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BRAGG SCATTERING OF ATOMS
BY COUNTER-PROPAGATING LIGHT PULSES
ROBUST TO VARIATIONS OF PULSE AREAS

Bragg transitions of a two-level atom in the field of two pairs of counter-propagating light
pulses with different carrier frequencies have been studied theoretically. Bragg transitions are
treated as coherent multiphoton diffraction processes, in which, under an appropriate tuning to
the Bragg resonance, the atomic momentum can change by 2𝑛~𝑘 in a single scattering event,
whereas single-photon transitions are suppressed due to a large detuning from the resonance. It
has been shown that in this configuration, the transition efficiency is practically independent
of the pulse area, in contrast to the case of a single pair of pulses. The physical basis of
this effect consists in an almost adiabatic interaction of the atom with the field, similarly
to the interaction with temporally overlapping counter-propagating pulses with off-resonant
carrier frequencies [V.I. Romanenko, L.P. Yatsenko. Zh. Eksp. Teor. Fiz. 117, 467 (2000);
V.I. Romanenko, L.P. Yatsenko. JETP 90, 407 (2000)]. The possibility of the momentum
splitting of an atomic beam, which is robust with respect to variations of light intensity, and of
the formation of selective laser mirrors has also been demonstrated. The proposed approach to
control atomic motion can be applied to the study of interference phenomena in atomic optics.
K e yw o r d s: atomic optics, laser radiation, Bragg transition, light pressure.

1. Introduction
Modern atomic optics and interferometry are based
on the ability to control the internal state and the
mechanical motion of an atom as a whole using co-
herent laser radiation. Among the methods for con-
trolling the internal state and the mechanical mo-
tion, approaches based on the adiabatic interaction
of an atom with an electromagnetic field occupy a
special place, since they ensure the robustness of the
result with respect to variations in interaction param-
eters. The fast adiabatic passage through resonance
[1] became one of the first examples of adiabatic in-
teraction between an atom and electromagnetic radia-
tion in quantum optics. In the two-level model, which
has been analyzed in Ref. [1], the carrier frequency of
a light pulse, during the time of its action, passes
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through a resonance with the atomic transition fre-
quency rather quickly so that spontaneous emission
and coherence relaxation do not have enough time to
significantly affect the process, but, at the same time,
rather slowly so that the resonance passage can be
considered adiabatic. As a result, a population inver-
sion between the atomic states occurs, and the mo-
mentum of the atom changes by one photon’s mo-
mentum.

Later it was shown that even in the framework of
the two-level model, a much larger momentum can
be transferred to the atom, and the result remains ro-
bust with respect to variations in the pulse area if the
atom is subjected to the action of a pair of counter-
propagating pulses with a large area and fixed carrier
frequencies, which are detuned from the resonance
transition frequency in the atom [2].

In Ref. [3], a scheme combining two phenomena
was proposed: the interaction between an atom and
a pair of counter-propagating light pulses, and the
fast resonance passage, when the carrier frequencies
of both pulses change in time with a certain time
shift between them (in contrast to the fixed carrier
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Fig. 1. Schematic diagram of a six-photon Bragg transition

frequencies considered in Ref. [2]). With an emphasis
on the large momentum transfer to an atom that is
robust to the change in the area of light pulses, Ra-
man transitions in three-level atoms were also studied
[4]. Since these transitions have a Raman character,
two pairs of pulses were used; each of them induced
its own Raman transition with two-photon detuning
that differs for the different pairs.

Bragg transitions in atoms under the action of two
counter-propagating light pulses with different carrier
frequencies satisfying the resonance condition can be
described as transitions between two atomic states
with different momenta (see Fig. 1), which are cou-
pled by a certain effective field characterized by a mul-
tiphoton Rabi frequency [5]. In the framework of this
interaction scenario, a fast adiabatic passage of reso-
nance can be realized, when the two-photon detuning
changes rapidly within a certain interval [6]. In con-
trast to the fast adiabatic passage in a two-level atom,
the destructive effect of spontaneous emission from
the excited state is practically absent, since this state
is almost depopulated. Another method of transfer-
ring a large momentum to an atom, which is insen-
sitive to changes in the area of light pulses and re-
lated to the momentum transfer at the interaction of
a two-level atom with two counter-propagating pulses
with different carrier frequencies, has not been con-
sidered so far.

In this paper, a method of transferring a momen-
tum of the order of several photon pulses to an atom
(for 2𝑛-photon transitions, this is a momentum of

2𝑛~𝑘, where 𝑛 is an integer, and 𝑘 is the wave vec-
tor of the light waves), which is robust to changes in
the area of light pulses, is proposed for Bragg transi-
tions. This method, similarly to the partial fast res-
onance passage [6], makes it possible to split atomic
waves and implement atomic mirrors.

The article is structured as follows. In the next
section, main equations describing the behavior of
an atom in a field of four pairwise counter-propaga-
ting light pulses with different frequencies are pre-
sented. In Section 3, a procedure of adiabatic elimi-
nation of the excited state is described. In Section 4,
the results of numerical simulations of Bragg transi-
tions in a four-pulse field are given. In Section 5, the
main conclusions are formulated.

2. Basic Equations

Let a two-level atom (with the ground state |𝑔⟩ and
the excited state |𝑒⟩) interacts with a field 𝐸 of four
light pulses: two of them (pulses 1 and 2) propagate
along the 𝑧 axis, and the other two (pulses 3 and 4)
propagate in the opposite direction. Hence,

𝐸 = 𝐸1(𝑡)𝑒1 cos(𝜔1𝑡− 𝑘1𝑧 + 𝜙1)+

+𝐸2(𝑡)𝑒2 cos(𝜔2𝑡− 𝑘2𝑧 + 𝜙2)+

+𝐸3(𝑡)𝑒3 cos(𝜔3𝑡+ 𝑘3𝑧 + 𝜙3)+

+𝐸4(𝑡)𝑒4 cos(𝜔4𝑡+ 𝑘4𝑧 + 𝜙4),

where 𝑒𝑛 (𝑛 = 1, ..., 4) are the unit vectors of the
electric field direction, 𝐸𝑛(𝑡) are the envelopes of the
field strengths of the pulses, 𝜔𝑛 are the carrier fre-
quencies of the pulses, 𝑘𝑛 are the projections of the
pulses’ wave vectors onto the 𝑧-axis, and 𝜙𝑛 are the
initial phases of the pulses. Since the difference be-
tween the carrier frequencies is much smaller than the
atomic transition frequency, we will neglect below the
difference among the wave vectors and assume that
𝑘1 = 𝑘2 = 𝑘3 = 𝑘4 ≡ 𝑘.

The dynamics of the atomic state vector |Ψ⟩ is de-
scribed by the Schrödinger equation

𝑖~
𝜕

𝜕𝑡
|Ψ⟩ = (𝐻0 − ̂︀𝑑𝐸)|Ψ⟩ − 𝑖~

𝛾

2
|𝑒⟩⟨𝑒|Ψ⟩. (1)

Here, 𝐻0 is the free-atom Hamiltonian, ̂︀𝑑 is the dipole
moment operator, and 𝛾 is the spontaneous emission
rate. This equation is equivalent to the equation for
the density matrix if the atomic state is given by
the Monte Carlo wave function [7, 8]. If we take the
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ground state energy to equal zero, and the excited
state energy to equal ~𝜔0, then the Hamiltonian 𝐻0

of a free atom has the form

𝐻0 =
̂︀𝑝2

2𝑀
+ ~𝜔0|𝑒⟩⟨𝑒|, (2)

where ̂︀𝑝 is the atomic momentum operator.
The wave function is a superposition of the ground

and excited states, with the amplitudes varying in
time and space,

|Ψ⟩ = 𝑐𝑒(𝑧, 𝑡)𝑒
−𝑖𝜔0𝑡 |𝑒⟩+ 𝑐𝑔(𝑧, 𝑡) |𝑔⟩ . (3)

The coefficients 𝑐𝑔(𝑧, 𝑡) and 𝑐𝑒(𝑧, 𝑡) are expanded in a
series in the eigenfunctions ⟨𝑧|𝑛⟩ = exp(𝑖𝑛𝑘𝑧) of the
𝑧-component of the momentum operator, with the
eigenvalues 𝑛~𝑘:

𝑐𝑔 =

+∞∑︁
𝑛=−∞

𝑏𝑔,𝑛𝑒
𝑖𝛼𝑘𝑧 ⟨𝑧 |𝑛⟩ , (4a)

𝑐𝑒 =

+∞∑︁
𝑛=−∞

𝑏𝑒,𝑛𝑒
𝑖𝛼𝑘𝑧 ⟨𝑧 |𝑛⟩ . (4b)

Here, 𝛼 is the fractional part of the ratio between
the initial atomic momentum and ~𝑘. Below, to sim-
plify numerical simulations, we consider the case
𝛼 = 0. The coefficients 𝑏𝑔,𝑛 and 𝑏𝑒,𝑛 in expansions
(4) are the amplitudes of the probability for finding
the atom in the states |𝑔⟩ or |𝑒⟩, respectively, with
momentum 𝑛~𝑘. To simplify the notation in Eqs. (4)
and below, we do not specify the arguments of 𝑐𝑔, 𝑐𝑒,
𝑏𝑔,𝑛, and 𝑏𝑒,𝑛.

