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Abstract: Stimulated Raman transition is a fundamental method to coherently manipulate

quantum states in different physical systems. Phase-coherent dichromatic radiation Ąelds

matching the energy level splitting are the key to realizing stimulated Raman transition. Here

we demonstrate a Ćexible-tuning, spectrum-clean and Ąber-compatible method to generate a

highly phase-coherent and high-power multi-tone laser. This method features the utilization of a

broadband Ąber MachŰZehnder modulator working at carrier suppression condition and second

harmonic generation. We generate a multi-tone continuous-wave 532 nm laser with a power of

1.5 Watts and utilize it to manipulate the spin and motional states of a trapped 171Yb+ ion via

stimulated Raman transition. For spin state manipulation, we acquire an effective Rabi frequency

of 2π × 662.3 kHz. Due to the broad bandwidth of the Ąber modulator and nonlinear crystal,

the frequency gap between tones can be Ćexibly tuned. BeneĄting from the features above, this

method can manipulate 171Yb+ and 137Ba+ simultaneously in the multi-species ion trap and has

potential to be widely applied in atomic, molecular and optical physics.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

As a fundamental method in atomic, molecular and optical researches [1,2], stimulated Raman

transition (SRT) is widely used to manipulate spin states in different physical systems, such

as ultra-cold atoms [3,4], ultra-cold molecules [5,6], trapped ions [7Ű9] and superconducting

circuits [10]. Mode-locked lasers, master-slave lasers and directly modulated continuous-wave

lasers are common tools to generate frequency splitting in optical Ąelds. These existing tools

have their unique advantages, while some inconveniences still occur in the experiments.

Mode-locked lasers have natural broad bandwidth, which are typically used to implement

SRT for trapped ions such as 9
Be
+ ion [11] or 171

Yb
+ ion [12Ű16]. The mode-locked lasers

generate a train of frequency combs with a spectrum range around hundreds of GHz while the

repetition rate is Ąxed. Therefore, additional optical modulators are required to realize precise

frequency matching between comb teeth and the qubit energy levels. However, it is necessary

to avoid unwanted resonant or off-resonant drive of multiple energy levels from the redundant

frequency combs. Besides, the pulsed lasers are incompatible with optical Ąbers because of pulse

broadening caused by the chirp effect, which decreases the Ćexibility of the optical conĄgurations.
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For continuous-wave (CW) laser, master-slave laser systems with optical phase-lock loops

(OPLL) technique [17Ű19] or sideband injection-locking technique [20,21] are commonly used

to generate two phase-coherent Raman lasers with adequate power. For the OPLL technique,

the phase noise is limited by the performance of electrical servo loops. For the sideband

injection-locking technique, the slave laser is locked to a speciĄc sideband generated by optical

modulators and Ąltered by resonant Fabry-Pérot cavities [20]. The master-slave laser has a clean

spectrum that only contains those desired frequency components used to implement SRT, but

the beat note between the master laser and slave laser canŠt be tuned optionally. Master-slave

laser systems are widely used in the experiments of ultra-cold atoms like 87
Rb [21] or trapped

ions like 9
Be
+ [22]. For 9

Be
+, additional second harmonic generation (SHG) or sum frequency

generation (SFG) is required to convert the infrared laser to a wavelength near the D1 line of ion

[22,23]. Master-slave laser systems demand two or more independent lasers [21] and complicated

electronic systems, which increases system complexity and cost.

Another option is to use a phase electro-optic modulator to directly generate two sidebands in

a single CW laser. The narrow frequency shift ranges of resonant electro-optical modulators

(EOMs) limit the performance of the Raman laser system [24]. To extend the tuning range, Ąber

EOMs with broad frequency shift ranges are required [25]. The Ąber EOMs usually work in

an infrared domain while the D1 lines of the trapped ions are typically in the ultraviolet or blue

domain. The extremely large detuning between the infrared laser and D1 lines of trapped ions

will result in a quite low effective Rabi frequency. To avoid that, an SHG process is needed to

realize wavelength conversion from infrared to a shorter wavelength. However, the spectrum of

phase-modulated laser will contain redundant components, which decreases the efficiency of the

SHG process and leads to a low effective Rabi frequency.

