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is becoming more prevalent as the range of atomic stud-
ies and applications increase. Optical lattice clocks based 
on ytterbium have achieved significant milestones  [5, 6], 
which has led to the rapid development of Yb lattice clocks 
at a number of institutions [7–10]. Since the early magneto-
optical trapping of Yb [11], a range of cold atoms experi-
ments have been performed producing Bose–Einstein con-
densation [12, 13], multi-species magneto-optical trapping 
with Yb [14–16], photo-association spectroscopy of excited 
heteronuclear Yb molecules  [17], and quantum degener-
ate mixtures involving Yb  [18–21]. Ytterbium is used to 
study ultra-cold phenomena in SU(N) systems [22–24] and 
the related study of topological phases [25, 26]. Investiga-
tions have been carried out studying sub-radiance in lattice 
bound Yb2 molecules  [27]. Furthermore, cold ytterbium 
atoms or hetero-nuclear Yb molecules are good candidates 
in the search for a permanent electric-dipole moment  [28, 
29] and studying quantum magnetism [30].

While methods do exist for generating low-noise 555.8-
nm laser light, they are generally cost disadvantageous in 
comparison with diode laser systems. Furthermore, crystal 
waveguides (e.g., based on lithium niobate) that are often 
used for efficient frequency doubling have been known to 
suffer degradation in conversion efficiency over months or 
years  [31, 32]. The technique here uses a low-power fiber 
laser at 1,111.6 nm, and then through optical injection of a 
semiconductor diode laser, the available power is increased 
while maintaining the low noise characteristic of the fiber 
laser. To confirm that the narrow linewidth of the source laser 
is transferred to the slave laser, we perform spectroscopy on 
the 1S0–3P1 line in magneto-optically trapped ytterbium, 
where cooling and trapping of 172Yb is carried out using the 
1S0–1P1 transition. Conversion to 555.8-nm is performed with 
a single pass through a periodically poled potassium titanyl 
phosphate crystal. We deduce that the linewidth contribution 

Abstract  We generate 555.8-nm light with sub-MHz 
linewidth through the use of laser injection locking of a 
semiconductor diode at 1,111.6 nm, followed by frequency 
doubling in a resonant cavity. The integrity of the injec-
tion lock is investigated by studying an offset beat signal 
between slave and master lasers, by performing spectros-
copy on the (6s)2 1S0–(6s6p) 3P1 transition in magneto-
optically trapped ytterbium, and by demonstrating addi-
tional laser cooling of 171Yb with the 555.8-nm light in 
a dual-wavelength magneto-optical trap (MOT). For the 
1S0–3P1 spectroscopy, we confirm the linear dependence 
between ground-state linewidth and the intensity of an off-
resonant laser, namely that used to cool Yb atoms in a 1S0

–1P1 magneto-optical trap. A temperature of 60 μK is pro-
duced for 171Yb in the dual-wavelength MOT. Our results 
demonstrate the suitability of injection-locked 1,100–
1,130-nm laser diodes as a source for sub-MHz linewidth 
radiation in the yellow–green spectrum.

1  Introduction

Generating narrow-linewidth laser sources in the visible 
spectrum is a common objective, particularly in the field of 
atomic and molecular spectroscopy. In this work, we focus 
attention on low-noise light generation at 555.8 nm needed 
for laser cooling of ytterbium, though the scheme can be 
employed for wavelengths nearby; for example, those 
used in an iodine frequency reference [1–3] or in confocal 
laser scanning microscopy [4]. Laser cooling of ytterbium 
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from the 555.8-nm light is below 410 ± 90 kHz. The level 
of 555.8-nm light is then enhanced in a resonant frequency 
doubling cavity. This is used in a dual wavelength magneto-
optical trap involving the 1S0–1P1 (398.9  nm) and 1S0–3P1 
(555.8  nm) lines. We show sub-100  μK temperatures for 
172Yb, verifying the low noise properties of the green light. 
To our knowledge, this is the first report of the use of opti-
cal injection-locking of ridge-waveguide diode lasers for 
narrow-linewidth green light emission near 556  nm. A 
related method has been used for 578-nm yellow light gen-
eration [33], but there the master laser was an extended cav-
ity diode laser locked to a high-finesse optical cavity and a 
distributed feedback laser was injection locked, making for 
a more complicated setup (following the need to probe the 
much narrower Yb 1S0–3P1 transition). Single-mode diode 
lasers in the 1,100–1,130-nm range still remain scarce: we 
demonstrate one of few  instances, and perhaps the first, of 
using them in atomic spectroscopy.

