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Two-color multiphoton resonant excitation of three-level atoms
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The multiphoton resonant excitation of three-level atoms by the two laser fields of different frequencies is
investigated. The time evolution of the system and analytical solutions expressing Rabi oscillations of the
probability amplitudes at the two-color multiphoton resonant excitation are found using a nonperturbative
resonant approach. The specific examples for experimental implementation of two-color multiphoton resonant

excitation of hydrogen atoms are considered.
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I. INTRODUCTION

The possibilities to control quantum systems, e.g., to ob-
tain desired coherent superposition states using external elec-
tromagnetic fields have been studied intensively since the
period of development of nonlinear optics [1,2] and is con-
sidered nowadays because of its significance in the contem-
porary problems of quantum informatics [3,4]. Diverse
schemes for the controlling of quantum systems with one-
photon resonant excitation of atoms and associated coopera-
tive processes have been described comprehensively in sev-
eral review articles and books (see, e.g., Refs. [1,2]). On the
other hand, in the strong laser fields one can expect for mul-
tiphoton resonant excitation of atoms [5-7]. As was shown in
Ref. [5] multiphoton resonant excitation of atoms is effective
if the atomic system has a mean dipole moment in the ex-
cited states. Otherwise, the energies of the excited states of a
three-level atomic system should be close enough to each
other and the transition dipole moment between these states
must not be zero.

The multiphoton resonant excitation of atoms will allow
observing cooperative effects in high frequencies domain
and it is also significant for high order harmonic generation
[8.9]. Other interesting applications of multiphoton resonant
excitation concern dipolar molecules with a permanent di-
pole moment [10]. Research on ultracold dipolar molecules
is progressing very fast [11]. Especially interesting is the
possibility to design a quantum information device [12]. In
many cases for the implementation of quantum logic gates it
is necessary to excite polar molecules and the transition fre-
quency between the desired states lies in the uv domain and
the problem reduces to resonant multiphoton excitation of
such systems by actual laser fields.

In the present work we investigate the multiphoton reso-
nant excitation of a three-level atom by the two laser fields of
different frequencies towards the formation of coherent su-
perposition states. The resonance condition for this scheme
of the two laser fields of different frequencies: nyw;+n,w,
=wy (n,=0,%1,+2,...). expands the spectrum of possible
combinations for the implementation of multiphoton reso-
nance between the atomic (w,) and waves (w; and w,) fre-
quencies. First of all this is important from the point of view
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of experimental realization. As existing optical lasers operate
on given frequencies associated with the difference of ener-
getic levels of atoms, hence it will be difficult from the ex-
perimental point of view to realize multiphoton resonance
with a given atomic system by a single laser radiation.

The set of equations for the probability amplitudes is
solved using a nonperturbative resonant approach, which is a
generalization of widely used rotating wave approximation
(RWA) [13-15] (for more recent discussions and related ref-
erences on the subject see also Refs. [16-20]). The consid-
ered method can be traced back to the averaging method for
the Kapitza pendulum [21,22], that is, a classical pendulum
with a periodically moving point of suspension. In this
method the motion is separated into a slow part and a fast
part. The fast part results to effective potential. In our model
fast parts are nonresonant terms (counter-rotating terms) and
they account for dynamic Stark shifts. For a two-level sys-
tem in the case of one photon resonance this is known as a
Bloch-Siegert shift [14] which can be viewed as an extreme
situation of the dynamic Stark splitting [16].

The multiphoton resonant excitation problem is reduced
to Rabi problem with a generalized “Rabi frequency” which
has a nonlinear dependence on the amplitudes of electromag-
netic waves. We have also performed numerical calculations
considering the concrete examples of existing laser param-
eters.

The organization of the paper is as follows. In Sec. II we
present analytical treatment of considered problem. In Sec.
IIT we present numerical calculations. Finally, conclusions
are given in Sec. IV.

