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In traditional quantum optics, where the interaction between atoms and light at optical frequencies is studied,
the atoms can be approximated as pointlike when compared to the wavelength of light. So far, this relation
has also been true for artificial atoms made out of superconducting circuits or quantum dots, interacting with
microwave radiation. However, recent and ongoing experiments using surface acoustic waves show that a single
artificial atom can be coupled to a bosonic field at several points wavelengths apart. Here, we theoretically study
this type of system. We find that the multiple coupling points give rise to a frequency dependence in the coupling
strength between the atom and its environment and also in the Lamb shift of the atom. The frequency dependence
is given by the discrete Fourier transform of the coupling-point coordinates and can therefore be designed. We
discuss a number of possible applications for this phenomenon, including tunable coupling, single-atom lasing,
and other effects that can be achieved by designing the relative coupling strengths of different transitions in a

multilevel atom.
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I. INTRODUCTION

Atoms found in nature are so small (r ~ 10~'9m) that
they, in most cases, can be approximated as pointlike. This
is certainly the case in traditional quantum optics, which is
concerned with the interaction between such atoms and elec-
tromagnetic light at optical wavelengths (A ~ 107-10~7 m)
[1,2]. Atoms excited to high Rydberg states can reach
comparable sizes (r &~ 1078-10~7 m), but in experiments they
interact with microwave radiation (A ~ 1073-10~"! m) [3,4].

In recent years, many research groups have started building
“artificial atoms” using, e.g., superconducting circuits [5] or
quantum dots [6]. These artificial atoms can be designed to
have various desirable properties such as (tunable) strong
coupling strengths [7,8] and specific (tunable) level structures,
which can be an advantage compared to working with
real atoms with fixed properties set by nature. Since the
artificial atoms can be made to interact with microwave
radiation [7,9,10], they realize “quantum optics on a chip,”’
also referred to as circuit quantum electrodynamics (cQED).
The advantages of cQED has been demonstrated by tests
of quantum optics theories in new regimes not previously
accessible [11,12].

Even though the circuits making up the artificial atoms can
be quite large (/ &~ 10~* m), they are still effectively pointlike
when compared to the wavelength of the microwave fields
they interact with. However, a few very recent experiments
show that this need not always be the case. For example,
there is ongoing work [13,14] on coupling a certain type of
artificial atom, a superconducting circuit called transmon [15],
to surface acoustic waves (SAWSs) [16,17]. Due to the low
SAW velocity, the transmon is several phonon wavelengths
(A~ 107°m) long in this experiment, making it a giant
artificial atom. Also, a recent update of the transmon design
[18] opens up the possibility of coupling it at several points,
wavelengths apart, to a meandering microwave transmission
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line. Furthermore, 3D transmons are approaching wavelength
sizes [19].

While there have been experiments [12,20-24] and theo-
retical studies [25,26] with an atom coupled at a single point
to a one-dimensional (1D) field and also with several atoms
coupled to the field at different points [27-37], to the best
of our knowledge, the situation outlined above has not been
studied previously. In this paper, we therefore investigate the
physics of an atom coupled to a massless 1D bosonic field at
several connection points, which may be spaced wavelengths
apart.

When the atom couples to the field at a single point, it
interacts with vacuum fluctuations, leading to relaxation at
its transition frequencies and to a renormalization of those
frequencies known as the Lamb shift [38—41], which has also
been studied for superconducting qubits [42,43]. Introducing
more connection points opens up the possibility of interference
playing a role in these processes. The result is that we can
calculate the frequency dependence of the atom coupling
strength and Lamb shift for a given structure or, conversely,
design a certain frequency dependence by choosing the spacing
between the connection points. Essentially, this is done by
performing a discrete Fourier transform of the interpoint
distances [44], as the wave vector is related to the frequency
via the boson velocity.

Classically, these interference effects are well known for
SAW systems in commercial use [16,17]. Bringing them to
the quantum world would be an interesting generalization
of the spin-boson model [45,46]. While there have been
papers investigating the effect of a few particular frequency-
dependent couplings between atom and field [47-50], there
has, as far as we know, not been any previous study showing
how couplings with arbitrary frequency dependencies can be
realized in quantum optics. We note, however, that a precursor
of these interference effects can be seen in studies of an atom
placed in front of a mirror [51-56], which lets the atom interact
twice with the field.

Frequency-dependent couplings could be useful in a num-
ber of ways. Essentially, the applications are all based on
changing the ratio between coupling strengths for transitions at
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different frequencies. For example, by changing the transition
frequency of a qubit we could tune it from interacting strongly
with the field to a frequency where the interaction is zero,
thus protecting it from the environment. One can also imagine
placing two transitions at very different coupling strengths
to facilitate a population inversion needed for lasing [57] or
amplifying multiphoton processes by tuning the frequencies
of lower-order processes to interaction minima.

This article is organized as follows. In Sec. II, we describe
the system. We sketch a derivation of the effective master
equation for the atom, considering both the situation of an
open transmission line and that of the atom being placed close
to a mirror. Then, in Sec. IIl, we investigate the frequency
dependence of the coupling strength between the atom and
the environment and of the Lamb shift of the atom. We show
that by controlling the coupling strength at each connection
point and the distance between connection points, a wide
variety of frequency dependencies can be designed for the
total coupling. Some possible applications of such designed
frequency-dependent couplings are then discussed in Sec. IV.
The applications include tunable coupling, single-atom lasing
and various two-tone experiments. In Sec. V, we discuss
possible experimental realizations of our system. In Sec. VI,
finally, we conclude and give an outlook for future work.

