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Abstract
We report on an experimental investigation of rapid adiabatic passage (RAP) in a trapped barium
ion system. RAP is implemented on the transition from the 65/, ground state to the metastable
5Ds 5 level by applying a laser at 1.76 pm. We focus on the interplay of laser frequency noise and
laser power in shaping the effectiveness of RAP, which is commonly assumed to be a robust tool
for high efficiency population transfer. However, we note that reaching high state transfer fidelity

requires a combination of small laser linewidth and large Rabi frequency.
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Adiabatic passage has been used for coherent population transfer in many fields [1-
4]. Nuclear magnetic resonance (NMR) was the first system in which adiabatic passage
was implemented [1]. In an NMR system, slowly varying the magnetic field frequency or
direction can transfer population between nuclear spin states. The technique has since been
applied to infrared and optical transitions in atomic and molecular systems [2, 3]. In such
systems the frequency of a laser is swept across a transition, effecting population transfer
between the ground state and an excited state. More recently, adiabatic passage has been
applied in trapped singly ionized alkali earth element systems similar to ours. This has
enabled high fidelity (> 0.99) readout of ionic qubit states [5, 6]. Using adiabatic passage
for state detection has several important advantages over a simple m-pulse of resonant light.
First, small drifts in laser frequency do not cause a dramatic change in transfer fidelity.
Similarly, adiabatic passage is mostly insensitive to frequency shifts caused by magnetic
field fluctuations. Additionally, adiabatic passage efficiency is not strongly dependent on
laser power, and so obviates the need for laser intensity stabilization. On the other hand,
adiabatic passage is necessarily slower than a m-pulse and still requires optical coherence of
a sufficient degree that Rabi oscillations can be observed. Previous experiments on RAP
were done with sufficiently high Rabi frequency and low driving field noise that the role of
noise processes was not investigated. There is considerable interest in the role that noise
plays in adiabatic processes for applications in adiabatic quantum computing [7-9]. Here
we present a detailed study of the dependence of adiabatic passage efficiency on laser noise

and other relevant parameters.

The theory behind adiabatic passage has been described in several papers and books
[5, 10-13], so we will only sketch the idea in broad strokes. Consider a Hamiltonian H,
which describes two states whose energies cross as a function of a parameter w. Now add
to this Hamiltonian a term which couples the two states, yielding a new Hamiltonian H'.
The eigenstates of H' will exhibit an avoided crossing as a function of w. Consider such
a coupled system initially in an eigenstate of H with w set such that the energy splitting
between the states is much larger than the coupling energy. If w is now varied sufficiently
slowly across the energy level crossing, the system will adiabatically follow the eigenstates of
H’ and population will be transferred to the other eigenstate of H. This population transfer

is referred to as rapid adiabatic passage.
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FIG. 1. Relevant energy levels of ¥¥Ba™ (not to scale) with magnetic sublevels suppressed in all

levels other than the ground state. (Color online.)

Fig. 1 shows the energy level diagram for 1¥®*Ba™, which has no nuclear spin and so is
devoid of hyperfine structure. In our experiments the ion is trapped in a linear Paul trap
with an axial secular frequency of 600 kHz and radial frequencies of 1.4 MHz and 2.6 MHz
[14]. The ion is Doppler cooled with about 3 pW of 493 nm light. This light is derived from
a frequency-doubled 986 nm external cavity diode laser (ECDL). Since the branching ratio
for decay into the long-lived (7 =80 s) 5D3/, state is about 0.25 we also repump the ion
with about 20 W of 650 nm light provided by a second ECDL. By sending in an additional
493 nm beam of the appropriate circular polarization along the axis of the magnetic field
seen by the ion we are able to optically pump the ion into either Zeeman level of the ground

state. For a more detailed description of our apparatus see Ref. [14].

As shown in Fig. 1, the energy difference between the 5D;,, state and the ground
state corresponds to 1.76 um light which is provided by a fiber laser (Koheras Adjustik™).
The fiber laser output is split and half the power is sent through an I/Q modulated double-
passed acousto-optic modulator (DPAOM) as part of a Pound-Drever-Hall cavity locking
setup. The other half of the power is sent through a single-passed AOM (SPAOM) and
then to the ion. The frequency shifts applied by the two AOM’s allow us to finely tune
the fiber laser frequency. Additionally, by sending a chirped radio-frequency (RF) signal
to the SPAOM we are able to write a frequency chirp onto the laser. We initially used a
Stanford Research Systems DS345 frequency synthesizer to produce the RF chirp, but the
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shortest chirp it could produce was 1 ms in duration. Because this was too slow to probe the
full relevant parameter space we built a field programmable gate array (FPGA) controlled
direct digital synthesizer (DDS). The setup lacks the sophistication necessary to explore
more complicated pulse models like the Allen-Eberly in which both the laser frequency and

amplitude are varied non-linearly with time.