Substituting Eqs. (4) into the Schrödinger equa-
tion (1), we obtain the following equations for 𝑏𝑔,𝑛
and 𝑏𝑒,𝑛:

𝑖
𝜕

𝜕𝑡
𝑏𝑔,𝑛 = 𝛿rec𝑛

2𝑏𝑔,𝑛 +
1

2
Ω1𝑏𝑒,𝑛+1𝑒

𝑖𝛿1𝑡+𝑖𝜙1 +

+
1

2
Ω2𝑏𝑒,𝑛+1𝑒

𝑖𝛿2𝑡+𝑖𝜙2 +
1

2
Ω3𝑏𝑒,𝑛−1𝑒

𝑖𝛿3𝑡+𝑖𝜙3 +

+
1

2
Ω4𝑏𝑒,𝑛−1𝑒

𝑖𝛿4𝑡+𝑖𝜙4 , (5a)

𝑖
𝜕

𝜕𝑡
𝑏𝑒,𝑛 = 𝛿rec𝑛

2𝑏𝑒,𝑛 − 𝑖
𝛾

2
𝑏𝑒,𝑛 +

+
1

2
Ω*

1𝑏𝑔,𝑛−1𝑒
−𝑖𝛿1𝑡−𝑖𝜙1 +

1

2
Ω*

2𝑏𝑔,𝑛−1𝑒
−𝑖𝛿2𝑡−𝑖𝜙2 +

+
1

2
Ω*

3𝑏𝑔,𝑛+1𝑒
−𝑖𝛿3𝑡−𝑖𝜙3 +

1

2
Ω*

4𝑏𝑔,𝑛+1𝑒
−𝑖𝛿4𝑡−𝑖𝜙4 . (5b)

Here, we introduce the time-varying Rabi frequencies
Ω1, Ω2, Ω3 and Ω4, which are determined by the for-
mulas

Ω1 = −⟨𝑔|𝑑𝑒1 |𝑒⟩𝐸1

~
, Ω2 = −⟨𝑔|𝑑𝑒2 |𝑒⟩𝐸2

~
,

Ω3 = −⟨𝑔|𝑑𝑒1 |𝑒⟩𝐸3

~
, Ω4 = −⟨𝑔|𝑑𝑒2 |𝑒⟩𝐸4

~
,

as well as the notations 𝛿rec = ~𝑘2/(2𝑀) and 𝛿𝑛 =
= 𝜔𝑛 − 𝜔0 (𝑛 = 1, 2, 3, 4). The terms oscillating with
doubled carrier frequencies of light pulses are ne-
glected (the rotating wave approximation [9]).

The time dependence of the amplitudes of light
pulses is described by the expression

Ω𝑛 = Ω𝑛0𝐹2

(︂
𝑡

𝜏𝑛
− 𝑡𝑑𝑛

)︂
, 𝑛 = 1, 2, 3, 4, (6)

where 𝜏𝑛 is the 𝑛-th pulse duration, and 𝑡𝑑𝑛 is the
time when the 𝑛-th pulse amplitude reaches max-
imum, counted from the initial time moment. The
function 𝐹2(𝑥) belongs to the sequence of functions

𝐹𝑚(𝑥) =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
cos𝑚

(︃
𝜋𝑥

√︂
2

𝑚

)︃
for |𝑥| ≤

√︂
𝑚

8
,

0 for |𝑥| ≥
√︂

𝑚

8
,

(7)

which converges to exp(−𝜋2𝑥2) when 𝑚 → ∞ [10].

3. Adiabatic Switching-Off of Excited State

The general picture of interaction between a two-level
atom and four incident light pulses is quite compli-
cated. It is enough to list the parameters on which
it depends: the durations of light pulses, the time
shifts of light pulses with respect to the reference
time, the initial phases of light pulses, the Rabi fre-
quencies, the recoil energy, and the detuning of the
carrier frequencies of light pulses from resonance with
the atomic transition. Among the variety of phenom-
ena taking place in the system “atom–field of four
light pulses”, only a phenomenon analogous to the
momentum transfer at the interaction of a two-level
atom with two counter-propagating pulses [2] is con-
sidered; the difference is that the focus is placed on
Bragg transitions in which the excited atomic state
remains practically depopulated.

Recall that in Ref. [2], it was shown the follow-
ing. When an atom interacts with light pulses with
different carrier frequencies, there arise step-like de-
pendences of the momentum transmitted to the atom
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on the Rabi frequency, and the average detuning of
the pulses’ carrier frequencies from the transition fre-
quency in the atom. Those dependences are a result
of quasi-adiabatic atom–field interaction in a rather
wide intervals of parameter changes. A transition
from one step to another is associated with the viola-
tion of adiabaticity, when the relative arrangement of
adiabatic quasi-energies changes due to the changes
in the interaction parameters of the atom–field sys-
tem. Later, various aspects of this phenomenon were
studied in detail in a number of works [3, 11–15].

When searching for an analogy to Bragg transi-
tions, two-photon transitions are considered instead
of single-photon ones, since they couple states with
different momentum values in the same electronic
state. The detuning from the single-photon resonance
is large enough in this case for the excited atomic
state to be practically depopulated. Thus, it is nec-
essary to consider the interaction of an atom with
two pairs of light pulses, each of which causes a two-
photon transition in the atom. We will assume that
such pairs are composed of pulses 1–3 and 2–4. It will
also be assumed that the frequency differences be-
tween pulses 1 and 2 – and, therefore, between pairs
1–4, 2–3, and 3–4 – are so large that these combina-
tions do not excite a two-photon transition.

The presence of rapidly oscillating multipliers in
Eqs. (5) (these are exponents containing 𝛿𝑗𝑡, 𝑗 = 1,
2, 3, 4) substantially slows down the process of nu-
merical solution of those equations. In order to speed
it up, let us simplify Eqs. (5) using the assumption
made above about a large detuning of the carrier fre-
quencies of light pulses from the atomic transition
frequency. The pairwise proximity of the frequencies
𝛿1, 𝛿3 and 𝛿2, 𝛿4 is mathematically written down as
𝛿1 ≈ 𝛿3 ≈ Δ13, 𝛿2 ≈ 𝛿4 ≈ Δ24, |𝛿1 − 𝛿3| ≪ |Δ13|,
and |𝛿2 − 𝛿4| ≪ |Δ24|. Let us introduce the notation
𝛿1 = 𝛿1 − Δ13, 𝛿3 = 𝛿3 − Δ13, 𝛿2 = 𝛿2 − Δ24, and
𝛿4 = 𝛿4 −Δ24.

From the analysis of Eqs. (5), it follows that the
amplitudes 𝑏𝑒,𝑛 of the excited state oscillate with high
frequencies of the order of Δ13 and Δ24, whereas the
amplitudes 𝑏𝑔,𝑛 of the ground state contain a slowly
varying component and components oscillating with
the frequencies 2Δ13 and 2Δ24. Below, in the am-
plitudes 𝑏𝑔,𝑛, we neglect the terms oscillating with
these frequencies (the rotating wave approximation
[9]), as well as the terms oscillating with the frequen-
cies |Δ13±Δ24|. Thus, the amplitudes 𝑏𝑒,𝑛 are sought

in the form

𝑏𝑒,𝑛 = 𝑏(13)𝑒,𝑛 𝑒−𝑖Δ13𝑡 + 𝑏(24)𝑒,𝑛 𝑒−𝑖Δ24𝑡, (8)

where the factors 𝑏
(13)
𝑒,𝑛 and 𝑏

(24)
𝑒,𝑛 change slowly in

time. As a result, Eqs. (5) take the following form:

𝑖
𝜕

𝜕𝑡
𝑏𝑔,𝑛 = 𝛿rec𝑛

2𝑏𝑔,𝑛 +
1

2
Ω1𝑏

(13)
𝑒,𝑛+1𝑒

𝑖𝛿1𝑡+𝑖𝜙1 +

+
1

2
Ω2𝑏

(24)
𝑒,𝑛+1𝑒

𝑖𝛿2𝑡+𝑖𝜙2 +
1

2
Ω3𝑏

(13)
𝑒,𝑛−1𝑒

𝑖𝛿3𝑡+𝑖𝜙3 +

+
1

2
Ω4𝑏

(24)
𝑒,𝑛−1𝑒

𝑖𝛿4𝑡+𝑖𝜙4 , (9a)

