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lonization by short uv laser pulses: Secondary above-threshold-ionization peaks of the electron
spectrum investigated through a modified Coulomb-Volkov approach
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The interaction between an atom and a short laser pulse is studied in the case where both photon energies are
smaller than the ionization potential and perturbation conditions prevail. Under these conditions, a full numeri-
cal solution of the time-dependent Schrédinger equation for a hydrogen atom initially in its ground state shows
that secondary peaks show up in the above-threshold ionizghibin spectrum. We introduce here an easy-
to-implement approximation that sheds light on these features. This approach, which is based on Coulomb-
Volkov-type states, is an extension of a previous theory that applies only when photon energies are greater than
the ionization potential. We show that introducing a coupling to intermediate bound states into the approach
permits to nicely reproduce the full numerical electron spectrum for smaller photon energies. Further, it allows
us to trace back unambiguously the secondary peaks to a manifold process, i.e., excitation of transient bound
states followed by multiphoton absorption, and to show that the main ATl peaks may be enhanced by inter-
mediate state contributions. When bound states wi#n¥4 are included, the approach provides excellent
predictions for photon energies as low as half the ionization potential.
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I. INTRODUCTION monics order, down to a well-known plateau. In the spectral

region where a single photon can ionize a given atomic or

n recE ntbworlés It wgs ﬁStagl'\s/hﬁ(d trl/at ? S'mptlettheoret'c%olecular target, the intensity is several orders of magnitude
approach, based on Coulomb-VolkeEV) type states, can g ajier than the one of the fundamental frequency. There-

supply reliable predlcthns of atomic ionization by extremefore' ATI processes produced by low-order harmonics of a
ultraviolet laser pulses in the subfemtosecond reging.  yiven femtosecond pulse need special attention. Unfortu-
For any field parameter, it was shown that the method propately, in the last decade, most theoretical approximations to
vides accurate energy spectra of ejected electrons, includingnization by laser beams were developed and implemented
many above-threshold ionizatigATl) peaks, as long as the in a context of both much longer pulse durations and low
two following conditions are simultaneously fulfilled) the  photon energiegvisible or infrared; see Ref2]). Yet, more
photon energy is greater than or equal to the ionization poadapted close-coupling calculations were recently performed
tential; (i) the ionization process is not saturated. Thus, ionby Kondorskiy and Presnyakol®]. They showed that the
ization of atoms or molecules by the high-order harmonicslectron spectrum resulting from the ionization ofls) at-
(HOH) laser pulses which are currently genergtgldnay be  oms by 3.8 eV photons of a 14 fs linearly polarized laser
explored by this CV treatment which is called CVithis  pulse with a fairly high intensity is deeply affected by the
notation is used to distinguish it from CV1 that is anotherinfluence of bound intermediate states. Including the states
CV approach, based on the sudden approximafibag]). n=2 in their calculations results in a global increase of the
However, the conditioki) imposes a severe limitation on the energy electron distribution and, more interestingly, in the
app"cation of CVZ to present_day HOH laser pu|sesl Re- appearance_ of new structures in the SpeCtrl.Jm. In the present
ducing this limitation, while keeping the easiness of a CvPaper, we first perform full numerical studies of the time-

treatment, is highly desirable to tackle ATl processes withdependent Schrédinger equation using the code written by
smaller photon energies. Cormier that implements a full three-dimensionabD) nu-

Indeed, trains of low-intensity laser pulses of a few hun_merical apprqag:h. It is based orBaspline basis set expan-
dreds of attoseconds have been produced in past years ggg] Predblctlons 0(; tZ'S approa(t:h, Rg;e?ﬁ?r: ref_erreld t,:) as
. : ; . , may be regarded as “exact” o n the simples
harmomc generation Fechm_quﬁ. Such pulses are Promis- ase of a hydrogen atom(ls) interacting with a short laser
ing, powerful tools to investigate thoroughly the dynamics of

subfemtosecond elementary procesges., electronic evolu- pulse whose photon energy is smaller than the ionization
tion of microscopic systemg7]. Both expériments and theo- potential, TDSE predicts that secondary peaks show up in the

