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Abstract. We have developed methodology for NMR quantum computing focusing on enhancing the
efficiency of initialization, of logic gate implementation and of readout. Our general strategy involves the
application of rotating frame pulse sequences to prepare pseudopure states and to perform logic opera-
tions. We demonstrate experimentally our methodology for both homonuclear and heteronuclear spin en-
sembles. On model two-spin systems, the initialization time of one of our sequences is three-fourths (in
the heteronuclear case) or one-fourth (in the homonuclear case), of the typical pulsed free precession se-
quences, attaining the same initialization efficiency. We have implemented the logical SWAP operation
in homonuclear AMX spin systems using selective isotropic mixing, reducing the duration taken to a
third compared to the standard re-focused INEPT-type sequence. We introduce the 1D version for read-
out of the rotating frame SWAP operation, in an attempt to reduce readout time. We further demonstrate
the Hadamard mode of 1D SWAP, which offers 2"-fold reduction in experiment time for a system with

N-working bits, attaining the same sensitivity as the standard 1D version.
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1. Introduction

NMR Quantum computation comprises three steps,
viz. initialization of the spin ensemble, computation
and readout of results. We have developed and im-
plemented methodology in an attempt to enhance the
efficiency of all three steps. Efficiency in this con-
text refers both to the step duration and, perhaps
even more significantly, to sensitivity or robustness
to noise, governed in part by relaxation losses. Ro-
tating frame sequences' are known in general to differ
from their Pulsed Free Precession (PFP) counter-
parts in coherence transfer (CT) and relaxation char-
acteristics. Favourable CT rates, CT amplitudes and
relaxation rates may result in enhanced efficiency
with rotating frame sequences. Our general approach
therefore involves the design and implementation of
rotating frame sequences to initialize the spin en-
semble and to implement logic operations.

The generation of pseudopure states is desirable
in initializing a spin ensemble for quantum comput-
ing.>* When we deal with heteronuclear spin sys-
tems it is convenient to first prepare the symmetric
state from the thermal state; the pseudopure state
may then be prepared from the symmetric state. Our
approach explores the implementation of J-cross pola-

*For correspondence

JCP; PRAWN:; pseudopure state; logic gate; isotropic mixing; Hadamard mode; quantum

rization (JCP) to create symmetric density matrices
in a two-spin heteronuclear spin system; by further
application of JCP, we seek to prepare the pseu-
dopure state. In the case of homonuclear spin systems,
where the thermal state is symmetric, we explore
isotropic mixing to prepare the pseudopure state di-
rectly from the thermal state. We show that in both
systems, the ‘initialization’ time is reduced for a
given amplitude of the resulting pseudopure state.
The pseudopure state thus generated may be visualized
by quantum state tomography™® and may further be
employed to run a quantum algorithm, ¢.g. Grover’s
algorithm.”*

The logic operation SWAP”'’ performed on cou-
pled spins (I-S) interchanges the I and S spins in
any given product operator. This permits execution
of a conditional NOT (C-NOT) or exclusive OR
(XOR) logic gate between spins that are not coupled
to each other. While the original implementations of
SWAP were performed with a series of bilinear rota-
tions, it seems natural to seek to implement SWAP
by isotropic mixing, the relevant mixing Hamilto-
nian being equivalent to a permutation operator.' "'
Indeed, this has been shown to lead to reduction of
the ‘gating time’ to one-third, working on a two-
spin-1/2 system."> We have implemented the logical
SWAP operation on the homonuclear AMX spin
system using selective isotropic mixing. We show
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that the gating time is reduced to one-third in this
case as well, to (1/2J) when compared with the stan-
dard sequence which has the gating time (3/2J), J
being the coupling constant between the computa-
tion spins. The resulting significant gain in robust-
ness to noise is to be underscored, especially for
homonuclear 'H systems, the gate duration being re-
duced by as much as 140 ms (for J ~ 7 Hz), resulting
typically in at least 20% sensitivity enhancement.
The implications for a cascade of steps could be
very significant indeed.

The SWAP operation may be readout experimen-
tally by performing a 2D experiment, which places
obvious demands on experiment time. While ultrafast
2D implementations'* could be adapted for quantum
computing, here we have developed a 1D analog'” of
the 2D SWAP readout, resulting in considerable re-
duction in readout time. In the 1D mode we employ
transition selective pulses to excite the multiplet
components of the observer spin (ancilla bit) indi-
vidually and perform selective isotropic mixing on
the operational or computation spins. This 1D im-
plementation of SWAP readout typically reduces the
readout time by two orders of magnitude in com-
parison with the conventional 2D mode. In an at-
tempt to further enhance the sensitivity or reduce the
time of readout we have developed another set of
experiments'’ with Hadamard'® encoding and decod-
ing. The excitation of the multiplet components of
the observer spin is now phase encoded in keeping
with the rows of the Hadamard matrix. The resulting
spectra are then decoded in accordance with the col-
umns of the Hadamard matrix. For fixed experiment
time this mode offers sensitivity improvement by a
factor of /M , where M is the number of multiplet
components involved, which is 2" for spin-1/2 sys-
tems, N being the number of working bits (qubits or
computational spins).

