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Introduction well-approximated by the density operatg®" with

Bulk-ensemble NMR quantum computation was enabled ?g?;?é%{:?g@g) (ii.d)  where p=(1+0)/2, g=1-p and

ingenious initialization schemes which maké&eetive pure
state[GC97, CFH97] out of the thermal equilibrium state n
the maximum entropy. It has been so far most success g{
in demonstrating quantum algorithms[V$81]. However, b

the states used in NMR experiments are separable and th&—b) log(1—p) is the entropy. This is the consequence of

fore coptam no entanglement[B@QQ] and furthermore ex- wa§ting the most typical states as the signal-less background.
ponentially huge physical resources such as the numbers o

molecules[LPO1] or experiments are used. In this Paper, we ] ]
present the initialization scheme which may achieve the rdarpical Sequences as Multiple Signal States
guantum computation. T . . .
: . . e lesson of generalized logical labeling naturally leads to
The simplest answer to this problem would be cooling 9 9 9 y

the spins down td@ =0K. Then the states of all quantum com- e conclusions; (a) we should use as many signal states as
o o ) ossible, (b) all signal states should give the same result, and
puters would be initialized t®)®". However it is not that sim- g (b) 9 9

The logical labeling [GC97] have been generalized to ar-
ary temperature by using typical sequeng@s?|1)®"}
the background state only to lose available quiditép)

¥elowering the temperature[Kit01], whek(p)=—plogp —

ple. If the material is simply cooled, it is frozen to the solid i zglt]grgyuprzg?kist?f]es should be used as signal state rather than
which the dipolar interactions make the computational basi . —1M\@NP|1\®Nq ~
including|0Y*" non-stationary. It might be avoided by decou- ach of the typical statesi={|0)""1) "} has the prob

pling dipolar interactions by applying special pulse sequen ability of 27"M® and the number of the typical states is
—( N\ 2nHP) /. / i i
although it would be too tedious and busy. (@ﬁ_(np)~2 /y2mpq. If all the typical states give the

We are seeking alternative possibility of cooling spirfsame result, the signal strength is proportional to the popula-

—2—-nH(p) ~ / i
without actually freezing materials[IF®0, TTT01]. The on P(xeA)=2 A~1/ y2znipg, which scales well.

spin temperature might be cooled down to mK but never toOne way of doing this is the unitary Schumacher

OK. Therefore we still need some scheme to extract the pﬁpénpressmn[Sch%ﬂ which transforms the thermal equilib-

state (zero entropy) signal out of the low temperature mixed™ state into

states (low entropy). That is the main topics of the Paper. |AI-1
pl= ) 27™M0 xx e 0)0 + Y PY)S Iy)yl S’
Conventional Effective Pure State x=0 AH(p)  n[i-H(p] VAT n

The exhaustive averaging[KCL98] which requirés-2 ex- The diference in typical states are compressednfitequbits

periments is out of question from the computational corand the redundami(1-H) qubits are initialized to the same

plexity viewpoint and will never be used for the real quantusignal sub-state. We gain qubits by lowering the temperature

computation. By real quantum computation, we mean thed all qubits are available in the limit @&=0.

exponential speed-up over classical computation without reAlthough the scalable initialization by some kind of data

quiring exponentially huge physical resources other than tt@mpression algorithm étgorithmic cooling”) has been first

size of Hilbert space itself. suggested by Schulman and Vazirani[SV99], the discussion
The logical labeling[GC97] also fiiers from the exponen-based on typical sequences may shed more light on the prob-

tially small signal and in turn requires exponentially marlgm.

molecules. This is the limit of using single signal state since

any s'Fate is ;upject to exponentially small population for iﬁ)emonstration of Initialization by Compression

creasing at finite temperature.
Under the &ective Hamiltonian of homonuclear soAlthough we are working towards spin-cooled[TTT01] solu-

lution NMR, the thermal equilibrium states can b#on NMR, itis still under fundamental development and not



yet available. Also currently the number of qubitg€annot initialization scheme which enables real quantum computa-
be increased to the extent where the law of large numbgos using NMR.

