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Abstract. In this work, we theoretically analyze a circuit quantum
electrodynamics design where propagating quantum microwaves interact with a
single artificial atom, a single Cooper-pair box. In particular, we derive a master
equation in the so-called transmon regime, including coherent drives. Inspired by
recent experiments, we then apply the master equation to describe the dynamics
in both a two-level and a three-level approximation of the atom. In the two-level
case, we also discuss how to measure photon antibunching in the reflected field
and how it is affected by finite temperature and finite detection bandwidth.
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1. Introduction

In recent years, the field of circuit quantum electrodynamics (circuit QED) [1, 2] has become
one of the most promising platforms in the study of light—matter interaction. One of the most
important breakthroughs in this field was the achievement of a strong coupling between light
and matter, or microwave photons and Josephson-based artificial atoms [3, 4]. Since then, many
experiments have been carried out within the framework of superconducting circuits [5-9],
revealing a wide variety of novel quantum phenomena. Most of these experiments share
a common feature, namely the interaction between artificial atoms and isolated modes of
the electromagnetic field in a cavity. Within circuit QED, there is now growing interest in
studying propagating fields interacting with artificial atoms, owing to, e.g., its potential interest
for condensed matter [10] and all-optical quantum information [11]. Theoretically, coherent
coupling between an atom or superconducting qubit and a one-dimensional continuum of modes
has been discussed for some time [12—17], and there exist now a growing number of experiments
investigating this system in a circuit QED setup [18-25].

In this paper, we report on an in-depth microscopic description of the coherent coupling
between a field propagating through an open transmission line (TL) and a superconducting
artificial atom based on the single Cooper-pair box (SCB) [26—32]. In more detail, we analyze
the so-called transmon regime [8, 33] and study the photon transport properties of this system
according to different approximations. On the one hand, in the two-level approximation and
under certain conditions, the qubit behaves like a saturable mirror [12, 13]. On the other hand,
by including a second excited state of the transmon, we can effectively make the medium
transparent for the incident photons using a coherent control field in resonance with this second
transition. Finally, we also discuss how the photon antibunching observed in the reflected field
is reduced by finite temperature and finite detection bandwidth. Our theoretical predictions are
in full agreement with recent experiments [22, 23, 25].

New Journal of Physics 15 (2013) 035009 (http://www.njp.org/)


http://www.njp.org/

3 I0P Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT
AXL, AXL, AXL,
o @, S o @,
— Y YN YN

.

Co
S S .
J~J

Figure 1. Discretized circuit describing the interaction of an SCB with
microwaves photons propagating in a semi-infinite TL.

This paper is organized as follows. In section 2, we derive the master equation of an SCB
coupled to an open TL. In section 2.1, we start from a discretized lumped-element description
of the TL and in section 2.2 we proceed to the continuum description. In section 2.3, we discuss
the regime where the system can be described as an SCB weakly coupled to the voltage of the
TL, at the coupling point. We thus arrive at the Hamiltonian of a voltage-biased SCB, weakly
coupled to a bath of harmonic oscillators, i.e. the electromagnetic modes of the TL. Making
standard weak coupling approximations, we then derive a master equation in Lindblad form
in section 2.4 and attach a coherent drive in section 2.5. For simplicity, we go through these
derivations considering an SCB at the end of a semi-infinite TL, but in section 2.6 we discuss
how the master equation can be straightforwardly extended to an arbitrary number of semi-
inifinte TLs, all meeting at the SCB. In particular, this includes the important case of a single
infinite TL.

In section 3, we then apply the master equation to a few experimentally relevant
cases [22, 23]. Section 3.1 is devoted to the reflection and transmission of a single near resonant
coherent drive, while section 3.2 includes two coherent drives, where one is used to control the
transmission of the other. Finally in section 3.3, we investigate how the photon antibunching
observed in the reflected field is influenced by finite temperature and finite detection bandwidth.

2. The model

In this section, we present a general formalism of the light—matter scattering in a one-
dimensional continuum from a microscopic point of view. We start from a Hamiltonian
description, arriving at the well-known input—output relations for the microwave field. We
then follow the usual approach [34] to describe the joint state of the light-matter system by
introducing dissipation, resulting in the standard quantum optical master equation.

