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A laser generates light through stimulated emission of radiation and requires population inversion.
Quantum interference can yield lasing without inversion. However, such phase-sensitive quantum
amplification still requires some atomic population in the excited state. Here, we present a new kind
of quantum amplifier based on collective superradiant emission which does not need any population in
the excited state. We show that parametric resonance between the driving (e.g., infrared) field and
collective superradiant oscillations of the atomic polarization can yield light amplification at high
(e.g., XUV) frequencies. To achieve gain, one must suppress a time-dependent Stark shift caused by the
driving field. The resulting superradiant amplifier is many orders of magnitude more efficient than
the usual nonlinear multiphoton excitation and holds promise for a new kind of generator of high-
frequency coherent radiation. In addition to a detailed analytical analysis, confirmed by numerical
simulations, we provide a physically appealing explanation of the quantum amplification by super-
radiant emission of radiation (QASER) operation in terms of coupled classical oscillators. We also
present an experiment that demonstrates the QASER amplification mechanism in an electronic circuit,
which, to the best of our knowledge, is the first experimental demonstration of the difference

combination resonance.
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L. INTRODUCTION

Phase matching between intense classical laser fields is
an essential feature of nonlinear optics. But with the advent
of giant nonlinearities made possible by electromagneti-
cally included transparency and ultraslow light, we were
asked the following question: Can we have phase matching
at the single-photon level? Our answer is yes, and this
interesting question stimulated much of the recent work
on single-photon superradiance, which focuses on collec-
tive, virtual, and nonlocal effects [1-15]. In particular, in
the Dicke model of N two-level (|a) and |b)) atoms [16], in
a small atomic sample of radius R much less than the
radiation wavelength A, the symmetric state with only
one atom excited,

1 N
V) =5 2 1o bz ;. by) (1)
Jj=1

decays to the ground state |by, b, ...b;...by) at the rate
I'y = Ny, where v is the single-atom spontaneous decay
rate. Dicke called this “‘the greatest radiation anomaly” of
superradiance. However, if R > A, the state (1) will trap
light, decreasing the emission rate.
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Nevertheless, it is possible to prepare a phased (timed)
state excited by a photon of wave vector k, and frequency
vo [11,
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which, to a good approximation, decays with the enhanced
rate I', = NyA?/R?. Physically, the phase factors in
]§q. (2), exp(ik - r;) = exp(ivyAt;), where At; =
ko-r j /c, arise from the fact that atoms at the front of the
sample are excited first and atoms further downstream at
position r; are excited later [1].

However, when the cloud radius is large compared to the
superradiant pulse length ¢/T",, the situation becomes even
more interesting [3,7,15]. In such a case, the emitted
photon is reabsorbed and reemitted many times, as shown
in Fig. 1. This limit is the essence of cavity QED, where
photons in a cavity resonantly interact with a single atom.
If initially there are Ny, photons and the atom is in the
ground state, then the probability of finding an excited
atom oscillates as

hvN,
Pcavity = Sinz<E pht); (3)
h €0Vph

where g is the atomic transition matrix element, v is the
photon energy, and Vy, is the cavity volume. However, in
the present case, when a single photon interacts with a
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FIG. 1. For a very large cloud, the photon is reabsorbed and

reemitted many times, and the atomic state oscillates with a
frequency that goes as +/N. This behavior is to be compared to
the cavity QED scenario in which an atom is cycled between the
ground and excited states with a frequency that goes as \/JW s
where Ny, is the number of photons in the cavity. P is the
probability that an atom is excited.

large cloud of N atoms in free space, the probability of
finding an excited atom is [3,15]

hvN ) @)

P = sin? ( —t
cloud — 7 €o V

where the cavity volume V;, and the photon number N,
are replaced by the cloud volume V and the number of
atoms N.

The following question naturally arises: The stimulated
emission implied by Eq. (3) is the basis for the laser. Does
Eq. (4) suggest a corresponding new but different
(since collective spontaneous emission is different from
stimulated emission) source of coherent radiation? As we
shall see, the answer is yes, modulo certain somewhat subtle
considerations. In particular, we show here, for the first
time, that by utilizing collective superradiant emission,
we can generate coherent light at high frequency in the
UV or x-ray bands by driving the atomic system with a
low-frequency (e.g., infrared) source. This process involves
a phase-dependent quantum gain, as in the case of lasing
without inversion (LWI), which is another example of
quantum amplification. We call the present device that
generates high-frequency light through quantum amplifica-
tion by superradiant emission of radiation the “QASER.”

To set the stage, let us first recall the equations that
describe conventional lasing and superradiance. We con-
sider a medium composed of two-level (|a) and |b)) atoms,
with the population of the excited and ground states being
Paq and p,,, respectively. We are interested in the evolu-
tion of a weak laser (superradiant) pulse at the atomic
transition frequency w,;, that propagates along the z axis.
Since the pulse is weak, the populations p,, and p,; can
be treated as constant. In the semiclassical approach, evo-
lution of the envelope (), of the superradiant pulse is
described by the Maxwell-Schrodinger equations

d ad
4+ =
(at caZ)Q Qupub, (®)]

pr _Ytothb + iQs(pbb - paa), (6)
where
3nA2
Qa u (7)
87

is a collective atomic frequency, n = N/ V is the atomic
density, A, is the wavelength of the a-b transition, 7y is the
spontaneous decay rate of a single atom, pJ, is slowly
varying envelope of atomic coherence, Q) = g, - E/h is
the Rabi frequency corresponding to electric field E,
©9q = {aler|b) is the matrix element of the electric
dipole moment, and vy, is the decoherence rate. (), is
the collective frequency with which the resonant pulse is
absorbed and reemitted by the medium [3,15,17].

Taking the time derivative of both sides of Eq. (5) and
using Eq. (6), we obtain for the pulse envelope () the
following linear equation with constant coefficients:

d d d
—+c— + 02 - = (.
(at 7t0t)(at c aZ)QS Qa(pbb paa)Qs 0 (8)

One can look for the solution of Eq. (8) in the form
Q, = Aexp(ikz — ivt), 9)

where A is a constant, v is the envelope frequency which is
essentially the detuning of the superradiant field from the
atomic transition frequency, and k is the envelope wave num-
ber. If we treat k as real, then the imaginary part of v gives gain
(absorption) per unit time G = Im(») for a mode with wave
number k and Q) « ¢%’. Plugging (9) into Eq. (8) yields

I . . '
V= E[_l’)/tot +ck* ‘/(l’ytot + Ck)2 + 403(pbb - paa)J’

(10)
which, for the mode with k < Q,/c, gives the gain
G = Qu/Paa — Poi» G > Yo (1)
2
G =—"(Pua = Pus), G < Yo (12)

tot

If there is population inversion, p,, > ppp, then gain is
positive and the weak seed field grows exponentially with
time. The limit G >> 7, corresponds to superradiance in
which the pulse evolves on a time scale much faster than the
single-atom decay time. In such a limit, G ~ /n. On the
other hand, if p,, = 0 (all population is in the ground state)
and vy, =0, then Eq. (11) yields imaginary G, which
means (), oscillates with collective frequency ),. Such
oscillations describe collective absorption and superradiant
reemission of light by the atomic system [3,15,17].

During the last two decades, lasing without inversion
(LWI) has been discussed in the literature for various schemes
[18-21]. Typically, LWI is achieved by quantum interference
in emission or absorption channels. Such interference
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appears in systems with coherence created by an external
source. However, LWI models require nonzero population of
atoms in the excited state.

Here, we go further and show that light amplification
(gain) can be obtained even if initially p,, = 0. This can
occur in the superradiant regime because of a resonance
between the driving-field frequency v; and collective
polarization oscillation at (),. Before going into details
and lengthy calculations, we next motivate the present
gain mechanism in a simple way. Let us assume that
in Eq. (8) population is periodically modulated with
frequency v, such that

Pbb = Paa = 1— 8005(2th)’ (13)
where 0 < 1 is a small modulation amplitude. Writing the
slowly varying envelope (¢, z) in the form

O, 7) = Q1) exp[ik(z - %t)], (14)

where k is the envelope wave number, and neglecting
decoherence, we obtain the simple equation for € (z),

O, + Q1 - bcos2r)]Q, =0, (15)
where
5 2k2
02=02+ CT (16)

and 6 = Q26/ flf, Equation (15) is known as the Mathieu
equation [22], which yields exponentially growing
oscillations in the vicinities of parametric resonances
when v, = Qa/m, m=1,2,3,... [see Fig. 2(a)]. In par-

5-Q, 6-02
G= = .

4 4Vd

7)

Equation (16) implies that the wave number of the
exponentially growing mode is

(18)

Hence, if the driving-field frequency obeys the condition

v, >Q, (19)

there is a mode that is in parametric resonance with v,.
Such a mode grows exponentially with gain given by
Eq. (17). In other words, the system yields gain at the
high atomic frequency with no population in the excited
state. For example, for the 4'P — 1'S transition of the He
atom, A,, = 52.2 nm and spontaneous decay rate is y =
2.4 X 10% s~!. Then, for atomic density n = 10%° cm ™3,
Eq. (7) shows that the collective atomic frequency lies in
the infrared band (), = 0.48 X 10'* s~! while the atomic
frequency is in the XUV range w,, = 0.36 X 107 s~

A key point of this article is that we have discovered a
new mechanism of atomic excitation by means of collec-
tive resonance. This mechanism is different from the well-
known multiphoton resonant excitation of an atom, which
occurs when the driving-field frequency v,; = w,,/m,
m = 1,2,.... Ordinary multiphoton resonant excitation
is a single-atom phenomenon rather than a collective
effect. In the present case, there is a resonance between
v, and collective oscillations, which occurs for v, = ().

Excited-state population p,, grows with time differently
in the two cases. For multiphoton resonance and a weak
driving field, we have for p,, < 1 [24]

. 2m—2
ticular, for the (strongest) first-order resonance (v, = (), Paa = (Qd) " Q1) (20)
gain per unit time is given by [23] @ap
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FIG. 2. (a) Superradiant field as a function of time, obtained by numerical solution of Eq. (15) with & = 0.1, v, = €, and initial
condition ) ;(0) = 0. (b) Input and output superradiant pulse €}, as a function of time after it propagates through the sample of length
L = 100c/Q,. Atoms are driven by the electric field with Rabi frequency (26) and by the magnetic field (33), which compensates the
atomic Stark shift. The superradiant pulse is sent in the same direction as the driving field. Plots are obtained by numerical solution of
Eqgs. (B65)-(B69), with w,;, = 5.2v,, v, = 0.64Q,, and Q,; = Q. Units of Q) are arbitrary. (c) The same as in Fig. 2(b) but for the

backward-propagating superradiant pulse.
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where (), is the Rabi frequency of the driving field.
However, the present work is based on the collective para-
metric resonance and, as we show below, the growth is
exponential (see Appendix D for details):

2
poe = o OP (2 H0)
@ap
where p,,(0) is the initial-seed atomic coherence
(produced by the seed XUV pulse).

