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Abstract

We investigate simultaneous multiphoton-multiatom processes in atomic gases
exposed to laser fields under specific frequency conditions, where multiple atoms
are simultaneously excited through the absorption of one laser photon each.
These processes represent natural high-order quantum electrodynamics (QED)
effects that occur independently of inter-atomic interactions. A characteristic
length scale emerges, governing the physical range over which these phenomena
manifest. We propose experiments to demonstrate the fundamental aspects of
these collective QED processes.
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Abstract

We investigate simultaneous multiphoton-multiatom processes in atomic gases
exposed to laser fields under specific frequency conditions, where multiple atoms
are simultaneously excited through the absorption of one laser photon each.
These processes represent natural high-order quantum electrodynamics (QED)
effects that occur independently of inter-atomic interactions. A characteristic
length scale emerges, governing the physical range over which these phenomena

chinarxiv.org/items/chinaxiv-202503.00168 Machine Translation


https://chinarxiv.org/items/chinaxiv-202503.00168
https://chinarxiv.org/items/chinaxiv-202503.00168

ChinaRxiv [$X]

manifest. We propose experiments to demonstrate the fundamental aspects of
these collective QED processes.

Quantum electrodynamics (QED) serves as the cornerstone for understand-
ing the interaction between matter and light, providing profound insights into
atomic and subatomic processes. When atoms are exposed to coherent electro-
magnetic fields, such as those produced by lasers, a wide range of phenomena
emerges, spanning from single-photon absorption to intricate multiphoton tran-
sitions. Among these, multiphoton processes [1-5]—where a single atom simulta-
neously absorbs multiple photons—represent high-order QED effects that have
been extensively studied, leading to significant applications in nonlinear optics,
laser physics, precision spectroscopy, and biological imaging. However, rela-
tively less attention has been directed toward another class of high-order QED
processes: those involving the simultaneous transitions of multiple atoms, each
absorbing a laser photon with a frequency that deviates significantly from its
respective atomic transition frequency. These processes, characterized by joint
atomic behavior, occur naturally within the framework of QED and represent
an intriguing area for exploration in the interaction between light and matter.

In this paper, we investigate some fundamental aspects of these multiphoton-
multiatom (MPMA) processes. Notably, we highlight that such processes do not
require mediation by interatomic interactions. Furthermore, we demonstrate
that the transition rates of these processes can be substantially enhanced in
the presence of a large number of atoms, which could lead to new possibilities
for studying ultra-weak atomic phenomena. We also propose experiments to
directly test several theoretical findings presented in this work.

To provide a general illustration of multiphoton-multiatom processes, we begin
with an analysis of a two-photon-two-atom process. A number of theoretical
studies have addressed two-photon-two-atom processes, including those in [6-
11]. Notably, two pioneering experimental works [12, 13] observed such processes
and offer comparative insights into their analysis. Furthermore, an analogous
two-photon-two-molecule process has also been reported [14]. Consider a system
of two non-interacting atoms, with one atom being of species A and the other of
species B, exposed to a homogeneous laser field (see Fig. 1 [Figure 1: see original
paper]). Each atom is assumed to be a two-level system, and the transition
between its levels occurs via a dipole interaction with the electromagnetic field.
Denote the ground state of the A-species atom by |g_a with an energy _a”g,
and its excited state by |e_a with an energy _a"e. For the B-species atom, the
ground state |g_b has an energy of _b"g, and the excited state |e_b has an
energy of _ b~ e. The angular transition frequency of the A-species atom is w_ a
=(_a"e- _a"g)/, where isPlanck’ s constant, while the angular transition
frequency of the B-species atom is w_b = (_b7e - _b7g)/. Although we
introduce two distinct atomic species for formal simplicity, the multiphoton-
multiatom process can also be realized using a gas composed of a single atomic
species. In such cases, two different excitation states of the same species, each
with a distinct transition frequency, can be selectively targeted, as demonstrated
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in the experiment reported in [13].

The angular frequency of the laser is denoted by ©_L, set to be Q_L = (w_a
+ w_b)/2. Tt is assumed that w_a and w_b differ significantly. Under this
configuration, one can easily note that if both atoms are initially in their ground
states, neither atom can individually absorb a single photon due to the mismatch
between 2_L and the respective transition frequency w_a or w_b. However,
a joint excitation of the two atoms can occur through simultaneous absorption
of one photon by each atom, satisfying energy conservation in the two-atom
process.

