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Experimental demonstration of quantum-state tomography and qubit-qubit interactions
for rare-earth-metal-ion-based solid-state qubits
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We report on the implementation of quantum state tomography for an ensemblé ofi@ant ions in a
Y ,SiOs crystal. The tomography was applied to a qubit based on one of the ions’ optical transitions. The qubit
was manipulated using optical pulses and measurements were made by observing the optical free induction in
a phase sensitive manner. Fidelities>®90% for the combined preparation and measurement process were
achieved. Interactions between the ions due to the change in the ions’ permanent electric dipole moment when
excited optically were also measured. In light of these results, the ability to do multiqubit quantum computation
using this system is discussed.
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I. INTRODUCTION II. EXPERIMENT

Rare-earth ions doped into inorganic crystals are promis-_ 1h€ Setup used was similar to that used in R&f. A
ing candidates for demonstrating quantum computing opereh!g_hly stabilized dye laser was use_d with an established sta-
tions[1-3). In such a computer it is envisioned that the quan_b|||ty of better than 200 Hz over time scales of 0.2 s. The

tum information would be stored in the nuclear states of thé'gh.t incident on the sample was gated with two acousto-
ions. These can have lifetimes of many hoi#kand coher- optic modulators(AOMS) in series. These allowed pulses

. ~ with an arbitrary amplitude and phase envelope to be applied
ence times have been observed as long as 8{bsiow to the sample. The overall frequency shift introduced by the

evet, the single qubit and multiqubit opergtions would beAOMs was 10 MHz. The transmitted light was combined

; ) SI0IQith a laser beam unshifted in frequency in a Mach-Zehnder
because of long coherence times for the optical ransitiongerferometer. The beat signal detected with a photodiode
[6J. These_ long coherence times result in homogengous "U‘?Nas combined in phase and quadrature with a 10 MHz ref-
widths which are much smaller than both the hyperfine splityrence to allow phase-sensitive detection. In addition to the
t|ng and the aVaiIable Rab| frequenCieS at Wh|Ch the transisetup of Ref[l] an aux”iary 0ptica| beam and radio fre-
tions can be driven. Further to this the large ratio ofquency(rf) fields were used to repump the ground-state hy-
inhomogeneoustypically GH2) to homogeneougsub-kH2  perfine levels. The measurements were carried out with the
linewidths allow many different qubits to be addressed. Thecrystal in the temperature range 3-5 K.

multiqubit operations would be carried out using the strong The Y,SiO; sample had 0.5 at.% europium, which occu-
electric dipole-dipole interaction between the ions’ opticalpies the yttrium sites in the lattice. There are two stable
transitions. This interaction is due to the fact that the iongsotopes of europium of near equal abundance and there are
have a permanent electric dipole moment which is differentwo different crystallographic sites for yttrium in the lattice.
for the ground and excited statg®8]. This interaction has The experiment was performed on ttéEu ions that substi-

the advantage that quantum information transferred to théited for yttrium at “site 1'4].

nuclear transitions is insensitive to such interactigdjs Applying optical pulses of definite area requires that all
The nuclear state of the ions can be initialized to veryth€ ions experience the same generalized Rabi frequency.
high fidelity using optical pumping. This requirement is problematic for a number of reasons. It

Here we demonstrate the ability to address a spectralljduires the spread in resonance frequencies of the ions
narrow subset of the ions. We place their states at any give 7~10 GHz for the thle sampjeio be much smaller than
point on the Bloch sphere and then read out their states usifge on-resonance Rabi frequer(eySO_O kHz ava|le}ble with
a sequence of optical pulses, thus demonstrating their utilit 0 mW of Ia;er power It also requires that all ions have
as qubits. The interaction between these qubits due to th(?'a same oscillator strength, which means that the resor_lant
electric dipole-dipole interactiong’,8] between the ions is ransition must be from the same ground-siate hyperfine

measured. From measurements of these interactions we Olgv el to the same exmted—stgte h.yperfme.level for aI_I the 1ons.
urther to these it also requires illuminating all the ions with

