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FIG. 5: A schematic blueprint for a universal Ising topological quan-
tum computer: an ISH system that is primarily planar with (non-
planar) DTC structures (as in Fig. 4) distributed throughout. Non-
Abelian quasiparticles are represented by black dots and a topologi-
cal charge measuring device (in this case an interferometer) is repre-
sented by the red “claws” at the front of the ISH system. The gates
and devices used to perform DTC operations, quasiparticle braiding,
and topological charge measurement are all controlled by a classical
computer.
Note: figure not drawn to scale.

One might be concerned about the practicality of working
with twisted geometries such as in Fig. 1(c), especially since
the many applications of the π/8-phase gate needed in a com-
putation appear to produce too much twisting for the physical
constraints of the system. This is however not as severe a
problem as it seems, since the encoded quantum information
can be teleported into and out of DTC structures using anyonic
teleportation [21]. Performing such anyonic teleportations for
the state encoded in the twisted geometry may be rather chal-
lenging experimentally, since it involves a topological charge
measurement enclosing one of the twisted boundaries. This is
the most technologically demanding step in our protocol, but
it should be realizable in ISHs.

Thus, it is interesting to compare ISHs and the ν = 5/2
fractional quantum Hall state in the context of our proposal.
The fundamental favorable characteristic of ISH systems over
5/2 is that the energy scale of the gap is derived from the prox-

imate superconducting gap ∆ and is therefore: (1) potentially
much larger, and (2) not dependent on the realization of a high
mobility heterostructure. This last requirement has, until now,
dictated precise planarity for fractional quantum Hall states.
Our computationally universal proposal requires, at a funda-
mental level, the use of curved (non-planar) topological fluids,
which should be possible in ISHs.

We estimate the proximity-induced gap in an ISH to be
≈ 5 K if Nb is the superconducting element (in contrast to
the ν = 5/2 gap of ∼ 500 mK). This gap, unlike in the frac-
tional quantum Hall situation, does not depend on ultra-high
mobility since it is protected by Anderson’s theorem [44].
Therefore, the TQC operating temperature, which must be
well below the gap, need not be in the millikelvin range for
ISH, where a dilution refrigerator would be required. In fact,
none of the microscopic design elements need to be particu-
larly exotic. The superconducting film should have a thick-
ness larger than the coherence length, which is approximately
0.1 µm for a variety of superconductors. In semiconductor
ISHs, the semicondutor layer should be a generic quantum
well, approximately 10 − 50 nm thick, with a doping of ap-
proximately 1010 electrons/cm2. The various DTC and qubit
structures are on the micron scale. The gates needed for braid-
ing, measurement, and DTC operations are standard metallic
electrical gates and micro-magnetic metallic gates creating lo-
cal magnetic fields.

Putting all the pieces together, we draw up a schematic
blueprint in Fig. 5 of an Ising anyon based topologically fault-
tolerant quantum computer in which quasiparticle braiding,
dynamical topology change, and topological charge measure-
ment can all be performed, thus allowing universal quantum
computation.
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The advancement of information processing into the

realm of quantum mechanics promises a transcendence

in computational power that will enable problems to be

solved which are completely beyond the known abilities

of any “classical” computer, including any potential non-

quantum technologies the future may bring. However,

the fragility of quantum states poses a challenging obsta-

cle for realization of a fault-tolerant quantum computer.

The topological approach to quantum computation pro-

poses to surmount this obstacle by using special physi-

cal systems – non-Abelian topologically ordered phases

of matter – that would provide intrinsic fault-tolerance

at the hardware level. The so-called “Ising-type” non-

Abelian topological order is likely to be physically re-

alized in a number of systems, but it can only provide

a universal gate set (a requisite for quantum computa-

tion) if one has the ability to perform certain dynami-

cal topology-changing operations on the system. Until

now, practical methods of implementing these operations

were unknown. Here we show how the necessary oper-

ations can be physically implemented for Ising-type sys-

tems realized in the recently proposed superconductor-

semiconductor and superconductor-topological insulator

heterostructures. Furthermore, we specify routines em-

ploying these methods to generate a computationally uni-

versal gate set. We are consequently able to provide

a schematic blueprint for a fully topologically-protected

Ising based quantum computer using currently available

materials and techniques. This may serve as a start-

ing point for attempts to construct a fault-tolerant quan-

tum computer, which will have applications to cryptanal-

ysis, drug design, efficient simulation of quantum many-

body systems, solution of large systems of linear equa-

tions, searching large databases, engineering future quan-

tum computers, and – most importantly – those applica-

tions which no one in our classical era has the prescience

to foresee.

