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We demonstrate two systems based on vertical-external-cavity surface-emitting lasers (VECSELs) for produc-
ing ultraviolet laser light at wavelengths of 235 and 313 nm. The systems are suitable for quantum information
processing with trapped beryllium ions. Each system consists of a compact, single-frequency, continuous-wave
VECSEL producing high-power near-infrared light, tunable over tens of nanometers. One system generates 2.4 W
at 940 nm, using a gain mirror based on GaInAs/GaAs quantum wells, which is converted to 54 mW of 235 nm
light for photoionization of neutral beryllium atoms. The other system uses a gain mirror based on GaInNAs/GaAs
quantum wells, enabling wavelength extension above 1200 nm with manageable strain in the GaAs lattice. This
system generates 1.6 W at 1252 nm, which is converted to 41 mW of 313 nm light that is used to laser cool trapped
9Be+ ions and quantum state preparation and detection. The 313 nm system is also suitable for implementing
high-fidelity quantum gates. ©2023Optica PublishingGroup

https://doi.org/10.1364/JOSAB.475467

1. INTRODUCTION

Quantum information processing (QIP) technology based on
atomic physics is steadily emerging from research laborato-
ries and moving into commercial development [1]. Often the
selection of the atomic system for a particular QIP application
is determined more by the availability of suitable lasers than
by atomic properties. This is especially apparent with atomic
species requiring ultraviolet (UV) laser sources, where cost
and reliability present obstacles. One important example is the
beryllium ion (9Be+), which has several properties advantageous
for QIP. The low ion mass helps to achieve high secular trapping
frequencies [2], allowing for faster quantum gates and ion trans-
port operations [3,4], along with stronger Coulomb-mediated
coupling between ions in separated-trap arrays [5,6]. As a result,
comparable high-fidelity two-quantum bit (qubit) gates can
typically be implemented with less laser intensity than is needed
for heavier ion species [7]. Reducing laser requirements may be
critical for scaling to larger processors [2,8–11] and eventual
fault-tolerant operation. Another attractive feature of 9Be+

ions is the ∼1.3 GHz ground state hyperfine splitting, acces-
sible with low-cost microwave electronics and relatively simple
antennas. Qubits stored in 9Be+ hyperfine states have exhibited
coherence times of several seconds [12] and single-qubit gate
errors of 2.0(2)× 10−5 [13]. Furthermore, two-qubit gates

between 9Be+ hyperfine qubits have been demonstrated with
an error of 8(4)× 10−4 [14], one of the lowest reported in any
physical system to date.

Beryllium QIP experiments typically use laser light at 235 nm
to photoionize neutral atoms, and at 313 nm for laser cool-
ing, state preparation, quantum gates, and measurement. The
relevant features of the 9Be+ energy level structure are shown
in Fig. 1. Light at 235 nm is often generated by nonlinear fre-
quency conversion of lasers operating at 940 nm, including
titanium-sapphire (TiS) lasers (both pulsed and CW) and
semiconductor diode lasers [15]. Light at 313 nm has been
generated with nonlinear frequency conversion of light from
dye lasers [16], and more recently from fiber lasers [15,17] and
semiconductor diode lasers [18–20]. Very recently, laser control
of beryllium ions was demonstrated using a spectrally tailored
optical frequency comb near 313 nm [21].

Vertical-external-cavity surface-emitting lasers (VECSELs
[22]) offer a promising alternative to the approaches listed
above. VECSELs combine the advantages of external-cavity
solid-state disk lasers with those of quantum-well (QW) semi-
conductor lasers, and have made considerable progress over
the last decade [23]. The external cavity geometry of these
lasers enables high-power and single-frequency operation with
near-diffraction-limited beam quality, in a relatively compact
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(a) (b)

Fig. 1. Energy levels relevant to QIP with beryllium ions. (a) Energy
levels of neutral 9Be for photoionization with 235 nm light. (b) Energy
levels of 9Be+. Light near 313 nm is used for laser cooling, state prepa-
ration and detection, repumping, and multi-qubit quantum gates
based on stimulated Raman transitions. Additional repump light
resonant with 2 S1/2|2, 1〉↔ 2 P1/2|2, 2〉 is omitted for clarity.

