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We present a novel extended-cavity diode laser (ECDL)
based on a modified Littrow configuration. The coarse
wavelength adjustment via the rotation of a diffraction
grating is decoupled from the fine tuning of the exter-
nal cavity modes by positioning a piezo transducer be-
hind the diode laser, making the laser robust against
misalignment and hysteresis even with long external
cavities. Two laser prototypes with external cavities
of different lengths were tested with a 780 nm laser
diode, and locked to an atomic reference. We observe
a mode-hop-free frequency tunability broader than the
free spectral range of the external cavity upon changes
of its length. The design is well suited to atomic and
molecular experiments demanding a high level of sta-
bility over time. © 2021 Optical Society of America

http://dx.doi.org/10.1364/a0. XX. XXXXXX

1. INTRODUCTION

Extended-cavity diode lasers (ECDLs) are fundamental and
rather inexpensive sources of coherent and frequency-stabilized
light. ECDLs are used in many scientific applications, such
as atomic physics and metrology [1, 2], because of their good
tunability, single mode operation, frequency stability and me-
chanical robustness. Moreover, an advantage of ECDLs is the
wide range of wavelengths of the laser diodes (LDs) available
in the market and their relatively broad spectral profile, well
suited for tuning the emission wavelength. The versatility of
the active medium and the small number of elements required
for realizing an ECDL make it relatively easy to assemble lasers
which fulfill typical experimental requirements for atomic and
molecular spectroscopy with relatively simple designs.

In the most common design, a diffraction grating in Littrow
configuration [3] provides both the optical feedback of the exter-
nal cavity and the wavelength selection. Although very essential
and effective, this design is sensitive to mechanical misalignment
and hysteresis - a result of the contradicting demands for a rigid
construction and fine tunability of the opto-mechanical compo-
nents used to tune the laser frequency. Consequently, several

designs have been developed with improved damping and iso-
lation from the external environment [4-6], and with a careful
choice of the grating pivotal point [7, 8]. An alternative to the
Littrow-type ECDL is represented by the Littman-Metcalf de-
sign, where a mirror positioned after the grating provides the
reflection for the external cavity [7, 9]. However, also in this
design the coarse and the fine tuning of the laser frequency are
realized by acting on the same mechanical component, and the
overall laser power is affected by additional losses with respect
to the Littrow design.

Another type of ECDL employs interference-filters or etalons
instead of a diffraction grating [10] to decouple the optical feed-
back of the external cavity and the wavelength selection, thereby
reducing the sensitivity of the external cavity feedback against
misalignment. The drawback of this design is the temperature
sensitivity of the optical interference filter and the generally
lower output power which is due to the non-negligible transmis-
sion losses of the filter, even at the peak wavelength. In order
to have a large enough optical feedback for single mode oper-
ation, the losses are compensated with a higher reflectivity of
the external cavity mirror, resulting in a net lower output power.
This design is therefore less convenient for situations in which
a secondary amplification stage is not possible, for example for
blue wavelength ECDLs.

Here we propose and test an alternative ECDL design based
on the Littrow configuration which combines the advantages of
the interference filter models with the high output power and
temperature stability typical of the Littrow design. The main fea-
ture of the new design is the decoupling of the fine-tuning of the
laser frequency from its coarse-tuning. In fact, while the coarse
tuning and the alignment of the optical feedback are achieved by
manually rotating a diffraction grating in Littrow configuration,
the frequency fine tuning is realized by moving with a piezo
transducer (PZT) the laser diode. As a result, the laser frequency
follows the shift of the external cavity modes that is realized by
changing the external cavity length, while the frequency selec-
tion of the grating and the beam pointing remain unchanged.
This is particularly convenient for long cavity ECDLs [11] where
instabilities related to feedback alignment and pivotal point’s
position are more pronounced.