Finally, excitation by multiphoton resonance yields
emission of light at high atomic frequency w,, in the
direction of the driving field. In contrast, in the present
case, the emission occurs in the opposite direction.

II. QUANTUM GAIN BY COLLECTIVE
SUPERRADIANT RESONANCE

Next, we present a rigorous analysis that demonstrates
the possibility of having quantum gain by collective super-
radiance. We consider the same medium composed of
two-level (a and b) atoms with frequency w,;,, which are
modulated by a coherent driving field propagating along
the z axis and having Rabi frequency Q9Ve(z, 7). We
suppose that the driving-field frequency v,; < w,, and
Q91| < @, so that modulation is weak.

In Appendix A, we derive the propagation equation for
the weak high-frequency pulse ), and obtain

drive () drivex
(2 isunn 2y 2 1y

ot a)ih C8_z ot
. 2 erive 2 4erive )
+03(1-2ppe - 20 0 tm{p<1) 2,
Wap Wap
=0, (22)

where
2|erive(t’ Z)|2

Wap

Awah(t) =

is the (undesirable) time-dependent Stark shift of the atomic
transition frequency proportional to the instantaneous
intensity of the driving field.

Equation (22) shows that the driving field produces
several effects that contribute to evolution of the super-
radiant pulse ();. The time-dependent Stark shift Aw,,(f)
caused by the drive is the leading contribution since it is
proportional to 1/w,;,. Such a term suppresses collective
resonance, which is governed by the next-order correc-
tions. As a result, in order to obtain gain at the high atomic
frequency, one should compensate the unwanted Stark
shift. This can be done in several ways, which we discuss
next.

For example, in the present two-level atom model,
the time-dependent Stark shift can be eliminated if the
driving field is nearly circularly polarized so that the
Rabi frequency has the form

erive(t’ Z) — Qleivdtfikdz + Qzefiudﬁikdz’ (23)

where ), and (), are real constants and k, is the wave
number of the driving field. Such a situation can be realized
for the elliptically polarized driving field E¥¥¢ if the dipole
matrix element of the two-level atom is

d,, =d.i+id,$, 24)

where d, and dy are real. This is, e.g., the case if the excited
state a corresponds to a p, + ip, atomic orbital and b is an
s state.

As we show in Appendix B 1, for a uniform driving field
(k; = 0) and a certain ratio of ,/(),, the Stark shift
vanishes. Namely, to suppress the unwanted Stark shift,
we should choose

Q, 03

—= = . 25
O, 2v40y .

Under such conditions, Eq. (22) yields exponential grow of
the seed laser pulse, with gain G = Q,073/2w?,. This
example demonstrates the possibility of having gain in a
simple model in which the Stark shift is compensated by
driving two-level atoms with a field of certain polarization.

In the general case, the driving field and the growing
XUV modes depend on spatial coordinates. In Appendix B
2, we explore such a situation for a different model
in which atoms are driven by linearly polarized light
propagating along the z axis,

erive(t, 7) = Q cos(vyt — kyz), (26)

and the time-dependent Stark shift is compensated by
applying an additional magnetic field H(r) with Rabi fre-
quency Q () = wH/h. In this model, the magnetic field
produces a time-dependent Zeeman shift {);(¢) of the level
a, which can compensate the unwanted Stark shift of the
a-b transition frequency. We find that if the Stark shift is
compensated by a magnetic field, then the XUV pulse
grows exponentially, provided that

cky<wy, 27)

and

_ Pa 02 (28)

2 >
e =
d Vd_de

Maximum gain per unit time is

\[vz—ckv 2
G = VI T e (29)

2wy —cky 2 W2,
while gain per unit length is given by

—ck Q2
IVd c dl _2d 30)

Gy =
L 2c Wi,

In particular, Eqgs. (29) and (30) show that there is no gain
in the direction of the driving field (when ck; = v,).
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However, there is gain in the backward direction
(when ck; = —v,), provided that v; > Q,/ V2, namely,

Q, O3
G=—%—2 31)
3\/Z @y
and
vy Q2
G~ =L (32)
Cc wy,

Finally, we investigate numerically how the weak XUV
pulse evolves, assuming that atoms are driven by linearly
polarized light (26) with k; = v,/c and the Stark shift is
compensated by applying an additional magnetic field
(for details, see Appendix B 3). The field (26) is turned
on adiabatically. In calculations, we take w,, = 5.2v,,
vy = 0.64Q,, and Q, = Q,. We send a weak XUV pulse
of Gaussian shape into a sample of length L = 100c¢/(,
and calculate how it evolves, provided that the Stark shift is
compensated by choosing ()4 as

2 .
Qyu(t,z) = w—[erwe(l‘, )P
ab

(33)

The numerical results are shown in Fig. 2(b) (for an
XUV pulse propagating in the same direction as the driving
field) and Fig. 2(c) for backward propagation. Figure 2(b)
demonstrates that there is no gain in the forward direction.
However, the XUV pulse grows in the backward direction,
and its intensity increases by several orders of magnitude
after propagation through the sample, in agreement with

(b)

Single oscillator

our analytical findings. We also performed numerical
simulations of the Maxwell-Schrodinger equations without
making the slowly varying amplitude approximation, and
we obtained similar results.

III. ELECTROMECHANICAL
ANALOGY OF THE QASER

Gain with no excited-state population produced by
superradiant emission of radiation can be illustrated in a
system of two pendulums weakly coupled by a spring, as
shown in Fig. 3(a). Because of the weak coupling,
mechanical energy flows back and forth between pendu-
lums on a time scale much longer than the oscillation
period of each pendulum. This process is analogous to
photon absorption and reemission by atoms occurring
with collective frequency (). Thus, in the present analogy,
the first pendulum corresponds to the XUV field, while the
second one represents the atomic system.

One can obtain excitations of the atomic and radiation
oscillators by periodical modulation of the coupling
strength. Typically, such modulation also yields an un-
wanted periodic change in the oscillator frequency, which
is analogous to the time-dependent Stark shift. One can
avoid this shift in an arrangement in which the second
pendulum is driven with a force F = Fcos(v,t)¢; pro-
portional to the displacement of the first pendulum ¢;.
Such a force can be generated by the electrical feed-
back mechanism shown in Fig. 3(a), which yields the
following equations of motion for the coupled pendulums
(see Appendix C for details):

(c)
Coupled compensated
oscillators

G 0.014,
;O 0.0124
0.0101
0.008
0.006
0.0041

0.002

0.000 T T

T

T
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FIG. 3.
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06 08 1.0
Ya_
20w,
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Vi
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(a) Electromechanical analog of the QASER. Masses M are attached to conducting rods, which are pivoted at points O. The

pendulums are weakly coupled with each other by a conducting spring. Pendulum 1 corresponds to the field and pendulum 2 to the
atoms. A metallic sphere is attached to the top of the second pendulum, while the upper end of the first pendulum slides without
friction along the resistor R connected to the ac voltage supply V(z). The middle point of the resistor is grounded. A charge ¢, placed at
a fixed position, interacts with the charge on the metallic sphere Q(¢), which is proportional to V(¢) and to the displacement ¢, of the

first pendulum from equilibrium. This interaction modulates the

coupling strength between the pendulums. (b) Gain for a single

oscillator as a function of modulation frequency v, obtained by numerical solution of Eq. (36) with 2/ w(z) = 0.25and 6 = 0.4. The
vertical axis has a logarithmic scale. (c) Gain for compensated coupled oscillators as a function of modulation frequency », obtained
by numerical solution of Egs. (34) and (35) with Q%/w3 = 0.25 and § = 0.4.
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b1+ wip — O, =0, (34)

(iz + w(2)¢2 - Qz[l + SCOS(th)](]Sl = O, (35)

where w, is the frequency of the free pendulums, 3 <K wq
is the coupling constant, and § < 1 is the modulation
amplitude of the coupling strength.

Next, we compare gain for the single and coupled oscil-
lators, assuming the same driving force for both systems.
Namely, we assume that the two coupled pendulums are
described by Egs. (34) and (35), while evolution of the
single oscillator obeys the Mathieu equation

¢ + [w} — Q2?8 cos(v )] = 0. (36)

In Figs. 3(b) and 3(c), we plot gain per unit time as a
function of modulation frequency v, obtained by the
numerical solution of Eq. (36) [Fig. 3(b)] and Eqgs. (34) and
(35) [Fig. 3(c)]. In simulations, we take %/ w3 = 0.25 and
6 = 0.4. For a single oscillator, the modulation yields
exponential grow of the oscillation amplitude in the
vicinity of parametric resonances v; = 2w,/m, where
m=1,2,3,.... However, gain for higher-order reso-
nances (when m > 1) becomes very small [see Fig. 3(b)].
In other words, if the driving frequency v, is much smaller
than w,, then excitation of a single oscillator is very
inefficient. On the other hand, as is seen from Fig. 3(c),
for coupled oscillators, there is strong resonance at the
driving frequency

02
vy =— = 0.25w,. 37
Wy
At such a frequency, we see that gain G = 0.012w, is
comparable to those for v; = 2w,.

This simple mechanical example shows that a coupled
system can be excited with high efficiency even if the
driving frequency v, is much smaller than the frequency
of the system’s oscillations. Similarly, in the case of super-
radiant gain, the coupled field-atom system is efficiently
excited by a low-frequency coherent drive, provided that
we compensate for the deleterious time-dependent Stark
shift.

IV. QASER PHYSICS FROM A
GENERALIZED PERSPECTIVE

The QASER is a device that generates high-frequency
coherent radiation by driving an atomic ensemble with a
much smaller frequency. The amplification mechanism of
the QASER is governed by the difference combination
parametric resonance that occurs when the driving-field
frequency matches the frequency difference between two
close high-frequency normal modes of the coupled light-
atom system. The atoms interact with light collectively,
which yields superradiant emission and reabsorption of
the high-frequency radiation. This collective interaction

determines the spacing between the system’s normal
modes and QASER gain.

The single oscillator described by Eq. (36) provides a
simple example of parametric resonance. Such an oscilla-
tor has two natural frequencies (normal modes), *w.
If we choose v, close to the difference between the
natural frequencies, that is, v; = 2w, the oscillator
phase-locks to the parametric variation and undergoes the
first-order parametric resonance, absorbing energy at a rate
proportional to the energy it already has.

Figure 3(b) shows that gain for the higher-order reso-
nances occurring at lower frequencies, v; = 2w,/m, m =
2,3, ...,1is very small, and thus, excitation of the system by
the higher-order resonances is inefficient. Nevertheless, as
we show, it is possible to effectively excite high-frequency
oscillations with a low-frequency drive if the system has a
pair of high-frequency normal modes with small spacing.
Modulation of parameters of such a system at a small
frequency equal to the spacing between the two close
normal modes can display the first-order parametric
resonance and, thus, yield an efficient excitation of the
high-frequency oscillations.