. . X \Tl spectrum, besides the sequence of main ATI peaks. Cal-
ries have shown that these techniques produce mainly o

! ) ) ) lations have been carried out in perturbation conditions,
harmonics whose intensity decreases very fast with the ha[hus avoiding peak shift due to the ponderomotive energy

[1]. 1t will be shown that it is the right situation that allows
us to trace back the new structures to transient formation of
*Centre Lasers Intenses et Applicatigh$vR 5107, Unité Mixte ~ bound states with subsequent multiphoton absorption.
de Recherche CNRS Université Bordeaux Http://www.celia.u- However, full numerical treatments involve intensive cal-
bordeaux.fr culations[8] that sometimes may obscure the essential phys-
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ics of the problem. Further, addressing two-electron systems &) = g (Nexp—igt),
with TDSE appears much more involved. Therefore, the
analysis of future experiments calls for adapted theoretical e - .
approximations that are able to provide simple reliable pre- & (F,1) = r(Nexp(—ie), 2

dictions of ionization by short uv laser pulses. In this CON-\hereg, (7) and g7 (f) are eigenstates of the field-free Hamil-

text, the CVZ approach is reexamined here. We introduce aoni - L .
o ) ; onianH, and ¢:(r) is the ingoing continuum state of mo-
modified form of CVZ that aims at accounting for the fea- 4 gofo ngoing

tumk normalized tos(k—k’). In the present work we

tures that the above-mentioned TDSE calculations reveal iff'€"n _ _
the electron spectrum when the photon energy is below thicus on the hydrogen atom although the formalism remains
ionization potential. In what follows, as in Refl], TDSE  Valid for any one-active electron system where a reasonable

predictions are used to delimit the domain where the preseffiodel or pseudopotentiad,(r) may be used to represent the
extension of the approach CV2hereafter referred to as interaction of the active electron with the rest of the system.
MCV2-, applies. Again, any further complication is avoided ~ The finite pulse duration is featured by a sine-square en-
by Considering the reference examp|e of the ionization of a{6|0pe. ThUS, in the V|C|n|ty of the atom the external electric
hydrogen atom initially in its ground state. Just as Cy2 field reads

MCV2~ is a perturbation approach. Indeed, making the study

in perturbation conditions permits us to concentrate on the . Ifosin(wt+ <p)sin2<1t) whent e [0,7]
influence of the photon frequency. Further, improvements F(t) = T (3)
and failures of the standard CV2nay be evidenced more 6 elsewhere

easily. )

In Sec. II, the CV2 theory is briefly reviewed in the wherer is the total duration of the pulse. The laser electric

context of short xuv laser pulses. The MCMeory(modi- 4 i . f 5 hich
fied CVZ) is derived using a variational principle for the leld is derived from a vector potentii(t) which may be

transition amplitudg10]. It is proposed after examining im- written as

portant failures of CV2in the prediction of ionization spec- R R t

tra with photon energies smaller than the ionization potential. At =Ato) - | dt'F(t"). (4)
In Sec. Ill, MCVZ is applied in situations connected to to

present-day HOH radiations. Conditions where TDSE pre- | the Schrodinger picture, the transition amplitude from
dictions are well reproduced by MCVZare illustrated for  the state att=0 to the final statd att=r may be approxi-

spectra of electrons ejected froni1s) atoms. Further, com-  mated by theprior form of the following variational expres-
paring predictions of CV2 MCV2~, and TDSE enables us sjon [10]:
to confirm without a doubt that the new structures showing

up in the electron spectrum are due to multiphoton absorp- T P
tion from transitory excited bound states. The influence of as = lim{xv= (0| (t _if At (OIH = i —|vF(t 5
both the laser duration and the photon energy are also studied f t—>O<Xf( e (®) 0 (o) &t'X' ®©). ©®

in detail. Conclusions are drawn in Sec. IV. Atomic units are S
used throughout unless otherwise stated. where the arrow on the left-hand side indicates the state on

which the non-Hermitian operator applieg;(r,t) and
x; (F,t) are trial functions to the exact solutions of H@),

