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Strong-field multifrequency electromagnetically induced transparency
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Based orab initio simulations of the interaction of the hydrogen atom with a multifrequency ultrashort laser
pulse in the strong-field regime, coherent population trapping is found. It leads to the inhibition of the ioniza-
tion process and, hence, electromagnetically induced transparency, provided that certain two-photon resonance
conditions are satisfied. This effect opens additional possibilities to detect phase-locked trains of attosecond

pulses.
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I. INTRODUCTION noise ratio much higher than other techniques due to the
i i i , . intrinsic characteristics of CPT.
Coherent population trappi@PT) is a nonlinear optical There are other phenomena related to a suppression of the

effect which has been widely studied during recent decadegnization in the strong-field regime, such as the widely dis-

[1]. The first observations of CP[2] were made using @ cyssed atomic stabilizatiqil9]. Whether it can be achieved
multimode laser. Similar techniques have given rise 0 a 10 not, atomic stabilization is radically different from the
of interesting phenomena such as electromagnetically incoperent effects we report in this paper because it happens in
duced transparend§|IT) [3,4], lasing without inversioniS],  the tunnel or in the over-the-barrier ionization regime instead
and ultraslow light propagatiof]. An explanation of atomic ot i the multiphoton regime and, even more important, sta-

stabilization in Rydberg atoms using coherent trapping efyjjization does not critically depend on the frequencies and

fects has also been givé]. _ phases of the laser pulses.
Population trapping has already been reported in hydro-
gen[8,9] and other atomic gases such as helifirl] with Il. ATOMIC MODEL
two different moderately intensgens of MW/cn?) laser
sources and long pulsés the nanosecond regimeHere we Let us start by describing our quantum system, the atom.

report the appearance of a coherent strong-field process leaflhe time-dependent three-dimensional Schrédinger equation
ing to coherent population trapping due to the destructivé TDSE) in the dipole approximation for a hydrogen atom
interference of competing ionization channels when an atoneads

interacts with an intensérradiances above 1®W/cn?), 1 2
ultrashort(subpicosecondlaser pulse composed of several iﬁi\y(f’,t) = (—§2_ - - ezE(t))‘P(F,t). (1)
harmonic frequencies. The atomic electron is thus placed in a at

superposition state that is difficult to ionize and the system We assume that the laser fiefit) is linearly polarized

pecomes more transparent if the phases of difrerept harmo%ﬂong thez axis and it is a sum of ten odd harmonics of the
ics are locked. The use of ultrashort pulses implies broa Léndamental frequency,,

band fields. As a consequence, trapping cannot be exact an
permanent as it is with three-level systems. However, it is 10
clearly present. E(t) == X Ey(¢(@ et 4 cc). 2)
The superposition of harmonic frequencies appears natu- 21
rally in high-order harmonic generation processes when a The pulse envelope has a flat shape during 20 cycles of
strong laser field interacts with matter. The radiation is 9geny, . We choose the partial amplitudés, to be equal, ie.,
erated in most of the cases as a long plateau with mang —g for all values ofq. This is a realistic assumption for
atomic componentfl1,12. When these harmonics are phasefig|ds obtained by high-order harmonic generation in gases,
locked, a train of attosecond pulses is creqfE-13. _where there exists a long plateau of harmonic components
As opposed to the measure of the intensities of the differyith roughly the same intensities corresponding to the cen-

ent harmonics, the detection'of their respective phases is ngty part of the emitted spectrum. In our calculations we will
straightforward. Several nonlinear techniques have been prozye 3 value foE,=E, /10 such that the average amplitude

posed, most of them based on the ionization dynamical efy¢ 1o otal field isE = VSE2=0.04 ;
. i L L=V =0.04 a.u., which corresponds
fects induced by the multiharmonic fieJd6—18. The effect to an average irradiance 0? 510 W/ el

we have found can be an alternative technique to detect | ' - phase-locked caseay ¢,=0 for simplicity) the