Two weakly coupled harmonic oscillators, described
by Egs. (34) and (35) with ) < w, give an example of
such a system. This system has a pair of close normal-

mode frequencies, w+ = y/w} = Q2 = wy = 0?/2w,. If
the modulation frequency matches the frequency differ-
ence between those modes, namely, v;, = 0w, — w_ =
O?/w,, the system displays resonance with high gain
[see Eq. (C10)],

G = , (38)

which is proportional to &, rather than 6™ (m > 1), which
would be the case for the higher-order resonances. This
result is illustrated in Fig. 3(c).

The QASER operates by the same principle. Indeed,
propagation of light [having Rabi frequency ((z,1)]
through the medium of two-level atoms is described by
the coupled Maxwell-Schrodinger equations, which, with-
out making the slowly varying amplitude approximation,
read

2 o, _ 0% Ppay
(ﬁ cV)Q(t,r)— e SO

+iwappapr = QUL T)(Ppy — Paa)- (40)

apab
t

Equations (39) and (40) describe two coupled oscilla-
tors. To find the normal modes of the coupled system for a
weak atomic excitation, one can look for the solution of
Egs. (39) and (40) in the form Q, p,, « exp(ikz — ivt),
which, for weak coupling and a mode with the wave
number k near w,;,/c, yields two close frequencies,
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1 i
v, = 5I:wa[, + ek = (@ — ch)? + 495J (41)
where we assume that initially the atoms are in the ground
state, that is, p,, — pae = 1. Thus, if we modulate the
system’s parameters at the small frequency

= v — v =(@p — ck? +402 < v., (42)

the high-frequency modes v. can be excited with large
gain via the first-order parametric resonance. Since in the
present problem the wave number k is a continuous
parameter, one can satisfy the resonance condition for
vy = 2Q,. Namely, for such v, there are always two
normal modes (value of k) that are in resonance with the
driving field.

Terms in the right-hand side of Egs. (39) and (40)
describe the coupling between two oscillators.
Nonlinearity of the coupling allows us to modulate the
coupling strength by driving atoms with a low-frequency
field, which serves as an energy source for the QASER
operation. Such driving, however, also produces an un-
wanted ac Stark shift of the atomic transition, which
must be compensated in order to achieve gain.

The amplification mechanism of the QASER, namely,
the difference combination parametric resonance between
two close normal modes, can appear in various physical
systems. In principle, such a mechanism can be used to
generate coherent gamma radiation in nuclear ensembles
and to control propagation of gamma rays through crystals
on a picosecond time scale; we will discuss this possibility
elsewhere [25].

The study of variable-parameter (or parametric) pro-
cesses in electronic circuits in the 1950s led to the discov-
ery of a frequency-conversion mechanism in which the
energy is fed from the source that modulates the circuit
parameters at frequency v, to two circuit-normal modes of
lower frequencies, w; and w,, obeying the relation [26,27]

(43)

Vg = W +a)2.

This yields amplification of frequencies w; and w,.
A variable inductor or a capacitor suitably coupled to two
resonance circuits is an example of such a parametric
amplifier [26]. A few years later, the principle of para-
metric amplification was proposed for generation of light
waves at frequencies w; and w, in nonlinear optical crys-
tals [28-30]. The first successful attainment of parametric
oscillation at optical frequencies was reported in 1965 in
LiNbO; [31]. The progress in parametric amplification and
oscillation has been the subject of many review papers
(see, e.g., [32-34]). Nowadays, the optical parametric
oscillators (OPOs) are commercially available.

An OPO converts an input laser wave with frequency v,
into two output waves of lower frequency satisfying
Eq. (43) by means of the second-order nonlinear optical
interaction in crystal. The phase matching plays a decisive

role here. However, QASER operation does not require
phase matching, and in contrast to an OPQO, it generates
light at frequencies obeying the relation

Vg = Wy — Wq. (44)
It seems that the study of the electronic circuits back in the
1950s largely missed the possibility of generating such
frequencies. This omission is not surprising because the
QASER mechanism requires compensation of the ac fre-
quency shift (Stark shift) and asymmetric modulation of
the coupling between oscillators [see Eqgs. (34) and (35)],
which is usually not the case.

Resonances described by Eqgs. (43) and (44) are known
in applied mechanics as combination resonances. They
affect the dynamic stability of structures and appear in
systems having multiple degrees of freedom. The literature
on combination resonances in such systems is abundant
(see, e.g., [35-37]). In particular, the sum (43) and the
difference (44) combination resonances have been theo-
retically studied in connection with the parametric insta-
bility of a cantilevered column under periodic loads [38]
and shear-deformable laminated plates [39]. It has also
been suggested that the failure of the high-pressure com-
pressor of jet engines (which was occurring in the past) can
be due to the difference combination resonance when the
rotating speed of the rotor matches the difference between
natural frequencies of the rotating and static seals [40].

One should mention that combination resonances can
occur only under certain conditions. Small oscillations in
modulated systems with many degrees of freedom can be
described by coupled differential equations, which in
matrix notation read

g+ Cg+[A+ Bceos(vyt)]g =0, (45)
where ¢ is a vector of generalized coordinates, while A, B,
and C are matrices. A is a diagonal matrix, while matrix C
denotes gyroscopic terms and is usually antisymmetric. It
has been shown that if C = 0 and B is a symmetric matrix
(as is the case in many applications), then the difference
combination resonance does not occur. If B is symmetric,
then Eq. (45) can be derived from a potential function,
and hence, terms Bg are conservative forces. In such
Hamiltonian systems, only the sum combination reso-
nances (43) can be excited [41,42], which is the reason
why the sum combination resonance is a frequent
phenomenon.

In other words, if the difference combination resonance
is possible in systems with no gyroscopic terms, then the
system must be nonconservative [43]. This is the case for
the electromechanical analog of the QASER shown in
Fig. 3(a), which possesses dissipation in resistor R. The
results are changed as soon as gyroscopic terms are in-
volved [41]. Now, the difference parametric resonance can
occur even if B is symmetric. Hamiltonian systems with
gyroscopic forces (e.g., the Lorentz magnetic force) can
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have both the sum and the difference combination
resonances.

While there is plenty of literature on combination reso-
nances, there do not seem to be any experimental ex-
amples of difference resonances [43]. In fact, such a
device might be somewhat strange. If we had w; = w,,
then v; = w, — w; would be small, perhaps several
orders of magnitude smaller. So, a difference combination
resonance would generate a high frequency from a
low-frequency excitation.

In the next section, we present an electronic circuit
experiment that has just such a property. The experiment
can be easily described theoretically in a somewhat ideal
electronic circuit model, shown in Fig. 4. The model con-
sists of two ideal LC circuits that are weakly coupled by an
inductor L, and a multiplier M. The output voltage V of
the multiplier is proportional to the product of the two
input voltages V(¢) and V,: V,, = «kV(t)V,, where k is
the gain of the multiplier and V(r) = Vcos(v 1) is the
voltage produced by a function generator. The multiplier
makes coupling between the two LC circuits nonrecipro-
cal; in other words, matrix B in Eq. (45) is not symmetric
for such a system. The multiplier has high input resistance,
so one can disregard its input current.

Let the electric charges of the capacitors be O and Q.
Applying Kirchhoff’s laws to the system, we obtain
(for notation, see Fig. 4)

... 0
L@y + 1) + 2 =0, (46)
1
= ~ 0> 0,
Ly(0, — Ig) + =2 — k=1 V(1) = 0, 47
2(0r — 1) C KCI (1) 47
I,
Y'Y Y
LO
IZT:: G, Io'IzT L, 11+Iol Ly IIT::CI
Vv, Vi
out
M

|||——

FIG. 4. Electronic circuit analog of the QASER. Two LC
circuits weakly coupled by an inductor L, correspond to the
atoms and to the field. Modulation of the coupling strength is
provided by a feedback mechanism in which voltage V, from the
capacitor Cy is applied to the input terminal of the multiplier M;
its output voltage V, is proportional to the product of the two
input voltages V(¢) and V;, where V(¢) = V,cos(v,t) is the
voltage produced by a function generator.

_ O O
Loly = ——==. 48
=776 (48)
Elimination of I, from Eqs. (46)—(48) yields two coupled
equations,
N L
0, +-2 (1+—1)— % (49)
L,C Lo/ LoCy
. ) ( Lz) 0, [ Lo ]
+ 1+—=)—- 1+ k—V(@®|[=0. (50
Cr Lo\ L) Tl LYY 0

Assuming that L; =L, =L, C; = C, = C and introducing
the notations

1 ( L
w=— 1+—>, (51)
° LC Lo
1 L
02 = el 5= Kvofo, (52)
0

one can write Egs. (49) and (50) as
01+ 0j0, — 0?0, =0, (53)

Q2 + (U(z)Qz - QZ[I + BCOS(th)]Ql = 0, (54)

which are identical to Eqgs. (34) and (35) of the previous
section; thus, the present electronic circuit model displays
similar parametric excitation.

The two LC circuits are weakly coupled, provided that
Ly > L. Driving the system with small frequency v, =
0?/wy = wyL/Ly < w, yields the difference resonance
that results in the efficient excitation of oscillations in the
LC circuits at the high natural frequencies wo(1 *= L/2L,).
In Appendix E, we perform a computer experiment and
demonstrate in detail how the high-frequency oscillations
are generated in a realistic electronic circuit model that
includes resistance and internal capacitance of the induc-
tors. In numerical simulations, we choose parameters
of the circuit elements that are readily available in an
undergraduate electronics laboratory.

V. EXPERIMENTAL DEMONSTRATION OF THE
QASER AMPLIFICATION MECHANISM IN
AN ELECTRONIC CIRCUIT

In this section, we present an experiment that illustrates
the QASER amplification mechanism in an electronic
system, as shown in Fig. 5. The system consists of two
RLC circuits weakly coupled by a capacitor and a
multiplier M that makes coupling nonreciprocal. In our
experiment, M is an AD633JN analog multiplier connected
as a linear amplitude modulator. Its output voltage V. is
given by

Vi V()

= +
Vouw = 155+ V) (55)
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15 pF
A 1

. 4 mH 4 mH
144 pF —— é— 224 pF

10Q r

10Q

Vout Vi

Vocos(vat)

FIG. 5. Experimental setup: Two RLC circuits are connected
by a capacitor and a multiplier M, which yields nonreciprocal
coupling between the two circuits. The transfer function of the
multiplier is given by Eq. (55). Sinusoidal voltage from a
function generator is applied to one of the multiplier’s inputs,
which produces modulation of the coupling strength. Voltage
V() at the point A is measured by an oscilloscope.

where V(1) is the voltage produced by the DS345 synthe-
sized function generator, which is fed to the carrier
input of AD633JN, and V; is the voltage applied to
the modulation input (see Fig. 5). The circuit is set up
on a breadboard using an apparatus that is available in
an undergraduate electronics laboratory. The circuit
parameters are indicated in Fig. 5. The breadboard has
self-capacitance of a few pF.

The circuit parameters are chosen such that the system’s
natural frequencies are close to each other. To compensate
for the capacitance of the multiplier, we designed the

(a)

Sp bbb
R P
A

2 o 8

5 A E
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©) EEEE R Y H
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AR I EEE N
RN R FY EON S
vai o]
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0 50 100 150 200 250 00 05

@, kHz
FIG. 6.

