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Robust generation of superposition states
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We describe experimental results of the generation of superposition states in a two-level system, 4s S, and
3d D5, states, of a single calcium ion. The generation method is based on population transfer via rapid
adiabatic passage (RAP), proposed by Vitanov and Shore [Phys. Rev. A 73, 053402 (2006)]. The coherence of
the generated superposition state is evaluated with a Ramsey-like interferometry method and a fringe visibility
of up to 0.93 is obtained. The state generation shows strong robustness with respect to the RAP pulse param-
eters, including frequency chirp width and Rabi frequency.
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I. INTRODUCTION

In the past decade, rapid technological advancement in
coherent manipulation of quantum systems has generated a
vast number of successful reports in the field of quantum-
information processing (QIP). Ion-trap-based quantum-
information processing is considered to be one of the prom-
ising candidates for a large-scale quantum computer [1]. The
trapped ions in a rf pseudopotential well can have very little
coupling with the external environment; thus a long coher-
ence time of the qubit, usually prepared in ground and meta-
stable states or hyperfine ground states, is attainable [2,3].
Fundamental elements of quantum-information processing,
including qubit initialization, single- and two-qubit opera-
tion, and state readout, have already been demonstrated in
the ion-trap system [4].

One of the current efforts in the ion-trap QIP has been
concentrated in the development of high-fidelity and robust
operations [5-8]. Two-qubit gate operations currently in use
are composed of sequences of laser pulses, and the robust-
ness of each laser pulse operation guarantees a high-fidelity
gate operation as a whole. Fluctuation in the accessing laser
power and frequency can alter the effective Rabi frequency
of the laser pulse. Additionally, technical noise, including
laser pointing instability and laser power inhomogeneity at
each ion location, can alter the effective Rabi frequency,
thereby diminishing the operation’s fidelity. Coherent pro-
cesses that are robust against these fluctuations and system
instabilities could be an important part of the development of
QIP. Robust state population transfer with stimulated Raman
adiabatic passage (STIRAP), merely insensitive to small
fluctuations in the laser power and frequency, has been well
studied for a three-level system in an ensemble of atoms
[9,10], and has been adopted in an ion-trap QIP experiment
to yield a high population transfer fidelity of 95% [11]. A
similar technique, rapid adiabatic passage (RAP) in a two-
level system, performed with a frequency-chirped laser
pulse, was recently used to transfer population between qubit
states and a transfer fidelity of 99% was reported [12]. These
studies showed robust population transfer between qubit
states; however, there has not been much study reported on
robust generation of superposition qubit states.

Vitanov and Shore recently showed topological equiva-
lence between the generation of a superposition state in a
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two-level system and population transfer in a three-level sys-
tem using the STIRAP technique [13]. We report the experi-
mental study of the robust generation of the superposition
state in a two-level system via RAP, following the descrip-
tion by Vitanov and Shore.

II. DESCRIPTION OF RAP FOR THE GENERATION OF
SUPERPOSITION STATES

A comparison between three-level STIRAP and two-level
RAP is shown in Fig. 1. In a typical three-level STIRAP
[Fig. 1(a)], the amplitudes of the Raman lasers form two
Gaussian-shaped pulses in a well-known “counterintuitive
sequence,” exciting the Raman transition to transfer popula-
tion from the initial state to the target state. The overlap
region of the Gaussian pulses generates the adiabatic passage
between two states. For the two-level RAP [Fig. 1(b)], a
single probing laser is used and the first Gaussian pulse is
replaced by the detuning of the probing laser. The general
idea of RAP can be described simply in a Bloch vector pic-
ture of the two-level system. The motion of the Bloch vector
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FIG. 1. (Color online) STIRAP and RAP laser parameters. (a)
Three-level STIRAP: Amplitudes of each Raman laser form two
Gaussian-shaped pulses in counterintuitive sequence. (b) Two-level
RAP: First Gaussian pulse is replaced with laser detuning. (c) Ex-
perimental implementation of the laser parameters: The frequency
chirp is modified to a linear chirp and the second half of the Gauss-
ian amplitude pulse is turned off rapidly. A /2 pulse (dotted line)
is added for measurement of the state coherence.
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R is governed by the optical Bloch equation dR/dt=€Q XR,
where €, which we denote as a torque vector, is the vector in
the Bloch space representing the interaction between the
light and the atom. By choosing an appropriate phase of the
laser field, the torque vector can be described as