The calculations referred to in Sec. II are presented in detail
in the appendices. In Appendix A, we do the standard master-
equation derivation by tracing out the environment. Then,
in Appendix B, we use the equivalent (S,L,H) formalism
for cascaded quantum systems to redo the calculations in a
different way and also to handle the case of the giant artificial
atom placed in front of a mirror. With the (S, L, H) expressions
in place, more complex setups involving giant artificial atoms
can be considered in the future.

II. GIANT ATOM
A. Hamiltonian

The system we consider is sketched in Fig. 1. A multilevel
atom is connected at N points to right- and left-moving modes
of abosonic field obeying the massless Klein-Gordon equation.
The Hamiltonian of the system is given by

H = H, + Hp + Hj, (D
where we have defined the atom Hamiltonian

Hy = wnlm)(ml, 2)

the field Hamiltonian
Hp = ij(aLjaRj + aijaLj)a 3)
J

and the interaction Hamiltonian

Hy =" gjim (m)(m + 1]+ m + 1)(m])

Jiok,m
x (aRjeflw,-xk/v +£1Lj€lexk/v
b i o
+ (leelw-’X"/v +aLje twlxk/v)’ (4)

all in units where & = 1. The atom levels are labeled by the
index m = 0,1,2, ... and have energies w,,. The indices R
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and L denote right- and left-moving bosons, respectively, and
the boson modes are furthermore distinguished by the index ;.
The coordinate of connection point & is denoted x, and v is the
boson velocity, which we assume to be frequency independent.
We assume that the time it takes for a boson to travel between
two connection points is negligible compared to the relevant
time scales of the problem (the relaxation rate of the atom),
leaving the phase shift e/®/*/V as the only effect. In addition,
we assume that the coupling strengths g j,, are small compared
to the relevant w,, and w; and that they can be factorized as
8jkm = &j&k&m» Which is the case for the transmon [15]. In
general, the mode coupling strength g; can be considered
constant over a wide frequency range. The factors g; are
dimensionless and only describe the relative coupling strengths
of the different connection points. Finally, for the transmon
[15] and other atoms close to harmonic oscillators, we have
gm =/m+ 1.

B. Master equation

In Appendix A, we derive the master equation for the
atom using standard techniques [38,39]. We do not perform
the rotating-wave approximation (RWA) on the interaction
Hamiltonian in Eq. (4) but do it on the master equation.
This gives the correct expression for the Lamb shift [58-60].
Introducing the notation

o™ = |m){m + 1, (5)
o' = |m+ 1)(m], (6)
Wy = O — Wy, @)

Aw) =g, ) gre™™", ®)

k

we arrive at the result

mo=—{§}w+AWMMMmm}

m

+ Z l_‘m-ﬁ-l,m{[l + ﬁ(a)m-i—l,m)]D[UT]

+ @i 1) DIoT), ©)

where p is the density matrix for the giant atom and we
use the notation D[X]p = XpX — %XTX,O — %,oXJfX for
the Lindblad superoperators [61].

Here, the relaxation rates I',,y;, for the transitions
|m + 1) — |m) are given by

Cotm = 4782 J (@mrt m)| A(@ng 1) (10)

where J(w) is the density of states for the bosonic modes and
i1(w, T) is the mean number of bosonic excitations at frequency
o and temperature T,

—hw/kgT

_ e
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FIG. 1. (Color online) A sketch of the system under consideration. A multilevel atom with energy levels |0),]1),]2), ... couples at the

points xy, .

.., Xy to a bosonic field with right- and left-traveling modes. The distance between the coupling points can, for example, be on the

order of wavelengths A = 2w v/w, o, Where w ¢ is the first transition frequency of the atom and v is the velocity of the bosonic modes.

Furthermore, the energy shift A, of level m is

Ap = 2P f " 40l (@) 1A
0

y ( gull@.T) (1 +A@.7)

@ — Wp+1,m w+ DOm+1,m

2 = 2 =
4 g 1i(w,T) B g1 +n(a),T)))’ (12)
o+ ®Om,m—1 ® — Wym—1

where P denotes principal value (see Appendix A). The terms
without 7i1(w,T) are the Lamb shift arising from interaction
with the vacuum fluctuations of the bosonic field. The terms
with 71(w,T) are the Stark shift, which is due to interaction
with thermal excitations of the field.

The difference compared to the case of a small atom is
the frequency-dependent factor |A(w)|2, which enters both in
the expressions for the relaxation rate and for the Lamb shift.
The expressions for a small atom would be recovered with
N =1and |A(w)* = ¢7. In Sec. 111, we explore the form of

the frequency dependence that | A(w)|* gives rise to.

For a 1D transmission line, we have the “Ohmic” density of
states J(w) o w. Limiting ourselves to the case of negligible
temperature (kg T /hw < 1), we see that the expression for the
Lamb shift would be diverging linearly for the case of a small
atom. Renormalizing in the spirit of Bethe’s calculation for the
original Lamb shift [41], we instead have (see Appendix A)

A, = 273/ de |A(w)|?
0 w

2 2

8 WOm+1,m 8m—1Pm,m—1

X < = - == ; (13)
w + Wm+1,m W — Wyom—1

which still diverges for a small atom in a 1D transmission line,
but only logarithmically. We can introduce a cutoff frequency
o, to get a finite value. For a transmon with w; o ~ 5GHz a
reasonable choice for w, is the superconducting gap Agc =~
100GHz, i.e., w./w;.0 =~ 20. For the case of a small two-level
atom, this would give a shift of the transition frequency by
[58-60]

2 2

r 2
Ag=A1—Ag=——="1In Ye ~ —0.95T 0.
@10

(14)

For a small multilevel atom with weak anharmonicity, the shift
of the transition frequencies is negligible. However, as we shall
see in Sec. II1, the result can be different for a giant atom with
both two levels and more levels.