𝑖
𝜕

𝜕𝑡
𝑏(13)𝑒,𝑛 = 𝛿rec𝑛

2𝑏(13)𝑒,𝑛 −
(︁
Δ13 + 𝑖

𝛾

2

)︁
𝑏(13)𝑒,𝑛 +

+
1

2
Ω*

1𝑏𝑔,𝑛−1𝑒
−𝑖𝛿1𝑡−𝑖𝜙1 +

1

2
Ω*

3𝑏𝑔,𝑛+1𝑒
−𝑖𝛿3𝑡−𝑖𝜙3 . (9b)

𝑖
𝜕

𝜕𝑡
𝑏(24)𝑒,𝑛 = 𝛿rec𝑛

2𝑏(24)𝑒,𝑛 −
(︁
Δ24 + 𝑖

𝛾

2

)︁
𝑏(24)𝑒,𝑛 +

+
1

2
Ω*

2𝑏𝑔,𝑛−1𝑒
−𝑖𝛿2𝑡−𝑖𝜙2 +

1

2
Ω*

4𝑏𝑔,𝑛+1𝑒
−𝑖𝛿4𝑡−𝑖𝜙4 . (9c)

The derivatives 𝜕
𝜕𝑡𝑏

(13)
𝑒,𝑛 and 𝜕

𝜕𝑡𝑏
(24)
𝑒,𝑛 are small in com-

parison with the quantities Δ13𝑏
(13)
𝑒,𝑛 and Δ24𝑏

(24)
𝑒,𝑛 , re-

spectively, so we will neglect them below. In addition,
the rate of spontaneous emission is also low in com-
parison with Δ13 and Δ24, and we will also neglect
it, bearing in mind that the influence of spontaneous
emission on the time evolution of wave function is
insignificant under the condition

𝛾𝜏 max
(︁
|𝑏(13)𝑒,𝑛 |2

)︁
≪ 1, 𝛾𝜏 max

(︁
|𝑏(24)𝑒,𝑛 |2

)︁
≪ 1. (10)

To be consist with the approximation made above,
we also neglect the term 𝛿rec𝑛

2𝑏̃𝑒,𝑛, associated with
the recoil effect, in Eqs. (9b) and (9c). As a result, we
obtain

𝑏(13)𝑒,𝑛 =
Ω*

1

2Δ13
𝑏𝑔,𝑛−1𝑒

−𝑖𝛿1𝑡−𝑖𝜙1 +

+
Ω*

3

2Δ13
𝑏𝑔,𝑛+1𝑒

−𝑖𝛿3𝑡−𝑖𝜙3 , (11)

𝑏(24)𝑒,𝑛 =
Ω*

2

2Δ24
𝑏𝑔,𝑛−1𝑒

−𝑖𝛿2𝑡−𝑖𝜙2 +

+
Ω*

4

2Δ24
𝑏𝑔,𝑛+1𝑒

−𝑖𝛿4𝑡−𝑖𝜙4 . (12)

As follows from Eqs. (9), the phases of complex
Rabi frequencies can be included into the phases 𝜙𝑛
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(𝑛 = 1, 2, 3, 4) of the electric field. Therefore, in what
follows, we will consider the Rabi frequencies to be
real quantities without loss of generality.

Substituting Eqs. (11) and (12) into Eq. (9a), we
obtain a chain of equations for the population ampli-
tudes of ground state with different momenta,

𝑖
𝜕

𝜕𝑡
𝑏𝑔,𝑛 =

(︂
𝛿rec𝑛

2 +
Ω2

1

4Δ13
+

Ω2
2

4Δ24
+

+
Ω2

3

4Δ13
+

Ω2
4

4Δ24

)︂
𝑏𝑔,𝑛 +

+

(︂
Ω1Ω3

4Δ13
𝑒𝑖𝛷13 +

Ω2Ω4

4Δ24
𝑒𝑖𝛷24

)︂
𝑏𝑔,𝑛+2 +

+

(︂
Ω1Ω3

4Δ13
𝑒−𝑖𝛷13 +

Ω2Ω4

4Δ24
𝑒−𝑖𝛷24

)︂
𝑏𝑔,𝑛−2. (13)

Here,

𝛷13 = (𝛿1 − 𝛿3)𝑡+ 𝜙1 − 𝜙3,

𝛷24 = (𝛿2 − 𝛿4)𝑡+ 𝜙2 − 𝜙4,
(14)

Let us introduce the quantities

𝑅1 =
Ω2

1

2Δ13
, 𝑅2 =

Ω2
2

2Δ24
,

𝑅3 =
Ω2

3

2Δ13
, 𝑅4 =

Ω2
4

2Δ24

(15)

and change in the variables

𝐵𝑛 = 𝑏𝑔,𝑛𝑒
1
2 𝑖𝑛𝛿0𝑡+

1
2 𝑖𝑛𝛷, (16)

where

𝛿0 =
1

2
(𝛿1 − 𝛿3 + 𝛿2 − 𝛿4) (17)

is the average two-photon detuning, and

𝛷 =
1

2
(𝜙1 − 𝜙3 + 𝜙2 − 𝜙4). (18)

Note that the quantities 𝑅1, 𝑅2, 𝑅3, and 𝑅4 can be
either positive or negative depending on the signs of
Δ13 and Δ24. At the same time, the products 𝑅1𝑅3

and 𝑅2𝑅4 are always positive.
From Eqs. (13), we obtain the following equation

for the quantities 𝐵𝑛:

𝜕

𝜕𝑡
𝐵𝑛 = −𝑖

(︂
𝛿rec𝑛

2 − 1

2
𝑛𝛿0 +

+
𝑅1

2
+

𝑅2

2
+

𝑅3

2
+

𝑅4

2

)︂
𝐵𝑛 −

− 𝑖

(︂
sign(Δ13)

√
𝑅1𝑅3

2
𝑒−

1
2 𝑖𝛿𝑡−

1
2 𝑖𝜙 +

+ sign(Δ24)

√
𝑅2𝑅4

2
𝑒

1
2 𝑖𝛿𝑡+

1
2 𝑖𝜙

)︂
𝐵𝑛+2 −

− 𝑖

(︂
sign(Δ13)

√
𝑅1𝑅3

2
𝑒

1
2 𝑖𝛿𝑡+

1
2 𝑖𝜙 +

+ sign(Δ24)

√
𝑅2𝑅4

2
𝑒−

1
2 𝑖𝛿𝑡−

1
2 𝑖𝜙

)︂
𝐵𝑛−2. (19)

Here,

𝛿 = 𝛿1 − 𝛿3 − 𝛿2 + 𝛿4, (20)

which corresponds to the difference between two-
photon detunings, and

𝜙 = 𝜙1 − 𝜙3 − 𝜙2 + 𝜙4. (21)

From Eqs. (19), it is clear that the quantities√
𝑅1𝑅3 and

√
𝑅2𝑅4 are two-photon Rabi frequencies,

and they couple atomic states with the momenta that
differ by 2~𝑘.

4. Results of Numerical
Calculations and Their Analysis

In this Section, we will use the idea that the atom
is in an adiabatic state during most of the time of
its interaction with the field as a basic guideline for
understanding the results of numerical calculations.