2 � Laser injection locking at 1,111.6 nm

The generation of sufficient power of 555.8-nm light is 
often achieved by amplifying the output of a Yb-doped 
fiber laser with a Yb fiber amplifier and then frequency 
doubling in a periodically poled lithium niobate crystal or 
waveguide  [4, 34–36]. Here we demonstrate a cost-effec-
tive method that also relies on a Yb fiber laser as a mas-
ter laser, but amplification is by way of injection locking 
a semiconductor laser followed by a resonant frequency 
doubling stage. The master laser is a fiber laser produc-
ing 6 mW of light with a specified linewidth of less than 
60 kHz. The slave laser is a ridge-waveguide semiconduc-
tor laser (Eagleyard, EYP-RWL-1120) with a central wave-
length of 1,110 nm and a maximum power of 50 mW. The 
injection-locking scheme is outlined in Fig. 1, where light 
from the fiber laser is directed into the semiconductor laser 
using the rejection port of an optical isolator.

As a first means of testing the quality of the injection lock, 
120 μW of the master laser light is frequency shifted with 
an acousto-optic modulator (AOM) and heterodyned with 
110 μW of the slave laser light. The resultant beat signal, at 
90  MHz, exhibits a signal-to-noise ratio (SNR) of ∼70 dB 
(3-kHz resolution bandwidth) when 3  mW of master laser 
light is coupled into the slave laser. An example of the field 
spectrum is shown in Fig.  2a. The linewidth of the optical 
beat signal is given mostly by that of the voltage-controlled 
oscillator driving the AOM (measured to be ∼3 kHz at 1-kHz 
resolution bandwidth and 300 ms of sweep time). Its noise is 
not imposed on the semiconductor laser since the AOM is not 
in the path of the injecting light leading to the slave laser. The 
presence alone of the beat signal is an indication of injection 
locking occurring because the diode laser is not tuneable to 

the wavelength of 1,111.6 nm (the nearest wavelength that the 
diode laser could be tuned was 1,111.53 nm after an explora-
tion across temperature and diode current). Furthermore, a 
beat signal between the lasers without injection locking pro-
duces a linewidth of approximately 20 MHz—that of the free 
running semiconductor laser (details below). The residual 
bumps either side of the beat signal in Fig. 2a may be due to 
a relaxation oscillation in the fiber laser, since the sideband 
frequency matches that at which there is a peak in the relative 
intensity noise of the fiber laser. At −70 dB below the carrier, 
it is not a significant concern. 

A demonstration of the change in wavelength of the 
slave laser under the influence of the master laser is seen 
in Fig. 2b. Here the shift in frequency is 240 GHz, show-
ing the extent of the locking range. This locking range is 
observed for injected light power above 150  μW. Only 
at much higher resolution are the frequency excursions 
seen, for example, as shown in the inset. The quality of 
the injection lock is discerned using the signal strength of 
the optical beat note. In Fig.  3a, we show the beat signal 
strength versus the optical power of the injected light. The 
beat strength increases with a power-law dependence on 

