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Abstract A compact setup for generation, frequency sta-
bilization, and precision tuning of UV laser radiation at
313 nm was developed. The source is based on frequency
quintupling of a C-band telecom laser at 1565 nm, ampli-
fied in a fiber amplifier. The maximum output power of the
source at 313 nm is 100 mW. An additional feature of the
source is the high-power output at the fundamental and the
intermediate second- and third-harmonic wavelengths. The
source was tested by demonstration of laser cooling of Be+
ions in an ion-trap apparatus. The output of the source at the
third-harmonic wavelength (522 nm) was used for stabiliza-
tion of the laser frequency to molecular iodine transitions.
Sub-Doppler spectroscopy and frequency measurements of
hyperfine transitions in molecular iodine were carried out in
the range relevant for the Be+ laser cooling application.

1 Introduction

Single-frequency UV laser sources are used in a variety of
research related to high-resolution spectroscopy of atoms,
molecules and ions. As an example from quantum optics,
the beryllium ion, laser cooled on the 2s → 2p transition at
a wavelength of 313 nm, is a workhorse of quantum com-
puting, precision spectroscopy of atomic and molecular ions
via sympathetic cooling, and of the quantum logic optical
clock [1–5], and is of interest for the nuclear structure of
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its isotopes [6, 7]. The UV laser source required for such
experiments should be as simple, reliable, and compact as
possible, so as to keep the complexity of the experiments
manageable.

Single-frequency lasers directly emitting at wavelengths
around 313 nm do not exist. Second-harmonic generation
(SHG) of a dye laser at 626 nm is a straightforward solu-
tion but is expensive. Sum-frequency generation (SFG) of a
Ti:Sapphire laser (650–1100 nm) and a frequency doubled
Nd-doped laser (532 nm) allows one to cover the UV range
between 293 and 358 nm using SFG in LBO or BBO non-
linear crystals. Such a source, employing SFG in a doubly-
resonant enhancement cavity has been previously developed
and used for Be+ cooling [8]. Similar to the dye laser so-
lution, the drawbacks of this approach are high initial and
maintenance costs of the lasers, high complexity and bulk-
iness of the optical setup, the necessity to stabilize the fre-
quency of two laser sources.

A much simpler and cost-efficient all-solid-state solution
is SHG of diode-laser (DL) emission. This approach became
of practical use with an advent of high-power DL ampli-
fiers. UV laser sources based on frequency doubling or qua-
drupling of DL MOPAs (master oscillator power amplifier)
are now commercially available. Unfortunately, the 313 nm
wavelength cannot be addressed in this way for lack of DLs
with reasonably high power at subharmonic wavelengths of
626 nm and 1252 nm. A feasible solution is using a 939 nm
DL MOPA, followed by SHG and SFG stages. However the
UV output power from such a system would be much lower
than that from the system described below.

Due to remarkable progress in the fiber laser technol-
ogy, reliable and cost-efficient near-IR fiber lasers and am-
plifiers with high spectral purity and high output power are
now available [9, 10]. Currently, high-power cw ytterbium
(Yb) and erbium (Er) doped fiber lasers are used success-
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Fig. 1 Schematic of the setup
for frequency quintupling of the
1565 nm laser. L: lenses,
M: mirrors, DM: dichroic
mirror, P: Brewster plate for
phase mismatch compensation
(see text), IC/OC: input and
output couplers of the
enhancement cavity
PD: photodetector, out
(ν,2ν,3ν,5ν): output beams at
fundamental, second, third and
fifth-harmonic wavelength. The
third-harmonic output, out (3ν)

is delivered to the frequency
stabilization system (see Sect. 3)

fully as a starting point for a various kinds of nonlinear fre-
quency conversion [11–14]. The high (and easily scalable)
fiber laser power can be combined with the performance of
modern nonlinear materials based on quasi-phase-matching
(QPM). First commercial systems for nonlinear frequency
conversion of fiber lasers are appearing.