4.1. Bragg transitions
under the action of two light pulses

First of all, let us find a condition for 2𝑛-photon res-
onance, when an atom transits from the state with
momentum 𝑛𝑖~𝑘 into the state with momentum 𝑛𝑓~𝑘
(𝑛𝑓 = 𝑛𝑖 + 2𝑛, where 𝑛𝑖 and 𝑛𝑓 are integers). To ob-
serve the Bragg resonance, two counter-propagating
light pulses are sufficient in this case (to be more spe-
cific, let pulses 2 and 4 do not act on the atom). Then,
after every two-photon transition with absorption of a
photon from the field of pulse 1 and its emission into
the field of pulse 3, the kinetic energy of the atom
changes by ~(𝜔1 − 𝜔3) = ~(𝛿1 − 𝛿3). For a 2𝑛-photon
transition, we have

~𝑛(𝛿1 − 𝛿3) = ~𝛿rec(𝑛2
𝑓 − 𝑛2

𝑖 ), (22)
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Fig. 2. Dependences of the average momentum 𝑝 transmitted
to the atom (solid curve) and its root-mean-square deviation
Δ𝑝 from the average value (dashed curve) on the carrier fre-
quency difference 𝛿1−𝛿3 between pulses 1 and 3. Pulses 2 and 4
do not act on the atom. The maximum values of 𝑅1 and 𝑅3 are
identical and equal to 𝑅0 = 4.316257𝛿rec; they were chosen so
that the magnitude of the transmitted momentum in the four-
photon process equals 4~𝑘. The light pulses coincide in time;
their duration is 10𝜋/𝛿rec. At the beginning of its interaction
with the field, the atom was in a state with zero momentum.
The maxima of the momentum transferred to the atom and
marked by 2~𝑘, 4~𝑘, 6~𝑘, and 8~𝑘 correspond to two-, four-,
six-, and eight-photon Bragg transitions, respectively

Fig. 3. Dependences of the average momentum transferred to
the atom on the two-photon Rabi frequency for various carrier
frequency differences. The atom is in a state with zero mo-
mentum. At the carrier frequency difference 𝛿1 − 𝛿3 = 4𝛿rec,
8𝛿rec, , 12𝛿rec, or 16𝛿rec, Bragg transitions take place between
the state with zero momentum and the state with momentum
2~𝑘, 4~𝑘, 6~𝑘, or 8~𝑘, respectively. Pulses 2 and 4 do not
act on the atom. Light pulses 1 and 3 coincide in time; their
duration is 10𝜋/𝛿rec

which gives the resonance condition

𝛿1 − 𝛿3 = 2𝛿rec(𝑛𝑓 + 𝑛𝑖). (23)
Positive 𝑛𝑖-values correspond to the motion of the
atom in the positive direction of the 𝑂𝑍-axis, and

negative ones in the negative direction. The same also
concerns 𝑛𝑓 .

For the initial state with zero momentum, two-,
four-, six-, and eight-photon resonances take place at
𝛿1 − 𝛿3 = 4𝛿rec, 8𝛿rec, 12𝛿rec, and 16𝛿rec, respectively;
see Fig. 2). For the values of the parameters of in-
teraction between the atom and the fields of pulses 1
and 3 that were chosen for calculations, the trans-
ferred momentum reaches the maximum value only in
the case of four-photon transition because the multi-
photon Rabi frequencies are different for the indicated
transitions [5].

Figure 3 illustrates how the momentum transferred
to the atom changes as the quantity 𝑅0 (the max-
imum of the two-photon Rabi frequency,

√
𝑅1𝑅3)

varies in the cases of two-, four-, six-, and eight-
photon transitions. The change of the atomic mo-
mentum reflects the change in the population of the
atomic states with momenta 2~𝑘, 4~𝑘, 6~𝑘, and 8~𝑘
(if the atom has zero momentum in the initial state)
according to the fact that at the Bragg resonance,
with an accuracy to the population losses due to re-
laxation processes, a two-level scheme of interaction
of the atom with the field of counter-propagating light
pulses is formed [5]. As one can see, the robustness of
transferred momentum to the change of 𝑅0 is out of
the question here. This robustness can be provided,
for example, by a fast adiabatic passage through res-
onance [6]. Another way to make Bragg transitions
robust with respect to parameter variations of light
pulses is to numerically optimize the light pulses so
that they can maintain an efficient momentum trans-
fer even under substantial intensity fluctuations and
frequency deviations [16]. It will be shown below that
the momentum transfer that is robust to variations in
the parameters of the atom–field interaction can also
be realized using two pairs of counter-propagating
light pulses with different detuning from the Bragg
resonance in each of those pairs.

4.2. Bragg transitions
under the action of four light pulses

Now let us consider Bragg transitions in an atom sub-
jected to the action of four light pulses and show that
if the parameters of the atom–field interaction vary
within certain limits, the momentum transferred to
the atom can be practically constant. The influence
of parameter changes on the result of atom–field inter-
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action will be illustrated for the quantities 𝑅0, 𝛿0, 𝛿,
𝑡𝑑1− 𝑡𝑑2 (we assume that pulses 1, 3, as well as pulses
2, 4 coincide in time in pairs), and 𝜏 (the durations
of the light pulses are assumed to be identical).

The number of independent parameters was inten-
tionally restricted to a minimally sufficient set, which
allows us to demonstrate the robustness of Bragg
transitions with respect to their variations without in-
troducing excessive complexity. The extension of the
analysis to the full set of parameters that characterize
the light pulses and their interaction with the atom
could potentially reveal new features of transitions in
the four-pulse field. However, this is not a primary
objective at the current stage of research.

4.2.1. Robustness of Bragg
transitions to the variation in two-photon
Rabi frequency

Figure 4 illustrates the robustness of the average mo-
mentum transferred to the atom with respect to the
change of the quantity 𝑅0, which is the scale for the
time-dependent two-photon Rabi frequencies

√
𝑅1𝑅3

and
√
𝑅2𝑅4. For illustration, we have chosen Bragg

transitions of the same order as in Fig. 3. The dif-
ference between the figures is that the two-photon
detunings from resonance are different for different
pairs, whereas the average two-photon detunings for
the two-, four-, and six-photon transitions are the
same as in Fig. 3. At the same time, the difference
between the two-photon detunings is identical for all
curves, 𝛿 = 10𝛿rec, and has an order of magnitude
as the average two-photon detuning 𝛿0. One can ob-
serve stable two-, four-, and eight-photon transitions;
six-photon transitions are not observed here (they
can be realized at other values of the atom–field in-
teraction parameters), which testifies to the absence
of a transition close to adiabatic in this case. It is
noteworthy that in the curves with 𝛿0 = 4𝛿rec and
12𝛿rec, which were calculated for two- and six-photon
transitions, respectively, the four-photon transition is
also observed (within a rather wide interval 5.3𝛿rec <
< 𝑅0 < 6.68𝛿rec), which indicates the formation of an
adiabatic state coupling the states with zero atomic
momentum and momentum 4~𝑘. Thus, the intuitive
requirement that the average two-photon detuning
must be in resonance with the frequency of this tran-
sition for the formation of a Bragg transition is not
always satisfied.

4.2.2. Robustness of Bragg
transitions to the variation of the average
two-photon detuning

Now let us consider the momentum transfer robust-
ness to the change of the average two-photon detun-
ing 𝛿0. The parameter values for illustrative calcu-
lations were chosen on the basis of Fig. 4. In order
to illustrate the robustness of four-photon transition
to the variation of the average two-photon detun-
ing from resonance, we carried out calculations for
𝑅0 = 4𝛿rec. In addition, we performed calculations
for 𝑅0 = 10𝛿rec, which allowed us to demonstrate the
robustness of two- and eight-photon transitions to the
variation of 𝛿0 near the resonance. The results of the
calculations are shown in Fig. 5.

Besides the expected plateaus in the dependence
of the momentum transferred to the atom near
𝛿0 = 8𝛿rec (7.09𝛿rec < 𝛿0 < 8.91𝛿rec) and 𝛿0 =
= −8𝛿rec (−8.36𝛿rec < 𝛿0 < −7.63𝛿rec, the change
of the momentum transfer direction to the oppo-
site), Fig. 5 also contains other intervals of 𝛿0-
values, at which the momentum ±4~𝑘 is trans-
ferred to the atom with an insignificant sensitiv-
ity to the change of 𝛿0; these are the intervals
𝛿0 = [−12.95𝛿rec,−12.55𝛿rec], [−3.45𝛿rec, −3.05𝛿rec],
[3.05𝛿rec, 3.42𝛿rec], and [12.6𝛿rec, 12.95𝛿rec]. The ends
of the plateaus were determined based on the require-

Fig. 4. Dependences of the average momentum transferred to
the atom on the two-photon Rabi frequency. At the beginning
of its interaction with the field, the atom is in a state with zero
momentum. The differences between the two-photon detunings
of pulse pairs 1–3 (𝛿1−𝛿3) and 2–4 (𝛿2−𝛿4) are identical for all
curves and equal to 𝛿 = 10𝛿rec; their average value corresponds
to two- (𝛿0 = 4𝛿rec, curve 2~𝑘), four- (𝛿0 = 8𝛿rec, curve 4~𝑘),
six- (𝛿0 = 12𝛿rec, curve 6~𝑘), and eight-photon (𝛿0 = 16𝛿rec,
curve 8~𝑘) Bragg transitions. The durations of the light pulses
are identical, 𝜏 = 400𝜋/𝛿rec. 𝑡𝑑1 = 𝑡𝑑3 = 0.175, 𝑡𝑑2 = 𝑡𝑑4 =

= −0.175, 𝜙 = 0
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Fig. 5. Dependences of the average momentum transferred
to the atom (solid curve) and the root-mean-square deviation
of the transferred momentum from its average value (dashed
curve) on the average detuning of the light pulses from the
two-photon resonance. At the beginning of its interaction with
the field, the atom is in a state with zero momentum. The
durations of all pulses are identical, 𝜏 = 400𝜋/𝛿rec, 𝑡𝑑1 =

= 𝑡𝑑3 = 0.175, 𝑡𝑑2 = 𝑡𝑑4 = −0.175. The difference between the
two-photon detunings of pulse pairs 1–3 and 2–4 is 𝛿 = 10𝛿rec.
𝜙 = 0. 𝑅0 = 4𝛿rec (𝑎) and 10𝛿rec (𝑏)

ment that the root-mean-square deviation Δ𝑝 of the
momentum transferred to the atom from its average
value 𝑝 should not exceed 0.01~𝑘 (dotted curves in
Fig. 5).

