
Quantum Computing with Incoherent Resources and Quantum Jumps

M.F. Santos,1 M. Terra Cunha,2 R. Chaves,3 and A. R. R. Carvalho4

1Departamento de Fı́sica, Universidade Federal de Minas Gerais, Belo Horizonte, CP 702, 30123-970, Brazil
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Spontaneous emission and the inelastic scattering of photons are two natural processes usually

associated with decoherence and the reduction in the capacity to process quantum information. Here

we show that, when suitably detected, these photons are sufficient to build all the fundamental blocks

needed to perform quantum computation in the emitting qubits while protecting them from deleterious

dissipative effects. We exemplify this by showing how to efficiently prepare graph states for the

implementation of measurement-based quantum computation.
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In the traditional circuit model of quantum computation
[1], a quantum algorithm is implemented by the sequential
action of entangling gates and local unitaries followed
by a final measurement stage that reveals the result of the
computation. An alternative approach is the measurement-
based quantum computation [2,3], where an initial highly
entangled multiqubit graph state is prepared and a succes-
sion of adaptive measurements on the individual qubits
defines the implementation of a specific algorithm. In
both scenarios, quantum computation can be carried out
with a basic toolbox of three elements: measurements on
the computational basis, single qubit rotations, and specific
two-qubit entangling gates.

In both computational models, decoherence [4] poses a
major obstacle to practical implementations, as the qubits
are encoded in systems that are unavoidably coupled to the
environment. Emitted and scattered photons are two no-
table examples of natural processes associated with deco-
herence in quantum systems. However, when detected, the
same photons lead to the observation of quantum jumps
[5–7], which can be used to read information out of the
systems, to manipulate them to some extent, and even to
fully and locally protect previously created entanglement
between distant parts [8].

Here we show that quantum jumps actually have full and
efficient quantum computing power, i.e., that not only does
the ensemble of quantum trajectories produced by inco-
herent dissipation and absorption include any quantum
computational protocol, all the way from the primary en-
tangling gates to the final measurements, but also that it is
possible, at least in principle, to unravel, in polynomial
time, the dynamical evolution of the system into one of
these trajectories. We demonstrate this by designing a
quantum optical gedanken experiment in which the three
basic elements of the quantum computing toolbox can be
implemented by suitably monitoring the photons that are

spontaneously emitted and inelastically scattered by qubits
into their surrounding environment. We also show that the
same scheme protects the system as a whole from dissipa-
tion while the computation is carried on. Furthermore, our
method efficiently produces graph states for the implemen-
tation of measurement-based quantum computation [2,3].
In Ref. [9], we give a further example showing how to
teleport an unknown quantum state, a protocol that already
encompasses all the required elements for any quantum
computation.
The first tool to be described is how to measure a qubit in

the computational basis which is promptly achieved by
monitoring its spontaneous emission (Fig. 1.1). If a non-
degenerate qubit, prepared in a superposition �jgi þ �jei,
is allowed to decay at a rate ��, then it becomes entangled

with a propagating photonic mode as �jgij0i þ
�

ffiffiffiffiffiffiffiffiffiffiffiffi
e���t

p jeij0i þ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� e���t

p jgij1i. For times much
larger than T ¼ 1=��, the excited (ground) component
of the original state of the qubit becomes correlated with
the detection (no detection) of the spontaneously emitted
photon. A detection identifies the output 1 (related to state
jei) and defines a quantum jump in the system that, mathe-
matically, corresponds to applying the lowering operator
�� to the state of the qubit. On the other hand, no detection
outputs 0 and is associated to the so-called no-jump tra-
jectory [10,11]. Monitoring the spontaneous decay is then
equivalent to measuring the state of the qubit in the com-
putational basis, however, always dragging the qubit into
its ground state.
The nonunitary character of the spontaneous decay

means that the remaining tools for quantum computation
cannot be obtained solely by monitoring spontaneously
emitted (‘‘s.e.’’) photons. The curious solution comes
from the addition of an extra incoherent process to
each qubit: the inelastic scattering (‘‘i.s.’’) of photons
provided by an external laser field. This situation has
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been investigated in detail in Ref. [8] in the context of
entanglement protection. For completeness, here we briefly
reproduce some results of Ref. [8] that are essential to
understand our computational scheme. First note that the
scattering process, shown in Fig. 2(a), optically pumps an
emitting qubit back into its excited state. In the limit where
level jhi can be adiabatically eliminated [8], the dynamics
is equivalent to the open system with two channels shown
in Fig. 2(b) and described by the master equation