For investigation of adiabatic passage, our two-level system is provided by the 652, m; =
+1/2 ground state and one of the Zeeman states of the 5Dj5/, level. The experimental se-
quence is as follows: (1) optically pump the ion into the ground state Zeeman level that
will be addressed by the RAP pulse, (2) perform adiabatic passage to transfer the ion to
the metastable 5Dj5,, level, (3) read out the state of the ion. State readout employs the fact
that the 5D5/5 level is long-lived (7 = 35 s) and disjoint from the cooling cycle. Thus if we
address the ion with the cooling lasers we will quickly be able to distinguish between the
dark 5Dj5/5 level and the bright ground state [14]. With standard refractive optics outside
the vacuum chamber we can collect thousands of fluorescence photons per second from an
ion in the cooling cycle, whereas the signal from laser scatter and photomultiplier tube
(PMT) dark counts is less than one hundred counts per second. We are therefore able to
reliably distinguish a dark ion from a bright one in tens of milliseconds, long before the

5Ds5,5 level decays.

Using the setup described above, we were able to investigate the probability of success-
ful adiabatic passage as a function of the 1.76 pum laser frequency sweep rate o and incident
laser power. Fig. 2 shows the probability of adiabatic passage as a function of « for various
sweep widths. Note that the data supports the prediction of the Landau-Zener model of
adiabatic passage that the efficiency should only depend on the sweep rate, and not on the
sweep width or sweep duration independently [15]. The solid curve is a fit based on the two
level dephasing model of Lacour et al. [16], in which the environment is assumed to act as
a Markovian noise bath with small correlation times. This leads to a master equation for
the evolution of the two-state system, which includes the effect of the environment (enter-
ing our system primarily through laser frequency noise). The Lacour et al. model yields
the following expression for the probability of adiabatic passage (after unit conversion and

interpretation of parameters to our system):
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FIG. 2. RAP transfer efficiency plotted as a function of the frequency sweep rate. The solid square
data points were taken with frequency sweeps provided by a DS345 Stanford Research Systems
function generator. The open circle data points were taken using our homebuilt FPGA controlled
DDS. The colors of the various data points correspond to different data sets, which were taken with
a variety of sweep widths between 0.2 MHz and 1.2 MHz. The solid curve is a fit to the Lacour
et al. model [16], while the dashed line is a fit to the data with a > 2 using Landau-Zener theory

[15]. The errorbars are statistical. (Color online.)

1
P=F (5(1 . 6—27r2FQ/a) + e—27r2FQ/aPLZ) (1)

In this expression, Py = 1 — exp(—m2Q?/a) is the probability of adiabatic passage in
the Landau-Zener model, I' is the inverse of the coherence time of the 1.76 pm laser, €2
is the resonant Rabi frequency, F' is the optical pumping efficiency (i.e. population of the
ground state Zeeman level addressed by the RAP pulse), and « is the sweep rate. The fit
shown in Fig. 2 uses , I', and F' as free parameters, and yields values of €2 = 35 kHz,
[ =110 Hz and F = 0.96. The fit has a x? per degree of freedom of 1.5. From the fit for
I' and an assumed Lorentzian noise spectrum, we can extract the FWHM laser linewidth
to be Avpwpy = I'/7m =~ 35 Hz. Note the drastic reduction in the transfer efficiency below
a =1 MHz/ms, where the Landau-Zener model would predict nearly perfect population
transfer. For the Rabi frequency and laser linewidth in our system, there appears to be
an optimal operating range of alpha between approximately 0.5 and 3 MHz/ms. Since the

noise in our system starts to be visible on sweeps of about 1 ms in duration, the extracted



linewidth includes noise frequencies above 1 kHz. This procedure allows us to put a better
upper bound on the value for our laser linewidth than we have found possible by interrogating
the ion with a constant laser frequency. The decay we see in the contrast of Rabi oscillations
is due to the finite temperature of the ion and so gives us only a high upper bound on the
laser linewidth. The fitted value for optical pumping efficiency is a product of several factors:
(1) Fig. 2 is a combination of many datasets, and we did not tune up our system as well
as possible before taking each set, (2) the quarter waveplate used to create the required
polarization for optical pumping is optimized for 488 nm rather than 493 nm where we
use it, and (3) the windows on the vacuum chamber which houses the trap introduce small