http://dx.doi.org/10.1364/ao.XX.XXXXXX

Letter ‘

Optica 2

2. THE DESIGN OF A 780 NM PROTOTYPE

Fig. 1 illustrates a schematic of the laser prototype that was as-
sembled and tested with an anti-reflection coated 780 nm diode
from Eagleyard Photonics (EYP-RWE-0790-04000-0750-SOT01-
0000). The diode current is controlled by a commercial laser
driver (Thorlabs LDC8002). The external cavity of the laser is
created by the rear facet of the diode and a reflective holographic
grating with 1800 grooves/mm (Thorlabs GH13-18V, element
6 in Fig. 1) placed in Littrow configuration. The grating also
selects one single mode of the external cavity which lies within
the frequency envelope of the grating. Although our prototype
might look similar to most of the ECDL Littrow designs, it in-
stead has the conceptual difference of having the PZT mounted
behind the laser diode and not behind the grating.This choice
effectively decouples the change of external cavity length from
the rotation of the grating, corresponding to coarse wavelength
selection and feedback alignment. As actuator we use a ring
piezo (2) (Piezosystem Jena HPSt 500/15-5/7) placed behind the
collimation tube where the laser diode is mounted (3) (Thorlabs
LT230P-B, collimating lens: A230TM-B). The cabling for the cur-
rent control of the diode is passing through the PZT aperture.
The stack of PZT and laser tube is kept in place and pressed by
a bushing (1) against a rubber o-ring (4) that ensures the PZT
pre-loading [12]. The grating is placed on an adjustable mirror
mount (7) to fine tune the horizontal and vertical alignment of
the first diffraction order back into the diode. The ECDL me-
chanics is mounted on a base (8). A Peltier element (Adaptive
ET-161-12-10-E) placed on a thermal sink (10) keeps the temper-
ature of the ECDL stable to within a few millikelvins by using
an electronic controller (Thorlabs TED8020). All the mechanical
parts of the ECDL are machined in an aluminium alloy of series

Fig. 1. Schematic drawing of the ECDL body. a) The laser
diode is mounted in a collimating tube (3) placed between a
ring piezo transducer (2) and a rubber o-ring (4). The stack is
fixed in a laser head holder (5) by a bushing (1). The grating
(6) is placed on an adjustable mirror mount (7) whose angle
can be tuned by micrometer screws for coarse wavelength
adjustment. The ECDL temperature is stabilized by a Peltier
element (9) mounted between the laser base (8) and a thermal
sink base (10). b) Schematic diagram of the ECDL showing
the beam path in dashed line. The moving part of the ECDL
assembly, i.e. the collimating tube (3), is highlighted.

6000, characterized by good elasticity under mechanical stress.

3. CHARACTERIZATION OF TWO ECDL PROTOTYPES
WITH DIFFERENT CAVITY LENGTHS

A. Frequency tunability

The behavior of the laser frequency as a function of the diode
temperature and current gives a first estimate of the external cav-
ity FSR. The laser frequency can hop between different stability
regions by changing the laser temperature - a result of changing
both the external cavity length and the spontaneous emission
envelope of the diode. As illustrated in Fig. 2, we observed
mode-hop free operation for a maximum temperature change
of 0.5°C for the laser depicted in Fig. 1. Mode hops are also
observed when the diode current is changed, as illustrated in
the inset of Fig. 2. From these data we derive that the amplitude
of the mode hops is 4.8(2) GHz, a value that is in agreement
with the expected FSRs for a cavity length of about 31 mm. The
emission frequency is also tuned by changing the length of the
external cavity with the PZT. Usually, in a Littrow type ECDL
the piezo element is located behind the grating and it changes at
the same time the cavity length and the grating angle. There ex-
ists an optimal pivotal point for which the cavity resonances and
the frequency selected by the grating have the same dependence
from the grating angle, ensuring a maximum tunability of the
laser frequency [7, 8]. However, when this optimal configuration
is not realized, e.g. in ECDLs with cavities longer than a few
cm, the mode-hop free tunability is limited to a fraction of the
free spectral range [3, 11]. In our design, instead, tuning the
PZT has the effect of changing the length of the external cavity
only. In order to test the potentiality of this laser design we
assembled two prototypes: one with a relatively short (about 31
mm) and one with a longer (about 130 mm) external cavity. The
free spectral ranges (FSRs) of the external cavities are 4.8 GHz
and 1.2 GHz respectively. The mechanical mounting system is
the one shown in Fig. 1 for the short ECDL. For the long ECDL,
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Fig. 2. Tuning the prototype’s temperature and current. Tun-
ing the temperature changes the frequency the ECDL as