The Hamiltonian of this atomic system and the laser field can be written as:

H=H,+H,+hdta+d, E+d,-E.

Here, H, = €3|9,)(9,]| +€5le,) (.|, and Hy, = €]|g,)(g,| + €5 e, ) (ep |, represent the
atomic Hamiltonians of the A-species atom and the B-species atom respectively.
a(a') is the annihilation (creation) operator of the laser photon. The operators
Ja and cib are the dipole moments of the A-species atom and the B-species atom,
respectively. E is the quantum operator of the laser’ s electric field. The dipole
moment operators can be written as:

dAk = (exlerlgr) lgr) (el + (grlerylen)ep) (gl (k= a,b).

Here, e is the electric charge of the electron, and 7, and 7, are the position oper-
ators of the electron in the A-species atom and the B-species atom, respectively.
E can be approximately written in the form:

E = ( )1/28(&67“2“ _ aTEiQLt)’

where V is the volume of the laser field, ¢, is the permittivity of free space, and
e is the polarization vector.

Assume the initial state of the whole system, including the laser field, is |¥,) =
|9a)19p)IN.,) (IIV,) represents the quantum state of the laser field with IV, laser
photons). At time ¢, the probability of the system being in the excited state
[Ws) = leg)ep)| N, —2) is P, = |<\Ilf|e_ift Hdt'/h g |2, which will not be zero
in principle. In the interaction picture, the third term of the perturbation
expansion of e~ J* Ft! /n
states.

can couple |¥;) to [¥;) through virtual intermediate

Defining the following intermediate states: [¥,) = |e,)[g,)|V, — 1), [¥},) =
|9a)1€p)| N, — 1). The two-photon excitations can occur through two virtual
quantum transition paths, which are |¥;) — [¥ ) — |V;) and |¥;) — |¥,) —
|W;) (see Fig. 2 [Figure 2: see original paper]). These transitions correspond to
a simultaneous two-photon-two-atom process in QED, where the energy of the
system is not conserved for the virtual intermediate states.
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The transition rate for the simultaneous two-atom excitation can be calculated
using the usual perturbation method. After applying the rotating wave approx-
imation, it can be written in the following form:

2

! : : P(Ef)

W =
Zp2m ZQ E, + N,y — Ey_

Ep=eg+ep+2hQ

Here, H,,, = Ja B+ cib . B, is the coupling between the atoms and laser
light. The state ¥,, = ¥, or ¥,, is one of the intermediate states with energy
Ey =¢€,+ (N, —1)hQ, (k= a,b). The factor p(E;) corresponds to the level
density of the two-atom system and relates to the level density of each atom
[15].

The transition rate for the process can be computed and written in the form:

2 (9 Q YN
W. ~— | —= —= & E.).
p2m T 7 <Wa> <Wb> 19, — w, [, _Wb|p( f)

Here, 7, = da,wyl(eq|7o|g,)[?/3c? and 7, = dowp|(e,[7y|g,)[* /3¢%, where o, =
e? JAmhee, ~ 1/137 is the fine-structure constant, and ¢ is the speed of light.
Additionally, nys represents the number of laser photons within a volume of
A = (2mc/Qp)?, defined as nys = N, A*/V, and it is assumed that N > 1.

In this plain perturbation calculation, one can note that Wy, ,,, vanishes exactly
since the two terms within the modulus on the right side of the Eq. (6) cancel
each other at Q; = (w, + w)/2. This result can be viewed as a quantum
interference effect between the two excitation pathways: [W;) — [W ) — [¥})
and |U;) — [W,) — [U,).

However, this cancellation does not imply the complete absence of joint two-
atom excitation processes. Instead, two considerations suggest that quantum
interference introduces a suppression factor for the transition rate rather than
exact vanishing: (i) Higher-order QED contributions: when higher-order QED
processes are taken into account, W;,,5,, no longer vanishes. In particular, the
introduction of a finite width for each atom’ s excited level modifies the inter-
ference terms. By incorporating an imaginary component into w, and w;, in Eq.
(6), the terms within the modulus transform as follows:
2
1 1 r2/n?