Ler;rggnnesthe conditions required to demonstrate two qubit %Pthe same intensjty of light rather than the normal Gaussian
' laser beam profile.
Optical holeburning techniques similar to those intro-
duced by Prydet al.[1] were used to isolate a subset of ions
*Electronic address: jevon.longdell@anu.edu.au to which accurate area pulses could be applied. All the ions
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FIG. 1. Energy-level diagram fdP'Eu at site 1. The experiment
was performed on the £5/2 +5/2 transition. The rf and optical
fields used for burning back are shown with dotted lines.

that were not wanted in the subset of ions and that had a
resonance close to the laser were optically pumped to an-
other hyperfine level and thus far from resonance with the FIG. 2. The effect of the tomography sequence on the Bloch
laser. The procedure was as follows: First all ions with aSPhere for the case where the preparation pulsedgzapulse that
resonance close to the laser frequency were optically pumpet " Phase with the phase reference. This pulse was to create the
to another hyperfine level. Then one RF field and the auxil\ 0)+|1))/+2, the coherent emission from this pulse and from the
iary optical beam was applied to the sample. The RF ﬁeIJOIIowmg two pulses constituted the tomography. For the case of a
was swebt in freauency 34.5+1.0 MHz and thé auxiliary o _general initial state, the axes on the figures would be the same but
tical b P q h'f>t/ d .f T the | f Y tF)J the dot would be in a different place relative to them. Experimental
55(5:39 MﬁimTthaesﬁeit I\st tor(r)er?)ump?tﬁg‘sEiriorzgciltlji?;(t:ge Yresults for the particular shot we are considering here are shown in

o Fig. 3.(a) The state is moved to the equator by the first pulse in the
+5/2— +5/2 transition frequency close to that of the laser o ence. This gives coherent emission out of phase with the laser.

into the +5/2 ground state. These transitions are Shown O jyst beforet=140 us the system rephases on the opposite side
the energy-level diagram, Fig. 1, the hyperfine splittingsof the Bloch sphere, giving coherent emission in phase with the
given are those measured by Yaebal. [4] and from such |aser.(c) The final #/2 pulse rotates the state to the ground state,
splittings one would calculate a offset for the auxiliary beamwhich results in no coherent emission.
of 96.3 MHz rather than 95.9 MHz. The reason for this dis-
crepancy is the £1 MHz uncertainty in the excited-state hy-a series of 4us long pulses were applied to the sample.
perfine splittings. The value of 95.9 MHz was obtained bySome of the ions experienced & pulse and were left in the
adjusting the offset until the absorbative feature that it creground state while ions that saw a different intensity were
ated was centered on the laser frequency. pumped to a different hyperfine level. Tenr Dulses were
This resulted in a 300 kHz wide feature with a applied with an 8 ms delay between them to allow the ex-
Lorentzian-like lineshape. This was then narrowed to ecited ions to decay. Afterwards it could be concluded from
50 kHz feature with a rectangular line shape by applyingthe free induction decays for various pulse lengths that the
“zero area pulses” to the ions. The laser beam was modulateRlabi frequency spread of the ensemble was of the order of
with an envelope given by the difference of two sinc 10%.
[sin(mx)/(mx)] functions. The lengths and amplitudes of the  For pedagogical reasons it is helpful to define an explicit
two sinc functions were chosen so that the resulting puls@hase reference. The phase reference for the experiment was
excited all the ions with a transition frequency within given by the light that would hit the sample if there was no
500 kHz of the laser except those within 25 kHz of the laserphase shift applied in the rf drives. The pulse sequence used
The spread in the optical frequencies of the resulting subfor the tomography consisted of three pulses each separated
set was then narrow compared to the available resonant Raby 70 us. First was a pulse of an arbitrary length and with
frequencies, however, because of the spatial distribution ddirbitrary phase relative to the phase reference. This was fol-
intensity across the laser beam we do not yet have an eewed by a 2us long# pulse in phase with the phase refer-
semble to which we can apply precise area pulses. ence to rephase the inhomogeneous broadening in the
To select out ions in a particular region of the laser beamsample. At=140 us a 1 us longw/2 pulse was applied that
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was also in phase with the phase reference. The axes for the TABLE I. Fidelity of the combined state preparation and tomog-

Bloch vectors were chosen such that the ground <€t@j¢  raphy for different input states. Each point was repeated three times
was along the negative axis and laser pulses that were in and the fidelities reported are the worst of those repeats. The posi-
phase with the phase reference caused rotations aboyt thdion of the last state on the Bloch sphere corresponds to the position

axis. of Canberra on the Earth.

