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In order to achieve universal quantum computation using continuous variables, one needs to jump out of the
set of Gaussian operations and have a non-Gaussian element, such as the cubic phase gate. However, such a gate
is currently very difficult to implement in practice. Here we introduce an experimentally viable ‘repeat-until-
success’ approach to generating the cubic phase gate, which is achieved using sequential photon subtractions
and Gaussian operations. We find that our scheme offers benefits in terms of the expected time until success,
as well as the fact that we do not require any complex offline resource state, although we require a primitive
quantum memory.

PACS numbers: 03.67.Lx 42.50.Dv 42.50.Ex 42.65.-k

I. INTRODUCTION

Modern digital computers operate by manipulating discrete
information, ones and zeros, and are able to perform compli-
cated tasks by first breaking them down into more elementary
operations. The first notions of quantum computation proceed
in a largely analogous manner where the elementary opera-
tors can be classified into two groups [1]: Clifford and non-
Clifford gates acting on discrete states. In order to achieve
universal quantum computation one needs elements from both
of these sets [2]. One can also consider quantum computa-
tion over continuous-variables (CVs) [3, 4] to obtain the same
speedup, in a manner similar to classical analogue computa-
tion, and in fact, this framework may have inherent benefits
[5]. However, CV systems have a set of difficult to implement
operations which are required for universal quantum compu-
tation, namely non-Gaussian gates. In addition, there exist hy-
brid approaches which seek to exploit the advantages of both
discrete and CV systems to offer the best of both worlds [6–
8]. These reasons serve as our motivation for understanding
how to implement non-Gaussian gates in a practical manner.

In addition to the readily available set of Gaussian opera-
tions, corresponding to Hamiltonians of first and second pow-
ers of the quadrature operators x̂ and p̂, we only require access
to a Hamiltonian of at least third power in the quadrature op-
erators to allow us to approximate a Hamiltonian that is an
arbitrary polynomial of the quadrature operators [5]. In par-
ticular, we consider an elementary operation known as the cu-
bic phase gate, given by U(γ) = eiγx̂
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. Presently, one can
directly implement this Hamiltonian only with γ � 1 due to
very low interaction strengths, and the noise one introduces by
doing so makes this unsuitable for quantum computation [9].
Alternative approaches seek to use non-linearity from photon
subtraction or addition, or non-Gaussian measurements such
as photon counting [10, 11].

In this paper, we propose a method capable of approximat-
ing the cubic phase gate to arbitrary accuracy while only re-
quiring sequential photon subtractions and Gaussian opera-
tions. Our method is inherently probabilistic, but can be op-
erated in a repeat-until-success fashion using technology that

is available today, and we show that the time until success of
our method scales only as slow as 1/p where p is the prob-
ability of a successful photon subtraction. Furthermore, we
require only standard photon detectors which can distinguish
between vaccuum and the presence of one or more photons,
such as an avalanche photodiode (APD), and do not need ho-
modyne detectors or complex offline resource states. Previous
experiments in the field of continuous-variables have demon-
strated the implementation of a variety of key elements such
as: entangling gates [12], dynamic squeezing [13], scalability
[14–16] and state preparation [17], however the cubic phase
gate remains a key obstacle.

This paper is organized as follows. In Sec. II we motivate
the necessity of the cubic phase gate by discussing its role
in universal quantum computation and we show a method of
approximating the gate with a sequence of non-deterministic
operations. Next, we discuss an ideal and realistic method of
implementing our decomposition in Sec. III. In Sec. III B we
study the effect of detector imperfections as well as choosing
a finite truncation in our approximation and compare these
results to the ideal cubic phase gate. An explicit experimen-
tal implementation including a discussion of the repeat-until-
success nature of the photon subtraction is given in Sec. IV. In
Sec. V we compare our proposal to two other implementations
of the cubic phase gate, and finally we provide concluding re-
marks in Sec. VI.

