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Abstract

We investigate three types of amplification processes for light fields coupling to an atom near the
end of a one-dimensional (1D) semi-infinite waveguide. We consider two setups where a drive
creates population inversion in the bare or dressed basis of a three-level atom and one setup where
the amplification is due to higher-order processes in a driven two-level atom. In all cases, the end
of the waveguide acts as a mirror for the light. We find that this enhances the amplification in two
ways compared to the same setups in an open waveguide. Firstly, the mirror forces all output from
the atom to travel in one direction instead of being split up into two output channels. Secondly,
interference due to the mirror enables tuning of the ratio of relaxation rates for different
transitions in the atom to increase population inversion. We quantify the enhancement in
amplification due to these factors and show that it can be demonstrated for standard parameters in
experiments with superconducting quantum circuits.

1. Introduction

Amplification of measurement signals is crucial to achieve good signal-to-noise ratios in many experiments
in quantum information and quantum optics [1, 2]. Ideally, amplifiers used for such tasks should be
compact, add as little noise as possible [3, 4], and produce high gain. To reach the ultimate limit in terms of
size, a single atom or other quantum emitter could be used as an amplifier. However, to achieve high gain
with a single quantum emitter coupled to an electromagnetic field in free space is extremely challenging,
since imperfect spatial mode matching leads to a weak coupling [5—11]. The mode matching, and thus a
strong coupling, is much easier to achieve when the propagation of the field is confined to a
one-dimensional (1D) waveguide. Such systems are widely studied in waveguide quantum electrodynamics
(waveguide QED), which has proven an excellent platform for quantum-optical experiments [12, 13].

In the past two decades, many quantum-optics phenomena have been demonstrated using
superconducting circuits [13—16], e.g., lasing [17-20]. Superconducting circuits consist of superconducting
qubits [15, 21] coupled to a coplanar waveguide (either open or made into a resonator) [13, 22—24] or
three-dimensional cavities [13, 16, 25]. One advantage of superconducting circuits over natural atomic
systems is that strong, and even ultrastrong, coupling between the quantum emitters and cavities or open
waveguides can be achieved quite easily [26—32]. This advantage has, for example, been demonstrated by
Wen et al [33], who used superconducting circuits to realize a 7% amplification of a weak probe signal on a
strongly-driven two-level system coupled to a waveguide. Similar experiments with many natural atoms
[34] or a single quantum dot [35] were only able to achieve 0.4% and 0.005% amplification, respectively.

The vast majority of waveguide-QED experiments with superconducting circuits so far were performed
with one or more superconducting qubits coupled to an open waveguide [12, 13, 24, 29, 36—49]. However,
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Figure 1. Sketches of the systems considered in this article. (a) All systems we study are variations on a setup with an atom in
front of a mirror (short). The atom interacts with a strong drive field (orange) and a weak probe field (purple). (b) A three-level
atom with transition frequencies wj; between the states |i) and [j). The atom is strongly driven with a drive amplitude 24 on the
|0) <+ |2) transition. The probe field with amplitude €2, is applied to the [0) <+ |1) transition. The decay rates are denoted by I';
for the transition from |i) to [f). (c) A two-level system both driven and probed around its transition frequency wyy. (d) A
three-level atom like in (b), but driven at half the frequency of the |0) <+ |2) transition, resulting in a two-photon driving that
dresses all states of the weakly anharmonic system.

the waveguide can also be shorted or left open at one end, where an incoming electromagnetic field will be
reflected with a phase shift [33, 50—-52]. When a superconducting qubit is included [33, 52], this setup is
equivalent to putting an atom in front of a mirror, which has been studied experimentally [33, 46, 52—57]
and theoretically [58—70] for both natural and artificial atoms. In this article, we investigate the advantages
of using an atom in front of a mirror, instead of an atom in an open waveguide, for signal amplification.

There are several ways to achieve amplification in an atomic system driven by an electromagnetic field.
One amplification mechanism is population inversion, where excitations are pumped into higher atomic
levels with a finite life time, where they stay long enough to induce amplification through stimulated
emission [71, 72]. There are also mechanisms that can lead to amplification and lasing without inversion in
the bare-state basis [73]. For instance, if an atom is driven strongly, the energy levels can split and
population inversion can occur in the dressed-state basis [40, 74] if the drive is off resonance. If the drive is
on resonance, the power spectrum exhibits the so-called Mollow triplet [24, 56, 75, 76]; amplification
without population inversion can then be achieved at frequencies between the triplet peaks due to
higher-order processes between the dressed states of the driven atom [33-35, 77, 78].