2. Theory and experiments

In the following, we summarize the theoretical con-
siderations and pulse sequence design for each of a
number of the steps involved in quantum computing.
All experiments were performed on a Bruker Avance
400 MHz NMR spectrometer system.

2.1 Preparation of pseudopure states

2.1a Heteronuclear two-spin-1/2 spin systems:
We have chosen a heteronuclear two spin-1/2 system

to implement our proposed rotating frame sequence.
In this heteronuclear AX spin system the thermal
state is [41. + S.], where 7 represents the 'H spin and
S represents °C. We first prepare a symmetric state
(572)[1. + §;] from the above unsymmetrical thermal
state by employing J-cross polarization."™'” With this
symmetric state as the starting point, we prepare the
pseudopure state, a[l, + S, + 21,S.], by using another
JCP module. The pulse sequence developed by us is
shown in figure 1.

The functioning of our pulse sequence may be
readily visualized by a density matrix calculation.
Segment A of the pulse sequence gives rise to:

AL +S =2+ S+, -5) B

'H @ ﬁﬂﬂsﬁl—g‘ﬁ ﬁﬂﬁhﬂﬂ
s HTTTTL FOTL

| 0

Figure 1. Pulse sequence to prepare pseudopure state
from thermal state. The sequence is divided into two
segments A and B. Segment A of the sequence converts
the unsymmetric thermal state of the CH system [4/, + S,]
into a symmetric state (5/2)[/,+S,]. Spin lock is per-
formed by using the PRAWN mixing sequence, which is
highly selective and has low rf power deposition. The du-
ration of the pulses in the spin lock train is 50 us for the
C and 'H channels, the pulse interval being 203-5 us.
The mixing time is (1/2J) s, which in this case is 2-:28 ms.
For the 90° hard pulse 10 us duration is employed for
both 'H and °C channels. z-gradient of 1 ms duration and
amplitude 8-67 G/cm was used. Segment B of the se-
quence converts the symmetric state into a pseudopure
state. The JCP sequence is the same as above. The mix-
ing time here is (1/4 Jy) or (1/2-16 J ), depending upon
the flip angles 6 and ¢. z-gradient of 1 ms duration with
amplitude 22-36 G/cm was employed. In homonuclear
spin systems the thermal state is symmetric and the first
segment of the sequence, A, is not required. We incorpo-
rate isotropic mixing instead of JCP with the mixing time
(1/8J) or (1/4J) for two different sets of & and ¢. Genera-
tion of the pseudopure state may be demonstrated by ap-
plying the last (dotted) pulse and acqulrmg data. The
readout is performed by a hard 90° pulse on *C/'H chan-
nel, whereas in the case of homonuclear spin systems it is
a spin selective 90° pulse.
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Segment B of the sequence leads to:
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The final density matrix at the end of the pulse se-
quence is given in (2a). This state corresponds to a
pseudopure state provided the following condition is
satisfied:

tan &sin gsin(Z) = % (2b)

By variation of the parameters of segment B of the
sequence of figure 1, viz. the flip angles 6, ¢ and the
spin lock duration ¢ of (2a), while ensuring that (2b)
is satisfied, we obtain pseudopure states of different
amplitudes. While a fairly large set of choices of (6,
@, 1) lead to similar resulting amplitudes, we chose
three settings for segment B of the sequence of fig-

ure 1, for which the spin lock duration is relatively
short and the resulting pseudopure state amplitude is
comparable with the laboratory frame sequences.”

The amplitudes of the pseudopure state created by
these three choices for segment B of our rotating
frame sequences, labelled SL-1a, SL-2a and SL-3a
are shown in table 1 for different values of 6, ¢ and
t. Table 1 also exhibits relevant parameters of the
standard PFP sequences.” The effect of relaxation
on amplitudes has been ignored for the purposes of
this comparison.

The sequence SL-la results in essentially the
same amplitude as does the corresponding laboratory
frame sequence PFP-la, but takes half the time to
transform the symmetric state to the pseudopure
state. This implies that the total initialization time
with the rotating frame sequence of figure 1, incor-
porating SL-1a for segment B is three-fourths that of
the corresponding laboratory frame approach, both
approaches requiring a time (2J) ' to first transform
the thermal state to a symmetric state with equal ef-
ficiency.

Our rotating frame sequence SL-2a for segment
B, on the other hand, requires 66-67% of the mixing
time of the corresponding laboratory frame sequence,
PFP-2a, while leading to 86-6% of its resulting ampli-
tude. Once again, both rotating and laboratory frame
versions require (2J) ' to first transform the thermal
state to a symmetric state with equal efficiency.