II. BACKGROUND

The cubic phase gate [10] is an essential component in CV
universal quantum computation as it allows us to approximate
arbitrary Hamiltonians [5]. This comes from the fact that if
one is able to implement operators Â and B̂, then one can
approximate the operator i[Â, B̂] using the relation [5]

eiÂteiB̂te−iÂte−iB̂t ≈ e−[Â,B̂]t2 +O(t3). (1)
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Specifically this allows us to construct Hamiltonians consist-
ing of monomials of x̂ of degree higher than three as [18]

x̂m =
−2

3(m− 1)

[
x̂m−1,

[
x̂3, p̂2

]]
, (2)

from which we can construct arbitrary polynomials using the
relationship

x̂mp̂n + p̂nx̂m =
−4i

(n+ 1)(m+ 1)

[
x̂m+1, p̂n+1

]
− 1

n+ 1

n−1∑
k=1

[
p̂n−k,

[
x̂m, p̂k

]]
. (3)

In order to approximate the cubic phase gate we first con-
sider a decomposition

UN (γ) =
(

1 + i
γ

N
x̂3
)N

, (4)

clearly as N becomes large this well approximates the cubic
phase gate to within terms of the order O(1/N). We further
decompose this operation as

1 + i
γ

N
x̂3 = U0U1U2, (5)

where Ul = 1 + γlx̂ and γl = exp[iπ(4l + 1)/6](γ/N)1/3.
Note that,

|U0U1U2|2 = 1 +
γ2

N2
x̂6, (6)

so that forN sufficiently large, compared to values of xwhere
ψ(x) has non-negligible support, this operation, when suc-
cessful, will approximately preserve the norm of our state.
Our goal is to now find a method of implementing Ul, as we
can approximate the cubic phase gate to within error O(1/N)
by N applications of these three operators.

III. IMPLEMENTATION

We would like to implement the cubic phase gate on an ar-
bitrary state |ψ〉 =

∫
dxψ(x)|x〉 and to do so we have noted

that it is enough to find a method of implementing the vari-
ous Ul operators. To do so we first prepare a coherent state
|α1〉R = D(α1)|0〉R, where D(α1) = exp(αâ†R − α∗âR) is
the familiar displacement operator and where the subscript R
denotes a resource mode. We then interact our state of in-
terest with the coherent state under the two-mode operator
U2(β) = exp[(βâ†R − β∗âR)x̂]; this gate is known as the
quantum non-demolition (QND)-gate and its implementation
requires two offline squeezed ancilla states [19]. After this
interaction we arrive at the state

|Ψ〉 =

∫
dxψ(x)U2(β1)DR(α1)|x〉|0〉R

=

∫
dxψ(x)|x〉|α1 + β1x〉R

=

∫
dxψ(x)|x〉|α1(1 + γlx)〉R, (7)

where we have chosen β1 = γlα1 and where α1 ∈ R is an
unspecified and tunable parameter. We proceed by describ-
ing two different methods of obtaining the desired result; one
method is theoretically simple but experimentally challeng-
ing, while the other can feasibly be demonstrated with cur-
rently available technology.

A. Ideal implementation

First we will analyze the ideal implementation to convey the
main concept in our approach. Given the state in Eq. (7) we
apply a non-demolition measurement on the resource mode
and condition on the outcome where we project onto the space
orthogonal to |0〉, i.e., the outcome where P0̄ = 1̂ − |0〉〈0| is
the corresponding projector. After this projection we are left
with the state

P0̄|α1(1 + γlx)〉R =

∞∑
k=1

1√
k!

[α1(1 + γlx)]
k |k〉R (8)

≈ α1(1 + γlx)|1〉R (9)

where α1 ∈ R is some suitably chosen constant given that
the error in this approximation is negligible for small x and
significant for large values of x; in practice we desire some a
priori information about ψ(x). With this transformation, the
final state is of the form

|Ψ′〉 ∝
∫
dxψ(x)(1 + γlx̂)|x〉|1〉R

∝
∫
dxψ(x)Ul|x〉|1〉R, (10)

which is the desired outcome. This approach is probabilistic
in that the non-demolition measurement may fail, however if
it does fail one can simply discard the mode and attempt the
procedure again.