_� ¼ ��D½����þ �þD½�þ��; (1)

where D½L�� ¼ L�Ly � ðLyL�þ �LyLÞ=2 is the deco-
herence operator and �þ ¼ 4�2=�. It is clear that when
both reservoirs are monitored, i.e., when the emitted pho-
tons are detected, this equation allows for an unravelling in
terms of two distinct jump processes [10,11]: the usual
decay corresponding to the detection of s.e. photons and
the respective application of �� in the system, and the
complementary excitation process connected with the de-
tection of photons in the i.s. channel (�þ). However, this is
only one of the infinite ways to unravel Eq. (1) in terms of
stochastic processes [11–15]. One could, for example, use
the relations �� ¼ ð�x � i�yÞ=2, �þ ¼ ð�x þ i�yÞ=2 to

rewrite Eq. (1) as

_� ¼ �

2
D½�x��þ �

2
D½�y��; (2)

where we assumed equal rates for all incoherent processes
by setting �þ ¼ �� ¼ �. In this form, the equation sug-
gests a stochastic evolution in terms of the jumps �x and
�y. This unravelling has two crucial features: First, despite

describing a detection process, the jumps correspond to
unitary evolutions given by either�x or�y; second, the no-

jump dynamics, given by the non-Hermitian effective

Hamiltonian [10] Heff ¼ �i@�ð�y
x�x þ �y

y�yÞ=4, is pro-
portional to the identity; i.e., the no-jump probability is
state independent. This means that, in between clicks, the
state of the emitting qubit remains the same.
Physically, we can interpret this situation with the moni-

toring scheme shown in Fig. 1.2(a): If both s.e. and i.s.
processes are tuned to output photons that are indistin-
guishable in frequency and linewidth but of orthogonal
circular polarizations, then, by placing polarized beam
splitters (PBS) before the photocounters, the which-
process information is erased [16,17]. In this case, the
detection of a photon that comes out of the PBS will
implement quantum jumps that are linear combinations
of �� and �þ corresponding to unitary flips of the type
cos��x þ sin��y on the qubit, with � determined by the

alignment of the PBS. Note that more general rotations are
also possible if these new channels are monitored through
homodyne detection [8] [Fig. 1.2(b)] or combined with an
external classical photon source.
We are finally in a position to describe the remaining

building block: the two-qubit entangling gate shown in
Fig. 1.3. Once again, each qubit spontaneously emits and
inelastically scatters photons into its own environments.
If these photons are ignored, the dynamics of the qubits
is properly described by a simple extension of Eq. (2)
given by

FIG. 2 (color online). (a) Each qubit is encoded in the two
lower levels jgi and jei (corresponding to the logical j0i and j1i)
of a discrete emitter. The third level jhi is introduced to produce
the necessary inelastic scattering that incoherently pumps the
qubit back into its excited state jei and complements sponta-
neous emission in order to generate the building blocks for
quantum computation described in Fig. 1. (b) The two decoher-
ence processes in the effective two-level system obtained after
adiabatic eliminating level jhi.

FIG. 1 (color online). Quantum-jump version of the building
blocks for quantum computation. (1) Spontaneous emission
(s.e.) is sufficient for measuring in the computational basis.
[2(a)] The PBS erases which-process information, and a
photon-detection produces a jump proportional to a unitary flip
in the emitting qubit. [2(b)] More general rotations can be
obtained through homodyne detection schemes [8].
(3) Entangling gates achieved through a second quantum erasing
process: the standard balanced BSs erase which-qubit informa-
tion, and a detection event in one of the available photocounters
implements the corresponding maximally entangling operation
indicated in the figure.
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_� A;B ¼ X

i¼A;B

�

2
D½�xi��A;B þ �

2
D½�yi��A;B: (3)

If the local reservoirs are monitored, then we get back the
situation of Fig. 1.2(a) for each qubit, and we locally
protect the global two-qubit state against dissipation [8].

However, in order to create entanglement between them,
a second quantum erasing process is required, one that
destroys the which-qubit information. This is achieved by
combining the output ports of the PBS of two different
qubits in a standard beam splitter (BS), which corresponds
to one of the infinitely many possible unravellings of
Eq. (3). In this case, as a consequence of the erasing
process, clicks in the detectors of the newly defined chan-
nels will correspond to entangling jumps given by linear

combinations of local unitary flips, such as X�
AB ¼ ð�xA �

i�xBÞ=
ffiffiffi
2

p
, where the sign is randomly determined by the

channel where the photon is detected. For example, if the
initial state of the qubits is jgAi � jgBi, then a single
detection event in these combined detectors produces a
maximally entangled Bell state (Fig. 1.3). Note that, once
again, in between clicks, the no-jump operator is propor-
tional to the identity and the global state of both qubits does
not change.

