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Abstract

Efficient preparation and detection of the motional state of trapped ions is important in many
experiments ranging from quantum computation to precision spectroscopy. We investigate the
stimulated Raman adiabatic passage (STIRAP) technique for the manipulation of motional statesin a
trapped ion system. The presented technique uses a Raman coupling between two hyperfine ground
states in *’Mg™", implemented with delayed pulses, which removes a single phonon independent of the
initial motional state. We show that for a thermal probability distribution of motional states the
STIRAP population transfer is more efficient than a stimulated Raman Rabi pulse on a motional
sideband. In contrast to previous implementations, a large detuning of more than 200 times the
natural linewidth of the transition is used. This approach renders STIRAP suitable for atoms in which
resonant laser fields would populate nearby fluorescing excited states and thus impede the STIRAP
process. We use the technique to measure the wavefunction overlap of excited motional states with the
motional ground state. This is an important application for force sensing applications using trapped
ions, such as photon recoil spectroscopy, in which the signal is proportional to the depletion of
motional ground state population. Furthermore, a determination of the ground state population
enables a simple measurement of the ion’s temperature.

1. Introduction

Progress in trapped-ion quantum information processing [ 1-4], quantum simulation [5, 6], and precision
spectroscopy experiments [7—12] is largely based on advances in the ability to control and manipulate the
quantum states of the system. Trapped and laser-cooled ions represent a particularly well-controlled system for
which different techniques have been established to control the internal (electronic) and external (motional)
state. Commonly, sequences of laser or microwave pulses are applied to prepare a desired state or implement
operations for state manipulation. For this, mostly square pulses with a fixed length and frequency are employed
that rotate the atomic qubit and—depending on the experimental implementation—also change the motional
state. The effect of undesired frequency components in square-shaped pulses has previously been reduced by
employing amplitude-shaped pulses with a smooth rising and falling slope [ 13—15]. Furthermore, composite
pulses, first developed in the context of nuclear magnetic resonance [16—18], are used in trapped ion systems to
implement complex algorithms [19, 20] or operations that are less sensitive to variations of the experimental
parameters [21-24].

Adiabatic state manipulation represents another class of techniques with reduced sensitivity to fluctuations
in the coupling strength [25, 26]. Pulses with slowly varying intensity and/or frequency are used to manipulate
the state of the system. For trapped ions two adiabatic techniques have been investigated, namely rapid adiabatic
passage (RAP) and stimulated Raman adiabatic passage (STIRAP). In RAP a frequency and amplitude
modulated pulse is used to tailor the dynamics of the atomic state dressed by the light field for adiabatic transfer
of population between two bare atomic states. In the experiment, the time dependence of the intensity usually

©2016 IOP Publishing Ltd and Deutsche Physikalische Gesellschaft
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Figure 1. (a) Simplified level structure of Mg together with the involved laser couplings with associated Rabi frequencies , and
(), and detunings A, ~ A; ~ 9.2 GHz. The black levels are relevant for the STIRAP process, whereas the green levels lead to
additional off-resonant couplings indicated by the green arrows. (b) Time dependence of the Rabi frequencies normalized to their
maximum value. The pulse length is defined as the full width at half maximum and the delay of the two pulses is defined as the
separation of the Rabi frequency maxima.

has a Gaussian shape, whereas the frequency is varied linearly in time across an atomic resonance. RAP has been
used in optical qubits on carrier transitions for robust internal state preparation [27-30], and on sideband
transitions, to prepare Fock [31] and Dicke [32, 33] states. The STIRAP technique is typically realized in
A-systems and relies on an adiabatic evolution from an initial to a final state without populating a short-lived
intermediate state. It is usually implemented using Gaussian-shaped intensity profiles of two laser pulses with a
fixed frequency difference that are delayed with respect to each other in time. It has been demonstrated for
population transfer [34] and the generation of Dicke states [35], and suggested for efficient qubit detection of
single ions [36] and Doppler-free efficient state transfer in multi-ion crystals [37].