C. (S,L,H) formalism and mirror

An alternative way to derive the frequency dependence of
the relaxation rates and the Lamb shifts is to use the (S,L,H)
formalism for cascaded quantum systems [62,63]. A benefit
of doing the calculations in this formalism is that it becomes
relatively easy to treat more complicated cases where the giant
atom is coupled to other systems or is subject to some feedback
scheme. The calculations need not be done by hand and can
be performed by a computer program [64]. The underlying
assumptions of the formalism are mostly the same as the ones
we used above, i.e., weak coupling and negligible travel time,
but also include a constant density of states J(w). We assume
negligible temperature (7 = 0) for simplicity.

The detailed (S,L,H) calculations are shown in
Appendix B. The result for a two-level atom is a relaxation
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rate
2
N k—1
Tio= D Vwexp|i) o (15)
= j=1
and a Lamb shift
N—1N—i k+i—1
rrviisin[ > ¢ d6)
i=1 k=1 Jj=k

where the relaxation rate for a single connection point is y;
and the phase shift from one connection point to the next is
written ¢ = w; 0(xk+1 — Xx)/v. The result for the relaxation
rate is the same as Eq. (10) with 7i(w) = O and J (w) = J(w1,0)
inserted since we can identify

= 47878 8mer ) (@10). (17)

Similarly, the Lamb shift term in Eq. (16) is the result obtained
for low temperature and a constant density of states in Eq. (13),
considering only the dominating second term and extending
the lower limit to —oo, i.e.,

2
_ _27)/ o @10 A (18)

w — w1,0

This captures the contribution to the Lamb shift from the
interaction at frequencies close to w .

A very simple feedback situation, which is easily treated in
the (S,L, H) formalism, is the case of a giant atom placed in
front of a mirror. The result, derived in Appendix B, for the
mirror to the right of the atom, is a modified relaxation rate

= AL({y;,0;) + = Ar({y; 0, DIF (19)

and an addition of Im(A%e'?) to the Lamb shift. Here, ¢y
is the phase shift acquired during the travel to the mirror and
back. We have assumed the corresponding travel time to be
negligible just like the travel time across the giant atom. We
have also used the notation

mlrror

N
¢z =Y ¢ (20)
j=I

T

AL<{yk¢k}>—Z¢yk/2expi ¢ ], @D

j=1

N-1
iy é;|. @
j=k

where A; and Ay contain the phase factors for left- and right-
moving bosons, respectively. We note that |A; ({yi.¢DI* =

|AR({yx. ¢ DI* and
ALy e DI + 1Ay, i DI> = Tho. (23)

N
Aryiedd) =Y Vve/2exp
k=1

III. FREQUENCY-DEPENDENT COUPLING
STRENGTH AND LAMB SHIFT

With the general expressions for the frequency-dependent
relaxation rates and Lamb shifts given in Eqgs. (10), (13), (15),
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and (16), we now turn our attention to the actual form of the
frequency dependence.

A. Maximally symmetric case

We first consider the maximally symmetric case, where
the coupling strength is the same at each connection point
and the distance between neighboring connection points is
constant. This case is relevant for a recent experiment coupling
a transmon to surface acoustics waves [13]. The symmetry
implies that we can set g; = 1 in Eq. (8) or, correspondingly,
vx = y inEqgs. (15) and (16) and ¢y = ¢ = w; o(x2 — x1)/vin
Egs. (15) and (16). The result from the (S, L, H) expressions
is a relaxation rate,

sin? (5 ¢) 1 — cos(N¢)
['o(wio) =y i (L) =V cos@) | (24)
and a contribution to the Lamb shift,
N . .
A=y YOV — Dsin(kg) = y oD ZSUE) o)

2(1 —cos(9))

The ground state is not shifted, so A; = A; . Note that the
result for a small atom with a single connection point would
be I'o =y and Ag = A; = 0. For a small atom, the main
part of the Lamb shift is due to a sum of contributions from
a wide range of frequencies. With an increasing number of
connection points in the giant atom, the dominant contribution
to the Lamb shift is instead due to interaction at frequencies
close to w o, and this is captured by Eq. (25).

We plot these results for the cases N =3 and N = 10
in Fig. 2. For the relaxation rate, there is a clear maximum
when the distance between neighboring connection points
corresponds to an integer number n of wavelengths for the

k=1

Ak
z2z2z2=2
[N
—_ = W0 W
o o

—0.4 ! ‘ ‘ ‘ ‘ ‘ ‘ ‘
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

wio(xy — 1) /270

FIG. 2. (Color online) The frequency dependence of the relax-
ation rate I" and the main contribution to the Lamb shift A for N = 3
[blue (dark gray) lines; solid for I', dashed for A] and N = 10 [red
(light gray) lines; dash-dotted for I', dotted for A] in the symmetric
case. Note that w; ¢(x, — x1)/27 v corresponds to ¢ /2. Everything
has been normalized to the maximum coupling strength for each N.
We have set J(w) constant for simplicity. It is usually a function
varying slowly with w; in the Ohmic case J(®) x .
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transition frequency, i.e., w9 = 2nmw(x; — x1)/v. There are
also a number of lower, local maxima, but more interestingly,
we have a number of points where the relaxation rate goes to
zero. This occurs when the distance between connection points
is such that we get destructive interference in the coupling. The
distance between maxima for the relaxation rate scales with
1/N; more connection points give narrower resonances. The
height of the global maximum scales with N2.