As can be seen from Fig. 5, at 𝑅0 = 4𝛿rec, a mo-
mentum transfer of 2~𝑘 (1.10𝛿rec < 𝛿0 < 1.25𝛿rec) and
6~𝑘 (−13.81𝛿rec < 𝛿0 < 13.57𝛿rec) is also possible,
which is far from the conditions for two- or six-photon
resonance in the field of two counter-propagating
waves. Thus, the tuning of the average two-photon
detuning of the counter-propagating pulse pairs to a
region near the corresponding multiphoton transition
is not at all necessary for the formation of a Bragg
transition that is robust to the variation of the atom–
field interaction parameters. Furthermore, the corre-
sponding multiphoton transition may not be observed
at this tuning, as one can see in Figs. 4 and 5 for the
case of the six-photon transition.

It is noteworthy that in the case of 𝛿0-tuning near
∓8𝛿rec, which corresponds to the four-photon Bragg
transition in the case of the atom interaction with
two light pulses, the plateau ends (±0.37𝛿rec and
±0.91𝛿rec) are symmetric with respect to this value,
similarly to the case of atom interaction with two
counter-propagating light pulses with different car-
rier frequencies [2]; the difference is that in the case
of Bragg transition, the plateau boundaries are lo-
cated not at ± 1

2𝛿 but at a different distance relative
to its center. At the same time, as marked above,
near 8𝛿rec ± 1

2𝛿 and −8𝛿rec ± 1
2𝛿 (these 𝛿0-values

correspond to the resonance with the four-photon
Bragg transition of either pairs of light pulses), small
plateaus corresponding to the four-photon transition
are observed. Similarly to Ref. [2], the root-mean-
square deviations of the atomic momentum from its
average value at these points are equal to the ab-
solute value of the average transmitted momentum
(|𝑝| = Δ𝑝 = 2~𝑘), which corresponds in our picture
to the splitting of the atomic wave into two ones: with
momenta 0~𝑘 (the primary wave) and 4~𝑘. As can
be seen from the figure, such a splitting is also possi-
ble for other 𝛿0-values, for example, at 𝛿0 = 3.74𝛿rec;
and the splitting of the atomic packet into packets
with zero momentum and momentum −6~𝑘 is possi-
ble near 𝛿0 = −10.55𝛿rec. Thus, the analyzed scheme
of the atom–field interaction can be used to split the
atomic wave packet.

For a significantly larger Rabi frequency, up to
10𝛿rec (Fig. 5, b), the robust transfer of the light mo-
mentum 4~𝑘 to an atom occurs only within the in-
terval −8.48𝛿rec < 𝛿0 < −7.55𝛿rec. At the same time,
there appear 𝛿0-intervals where the following momen-
tum transfers are possible: −2~𝑘 in (−12.94𝛿rec <
< 𝛿0 < −11.55𝛿rec) and (3.65𝛿rec < 𝛿0 < 4.93𝛿rec),
2~𝑘 in (1.58𝛿rec < 𝛿0 < 2.94𝛿rec) and (5.07𝛿rec < 𝛿0 <
< 6.4𝛿rec), and 8~𝑘 in (15.85𝛿rec < 𝛿0 < 16.15𝛿rec).
At some 𝛿0-values, the atomic wave packet can
be split into two packets. For example, at 𝛿0 =
= −16.23𝛿rec, after the atom has interacted with the
field of light pulses, the initial wave packet with
zero momentum splits into two ones: with momenta
0~𝑘 and −8~𝑘. The splitting of the wave packet into
two ones is observed neither at 𝛿0 = −8𝛿rec ± 1

2𝛿
or 𝛿0 = 8𝛿rec ± 1

2𝛿, nor at 𝛿0 = −16𝛿rec + 1
2𝛿 or

𝛿0 = 8𝛿rec − 1
2𝛿. Of course, the aforesaid is applicable

only to the 𝛿0-dependences of the momentum trans-
ferred to the atom and its dispersion for the values
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of the atom–field interaction parameters that corre-
spond to Fig. 5, 𝑏.

In Fig. 5, one can also see regions corresponding
to the return of the atom to its initial state after
its interaction with the field (coherent population
return, also an adiabatic process). In these regions,
both the momentum transferred to the atom and its
root-mean-square deviation from the average value
are equal to zero.

4.2.3. Robustness of Bragg
transitions to the variation of the difference
𝛿 of two-photon detunings of light pulses

Figure 6 illustrates the robustness of Bragg tran-
sitions to the variation of the difference 𝛿 of two-
photon detunings of light pulse pairs 1–3 and 2–4.
Panels 𝑎 and 𝑏 demonstrate the robustness of four-
photon transitions for two-photon Rabi frequencies
𝑅0 = 4𝛿rec and 10𝛿rec. In particular, they testify
that a high Rabi frequency is not the best way to
achieve the robustness of Bragg transitions. The 𝛿-
dependences of the average transferred momentum
of the atom, 𝑝, and its root-mean-square deviation
from the average value, Δ𝑝, depicted in panel 𝑐 were
calculated to verify whether it is possible, by chang-
ing 𝛿 provided 𝛿0 = 12𝛿rec and 𝑅0 = 4𝛿rec, to find
an interval for 𝛿 where the six-photon Bragg tran-
sition is robust to the change of this parameter. As
one can see, no such interval was found. Instead, we
found that by tuning 𝛿0 to the six-photon resonance
region at the corresponding 𝛿-values, we can ob-
tain an eight-photon Bragg transition; see the inter-
vals [−18.92𝛿rec,−18.45𝛿rec] and [16.15𝛿rec, 18.92𝛿rec]
in Fig. 6, 𝑐. Figure 6, 𝑐 also contains intervals where
two-photon Bragg transitions that are robust to 𝛿-
variation can be observed.

Similarly to Fig. 5, the dependences shown in Fig. 6
have some features. Some of them can be predicted if
we take into account that the atom is in the field of
counter-propagating pulses with the carrier frequen-
cies 𝛿0± 1

2𝛿. This means that one of the pairs of light
pulses is in resonance with the two- (𝛿 = ±8𝛿rec),
four- (𝛿 = 0), six- (𝛿 = ±8𝛿rec), and eight-photon
(𝛿 = ±16𝛿rec) Bragg transitions (Figs. 6, 𝑎 and
6, 𝑏), as well as to the two- (𝛿 = ±16𝛿rec), four-
(𝛿 = ±8𝛿rec), six- (𝛿 = 0), and eight-photon (𝛿 =
= ±8𝛿rec) Bragg transitions (Fig. 6, 𝑐). The other fea-
tures are probably associated with the non-adiabatic
character of the atom–field interaction. This is illus-