The vulnerability of quantum computers to errors can, theo-
retically, be overcome by quantum error correction [1]. How-
ever, fault-tolerance is difficult to engineer in practice be-
cause quantum error correction protocols introduce more er-
rors than they correct unless the error rate is very small to
begin with [2, 3]. The correctable error threshold is estimated
to be <∼ 10−3 per computational gate operation [4], which is
quite difficult to achieve. An alternative approach is to imple-
ment fault-tolerance at the hardware level. This approach can
be realized, in principle, by a non-Abelian topological phase
of matter [5–9].

Topology is a branch of mathematics which focuses on
those properties of mathematical spaces, e.g. surfaces, which
are invariant under continuous deformations. For instance, the
three surfaces displayed in Fig. 1(a) are topologically equiva-
lent, since each can be obtained from any other by stretching
it like a sheet of rubber without cutting, puncturing, or glu-
ing. Similarly, the three surfaces in Fig. 1(b) are topologically
equivalent, as are the three in Fig. 1(c). In fact, the surfaces in
Fig. 1(a) and 1(c) are also topologically equivalent, but with
very different geometries. It is worth the reader’s time to vi-
sualize the equivalencies.

Topology is an essential aspect of many physical systems,
e.g. vortices in superfluids and superconductors, defects in
liquid crystals, magnetic domain structures, and van Hove
singularities in crystal spectra. One of the most remarkable
developments in physics in the last 30 years is the discov-
ery of topologically ordered phases of matter [10], which are
extreme examples of topology governing physics: all low-
energy, long-distance properties of the system are unaffected
by any local perturbations. These phases were initially discov-
ered in the quantum Hall regime [11–13]. As the theoretical

FIG. 1: Configurations for universal topological quantum comput-
ing with Ising-type systems. Each row contains three geometrically
different realizations of topologically equivalent surfaces.
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solved which are completely beyond the known abilities
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alized in a number of systems, but it can only provide
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a schematic blueprint for a fully topologically-protected

Ising based quantum computer using currently available

materials and techniques. This may serve as a start-
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tum computer, which will have applications to cryptanal-
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body systems, solution of large systems of linear equa-

tions, searching large databases, engineering future quan-

tum computers, and – most importantly – those applica-

tions which no one in our classical era has the prescience

to foresee.

The vulnerability of quantum computers to errors can, theo-
retically, be overcome by quantum error correction [1]. How-
ever, fault-tolerance is difficult to engineer in practice be-
cause quantum error correction protocols introduce more er-
rors than they correct unless the error rate is very small to
begin with [2, 3]. The correctable error threshold is estimated
to be <∼ 10−3 per computational gate operation [4], which is
quite difficult to achieve. An alternative approach is to imple-
ment fault-tolerance at the hardware level. This approach can
be realized, in principle, by a non-Abelian topological phase
of matter [5–9].

Topology is a branch of mathematics which focuses on
those properties of mathematical spaces, e.g. surfaces, which
are invariant under continuous deformations. For instance, the
three surfaces displayed in Fig. 1(a) are topologically equiva-
lent, since each can be obtained from any other by stretching
it like a sheet of rubber without cutting, puncturing, or glu-
ing. Similarly, the three surfaces in Fig. 1(b) are topologically
equivalent, as are the three in Fig. 1(c). In fact, the surfaces in
Fig. 1(a) and 1(c) are also topologically equivalent, but with
very different geometries. It is worth the reader’s time to vi-
sualize the equivalencies.