To acquire a clean spectrum that only contains those desired components, intensity modulation

which can effectively suppress unwanted components is applied in our method. In this paper, we

use a Ąber MachŰZehnder modulator (FMZM) to generate the multi-tone laser that is used to

manipulate hyperĄne ground states. We use a Yb-doped Ąber ampliĄer to acquire a steady high

power laser and a periodically polarized lithium niobate (PPLN) crystal to achieve wavelength

conversion by the SHG process. We investigate the performance of this method by implementing

spin or motional state manipulation of 171
Yb
+ ion conĄned in a high optical access Paul trap.

Compared to the phase modulation, We achieve carrier suppression to eliminate redundant

frequency components. Compared to the mode-locked pulse laser, this continuous laser in the

visible domain is easily coupled into Ąber to improve the scalability of the system. Compared

to the master-slave laser, a single directly-modulated laser effectively reduces the complexity

and cost of the system. BeneĄting from the board bandwidth of FMZM and PPLN crystal, the

frequency gap between tones can be tuned optionally from a few MHz to dozens of GHz.

2. System setup and characterization

The setup for laser beams generation is depicted in Fig. 1(a). A frequency-locked monochromatic

laser of 1064 nm that only contains one frequency component is sent into an FMZM with a

20 GHz bandwidth (iXblue, NIR-MX-LN-20). The two portions of the output optical signal

of FMZM are sent into a Yb-doped Ąber ampliĄer (YDFA) and an electrical servo system

respectively. The ampliĄed laser propagates through a PPLN crystal to convert the wavelength of

the laser from infrared to visible via an SHG process. The spectrum diagram of the input signal

of FMZM is shown as Fig. 1(b). The half-wave plate here is used to rotate the polarization of

the laser to align the principal axis of FMZM, which helps to reach the maximum transmission

efficiency. The FMZM has a built-in Mach-Zehnder interferometer (MZI) to implement intensity

modulation on the optical signal. A bias control port is used to change the operating point of

FMZM while a radio frequency (RF) control port is used to modulate the optical signal with
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high frequency. By applying different voltages to the bias control port, the FMZM operates at

different operating points.
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Fig. 1. (a) Schematic of the setup of laser beams generation. A master oscillator power

ampliĄer system provides the high-power multi-tone laser. A signal generation and servo

system are used to maintain the operating point of FMZM. (b) The diagram spectrum of

the input signal of FMZM. (c) The diagram spectrum of the output signal of FMZM. (d)

The diagram spectrum of the output signal after the SHG process. ML: monochromatic

laser, HWP: half-wave plate, RFCP: radio-frequency control port, BCP: bias control port,

FMZM: Ąber MachŰZehnder modulator, FC: Ąber coupler, YDFA: Yb-doped Ąber ampliĄer,

PCL: planoconcave lens, PPLN: periodically polarized lithium niobate, BS: beam splitter,

LPF: low pass Ąlter, RP: red pitaya, PD: photoelectric detector, SG: signal generator, LNA:

low-noise ampliĄer, PS: power splitter, DCPS: digital control phase shifter.

If the input optical Ąeld of the PPLN crystal contains redundant frequency components, the

corresponding output optical Ąeld will contain more frequency components, which decreases the

efficiency of YDFA and causes a harmful inĆuence on our coherent manipulation. To generate

the desired frequency splitting in the 1064 nm laser and acquire a clean spectrum simultaneously,

we have to eliminate the carrier component and reserve two sideband components. When the

FMZM operates at its maximum extinction point, the carrier vanishes due to the destructive

interference effect of MZI. When the voltage applied to the RF control port is appropriate,

only two lowest-order sidebands remain. It is called carrier suppression and double sideband

(CS-DSB) modulation [26].