Here we demonstrate STIRAP between hyperfine qubit states in Mg " involving a change in the motional
state. The coupling strength of such sideband transitions is strongly dependent on the initial motional state of
theion [38]. We used the insensitivity of STIRAP to the coupling strength to perform a complete population
transfer of motionally excited states to determine the motional ground state population. For thermal states the
ground state population is a direct measure for the temperature [39]. Using this approach, good agreement with
the expected Doppler cooling temperature is found.

We implement STIRAP using alarge detuning, which is in contrast to the near resonant STIRAP transfer
typically discussed in the literature [25, 40]. In this situation the counter-intuitive and intuitive pulse sequences
give comparable population transfer efficiency, allowing the pulse order to be chosen in order to minimize off-
resonant scattering. The intuitive pulse sequence was previously studied in doped crystals and termed b-STIRAP
[41]. The comparably large detuning of 9.2 GHz used in our experiment suppresses spontaneous emission from
light fields coupling to states not involved in the STIRAP process, allowing STIRAP to be implemented in multi-
level systems such as the >Mg ™ ion used in this work.

The paper is organized as follows. In section 2 we provide an introduction into the theoretical treatment of
STIRAP. The experimental setup for the realization of STIRAP with a single trapped >>Mg " ion is briefly
described in section 3. The implementation of numerical simulations supporting the experimental findings is
described in section 4. In section 5 we present the experimental results of our investigation on the STIRAP
efficiency and its dependence on pulse order, pulse length and pulse separation together with the numerical
simulations. An optimized pulse sequence is used to demonstrate the advantage of STIRAP over a stimulated
Raman Rabi population transfer on carrier and sideband transitions for a thermal state. Section 6 summarizes
the work and points at possible improvements and applications of the technique.

2. Principles

In the following, we briefly review the basics of STIRAP in a three-level A-scheme as shown in figure 1. The
Hamiltonian of the three-level system coupled by two light fields in the interaction picture using the rotating
wave approximation is given by [25]:

(28 2 0
H=2|2, o o | 1)
0 O, —2A,

where the €;’s are the Rabi frequencies and the A; = wyom — wj are the detunings of the so-called pump and
Stokes laser beams with respect to the atomic transition frequency wagom. In the case of two-photon resonance
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A, = A, = A, the eigenfrequencies of the system are given by
Wy = — A)

w+:f%(Af N2+ ),
== 2+ [N D). @

For large positive detuning A > €);, the corresponding eigenvectors (dressed states) are:
|a%) = cos O|1) — sin ©|3)
la®) =12)
l|a~) = sin©|1) + cos O|3), 3)

where the so-called mixing angle © has been introduced. It is related to the Rabi frequencies of the coupling
lasers by:

QP
tan® = —. 4)
Q
The basic principle of the adiabatic transfer can be understood from the eigenstate equations (3). At the
beginning of the sequence, only the Stokes laser field interacts with the atom and the adiabatic state |a°) is aligned
parallel to the initially populated electronic ground state |1). Due to the presence of the Stokes laser field, the
initially degenerate energies of the system, w_ and wy, are split by the ac Stark shift. As long as this energy splitting
is large compared to the coupling between the eigenstates of the system, no transition to other states will occur
and the system stays in its instantaneous eigenstate, as stated by the adiabatic theorem [42]. By ramping the
strength of the relative couplings between the three states such that only the pump laser induces a significant
coupling at the end of the sequence (see figure 1(b)), we can change the mixing angle © from 0 to 7/2. In doing
so, we rotate the dressed state basis with respect to the bare state basis by 90°, which means rotating |a°) around
|2) from |1) to —|3). If adiabaticity is maintained during the process, the population will stay in the eigenstate [a°)
and will follow the rotation, transferring it from the bare state |1) to state |3) without populating state |2). From
equations (3) we can see that the large detuning results in a symmetry of the eigenstates such that the dressed
state |a~) can be used as the initial state for population transfer using the so-called intuitive pulse order, which is
sometimes called b-STIRAP in the literature. As mentioned above, the adiabatic criterion has to be fulfilled in
the STIRAP sequence, i.e. the energy splitting must be larger than the couplings between the states [36, 43]:

d
a’|—lat)| < |w* — WO 5
(a”] dtl )| < | ©)