B. Realistic implementation

The non-demolition measurement in the previous section is
experimentally a very challenging task, however it serves as
a solid motivation towards finding a more practical approach.
In this section we discuss a more feasible approach based on
sequential photon subtraction, namely we take the state in Eq.
(7) and pass the resource mode through a beam splitter of high
transmittance T mixing it with a vacuum input |0〉b to obtain

|Ψ〉|0〉b →
∫
dxψ(x)|x〉|

√
Tζl〉R| −

√
1− Tζl〉b, (11)

where ζl = α1(1 + γlx). We require the ancillary mode
to be weak so that the b-mode is well approximated by
| −
√

1− Tζl〉b ≈ |0〉b −
√

1− Tζl|1〉b. Next we send the b-
mode to a photodetector which acts, in this two-dimensional
subspace, as the projector |1〉〈1| if it clicks, and otherwise
as |0〉〈0|. If there is no click then we are left with the state
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dxψ(x)|x〉|

√
Tζl〉R|0〉b and the b-mode decouples so that

we can reattempt the last step; in this way we are able to op-
erate in a repeat-until-success fashion without a change in the
state except for an attenuation

√
T ≈ 1. If the probability of

subtracting a single photon is given by p, which will depend
on the parameters and state of interest, then this scheme will
succeed after ∼ 1/p trials, and thus we can approximate the
cubic phase gate to within terms of order O(1/N) within a
running time that scales as ∼ 3N/p . Suppose it takes M at-
tempts to remove one photon from the resource mode so that
the new state of the system is

|Ψ′〉 ∝
∫
dxψ(x)(1 + γlx̂)|x〉|TM/2α1(1 + γlx)〉R|1〉b.

(12)

We can decouple the resource mode by applying another QND
gate U2(−TM/2α1γl) to obtain

|Ψ′′〉 ∝
∫
dxψ(x)Ul|x〉|TM/2α1〉R|1〉b, (13)

which is the desired gate after we trace out the last two modes
which are only part of a product state with our mode of inter-
est.

This approach assumes an ideal photon detector that is ca-
pable of only distinguishing between vacuum and the pres-
ence of one or more photons. We can model imperfec-
tions in such a detection scheme by considering the POVM
{Π̂0, 1̂− Π̂0} where

Π̂0 =

∞∑
m=0

e−ν(1− η)m|m〉〈m|, (14)

and where η is the detection efficiency, while ν is the rate of
dark counts [20]. For our purposes, an imperfect detection
efficiency η < 1 will result in cases where we have success-
fully subtracted a photon but we are unaware of this fact. This
means that we will obtain the desired transformation in Eq.
(12), however, since we do not recognize it, we will proceed
in attempting further photon subtractions; this will effectively
increase the power on the factor (1 + γx̂)k>1 in an undesired
manner. Alternatively, for ν 6= 0 there will exist false posi-
tives where we believe we have subtracted a photon when we
have not. In this case, the protocol will proceed where one
of the Ul operators is replaced by the identity operation; the
effect of these errors is plotted in Fig. 1. We can also con-
sider consider the effect of the cubic phase gate on the first
two moments of x̂, p̂. We find good agreement for the first
moments between the ideal gate and our approximation. The
variance of momentum is plotted in Fig. 2 to demonstrate that
for increasing values of N one obtains a result closer to the
ideal operation. One can also increase the strength of the ap-
proximate cubic phase gate by squeezing, for example when
N = 1 one finds that an effective strength γeff ∼ 0.1 can be
achieved with γ = 0.03 without greatly degrading the quality
of the gate [11, 21].
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FIG. 1. (Color online) The effect of imperfect detectors is shown
where the operator Â = UN (γ) − eiγx̂
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is the difference between
the approximation and ideal cubic phase operators. The expectation
value, both real (solid) and imaginary (dashed) parts, as well as the
standard deviation (dotted) of this operator, in a position eigenstate
|x〉, is plotted for γ = 0.03 [11, 21] and N = 1. We consider a
detector with an efficiency of 90%, a dark count rate of 100Hz and
a timing resolution of 100ps; such a detector is within the reach of
current technology [22–24]. We see that for small values of x the
effect of detector imperfections on our approximate cubic phase gate
are small and we still approximate the ideal gate closely.