II. BASIC MODEL AND RESONANT SOLUTION

Let us consider a three-level atom interacting with the two
radiation fields of frequencies w; and w, as it is shown in
Fig. 1(a). We assume an atom to be in a V configuration in
which two upper levels |2) and |3) with mean dipole mo-
ments are coupled to a single lower level |1). We assume that
only |1)—|2) and |1)—|3) transitions are dipole allowed.
Usually the stationary states of atoms have definite parity
and the diagonal matrix elements of dipole moment are zero
for these states. For the hydrogen atom due to the random
degeneration upon orbital moment there are stationary ex-
cited states which have not definite parity. Consequently, hy-
drogen atom may have a mean dipole moment in the excited
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FIG. 1. Three-level atomic structures for (a) V type with mean
dipole moments in the excited states and (b) I' configuration with
the coupling transition between the excited states.

stationary states. The linear Stark shift for hydrogen atom is
a well known example illustrating this fact [23] (for the other
spherically symmetric atoms only quadratic Stark shift ex-
ists). For dipolar molecules the molecular states do not have
definite parity as well, which results in a mean dipole mo-
ment in the stationary states.

Another possible three-level scheme is shown in Fig. 1(b)
and one can refer it as a I' configuration. In this case lower
level [1) is coupled to an upper level |2) which in turn is
coupled to an adjacent level |3) (|]1)—|3) transition is dipole
forbidden). If the energies of excited states in I" configura-
tion are close enough to each other (the frequency associated
with the level’s difference should be small compared with
Rabi frequencies of the waves) then by the unitary transfor-
mation

1 0 0

1 1

A 0 = -—F
S= V2 V2 (1)

;L1

\J’E \/—

the problem can be reduced to the V configuration [Fig.
1(a)]. This is obvious for the hydrogen atom in parabolic
[23] and spheric coordinates. In the first case, the atom has a
mean dipole moment in the excited states, while in the sec-
ond case the mean dipole moment is zero for stationary
states but due to the random degeneration upon orbital mo-
ment there is a transition dipole moment between degenerate
states. Hence, we will consider the scheme of the V configu-
ration.

The Hamiltonian for the system will be presented in the
form

H=e[1)(1]+ (& + V) [2)2] + (85 + V33)[3)3] + (V1] 1)(2]
+ V5| 1H(3|+H.c.), (2)
where
—d [ E; cos(w ) + E; cos(wyt + )], (3)

d,, is the matrix element of the electric dipole moment, E| ,
are slowly varying amplitudes of linearly polarized electro-
magnetic waves, and ¢=const is the phase difference be-
tween the two waves. The terms V,, and V33 in Eq. (2) ac-
count for interaction due to the mean dipole moments and
these terms are crucial for the multiphoton resonance.
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The wave function of the system can be written in the
form

|‘I’(t)> — al(t)e—(i/h)slt|1> + az(t)e—(i/ﬁ)(szﬁff)vzzdt)|2>
+as(h) e—(i/ﬁ)(s3t+f6V33dz)|3>_ (4)
From the Schrodinger equation

¥ (1)

it = H|W (1)) (5)

one can obtain the equations for the probability amplitudes
ay(1), ay(1), and a;(1):

da
ld_tl =Fpp(tay + Fi5(t)as,

ddz .
i— =F,(tay,
dt 12() 1
da3 .
i— =F;3(tay, 6
. =Fha) (6)
where
Via(t)
Fio(t) = %() I (e1=22)i=[oVa()dr] (7)
Vis(o)
Fist) = I;i()e(z/h)[(e1—83)t—f6V33(t)d1], (8)

and F' denotes the complex conjugation of F. With the help
of expansion in Bessel function

[

_— 1 .
elx s cos o= — E sJy(x)elSa

§=—00

the functions F,(¢) and F5(¢) can be represented in the fol-
lowing form:

F12(f) — E E nlz(sl’sz)e(z’/h)(sl—az+hs1w1+hs2w2)t, (9)