The first pulse was used to create an arbitrary state, and
the coherent emission resulting from this and the rest of the Fidelity
sequence constituted a measurement of this state. The first assuming
pulse was therefore viewed as causing a rotation of the state State Fidelity  pure state

vector on the Bloch sphere and the following two pulses

were viewed as a rotation of both the state vector and thd%*i11)/ \_2 0.95 0.95
Bloch sphere itself. At each point the coherent emission mea0)+|1))/+2 0.95 0.95
sures the projection of the state onto the horizontal plang0) 0.96 0.97
Thus_ the amplitude of thg component of the emi_ssion aftef|oy-|1))/12 0.96 0.97
the first pulse that was in phagen quadraturg with the 1) 0.88 0.89
phase reference was proportionak+X) ((Y)) for the initial 10)=i[1))/12 e D08
state.  This  coherent  emission decayed over( e ' '
€0g0.960]0)+sin(0.960exp(2.60)|1) 0.81 0.99

~20 ug1/(50 kH2)] due to the inhomogeneous linewidth of
the ensemble. The ensemble rephased atiigt@nd at that
time a 1us long /2 pulse was applied. As the ensemble o )
was rephasing before the/2 pulse the amplitude of the This should have caused 'no.polarlzatlon of the ions and thus
emission in phaséin quadraturg with the phase reference Produced no coherent emission. #s140 us approaches the
was proportional tgX) ((Y)) for the initial state. After the ensemble rephased on the opposite side of the Bloch sphere

712 pulse the amplitude of the emission in phéisequadra- producing coherent emission in phase with the lasert At

ture) with the phase reference was proportiona{+@) ((Y)) =140 us am/2 pulse was applied which takes the i_on_s down
Q the ground state, stopping the coherent emission. The

for the initial state. These measurements overdetermined tt S ; .
igh-frequency ringing superimposed on the emission fol-

initial Bloch vector, and linear least squares was used towin the application of the pulses is due to the pulses
extract the measured Bloch vector. The length of the Bloc ng PP puIs! . 1€ pu
exciting the edges of the trenches in which the spikes lie.

vector was calibrated using two particular input staté3
+|1>)/\5 prepared using a/2 pulse with zero phase shift
and the stat¢0) which required no preparation.

The fidelity is given byF=(¢|p|#), where| ) is the input
state ang is the measured density matrix. A significant con- (@) o)1l ©
tribution to the error in the tomography process was the shot
to shot variation in the number of ions to which the process i~
was applied. The requirement of phase coherence for the
200 us of the tomography sequence was easily satisfied by
the laser. However, the preparation of the spike took approxi-
mately 10 s, leading to the possibility that the laser drifts a
significant fraction of the 50 kHz width of the spike at this T
time. This caused a shot to shot variation in the number of \v
ions to which the tomography was applied which in turn had
the effect of scaling the length of the measured Bloch vector.
If a state that is being measured can be assumed to be pure, | H ”

the measured Bloch should be normalized. This normaliza-
tion makes the tomography process insensitive to drifts in the
number of ions to which the process is applied. This leaves : s :
the inhomogeneity in the Rabi frequencies as the main 0 50 100 150 200

source of error in the process. =)

