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Introduction

Quantum computation canbe implemented using linear optics, single photon
sourcesand photo-detectors, referred to aslinear optics quantum computing
(LOQC) . Severalin-principle experimental demonstrations of LOQC have
recently beenperformed . In LOQC gubits are encoded by the presenceof a
single photon in one of two orthogonal modes.

LOQC requiresthat photons in acircuit be indistinguishable. A major problem
facing experimental LOQC implementations is mode-matchingshown in Figure
1, where photon indistinguishability is compromised, causing a circuit to
operate non-ideally. We presenta model of a controlled-NOT (CNOT) gate
which allows for mode-matching. This model can produce accurate predictions
of gate operation, allowing usto perform guantum processtomography

(QPT) ,using far lessexperimental data than would ordinarily be required.
The model canalso be used to estimate the mode-matching characteristics of
experimental gates. The techniques described could be applied to other optical
circuits

Figure 1. Temporal mode-mismatch between two photon. The temporal displacement intr oducesdistinguishability .

The optical CNOT gate

Figures2 and 3 illustrate the construction of the CNOT gate. The gate actson
two qubits, the control (c) and target (t) and ideally implements the logical
transformation

(1)

on the logical basisstates,where and
The gate Is non-deterministic and post-selectedupon detecting atotal of exactly
one photon between the control modes and one between the target modes .

Figure 2. Experimental implementation of the optical CNOT gate.

Representing single photons
In order to observe mode-matching effectsin our model we intr oduce a
representation for photons which capturestheir spatio-temporal structure

(2)

where Is somephoton degreeof freedom, IS the normalised distribution
function of the photon, and IS the single photon state at a particular location
In the degreeof freedom. A single degreeof freedom is suf cient to model
arbitrary mode-matching effects .

CNOT gate with mode-matching
Photon distinguishabllity (i.e. mode-mismatch) can be intr oduced
experimentally in many ways, including:

Imperfect spatial overlap between photons

Unsynchronised arrival time between photons (Figure 1)
Photons with dif ferent centre frequenciesor bandwidths
Photons with dif fering polarisations

or, anything elsewhich intr oducesdistinguishing information

We model mode-matching by displacing the photon distribution functions at
dif ferent locations in the circuit, shown in Figure 3.
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Figure 3. CNOT gate model with mode-matching, where are displacement (or mode-matching) parameters.

Estimating mode-matching characteristics of experimental gates
Using this gate model it is possible to non-intr usively infer the mode-matching

characteristics of an experimental gate:

From the model develop expressionsfor dif ferent measurement outcomes

Perform the corresponding measurements on the experimental gate

Optimise across
Substitute

between the gate model and the experimental data.

Gate model
ldeal 15.25% 3.26%
Optimized (globally) 2.97% 1.32%
Optimized (decoupled inputs) | 1.94% 0.67%

Table 1. Maximum () and average(

) errors between the experimental gate data, and the ideal and
optimised gate models.

to nd the best t betweenthe model and experiment
back into the model to construct the optimised model
We perform the procedure on an experimental gate. Table 1 shows the error

We perform QPT on the model and compare this to the processobtained using

conventional QPT. Their consistencyis compared using the processdelity ,

which yields

This indicates highly consistent processreconstructions. Standard QPT

(3)

requires 256 measurements, whereaswe have employed only 64. Furthermor e,

the parameters describing the system have a useful physical interpr etation.

Conclusion

We intr oduced a model for an LOQC CNOT gate which allows for

mode-matching effects. The model can be used to perform QPT, using far less
experimental data than is normally required. The model also allows for

estimation of an experimental gates' mode-matching characteristics. The model

has several dif ferencesto standard QPT:

ne model always predicts pur e states

whereasQPT Is a more general approach.

ne parameters have a dir ect physical interpr etation

ne model is inherently physical (unlike conventional QPT)
On the other hand, the model presentedis limited to mode-matching errors,
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