PR—

Il. THEORY subject to the asymptotic conditions
We consider here the ionization of a one-active elgctrqn X;(F.) ~ &7 (F1), (6a)
atom by an external laser radiation whose electric field is tor

IE(F,t). Under nonrelativistic conditions and within the elec-
tric dipole approximation the electron wave functignr,t) X (F,0) ~ ¢i(Ft). (6b)
satisfies the time-dependent Schrédinger equation =0

OW(F1) - . Expression(5) provides exact transition amplitudes when
i =[Ha* T FOIW(EY, one of the two trial functions are exact solutions of Eb.
The Coulomb-Volkov wave functiofi,2] is used as the trial
V2 wave functiony; (', t):
Ha=—— + Va0, (1) o e
& 2 ° X; (F,t) = ¢ (F,HL™(F,1) (7)

wherer is the position of the electron with respect to the

nucleus identified with the center of ma§s{1) is the laser L"(7.0) = exp{i,&‘(t) ok, Jt dt’ﬁ\‘(t') _ lJt dt’:&_z(t’)}'
field in the volume of the atom, and,(r) is the interaction - 2J),

between the electron and the rest of the target. In the ioniza- . .

tion process, the initial bound stagg(r',t) and the final con- where A(t) is the variation ofA(t) over the time interval
tinuum stateg; (', t) may be written as [7,t], i.e.,

053402-2



IONIZATION BY SHORT uv LASER PULSES:. PHYSICAL REVIEW A 69, 053402(2004)

t
A(t)=- f F(t)dt. (8)

T

After an easy algebra using Eq¥) and(8), the expression
(5) may be transformed into

T k? - (v it
af_i=J dt ex IEt+|kf dt,A_(t,)+§f dt/A—Z(t/)
0 r .

X f dPy; (7, Dexe— IA™(t) - FIA (D) - [ik+ V]g7 (7).
(9)

For a realistic laser pulse, the first term in E§) is zero
because botA™(0)=0 (no direct electric field and ¢;(F,t)
and ¢;(r',t) are orthogonal. But the choice of the trial wave
function x; (',t) in expression(9) is still open. In fact the
so-called C\J{Zﬁapproxmatlon is obtained from E¢9) by FIG. 1. lonization of H1s): distribution of ejected electrons
replaCIng xi (f,t) by the gpperturbgd wave funcU_on (density of probability per energy rangas a function of the elec-
¢i(r,t). Then, the CV2 transition amplitude may be writ- tron energy for a laser field amplitudg=0.01 and two pulse du-
ten as rations, each corresponding to 20 cycles. The photon energy is
=0.7(7=17952 (a) and »=0.3(7=419 a.u=10f9 in (b).

_ T (K - [t - Dashed line, CV2 full line, TDSE. All quantities are given in
a;“? =f dt exp{|(5—si>t+|k-f dt” A (t") z a g
0 T

Density of probability

Energy of ejected electrons (a.u.)

atomic units.

are reported in Fig. 1 for photon energies above and below

+ '_f at '&_Z(t')}f dfei () Electron energy spectra as predicted by C\dad TDSE
. . .. the ionization potentiale;|=0.5. It is worth noting that an
xexd—iA™(t) -F] A°(t) - [ik+ V] ¢f (7). (100  accurate and fast numerical time integration method has been
] ) ) implemented. Thus, the round-off errors identified in R&f.
The integration over the electron coordinate may be €xpaye now been correctdd3]. To ensure perturbation condi-
pressed in terms of the well-known bound-continuum formtions, the laser field is set toF,=0.01(1~3.5
factor. For hydrogen atoms, it is analytical using Nordsieck'sy 1 12 cm?). For =0.7, there is an excellent agreement

integrals[11]. Therefore, just a simple time numerical inte- between the two specti&ig. 1(a)]. The height and the po-

gration over the pulse length is necessary to evala%\%‘. sition of the peaks are very well reproduced by C\@n the

Then, as usual, the angular distribution of ejected electrons 'éontrary significant differences show up far=0.3 [Fig

given by 1(b)]: all ATl peaks predicted by CV2are smaller than
2P, TDSE ones, while TDSE let appear a new set of secondary