Q(r)
Q= 0 |, (1)
A(2)

where () and A are the Rabi frequency and detuning of the
probing laser in the interaction picture of the atom and laser.
The polar angle of the torque vector ® with respect to the z
axis is

= arctan(%). (2)

In RAP, the torque vector is initially set to orient along the
Bloch vector. The adiabatic following of the Bloch vector of
the motion of the torque vector is used to guide the Bloch
vector direction to the preferred final state [12]. The adia-
batic condition for the motion of the torque vector €2 is given
by

L <|Q]. (3)
o)
The laser amplitude and the frequency can be modified to
steer the torque vector direction as long as they satisfy the
above condition.

It is important to mention that, for three choices of laser
detuning A, the polar angle of the torque vector becomes
independent of the Rabi frequency ). For A=+ and 0, the
corresponding O are *=/2 and 0, respectively. It is this
special feature that guarantees the robustness of the popula-
tion transfer in Ref. [12] with RAP. For a large magnitude of
A (A>(Q), O is merely independent of small drift in ) and
A. Similarly, in order to generate a superposition state |¥)
=1/12(|0)+¢'?1)), the torque vector evolution is stopped at
A=0 and the process should be robust with respect to the
variation in ().

III. EXPERIMENT

Detailed experimental procedures for ion trapping, cool-
ing, and qubit state detection have been previously explained
and we only discuss them briefly [14]. Relevant energy lev-
els and transitions for the experiment are shown in Fig. 2. We
trap a single *°Ca* ion in a spherical Paul trap, with an inner
radius r, of 0.6 mm. The secular frequency of the trap is
w,=21X 2.5 MHz under the typical trap rf voltage and fre-
quency, V=400 V,, and wy=27X20 MHz, respectively.
The ion is laser cooled to near the Doppler limit using the
S1/»— Py, transition at 397 nm. The ion is optically pumped
and initialized to S, m;=-1/2, identified with |0). The
RAP pulse excites the S;,— Ds;, quadrupole transition at
729 nm. The frequency and polarization of the 729 nm laser
is adjusted to excite the transition to the Ds,, m;=-3/2 state,
identified with |1). After the RAP pulse, the state determina-
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FIG. 2. (Color online) Energy level diagram of calcium ion
(40Ca+) showing the relevant transitions in the experiment. Quadru-
pole transition between S, and Ds,, state is excited with a RAP
pulse, wavelength of approximately 729 nm, to generate the super-
position states in a single ion. Doppler cooling is performed with
397 and 866 nm lasers prior to the RAP pulse. 854 nm laser is used
to repump the population excited to the D5, state.

tion is performed with the shelving technique. The observa-
tion (absence) of strong uv fluorescence with a photomulti-
plier tube (PMT) upon turning on the cooling cycle
determines the electron in the state |0) (|1)). In order to gen-
erate the RAP pulse, the output of the Ti:sapphire laser is
modulated with an acousto-optical modulator (AOM) in
double-pass configuration. We control the amplitude and fre-
quency of the RAP pulse with rf signal driving the AOM.
The rf signal is generated with a programable direct digital
synthesis (DDS) (Analog Devices, AD9858). Only a linear
frequency sweep is possible with this board with a frequency
update up to every 8 ns. The amplitude of the rf signal is
controlled by mixing the output of the DDS signal with an
output of an arbitrary wave form generator (National Instru-
ments, PXI-7833R) based on a field-programable gate array
(FPGA), generating a Gaussian laser amplitude pulse. The
update rate of digital to analog output of the arbitrary wave
form generator is 2 us.

Experimental implementation of the RAP parameters is
shown in Fig. 1(c). In the experiment we generate the |W)
=1/:2(J0y+¢'%1)) state by fixing the final detuning of the
chirped frequency to be zero. First of all, the Gaussian laser
frequency chirp is replaced with a linear chirp since our rf
generator is only capable of linear sweeps. Second, we turn
off the second half of the Gaussian laser amplitude much
faster. The detuning is fixed to zero at the second half of the
pulse and allows a fast turnoff without breaking the adiabatic
condition. Lastly, for the evaluation of the coherence of the
superposition state, a 7/2 pulse is added after the RAP pulse
used for the coherence determination described later. Other
parameters used in the experiment include the Gaussian half-
pulse width o=12 us {for the Gaussian pulse shape of
exp[—(t—1,)>/(20?)]} and /2 pulse duration of 7.5 us. The
frequency chirp begins 72 us before the peak of the Gauss-
ian pulse and stops at the Gaussian peak.