Fig. 6. Dependences of the average momentum transferred
to the atom (solid curves) and the root-mean-square deviation
of the transferred momentum from its average value (dashed
curves) on the difference 𝛿 between the detunings of pulse pairs
1–3 and 2–4 from the two-photon resonance. At the begin-
ning of its interaction with the field, the atom is in a state
with zero momentum. The durations of all pulses are identi-
cal, 𝜏 = 400𝜋/𝛿rec. 𝑡𝑑1 = 𝑡𝑑3 = 0.175, 𝑡𝑑2 = 𝑡𝑑4 = −0.175.
The average two-photon detuning between pulse pairs 1–3 and
2–4 is 𝛿0 = 8𝛿rec (𝑎,𝑏) and 12𝛿rec (𝑐). 𝑅0 = 4𝛿rec (𝑎) and
10𝛿rec (𝑏,𝑐). 𝜙 = 0

trated in Fig. 7, where the dependences of the popula-
tion of the states with momenta 2~𝑘 (dashed curve)
and 4~𝑘 (solid curve) on the detuning difference 𝛿
for pulse pairs 1–3 and 2–4 from the two-photon res-
onance within the interval 10𝛿rec < 𝛿 < 12𝛿rec are
shown; this interval corresponds to the plateau and
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Fig. 7. Population dependences of states with momenta 4~𝑘
(solid curve) and 2~𝑘 (dashed curve) on the difference 𝛿 be-
tween the detunings of pulse pairs 1–3 and 2–4 from the two-
photon resonance. At the beginning of its interaction with
the field, the atom is in a state with zero momentum. The
pulse durations are identical: 𝜏 = 100𝜋/𝛿rec (𝑎), 200𝜋/𝛿rec
(𝑏), and 400𝜋/𝛿rec (𝑐). The delay between the pulse pairs is
0.35𝜏 (𝑡𝑑1 = 𝑡𝑑3 = 0.175, 𝑡𝑑2 = 𝑡𝑑4 = −0.175). The aver-
age two-photon detuning between pulse pairs 1–3 and 2–4 is
𝛿0 = 8𝛿rec. 𝑅0 = 10𝛿rec; 𝜙 = 0

the region with oscillations near it in Fig. 6, b. As in
the previous figures, the plots in Fig. 6 were calcu-
lated for the case 𝜙 = 0. For other 𝜙-values, espe-
cially in the plateau regions and near them, the plots
have the same appearance, at least up to seven deci-
mal places, except for a very small set of parameters,
where the dependence on 𝜙 can be observed, mainly
at |𝛿| < 𝛿rec.

Unlike Fig. 6, where the dependences of the aver-
age momentum and its standard deviation from the
mean value are shown, Fig. 7 demonstrates the 𝛿-
dependences of population for states with a certain
momentum value. Various panels correspond to vari-
ous pulse durations: 𝜏 = 100𝜋/𝛿rec (𝑎), 200𝜋/𝛿rec (𝑏),
and 400𝜋/𝛿rec (𝑐). As one can see, near the plateau,
the final state of the atom after its interaction with
the field is a superposition of states with momenta
2~𝑘 and 4~𝑘; it oscillates as 𝛿 changes. Such a be-
havior of the populations of the pulsed states can be
interpreted as follows. Changes in the parameters of
the atom–field interaction – in particular, 𝛿–lead to
variations in the energies of the adiabatic states of
the atom. If these energies are separated sufficiently
far from each other, the atom is in one of the adia-
batic states, which are associated with the state with
zero momentum at the beginning of the atom–field
interaction, and with the state with momentum 4~𝑘
at the end of interaction. As 𝛿 changes, the eigenval-
ues of this adiabatic state approach, at certain time
moments, the eigenvalues of the adiabatic state that
corresponds to momentum 2~𝑘 at the end of atom–
field interaction. If their difference is large enough,
the atom is in either adiabatic state. As the differ-
ence decreases, Landau–Zener transitions [17, 18] be-
tween the adiabatic states take place. The probabil-
ity of these transitions increases as the time spent by
the atom near the Landau–Zener transition decreases,
i.e., as the pulse duration decreases. Indeed, from a
comparison of panels in Fig. 7, one can see that as 𝜏
increases, the beginning of the plateau shifts towards
smaller 𝛿, i.e., the region of adiabatic atom–field in-
teraction expands in accordance with the decrease of
the probability of Landau–Zener transitions.

The presence of oscillations indicates the interfer-
ence of the atomic packet components at the Landau–
Zener transition. This means that the wave packet
corresponding to the atom with zero momentum was
split into two parts when the eigenvalues of the adia-
batic states became closer to each other, and in time,
when the next Landau–Zener transition was reached,
each part was split into two parts, common to both
adiabatic states, with the subsequent pair-wise inter-
ference of the components corresponding to momenta
4~𝑘 and 2~𝑘.

During the evolution of the atomic wave packet
within the time interval in which the eigenvalues ap-
proach each other, each component of the superposi-
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tion of two states acquires a certain phase. The phase
difference between these states is of the order of

Δ𝜙 ≈ 𝑆

~
𝜏, (24)

where 𝑆 is the average difference between the eigen-
values of adiabatic states. It is this phase is respon-
sible for the interference of the adiabatic atomic
states. As one can see from Eq. (24), if the change
in 𝛿 is small and the associated change of the differ-
ence between the eigenvalues of the adiabatic states
is also small, the phase difference between the pulse
components of the wave packet before the second ap-
proach of the eigenvalues and the splitting of each
of them into two ones at the Landau–Zener transi-
tion can be substantial due to the large duration of
light pulses. As a result, the distribution of the atoms
over their momenta after the end of their interaction
with the field becomes more sensitive to 𝛿: as the
pulse duration increases, the populations of states
with momenta 2~𝑘 and 4~𝑘 oscillate more frequently
(see Fig. 7).

From Fig. 7, we see that as a result of the atom–
field interaction, we have a superposition of states
with momenta 2~𝑘 and 4~𝑘 near the plateau, and
atoms with momentum 4~𝑘 on the plateau. This indi-
cates that atoms in an adiabatic state close to the one
that connects the state with zero momentum before
the atom–field interaction with the state with mo-
mentum 4~𝑘 should have momentum 2~𝑘 after the in-
teraction with the field. Numerical calculations show
that, within the calculation accuracy, for the param-
eters corresponding to Fig. 7, 𝑎, but with an initial
atomic momentum of 2~𝑘, the 𝛿-dependences of the
populations of the state with momenta 2~𝑘 and 4~𝑘
have the same form if we replace 2~𝑘 ↔ 4~𝑘. Thus,
when an atom in the initial state with zero momen-
tum interacts with the field, at least for the set of
parameters shown in Fig. 7, Landau–Zener transi-
tions may occur between the adiabatic state that con-
nects the state with zero momentum of the atom at
the beginning of its interaction with the field with
the state with momentum 4~𝑘 after this interaction,
and the adiabatic state that corresponds to momen-
tum 2~𝑘 both before and after the atom–field inter-
action. Whence it follows that for the initial atomic
wave packet in the form of a superposition of states
with momenta 0~𝑘 and 2~𝑘, the population of the
momentum components of the final state will depend

on the phase difference between the momentum com-
ponents of the initial state, which can be used to de-
termine the phase difference in atomic interferome-
ters, as described earlier for the case of a two-level
atom in the field of two counter-propagating light
pulses [19].

According to the results presented above, as the du-
ration of light pulses decreases, the plateaus’ widths,
which correspond to the robustness limits of the mo-
mentum transferred to the atom at Bragg scatter-
ing with respect to a particular parameter, also de-
crease. However, even at light pulse durations much
shorter than those used in plotting Fig. 7, the plateau-
like regions still remain in the dependences of the
momentum transferred to the atom or the popula-
tions of momentum states on the parameters of in-
teraction between the atoms and the field of light
pulses. For example, for the parameters correspond-
ing to Fig. 6, 𝑎, but with 𝜏 = 40𝜋/𝛿rec, the transfer of
momentum 4~𝑘 to the atom, which is robust to the
𝛿-change, is possible within the intervals −6.99𝛿rec <
< 𝛿 < −5.72𝛿rec and 5.72𝛿rec < 𝛿 < 7.66𝛿rec, and
the dependences of the momentum transferred to the
atom and its standard deviation from the mean value,
which are shown in Fig. 6, 𝑏, are close to their coun-
terparts for the case 𝜏 = 100/𝛿rec.

4.2.4. Robustness of Bragg
transitions to the variation of the time
delay between the pairs of light pulses

Another parameter that affects the momentum trans-
fer to an atom at Bragg transitions is the time delay
between the light pulses. Here we confine our consid-
eration to the most natural case, when the pulses co-
incide in time pairwise providing a two-photon tran-
sition; in addition, the duration of all pulses is identi-
cal. In Fig. 8, it is shown how the average momentum
transferred to the atom and its root-mean-square de-
viation from the average value change depending on
the dimensionless time delay between the pulses. For
all curves, the value 𝛿 = 10𝛿rec was chosen, and the
value 𝛿0 was chosen so that it would correspond to
two-, four-, six-, and eight-photon Bragg transitions
in the case of two light pulses. The vertical dashed
lines in Fig. 8 mark the delay between the pairs of
light pulses; namely, 𝑡𝑑1 − 𝑡𝑑2 = 𝑡𝑑3 − 𝑡𝑑4 = 0.35𝜏 , for
which the calculations were performed.