Fig. 1   Experimental setup for the 1S0–3P1 spectroscopy of 172Yb 
atoms in a 1S0–1P1 magneto-optical trap. A narrow linewidth 
(∼60 kHz) fiber laser injection locks a semiconductor laser to 
increase the available power. A few percent of the injecting light is 
frequency offset with an acousto-optic modulator ( f = 90 MHz) and 
heterodyned with the slave laser light to monitor the quality of the 
injection lock. The diode laser light is frequency doubled using a 
periodically poled potassium titanyl phosphate (PPKTP) crystal. This 
green laser light is modulated with a rotating chopper. Fluorescence 
from the cold atoms de-exciting from the 1P1 state is detected by a 
photomultiplier cell (PMT), and the modulation on the fluorescence is 
detected with a lock-in amplifier referenced to the chopper frequency 
to recover the spectroscopic signal. ISO optical isolator, LD laser 
diode, LPF long-pass filter at 505  nm, MOT magneto-optical trap, 
PBS polarizing beam splitter, SA spectrum analyzer, SPF short-pass 
filter at 500 nm)
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the injected light power until a saturation level is reached, 
which depends on the quality of the mode coupling into the 
slave laser. In the case of optimized mode coupling (hollow 
circles), the saturation power occurs at about 100 μW. The 
lower trace (hollow squares) shows an example where the 
mode coupling is not optimized, but the power-law depend-
ence is more evident. Another power-law dependence 
is seen between the frequency tuning range (or locking 
range [37]) of the slave laser and the injected light power, P,  
as shown in Fig. 3b. The measurement is taken by adjust-
ing a piezoelement in the master laser, and we choose 
the locking range as the range of frequencies over which 
the SNR of the offset beat remains above 40  dB (resolu-
tion bandwidth = 10 kHz). There is a sharp rise in ampli-
tude noise at the extents of the locking range, making for 
a clear demarcation. We note that the power law does not 
exhibit the square-root dependence sometimes seen for the 
locking range versus intensity, but rather a ∼P0.8 depend-
ence. There may be a beam spot-size dependence on power, 
thereby affecting the intensity.

The linewidth of the free running semiconductor laser 
was measured by generating an optical beat signal between 
the fiber laser and the free running diode laser, without 

the injection locking. Adjustments were made to the slave 
laser diode temperature and current, and to the fiber laser 
temperature to tune the frequencies sufficiently close to 
one another for heterodyne detection on a photodetector. 
In this case, the wavelength was 1,111.46  nm. The opti-
cal beat exhibited a linewidth of ∼18 MHz, where we can 
safely assume that the majority of the noise is due to the 
diode laser. Where this light to be frequency doubled to 
555.8 nm, the corresponding linewidth would be approxi-
mately 70 MHz. This may be compared with the much nar-
rower 1S0–3P1 spectra obtained below. In demonstrating the 
versatility of the 1110-nm diode lasers, a second semicon-
ductor laser chip was placed in an extended cavity with a 
diffraction grating (1200 grooves mm−1) acting as the fre-
quency selecting element. This laser was heterodyned sepa-
rately with the master fiber laser producing an optical beat 
note with a linewidth of 600 kHz (sweep time of 20 ms).

3 � Spectroscopy of the 1S0–3
P1 line in laser‑cooled Yb

An unequivocal way of determining the resultant linewidth 
of the injection-locked laser is to set up two independent 

Fig. 2   a An optical beat signal 
between the slave diode laser 
and the AOM-shifted master 
laser with 3-kHz resolution 
bandwidth. b Illustrating the 
wavelength shift of the diode 
laser by injection of light from 
the master laser. The 1-nm 
locking range corresponds to 
240 GHz. Inset: The slave laser 
frequency, offset by the carrier 
frequency

(a) (b)

Fig. 3   a Variation of the beat 
signal strength between slave 
and master lasers (offset by 
an AOM) versus the optical 
power of the injected light. Two 
examples are shown where the 
quality of the mode matching 
differs, with the upper trace 
having improved mode match-
ing. b Frequency locking range 
versus the optical power of the 
injection-locking light