After the first combined detection is obtained, the stan-
dard BSs have to be removed in order to avoid undoing the
entangling operation. This removal returns the reservoir
monitoring setup to the configuration in which clicks just
correspond to local flips, thus preserving the existing en-
tanglement shared by the pair [8]. This removal is now
achievable in very fast time scales, such as the method used
in Ref. [18] to implement Wheeler’s delayed choice ex-
periment. Finally, note that, as usual in quantum-jump
processes, in each realization a different trajectory and
hence a different, albeit locally unitarily equivalent, en-
tangled state will be produced. Each locally unitarily
equivalent entangled state will correspond to a particular
sequence of clicks, and, by keeping track of them all, one
will always identify the final pure state of the global
system. Naturally, the convex sum of all possible trajecto-
ries after enough photons are detected must be proportional
to the identity, which is the asymptotic solution of Eq. (3).

A major advantage of this two-qubit gate over usual
ways to entangle qubits by monitoring spontaneously emit-
ted photons [19–21] is its scalability. Despite being based
on detections, our gates are unitary, allowing the creation
of arrays and networks of entangled qubits. This property is
essential, for example, in the implementation of a tele-
portation protocol (see [9]) or the creation of multiqubit
graph states, as we proceed to describe.

The generation of a multiqubit graph state, as shown in
Fig. 3(a), follows from the parallel application of the
entangling operation for every edge in the graph. Each
vertex of the graph is an emitting and scattering
qubit, and their reservoir channels are initially combined

according to the graph topology. However, since noncom-
muting operations are not desirable, only one of the chan-
nels, for example, �x, of each qubit should be combined.
The other channel is still monitored (corresponding to
Fig. 1.3 without BSy), and its clicks do not affect the

overall result (they just correspond to locally redefining
the logical ‘‘0’’ and ‘‘1’’). Each time an entangling photon
is detected, the corresponding standard BS is removed, and
subsequent photons in the same detectors locally flip the
respective qubits. Once again, in between clicks the global
state does not evolve (Heff / I). An example of a quantum
trajectory simulation for the generation of a four-qubit
linear graph state is shown in Fig. 3(b).
We now proceed to prove that the state generated by this

scheme is formally equivalent to a graph state. Let us start
with all N qubits in the eigenstate j0i of �z [22]. The
generate state is

j ~GNi ¼
Y

ðj;kÞ2G

X
sj;k
jk j0i�N; (4)

where sj;k ¼ � depends on which detector clicks in the

combined BSj;k channels and the j’s and k’s are chosen

according to the connections present in the graph. Note that

FIG. 3 (color online). The generation of a multiqubit state
equivalent to a linear cluster state can be obtained by concate-
nating a variant of the entangling gate shown in Fig. 1.3. In
(a) only the �x channels are combined at the BS, while the �y

channels are detected independently (corresponding to the ab-
sence of BSy in Fig. 1.3). (b) Single quantum trajectory simu-

lation for the evolution of entanglement (given by the N
concurrence [34]) for 4 qubits initialized in the ground state.
Detection events are marked with diamonds labeled by the
corresponding detector. Jumps from combined detectors (blue-
filled diamonds) generate entanglement: At t � 0:5=� a Bell
state between qubits 3 and 4 is formed, and the subsequent jumps
at t � 1:16=� and 2:7=� complete the generation of a four-qubit
cluster. Note that the intermediate local jumps change the state
of the system but not the entanglement.

PRL 108, 170501 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

27 APRIL 2012

170501-3



the X�
jk gates are formally equivalent (up to local unitaries)

to controlled-Z gates used to produce usual graph states
[23] as jGNi ¼ Q

ðj;kÞ2GcZj;kjþi�N . Indeed they can be

rewritten as X�
jk ¼ e�i�=4X�

j X
�
k cXj;k, where X�

j ¼ ðI �
i�xjÞ=

ffiffiffi
2

p
is a local unitary and cXj;k is the X basis version

of the cZj;k gate. By using that H�xjH ¼ �zj and the fact

that all gates involving�z commute, the state in Eq. (4) can
then be rewritten as

j ~GNi ¼
Y

j

UjjGNi; (5)

with
Q

jUj ¼ H�NQðj;kÞ2Ge
sj;ki�=4Z

�sj;k
j Z

þsj;k
k , Z

�sj;k
j ¼

ðI � sj;ki�zjÞ=
ffiffiffi
2

p
, and H being the usual Hadamard trans-

formation. The state generated by our method is the usual
graph state, up to local unitaries conditioned on the clicks.
It is worth mentioning that all the measurements necessary
to perform a universal one-way quantum computation are
in the computational basis or comprised in the x-y plane of
the Bloch sphere and can indeed be performed with the
schemes presented in Figs. 1.1 and 1.2(a), respectively.
Given that, it can be formally shown that all the different
clicks in the detectors (corresponding to different local
unitaries) can be treated as the usual adaptations in the
measurement basis of a given one-way algorithm [2,3].
However, due to the products of Hadamards appearing in
Uj, it is also necessary to introduce such transformations in

our framework. This is easily achieved by the same quan-
tum erasing principle that allows for the implementation of
single qubit rotations in the x-y plane. However, in this
case, an extra classical photon source is required. For
example, if the propagation channel of an attenuated laser
is combined in a standard BS with the �y output channel of

a given emitting qubit k, then the detection of a photon
after the BS corresponds to applying the jump operator