whether't.he ph"’?s?s are Iocked or not. It has, of COUSE, S€¥a|q is a train of attosecond pulses, while for arbitrary phases
eral additional difficulties, but it opens the way to a signal t0guch high-field spikes do not appear. It is thus reasonable to
expect a different response in the phase-locked case because
of the high field existing at times of global constructive in-
*Electronic address: enrikecj@usal.es terference.
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0.5 photon resonance between these states is achieved. This also
happens for the couple &% and v, and so on. Hence,
04 1 N there are several paths to get the2k two-photon resonance
(some of them with a resonant intermediate state and some
""""" of them without i). Each one of these paths is a typical
g 031 three-level scheme leading to CPT.
g In principle, all these resonances are not coupled. How-
g 02 - ever, as we can see, when the harmonics are phase locked all
these two-photon resonances behave in the same way, en-
hancing the trapping effect. For random phases the reso-
0.1 1 nances interfere among them in a destructive way, and there
A } is no longer population trapping.
0.0 . -
0.034 0.036 0.038 0.040 IV. RESONANCES AND INTERFERENCES

First fr . N o .
et Trequeney To explain the inhibition of ionization at certain frequen-

FIG. 1. Ground-state populatigfull line) and population in the ~ Ci€S, we must take into account the interactions of the differ-
atomic states wit, <10 (dotted ling at t=40mw,_ (i.e., 20 cycles €Nt harmonic components, which can give rise to interfer-
of the w,_ frequency. ence phenomena, coupling states of the same parity via

continuum states to form some kind of dark states which trap

The numerical solution of the TDSE in the dipole ap- part of the population and, as a final result, yield ionization

proximation for the hydrogen atom submitted to a IinearlymUCh Iqwer than expect_ed. :

polarized field is nowadays a routine task. We expanded the The interference a&),_—0.03175 a.u.-oceurs obV|ou_st_be-
wave function in the spherical harmonics basis and solve een two resonances. Fag =0.0341 a.u. one has ioniza-
the resulting set of coupled differential equations by mean jon \.N.'th one intermediate IL]L resonance for th_e si2p

of a Crank-Nicholson algorithrfi20]. We used a radial grid ransition. Analogously, fomL.-.0.0417 a.u., there is axf

of 5000 points separated by a space step of 0.1 a.u., givingrSS()r]""r1.Ce for thesi2p transition. In bOt.h casesip states .
maximum radiusr,,,=500 a.u.(26.5 nm. The maximum with n higher than 2 are nonresonant, in this frequency in-
angular number considered in the expansiol,is=72. The terval. g .
time step used is 1/200 of the fundamental frequency cycle Resonances appear also for monochromatic fields, but in

and the total simulation time is 20 cycles of that frequency.CYl €8s, the c;oupling of the transition proba_bili.ties_ assc_)ci—
y d Y-ated with the different paths can enhance the ionization yield

provided this coupling is constructive, which happens when
the different harmonics are phase locked. As a consequence,
the ionization will happen faster when all harmonics are
We simulated the response of the atom to such multifrephase locked than when their phases are random, as stated in
guency laser fields. In order to point out the basic mechaf16]. This can be observed in Fig. 2, where we represent the
nisms leading to population trapping we have chosen lasegvolution of the ground-state population and the total bound
frequencies between 0.034 and 0.041 gom 1343 to 1114 population (n,<10) for a phase-locked pulse witho_
nm wavelengths The results of these simulations are shown=0.042 a.u(wavelength 1141 ninand the result of averag-
in Fig. 1, where we have depicted the population that reing 20 different sets of random phase pulses with the same
mains in the ground state after 20 cycles for the differenfrequencies. Anyway, the final population after 10 cycles is
values of frequencies. We show also the population remainaot noticeably different in either case.
ing in the bound states up tp=10, which can be considered Interferences consist of couplings of two states of the
the total bound population after that time. same angular momentum via an upper level, usually in the
Figure 1 shows a clear maximum close te_  continuum, which is resonant with both of them. These in-
=0.0375 a.u. Therefore, for this frequency a mechanism foteractions are strong when the two coupled states are sepa-
inhibition of ionization appears in the phase-locked case. Taated by an energy equivalent to an even number of photons,
understand this, it is necessary to observe that n, because in this way there will always exist a common
=0.0375 a.u. corresponds to a ten-photsfR4 interference. resonant upper level which is reachable from the lower one
In fact, this is a two-photon resonance mediated by=ah  with m photons,m being odd—a transition allowed in the
state (resonant or ngt Since it may lead to atomic wave dipole approximation—and from the upper one witi+n,
function interference, the CPT, we refer to this frequency aslso odd and thus allowed.
the 1s-2s interference(of course, for atomic hydrogen the  This kind of resonant interference phenomenon generates
1s-2s energy difference is 0.375 a)ulLet us recall that we population trapping in a state which is a linear combination
are dealing with multifrequency fields. Absorption of an of the original two, but it is very difficult to observe with
11w, photon from the & state is resonant with the absorption monochromatic fields unless the energy difference between
of a 1w, photon from the 8 state forw; =0.0375 a.u. Si- the two coupled states is negligible as compared with the
multaneously, using X3 and 3»_ photons, the same two- photon energydegenerate levels Otherwise we need ex-