— - klag|?, (12) peaks that are unexplained by the standard TW¥2ory. In
9Bk 9 Qy fact, due to energy conservation, the main ATl peaks are

. found at the following energies:
whereE, and (), are the energy of the ejected electron and g g

the direction of its impulsé, respectively. Integrating over Ep=si+ po, (12
O provides the energy distributiofPs;/ JEx. A further in-
tegration ovelE, yields the total ionization probabilit?ion.
Previous studie§l] have shown that the CV2approach
(10) leads to accurate energy spectra of ejected electron
including all the ATl peaks, provided that both the photon
energy is greater than or equal to the ionization potential an
the ionization process is not saturated. In fact, the second E. =& +sw (13)
condition means that the ionization probability should not snoTne e
exceed 20—30 %. In this work, we propose to improve thevheres>0 andn>1 are integers. Thus, it suggests that the
CV2 theory in order to get rid of the first limitation. How- secondary peaks may be traced back to the absorptien of
ever, the basis of the CV2approach requires that perturba- photor(s) from excited state;m=2,3.... Theoccurrence of
tion conditions be preserved. In practice, it is not a limita-secondary structures has been extensively studied in ATl in
tion. Moreover, keeping perturbation conditions permits us tdhe context of strong-field experimenf44,15. The sub-
track more easily the other causes of failure of the standarsdtructures observed in ATI spectra that are produced in these
Cv2. experiments are due to the system shifting into resonances as

wherep is the number of absorbed photons. In the present
case, the ponderomotive enengy= F§/4w2 is negligible be-
ause of both the low laser intensity and the high photon
requency. Further, one may notice that the secondary peak
Bosition follows a similar rule:
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the intensity increases, thus giving rise to an enhancement @fheren stands now for the principal quantum number of an
the production of electrons at energies related to the actuahtermediate statg=(n,p,0). We observe that the first term
binding energies of the Rydberg states in the external lasetccounts for the usual ATl peaks as given by the standard
field. It is worth noting that our observations have a funda-CVv2~ theory (10), while the second term represents a se-
mentally different origin. In our case, the resonances geties of CV2 amplitudes for transitions starting from in-
population even far detuned only because the field has germediate stateg These amplitudes are weighted by the
broadband spectrum while the intensity is too low to inducefirst Born transition amplitud€15) at any time during the
any ponderomotive shift. laser pulse. Their meaning is quite simple: to undergo a
For instance, the background in Fig(al is fully ex-  transition into a continuum state, the system can first be
plained by the first Born approximation, while subsequentexcited into an upper bound state through a single-photon
photon absorptions require Born terms of higher orderabsorption, then undergo a final multiphoton transition
Hence, improving the CV2theory implies taking into ac- into the final state. The first step, which is described by
count a pathway through intermediate bound states. A simplthe first Born transition amplitude, is possible, even in
way to do it consists in a different choice for the trial wave nonresonant situations, because the finite duration of the
function x; (r,t). Since the first Born approximation repro- pulse results in a broadening of the laser frequency. By
duces very well the nonresonant background of the whol¢he way, it is worth noting that the present procedure
spectrum, even very far from the ionization threshold, it isworks in both resonant and nonresonant conditions in the

natural to propose the following form fo (', t): first step, thus avoiding the difficulties linked with poles
that appear in higher orders of the Born series.

X ([0 =2 ag () y(F 1), (14) Now, each amplitude of the second term in E47)
j reaches its maximum value when the integrant is as slowly

whereag'(t) is the first Born approximation transition am- oscillating as possible. In the expressidn) of al{“¥? , the
plitude at timet from the initial statei to the intermediate Most rapidly oscillating factor in the time lntegratlon is
statej=(n,l,m). In principle, the sum runs on all the atomic exp{i(k2/2—sj)t}A‘(t). Its oscillation is removed whek?/2

statesg;(r,t). However,aﬁl(t) reads —& j corresponds to the energy piphotons. Thus, when the
first step is a nonresonant process, i.e., whersi—w#0 in
NE (41 # PPN the expression15), one expects to see secondary peaks
t) = j— et F(t")dt' - | dre, (). . Lo
( f expli(e; ~ et JF(L) J A (OFei(F) showing up besides the principal peaks for valuek sfich