The implication of a pseudopure state amplitude
of 0-5 is that the two-spin-1/2 diagonal density matrix
has elements proportional to 2-5 (0-25, 0-25, 0-25,
—0-75). This is to be contrasted with the thermal state
diagonal density matrix for the "CH system where the
elements are proportional to (2.5, 1.5, -1-5, -2-5)
and the corresponding symmetric state diagonal
density matrix where elements are proportional to
(2-5, 0, 0, —=2-5), the proportionality constants being
identical for the three states in question.

Table 1. Two different rotating frame sequences to
generate pseudopure states from symmetric states and
comparison with corresponding laboratory frame sequen-
ces for heteronuclear two-spin-1/2 systems.

Pulse Mixing

sequence e 1) time (?) Amplitude
SL-1a 45° 40-79° 1/(4 J) 0-4946
SL-2a 45° 30° 1/(3J) 0-5303
SL-3a 40° 33° 1/2-73J)  0-5362
PFP-1a Sandwich 45° 1/(2 J) 0-5
PFP-2a 45° 30° 1/(2 J) 0-6123




60 I Vimalan and N Chandrakumar

The implementation of a quantum algorithm gener-
ally starts with the initialization of the spin ensem-
ble. Starting from thermal equilibrium and incorporating
our methodology for initialization by generating
pseudopure states, we have implemented Grover’s
search algorithm”® on a heteronuclear two spin-1/2
system. The standard pulse sequence® for the im-
plementation of Grover’s algorithm is shown below,
starting with the pseudopure state PPS:

PPS-90_ —-180_ —L—9O -
y x 2J y

903, .903 —% —90, =90, —Grad —90.° — Acq.

The sequence involves an ‘inversion about average’
operation, implemented by the pulse sandwich that
is flanked by delays of (2J)'. Four scans are per-
formed with different values of ¢ and ¢,. The four
different values of ¢ and ¢, for performing the in-
version operation are shown in table 2. The readout
is performed on "°C and 'H spins. The result from
execution of Grover’s algorithm is interpreted in
terms of the relative phases of the multiplet compo-
nents of the spins detected on both channels.®

2.2 Pseudopure state preparation for homonuclear
two-spin-1/2 systems

2.2a Basic pulse sequences: The thermal equilib-
rium density matrix for homonuclear spin systems is
symmetric. The generation of a pseudopure state
does not therefore require any prior symmetric state
preparation unlike the situation with heteronuclear
spin systems. The pulse sequence shown in figure 1
may therefore be used without segment A of the se-
quence, employing isotropic mixing instead of J
cross polarization (planar mixing) in segment B. The

Table 2. The phases ¢ and ¢ shown in
the pulse sequence for the implementation
of Grover’s algorithm (pulse sequence as in

text).

Phase
State & 1)
|00) x x
|0T) -X x
|10) x —X
|11) —x —x

spin evolution and condition for generation of pseu-
dopure state are shown in (3a) and (3b).
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By variation of the parameters of segment B of the
sequence of figure 1, viz. the flip angles &, ¢ and the
spin lock duration ¢ of (3a), while ensuring that (3b)
is satisfied, we obtain pseudopure states of different
amplitudes. While a fairly large set of choices of (6,
@, 1) lead to similar resulting amplitudes, we chose
three settings as in table 3 for segment B of the se-

Table 3. Two different rotating frame sequences to
generate pseudopure states and comparison with corre-
sponding laboratory frame sequences for homonuclear
two-spin-1/2 systems.

Pulse Mixing

sequence e 1) time (?) Amplitude
SL-1b 45° 45° 1/(8 J) 0-5
SL-2b 50° 36-4° 1/(8 J) 0-5174
SL-3b 42° 34° 1/(4-32J) 0-6160
PFP-1b Sandwich 45° 1/(2 J) 0-5
PFP-2b 45° 30° 1/(2 J) 0-6123
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quence of figure 1, for which the spin lock duration
is relatively short and the resulting pseudopure state
amplitude is comparable with the laboratory frame
sequences.””

Clearly, sequence SL-1b requires one-fourth the
mixing time of sequence PFP-1b, to attain the same
pseudopure state amplitude (0-5), while SL-2b pro-
duces 3:5% extra amplitude for the same mixing
time, with slightly different flip angles. The third
sequence SL-3b on the other hand, requires 46-3%
of the mixing time required by PFP-2b and reaches
the pseudopure state amplitude 0-6160, representing
a marginal 0.6% amplitude gain.