D)
Fi5(t) = E 2 7]13(31,52)e<i/h)(8'_£3+hslwlmxzwz)t, (10)
Sl ‘YZ
where

dip
Ma(s1,8) == —— (@8] + w,5,)
dy

dyE dypkEs ) .
X Js (ﬂ)]s (ﬂ)elé‘z‘#” (11)
"\ hw; /) 2\ hw,

di3 dyE, ds;Ey \ o
7/13(S1,52)=—d_33((”1s1+w252)-]s,< ho, Js, Ty )© ¢
(12)

represent the coupling of levels by s; and s, photons.
In this representation the quasienergy levels &, ;-5 w,
—s5yw, (s1,=+1,%2,...) close to the ground state arise. The
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probabilities of multiphoton transitions between these levels

will have maximal values for the resonant transitions
81—82’3+n1w1+n2w220, n1’2= 11,12,... . (13)

Hence, if resonant condition holds for any pair of photons
numbers {n,=n, n,=m}, normal resonance, then the func-
tions (9) and (10) can be represented in the following form:

Fio(0) =[ Qs + f12(D)]e", (14)

Fi3(0) =[Q5+ f13(0)]e", (15)
where
Q3= n3(n,m) (16)

are resonant coupling constants and

fia®) = 2 2 pialsy,syelrmertammaelt o (17)

S| Fn syFm

Q5= 95(n,m),

D 2 mislspsyelrmertbamaek - (g)

Sy Fn syFm

fi3(0) =

are rapidly oscillating functions on the scale of waves’ peri-
ods. In Egs. (14) and (15) we have introduced resonance
detunings

ﬁ52’3=8] —82’3+ﬁnw] +ﬁmw2. (19)

The resonance condition (13) can also be satisfied by diverse
pairs of photons numbers, degenerate resonance. Particularly
if w,=kw,, where k is an integer number, then there are
many channels of resonance transitions and one should take
into account all possible transitions. In this case resonant
couplings are

Q= E 712(n — ksy,585); Q3= E 713(n = ks,,5,)

S2 82

(20)

and

fia(t) = E E Mals) = ksp,sp)e1rmment (21)

s|#Fn sy

Fia(t) = 2 2 mialsy = ksy,sp)elCrment, (22)

sy#Fn sy

h52’3 =& - 82,3 + ﬁnwl . (23)

Following the ansatz developed in Ref. [5] we will solve
the system of equations in the resonant approximation. As
consequence of separation of Egs. (14) and (15) the probabil-
ity amplitudes can be represented in the form

a(t) =a,(t) + oy (1),
ay(1) = [a(1) + ay(t)]e™",

as(1) = [@3(1) + az(]e™, (24)

where (1) are the time average of a;(t) and a;(¢) are rapidly
oscﬂlatmg functions. Substituting Eq (24) into Eq. (6) and
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separating slow and rapid oscillations, as well as taking into
account Eqgs. (14) and (15), we obtain the following set of
equations for the time average amplitudes a;(1):

= F,a, j=1.2.3, (25)
vr=1
where
o [Aat A O, E
F=| O, —(&+A) Ay |. (26)
QTs A; = (85 +4;)

Here terms A,, Aj, and A,; describe dynamic Stark shifts.
For the normal resonance we have

E E |7711(31’52)|2

s|Fn spFEm (Sl n)wl + (52 m)wZ

1=2,3, (27)

7712 (51,52) 713(51,57)

Ay = E 2 (28)
$1#n spFm (S] n)w] + (Sz m)a)2
while for the degenerated resonance
_ 2
A= 2 > sy = kly, 1) =23,
51 #n (s —n)w, L
(29)
Ap=—= S 33 Mia(s1 = ks2.59) mi3(s1 = kb, 1) .
s1#Fn Iy sy (Sl—n)wl
(30)

Thus, we have a set of linear ordinary differential equa-
tions with fixed coefficients, the general solution of which is
given by a superposition of three linearly independent solu-
tions

3

= >, Crexp(iNg), (31)

=1

where C,, are constants of integration determined by the
initial conditions, and the factors A, are the solutions of the
third-order characteristic equation

det(F — M) =0. (32)

The set of equations (25) has been derived using the as-
sumption that the amplitudes @, are slowly varying functions
on the scale of the electromagnetic waves periods that puts
the following restrictions:

|Fjv| < min{w;, w,} (33)

on the characteristic parameters of the system considered.