~

0, —wo, FiT/2h O, —wp 20| Q) w2, —wp)?

where I represents the (natural) width of the excited level, assumed identical for
both atoms for simplicity. In QED, this width arises from a series of repeated
virtual processes, wherein an excited atom transitions to the ground state by
emitting a virtual photon and reabsorbs it to return to the excited state (see,
e.g., [16]). In the context of Eq. (7), the factor I'?/h2(Q; —w,)?, typically orders

chinarxiv.org/items/chinaxiv-202503.00168 Machine Translation


https://chinarxiv.org/items/chinaxiv-202503.00168

ChinaRxiv [$X]

of magnitude smaller than unity, can be interpreted as the suppression factor
associated with the quantum interference. (ii) Effect of detuning: The formal
cancellation strictly occurs only at the specific value Q; = (w,+w;)/2. However,
in practice, {2; can be set to cover a range of frequencies, resulting in detuning.
Considering Q; = (w, +w;)/2+ A/2, where AQ is a detuning parameter with
a magnitude smaller than or comparable to I'/#, the cancellation is no longer
exact even in the plain perturbation treatment. In this case, the joint two-atom
excitation involves additional processes, such as spontaneous photon emission.
For instance, two atoms may jointly transition to excited states by absorbing
one laser photon each, followed by the A-species atom emitting a photon and
returning to its ground state. The emitted photon has a frequency w, + AQ
such that energy conservation for the entire process is satisfied. In this scenario,
the final state of the system can be expressed as |g,)|e,) |V, —2) |78P>QW=wG+AQ’
where |75P>Q-y represents the quantum state of the emitted photon at frequency
2,. The transition rate of this joint two-atom process involving one-photon
emission can be obtained similarly using perturbation theory. One is generally
interested in the emitted-photon exclusive transition rate, which is obtained by
summing the transition rate over all possible directions of the emitted photon.
The exclusive rate near AQ ~ I'/% is comparable to the transition rate for exact
joint excitation at Q; = (w, +w,)/2 (with the finite-width effect included for ex-
act joint excitation). In principle, joint two-atom processes involving emissions
of two photons are also possible, but a detailed investigation of these cases is
not pursued here. The focus instead is to highlight other fundamental features
of two-photon-two-atom processes and general MPMA processes, which remain
independent of the specific details of the transition rate.

General MPMA processes can be constructed analogously to two-photon-two-
atom processes. Consider a system of m atoms (m = 3,4,...) exposed to a laser
field, where one atom is of species A and the remaining m—1 atoms are of species
B. If the laser field frequency satisfies the condition mQ; = w, + (m — 1)w,,
and the system starts with all atoms in their ground states, then all atoms can
be simultaneously excited by absorbing m photons from the laser field. In this
m-th order QED process, the system progresses through a sequence of virtual
intermediate states, with each atom becoming excited by absorbing one photon.

The transition rate for this process can be estimated using perturbation theory.
Similar to a two-photon-two-atom process, quantum interference among differ-
ent excitation pathways arises, introducing a suppression factor in the transi-
tion rate [17]. Moreover, when €2, deviates from the exact resonance frequency
wy/m + (m — 1)w,/m, the excitation process in the m-atom system becomes
coupled with spontaneous photon emission.

An intriguing aspect of MPMA processes is their ability to facilitate joint quan-
tum behavior among multiple atoms without mediation of any interatomic inter-
actions. Similarly, another remarkable joint quantum phenomenon that occurs
without mediated interactions is superradiance, initially theorized by Dicke [18]
and later observed in various systems [19-22]. These forms of joint quantum
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phenomena defy classical intuition and highlight the extraordinary nature of
the quantum framework.

A fundamental aspect of MPMA processes is the subtle emergence of a charac-
teristic length scale. Using the two-atom system as an example, let [; denote the
distance between the two atoms. It is reasonable to anticipate that the MPMA
process is influenced by the value of [;. Specifically, if I; exceeds a character-
istic length, denoted as [,,,,,,,, the joint excitation process is likely to become
effectively unsupported. Since MPMA processes do not rely on any physical
interaction among atoms, l,,,,,,,,, cannot be interpreted as the range of a specific
physical force. This initially makes the determination of [,,,,,, seem abstract
and elusive. However, valuable insight emerges naturally from the uncertainty
principle of quantum mechanics. The MPMA process can be envisioned as a se-
quence of intermediate virtual transitions, each involving a temporary violation
of energy conservation. According to the uncertainty principle, the duration of
such a virtual transition is inversely proportional to the magnitude of the energy
deviation. By multiplying this timescale by the speed of light, one obtains a
spatial range within which this virtual transition can collectively contribute to
the joint excitation.