package. The semiconductor gain material permits a wide tun-
ing range and can be engineered for emission over a broad range
of wavelengths. Due to the long (>10 cm) high-Q cavity and
the short carrier lifetime of the semiconductor gain medium,
VECSELs operate in the so-called class A regime, having cavity
photon lifetimes much longer than the upper-state lifetime of
the gain medium. As a result, unlike in solid-state lasers and
many diode lasers, the laser dynamics are dominated by the
photon lifetime in the external cavity. As a result, VECSELs
produce very low-intensity-noise light [24] and do not suffer
from relaxation oscillation. Owing to the large intracavity power
and strong gain saturation, the broad spectral pedestal due to
amplified spontaneous emission that is generally present in
fiber lasers, external-cavity diode lasers, and tapered-amplifier
systems is largely absent in VECSELs. These advantageous
features have been validated by the demonstration of VECSEL-
based systems for the generation and manipulation of trapped
magnesium ions [25], with measured performance fulfilling the
requirements of typical ion-trapping experiments. Although
the benefits of using VECSELs in quantum-technology appli-
cations are gaining more attention (see, for example, recent
publications reporting single-frequency VECSELs with sub-
kHz linewidth and 140 mW single-mode output power [26],
or linewidths of tens of kHz and watt-level single-mode output
powers [27,28], targeting transitions in neutral Sr [26,27],
neutral Cd [27], and neutral Rb [28]; a VECSEL with 22 mW
single-mode output power before frequency doubling to Yb+

ion wavelengths has also been reported [29]), single-frequency
operation at wavelengths matching Be+ ion transitions has not
been demonstrated.

Here, we demonstrate two VECSEL-based systems for the
generation and manipulation of trapped 9Be+ ions. These
systems are based on two new implementations for gain mirrors
operating at fundamental wavelengths of 940 and 1252 nm,
and external frequency conversion stages to generate laser light
at 235 and 313 nm, respectively. The functionality of the UV
lasers is assessed in terms of their ability to perform the essential

functions of ion production from neutral atoms, ion cooling,
and ion state manipulation. The work demonstrates the versa-
tility of VECSEL technology in fulfilling the needs of 9Be+ and
other ion systems, and its promise to provide practical solutions
in a large number of quantum-technology applications.

2. LASER SYSTEMS DEVELOPMENT

A. Laser Setup

A schematic diagram of the two laser systems is shown in
Fig. 2. Both VECSEL cavities consist of a specific gain mirror
(i.e., designed for fundamental emission at 940 or 1252 nm) and
an output-coupler (OC) mirror (∼2% transmission, 200 mm
radius of curvature, 12.7 mm diameter) spaced approximately
125 mm apart, giving a∼1.2 GHz free spectral range (FSR). To
provide single-frequency operation and coarse tuning, we used
the following intra-cavity elements: a Brewster-angled birefrin-
gent filter (BRF, single quartz plate, 3 mm thickness) and an
etalon (yttrium aluminium garnet, 1 mm thickness). Both these
elements are actively temperature stabilized. For fine tuning and
stabilization of the VECSEL output frequency, the small OC
mirror is mounted on a ring-shaped piezo-electric transducer
(PZT), which allows the cavity length to be adjusted. The gain
mirror is optically pumped by a high-power, multi-mode diode
laser emitting near 808 nm, which is fiber coupled and focused
to produce a∼200 µm beam waist (radius) on the gain-mirror
surface. Gaussian or super-Gaussian pump intensity profiles
with a laser-mode-to-pump-spot ratio larger than 0.8 are typ-
ically preferred for single-mode operation [30]. Although the
pump absorption band of the gain material is very broad, high-
power diode lasers emitting near 808 nm were selected, as these
are readily available and relatively inexpensive, and the gain
mirror pump absorption length was optimized accordingly. The
gain mirror copper heatsink is mounted on a thermo-electric
cooler (TEC) for temperature stabilization and control. The
TEC is water-cooled using a micro-channel heat exchanger
and a low-vibration chiller (important for narrow-linewidth
laser operation). The VECSEL cavity components are mounted
on an Invar steel baseplate that is housed in an O-ring-sealed
enclosure for stable operation. We have found that removing
intra-cavity water vapor, by including a desiccant inside the
laser enclosure and purging with dry nitrogen, improves fre-
quency stability and output power at wavelengths where water
absorption lines are present (for example, at 940 nm).

