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Experimental demonstration of a three-qubit quantum computation algorithm
using a single photon and linear optics
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(Received 17 February 1999; published 3 August 2000

A quantum computer that gives us the result of a single quantum computation has been constructed. The
guantum register was realized by modes and polarization of photons, and the unitary transformation was
implemented with linear optics. For each quantum computation, the answer to the Deutsch Jozsa problem for
any four-bit digit is given by a single-photon detection signal with a small error rate of less than 4%.

PACS numbd(s): 03.67.Lx, 42.30-d

1Quantum computation is a new concept that utilizescan be used to realize any unitary transformation. A theoret-
guantum superposition states for ultrafast parallel processinigal proposal for quantum computation using linear optics
[1-3]. Deutsch and Jozsa found that quantum computers camas given by Takeuchil19], and later a similar idea was
segregate arrays of digits exponentially faster than classicaluggested independenfl0].
computers[4], and the discovery was followed by Shor's Here we report an experimental demonstration of the
famous factoring algorithfb]. There have been several pro- Deutsch-Jozsa quantum computation algorithm using linear
posals for the actual realization of quantum computé+|. optics and a single photon. In the experiment, the initial state
Demonstrations of a quantum logic gate using single quantwas pure and the answer is given by single-photon detection
have been performed®,10]. However, the demonstration of so that the key aspect of the Deutsch-Jozsa algorithm of ob-
algorithms has not been performed using a single-quanturtaining the answer witha single quantum computatiois
system. fully demonstrated. The experiment is equivalent to three

Nuclear magnetic resonance quantum computatiomubits, which is the largest size of today’s quantum comput-
(NMR-QC) was invented as a promising idea to realizeers. Our results also imply that quantum computation using
guantum algorithms. The nuclear spins of a molecule in solinear optics is as practical as NMR-QC.
lution were adopted as qubits. Each of the molecules in the First, let us introduce the problem of the Deutsch-Jozsa
solution works as an individual quantum computer. So faralgorithm. Suppose we are given an array &f adigits. We
only NMR-QC has played the role of a test bed for thesecall the arrays “even” when they include as many 1's as 0's
algorithms[11-14. However, this test bed has the weak (e.g.,{1,0,1,¢ for N=2), and “uniform” when they are
point that the results are always given by an average over filed with only ‘0’s or ‘1’s (e.g.,{1,1,1,3). The problem for
huge number of quantum systems, so “projection measurehe Deutsch-Jozsa algorithm is to find the correct answer
ment” phenomena cannot be demonstrated by NMR-QC. between “the given array is not even” and “the given array

Projection measurement plays an important role in quanis not uniform.” When the array satisfies both cases, either
tum computation. For the Deutsch-Jozsa algorithm, the struaf them can be the answer. A classical computer nééds
ture was carefully selected so that the answer can be gives 1 steps in the worst case. However, a quantum computer
by a single quantum computatidd5]. In this sense, the can find the answer wit(log(N)) steps[4].*
experiment performed by NMRL3] did not demonstrate the  our quantum computer solves the problem with four-bit
heart of the algorithm sufficiently. As is pointed out in Ref. inputs, for which three qubits are required in the Deutsch-
[14], the famous scheme of quantum error correclidfl 36753 algorithm; two qubits are used as the address register
based on projection measurement cannot be tested by NMRyq gne as the accumulator for the given oracle. In our com-
QC. puter, four optical paths are used for the address register and

staltgsfjﬂtlt?wg’ Iilhl\jFlirijg 2?<b§irvnv2;?spri$gren¥g ggég;';(:% he polarization of the photon is used for the accumulator.
Q P P ' ur quantum computer is used as follows. First, the com-

mgfi ;\rl]vr? OF [)oeblsorlr:/sé dtr;{?fl}iilesnﬁyclcl)?/slfl “c/il;e(_q&%r;t]um algOmhmps)'uter is initialized for the computation. Second, the ordale

Quantum computation using linear optics is an alternativerﬁur'blt d'g't). IS g'VTn to the Ic_ocrjnputerr] anEdgls convertgd 0
important test bed for quantum computing. If we use asinglé € appropr'late voltage applied to the (, ectro-optig .
photon for computation, the result is given not by an averag&hedulators in the system. Then we put a single photon with
but by a single quantum computation. In quantum a|go_vert|cal polarization into the input port of this quantum com-
rithms, appropriate unitary transformations are applied tPUter, and observe the detector at the output port to find
quantum registers. Reait al. [18] found that linear optics whether it detects the photon or not. If the photon is detected,

*Present address: RIES, Hokkaido University, Sapporo 060-0812,0 is the Landau symbolh(x)=0(g(x)) meansh(x)/g(x) is
Japan. bounded forx—oe.
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LD  He-Ne where a; describes the amplitude of the wave function at