The left side of the equation can be evaluated and it reads for the two states |a*):
d
a’l—|at) = 0, 6
(a”] dtl ) (6)
d L 00 — Q0

aAl—la) =—-0=———. 7
(a”] dtl ) SHG )

Here we see that transitions to state |2) = |a™) are not allowed. We now insert the second equation and the
eigenvalues (2) of the Hamiltonian in (5) and get a time dependent adiabatic criterion:

0,0, — Q0
—£_ <<‘%(A—1/A2+Q§,+Q§)‘. 8)

Q)+ @
We plotted both sides of the equation for a pulse length of 100 us and three different delay times of 30, 80 and
130 psinfigure 2.

For vanishing delay times (figure 2(a)), the temporal change in the mixing angle becomes small. However,
when turning on the laser interaction, the initial state is projected into an equal superposition of state |a¢) and
|a_), as described in [43]. This leads to Rabi oscillations between the states |1) and |3) and a strong dependence of
the final population on the pulse area of the laser fields. For long delay times (figure 2(c)), the adiabatic criterion
is not fulfilled in between the two pulses.

3. Experimental setup

Details of the experimental setup have been described before [44, 45]. We use the
[F=3,mg=3)=]|])=|1),|[F=2,mp=2) =|1) = |3)states of the >S, /,-ground state of a *>Mg " ion
as our qubit. The states are separated in energy by the hyperfine splitting of 1.789 GHz. The frequency
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Figure 2. Time dependence of the adiabatic criterion. The couplings (left side of (8), blue) and the energy splitting (right side of (8),
red) are shown for a fixed pulse length 0of 100 psand (a) a delay time of 30 s, (b) a delay time of 80 s and (c) a delay time 0f 130 us.
The dotted lines represent the pulses.

quadrupled output of a fiber laser is used to create the laser beams at a wavelength of 280 nm for Doppler
cooling, Raman sideband cooling and for coherent manipulation. The first order sideband of an electo-optic
modulator is resonant with the 2 S, ,— 2P, , transition for Doppler cooling and state discrimination. The

9.2 GHzred detuned optical carrier is used with an additional acousto-optical modulator (AOM) setup to create
the Raman laser beams that couple the hyperfine qubit states (see figure 1). The limited detuning of the Raman
laser beams from the 2P; , state caused off-resonant scattering rates from coupling to all possible excited states
and are on the order of 1.1 ms™ " and 4.4 ms™ ' for the ground states |1) and |3), respectively[46]. Additionally, a
radio frequency can be applied to couple the qubit states without being influenced by or changing the motional
state. A sequence of consecutive Raman red sideband and repump pulses is used for ground state cooling the
axial vibrational mode of the ion [39].

We implemented the STIRAP sequence in our setup using a pulse sequencer based on a field programmable
gatearray [47, 48] that controls direct digital synthesizer (DDS) boards. We used the built-in power sweep
function of the sequencer to shape the amplitude of the two laser beams needed for the STIRAP sequence. Itis
implemented by applying a voltage resembling the shape of the desired pulse to a voltage controlled gain
amplifier which modulates the rf signal generated by the DDS chip. This radio frequency signal is subsequently
amplified and fed into an AOM that imprints the time dependence of the radio frequency amplitude onto the
laser intensity.

The peak resonant Rabi frequency for each beam is on the order of a few 10 MHz, resulting in carrier Raman
Rabi frequencies of around 100 kHz. The experimental data is typically averaged over 250 repetitions of an
identical experiment with the same initial conditions.