IV. EXPERIMENTAL SETUP

Section III discussed the theoretical implementation of the
cubic phase gate by outlining the full operator for a single fac-
tor in U0U1U2. The full gate can then be realized by applying
the three operators sequentially to the target state, resulting
in an additional power in the phase for each factor. In this
section, we outline experimentally how to achieve a single
operator for a linear phase gate, which can then be applied
experimentally in sequence for a cubic, or higher polynomial,
phase gate.

A. Quantum non-demolition measurement

Two distinct non-demolition measurements are applied in
the ideal gate implementation. First, the two-mode unitary
U2(β) = exp[(βâ†R − β∗âR)x̂] is implemented via the non-
demolition phase gate [26, 27] (see Fig. 3). A subsequent
non-demolition measurement must be performed in order to
project the state onto the subspace complementary to |0〉〈0|
without projecting into a specific number eigenstate. Such
a measurement has been theoretically proposed using the in-
verse V-STIRAP scheme for single photon emission [25].
Briefly, the cavity-QED scheme used in V-STIRAP is in-
verted: an atom in a specific ground state sublevel interacts
with a cavity field containing an unknown number of photons.
The atom and cavity modes are entangled; allowing a mea-
surement of which ground state sublevel the atom occupies
to determine the photon field state. One sublevel denotes the
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FIG. 2. (Color online) The variance σ2
p is plotted for the ideal (solid)

cubic phase gate as well as UN (γ) for N = 1 (dashed), 3 (dotted),
5 (dash-dot), 7 (dash-double dot); the strength of the gate is given
by γ = 0.03. The input state is chosen to be a coherent state with
constant imaginary part Im(α) = 0.25 where the real part varies
with the horizontal axis. Additional squeezing, omitted in this plot,
can be utilized to improve the strength or quality of the gate; here we
are interested only in the differences as one varies N and we see that
asN increases we obtain a closer approximation. Deviation from the
ideal curve will result in extra variance in the momentum quadrature,
compared to the ideal curve, after one squeezes the mode.

vacuum state for the cavity field, while the other sublevel de-
notes the original cavity field with a single photon subtracted.
This scheme requires our resource state to serve as the cavity
mode in a cavity-QED scheme. This is experimentally chal-
lenging but should be achievable with current technology. Al-
ternatively, one may perform a variation of cross-phase mod-
ulation. A precise measurement of a phase shift on a refer-
ence beam would in fact project the resource state onto a spe-
cific photon number state, rather than onto the complement of
|0〉〈0|. However, if the presence of a phase shift can be de-
termined, but not its magnitude, one could approximate the
inverse V-STIRAP measurement. There are technical difficul-
ties in performing such a measurement in a realistic model,
namely that undesired phase noise inevitably enters the de-
sired mode [28]. It may be possible to deamplify this noise us-
ing feed-forward control onto the signal field, similar to Ref.
[29], or alternatively one may use an atom-cavity system to
mediate this interaction [30].

B. Photon subtraction measurement

Alternatively, one may approximate the QND projection via
single photon subtraction and post-selection (see Fig. 3). One
may try the photon subtraction as many times as necessary,
such that the success probability of the gate is directly re-
lated to the beam splitter transmission and avalanche diode
efficiency. However, the nonunitary gate enacted by photon
subtraction requires only a single photon be removed, result-
ing in a trade-off between wait time and fidelity. We note
that the time dependence has been removed in all the oper-

ators presented in the manuscript thus far. We are therefore
describing the steady-state super-operator, corresponding to
working in an interaction picture where we have removed the
free evolution H0 = ~ωâ†â, and therefore the steady-state
form of |Ψ〉 in Eq. (12). Upon a successful photon subtrac-
tion, the super-operator jumps to an operator that contains the
nonunitary gate. The photon subtraction signal serves as the
feed-forward mechanism for the next stage of the gate.