In single-mode operation of the VECSELs, coarse-range
tuning (in ∼80 GHz steps over ∼10 THz) is achieved by BRF
rotation, as well as by adjusting the BRF set-point temperature

Fig. 2. Diagram of the VECSEL cavity configuration and two stages
of external frequency doubling.
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(0.1–1 THz range with ∼37 GHz/K rate). Intermediate-
range tuning is achieved by tilting the etalon and adjusting
its temperature (1–100 GHz range with ∼−3 GHz/K rate,
with ∼1.2 GHz steps). Fine tuning is achieved by adjusting
the laser cavity length using the OC PZT (0.01–1 GHz with
∼30 MHz/V rate). By simultaneously tuning the etalon tem-
perature and the laser cavity length, it is possible to achieve
mode-hop-free tuning ranges over several GHz, limited by the
maximum travel of the cavity PZT.

The VECSEL gain mirrors comprised a distributed Bragg
reflector (DBR) and an active region with strain compensation
layers, QWs, barrier/spacer layers, and a window layer, arranged
for resonant periodic gain (RPG). Both mirrors (for 940 and
1252 nm) were fabricated using solid-source molecular beam
epitaxy (MBE). A general description of VECSEL gain mirror
technology and design constraints related to material systems
can be found, for example, in [23,31]. Specific design details
are discussed below together with the experiments on UV
generation.

B. 235 nm Laser Source

The gain mirror structure for the 940 nm VECSEL is depicted
with the refractive index on the left axis in Fig. 3. The positions
of the cavity standing wave antinodes are important design
parameters for the layer thicknesses and need to be commen-
surate with the simulated electric field modulus plotted on the
right axis. The active region of the semiconductor multilayer
structure was grown first on a GaAs substrate, followed by the
GaAs/AlAs DBR. Photon emission originates from 24 GaInAs
QWs in GaAs barriers that coincide with the antinodes of the
standing wave, with two QWs per antinode (12× 2). The
choice of a relatively high number of QWs was influenced by
the low bandgap offset between the barriers and the QWs,
which leads to carrier leakage and poor performance of a single
QW at elevated temperatures. In fact, the carrier confinement
is the main mechanism limiting the minimum wavelength of
the GaInAs/GaAs material system [32]. For comparison, we
note that a typical gain structure enabling high-power opera-
tion at>1µm consists of 10 to 12 QWs placed as one QW per
antinode [33]. The active region also includes GaAsP strain
compensation layers.

For proper VECSEL operation, the heat resulting from pump
laser absorption must be removed and the temperature of the
gain mirror must be stabilized. To this end, for the 940 nm
gain mirror we used a standard flip-chip cooling method [22]
where the heat flows from the active region through the DBR
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Fig. 3. Schematic active region design for the 940 nm gain mirror
with a total of 24 quantum wells (QWs), depicted with refractive index
(black, on left axis) and simulated cavity standing-wave electric field
modulus (red, on right axis) for reference.

to the heat spreader. For this purpose, the as-grown gain mirror
was first diced into 2.5× 2.5 mm2 chips and the DBR back
surface of each chip was bonded to a 3× 3× 0.3 mm3 syn-
thetic multi-crystal diamond heat spreader. After bonding, the
GaAs substrate was removed with a combination of mechani-
cal lapping and wet etching. An ion-beam-sputtered (IBS)
anti-reflection (AR) coating was applied to the top surface of
the approximately 5-µm-thick semiconductor structure for
reduced reflection of pump and laser light and for protection of
the gain chip surface. Finally, the diamond back surface was sol-
dered to a temperature-stabilized copper heat sink for efficient
heat extraction.