In the two-photon-two-atom quantum process, there are two such virtual tran-
sitions. The energy mismatch of each transition is: Ae = |hQ; —hw,| = |hw, —
fiwy|/2. Defining a length related to this energy mismatch by In = he/2Ae, we
can approximate the characteristic length as [, .., = als, where « is a param-
eter of order unity or less. This results in a fundamental relationship between

linpma and the energy mismatch of the process:

ac

l = ——
mpma — :
Wq Wy

We shall consider the two-photon-two-atom process in an atomic gas with a large
number of atoms. As shown earlier, the transition rate W, for a single two-
atom system is typically small unless the laser strength reaches an exceptionally
high level. This stems from its nature as a high-order perturbation process,
further diminished by quantum interference effects. However, in a gas with a
large number of atoms, the total transition rate for the two-photon-two-atom
process rises substantially.

Take an atomic gas with one A-species atom and N, B-species atoms, confined
to a region smaller than [,,,,,. Exposed to the same laser field as before, the
total rate of the joint two-photon absorption increases by a factor of roughly
N,, corresponding to the number of ways to select one B-species atom from the
N, present.

This enhancement follows from Fermi’ s Golden Rule, which implies that
the total transition rate is additive over the different final quantum
states accessible from the same initial state. The system’ s initial state
is Ui = 19a)l961)|962)--195n, )| N,), Where |gy;) (i = 1,...,N,) denotes the
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ground state of the i-th B-species atom [23]. Two-photon excitation involves
the A-species atom and one B-species atom, yielding distinct final states.
For example, if the k;-th B-species atom is excited, the final state becomes:

Uer = 1€a)9p1)+|9bk, —1) €0k, ) Gbke, +1)--19onv, ) [N, — 2), with [ey, ) denoting its
excited state.

Summing over all such final states introduces the N, factor into the total
transition rate. Formally, let ¥(¢) represent the quantum state at a small
time ¢, with ¥(0) = ¥,,... The second-order perturbation expansion yields:
U(t) = co(t)¥,,; + Zlgklng ¢y, (t)¥,,. Perturbation analysis reveals that
ler ()P ~ Jea(t)]® & ... & Jen, (B)]? &~ Waya,,t. Consequently, the probability
of the system remaining unexcited is P, (t) = |co(t)|*> = 1 — Zléklng ey, I ~
1— Ny, ,..t- The rate of change of P, (t) with respect to ¢ corresponds to the
total transition rate.

Extending this to an atomic gas with N, A-species atoms and N, B-species
atoms, the total transition rate scales by N,yb. Since N, and N, can reach
values as large as 10'* or higher, simultaneous two-photon absorption can be-
come significant, despite the weakness of a single two-atom transition. For an
MPMA process involving m atoms—one of species A and m —1 of species B—the
enhancement factor scales approximately as N, ;6™ 1. This amplification could,
in principle, make extremely weak atomic transitions experimentally accessible,
a topic to be explored further in a separate study.

Consider a homogeneous atomic gas with a linear size exceeding l,,,,,,,,- For
a given A-species atom, the number of B-species atoms participating in a two-
photon-two-atom transition with it, denoted by N,,, can be approximated as
oy , where p, is the number density of B-species atoms. In this system, the

mpma

total transition rate of the two-photon-two-atom process (per A-species atom) is
proportional to N, ~ pfl . The characteristic length [ which is given

mpma mpma’

by ac/(w, — wyp), plays a crucial role in determining the amplification factor
of the transition rate. Interestingly, the experimental observations of the two-
photon-two-atom process [12, 13] provide valuable comparative insights. These

findings suggest 1,,,,,,,, scales as ¢/(w, —w,)-

In J. C. White’ s study [12], a mixture of Ba and TI atoms was investigated
at high temperatures (above 1100°C) and high atomic densities (1016 — 10!8
atoms/cm?). Here, a Ba atom and a T1 atom simultaneously absorbed two laser
photons at 27 x 668.1 THz, despite this frequency being nonresonant with the
isolated transitions of Ba (652 }% — 6p ¥, wp, = 27 x 541.4 THz) and Tl
(6p %;32 — Ts f/sz, wp = 2w x 793.8 THz). This process was observed under laser