2.1. The discrete circuit model, Hamiltonian and equations of motion

Consider a semi-infinite TL. with characteristic inductance L, and capacitance C, per unit
length. We discretize the TL [35] in units of the small length Ax, which we take to zero at the
end of the calculation. The TL nodes are numbered with negative integers, while the SCB island
node has index J and its Josephson junction has a capacitance C; to ground and a Josephson
energy Ej. The SCB is coupled to the TL at the zeroth node, through the capacitance C., as
depicted in figure 1.

To describe the circuit dynamics, we use the node fluxes ®,(¢) = f " dr'v, (") as
coordinates [36]. They are the time integrals of the node voltages and although less intuitive than
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the voltages, this choice greatly simplifies the description of the Josephson junction. Starting
from a circuit Lagrangian, we can derive the discrete circuit Hamiltonian [37]

+p)® P 2 1 r L (@Pu — @)
Hd:(po P)” . Py T s— 3 Po (Puu ) W
2C; 2C, h Ax —~ 2C, 2L

n<0

where the charges p, are the conjugate momenta to the node fluxes ®,, fulfilling the canonical
commutation relations

[CDOU pﬂ] = ih8a,,3’ [qDO(’ qD,B] = [pou pﬁ] = 09

where §, g denotes Kronecker’s delta. From the Hamiltonian, we obtain Heisenberg’s equations
of motion for the TL operators (n < 0)

Dn q)n—l - 2q>n + q)n+1
athn = < atpn = (2)
AxCy Ax Ly
and for the SCB operators
N 3)
lpO - A_XLO ’
po+tpr po _ Cs P
0, Py = +—= +—, 4
1 Po C, C. C.C; Po C, “4)
5 £ 2e . [2e ® 5)
=—FE;—sin| — ,
1Py J 7 7 J
Pot Dy
0, Py = , 6
' Dy c (6)

where Cy = C, + Cj.

2.2. Continuum limit

In the continuum limit Ax — 0, the charge of each TL node will go to zero together with the
node capacitance. Thus, we define a charge density field p(x,, ) = p,(¢)/Ax and a flux field
®(x,,t) = d,(t), where we define the spatial coordinate x, = nAx for n < 0, along the TL.
The continuum equations of motion for the TL (x < 0) are

2
ROW 4 gy 2 PO,
Ly Co

These are the equations of motion for the massless Klein—Gordon field, having freely
propagating left- and right- moving solutions with velocity v = 1/4/LyC,. Therefore, we can
write the general solution for x < 0 as a linear combination of right- and left- moving second-
quantized fields

hZ * d .
bo(x,1) =,/ =0 / hacd (a;)_e_‘(‘“’?kwx) +h.c.) ,
4 0 «/5
hZy [ .
pe(x, 1) = —iy/ 4_710 /(; dovo (a5 e @9 —hc),
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where k, =w/v and Zy,=./Lo/Cy is the characteristic impedance of the TL. The
operators .’ annihilate a left/right-moving photon with frequency w, and obey the bosonic
canonical commutation relations, [a;, (a5) 1 =1[a,, (a;))'1=8(w— &) and [a, (a,)'] =
laZ, af] = (. Finally, we note that in the continuum limit, (3) changes into
9, P(07)

L ©)

0;po=—

To describe the system dynamics, we first need to specify the incoming, right-moving
field

(1) = b (07, 1).

Given this initial condition, we can then calculate the SCB dynamics, as well as the outgoing
field

(1) =D (07, 1),

propagating to the left in the line. The flux at x = 0 is simply the sum of the incoming and
outgoing flux fields

Do(t) = D0, 1) = O"(r) + D™(r) + Vet (10)

where for simplicity we also explicitly extracted the dc voltage bias V., implying that & and
®°" have no dc components. Now, solving for p, from (4) gives

C.Cy ; Ce
= Ve +0,(P" + @) | —
Cs [ d t( )] Cs

and inserting this expression into (6), we arrive at

Po ps (11)

+C, [ Ve + 0, (D™ + POUt
9,d; = Pi [ d i )] (12)
Cs
We then insert @, from (10) in (13) and arrive at
9, P07) 3, (P" — ™)
Lo Zy

; (13)

8tP0:_

where we used the relation 9,®—(0") = Fv~'3,®~(0") to change the spatial derivative into a
time derivative. Inserting the expression for py from (11) into the left-hand side of this equation
and integrating once with respect to time leads to