Performance characteristics of the 940 nm VECSEL are
shown in Fig. 4. With 14.5 W of pump power, the tuning
range is∼30 nm, and the slope efficiency at 940 nm is 27(1)%
for single-frequency operation. To estimate the VECSEL
linewidth, we analyze the beat note signal between the 940 nm
VECSEL output and that of a free-running TiS laser (nominal
linewidth<50 kHz), with the VECSEL frequency-offset locked
to the TiS laser [34]. From the spectral width of the beat signal,
we determine the linewidth of the VECSEL to be <100 kHz.
This is considerably less than the linewidth of relevant atomic
transitions and sufficiently narrow that frequency fluctuations
will not be converted to significant amplitude fluctuations by
subsequent resonant frequency-doubling stages.

The output of the 940 nm VECSEL is coupled into a high-
power polarization-maintaining (PM) optical fiber that delivers
light to the first of two second-harmonic generation (SHG)
enhancement cavities. This 940–470 nm frequency-doubling
cavity is locked to the single-frequency output of the VECSEL
using the Pound–Drever–Hall (PDH) method [35], with the
sidebands generated via electrico-optic modulation of infrared
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Fig. 4. (a) Single-mode output power at 940 nm as a function
of wavelength with 14.5 W pump power, obtained by rotating the
BRF and tuning etalon temperature at each wavelength. (b) Output
power at 940 nm versus 808 nm pump power. A linear fit to the
data (solid line) gives a slope efficiency of 27(1)%. Power measure-
ment uncertainty is 5%, and the wavelength accuracy uncertainty is
0.002 nm.
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light. Following the design by Lo and colleagues [15], frequency
doubling to 470 nm is implemented using a periodically poled
potassium titanyl phosphate (PPKTP) nonlinear optical crystal
(Raicol Crystals, 20 mm length [36]). The performance of the
VECSEL-driven 470 nm source is shown in Fig. 5(a). With
0.48(2) W at 940 nm, we obtain 0.27(1) W at 470 nm. While
this is more than sufficient for our application, we note that the
940 nm power to the doubling cavity could be further increased.
However, cavity-locking instabilities due to apparent thermal
lensing in the crystal prevent reliable locking above∼0.50 W at
940 nm [15,37].

The second stage of frequency doubling, from 470 to
235 nm, is implemented using an enhancement cavity design
[15], adapted from an earlier 313 nm design [17], that uses
a Brewster-angled beta barium borate (BBO) crystal. This
doubling cavity is locked using the technique developed by
Hansch and Couillaud [38]. The performance of the 235 nm
frequency-doubling stage is shown in Fig. 5(b). With 0.27(1)
W at 470 nm, we obtain 54(3) mW at 235 nm, and a maximum
power ratio of approximately 20%. For context, this UV power
is approximately 50 times greater than the power we typically
use to photoionize beryllium atoms to load them into an ion
trap.

C. 313 nm Laser Source

The design strategy of the 1252 nm gain chip follows different
considerations. First, to increase the operation wavelength, we
use GaInNAs/GaAs QWs. Without nitrogen, the high indium
content required to reach emission at 1252 nm would deterio-
rate the crystal quality due to the high cumulative strain caused
by the large lattice mismatch between the QWs and the GaAs
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Fig. 5. Measured output powers and efficiencies of frequency-
doubling stages used in the 940 nm VECSEL system. (a) 470 nm
power (blue circles) and 470–940 nm power ratio (orange diamonds),
versus input power at 940 nm. (b) 235 nm power (blue circles) and
235–470 nm power ratio (orange diamonds) versus input power at
470 nm. Uncertainty in all power measurements is 5%.
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Fig. 6. Schematic active region designs for the 1.25µm gain mirrors
A and B, depicted with refractive index (black, on left axis) and simu-
lated cavity standing-wave electric field modulus (red, on right axis) for
reference.