Figure 8 correlates with Fig. 5. Two- and eight-
photon transitions are observed in both of them at
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Fig. 8. Dependences of the average momentum transferred
to the atom (solid curves) and the root-mean-square deviation
of the transferred momentum from its average value (dashed
curves) on the delay between the pulses. At the beginning
of its interaction with the field, the atom is in a state with
zero momentum. The durations of all pulses are identical, 𝜏 =

= 400𝜋/𝛿rec. The average two-photon detuning is 𝛿0 = 4𝛿rec
(𝑎), 8𝛿rec (𝑏), 12𝛿rec (𝑐), and 16𝛿rec (𝑑). The difference between
the two-photon detunings of pulse pairs 1–3 and 2–4 is 𝛿 =

= 10𝛿rec; 𝜙 = 0. The maximum values of the two-photon Rabi
frequencies are identical, 𝑅0 = 10𝛿rec

a delay of 0.35𝜏 between the pairs of pulses, whereas
four- and six-photon transitions at such a delay are
absent in both figures. At the same time, when the

delay between the pairs of pulses is varied in either di-
rection, four-photon transitions can be observed, but
not six-photon ones (at the selected values 𝛿 = 10𝛿rec
and 𝛿0 = 12𝛿rec). This means that the variation of
only one of the parameters describing the interaction
of the atom with the field of light pulses may not be
sufficient to realize a Bragg transition of the desired
order, so an appropriate choice of the parameter set
is necessary. For instance, the six-photon transition,
as was indicated above, can be seen in Fig. 5, 𝑎.

We have illustrated the robustness of the transfer
of a certain momentum to an atom at Bragg tran-
sitions in the field of two counter-propagating pairs
of light pulses with respect to the variation in the
atom–field interaction parameters. Now we will show
how Bragg transitions can be used to split one atomic
wave packet into two packets and as an atomic mir-
ror that changes the momentum of an atom to the
opposite direction.

4.2.5. Splitting of atomic wave packet

In Ref. [2], where the transfer of a mechanical momen-
tum to an atom in the field of counter-propagating
light pulses was studied, it was shown that the atomic
packet is split in half if the carrier frequency of ei-
ther of light pulses is resonant with the transition fre-
quency in the atom. For Bragg transitions, an analo-
gous splitting of the wave packet is possible if the fre-
quency difference in either of the pairs of light pulses
is resonant to the Bragg transition frequency. In ad-
dition, as was noted when describing Fig. 5, the split-
ting of the packet into two ones at Bragg transitions
is also possible for other 𝛿0-values.

In Fig. 9, it is shown how the distribution of atomic
wave packets over the momentum changes if the dif-
ference between the carrier frequencies in a pair of
light pulses corresponds to the four-photon transi-
tion. Initially, the atom was in a state with zero mo-
mentum. As can be seen, for a larger set of 𝛿-values
within the interval from zero to 10𝛿rec, as a result of
interaction with the field, we have a splitting of the
atomic wave packet into two packets: with zero mo-
mentum (as it was before the interaction) and mo-
mentum 4~𝑘. In addition, in panel 𝑎, if the pair of
pulses resonant with the Bragg transition interacts
last with the atom, then at certain values of 𝛿 after
the end of atom–field interaction, the atom can be
in the state with momentum 2~𝑘 and in narrow in-
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tervals of states with zero momentum or momentum
4~𝑘. In the opposite case, if the pair of pulses reso-
nant to the Bragg transition interacts first with the
field, then, besides the splitting of the atomic wave
packet into two packets with zero momentum and mo-
mentum 4~𝑘, it is possible, for a small set of 𝛿-values,
to split the atomic wave packet into two packets with
zero momentum and momentum 2~𝑘 or −2~𝑘, or two
packets with momenta 2~𝑘 and 4~𝑘. Furthermore, for
a small set of 𝛿-values, the atom in the state with zero
momentum or momentum 4~𝑘 is a possible result of
its interaction with the field.

Note that we have a peculiarity at 𝛿 = 8𝛿rec, which
is not visible in Fig. 9. In Fig. 9, 𝑏, the populations of
the states with momenta 0~𝑘 and 4~𝑘 at this point
(𝛿0 = 4𝛿rec, 𝛿 = 8𝛿rec) are identical to five decimal
places, 0.39747, but they differ noticeably from 0.5. In
Fig. 9, 𝑎, the populations of the states with momenta
0~𝑘 and 4~𝑘 at this point (𝛿0 = 12𝛿rec, 𝛿 = 8𝛿rec)
are different: the population of the state with zero
momentum equals 0.5 to five decimal places, and the
population of the state with momentum 4~𝑘 is only
0.39753. The reason is the resonant interaction of the
atom with another pair of light pulses. In case 𝑎, this
is the resonance with an eight-photon Bragg transi-
tion (𝛿2 − 𝛿4 = 16𝛿rec), and the change of the atomic
momentum by 8~𝑘; in case 𝑏, the carrier frequen-
cies of the first and third pulses are identical, which
corresponds to a Bragg resonance for the transition
between the states with momenta 4~𝑘 and −4~𝑘.

4.2.6. Atomic mirror

So far we have considered the case where the atom has
a zero momentum component along the propagation
direction of light pulses before its interaction with
the field. Among all the cases with non-zero compo-
nents of the atomic momentum along this direction,
we are especially interested in those where the mo-
mentum changes to the opposite after the atom–field
interaction, i.e., the light pulses serve as a mirror for
atoms. In the case of two counter-propagating light
pulses with identical carrier frequencies, we have Rabi
oscillations, when the populations of the initial and fi-
nal atomic states depend on the laser radiation inten-
sity and the duration of light pulses. Let us demon-
strate the possibility of a total repulsion of atoms by
the field of two pairs of counter-propagating pulses,
which is robust to the changes in the parameters of

Fig. 9. Dependences of the final populations of states with
various momenta on the difference 𝛿 between two-photon de-
tunings in light pulse pairs 1–3 and 2–4 in the cases when
(𝑎) the first ( 𝛿1 − 𝛿3 = 𝛿0 − 1

2
𝛿 = 8𝛿rec) or (𝑏) the second

(𝛿2 − 𝛿4 = 𝛿0 + 1
2
𝛿 = 8𝛿rec) of those pairs is in resonance

with the Bragg transition from the state of the atom with
zero momentum to the state with momentum 4~𝑘. The du-
rations of all pulses are identical, 𝜏 = 400𝜋/𝛿rec. 𝑅0 = 3𝛿rec,
𝑡𝑑1 = 𝑡𝑑3 = 0.175, 𝑡𝑑2 = 𝑡𝑑4 = −0.175, 𝜙 = 0

light pulses. Intuitively, one might expect such repul-
sion to occur at zero average two-photon detuning,
𝛿0 = 0. In reality, this may or may not be the case
because we had not always a certain Bragg transi-
tion for the corresponding 𝛿0. For example, we had a
certain Bragg transition at 𝛿0 = 12𝛿rec, but there is
no such a six-photon transition in Fig. 5. At the same
time, this six-photon transition can be observed Fig. 5
at other 𝛿0-values.

Figure 10 demonstrates the dependences of the
populations of the states with different momenta
of the atom after its interaction with two pairs of
counter-propagating pulses on the maximum two-
photon Rabi frequency 𝑅0. The differences between
the two-photon detunings in pairs 1–3 and 2–4 of light
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Fig. 10. Dependences of the final populations of states with
various momenta on the maximum value 𝑅0 of two-photon
Rabi frequencies

√
𝑅1𝑅3 and

√
𝑅2𝑅4 for the average two-

photon detuning 𝛿0 = 0 of light pulse pairs in the cases
when the initial momentum of the atom equals −2~𝑘 (𝑎),
−3~𝑘 (𝑏), and −4~𝑘 (𝑐). The duration of the light pulses
is 𝜏 = 400𝜋/𝛿rec, the difference between the two-photon de-
tunings in the pulse pairs is 𝛿 = 5𝛿rec, 𝑡𝑑1 = 𝑡𝑑3 = 0.175,
𝑡𝑑2 = 𝑡𝑑4 = −0.175

pulses are 𝛿 = 5𝛿rec, and the average two-photon de-
tuning is 𝛿0 = 0. As we can see from the figure, there
exists an interval of 𝑅0-values where the field of the
pulses serves as a mirror for atoms with the initial
momenta of both −2~𝑘 (four-photon transition) and
−4~𝑘. At the same time, a mirror for atoms with mo-
mentum −3~𝑘 is not realized within the entire inter-

Fig. 11. Time dependences of the populations of the atomic
states with various momenta for 𝑅0 = 10𝛿rec (𝑎) and 20𝛿rec
(𝑏). The initial momentum of the atom is −4~𝑘, 𝛿 = 5𝛿rec,
𝛿0 = 0, 𝜏 = 400𝜋/𝛿rec, 𝑡𝑑1 = 𝑡𝑑3 = 0.175, 𝑡𝑑2 = 𝑡𝑑4 = −0.175

val of 𝑅0-values. Instead, we have inelastic repulsion
of such atoms with resulting momentum 1~𝑘 (four-
photon transition) in the interval 9.522𝛿rec < 𝑅0 <
< 10.824𝛿rec (at a level of 0.99 and higher), and with
resulting momentum 5~𝑘 (eight-photon transition) in
the interval 21.84𝛿rec < 𝑅0 < 21.90𝛿rec (at a level of
0.99 and higher).