With the initial QND summing gate running in steady state,
the resource state is deterministically generated before the
subtraction operation. Therefore, one waits until a photon
has been subtracted and a new steady state is achieved be-
fore feed-forward operations in the inverse QND gate. This
scheme is remarkably simple for CW beams: one has the
same resource state at all points in space-time of the exper-
imental setup, and the state only changes when the APD reg-
isters a click and the subsequent feed-forward operations are
performed. For a pulsed light source, the repeat-until-success
scheme would consist of coupling into a circulator where the
APD is located, followed by a feed-forward signal to couple
out of the circulator (see Fig. 4). The circulator can be im-
plemented in optical fiber or in a polarization sensitive ring
cavity. A liquid crystal wave retarder serves as a switch to re-
lease the resource state once a successful photon subtraction
is registered.

The final step is to invert the QND summing gate. By
phase-locking all of the offline squeezed light resources in
the experiment, the second homodyne detection can be elimi-
nated, as the first homodyne detection will also feed-forward
onto the squeezing angle of the inverse gate’s single-mode
squeezers. The single photon subtraction gate serves as
a switch to perform inverse phase modulation and inverse
squeezing operations from the previous QND gate.

After this final step, the resource state is left in a phase-
dependent state with a single power in phase. The experimen-
tal setup outlined above can be performed three times in se-
quence in order to realize a cubic phase gate. Finally, the task
remains to utilize this gate during a universal quantum com-
putation in order to achieve the required non-Gaussian opera-
tion. It is sufficient to teleport the gate onto one of the modes
in the resource cluster state in a one-way CV QC scheme, for
example [31].

V. COMPARISON TO OTHER SCHEMES

In this section we explore the relationship between our pro-
posal and alternative realizations of the cubic phase gate. Di-
rect implementation of the cubic phase gate would require the
use of third order or higher optical nonlinearities. However,
these higher order nonlinearities are so weak that in practice
it is difficult to use them to implement quantum gates due
to the comparatively large amount of noise and loss. For-
tunately, it was shown by Gottesman, Kitaev, and Preskill
(GKP) that one can take advantage of the effective nonlin-
earity present in a photon counting measurement [10]. In the
GKP-scheme, one implements the cubic phase gate by first
constructing the, ideal and not normalizable, cubic phase state
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FIG. 3. (Color online) Experimental implementation of a single Ul operation in the cubic phase gate decomposition. Left: after application
of the two-mode unitary a QND measurement is made to project onto the subspace orthogonal to |0〉〈0|. This could consist of an inverse
V-STIRAP scheme via strong atomic coupling to a photonic cavity mode (cavity QED)[25], or via cross-phase modulation. However, in the
case of cross-phase modulation a phase shift can be registered, but not its magnitude, in order to avoid projection onto a specific number
state. Middle: After the QND measurement, the resource state is sent through a weak beam splitter and an avalanche photodiode registers a
click to signal a photon-subtraction measurement. The QND summing gate is then run in reverse, where the photon detection triggers inverse
operations on the phase modulators and squeezers compared to the original QND summing gate. If the squeezers in the inverse gate are
kept phase locked to the first set in the previous measurement, homodyne detectors are unecessary here as the APD serves as the conditional
measurement and the squeezing angles are known, allowing for deterministic feed forward control. Right: the QND summing gate consisting
of feed-forward phase modulation and offline squeezing resources.

FIG. 4. (Color online) Repeat-until-success scheme in which a
pulsed resource state remains in a cavity until a photon detection is
registered.

[10] |ξ〉 =
∫
dx eiξx|x〉. Given this resource state, one is able

to implement the cubic phase gate using only additional Gaus-
sian operations and homodyne measurement; the main diffi-
culty lies in the creation of the resource state.