Mirror (694nm) (633nm) pathi shown in Fig. 1, andp] describes the state of the

_ [| polarization;[0] is the basis of the vertical polarization and
A/4 plate Path3 S,gﬁgfl [1] is that of the horizontal polarization. The phase factors
Shutter path4 according to the optical length of each path will be consid-

ered later. We use E/O modulatoi@senger PM0202sto

Lonuters embed the oracl&f(j)} in the system. The modulators rotate
| Mirror the polarization of photons when and only whefj)=1.
— (O . .
[ § _ After the modulation, the wave function becomes
172 f Beam Splitter
Beam Splitters z? ND Filters 1 " 0 0
High(>640nm)pass filter
1 0 1 0
Photon Detector E 0 [f(1)]+] 0 [f(2)]+] . [f(3)]
FIG. 1. Schematic diagram of the optical system for the
Deutsch-Jozsa algorithm with four-bit inputs. 0 | O 0
the answer is that the given oraglgj)} is not even. If the 0
photon is not detected, the answer is that the given oracle 0
{f(j)} is not uniform. | o [T 4
The experimental setup is shown in Fig. 1. The vertically
polarized 694 nm beam from a laser diode passes through the 1

spatial filter and is attenuated by neutral dengN) filters )
to very weak light(up to 0.5 pW. When such a weak beam Next, quarter wave plates act as phase shifters, that change
was used, the average number of photons present in the ofil€ phase of the wave function by/2 only when the polar-

tical system was 310 3, and the probability of finding two 1zation of the photons is vertical. After the phase shifters, the
or more photons in the coherent length of 10 cmidth of mirrors reflect back the wave function. The wave plates add

a single photon wave packewas less than 810 4. In  anotherm/2 phase shift according to the state of polarization.

addition, the number of incident photons was much less thahen the E/O modulators rotate the polarization to the origi-

the saturation level of the photon detector. In this sense, thBal state again. The state of the photon after the E/O modu-
computation was performed using the quantum phenomendators is written as follows:

of single-photoninterference. All shutters in the optical sys-

—1)f(1)
tem except the one for the reference light were open during (=1
the computation. 1| (=1
The transformation of a 50:50 beam splitter is given as l2=5 i(—1)f® [0]. )
follows [21]:
1 (1 —(—1'®
—=li 1] @ , . :
\/E The transformation of three beam splitters can be written as
follows:
After passing through three beam splitters, the wave function _ _
of a single photon is converted to a uniform superposition of 1 l I -1
the_ states passing through four optiqal paths. When the beam 1liv2 V2 o 0
splitters are 50:50, the transformation of these three beam = . (6)
splitters is given using Eq1) as follows: 2 i -1 1 '
0 0 iv2 2
1 iV2 i o0 V22
1| i \/5 -1 0 After passing the three beam splitters again, the component
—| _ . 2) #3107 Of the wave function at output mode 3 with vertical
2| i 0 1 iy2 polarization([0]) is written as
-1 0 [ 2 . . . .
2 Pafo=i(—1)'W—i(=1)@+i(-1)"®—j(-1)"*
Therefore, the wave function of the photon after passing @
these beam splitters can be described as folldh@% 4
a 1 =j§l (—1)'Oxexpig)), 8
a, 1 [
1= [p]=§ .| [0], (3)  where ¢; is the phase corresponding to the optical path
a3 : length of pathj and the additional phase factors due to the
ay -1 reflection at the beam splitters.
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Before the computation, we adjust the path length accord- 0000 :
ing to the following initialization procedure. Switching the 1111 01
shutters in the paths, and settifi¢l)="f(4)=1 andf(2) 88% PY
=f(3)=0, the visibilities of the interference between path 1 0100

and path 3, path 1 and path 2, and path 3 and path 4 are
observed sequentially and the tilt angles of the mirrors are

Oracle {f(j)}
E

adjusted to obtain the maximum visibilities, which were up 1110 ® .
to 98%. Next, we control the length of path 1 to set the 8%}
interferometers to a dark conditig@imost no photons ob- oiic| |®@
served at the output ponvith 0.5 nm precision using piezo- ]8%
actuators attached directly to each of the mirrors. Using Eg. 1100} | .
8, the output of the interference between path 1 and path 3 is 0 1
proportional to Photon Detection Probability
f(1 i f(3 ; 2 FIG. 2. The photon detection probability for the given four-bit
|(_ b ( )exm $0+(~1) ( )exm ¢3)| digits f(j). The tpheoretical values?/vith no eyrrors aregshown by the
=2[1—cog ¢,— ¢3)]. (9)  solid lines, and the experimental values are plotted as black dots.

