter case, the effect of the core
0.6 | is just to slow down the escaping electron. In the case of a
o4 | 1.2 cycle laser pulse, the electron is moved back and forth by
the laser electric field and a simple classical model shows
ear that the net effect of the nuclear attraction is to increase the

0

final electron velocity. Since the CV theory does not take

into account this dynamical influence, it predicts a peak in

the distribution that is located at smaller ejection energies
FIG. 6. Energy distributions of electrons ejected from Ng(3 than TDSE when the field performs one oscillation or so.

[Fig. 6(a)], K(4s) [Fig. 6(b)], and RI§5s) [Fig. 6(c)] by laser pulses

such that~,=0.1 a.u.,7=100 a.u., and»=0.05 a.u. C. Influence of the absolute phase of the laser pulse

0 1 2 3 4 5 6 7 8
Energy of ejected electrons (a.u.)

All calculations, which are presented here and in our pre-

targets(see Fig. 6. One might expect that the influence of . :
the core increases with the atomic number because of a;ﬂous papers, have been performed with an absolute phase of

increasing electronic density. Actually, the core size of alkali—lhe p?.lslz%_ mi2— w¥/_2 Sl.Jt(;lh ke t?f o;cnlat.:]cl)n;‘;f ]Ehe
metal atoms is roughly the same whatever the atomic numf';]lser Ile dare symme ECI Wi r:espec 0 _”e midpaift o

ber. Further, for hydrogen targets in interaction with half- e Pulse duration. Wit esst+arlnN9 oscillations, it ensures
cycle pulses, it was shown in Ref2], that TDSE A(7)#0. Then, the CV statey; (r,t) is never reduced to
calculations predict a peak of energy distributions that is Iowi(F,t) [see E(2.6)] and the CV transition amplitu CiV is

cated at a smaller energy than CV ones. It is due to thgenerally nonzero. However, when the pulse is not symmet-
dynamical influence of the nucleus during the interactionyic it may happened accidentally thAf7)=0, in which
The nuclegr attraction ;Iows down t'he ejected electrop bUéaseTﬁV is exactly zero although the exact valueTof (as
this effect is not tak»en into acciount in our CV theory SiNCegiven by TDSH may well be different from zero.

the latter assumesp(t)/dt=—F(t). With alkali-metal at- Therefore, it is interesting to know to which extent CV
oms, the nuclear attraction is replaced by the interaction witlpredictions are reliable wher is varied to pass from a
the rare-gas-like core. Because of inner-shell electron screegymmetric pulse to an antisymmetric pulse. To do that, let us
ing, the nuclear attraction decreases relatively much fastgntroduce

than for hydrogen. Indeed, the discrepancy between CV and

TDSE predictions still appears, but it requires a longer inter- ¢'=d—do. (3.3
action time to become significant.

Now, a look at Fig 6 shows that discrepancy betweenlhen for¢’ =0, the pulse is symmetric and the field is maxi-
TDSE and CV predictions shows up for ejection enerigs mum att= /2 whereas forg¢’ = /2 the pulse is antisym-
much smaller than the energy of the maximum of the distri-metric and the field is zero at=7/2.
bution, more especially foE,<2 a.u.. The discrepancy be-  For the sake of simplicity, our study is made for a hydro-
comes more apparent when the atomic number increasegen atom in the statesdwith a laser pulse whose character-
Again, this difference should be attributed to the influence ofistics are w=0.055 a.u. (=800 nm), r=114 a.u. (1
the core that is not considered in the CV theory. Let us coneycle), andFy=0.1 a.u. We use a dichotomy procedure to
sider valence-electron densities as functions of the distanamake ¢’ approaches slowly the valug/2 where CV fails.
to the nucleus. On the whole, they are comparable in size foAgain, CV predictions are compared to TDSE ofsse Fig.
the three alkali-metal atom@lthough they do not have the 7). It appears that the difference between CV and TDSE is
same number of zerpsThe three densities have small but noticeable only whenp' is close tow/2. Therefore, except
non-negligible values inside the core. Although screeningor almost antisymmetric pulses, our CV approach applies
due to inner-shell electrons reduces the nuclear Coulombwvhen 7 does not exceed 2 and when the field does not
field, the attraction of the nucleus is all the more effective atperform more than two oscillationsindeed the conclusion
a given distance that the atomic number is large. Indeedglated to the laser phagt’ does not depend upon the par-
electrons ejected at small energies stay longer in the vicinityicular target that is ionized.
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second condition to get reliable predictionsris T/2 where

7 is the pulse duration anflis the initial orbital period of the
valence electron. For alkali-metal targets, the present study
shows that the CV theory gives accurate predictions of
electron-energy spectra as longmas2T and for an absolute
phase¢’ not too close tor/2. This extended range of appli-
cation is due to the influence of the core. Therefore, one may
envisage the use of the CV approach to investigate the ejec-
tion of valence electrons from complex atoms with realistic
pulse durations.

Further, we showed that the rare-gas-like core has little
influence on the energy distribution of electrons that are
ejected from the valence shell. It is noteworthy that the CV
theory allows to perform simple reliable calculations at high
intensities where full numerical treatments are cumbersome;
the higher the intensity, the better the CV predictidk

It is possible to extend the present CV approach to double
ionization of two-active electron targets. In this case, full
numerical quantum calculations are very hazardous with in-
tense and very short laser pulses. Some preliminary results
may be found if11].
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FIG. 7. Energy distributions of electrons ejected from Bl for
various value of the absolute laser phase(see text In all cases,
the laser field amplitude i§,=0.1 a.u., the pulse duration is
=114 a.u., and the photon energyus= 0.055 a.u. (1 cycle The
values of ¢’ are ¢’'=0 [Fig. 7(@)], ¢'==/4 [Fig. 7(b)], ¢’
=3w/8[Fig. 7(¢)], ¢’ =7w/16[Fig. 7(d)], ¢’ =157/32[Fig. 7(e)],
¢' =31w/64 [Fig. 7(f)], and ¢’ = w/2 [Fig. 7(g)].

IV. CONCLUSION
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