. Cc .
qDOUt ="+ ZOC—pJ — tRCBI(CD'“ + (Dout)’ (14)
D)

where the time tgc = C.C;Z,/ Cy is the characteristic RC time for discharging the SCB through
the TL. Equations (5), (12) and (14), in principle, give the full time evolution of the SCB
operators ®; and p; as well as the out-field, in terms of the in-field. However, to solve these
nonlinear equations straightforwardly, we need to make some approximations.
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2.3. Voltage-biased single Cooper-pair box approximation

In the following, we will neglect the last term in (14). Since the time derivative enters the product
with tgc, this will be a good approximation as long as the relevant frequencies of the incoming
field @™ and of the SCB dynamics (p;) are much lower than the inverse RC time. Under this
approximation, the final equations of motion are

P+ Ce (Vae +28,0+ 250,

0,d; = , 15
t¥] CE ( )
2e 2e

d = —F;—si — &5 ), 16

t Py J 7 sim ( 7 J) (16)
out in TRC

O™ =" + —py. (17)
(&

Here we also note that this approximation is valid in recent experiments [22, 23], where Z, =
502, C. ~ 10fF and C; ~ 25fF, giving an inverse RC timescale of 1/(2mwtrc) ~ 400 GHz,
which is around 50 times higher than the relevant frequency of ®™ and pj, set by the qubit
frequency ~7.5 GHz.

The above set of equations (15)—(17) corresponds to the Hamiltonian

H= Hsys + Hiye + Hpan, (18)
[pJ + Cc Vdc]2 2e
Hsys = T — EJ COS ECD] , (19)
C. _
Hint = C_(pJ + Cchc)ath(O s t)’ (20)
h)

21

_ 2 0 ) )
Hygy = L PO )] +/ P 1000 0P

2Cs o 2Co 2Ly

Thus, we have arrived at the Hamiltonian of a voltage-biased SCB, weakly coupled to the
TL voltage at x =0, i.e. V() = 9,P((¢). (Here, we note that for the uncoupled TL, without
SCB, ®((t) =2®"(¢) due to the perfect reflection.) Truncating the Hilbert space of Hgy to
two levels, (18) is just the spin-boson Hamiltonian. From this point, we can proceed with
a Bloch—Redfield derivation of a master equation for the SCB only [38]. By comparing to
section 3.2 in [34], we also note that the equations of motion (15)—(16) can be interpreted as
quantum Langevin equations (QLE) of the form

1 1

V= [Hyo, Y1+ 2y X = 2/y0A™ [X, Y., (22)
whereas (17) stands for the input—output relation
A%() = AM(r) — \/ZX(t) (23)
v
using the identifications ¥ = ®j, X = —(py+ C. V), A™ = /Cy®™ and where
C.\
=Zy| — 24
14 0 < Cz) (24)

is the damping constant that accounts for spontaneous emission.
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2.4. Master equation

From the QLE (22), we can derive a master equation for the reduced density matrix of the SCB
in the transmon regime. As the input field, we first consider a thermal background at temperature
T, giving rise to a photon occupation number of

1
~exp (hw/kgT) —1"

We assume that the density matrix initially can be written as a direct product, as well as
Markovian properties and short correlation times for the TL variables. In the case when the
damping (24) is much smaller than the system eigenenergies, we arrive, after also employing
the rotating wave approximation, at the following quantum optical master equation,

Ny

(25)

51 = —1H 2y DX~ D(X* 26
PO == sys,p]+72mjwm[<nwm+ YD(X;,)p +1,, D(X5)p] (26)

with the Lindblad operator defined by D(c)p = cpc’ — 3 (c'ep+pcfe). Also, X has been
decomposed into eigenoperators of Hgy,

[Hys, X, | = £ho.X,,, o, >0, (27)

which is always possible as long as the eigenstates of H,ys form a complete set.
Projecting the master equation onto the SCB eigenstates [i), Hgyli) = wili) (i €
{0, 1,2, ...}), we arrive at the following equation for the diagonal elements,

Pii =eri,0jj—rij/0ii, (28)
JF#i
where the relaxation (w;; = w; — wy > 0 ) rates are
2y