ðI � i�ykÞ=
ffiffiffi
2

p ¼ expð�i �4 �ykÞ to qubit k, which also

changes qubit k from Z basis to X basis and vice versa.
The procedure to prepare graph states described above is

efficient: If � is the average time to entangle one pair
(average time for one of two qubits to emit or scatter one
photon), then the parallel character of our proposal implies
an overhead time of the order of � logNe for the creation of
an entire graph state comprised of Ne edges. In order to
prove this, note that the generation process is completed
after the last combined detector has clicked, in an instance
of the famous coupon collector problem [24]. The mean
value for the time of occurrence of this last edge is of the
order of � logNe, where � is the typical time for one
independent detection. This reasoning is confirmed by
the simulations of the average preparation time for a linear
graph state with N vertices depicted in Fig. 4. It is impor-
tant to stress that the unitarity of the jump operators implies
that the probability of occurrence of any jump is indepen-
dent of the state of the system. This means that one does
not need to keep track of the state during the quantum

trajectory calculations, thus allowing for simulations of a
large number of qubits.
The results here presented are fundamentally different

from other proposals that use dissipation as resources for
quantum computation. There, either the interactions be-
tween qubits and reservoirs have to be carefully and dy-
namically engineered throughout the computation [25,26],
or the protocol is probabilistic [27,28]. Furthermore, the
deleterious effects of natural spontaneous emission are
always present. In contrast, here we consider local reser-
voirs and incoherent pumping that always couple to each
qubit in the same way, and the computation is obtained by
suitably observing the outcoming photons. Therefore,
there is no need for direct action either on the qubits or
on the couplings, and the computation is naturally pro-
tected from spontaneous emission. Note also that in our
case the process as a whole is stochastic, but the compu-
tation is not probabilistic: Each realization produces one of
many possible versions of the desired graph state, each
version differing from the others by local Pauli operations
that can be absorbed in the adaptation of measurement
basis required by a given computational algorithm.
We have investigated the computational power of quan-

tum trajectories and proved that one can implement any
algorithm by suitably observing the photons that are spon-
taneously emitted and inelastically scattered by a multi-
qubit system. The results show that a natural reservoir that
destroys quantum coherence when unobserved can be
unravelled into quantum trajectories with full quantum
computational power. From a fundamental point of view,
one can interpret this scheme as a careful and efficient
selection of the set of quantum trajectories that performs a
desired computation out of the infinitude of possible un-
ravellings allowed for that given environment interaction.
Our scheme suits both circuit- and measurement-based
quantum computation, and we believe that recent techno-
logical developments in 1D systems [29–31] will allow its
fundamental blocks to be tested in the near future.
The concepts here presented may also significantly con-

tribute to hybrid strategies to produce a quantum computer,
for example, by combining the here introduced entangling
gates with more traditional techniques to perform local
operations. In that respect, the rather efficient way to

FIG. 4 (color online). Average time for the preparation of a
graph state for up to 100 qubits. Simulations used 5000 trajec-
tories and confirm the logarithmic scale with the number of
vertices explained in the text.

PRL 108, 170501 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

27 APRIL 2012

170501-4



produce graph states by detecting the emitted and scattered
photons is particularly encouraging.

It should be noted that, as in any scheme, the ability to
perform quantum computation tasks will be degraded in
the presence of imperfections. In our case, we need 100%
detection efficiency to perform perfect gates or generate
pure cluster states. For the two-qubit entangling gate of
Fig. 1.3, we can follow the argument in Ref. [8] and
calculate a 90% fidelity for a detection efficiency of
90%. Up to ten two-qubit gates could be performed with
the same overall efficiency if one pushes towards the state-
of-the-art single photon detectors that have recently
reached efficiencies around 99% [32] at frequencies suit-
able for quantum optical experiments [33]. Naturally, with
an increasing number of qubits we need more detectors,
and the effect of inefficiencies will accumulate adversely.
Two interesting directions of investigation appear in this
context: the calculation of the effects of imperfections in
the multiqubit scenario and the integration of standard or
newly developed quantum error correcting codes to this
computational approach.

Finally, the intrinsic random nature of the clicks indi-
cates that the same scheme could be used in other interest-
ing research directions such as the generation of random
quantum circuits, t designs, and quantum walks, all useful
methods to study many-body quantum systems.
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