For the contribution to the Lamb shift, we see that it can
be both positive and negative. It is zero when the relaxation
is maximum, and it reaches its highest magnitude halfway
between the relaxation maximum and the first relaxation
minima. The Lamb shift is half the Hilbert transform of the
relaxation rate, as shown in Eq. (18).

If we include the mirror close to the atom, we get in the
symmetric case, with ¢,, = ¢, a relaxation rate

sin?(N¢)

2 sin? (%)

Yo (wr0) = §|1 + NPT o=y (26)

and a Lamb shift

2N sin(¢) — sin(2N ¢)
4(1 — cos(¢))

. [
AT Ay 3 sin(Ng)I'j o=y
(27

Effectively, the mirror lets the atom interact twice with the
field, and the result is that the frequency dependence of the
relaxation rate and the Lamb shift has twice the magnitude
and twice as narrow resonances compared to the case without
the mirror.

B. Designing the frequency dependence

Moving on from the maximally symmetric case, we now
ask ourselves what frequency dependencies we can create
for the relaxation rates and the Lamb shifts given complete
control over the coupling strength at each point and the spacing
between connection points. The frequency dependence is
determined by |A(w)|?, with A(w) defined in Eq. (8). We see
that this is a discrete Fourier transform [44] of the coupling
strengths at the individual connection points. Thus, given
enough connection points and sufficient parameter control,
in principle any frequency dependence of the relaxation rates
can be designed.

To show just a few examples, in Fig. 3 we plot relaxation
rates that have been tailored to have two maxima of equal
magnitude (solid black line), a wide maximum (dotted blue
line), and wide, shallow minima (dashed red line). This was
done using only four connection points and just tuning a few
parameters away from the maximally symmetric case.

IV. APPLICATIONS

In this section, we will discuss a number of possible
applications for frequency-dependent relaxation rates and
Lamb shifts. While there are several applications for the
relaxation rates, it is harder to find a good use for the small
Lamb shifts.
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FIG. 3. (Color online) Designed relaxation rate frequency depen-
dencies. The solid black line shows two maxima of equal magnitude
(parameters: g, = {1,1,1,1}, x; = {0,1,1.5,3}x,), the dotted blue
line has a wide, flat maximum (parameters: g; = {1,3,3,1}, x, =
{0,1,2,3.5}x,), and the dashed red line has two wide, shallow minima
(parameters: g, = {1,4,4,1}, x;, = {0,1,2,3}x,).

A. Tunable coupling

The ability to tune the coupling of an artificial atom
to its surroundings is a desirable feature in many quantum
information applications and has been realized for a transmon
[8]. Tunable coupling can limit interaction with the atom to
only when it is needed for readout or control, leaving the
atom protected from decoherence the rest of the time. Here,
we see that a giant artificial atom can switch from strong
coupling to the environment (a maximum in Fig. 2) to very
weak coupling (a minimum in Fig. 2) by only changing the
transition frequency slightly. For an artificial atom such as
a transmon, it is easy to change the transition frequencies
by controlling the magnetic flux through a superconducting
quantum interference device (SQUID) loop. In fact, tunable
coupling in this manner was demonstrated recently with a
small artificial atom in front of a mirror (close to the case
of N = 2 for a giant artificial atom) in [56]. Ideally, it would
perhaps be preferable to change the connection-point distances
in situ rather than the transition frequency, but this seems hard
to implement.

B. Population inversion

Another application of the frequency-dependent relaxation
rates involves higher levels of the atom. For the maximally
symmetric case, we can have the situation depicted in Fig. 4.
There we plot the relaxation rates I'jp and I'; for an
anharmonicity chosen in relation to N such that I'; ;| has its
global maximum when I  is at a minimum (and vice versa).
This case opens up the possibility of lasing, as illustrated in
the inset of Fig. 4. If we can drive the |0) — |2) transition with
sufficient strength €2,, we can achieve a population inversion.
The giant atom will decay rapidly form |2) to |1), but the decay
from |1) to |0) will be slow.

Since the two decay rates can be very different, very strong
population inversion should be obtainable. Placing the whole
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FIG. 4. (Color online) A scheme for population inversion. The
relaxation rates I'; o (solid blue line) and I'; | (dashed red line) for the
first two atom transitions, plotted as a function of the first transition
frequency w; o for N = 10 in the maximally symmetric case. By
choosing the anharmonicity to be —0.1x2mv/(x, — x;), we can make
the global maximum of I'; ; coincide with a minimum for I"; (. Inset:
Energy-level diagram showing the relevant driving and relaxation
rates for population inversion.

structure in a cavity should then allow us to build a single-atom
laser.

C. Further possible applications

There have been a few studies investigating specifically
shaped environment structures J(w) [47,48]. Here, we can tai-
lor | A(w)|? to achieve the same effect. Viewing the connection
points as part of the atom, we can say that the atom provides
its own cavity, screening it from interacting with some modes.
Building on this, a possible extension of the idea in Sec. [IVB
would be to enhance multiphoton transition rates. One can
easily imagine constructing a frequency-dependent relaxation
rate with minima at single-photon transition frequencies and
a maximum at some multiphoton transition frequency. To
be explicit, consider, for example, the situation in Fig. 5,
which can be arranged for an anharmonicity of —0.2x2mv/
(x2 — x1). The relaxation rates for the [1) — |0) and [2) — |1)
transitions are both at minima when w;o=1.1x27v/
(x —x1), while the two-photon relaxation at frequency
®2.0/2 = (w1,0 + w2,1)/2 is at its maximum.