The fidelity of the combined state preparation and tomog- i 3. The results of a guantum state tomography sequence. In
raphy are shown in Table I. . the top trace the amplitude of the coherent emission in phase with
~ The results of one particular experimental shot are showihe applied light is plotted vs time. The second trace shows the
in Fig. 3. Here the state to be measured is createtl at component in quadrature with the applied light. The applied optical
=0 us with a7/2 pulse unshifted in phase. This puts the pulses saturate the detector which take0 us to recover. The
Bloch vector along thex axis. This gave coherent emission positions of the applied light pulses is shown schematically in the
out of phase with the laser, which decayed as the inhomogehird trace. The labelé), (b), and(c) correspond to the snapshots
neous broadening dephased the ensemblé=&0 us thesr  of the Bloch spheres shown in Fig. 2. The regions over which the
pulse was applied to rephase the inhomogeneous broadenirgignal was integrated to arrive at measurements are shown in gray.
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IIl. THE COHERENT INTERACTION BETWEEN 50 =
TWO ENSEMBLES
401 x
Interactions between the europium ions were also mea.g
sured. Each europium ion in EwSiOs has a permanent 2 3o} Q
electric dipole moment which changes by a few percentg
when the ion is excited optically. A europium ion will see a & o0t o
change in electric field and hence its resonant frequenc3§ X
changes when a nearby ion is exci{&dg]. I o S
This interaction is large for ions that are close, however o o
when working with two ensembles each of which constitute . . . . o O
a small fraction of the inhomogeneous line, the distance from 050 100 150 200 250 300 350 400
a particular member of one ensemble to any member of the delay (us)
other is much larger than the crystal's mean interdopant
separation. Because of the random nature of the relative po- FIG. 4. A photon echo sequence was applied to a spike. During
sitions of a given pair of ions, the excitation of one ensembldhe sequence a perturbing pulse is applied to another spike prepared
causes a random shift in the resonance frequencies of each ®fMHz away. The echo amplitude vs delay between the two applied
the members of the other. pulses. The crosses correspond to no perturbing pulse, the circles
In order to measure the frequency shifts in one ensembléenote a perturbing pulse applied just after #%2 pulse and the
due to the excitation of another the approach of Huangl. ~ Sduares just after the pulse.
is used[8]. A photon echo sequence is applied to a spike.
During the sequence a perturbing pulse is applied to another

spike prepared 5 MHz away. When the perturbing pulse wagyissonet al. [3] for overcoming interaction strength inho-
applied just after ther pulse the amplitude of the echo was geneity very difficult to implement as it relies on selecting

reduced significantly. When the perturbing pulse was applieg, o’ pairs with frequency shifts greater than the inhomoge-
just after thewr/2 pulse the reduction in the amplitude of the o4 ,5 linewidth of the ensembles.

echo was much smaller. This confirms that the perturbing

pulse induces a frequency shift which, if applied at the start IV. CONCLUSION

of the sequence, is rephased. This result shows that the fre- .

quency shift caused by exciting the second qubit is constant In conclusion we have demonstrated quantum state to-

: hich i : Iv that of th ; ography on E¥ dopant ions in ¥SiOs with fidelities of
lci)]:/e(iirmaetlme which is approximately that of the excited State?;pically >90% achieved. We also measured the frequency

From Fig. 4 we can see that the excitation of the perturb-s.hifts ]?f onehensemble ?fddopant_ions c_:ra;]used b?’ thef e;:cita-
ing ensemble causes a spread ofl kHz[1/(27 tion of another group of dopant ions. The results of these

% 200 u9)] in the resonant frequencies. The ensemble tJneasurements suggest that if we can achieve high fidelity

. . ) single qubit operations on ensembke800 kHz wide then
which the perturbing pulses were applied was prepared wauItiqubit operations will be possible.

burning a trench and then burning back an antihole. This We were restricted to working with Rabi frequencies of

”300 kHz wide feature has gpprommately‘i@f t_he '0NS. 550 kHz by the bandwidth of the modulation system used to
This corresponds to a mean interdopant separation 100 times

greater than for the full ensemble or 10@.5=250 nm. As apply the pulses and by the available laser power. Intensities

. ) 3 of 200 W/cnt are needed for 250 kHz Rabi frequencies. It
we can expect the interaction to scaleray ions separated

. . . . . is envisioned that the use of moderately higher laser powers,
by the mean intereuropium distance in this sample can bé . . :

. Smaller spot sizes, improvements to the modulation system,
expected to see shifts 61 GHz.

S . . . and perhaps the use of composite pulse sequences will allow
In order to do multiqubit quantum computation, in addi the use of ensembles with this larger spectral width. The

tion to the other forms of inhomogeneity that were 0Vemomqarger average interaction strengths associated with this

in this work, one would have to overcome the problem of . : X
. Lo T . should allow the demonstration of two qubit operations for
inhomogeneity in ion-ion interaction strength. When work-

. . . X . : .f{ensembles of ions.

ing with two spikes in the inhomogeneous line the mean shi

of frequencies in one ensemble is a small percentage of the The authors would like to thank Geoff Pryde and Neil
other’s inhomogeneous linewidth. This makes the method oManson for their helpful comments on the manuscript.
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