barriers. In fact, the strain is the main limiting mechanism for
the upper wavelength of the GaInAs/GaAs system [23]. The
use of a small percentage of N enables us to achieve a certain
bandgap at significantly smaller In content due to bandgap
bowing [39]. At the same time, the lattice constant decreases,
reducing the lattice mismatch to GaAs. Another positive effect
is that N affects only the conduction band, and therefore, for
a certain bandgap, a GaInNAs/GaAs QW would offer higher
conduction-band offset compared to a GaInAs/GaAs QW. This
has a positive effect on carrier capture ability and temperature
behavior, the opposite of the effect we mentioned as being
detrimental for the 940 nm QWs. However, growing GaInNAs
materials is technically challenging owing to N-related induced
defects, which become more detrimental as the N content is
increased to achieve longer-wavelength operation [40]. The
best compromise between detrimental effects from N-related
defects and strain management is to minimize the amount of N
to a level just sufficient to avoid structural strain-related disloca-
tions. One should also employ efficient pumping of N from the
MBE chamber after the growth of QWs. To this end, immedi-
ately after the growth of QWs, the N-plasma source is isolated
by a gate valve, and an ion pump is activated for fast pumping
of residual N. This procedure helps us avoid the formation of
N-related defects that can induce nonradiative recombination
in the barrier regions. We also optimize overall thickness of the
barrier region, i.e., the total thickness of the GaAs absorbing
layers in between the QWs, so that sufficient pump power is
available through the entire structure to achieve the required
carrier density in the QWs closest to the DBR. In this way, we
have fabricated two gain mirror structures for operation near
1250 nm, schematically shown in Fig. 6.

Both structures contain 10 GaInNAs QWs surrounded
by GaAs barriers, without strain-compensating GaAsP or
GaAsN layers. In structure A, the QWs were distributed two
per antinode in the first six antinodes, the last pair having a
thicker pumping region around it, while in structure B, the
QWs were distributed according to the conventional design
[33], one per antinode, which should lead to a smaller thresh-
old owing to better superposition of the QWs with the optical
field antinodes. The main rationale for assessing design A in
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addition to the more conventional design B was to minimize the
interfaces between N-containing material and the GaAs barrier
regions grown without N background, and thus to minimize
the overall defect density. We also wanted to experiment with
the physical thickness of the structure, which affects the pump
absorption. The pump absorption efficiency was estimated
using the absorption coefficient 13900 cm−1 [41] for GaAs
and the exponential decay of pump intensity. The active region
thicknesses were ∼1200 nm and ∼1900 nm for gain mirrors
A and B, respectively, while the active region thickness for the
940 nm structure above was ∼1600 nm for reference. These
absorption thicknesses correspond roughly to 81% (gain mir-
ror A) and 93% (gain mirror B) single-pass pump absorption
efficiencies, and 89% for the 940 nm gain mirror.

The GaInNAs QWs were grown at a temperature of ∼475◦C
(thermocouple set point); this relatively low temperature com-
pared to the growth of GaInAs QWs (in the range of 650◦C) is
required to avoid N-related phase separation. The As/III beam
equivalent pressure (BEP) ratio was 14 for both structures. The
estimated nominal QW compositions were GaIn0.31N0.07As
and GaIn0.31N0.05As for gain mirrors A and B, respectively. The
N-plasma parameters were the same for both structures, and the
composition difference resulted from variation in the growth
rate (∼1 µm/h for structure A and ∼1.3 µm/h for structure
B). The photoluminescence (PL) spectra of QW calibration
samples (i.e., without DBRs) are shown in Fig. 7. The room-
temperature PL peak wavelengths for the two structures were
1181 nm (gain mirror A) and 1189 nm (gain mirror B). The
active region of the gain mirror B emitted at a slightly longer
wavelength despite the lower nominal N composition. Most
likely this was due to inaccuracy in the In and/or Ga growth rate
calibration or flux measurement. Nevertheless, both structures
showed strong and narrow (FWHM 27–29 nm) PL peaks under
785 nm excitation. Under strong optical pumping resulting in
heating, the emission of the QWs typically shifts to the red by
∼10 THz (corresponding to∼50 nm shift near∼1200 nm).

For the 1252 nm gain mirrors, we used a so-called top emit-
ting cooling configuration that is better suited for devices
operating at longer wavelengths. The gain mirrors were first
diced into 3× 3 mm2 chips, and the active-region surface of
each was liquid-capillary bonded to a transparent heat spreader.
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The mount temperature was set to 18◦C. Uncertainty of power
measurement at each data point is 3%.