(b)

Vy, Volts

RLC circuits with different C’s. We measured the natural
frequencies of the system to be w; = 196 kHz and
w, = 222 kHz. Thus, the frequency difference between
normal modes is Aw = 26 kHz. The quality factor of the
circuitis Q = 4/L/C/R = 400, which yields the resonance
bandwidth 0.5 kHz.

In our experiment, we modulate the coupling between
the RLC circuits by applying sinusoidal voltage of
frequency v, and amplitude V,

V(1) = Vycos(v,t), (56)
to the multiplier input and measure the voltage V,(¢) at the
point A of the circuit (see Fig. 5) using the Tektronix TDS
210 oscilloscope. We examine how V,(f) changes under
variation of v, and V.

We find that when v; = Aw =26kHz and V,
is greater than a threshold value, the system starts to
oscillate at high frequencies. The measured spectrum of
such oscillations is given in Fig. 6(a) for Vo =09 V
(solid lines). The spectrum has a peak at the low driving
frequency v,; = 26 kHz and several high-frequency com-
ponents at @ = w;,, plus two sidebands at w; — v, =
170 kHz and w, + v; = 248 kHz. In the figure, vertical
dashed lines indicate the position of higher harmonics
of the driving frequency. Clearly, the observed high-
frequency oscillations are not produced by the higher
harmonics of v,;, which do not overlap with the generated
spectral components.

Amplification of the high-frequency oscillations occurs
when parametric gain (which depends on V,) exceeds
losses. To demonstrate such a threshold behavior, we
measured the system’s oscillation amplitude at the
natural frequency w, = 222 kHz as a function of V|, for

(c)

2.0
Aw 20,
1.5
2
)
>
,-(Z\‘ 1.0 I
E
<
> 0.5 |
0.0 T T T III'I T IJ '{ T 1
1.0 15 20 15 20 25 30 430 440 450 460

v,, kHz

(a) Measured spectrum of the system’s oscillations for driving frequency v, = 26 kHz and driving amplitude Vy = 0.9 V

(solid lines). Vertical dashed lines at @ = mv,;, m = 1,2, ..., indicate the position of higher harmonics of the driving frequency.
(b) Dependence of the system’s oscillation amplitude at the natural frequency w, = 222 kHz on V,, for v, = 26 kHz. (c) Dependence
of the system’s oscillation amplitude at the natural frequency w, = 222 kHz on v, for V; = 0.825 V. In all plots, the voltage is

measured at the point A (see Fig. 5).
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v, = 26 kHz. The results are shown in Fig. 6(b) (dots).
For V, <0.814 V, there is no amplification at any fre-
quency, while for V; = 0.814 V, the net gain becomes
positive and high frequencies are efficiently generated by
the low-frequency drive.

Finally, to illustrate the resonant nature of the amplifi-
cation mechanism, we measured the system’s oscillation
amplitude at the natural frequency w, = 222 kHz as a
function of v, for Vy = 0.825 V [see Fig. 6(c)]. We found
that high-frequency generation occurs only when v, is near
Aw = 26 kHz or 2w, = 444 kHz. This result agrees with
our theoretical findings displayed in Fig. 3(c).

To the best of our knowledge, the present results
provide the first experimental demonstration of differ-
ence combination resonance, that is, where the system
generates oscillations at high natural frequencies w; and
w, when forced with a low frequency v; = w, — w;.
Such a mechanism holds promise for generating
high-frequency electromagnetic oscillations in electronic
circuits (e.g., developing THz generators) and high-
frequency (XUV or x-ray) coherent light by means of a
low-frequency drive.

VI. SUMMARY AND OUTLOOK

We have found a new way to obtain quantum gain with
no population in the excited state by means of quantum
amplification by superradiant emission of radiation
(QASER). In our approach, light amplification occurs be-
cause of the difference combination parametric resonance
between collective oscillations of the coupled light-atom
system and the external (e.g., infrared) driving field, which
can yield exponential growth of the seed pulse at high
(e.g., XUV) atomic frequency. To achieve gain, one must
suppress the unwanted time-dependent Stark shift of the
atomic transition energy, which can be realized in various
schemes (see Appendix F for details on the ac Stark shift
compensation in many-level atoms).

The QASER mechanism is different from the LASER
(which requires nonzero excited-state population) and the
well-known multiphoton resonant excitation (which is a
single-atom phenomenon rather than a collective effect).
In particular, excited-state population grows with time
differently for the multiphoton excitation and the
QASER, as indicated in Egs. (20) and (21). We also
show that the QASER is analogous to excitation of a
system of two weakly coupled oscillators, which displays
the difference combination resonance when the low modu-
lation frequency matches the frequency difference between
two close normal modes of the coupled system.

We carried out an experiment that demonstrates the
QASER amplification mechanism in an electronic circuit.
To the best of our knowledge, the present experiment is the
first experimental demonstration of the difference combi-
nation resonance that yields excitation of high-frequency
oscillations by a low-frequency drive.

The QASER is different from the OPO in several
ways. The OPO requires phase matching, but the
QASER does not. QASER emission is backward relative
to the drive, while in the OPO, it is forward. The ac
Stark shift compensation is key to the QASER operation,
but not to the OPO. The QASER can operate in a gas,
but the OPO requires a noncentrosymmetric nonlinear
crystal. Finally, the OPO is a sum-frequency device;
namely, frequencies w; and w, produced by the OPO
from the driving field v, obey the relation v; = w; +
;. In other words, the OPO generates lower frequencies
than ;. The QASER is the difference frequency device
for which v; = w, — w;. More precisely, the QASER
can generate higher frequencies by means of superra-
diant resonance.

Such a superradiant resonance holds promise for devel-
opment of a new class of radiation sources that generate
high-frequency (e.g., XUV or x-ray) coherent light by
utilizing a low-frequency (e.g., infrared) coherent source.
However, as is always the case in research, the present
scheme surely involves many challenges, open questions,
and unknowns. For example, what about all the other level
pairs? Will the device tend to oscillate on all of these pairs?
We think not. One can select a narrow window of atomic
frequencies, e.g., by sending an XUV seed pulse, or com-
pensate the ac Stark shift only for a particular atomic
transition. This will be discussed further in forthcoming
papers.

Will ionization of the excited states by the intense
driving field be a problem? No. One can choose the
driving field to be weak enough so that we will not
have excessive multiphoton ionization. This result is
possible since the present collective resonant excitation
is a much stronger effect than the usual multiphoton
mechanism. Can we operate more efficiently at high
pressures and/or with shorter wavelengths of the driving
field, etc.? This is an open question. There are surely
many such open questions that need to be investigated.
In Appendix F, we discuss possible experiments that
could demonstrate QASER operation in a noble gas
(e.g., He) or a gas of alkali atoms (e.g., Rb or Na) by
using available laser technology.

The intent of the present paper is to stimulate interest in
this new approach to the generation of short-wavelength
coherent light. If we accomplish that goal, this paper will
have served its purpose.
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APPENDIX A: EVOLUTION EQUATION FOR
SUPERRADIANT PULSE

Under the influence of the electromagnetic field (),
atomic population and coherence p,;, evolve according to
the equations

puu = ~YPaa — I(Q*pah - C-C~)r (Al)
Paa + Pob = lr (AZ)
Par = —(iway + Vi) Pap T iQ(Ppy = paa)-  (A3)

We consider the regime of superradiance. Thus, one can
omit spontaneous decay 7y and decoherence v, pro-
vided that their rates are small compared to gain per unit
time, G.

Here, we are interested in the generation of coherent
radiation at atomic frequency w,,, and we study the
evolution of a weak superradiant pulse (), with carrier
frequency w,, propagating along the z axis through
the medium. In Eqgs. (A1)—(A3), one can write the total
field, the total coherence, and population of the excited
state as

O = erive + quper’ (A4)
Pab = PG+ Py (AS)
Puaa pdnve + psuper’ (A6)

where QST p>P and pgq - are small, fast-oscillating

corrections that, in the slowly varying envelope approxi-
mation, have the form

Qe = Q) (1, Z)e"wart 0w £ oo, (AT)
pzubper _ p;b(t’ Z)e—iwd,,t+iw,,hz/c" (A8)
PP = piat, e tiOnle Lo (A9)

Here, Q(1,z), p3,(t,z), and pj,(t, z) are slowly vary-
ing functions as compared to the fast-oscillating
exponentials. Please note that Q91 can be complex,
while we choose modes of the field (%'P*" to be real
functions.

Plugging Eqgs. (A4)-(A9) into Egs. (A1)-(A3) and
neglecting higher harmonics, we obtain the following
equations for Q (¢, z), pS,(t, 2), and pg,(¢, 2):

i, = iQ(1 = 2pdive) — 2jQdiveps - (A10)

iPha + OapPla = QPP = c.0) + QI pr (AL
Since the emission field is weak (the regime of linear gain),
it does not affect the evolution of p%ive and pdfive, which

are governed by separate equations:

PO = —iwgpeh'e + QI (1 = 2pd0),  (Al12)

pgzlve — lerlve 2r1ve _ ierive*pgrbive' (A13)

Equations (A10)—(A13) should be supplemented by the
Maxwell equation for the superradiant pulse, which in
the slowly varying envelope approximation reads

) d .
(5 + ca—Z>QS = iQ2ps,.

In Eq. (Al1), the term ip{, can be treated as a small
perturbation. Then, Eq. (A11) gives

(A14)

Q erive*
Paa = 2lIm[pdnve] +

Wap Wap

s
Pap

i d .
— — 5 QIm[plel0, + QM) (ALS)

, dt

In this equation, we keep terms up to the order 1/w?,.
Since Im[p%ive] o 1/ @, Eq. (A15) reduces to

anve
paa = lem[pdrlve] pab
ab Wap
(erlve pa ) (A16)
517 dt

Plugging Eq. (A16) into Eq. (A10) yields

2
1+ = erlve 2)
( wab | | Pab

drive () drive”

Qanve() )p‘v

ab
Wyp

40 drive

— _2< i |erive|2 +
w g

+ l(l _ 2pdr1ve _ Im[pdrlve )Qs (A17)

ab

Taking the time derivative from both sides of Eq. (A14),
using Eq. (A17), and keeping the leading-order terms, we
find the following evolution equation for the superradiant
pulse:

0 pQdive(ydiive’y /5
(R i A

wflb az ot
) 2 erive 2 4erive

(120t - S Jo
Wap Wap

=0, (A18)

zlndrive(t, Z)|2

Wap

Awab(t) =

is the time-dependent Stark shift of the atomic transition
frequency that is proportional to the instantaneous intensity
of the driving field.
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APPENDIX B: GAIN PRODUCED BY COLLECTIVE
PARAMETRIC RESONANCE

In order to achieve gain with no population in the excited
state, one should suppress the time-dependent Stark shift
Aw,,(t) that washes out the parametric resonance. This
suppression can be accomplished in several ways, which
we discuss in the present section.