The RF signal, of which the frequency equals half of the energy level splitting of a certain

physical system, is generated by a signal generator (Rohde & Schwarz, SMB100A). In this paper,

it is 6.32 GHz for 171
Yb
+ hyperĄne qubit. This signal is ampliĄed by a low-noise ampliĄer

(Mini-Circuits, ZX60+). Then it is divided into a driving signal and a demodulation signal with

a 2-channel power splitter. To realize CS-DSB modulation, the FMZM Ąrstly has to operate

at the maximum extinction point, in which case the carrier component is eliminated by the

destructive interference effect of the M-Z interferometer. Then the driving signal has to be

adjusted to an appropriate power to avoid the appearance of those high-order sidebands, known

as the weak modulation condition. The output signal of FMZM only contains two sidebands

and the frequency gap equals the energy level splitting in the case of CS-DSB modulation. The

diagram of the output optical signal of FMZM is shown as Fig. 1(c). Typically, the electric Ąeld

of the output signal of FMZM is

Eout (t) = αEin (t) cos

[︃

∆ϕb

2
+

∆ϕR

2
sin (ωEt)

]︃

ej
∆ϕb

2 (1)
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where α is the insertion loss of FMZM, Ein(t) is the electric Ąeld of incident laser of FMZM

and Ein (t) = Einejωt, ∆ϕb is the phase shift caused by the bias voltage applied to the bias control

port, ∆ϕR is the phase shift caused by the driving signal applied to the RF control port, ωE is the

frequency of the driving signal. In the condition of maximum extinction point (∆ϕb = π), the

electric Ąeld of the output signal of FMZM is derived from Eq. (1) as

Eout (t) = −2αjEin (t) {

∞
∑︂

n=1

J2n−1

(︃

∆ϕR

2

)︃

sin [(2n − 1)ωEt]} (2)

in where Jn(∆ϕR) is the n-order Bessel function. Experimentally, we carefully adjust the amplitude

of the driving signal to satisfy the weak modulation condition, resulting in that ∆ϕR = 0.12. In

the condition of weak modulation, the high-order Bessel function could be truncated and the

electric Ąeld of the output laser of FMZM is

ECS−DSB (t) ≈
α∆ϕR

4
Ein

(︂

ej(ω−ωE)t − ej(ω+ωE)t
)︂

(3)

where ECS−DSB(t) is the electric Ąeld of the output laser of FMZM when it operates at CS-DSB

situation. As Eq. (3) shows, in the case of CS-DSB modulation, the carrier component is

sufficiently suppressed while only two Ąrst-order sideband components are reserved. The

intensity of output laser is

ICS−DSB =

α2E2
in

2

(∆ϕR)
2

4
[1 − cos (2ωEt)] (4)

Suffering from a variety of perturbations, e.g. temperature, working time and static electricity, the

operating point of FMZM will drift. To steadily achieve CS-DSB modulation, we have to lock the

operation point of FMZM at its maximum extinction point by feeding back a control signal through

the bias control port [27,28]. The output of FMZM is sent into a 2 × 2 polarization-maintaining

Ąber beam splitter of which the output power ratio is 9 to 1. The low-power portion is fed

into a high-speed photoelectric detector, which transforms the optical signal into an electrical

signal. A demodulation signal which has the same frequency as the driving signal of FMZM

is mixing with the electrical signal of the photoelectric detector, as Eq. (1) is shown. After the

low-pass Ąltering process, an error signal that contains the information about bias voltage drift is

acquired. The error signal is fed into a Red Pitaya STEMlab 125-14 board that implements a

digital Proportion-Integration-Differentiation (PID) control. By locking the error signal at its

zero point where ∆ϕb = π, the FMZM operates at maximum extinction point steadily.

The high-power portion of the Ąber beam splitter is ampliĄed by the YDFA (Precilasers,

YDFA-SF-1064-8W-CW). The output laser power of the YDFA is 8 W. Then the ampliĄed laser

is focused by a planoconcave lens to propagate through a periodically polarized lithium niobate

(PPLN) crystal with a beam waist of 59 µm. This SHG process converts the 1064 nm incident

laser with two sidebands into the 532 nm multi-tone laser with three frequency components and

a power of 1.5 W. For the 532 nm multi-tone laser, the frequency gap between adjacent tones

equals the double frequency of the driving signal of FMZM. The diagram of the spectrum of 532

nm multi-tone laser is shown as Fig. 1(d). For the sake of clarity, the sidebands in Fig. 1(d) from

left to right are marked as L, M and R.