The solution (31) is very complicated and in order to re-
veal the physics of multiphoton resonant excitation process
let us consider the solution at the exact resonance when the
dynamic Stark shift is small compared with the Rabi fre-
quency. Then the solution (31) for the system situated ini-
tially in the ground state is
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a,(t) = cos \t,

*

a,(t) = —= sin 1,
i

*

Q
a;(t) = —2 sin 1, (34)
N
where
—
A =0[Qp) + Q5 (35)

The solution (34) expresses oscillations of the probability
amplitudes at the multiphoton resonant excitation analo-
gously to ordinary Rabi oscillations. However, in this case
the generalized Rabi frequency has essentially nonlinear de-
pendence on the amplitudes of the wave fields (through
Bessel functions).

As is seen from Egs. (11), (12), and (16) the Rabi fre-
quency is proportional to the ratio d,;/d;;, while dynamic
Stark shift is proportional to |d,;|*/d>.. Therefore for the sys-
tems with |d;;|>|d,;| the dynamlc Stark shift plays minor
role. However, for the large photon numbers the dynamic
Stark shift of atomic levels becomes comparable to Rabi
frequency and takes the states off resonance. For compensa-
tion of dynamic Stark shift one should take an appropriate
detuning. The solution can also be written in explicit form
when by the appropriate detunings the Stark shifts are com-
pensated. For simplicity we will present the solution for the
normal resonance when (,, ()5, and A,; are real functions
and

Q] =[Q5] = Q
Then from Egs. (25) and (26) it follows that the desired
detunings are

QO
0, =0 =-20,- Az + Q_lezs, (36)

13

Q
O3=0s3=—0,-2A5+ Q_lezs- (37)

13

In this case the solution (31) for the system situated initially
in the ground state is

. —
a, = e B2+89) cos V201,

1 Q
Gy = —= 212 M3)1 gin \D (),
1\2 Q
— —l(A2+A3)t ,29 (38)
a sin \ t.
i l\r2 Q

For {n,m}-photon resonance the atomic inversion oscillates

at a frequency
d dyE dyE
QR—Z\'Z(w1n+a)2m) -2 (ﬂ).’m(ﬁ)
d22 ﬁwl ﬁw2

(39)
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III. NUMERICAL SOLUTION (HYDROGEN ATOM)

In this section we will apply the obtained results for hy-
drogen atom and will present some numerical simulations
with the specific parameters of available laboratory lasers.
For the hydrogen atom 1S-2P transition falls in the vacuum
ultraviolet range 3/8 a.u. (hereafter we use atomic units).
This is a spectral domain where strong coherent radiation is
difficult to generate and two or higher photon resonant exci-
tation is of interest. Taking into account the problem symme-
try it is more appropriate to consider hydrogen atom in para-
bolic coordinates [5]. If the waves have parallel
polarizations, then without loss of generality we can take the
axis of polarizations as the Z axis of parabolic coordinates.
Then within the two levels with the main quantum numbers
1 and 2 we have V configuration illustrated in Fig. 1(a). The
excited states have opposite mean dipole moments (ds;
=-dy=3 a.u.), and the transition matrix elements of the
electric dipole moment are d,=-d,;;=2"/3> a.u. Hence for
the coupling parameters we have

7
3= (=1)1"2p, = ;(wm + Wy5,)

3E 3E, )\ .
X J, ( ‘)JS<——2>4%¢. (40)
(l)l 2 (.02

For the normal resonance the dynamic Stark shift is the same
for the excited levels. The latter can be calculated from Eqs.
(27), (28), (36), and (37)