1. Nearly circularly polarized driving field

The time-dependent Stark shift can be compensated if
the driving-field Rabi frequency has the form

erive(t’ Z) — Qlei”d[_ikdz + Qze—ivdt+ikdz’ (Bl)

where (), and (), are real constants and k, is the wave
number of the driving field. As we show below, for a
certain ratio of ),/€),, the Stark shift vanishes. Such a
situation can be realized for an elliptically polarized driv-
ing field E¢ if the dipole matrix element of the two-level
atom is

d,, = d& +id,3, (B2)

where d, and dy are real. This is, e.g., the case if the excited
state a corresponds to a p, + ip, atomic orbital and b is an
s state.

We assume that [Q%1V¢|, v, < w,, that is, the driving
field produces small modulations. Then, Eqs. (A12) and
(A13) yield that under the influence of the driving field
(which is turned on adiabatically), atomic coherence and
population evolve as

pdgve Ql ei(Vdf—de) + Le—i(vdl—k(ﬂ), (B3)
¢ Wap T Vg Wap — Vg
2 2
pdrlve ~ Ql Qz
aa
(Wap + 19> (wap — vg)?
0,0
+2—12 cos(2u t — 2kyz).  (B4)
Wap — Vg

Coherence given by Eq. (B3) oscillates with the frequency
of the driving field v; < w,;,, and hence, it does not
generate light at the atomic frequency w .

Taking into account Eqs. (B1) and (B3), we obtain

|Qdive]2 = 02 + 02 + 20,Q, cosQw,t — 2k4z), (BS)

eriveerive* = lVd(Q% - Q%) - 2VdQ 1 QQ Sin(szt - 2de),

(B6)

Q, 2

Im drive _< _
Voriad o 7,

)Sin(le - de).
d
(B7)

Assuming that ), < ), (a nearly circularly polarized
field), Eq. (A18) can be written as

w,p — PV

9 2i0? 4i0,0 0 0
(— Pl Wl bt cos(vyt — dez))<c— + —)QS
ot W ,p @ qp aZ Jat
2 2
+ QZ(l _ 2Q 2()1 211/,,[ 2lkd7>Q = 0. (B8)
¢ wtzzb ‘”ab

To obtain quick insight on the gain conditions, we
consider a spatially uniform driving field (k; = 0) and
look for solutions of Eq. (B8) in the form

Q,(1, 2) = Q,(1), (B9)
which yields the following equation for ) (f):
a 2003 4i0,Q Q)
(— el Bl cos(Zth)) s
Jat W ,p W ,p Jdt
202 202
+ Q%,(l - -=t Mf)QS = 0. (B10)
Wap wab
Equation (B10) has the structure
d 0}
Z 4+ B(t B11
(5 + B0)% B11)
Making a change of function
~ 1
Q, =0, exp(— S f t ,B(t’)dt’), (B12)
0
we obtain
920 1 aB(1) ﬂz(t)) A
s +(Q2F(1) — = ——— O,=0. (BI13
R LI

Since B(¢) is a small perturbation, one can omit the term
with B2(¢). Using this formula, Eq. (B10) reduces to

92Q),
— S+ Qzl:l — & — &cos(2v,t)
2 QO -
+ i5< Vg‘z:“b Q—? - l)sin(Zth)]Qs —0, (Bl4)
where
292
0=— <1 (B15)
ab

is the dimensionless amplitude of modulation of collective
oscillations. To suppress an unwanted Stark shift, one
should choose

Q, 0
— = . Bl
Ql 2deub ( 6)

Then, Eq. (B14) becomes the equation of the parametric
harmonic oscillator,

02Q),
ot

Near the parametric resonance v, = (},, the seed pulse
exponentially grows with time, Q,(f) = ¢%’, and gain per
unit time is

+Q2[1 -8 — scosuv,N]Q, =0.  (B17)
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(B18)

2. Compensation of Stark shift by magnetic field

Here, we assume that two-level atoms are described by
the following model Hamiltonian:

A =[ho, — pH (D]laXal + ho,|b)b]

= (dgplaXbl + dp,|bXaE(), (B19)
implying that state ¢ has a magnetic moment u along the z
axis that interacts with the z component of the magnetic
field. In addition, levels a and b are dipole coupled by the
electric field and, e.g., d,;, = d(% + i$). The magnetic field
produces a time-dependent Zeeman shift of the level a. As
a result, the atomic frequency in Eq. (A3) is replaced with
®ap — @ — Qp(t), where

_ HH (1)

Qy(t) 7

The magnetic field produces a similar effect as the Stark
shift, and hence, they can compensate each other. Analysis
of the previous section can be applied here, and it yields the
same evolution equation (A18) for (), but with

2|erive |2

Wap

Aa)ab(t) = QH' (B20)

Here, we assume that the atomic medium is driven by a
strong linearly polarized laser pulse propagating along the
Z axis,

Qdive(r 2y = O, cos(vyt — kyz2), (B21)
where v; < w,, and Q; < w,,. Equations (A12) and
(A13) yield that, under the influence of the driving field
(which is turned on adiabatically), atomic population and
coherence evolve as

pae = ——L—cos* (v t — ky2), (B22)
W — Vg
i QO i(vgt—kyz) —i(v t—kyz)
drive — _"(6 +2 ) (B23)
2 \wy,, tvy, g — vy

In order to compensate for the Stark shift, the applied
magnetic field should have the form

Oyt 2) = Q,, cosRu,t — 2k,2). (B24)

Taking into account Egs. (Al18) and (B20)-(B24),
we obtain the following evolution equation for the
superradiant pulse ();:

d
[5 + iwab5 + i(a)ab5 - Qm) COS(Zth - 2de)

0 0
—v,;6s8in(2v, t — 2k —+—1)Q
v,6sin(2v, dZ)]<C 9z at) s

+ Q2[1 — 48cos* (v t — ky2)]Q, = 0, (B25)
where
02
§=—t<x1 (B26)
Wap

is the dimensionless modulation amplitude of collective
atomic oscillations.

a. Gain per unit time: Reduction to Mathieu’s equation

To find the exact analytical solution of Eq. (B25), we
first reduce it to Mathieu’s equation. Equation (B25) has
the structure

d . d d
(5 + lwab8 + B(t Z/vd))<ca_z + E)QT

+ Q2f(t — z/v)Q, = 0, (B27)
where
14
v, = k—j (B28)

is the phase velocity of the driving field along the z axis.
We look for the solution of Eq. (B27) in the form

Q,(1, 2) = e/ @ad=2/9Q) (§), (B29)

where ¢ = ¢ — z/v, and v is complex. The imaginary part
of v gives gain per unit time G, provided that Q(z, z)
satisfies the proper initial condition. Namely, at t = 0,
the function €)(0, z) should be finite at all z.

Plugging (B29) into Eq. (B27) yields

20,() 20,6 , 02
082 & 1 —c/vy

+[iv + B(8)] Q& =o0.

(B30)

Making a change of function

0, = 0@ exp( -~ yive — 5 [ penae) 3

we obtain
P20, (02 1B 1. 5 _

(B32)

If the expression in (...) is a periodic function of £, then
Eq. (B32) is known as Hill’s equation.

Suppose that we find the solution of Eq. (B32) which
grows exponentially, namely,
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0 (§) = e

Then, according to Egs. (B29) and (B31), the function
O (1, 7) grows as

QO (1, 7) exp([%} + Gl]t)

X exp([iv(% - %) - Gl]vi). (B34)
d

O (1, 7) satisfies the proper initial condition if (0, z)
remains finite at all z. This yields

(B33)

2cG
Im (v) = —— 1. (B35)
2u;— ¢
Gain of the pulse per unit time is then given by
I —
G-, —m»_ 2G1< €~ Y4 ) (B36)
2 c—2uy,

Equation (B36) shows that there is no gain in the forward
direction (v; = c).

Since B(¢) is a small perturbation, one can omit the term
with B2(£) and write Eq. (B32) as

20,  (Qif(& v 1BE) _iv 5
Fra R e R 1)
(B37)
Using this formula and taking into account that
B(f) = i(wab5 - Qm)COS(2Vd§:) - vd5Sin(2Vd§:)J (B38)
(&) =1 — 48cos*(v,€), (B39)

one can reduce Eq. (B25) to

92Q) 0?2 V2
: “—(1-206)+—
0&? [1 - c/vd( ) 4
20268 1
+ (V36 ———+ -
(vdé /v, T2 v(wy, 6 Qm)) cos(2v,€)

+ ivd<wab6 -Q, + %5) sin(2vd§)i|(~)s =0, (B40)

which can be written in the form of Mathieu’s equation,

02Q)

agZS + O2[1 + 8y cosuvyé + $)I1Q, =0,  (B4l)
where
~ 02 w?
2=_ "9 (1—-268)+—, B42
Q a 1 _ C/Ud( ) 4 ( )
2028 1 2
60 - [(V§6 - 71 — C/vd + Ev(wabﬁ - Qm))
r6\271/2 1

and ¢ is an irrelevant constant. Since the imaginary part of
v (gain) is small, one can treat v in Egs. (B42) and (B43) as
real. With the same accuracy, one can disregard the term
26 in Eq. (B42).

The condition of the first-order resonance v, = Qu
yields the following expression for the frequency of the
most unstable mode:

02
y==*2 Vf, e —
1—c/vy
For such a frequency, gain per unit time is
c—vy c—vy;\oov,
G=2G =2
1<c—2vd) (c—ZUd) 4
C— Uy Qa

C_2Ud2Vd\/1_C/Ud

QZ 2771/2
X 62 %l— wab6_Qmi28 wg_m .

(B45)

(B44)

Equation (B44) gives the following necessary condition
of existence of the first-order parametric resonance,
Udﬂg

I/i,z .
Vg — C

(B46)

Equation (B45) predicts the following. If ¢/v,; <1
(which includes gain in the backward direction v, = —¢
or the case of uniform drive k; = 0, that is, v; = ), then
the optimum value of (), which maximizes gain is given by

02
Q, = 6i26w’2—7a .
m = @ab Va 1—c/v,

For such (},,, gain is

(B47)

G=C—va 3k (B48)

-2y, W1 — /v,

b. Gain per unit length: Treatment in t, 7 coordinates

Here, we solve the original evolution equation (B25) for
the field and find how unstable modes grow in space.
Making in Eq. (B25) the change of function

Q,— Q exp[—i(t - E)wabéﬁ],
c

we obtain

0
(a + 5] Vg Sin(Zth - 2de) + 153 Vg COS(2th - 2de))

X (cai + %)QS + Q1 + 8, cos2v, t — 2k 7)1,
z

=0, (B49)
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Q=0,/1-26
and
26 1
8=-6 =0 sy=—(wy6—Q
1 ’ 2 1_23’ 3 Vd(wab m)

are small numbers.
We look for a solution for {); in the form

Qs _ (1 + AeZi(thfde))eikZ*iW, (BSO)

where A is a constant and v is the detuning of () from the
transition frequency w,,. We assume that v is real. Then,
the imaginary part of k gives gain Gy, (absorption) per unit
length of the mode with frequency v. During propagation
of the seed pulse (), through the medium, it grows as
exp(GLz), where G, = —Im(k).