To create a cubic phase state we first prepare an imperfect
EPR pair which we take to be Gaussian

|ψσx,σp〉 =

(
σp
πσx

)− 1
2
∫
dx1dx2 exp

[
−1

2
σ2
p

(
x1 + x2

2

)2
]

× exp

[
−1

2
(x1 − x2)

2
/σ2

x

]
|x1, x2〉, (15)

with σp, σx � 1. We then mix the second oscillator with a
coherent beam of light to obtain a large shift in momentum
|ψ〉 → eiαq̂|ψ〉, α � σ−1

p , σ−1
x , before we make a measure-

ment of the number of photons. After detecting n photons
and making some simplifying approximations, namely using
the WKB approximation for the eigenstates of the number op-

erator, we find that the state of the first mode is given by

ψ
(n)
1 (x1) ∝ exp

[
i
x3

1

6
√

2E
− i
(√

2E − α
)
x1 +O

(x1

α

)]
,

where E = n+ 1/2 and we are most likely to get get a result
in the range n + 1/2 ∼ 1/2(α ± σ−1

x )2 + 1/2σ−2
p . This is a

good approximation to the cubic phase state provided that α
is large enough since we can eliminate the linear term with a
Gaussian operation. Although the coefficient γ′ of the cubic
phase state in the above approximation is of the order n−1/2

we wish to be able to implement U(γ) where the coefficient
is of the order one. To do so GKP showed that it is enough to
be able to squeeze the phase state with a squeezing parameter
r = γ/γ′. The fact that the ideal cubic phase state is not a
physical state, and one can only make approximations of it,
has been analyzed where it has been shown that one requires
squeezing beyond what is experimentally possible with cur-
rent technology, although this limitation might be overcome
by using other methods of generating finite superpositions of
Fock states [32].

Another alternative to counting photons, a non-Gaussian
measurement, is to appeal to experimentally feasible non-
Gaussian operations such as photon subtraction or addition.
This is the approach taken by Marek, Filip, and Furusawa
[11], who employ the principles of GKP’s approach where
one indeed overcomes the squeezing limitation by instead us-
ing a resource state that is finite in the number basis. This
approach proceeds by creating a squeezed state S(r)|0〉R =
(πr)−1/4

∫
dx exp(−x2/2r)|x〉 where the state approaches

the ideal form as r → ∞. The cubic phase gate U(γ) ≈
1 + iγx̂3 − γ3x̂6/2 can be approximated by its Taylor ex-
pansion, and we note that the lowest order expansion which
allows the commutation tricks in Sec. II requires us to keep
terms up to x̂6; this would require six photon subtractions. In
the Marek et al. proposal, the authors look specifically at the
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lowest order approximation O3 = 1 + iγx̂3 where one then
applies the operator 1 + iγx̂3

R to the resource state to obtain(
1 + iγx̂3

R

)
S(r)|0〉R

= S(r)

[
|0〉R + γ′

3

2
√

2
|1〉R + γ′

√
3

2
|3〉R

]
, (16)

where γ′ = γr−3/2. This state can be generated by the
proper sequence of three photon subtractions and displace-
ments. Given that we have this resource state at our disposal
we apply the QND gate U ′2 = eip̂x̂R to obtain the state

|Ψ〉 =

∫
dxdxR ψ(x)e−

(x+xR)2

2r

[
1 + iγ(x+ xR)3

]
|x〉|x〉R.

(17)

If we perform a homodyne measurement of x̂R and obtain the
outcome q the state of the first mode will collapse to

ψ′(x) = e−
(x+q)2

2r

[
1 + iγ(x+ q)3

]
ψ(x), (18)

and as r → ∞ the exponential term will vanish leaving us
with only the cubic term. If q = 0 this is the desired outcome
and we are finished, however if this is not the case we can per-
form the feed-forward unitary UFF = exp[−iγq3 − 3iγ(x̂+
q)x̂q] to arrive at the state ψ′(x) = [1 + iγx3 + O(1)]ψ(x);
this approximation is only valid for sufficiently small x, q.
This approach can be generalized to work with higher order
approximationsOn of the cubic phase gate that simply imple-
ment more terms in the Taylor expansion.