To characterize the bandwidth of the PPLN crystal, we tune the frequency of the 1064 nm

laser with dozens of GHz and measure the output power of the 532 nm laser. The result is shown

as Fig. 2(a). When the temperature of the PPLN crystal is constant, the efficiency of the SHG

process has a strong correlation with the frequency of the 1064 nm incident laser. There are

two frequencies corresponding to the maximum SHG efficiency of which the interval is about

20 GHz and the center wavelength of this PPLN crystal is 1064.5720 nm. Broad bandwidth of
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PPLN crystal means that high SHG efficiency can be obtained even if the frequency splitting of

multi-tone laser is high. It indicates that we can Ćexibly tune the frequency gap between laser

tones to match the energy level splittings of the different physical systems.

1.12 GHz

1.12 GHz

RL

0.72 GHz0.72 GHz

R L

FSR=1.49 GHzM

M

M

M

Fig. 2. (a) The SHG efficiency measurement with frequency detuning of incident laser when

the crystal temperature is 91.86◦C. The center wavelength of the PPLN crystal is 1064.5720

nm while the two frequency corresponding to maximum efficiency has a 10 GHz detuning

from it. (b) Sideband spectra of 532 nm laser measured with an FPI. The free spectral range

(FSR) of the FPI is 1.49 GHz. The high peaks correspond to the sideband M in Fig. 1(d)

while the peaks located in the middle of high peaks correspond to sideband L and R. When

the driving frequency of FMZM is set to 6.32 GHz (6.52 GHz), the frequency gap between

sideband L or R with sideband M is 12.64 GHz (13.04 GHz). The peak which has a distance

of 8 × FSR + 0.72GHz (1.12 GHz) from the high peak is marked as sideband L or R.

To characterize the sidebands of the 532 nm multi-tone laser, its spectrum is measured by

a scanning Fabry-Pérot interferometer (FPI, Thorlabs, SA200-3B). The measured sideband

spectrum recorded by an oscilloscope is shown as Fig. 2(b). The sidebands appear at the

corresponding position with their respective frequency when the driving frequency of FMZM

is set as 6.32 GHz and 6.52 GHz respectively. The 532 nm multi-tone laser used to drive

the stimulated Raman transition is coupled to the polarization-maintaining optical Ąber for

experimental usage. The Ąber-compatible feature is good to improve the scalability of the system.

3. Experiment verification

In this paper, we utilize this method to manipulate 171
Yb
+ ion [29]. As Fig. 3 shows, the energy

levels that involve quantum logical operation for 171
Yb
+ are |0⟩ ≡ 2S1/2 |F = 0, mF = 0⟩ and

|1⟩ ≡ 2S1/2 |F = 1, mF = 0⟩ with a 12.64 GHz of hyperĄne ground state splitting (HFS), denoted

as ωHF. We experimentally investigate the performance of this 532 nm multi-tone laser. As a Ąrst

demonstration, we utilize it to drive the spin states of a single 171
Yb
+ ion conĄned in a glass cell

Paul trap with high optical access in multi-directions [30]. The experimental setup for driving

stimulated Raman transitions is shown in Fig. 3.

As Fig. 4 shows, the laser is divided into two portions with a beam splitter. They both propagate

through an acousto-optic modulator (AOM, Gooch & Housego, 3200-121) for frequency shifting,

an acousto-optic deĆector (AOD) for positioning the beam for single ion addressing and a lens for

light spot focusing. For convenience of description, we denote the portion of laser that propagates

through AOM1, AOD1, M1 and L1 as Raman beam I. The other portion is denoted as Raman

beam II. Both Raman beam I and II propagate in a perpendicular direction to the glass cell while

the cooling, ionization, and repumping lasers come from other direction in the horizontal plane.

The orientations of the laser beams form an effective wave vector difference ∆⃗k = k⃗1 − k⃗2 along

the magnetic Ąeld B⃗ lines, which is also one of the radial directions. The driving frequency of
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532 nm
369.5 nm

Fig. 3. Energy level scheme for 171
Yb
+. The purple soild line represents the energy levels

that involve Doppler cooling and the transition wavelength is 369.5 nm. In the experiment, a

14.7 GHz sideband of the 369.5 nm laser is required to bring the ions back to the cooling

cycle if the ions fall into dark state. The 532 nm multi-tone laser is detuned by ∆ ≈ 248 THz

from the transition between 2S1/2 |F = 1, mF = 0⟩ and 2P1/2 |F = 1, mF = 0⟩.
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Fig. 4. SimpliĄed schematic of the experimental setup for driving stimulated Raman

transitions. The 532 nm laser is emitted from a Ąber optic coupler. A beam splitter is used

to divide the laser into two parts which propagate through two optical paths. The lenses

are used to focus the spots of laser beams to acquire a higher Rabi frequency. Some optical

components used for rotating polarization of laser beams arenŠt shown in this schematic.