Substituting Eq. (B50) into Eq. (B49) and making the
rotating wave approximation, that is, replacing

1
cos(2uyt — 2kyz)e 2 alkad) — 3 (B51)

1 +27 — 1
sinQQuyt — 2kyz)e 2 at=kid — + 5

and then eliminating A yields the following equation for k:

[(v—2v,)(ck—v—2ck,+2v,) + Q*[v(ck — v) + Q2]

(B52)

:%[5292 +(8; — 63) v (ck—v)]

X[5292_(81 + 53)Vd(Ck_ V_2de+21/d)]. (B53)
Equation (B53) has the structure
(k= k))(k = ky) = H(k, v), (B54)

where k; and k, are real numbers given by the roots of
Eq. (B53) without the right-hand side, and

[6,Q% + (8, — 83)vy(ck — v)]

T4 —2v + (57 — 2)17)]

X[8,0%— (8, + 83)v (ck— v —2ck,; +2v,)]
(B55)

Hk, v)=

is a small correction of the order of 62. The formal solution
of Eq. (B54) is

1 1
Gain is maximum when k; = k,. This condition gives two
equations for &k and v,

(v —2v,)(ck — v —2ck; + 2v,) + Q> =0, (B57)

vick —v) + Q% =0, (B58)

which yield

2
v=v,* 1/21 — Q— (B59)
é 1 - de/Vd

Plugging k and v into Eq. (B56), we obtain that gain per
unit length is given by

G, =+—H(k,v)

_ Qlv, — ckyl
cyf4Q2 + (83 — 8D)13(1 — cky/vy)

— 2 2
\/(52 81 — (521/1+d<kd7vd>—53)'

(B60)

Plugging 9, 65, and &5 into the above equation, we finally
obtain for (83 — 87)v3(1 — ck,/v,) < Q2

—ck 1
GLzlvd ‘ dll:az__2<wab5_ﬂm
2c vy

2 271/2
F 26 V%i + 40 Ya ) ] .
\ (cky — v,)

The gain is maximum if the second term under the square
root is equal to zero, which yields the following expression
for the optimum magnetic field strength:

02
Q,=—2% F2
m a)?lb (a)ab+ \/Vd

The maximum gain is

(B61)

QZ Vg
_— B62
(ckq — Vd)) ( )

|Vd - del Qi

GL = .
2¢ “’317

(B63)

Gain exists if Eq. (B59) yields real v. This result imposes a
constraint on the driving field frequency,

vaa
Vg — dey

2

2 (B64)

which coincides with Eq. (B46).

3. Numerical simulations

Next, we investigate numerically how the weak pulse
evolves in time and space. As in the previous section, we
assume that atoms are driven by linearly polarized light
and that the Stark shift is compensated by applying an
additional magnetic field. The total field, the total coher-
ence, and population of the excited state are given by
Eqgs. (A4)—(A9) in which Q%" is a fixed function. In the
presence of an additional magnetic field, shifting the level
a, the evolution of p%i*® and pdi*e is governed by

drlve —

p drive — _i(wab QH)pdrlve + leere(l drlve )

(B65)

041001-15



SVIDZINSKY, YUAN, AND SCULLY

PHYS. REV. X 3, 041001 (2013)

o drive — ;()drive ,drive _ ;()drive*
G = iQeepst iQ

p P, (B66)

Equations for slowly varying envelopes of quantities
associated with the superradiant field Q (¢, z), p3,(1, 2),
and p3,(t, z) read

Pl = iQups, + iQ (1 — 2pdie) — 2iQdMeps - (B6T)

iPha + @apPlha = Qy(ple — c.c) + QI pr - (B6S)

a0
(c— + —)QS =i02p8,. (B69)

dz ot

Here, we solve Egs. (B65)-(B69) numerically. First, we
assume that 9% and ) depend only on time, and 9"V
is turned on adiabatically as

Qrive(y) = %[1 + tanh(=3 + 0.2Q,0)]sin(v,f), (B70)

while ()4 is chosen to compensate the Stark shift,
2

Wap

Qp (1) [Qére() . (B71)

We solve equations with initial conditions p,,(0) = 0,
pp»(0) =1, p,p(0) =0, and Q,(0) = 0. In simulations,
we take w,, = 10.4Q,, Q,;, = Q,, and v, is chosen to
maximize gain. We find that gain is maximum for
v, = 0.990Q,; that is, w,,/v,; = 10.5 is far from the
multiphoton resonance. We plot the results of the numeri-
cal simulations in Fig. 7, which shows |€),| as a function of
time. The superradiant field undergoes exponentially grow-
ing oscillations, and gain per unit time is G = 0.0018€),,.

Figure 8 shows gain per unit time G for the optimal
driving field frequency v, (corresponding to the parametric
resonance) as a function of the strength of the driving
field ) ;. Parameters are the same as for Fig. 7. The plot

Q)] 87

0 200 400 600 800 1000

O,

FIG. 7. Evolution of the superradiant pulse as a function of
time obtained by numerical solution of Egs. (B65)—(B71) with
paa(o) = O’ pbb(o) = 1’ pab(o) = 0’ Wap = 10-4911’ Qd = Qa’
and v; = 0.990Q),.

0.007 ,

Pla

0.006 1
0.005 1
0.004 -
0.003 1
0.002 1
0.001 4

0.000 T T T T T )
00 05 10 15 20 25 30

a,Y

Q,
FIG. 8. Maximum gain per unit time as a function of (),
obtained by numerical solution of Eqs. (B65)—(B71) (solid
line). Initially, all population is in the ground state b. In simu-

lations, we take w,, = 10.4(),, and v, is chosen to maximize
the gain.

demonstrates that for small (), gain is proportional to
|Q,]>. The |Q,]*> dependence indicates that gain is not
governed by the multiphoton resonance.

To demonstrate the importance of Stark-shift compen-
sation, we calculate maximum gain as a function of .
Full compensation of the Stark shift occurs at Q"™ as
given by Eq. (B71). In Fig. 9, we plot maximum gain per
unit time as a function of Q,/Q¥"™™. In numerical
calculations, we take w,, = 10.4Q,, Q, = 0.50Q,, and
v, is chosen to maximize gain in the vicinity of parametric
resonance v, = {),. The figure shows that gain is positive
if Oy lies in a narrow interval near the optimum value.
Outside this interval, the time-dependent Stark shift
suppresses gain.

G 0-0004
Qa
0.0003 1
0.0002 -
0.0001 +
0.0000 T — T )
0.0 0.5 1.0 1.5 2.0
Qy
Q)

FIG. 9. Maximum gain per unit time as a function of the
magnetic field amplitude, which shifts energy of the excited
state a and compensates for the time-dependent Stark shift of the
a-b transition. Results are obtained by numerical solution of
Egs. (B65)—(B69) with w,, = 10.4Q,, Q,; =0.5Q,, and an
optimum value of v, that maximizes gain.

041001-16



QUANTUM AMPLIFICATION BY SUPERRADIANT ...

PHYS. REV. X 3, 041001 (2013)

APPENDIX C: COUPLED
PARAMETRIC OSCILLATORS

Here, we consider two coupled harmonic oscillators
described by the equations

¥+ wdx; — Qx, =0, (C1)

¥y + why — Q%¢(x, — Q2 f(1)(x; —x) =0, (C2)

where w, is the frequency of the free oscillator, () < w is
a coupling constant,

f(t) =1+ 8cos(v,p), (C3)

v, K wo is the driving frequency, and 6 <1 is a
modulation amplitude. The function f(7) describes the
modulation of the coupling strength between oscillators.
Such a modulation produces an unwanted time-dependent
frequency shift of the second oscillator. To compensate
such a shift, we additionally modulate the oscillator
frequency by introducing the function g(7).

Making a slowly varying amplitude approximation, that
is, writing

Xy = Al(t)eiw()tv Xy = AZ(t)einI’ (C4)

where A (1) are slowly varying functions on the time scale
1/w,, we obtain the following equations for A,(¢) and
Ay (2):

2i(1)0A1 - QzAz = 0, (CS)

2iwoA, — Q?g(DA; — Q2 F(D)(A; — A)) =0.  (C6)

Taking the time derivative of both sides of Eq. (C5) and
using Eq. (C6), we find

N 02 . O*
Ay — iz—[f(t) —gWA; + —fA, =0. (C7)
Wy 4wy

Equation (C7) shows that the frequency shift is the domi-
nant effect since it is proportional to 1/wg, while the term
producing parametric resonance is of the order of 1/w3. If
we compensate the unwanted frequency shift, that is,
choose g(t) = f(z), then Eq. (C7) reduces to the parametric
harmonic oscillator (Mathieu) equation

N 04
A+ —[1+ dcos(vy)]A; =0, (C8)
4wg
which yields exponentially growing oscillations in the
vicinities of parametric resonances. In particular, the first-
order parametric resonance occurs at the driving frequency
02

Vg = —.
W

(€9

This frequency is much smaller than the oscillator
frequency w,. Nevertheless, Eq. (C8) yields large gain,

=6'Vd

G ’
8

(C10)

because v, corresponds to the first-order parametric
resonance.

Equations (C1) and (C2) describe small oscillations
of two pendulums connected by a spring in which modu-
lation of the coupling strength is provided by an electrical
feedback mechanism, as shown in Fig. 3(a). In this ar-
rangement, pendulums and the spring are made out of
conducting materials. A metallic sphere of capacitance C
is attached to the top of the second pendulum, while the
upper end of the first pendulum slides without friction
along the resistor R of length [ connected to the ac voltage
supply V(¢) = V, cos(v,1). The middle point of the resistor
is grounded (has zero electric potential). The electric
potential of the pendulums ®, and thus the charge of
the metallic sphere Q = C®, is determined by the
displacement ¢ of the first pendulum from equilibrium,
® = V(2)l, ¢, /Iy [for notation, see Fig. 3(a)]. A charge g,
placed at a fixed position, produces the Coulomb force
F = qQ/4meyr? on the second pendulum. One can
write this force as F = Fycos(vyt)¢p;, where F, =
qCVyl,/4meylgr? is approximately constant. The force
F is proportional to ¢; and modulates the coupling
strength between oscillators via the time dependence of
V(r) without producing an undesirable frequency shift.

