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ABSTRACT

Compact and robust external-cavity diode laser (ECDL) systems are a mandatory requirement for many next-generation
quantum technology applications, e.g. quantum communication and quantum sensors. Today’s commercially available
ECDLs are used for proof-of-principle demonstrations of such applications, however do not meet the requirements for
the use in real-world environments.

We investigate a novel design for a compact and robust ECDL suitable for the integration into first quantum technology
applications. Experimental results of first prototypes are presented and compared to a commercially available ECDL and
numerical simulations.
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1. INTRODUCTION

Quantum technology (QT) will play a decisive role for future advances in our everyday life. Worldwide, several large
and ambitious research initiatives have recently been started or are currently being planned in order to transition these
new technologies from research laboratories into real-world applications. The European Union is actively supporting
quantum technologies within the Horizon 2020 program [1] and the quantum technologies flagship [2]. They focus on
four application areas: quantum communication, quantum computing, quantum simulation and quantum metrology and
sensing. Examples for funded projects are QSource [3] — a project to develop scalable single-photon sources for quantum
key distribution, AQTION [4] - which aims to realize a scalable quantum computer, ColOpt [5] - where collective effects
in cold atoms are studied and iqClock [6] — a project devoted towards a transportable, simple-to-use and affordable
optical clock. Most of these applications require specialized laser systems with high demands on wavelength coverage,
output power, spectral purity and stability. For example, the AQTION project requires a laser which linewidth’s can be
brought down to 1 Hz, while the ColOpt project requires a single-frequency laser with a high output power of several
Watts. For the use in research laboratories such systems based on diode- and solid-state lasers are readily available.
However, the aforementioned projects require the lasers to be compact turnkey systems that can be easily integrated into
the QT system, while at the same time being mechanically robust. Single-frequency diode lasers are the most promising
option to satisfy the requirements of the QT initiatives. In general, diode lasers can be operated without complex pump
or cooling setups and have a high wall-plug efficiency. This allows diode-laser systems to be miniaturized and hence be
integrated into portable quantum sensors such as gravimeters and magnetometers.
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To achieve single-mode operation in a diode laser, controlled optical feedback into the diode is required. Distributed
feedback (DFB) and distributed Bragg-reflector (DBR) diodes use grating structures inside the semiconductor chip to
generate optical feedback, making these devices insensitive to acoustic noise. However the production of DFB- and
DBR-diodes is a sophisticated and expensive process and the commercially available wavelength range is currently
limited down to 626 nm [7, 8]. Furthermore the typical linewidth of DFB- and DBR-diodes is around 1 MHz and
therefore not small enough for many QT applications. External-cavity diode lasers (ECDL) use optical feedback from an
external element. Using ECDLs, a laser linewidth in the range of 1 kHz can be achieved. By means of an active
stabilization to a high-finesse cavity, linewidths down to the range of 1 Hz have been realized [9]. Probably the best
known realizations of an ECDL are the designs proposed by Littrow and Littman [10, 11], which are based on feedback
from a reflection grating. The grating serves as a frequency-selective element and controls the emission frequency. Other
components can also be used as frequency-selective elements, e.g. transmission gratings [12], fiber Bragg-gratings [13],
volume Bragg-gratings (VBG) [14], bandpass filters [15], on-chip waveguides with integrated gratings [16] and micro
resonators [17] have already been used to realize an ECDL. All these implementations of ECDLs have different
advantages. In general, trade-offs exist between different system properties such as output power, linewidth, tunability,
size, stability and the achievable wavelength region The designs using only components integrated on the same
submount like on-chip waveguide and micro-resonators [16, 17] are robust and insensitive to acoustic noise. However,
producing these devices require sophisticated and expensive manufacturing steps which are limited to certain wavelength
regions. Designs using macroscopic optical components such as VBGs or filters result in a larger resonator setup which
are more susceptible to acoustic noise, however are more flexible and typically result in higher output powers and
smaller linewidths.

This work reports on an ECDL which is based on optical feedback from a partial-reflective mirror and a bandpass filter
as the frequency-selective element. The resonator design is simple, while at the same time all components are
commercially available. Hence this design enables the realization of a compact laser system which at the same time is
flexible in terms of output power and available wavelengths.

2. ECDL DESIGN & OPTICAL PERFORMANCE

A schematic of the laser setup is shown in Fig. 1. The ECDL consists of a laser diode emitting around 789 nm, a
collimation lens, the bandpass filter and a partially reflective mirror to form the external resonator.
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Figure 1 Schematic of the ECDL design. The ECDL consists of a laser diode, a collimation lens, the bandpass filter as frequency-
selective element and a partially reflective mirror to form the external resonator. The emission frequency can be tuned by rotating the
filter and by changing the internal and external modes.

Compared to a Littrow ECDL the losses are increased due to the filter inside the cavity. Also the bandwidth of the filter
for the frequency selection is typically larger than that of a grating. In contrast, the filter design is more flexible because
the frequency selection and the optical feedback are separated and can be controlled independently. Furthermore there is
no beam displacement during wavelength tuning. The emission frequency of the laser can be coarsely controlled by
rotating the filter. Additionally the internal and external modes can be shifted to fine tune the emission frequency. All



optical components were actively aligned and mounted to the optical bench. During the initial alignment we could set
and maintain the emission frequency within an uncertainty of 50 GHz.