By a convenient coincidence, the 313 nm UV wave-
length, relevant for Be+ cooling, is a fifth harmonic of the
1565 nm IR wavelength, which is within the range of the
Er-doped fiber lasers, and within the C-band of fiber-optic
communication. Consequently a variety of active and pas-
sive components are mass produced and easily available for
this wavelength.

An apparent drawback of the UV generation by quintu-
pling of the 1565 nm radiation, is the relatively large num-
ber of nonlinear frequency conversion stages, and hence the
relatively low overall conversion efficiency. However, this
can be compensated by increase (at a reasonable cost) of the
fiber laser power at the fundamental wavelength.

In this paper we report on a UV source based on quintu-
pling of the IR laser and suitable for laser cooling of Be+
ions. A narrowband telecom laser is amplified to 15 W in an
Er-doped fiber amplifier (EDFA) and then the fifth harmonic
(5H) of the fundamental frequency is generated in a chain
of nonlinear crystals. The main advantage of the source is
the compact and robust design, owing to the reliability of
the fiber laser components. The footprint of the quintupling
setup is less than 0.2 m2, where the seed laser at the funda-
mental wavelength, the EDFA, and the auxiliary fiber com-
ponents can be located in a rack rather than on the optical
table. A UV output power of 100 mW was reached using an
enhancement cavity in the last frequency conversion stage.
A UV power of 2 mW was measured without the enhance-
ment cavity, i.e. using an all-single-pass configuration of the
frequency conversion setup. This simplified source is espe-
cially robust and can be used for less power demanding ap-
plications.

The intermediate third-harmonic output of the source
(522 nm) provides a convenient means for laser frequency

stabilization since molecular iodine is an excellent and well-
studied reference for laser wavelengths in the green. We im-
plemented a system for frequency stabilization and precision
tuning of the UV output frequency around the Be+ cooling
transition. The frequency of the UV source can be stabilized
to various hyperfine components in the spectrum of molecu-
lar iodine and in addition can be continuously and precisely
offset-tuned by a double-pass AOM frequency shifter.

The developed UV source was integrated in our experi-
mental apparatus for laser cooling of Be+ ions and sympa-
thetic cooling of molecular ions and was successfully tested
during long-term (multi-hour) experiments.

2 Nonlinear frequency conversion setup

The schematic of the setup for frequency quintupling of the
infrared laser at 1565 nm is shown in Fig. 1. A master laser, a
single-frequency Er-doped distributed-feedback (DFB) fiber
laser module (Koheras K80-153-12), was amplified in a
15-W polarization-maintaining EDFA (IPG EAR-15K-C-
LP-SF-UD). A fiber-optic phase modulator was placed in-
between the master laser and the amplifier to produce two
sets of sidebands, used for the enhancement cavity locking
(modulation frequency: 20 MHz), and for producing a Be+
repumper wave (modulation frequency: 1.25 GHz).

Frequency conversion of the fundamental laser frequency
(ν) to the fifth harmonic (5ν) was realized in the follow-
ing stages: (i) single-pass SHG (ν + ν → 2ν) in a cascade
of two 50-mm long periodically poled lithium niobate crys-
tals (PPLN, Deltronic); (ii) single-pass SFG (ν + 2ν → 3ν)

in the 30-mm long periodically poled magnesium doped
lithium tantalate crystal (PPSLT, HCP); (iii) SFG (2ν +
3ν → 5ν) in a 10-mm long BBO crystal (Ekspla). The BBO
crystal was placed in the enhancement cavity in order to
increase the UV output power (this frequency conversion
stage can also be of single-pass type, for low-power appli-
cations). All nonlinear crystals were temperature stabilized
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within 0.1°C. Simple plano-convex (PCX) lenses were used
for the beam focusing and collimation.

In our opinion, the chosen sequence of frequency con-
versions and of the intermediate wavelengths is well bal-
anced. The PPLN and PPSLT crystals are resistant to
“photorefractive damage” under high-power irradiation at
intermediate second- and third-harmonic wavelengths. The
third-harmonic output at 522 nm can be used for frequency
stabilization of the source, as will be discussed below. The
overall optical design of the source is rather simple and
hence robust. All frequency conversions but one are of
single-pass type and no laser beam combining is needed.
The use of the single-pass arrangement with very efficient
QPM nonlinear crystals, in combination with the cavity-
enhanced arrangement for the BBO crystal, is a good com-
promise between simplicity and performance of the UV
source. The footprint of the frequency conversion setup is
0.6 m × 0.3 m and could be further reduced.