Another interesting subject to study both experimentally
and theoretically would be the structure of the Autler-Townes
doublet [47,65], the splitting of the |0) — |1) transition into
two due to a drive on the |1) — |2) transition, or the Mollow
triplet [66], the splitting of the |0) — |1) transition into three
due to a drive on the |0) — |1) transition, in a setting with
frequency-dependent coupling.

Finally, it should also be possible to engineer a varying
anharmonicity. Remember from Fig. 2 that the Lamb shift
changes sign on resonance in the maximally symmetric case.
Positioning the |0) — |1) and |1) — |2) transition frequencies
on either side of the resonance would thus change the
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FIG. 5. (Color online) Enhancing multiphoton relaxation rates.
We plot the relaxation rate as a function of frequency for the
maximally symmetric case with N = 10 and an anharmonicity
—0.2x2mv/(xy — x1). The |1) — |0) and |2) — |1) transitions can
then be placed at relaxation rate minima, while the two-photon
process at w; 0/2 = (w;,0 + @,,1)/2 is at a maximum. Inset: Energy-
level diagram showing the transition frequencies.

anharmonicity. This is illustrated in Fig. 6. Note that we
have assumed the anharmonicity to be much larger than the
relaxation rate when deriving the master equation in Sec. II.
This means that the variation in the anharmonicity cannot be
large compared to the total anharmonicity.

V. POSSIBLE EXPERIMENTAL IMPLEMENTATIONS

Giant atoms with a number of discrete connection points
are not readily available in nature, but there seem to be at
least two straightforward ways to implement our system using
artificial atoms made out of superconducting circuits.

0.6]
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©
3

FIG. 6. (Color online) Varying the anharmonicity. The Lamb
shifts of the first (blue dotted line) and second (red dashed line)
transitions of the giant atom plotted together with their difference
(black solid line), the resulting change in anharmonicity, for the
maximally symmetric case with N = 10 and an anharmonicity of
—0.1x27v/(x; — x1).
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FIG. 7. (Color online) An example of an experimental imple-
mentation of our system, using a transmon coupled to SAWs. Adapted
from [13], with thanks to M. V. Gustafsson, T. Aref, and M. K.
Ekstrom for providing the images. (a) The lower blue part in the
center of the image is the two transmon islands. SAWs propagate
from left to right in the gap between the grounded yellow areas at the
edges of the image. The upper blue part is an electrical gate, enabling
1f excitation of the transmon. (b) Close-up of the transmon islands.
The green part in the center of the image is the SQUID connecting
the islands. (c) Close-up of the individual fingers of the transmon
capacitance. The distance between neighboring fingers (connection
points) is on the order of the SAW wavelength. The double-finger
structure used here reduces mechanical reflections.

A. Transmon coupled to SAW

The first implementation, which motivated this work, was
suggested in [14] and realized in [13]. Here, the giant artificial
atom is a transmon [15]. It is not coupled to propagating
microwave photons, as is the usual case, but it interacts instead
with phonons in the form of SAWs [16,17] propagating on a
piezoelectric substrate. The setup is illustrated in Fig. 7.

The interdigitated capacitance between the two islands
of the transmon forms a transducer which couples to the
SAWs. Due to the low SAW velocity, the distance between
neighboring fingers is on the order of wavelengths (A =
10~®m), realizing the necessary conditions for the physics
described in this paper. A large number of connection points
can easily be implemented.

From classical SAW theory [16,17] we know that there
are a number of transducer configurations possible, which
could implement particular frequency dependencies for the
relaxation rates of the transmon. Although the transition
frequency of the transmon is a few gigahertz, which is higher
than most industrial applications for SAWs, it should still be
possible to achieve the lithographic precision needed to fine-
tune distances between coupling points. To tune the coupling
strength for a connection point, one could add a thin layer of
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FIG. 8. (Color online) A sketch of a possible implementation
using an xmon coupled to a meandering transmission line. The
distance between coupling points can be set with great precision
by choosing the transmission line length, and the capacitive coupling
at each connection point can be tuned by designing the tips of the
fingers of the xmon island.

nonpiezoelectric material between the piezoelectric substrate
and the electrode finger of the transmon. The thickness of
this layer could be varied between fingers to achieve varying
coupling strengths.

Finally, we note that it is not clear for which finger widths
the approximation of pointlike connection points remains
valid.

B. Transmon coupled to meandering transmission line

The second possible implementation of a giant artificial
atom we foresee also uses a transmon. To be specific, it is
a variation of the transmon known as the xmon [18], and
it couples to an ordinary microwave transmission line. The
intended setup is sketched in Fig. 8.

The capacitive coupling between the transmission line and a
finger of the xmon island can be designed with good accuracy,
making possible large variations in relative coupling strengths
between connection points. Furthermore, the distance from
one connection point to the next can be made to be on the
order of wavelengths by meandering the transmission line to
fit it on a chip. This should give great precision in the control
of the phase shifts between connection points. The drawback
compared to the implementation with SAW is the size of the
system. It will likely be hard to fit hundreds of wavelengths
worth of transmission line on a single chip to investigate very
large values of N or connection-point distances.
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VI. CONCLUSION AND OUTLOOK

We have studied the physics of an atom coupled to a 1D
bosonic field at several connection points. The connection
points can be spaced far apart, making the atom large compared
to the wavelength of the field, an unusual situation which only
recently has been realized in an experiment [13]. We find that
both the strength of the coupling and the size of the Lamb
shift of the atom become frequency dependent and that the
dependence is determined by the discrete Fourier transform of
the connection-point coordinates.