FC: Ąber coupler, BS: beam splitter, SGi: signal generator, AOMi: acousto-optic modulator,

AODi: acousto-optic deĆector, Mi: mirror, Li:lens.
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FMZM, namely ωE, is set as 6.32 GHz so that Raman beam I and Raman beam II can drive

the spin state independently, which helps to overlap both the Raman beams with the ion. The

driving frequencies of AOM1 and AOM2, namely ωAOM1 and ωAOM2, are set as ωC and ωC + δ

respectively, while −1st diffraction order of AOM1 and +1st diffraction order of AOM2 are used.

Here the δ is the single-photon detuning and it is set as 0 MHz to resonantly excite the spin state.

The center frequency of AOMs is ωC = 200 MHz for type 3200-121 from Gooch & Housego.

The driving frequency of AOD1 and AOD2 is set as their center frequency and both the −1st

diffraction order of AODs are used.

The ion is prepared in the |0⟩ by Doppler cooling and optical pumping. The Doppler cooling

laser is 10 MHz red-detuned from the cooling transition in order to optimize the efficiency of

Doppler cooling. Meanwhile, a 14.7 GHz sideband for the cooling laser is needed to couple the

|0⟩ and 2P1/2 |F = 1, mF = 0⟩, so the ion will return to the cooling cycle when it falls into the

dark state accidentally. To overlap the Raman beam I with ion position, we scan the position of

the laser spot with a Ąxed interaction time. The increase of Ćuorescence counting detected by the

photo-multiplier tubes (PMT) indicates that the light spot starts overlapping with the ion. The

next step is optimizing the laser position and spot size according to the variation of Ćuorescence

counting until a maximum Ćuorescence counting is reached. Then we reduce the interaction time

and repeat the aforementioned steps to acquire the maximum Rabi frequency. The ion Ćips its

spin state at a frequency of 2π × 662.3 kHz when the power of Raman beam I is approximately

750 mW and the beam waist is approximately 2.5 µm. The excitation probability of ion versus

interaction pulse time is plotted as Fig. 5(a).

Fig. 5. (a) The Rabi Ćopping driven by Raman beam I independently with a Rabi frequency

of 2π × 662.3 kHz. Only Doppler cooling is implemented on the ion. (b) The carrier Rabi

Ćopping driven by Raman beam I and II as counter-propagating laser with a Rabi frequency

of 2π × 42.5 kHz. Doppler cooling and EIT cooling are implemented on the ion.

In the Rabi Ćopping experiment, the ion is illuminated by a sequence of Doppler cooling laser

and pumping laser with 1 ms and 30 µs duration, then the ion is driven by the Raman operation

laser for a varying interaction time. We detect the spin state 100 times with a 1 ms detecting

laser for each experiment to acquire the excitation probability, which means the probability of

the ion is in the |1⟩ state. For Raman beam II we implement the same procedures to acquire

the maximum Rabi frequency. After both Raman beam I and II are overlapped with ion, they

illuminate the ion simultaneously and the length of optical paths of Raman beam I and II is

adjusted to be equal to each other to acquire a maximum Rabi frequency in the condition of two

independent Raman beams excitation.

The next demonstration is driving motional states of ions with Raman beam I and II as

counter-propagating Raman beams. Firstly, we reduce the power of laser and switch the driving

frequency of FMZM as ωE = ωHF/2 + ωC, which is 6.52 GHz. In the position of the green dot

shown in Fig. 4, the frequency gap between adjacent components is 2ωE = 13.04 GHz. The

driving frequencies of AOMs are set as ωAOM1
= ωC and ωAOM2

= ωC + δ respectively, where δ
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is the frequency of motional state. All spectrum components of Raman beam I have a red-shift of

ωC while those of Raman beam II have a blue-shift of ωC + δ, which are corresponding to the red

dot and blue dot shown in Fig. 4 respectively. The frequency gap between the center component

of Raman beam I and the left component of Raman beam II is ωHF − δ. The same situation

goes for the right components of Raman beam I and the center components of Raman beam II.