IIl. POPULATION TRAPPING
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FIG. 2. Time evolution of the ground sta¢a) and total bound FIG. 3. Time evolution of the ground state) and total bound

population (b) for w =0.042 a.u. in the phase-locketblack  population forw =0.0375 a.u. in the phase-lockéalack squares

squaresand random phagevhite circleg cases. For this frequency, and random phaséwhite circleg cases. For this frequency, the

phase locking is not fundamental in the ionization dynamics. influence of phase locking is fundamental: it prevents ionization
due to a CPT process.

tremely intense fields for which multiphoton transitions oc-

cur with similar probability as one-photon transitions or, al-zined with phase-locked and random phase pulses when
ternatively, two- or many-color fields as in pump-probe w; =0.0375 a.u. The result is more impressive than in the

experimepts. In our case, the field is nr?\turally many cololzse of the resonance commented on above because the
and the different frequencies are harmonics of a fundamentgyy;nq population after ten cycles is close to 60% of the total

one, so that the even-resonant condition perfectly satisfieg, ihe case of the phase-locked pulse, whereas in the random
our needs. case it is around 2.5%. Eventually, all the population will be
~ The interference that appears at frequenay  jonized also in the phase-locked case due to transitions to
=0.0375 a.u(1217 nm is very clear since it represents an giterent hydrogen levels, but it can take much more time
island of anomalously low ionization. For this frequency, thei, 4, expected.

levels involved in the coupling are the ground stat,and This behavior is in principle counterintuitive since one
the first excited state,s? separated by a distance of ten fun- o |d tend to think that the phase-locked pulse is more suit-
damental photons, plus resonant continuum states which aBle for ionizing the atom due to its sharp and intense peaks.
15, 17, or 19 photons above the ground state. Hence, there jisis clear, however, that this is not a problem linked to peak
not only one but three processes which can generate sugfywer put to the different phases: it is purely a coherence
interference: the first one implies a continuum level with problem. As strange as this result may seem, it can be used

energy 0.0625 a.u. coupled to the ground state through thgs j test of the phase locking of fields composed of several
15w, component of the field and to thes Btate through the  h5rmonic frequencies.

5w, component; the second one implies a continuum level
with energy 0.1375 a.u. coupled to the ground state through
the 1%, component of the field and to thes 8tate through
the 7w, component; the last one couples treahd X states
to a continuum state with energy 0.2125 a.u. through the In order to get a better understanding about the coherent
190, and Qv components, respectively. effects which prevent ionization, we can study a simple four-
These three different couplings can add coherently or inlevel model that, although not completely realistic, contains
coherently depending on their relative phases so that whetie basic elements we need for our purpose.
the phases of all the harmonics are phase locked, they will Following Fig. 4, the two lowest levels in our model rep-
combine constructively and the result will be enhanced. Oresent two bound states whose energy difference is equal to
the contrary, when the phases are random, they will combinan even number of photons of a given frequengy; e,
destructively and the effect will disappear. We can observe 2nfiw,_. Above them, there are two upper levels, which will
this behavior in Fig. 3, where we compare the results obfepresent two continuum states of the hydrogen atom. Level

V. ESSENTIAL-STATES MODEL
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[4) final result, but for simplicity we keep it this way, which is
/\/\/ not too bad wher; ande, lie in the continuum.
We also assume that the coupling with the states in the
continuum is independent of their energy, i@,;=d;, and
2) dy3=d,,. The upper levels have also decay raggsy, which
represent the loss of population going out of the system into
the continuum and never coming back. In this sense, this is
an open model and not a closed one.