Our approach is similar to the Marek et al. approach where
one further decomposes the (1 + γx̂3) operation into a se-
quence of three non-deterministic operations; for the N =
1 case both approaches result in the same approximation
UN (γ). This idea is noted by the authors in Ref. [11],
where they point out that they are unable to make use of this
trick since they require deterministic feed-forward in their ap-
proach. It is also possible to conditionally generate arbitrary
nonlinear potentials using single photon resource states in a
similar manner [33]. However, our protocol requires only a
photon detector which can distinguish between vaccuum and
one or more photons, and one can operate in a repeat-until-
success fashion. An overview of the requirements and a com-
parison of the various schemes is presented in Table. I.

VI. CONCLUSION

By decomposing the cubic phase gate into a product of non-
deterministic operations, each of which only involve a sin-
gle photon subtraction, we have constructed a protocol which
can approximate the ideal gate using only sequential photon
subtractions. This gate is of vital importance to the field of
continuous-variable quantum computing as it enables univer-
sal quantum computation when added to the toolbox of the
experimentally more simple Gaussian operations. We have
shown that when a photon subtraction is unsuccessful it does
not irreversibly destroy the state, and in fact one can continue

to attempt this step until it succeeds. Due to the sequential
nature of the photon subtractions, the overall runtime of the
protocol scales only as slowly as ∼ 1/p where p is the proba-
bility of subtracting a photon.

The quality of the proposed gate has been discussed in the
presence of realistic detector imperfections which may lead
to errors in the implementation of the various Ul operations
where we have shown that one still obtains a reliable approx-
imation. Furthermore, we have shown how the approximate
cubic phase gate UN (γ) compares to the ideal one when con-
sidering how the first two moments of x̂, p̂ transform for a set
of coherent states and for various values of N . We provide an
explicit experimental implementation of all components nec-
essary in our protocol and discuss how the probabilistic nature
of a photon subtraction comes into play.

Finally, we compare our implementation of the cubic phase
gate to alternative schemes and highlight the similarities as
well as the differences in the required resources and nature
of the various protocols. Our protocol offers an experimen-
tally viable method of implementing the cubic phase gate us-
ing only a photon detector and gates standard to the alterna-
tives considered in this paper. Furthermore, we require only
sequential photon subtractions as the non-Gaussian element
of our protocol. An open possibility is using this approach to
directly implement Hamiltonians of higher power in x̂, p̂ by
modifying the decomposition of (1 + γx̂k) into a product of
k operations. The largest obstacle in the proposed implemen-
tation is likely the requirement that one must protect the state
from decoherence and extra noise while attempting to sub-
tract a photon, though advances in quantum memory continue
to provide promising results.
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GKP Marek et al. Ours
Resource Two-mode squeezed vacuum Single-mode squeezed vacuum Coherent state
Detectors Photon number resolving Homodyne+photon detector Photon detector
Deterministic Yes, with offline resource Yes, with offline resource Repeat-until-success (state not

destroyed)
Running Time N/A ∼ 1/p3 ∼ 1/p

Major Obstacle High squeezing Simultaneous photon subtrac-
tion/resource state engineering

Decoherence and extra noise
while running the subtraction
loop

TABLE I. Comparison of three cubic phase gate implementations. Note that the Marek et al. approach is deterministic if one can store the
required resource state in memory until it is needed, we include the running time of preparing such a resource state in this Table as a fair
comparison where p is the probability of a successful photon subtraction given some input state.
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[25] D. K. L. Oi, V. Potoček, and J. Jeffers, Phys. Rev. Lett. 110,
210504 (2013).

[26] J.-i. Yoshikawa, Y. Miwa, A. Huck, U. L. Andersen, P. van
Loock, and A. Furusawa, Phys. Rev. Lett. 101, 250501 (2008).

[27] R. Filip, P. Marek, and U. L. Andersen, Phys. Rev. A 71,
042308 (2005).

[28] J. H. Shapiro and M. Razavi, New Journal of Physics 9, 16
(2007).

[29] H. F. Hofmann, T. Kobayashi, and A. Furusawa, eprint
arXiv:quant-ph/0103106 (2001), quant-ph/0103106.