Ly = iy (1m0, LGIX 1) P (29)

and the excitation (w;; < 0) rates are

2 . .
Ly = Loy, | 61 X 1)) 1 0

Noting that X = —(p;+C.Vy4.) is the charge operator, the matrix elements can be
calculated numerically from the SCB Hamiltonian in (19). Denoting the SCB charging energy
by Ec = e?/2Cy, the transmon regime is found for Ej > Ec [33]. Here, the SCB spectrum
approaches a linear oscillator with the junction plasma frequency w, = «/8E;Ec/h, and the
charge operator asymptotically couples only neighboring eigenstates [33]. We find the non-zero
relaxation rates

) LEy Zy
F(j+1)j:7'[(]+1)l( ——(1+I’lwp) (31)
h Rg
and excitation rates
. ,Ey Z
Loy =7+ De"——=ng, (32)
h Rg
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where Ry =h/e? ~25kQ denotes the quantum of resistance. The off-diagonal (i # j)
elements are subject to a pure exponential decay,

Pij = —VijPij (33)

with dephasing rates

. o1
I at J . .
vy =Tp+Ti+5 ZF”‘+ZF’k : (34)
ki k#j
equal to half the sum of all rates for transitions from states |i) and |j), as well as the pure
dephasing rates

2)/ kB T
k 2
= ——|(k| X |k)|".
b= S HkIX k)]

The pure dephasing rates depend on the dc voltage, through the SCB spectrum, according to

r (35)

e |dwi(ny)
[kIXIR)] = 5 e
C

; (36)

ong

where n, = C.Vy./2e is the dimensionless gate charge of the SCB. In the transmon regime the
spectrum is well approximated by

wp(ng) = wp(ng = 1/4) — 6—2" cos (27ny), (37)
where
24k+5 2 E §+%
e~ (—1)'Ec \/j e (38)
k! VYV \2Ec
giving a maximum thermal pure dephasing rate (for n, = £1/4) of
Zo kaT ° | & |
max Tk = 220 B2 T ) S (39)
Rk h 8 |Ec

Here, we also note that in addition to small-amplitude thermal charge noise there can also
be a slow but large-amplitude charge drift. In some cases, the effect of this drift can be taken
into account by averaging over the range of transition frequencies involved. In the transmon
regime, for the transition from |k) to |k + 1) this is given by €, — €; X €441.

2.5. Coherent drive

In the next section, we will examine the scattering of coherent signals on the transmon in the
two-level and three-level approximations. To include a coherent drive in the description, we
take the input field ®™(¢) to consist of a classical part ®(¢) on top of the thermal background.
Deriving the master equation for this case, it turns out that (26) is modified by adding the
following time-dependent term to the system Hamiltonian,

Hy(t) = -2 \/zcbi;;(t)x. (40)
Zy
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Figure 2. (a) Discretized circuit describing the interaction of an SCB with
microwave photons propagating in an infinite TL. (b) Generalization of the
input—output formalism to an arbitrary number of ports connected by an artificial
atom.

2.6. Adding more transmission lines

In this section, we generalize the above master equation by adding more semi-infinite TLs to
the SCB. First, by adding one more semi-infinite line, we arrive at the important case of an SCB
capacitively coupled to an infinite TL. The discretized circuit is shown in figure 2(a), and the
corresponding Hamiltonian is obtained from (1) by adding the TL terms for x > 0

1 pi (i — D)2
H =H;+— L4 ) 41
47T Ay Z(zco 2Ly “h

i>0

From a similar analysis as that above, we arrive at exactly the same master equation for the
transmon’s reduced density matrix, with the replacements

. 1 . . Zo C.Cy Zy ( C. 2
(Dll'l [ @11’1 + (Dll'l , — , - ¢ 42
) ( L R) TRC ) CE 14 2 ( CE) ( )
and the output fields are obtained from
Y = Py + (tre/Cr) Py (43)

We note that the damping constant y as well as the RC time tg¢ are both halved compared to the
semi-infinite case, since the impedance to ground is halved to Z;/2. The in-field is the sum of
the fields incoming from the left and right, but compared to the semi-infinite case the coupling
coefficient is halved, since there is (almost) no reflection at x = 0. Indeed, for a more general
scenario with N symmetrically coupled incident fields, as illustrated in figure 2(b), the mapping
would be

1 . Zo C.Cy Zo { C\*
o — — Ppin = , N 44
> =y V=Y ( CZ) (44)
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and using the relation @y = ®" + ™ (Vn), the output fields are given as

