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We present results from perturbative calculations on a scheme of coherent control in Mg. The scheme
involves the excitation of Mg in the vicinity of an autoionizing resonance lying above the first two ionization
thresholds by a two-color field composed of a fundamental frequency and its third harmonic, whose relative
phase can be continuously controlled. Four as well as two-photon coherent excitation pathways, involving
appropriate combinations of the two frequencies, proceed through the atomic continuum simultaneously con-
tributing to the excitation, while three-photon ionization by the fundamental is also energetically possible. As
a result, some of the excitation processes involve above-threshold ionizAfibn The calculated ionization
yields for the various groups of photoelectrons reveal significant modulation as the relative phase of the field
component frequencies is varied. The modulation patterns for the different photoelectron groups are mutually
shifted due to the multiphoton matrix element phases associated both with the ATI process and the multichan-
nel nature of the final state. The effect is particularly pronounced when the autoionizing state is in near
four-photon resonance with the fundamental frequency. The role of an autoionizing state as a final state as well
as that of the continuum as an intermediate state in coherent control processes is discussed.
[S1050-294{@9)07712-4

PACS numbeg(s): 32.80.Rm, 42.50.Hz

The control of atomic and molecular response to laser The motivation for our study stems from these develop-
field excitation has received considerable attention in the laghents, and has a twofold aim. First, we wish to explore the
decade. In particular, control of ionization, or dissociation byatomic continuum as an intermediate state in phase control
quantum-mechanical interference of excitation pathways thaichemes, thus expanding the part of the atomic spectrum
lead to the same final state, has been studied extensively bogfinenable to phase control. Second, we wish to provide a
in experiment and in theory. In this context, an approacheliable calculation of modulation patterns of different prod-
followed by many researchers is to excite the system with gcts, resulting from the phase control of ionization in a real
bichromatic field whose component frequenciesually a  gystem, subjective to experimental scrutiny. The identifica-

fundamentalw, and its third harmonic @) have a well- oy of the origin of a phase lag in the modulation patterns
defined and continuously adjustable phase difference. Thig,, 4 pe facilitated in the context of such a calculation.

a.pproach Is often cglled phase contrql, to e_mphasize_ the cru- We have chosen to study Mg not only because theoretical
cial role of the relative phase of the fields in controlling therfesults of sufficient accuracy can be obtained by a well-

system response, and to distinguish it from other coheren

control mechanisms that are independent of field phase§StaPlished approach, but also because it is a system well

Many atomic and molecular systems have been studied. T¢dapted to experimental work. The scheme we have chosen

tal as well as energy-, mass-, or angle-resolved products ha(@ investigate is shown in Fig. 1. A[_)e autoionizing (Al)

been controlledor shown to be controllabjén an efficient ~ 'esonance, lying above thepJonization threshold, is ex-

way [1-10]. cited by a bichromati¢w, 3w) field. There are no resonances
In a recent experiment it was shown that a virtual StateNith bound states below thes3onization threshold or Al

may replace the often used bound intermediate statés,in states between thesand 3 thresholds. This condition con-

3w) phase-control schemg8], and efficient control of four-

photon resonant five-photon ionization was demonstrated. De

Another significant recent development, that prompted wide

discussion in the literature, was the discovery of a phase lag w - 3P

in the modulation patterns of different, phase-controlled mo- po

lecular ionization-dissociation produdts0]. Formal deriva- . 3s

tions and model calculations were employed to interpret the

origin of the observed phase 14§-13], and it was con- 3

cluded that the origin is related to a system-dependent phase

that may vary according to the excitation scheme employed

[10,11,13. However, this interpretation is not unanimous 362

[9,12]. The most recent experimental findings4] provide

further evidence as to the origin of the phase lag, the condi- Mg

tions under which it may be observed, and its importance for

phase-control processes. FIG. 1. Energy-level diagram for phase control in Mg.
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siderably restricts the energy position of the final state, but TABLE I. Energies, partial widths, and total widtall in a.u)
other than that the choice of the final state is dictated byor three Al states of Mdsee text for details Numbers in brackets
angular momentum selection rules only. To lowest nonvantepresent powers of 10. For the conversion of units in the case of
ishing order in perturbation theory, only three processe$P4s we used for the ionization potentiaflg”(3s) the values
(schematically depicted in Fig) Tontribute to its excitation. 15-035 eV and 1 a.&:27.21 eV.