When δ = 0 MHz, the ion performs carrier rabi Ćopping without changing its motional state.

The excitation probability of ion versus interaction pulse time is plotted as Fig. 5(b). Compared

to the situation in Fig. 5(a), electromagnetically induced transparency (EIT) cooling [31,32]

with a 1 ms duration is added into the experiment sequence, after the Doppler cooling while

before the pumping. We trap two ions and investigate the frequencies of all the motional states

of ions. The ions are illuminated by counter-propagating Raman beams for a Ąxed interaction

time while the value of δ is changing. A certain motional state would be driven if δ equals its

frequency. In the condition of δ>0 MHz, the frequency gap between aforementioned components

will be less than ωHF and red sidebands will be driven. Otherwise the blue sidebands will be

driven. In our experiment, we vary the value of δ from 0.7 MHz to 1.6 MHz with a step of 2 kHz,

which is enough to cover the frequencies of all motional modes of radial direction. Analogously,

we repeat the same experiment sequence 100 times for each value of δ, in which the ion is

illuminated by the Doppler cooling laser, EIT cooling laser, pumping laser, Raman operation

laser and detecting laser in sequence for 1000 µs, 1200 µs, 30 µs, Ąxed interaction time and 1000

µs respectively. The four radial motional states of two ions in the same potential are driven and

then their frequencies are obtained by Ątting the proĄle of data, as 1.164 MHz, 1.262 MHz, 1.417

MHz and 1.499 MHz respectively (see Fig. 6(a)). Then we set δ = 1.499 MHz, which is the

frequency of center-of-mass mode in the x-direction. With the same experiment sequences, we

can observe a blue sideband Rabi Ćopping with a Rabi frequency of 2π × 6.28 kHz as Fig. 6(b).

By thermal state Ątting, the average phonon number is obtained as n̄ = 0.33, which is close to the

quantum ground state.

thermal state fit

Fig. 6. (a) The phonon spectrum of two ions. The colored lines are Lorentz proĄle Ąt to the

data. The horizontal axis is the frequency detuning from the central resonance frequency.

The highest excitation probability indicates that the corresponding frequency detuning equals

the frequency of a certain motional state. (b) Blue sideband Rabi Ćopping of the ion after

sideband cooling and EIT cooling with a Rabi frequency of 2π × 6.28 kHz. The average

phonon number n̄ = 0.33 according to the thermal state Ątting result.

4. Conclusion and outlook

We demonstrate a solid-state laser system that generates a multi-tone laser based on an intensity-

modulated Ąber ampliĄer and SHG process, and we apply it to manipulate the spin states and

motional states for 171
Yb
+ ion. An FMZM is used to generate two consistent sidebands which

bridge the hyperĄne ground states of the ion. In the weak modulation situation, we lock the
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FMZM at its maximal extinction point to acquire a clean spectrum of Raman laser, in which the

redundant frequency components are suppressed. Visible light converted from the SHG process

can be coupled into Ąber to improve the scalability of the system. BeneĄting from the wide

tuning range of FMZM and broad bandwidth of PPLN crystal, this system has the potential to

be employed for other species of atomic qubits. Considering that 171
Yb
+ with D1 line of 369

nm and HFS of 12.64 GHz [33], 137
Ba
+ with D1 line of 493 nm and HFS of 8.04 GHz [34]. By

switching the driving frequency of FMZM, we can utilize this method to perform SRTs on 171
Yb
+

and 137
Ba
+ simultaneously, which indicates that this method has the potential to be applied to

hybrid systems. In addition, 87
Rb is commonly used as a platform for cold atom experiments

with D1 line of 780 nm and HFS of 6.834 GHz. One can use an Erbium-doped laser ampliĄer

instead of YDFA to amplify a monochromatic laser of 1560 nm and convert the multi-tone laser

to 780 nm with the SHG process, which indicates its potential for cold atoms experiments. This

Ćexible-tuning, spectral-clean and Ąber-compatible method combines the advantages of existing

tools used to implement stimulated Raman transition (SRT). Thanks to the features above, this

method can manipulate multiple species of atomic spins, leading to a potential to be widely used

in atom, molecule and optics (AMO) Ąelds.
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