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Abstract: We study the collective scattering of radiation by a large ensemble of N, > 1 atoms, in the
presence of a pump field. We use the wave-kinetic approach where the center-of-mass position of
the moving atoms is described by a microscopic discrete distribution, or alternatively, by a Wigner
distribution. This approach can include thermal effects and quantum recoil in a natural way, and even
consider atomic ensembles out of equilibrium. We assume two-level atoms with atomic transition
frequency wj, very different from the frequency wy of the pump field. We consider both the quasi-classical
and quantum descriptions of the center-of-mass motion. In both cases, we establish the unstable regimes
where coherent emission of radiation can take place.
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1. Introduction

Collective atomic processes between atoms and radiation are of fundamental importance in several
areas of physics, with relevance for laser cooling [1], Bose-Einstein condensation [2], free-electron
lasers [3], or super-radiant photon emission and scattering [4,5]. Among all these applications, the collective
atomic radiation recoil laser (also known as CARL), has emerged in recent years as one of the most
interesting and potentially useful models of atomic physics. The CARL configuration was first proposed by
R. Bonifacio and collaborators in 1994 [6,7], as the atomic physics equivalent of a free-electron laser, where the
electron beams are replaced by moving atoms. They first used a quasi-classical description, which was
then extended to include the quantum recoil associated with photon emission and absorption [8,9].
Traditionally, this model is essentially one-dimensional, as pump and scattered photons propagate
along the same direction. However, more recently a three-dimensional configuration was explored
using numerical simulations [10]. A new approach to CARL, based on the wave-kinetic description of
the atoms, is proposed here.

The CARL effect can be seen as a radiation instability associated with the Rayleigh scattering of
a pump electromagnetic field with frequency wy by an atomic sample, containing a large number N,
of identical atoms, assumed as two-level atoms moving freely under the action of both the pump and
the scattered fields. The wave-kinetic approach followed here can partly be considered an extension
of our previous kinetic model for the free-electron laser [11], when electrons in a relativistic beam
are replaced by slowly moving atoms.

We actually use two different versions of the kinetic model which are closely connected and
complement each other. The first approach can be called quasi-classical and describes the center-of-
mass atoms using the discrete Klimontovich distribution [12], regularized by a statistical averaging
operation which reduces it to a regular distribution function. The second is a fully quantum approach,
which uses a Wigner distribution for the center-of-mass states. It will be shown that the wave-kinetic
equation describing the evolution of the Wigner distribution reduces, in the appropriate quasi-classical
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limit, to the averaged Klimontovich equation. These kinetic equations describing the evolution of
the atomic ensemble are coupled to the Heisenberg equations describing the scattered and the pump
fields. Using these coupled sets of equations, and taking the parametric approximation valid in the
strong pump limit, it is then possible to show that unstable regimes for scattered radiation can occur,
associated with a super-radiant scattering, which depends on the atom number N, and on the internal
atomic properties. Our approach allows us to establish the relevant CARL regimes in very broad
physical situations. Thermal effects and quantum recoil corrections are included and, although we
only explicitly consider thermal atom distributions, arbitrary deviations from thermal equilibrium are
also implicitly included in this formulation.

The structure of the paper is the following. In Section 2 we establish the basic equations of our model,
which start from the standard CARL equations, but rewrite them in terms of a discrete Klimontovich
distribution. The corresponding kinetic equation is considered, and a statistical averaging operation is
introduced, to regularized the discrete distribution. The radiation instability regimes are then studied
in Section 3, using the strong pump field limit, assuming a single scattered field mode, and following a
linearized perturbative procedure. In Section 4 we extend our kinetic model to include quantum recoil
effects. The Klimontovich equation is then replaced by a wave-kinetic equation, as obtain from the
Schrodinger equation by a standard well-known procedure [13,14]. The resulting radiation instability
thresholds and growth rates are then compared with those obtained in the previous section. Finally,
in Section 5, we state some conclusions.