When the corresponding three amplitudes are of comparable
strength, quantum interference effects would determine the o Total
excitation rate of the resonance and its autoionization decay, Partial width width

The interference could be controlled by varying the relative™'®® Energya.u) @y (a.u)

phase of the two component fielfl3,9], and as a result the 1po(3p4s) —0.4768 3kp 1.404[-2] 1.40[-2]
decay of the Al state to thes3and 3 thresholds could be —0.475F 1.19 [-2]*
modulated. This modulation could be conveniently recorded

in energy-resolved photoelectron spectra. A third group of S(4s) —0.3549 3ks 2.104[-3] 6.06 [-3]
photoelectrons would be produced by three- and one-photon —0.3556"  3pkp 3.959[-3] 6.00[-3J

absorption from the ground state with frequencies= w 3skd 5.024[—3]
and w3=3w, respectively(Fig. 1). This ionization product 1pe(3d4s) 03317 Dkp 6.619[—3] 135[-2]
would be also modulated, as the relative field phase would be —0330%  3pkf 1'844[_3] 1.20 [~ 2]
varied, because of the quantum interference of the two path- ' P ' '
ways leading to its productioffFig. 1). These photoelectrons *yajues calculated by Mengali and Mocdid. Phys. B29, 1597
could also be separately recorded in energy-resolved photeiggg].
electron spectra, since their energy is quite different from
that of the other two photoelectron groups. o G](+):(Ein+jw1_H+i8)7l, j=1, 2, and 3.

We have evaluated all the parameters pertaining to the
atomic levels coupled by the processes depicted in Fig. 1, by |n the present case the calculation is further complicated
a procedure presented in detail in an earlier publicdtidl. ~ py the fact that in two of the amplitudes, namek() and
Here we repeat only the main steps of this approach. Thgy @) the last step in the excitation involves a continuum-
Mg?" (1s?2s?2p°) core is represented by a self-consistent-continuum  transition (above-threshold ionization, AT
field wave function. For the valence electrons we have apyoreover, the final Al resonance decays into a multichannel
plied a frozen-core approximation supplemented by a polargontinuum. We have employed an approach already applied
ization potential that includes a dielectronic tefh®]. One- {5 the study of two-photon absorption in"HHe, and Be
electron orbitals are obtained by diagonalizing ther1g (). The approach has been generalized and efficiently
Hamiltonian associated to Mgon a basis oB-spline func-  jmplemented for three- and four-photon absorption with
tions[17] that are orthonormalized to the Hartree-Fock coreaT)  aithough in its present form it is computationally more
wave function. Two-electron configurations are constructeqnyolyed. When the final state is close to an Al resonance,
from antisymmetrized products of one-electron orbitals.he Feshbach formalisfi21] may be used to describe it. In
Practically, we used a basis set of 33@plines defined in a this case the resonance parametpasition, width, etd.may
box 150 a.u. long. We used 400-600 two-electron configupe exracted computationally. The amplitudes associated
rations per angular momentum symmetry lie 4, assuming  yth the multiphoton couplings are calculated in the velocity
LS coupling to be adequate for Mg in the studied energygayge which is known to converge more rapigl,20. We

range. We show results pertaining to the present study iRaye considered three-photon ionization to chanhBRand
Table I. The results compare well with the data published bylpo 53¢ well as four-photon ionization to channég, ‘D¢