(a) (b)
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master and slave laser systems and produce a heterodyne 
beat. Without access to a second fiber laser, we instead per-
form 1S0–3P1 spectroscopy on cold ytterbium atoms to ver-
ify the noise properties of the slave laser. Here we use 
172Yb atoms confined in a magneto-optical trap (MOT) that 
makes use of the 398.9 nm 1S0–1P1 transition. The tempera-
ture of the 172Yb and 174Yb atoms (composite bosons) in 
the MOT has previously been shown to be approximately 
1.1 mK [38]. The corresponding Doppler width, based on 
the expression �νD = ν[8 ln(2)kBT/mc2]1/2, is ∼1.0 MHz 
when probing the atoms with 555.8-nm light. Here, ν is the 
1S0–3P1 frequency, kB is the Boltzmann constant, T  is tem-
perature, and m is the mass of 172Yb. The spectroscopy is 
performed while the MOT fields are held constant, and 
therefore, the 1S0–3P1 is influenced by ground-state broad-
ening from the cooling light (sometimes referred to as Rabi 
broadening  [39]). We choose 172Yb due to the simpler 
energy-level structure compared with the fermonic iso-
topes. No DC magnetic field is applied to split the mJ levels 
as the magneto-optical trap ensures that the B-field is at (or 
close to) zero field at the location of the atoms (we safely 
state this because the mJ=0 → mJ=±1 side lobes observed 
in the work of Loftus et. al. [40] are mostly unobservable or 
unresolvable). However, the linear polarization of the 
555.8-nm light is set parallel to that of the B-field of the 
Zeeman slower to minimize any influence from the Zeeman 
slower field.1

The slave laser light is frequency doubled using a peri-
odically poled potassium titanyl phosphate (PPKTP) 
crystal in a single pass, producing ~3.5 μW of 555.8-nm 
light with 36 mW of fundamental light incident. The pol-
ing period is 10.275  μm (Raicol Crystals specification) 
and the crystal temperature for optimum frequency dou-
bling is 55.7  °C (the FWHM temperature bandwidth is 

1  With the 555.8-nm light polarized orthogonally to the Zeeman 
slower B-field we observe splitting of the 3

P1 sub-states and so can 
verify the B-field strength of the Zeeman slower.

3.5 °C). The 555.8-nm probe beam, with 2.4 μW of opti-
cal power sent to the MOT chamber, is modulated with 
a chopper wheel rotating at 379  Hz. The probe creates a 
depletion in the ground state and a corresponding modula-
tion is produced in the 398.9-nm fluorescence of the cold 
atoms. The fluorescence is detected with a photomulti-
plier cell (Hamamatsu 10492-001, 1  V/μA, bandwidth 
of 20  kHz) and the modulation is down-converted with a 
lock-in amplifier that is referenced to the chopper wheel 
frequency. A short-wavelength pass filter with an opti-
cal density of 6.0 at 556 nm prevents any stray green light 
reaching the photomultiplier cell. The 398.9-nm light was 
intensity stabilized via an amplitude modulation servo 
that uses the same AOM that controls the violet light’s fre-
quency detuning. The technique differs from previous 1S0–
3P1 spectroscopy in a ytterbium MOT, where 556-nm fluo-
rescence was detected and the measurements were recorded 
at DC  [39, 40]. An example of the spectra obtained here 
is shown in the inset of Fig.  4, in this case, with a MOT 
light field intensity of 390 W m−2. The frequency scale is 
determined with the aid of a wavemeter that continually 
records the wavelength of the 1,111.6-nm light (and the fre-
quency doubling is taken into account). A piezoelement in 
the fiber laser permits scanning of the laser frequency. The 
time taken to sweep across the FWHM of the resonance 
is ∼4 s, and the maximum drift rate of the master laser is 
2.1 kHz s−1 (4.2 kHz s−1 at 556  nm); therefore, the drift 
does not strongly influence the spectral width of the lines. 
Any influence is reduced by scanning in alternate direc-
tions across the transition and calculating a mean FWHM. 
The dependence of the spectral width of the 1S0–3P1 line as 
a function of the optical intensity in the MOT is shown in 
Fig. 4. The intensity is normalized by the saturation inten-
sity of the 1S0–3P1 transition; i.e., IS_556 = 1.4 W m−2 (the 
relevant saturation intensity here is that of the probe rather 
than the trapping field, despite the latter being the param-
eter that is varied). The different markers represent data 
recorded on separate days. Each data point is the weighted 
mean of between three and five measurements, where each 