(15) thatk?/2-¢, j—pw=0. Indeed, the principal peaks are direct
transitions correspondlng u&/z —g;—p'w=0. They are the

Therefore,aj?l(t) is zero if the intermediate stajedoes not  only ones to be accounted for aﬁvz )
satisfy the appropriate electric dipole selection rules. If the Further, when the first step is a nonresonant process, the
laser field is linearly polarized in the direction and if the expression(15) indicates that the closer to zero the value of
initial statei is the ground states] these rules impose=1  g;—¢;-w, the higher is the contribution (ﬁBl(t) to the am-
andm=0. In this case, the trial wave function may be written plitude of the secondary peak related to the intermediate state
as j. Therefore, the height of a secondary peak increases when
the associated intermediate statgets close to resonance.
(16) But at the same time, the secondary peak gets closer to a
principal peak which results in interferences between the two
amplitudes. Thus, heights and shapes of the two peaks may
whereN is the maximum principal quantum number that is be affected when they are very close to each other. One gets
kept in the summation. In principle, the expression@ff,t)  a good indication on the influence of interferences by com-
in Eq. (16) should be renormalized. In fact, due to the veryparing standard CV2and MCVZ2 predictions.
small absolute values of all amplltudaﬁpo (1), it appears In the case of an exact resonance, i.e., whene; -
unnecessary to do so in the subsequent applications. Thusp for a given intermediate stajethe two(direct and indi-
the transition amplitude for the present theory takes the formect quantum pathways cannot be distinguished. Again the
role played by the intermediate state is proved by comparing

k? V2~ and MCVZ predictions.
alcve- = g0V, E dt bBl(t exp{ <E_8j)t CV2™ and MCVZ predictions

N
X (F0 = (70 + 2l 10 bl 1),

n>1

= In the subsequent applications, we have checked that the
convergence is achieved in Ed7) for N<4. In fact, sec-

. A ondary peaks for higher intermediate states vanish in the
ik ff dt’ A°(t') background.
i_ rOAT2(+) A— 3
+ 2[ dt” A™(t )}A (t) 'fdr‘Pi(F) lll. APPLICATION OF MCV2 -~ TO THE IONIZATION
! OF HYDROGEN ATOMS
xexd—i A™(t) -F] AT(t) - [ik+ V] ¢ (P), In order to investigate to which extent the present MCV2

(170 applies, we address here the ionization of hydrogen atoms in
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FIG. 2. lonization of H1s): distributions of ejected electrons as  FIG. 3. lonization of H1s): distributions of ejected electrons as
functions of the electron energy for different values of the maxi-functions of the electron energy for different pulse durations. The
mum quantum numbeN of intermediate statefsee text, Eq(17)].  other laser parameters are field amplituje=0.01 and photon en-
The laser parameters are field amplituéig=0.01, photon energy ergy w=0.3. Dashed line, CV2 dotted line, MCVZ; full line,

©=0.3, and a 40 cycle pulsér=838 a.u=20 fs). Dotted line, TDSE (only displayed for 20 and 40 cyclesAll quantities are
MCV27; full line, TDSE. All quantities are given in atomic units.  given in atomic units.

their ground state by a laser pulse whose photon energy iémated and no secondary peak shows up.NFe@, the main
smaller than the ionization potential. As already mentionedpeaks as predicted by MCV2are enhanced and the first
we restrict our investigations to the perturbation regime bysecondary peak as predicted by TDSE is well reproduced by
fixing the laser field amplitude &,=0.01. First, we analyze MCV2~. Therefore, contribution to the first secondary peaks
the convergence of the summation in E&j7). We show that may be entirely traced back to the intermediate leve®. In
successive secondary peaks appear when one fdjses.,  the caseN=3, the convergence for height and shape of the
when more intermediate states are incorporated. We als@ain peaks is almost achieved while the secondary peak cor-
show that one reaches rapidly a maximum valu&lafhere  responding to the excited levak 3 also shows up.