In the following, we characterize the optical performance of the prototype. In Fig. 2, the current-power characteristics is
shown with a maximum power of over 140 mW at a wavelength of 789 nm. The power jumps are attributed to mode
hops. The current-power characteristic and the output power are comparable to commercially available Littrow-based
ECDLs [18] with the same laser diode from eagleyard Photonics [8].
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Figure 2: Current-power characteristic of the laser module. The laser threshold is at 81 mA for an operating temperature of 23 °C.

The corresponding optical spectrum is shown in Fig. 3. It exhibits a single peak which width is limited by the resolution
of the optical spectral analyzer (OSA). The side-mode suppression is >70 dB and is limited by the dynamic range of the
OSA.
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Figure 3: Spectrum of the laser module measured at 23°C and maximum current of 300 mA.

The beam profile was also recorded for the same laser conditions and is shown in Fig. 4. Measuring the M? characteristic
the laser reveals values of M%=1.3 and M?,=1.1. The difference in both axes is caused by different divergences of the
fast and slow axis of the laser diode. The collimation with a single lens results in an elliptical beam profile. Using an
additional cylindrical lens or an anamorphic prism pair a round beam profile can be achieved. The coupling efficiency
into a single-mode fiber is typically >70%.



Figure 4: Beam profile of the laser module measured with a camera for a current of 300 mA and a temperature of 23 °C.

Furthermore the power spectral density of the frequency noise of the laser was measured using a self-heterodyne
technique [19] (Fig. 5).
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Figure 5: Power spectral density of the frequency noise of the laser module.

With the information from the power spectral density of the frequency-noise the linewidth can be calculated. Using the
approach from [20], the estimated linewidth is 200 kHz for an observation time of 5 ms. The Lorentzian linewidth is
estimated to be less than 5 kHz. The noise characteristic is comparable to commercially available ECDLs based on
reflection gratings. Hence the laser will allow state-of the art frequency-locking schemes to be implemented as required
for quantum technology applications.

The emission frequency of the laser can be tuned by varying the filter angle and the internal and external modes. For
frequency stabilization, e.g. to a reference cavity or to a frequency comb single-frequency operation and a large mode-
hop free tuning range is mandatory. In Fig. 6, a so called modemap measurement is shown [21]. For this measurement
the length of the internal and the external resonator is varied, while recording the emission wavelength of the laser using
a wavelength meter from High Finesse with an accuracy of 1 pm. At the same time, it is measured if the laser is
operating on a single-longitudinal-mode. The emission wavelength is depicted in false colors.
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Figure 6: Modemap of the laser as a function of the internal and external resonator length. The left picture shows the measurement,
the right picture the simulation result.

The laser is emitting a single longitudinal-mode over the whole operating range of the laser parameters. Changing only
the internal or the external resonator results in a mode-hop-free tuning range (MHFTR) of a few GHz. The measured
mode hops are periodically with respect to the internal and external cavity length, respectively. By appropriately tuning
the internal and external resonator simultaneously the MHFTR can be maximized. By this means a MHFTR of 25 GHz
can be achieved.

A simulation of the modemap is shown in Fig. 6. The simulation is based on calculating the theoretically expected
emission wavelength for each pair of values for the internal and external cavity length, while taking into account the
parameters of the filter and mirror. The simulation is in very good agreement with the measurement results. The same
periodicity as in the measurement can be observed. We attribute the minor differences of the simulation to the
measurement to hysteresis and other nonlinear effects which are not taken into account in the simulation. These kind of
simulations will enable us to optimize the design of the optical resonator with respect to specific quantum technology
applications.

3. ENVIROMENTAL TEST

Some QT applications require the laser system to be operated in harsh environments and therefore have a particular
demand on reliability and lifetime. For example, quantum key distribution over long-distances requires the single-photon
source to be installed on a satellite in orbit [3, 22]. For such applications where robustness and stability are of paramount
importance, the HALT and HASS methodology is widely used in industry [23].

As a first step towards complete HASS and HALT measurements and to test the stability, we exposed an ECDL to
changing environmental conditions and then measured after each test. The threshold is sensitive to changes in the
alignment of the laser and it therefore serves as a simple measure, of the system’s overall stability. As an example
several measurements of the threshold and maximum power are shown in Fig. 8 for different environmental conditions.
The first measurement is conducted with the laser directly after initial alignment. The following measurements are
normalized to this value. When the laser is exposed to temperature changes between -5°C and +45°C, only small effects
of less than +5% on threshold and output power can be observed. Most importantly, the laser is still emitting a single
longitudinal-mode.
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Figure 8: Relative changes of the threshold and the output power of the laser for different environmental tests. The results of the
individual measurements are normalized to the threshold and power directly after initial alignment.

A second laser module with the same design shows a similar behavior. Future investigations will be done to extend the
maximum temperature range and investigate the impact of vibrations during transport, storage and transportation.

4. CONCLUSION

We have presented a novel design and analysis for a compact and robust ECDL laser system for future quantum
technology applications. The maximum output power is 140 mW while the side-mode suppression is >70 dB.
Furthermore the beam profile was measured with M? values of M%=1.3 and M%=1.1 and fiber coupling efficiency
>70%. The linewidth was calculated from the measured frequency-noise density to be 200 kHz. The laser is tunable with
a maximum MHFTR of 25 GHz while it is emitting a single longitudinal-mode over the whole operating range.
Environmental tests between -5 °C and 45 °C show the basic suitability of the design for a compact and robust ECDL.
These tests are the first step towards a complete HASS and HALT characterization of the laser module which are
especially important for industrial applications. Future characterization will also include tests in accordance with
standards like MIL-STD-810.
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