Fig. 4   The full-width half-
maxima of 1S0–3P1 172Yb spec-
tra versus the six-beam intensity 
in the 1S0–1P1 magneto-optical 
trap. The intensity is normalized 
using the 1S0–3P1 saturation 
intensity of 1.4 W m−2. The 
different markers represent 
data recorded on separate days. 
All data contribute to the line 
fit. Inset: 1S0–3P1 spectrum of 
the magneto-optically trapped 
172Yb atoms for a 398.9-nm 
cooling laser intensity of 
390 W m−2 (280IS_556)
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measurement is the mean FWHM of typically four line 
scans. The Zeeman slower beam intensity was reduced to 
∼0.3 IS_399 (or 120  IS_556) for these measurements; how-
ever, the 1S0–3P1 linewidth was found to be independent 
of the Zeeman beam intensity and so is not included in 
the intensity values of Fig. 4 (its detuning was −7.0 Ŵ399,  
where Ŵ399 is the natural linewidth of the 1S0–1P1 transi-
tion). There is a clear reduction in linewidth in Fig. 4 as the 
intensity is reduced. The relationship often used to describe 
intensity broadening is �ω(I) = Ŵ(1 + I/IS)

1/2, where 
Ŵ is the natural linewidth, or more generally, the homog-
enous linewidth in the absence of light [41, 42]. However, 
here the experiment is arranged such that only the ground 
state of the 1S0–3P1 transition is affected by strong inten-
sity perturbations, and line broadening of the ground state 
is characterized by a linear dependence on intensity  [39, 
43]. The 556-nm light intensity was ≈0.012 IS_556, so its 
contribution to line broadening is negligible. Along with 
the natural linewidth, there are also other contributions to 
the zero-intensity linewidth; for example, the inhomogene-
ous broadening from the residual velocity of the cold atoms 
(�νD), and noise from the 555.8-nm light (�νL). Incorpo-
rating these into the expression for spectral width, we have 
�νm(I) ≈ �νD + �νL + (Ŵ/2π)(1 + bI/IS_556), where 
b characterizes the slope. The dashed line of Fig. 4 shows 
the weighted line fit to all of the data, producing an ordi-
nate intercept of 1.59 ± 0.09  MHz. The product-moment 
correlation coefficient (Pearson’s r coefficient) is 0.89, 
supporting the linear relationship between the linewidth 
and the intensity. Subtracting linewidth contributions due 
to Doppler broadening (�νD = 1.0  MHz) and the natural 
linewidth (Ŵ556 = 182 kHz) leaves a contribution from the 
555.8-nm light of �νL ≈ 410  ±  90kHz. The 1,111.6-nm 
fiber laser has a linewidth specification of 60  kHz; there-
fore, the linewidth at 555.8 nm should be about 240 kHz 
(making the tenable assumption that the laser noise is 
dominated by white frequency noise). Our measurement is 
reasonably consistent with this estimate. In fact, it should 
be treated as an upper bound on the laser’s linewidth since 
residual mJ=0 → mJ=±1 splitting may to contribute to the 
linewidth if the atom cloud is offset from the MOT center 
(and this is more likely to occur when the MOT light fields 
are weak). We note that the temperature of the Yb atoms 
increases with the cooling laser intensity; therefore, the 
Doppler broadening contribution to the linewidth will 
also increase. However, here the corresponding maximum 
linewidth (at ∼1,200IS_556) is only ∼1.6 MHz based on 
Doppler cooling theory (at a frequency detuning equal to 
1.5 times the linewidth of the 1S0–1P1 transition). Thus, the 
contribution to the linewidths in Fig. 4 from this effect is 
small (and, moreover, has a I1/2 dependence). Although 
we did not detect it, one may expect some ground-state 
broadening from the Zeeman slower beam, which would 