Further, sequences may also be designed to reach
pseudopure state amplitudes that correspond to the
unitary bounds on the transformations of states into
one another."**

It may be noted however that homonuclear two-
spin zero quantum coherence (ZQC) survives the
gradient (figure 1) — or any phase cycling. It is to be
eliminated for the final state to be a genuine pseu-
dopure state. The final state of the system calculated
is shown in the expression given by (4). Equation 4
follows from (3a), recognizing that the /;./;, term
which is a mixture of ZQC and double quantum co-
herence (DQC) of x-phase has its DQC component
spoiled by the crusher gradient of duration z,, while
ZQC of x-phase processes during this time.

a[(llz +]22)_2]1z]22]_
[ 1y 2y +le12x]cos(a)ATg)_

a
=1
S|

wlax — I, 2} ]Sln(wAT ) 4)

Here a is the amplitude of the pseudopure state, w,
being the zero quantum precession frequency in
rad/s. We adopt the following strategy for elimina-
tion of homonuclear two-spin zero quantum coher-
ence in the final state.

2.2b Elimination of two-spin homonuclear zero
quantum coherence: A spin selective 7 pulse is-
sued before readout converts zero quantum coherence
to double quantum coherence: which gets inverted
by a 90° phase shift of this pulse. We may therefore
perform two experiments with phase shifted 7 pulses,
respectively of phases x and y, adding the resulting
signals. This removes the ZQC/DQC in the final state,

producing the desired pseudopure state. Note that
the selective inversion pulse also transforms one
pseudopure state into another. We have adopted this
strategy in our experiments.

Experiment 1:

0, -[SL], - ¢,

1,:6_,—[SL], -4, 180 —907'"> — Acqu.
grad
a[llz _122 +2]12122] [ Ily 2y +le12x]
cos(a)Az'g) [ Iy 1. +le12y]sin(a)Az'g) (5)
Experiment 2:

0, -[SL], - ¢,

1,:0.,—[SL],—¢_, 1807 =902 — Acqu.

grad

all,, -1, +21.1, 1- -I1.1

[ 1y 2y 1x Zx]

a
cos(a)Az'g)—E[—IlyIZX e 2y]sm(a)Af ) 6)

Adding (5) and (6) results in the pseudopure state.
(5) + (6) = 2a[llz - ]22 + 2112122]~ (7)

The elimination of ZQC is also possible in a single
scan: a suitable crusher gradient after the inversion
pulse will result in the desired pseudopure state.

2.2¢  Quantum state tomography of a two-spin-1/2
system: As an illustration of the quantum state to-
mography of a pseudopure state in a homonuclear
two-spin-1/2 system, we have investigated a pair of
equivalent protons in a nematic liquid crystalline
environment employing standard methods. The sys-
tem now corresponds to a three level system,” being
a qutrit in effect.

The generation of pseudopure states in a multi-
level system that exhibits quadrupolar or dipolar
couplings is easily realized experimentally using
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transition selective pulses.”” > For a spin-1 — or two
equivalent spins-1/2 —in liquid crystal medium we
have three energy levels (corresponding to a single
qutrit); two single quantum transitions may be ob-
served in the spectrum, with a splitting of the order
of hundreds if not thousands of Hertz, depending on
the order parameter.

We may prepare three different pseudopure states
in a single qutrit system,** employing the straight-
forward approach of destroying coherence with a
spoiler following a single transition excitation pulse
that maximizes coherence, immediately followed if
required by an inversion pulse. The pulse sequence
is shown in table 4.

@' and ¢’ represent transition selective pulses
connecting the two energy levels |i) and |j). To find
the flip angle @ that saturates the transition under
consideration one may derive analytical expressions®’
for the two different single quantum transitions. The
transition selective pulse propagators Xj; and Y, of
phase x and y respectively are shown in (8) or the
two single quantum transitions. For the generation
of a pseudopure state (PPS-|0) and PPS-|2)) from the
above propagators we find 6 = 63-6°. For the gene-
ration of PPS-|1) the pulse ¢ =127-26° acts as an
inversion pulse, inverting the populations across the
corresponding transition.

2] i O

cos = isin-~ 0

Xy =| -isinZ cosz= 0
0 0 1

cos% —s1n% 0
. o o
YOl_ sin—= oS~ 01

~sinZ | . 8)

0 -
Ccos NG
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Table 4. Pulse sequence to generate three different
pseudopure states in a single qutrit system.

Pulse sequence Pseudopure state

#'*~Grad PPS-|0)
"' -Grad PPS-|2)
#'*~Grad—¢"' -Grad PPS-|1)

We perform quantum state tomography to character-
ize the system after generating the pseudopure state.
In general, the quantum state of the system is des-
cribed by the density matrix. The density matrix for
a three level system may be represented by a 3 x 3
matrix, e.g. (9):

a X, +iy, X, +iy,
P=|X =y, b X ¥y )
xb _iyb xc _iyc 4

Tomographic reconstruction of the density matrix
requires nine elements to be detected. The three di-
agonal elements a, b, ¢ in (9) could be directly ob-
tained by a single experiment employing a crusher
followed by a single hard pulse with small flip an-
gle. We do six additional experiments to find the
remaining six elements of the density matrix.”* The
choice of the unitary operation is such that the ele-
ments to be identified in the density matrix are
brought into the diagonal position of the matrix fol-
lowed by a crusher gradient which destroys the un-
wanted coherences. The diagonal elements are then
identified by a small flip angle read pulse. The set of
six experiments is performed for each of the three
pseudopure states and the thermal equilibrium state.

