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Abstract
In this work, the design of a diode-pumped Alexandrite ring laser in Q-switched single-longitudinal-mode (SLM) operation 
for a spaceborne lidar mission is presented. The laser is pumped by a self-developed fiber-coupled laser diode pump device 
and yields a pulse energy of 1.7 mJ at a repetition rate of 500 Hz with an excellent beam quality of M2 < 1.1. By seeding the 
resonator with a narrow band diode laser, SLM operation with a linewidth of approximately 10 MHz is achieved. The electro-
optical efficiency of 2% is the highest achieved for all Alexandrite lasers in SLM operation and reasonable for space operation. 
The performance analysis as well as benchmarking with the space-qualified mounting technology points out the TRL and 
the remaining effort for the development of the technology. An estimation of the requirements for a spaceborne resonance 
lidar mission underlines the suitability of such a lidar system with a diode-pumped Alexandrite laser as the beam source.

Keywords Alexandrite laser · Diode-pumped laser · Ring laser · Single-longitudinal-mode laser · Q-switched laser · 
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1 Introduction

Understanding temperature distributions and wind fields in 
the atmosphere at altitudes between 80 and 110 km, i.e., the 
mesosphere and lower thermosphere (MLT), is crucial for 
performing numerical simulations of the Earth’s climate. 
The effects of gravity waves on the global wind system and 
atmospheric dynamics are hardly understood and item of 
research of space agencies and ground-based observations 
[1–6]. One well-established approach to provide such data 
is to measure the Doppler-broadened and Doppler-shifted 
resonance line of metal atoms, e.g., potassium (770 nm or 
766 nm) [6, 7], iron (386 nm or 372 nm) [8, 9] and sodium 
(589 nm) [10–12], by means of a Doppler lidar.

While localized measurements have been performed 
over the last 20 years from the ground and revealed funda-
mental deviations from the predicted conditions, there is 
no coverage of global scale by lidar. The development of 

a spaceborne resonance lidar instrument is deferred by the 
lack of laser sources at the demanded wavelengths that are 
suitable for spaceborne operation.

The currently used Alexandrite  (Cr3+:BeAl2O4) lasers 
with their broad tunability (700–800 nm) [13] are well suited 
for the generation of several interesting wavelengths, either 
operating at their fundamental wavelength or intra-cavity 
frequency doubled. The flashlamp-pumped Alexandrite ring 
lasers operating in Q-switched single-longitudinal-mode 
(SLM) operation are commonly used as beam sources in 
resonance potassium and iron resonance lidar systems [6–9].

However, the usage of flashlamps as pump source makes 
them unsuitable for spaceborne operation, due to the poor 
efficiency and limited lifetime. One hopeful approach to 
overcome these drawbacks is by replacing the flashlamps 
with diode lasers [14, 15]. Recently, new basic investiga-
tions in the field of diode-pumped Alexandrite lasers have 
been conducted with focus on altimetry lidar and vegetation 
monitoring (red edge) [16] and resonance lidar [17–21].

Another approach to address a resonance line of iron with 
a lidar system is the usage of a Nd:YAG laser operating at 
372 nm (third harmonic of 1116 nm) [9]. The advantage is 
the usage of well-matured technology for Nd:YAG lasers but 
at the expense of a two-step nonlinear process.
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To address the resonance line of sodium a 589 nm, there 
are two approaches already aiming for a spaceborne mission 
by allowing leverage from previous space-qualified lasers. 
The first system uses the second harmonic of a Raman-
shifted Nd:YVO4 laser [11], and the second system is mixing 
the output of two Nd:YAG lasers: one emitting at 1064 nm 
and one at 1319 nm [12].

2  Requirements and state of the art

The requirements to the laser source can be directly derived 
from the application in a resonance lidar; especially, the 
spectral requirements are challenging because the metal 
resonance line is scanned to calculate its width and shift. 
This requires a linewidth of the laser below 30 MHz and 
consequently a laser with SLM operation.

The energetic requirements strongly depend on the spe-
cific metal line and the targeted resolution of the measure-
ment, but an average power at the watt level with pulse ener-
gies at the millijoule level seems reasonable for our detection 
method based on single photon counting. Since the aver-
age power determinates finally the performance of a lidar, 
high pulse energies are often not required and may limit the 
capability of a lidar in single photon counting mode due to 
detector saturation. Here, high pulse energies are required 
with low repetition flashlamp-pumped lasers to achieve high 
average power. In contrast, diode-pumped lasers observing 
a limited altitude range such as the mesosphere can apply 
high repetition rates with lower pulse energy. For detailed 
discussion on the energetic requirements, see Sect. 6.

