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We demonstrate an ultraviolet diode laser system for cooling of trapped ytterbium
ions. The laser power and linewidth are comparable to previous systems based
on resonant frequency doubling, but the system is simpler, more robust, and less
expensive. We use the laser system to cool small numbers of ytterbium ions confined
in a linear Paul trap. From the observed spectra, we deduce final temperatures < 270

mK.

Laser-cooled trapped ions are the basis for many emerging technologies in atomic
physics, especially large-scale ion-trap quantum computing [I, 2] and optical frequency
metrology [3, 4]. In particular, laser-cooled Yb™ has been extensively investigated for
optical clocks, owing to the narrow linewidths associated with transitions from the ground
state to a number of metastable states |4, 6]. However, laser cooling of ions is often
impeded by the expense and fragility of the required single-frequency ultraviolet (UV) laser
source, which generally consists of a single-frequency infrared laser whose output is then
frequency-doubled in an external optical resonator. This approach is currently adopted for

laser cooling of Yb™ [5, 6, [, I8, 19].

Here we describe a simpler, more robust, and less expensive laser system for cooling
Yb* based on a UV laser diode. The laser diode is tuned to the Yb™ resonance wavelength
at 369.5 nm using a combination of temperature tuning and optical feedback from a

diffraction grating. Using this system, we have achieved Doppler cooling of small numbers
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of trapped Yb™ ions to a temperature of < 270 mK. The output power and linewidth of the
laser are comparable to laser systems based on resonantly doubled Ti:sapphire lasers [1, [4].
The simplicity of the laser system makes Yb™ an easily accessible and attractive candidate
for future work with trapped ions. To the best of our knowledge, no shorter-wavelength

laser has ever been used for laser cooling.

A schematic of the UV laser system is shown in Fig. 1. The laser system was based
on a commercial GaAlN laser diode (Nichia model NDHU110APAE2). We deposited
an antireflection coating of Al,Os onto the diode facet by electron-beam evaporation,
monitoring the threshold current in situ to minimize the facet reflectivity. We stopped the
coating when the threshold current exceeded 80 mA so as not to damage the device. Since
the threshold current of the device before coating was 44.8 mA, we deduce a residual facet
reflectivity of a few parts in a thousand [L0]. After antireflection coating, we inserted the
diode into a Littrow-type external cavity [11] formed with a 2400 line mm™! diffraction
grating. Approximately 70% of the optical power was fed back into the diode, with the
long axis of the diode emission pattern parallel to the grating k-vector. Two stages of
thermoelectric cooling maintained the laser diode at —23°C and the grating cavity at
—10°C. The angular resolution of the grating mirror mount was insufficient for reliable
wavelength tuning at the few pm level; we inserted a piezoelectric transducer (PZT) behind
the tuning screw for fine adjustment. The laser threshold current was 35.5 mA for an
output wavelength of 369.5 nm. Typically we operated the laser at 45 mA to get an output
power of 400 uW.

We used a confocal scanning Fabry-Perot resonator to characterize the laser spectrum.
The laser operated on a single frequency for periods exceeding one hour. Adjusting the
current by ~ 0.1 mA was sufficient to restore single-frequency behavior at the original
wavelength after a mode hop. We believe the mode hopping was driven by slow drifts
of the external cavity temperature and could probably be eliminated with better thermal
isolation. We controlled the laser frequency by translating the grating with a second PZT

and synchronously varying the laser current [12], obtaining mode-hop-free scan ranges of 3
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FIG. 1: Schematic of the UV laser system. A diffraction grating provides optical feedback to the
UV diode in Littrow configuration. The laser cavity sits in a sealed cold box. The laser frequency
is monitored and controlled by observing transmission through a scanning Fabry-Perot resonator.

PZT, piezoelectric transducer.

— 4 GHz. During single-frequency operation, we actively stabilized the laser frequency to a
Fabry-Perot resonance using the sidelock technique [13]. From the in-loop photodetector
noise while the laser was locked, we estimate the laser frequency stability to be better than
1 MHz integrated over a detection band of 1 Hz to 1 MHz. On longer timescales, the laser
frequency drifted by as much as 30 MHz per minute, as estimated from the laser-cooling

spectra (see below).

The ion trap used to demonstrate laser cooling was a linear Paul trap [14]. The electrode
structure consisted of four parallel molybdenum rods with their axial centers on a square
6.4 mm on a side, along with two molybdenum tubes of inner diameter 2.25 mm parallel
to the rods with their centers on the center of the square and separated axially by 50 mm.
Transverse pseudopotential confinement was generated by applying radiofrequency voltage
of frequency 1.9 MHz and amplitude 300-500 V peak-to-peak across pairs of diagonally
opposite rod electrodes. Charging the tube electrodes to 10 V provided axial confinement.
We loaded a few hundred ions into the trap by electron-impact ionization of ytterbium

vapor with naturally occurring isotope abundances.