[30] C. Chudzicki, I. L. Chuang, and J. H. Shapiro, Phys. Rev. A
87, 042325 (2013).

[31] M. Gu, C. Weedbrook, N. C. Menicucci, T. C. Ralph, and P. van
Loock, Phys. Rev. A 79, 062318 (2009).

[32] S. Ghose and B. C. Sanders, Journal of Modern Optics 54, 855
(2007).

[33] K. Park, P. Marek, and R. Filip, Phys. Rev. A 90, 013804
(2014).

http://arxiv.org/abs/quant-ph/9807006
http://arxiv.org/abs/quant-ph/9807006
http://dx.doi.org/10.1103/RevModPhys.77.513
http://dx.doi.org/10.1103/RevModPhys.77.513
http://dx.doi.org/10.1103/RevModPhys.84.621
http://dx.doi.org/10.1103/RevModPhys.84.621
http://dx.doi.org/10.1103/PhysRevLett.82.1784
http://dx.doi.org/10.1007/978-94-015-1258-9_5
http://dx.doi.org/10.1002/lpor.201000005
http://dx.doi.org/10.1103/PhysRevA.65.042304
http://dx.doi.org/10.1103/PhysRevA.65.042304
http://dx.doi.org/10.1103/PhysRevA.64.012310
http://dx.doi.org/10.1103/PhysRevA.64.012310
http://dx.doi.org/10.1103/PhysRevA.84.053802
http://dx.doi.org/10.1103/PhysRevA.84.053802
http://arxiv.org/abs/1410.0472
http://arxiv.org/abs/1409.3754
http://dx.doi.org/10.1038/nphoton.2013.287
http://dx.doi.org/ 10.1103/PhysRevLett.107.030505
http://dx.doi.org/10.1103/PhysRevLett.112.120505
http://dx.doi.org/10.1103/PhysRevLett.112.120505
http://dx.doi.org/ 10.1103/PhysRevA.87.043803
http://dx.doi.org/10.1103/PhysRevLett.107.170501
http://dx.doi.org/ 10.1103/PhysRevLett.101.250501
http://dx.doi.org/http://dx.doi.org/10.1016/S0030-4018(98)00511-2
http://dx.doi.org/http://dx.doi.org/10.1016/S0030-4018(98)00511-2
http://dx.doi.org/ 10.1103/PhysRevA.88.053816
http://dx.doi.org/10.1038/nphoton.2013.13
http://dx.doi.org/10.1038/nphoton.2013.13
http://dx.doi.org/10.1364/OE.21.001440
http://dx.doi.org/ 10.1364/OE.21.010208
http://dx.doi.org/ 10.1364/OE.21.010208
http://dx.doi.org/ 10.1103/PhysRevLett.110.210504
http://dx.doi.org/ 10.1103/PhysRevLett.110.210504
http://dx.doi.org/ 10.1103/PhysRevLett.101.250501
http://dx.doi.org/10.1103/PhysRevA.71.042308
http://dx.doi.org/10.1103/PhysRevA.71.042308
http://stacks.iop.org/1367-2630/9/i=1/a=016
http://stacks.iop.org/1367-2630/9/i=1/a=016
http://arxiv.org/abs/quant-ph/0103106
http://dx.doi.org/10.1103/PhysRevA.87.042325
http://dx.doi.org/10.1103/PhysRevA.87.042325
http://dx.doi.org/ 10.1103/PhysRevA.79.062318
http://dx.doi.org/10.1080/09500340601101575
http://dx.doi.org/10.1080/09500340601101575
http://dx.doi.org/10.1103/PhysRevA.90.013804
http://dx.doi.org/10.1103/PhysRevA.90.013804

	Repeat-until-success cubic phase gate for universal continuous-variable quantum computation
	Abstract
	Introduction
	Background
	Implementation
	Ideal implementation
	Realistic implementation

	Experimental setup
	Quantum non-demolition measurement
	Photon subtraction measurement

	Comparison to other schemes
	Conclusion
	acknowledgements
	References