We have discussed two possible experimental implementa-
tions of the system studied here. One is to couple a transmon
to SAWSs; another is to couple it to a meandering microwave
transmission line. In both cases, we can choose the coordinates
of the connection points with great precision, thus enabling
the design of a desired frequency dependence of the coupling
strength. Since we can design the couplings this way, we can
tune the ratio between the coupling strengths for transitions
at different frequencies. We show here that this can be
used to achieve tunable coupling, single-atom lasing, and
amplification of multiphoton processes. Other applications can
probably be found by comparison with classical SAW theory,
which has been widely used for different kinds of filters for
several decades [16,17].

In this work, we assumed that the relaxation time of the
atom was much longer than all other relevant time scales,
including the time it takes to travel from the first connection
point to the last. An interesting direction for future work is to
relax this assumption and investigate what happens when the
travel time is not negligible. This is reminiscent of an atom
placed far from a mirror, which has been studied before [54]
and should also connect to recent work on two atoms placed
far apart [37]. In particular, one could investigate the physics
of the atom interacting with a pulse which is shorter than the
travel time across the atom. In light of the recent interest in and
progress on the topic of ultrastrong coupling [67-73], it would
also be interesting to see what happens when the coupling at a
single connection point or the total coupling becomes non-
negligible compared to the atom frequency. Other possibilities
for future work include placing the giant atom in a cavity
and relaxing the assumption that signals travel instantaneously
from the connection point to the atom.
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APPENDIX A: DETAILED DERIVATION
OF THE MASTER EQUATION

In this appendix, we perform the full derivation of the
master equation given in Sec. IIB. We follow the stan-
dard procedure for tracing out the environment as given in
Refs. [38,39].
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The Hamiltonian is given in Eqgs. (1)—(4). Moving to the
interaction picture by transforming all operators according to

X(l) — ei<HA+HF)tXe_i(HA+HF)Z’ (Al)
we have the equation
Proc(t) = —i[Hi (1), pror(1)] (A2)

for the time evolution of py, the total density matrix for the
field, and the atom. Integrating this equation once, reinserting
the result, and then tracing over the field degrees of freedom
give

o) = Trp{ — i[H(1), fror(0)]

- /0 dr[ﬁ1(t),[ﬁz(f),ﬁml(f)]]}. (A3)

We now make the Born approximation, assuming the coupling
between the field and the atom to be weak enough and the
“bath” provided by a field large enough that the field remains
in a thermal equilibrium state: pp(t) = pp. Furthermore, we
make the Markov approximation that bath correlations decay
rapidly compared to the time scale of the atom evolution, so
0(t) can only be a function of p(#). Finally, also assuming the
field and the atom to be uncorrelated at time ¢ = 0, Eq. (A3)
reduces to

p1) = —/ dtTep{[H; (1), [Hi (1), p(1)pr 11} (A4)
0

For brevity, the interaction Hamiltonian is written in terms of
atom operators s and bath operators b,

H; = sb+sb' +s'b + sThT. (A5)

In the interaction picture, we identify
§(t) =) gnoe i omn, (A6)
b(t) =) larjAl(w)) + arjAlple ™', (A7)

J

where we have used the definitions from Eqs. (5)—(8). Inserting
this into Eq. (A4), we apply the RWA to eliminate all rapidly
rotating terms with ss and s'st. Using the notation (AB)r =
Trr(ABpr) and noting that (bb)r = (b'b')r = 0, we arrive
at

p(t) = — fo dt{[(b(1)b'(v)) r + (B ()b(0)) F1I5(1)5T (1)

+51(1)5(0)p — 5(0)psT (1) — §1(2)p3 ()]
+ UB(DB' (1)) (B (T)B(1)) F1LAS ()5 (1)+55T (T)5(2)
— 5(1p5(v) — 51(0p5 ()]} (A8)
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From Eq (A7) we calculate <ET(I)B(1’)>F =2 Z |A(Cl)j)|27’_l(a)j,T)@iw‘f(tir), (All)

(BB (D) F =2 |A(@)P[1 + Alw;, T)le 0, J
! BB F =2 |Alw)) A(w;, T)e ™, (A12)

(A9) j

N _ N " iw;(t—1)
(b)) F = ZZ [A(@)I"[1 +A(w;,T)le e where 7i(w;,T) is the number of excitations in mode j at
J temperature 7' as defined in Eq. (11). Inserting these results
(A10) into Eq. (A8), using the full expressions for s and b gives
|
p) =2 gulAw)) / dr[{[1 + fi(w;, T)]e™ ™ +ii(w;, T)e' 1"~}

j.m
—i@p1.m(t—T) m__m x iwy1m(t—T) m =~ _m i@y m(t—7) mx _mx _ —i@ns1m(—1)
X (O' O’ ,06‘ m+1,m +O' o™ petOnttm —o"pole m+1,m — o} po’ pe m+1,m )

{1+ i@, T 4 fi(w;, T)e 00}

m i@mt1,m(t—1) x m M, —iwy 1w (f—T)
e + po o’ e

x (/3011(7 _ Uinﬁafeflwmﬂ,m(t*f)

o po_melmerlm(t I))] (A13)