2.3 Implementation of SWAP and readout in 1D
mode’’

The logical SWAP operation when performed using
isotropic mixing reduces the gate time to (1/2J), and
the experimental verification was performed on a
two-spin-1/2 system in 2D mode."* Here, we employ
1D and multiplexed 1D approaches and demonstrate
the application and performance of selective isotropic
mixing on a three-spin-1/2 system.

The functioning of SWAP performed on opera-
tional spins may be tracked by monitoring the transi-
tions of the observer spin. On our model AMX spin
system we choose the two spins corresponding to
the high field multiplets as the operational spins /;
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and I,, while the spin corresponding to the low field
multiplet arises from the observer spin /, (figure 6a).
Spin /, exhibits a four line pattern and the four tran-
sitions are labeled as line-a to line-d as indicated in
figure 6a. We attempt to establish the functioning of
SWAP by-performing a short series of 1D experi-
ments. The pulse sequence we have developed is
shown in figure 2; it is implemented with a two-step
phase cycle involving phase alternation of the final
90° pulse, with no change in the receiver phase.

Note that sequence b effectively involves not only
a 270° pulse rotation of the chosen transition around
», but in addition the inversion of spin labels of the
coupled spins. This results in ‘migration’ of the se-
lected multiplet component. The inner lines (lines b
and ¢, with coupled spin states o5, and S a,) are
further affected by SWAP in sequence a, while the
outer lines (lines a and d) are not (the coupled spin
states being oo, and £, 53, in this case). The detailed
dynamics is illustrated by density matrix calcula-
tions of the transitions of the observer spin /, for the
downfield component and the next higher field
component (line-a and line-b, respectively) for the
sequences with and without SWAP.

Excitation of line-a followed by SWAP (figure
2a.):

1

1421, 120, ¢ 41,1, ]2

I, Line-a 903,
4 | 1421, +21,, +41,,1,,

Sequence without SWAP

ISOTROPIC MIXING

Figure 2. (a) Pulse sequence to implement 1D SWAP.
The first soft pulse is a transition selective pulse on ob-
server spin o, where the superscript ‘i” represents one of
the multiplet components of the spin. Transition selectiv-
ity is achieved by using a Gaussian pulse of 500 ms dura-
tion. For the hard 90° pulse we use 8 us. The isotropic
mixing is performed by a train of z-pulses each of dura-
tion 2 ms and pulse interval 400 us. The mixing time is
1/2J s, which is 50 ms in this case. (b) Pulse sequence
without SWAP. A two-step phase cycling was imple-
mented, comprising selective pulse phase alternation to-
gether with the receiver.

-1 "
0 1421, +21,, + 41 I, |— )

-] o
%[l +20, + 20, +41 1, |—2 >

-1 ,
%[l —2I,, —2I,, +41_1,.] (Line-d) (10)
Excitation of line-a, without SWAP (figure 2b):
I, 90% (o)
21421, +21,, +41 1, | —>—
4
]& Line-a %5,
4 |1+421, +21, +41 1,
-1, 903
—=[1+ 21, + 21, +41, 1, | ——
4
-1, :
T[1 —21,, -2I,, +41,1,.] (Line-d) (11)

Excitation of line-b followed by SWAP (figure 2a):

z _4112122]M)

I
Eli+2h, -2,

IOx Line-b 903
— EEm—
4 11+21,-21, -41,1,,

_] -1
%[l +21 21, —4I, I, |— el

-] o
%[l +21, —21, — 4l I, |—>

-1 :
%[l— 21, +2I,,—41,.1,.] (Line-b) (12)

Excitation of line-b, without SWAP (figure 2b):

I o
Zz [1+21, -21,, —4I, I, ]—2%
I Line-b

0x 90y N
4 (1421, -21,, -411,.
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-] o
%[l +21, —21, — 4l I, |—2>

%[1—2112 +21,.—41,.1, ] (Line-c) (13)
Excitation of line-a leads to line-d and vice versa,
regardless of the SWAP operation. However when
line-b or line-c 1s excited, the effect of SWAP is that
the intensity returns to the transition excited. The
experimental verification is presented in §3.2.