The advantage of this so-called intra-cavity cooling configu-
ration is that the low-thermal-conductivity DBR is not in the
heat path between the hot active region and the heat spreader.
However, since the intra-cavity beam passes through the heat
spreader in this configuration, it has to be of good optical
quality. We used a 3× 3× 0.25 mm3 synthetic single-crystal
diamond heat spreader, polished with a 2◦ angle between facets
to suppress spurious etalons. The top surface of the diamond
was soldered to a copper heatsink with an opening for the intra-
cavity beam to access the gain mirror. Finally, the diamond top
surface was AR-coated (using IBS) to minimize intra-cavity loss
and etaloning. For the 940 nm gain mirrors, we tested only flip-
chip devices, which are often preferred because multi-crystal
diamond heat spreaders are more easily sourced and lower cost
than single-crystal ones.

The different gain mirrors were first tested in a multi-mode
configuration for rough assessment of their output power and
wavelength capability. For this, we used a V-shaped cavity with a
high-reflectivity folding mirror with 75 mm radius of curvature,
and flat output coupling mirror with 1% transmittance, with
cavity arm lengths of 72 and 50 mm as measured from the gain
mirror. The simulated fundamental mode diameter on the gain
mirror was 260 µm (tangential) and 300 µm (sagittal), and the
808 nm pump laser spot diameter was ∼400 µm, incident at
a 30◦ angle from the gain chip surface normal. Gain mirrors
A (two QWs per antinode) and B (one QW per antinode) had
lasing threshold pump powers of 9.6 and 6.9 W, respectively
(see Fig. 8). The multi-mode output powers with 40 W incident
pump power were 6.7 W (A, with optical to optical power con-
version efficiency of 17%) and 8.5 W (B, 21%), and the lasing
central wavelengths at 9 W of output power were 1245 nm
(A) and 1230 nm (B). Although structure B showed a smaller
threshold and higher slope efficiency, structure A was selected
for the final single-frequency VECSEL assembly, as it exhibited
free-running emission wavelengths closer to the 1252 nm target
wavelength. As described below, the 1252 nm VECSEL delivers
nearly twice the single-frequency output power at 1231 nm than
at the target wavelength of 1252 nm, suggesting room for future
improvement.

Initial characterization of the assembled 1252 nm VECSEL
was performed by measuring the output power and wavelength
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tuning range of the laser (Fig. 9). In multi-longitudinal mode
operation (with BRF and etalon removed), a maximum out-
put power of 3.5(1) W at 1231 nm and a slope efficiency of
15.8(3)% were measured [Fig. 9(b)]. In single-frequency oper-
ation (with BRF and etalon installed), we measured a reduced
slope efficiency of 14.7(3)% and an output up to 3.0(1) W
at 1231 nm due to the additional loss from the intra-cavity
elements. When tuned to the target wavelength for our appli-
cation (1252 nm), a slope efficiency of 12.5(2)% and output
up to 1.63(5) W were obtained. The VECSEL was tunable
over a 50 nm range. The tuning range was limited at shorter
wavelengths by the available gain chip cooling power. We note
that roll-over in the output power at the highest pump power
was not observed, suggesting that higher output power could
be achieved by increasing the pump power. We anticipate fab-
ricating future gain mirrors with peak gain closer to the target
wavelength by optimizing the active region thickness and the
QW number and composition.

For conversion of 1252 nm light to 626 nm, a commercial,
fiber-coupled, periodically poled lithium-niobate waveguide
doubler (NTT Electronics Corp, model WH-0626-000-A-
B-C [36]) is used. The temperature of the waveguide is
controlled by a TEC to maintain the quasi-phase match-
ing condition. For this conversion stage, with 1.63(5) W of
1252 nm power from the VECSEL, we obtain a maximum
power of 0.53(3) W at 626 nm and a power ratio of 33(2)%
(including loss from the fiber coupling into the waveguide). The
maximum power at 626 nm is limited by the available 1252 nm
power. We note that 2.4 W at 671 nm has been generated using a
similar waveguide-based SHG device [42].