The first (SHG) step of frequency conversions is done in
a cascade of two nonlinear crystals [15]. Theoretically, this
provides up to a factor 4 increase of the SHG efficiency. Dis-
persion in the refocusing lenses in-between the two crystals
and in the air introduces a phase mismatch between the fun-
damental and the second-harmonic waves at the front end
of the second crystal in the cascade. A Brewster plate (P in
Fig. 1) was used in the setup to compensate and adjust the
phase mismatch (e.g. a 1° tilt of the 3-mm thick glass plate
corresponds to a π phase shift between the two waves while
the chromatic aberration introduced by the plate is minus-
cule).

The measured second-harmonic (SH) power at the output
of the cascade as a function of laser power at fundamental
wavelength (pump, 1565 nm) is shown in Fig. 2a (left verti-
cal axis). The maximum SH power of 7.7 W corresponds to
53% pump conversion efficiency. The dashed curve on the
plot (right vertical axis) illustrates the enhancement of the
SH power in the cascade with respect to the single-crystal
SHG. Use of the cascade results in 330% SHG enhance-
ment at low pump power. The difference between measured
value and the theoretical limit (400%) can be explained by
chromatic aberrations of the PCX lenses that were used for
the refocusing. The decrease of the enhancement factor with
increase of the pump power can be attributed to the vari-
ous power-induced wavefront distortions and to the pump
depletion. The measured output power of the source at the
third-harmonic (TH) wavelength is shown in Fig. 2b by the
green curve (left vertical axis). At 15 W pump power, 1.2 W
TH output and 8% conversion efficiency were reached.

For the resonant SFG, we used a standard bow-tie en-
hancement cavity, with two plane and two curved mir-
rors (50 mm radii of curvature). A plane-parallel cut and
antireflection-coated BBO crystal was located between the
curved mirrors in the 30 µm waist of the cavity mode. The

Fig. 2 Output power of the source at second, third and fifth-harmonic
wavelength (SH, TH, 5H, respectively) vs. input power at fundamental
wavelength. Part (a): left axis—SH power, right axis—enhancement
factor of the two-crystal cascade (see text). Part (b): left axis—TH
power, right axis—5H power (1 minute average) in logarithmic scale

cavity was designed to resonate with only one of the two
input waves, the second harmonic at 783 nm. The third har-
monic traverses the crystal in a single pass and then is being
delivered to the frequency stabilization system (see Fig. 1).
This arrangement was chosen to minimize the interference
between the enhancement cavity and the frequency stabi-
lization system, which relies on the third-harmonic output
(i.e. the enhancement cavity and the laser frequency can be
scanned and locked independently).

The cavity was locked to the master laser using the stan-
dard Pound–Drever–Hall (PDH) technique [16, 17]. The
sidebands for the PDH lock (20 MHz) we generated in the
fiber-optic phase modulator. The modulator was placed be-
tween the master laser and the EDFA (see Fig. 1) and modu-
lates the fundamental wave. The sidebands are maintained
during the frequency conversions, as the phase-matching
bandwidths of the nonlinear crystals are large enough.

The dependence of the UV fifth-harmonic (5H) output
power on the input pump power is shown in Fig. 2b by the
blue curve (right vertical axis). A logarithmic scale is used to
make the plot more illustrative. As can be seen, the consid-
erable level of 100 mW 5H output has been reached. Com-
parison with the 2 mW power measured for the single-pass
conversion in the BBO crystal, shows that the enhancement
factor of approx. 50 was obtained by using the enhancement
cavity approach.
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Fig. 3 Output power of the
source at third-harmonic (TH)
and fifth-harmonic (5H)
wavelengths during long-term
operation. Both measurements
were started after 1 hour
warming up of the setup