2.4  Implementation of SWAP and readout in
multiplexed 1D mode’

We propose another set of experiments with the Ha-
damard'®* mode of excitation and decoding to im-
prove the sensitivity of the 1D version described
above. A multiple selective shaped pulse with suit-
able multiple modulation provides the desired phase
encoding of the multiplet components of the ob-
server spin. We have effected quadruply selective
excitation on /, following in turn each of the rows
of the Hadamard matrix of order four. The pulse car-
rier frequency was in each case set to the multiplet
center, the two modulation frequencies correspond-
ing to one-fourth the sum and difference of the outer
line splitting and the inner line splitting.
The Hadamard matrix of order four is given by:

111
-1 1 -1

H=1y 1 o 4 (14
-1 -1 1

Four experiments were performed with four different
modulation schemes, providing the four different
modes of phase encoding of the multiplet compo-
nents. A shaped pulse with suitable cosine and sine
modulation is used to generate the desired phase en-
coding. The encoding scheme we use is shown in
table 5.

The decoding scheme follows the columns in the
Hadamard matrix. The experiment time to attain a
given sensitivity is hereby reduced to one fourth, in
comparison with the time required for the 1D se-
quence without the Hadamard strategy.

It may be noted that the performance of any logic
operation is most completely described by gate fi-
delity which may be calculated from a suitable
quantum process tomography measurement.”’

Table 5. The trigonometric identities establishing the
encoding pattern which follows the rows in the Hadamard
matrix.

Modulation scheme Encoding of the peaks
Cosine-Cosine + 4+ 4+
Sine-Cosine +—+—
Cosine-Sine 4
Sine-Sine o+

3. Results and discussion

3.1 Preparation of pseudopure states

~

3.1a Heteronuclear two-spin-1/2 system: We have
tested our sequences on a heteronuclear two AX spin
system. A sample of formic acid (Jax =219-16 Hz)
with 99% "°C, in C¢Ds solvent was used. The gene-
ration of the pseudopure state is verified by perform-
ing readout on both 'H and "C channels. The
experimental spectra are shown in figure 3.

The ratio of amplitudes in the thermal equilibrium
spectrum is 1: 1 for both the nuclei. The theoretical
amplitude of the pseudopure state spectrum is 2-5: 0
and 0-625:0 for °C and 'H spins respectively. The
respective experimental peak amplitude ratios ob-
tained by our method is 2:23 : —=0-15 and 0-57 : —0-03.
The laboratory frame counterpart gives 2-35:0-29
and 0-59:0-12 respectively. Note in both cases the
significantly larger ‘contamination’ in the pseu-
dopure states obtained by the laboratory frame se-
quences.

Grover’s algorithm was implemented on the same
heteronuclear sample as above. The pseudopure state
was created by our rotating frame sequence (SL-1a).
The quality of the results is comparable to the corre-
sponding laboratory frame approach with temporal
averaging.

3.1b Homonuclear two spin-1/2 system: We have
also experimentally tested the generation of pseu-
dopure states on homonuclear two spin-1/2 systems.
The sample used is cinnamic acid in DMSO-ds The
aliphatic trans-protons being used as qubits have a
coupling constant of 16 Hz. As pointed out earlier,
the thermal equilibrium state of the system is sym-
metric and segment B of the pulse sequence in fig-
ure 1 is used as the starting point to create the
pseudopure state in this case. The experiment is per-
formed for 8= ¢=45° = 1/8J [SL-1b]. The read-
out is performed on both the spins. The & and ¢
pulses of different phases are realized as follows, the
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Figure 3. Spectra resulting from pseudopure state of heteronuclear AX spin system generated
employing the pulse sequence SL-1a of figure 1. (Arbitrary ‘shift” scale.) The experiment was per-
formed for 0= ¢=45°, t = 1/4 J . Readout is performed on '°C and 'H channels. (a) and (b) are
3C and 'H spectra. Other sequence parameters as in the caption to figure 1.
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Figure 4. Spectra from homonuclear AX spin system. (a) and (b) are thermal equilibrium spec-
tra of low field and high field doublet components respectively. (¢) and (d) are corresponding low
and high field spectra obtained after the generation of pseudopure state (sequence SL-1b). (Arbi-
trary ‘shift> scale.) The experiment was performed for = ¢=45° 1= 1/8 J. (4A5" = 589.43 us in
the present case. We use a 17 us, 90° hard pulse on 'H channel. Isotropic mixing is performed us-
ing DIPSI-2 sequence. The readout is performed with a 6 ms spin selective Gaussian pulse. Other
sequence parameters as in the caption to figure 1.
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transmitter offset being at the mean chemical shift of /; and 7, represent the two spins with chemical shift

the two spins: difference Ad. The spectra are presented in figure 4.
The ratio of amplitudes of the thermal equilibrium
1,:6, spectrum is 1: 1 for both the spins. The experimen-
tal amplitude ratio by our method for the high field
7.6 90 — 1 —90 doublet is 0-93 : 0-04 and for the low field doublet is
2T A(AS) o 0-25:1-04. Note that different components are

picked in the two doublets owing to the effect of the

I ¢ spin selective 7 pulse employed for suppression of

zero quantum coherence. The laboratory frame se-

o quence gives —0-7979:0-26 for high field doublet
Y 4(AS) - and —0-6690:-0-2975 for the low field doublet
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Quantum state tomography on CH,Cl, in EBBA. (a) Thermal equilibrium. Three dif-

ferent pseudopure states generated are shown in (b), (¢) and (d). The plot describes only the real

part of the density matrix.