or the asymptotic equipartition property (A.E.P.) come into

effect. Therefore we have used the exhaustive averaginghto

prepare the pseudo low temperature state-af andp=3/4, REfErences

the equal mixture of the pseudo typical stat@8p1y, |0010, ) )
010y and|1000. After application of the simple Compres[BCJ+99] S. L. Braunstein, C. M. Caves, R. Jozsa, N. Lin-
sion circuit, it has been transformed into the equal mixture of den, S. Popescu and R. Schaékys. Rev. Lett. 83,
10000, |0001), [0010 and|001D), in which the leading two ~ PP- 1054-1057 (1999).

qubits are successfully initialized (@0). However, the com- [CD96] R. Cleve and D. P. DiVincenzd&?hys. Rev. A 54,
pression circuit is not claimed to béieient. pp. 2636-2650 (1996).

. . . o [CFH97] D. G. Cory, A. F. Fahmy and T. F. Havel,
Compression Circuit for Initialization Proc. Natl. Acad. Sci. USA, 94, pp. 1634—1639 (1997).

The data compression algorithm (circuit) for the initializgbra00] T. G. Draper, quant-pB008033 (2000).
tion of NMR quantum computers is subject to the special ,
requirements: a) no clean qubit is initially available, an ,C97] N. Gershenfeld and I. L. Chuanggience 275,
b) no state reduction by strong measurement is available, c) PP- 350-356 (1997).

the total computational complexity must be polynomigl( [ITS+00] M. linuma, Y. Takahashi, I. ShakM. Oda, A. Ma-
The first requirement makes the application of existing clas-  saike, T. Yabuzaki and H. M. Shimiz&hys. Rev. Lett.
sical (or even quantum) compression algorithms vefii-di 84, pp. 171-174 (2000).

cult since they use clean workspace for granted. Only after )

the initialization, the clean qubits are made available. ThisCL98] E. Knill, I. Chuang and R. Laflammebhys. Rev,

the special requirement for initialization algorithm only. The A 57, pp. 3348-3363 (1998).

second requirement is specific to the NMR implementationitog] M. Kitagawa, “Extraction of NMR Quantum Com-
The third requirement of course prohibits the use of ex-  pytation Signal with Parity Gate,” IQuantum Coher-
haustive averaging ofqubits. However, the exhaustive aver-  ence and Decoherence, Proc. 6th ISQM (Aug. 24—27,

aging of logoly(n))-qubits which requires onlpoly(n) ex- 1998, Saitama), Eds. K. Fujikawa and Y. A. Ono, (Else-
periments is not prohibited. Similarly, the selective readout  vjer, Amsterdam, 1999), pp. 33-36.

conditioned on the state of loggly(n))-qubit ancilla[Kit98] ) _ o

requires at mogpoly(n) experiments and therefore is allowedKit01] M. Kitagawa, “Initialization, Entanglement and
In either way, logpoly(n)) clean qubits are available within ~ Scalability in Bulk-Ensemble NMR Quantum Compu-
poly(n) overhead. tation,” EQIS 01 (2001).

By careful application of the above observations a(;[QKOZ] A. Kataoka and M. Kitagawa, “Initialization Algo-

Draper’s QFT-based in-place addition[Dra00], we have de- (ithm of NMR Quantum ComputersEQIS 02 (poster)
veloped dicient initialization scheme which requires at most  (2002).

O(n°) steps and log uninitialized ancilla qubits. It is .
based on the Schumacher compression circuit of Cleve #4d01] N. Linden and S. PopesciRhys. Rev. Lett. 87,

DiVincenzo[CD96] which require©(n?) steps and 2/n + 047901 (2001).
logn clean work qubits. The details of the quantum circu[iécgg] R. Schack and C. M. Cave®hys. Rev. A 60
will be presented E|SeWhere[KK02]. pp. 4354—4362 (1999) ’ ,

Obviously the strict space saving requirement has signifi-
cantly increased the steps. The other in-place initialization Ech95] B. SchumacheiPhys. Rev. A 51, pp. 2738-2747
gorithm [SV99] claims much attractiv@(n logn) steps while (1995).
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Summary [VSB+01] L. M. K. Vandersypen, M. Sféen, G. Breyta,

) ) o C. S. Yannoni, M. H. Sherwood, and I. L. Chuang,
In summary, we have investigated the initialization problem  \ature 414 pp. 883-887 (2001).

of NMR quantum computers and have developed fhieient