We study all three amplification mechanisms outlined above for an atom, with either two or three levels,
coupled to a 1D waveguide terminated by a mirror (in the form of a short) at one end, as depicted in
figure 1. We show that this setup has two advantages over the corresponding one in an open waveguide,
leading to a doubling or more of the maximum amplification that we can achieve. Firstly, the mirror reflects
the electromagnetic field such that we only have one input—output channel, which avoids losing half of the
atomic output in one direction, as happens in an open waveguide. The second advantage of the mirror
setup is that, due to interference effects, the coupling to the waveguide is set by the position of the atom and
its transition frequency. This enables manipulation of the relative coupling strengths for different transitions
in a three-level atom, either by changing the atomic frequency, which is possible in superconducting circuits
[13—16], or by changing the distance from the atom to the mirror. We note that the coupling strengths can
also be made frequency-dependent and tunable using giant atoms [48, 49, 79-91], which couple to the
waveguide at multiple points, but if the giant atom is placed in an open waveguide, the problem of losing
half the output remains. With a mirror, a single small atom is simpler to implement than a giant atom, but
still sufficient to achieve the advantageous frequency-dependent coupling.

The first system we consider is shown in figure 1(b) and discussed in section 2. It is a three-level atom
with a strong drive on the transition between the ground state |0) and the second excited state |2). When
the decay rate from |2) to the first excited state |1) is larger than the decay rate from 1) to |0), a population
inversion between |1) and |0) is created. This leads to amplification of a weak probe signal on the |0) <> |1)
transition. We find that with the mirror, a maximum amplitude gain of 25% can be reached, whereas the
maximum amplification in an open waveguide is 12.5% [36].

Next, we study, in section 3, the resonantly driven two-level atom depicted in figure 1(c). The strong
drive splits the energy levels of the atom and enable transitions in the dressed-state basis. By probing the
system in the vicinity of the bare resonance frequency, we achieve a maximal amplitude gain of around
6.9% with the mirror. For an open waveguide, we find an amplification of around 3.4% for the same system
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parameters. In contrast to the previous case, amplification is not due to population inversion, but enabled
by higher-order processes between the dressed states [33, 78].

The last system we study, in section 4, is the three-level system shown in figure 1(d), driven at half the
|0) <> |2) transition frequency. Similarly to the strongly driven two-level system, the energy levels are split
by the driving and transitions take place between dressed states. By probing the system, we find a maximal
amplification of around 6.2% with a mirror, which exceeds the amplification of the same setup in an open
waveguide by more than a factor 2 [40]. Here the amplification is due to hidden inversion—population
inversion between the dressed states of the system.

We further show that all these systems can be realized with currently available state-of-the-art
technology in experimental waveguide-QED setups with a transmon qubit [92] coupled to a 1D
transmission line. The transition frequencies of such a qubit are tunable in situ, which means that the ratio
of the decay rates of the transmon can be chosen to reach the optimal amplification settings. Our proposed
setups, which represent an ultimate quantum limit for amplification, may thus find applications in
superconducting quantum information processing.

2. Amplification with a strongly driven three-level atom in front of a mirror

We begin by studying the setup with a three-level atom in front of a mirror shown in figure 1(b). The
system is coherently driven with amplitude {24 on the transition between the ground state |0) and the
second excited state |2). The aim is to create a population inversion between the states |0) and |1), which
can lead to a gain in the reflection of a weak coherent probe resonant with the |0) <+ |1) transition. To
achieve population inversion, the life-time 1/ of the first excited state should be much longer than the
life-time 1/T',; of the second excited state. Here, we assume that the atom is a good approximation of a
ladder-type = system with ')y < I'1g, I';.

2.1. Hamiltonian and master equation
The Hamiltonian of the system in the frame rotating at the drive frequencies is (we set i = 1 throughout
this article)

H:Ha +Hint) (1)

H, = dwipo11 + w02, (2)
Q4 Q

Hiy = 7(020+002)+ 7p(0'10+0'01)y (3)

where o; = |i) (j|, the drive amplitude on the |0) <+ |2) (|0) <+ [1)) transition is given by Qg4 (€2;,), and
dwij = wjj — w,—“} for i > j is the detuning between the transition frequency wj; = w; — w;j and the frequency
wg of the drive on that transition. The dynamics of the system is described by the master equation

i

p=—5 Hpl+Lp] (4)

for the density matrix p = ;. pjj[i) (j|. The Lindbladian term in equation (4) is given by

Lp] =Taupn(—0n+on)+LTopn (—on + ow) — Z’%‘jﬂijatj, (5)
i#j
with the dephasing 7;; = ;; and the relaxation rates I';; between the states |i) and [j), i > j. Since we assume
negligible temperature, we can neglect thermal excitations, i.e., I'o; = I';; = I'p, = 0.