Here, we have assumed the anharmonicity of the atom to be large compared to the inverse time scale of the atom relaxation,
allowing us to use the RWA to eliminate terms containing ¢ and ajr”/ with m # m’. We now make the change of variables
t' =t — 1. Since we are interested in time scales 7 3> 1/w,,+1.m, We can extend the upper integration limit in the ¢’ integral to
infinity. We also replace the sum over j with an integral over w, including the density of states J(w), giving

(t)—Zng/ doJ(w)|A(w)|? / dt'(e7 ' Cetoman) (e, TY(—o™ o o fo™) + [1+i(w, T)(—po " o™ + o™ o)}
0

+e e (@, TY (=02 0 p + o o) + [1 + iiw, T(=po" o} + ol o)}
+ e T[] 4w, TH(=0 0 p + o poi) + ii(w, T)(—po” ol + o'l po™))}

+ e @t 11 4 fi(w, T(—=a™ 0" 5 + o po™) + ii(w, T)(—po o™ + o™ po™)}). (Al4)
Then, making use of the identity
f dte " = 78(w) — iP <—) , (A15)
0 w
where P denotes principal value, we get after some work
(1) = 2Zg31{nJ(wm+1,m)|A(wm+1,m)|2[(—paro'" +o"pol' —ol'e"p+ 0" pol)
+ 1 @mi1m TI—0"0)'p + 0 po” — pollo” + o pol' — oo p + o poll — po’ ol + ol po)]
J(w) | A(w))?
+P/ @) |A(@)] —I(= ﬁm111+o_ p0++(7+0',0—0' :004,_)
(1) WDm+1,m
+i(w,T)—c"cl'p + o' po” — pol'c” + o pol +ol'c” p — o pol! + po’ o} — o' po)]
SJ@IA@P m_m o m
* P./ a) + Omt1,m [(_pamajrn * G+ pa o G+p - UJTPCL)
+i(w,T)—=o)c"p + o pol' — po’oll + ol po” + 0"l p — o' po” + poc"” — o ,00+)]}
= 22 2 <2nJ<wm+1 ) A@us1 )L+ A(@ng1 . TIDIO™ 15 + (@41, VD01 5}
J(w)lA(w)|2 _ - -
+ 7’/ — {1 + (o, D)l lIm + 1)(m + 1|, 5] — ii(w,T) [|m)(m|, 51}
(1) WDm+1,m
JS@lA@P S 5
+ 7’/ a) ° ——{[1 + A(w, D] [Im)(m|,p] — iil(w,T) [|m + 1)(m + 1], 5]} ), (A16)
m+1,m
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where we have introduced the notation D [X]p = XpXT —
1X'Xp — 1pX'X. Transforming back from the interaction
picture and collecting terms yields the result given in Egs. (9)—
(12).

Asnoted in the main text, the Lamb shift in Eq. (12) diverges
linearly for a small atom when J(w) is Ohmic. Bethe showed
in the original calculation of the Lamb shift [41] how this can
be remedied. Introducing the notationg = )", gu(c” + o),
which in the case of a transmon is related to the charge on the
island, note that Eq. (12) in the limit of negligible temperature
can be written

Ay

_27>/ doJ (@) |A))? Z mlglm) P

+ wn m

—2P f dwJ ()| A(w)|?
0

2
8 Em—
X ( m 4 m—1 )
w + Dm+1,m @ — Wy,m—1

However, the renormalized electrostatic energy contribution
from the atom, given by g2, should already be incorporated in
wy,,. Thus we need to subtract

(A17)

o0 2
Al = 2P / dod (@) Alw)? M9
0 w

o0 2 2
—273/ dod (@) | A S8t A
0 w

from A,,. The result is the renormalized Lamb shift given in
Eq. (13).

APPENDIX B: DETAILS OF THE (S, L, H) CALCULATIONS
1. Overview of (S,L,H)

In this appendix, we do calculations in the (S,L,H)
formalism for cascaded quantum systems [62,63]. We first
give a brief overview of the rules used in this formalism,
following the Supplemental Material in [74]. Each (S,L,H)
triplet represents a quantum system with a scattering matrix
S, coupling operators forming a vector L, and a Hamiltonian
H. There is a concatenation product H (stacking channels)
and a series product < (feeding output from one system into
another):

GGy = (Sle,Sle + L,,H, + H,

1 .
+ Z(Lgsle — L{sszz)), (B1)

G2EEGI:(<% ;),(“) H2+H1> (B2)

T~he~re i§ also arule for the feedback operation [(S,L, H)]x—; =
(S,L,H), which represents feeding the kth output of a system
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into the /th input of the same system. The result is

Si

Sk—1,1
(

Set 1— S

§ = Suyn+

Sn,l

X (S v Ski—1 Skt - Skon), (B3)

1— S 'Ly, (B4)
Sn,l

~ 1 - ~1
H=H+ Z ;L}Sj’l (1 - Sk,l) L,—Hec. |,

(BS)

where Sy, ;1 and Ly are the original scattering matrix and
coupling vector with row k and column / removed.
Once we have the (S, L, H) triplet for our total system,

G=|s|:|H]| (B6)
Ll‘l

we can extract the master equation for the total system as

p=—ilHpl+) DILilp. (B7)
i=l

The output from port i of the system is simply given by (L;).