also lead to an overestimate of the laser linewidth (despite 
the slowing beam’s frequency detuning being −7  Ŵ399, 
this should still cause some perturbation to the 1S0 state). 
Reduced uncertainty on the zero-intensity spectral width 
would be achieved if the 398.9-nm laser cooling light 
could be reduced further. However, below 200 IS_556 
(∼300 W m−2 or 0.5 IS_399), there is insufficient cooling 
intensity to trap adequate numbers of atoms in the MOT for 
1S0–3P1 line detection.

Another test regarding the injection locking is to reduce 
the power of the light injected into the slave laser diode 
and to observe whether there is an influence on the width 
of the 1S0–3P1 spectral line when probing the cold atoms. 
We found that there was no noticeable change in the spec-
tral width versus injected power and that only the strength 
of the spectroscopic signal weakens as the injected power 
is reduced. The control bandwidth of the injection locking 
is therefore well beyond the range of several MHz as one 
might expect  [44]. The change in strength of the 1S0–3P1  
signal with injected power implies that the fraction of 
slave laser light that is coherent with the master laser also 
changes with injected power. Below a threshold of about 
1 mW, the fraction of slave laser light that is coherent with 
the master laser light reduces with a logarithmic depend-
ence, in our case with a slope of ≈0.05 dBm−1.

4 � Magneto‑optical trapping with 555.8‑nm light

To enhance the power level of 555.8-nm light, the PPKTP 
crystal has been placed in a resonant frequency doubling 
cavity  [45]. The cavity is designed to generate a 35  μm 
waist at the crystal location in both vertical and horizon-
tal planes. The radius of curvature of the folding mirrors 
is 75  mm, and full length of the cavity is 568  mm. The 
cavity resonances further demonstrate the effectiveness of 
the injection locking, since clear Lorenztian lineshapes are 
resolved by the cavity. Without injection locking, the reso-
nances are heavily obscured. The cavity is readily locked 
to the center of resonance with the frequency modulation 
method ( fmod = 33 kHz). We confer a 4.5 kHz servo band-
width between the second-harmonic generating cavity and 
the 1,111.6-nm light (which may be restricted by the phase 
roll-off produced by the lock-in amplifier used to generate 
the error signal).

The beam profile of the 1111.6-nm diode laser light is 
adjusted with two pairs of cylindrical lenses for improved 
coupling into a single-mode optical fiber. The fiber spa-
tially filters the light to aid with the mode matching into 
the frequency doubling cavity and transports the light to 
the magneto-optical trap table. Through the fiber, 52 % of 
the light passes, making available 24 mW for the resonant 
cavity (there is some irregular, non-Gaussian, structure 
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in the semiconductor beam profile, hence the lower than 
usual coupling). The spherical Gaussian beam profile out 
of the fiber helps to achieve 98.5  % mode matching into 
the TEM00 mode of the second-harmonic generating cav-
ity. By observing the reflection from the input coupler, the 
fraction of the 1,111.6-nm light coupled into the cavity is, 
at most, 58 %. We see increased coupling as the incident 
power increases. It follows that the impedance match-
ing improves as the nonlinear conversion increases. The 
optimum reflectivity of the input coupler can be approxi-
mated using Ropt ≈ 1 − Pcγ − ǫ, where Pc is the circulat-
ing power, γ is the single-pass nonlinear conversion effi-
ciency (0.026 W−1)  [46], and ǫ represents other losses of 
fundamental power in the cavity excluding that at the input 
coupler [46, 47]. It is evident in our case that ǫ is very low 
because the finesse of the cavity corresponds closely to 
the losses produced by the transmission of the input cou-
pler (R = 0.93). Making up the difference, we find ǫ∼0.01