additional secondary peaks merge in the background. Then, Finally, for N=4, the whole spectrum is fully recovered.
the issue of pulse duration dependence is highlighted. FiThe agreement between MCVand TDSE is almost perfect.
nally, different photon energies are considered, ranging fronThe influence of higher intermediate states is negligible since
0.25(not even able to excite the first excited sjdtealmost  their excitation amplitude vanishes rapidly when one in-

the ionization potential. creases the principal quantum number. Thus, the contribu-
tions to the electron spectrum from all intermediate states
A. Convergence on the intermediate state summation with n>4 are wiped out by the overwhelming contribution

) of the background.
We run the test for the following parameters of the laser

pulse: a frequencyw=0.3 and a pulse durationr
=837.7 a.u(=20.3 f9 corresponding to 40 cycles. So, it is
comparable to the pulse length ofgiven high harmonics In Fig. 3, electron spectra corresponding to various laser
[12]. It allows us to get well separated ATI peaks. Further,pulse durationsr are displayed. Calculations are performed
the value ofw does not permit to ionize @s) with the for »=0.3 and forr ranging from 5 to 40 cycle$2.5 fs
absorption of a single photon. Therefore, the first ionization< 7<20.3 f3. The number of observable ATl peaks in-
peak located close te;=0.1 corresponds to a two-photon creases withr. Indeed, the background, which is given by the
process. In Fig. 2, electron energy spectra predicted bfirst Born approximation, behaves as the Fourier transform of
MCV2~ are compared to TDSE spectra for increasing valug=(t), while the height of ATl peaks grows a€ and their

of the parameteN. The electron energy range is limited to width shrinks as 1#. As a result, the probability integrated
clearly show the first set of secondary peaks. Thus, only thever any principal ATl peak follows the well-known linear

first two principal peaks are displayed here. They are locatedependence om, which simply means that the multiphoton

at &=0.1 and &;=0.4 a.u., respectively. Since a single- ionization rate becomes constant wheis large enough.

photon absorption does not permit to reach the first excited Now, whenrincreases, the height of the two-step second-
level, the secondary peaks associated with intermediatary peaks decreases because the nonresonant first step occurs
bound-state excitation followed by one-photon absorptioron a wing of a one-photon absorption peak as given by the
should lie close te;=¢j+w, i.e., in between the first and the first Born approximation. Since the second step is a resonant
second primary peaks. It is noteworthy that MC\Vi2zpro-  multiphoton transition from an intermediate level, its prob-
duces the standard CVaredictions withN=1 in Eq.(17). ability varies like 7. Thus, the overall height of secondary

In this case, one sees that both the main peaks are undergmaks increases with respect to the background, although it

B. Influence of the pulse duration
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10° ©=025 au. =035 a.U. spectra given by CV2 MCV2~, and TDSE for four values

Now, for w=0.25, both MCVZ and CVZ underestimate
the height of the principal peaks as given by TDSE. How-
ever, MCVZ appears much better than CVand the two
secondary peaks which show up above the background are
MW" well reproduced _by MCV2 The first and second secondary

peaks are the signature of one- and two-photon absorption
from the excited state=2, respectively. Since the bound
energy of the state=2 is —0.125, i.e., half the value @3,
the secondary peaks stand out above the background at equal
distances of the neighboring principal peaks. As to the small
Giscrepancy between the heights of MC\énd TDSE prin-
cipal peaks, it might be traced back to the contribution from
intermediate Rydberg states that are almost at resonance of a
two—photon absorption fow=0.25. Indeed, such a contribu-
tion is not taken into account in the present model because
decreases in absolute value. As the width of secondary peakise coefﬁmentéaBl(t) in Eq. (17) are first Born approxima-
follows the standard 17 behavior, we conclude that the in- tion amplitudes that can only describe one-photon absorp-
tegrated probability over a secondary peak vanishes for longion. Further, we have shown that the convergence of the
pulse durations. Nevertheless, when the pulse duration irsummation over intermediate levels for a one-photon absorp-
creases, the secondary peaks are better resolved because hiath is achieved fon=4. Therefore, including more Rydberg
their width is reduced and the background decreases fastetates would be useful only if multiphoton absorption to in-
than their height. In the present application with a sine-termediate levels could be made. Since it is not possible in
square envelope of the laser pulse, it is easy to show that thte present approach MCV2one may assess its lower limit
background decreases a$ [13]. No matter what the enve- of application tow=0.25.
lope is, nonresonant secondary peaks will show up only Finally, the analysis of the positions of secondary peaks
when atomic ionization is made by shadboyt not too short  for the different values of» confirms that their origin is the
laser pulses. above-mentioned two-step process. ker0.35, the first