Fig. 4 Schematic of the setup
for frequency stabilization and
tuning of the UV source. 3ν,5ν

are the output beams at third and
fifth-harmonic wavelength, PBC
polarization beam splitter cubes
(the PBC3 is rotated by 90° with
respect to the PBC2, to reflect
the pump beam and transmit the
probe beam), λ/2, λ/4 wave
plates, AOM acoustooptic
modulators (AOM1 is used for
fine frequency tuning),
EOM: electrooptic modulator,
PD: photodetector

The characterization of the power stability of the setup
was carried out at a fundamental pump power reduced to
9 W. This pump power level corresponds to 15–20 mW 5H
output power, which is more than sufficient for our Be+
cooling setup. The output power stability at the TH wave-
length is illustrated in Fig. 3a. The measurement was started
after one hour warming up of the setup. The observed fluc-
tuations of the TH power are mainly due to instability of the
laser power at fundamental wavelength and due to temper-
ature instabilities of the nonlinear crystals. No evidence of
photorefractive damage of the QPM crystals was observed
during the tests. No active control of the phase-matching be-
tween the fundamental and SH waves in the SHG cascade
(adjustment of the plate P, see Fig. 1) was needed. Figure 3b
shows the power stability of the fifth-harmonic UV output.
This measurement was also started after one hour warming
up. The observed fluctuations of the 5H power are within
10%.

If desired, the UV output power can be actively stabilized
e.g. by polarization control of the fundamental wave, or by
control of the phase shift in the SHG cascade (adjustment of
the tilt of the plate P). Another, all-electronic, means for the
power stabilization would be splitting of some laser power at
fundamental wavelength from the central frequency to auxil-
iary sidebands, produced by the fiber-optic phase modulator
(already included in the system).

The large margin of power (100 mW maximum output
vs. several mW actually required for laser cooling appli-
cations) is an advantage in the practical use of the source.
Temperature-induced misalignments and possible degrada-
tion of the BBO crystal and of other components can be
compensated (to some extent) by an increase of the pump
power at fundamental wavelength. Thus the source can be
operated without maintenance during a longer time.

3 Frequency stabilization of the UV source

The frequency of the UV source was stabilized using mole-
cular iodine as a reference. A schematic of the setup for
frequency stabilization and tuning of the source is shown
in Fig. 4. A fraction of the source’s output at the third-
harmonic wavelength (3ν) is split on the polarization beam
splitter cube (PBC1) and sent to the double-pass acous-
tooptic frequency shifter (AOM1) with central frequency
Δ = 200 MHz and ±50 MHz bandwidth. The frequency-
shifted beam (3ν + 2Δ) is sent to the second AOM (AOM2
at 80 MHz) to produce the pump and the probe inputs for the
Doppler-free frequency modulation transfer spectroscopy
setup (FMTS, [18]) with the 15 cm long temperature stabi-
lized iodine cell. The pump beam is modulated at 1 MHz by
the electro optic modulator (EOM). The demodulated error
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signal is fed back to the master laser via the servo amplifier.
Thus the master laser’s frequency can be locked to the hy-
perfine structure (hfs) components of molecular iodine tran-
sitions via the third-harmonic output of the source. The fre-
quency of the fifth-harmonic UV output of the source (5ν)

is related to the reference frequency of the hfs component
(νI2) by the formula: 5ν = (5/3) · (νI2 − 2Δ − δ/2), where
Δ is the modulation frequency of AOM1 and δ is the modu-
lation frequency of AOM2. The UV output frequency can be
fine-tuned by tuning the frequency Δ within the bandwidth
of AOM1.

The absorption spectrum of molecular iodine in the wave-
length range relevant for Be+ cooling is shown in Fig. 5a.
The measurement was carried out with the iodine cell at
10°C. The absorption lines were assigned using the atlas

Fig. 5 (a) Absorption spectrum of molecular iodine in the range rele-
vant for the Be+ laser cooling applications (15 cm long iodine cell at
10°C). (b) A sub-Doppler survey of the absorption line at 521.888 nm
(15 cm long iodine cell at 30°C). Doppler background with hfs Lamb
dips (green) and the demodulated error signal (red)

of Gerstenkorn and Luc [19]. By coincidence, the absorp-
tion line P58(2-49) is located rather close to the 521.888 nm
TH wavelength (arrow on the plot), which corresponds to
the 313.133 nm 5H UV wavelength (the Be+ cooling tran-
sition [6]).