2. Basic Equations

We start with the equations describing the evolution of an ensemble of two-level atoms coupled
with radiation, when the atoms are submitted to an intense pump field. We assume that the frequencies
of the pump and scattered radiation modes are very different from the atomic transition frequency.
Coupling between atoms and radiation is therefore off-resonance, and the incident pump field can be
collectively scattered by the atoms. For that reason, the atoms are assumed to stay mainly in the lower
energy level along the interaction process.

It is well known that under such plausible conditions, the center-of-mass of a gas of two-level
atoms can be described by the following equations [8,10]

dy; _p; dp; (k—ko)-r;
5 ] _ i(k—ko)-r
FTIR VR TR Zk (k= ko) |axe +hel. M)

where rj and pj are the position and momentum of the atom j, M is the mass of the N, identical atoms,
g the coupling parameter between atoms and radiation, and ay are the field operators corresponding
to a mode with wavevector k and frequency wy. In a diluted medium, we can simply consider that
wy =~ kc. Here, the values of ko and w correspond to the pump field. The above equations show
that the maximum exchange of momentum between the atoms and radiation occurs for backscattered
modes, such that k ~ —kj. On the other hand, the Heisenberg equations for the field operators take

the form
day . & k)
W:z(wk—wo)ak—nge 0)1j ()
=1

Here, we focus on the case where multiple scattering is absent and each scattered field mode k only
depends on the pump. This allows us to consider each scattered mode separately, because they do
not depend on the other scattered modes. Furthermore, we will avoid the problem of pump depletion,
by assuming that the pump field amplitude ap remains constant during the interaction process. Notice
that in the above equations, the coupling constant ¢ will be proportional to ag. For simplicity, we also
assume that the N,; atoms occupy the unit volume V = 1. In the following, we also replace the operators
by c-numbers. To study the above system of equations it is then useful to introduce dimensionless
variables, defined as
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where w, = h |k — k0|2 /23M can be called the recoil frequency. We can also define a normalized
time variable such that 7 = 4w,t. Retaining just a single backscattered mode k, and considering a
one-dimensional configuration, we are reduced to the following equations [9]

do; 4P,

=P, —L=—[Aexp(-if)) +cc], €Y
and N
dA i
— =i0A+ — ) exp(—if;), (5)
dt N, 5 /

where we have used two new parameters, the detuning parameter J and the collective coupling
parameter «, as defined by
1 Nagz
0= —(wyr —wy), «= .
Wy ( k 0) 2 w%

(6)

These are the main parameters of the present model. The detuning parameter J determines the frequency
difference between the pump field and the scattered mode, normalized by the recoil frequency. On the
other hand, the collective coupling parameter « depends on the total number of atoms N, and on the single
atom coupling parameter g. At this point, we introduce the microscopic density of atoms, also known as
the Klimontovich density, defined by

N
N(,P,t) =) 6(6—6;(1)) 6 (P—Pi(1)), )
j=1

where the functions 6;(7) and P;(7) are solutions of the center-of-mass equations of motion (4). Using this
new quantity, it is then possible to rewrite the mode amplitude Equation (5) as

dA . « .
T=ieAt /de/dl’ N(8, P, 7) exp(—if). @®)
On the other hand, it can be shown using Equation (4) that the microscopic density satisfies the

so-called Klimontovich equation

] d d
<a7+Pa9+FaP) N(6,P,7) =0. 9
where the force F is determined by
F = — [Aexp(—ifj) +c.c.] . (10)

This kinetic equation simply states the particle number conservation in the single-particle phase-space
(6, P). It is, in a sense, the Liouville equation written, not in the phase-space of the N, particles, but in
a single-particle phase-space [12]. What is new here is simply the particular form of this equation for
our particular model.

