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Introduction
Quantum computation can be implemented using linear optics, single photon
sourcesand photo-detectors, referred to as linear optics quantum computing
(LOQC) � . Several in-principle experimental demonstrations of LOQC have
recently beenperformed ��� ��� � . In LOQC qubits are encoded by the presenceof a
single photon in one of two orthogonal modes.
LOQC requiresthat photons in a circuit be indistinguishable. A major problem
facing experimental LOQC implementations is mode-matching, shown 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 accuratepredictions
of gate operation, allowing us to perform quantum processtomography
(QPT)��� 	 , using far lessexperimental data than would ordinarily be required.
The model can also be used to estimate the mode-matching characteristicsof
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 
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(1)

on the logical basisstates,where
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.
The gate is non-deterministic and post-selectedupon detecting a total 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 observemode-matching effects in our model we intr oduce a
representation for photons which capturestheir spatio-temporal structure


! 

�#"%$'&#�(&#)+*-,/.103254




����68792

(2)

where
2

is somephoton degreeof freedom,
.103254

is the normalised distribution
function of the photon, and
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is the single photon stateat a particular location
in the

2

degreeof freedom. A single degreeof freedom is suf�cient to model
arbitrary mode-matching effects; .

CNOT gate with mode-matching
Photon distinguishability (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 =?>'@3@A@B=3C 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
characteristicsof an experimental gate:

< From the model develop expressionsfor dif ferent measurement outcomes
< Perform the corresponding measurements on the experimental gate
< Optimise across D
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to �nd the best �t between the model and experiment
< Substitute D
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D

�

back into the model to construct the optimised model

We perform the procedure on an experimental gate. Table 1 shows the error
between the gate model and the experimental data.

Gate model HJI5KML HJI9NOK#P

Ideal 15.25%3.26%
Optimized (globally) 2.97% 1.32%

Optimized (decoupled inputs) 1.94% 0.67%
Table 1. Maximum ( Q%R%SUT ) and average( Q'R%VWSYX ) errors between the experimental gate data, and the ideal and

optimised gate models.

We perform QPT on the model and compare this to the processobtained using
conventional QPT. Their consistency is compared using the process�delity Z ,
which yields []\
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This indicates highly consistent processreconstructions. Standard QPT �Mb

requires256measurements,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:

< The parameters have a dir ect physical interpr etation
< The model always predicts pure states
< The model is inherently physical (unlike conventional QPT)

On the other hand, the model presentedis limited to mode-matching errors,
whereasQPT is a more general approach.

References
[1] E. Knill, R. La�amme and G. Milburn. A schemefor ef�cient quantum computation with linear optics. Nature
(London), 409:46(2001).
[2] J.L. O'Brien, G. J.Pryde, A. G. White, T. C. Ralph and D. Branning. Demonstration of an all-optical quantum
controlled-NOT gate. Nature(London), 426, 264-267(2003).
[3] T. B. Pittman, M. J.Fitch, B. C. Jacobsand J.D. Franson. Experimental controlled-NOT logic gate for single
photons in the coincidence basis.Phys.Rev. A, 68:032316(2003).
[4] Zhi Zhao, An-Ning Zhang, Yu-Ao Chen, Han Zhang, Jiang-FengDu, Tao Yang and Jian-Wei Pan. Experimental
demonstration of a non-destructive controlled-NOT quantum gate for two independent photon-qubits (2004).
[5] I. L. Chuang and M. A. Nielsen, J.Mod. Op. 44, 2455(1997).
[6] J.F. Poyatos,J.I. Cirac and P. Zoller, Phys.Rev. Lett. 78, 390(1997).
[7] T. C. Ralph, N. K. Langford, T. B. Bell and A. G. White. Linear optical controlled-NOT gate in the coincidence
basis.Phys.Rev. A, 65:062324(2002)
[8] Peter P. Rohde, G. J.Pryde, J.L. O'Brien, Timothy C. Ralph, Quantum gate characterization in an extended
Hilbert space.quant-ph/041144 (2004).
[9] Alexei Gilchrist, Nathan K. Langford, Michael A. Nielsen, Distance measuresto compare real and ideal quantum
processes.quant-ph/0408063 (2004).
[10] J.L. O'Brien, G. J.Pryde, A. Gilchrist, D. F. V. James,N. K. Langford, T. C. Ralph and A. G. White. Quantum
processtomography of a controlled-NOT gate. Phys.Rev. Lett., 93:080502(2004).

Acknowledgments: This work was supported by the Australian Research Council and the government of the United States.