Therefore setting the interferometer to the dark conditionvhereN({f(j)}) is the photon counting rate with the oracle
corresponds to having the conditiapy = ¢5. In the same {f(j)}, we have to estimathlo,, Which is the number of
way, we realize the conditiong,= ¢, and ¢s= ¢, by set- total photon detection events of all detectors. In this paper,
ting the interference between path 1 and path 2, and path §€ estimatetNiota bY (NmaxtNmin), Where N,y is the
and path 4, respectively, to the dark condition. The interfermaximum photon counting rate (5.%A0° counts/$ ob-
ence of the reference ligh632.8nm was used for precise served with oracle$f(j)}={0,0,0,¢ andNy,;, is the mini-
control of the path lengths. The optical system was also paghum counting rat¢6360 counts/sat{f(i)}={1,0,0,3. The
sively stabilized against thermal drifts for at least 10 s with-experimental results are shown in Fig. 2. The vertical axis
out active control. shows the four-bit digits given to the computer. The horizon-
Because the phase factogg in Eq. (8) are set to be tal axis shows the probabilitliy of photon observation at the
identical in the initialization procedure, the probability of the output port. The theoretical values given by E@0) are

detection of the photon at the output port is shown by the solid lines in Fig. 2. The experimental values
plotted as the black dots are calculated by @&d,).
1 2 This result shows that we can determine whether the

4
> (—1)fD)

(100  statement “the given oracléf(j)} is not even” or “the
=1

given oracle{f(j)} is not uniform” is correct with the small
average error rates of 2.7% and 4.0%, respectively, by the
observation of a single-photon. Recently, we succeeded in
nalyzing the sources of errors quantitatively and found that
e imperfection of the path length adjustment in the initial-
ization procedure was the main cause. The subtle differences
counts/s. of the probabilities for intermediate casge., 1,0,1,1 from

qu aglvgn_qra_cle,_ the photons were counted for 0.1 s. Blfhe theoretically predicted value of 25% seemed to come
running the initialization procedure at intervals of 10 s, Wefom the same source. The details of the analysis will be
succeeded in continuing computation for tens of minutesreported elsewher22] '

This initialization procedure was automatically performed by We emphasize that the answer to the Deutsch-Jozsa prob-

a personal computer, which also generates the four-bit digitﬁem was given here by a single quantum computation. The

an(\jlv(;]ollect;:]s the data. ¢ ¢ ter i ¢ experiment thus exactly demonstrates the essence of the
nen the answer of our qu‘f;tn um”compu eris wrong Ororiginal Deutsch-Jozsa algorithfd5]. This is an important
the given input, it is termed an “error.” The error rate can be

. ) _ feature of linear optics quantum computation when com-
calculated from the photon detection probabilRy{f(j)}) pared with the NMFF{)-QC cr]nethod. The c?bservation of a stop
with the given oracldf(j)}.

g bit of the quantum compute23] and the quantum error
When we use weak light for the source of photons, we g putel2s| q

how h o k h hoton i ¢ detected. O correcting code$16] are examples in which the projection
Somenow have 1o know when a pnoton Is not detected. Ynfyeaq rement plays an important role. Although the imple-
solution is to put three other photon detectors at the ope

thentation using linear optics is not suitable for large-scale

output of the beam splitters. When we observe a photon dec'omputation because it required 2 paths for the demon-

tection signal from them, we regard the event as “not de-, ; ; : ; oo :
. o . stration withN qubits, we believe it will become an impor-
tected.” In this experiment we just set the detector at th d P

. . - &ant testing ground for gquantum computation.
output port. In order to derive the detection probability Let us grigeﬂy discusg the numberl?)f calculation steps. In
NAf()}

quantum computation, the number of steps is regarded as the
Niotal register. Hence we should count the number of layers of the

ID({f(J')}):F3

P=0 for the even input and 1 for the uniform input.

We used a single-photon counting modug&PCM-AQ,
EG&G) as the photon detection device. The observed dar
count in the experimental setup was less thaw 14°

(11) number of unitary transformations applied to the quantum

PAf(hH=
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optics that the photon wave function was actually affectedithm with two qubits and a proposed system of three qubits
by. In our system, the total number of steps was eigho  were reported independenilg4].

for initial beam splitting, four for E/O modulators and wave ) _ )

p|ates for a round trip, and two for final beam Sp“tt)ng is I would like to thank Professor Oliver erght and Dr.
also interesting that the calculation of a four-bit digit can beToshiro Isu for their fruitful comments on this paper and the
performed using only a single photon. It is not the number ofmembers of the Quantum Devices Team at ATRC for their
particles, but the number of the degrees of freedom of théelp with the experiment. The author is affiliated with the
particles, that is important for computation. After the sub-PRESTO project of the Japan Science and Technology Cor-
mission of this paper, an experiment using Glover’'s algo-poration.
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