St 3122 2

s1#n syFm (I’l -

3E 3E
X (w151 + wy55) 27 ( 1>J2 ( 2). (41)

25}

[3 + (= 1)rmsits]

sy + (m—s;)w,

The solution (38) is applicable for hydrogen atom (at ¢=0)
and the generalized Rabi frequency will be

2’ 3E 3E
Qp = VE_S Jn(_l)‘]m<_2) (42)
3 (1)1 (1)2
1
o8l 1)
S
©os [2)
3
g
04 ,
g BV
n
0.2 A \/
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21 /@,

FIG. 2. (Color online) Rabi oscillations at two-photon two-color
resonance (n=1, m=1) for the hydrogen atom. Time in units of the
low frequency wave period. The electric field strengths are E,;
=FE,=0.02 a.u.; the dynamic Stark shift and the detuning are much
smaller than the Rabi frequency.
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FIG. 3. (Color online) As in Fig. 2, but for three-photon two-
color resonance (n=1, m=2) for hydrogen atom. The electric field
strengths are £,=E,=0.03 a.u.

For the numerical solution of Eq. (6) with the goal of the
two color resonant excitation of hydrogen atom we consider
high power excimer lasers combined with optical and infra-
red lasers. Figure 2 displays the temporal evolution of the
state populations for two-photon two-color resonance with
F, excimer laser (157 nm, n=1) and second harmonic of
Nd:YAG laser (532 nm, m=1) with E;=E,=0.02 a.u., which
corresponds to laser intensities 7==1.4X10'* W/cm?. For
the chosen laser systems the detuning of resonance is &
=0.00084 a.u. The generalized Rabi frequency and the dy-
namic Stark shift calculated by Eqgs. (42) and (41) are equal
to 2=0.0063 a.u. and J5,=0.00039 a.u., respectively. As is
seen, the Rabi frequency is much larger than the detuning
and the dynamic Stark shift. Hence, we see Rabi oscillations
with the frequency (42). Figure 3 displays three-photon reso-
nance with ArF excimer laser (193 nm, n=1) and Alexan-
drite (655 nm, m=2) with E;=FE,=0.03 a.u., which corre-
sponds to laser intensities 7=3.15X10"> W/cm? The
detuning in this case is 6=0.00019 a.u., the generalized Rabi
frequency Q;=0.00633 a.u., and the dynamic Stark shift
05=0.00084 a.u. The oscillation frequency coincides with
high accuracy with the generalized Rabi frequency (42).

Figure 4 displays four-photon two-color resonant excita-
tion of hydrogen atom with XeF excimer (351 nm, n=2) and
Ti:sapphire (780 nm, m=2) laser systems with E;=E,
=0.025 a.u. In this case §=0.0014 a.u., Qz=0.00135 a.u.,
and 0g=0.00139 a.u. As is seen, for these parameters the
dynamic Stark shift and detuning are comparable with the
Rabi frequency. Nevertheless, for the chosen electric field
amplitudes the detuning is compensated by the appropriate
dynamic Stark shift. The calculations were also made for the
finite wave pulses describing the envelope of low frequency
laser field by Gaussian function exp[—(t—v27)?/(27%)]. The
state populations for finite wave pulses are shown in Fig.
4(b) for w,7/27r=12. For the chosen pulse length, in the final
state we have ~100% overpopulation.
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FIG. 4. (Color online) Two-color four-photon resonant excita-
tion of hydrogen atom by XeF excimer (n=2) and Ti:sapphire (m
=2) lasers. The electric field strengths are E;=FE,=0.025 a.u.; the
Rabi frequency is comparable with the dynamic Stark shift, but the
latter is compensated by the appropriate detuning. Temporal evolu-
tion of the state populations for (a) continuous waves and (b)
Ti:sapphire laser pulse of finite duration with w,7/27=12.