From the comparison between CVand MCVZ, we also  secondary peak due to the lewet2 is a shoulder on the
observe noticeable discrepancies in the height of the mairight wing of the first principal peakdirect two-photon ab-

ATI peaks. These differences are visible even for the shortesiorption). Further, two secondary peaks, traced back to a
pulse duration(5 cycleg. Thus, MCVZ not only reproduces one- and two-photon absorption from the intermediate level
the secondary peaks and explains their origin, but it alsm=3, loom up at the expected place to the right of the first
improves magnitude and shape of the principal ATl peaksand second principal peaks, respectively. loer0.45, the
with respect to the predictions made by CV2s it is ex-  only resolved secondary peak is located to the left of the first
plained above, these changes follow from the fqdw) of  principal peak at a place that permits us to ascribe it to the
a)! MCV2" The transition amplitude for a principal peak canintermediate leveh=2. It appears also as a shoulder in the
interfere noticeably with the amplitude of a secondary pealteft wing of the second principal peak.

close to it. One sees that the outcome is to always increase Scrutinizing the case=0.40 reveals that the first second-
the height of the principal peak, thus showing constructiveary peak is larger than the first principal peak. It is attested
interferences. by both its position, and the position and height of the prin-

Finally, it is worth noting that the period of the oscilla- cipal peak as predicted by CV2Thus, the first principal
tions, which appear clearly beyond 0.8 a.u. in all spectra oPe€ak manifests itself as a shoulder in the right wing of the
Fig. 3, is exactly 2r/ 7. It is no wonder since it corresponds secondary peak. Actually, the energy separation between the
to the Fourier transform of the envelope, which oscillatestwo peaks is 0.05 a.u. Indeed, this case corresponds to an
one time with a period- in the present application. almost resonance situatiofwhich would occur for o
=0.375 a.u. Further, the shape of the first peak lets appear a
large width, especially visible on the left wing. The shape is
characteristic of a single-photon ionization as given by the

So far, we have examined atomic ionization by a lasefirst Born approximatiorjsee Fig. 1b)]. It is without doubt
pulse for a given photon energy. Let us now consider a pulseéhe signature of the first step leading to a secondary peak
composed of 20 cycles with different valuesw@fTo remain  (here, the excitation of the intermediate lewei2).
clearly in the perturbation regime, we keep the same laser To support this statement, we display, in Fig. 5, spectra
intensity, i.e.,F;=0.01. In Fig. 4, we compare the electron that are obtained for the resonant case, es,0.375 a.u..

|
|
|
i

10° of PEVZ, PMCV2' “and P]PSEfor four values ofw below the
2 10° ionization potential0.35< w=<0.49). It is worth noting that,
ol % down to w=0.35, there is a perfect agreement between
% f e MCV2~ and TDSE. As expected, CV2loes not agree with
E— ¥ T I the latter. Further, secondary peaks appear as shoulders of
; =04 AU =045 au. principal peaks when they are not well resolved.
2
1]
a

- T
10 15 00 05 10 15 20
Energy of ejected electrons (a.u.)

FIG. 4. lonization of H1s): distributions of ejected electrons as
functions of the electron energy for different photon energies. Th
other laser parameters are field amplitltye0.01 and pulse dura-
tions corresponding to 20 cycles. Dashed line, C\iotted line,
MCV2~; full line, TDSE. All quantities are given in atomic units.