. The power enhancement is about 28; hence, for an input 
power of 25  mW, the optimum input coupler reflectivity 
is ∼0.96 (the power enhancement varies by ∼14  % over 
0.93 < R < 0.99). Should diode lasers at 1110 nm become 
available with higher power, the impedance matching con-
dition will be better met. Alternatively, if an input coupler 
with R = 0.96 is used, an increase of about 30  % in the 
level of 555.8-nm light may be obtained. We can readily 
produce 8 mW of 555.8-nm light—when half of this light 
is incident upon the atoms in the 1S0–1P1 MOT, the atoms 
are completely ejected from the trap. Moreover, for a beam 
with an e−2 radius of 5 mm, a power level of 8 mW corre-
sponds to an intensity 150 times the saturation intensity of 
the 1S0–3P1 transition.

To confirm the narrow linewidth of the 555.8-nm light, 
we have tested its suitability for laser cooling of Yb, where 
we have implemented a dual-stage magneto-optical trap 
using dichroic filters to combine the 398.9-nm and 555.8-
nm beams, and achromatic quarter wave plates for the 
polarization control. The arrangement is outlined in Fig. 5. 
The overlapping beam paths at the two wavelengths pro-
duces a compact configuration and eases the alignment pro-
cess for the 555.8-nm light. The photo-multiplier tube of 
Fig.  1 is now replaced with a CCD camera to image the 
cloud of atoms. The green light frequency is stabilized 
using an frequency modulation servo on the Yb thermal 
beam before the Zeeman slower. The servo bandwidth is 
approximately  5 Hz. Locking to a 37 MHz wide line with 
a signal-to-noise ratio of ∼160 in 3 s (for 171Yb) produces 
a stability at 1 s comparable to that of Ŵ556. The 555.8-nm 
beam radius (e−2) for the MOT is ∼2.6 mm. The narrow 
diameter of the beams is afforded by the action of the first-
stage MOT.

Figure  6a shows the enhancement of the cold atoms’ 
fluorescence when the 555.8-nm light is red-detuned with 

respect to the 1S0–3P1 transition. The fluorescence was 
recorded 2.5 ms after the 171Yb atoms were released from 
the 398.9-nm light and magnetic field gradient. The 398.9-
nm light was ramped down to zero intensity over 10-ms 
before the release  (and is re-instituted for the fluores-
cence detection). The cycle time and therefore time taken 
between data points is 1 s, and the plot was produced by 
averaging over six scans. The two sets of markers repre-
sent forward and reverse sweeps across the transition. 
While the relative frequency scale is well calibrated, the 
absolute frequency with respect to the line center is not, 
but it is coarsely estimated from the known characteristics 
of laser cooling. The asymmetric line shape is character-
istic of spectra obtained with magneto-optical traps—the 
sharp roll-off near resonance reflecting the sudden transi-
tion from trapping to dispersing the atoms. The linewidth 
is approximately 1.6  MHz, or about 9 Ŵ556, demonstrat-
ing the capture range in terms of frequency detuning (I 
∼240 IS_556).