Equations (8) and (9) provide the basic kinetic description of the atomic system in the presence
of the pump field and the scattered radiation. In particular, they can be used to study the unstable
regimes where coherent emission of scattered radiation at the frequency wy can take place. However,
for that purpose, we first need to consider a statistical averaging, allowing us to define the average
distribution function

W(6,P,t) = (N(6,P,1)) (11)
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In contrast with the initial microscopic density, this can be assumed as a regular function in phase-space.
Equation (9) will then be transformed into

9 d )
(8+P89+F8P> W(,P,7) =S(6,P,T), (12)

where the source term appearing on the right-hand side is due to the fast fluctuations associated with
deviations AN with respect from the average distribution, as determined by

S(0,P,7) = <F ;;AN> AN = N(0,P,7) — W(6,P, ). (13)

In the following, the fast oscillations associated with AN will be neglect, but they will be seen as the
source of the initial amplitudes A(T = 0) ~ 0, which eventually grow in time due to the instability,
thus leading to super-radiant scattering.

3. Radiation Instability

The basic equations of our kinetic model will then be given by the coupled equations determining
the mode amplitude A(7) and the average distribution W (6, P, T). A more consistent approach, based on
a purely quantum description, will be discussed later. These equations can be explicitly written as

dA

== 5A+—/d9/dpw (6, P, 7) exp(—if). (14)

and

[a +pd (Ae’le T Ate 19) 9w —o, (15)

d 26 oP }
To study the possible occurrence of amplified coherent scattered radiation, we now perform a linear

analysis, assuming amplitude perturbations with frequency (), of the form

A(t) = Aexp(—iQt), W(B,P.T) = Wy(0,P) + Wexp(igh — iQ). (16)

Here, Wy(7, P) denotes the initial equilibrium distribution, describing the unperturbed system. It is
obvious from the expression of the force in Equation (10) that coupling between the perturbed quantities
A and W can only occur if we choose g = +1. However, for formal purposes, we keep an unspecified
value of g for most of the calculation. Linearizing the coupled Equations (14) and (15) with respect to
these perturbations, we obtain

5 in
B =18 7
A= wmTy [ a0 [ apivet (17)
and _
oA ig-ne Mo
W=t op (18)
This leads to the following relation
oWy / BP _
Q 5 /de/dp =0, (19)
It is now useful to introduce the reduced distribution function Gy(P), defined by
- / Wo (6, P) d6 . 20)

>From here, we then get the dispersion relation of the atomic and radiation field perturbations in its
final form



Atoms 2020, 8, 42 50f 10

o dGy /0P
1 / iP =0, 21
T N0 +9) ) @ P @1
Integration by parts shows that this can also be written as
o Go(P)dpP
1- / —0. 2
qNa(Q+96) J (Q—Pq)? 22

For a cold atomic medium, with temperature T, ~ 0, we can simply use Go(P) = N,0(P — ),
where P is the normalized momentum of the atomic beam. The above dispersion relation is then
reduced to

(Q+6) (Q— Pog)* = g - (23)

This is in qualitative agreement with a more traditional analysis [8]. For atoms at rest, Py = 0, we are
then left with
O +60% - =0. (24)

Solutions of this cubic equation show that the imaginary part of the frequency (2 can take positive
values, therefore indicating that the system can be unstable. For the simple case of a small detuning
parameter & — 0, this takes the form T = 3(Q) = v/3a!/3/2 > 0. Notice that the parameter « is
proportional to the coupling parameter g and to the number of atoms N, as shown in Equation (6).
We can therefore conclude that the instability growth rate is proportional to the cubic root of the atom
density. On the other hand, a threshold occurs for a finite detuning, 4 # 0, which means that for a
given atomic species and a given pump frequency, the radiation instability only occurs above a given
value of , or equivalently, above a given number of atoms present in the system.

The unstable region, and the instability threshold are represented in Figure 1, where the growth
rates are shown in the parameter space (9, «). Notice that the growth rate I determines the amplitude
of the scattered signal, because the final (or assymtotic) value of the scattered mode amplitude will be
determined by A(7¢) ~ A(t = 0) exp(7sI'), where A(t = 0) is determined by the fluctuation noise,
Tf =~ 4w,L/c is the time taken by the pump signal to propagate across the atomic sample, and L is the
length of the sample along the propagation direction.

