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Mediated photon-photon interactions are realized in a superconducting coplanar waveguide cavity

coupled to a superconducting charge qubit. These nonresonant interactions blockade the transmission of

photons through the cavity. This so-called dispersive photon blockade is characterized by measuring the

total transmitted power while varying the energy spectrum of the photons incident on the cavity.

A staircase with four distinct steps is observed and can be understood in an analogy with electron

transport and the Coulomb blockade in quantum dots. This work differs from previous efforts in that the

cavity-qubit excitations retain a photonic nature rather than a hybridization of qubit and photon and

provides the needed tolerance to disorder for future condensed matter experiments.
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For decades, light has served as a useful tool in con-
densed matter physics, yet rarely has light itself been
studied in this same framework [1,2]. The reason that light
has been relegated to a tool of condensed matter physics,
rather than a subject, is that photons do not interact, and
even mediated interactions are typically weak. However,
strong nonlinearities on the single photon level arising
from the interaction between photons and an atom or qubit
in a cavity have been realized [3–6]. Recently, several
proposals founded on these strong mediated interactions
have been set forth to study strongly correlated macro-
scopic systems with interacting photons or polaritons in
arrays of cavities coupled to atoms or qubits [7–14]. A
single element of these lattices, a cavity with mediated
photon-photon interactions, is studied here. For sufficiently
strong interactions, photon transmission through the cavity
can be significantly modified.

Resonant photon blockade, motivated by Coulomb
blockade in condensed matter physics [15,16], was first
observed in an optical cavity coupled to a single trapped
atom [17–19]. As the atom is brought into resonance with
the cavity, the resulting energy spectrum is nonlinear and
photon transmission becomes sub-Poissonian and anti-
bunched [3]. The resonant blockade was also later dem-
onstrated in a photonic crystal cavity coupled to a
quantum dot [6]. Recently, strong resonant nonlinearities
have also been observed spectroscopically in atoms [20]
and in circuit quantum electrodynamics, in which a
superconducting qubit is coupled to a microwave trans-
mission line cavity [21]. Here, the
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spacing of the

Jaynes-Cumming ladder was observed and used to gen-
erate nonclassical states of light [4,5,20,22]. In all of this
previous work, strong photon-photon interactions were
observed when the qubit and cavity were resonant, re-
sulting in highly hybridized excitations between the qubit
and photon.

Here, we demonstrate a dispersive photon blockade,
where an off-resonant superconducting qubit coupled to a
cavity provides sufficient nonlinearity to result in quan-
tized transmission of photons through the cavity. In this
dispersive regime, the excitations of the cavity-qubit sys-
tem are photonic and the resulting nonlinearity is a result of
mediated photon-photon interactions. A measurement of
the total transmitted power through the cavity while in-
creasing the incident photon bandwidth results in a stair-
case, where each step indicates that an additional photon
can be present in the cavity. The dispersive interaction can
be thought of as a qubit-mediated photon-photon interac-
tion, and the strongly nonlinear transmission can be under-
stood in analogy to transport in confined electronic
structures [16]. This dispersive photon-photon interaction
is a key step towards the study of condensed matter physics
with photons.
Our system consists of a superconducting qubit off-

resonantly coupled to a microwave cavity. The cavity is
driven incoherently by modulating a coherent tone with
frequency !L with band-limited Gaussian white noise that
has a cutoff frequency �. In the dispersive approximation
[23], where the qubit remains in its ground state, the
dynamics of the system is described well by the effective
Hamiltonian H ¼ H0 þHdr. Here, H0 ¼ �ayaþ
UðayaÞ2, is the system Hamiltonian with � ¼ !eff �!L

and U, the photon interaction strength, is obtained from
exact diagonalization of a multilevel system with general-
ized Jaynes-Cummings interaction. The second term,
Hdr ¼ �ðtÞðaþ ayÞ, introduces the band-limited

Gaussian white noise described by �ðtÞ ¼ 0; �ðtÞ�ðt0Þ ¼
fC�ðt� t0Þ with variance f and the correlator C�ð�Þ ¼
sinð��Þ=��. The photon-photon interaction modifies the
energy required to add a photon to the cavity depending
upon the number of photons occupying the cavity.
Although this is a higher order effect, the interaction
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energy, or Kerr energy, can be made larger than the cavity
linewidth, �, and the transport of photons through the
cavity is blockaded.

This system, in which transport of photons can be block-
aded due to interactions, bears strong resemblance to a
confined electronic quantum dot, a canonical condensed
matter system in which transport of electrons can be simi-
larly blockaded due to Coulomb interactions [15,16]. Both
systems consist of a set of discrete energy levels with large
interaction energy that depends on n2, where n represents
the number of particles. The Kerr energy for photon block-
ade is equivalent to the charging energy in a quantum dot,
and both represent the additional energy required to add a
particle to the confined structure due to interactions. With
this similarity in mind, the physics of the photon blockaded
system can be probed in a way akin to that in a Coulomb
blockaded system. The response of the blockaded cavity to
an applied microwave stimulus mimics that of a quantum
dot to applied voltages. A range of incident photon ener-
gies, similar to a Fermi sea of electrons, is incident on the
resonator. Because only microwaves in a narrow energy
range are applied, a measurement of total transmitted
power is a good proxy for the total photon number current
through the device, a quantity similar to the electron cur-
rent through a quantum dot.