4, STIRAP simulation

Numerical simulations were carried out based on the density matrix formalism to determine the parameter
regime for efficient population transfer using the STIRAP process. We integrated the master equation
numerically and derived the time dependence of the atomic state populations. In general, the master equation
can be expressed as:

dp = Lp. 9)
dt

Here, L is the Liouvillian operator. Our qubit states |1) and |3) are magnetic sub-states of the hyperfine splitted
ground state of the *>Mg" ion and spontaneous emission from these long-lived states is neglected in the
simulation. As described in the previous section, off-resonant scattering limits the coherence between the lasers
and the atom and reduces the detected signal. However, this effect is small and since the consideration of off-
resonant scattering increases the complexity of the simulation excessively, we neglected this effect in the
simulations. In this case the time evolution of the system can be described by a Hamiltonian H and the
Liouvillian acts on the density matrix as follows:

Lp = —i[H, p] = —i(Hp — pH). (10)

The quantized motion of the ion in the trap is included in the simulations as the tensor product of the electronic
state |e) and the harmonic trap states |n) so the state of the ion reads: [¢)) = |e) ® |n). Up to 16 motional levels
have been considered. This way, we are able to simulate carrier as well as sideband transitions. The time
dependence of the STIRAP process is incorporated by time-dependent Rabi frequencies in the Hamiltonian,
where for the simulation a Gaussian pulse shape was assumed. The parameters of the pulses are defined as:

4
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Figure 3. Simulated and measured delay time dependence of the STIRAP transfer. (a) Comparison of the simulated and measured
delay time dependence of the STIRAP transfer on a carrier transition for an ion in the motional ground state. Positive delay times
correspond to the counter-intuitive pulse sequence. For the simulated data (red) a moving average was applied to account for
fluctuations in the experimental parameters (see text). The simulated time dependence of the STIRAP transfer is displayed for a pulse
length of 100 s and a delay time of (b) 26 us, (c) 80 us,and (d) 136 us. The dotted lines represent the pulses.

_ +)2
Q1) = D - exp(—%), (1)
2t yidth

where we define tpysc = 24/21n(2) - ty4m as the pulse length, t; as the centers, and €2; .y as the maximum Rabi
frequencies of the two pulses i € {p, s}. Additionally, we denote the delay between the pulses as tgeay = £ — 1,
(see figure 1). All simulations presented in the following were performed using the quantum optics toolbox [49]
in the MATLAB programming language [50]. Since the Hamiltonian of the system is time dependent, the solver
‘solvemc’ was used. It performs a direct integration of the master equation to calculate the density matrix p for
consecutive times.

In order to compare the simulated with the experimental results we fitted a Gaussian function to the
measured pulses. Due to technical imperfections the measured pulse length of the pump field is around 12%
shorter than the pulse length of the Stokes field. Therefore we derive an effective pulse length (mean of the
Gaussian full width at half maximum, FWHM) from the fit and measure the effective delay time of the two
pulses. These values, which were ranging from a few to two hundred microseconds, were used for the laser pulse

parameters in the simulations.

5. Results

5.1. Pulse length and pulse delay dependence
The density matrix simulations were used to investigate and optimize the population transfer efficiency. First,

the influence of the delay of the two laser pulses for a fixed pulse length of 120 us was studied. The ion is
initialized in state | 1) and the motional ground state. In figure 3(a) we compare the measured and simulated
transfer efficiency of the STIRAP sequence for carrier transitions. To allow a direct comparison between
simulation and experiment, a moving average is applied to the simulated data to account for small fluctuations
of experimental parameters (see below). In the figure we see that both pulse orders (positive delay times
correspond to the counter-intuitive pulse order) are able to transfer population from the initial to the final state.
This behavior is a result of the large detuning of the light fields from resonance. The reduced transfer efficiency
seen in the experiment compared to the simulation result is explained by off-resonant excitation to different
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Figure 4. Transfer efficiency for different delay scaling factors and pulse lengths for carrier transitions. (a) Simulation and (b)
experimental results of the STIRAP transfer, where 0 (dark red) corresponds to no and 1 (dark blue) to complete transfer. For the
simulations and the measurements the ion was initialized in the ground state of motion in |1) and the pulse length was scanned for
different delay scaling factors s.

magnetic sub-states, indicated in figure 1(a) which is not considered in the simulations. The relative populations
of the two qubit states during the STIRAP sequence, together with the relative strength of the involved couplings
of these states to the auxiliary magnetic sub-states [46], explain the asymmetry with respect to the pulse order
seen in the experiment. We therefore use the counter-intuitive pulse sequence from now on.