2.2. Amplification and optimal drive strength in the steady state

We assume that the probe on the |0) <+ |1) transition is weak, i.e., €2, /I'jg < 1, and that I';; > I'jo to
ensure population inversion. Solving the master equation for the steady state (p = 0), we obtain the
following result for the reflection coefficient [36, 52, 56]

r=1- Zi% (o) = 1+ 20y L L), (6)
p 210 + ﬁ
where o
21[A2 1 Loy
Poo = 2F21\>?;21[)\?%0 E_:_ o= 2F21\>\02\2F10 r @)
T, + Too +2 Eeea + ﬁ(]; +2
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Figure 2. Optimizing the amplitude gain of a strongly driven three-level atom in front of a mirror. (a) The absolute value of the
reflection coefficient, |1, i.e., the amplitude gain, as a function of the drive strength €24/I",; and the probe detuning dw;o/T;.
The reflection is calculated for a resonant drive, dwyy = 0, no pure dephasing, 7,; = v,y = I'»1/2 and 7,, = I'}y/2, and with
I'y/T'21 = 0.01. The reflection reaches its maximum at €,y = /315, 'jg & 0.17T,;. (b) Horizontal linecuts from panel (a)
showing the amplitude gain as a function of 24 for three different values of the probe detuning: dw;y = 0 (purple, solid curve),
dwip/Ty = 0.003 (red, dashed), and dw, /T’y = 0.01 (orange, dashed). The maximum values for the orange and red curves are
slightly below 1.25. (c) Vertical blue dashed linecut from panel (a) showing the reflection at the optimal driving strength

Q4 = /30,y = 0.17T as a function of the detuning dwo /T3

and \j; = )\]%;. with
Ao = Y10 + 0w, A = Y21 — idwyg + 10w, Aoz = Y20 — i0w. (8)

More details of the derivation are given in appendix A. The reflection coefficient deviates from that in
reference [36] for an open waveguide. The mirror adds a factor 2 to the second term of the reflection
coefficient in equation (6) compared to the open waveguide, which leads to an enhancement of the gain, see
figure 2.

From equation (6), it is clear that amplification requires p;; > pyy, which leads to

2ol Aa? AT 2T 10| Ao |?
> 10‘ 02| + 41 10 ~ 10‘ 02| )

03 )
d V20 [y 720
For a resonant drive, dwyy = 0, and no pure dephasing, v,, = I';1 /2, this inequality reduces to
Q5 > Tl (10)

We now calculate the maximal possible amplitude gain of the single-atom amplifier. We consider double
resonance, dwyy = dwjo = 0, and no pure dephasing, i.e., 7,0 = L'10/2, v5; = I'21/2, and 7,5 = Ty /2. We
find (see appendix A) that the reflections reaches its maximum value if the drive amplitude is given by

O =30y (11)

With this value, the maximum reflection is given by
=14 (12)
T = -
4

which corresponds to an amplitude gain of 25%. If we include higher orders of I"; /T’ in the calculation,
the first-order correction to the maximum value of the reflection becomes

1 3T IR
r:1+—1°+0<1°>. (13)

In figure 2(a), we plot the absolute value of the reflection coefficient as a function of the drive amplitude
4 and the detuning dw1. In figure 2(b), we further illustrate the effect of non-zero detuning with a few
linecuts from figure 2(a). It is clear that the maximum reflection is achieved on resonance.
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2.3. Optimal population inversion
In the previous subsection, we found that the drive strength Q3 = 31";,T',; gives the highest amplitude gain.
Inserting this into the expressions for p,, and p;; in equation (7), we obtain

1 T
1 3 37T, 1
Poozil—\%*) = T T Y (14)
21

We see that in order to maximize the amplitude gain, the population is not completely inverted (that would
be p;; = 1, pyy = 0). For a complete population inversion to happen, the following condition has to be

fulfilled: r -

P11 >1 = L1 > 21 2720 )

Poo I'o Q4
This could be achieved by further increasing the drive strength 4. However, if we look at the expression for
the reflection in equation (6), we see that increasing the pumping strength towards infinity would make the
reflection revert to 1. This trade-off explains why we do not achieve a maximum amplitude gain of v/2 (a
power gain of 2), which would be the result if an incoming photon would stimulate emission of another
photon from a perfectly inverted atom.

(15)

2.4. Correction with pure dephasing
Now we discuss the effect of pure dephasing on the previous results. Neglecting terms of order O(I'1o/I'21),
the reflection coefficient on resonance with pure dephasing included can be written as

r —1
r=142-2 ("F ) (16)
10720
0 (1) (nEe 1 2)
2
withn = 21‘?% Maximizing this expression, we find the optimal value for 7:
Mmax = L4y 7 =42 <1+2;21710). (17)
10720
Hence, the optimal drive strength including pure dephasing is
Qi = 20720 (1 +1c) (18)
for which we obtain the maximum reflection
r 1
r=14+ h 10 7 . (19)
Y10 917y B 17 Ton
e va(e e ) (2 (14 2 1) m o)

2.5. Experimental feasibility

We now apply the theoretical results above to a typical experimental system of a superconducting transmon
qubit [92] to see what the optimal parameters for an experiment would be, and whether they are within
reach for currently available devices. By shorting one end of the transmission line to create an effective
mirror, the decay rates I';y and I';; become a function of the transition frequency w of the energy levels
[52]

L

I = 2Ty cos’ {—wm} , (20)
v
o o2 L

Fz] = 2F21 COoS |:’U ((JJ]O + O():l 5 (21)

where I'll /2 = 37.5 MHz and T'T" /27 ~ 2T} /2 = 75 MHz are the bare relaxation rates in an open
transmission line, & = wy; — wjg = —27 x 440 MHz is the anharmonicity between the transition
frequencies, L = 33 mm is the distance between the transmon and the mirror, and v = 9 x 10’ m s™! is the
speed of light in the transmission line. The given values are typical for this kind of setup [33, 52].