Figure 1 shows diagrams of the energy configurations of
the photon and electron systems. Transport through the

cavity is only possible when the frequency of applied
radiation matches the frequency of the empty states in
the cavity; thus the excitation frequency plays the role of
the gate voltage typically used in electron transport experi-
ments to align states in the leads with those in the dot. A
broader range of photon energies can be used to overcome
photon blockade, just as an applied source-drain voltage
can overcome Coulomb blockade or allow current trans-
port through multiple excited electronic states in a quan-
tum dot. Therefore, by measuring the total transmitted
power while varying the center frequency and bandwidth
of an incoherent excitation, it is possible to measure trans-
mission maps similar to Coulomb blockade diamonds.
There are important differences between photon and

electron transport. Unlike electrons and a true fermionic
reservoir in the leads, the incident photons are bosonic
waveguide modes that have a distribution function deter-
mined by the band-limited white noise. It is the absence of
low energy incident photons, rather than an absence of
unoccupied states in the output (drain), that prevents trans-
port when all of the incident photon energies are too high;
given the bosonic nature of photons, there is always an
available state for photons exiting the cavity. Furthermore,
in blockaded quantum transport, one typically has the
condition that the charging energy is much larger than
the mean-level spacing of single particle levels, each of
which can in turn accommodate two electrons. In the
photon blockade regime studied here, the opposite situ-
ation exists.
Figure 2 shows the calculated number of photons in the

cavity for a dispersive photon blockade plotted in a way
reminiscent of charge stability diagrams in quantum trans-
port. The results are obtained from the steady state density
matrix �s of the system. To leading order in the drive (Born
approximation) �s is determined by the equation

0 ¼ �i½H0; �s� þ fðL#
�½�s� þL"

�½�s�Þ þ �L#1½�s� (1)

with generalized Lindblad operators

L "
�½�s� ¼ a�sa

y
� þ a��sa

y � aya��s � �sa
y
�a (2)

and

L #
�½�s� ¼ ay��saþ ay�sa� � aay��s � �sa�a

y (3)

and the ladder operators ay� ¼ P
n

ffiffiffi
n

p
S�ð�nÞjnihn� 1j,

where jni are photon Fock states with occupation number
n, �n ¼ �n � �n�1 is given in terms of the eigenvalues
of H0 as �n ¼ � � nþUnðn� 1Þ and S�ð�nÞ denotes
the noise spectral function defined by S�ð!Þ ¼R1
�1 C�ð�Þei!�d�. The first term on the right-hand side in

(1) describes the coherent evolution under the system
Hamiltonian H0, the second term describes the energy
dependent pump and decay due to the incoherent drive
with rate f, and the last term describes photon loss. Note,
that for a white noise bath with � ! 1, we recover the

FIG. 1 (color online). Energy diagrams for Coulomb and pho-
ton blockades, with grey rectangles representing the distribution
of particle energies in the leads. (a) Schematic for electronic
transport through a quantum dot. The gate voltage, Vg controls

the energy offset between states in the dot and electrons in the
leads, while the source-drain voltage, Vsd, sets the range of
electron energies that participate in transport. The Coulomb
blockade can be overcome by increasing Vsd. (b) Schematic
for transmission through a dispersively coupled cavity-qubit
system in the photon blockade regime. The center frequency,
!rf , can be changed to align the energy of incident photons with
states of the cavity, much like Vg in a quantum dot. The

bandwidth of the incident photons, �!, controls the energy
range of the photons in the system and can be increased to
overcome photon blockade.
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usual boson operator a1 ¼ a and Lindblad operatorL#1 ¼
2ay�sa� aay�s � �saa

y. In order to calculate the num-
ber of photons n ¼ Tr½aya�s� in the cavity we solve
Eq. (1) for �s in the eigenbasis of H0 numerically.

This physics of photon blockade studied above is
experimentally probed using a circuit quantum electrody-
namics sample [21,24,25]. The superconducting transmis-
sion line cavity has a 	=2 resonance at
!r=2� ¼ 6:91 GHz that overlaps with the ultralow noise
bandwidth range of a following microwave SQUID ampli-
fier and a narrow cavity linewidth, �=2� � 100 kHz. A
superconducting transmon qubit [26] provides the nonline-
arity for the photon-photon interaction, with a qubit-
photon coupling strength, g=2� ¼ 260 MHz, measured
using the peak separation in a qubit number splitting
experiment [27], which gives rise to the photon-photon
interaction strength, U� 1 MHz.