Using the numerical simulations we investigate the different transfer regimes. As can be seen in figure 3(b),
for a delay time of 26 s, the transfer process consists of two contributions, one oscillating and one adiabatic
part. For the chosen pulse length of 120 ys, the time evolution can be understood as a combination of
dynamically varying Rabi oscillations, which is the transfer mechanism for the case of overlapping pulses (zero
delay time), and an adiabatic part of the population transfer. In this situation the final transfer efficiency strongly
depends on the timing and exact Rabi frequency of the pulses. Since the experimental parameters slightly
fluctuate when averaging 100 times over each data point, the strong dependence of the transfer on these
parameters results in an average transfer efficiency, effectively smoothing the observed signal. Full adiabaticity is
achieved for a delay time of for example 80 us, shown in figure 3(c) (see also figure 2(b)). For this case efficient
adiabatic transfer is possible, whereas for an even longer delay time of 136 us the overlap of the pulses is too
small, leading to transitions between the different adiabatic states (figures 2(c) and 3(d)), so that the transfer is
incomplete.

The optimal parameter regime for STIRAP was investigated by comparing the experimental and simulated
population transfer with respect to the pulse length for different delays between the pulses. For this we introduce
ascaling factor s for the delay time which is related to the pulse length by tgclay = 5 * tpuise. If the pulse length is
chosen long enough, we are in the Rabi oscillation regime for s < 0.6 and in the adiabatic (STIRAP) regime for
s > 0.6.In figure 4 the simulated transfer efficiency for carrier transitions with the ion initialized in the motional
ground state is compared with the experimental result, where 0 (dark red) corresponds to no and 1 (dark blue) to
complete transfer. Experiment and simulation show the same behavior as in figure 3, i.e. the transfer depends on
the exact pulse length for small delay scaling factors. The transfer is slightly faster in the experiment than in the
simulations which may be due to slight deviations of the used parameters as well as an imperfect pulse shape of
the STIRAP pulses. Additionally, deviations from the ideal pulse shape may lead to the enhanced oscillations in
the experiment, since in the experiment the pulses envelope is less smooth. Despite these differences, the
experimental data is in qualitative agreement with the simulations and we can identify large regions of efficient
transfer for the constant coupling strength realized in this particular setting. The results also allow to extrapolate
which STIRAP parameters should be used for the case of a fluctuating coupling strength, since the required pulse
length scales with the inverse coupling strength. For a ‘band’ of coupling strengths, the optimum STIRAP
transfer parameters are dictated by the corresponding graph for the smallest coupling strength. Efficient transfer
is then inherently accomplished for the larger coupling strengths.

This scaling behavior is illustrated in figure 5, where the transfer efficiency is shown for a blue sideband
transitions with the ion initialized in the motional ground state. The sideband transition is weaker by the Lamb-
Dicke factor of approximately 1 &~ 0.3. Therefore, alonger pulse length is required to fulfill the adiabatic
criterion and to achieve efficient transfer. As can be seen in figure 5, for this transition we can also identify a
parameter range, where we have efficient transfer for our given laser power and detuning. For the carrier
transition we achieve the best transfer for a delay scaling factor of around s = 0.7 and a pulse length >50 s,
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Figure 6. Simulated transfer dynamics of the population for the lowest 15 motional levels. The population transfer as a function of
time is displayed for (a) the carrier (delay scaling factor s = 0.7 and pulse length of 50 ys) and (b) the red sideband transition (delay
scaling factor s = 0.4 and pulse length of 100 1). Fock states are used in the simulations, where dark blue corresponds to the motional
ground state and the color gets brighter for higher motional levels and changes from blue to green, to red and finally to yellow for

n = 15.

whereas for sideband transitions smaller scaling factors and longer pulse lengths are necessary. For both
transitions off-resonant excitation to the excited P; /,-state is limiting the final transfer efficiency. The longer
pulses required for sideband transitions limit the transfer efficiency to 85% for a pulse duration of >70 usanda
delay scaling factor of <0.7.