The transition frequencies of the transmon are tunable in situ by an external magnetic flux, so we want
to find the resonance frequency wj that gives the highest possible reflection. We therefore express the
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Figure 3. Reflection coefficient and decay rates as functions of transition frequency. (a) Absolute value of the reflection
coefficient as a function of transition frequency wy at drive strength 4/27 = 59.5 MHz and pure dephasing

I'fy/2m = 1.65 MHz, '}, /27 = 'y /2m = 5 MHz. (b) The decay rates I'jy /27 (purple) and I';; /27 (red), and their difference
Iy /27 — T'yp /27 (orange), as a function of the transition frequency w.

reflection as a function of the drive strength Q4 and the frequency wjy, using equations (20) and (21), and
maximize this function numerically. A plot of the resulting reflection amplitude can be seen in figure 3(a).
With the above parameters and pure dephasing rates of I'}, /27 = 1.65 MHz, I', /27 = Iy, = 5 MHz,
again chosen from typical values [33, 49, 52] and optimal drive strength £24/27 = 59.5 MHz, the reflection
reaches a maximum of 1.2 which corresponds to an amplitude gain of 20%. Due to the non-zero dephasing,
this is lower than the theoretical limit of 25% calculated above. We note that dephasing and non-radiative
decay rates can be lower than what we have assumed here, as shown, e.g., in references [47, 57].

We find that there are two local maxima for the gain in figure 3(a), located in the area close to the nodes
of the decay rate I'jy [see figure 3(b)], e.g., between wyo /27 &~ 4.5 GHz and w1 /27 &~ 5.0 GHz. This is the
area where the requirement for amplification Qﬁ > 31" is fulfilled. Between the two local maxima, we
find a local minimum with a 0% gain. This local minimum occurs at the node of the electromagnetic field,
where the decay rate I'y goes to zero and no transition from |1) to |0) is possible [see figure 3(b)].

We note that if tuning the qubit frequency to the maxima in figure 3(a) is required, the amplifier will be
limited to working at these frequencies, with rather narrow bandwidth. However, this bandwidth can be
increased by making the mirror itself tunable, e.g., by placing a superconducting quantum interference
device at the end of the waveguide [50, 51, 93]. In this way, the interference can be changed such that the
maxima are moved to other qubit frequencies.

We also note that driving the |0) < |2) transition directly is hard in a transmon due to selection rules
[92]. It is possible to drive the transition with a two-photon drive instead, where the frequencies of two
drive photons sum up to wyo. However, if this drive is too strong, the qubit states will be dressed and we will
instead have a setup like that discussed in section 4. Another solution is to use another superconducting
qubit which does not suffer from this limitation on allowed transitions, e.g., the flux qubit, as was done in
reference [36].

Finally, if the |0) < |2) transition is driven through the waveguide, the strength with which the drive
couples to the system will be frequency-dependent in the same way as in equation (20), with wy, replaced
by wyo. As long as the drive frequency does not correspond to a node of the field at the atom, a decrease or
increase in coupling strength can be compensated by adjusting the input drive power. It would also be
possible to avoid any such issues by driving the atom through a separate line not affected by the interference
with the mirror.

3. Amplification with a strongly driven two-level atom in front of a mirror

The next setup we consider is a two-level atom in front of a mirror that is driven strongly on resonance, as
depicted in figure 1(c). The strong driving results in a splitting of the atomic energy levels such that the
dynamics are best understood in terms of dressed states. As shown theoretically in references [77, 78] and
experimentally in references [33—35], amplification can be achieved in this setup through higher-order
processes when probing at frequencies in-between those of the Mollow triplet.

3.1. Hamiltonian and equations of motion
The Hamiltonian of a driven two-level system, with ground state |0) and excited state |1), interacting with
the continuum of modes in the semi-infinite waveguide, is, in a frame rotating with the drive frequency wy,
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H= Ha + Hf + Hint) (22)

Ha: (5(4)100'11 +E(Ut+0'j), (23)

H; = /dw wa' (w)a(w), (24)
1 )

Hip = \/T_ﬂ'/o dw (af(w)at + afa(w)) , (25)

where 6wy = wig — wg, Q4 = 2v/T10E, |E\2 is the number of incoming drive photons per second,

o = v/T10001, and a'(w) [a(w)] are the photon creation [annihilation] operators at frequency w. We
calculate the eigenenergies wy, w, and the corresponding dressed eigenstates |g), |e) of the atomic
Hamiltonian H, in equation (23), and define the population and transition operators for the dressed
states as

o = 1) (v, (26)

where 11, v € {g, e}. The equation of motion of the dressed state operators o, is given by the Heisenberg
equations of motion. The solution is divided into a steady state and linear-response part, (0,,,) = (0})5 +
(0y); €@d7p)! The derivation and solution of the equations of motion, which closely follows that for a
three-level atom in an open waveguide in reference [40], is given in appendix B. The main difference is that,
in an open waveguide, the atom couples to two continua of modes in the waveguide, one right-moving and
one left-moving, which both enter in equation (25). This means that o = /I"10/200; in the
open-waveguide case receives an additional factor of two for the case with the mirror o; = +/T';g00;. In the
end, these differences lead to a twice as large gain in the amplification for the mirror as we will see in the
following.