Figure 1. Unstable region: Instability growth rate I' in the parameter space (6, «). It represents the growth
rate dependence on the detuning parameter J, and on the collective coupling parameter «. For zero detuning,
0 — 0, there is no threshold.

Let us now consider the influence of thermal effects. In a thermal medium, we can use the Gaussian

distribution
N, p?
Go(P) = —2 —exp [ —— |, 25
o(P) V27Pr p< 2P%> (25)

where P2 = MT,/ 12g?, and T, is the temperature of the atomic ensemble in energy units. Going back
to Equation (21) we get
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2P2
% [O(1 +ivy) + 6] —ag <1+3’702T> —=0. (26)

where the contributions from the pole are determined by

Tow 0?

This should be compared with Equation (23), for Py = 0 and g = 1. We can see that thermal effects will
eventually lead to a decrease of the instability growth rates and a reduction of the unstable range of
parameters, as illustrated in Figure 2. The influence of a finite detuning ¢ and of the corresponding
instability threshold is also illustrated. It is clear that thermal effects, although reducing the growth
rate and the range of unstable parameters, have little influence on the value of the threshold, which is
essentially determined by 4. It should also be noted that the pole contributions described by -y introduce
a kinetic damping, usually called Landau damping, which is responsible for the regions with negative
growth rate I'. The case of an atomic ensemble out of equilibrium can also be treated in a similar way,
if we replace the Gaussian function (25) by an appropriate distribution.

(a) 1.0 Pr=0
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Figure 2. Thermal effects: Damping rate I' = $(Q)), for a fixed value of R(Q)), as a function of the
collective coupling parameter «, for a cold atomic gas, Pr = 0, and for a thermal gas with Pr = 1
(dashed curve): (a) in the absence of detuning, § = 0; and (b) for a finite detuning, determined by 6 = 1.

4. Quantum Recoil

The above description is valid as long as the center-of-mass motion of the atoms can be considered
classical, and the equations of motion (1) are sufficient to characterize the atoms. This is valid if, during the
interaction process between the atoms and radiation, the recoil momentum is small as compared with
the atom translational momentum, or [p;| < [k|.

Let us now consider the situation where this approximation is no longer valid and therefore the
atomic states need to be fully quantized. For that purpose, we use the generic center-of-mass wave
function ¢(r,t) = (r |¢(r,t)), and introduce the Wigner function

W(r,p,t) = / (Pp(r—s/2,t) |1/J(r+s/2,t)>eip's/hds. (28)
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In the one-dimensional normalized variables (6, P, T), this can be written as
W(6,P,7) = / (W(0 — 05/2,1) [(0 + 05/2, 1)) P06 (29)

Starting from the Schrodinger’s equation and following a well-known procedure (see, for instance, [13]),
it is then possible to derive an evolution equation, sometimes called the wave-kinetic equation, which
can be written as

] 9 . ;
<a + Pae) W= / V(g,T)[W- — W,]edq, (30)

where we have defined Wy = W(6,P +¢/2,7), and where V (g, T) is the Fourier transform of the
potential function to be specified

V(,T) = /V(q,"r)eiqedq. (31)

A connection between this quantum wave-kinetic equation and the previous quasi-classical kinetic
Equation (9) can easily be established. For that purpose, we write the classical equation in terms of the
average distribution (11), and ignore for the moment the source term S(6, P, T), due to deviations with
respect to the average, as it appears in Equation (12). We get

+r= \w=220 (32)

0 ) oV oW
ot a0 a0 dP

where we have used av
F=—55 =i [V ). 33)

Noting that W is independent of g, by definition, we can write the classical Equation (32) as

d ] W 4it0
— q
(8 +P89>W z/qV q,7 ) dq. (34)
Now, using the expansion of the quantities W+ appearing in Equation (30), in the limit |gq| < |P|,
we obtain BW