C. Influence of the photon energy
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102 ' ' 1 pulse durations corresponding to the length of a single pulse
Sk (a) 40 cycles; in a train of attosecond laser pulses produced by harmonic
1077 ] generation techniqug$].
2 10°p Now, it is worth noting that, contrary to the usual resol-
% 10" vent method, the approach MCV#8oes not deal with poles.
S 10 L Therefore, resonant and nonresonant intermediate states are
g ., treated on an equal footing. The procedure works as long as
2 1070 0.5 1.0 15 perturbation conditions prevail.
2 10‘2- ' '
o q90° IV. CONCLUSIONS AND OUTLOOK
10° We have shown that substituting the genuine initial state
10" F for a newboundstate, which corresponds to an evolution of
1o the initial state under the influence of the laser field, permits
. to reproduce accurately the ionization process for photon en-
10'16.0 05 10 15 ergies smaller than the ionization potential. The new bound

state takes into account the possibility to form transient in-
termediate bound states all along the laser pulse, thus allow-

FIG. 5. lonization of H1s): distributions of ejected electrons as NG the multiphoton ionization process to occur from these
functions of the electron energy for a photon enesgy0.375 cor-  intermediate levels. In the present MCVtheory, the new
responding to the excitation energy of2p). The other laser pa- Initial state is made of the genuine initial state plus a limited
rameters are field amplitudE,=0.01 and pulse durations corre- number of bound intermediate states, whose coefficients are
sponding to(a) 40 cycles andb) 20 cycles. Dashed line, MCV2  given, with the correct phase, by the amplitude of the first
full line, TDSE. All quantities are given in atomic units. Born approximation. Therefore, only levels that may be

reached through a one-photon transition appear in the expan-
Two pulse durations are considergdy 40 cycles andb) 20  sion. As a result, one expects MCV# apply as long as
cycles. In the full spectrum there is still an overall good multiphoton transitions are negligible in the formation of up-
agreement between MCV2and TDSE simulations. In Fig. per bound states. Thus, we may conclude that MTHg@-
6, we focus on the two first ionization peaks. We observeplies when the photon energy is higher than, say, half the
again the typical form of a first Born approximation maxi- ionization potential of the target.
mum. However, slight differences show up: MCV2 above Therefore, if one wants to investigate the ionization by
TDSE for the long pulse while it remains close to TDSE for laser pulses with softer photon energies by means of a simi-
the short pulse. The explanation is simple: at the resonandar Coulomb-Volkov approach, it appears necessary to take
between the fundamental photon energy and the excitatioimto account multiphoton processes in the formation of inter-
energy of a given intermediate state, the first Born approximediate states. It might be achieved by replacing, in the ex-
mation probability increases as the square of the pulse durgansion(16), the amplitudes of the first Born approximation
tion. Therefore, one expects that it will overestimate the achy the more adapted time-dependent Coulomb-Volkov am-
tual transition probability as the pulse duration increasesplitudes CVZ as defined in Ref2].
However, it is interesting to see that it remains acceptable for Finally, it is worth noting that MCV2 is very simple to
implement, not only in the simplest case of hydrogen atoms.

Energy of ejected electrons (a.u.)

10"+ - The aim of present studies is to evaluate the domain where
. (@) 40 cycles] MCV2~ is applicable. Within this domain, application to ion-
10 ization of complex atoms is straightforward if bound wave
Z 107k functions may be obtained in the form of Slater-type orbital
g expansions. More precisely, double photoionization by short
S 107 uv laser pulses may be envisaged in the framework of two-
g 107 active electron. Preliminary promising calculations have
> 0 : been made for double ionization of helium by synchrotron
§ 10° radiation[16]. Further, application to ionization of diatomic
o molecules is also envisaged. Let us indicate also that ad-
10° dressing different types of laser fields is made easy with a
Coulomb-Volkov approach in the length gauge because all
10° field parameters are contained in the vector poterial.
Therefore, photons may have linear, elliptic, or circular po-
10'1(2)_0 05 larizations, two-color transitiongwith coherent or non-

coherent beamsamay be studied, etc. Thus, as long as per-
turbation conditions are achieved, Coulomb-Volkov

FIG. 6. Same as Fig. 5 but with a close-up on the first twoapproaches open a wide range of applications to short laser
ionization peaks. pulse interactions.

Energy of ejected electrons (a.u.)
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