N
. 2 . 2 .
M = Py — PN = <N_1> q);n_'_fg_cpj_i_ﬁ E D, (45)
J
m#n

3. Applications: scattering by the transmon

3.1. Two-level dynamics

In this section, we examine the scattering of coherent signals on the transmon in an open TL.
The input field is a constant coherent signal with a single frequency w,, close to resonance with
the first transition frequency wjo of the transmon. Thus, we can safely describe the transmon as
a two-level system. The master equation is given by (26) with a coherent drive and generalized
to the case of an infinite TL (see sections 2.5 and 2.6), in the special case of only one system
eigenfrequency wo. Moreover, we include an additional term due to pure dephasing, so that
the total dephasing rates are given by (34). We represent our operators by the following Pauli
matrices (using the notation X;; = (i| X|j)):

Hy, = —h%az, X* = [ X glo . (46)
Below, we will determine reflection and transmission coefficients for coherent signals scattered
on the transmon. In the previous section, the incoming and outgoing fields were described in
terms of the flux, since that gives a simpler description of the transmon. However, the voltage
is a more intuitive quantity than the flux and is also usually what is measured in experiments.
Therefore, in this section, we will describe the inputs and outputs in terms of the voltage.

We consider an incoming coherent voltage field,

Vi"(t) = Q, sinwyt, (47)
impinging on the transmon from the left. For simplicity, we set the temperature to zero

(4, = 0). The reflected voltage field is the output to the left of the transmon. Using (42)
and (43), we have

Zo .
V() = —/ %(X(m, (48)

where the expectation value can be written as

(X (1)) =iwio ((XH(1)) — (X~ (1)) = —wi0| X10l{0™). (49)
Inserting (49) into (48) yields
1
Ve (e) = 7V hwooZo(o") = v hwiol0ZoRe [por], (50)

where pg; is a density matrix element in the transmon eigenbasis.

To solve the master equation, we perform a unitary transformation to a frame rotating
with the driving frequency w,. In this frame, the equation becomes time independent after
employing the rotating-wave approximation. Solving the equation in the steady state (p = 0)
and transforming back to the non-rotaing frame yields the following expression for the desired
density matrix element,

1 Vhwl'oZo (A+iy) 2, eyt

- 5 ha)l()Z()‘}/lzo + ha)lOZOA2 + leQ%

Po1 : G
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0
A
I

Figure 3. Reflectance R (red) and transmittance 7 (blue) for a two-level
transmon as a function of detuning, with the average number of incoming
photons per interaction time being N;,/(I'yo/2m) = 0.01.

where A = w, — w) is the detuning. Now, plugging this expression into (50) results in

: A
Q  SInwpl — —— COS Wp!
out _ _""r Y10
O == (52)
Fio * Tovio Iio

where N, = Qg /(2Zohwp) 1s the average number of incoming photons per second. Thus, the
reflection coefficient for the negative frequency part of the field is given by

1—is

r=—ry 2y'° , (53)
1+ (A> +2 8
Y10 Y10

with ro = I'19/2y)0. For the transmitted field, (43) yields

out in )/Z() ¢
Ve () =V(1) =/ T(X(t)) (54)

which directly gives us the following expression for the transmission coefficient:

2
1 —ro+ (A) + 2N 4y A
Y10 Y10 Y10

2
1+ <A> + 28

Y10 Y10

In figure 3, we plot the reflectance R = |r|*> and transmittance T = |¢|* as a function of the

detuning, in the case of a weak input signal and no pure dephasing. For a resonant drive (A = 0),
we see that perfect reflection is approached, in agreement with [12, 13, 39].

t=1+r=

(55)

3.2. Three-level dynamics

In section 3.1, we showed that a low-amplitude input signal is totally reflected when it
resonantly scatters off a transmon in the two-level approximation. In this section, we instead
study the scattering off of a transmon in the three-level approximation. By strongly driving the
second transition, the transmon becomes transparent to frequencies in resonance with the first

New Journal of Physics 15 (2013) 035009 (http://www.njp.org/)
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Q. w, = 12
ANN> le | Iwzl
W
Qp,wp | 1)
AVaVaV 2 T K% T
- 10)

Figure 4. Internal levels of the transmon in the three-level approximation.
A strong control field drives the |1) — |2) transition, rendering a transparency
for the |0) — |1) transition.

transition. This effect is due to the Autler—Townes splitting and has been observed in recent
experiments [22].