A photon staircase, the signature of dispersive photon
blockade, is observed by measuring the total transmitted
power in a large fixed bandwidth (8 MHz) while varying
the width of the incident photon spectrum. In our experi-
ment, incident photons are supplied by an incoherent,
broadband rf tone generated by modulating a coherent
tone with white Gaussian noise in a given bandwidth; the
spectrum of available photon energies is controlled by
varying the bandwidth of the noise, and thus the width
of the incident photon spectrum. When the device is

blockaded, transmission is on the few-photon level and
occupies only a small fraction of the total measured band-
width, resulting in exceptionally low signal compared with
amplifier noise. To increase the sensitivity of our measure-
ment, this experiment employed an ultralow noise SQUID
amplifier designed to operate in a 10 MHz bandwidth that
matches the frequency of the cavity when accounting for
the shift due to the presence of a qubit [28,29]. This device
has a system noise temperature of 1 K and provides the
dominant source of noise in the measurement. In addition,
to minimize error in the measurement due to drift in the
gain and noise floor of the amplifiers, the input signal is
amplitude modulated and the difference between the on
and off state is calculated. A heavily averaged series of
measurements with an applied spectral power density of
�147 dBm=MHz are taken for bandwidths ranging from
2–12 MHz.
The measured data, demonstrating the signature photon

blockade staircase, are presented in Fig. 3. When the
incident bandwidth is sufficiently large, incident photons
have enough energy to overcome the interaction energy,
and simultaneous transport of individual photons at mul-
tiple energies becomes possible. Four steps in the trans-
mitted power are clearly resolvable as the bandwidth is
increased, each corresponding to transport of an additional
photon and occurring at bandwidths that match theoretical
predictions. The vertical dashed lines show the predicted
step locations due to the nonlinearity found using the
Jaynes-Cummings Hamiltonian and independently

FIG. 2 (color online). Calculated number of photons n versus
incident photon bandwidth � and center frequency !L for an
effective drive parameter f=� ¼ 10 for the system parameters
quoted in the text. The black line shows the photon staircase for
fixed center frequency !L ¼ 6977 MHz as a function of band-
width. The inset shows the number of photons as a function of
effective drive f=� on the first three plateaus of the staircase
function with center frequency !L ¼ 6977 MHz and band-
widths � ¼ 1:5 MHz (red [dark gray]), � ¼ 2:5 MHz (orange
[medium gray]) and � ¼ 4 MHz (yellow [light gray]). The
white dashed line corresponds to the values used in the main
graph.

FIG. 3 (color online). Incoherent and coherent cavity trans-
mission. The blue dots show the measured power transmitted
through the cavity-qubit system in a 8 MHz measurement
window for different incident photon bandwidths. The data
was oversampled in bandwidth and the noise was reduced by
using a five-point smoothing function. Four steps in the trans-
mission are evident and correspond to the transmission of an
additional photon. The vertical dashed lines indicate step loca-
tions based on eigenstates obtained by diagonalizing the Jaynes-
Cummings Hamiltonian. Rounding of the steps in the staircase is
consistent with measured Q of the cavity. The measurement
error is about 5%. The solid black line shows the normalized
transmission spectrum measured using a coherent tone at few-
photon power levels.
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recovered device parameters, g=2� ¼ 260 MHz, Q ¼
70 000, and �=2� ¼ 0:96 GHz. There is excellent agree-
ment between the numerical calculations and the measured
results. The rounding in the steps is due to the spectral
width of the cavity and can be improved by increasing the
Q. Several control experiments were also performed to
verify the blockade. Transmission measurements using a
weak coherent tone revealed a narrow cavity with no
spurious resonances. An identical broadband measurement
on a sample without a qubit did not reveal a staircase.
Recent advances in circuit QED have enabled measure-
ments of the time correlation between transmitted photons
[30]. Such work could possibly be extended to study the
broadband excitations used here and is an important sub-
ject for future work.

The dispersive photon blockade demonstrated in this
work provides an important step towards the study of
condensed matter physics with qubit-mediated photon-
photon interactions. The observed steps in the total trans-
mitted power with increasing incident photon bandwidth
demonstrate that a qubit coupled to a high Q cavity can
blockade transmission. This dispersive photon blockade is
the result of mediated photon-photon interactions, the
magnitude and sign of which can be controlled via the
qubit energy and be made larger than the cavity linewidth.
While here we study a rather simple system consisting of
strong interactions in one cavity, it should be possible to
array many such devices in a one- or two-dimensional
lattice. The lithographic nature of these devices allows
creation of many different lattice geometries, and the
sign and magnitude of the interactions can be dynamically
tuned by changing qubit energies. Moreover, the dispersive
interaction demonstrated here, implies a strong photon-
photon interaction over a wide range of frequencies, thus
rendering complicated devices less susceptible to disorder.
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