polarization errors due to stress-induced birefringence.
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FIG. 3. RAP efficiency as a function of sweep rate for different Rabi frequencies. The black data
points correspond to full laser power (2.5 mW), which results in a Rabi frequency of 43 kHz. The
gray data points were taken with a Rabi frequency of 19 kHz, roughly a factor of four reduction
in laser intensity. The curves are again fits to the Lacour model, this time with only the inverse
coherence time and optical pumping efficiency as free parameters. The black fit yields I' = 180 Hz
and F' = 0.98 and the gray fit yields I' = 260 Hz and F' = 0.95. The inset figure shows an example
of Rabi oscillation in our system, from which we can extract the Rabi frequency. The decay in

contrast is consistent with the Doppler-cooled ion temperature. All errorbars are statistical.

We also study the role of laser power in determining the efficiency of RAP population
transfer. Some results of this study are shown in Fig. 3. The fits shown are again to the

Lacour model [Eq. (1)]. From data sets taken at various laser powers we obtain a range of
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FIG. 4. RAP efficiency for different sweep widths, constant sweep duration of 0.9 ms. The gray line
shows the probability of driving the 651/, — 5Dj5 /5 transition by constant frequency excitation.
The peak substructure is due to coherent excitation. The sideband at ~600 kHz is due to the
harmonic motion of the ion in our trap. The black data points show the transfer efficiency of
RAP sweeps which are symmetric about the central peak. The points are plotted at the frequency
corresponding to half the RAP sweep width. (A point plotted at 0.5 MHz corresponds to a RAP
sweep starting at a detuning of -0.5 MHz and ending at 0.5 MHz.) Note that when the sweep
starts too close to resonance or when the sweep range includes the trap sidebands the transfer
efficiency is low. A fit to the Lacour et al. model of the data with full sweep width < 1 MHz is
provided, showing that the reduction in transfer efficiency for sweeps including the sidebands is

not incidentally due to the changing sweep rate. The errorbars are statistical.

fitting parameters of 100 Hz < I' < 300 Hz. This implies an uncertainty in the extracted
linewidth which is larger than any of the uncertainties dictated by any individual fit. This
is likely due, in part, to drifts in the performance of the laser locking system. Note the
minimal dependence of RAP transfer efficiency on laser power near &« = 1 MHz/ms. That
the plateau of maximal transfer efficiency is largely independent of driving field intensity

makes RAP robust against intensity noise.

The presence of additional spectral features within the RAP frequency sweep can
strongly affect the efficiency of population transfer. In the special case of trapped ion sys-
tems, this means that the width of the RAP frequency sweep is limited by the presence of
the secular sidebands. Fig. 4 depicts this phenomenon. The gray line shows the probability
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of transfer to the 5D5/, state by constant frequency excitation for a resonant 7-time. The
line separated from the central peak by just over 600 kHz is the axial secular frequency side-
band. Once the RAP frequency sweep extends beyond the sidebands the efficiency of state
transfer is greatly reduced. The reduction of state transfer fidelity is expected due to the
addition of partial population transfer when the laser is near resonant with the sidebands.
This clearly demonstrates that for successful RAP one must have a system with sufficiently

separated spectral features.

These experimental results confirm the importance of driving field noise in determining
the efficiency of RAP. For applications of RAP that require high-fidelity, a large ratio of Rabi
frequency to driving field noise is required. Using the Lacour model, we propose the following
as a simple rule of thumb: to acheive a transfer efficiency of 0.99 a ratio of Q/T" > 103 is
necessary. If a system meets this requirement and the reduction in speed involved in using
an adiabatic technique is acceptable, then RAP is a good option for high-fidelity, robust

population transfer.

By systematically investigating the relevant parameter space, we have shown that RAP
requires the ratio of dephasing rate to Rabi frequency to be small in order to use RAP to
transfer population with high probability. Additionally, we find the model of dephasing in
two-state adiabatic passage due to Lacour et al. to describe our results well. By accepting
fits to this model quantitatively, we are able to use the dependence of RAP on sweep rate

to measure our 1.76 um fiber laser linewidth to be ~ 70 Hz.
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