Figure 5b, red line illustrates the Doppler-free FMTS sig-
nal of this convenient line. The green line in the plot shows
the Lamb dips of the hfs components on the Doppler back-
ground. The P58 line is relatively weak. Therefore the iodine
cell was kept at 30°C temperature in order to increase the
population of the ground level and, as a result, to improve
signal to noise ratio of the generated FMTS error signals.

We determined the absolute frequencies of the hfs com-
ponents using a femtosecond frequency comb. It is based
on a Ti:Sapphire laser (Femtosource Scientific 200) and a
commercial comb kit (MenloSystems, FC 8004), modified
in-house. The frequency comb’s repetition rate and the car-
rier envelope frequency were locked to an active hydro-
gen maser (Vremya-Ch), itself steered to GPS on long time
scales. The master laser was locked to a particular hfs com-
ponent. The 1565 nm fundamental wave of the setup was
superimposed with the comb on a beat line. The heterodyne
beat note between the laser wave and the nearest comb mode
was detected with a low-noise photodetector. The detected
beat note was filtered, amplified by a tracking oscillator and
measured by means of a dead-time-free frequency counter.
The results of the measurements are summarized in Table 1.
The estimated uncertainty of the frequency values is about
500 kHz as we did not take into account various systematic
effects.

The frequency stability of the source was characterized
when the master laser was locked to the a1 hfs component.
The Allan deviation of the laser frequency is shown in Fig. 6
and the insert shows the beat signal scatter during 1-hour
measurement. The Allan deviation of the laser frequency is
below 1 kHz for integration times between 2 and 40 seconds.
The linear drift (approx. 18 Hz/s) is attributed mainly to the
DC offset variation of the locking electronics. It can be re-
moved by temperature stabilization of the critical electronic
components (RF mixer, input amplifier). The instability of
the iodine cell temperature results in fluctuations of the laser
frequency on a time scale of few hundred seconds.

Table 1 Frequencies of the hfs components of the P58(2-49) molecular iodine absorption line. The estimated uncertainty of the frequency values
is 500 kHz

hfs line Freq. (GHz) hfs line Freq. (GHz) hfs line Freq. (GHz)

a1 574437.959 a6 574438.318 a11 574438.600

a2 574438.110 a7 574438.373 a12 574438.631

a3 574438.212 a8 574438.448 a13 574438.702

a4 574438.273 a9 574438.485 a14 574438.735

a5 574438.281 a10 574438.525 a15 574438.809
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Fig. 6 Allan deviation of the frequency of the master laser (15665 nm)
stabilized to the a1 hfs component. Black: the deviation is calculated
with the linear drift taken into account, red: the linear drift is removed.
Inset: the beat signal scatter

The long-term drift, 250 kHz over 1 h at 313 nm, is much
less than the natural linewidth of the Be+ cooling transi-
tion. For Be+ laser cooling, the frequency of the source can
be stabilized using the hfs components of the P58(2-49) io-
dine transition as a reference. The gap between an iodine
reference frequency and a desired frequency can be bridged
by the double-pass AOM frequency shifter. The spacing be-
tween hfs components (30–150 MHz) is within the band-
width of the frequency shifter (200 MHz). Hence the UV
output wavelength of the source can be precisely set and ad-
justed over a 1.5 GHz range.