Replacing this in Equation (30), we recover the quasi-classical kinetic Equation (32). This discussion also
shows that the previous source term S(6, P, T) can be seen, in this new context, as formally analogous to a
quantum correction due to atomic recoil. Furthermore, we can explicitly write the interaction potential as

V(6,t) =igAexp(—if) +c.c., (36)

where the normalized field variable A is a function of T. Now, if we perform a perturbative analysis
using the quantum kinetic Equation (30), and apply the previous ansatz (16), we get
gA

W= *i(Q—Pq)[

Wo_ — Woy]. (37)
This now replaces Equation (18), with ¢ = 1. Using Equation (17) we obtain the new dispersion relation

[Wo- —Woi]
1— Q+5 /d@/dP Gy = (38)
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Again, using the approximation (35), we would recover the quasi-classical result of Equation (19).
This new dispersion relation can also be written in terms of the auxiliary function G(P), as

14 1 1
s | 0 =~ e P =0 9)
where P+ = (Q2/q) & (q/2). Or, alternatively
_ X [Go(P) _
! qN(Q +9) / [(P—0/q)2 —q2/4] =0. (40)

This generalizes Equation (22) to the case of a non-negligible quantum recoil. Using a cold atomic
beam, as described by the unperturbed distribution Gy(P) = N,6(P — Py), we are led to

o

(@+5) [0~ Po)* /4] = ¢

(41)
where the value g = 1 should be used. Again, this new result reduces to Equation (23) in the quasi-classical limit.

In Figure 3, the new dispersion relation is represented. Comparison with the quasi-classical result is
also made, to illustrate the influence of quantum recoil. Notice that even in the case of a quasi-classical
description, atom recoil effects associated with photon scattering are still present, as described by the
atomic center-of-mass equations. However, only in the full quantum model of the present section is the
intrinsic nature of recoil described as a discontinuous and purely quantum process. We can see that
quantum recoil effects associated with g4 = 1 are quite marginal in what concerns the maximum growth
rates. In contrast, quantum effects tend to reduce the instability threshold, for cold as well as for a thermal
gas, as illustrated in this figure.

(b)

00 02 04 06 08 1.0 12
a

Figure 3. Quantum recoil effects: Damping rate I' = $(Q)) with quantum recoil (Q Rc), as compared
with and quasi-classical damping rate with no quantum recoil (no Rc), as a function of the collective
coupling parameter «, for a finite detuning, § = 1: (a) for a cold atomic sample, Pr = 0; and (b) for a
thermal sample, Py = 1.
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5. Conclusions

In this paper, we have described the occurrence of radiation scattering instability, in the so-called
CARL configuration, using two different but closely related kinetic models. We were able to derive the
dispersion relations for the amplitude perturbations associated with the scattered field, established the
corresponding growth rates and defined the range of the unstable regime. First, using a quasi-classical
description for the center-of-mass of the atoms, we were able to show that an instability threshold can
occur for a finite detuning between the pump and the scattered field. They also show the formation of
a bunch structure, due to excitation of atom density perturbations associated.

In our kinetic analysis of CARL, we were able to connect the average quasi-classical Klimontovich
equation to a more consistent quantum wave-kinetic equation describing the Wigner distributions of
the atomic center-of-mass. We have also made a formal comparison between the deviations from the
average of the discrete distribution, as described by a fast source term, and the quantum recoil effects.
Although different in character, they seem to play a similar role on the kinetics of the instability process.

We have shown that thermal effects reduce the instability growth rates and the range of unstable
parameters, but have no influence on the threshold. In contrast, the quantum recoil effects, described
by the Wigner distribution, reduce the threshold and have a marginal effect on the maximum instability
growth rates. Extension of the present model to the case of a finite pump, where pump depletion and
nonlinear saturation can take place, is straightforward and will be considered in a future work.
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