We cooled the 1"2Yb™ portion of the ions (natural abundance 22%) by using the ultravi-
olet diode laser light to drive the S/, — Py /o transition near 369.5 nm. This transition is not
quite closed; the P/, state decays to the metastable D3/, state with branching ratio 0.048
[15]. To avoid the resulting interruption of laser cooling, we used another external-cavity
diode laser near 935.2 nm to drive the D35 — ?[3/2]1/2 “repump” transition. The ®[3/2];
state primarily decays to the ground S,/ state, returning the ion to the cooling cycle. The
repump laser was sidelocked to a second Fabry-Perot resonator for short-term stability.
We modulated the repump laser current at 900 kHz, well above the locking bandwidth,
to minimize the effect of repump laser frequency drifts. The UV and repump lasers were
focused weakly through the trap with 1/e* beam waists of 0.36(3) mm. The UV power was
340(20) W inside the vacuum chamber; the repump power was 4 mW. The UV and the

repump lasers each saturated their respective transitions.

We scanned the UV laser over the S;/» — Py /5 resonance by locking it to the Fabry-Perot
and scanning the Fabry-Perot length with a PZT. In each instance the scan started from
a red detuning of several hundred MHz and proceeded over the resonance at rates between
10 to 100 MHz s~!; there was no dependence of line shape or width on scan rate. Ion
fluorescence perpendicular to the trap axis was collimated with an f/1.4 plano-convex lens
and refocused onto a photomultiplier tube (PMT). Stray light was blocked with a 370 nm
interference filter. A sensitive transimpedance amplifier integrated the PMT pulses over a

few tens of ms, generating a voltage proportional to light intensity.

A typical spectrum of cold ions is shown in Fig. 2. As the laser scanned to the blue of
resonance, the ions heated rapidly and the ion fluorescence fell dramatically. To quantify
the homogeneous and inhomogeneous broadening in this unusual situation, we fit the
spectrum to a Voigt profile multiplied by a soft step function of arctangent profile. Over a
large number of scans, the best-fit Voigt profile displayed pure Lorentzian character with

linewidth 45 + 3 MHz, as compared to the natural linewidth of 19.8 MHz [16]. The step



function width of 1.5 + 0.3 MHz consistently reproduced the laser linewidth estimated
above, demonstrating the robustness of our fitting procedure. The power broadening
contribution to the linewidth is predicted to be 42(5) MHz at the measured UV intensity of
170(40) mW cm™2, in good agreement with the data. We estimate the laser frequency drift
from drift in the apparent line center, which amounted to 0.5 MHzs™! and is likely due to
temperature drifts of the Fabry-Perot locking cavity. Since the laser scanned over the line

in 24 s, laser frequency drift accounts for most of the variation in measured linewidth.
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FIG. 2: Typical spectrum of cold ions. Crosses: data. Solid line: best fit to modified Voigt profile.
Total linewidth is 42 MHz, mostly due to power broadening. The residual linewidth is < 23 MHz,

corresponding to a temperature < 270 mK. See text for details.

The temperature 7' of the trapped ions can be estimated from the Gaussian (Doppler
broadening) contribution to the Voigt linewidth by the formula

mc* Ay,

T = WTG (1)
where m is the mass of ™Yb™ Avg is the Gaussian width (FWHM), and v is the transition
frequency. Since the lineshape is essentially Lorentzian, we set an upper limit on Avg by
considering the upper limit (48 MHz) of the observed linewidths and deconvolving with the

lower limit (37 MHz) of the predicted power broadening. Using the Voigt deconvolution

formula Avp = \/AVtOt(AVtOt — Avyp), we find the upper limit Avg < 23 MHz. The

corresponding upper limit on the temperature is T < 270 mK, comparable to results



obtained using resonantly doubled laser systems [&, 9].

We have demonstrated a UV diode laser system for cooling of Yb™ ions. Our laser system
provides single-frequency light with roughly the same power (400 W) and linewidth (~ 1
MHz) as traditional systems based on resonant frequency doubling. Our system is much
simpler, more robust, and less expensive than these past systems. We have used the laser
system to cool Yb™ ions in a linear Paul trap to temperatures < 270 mK, demonstrating
that our system is a viable choice for Doppler cooling of Yb™ . Future improvements include
locking the UV laser to a long-term frequency reference and injection-locking a second UV

diode laser for increased power.
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