In Fig. 11, it is shown how the momentum dis-
tribution of the atomic wave packet changes in time
in the cases (𝑎) where a 100% specular reflection
(robust to the variation of 𝑅0) of the atomic wave
packet by the field of two pairs of counter-propagating
pulses takes place and (𝑏) where there is no such
reflection. The calculation parameters correspond to
Fig. 10, 𝑐 for 𝑅0 = 10𝛿rec (Fig. 11, 𝑎) and 20𝛿rec
(Fig. 11, 𝑏). In Fig. 11, 𝑎, the behavior of the popu-
lations in time fully corresponds to the general pic-
ture of an adiabatic process, when the adiabatic state
corresponds to the state of the atom with a certain
momentum at the beginning and the end of the atom–
field interaction, and to a superposition of states
with different momenta during such interaction. Fi-
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gure 11, 𝑏 testifies that the atom–field interaction
is non-adiabatic in this case.

4.2.7. Estimation of pulse
duration and laser radiation intensity

a. Rubidium. Let us consider the transition
52S1/2 → 52P3/2 in 85Rb with the wavelength
𝜆 = 780.24 nm. The spontaneous emission lifetime
is 𝜏sp = 26.63 ns, the spontaneous emission rate is
𝛾/2𝜋 = 5.98 MHz, 𝛿rec = ~𝑘2/(2𝑀) = 2𝜋×3.86 kHz,
and the intensity of transition saturation is 𝐼sat =
= 1.64 mW/cm2 [20].

According to Eq. (15), at 𝑅0 ≈ 10𝛿rec = 2𝜋×
× 38.6 kHz and Δ13 = 2𝜋 × 50 GHz, we have
Ω10 = 2𝜋 × 62 MHz. Then, Eq. (11) gives an es-
timate for the maximum population of the excited
state, |𝑏(1,3)𝑒,𝑛 |2 ≈ 3.9 × 10−7. For the pulse duration
𝜏 = 100𝜋/𝛿rec = 13 ms, criterion (10) yields 0.18 ≪ 1.
To strengthen it, the intensity of light pulses and
the detuning Δ13 from the resonance should be in-
creased. Based on the relation

Ω10 =
1

𝜏sp

√︂
𝐼

2𝐼sat
(25)

between the laser radiation intensity and the Rabi fre-
quency, we obtain the laser radiation intensity at the
pulse maximum, 𝐼 = 2𝐼sat(Ω10𝜏sp)

2 = 0.35 W/cm2.
b. Strontium. Let us consider the weak intercom-

bination transition 1S0 → 3P1 in 88Sr with the wave-
length 𝜆 = 689 nm. The spontaneous emission life-
time is 𝜏sp = 21.6 𝜇s, the spontaneous emission rate
is 𝛾/2𝜋 = 7.4 kHz, 𝛿rec = ~𝑘2/(2𝑀) = 2𝜋 × 4.7 kHz,
and the intensity of transition saturation is 𝐼sat =
= 3 𝜇W/cm2 [21–23].

According to Eq. (15), at 𝑅0 ≈ 10𝛿rec = 2𝜋×
× 47 kHz and Δ13 = 2𝜋 × 500 MHz, we have
Ω10 = 2𝜋 × 6.8 MHz. Then, Eq. (11) gives an es-
timate for the maximum population of the ex-
cited state, |𝑏(1,3)𝑒,𝑛 |2 ≈ 4.7× 10−5. If the pulse du-
ration 𝜏 = 100𝜋/𝛿rec = 10 ms, criterion (10) yields
0.023 ≪ 1. To strengthen it, the intensity of light
pulses and the detuning Δ13 from the resonance
should be increased. Based on relationship (25) be-
tween the intensity of laser radiation and the Rabi
frequency, we obtain the intensity of laser radia-
tion at the pulse maximum, 𝐼 = 2𝐼sat(Ω10𝜏sp)

2 =

= 5.2 W/cm2.

5. Conclusions

The present study demonstrates the robustness of
Bragg transitions to the variation of the parameters
describing the interaction of an atom with the field of
two pairs of counter-propagating light pulses with dif-
ferent carrier frequencies. The main conclusions are
as follows.

∙ The lower limit for the duration of light pulses,
at which Bragg transitions remain robust to the vari-
ation of the parameters of light pulses can still be
observed, can be estimated as a value of the order of
40–100 𝛿−1

rec .
∙ We cannot state that the higher intensities of

laser light pulses in Bragg transitions always expand
the possibilities of the momentum transfer to an
atom, which is robust to the variations of the atom–
field interaction parameters.

∙ Provided a proper tuning of the carrier frequen-
cies of the light pulses with respect to the Bragg reso-
nance, it is possible to split a monochromatic atomic
wave packet into two components with different mo-
menta, but identical amplitudes.

∙ A mirror for atoms, implemented on the basis
of their interaction with the field of two pairs of
counter-propagating light pulses with different carrier
frequencies, can provide an almost 100% momentum-
selective specular repulsion, provided a proper choice
of the atom–field interaction parameters.

∙ A comparison between the numerical estimates
of the intensity of laser pulses and their duration ob-
tained for Bragg transitions in rubidium and stron-
tium (a weak intercombination transition) shows that
for similar requirements to the two-photon Rabi fre-
quency, the losses on spontaneous emission are ap-
proximately an order of magnitude lower and the re-
quired laser radiation intensity is an order of mag-
nitude higher at the intercombination transition. At
the same time, in order to implement Bragg transi-
tions in the field of counter-propagating pairs of light
waves, the detuning from the single-photon resonance
can be two orders of magnitude lower.

Thus, the interaction of an atom with the field of
two pairs of counter-propagating pulses with differ-
ent carrier frequencies is an additional method for
controlling atomic motion. It can provide both the
transfer of a given momentum to an atom, which is
robust to the variation of the atom–field interaction
parameters, and, on this basis, the implementation of
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such necessary tools in atomic optics as atomic wave
packet splitters and selective laser mirrors.

This work was carried out within the framework of
the project No. 1.4.B/210 “Generation of highly co-
herent laser fields, development of methods and means
to control their characteristics, and research of quan-
tum effects at the interaction of atoms, molecules,
nano- and microparticles with laser fields with con-
trolled parameters” of the National Academy of Sci-
ences of Ukraine.
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В.I. Романенко, Л.П.Яценко

БРЕГГIВСЬКЕ РОЗСIЮВАННЯ АТОМIВ
ЗУСТРIЧНИМИ СВIТЛОВИМИ IМПУЛЬСАМИ,
СТIЙКЕ ДО ЗМIНИ ЇХНЬОЇ ПЛОЩI

Метою роботи є теоретичне дослiдження бреггiвських пе-
реходiв дворiвневого атома у полi двох пар зустрiчних свi-
тлових iмпульсiв iз рiзними несучими частотами. Бреггiв-
ськi переходи розглядаються як когерентнi мультифотоннi
процеси дифракцiї, у яких за належного налаштування на
бреггiвський резонанс iмпульс атома може змiнюватися на
2𝑛~𝑘 за один акт розсiювання, тодi як однофотоннi пере-
ходи пригнiченi через велику розладнанiсть вiдносно резо-
нансу. Показано, що за такої конфiгурацiї ефективнiсть пе-
реходу практично не залежить вiд площi iмпульсiв, що вiд-
рiзняє її вiд випадку однiєї пари iмпульсiв. Фiзичною осно-
вою цього ефекту є майже адiабатична взаємодiя атома з
полем, подiбна до взаємодiї з перекривними у часi зустрi-
чними iмпульсами з нерезонансними несучими частотами
(В.I. Романенко, Л.П. Яценко, ЖЭТФ, 2000, Т. 117, № 3,
с. 467–475; V.I. Romanenko and L.P. Yatsenko, JETP, Т. 90,
№ 3, 2000, pp. 407–414). Також показано можливiсть стiйко-
го до змiни iнтенсивностi розщеплення атомного пучка та
формування селективних лазерних дзеркал. Запропонова-
ний пiдхiд до керування рухом атомiв може бути застосо-
ваний для дослiдження iнтерференцiйних явищ в атомнiй
оптицi.

Ключ о в i с л о в а: атомна оптика, лазерне випромiнюван-
ня, бреггiвський перехiд, свiтловий тиск.
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