The general sequence for the generation and evaluation of
the superposition state is composed of five different steps. (i)
The ion is Doppler cooled with the 397 and the 866 nm
lasers. (ii) The state is prepared by optical pumping, where
the electron is initialized to |0). (iii) The RAP pulse is turned
on (729 nm) to excite the transition between the |0) and |1)
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FIG. 3. Transition probability observed with various peak Rabi
frequencyies (). The chirp frequency width is fixed at Acyp=27
X200 kHz. Simulation result is also shown as a solid line.

states. (iv) The state is determined by turning on the cooling
cycle. (v) The second repumper laser (854 nm) is turned on
to transfer the residual population in the |1) state back to the
cooling cycle. All the beam turn-ons and turn-offs are con-
trolled with the AOMs. We repeat this sequence 100-400
times for each RAP pulse condition. The projection measure-
ment in step (iv) determines only the population transferred
to |1). In order to evaluate the coherence of the superposition
state, we used a method similar to Ramsey interferometry by
inserting a 7r/2 pulse with varying phase ¢ added with re-
spect to the phase of the RAP pulse. As in quantum state
tomography in an ion-trap experiment [15], the pulse effec-
tively rotates the basis by 7/2 and enables the determination
of the off-diagonal element of the state density matrix, the
coherence of the state.

IV. RESULTS

We show the results of superposition state generation by
the RAP pulse. For evaluation of the robustness of the super-
position state generation, we measure the transfer probability
to |1), P;, with respect to the Rabi frequency at the Gaussian
pulse peak (). We also show the results of the the measure-
ments for the evaluation of the superposition state coherence
and the relative phase between the states.

A. Evaluation of population transfer

The experimental results along with solid lines showing
the simulation results obtained for the same RAP parameter
are shown in Fig. 3. The data are obtained at the chirp fre-
quency width Acpp=27 X 200 kHz. The experimental results
match well with the simulation and the final population is
approximately 0.5 for a large range of (). Lack of popula-
tion transfer can be observed for )y <27 X 0.05 MHz, con-
sistent with the simulation results. The diminished transfer
probability is owing to the small Rabi frequency, which does
not satisfy the adiabatic condition given in Eq. (3).

B. Ramsey method for the evaluation of coherence

We use a Ramsey-like method for the evaluation of the
coherence of the generated state. As we change the phase ¢
of the 7/2 pulse, we observe the well known Ramsey fringe
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FIG. 4. Inset: Example of the observed Ramsey fringe pattern
with an additional 77/2 pulse after the RAP pulse along with the
fitted sine curve. Visibility V is obtained from the fitted line. Main
figure: visibility observed with the Ramsey-like interferometry
method for various €}, along with the simulation result as a solid
line. The chirp frequency width is fixed at Acyp=27X 200 kHz.

pattern in the transferred population P;. An example of the
observed fringe is shown in the inset of Fig. 4. The fringe
pattern is first fitted with an equation

P(¢p)=Asin(¢p+6')+B, (4)

and the the fringe visibility V=(Pmax—Pimin)/ (Pimax
+Pmin) =A/B, where Py, and P;, are the maximum and
minimum of the transition probability, is calculated. We mea-
sure the fringe visibility with respect to various ().

The experimental results are shown in Fig. 4 along with
the simulation results as solid lines. High visibility of up to
0.93 is observed and the results also show strong robustness
of the coherence preservation against ). As in the case of
the transfer probability, the coherence diminishes rapidly for
0y <27 x0.05 MHz. The simulation results show the vis-
ibility upper limit of about 0.9 for the region of parameters
that we investigated. The main cause for the loss of visibility
is the laser linewidth in the simulation. Our probing laser has
a linewidth of approximately 1 kHz and this value is in-
cluded in the simulation. A higher visibility can be obtained
by reducing the Gaussian pulse width, so that the RAP pro-
cess is completed in much less than the coherence time of the
laser. Our current limitation is the update rate of the arbitral
wave form generator, which is 2 us, and requires at least
several tens of microseconds to generate a “smooth” RAP
pulse. Despite the technical limitations, the experimental re-
sults show visibility comparable to that of the simulation and
also a superb robustness against variation in Rabi frequency.