Mengali and Moccia[18]. Our result for the ground-state ;,q1Ge Channels such a4 ° and 1Geé contribute only as

energy is—0.8319 a.u. compared t60.8336 a.u. for the  p5ckground in the corresponding processes, and their impor-
experimental value; in the multiphoton calculations de-ance is small when the interference takes place in the vicin-
scribed in the following we have used the experimental valuqzty of a resonance. They become more important if one stud-
for the ground-state energy. _ _ies phase-controlled interference far from any final-state
In Mg, a two-electron atom, the calculation of the multi- \o5onance. We have checked the numerical convergence of
photon amplitudes for the processes shown in Fig. 1 is @, multiphoton calculations in the usual way, i.e., by vary-
nontrivial task, especially for high-order processesder 3 jng the number of states in the basis set and/or the box
or highey. The three amplitudes can be formally defined aSjength. In general, good convergence has been obtained for
total multiphoton ionization(MI) cross sections. However,
we have found that some partial MI cross sections may still
vary by 20%, even with a basis size increased up to the
M{Z=(f|D3;G{"'D4in), M =(f|D,G5"'Dslin), machine capacity limit. This may be the result of numerical
problems, e.g., numerical cancellation effects, and as a con-
wherelin) and|f) are, the initial and final states of the tran- sequence it becomes extremely difficult to obtain a highly
sition, respectively, that may be either the same or differenaccurate value. Nevertheless, we believe that the degree of
depending on the selection rules that apfly, j=1 and 3, accuracy reached in our calculations is sufficient for the pur-
are the dipole moment transition operators corresponding tpose of the present work.
the fundamental and the thrid-harmonic, respectively. Fi- The ionization rate can be calculated by summing coher-
nally, the Green’s operators are defined as ently the amplitudes of all three processes depicted in Fig. 1,

M@®=(f|D,G$"'D,G5'D,G{"'D[in),
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254 310° S =0.1190 a.u. the three-photon final state %B°(3p4s),
20} @ R " L=10" Wien? while for the other two frequencies no bound or Al reso-
15.] " . . |‘=108W/cm2 nance is met in the excitation-ionization process. From the
0] et et *tte., . "u, : plotted results we observe that for a certain choice of funda-
s 5] : e’ ‘oo, : mental and harmonic power densities the modulation of the
g’ ol gaanaprssssasasaag, signal can be enhanced near a suitably chosen resonance
g 0 1 2 3 4 5 6 7 [Fig. 2(@)], while for other combinations of power densities
'§ " 0 =0.1190a.u. the off-resonant signal may have an equally significant
5 5x10°3 ®) : Z:gggi:g modulation to that of the on-resonant offeig. 2(b)]. Of
L B T T course, near a resonance the magnitude of the ionization sig-
- 3 ° . . e
i . tee® ‘eo.n . nal is always significantly enhanced. For example,wat
| 210" Wiom? =0.1182 a.u. the three-photon energy is detuned from the
VYT LYY ~ M center of the Al resonance but lies within its broad width. As
10 at 4. 1,=10" Wiem . .
N B : , , : Aa’ a result, the modulation patterns for the two frequencies ex-

0 ! z 4 & 8 7 hibit very similar dependence on the power density although

Phaie (rad) . . . -
the absolute value of the yield is, of course, different, being
FIG. 2. lonization ratdin a.u) vs the relative field phase’ in significantly enhanced close to the center of the resonance.
rad for simultaneous three- and one-photon ionization fromThe behavior forw,;=0.1234 a.u. is noticeably different,
Mg(3s?). Details are shown on the plot. since for this frequency there is no influence of the°
resonancéor any other on the final state. By analyzing the
i.e., first summing the amplitudes and then squaring the atphotoelectron yield vs harmonic intensity, for fixed fre-
solute value of the sum. In this way, one can obtain either thguency and intensity of the fundamental, one may find vari-
total ionization rate or partial ones. The latter will give the ous combinations of parameters resulting in efficient control.
rate of production of a specific group of photoelectrons andFor 1,=10" Wcm 2, efficient control is obtained with;
the corresponding ions. However, we will start with a sim-=210"— 10° W em 2. Although the latter values are certainly
pler and much studied case, on which there is still discussiorealistic, other combinations can be found, but an exhaustive
in the literature. We will denote bf; the group of photo- search is meaningful only when a specific experiment is
electrons resulting from the simultaneous three- and oneplanned.
photon ionizationby w, andws, respectively above the 3 In all cases studied on, near, or far from the final-state
threshold. Their energyin atomic unit$ is E;=E4+3w,;  réesonance the modulation patterns were in phase and no
—Ejs, WhereE, is the ground-state energlgs the energy ~ phase lag was obtained. This conclusion is in line with ear-
of the 3s ionization threshold, and; the frequency of the lier [3,9] and recen{12,13 theoretical results, and the most
fundamental(Fig. 1). We have ignored the ponderomotive recent experimental dafd0,14. This behavior results from
shift of the ionization potential and ac Stark shift of the the fact thats; = &3 in Eq. (1), whenever there is a single
ground state, but we will comment on this point at the end ofionization channe(for a given final-state total angular mo-
the paper. The corresponding ionization rate would resulmentumL) affected by interference'@® in the present cage
from the coherent summation of only two matrix elements, eand there is no ATI contributing to the ionization.
one-photon matrix element and a three-photon one. The final We now continue with the presentation of the results per-