intensities of 108 — 10° W/cm?. The absorption signal was found to be pro-
portional to the square of the laser intensity, confirming a higher-order process
involving the simultaneous absorption of two photons. Additionally, it scaled
with the product of the Ba and TI atom densities, providing clear evidence of
joint excitations between atom pairs.
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In contrast, E. Pedrozo-Pefafiel et al. examined a cold (100 pK), dilute Na gas
(10'* atoms/cm?®). Laser excitation targeted Na dipole transitions—3S, , —
3P )y at 2 x508.3 THz and 35 /5 — 3P3 ), at 2mx508.8 THz—split by a 2w x0.51
THz fine-structure gap. The system responded to laser light tuned to the average
frequency of these transitions. As in White’ s experiments, the excitation signal
was proportional to the square of the laser intensity. Using a relatively low
laser intensity (on the order of 100 mW /cm?) and a sample of about 10° Na
atoms, the two-atom excitation rate was observed to be approximately 1% of
the single-atom excitation rate under resonant conditions.

The T1/Ba gas experiment differs significantly from the Na gas experiment due
to its much higher atomic density and laser intensity—the latter being at least
107 times greater. A thorough comparison should also account for thermal
broadening and laser linewidth, both of which influence the transition rate. In
the T1/Ba gas, thermal broadening exceeded the natural linewidth of dipole
transitions by one to two orders of magnitude, while the laser linewidth was
103 times broader. Together, these factors suppressed the transition rate by
approximately 10™* or so. In contrast, these effects were negligible in the cold
Na gas.

The transition rate is proportional to the square of the laser intensity and ei-
ther the square of the atomic density (Na gas) or the product of atomic densities
(T1/Ba gas). One key to understanding the disparity between the two experi-
ments—particularly the differing laser intensities required—lies in the character-
istic length [,,,,,,.,,- This length reflects the energy mismatch of the two-photon-
two-atom process, driven by the frequency gap between joint transitions. For
the T1/Ba gas, [ ~ 0.2 pm (assuming o ~ 1 in Eq. (8)), while for the
Na gas, lmpma fnpm(ﬂ

sults in a rate difference of approximately 10%, which partially explains why the
T1/Ba experiments require much higher laser intensities to observe joint exci-
tations. Furthermore, the two-photon-two-atom process observed in the dilute
Na gas suggests that no physical interatomic interaction is responsible for the
process. In this system, the average interatomic spacing is around 1.0 pm, and
any residual interatomic interaction is negligible at this distance.

mpma

~ 100 pm. Since the transition rate scales with [ this re-

A modified experiment on the two-photon-two-atom phenomenon can be natu-
rally proposed to investigate the significant role of ., .., ,. In this modified setup,
a two-laser excitation scheme replaces the single-laser configuration (see Fig. 3
[Figure 3: see original paper]| for the excitation pathways). Using the T1/Ba gas
system as an example, the frequency of one laser (denoted as L1) is detuned
from the T1 transition frequency wy; by an amount dp; = |wp; — Qpq|. Simul-
taneously, the frequency of the other laser (denoted as L2) is detuned from the
Ba transition frequency by the same amount in the opposite direction, ensuring
the condition Q;, + Q5 = wy +wp,. In this two-laser scheme, I,,,.,.., = ¢/2d7,.
By varying Qp, l,,pm, can be easily tuned, allowing for observations of how

the detection signal changes with [, .,
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Furthermore, experimental verification of simultaneous three-photon-three-

atom processes can be straightforwardly carried out using the two-laser scheme.

In the case of the Tl/Ba gas system, the laser frequencies are configured

to satisfy either of the following conditions: 2Q;; + Q5 = 2wy + wp,, oOr

Q1+ 295 = wp + 2wp,. In the three-photon-three-atom processes, the role

of l,,pma becomes more pronounced compared to the two-photon-two-atom
6

process, as the detection signal scales proportionally to [ rather than

mpma
l%pma. This heightened sensitivity of the three-photon-three-atom process to

variations in [,,,,,, provides a more robust platform for studying its influence.

In conclusion, a simultanecous MPMA process in an atomic gas under laser
fields is examined, revealing several distinctive features, including the absence
of interatomic interactions and the presence of an intrinsic characteristic length.
A proposal for directly demonstrating this characteristic length experimentally
is presented. Further studies of this fundamental process will not only enhance
our understanding of the interaction between matter and light but also further
our exploration of the intriguing quantum world.
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