C. Evaluation of the phase variation of the superposition
states

For the generation of a superposition state |¥)
=1/32(]0y+¢'%1)), the high fringe visibility shown in the
previous section does not guarantees that the RAP process is
generating the same superposition state, with the same phase
factor 0, for various (),. We identify variation of the phase
difference 6 between the qubit states from the phase of the
fitted sine curve, #'. As shown in Fig. 5, the obtained phase
is approximately constant for ();>2m7X0.05 MHz and ob-
tained 6'=0.17*+0.22 rad for those data, showing that the
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FIG. 5. Phase obtained from a sine curve fitted to the Ramsey
fringe measurements for various (). For large enough (), the ob-
served phase is approximately constant and the obtained phase is
0’ =0.17%=0.22 rad for the data in the region y>2 X 0.05 MHz

RAP process is generating the superposition states of the
same phase difference with the standard deviation of
0.22 rad.

D. Variation of state generation fidelity with respect
to the chirp frequency width

As mentioned earlier, the RAP process should be robust
as long as it satisfyies the adiabatic condition [Eq. (3)] and
therefore it should show some robustness against the chirp
frequency width Acyp. As an additional test, we observe the
robustness of the superposition state generation against Acyp
and the experimental results along with a simulation result in
a line are shown in Fig. 6(a). The chirp frequency is updated
every 50 ns in these data with () fixed at 277X 240 kHz. The
data show a similar robustness as observed in the variation of
), and the fringe visibility is maintained to approximately
0.85 at Acyp=2mX 0.5 MHz; however, we observe quite fast
deterioration of the coherence for a higher Aqyp, as shown
with solid dots in Fig. 6(b). The gray dashed lines through
the data points in the figure are fitted lines only to guide the
eye. The origin of the fast deterioration is not well under-
stood, but we presume that the weaker robustness at higher
Acyp may be caused by the broken adiabaticity of the RAP
pulses. The digital nature of the frequency update used in the
experimental results in a rapid frequency transition and the
motion of the torque vector may be breaking the adiabatic
condition. To confirm our presumption, we decrease the fre-
quency update rate with the same Acyp, Which results in a
larger frequency “hop” for each update, and the results are
shown in the same figure as the white dots. We observed
enhancement of the coherence deterioration, and the fringe
visibility dropped down to 0.4 at Aqyp=27X0.3 MHz for
chirp frequency update every 1 us.

V. DISCUSSION AND CONCLUSION

The variation in the chirp frequency width shows less
robustness; however, it is more important that the process is
robust against the variation in Rabi frequency. By the nature
of the frequency chirp generation, controlled with rf, the
chirp frequency widths do not fluctuate much in time. It
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FIG. 6. Effect of the chirp frequency width variation on state
generation fidelity. (a) Ramsey fringe visibility observed for various
Acyp along with a simulation result shown as a gray line. Chirp
frequency update every 50 ns and y=27 X240 kHz are used for
all the data. (b) Comparison of the coherence deterioration for dif-
ferent frequency update rates. The data with solid dots and white
dots are obtained with frequency update every 50 ns and 1 us, re-
spectively. The dashed lines through the data are fitted lines only to
guide the eye.

helps to have a strong robustness to initially search for high-
fidelity RAP parameters but it is not a critical problem. The
Rabi frequency, however, can fluctuate due to many techni-
cal problems mentioned earlier. The results obtained are im-
portant in practical situations of ion-trap QIP where these
noises can be some of the limiting factors. It is possible to
keep the frequency chirp of the RAP pulse within the secular
frequency of the trap, typically a few megahertz, so that only
a carrier or one of the sideband transitions is selectively ex-
cited by the RAP. It is important that the current method of
superposition state generation with RAP can be time re-
versed to bring the superposition state back to either qubit
state. The method used by Liebfried et al. for the creation of
a highly entangled Schrodinger cat state of multiple ions
includes a collective 7/2 rotation [16]. The variation of the
laser intensity at ions that are spatially apart is one of the
limiting factors of this method. The RAP method presented
can be adopted to overcome this issue.