expression could be written as taining to the full excitation scheme as depicted in Fig. 1.
Two new groups of photoelectrorig addition toE;) are
Ry=2m{M{P|213+ M 215+ M P21 produced. They are denoted By andE;, and their energies

are E;=E4+4w;—Ezs and Eg=Eg+4w,—Ej3,, respec-
+2IMPMP[13AY2cog 6+ 8- 61)} (1) tively. The expressions for the corresponding rates are more
complicated than Eq(l), since the number of channels is

where M= |MP|exp(s;) and M{V=|M{Vexp(sy) are increased as a result of the higher order of the interfering
the three- and one-photon amplitudes to #tR® final-state  processes. Specifically, for t®, group the interference af-
symmetry, that interfere, arid{>) the corresponding ampli- fects the 3es!S® and 3ed 'D® channels, while the
tude to the!F° final state that contributes to the signal back-3seg *G® remains unaffected. Near thé®*® resonance, the
ground. The intensities of the two components of the bichroimportance of channels of different symmetry is reduced.
matic field arel ; andl 5, respectively, and); and #; are the ~ However, we will examine off-resonant excitation as well,
corresponding field phases. The quaniity 36, — 65 is as- and including all significantly contributing channels is im-
sumed to be continuously variable in the interf@j2], a  portant. The expression for the photoelectron production rate
condition that is easily realized experimentdl®;8]. In Eq.  can be written as
(1), with the matrix elements expressed in atomic u(ﬂt(:);{%
and the intensities expressed in units f=1.4X1 _ .
Wecm™2 the rateR; is given in a.u., Some of the results Ro=27(Rajncorit R conl,
obtained by applying Eq(l) are shown in Fig. 2. Specifi-
cally, we have plotted the absolute value of the photoelectrowhereR; ;,.on CONtains the terms unaffected by the interfer-
production ratein a.u) as a function ofs for three different  ence, andR; .o is subject to periodic modulation by the ex-
frequencies of the fundamental and for two combinations oternally controlled relative phase of the fields. The two com-
fundamental and harmonic power densities. Faer, ~ ponents are given by the following expressions:
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Where|\~/lg4)=|lv/lé4)|exp(5§4)) anle/Ig4)=||\~/I(s4)|exp(5<54)) are FIG. 3. lonization ratesin arbitrary unit3 vs the relative field

. s Lo £ phase(d in rad for simultaneous four-and two-photon ionization
the four-photon matrix elements to tH®° and *S® final- from Mg(3s?). The fundamental photon frequency is 0.1255 a.u.,

state channels, respectively. The two-photon matrix eIement@Sonantly exciting théD®(3d4s).
should be distinguished according to the process they repre-

sent. Therefore, |\~/|§,2,}3=||\~A82)|8Xp605§,21)3) and Méz,gl Therefore, we introduce an additional supersadrighiat takes
=|MP|exp(&3,) are the two-photon matrix elements to the values 1 and 2 for thepdp and Jef channels, respec-
the D¢ final-state channel corresponding, respectively, tothf|Z- Typ|1ca4I eXﬁmFi'%lS are the four-photon matrix element
(w1+w3) and (w3+ w4) excitation. The latter process in- ME®=|ME®)exps;?) to the pep channel or the two-
volves an ATl step in the two-photon excitation and is, therephoton matrix elementv3%3=|M3 % exp(5{3) to the
fore, qualitatively different from the former. The correspond-3pef channel corresponding to the process, ¢ w3). Co-