4 Application of the UV source to laser cooling of Be+

The UV source was developed with the goal of a reliable
source for laser cooling of beryllium. Thus, it was tested us-
ing our apparatus for laser cooling of Be+ ions and sym-
pathetic cooling of molecular ions. Details of the setup
and the method to obtain trapped laser-cooled Be+ ions
are described in [3]. In brief, we trap a few thousand Be+
ions in a linear quadrupole radio-frequency trap driven at
14 MHz. The trap is enclosed in a UHV chamber kept be-
low 10−10 mbar. To load Be+ ions into the trap, atoms are
thermally evaporated from a beryllium wire, and ionized by
an electron beam. Ensembles of Be+ ions can be brought
to temperatures of ≈10 mK by Doppler laser cooling at
313 nm. At these temperatures, the beryllium ions arrange
themselves in an ordered state referred to as a Coulomb crys-
tal. The fluorescence of Be+ ions at 313 nm is monitored by
a photomultiplier tube and by a CCD camera.

The UV source was operated at 10–20 mW output power,
a typical level for our Be+ cooling setup. The source was
locked to the most red-shifted hfs component (a1) of the P58
transition during the loading of the Be+ ions into the trap.
That corresponds to ≈1 GHz red detuning from the central

Fig. 7 CCD image of a Be+ ion crystal

frequency of the cooling transition and allows for more ef-
ficient cooling of hot ions. Subsequently, the UV frequency
was tuned toward the cooling transition frequency. We ob-
served the crystallization of the Be+ ions cloud when the
source’s frequency was locked to the a4–a8 hfs components.

The 2S1/2 ground state of the 2S1/2 ↔ 2P3/2 cooling tran-
sition has a hyperfine splitting of 1.25 GHz. The excited
2P3/2 state can decay into either of the two hyperfine lev-
els of the ground state. Therefore a ‘repumper’ laser wave,
with the frequency detuning of 1.25 GHz from the ‘main’
wave is required for more efficient laser cooling. The re-
pumper sidebands in the source’s UV output were produced
by phase modulation of the master laser at the fundamental
wavelength (LO2 in Fig. 1).

An example of a generated Be+ ion crystal is illustrated
in Fig. 7. A characteristic shell-like structure can be clearly
seen in the image.

5 Conclusion

In conclusion, we developed a complete setup for gener-
ation, frequency stabilization, and precision tuning of UV
laser radiation at 313 nm. We tested the source by demon-
stration of successful laser cooling of Be+ ions in our ion-
trap apparatus.

The setup includes a compact nonlinear frequency con-
version stage for quintupling of the high-power IR output of
the fiber amplifier seeded by a low-power narrow-linewidth
telecom master laser at 1565 nm. The output power of the
source at 313 nm is 100 mW when pumped with 15 W at
the 1565 nm fundamental wavelength.

The frequency stabilization stage allows for locking the
master laser to hfs components of molecular iodine via
the third-harmonic output of the source at 522 nm. The
source’s frequency is fine-tunable by an acoustooptic fre-
quency shifter. We measured the frequencies of the hfs com-
ponents of P58(2-49) transition in molecular iodine, rele-
vant for Be+ laser cooling application. The use of iodine as
frequency reference means that the source can be operated
without the need of a wavelength meter. The frequency sta-
bility of the source is, by a considerable margin, sufficient
for Be+ laser cooling.

Features of the source are compactness, robustness, us-
ability, an important use of reliable fiber-optic components.
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The source can be transported from one lab to another and
reconnected to the fiber laser and to the electronics rack
in a matter of minutes. Only little adjustments of the op-
tical setup are required after the transportation because all
frequency conversion stages but one are single-pass. The
warm-up time is short, about an hour.

With such properties, the source can become a workhorse
for laser cooling of Be+ and similar applications, such as
the measurement of linewidths of atomic transitions. A sig-
nificant amount of source’s output at the intermediate wave-
lengths (1565 nm, 783 nm, 522 nm) remains available. This
can be used for other applications; in particular, the third-
harmonic output (1 W at 522 nm) can be frequency doubled
to produce 260 nm, which is often needed for (non-resonant)
photodissociation of atoms or molecules, e.g. in our own ex-
periments on spectroscopy of HD+. Thus, the UV source be-
comes multi-purpose. Possible improvements are active sta-
bilization of the UV output power and increased frequency
stability.

The developed setup can be used as a building block for a
more sophisticated multi-wavelength UV source for cooling
of ions into the quantum ground state of motion in an ion
trap using the Raman sideband cooling technique [20].
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