3.2. Amplification
The reflection coefficient is defined by the ratio of the outgoing field (aoy) and the incoming field (a;,)

= <a0ut> (27)

<ain> ’

For the two-level system with dw;o = 0, the reflection coefficient becomes

2T (I — 3il'500 — 2T1p8” + 2i805)

_ , 28
(To — 2i6) (T}, +29Q3) (T, — 3i106 — 262 + 2€023) (28)

where § = w9 — wp. More details of the calculation are given in appendix B.

By maximizing |r| using equation (28), we find that the maximum possible amplitude gain is
|r] &~ 1.069; it is achieved for the drive amplitude ;o ~ 2I'1y and probe detuning of 6 ~ +1.2T,. It is
interesting to note that the experiment in reference [33] appears to have come very close to this theoretical
maximum. We also note that the numerical simulation in reference [33] coincides with our analytical result.

Performing a similar analysis of the reflection coefficient for a two-level system in an open waveguide,
we find that the maximum reflection for the same drive amplitude and detuning is only given by
|r|* ~ 1.034, which is only half of the gain for the atom in front of a mirror. This makes sense, since the
atomic output is divided between two propagation directions in the open waveguide, while it is collected in
a single output channel when a mirror is included.

In figure 4(a), we plot the reflection coefficient of the strongly driven two-level system as a function of
the detuning J of the probe frequency and the drive strength €24 for resonant drive. The bright areas
correspond to gain and the dark areas to attenuation. We can see how gain is achieved at probe frequencies
in-between the frequencies corresponding to the Mollow triplet. In figure 4(b), the linecut of figure 4(a) is
depicted. The blue curve, showing the reflection of the two-level system in front of a mirror, has a higher
maximum gain than the reflection of the two-level system in an open waveguide, seen as a comparison by
the purple dashed curve. This coincides with the analysis of the reflection coefficient above.
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Figure 4. Maximizing the reflection coefficient of a strongly driven two-level system in front of a mirror. (a) Reflection
coefficient |r| of a weak probe for resonant drive (wq — wyo = 0) as a function of the detuning of the probe frequency and drive
amplitude. The maximum possible amplitude gain can be seen in the bright areas around 4 ~ 2I'}, (marked by the solid line)
and (wp - wm) ~ £1.2I"}y. The optimal drive strength is the same for both the mirror and open-waveguide case. (b) A plot of
the linecut at £24 = 2I'y4 in (a). It compares the reflection of a two-level system in front of a mirror (blue, the linecut) to that in
an open waveguide (purple, dashed). In both cases, we observe a maximum gain around (w}, - wlo) ~ +1.2T"}, but the gain for
the atom in front of a mirror is around 6.9%, around twice the gain for the atom in an open waveguide, which is around 3.4%.

4. Amplification with a strongly two-photon-driven three-level atom in front of a
mirror

For our last setup, we consider a strongly driven three-level atom in front of a mirror, with the drive at half
the |0) < |2) transition frequency, as sketched in figure 1(d). As shown experimentally for an open
waveguide in reference [40], amplification can be achieved in this setup through population inversion
among the dressed states of the three-level atom.

4.1. Hamiltonian and equations of motion

We consider the same Hamiltonian as for the two-level case, equations (22)—(25), but including the third
atomic level in the bare atomic Hamiltonian and in the Hamiltonian describing the interaction between the
atom and the waveguide. The atom Hamiltonian in equation (23) is modified to read,

H, = 619011 + 620022 + E (Ut + 0’:) ) (29)

where 019 = wig — Wa, 620 = Wiy — 2wa, and oy = /T 19001 + v/T2101,. This new expression for o is the
only change required in the interaction Hamiltonian in equation (25).

We set up and solve the equations of motion for the dressed-state operators o, in the same way as for
the two-level system in section 3.1, but with u, v € {g, m, e}, where {g, m, e} are the dressed states of the
three-level system. As shown in detail in appendix B, the equations for the steady-state and linear-response
components of the reflected probe signal are the same as for the two-level system in section 3.1, except for
the new definitions of variables given here.

4.2. Amplification

In figure 5, we plot the numerically computed reflection coefficient for a weak probe as a function of probe
frequency w;, and drive amplitude g = 2E/T'), for typical experimental parameters [40]. We observe a
maximum amplitude gain of ~6%. The largest gains are observed when the probe is close to resonant with
one of the dressed-state transitions |m, N) <+ |e, N + 1) and |g, N) <> |m, N + 1).