respectively. The time duration for the generation of
pseudopure state is 7-81 ms in this case. On the
other hand, both laboratory frame sequences require
a time duration of 31-25 ms. The significant im-
provement in the amplitude and ‘purity’ of the pseu-
dopure state obtained with the rotating frame
sequence may be underscored.

3.1c  Quantum state tomography on a two-spin-1/2
system: We have employed CH,Cl, in EBBA as the
sample. Probing the system in thermal equilibrium,
we get two lines of equal intensity separated by
4076-34 Hz at 30°C. Being a three level system,”'

three different pseudopure states could be prepared
by equalizing the populations in any two of the lev-
els. The pulse sequence used has been shown in ta-
ble 4. We then perform quantum state tomography
to map all the elements in the density matrix. The
peak intensities are the measure of the population
differences; employing the additional condition that
the trace of the density matrix is zero results in three
linear equations from which we get the diagonal
elements of the density matrix. As described earlier
we perform six additional experiments and by solv-
ing the resulting equations we determine the
off-diagonal elements in the density matrix.
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-0.08 ppm

Ppm

Line-a excited

e

Line-b excited

Line-c excited

Line-d excited

e

-0.08 ppm

004 002 000 002 -004

(a) 1D spectrum of 2,3-dibromopropionic acid. The labelling of the multiplet compo-

nents of the observer spin (/y) is indicated. (b) 1D Spectra with SWAP. (¢) 1D spectra without
SWAP. (Arbitrary ‘shift” scale.) Transition selective excitation is achieved employing a Gaussian
pulse of 500 ms duration. Other sequence parameters as in figure 2.

Thus we can identify the state of the system com-
pletely by performing seven experiments in all. The
plot of the real part of the density matrix elements is
shown in figure 5. The imaginary part is identically
ZETO0.

3.2 Implementation of SWAP and readout in 1D
mode

The SWAP readout performed in 1D fashion has the
advantage of significant reduction in the readout
time. The experiment was performed on the sample
2,3-dibromopropionic acid (AMX, here denoted 7,151p).
The coupling constants are Jy =11-05 Hz, Jy, =
4.53 Hz, J;; = 10-02 Hz. Spin X (which gives rise to
the lowest field multiplet) is used as the observer
spin I, while the spins A and M are used as opera-
tional spins (11, ).

The spectra obtained for the sequence with and
without SWAP are shown in figures 6b and ¢ respecti-
vely, the normal 1D 'H NMR spectrum being dis-
played in figure 6a for reference.

Four experiments were performed, exciting one
multiplet component of the observer spin in each.
Excitation of line-a leads to line-d and vice versa,
regardless of the SWAP operation. However when
line-b or line-c is excited, the effect of SWAP is
seen as expected: intensity migrates to the other
component without SWAP, while with SWAP inten-
sity returns to the transition excited.

When performed in a conventional 2D mode the
experiment time is typically two orders of magni-
tude higher. Note that in the spectra with SWAP
(figure 6b) we lose some signal intensity, owing to
relaxation losses during the extended isotropic mix-
ing period.
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Spectra of 2,3-dibromopropionic acid. (a) Decoded spectra with SWAP. (b)

Decoded spectra without SWAP. (Arbitrary ‘shift’ scale.) Here the transition selective
excitation is achieved employing a modulated Gaussian pulse of 500 ms duration.
The modulation scheme follows the rows in the Hadamard matrix. The decoding
scheme follows the column in the Hadamard matrix. Other sequence parameters as in

figure 2.

3.3 Implementation of SWAP and readout in
multiplexed 1D mode

The 1D SWAP described in §2.3 can be performed
in a 1D multiplexed mode. In this present case
which involves four transitions in each multiplet, the
experiment is performed in one-fourth of the time
required by the single transition selective mode of
the experiment, to attain a given sensitivity. The de-
coded spectra are shown for the experiments with
and without SWAP operation in figures 7a and b re-
spectively.

Here we perform four experiments with the multi-
plet components of the observer spin (/;) being
phase encoded in accordance with the rows of the
Hadamard matrix (table 5) of order four. The decod-
ing scheme follows the columns of the Hadamard
matrix, and is shown at the top of each spectrum.
Note that the spectra exhibit the same patterns as in
figures 6b and c, respectively.

The measured sensitivities with and without the
multiplexed mode in the 1D SWAP operation are
comparable for the corresponding experiments. It
may be noted however that the experimental time

for the multiplexed mode is reduced by a factor of
four.