— 17.9 GHz/°C (empty dots with dashed fit) in the mode-
hop free regions. We observed mode-hop free operation for

a maximum temperature change of 0.5°C. The laser current,
instead, finely adjusts the laser frequency (inset). In the stable
regions, before the laser jumps to another cavity mode, the
frequency changes as — 274 MHz/mA. The frequency jumps
indicate a FSR of 4.8(2) GHz, which is compatible with the
value expected for an external cavity of length L = 31 mm.
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Fig. 3. Tuning the frequency with a PZT. Measured laser fre-
quency as a function of the voltage applied to the PZT taken
with the short (empty dots) and long (gray dots) ECDL pro-
totypes together with their linear fits. The data were taken

by continuously increasing the voltage applied to the PZT.
The short cavity design shows a continuous tuning of the
laser frequency upon change of the external cavity length

in a range of 10.7 GHz (more than two times the FSR) with

a slope of 120 MHz/V. After this range it jumps to the next
cavity mode. For the long ECDL, the measured range that the
PZT can span is 3.6 GHz (about 3 FSR), limited only by the
maximum voltage of the supply that we can apply. Note that
for both prototypes the mode-hop free range is substantially
larger than the FSR of the external cavity. The frequency of the
long ECDL varies as 29 MHz/V in this design, with a different
slope purely resulting from the different external cavity length.
The ratio of the slopes gives a factor of 4.1(2) that agrees with
the measured values of FSR.

instead, we mounted the grating on a separate mirror mount
placed externally from the laser base (8) in Fig. 1. As a conse-
quence, in this prototype the temperature control keeps only
the temperature of the diode stable, while the external cavity is
free to fluctuate with the room temperature (stable up to 0.5 K).
The long ECDL is therefore a good test of the laser design when
placed in a noisy environment: the more finely spaced the cavity
modes are, the more likely it is for a mode hop to occur when
the external cavity length is changed.

As shown in the data sets of Fig. 3, we observed a mode-hop
free tuning range of 10.7 GHz and 3.6 GHz for the short and
long ECDL, respectively. Importantly, these values are in both
cases more than twice the FSR of each laser. We note that in the
long ECDL case we were limited by the maximum voltage of
the power supply, therefore the continuous tuning range can
in principle be larger than what measured. We find this large
tuning range to be crucially dependent on the alignment of the
optical feedback of the grating. We attribute this to the fact that
if the injection is well optimized, the laser frequency can con-
tinuously change for more than a FSR because the laser gain is
determined not only by the cavity modes and the grating but
also by the photons that are already circulating in the cavity. We
note that the mode-hop-free tunability is smaller than the one
of a traditional Littrow design in which the grating is rotated
around an optimal pivotal point. However, realizing an optimal
rotational stage can be challenging, in particular for relatively
long (>10cm) cavities, in which the rotation of the grating around
a non-optimal pivotal point leads to a tunability of a fraction

of a FSR [9]. In this case, our design realizes an improvement
of the tuning range. The linear fits of data sets of Fig. 3 give a
frequency variation as a function of the voltage applied to the
PZT of 120 MHz/V and 29 MHz/V for the short and long ECDL,
respectively. The different slopes reflect the fact that the PZT
displacements are identical for the two designs but the cavity
lengths are different (dL/L ~ -dv/v). The ratio of the slopes
gives a factor of 4.1(2), corresponding to the ratio of the two
FSRs and cavity lengths. Deviations from linearity are due to
the mechanical properties of the combined system of PZT and
rubber o-ring. They can potentially be improved with a different
choice of actuators. Notably, the mode-hop free range of the
long cavity laser of 3.6 GHz is a particularly interesting result,
since the tuning range of ECDLs with long cavities is usually
limited to a small fraction of the FSR due to an un-optimized
position of the grating’s pivotal point [11]. This results in an
increased sensitivity on temperature variations and on the feed-
back alignment. With our design, instead, it is not necessary to
stabilize the external cavity since it is possible to correct for the
slow external cavity drifts due to room temperature variations
simply by changing the PZT voltage. In our prototypes, given
the frequency dependence on temperature shown in Fig. (2), we
can anticipate that temperature changes of up to 0.5°C can be
compensated for by acting on the piezo elements of the ECDLs.