Since the population inversion among dressed states is essential for the amplification in this system, we
explore further whether we can increase this population inversion by tuning the ratio between relaxation
rates for the different atomic transitions. We consider the reflection along the branches for resonant
probing, which are shown by the dashed black lines in figure 5. The expression for the reflection on
resonance wp = wq + W, — w,, can be simplified to [40]

2
r=1+ m@*git,]/,” ({ow)s = (Tuas) - o
v

This equation shows that population inversion among the dressed states leads to a gain in the reflection,
whereas we obtain attenuation for non-inverted population.
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Figure 5. Amplification through population inversion among the dressed states of a strongly driven three-level atom. (a)
Reflection as a function of the probe frequency w;, and drive amplitude €4 for a drive frequency of wq /2w = 7.26 GHz for a
three-level system in front of a mirror with the transition frequencies wo /27 = 7.4 GHz, wy = 2wy, and the relaxation rates
I'yg/27 = 40 MHz, I';; = 2I"yy. The dashed lines show the possible transitions between dressed states in the system. The dark
region at w,, /27 & 7.58 GHz is outside of the plot range, since the reflection is low. (b) Sketch of the dressed states. The arrows
demonstrating the transitions correspond to the three upper branches in panel (a). (c) Matrix elements of the steady-state
solution showing the (non-)inverted population. Population inversion occurs for positive values of (5,,,)s — (ou)s, 1 > ¥,
which is indicated by the grey dashed line at 0. The colors of the curves correspond to the colors of the arrows in (b).
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Figure 6. Gain of a resonant probe for the upper branches of figure 5 as a function of the drive amplitude €4 /T and the ratio
I, /T between the decay rates. (a) Resonant gain on the |g, N) <> |m, N + 1) transition. We find a maximum gain of around
5.5% for Q4/T'1p = 8 and y,, /v,, = 2.3. (b) Resonant gain on the |m, N) <> |e, N + 1) transition. We find a maximum gain of
around 5.7% for 4/} = 8.5 and I'y, /Ty = 2.8. The white area in the left part of the plot corresponds to non-inverted
population, i.e., ‘negative gain’ (attenuation). This area corresponds to the dark spot at w;, /27 ~ 7.6 GHz in figure 5. (c)
Resonant gain on the |g,N) <> |e, N + 1) transition. Here, the gain increases around 24/T";y = 5 for increasing I'y; /T"}.
However, the maximum gain even for I'y; /Ty = 20 is still smaller than the maximum gains on the other transitions.

In figure 6, we plot the second term of the right-hand side in equation (30), which corresponds to the
gain, for the upper branches in figure 5, as a function of the drive strength €4 and the ratio of the decay
rates I';1 /T"1o. The bright parts of the panels in figure 6 correspond to the highest resonant gains. Selecting
the values for the drive strength Q4/T";o and the ratio of the decay rates I'y; /T"jo that give the highest
resonant gain, we find a maximum gain of 6.2% by searching around the resonance frequency of the
|gN) <> |m, N + 1) [figure 6(a)] transition for 4/T'jp = 8 and I'y; /Ty = 2.3. The corresponding gain for
a transmon qubit in an open transmission line is around 3%. Note that for a transmon in an open
transmission line, T'5; /Ty is always 2 (assuming a flat spectral density for the transmission line). The
mirror allows us to tune I'y; /Ty to achieve a higher gain, but the increase is small, since the optimal ratio
of relaxation rates is close to 2. Thus, the main contribution of the mirror to the increased gain is to direct
all atomic output in one direction.

Repeating the same optimization for the |m, N) <> |e, N 4 1) transition in figure 6(b), we find a
maximum gain of 6.1% for Q4/T'jp = 8.5 and 'y /T';p = 2.8. Once again, the optimal ratio of relaxation
rates is close to 2, meaning that the improvement in gain compared to the open-transmission-line case is
just a little more than a factor 2. The |g, N) <> |e, N + 1) transition [figure 6(c)] differs from the previous
two in that the highest amplification is found when I';; > I'yy. However, the maximum gain around this
transition is smaller than that close to the other two transitions.
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Table 1. A summary of the results in the article. We compare the highest amplitude
gain we found for each of the three setups with a mirror in figure 1 to the highest
amplitude gain found or observed for the same systems in an open waveguide.

Setup 3 levels, wg = wayg 2 levels, wg = wyy 3 levels, wg = wa/2
Schematic 1(b) 1(c) 1(d)

Gain with mirror 25% 6.9% 6.2%

Gain in open waveguide 12.5% 3.4% 3%

5. Discussion and conclusion

In this article, we have investigated three different types of single-atom amplifiers, using population
inversion, higher-order multi-photon processes, and hidden inversion in the dressed-state basis. For all
these schemes, we compared the maximum achievable amplitude gain with the atom placed in front of a
mirror versus when the atom was coupled to an open waveguide. The results are summarized in table 1. We
note that first setup with a mirror reached an amplitude gain not too far from the absolute theoretical limit
of v/2, which corresponds to perfect population inversion and perfect stimulated emission.