The equation of the pendulum motion around the axis of
rotation reads

d(ld) _
dt

where I is the moment of inertia, ¢ is the angular velocity,
and 7 is the torque on the pendulum. Applying this equa-
tion for pendulums 1 and 2, we obtain for a small deviation
from equilibrium

ML*¢, = —MgL¢, + kI>(¢, — ¢1),

ML, = —MgL¢p, — kI*(¢y — ¢1) + Folycos(vyt) ¢y,
(C12)

T, (C11)

where k is the spring constant. Combining terms, one can
rewrite these equations as

b1+ 0l — O’y =0, (C13)
b2+ 03, — Q1 + Scos(v)]p, =0,  (Cld)
where
g kI?
wf =7t 37 (C15)
k2
2= , C16
VL (C16)
and
F
= le (C17)

kP2
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APPENDIX D: GROWTH OF ATOMIC
POPULATION IN THE QASER

Here, we derive Eq. (21), describing the growth of the
excited-state population p,,. Omitting spatial dependence,
Eq. (5) yields
Q,(0)

Q2
Plugging in Q.(r) = Q,(0)exp(Gr), we find that the
atomic coherence grows as

pab(t) = pub(o)eGlx

where p_;,(0) is the initial coherence generated by the seed
superradiant pulse. In the weak excitation limit p,,(f) =
| pa»()|? and using Egs. (D2) and (31), we finally obtain

pab(t) = =i (D1)

(D2)

2 02
Paal) = lpah(O)lzexp(f ) ©3)

3 wy,

Atomic excitation can start to grow out of the vacuum
fluctuations, or the growth can be triggered by the seed
pulse Q(0). This growth can be understood by considering
the excitation of a pendulum with periodically modulated
frequency. The equation of motion for such a parametric
pendulum reads

¢+ wj[1 + 8sin(vy1)]d = 0, (D4)

where ¢ is a small angle describing the deviation from
equilibrium and 6 < 1 is the modulation amplitude. The
frequency modulation can be produced by periodically
changing the length of the pendulum.

If initially the pendulum is not excited, that is,

@(0) = ¢(0) = 0, then Eq. (D4) yields the null solution
¢(1) = 0. (D5)

Hence, in order to amplify pendulum oscillations, we
should first deposit a small amount of energy, e.g., shift
the pendulum from its equilibrium position by some
angle ¢,. This is analogous to p,,(0) in Eq. (D2). In the
zero-order approximation in parameter o, we then find

B(1) = ¢y cos(wo). (D6)

Plugging (D6) back into Eq. (D4), we obtain in first order
the equation of the forced harmonic oscillator,

b+ wip= %w%d)ob‘(sin[(vd — wo)t] — sin[(wy + v,)1]).

D7)

For v; = 2w, the first term in the right-hand side of
Eq. (D7) acts as a driving force having resonant frequency
(, which yields growth of the pendulum oscillations.
However, the amplitude of the driving force is proportional
to ¢, and thus, it would vanish unless the pendulum is
initially excited.

APPENDIX E: ELECTRONIC CIRCUIT
ANALOG OF THE QASER

Here, we discuss a realistic electronic circuit model that
demonstrates the QASER amplification mechanism and
that can be set up in an undergraduate electronics labora-
tory. The model consists of two LC circuits, as shown in
Fig. 10, which are weakly coupled by a capacitor C and a
multiplier M. The output voltage V,, of the multiplier is
proportional to the product of the two input voltages V(r)
and Vy: Vo = «V()V,, where « is the gain of the multi-
plier and V(1) = V,sin(v,f) is the voltage produced by a
function generator. We assume that the multiplier has
negligible capacitance and high input resistance, so one
can disregard its input current. In a realistic model, induc-
tors have internal capacitance and resistance. As a conse-
quence, in the electronic scheme we add resistors R
connected in series with the inductors and a capacitance
connected in parallel.

Let the electric charges of the circuit capacitors be Q,,
0, and Q,. Applying Kirchhoff’s laws to the system, we
obtain (for notation, see Fig. 10)

Ly(Qy + lo) + R(Q) + 1) + % =0, (ED
1
C, C,
" . 1 .
L2]3+R13+C—(I3+Q2_10):O, (E3)
3

Iz]::CZ l::CS. T L,
L+,

I—

FIG. 10. Electronic circuit analog of the QASER. Two LC
circuits weakly coupled by a capacitor Cy correspond to the
atoms and to the field. Modulation of the coupling strength is
provided by a feedback mechanism in which voltage V; from the
capacitor Cy is applied to the input terminal of the multiplier M;
its output voltage V, is proportional to the product of the two
input voltages V(r) and V,, where V() = V,sin(v 1) is the
voltage produced by a function generator.
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2, Q% _0

. E4
e ¢ ED

To demonstrate gain produced by driving the system at
low frequency, we solve Eqs. (E1)—(E4) numerically for
the following realistic parameters:

Co=15pF, C,=200pF, C,=C;=100pF, (ES)

Li=L,=4mH R=10Q. (E6)

We assume that initially there is no current through
the inductors; the capacitor C,; has charge Q,(0),
while 0,(0) = 0.0350,(0). If there is no drive, that is,
Vo = 0V, the system undergoes exponentially decaying
oscillations, as shown in Fig. 11. Because of the coupling
between two LC circuits, the system’s high-frequency
mode is split into w; = 165.1 kHz and w, = 177.9 kHz.
As a result, there is beating of the signal at the frequency
difference Aw = w, — w; = 12.8 kHz.

Figure 12 shows the evolution of the charge Q,(7) of the
capacitor C, if the circuit is driven with frequency v,; =
Aw = 12.8 kHz and amplitude «V,, = 0.1. The system
undergoes exponentially growing oscillations, and hence,
the high-frequency modes w; and w, are amplified by the
low-frequency drive. In Fig. 13, we plot gain per unit time
as a function of the driving frequency v, for the drive
amplitude «V, = 0.1. When v, is equal to double the
normal mode frequencies, that is, v, = 330.2 kHz and
355.8 kHz, the system experiences the first-order para-
metric resonances and gain has peaks. In addition, when
v, is equal to the frequency difference between the two
normal modes, that is, v; = Aw = 12.8 kHz, there is also
strong first-order parametric resonance that exemplifies the
QASER amplification mechanism. It is interesting to note
that, in the present model, the value of gain at the low
driving frequency v; = Aw is greater than those at the
high frequencies.

in(t) 0.6+
90 0.4-3

0.21

0.0

-0.21

-0.4

00002  0.0003

L, s

0.0000  0.0001

FIG. 11. Evolution of the charge Q,(¢) of the capacitor C, for
the electronic circuit of Fig. 10 with no drive. The circuit
parameters are given by Eqs. (E5) and (E6).

-6 T T T T
0.0000 0.0001 0.0002 0.0003 0.0004
Z, S

FIG. 12. The same as in Fig. 11, but now the circuit is driven
by frequency v,; = 12.8 kHz and amplitude «V, = 0.1.
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FIG. 13. Gain per unit time as a function of the driving
frequency v, for the drive amplitude «V,, = 0.1. The circuit
parameters are given by Eqs. (E5) and (E6).

APPENDIX F: POSSIBLE EXPERIMENTAL
REALIZATION OF THE QASER

Here, we discuss possible experiments that can demon-
strate light amplification by collective parametric reso-
nance. To make the QASER work, we must compensate
the time dependence of the ac Stark shift produced by the
driving field for a particular atomic transition. Our analysis
shows that such compensation, in the general case, does not
suppress the transition modulation, which can lead to gain
at high frequencies.

In many-level systems, one can compensate the unwanted
Stark shift Aw,(2), €.g., by driving atoms with a specific
frequency or with a properly chosen elliptical polariza-
tion. We discuss these possibilities in the subsequent
sections.

1. Driving with specific frequency

Because the contribution to Aw ,(¢) from different lev-
els can have opposite signs, one can compensate the Stark
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shift by a proper choice of the driving field frequency.
To be specific, we consider gas of neutral He atoms that
have energy levels as shown in Fig. 14. Initially, atoms are
in ground state 1 'S, and driven by a linearly polarized
field E¥Ve(t) = E, cos(v,t — kyz), which couples dipole-
allowed transitions, as shown in Fig. 14. The time-
dependent Stark shift of the 2 'P; — 1 1S (a-b) transition
is given by the following expression:

A B |Edrive(t)|2 2wab|dab|2 3 wmaldam|2
wap(1) = % 2 _ .2 Z 2 _.2)
@Wap — Vi mzab Pam — Vg
(F1)
where w,,, = w,, — w,. Aw_,(t) can be made zero if the

driving-field frequency has a proper value. Since the terms
under the sum in Eq. (F1) are typically larger than the first
term, one should choose v, to lie between two excited
levels (see Fig. 14). In this case, the terms under the sum
can compensate each other along with the first term.

For the 584-nm 2 'P,—1 !S, transition (y =
1.8 X 10° s!) and atomic density n = 1.6 X 10*Y cm ™3,
which corresponds to the helium pressure of 6.6 atm
at room temperature 7 = 300 K, the collective atomic
frequency is

[3 A2
Q, = 2a¥ _ 1 g7x 10457 (F2)
8

The atom-atom collision frequency is given by
Veoll = Vinno, (F3)
where the collisional cross section is
o=~ aym* =0.45x10"Y cm?. (F4)

m is the principal quantum number of the excited atomic
state, and ap is the Bohr radius. For room temperature,
atomic thermal velocity is

,k T
Vg = % = 7.87 X 10* cm/s, (F5)

Edrive /, 3'D
315, ——
7283 nm
y=18%x107s"1"\
—

2 1p1 ZY

7

/ 667.9 nm
S/ vy=64x107s7"
7

Elaser 58.4 nm

y=18x10%s"1

Edrive l
L 2

11s,

FIG. 14. Energy-level diagram of a He atom.

which yields
Veoll — Vthna' = 5.7 X 109S_1. (F6)

To fulfill the condition of collective parametric resonance,
the driving-field frequency should be

Q,

—, F7
7 (F7)
which is readily satisfied in the present scheme.
For driving-field intensity 7 = 10'* W/cm? (which is
below the ionization threshold for He atoms), the Rabi
frequency is

Vd>

37TI’}/ab

Q =c = 6.6 X 10" 57!, (F8)

ho?,
and gain per unit time in the backward direction can be
estimated [according to Eq. (31)] as
Q, 03
~ L —L=2x10"s"", (F9)
3\/§ Wup
which is larger than collisional decoherence (this implies
applicability of the present analysis). For the wavelength of
the driving field, A = 700 nm, Eq. (32) yields that gain per
unit length is

G

(F10)

which is large enough to achieve one path light conversion
into high-frequency radiation.

2. Driving with elliptically polarized light

One can also suppress the time dependence of the ac
Stark shift by a proper choice of the elliptical polarization
of the driving field. This can be understood from a three-
level model, as shown in Fig. 15. In the model, the ground
state b is dipole coupled with states a and c. For example,
the ground state can be an s state, while levels a and ¢ are
p. and p, orbitals. We assume that the driving field E4*
couples both transitions, namely, the x component of Edive
drives the a-b transition, while the y component drives the
c-b transition. Our goal is to compensate the ac Stark

FIG. 15. Three-level model of the QASER.
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shift of the a-b transition by a proper choice of elliptical
polarization of E4"¥¢, The time-dependent Stark shift of the
a-b transition is given by the following expression:

2wab|dab|2

2 _ .2
Wep — Yy

128w (1) = |ESe(n)?