5.2. Motional dependence of the transfer efficiency

After determining appropriate parameters for the transfer we now investigate the motional dependence of the
transfer efficiency. Using the simulations we investigated the dynamics of population transfer for the lowest 15
motional Fock states for carrier and sideband transitions.

The results are shown in figure 6, where we can see that for carrier transitions the transfer efficiency is
reduced for higher motional levels. This is due to the decrease in carrier coupling strength associated with higher
Fock state levels, scaling with the generalized Laguerre polynomial L? (1?) [38]. In contrast, the coupling
strength of sideband transitions initially increases with n and then remains at a high level up to the highest
investigated Fock state n = 15, as shown in figure 7.

As a consequence, the transfer becomes more adiabatic for higher motional levels, since the state evolution
speeds up while the pulse time remains constant. Experimentally, we do not probe each of the motional states
individually, but rather a given distribution. Therefore, we experimentally verified the independence of the
STIRAP transfer from the initial motional state by investigating the pulse length dependence of the transfer
efficiency for the ion initialized in the motional ground state and compare it to the efficiency for the ion
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sideband, red: red sideband. The inset indicates the motional level structure with the corresponding transitions.
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Figure 8. STIRAP transfer efficiency as a function of pulse length for different initial motional states. The ion was initialized in the
motional ground state (dark blue) and a thermal state (light blue) for a blue sideband transition. Additionally the transfer is displayed
for ared sideband transition, where the ion was initialized in a thermal state (orange). The delay scaling factor for all measurements
was s = 0.5. The lines are moving averages of the data and are guides to the eye. For clarity the error bars are omitted.

initialized in a thermal state. In contrast to the previously described experiments, we used truncated pulse shapes
to further speed up the experimental cycle time in this experiment. For the counter-intuitive pulse sequence, it is
sufficient to consider only the relevant part of laser interaction, where the transfer takes place: the Stokes beam is
switched on abruptly with the maximum intensity at the beginning of the sequence. While ramping down its
intensity, the pump beam intensity is ramped up, both with a near-Gaussian shape. At maximum intensity of the
pump beam, it is switched off rapidly. The effective transfer time for this sequence is given by

ferans = fFwHM T+ S © frwnM- As can be seen from figure 8, the STIRAP population transfer rate for sideband
transitions is smaller when the ion is initialized in the motional ground state. This is a consequence of the smaller
Rabi frequency of sideband transitions with n = 0 compared to n > 0 also populated in a thermal state. For
pulse lengths longer than 100 s, the two curves for the transfer on the blue sideband overlap with each other.
This means that, for a sufficiently long pulse, the STIRAP transfer becomes independent of the motional state
population of the ion.

Additionally, the transfer efficiency for a red sideband transition is shown in figure 8 for the ion initialized in
athermal state of motion. We assume that for a pulse length of 120 ps the transfer is complete. In contrastto a
blue sideband, the red sideband leaves the # = 0 motional population untouched. Assuming that the transfer
efficiency for the other motional states is similar for the blue and red sideband, the difference of the final state
population in state |3) after the STIRAP transfer on the blue and red sideband reveals the population in the
motional ground state. From the measured data we extract a ground state population of 0.08 £ 0.01 by
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Figure 9. Population transfer dynamics of Rabi (red) and STIRAP (blue) for a thermal motional state. The transfer efficiency is
displayed for (a) the blue sideband and (b) the carrier transition with the ion initialized by Doppler cooling. The delay scaling factor
was chosen to be s = 0.5 for sideband transitions and s = 0.7 for carrier transitions. The lines are moving averages of the data and are
guides to the eye. For clarity the error bars are omitted.

subtracting the respective signals averaged over pulse lengths between 120 and 150 5. The associated thermal
distribution corresponds to a temperature of 1.3 £ 0.2 times the Doppler cooling temperature for >Mg . This
is in agreement with the measured temperature after Doppler cooling of 1.2 times the Doppler temperature
using the technique described in [51] as well as the estimated temperature from measured Rabi oscillation decay
whichresultedin 1.6 + 0.5[52].