We found that for all schemes, the gain is enhanced by the mirror, mainly because of two reasons:

(a) The mirror reduces the number of output channels for the electromagnetic field from two in an open
waveguide to one. All output from the atom is thus contributing to the gain instead of only half.

(b) The mirror creates standing waves of the electromagnetic field through interference such that the
strength of the coupling between the atom and the field becomes sensitive to the atomic position and
transition frequencies. This makes it possible to tune the ratio of decay rates for different atomic
transitions to increase population inversion and thus enhance amplification.

These insights are ready to be demonstrated in experiments with superconducting qubits in waveguide
QED, but could also find applications in other platforms for waveguide QED. Specifically, we showed that
our set-ups can be implemented with a transmon coupled to a 1D semi-infinite transmission line with
currently available technology (at least two such experiments [33, 40] have already come close to the limits
in table 1). We believe that this can prove useful for on-chip amplification to improve signal-to-noise ratios
in experiments in quantum information and quantum optics.

An important direction for future work is to investigate how the achievable gain changes if more qubits
are added to the setups described here. For example, one could imagine a cascaded setup of atoms in front
of mirrors with circulators ensuring unidirectional propagation from one mirror to the next, as shown to
enhance photon detection with three-level atoms in reference [94]. It could also be interesting to check how
the anharmonicity of the qubit affects the gain for the three-level system with a two-photon drive.
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Appendix A. Details of the derivation of the reflection coefficient for a strongly driven
three-level atom in front of a mirror

In this appendix, we provide the details of the derivation of the results presented in section 2. Starting from
the setup described by the equations in section 2.1, we assume that the probe on the |0) <> |1) is weak, i.e.,
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Q19/T'10 < 1. Solving the master equation for the steady state (o = 0), we obtain [36]

A o o N
pOO_A+B+1’ pll_A—i—B—i—l’ pzz_A+B_|_1’ .
. Q QZ
i (s (P = p2) + P11 = o)
P10 = Q3 > (A2)
I+ move
where 2
2005 |A r
A:@:L‘?‘—l—l, B:@:l, )
P ’YZOQd P22 FIO
Alo = Y10 + 10w, Az = Y21 — 0wy + 10wip, Aoz = Y20 — i0way. (A4)

We now assume that I'y; > "}y to ensure population inversion. From equations (A.1) and (A.3), we see
that the second excited state then is nearly unpopulated. Neglecting terms of order O(I'y5/T',;), this gives

- iQp (P11 — poo)

P10 ~ o2 (A.5)
2A0 + ﬁ
The reflection coefficient is given by [52, 56]
r r -
r=1-2i5" (ou) = 1= 25" po :1+2r10%. (A.6)
P P 2)\10 + ﬁ

As mentioned in the main text, this is where our derivation deviates from that in reference [36] for an open
waveguide. The mirror adds a factor 2 to the second term of the reflection coefficient compared to the open
waveguide.

From equation (A.6), it is clear that amplification requires p;; > p, which leads to

Ty 205 Dl ol heal? QAT 2T 10| Ao |2
l> 21| 02‘ > 10| 02| + 4t 10 ~ 10‘ 02| )

+1= Q3 (A7)
Iy ’Yon(zj d Y20 'y Y20
For a resonant drive, dw,y = 0, this reduces to
Qé > 2F10’Yzo. (AS)
If we further assume no pure dephasing, we have v,, = I';; /2 and thus
Q?j > Mol (Ag)

We now calculate the maximal possible amplitude gain of the single-atom amplifier. We consider double
resonance, dwy = 0wy = 0, and no pure dephasing, i.e., 7,0 = I'10/2, 723 = I'21/2, and 7,5 = 'y /2. We
can then rewrite the populations in equation (7) as poo = 1/ (1 + v) and p1; = v/ (1 + v) with
V= Qﬁ / (I'10I'21), which leads to the reflection coefficient

(v—1)
=14+2—707. A.10
r + (1 + ]/)2 ( )
This expression reaches its maximum value for v = 3, which is achieved when
Q% =300y, (A.11)

which is equation (11) in the main text.

Appendix B. Equations of motion for a strongly driven atom in front of a mirror

In this appendix, we derive the equations of motion for the strongly driven atom in front of a mirror. The
derivation applies both for the two-level atom in section 3 and the three-level atom in section 4. We start
with the diagonalised form of the two-level Hamiltonian H? and three-level Hamiltonian H?, given by
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H, = wg0g + WeTees (B.1)

Hs = WeOg + WinOmm + WeOee. (B.2)

The field and interaction Hamiltonians are

sz/ﬁwwdwmwx (B.3)
IL4::;%;A do (al @)or + ofa(w)) (B.4)

with o = /T'1g00; for the two-level system, and o, = \/T'19001 + v/T21012 for the three-level system.
In the following, we denote the dressed-state operators by o, and the dressed-state transition

frequencies by w,,, = w,, — w,, with i, v € {g m, e} for the three-level atom and u, v € {g, e} for the

two-level atom. The equation of motion for o, can be calculated by the Heisenberg equation

d .
30 =1 [H,0u] - (B.5)