Topology is an essential aspect of many physical systems,
e.g. vortices in superfluids and superconductors, defects in
liquid crystals, magnetic domain structures, and van Hove
singularities in crystal spectra. One of the most remarkable
developments in physics in the last 30 years is the discov-
ery of topologically ordered phases of matter [10], which are
extreme examples of topology governing physics: all low-
energy, long-distance properties of the system are unaffected
by any local perturbations. These phases were initially discov-
ered in the quantum Hall regime [11–13]. As the theoretical

FIG. 1: Configurations for universal topological quantum comput-
ing with Ising-type systems. Each row contains three geometrically
different realizations of topologically equivalent surfaces.
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FIG. 5: A schematic blueprint for a universal Ising topological quan-
tum computer: an ISH system that is primarily planar with (non-
planar) DTC structures (as in Fig. 4) distributed throughout. Non-
Abelian quasiparticles are represented by black dots and a topologi-
cal charge measuring device (in this case an interferometer) is repre-
sented by the red “claws” at the front of the ISH system. The gates
and devices used to perform DTC operations, quasiparticle braiding,
and topological charge measurement are all controlled by a classical
computer.
Note: figure not drawn to scale.

One might be concerned about the practicality of working
with twisted geometries such as in Fig. 1(c), especially since
the many applications of the π/8-phase gate needed in a com-
putation appear to produce too much twisting for the physical
constraints of the system. This is however not as severe a
problem as it seems, since the encoded quantum information
can be teleported into and out of DTC structures using anyonic
teleportation [21]. Performing such anyonic teleportations for
the state encoded in the twisted geometry may be rather chal-
lenging experimentally, since it involves a topological charge
measurement enclosing one of the twisted boundaries. This is
the most technologically demanding step in our protocol, but
it should be realizable in ISHs.

Thus, it is interesting to compare ISHs and the ν = 5/2
fractional quantum Hall state in the context of our proposal.
The fundamental favorable characteristic of ISH systems over
5/2 is that the energy scale of the gap is derived from the prox-

imate superconducting gap ∆ and is therefore: (1) potentially
much larger, and (2) not dependent on the realization of a high
mobility heterostructure. This last requirement has, until now,
dictated precise planarity for fractional quantum Hall states.
Our computationally universal proposal requires, at a funda-
mental level, the use of curved (non-planar) topological fluids,
which should be possible in ISHs.

We estimate the proximity-induced gap in an ISH to be
≈ 5 K if Nb is the superconducting element (in contrast to
the ν = 5/2 gap of ∼ 500 mK). This gap, unlike in the frac-
tional quantum Hall situation, does not depend on ultra-high
mobility since it is protected by Anderson’s theorem [44].
Therefore, the TQC operating temperature, which must be
well below the gap, need not be in the millikelvin range for
ISH, where a dilution refrigerator would be required. In fact,
none of the microscopic design elements need to be particu-
larly exotic. The superconducting film should have a thick-
ness larger than the coherence length, which is approximately
0.1 µm for a variety of superconductors. In semiconductor
ISHs, the semicondutor layer should be a generic quantum
well, approximately 10 − 50 nm thick, with a doping of ap-
proximately 1010 electrons/cm2. The various DTC and qubit
structures are on the micron scale. The gates needed for braid-
ing, measurement, and DTC operations are standard metallic
electrical gates and micro-magnetic metallic gates creating lo-
cal magnetic fields.

Putting all the pieces together, we draw up a schematic
blueprint in Fig. 5 of an Ising anyon based topologically fault-
tolerant quantum computer in which quasiparticle braiding,
dynamical topology change, and topological charge measure-
ment can all be performed, thus allowing universal quantum
computation.
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The advancement of information processing into the

realm of quantum mechanics promises a transcendence

in computational power that will enable problems to be

solved which are completely beyond the known abilities

of any “classical” computer, including any potential non-

quantum technologies the future may bring. However,

the fragility of quantum states poses a challenging obsta-

cle for realization of a fault-tolerant quantum computer.

The topological approach to quantum computation pro-

poses to surmount this obstacle by using special physi-

cal systems – non-Abelian topologically ordered phases

of matter – that would provide intrinsic fault-tolerance

at the hardware level. The so-called “Ising-type” non-

Abelian topological order is likely to be physically re-

alized in a number of systems, but it can only provide

a universal gate set (a requisite for quantum computa-

tion) if one has the ability to perform certain dynami-

cal topology-changing operations on the system. Until

now, practical methods of implementing these operations

were unknown. Here we show how the necessary oper-

ations can be physically implemented for Ising-type sys-

tems realized in the recently proposed superconductor-

semiconductor and superconductor-topological insulator

heterostructures. Furthermore, we specify routines em-

ploying these methods to generate a computationally uni-

versal gate set. We are consequently able to provide

a schematic blueprint for a fully topologically-protected

Ising based quantum computer using currently available

materials and techniques. This may serve as a start-

ing point for attempts to construct a fault-tolerant quan-

tum computer, which will have applications to cryptanal-

ysis, drug design, efficient simulation of quantum many-

body systems, solution of large systems of linear equa-

tions, searching large databases, engineering future quan-

tum computers, and – most importantly – those applica-

tions which no one in our classical era has the prescience

to foresee.