ing matrix elements to théSe final-state channel arﬂ :(;2]?3 herent summation over this new index is required in order to
— @ exp(é‘z) and M@.= 1@ equ?s(z) _ All other descrlb_e the interference process correctly a_nd is, indeed,
sy|mbsol|s and tshlg) units ha?}?élth|e ssar|ne defiir?ilt)ion as in(Bq. s_hown in Egs(4) and(S). An incoherent summation over the_
Formally similar but far more complicated expressions Cart:nal-state channels o& symmetry has been suppressed in

be given for the production rate of tHe; photoelectrons. 9. (4) in order t9 save space and simplify the nota'u_on.
Partitioning the rate in two components, A representative collection of the results we obtained by

appropriately applying formulag)—(5) is plotted in Figs.

R3=27(Rgincotit Ra.con 3-5. To resonantly excite by four-photon absorption tbé
resonance included in Table I, the fundamental frequency
we have should bew;=0.1255 a.u. It should be mentioned that as the
number of absorbed photons is increased, in order to probe
Raincor= IMGV 1211+ MUY 211+ {IM P2+ M T highly excited parts of the atomic spectrum, it increases ac-
@ @ 2 «2) cordingly the chance for accidental and unwanted intermedi-
+2[M 74| Mg3 cog 875~ Sz Hal 3 ate resonances. A pertinent example is the four-photon exci-
2 tation of the'S°(4s?) resonancéTable |). The fundamental
i,(4 4 i,(2 i,(2
+ 2 MG MBI+ MG —
1= 8k . al a BN m g . (a)-
L2 a2 i(2)_ 4.2 ol " 1
+2IM3IIMg'3 | cos 8353 — 543l 8], o =®" I=10“Wcm'2. e
m B 1
(4) €L Leet e, 110 Wom? o
2 £ 2k . Y . L ] * a
i,(4)]5/2) 1/2 i,(2) i,(4) i,(2) % [ ‘eteee
Rs,cohzz,z IMG 134 3 {|Md',13|C05(5+5d' —4,13) § 0 —+—+—fg——t—+—+ ——t—t—
i=1 _:;; 20+ o’ .o. s E, (b) 1
; i i N . E . |
+ My cog o+ 54~ 42) I L DL B
4))15/2) 125 p 1 (2) 4) 2) =10~ Wem nE o
+2IM 13235 M cos 5+ 8LV — 57 | =10 Wom®n ® s (R i
-
+|MZ cog 5+ 85— 52} (5) L . o=1234au Mg
L . : : 0 T2 3 4 5 & 7
Additional notation has been introduced in E¢$). and (5) Phase (rad)

to take into account the fact that when the ion is left in the
Mg*(3p) state the available final-state channels are in- FiG. 4. lonization rategin arbitrary unit$ vs the relative field

creased. Specifically, there is only oh8° channel, namely, phase(s in rad for simultaneous four-and two-photon ionization
3pep, but two of D® symmetry, namely, Bep and Jef. from Mg(3s?). Details are shown on the plot.
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T eee, | ' MR !De-final-state channel, that is dominant because of the reso-
16 -(a)' . '1j1°7 Wem . ° nant Al state, and to a far lesser degree by interferenoeén
. i o, OV e, ] 1s® channel. The result is the almost perfect cancellation of
- L e, .t 1 the ionization rate for th&, photoelectrons. In an experi-
5 sl a me ° " E, | ment, the background contribution will fill this deep modu-
L L . * E lation minimum, but it would still be much deeper compared
5 . LT to the minima of theE; signal. The most conspicuous feature
g b " . " 210" Wem? of the results is the phase lag of the modulation patterns of
- feant |1=103 Wem? the two products, i.e., the phase difference of signal maxima
T a0 e, . : o® | for a given fundamental wavelength and a specific combina-
oL ® . . . * i tion of fundamental and harmonic power densities. We have
*ecec’ found that theE, maximum lags thée; maximum by 0.6r
o /A S S A rad or 108°Fig. 3(b)]. Moreover, if one takes into account
Phase (rad) that the modulation pattern for tHe, photoelectrons a4