B. Estimate of the linewidth via heterodyne detection

In order to estimate the linewidth of the laser prototypes and
prove that the prototypes can be well stabilized by acting on the
PZT even in a noisy environment, we performed a heterodyne
beat measurement between each of the new ECDL prototypes
and, as a reference, a home-made standard Littrow ECDL with
the PZT (Piezomechanik PSt 150/2x3/7) placed behind the grat-
ing [3]. Each laser is independently locked on the spectroscopy
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Fig. 4. Heterodyne beat spectrum. Photodiode beat signals
between the long/short ECDL designs and a Littrow stan-
dard ECDL laser (blue/red data) peaked at a frequency v are
recorded by a spectrum analyzer (5 kHz resolution bandwidth,
100 sets average for a total sweep duration of 400 ms). ECDLs
are independently locked to Rb lines with a slow feedback to
the PZT that does not influence the power spectral density

at frequencies > 15 Hz. Lorentzian fits of the peaks give a
combined FWHM of: 540 kHz (blue data) and 670 kHz (red
data), resulting in a linewidth of about 270 kHz (blue data)
and 335 kHz (red data) when assuming independent yet iden-
tical lasers.
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lines of Rubidium by performing standard saturated absorp-
tion spectroscopy on a vapor cell. We apply a slow correction
(with corner frequency ~15 Hz) to the PZT of all lasers with
a PI feedback loop in order to lock the lasers’ frequency to the
52815 (F = 2) — 52P5, (F' = 2,3) crossover transition in the
D, line of 8 Rb. This atomic reference makes it possible to com-
pensate for slow frequency fluctuations due to temperature drifts
of the external cavity and acoustic noise. At frequencies >15
Hz the laser frequency noise is essentially unchanged, therefore
the lasers’ linewidths are dominated by the remaining acoustic,
mechanical and intrinsic noise that are not compensated for by
the PZT feedback. The spectral characteristics of the lasers” emis-
sions are determined from the heterodyne beat signals shown
in Fig. 4. The beat signal carries information about the relative
frequency noise of one of the prototype lasers and the reference
laser [13]. By fitting the beat signals with a Lorentzian function,
we obtained the combined linewidth for the short and the long
ECDLs which are 540 kHz and 670 kHz, resulting in a single laser
linewidth of about 270 kHz and 335 kHz, respectively. However,
if we assume that the short prototype laser and the reference
laser have the same linewidth (i.e. 270 kHz), we estimate the
linewidth for the long prototype to be 400 kHz. These values
agree also with the values of linewidth extracted from of the full
widths at —3 dB suppression (450 kHz and 700 kHz for the two
prototypes) corresponding to individual linewidths of about
225 kHz and 350 kHz for the short and the long ECDLs. The
measured linewidths are in fact comparable to the linewidths of
similar designs locked in frequency with just a slow feedback
loop [3, 5]. We attribute the slightly larger width of the long
cavity ECDL to the increased mechanical, acoustic and thermal
noise of the setup combined with the small bandwidth of the
PZT feedback loop which eliminates mostly only the slow drifts
due to thermal noise. Consequently, the linewidth reduction is
limited since the spectral linewidth is still dominated by acousti-
cal and mechanical noise sources. The linewidth can in principle
be further reduced by correcting the higher frequencies on an
actuator faster than the PZT, e.g. the laser current [3, 5] or an
intracavity EOM [14, 15]

4. CONCLUSIONS

We have realized a new design for a Littrow ECDL in which
the small changes of the cavity length are decoupled from the
tuning of the grating angle. As a result, the fine adjustment
of the laser frequency with the PZT does not affect neither the
optical feedback alignment nor the broader grating frequency se-
lection curve, resulting in a better mode-hop stable performance
compared to the one of standard Littrow ECDLs without opti-
mized pivotal point. We have assembled two prototypes with
different cavity lengths, and observed an improved frequency
tunability upon changes of the PZT that allows frequency shifts
of more than twice the external cavity free spectral range. This
design is particularly suitable for long cavity ECDLs for which
the requirement of rotating the diffraction grating around the
optimal pivotal point is extremely demanding. Moreover, by
using this design it might even be possible to compensate for ex-
ternal cavity temperature drifts only with the backaction of the
PZT. We also showed that our laser prototype can be frequency
locked to an atomic reference by giving a slow feedback signal
to the PZT. We compare the laser frequency to a reference laser
and measure a linewidth on the order of approx. 300 kHz, a
value that is comparable to other ECDL designs. The linewidth
could be further improved, if needed, by compensating for high

frequency noise with an additional feedback on a faster actuator
[3, 5, 14, 15]. Finally, the mechanical stability of the ECDL could
be further enhanced by placing the laser in a sealed enclosure to
cut out noise due to mechanical vibration and pressure changes
of the external environment [4, 5], making it more robust and
easy to integrate in e.g. compact optical setups for transportable
gravimeters and optical clocks, or space applications.
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