The 626 nm light from the waveguide doubler is coupled
into a PM optical fiber and delivered to a cavity-enhanced SHG
setup [17] that uses a Brewster-angled BBO crystal for conver-
sion to 313 nm. With 0.33(2) W input power, we obtain 41(2)
mW at 313 nm.

To estimate the spectral linewidth of the 1252 nm VECSEL,
we analyze the beat note signal between the 626 nm output of
the waveguide doubler and the output of a frequency-stabilized
fiber-laser-based 626 nm source similar to that described in [17].
Following the approach described above for the analysis of the
940 nm VECSEL, the 1252 nm VECSEL is frequency-offset-
locked to the fiber-laser source [34]. From the spectral width
of the beat signal, we estimate the linewidth of the 1252 nm
VECSEL to be<110 kHz. This is also considerably less than the
linewidths of relevant atomic transitions and sufficiently narrow
that frequency fluctuations will not be converted to significant
amplitude fluctuations by the resonant UV frequency-doubling
stage.

3. TESTS WITH BERYLLIUM ATOMS AND IONS

The VECSEL systems were tested with neutral 9Be and 9Be+

ions in two different experimental setups.
Photoionization with the 235 nm VECSEL system was

tested on a thermal beam of neutral beryllium atoms. The
thermal beam was generated by resistively heating a length of
beryllium wire spiral-wound onto tungsten support wire. The
beam was weakly collimated using a 2.5 mm diameter aper-
ture. Immediately downstream from the aperture, the atomic
beam intersected with a perpendicular 235 nm laser beam
near-resonant with the 1S0 to 1P1 transition and focused to an
intensity of∼80(20) kW/m2 at the center of the atomic beam.
For comparison, the saturation intensity of this transition is
∼8.7 kW/m2 [43]. Ions are produced by a two-photon process
[see Fig. 1(a)]. On resonance, the first photon excites the neutral
atom to the 1P1 state, and a second photon excites the electron to
the continuum. These ions are counted using a Channeltron
electron multiplier (CEM) (Photonis Magnum 5901 Electron
Multiplier [36]) with a bias potential of−1.7 kV.

With the neutral atomic beam flux held constant, we rec-
ord the ion count rate as a function of VECSEL frequency
to obtain a photoionization line shape (Fig. 10). Maximum
photoionization rates are measured at a VECSEL frequency of
319.0200(6) THz, corresponding to 1276.080(2) THz in the
UV, consistent with a recent precision measurement of the 1S0 to
1P1 transition [43]. The central feature of the photoionization
line shape includes contributions from the natural linewidth
of 87(5) MHz [43], power broadening by a factor of ∼2.4(3),
and 1.3(2) GHz of residual Doppler broadening from imper-
fect collimation of the atomic beam [44]. A Voigt model [44]
including only these mechanisms shows good agreement with
the central feature. The origin of the weak off-resonant photo-
ionization (the broad pedestal feature of the line shape) has not
been investigated.

The 313 nm laser source was used to perform Doppler
cooling, resonant detection, and repumping in an established
trapped-ion system described in [45]. For convenience, we
locked the frequency of the 626 nm light produced by the
frequency-doubled VECSEL to 626 nm light produced by
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Fig. 10. Count rate measured by the CEM as a function of the
quadrupled VECSEL (UV) frequency detuning from 1276.080(2)
THz. The central peak is overlaid with a Voigt model. Count rate
measurement uncertainty is estimated to be 4%.

an existing fiber laser system used for 9Be+ ion trapping [17]
that is frequency referenced to a molecular iodine absorption
line. We used the 313 nm laser source for Doppler cooling
single 9Be+ ions loaded in the trap. The frequency-quadrupled
light at 313 nm was polarized σ+ and then tuned across the
2S1/2|2, 2〉↔2 P3/2|3, 3〉 cycling transition at approximately
957.397 THz using an acousto-optic modulator (AOM).
Fluorescence photons were collected by an optical imaging
system and counted using a photo-multiplier tube (PMT). The
resulting spectrum is shown in Fig. 11(a). Within laser-intensity
uncertainties, the line shape obtained with the VECSEL source
is identical to that obtained with our fiber laser source.