We consider an incoming voltage field from the left, consisting of a probe field €2, sin w,?
close to resonance with the first transition (with detuning A, = w, — ;o) and a control field
Q. sin w.t close to resonance with the second transition (with detuning A, = w. — w,). Figure 4
shows the energy levels of the transmon in this approximation. In the transmon eigenbasis, the
relevant operators are (with the ground state energy w, = 0)

2
Hyo=1Y ;i) (il (56)
i=1

2
X =1 |Xie-pl(of —07) (57)
i=1

with o =i)(i — 1| and 0, = (a,.”)*. In the same way as in the two-level case ((49)—(50)), we
obtain the following expression for the reflected signal:

Z
ANOEENE= (O Zﬁwm vZoTra—n(0}), (58)

with 0 = 0;"+0; . Thus, the reflected field consists of one part with frequencies around the
probe frequency w, and one part with frequencies around the control frequency .. Since we
are interested in the reflectance and transmittance properties of the probe, we concentrate on the
corresponding part of the reflected field

1
Vpref(l) =5V hwZolo(o) ) = VhwinZoI' 10Re(p10). (59)

The master equation is given by (26) for the case of two system eigenfrequencies, again with
a coherent drive and generalized to the case of an infinite TL (see sections 2.5 and 2.6). Also,
terms accounting for pure dephasing are added. To transform the master equation into a time-
independent picture, we use the following unitary transformation matrix,

1 0 0
Ut)=[0 e i 0 (60)
0 0 e—i(a)p+wc)t
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Figure 5. (a) Transmittance 7, of the probe as a function of detuning for three dif-
ferent control field strengths: N /(I'jo/(2m)) =0.01 (red), N, /(I'1o/(2m)) =1
(blue) and N /(T"9/(2m)) = 8 (green). (b) Transmittance as a function of the
control field strength for a resonant probe field (A, = 0).

and employ the rotating-wave approximation. As before, we solve the master equation in the
steady state to determine p;(, but we now consider two different cases.

Firstly, by setting €2, = 0, we recover exactly the same expression for the reflected field as
in the two-level case. Thus, with the control field turned off, we see almost full reflection for
weak probe fields in resonance with the first transition frequency of the transmon.

Secondly, we consider the case of a strong control field (2. > €2,). Solving the master
equation and expanding pi to first order in (£2,/€2.), we obtain the following expression:

o 2ihwy Zy hal:li)OZo (0 —i(Ac+A,)) 2,

P10 = T o Zo (0 —14,) (y20 —1(Ac+ Ap)) + Ty Q22

et | (61)

Inserting (61) into (59), we can determine the reflection coefficient. For a resonant control field
(A. =0), the result is
AT ()/220 + Aﬁ) (VlO - iAp) + 100 (]/2() + iAp) Nicn

__ , (62)
" T AR+ A2) (12 + A2) 4T (yioym — A2) NE + T2 N2

where N& = Q2/(2Zohw,)) is the average number of incoming photons per second in the control
field. The transmission coefficient is again given by t = 1 +r. Figure 5 shows the transmittance
T = |t)* for different probe detunings and control field strengths. In these plots, we have
neglected pure dephasing and used (29) to express I'5; in terms of I'yg.

We can clearly see that, for strong control fields, the transmittance of a resonant probe
approaches unity. Thus, by turning on and off a strong resonant control field, we can switch
between the cases of full transmission and full reflection for the resonant probe.

3.3. Second-order correlations

In a recent experiment [23], the second-order statistics of the field scattered off a transmon was
measured. In this section, inspired by the experiment, we analyze the second-order correlation
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Figure 6. Schematic model of a transmon cascaded with a resonator. The
circulator prevents the field reflected from the resonator to reach the transmon.
Using input port 1 (2), the output is the filtered transmitted (reflected) signal.

functions in our system. The normalized second-order correlation function is in the steady state
given as [40]
+ + - -
2O (1) = (V¥@)v (tjt)v_ (t +2‘L')V (1)) 63)
(V+(@)V=(@))

and is proportional to the conditional probability of detecting a photon at time 7 + 7, given that
one was detected at time ¢. Here, V*(¢) are the positive and negative frequency parts of the
voltage field.