4. Conclusion

We have reported some general approaches in en-
semble quantum computing. Specifically, we have
demonstrated the advantages to be gained by the
application of rotating frame coherence transfer se-
quences for ‘initialization” of the NMR spin ensem-
bles, as well as for gating as exemplified by the
SWAP operation. We have also demonstrated a 1D
and multiplexed 1D approach to the readout process
for the SWAP operation. The extension of our work
to larger networks of coupled spins and to multi-
level systems is in progress.

Acknowledgement

The authors acknowledge useful discussions with
Ms N Ananth during the early stages of this work.
We gratefully acknowledge Council of Scientific
and Industrial Research (CSIR) for an extramural re-
search grant to N C and grant of a Junior Research



General approaches in ensemble quantum computing

Fellowship to V V and the Department of Science
and Technology (DST) for grant of an AV 400 spec-
trometer to the Department.

References

1.

%~

10.

11.

12.

13.

14.

15.

. Chuang

Emst R R, Bodenhausen G and Wokaun A 1987
Principles of nuclear magnetic resonance in one- and
two-dimensions (Oxford: Clarendon Press)

Cory D G, Fahmy A F and Havel T F 1997 Proc.
Natl. Acad. Sci. USA 94 1634

Pravia M, Fortunato E, Weinstein Y, Price M D,
Teklemariam G, Nelson R J, Sharf Y, Samaroo S,
Tseng C H, Havel T F and Cory D G 1999 Concepts
in magnetic resonance 11 225

Cory D G, Price M D and Havel T F 1998 Physica
D120 82

IL, Vandersypen LMK, Zhou X,
Leung D W and Lloyd S 1998 Nature (London) 393
143

Das R, Mahesh T S and Kumar A 2003 Phys. Rev.
A67 062304

Grover L K 1997 Phys. Rev. Lett. 79 4709

Chuang L, Gershenfeld N and Kubinec N 1998 Phys.
Rev. Lett. 80 3408

Madi Z L, Briischweiler R and Ernst R R 1998 J.
Chem. Phys. 109 10603

Linden N, Barjat H, Carbajo R J and Freeman R 1999
Chem. Phys. Lett. 307 198

Chandrakumar N and Subramanian S 1986 Modern
techniques in high resolution FT NMR (New York:
Springer)

Dirac P A M 1935 Principles of quantum mechanics
(Oxford: Clarendon)

Schulte-Herbriiggen T and Serensen O W 2000 Con-
cepts in magnetic resonance 12 389

Frydman L, Lupulescu A and Scherf T 2003 J. Am.
Chem. Soc. 125 9204

Ananth N, Vimalan V and Chandrakumar N 2005 Ro-
tating frame experiments for 1D and 2D NMR quan-

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

69
tum computing XXI International Conference
on Magnetic Resonance in Biological System,

Hyderabad

Kupce E, Nishida T and Freeman R 2003 Progress in
nuclear magnetic resonance spectroscopy 42 95
Chandrakumar N and Kimmich R 1999 J. Magn.
Reson. 137 100

Untidt T S and Nielsen N C 2000 J. Chem. Phys. 113
8404

Schulte-Herbriiggen T, Spoérl A, Khaneja N and
Glaser S J 2005 Phys. Rev. A72 042331

Khaneja N, Reiss T, Kehlet C, Schulte-Herbriiggen T
and Glaser S 2005 J. Magn. Reson. 172 296

Samulski E and Tobolsky A V 1969 Mol. Crys. 7
433

Khitrin K and Fung B M 2000 J. Chem. Phys. 112
6963

Visalakshi V and Chandrakumar N 2001 Quantum in-
formation processing with spin systems involving
spin-1 nuclei 7th National Magnetic Resonance Soci-
ety Symposia, Chennai

Khitrin K and Fung B M 2001 Phys. Rev. A64
032306

Khitrin K, Sun H and Fung B M 2001 Phys. Rev. A63
020301

Das R, Mitra A, Kumar V and Kumar A 2003 Int. J.
Quant. Inf. 1 387

Chandrakumar N 1996 Spin-1 NMR NMR: Basic
principles and progress (eds) H Giinther and E Fluck
(Berlin: Springer-Verlag), vol. 34

Bonk F A, Sarthour R S, deAzevedo E R, Bulnes J D,
Mantovani G L, Freitas J] C C, Bonagamba T J,
Guimaraes A P and Oliveira S 2004 Phys. Rev. A69
042322

Gopinath T and Kumar A 2006 J. Magn. Reson. 183
259

Childs A M Chuang I L and Leung D B 2001 Phys.
Rev. A64 012314

Yannoni C S, Sherwood M H, Miller D C, Chuang
I'L, Vandersypen LMK and Kubinec M G 1999
Appl. Phys. Lett. 75 3563




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