5.3. Comparison of coherent and adiabatic transfer
After showing the feasibility of motional state-independent transfer we compare the transfer efficiency of the
STIRAP process with that of a 7w pulse for a Doppler cooled ion.

As expected, figure 9 shows that the state evolution for Raman Rabi oscillations is faster than the
corresponding STIRAP signal. After approximately 12 us the maximum transfer efficiency of below 80% is
reached for the blue sideband transition (figure 9(a)). This transfer is sensitive to system parameters, especially to
variations in Rabi frequency. The STIRAP transfer, however, is slower but reaches a transfer efficiency of higher
than 85% for transfer times on the order of 150 us. Itis worthwhile mentioning that the STIRAP transfer is
limited by off-resonant excitation, which can be circumvented using a larger Raman detuning, whereas the
transfer using Rabi oscillations is fundamentally limited by the different couplings between the motional states.
On the carrier, the stronger motional state dependence of the Rabi frequency leads to a faster dephasing of the
Rabi oscillations, as can be seen in figure 9(b). Therefore, the transfer efficiency using Raman Rabi oscillations is
reduced to 50% whereas the transfer using the STIRAP technique is still on the order of 75% for our system
parameters. The transfer efficiency on a carrier transitions is reduced compared to the blue sideband transition
since the Rabi frequency has a zero crossing at a motional state of n = 15, as shown in figure 7. Populationina
range around this state can not be transferred efficiently by either technique.

6. Conclusion

We have investigated the STIRAP technique to transfer population between two hyperfine states of a *>Mg " ion.
A systematic study of the transfer efficiency on the carrier and motional sidebands was performed for different
pulse lengths and pulse delays with the ion initialized in the ground state of motion. Good agreement was found
with numerical simulations. The insensitivity of STIRAP to the exact Rabi frequency was exploited to perform
population transfer in the presence of an inherent range of Rabi frequencies found e.g. for thermally populated
motional states. We demonstrated efficient population transfer on carrier and blue sideband transitions for Fock
and thermal states. Experimentally the transfer was limited to ~85% by off-resonant excitation to states not
involved in the STIRAP process. However, this is not a fundamental limitation and could be overcome using a
Raman laser system with a larger detuning, allowing transfer efficiencies approaching 100% . In contrast,
population transfer using Raman Rabi oscillations was shown to be faster, but less efficient for thermal motional
states. We used the difference in blue and red sideband STIRAP transfer efficiency to detect the motional ground
state population, from which a temperature in agreement with Doppler cooling temperature was extracted. This
ground state population detection technique is robust against fluctuations of the Rabi frequencies and does not
depend on the specific motional distribution. More elaborate pulse sequences using a series of STIRAP red and
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blue sidebands would even allow for the measurement of higher motional state populations, enhancing the
accuracy of the determined temperature measurement. The same approach can be employed to determine the
full motional state distribution [53] or prepare strongly entangled states [32, 35].

Another important application of the presented technique is the detection of small forces via excitation of a
normal mode in a trapped ion crystal. Here, it has the potential to enhance the sensitivity of relative mass
measurements [54], indirect internal state detection [55, 56] and the detection of small electrical [57, 58] and
optical [59-61] forces. We demonstrated the power of STIRAP in photon recoil spectroscopy [11, 12] where the
small force imprinted onto a two-ion crystal during absorption of a few photons leaves the motional state of the
ions distributed over several trap levels. A STIRAP pulse on the red sideband probes the residual motional
ground state population, which represents the spectroscopy signal.
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