To test optical pumping with the VECSEL source, the σ+

polarized laser is tuned into resonance with the 2S1/2↔
2 P1/2

transition of 9Be+ at approximately 957.200 THz [Fig. 1(b)].
We swept the frequency across the atomic transition using an
AOM and then fixed the frequency to resonance. Then a sin-
gle 9Be+ ion was prepared in the |1, 1〉 state by first optically
pumping to the |2, 2〉 state using a second (fiber laser generated)
light field near 313 nm and then applying a microwave π pulse
resonant with the |2, 2〉↔ |1, 1〉 transition. Repumping light
generated by the VECSEL system is then applied for various
durations, ideally repumping the ion to the |2, 2〉 state for
subsequent fluorescence detection with light resonant with the
2S1/2|2, 2〉↔ 2 P3/2|3, 3〉 cycling transition generated by the
second system [see Fig. 1(b)]. The detection in each experiment
yields a binary outcome; the ion either fluoresces significantly
or it does not. By setting a threshold of 10 counts, we can reli-
ably assign a zero or one to the outcome of a given experiment.
For each duration, the population of |2, 2〉 is determined by
calculating the mean of the results from 300 experimental
repetitions. The repump time τ = 0.55(4) µs is determined
by fitting the exponential function 1− e−t/τ , where t is the
repumping pulse duration, to the data in Fig. 11(b). Accounting
for laser-intensity differences, the repumping obtained using the
VECSEL system is indistinguishable from that obtained with
our fiber laser source.
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Fig. 11. (a) Spectroscopy of the 2 S1/2|2, 2〉↔2 P3/2|3, 3〉 cycling
transition with UV light from the 313 nm VECSEL source. Each
data point indicates the mean of 300 experimental repetitions, each
with a 330 µs detection period. The solid line is a Lorentzian fit to the
data, and the detuning is with respect to the center of the fitted line.
(b) Probability of measuring 2 S1/2|2, 2〉 after repumping from the
2 S1/2|1, 1〉 state with UV light from the 313 nm VECSEL source. The
solid curve is an exponential fit. Data points indicate the mean of 300
repetitions. Error bars in (a) and (b) indicate the standard deviation of
the mean.

4. CONCLUSION

In summary, we have presented two widely tunable VECSEL-
based laser sources capable of implementing tasks for QIP
experiments involving trapped 9Be+ ions. The first system
generated up to 2.4 W single-frequency light at 940 nm and
was frequency doubled twice to generate 235 nm light for
photoionization of neutral Be. Over more than eight months
of continuous use at an output power of about 1 W, we observe
long-term power drifts at 940 nm of less than 10%. The fre-
quency of the VECSEL is locked to a wavemeter. We distribute
the 470 nm light from the same VECSEL to multiple UV
doublers used for different trapped-ion setups; each doubler
produces a few mW at 235 nm, sufficient for producing 9Be+

ions in our experiments. The second system produced up to
1.6 W at 1252 nm, which was converted to 313 nm by two
stages of frequency doubling, and can be used for Doppler
cooling, detection, and repumping of trapped 9Be+ ions. We
note that the large tuning range of the 940 nm VECSEL system
presented in this work could allow for generation of light near
313 nm by third-harmonic generation [20]. The inherent power
scalability of the VECSEL design should allow the generation
of higher output power [22], which is desirable for mitigating
spontaneous emission errors associated with quantum-logic
gates using far-detuned stimulated Raman transitions [7].
Further improvements to overall system efficiency could be
achieved using intra-cavity SHG [46].
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The VECSEL platform presents improved size, weight,
and power, and cost (SWaP-C) performance compared to
established tunable high-power laser solutions based on TiS
lasers. This can be simply understood given the fact that
TiS gain media are commonly pumped with single-mode
green lasers, which by themselves have size comparable to a
VECSEL. Indeed, many such pump lasers are in fact intracavity-
frequency-doubled VECSELs. While the VECSELs reported
here are laboratory prototypes, they exhibit good prospects
for miniaturization, with current developments focused on
creating much smaller modules with intracavity doubling and
integrated pump laser diodes. Ultimately, the size of the system
will be limited by the control electronics including frequency
locking. Simplifications in direct VECSEL systems over TiS
could translate into lower cost.
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