Wep |dcb|2

2 _ .2
wep Vi

+ |Eg™e (1), (F11)
which can be made time independent if we choose E%1v¢ =
Acos(vyt — kgz) and  EY™ = Bsin(v,t — kgz)  with
proper values of the amplitudes A and B. Despite the
compensation of the Stark-shift time dependence, the
strength of the a-b transition is yet modulated by
the driving field, leading to gain at high frequencies. We
show this effect in Appendix G for the three-level model.
Real atoms have many levels, and many of them con-
tribute to the Stark shift. Nevertheless, the mechanism of
the ac Stark-shift compensation remains the same. In the
presence of an external electric field E, the Stark shift of
the various magnetic sublevels of a particular electronic
state may be expressed in terms of scalar and tensor polar-
izabilities, a and «,, which can be measured experimen-
tally. If the atomic hyperfine structure is neglected, the
frequency shift of a particular magnetic sublevel may be
expressed in terms of its total angular momentum J and the
projection m; along the quantization axis x as [44]

3m3—J(J +1)

5T (3E2 — E?).

1 1
Aa)(],mj) = _anEz _Zaz

(F12)

If the propagating driving field has E, and E, components,
then Eq. (F12) yields

1 3m3 —J(J + 1
Aa)(], mJ) = _—(OZO + a2ml—())E§

2 J27 = 1)

] 1 3mi—JJ+1)

— g — =, 2T N2 (R13
2(“0 29720 = 1) )y (F13)

Equation (F13) shows that by a proper choice of time
dependence of E, and E,, one can make the Stark shift
time independent.

Let us consider the 55 %S, /5P ’P, /, transition (D2 line)
of the Rb atom (A = 780.0 nm) as the light amplification
transition. Then, Eq. (F13) gives

1
Aw(552S, /) = — an(5s251/2)(E§ + E3),

(F14)
1
Aw(5p2P3/2) = - Ea0(5p2P3/2)(E)2c + E,%)
1 5 E2
5 a2(5P2P3/2)[m3 - Z:I(E)zc - 7})
(F15)

and the Stark shift of the transition frequency is

Aw = Aw(5p*P3)) — Aw(552S, )

1
= - 5(00(51721’3/2) — ay(552S1 p))ET + E2)

1 5 E?

To make Aw time independent, one should choose E, and
E, such that

2 2
a By + ay ES = const,

(F17)

where

5
a, = ay(5p*P3 ) — a(552S) ) + a2(5p2P3/2)|:m3 - —],

4
(F18)
a, = ay(5p*P3n) — ay(55%8) )
1 5

This result, e.g., is achieved for elliptically polarized light,

E. = Ey, cos(vyt — k;z), (F20)
Ey = Eoy Sil’l(th - de)’ (le)
with
E% a,
— = (F22)
EOy Ay
For the 55 °S, , — 5p *P; , transition of Rb, the experi-

mental values are ay(5p?P;/,) — ao(55%S, ) =136kHz/
(kV/em)? and a,(5p*P;/,)=—40kHz/(kV/cm)* [45].
Then, Eq. (F22) gives
Eo,
E5,

136 + 20[m3 — 3
= [m; ;‘]. (F23)

For example, for m; = 1/2 we obtain that the Stark shift is
independent of time if

EZ
= 0.66 (F24)
Ej,
while for m; = 3/2,
EZ.
—W = 0.62. (F25)
EOx
For the 780.0-nm S5s °S,,—5p °P;, transition

(y =381 %107 s7!, w,, = 2.4 X 10 s71) and atomic
density n = 10'6 cm ™3, the collective atomic frequency is

2
Q, = /M:W 1012 o1
87

The atom-atom collision frequency is given by

(F26)

Vool = Vinnto, (F27)
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where the collisional cross section is

o=~ aim* =17 X107 cm? (F28)

and m = 5 is the principal quantum number of the excited
atomic state. For temperature 7 = 500K, we obtain for the
atomic thermal velocity,

,kBT
Vi = 4]-2- = 2.2 X 10* em/s,
h i cm/s

(F29)
which yields
Veoll = Vthl’l(T = 3.7 X 106 S_l. (F30)
The Doppler broadening is given by
1%
Avp =-"Lw, =1.8X10° s\ (F31)
c

If we choose the driving-field intensity [ =
10" W/cm?, then the driving-field Rabi frequency is

3wly,

Q,=c — 4.7 X 10" s71,

(F32)
hwzb

and gain per unit time in the backward direction can be
estimated as

G = & Q_‘zi =
32 wy,
which is much larger than collisional decoherence and
Doppler broadening. One can drive Rb atoms with a com-
mercial CO, laser having wavelength A; = 10.6 um
(vy = 1.8 X 10'* s71). For such a driving field, the gain
per unit length is estimated as
_va

GL = =221 Cm_l.
¢ wy,

2.5 X 1010 71 (F33)

(F34)

A similar experiment can be done in Na vapor. By
driving Na atoms with a CO, infrared laser at wavelength
10.6 wm and choosing the proper elliptical polarization of
the driving beam, one can achieve generation of yellow
light produced by the sodium D line with wavelength
589 nm in a transition from the 3p to the 35 Na level.

APPENDIX G: THREE-LEVEL
MODEL OF THE QASER

Here, we consider a more realistic three-level model of
the QASER shown in Fig. 15. In the model, the ground
state b is dipole coupled with states a and c. For example,
the ground state can be an s state, while a and c states are

Py and p, orbitals. The total electric field
E = Edrive + Esuper (Gl)

is a sum of a low-frequency drive E4V¢, which we assume
couples both transitions, and a weak high-frequency

superradiant field ES*P°" that couples only the a-b transi-
tion. For example, this can be the case if E41® has both x
and y components, while E*'P*" ig linearly polarized along
the x axis.

For the present model, the Schrodinger equation
yields the following evolution equations for the probability
amplitudes C,, to find atoms at the level m = a, b, ¢
(we put w;, = 0):

Ca + iwabca — %[Edrive + Esuper]dabcb’ (G2)
€.+ ivgCe =L E™d,C, (G3)
Cb — %[Edrive + Esuper]dbaca + %Edrivedbccw (G4)

where w,, = w, — w,, W, = W, — w,, and d,,,, are the
transition dipole matrix elements.
Introducing Rabi frequencies

. 1 .
drive — drive .
Qdive — _gdrive . g

G5
Y (G5)
erive — 1Edrive d
ab 3 ~dgp, (G6)
, 1
Q super — ﬁEbuper . dab: (G7)
we obtain
C, +iw,C, = i[Q%Y + Q™r]C,,  (G8)
C.+iwyC, =iQdivec, (G9)
C, = i[Q¥ve + Qswrer]C, + Q4 C..  (G10)

We assume that initially all atoms are in the ground state
b. Coherence of the a-b transition is

Pab = CaCZ! (Gll)
which yields
Z“hper — Czuper Cgrive* + Cgrive CZUPer*‘ (G 1 2)

Equations (G8)—-(G10) give the following equations of
atomic evolution under the influence of the driving field:

Cgrive + iwabcgrive — iﬂggveccgrive’ (G13)
CtLl_rive + iwcbc&grive — iQ(jrbiveC(grive) (G14)
~drive — ;()drive® ~drive () drive* ~drive
€ drive = j(ydrive’ Cdrive 1 j(pdrive” Cdrive (G15)

while for the quantities describing the high-frequency field,
we find
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CP" 4 @, P = jQUperCiive 4 jdive C3PT - (G16)
~super __ - ysuper” ~drive + () drive™ ~Super

C3UPer = jQsuper” Cdrive . jydrive” Csuper (G17)
Writing

QsuPer = () e iwwttions/c 4 ¢, (G18)

P+ cc. = pi e ivwtTivw/c 4 o (G19)

Czuper _ Ciaefim“btvﬁwabz/c + C%aeiwa,,tfiwahz/c’ (G20)

CZUPer — Cibe_iw“"t+iw“”z/c + Cibeiw“”t_iw"”z/c, (GZ])

where; Oy, pi,. €4, C3, €y and Cib are slowly varying
functions as compared to the fast-oscillating exponentials,
we obtain

p = Cdrlve4< + Cs Cdrlve + Cs* Cdrlve + Cs* Cdrlve

la

(G22)
Equations (G16) and (G17) yield

Ci, = iQCfve + iQdivecy,, (G23)

C3, + 2iw,,Cs, = iQ:C¥ve + iQdvecs,  (G24)

Ci), — iwy,Cy, = iQ,CIve +iQdivecy . (G25)

C3, + iw,, Cy, = iQCIve + jQaiive ¢ | (G26)
Equations (G22)-(G26) have to be supplemented
by Maxwell’s equation for the high-frequency field

envelope (),

a d )
<Ca_z + E)QS = ngpr, (G27)
where (), is the collective atomic frequency.

We assume that the driving field is weak and keep

only terms of the proper order in 1/w,,. Then,
Egs. (G24)<(G26) yield
Cdrive Cs Cdrive dr1ve
Gy~ —Qi+i20~"0 O+ QL (G28
2a 2wab Zwab 2wab § l4 ib ( )
erive
Cj, = ——%—4, G29
1b w4 la ( )
drive* erblve :
Cy, =~ C3, = 9L Clrive )y, (G30)
2b wab 2, 2 Zb

Taking this into account, one can rewrite Eq. (G22) as

drive*

y = Cia(cgrive* _ ubb Cgrive*)
Cdrlve 2 Cdrlve 2
| lQ—l lQS. (G31)
wgp 4wab

In this equation, one should take |Cd™"¢|? =~ 1. Thus, the
two last terms in Eq. (G31) do not produce modulation, and
hence, they can be omitted. Taking the time derivative of
both sides of Eq. (G27), using Eqgs. (G23), (G31), and
(G13)-(G15), one can reduce the evolution equation for
the high-frequency field envelope (), to

|er1ve 2 |er1ve 2 ngve erlve
i 0
(a W ap Wcp wab
9 9 anve 2 erive 2
X(c—+—)Qs+Q¢2,( | 2 | o |
dz at Wyp Wy
erive* erive*
— %)Q3 =0. (G32)
Wap
The unwanted ac Stark shift is compensated if we choose
erive 2 Qd‘rive 2
2| ab + 1925 = const. (G33)
Wap Wep
Let us assume that Q%" is real and given by
Qdiive = O, cos(vyt — kyz). (G34)

Then, if w,, = o, the time dependence of the ac Stark
shift is compensated, provided that

Qdive — 20, sin(vyt — ky2). (G35)
For such parameters, Eq. (G32) becomes

20)? 0?2
(i + 4 — de 4 sin(Qw,t — 2kdz))<ci + i)QS

at @ap w5y Jdz Jt
202
+ Qz(l - —)Qs =0, (G36)
@yp

which yields an exponentially growing solution if
vy, = Q,.

Our findings show that it is possible to compensate the
time dependence of the ac Stark shift by the proper choice
of the driving-field polarization. At the same time, the
transition strength is still modulated by the driving field,
which leads to the gain at high frequencies. The result
remains valid for realistic atoms with many levels.
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