We calculate g¥(t) for the transmitted and reflected fields from a transmon driven by
a resonant coherent signal. We treat the transmon as a two-level system and use the same
notation as in section 3.1. To be able to compare with the experiments in [23], we perform the
calculations for finite temperatures and a finite detection bandwidth on the output signal. For
zero temperature and infinite bandwidth, we recover the results of [41]: perfect antibunching in
the reflected field and bunching in the transmitted field.

Including the effect of a finite detection bandwidth is straighforward by including a filter
in the calculations. The approach we have taken is to model the filter by a single-mode TL
resonator in resonance with the transmon, with the Hamiltonian

H,.s = hwya'a (64)

and cascade it with the transmon. We start from the QLE (22) for the transmon, generalized
to the case of an infinite TL (see section 2.6), and a similar equation for the resonator. Our
coherent input signal is the voltage field V/"(¢) = €4 sin wgt, just like in section 3.1. We can
then use the formalism of cascaded quantum systems in [34] to arrive at a master equation for
the joint density matrix of the transmon and the resonator. In this formalism, the output from the
transmon (reflected or transmitted) is taken as input to the resonator, without any signals going
the opposite way (see figure 6). For the field reflected from the transmon, the resulting master
equation is

Ny

“2D(a)p ]

i Ny
p =210 Hos+ Hull + TigD(@ )p+ T Do) p + yow | (42 +1) D)o+

1, .
+§1\/F10(7’lw10 + Dysw ([a, po*]+[a’, o7 p])

1 . _ . F Nll’l X
+§1\/ L0110, VBW ([U+,0, al+[po~, aT]) +1‘/ ﬁ[/), '], (65)
w10
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Figure 7. g (1) for the fields reflected from and transmitted through a transmon
for different temperatures and detection bandwidths. Typical parameter values
from recent experiments are used (I'jo/2m =41MHz, w;o/2r =5.12 GHz).
(a) Reflected field: blue (T =0, BW = 1 GHz), green (T =0, BW = 55 MHz),
red (T =50mK, BW = 55MHz), with P = —131dBm. (b) Transmitted field:
blue (T =0, BW = 1GHz), green (T =0, BW = 55MHz), red (T = 80 mK,
BW = 55MHz), with P = —127 dBm.

where we have denoted the filter bandwidth by ypw. For the field transmitted through the
transmon, (65) is modified by simply adding the following term to the right-hand side:

YW Nin i
> [p,a

The output we are interested in is the voltage field leaking out at the right side of the resonator,
whose positive and negative frequency parts are proportional to a(t) and a'(z), respectively.
Thus, g® (1) can be calculated as

e (r) = (@' a’(t+Dat+v)a() _ Trla'aP(r)(apa’)] &

(a(Da(n))? Tr[atap]’

where p, is the steady-state density matrix and P(7) the propagator super-operator, defined
by p(t+71) = P(t)p(t). Both pg and P(7) are obtained by solving the master equations (65)
and (66). For the case without filter, g (1) for the reflected field is given by (67) with a replaced
by o ~. Since (67)? = 0, it directly follows that g® (0) = 0, i.e. perfect antibunching.

In figure 7(a), we plot g®(r) for the reflected field for different temperatures and
detection bandwidths. Typical parameter values from recent experiments [23] are used. For zero
temperature and large bandwidth we see perfect antibunching, as expected. For a decreased
bandwidth the full time dynamics of the antibunching cannot be resolved, which results in a
less pronounced antibunching dip. For finite temperatures, we see even less antibunching, due
to a nonzero probability of detecting bunched thermal photons. In figure 7(b), we plot g (1)
for the transmitted field for different temperatures and detection bandwidths. Here we see a
decrease of the superbunching for higher temperatures and smaller bandwidths. These results
explain the qualitative features of the experimental data in [23] well.

—al. (66)
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4. Summary and conclusions

Summing up, we have performed a thorough analysis of the qubit—photon scattering in a one-
dimensional continuum from a microscopic point of view. In particular, we have derived a
master equation description using a superconducting transmon qubit as our scatterer. When we
consider the two lowest levels of the transmon, it behaves like a mirror for the incoming photons.
Then, going beyond to the two-level approximation, we can use a control field resonant with a
second transition of the transmon to suppress this reflection of photons at the probe frequency.
Finally, we discussed how the photon antibunching observed in the reflected field is reduced by
finite temperature and finite detection bandwidth.
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