IV. CONCLUSION

We have presented a theoretical treatment of the multi-
photon resonant excitation of three-level atoms by two laser
fields of different frequencies. The solution of Schrédinger
equation was found using nonperturbative resonant ap-
proach. The obtained solutions express oscillations of the
probability amplitudes at the multiphoton two color resonant
excitation analogously to Rabi oscillations. The generalized
Rabi frequency has essentially nonlinear dependence on the
amplitudes of the wave fields. We also made numerical cal-
culations for hydrogen atom assuming specific parameters of
available laboratory lasers. Our calculations for hydrogen
atom suggest that by the appropriate uv and optical pulses
with moderately strong intensities ~10'> W/cm? one can re-
alize two-color multiphoton resonant excitation.

ACKNOWLEDGMENTS

This work was supported by International Science and
Technology Center (ISTC) Project No. A-1307.

063413-5



AVETISSIAN, AVCHYAN, AND MKRTCHIAN

[17L. Allen and J. H. Eberly, Optical Resonance and Two Level
Atoms (Wiley-Interscience, New York, 1975).

[2] B. W. Shore, Theory of Coherent Atomic Excitation (Wiley-
Interscience, New York, 1990).

[3] The Physics of Quantum Information, edited by D. Bouw-
meester, A. Ekert, and A. Zeilinger (Springer Verlag, New
York, 2000).

[4] M. A. Nielsen and I. L. Chuang, Quantum Computation and
Quantum Information (Cambridge University Press, Cam-
bridge, 2000).

[5] H. K. Avetissian and G. F. Mkrtchian, Phys. Rev. A 66,
033403 (2002).

[6] G. N. Gibson, Phys. Rev. Lett. 89, 263001 (2002).

[7] H. K. Avetissian, G. F. Mkrtchian, and M. G. Poghosyan, Phys.
Rev. A 73, 063413 (2006).

[8]J. B. Watson, A. Sanpera, X. Chen, and K. Burnett, Phys. Rev.
A 53, R1962 (1996).

[9] B. Wang, T. Cheng, X. Li, P. Fu, S. Chen, and J. Liu, Phys.
Rev. A 72, 063412 (2005).

[10] A. Brown, W. J. Meath, and P. Tran, Phys. Rev. A 63, 013403
(2000).

[11] Special issue on ultracold polar molecules, Eur. Phys. J. D 31,

PHYSICAL REVIEW A 74, 063413 (2006)

(2004).

[12] D. DeMille, Phys. Rev. Lett. 88, 067901 (2002); J. P. Palao
and R. Kosloff, ibid. 89, 188301 (2002); D. Babikov, J. Chem.
Phys. 121, 7577 (2004); A. Micheli, G. K. Brennen, and P.
Zoller, Nat. Phys. 2, 341 (2006).

[13] L. I. Rabi, Phys. Rev. 51, 652 (1937).

[14] E. Bloch and A. Siegert, Phys. Rev. 57, 522 (1940).

[15] S. H. Autler and C. H. Townes, Phys. Rev. 100, 703 (1955).

[16] C. Wei, A. S. M. Windsor, and N. B. Manson, J. Phys. B 30,
4877 (1997).

[17] A. Sacchetti, J. Phys. A 34, 10293 (2001).

[18]J. C. A. Barata and W. F. Wreszinski, Phys. Rev. Lett. 84,2112
(2000).

[19] A. Santana, J. M. Gomez Llorente, and V. Delgado, J. Phys. B
34, 2371 (2001).

[20] D. Bonacci, S. D. Bosanac, and N. Doslic, Phys. Rev. A 70,
043413 (2004).

[21] P. L. Kapitza, Zh. Eksp. Teor. Fiz. 21, 588 (1951).

[22] L. D. Landau and E. M. Lifshitz, Mechanics (Pergamon Press,
Oxford, 1976).

[23] L. D. Landau and E. M. Lifshitz, Quantum Mechanics, Non-
relativistic Theory (Nauka, Moscow, 1989).

063413-6