In Fig.  6b, we show two traces representing the free 
expansion of the atom cloud; that is, the rms cloud radius 
versus the free expansion time (using squared values to 
show the linear relationship). The upper trace is that for 
171Yb atoms in the 398.9-nm MOT; both the 398.9-nm 

Fig. 5   Sketch of the setup for the dual 1S0–1P1 and 1S0–3P1 magneto-
optical trap  (MOT). The 398.9-nm and 555.8-nm beams proceed 
along the same paths through the MOT. Not shown are the frequency 
stabilization schemes for the 398.9-nm and 555.8-nm light, nor the 
frequency doubling method used to generate the 398.9-nm light. CCD 
charged coupled device, L lens, LPF long-pass filter at 505  nm, M 
mirror, PBS polarizing beam splitter, PPKTP periodically poled 
potassium titanyl phosphate, �/4 dual wavelength (399 and 556 nm) 
quarter wave plate, SPF short-pass filter at 505 nm; z-beam, refers to 
the beam along the strong axis of the MOT
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light and magnetic gradient are turned off for the free 
expansion. While the lower trace shows the free expan-
sion out of the dual MOT, again all electromagnetic fields, 
including the green light, are switched off for the release 
(a galvanometer driven shutter is used). The 555.8-nm 
intensity was ∼ 240 I556 and the 398.9-nm light was 
ramped down to zero intensity over 25  ms before the 
release. The magnetic field gradient along the z-axis is 
∼0.3 T m−1 and is held fixed before switching off. The 
upper trace corresponds to a temperature of 270  μK, 
while that of the lower is 60  μK. For 172Yb, we record 
temperatures of ~120  μK in the dual MOT.2 Also, the 
cloud size is compressed by nearly a factor of two in the 
dual-wavelength MOT (less evident in Fig.  6b). A Dop-
pler broadened line corresponding to 60 μK would have a 
linewidth of ∼230 kHz; hence, the linewidth of the 556-
nm light here is constrained to a similar value (and may 
be less than this). These results are a validation that the 
injection-locking process is preserving the linewidth of 
the fiber laser. A further reduction in temperature may 
occur with better manipulation of the 555.8-nm light 
intensity in the MOT.

5 � Conclusions

We have demonstrated a scheme of generating low-
noise 555.8-nm light suitable for 1S0–3P1 Yb laser cool-
ing that uses injection locking of a semiconductor laser 

2  To be consistent with Doppler cooling theory the frequency detun-
ing is required to be ∼ − 2.5 Ŵ556.

at 1,111.6  nm. A low-power fiber laser injection locks a 
50-mW diode laser, after which second-harmonic genera-
tion in a resonant cavity is carried out. It avoids the use of 
high-power fiber amplifiers and crystal waveguides, both 
of which are costly and the latter can suffer degradation 
in conversion efficiency over the long term [31]. The tech-
nique should make experiments with laser-cooled Yb more 
accessible. We performed spectroscopy on the 1S0–3P1 line 
in 172Yb with a 555.8-nm light level of 0.01 times the satu-
ration intensity of the line, and showed a linear dependence 
between the ground-state linewidth and intensity of the 
1S0–1P1 trapping light. Interpolating to zero intensity, we 
infer that the linewidth of the 555.8-nm light is less than 
410  ±  90  kHz. As further confirmation of the 555.8-nm 
light properties, we have shown additional laser cooling of 
171Yb atoms in a dual 398.9 and 555.8-nm magneto-optical 
trap, producing temperatures well below 100  μK; hence, 
indicating the suitability of injection-locked 1,100–1,130-
nm laser diodes as a source of sub-MHz linewidth radiation 
in the yellow–green spectrum.

Note added in proof  Reducing the intensity of the 555.8-
nm light before releasing the atoms has led to mean tem-
peratures of 40  μK and 70  μK for 171Yb and 172Yb, 
respectively.
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(a) (b)

Fig. 6   a Cold atom fluorescence as a function of 555.8-nm frequency 
detuning captured 2.5  ms after release from the 398.9-nm MOT 
fields. The two sets of markers represent sweeps across the transition 
in opposite directions. b The mean-squared cloud radius versus free 

expansion time, t2, for 171Yb. The upper trace is with the 398.9-nm 
magneto-optical trap alone, while the lower trace is with the dual 
398.9 and 555.8-nm MOT. The two slopes correspond to tempera-
tures of 270 and 60 μK
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