2. Giant atom

We begin by assigning a triplet for each connection point
and each propagation direction. The coupling strength at
connection point k is denoted y4, and the phase shift between
connection points k and k + 1 is ¢ = w; 0(xx+1 — xx)/v. We
only consider the case of a two-level atom to begin with. The
phase shifts are accounted for by feeding the output from
one connection point through a triplet G4 = (e'%,0,0) before
using it as the input at the next connection point.

We will first look at the right- and left-traveling waves
separately and then combine the results. The triplet for the
right-traveling wave at connection point k is

Yi/20-,0), (B8)

except for k = 1, where we also add the Hamiltonian %az.
We are working in a rotating frame where A = w9 — w,
is the detuning of the atom from some probe frequency w),

we are interested in. Now, for N = 2 the total triplet for the

Gre = (1,

013837-10
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right-traveling waves can be written

Gr o2 = (G, <G 1) B Gralis2

<ei¢1 0) N yif20-\ A

= ) y ~ 0z

O U\ vni2eo )27/,
= (eid",( va/2+ e /yi1/2o_,

1
EUZ (A +

Iterating this process gives the triplet for N = 3,

1
VN2 sin(¢; ))) . (B9)

Grio3=[(Gp,<GRruor2) BGrs], _,
= () (Vya /24612 24Py )2)o
Lo {A + Jyrayisin(@r) + /7372 sin(gn)
+J/V3y1sin(ds + ¢1)1}). (B10)

and by induction we arrive at the triplet for general N,

. A+ LBUy:.b;
GR,tot,N = (el¢zsAR({ykt¢k})67MGz>s

2
(B11)
where we have defined
N-1
¢r =) b (B12)
k=1
Ar(ye. ) = Vyw /2 + €9 yn_1/2
+ £ ON-1F¢n-2) YN_2/2+ -
+ ei(¢N—I+"'+¢)I) Vl/z
N N—1
=D Vrvi/2exp (i) ¢;|. (BI3)
j=1 k=j
N-1
B{yi.¢u) = Y J/¥i¥is1sin(@;)
j=1
N-2
+ stm(‘ﬁj + @)+
j=1
2 J+N=2
+ Z\/Vﬂ/jwv—l sin Z of
j=1 k=j
N—1N—i jti—1
= Vvivisisin[ Y g (B14)
i=1 j=1 k=j

We now turn to the left-traveling waves. The triplet for the
left-traveling wave at connection point & is
G = (1,

Yi/20-,0). (B15)
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Now, for N = 2 the total triplet for the left-traveling waves
can be written

Grio2 =[(Gp, <G ) BGri]is2

(e“‘" 0) e" /20

= , ,0

0 1 Vyi/20- s
= (eid" /24"y /2o,

1 1
0 (5«/1/1)/2 sin(¢1)>> . (B16)

Carrying through the same procedure as for the right-traveling
waves, we arrive at

A+ %B({Vjvd)j})a )
2 )

GprioN = <€i¢Z,AL({Vk,¢k})0—,
(B17)

where

ALVt = Vi /2 + €9y 2 + 6 @TD [y )2
4+ 4 el @i tton-1) vn/2

N j—1
=D _Vril2exp (z‘Z@) :
j=1 k=1

Adding the left- and right-traveling waves, we thus have for
general N the total triplet

(B18)

Giot,n = GRrioon BGL jor,n

_ ((€i¢2 0 ) (AR({Vjv¢j})U)
0 ) \AL(yj.0;D0-)’

+ By 9D\ B19)
2 z
‘We note that
AL = (Age™ %), (B20)
Ag = (Ape™0m)yx, (B21)

which entails |A;|?> = |Ag|?, and thus the relaxation rate,
given in Eq. (15), has the same frequency dependence as we
saw from the derivation in Appendix A. We also note that, here,
we got a more explicit formula for the Lamb shift, B({y;,¢,}),
but it is equivalent to the result in Appendix A with the added
assumptions of negligible temperature, constant density of
states J(w) = J(w;,0), RWA on the level of the Hamiltonian,
and extension of the lower integration limit in the w integral
to —o0.

To extend the calculations to a multilevel giant atom, we
need to add new channels for the higher transitions. However,
since we assume large enough anharmonicity to avoid cross
talk between transitions, we can basically just reuse the result
we just derived, taking into account the fact that the coupling
increases with a factor g,, for higher transitions. The result is
still in agreement with that of Appendix A.
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3. Giant atom in front of a mirror

An interesting setup which is easily handled in the
(S,L,H) formalism is that of a giant atom placed in front
of a mirror. Assuming that the mirror is close enough to
the atom for travel times to be negligible, we can use

J

ol (@s+m) 0

G mirror = [(Gd)M HI1)<Gli-2 = (( 0 eiv=

. . 1 .
= (e’@‘l’f*W%[AL({y,-,asj}) + P ARy, 0 Dlo—. so.[A + B({y;.0,D) + Im(Aée'¢M)]).

We thus have a modified relaxation rate

Tio=I1Ar{y;.¢;}) + P Ar({y;,¢; DI

PHYSICAL REVIEW A 90, 013837 (2014)

the triplet from Eq. (B19) and modify it to our current
situation by feeding the output from port 1 through a phase
shift ¢, (representing the phase accumulated traveling to
the mirror and back) and then feeding it back through
port 2:

ALy ¢jho- 2

) (awAR(mm)a) w)
1—-2

5 (B22)

(B23)

and an addition of Im(A%ee’”’M) to the Lamb shift, both depending on the relation between the distance to the mirror and the

transition frequency (giving the phase shift ¢/).
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