=0.1255 a.u. agrees with the one shown in Fig. 2, then all

FIG. 5. lonization ratesin arbitrary unit$ vs the relative field  three ionization products are modulated out of phase with the
phase(d in rad for simultaneous four-and two-photon ionization E, peak lagging 108° behind th®; peak which, in turn, lags
from Mg(3s®). Details are shown in the plot. 18° behind theE; peak. It is worth mentioning that at this

fundamental frequency thdé; photoelectrons exhibit a

frequency should bev;=0.1190 a.u., and a three-photon modulation depth of approximately 2% i.e., rather insignifi-
resonance with théP®(3p4s) occurs. This may not neces- cant compared to the modulation depth of g and E;
sarily be a drawback as far as phase control is concerneghotoelectrons in Fig.(8). Note that, as suggested by for-
However, a perturbative treatment, like the one employed imulas(2)—(5), there is no intensity dependence of the phase
the present work, is not sufficient for a description of thislag, within the limits of our lowest nonvanishing order per-
doubly resonant excitation-control scheme. A time-turbative approach and the range of power densities we in-
dependent treatment in the framework of the density-matrivestigated, i.e., T0Wcm ?<I,;<10" Wem 2 and 16
formalism, including all resonant states, should be employedV cm 2<1,<10° Wem ™2
Additional parameters, such as the pulse duration and the In an effort to investigate the wavelength dependence of
temporal overlap of the fundamental and harmonic pulseghe phase lag as well as the effect of the final-state resonance
will also determine the outcome of the control processon the degree of control, we have employed two other fun-
Therefore, this is quite a different control scheme that will bedamental frequencies in our calculations. Foy=0.1234
presented in a separate, future publication. a.u., the final-state energy lies well outside the width of the

In Fig. 3 we present two sets of results obtained dgr  broad 'D® resonance we have considered so far. The results
=0.1255a.u. for two combinations of fundamental and har-are shown in Fig. 4. The absolute value of the rates is re-
monic power densities. The absolute value of these ionizaduced compared to that obtained on resonance with Eife
tion rates is approximately two orders of magnitude lowerresonance, but the phase modulation of the rates is of the
compared to the ones for tli@,3w) scheme shown in Fig. 2. same magnitudécompare Figs. @& and 4b)]. Therefore,
The absolute values of the rates drawn in péatsand(b) of  the phase control is efficient even far from the final-state
Fig. 3 are of the same order of magnitude, but cannot beesonance. The phase lag of the products is appreciably dif-
compared directly because different scaling has been enferent compared to Fig. 3. The; peak lags behind thE,
ployed in each part, in order to make the modulation clearlypeak by#/2 or 90°. To further test the wavelength depen-
visible. Within each part comparison of relative magnitudesdence we have calculated the same quantities dqr
is, of course, meaningful. We observe that substantial modu=0.1226 a.u., i.e., further detuned from resonance. The re-
lation is possible for both groups of photoelectrons for thesults are presented in Fig. 5. It is confirmed that coherent
appropriate combination of the fundamental and harmonicontrol is still possible away from the resonance. Comparing
power densities. It is a useful reminder to experimentalist§igs. 5a) and 4b), we observe that the modulation depth
that not too high harmonic power densities actually enhancenay be even enhanced away from resonance. A phase lag in
the signal modulation or, equivalently, increase the degree ahe modulation patterns of the two products is again evident.
control, as is evident by comparing FiggbBand 3a). Itis  If one chooses to define the lag as the phase difference be-
also evident that the relative yield of the two products wouldtween signal maxima lying on the same side with respect to
change as the power densities of the two field componentg (as we have done in the two cases examined epartieen
are varied. In a certain sense, this is also a control mechatis found thatE, lags behind thé; by approximately 82°.
nism of the relative photoelectron yield. However, it lackslt is very difficult from expression$2)—(5) to identify un-
the continuous variation and the periodicity that the phaseambiguously the source of the phase lag. However, it is
dependent mechanism exhibits, affording greater flexibilityworth noting that the phases of the interfering matrix ele-
for control. In these plots we have not included the back-ments have a qualitatively different behavior as a function of
ground contribution of the'G®-final-state channels in order the fundamental photon frequency. This is in agreement with
to point out that the modulation of th&, signal goes Refs.[11] and[13], where it was pointed out that ATI and
through very low values, practically reaching zero. Althoughcoupled final-state channels, as met above the'(dp)
we have a multichannel final state, the modulation offhe threshold, lead to photon-frequency-dependent phase lag.
signal is mainly determined by interference ione  More specifically, the two matrix elements that correspond to
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processes including an ATI step show substantial variatiomear or far from resonance are in phase; no phase lag was
of their phase as a function of photon frequency, while forobtained. We have also studied the control potential of four-
the remaining one the phase varies very slowly as the funds&nd two-photon interfering excitations near or far from ap-
mental frequency is reduced from 0.1255 to 0.1226 a.u. W@ropriate Al states, in a scheme that involved the continuum
are therefore led to the conclusion that in our system and fosPectrum as an intermediate state. We have obtained signifi-
the specific excitation scheme the variation of the phase la§ant modulation of the energy-resolved ionization products
by tuning the fundamental photon frequency is mainly due t oth near and far from resonance. The modulation patterns