The commutator for the atom part of the three-level system is given by

. 3 .
1 [Ha, U/LV] =1 [Wgo'gg + WinOmm + WeOee> G/IV]
Ogu g

.~
= wg | Ig) (glu) (V| = |p) (vIg) (8]

6””/‘ Oum

—_
+ wm | [m) (m|p) (v] = |p) (v|m) (m

+we [ &) (elu) (v] — 1) (Vle) e
=i (Wu - w,,) Opuw- (B.6)

The result for the two-level system is the same, but the calculation does not contain terms with w0 . For
the interaction part we find

i [Ha,f, UW] = \/;_ﬂ_/oocdw (alf(w) [Ut,auy] + {UI,UW,} a(w))

\/12—,”/0 dwaT((JJ) [Ut) O'/IV] + \/%/0 dw [Uj,o’lw} a(w). (B.7)

In the same way, we calculate the equation of motion for a(w):

a(w) = i/mdww' [a*(w)a(w),a(w')] + i/ocdw\/ % [a*(w)at,a(w')]

= —iwa(w) — ;Ub (B.8)

V2r

The solution of equation (B.8) can be written as

t—1toy

Dag(w) — i dt oy (t') ew(t=1), (B.9)

V 2T to

a(w) = e«

Inserting this solution into equation (B.7), we find

i

0 i 0 o
\/E/o dwa' (w) [O't,U#,,] = \/7_77/0 dwe“t ’O)ag(w) [Ut,a#,,]

1 ' / - jw(t—t') 1
o) /0 w5l (1) [0 0, ]

12
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t
:_@mwwg_/mwa_ad@qhﬁd
fo
1 s

= — iajn [at,aw] - EO't [ot, UW] , (B.10)

and

1 o0 1 o0 Ciw(t—
£ [t o [ i)

I > (it
—+ E dt//(; dwe_lw(t_t) |:O-j) O-,uV:I Ot (t/)
fo

t
i {aj, JW] Qi + / dr's (t’ - t) [Uj,aw] o (t’)
fo

. 1
=1 {UJ)UNV] Qin + E [ULUW/] Ot (B.11)
where we used .
/dt’at (o (r—1) = %at(t) (B.12)
to
and defined . -
ain(t) = ﬁ[wdwe_iw(t_tO)ao(w). (B.13)

Combining the above results, the equation of motion for o, becomes

. . 1 ) 1
O = MWy — wy)o, — miTn [at, UW] — Eof [Ut,aw] +1 [0:[,0#,,] ain + 3 [O’I, UW] oy

dt

_ . . . i1 0 1 4 1, f

= WOy + 10, [UW, O’t] 1|0, 0f | Gin zaﬂyat o zat OtOuy + 0y 0,,0%

= WO — & — i an(t) + ial (D], (B.14)

with
t [ i

Ew = EJWJt o + Eat OO — 0{ 0,0 (B.15)
Cop = [a,w,oj] . (B.16)

The total solution of equation (B.14) contains a steady-state and a linear-response part
<U#V> = <Uuz/>s + <Uuz/>Lei(wd7wp)t) (B.17)

where wy, is the probe frequency. The steady-state component (o, ) of equation (B.17) is calculated from
equation (B.14) with the probe turned off ({a;,) = 0), i.e., by solving

iw/lV<a/lV>s - ZEI‘V),“’/V/<O-,“/V/>S =0, (B.IS)

w v

where §,,,, s, = (11 |€,,,| V'), and applying the condition )  (0,,,)s = 1. Together with the linear-response
part (o), €“d=“») this gives

d

< ()5 + (o) €70) = i ()5 + () €C47P")

dt
N Zgﬂl”#/‘/ (<Uu’l/’>s + <Uu’u’>Lei(“}d*“’p)f)

w'

- iZCW,Mz/ (<Uu’l/>s + <Uu’u’>Lei(Md_wp)t) Felwamer)t

'

+ iZCV/hV//l/ (<OV//1’>S + <O'V//,/>Lei(wd_wp)t) Fe_i(wd_wp)t, (B19)

W
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with i = (1 |G| V') and F the amplitude of the weak probe (|F|” is the number of incoming probe
photons per second). Now we use & (0,,,)s = 0, $(0,,);, = (wa — wp) (O )y iy (Tp)s =
Z// V/f,,y,/,/yl<a,,/yl>s, F x <U/,,/V/>L < 1, and neglect fast rotating terms. We then find

i (ww, —wq + wp) <J#V>L — Zguz/,,u’z/<0#V>Lei(wd7wp>t — iF X Z CNV)#/V/<O—N,V/>S' (BZO)

% W'

The reflection coefficient is defined by

r= <<‘z;f“t>>, (B.21)
with
(@) = Felaep)t (B.22)
(aow) = (@) —i{o) = [ F=i)_ opuow)y | e“a " (B.23)
v

and oy, = (1 |o¢| v). By solving equation (B.20) we can calculate the reflection coefficients for the two-
and three-level systems in sections 3 and 4.
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