The state generation fidelity in this study is mainly limited
by the RAP pulse duration with respect to the laser linewidth,
as mentioned. Compared to a simple 77/2 pulse method, the
adiabatic condition of RAP requires the torque vector rota-
tion time to be much longer than the Rabi period and the
RAP method is inevitably more time consuming. The band-
width limitation of the rf amplitude and frequency controller
can also be a limiting factor for the pulse duration. In order
to quantify the limit of the RAP process, we perform numeri-
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FIG. 7. Effect of the probe laser linewidth on the Ramsey fringe
visibility. The simulation results for the laser linewidths of (a)
1 kHz and (b1), (b2) 10 Hz are shown with the RAP method and
/2 pulse results as gray and black lines, respectively. Comparing
(a) and (b2), the /2 pulse results show higher visibility in a much
smaller region of () for the narrower laser linewidth. A narrower
laser linewidth reduces the decoherence effect of the time-
consuming RAP method, and effectively increases the robustness of
the RAP process.

cal simulations disregarding the technical limit on the rf con-
trol. The simulations show that the RAP pulse process can be
shortened to approximately 15 us for Q,=27X240 kHz,
the typical peak Rabi frequency used in the current study.
Figure 7(a) shows the simulation results of the RAP method
with shortened pulse duration and the 7r/2 pulse method as
gray and black lines, respectively, for the laser linewidth of
1 kHz. In order to compare the robustness of the 77/2 pulse
with that of the RAP pulse, the 7/2 pulse duration is fixed at
t=(m/2)/ (27X 240 kHz) =1.04 us during the simulation.
With the shorter pulse duration, the simulation result shows
increased Ramsey fringe visibility of up to V=0.983 for the
RAP process. The visibility is much better than the current
limit of V=0.93 obtained from the experiment; however, the
simulation with a simple 7/2 pulse yielded maximum fringe
visibility of V=0.990. Moreover, in a wide range of (),
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0.22<Qy/(27) <0.26 MHz, the 7/2 pulse method shows
higher visibility. The situation is quite different for the case
of a narrow laser linewidth as shown in Fig. 7(b1), where the
laser linewidth of 10 Hz is used for the simulation. Due to
the long laser coherence time, the RAP process has much
smaller decoherence, resulting in higher visibility for all (),
while the 7/2 pulse has a smaller increase in visibility. As
can be seen in Fig. 7(b2), a smaller region of the same data
in Fig. 7(b1), a 7/2 pulse has higher visibility in a much
narrower range of (), effectively increasing the robustness
of the RAP process. When working with a probing laser
whose coherence time is comparable to the RAP pulse dura-
tion, the decoherence introduced from the long pulse length
will reduce the effective robustness with respect to the 7/2
pulse. The strength of the RAP process can be enhanced in
the limit of narrow laser linewidth. Our current investigation
includes use of the RAP method in a Raman system, where
two lasers coupling the qubit states are generated from
modulation of a single laser or phase-locked via a frequency
comb [17]. A physical implementation is as simple as send-
ing one of the Raman beams through the rf-controlled AOM
used in the current study. A narrow effective laser linewidth
of the Raman process should substantially suppress the de-
coherence while retaining the benefit of the robustness of the
RAP.

The fundamental limitation of this method, however, is
that it requires precise knowledge to initially align the torque
vector along the Bloch vector. Therefore the current method
is effective for preparation or manipulation of well-known
states, but its use is limited for the manipulation of an arbi-
trary state. With its strong robustness against the Rabi fre-
quency, this method can be applied beyound ion-trap QIP, as
in coherent manipulation of spatially large samples and of
“optically thick” material, in which the laser power dimin-
ishes considerably as it propagates through the medium. This
could be a key technique for the manipulation of a large
ensemble of atoms such as a Bose-Einstein condensate sys-
tem. It is also attractive that the technique is easily adopted
experimentally. The conventional proposals for fast fre-
quency chirp include a dynamic Stark shift with an addi-
tional laser pulse and a dynamic magnetic field shift, when
states susceptible to a magnetic field are used [13]. Use of
the rf manipulation is simple and also robust by its nature
compared to these methods.

In conclusion, generation of superposition states with
RAP is conducted with maximum interferometric fringe vis-
ibility of 0.93. The method shows strong robustness against
the Rabi frequency of the probing pulse laser.

Note added. Recently, we became aware of a related work
by Timoney et al. [18].
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