the ATI proces§11], and the channel coupling in the final- of the products exhibit a frequency-dependent phase lag that

state resonance is less crucial. However, it may be useful fgSUlts from the particular excitation scheme employed in the

remind the reader that it is not possible to disentangle th§PECIfic system. This seems to be a ubiquitous feature in all

contribution of the ATI process to the matrix element phasersneuelﬁfq?)ngﬁlg822,{5%2?rﬁr%;;hggn%Sdsgg{eeog/;régg:(j'pnﬂ?g]l;
frﬁgit;:\e}ecgmb:ﬁfgn %ff ':)huer rf:ans?J[g[?/t/?thp}lhéeg;n:rriﬁznéltuning the fundamental frequency to arrange for the maxi-
q P P mum of the modulation pattern of one product to coincide

data presented in Reffl0,14 should take into account the it the minimum of the other. Of course, such a possibility,

1ne ; . L
fact that the"D" is a broad resonance, and detuning in itSi¢ ayperimentally confirmed, it would be far more important
immediate vicinity is not meaningful. We have therefore de-t5, molecular systems than for atomic ones.

tuned far outside its Al width to study the wavelength de- | megiate extension of the present work has already been
pendence of the modulation patterns and their phase lagiscyssed in the text. We would like to point out that the

Moreover, there is no continuum-continuum transition in-gypicit time dependence, inevitable in an experimental test
volved in their excitation scheme. Nevertheless, a qual|tat|v90f our results, is missing from our perturbative approach.
feature of their data, namely, a gradual decrease of the phai@though some details may indeed be differdptg., the

lag away from resonandd4], is met in our results as well. qqylation depththe general features should agree well.
Comparing our numerical results with predictions from e yse of high power densities for the fundamental is nec-
model calculationgl1] or formal derivation$13] we obtain,  essary since four-photon ATI processes are studied. At these

in general, qualitative agreement as to the possible origin ofensities and wavelengths the ponderomotive shift of the

a phase lag in the modulation patterns of the controlled prody, iz ation threshold is a few crt, and it should not affect
ucts.

. ) . the results. The same applies for the ac Stark shift of the

In conclusion, we have confirmed by a full perturbative 5,6, nq state. As is often the case in such studies, the ioniza-
calculation in a correlated two-electron systéMg) that ion of the final-state Al resonance by the fundamental was
phase control of ionization by interfering three- and one-yegiected. It should not be very important for the intensities
photon transitions to a single continuum channel may lead t@my|ved in our calculations given the broad Al width of the

significant m%dUIat'O” either Eear or far from an ixmted articular resonance. It is therefore deemed possible to ex-
resonance. The presence of the resonance may enhance fg o experimental verification of our results, if not in Mg,

overall ionization but not necessarily the modulation depthy; jeast in some of the other alkaline-earth atoms under com-
It is clear that the fundamental and harmonic power dens't'eﬁarable conditions.

should be chosen so that the contribution of the interference-

induced cross terms balances the contribution corresponding One of us(A.L.) would like to thank the Universitele

to the direct ones in order to obtain maximum modulation orBordeaux | for the hospitality and financial support at the
equivalently most efficient control. The modulation patternsinitial stage of this work.
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