The vulnerability of quantum computers to errors can, theo-
retically, be overcome by quantum error correction [1]. How-
ever, fault-tolerance is difficult to engineer in practice be-
cause quantum error correction protocols introduce more er-
rors than they correct unless the error rate is very small to
begin with [2, 3]. The correctable error threshold is estimated
to be <∼ 10−3 per computational gate operation [4], which is
quite difficult to achieve. An alternative approach is to imple-
ment fault-tolerance at the hardware level. This approach can
be realized, in principle, by a non-Abelian topological phase
of matter [5–9].

Topology is a branch of mathematics which focuses on
those properties of mathematical spaces, e.g. surfaces, which
are invariant under continuous deformations. For instance, the
three surfaces displayed in Fig. 1(a) are topologically equiva-
lent, since each can be obtained from any other by stretching
it like a sheet of rubber without cutting, puncturing, or glu-
ing. Similarly, the three surfaces in Fig. 1(b) are topologically
equivalent, as are the three in Fig. 1(c). In fact, the surfaces in
Fig. 1(a) and 1(c) are also topologically equivalent, but with
very different geometries. It is worth the reader’s time to vi-
sualize the equivalencies.

Topology is an essential aspect of many physical systems,
e.g. vortices in superfluids and superconductors, defects in
liquid crystals, magnetic domain structures, and van Hove
singularities in crystal spectra. One of the most remarkable
developments in physics in the last 30 years is the discov-
ery of topologically ordered phases of matter [10], which are
extreme examples of topology governing physics: all low-
energy, long-distance properties of the system are unaffected
by any local perturbations. These phases were initially discov-
ered in the quantum Hall regime [11–13]. As the theoretical

FIG. 1: Configurations for universal topological quantum comput-
ing with Ising-type systems. Each row contains three geometrically
different realizations of topologically equivalent surfaces.
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The vulnerability of quantum computers to errors can, theo-
retically, be overcome by quantum error correction [1]. How-
ever, fault-tolerance is difficult to engineer in practice be-
cause quantum error correction protocols introduce more er-
rors than they correct unless the error rate is very small to
begin with [2, 3]. The correctable error threshold is estimated
to be <∼ 10−3 per computational gate operation [4], which is
quite difficult to achieve. An alternative approach is to imple-
ment fault-tolerance at the hardware level. This approach can
be realized, in principle, by a non-Abelian topological phase
of matter [5–9].

Topology is a branch of mathematics which focuses on
those properties of mathematical spaces, e.g. surfaces, which
are invariant under continuous deformations. For instance, the
three surfaces displayed in Fig. 1(a) are topologically equiva-
lent, since each can be obtained from any other by stretching
it like a sheet of rubber without cutting, puncturing, or glu-
ing. Similarly, the three surfaces in Fig. 1(b) are topologically
equivalent, as are the three in Fig. 1(c). In fact, the surfaces in
Fig. 1(a) and 1(c) are also topologically equivalent, but with
very different geometries. It is worth the reader’s time to vi-
sualize the equivalencies.

Topology is an essential aspect of many physical systems,
e.g. vortices in superfluids and superconductors, defects in
liquid crystals, magnetic domain structures, and van Hove
singularities in crystal spectra. One of the most remarkable
developments in physics in the last 30 years is the discov-
ery of topologically ordered phases of matter [10], which are
extreme examples of topology governing physics: all low-
energy, long-distance properties of the system are unaffected
by any local perturbations. These phases were initially discov-
ered in the quantum Hall regime [11–13]. As the theoretical

FIG. 1: Configurations for universal topological quantum comput-
ing with Ising-type systems. Each row contains three geometrically
different realizations of topologically equivalent surfaces.
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