1 After eliminating all counter-rotating components, our
multifrequency laser field will only contain the four resonant
FIG. 4. Schematic representation of the model atom. components which couple each pair of levels:

1
3 is considered resonant with both bound levels, with photon ~ E= E{EZm—l + Eome1 + Ezneom-1 + Ezneomeat +€.C. (3)
energiee;—&,=(2n+2m-1hw, , e3-e,=(2m-1hw , and
the same happens for level 4, with energies-£,=(2n  with Eq:Eoeiqf“"Lte‘%. The Rabi frequencies associated with
+2m+Dhw,, e4—&,=(2m+1)hw, . These perfect resonance each transition aréljkei¢q:Eoé¢qdjk/h. Under these condi-
conditions among upper and lower levels are not strictly nections, neglecting the effect of all nonresonant interactions,
essary, and the existence of detunings would not affect ththe Hamiltonian for the four-level system is

0 0 O, 3el boneom-1 () 1 4ei bonrome1
1 0 0 Q, 3ei Pom-1 Q, 4ei Pom1
=T 5 QO 3e_i‘/’2n+2m—1 Qz3e-i¢2m—1 iy4/2 0 ' (4)
Qe Pnvomes (), @71 P2me 0 iy4/2

which is a straightforward extension of the well-known casetain frequencies shown in the much more realistic case of
of a three-level system with two resonant frequen¢#s Fig. 1.

As can be easily verified, the condition to obtain a dark The four-level model shows the basic process implied.
state is )5/ Qyge! Penem-1dom-1 =),/ ), € (P2nvemidom)  The 1-3-2 system allows a dark state, while the 1-4-2 system
and this happens only when é&(%nam-1-bom-2) allows another dark state. Whether these two dark states are
=¢(¢nema-f2md) Hence, when the fields are phase lockedthe same or not depends crucially on the harmonic phases. In
(at least by pairs of componeitsve have a dark state the phase-locked case both dark states coincide and thus CPT

is preserved for a multiharmonic field. This can be easily
A . extrapolated to the case €12, |e) being an upper level
Qg7 P2m1|1) — () 7 P2nvam-1]2) such that the two-photoi)-|2) transition is resonant.
VIO + 0,42
) Qz4|1)e"i¢2m+1 _ Ql4e‘i¢2n+2m+1|2) VI. DISCUSSION AND CONCLUSIONS

5)
e (
V[ Qaf? + 042

|d)=

Regarding the experimental feasibility of this kind of

strong-field CPT, the intensities of the harmonics are not a
If the phases of the different harmonics are random, therenajor problem since energies of the order of a microjoule

will not be a dark state and the atom will be rapidly ionized.can be reached now for high harmonics of the Ti:sapphire
When we consider more than two pairs of resonant frelaser in several laboratories around the waiki 23, al-
guencies, as we have in the hydrogen simulation, the prevthough getting the same conversion efficiency for several
ous arguments can be extrapolated considering more thdrarmonics may be difficult. It is also clear that, so far, there
two upper levels, and the phase-locking condition is neededo not exist ultrashort intense fields for the wavelengths we
for all the pairs in order to obtain a trapped state. have used in our simulation. In addition, the hydrogen atom
Undoubtedly, the four-level model is an oversimplifica- is not the most suitable system to start with in a new experi-
tion of the real hydrogen atom, but this simple model givesmental technique. However, a rescaling to available laser
us a nice explanation of why the ionization in the case ofsources and appropriate atomic or molecular systems is
phase-locked harmonics is much slower than when the hastraightforward since the mechanisms involved have a gen-
monics are absolutely random, and it constitutes the physicaral nature. For instance, atomic argon, which is a gas widely
mechanism responsible for the reduction of ionization at cerused in strong-field experiments, has several transitions close
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to 80 and 100 nm, corresponding to eight- and ten-photorerference effect presented here opens the road to conceptu-

processes for the frequency of a Ti:sapphire laser. ally different ways of partial EIT in the propagation of strong
In conclusion, based on a time-dependent numerical simudltrashort multifrequency laser pulses.

lation and on a naive essential-states model, we have shown

that strong-field multifrequency CPT in atomic systems is

possible for ultrashort, multiharmonic laser pulses. We sug- ACKNOWLEDGMENTS
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