For a proof of principle, a diode-pumped Alexandrite 
laser for a ground-based lidar measurement of potassium in 
the upper atmosphere (MLT ~ 80–100 km) is designed that 
has the same spectral but slightly eased energetic require-
ments shown in Table 1. A spaceborne laser can, if neces-
sary, be scaled in energy by means of a subsequent amplifier 
stage without altering its spectral or temporal parameters.

A first developed Alexandrite laser comprises a ring 
resonator pumped by two commercially available laser 
diode modules. The ring resonator ensures a traveling wave 
to prevent spatial hole burning, and its resonator length is 
stabilized to match it to a narrow band diode laser. It also 
comprises a Faraday rotator for unidirectional operation and 
a Pockels cell for Q-switching to ensure suitable pulse dura-
tions. A detailed description of the design and performance 
data of the laser source can be found in [17].

After verification of the required laser parameters in 
the laboratory at the Fraunhofer ILT in Aachen, the laser 
was implemented in a mobile lidar system at the Leibniz 
IAP in Kühlungsborn. The first atmospheric measurements 
with a diode-pumped Alexandrite laser as the beam source 
of a lidar system were successfully conducted. Despite 

the tentative setup of the receiver of the lidar system, the 
detected light indicates the potassium layer at an altitude 
of 80–100 km, proving the suitability of the laser source. 
Detailed information on these measurements and the lidar 
system is presented in [19] and will be published in more 
detail soon. Up to now, the spectral and energetic suitabil-
ity of the laser was demonstrated in hundreds of operating 
hours.

The successful lidar measurements demonstrate that a 
diode-pumped Alexandrite laser can meet the high spectral 
requirements of a resonance lidar. Thus, after the demonstra-
tion of a ground-based resonance lidar measurement, the 
development of a spaceborne resonance lidar system with 
a diode-pumped Alexandrite is plausible. Consequently, 
a more sophisticated laser beam source and setup of the 
receiver of the lidar system are required.

3  Design of a compact and robust laser 
source

After the proof of principle that resonance lidar measure-
ments can be conducted with diode-pumped Alexandrite 
lasers shown in [17], an advanced Alexandrite laser is 
developed with higher energetic parameters and a less com-
plex and therefore more robust resonator design. Special 
emphasis is put on the pump optics, since the unbalanced 
beam quality of the diode modules (M2 = 30 in fast-axis and 
M2 = 300 in slow-axis) leads to a highly anamorphic thermal 
lens which results in a complex design of the resonator. A 
detailed characterization of the pump modules and the influ-
ence on the resonator can be found in [17].

Table 1  Requirements on a laser source for potassium resonance lidar 
measurements in the upper atmosphere

Parameter Requirement

Pulse energy > 1 mJ
Repetition rate > 150 Hz
Electro-optical efficiency > 1%
Pulse duration 50–1000 ns
Wavelength 769.898 nm 

(potassium 
resonance line 
in air)

Linewidth ~ 99% < 30 MHz, 
single-mode 
(lorentz)

Frequency shift < 50 MHz
Frequency jitter < 10 MHz
Beam quality M2 < 1.5
Pointing stability < 10 µrad
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3.1  Pump optics

To overcome these drawbacks, the two pump modules are 
polarization coupled and symmetrized by means of step 
mirrors [22] to balance the beam qualities and provide a 
round pump beam cross section. A detailed description of 
the optical setup can be found in [20]. The optics design and 
optomechanical setup are based on off-the-shelf components 
and have not yet been optimized for compactness or trans-
mission efficiency.

To allow for further homogenization of the pump beam 
and for spatially separating the pump and the resonator unit, 
fiber coupling of the pump radiation is preferable [21]. Thus, 
the resonator can be developed independent from the pump. 
The complete pump setup is shown in Fig. 1.

Because the absorption of pump light is a magnitude 
lower for light at 636 nm vertically polarized to the b-axis 
of the crystal [13], 40% of the unpolarized pump light is not 
absorbed at its single pass through the laser crystal, which 
has a dopant concentration of 0.29 at %. The transmitted 
pump light is collimated behind a second pumping mirror, 
reduced in its size by a telescope, its polarization adjusted 
by double passing a quarter-wave plate and refocused into 
the crystal. The backfolded light is absorbed on its way back 
through the crystal and guarantees a homogenously pumped 
crystal. A similar approach is presented in [20] and [21].

3.2  Laser design

Since the resonator design presented in [20] yielded 
good experimental results, the design is unchanged for 
the resonator in this publication, with the exception of 
the separation of the pump and resonator unit due to the 

fiber-coupled pump device. The laser resonator is sche-
matically shown in Fig. 2. It is built on a breadboard with 
commercial optomechanics without special emphasis on 
compactness or thermomechanical stability. It comprises 
one Alexandrite crystal with an aperture of 2 × 2 mm2 
and a length of 7 mm that is operated at a temperature of 
105 °C. The resonator has a total length of approximately 
2000 mm and comprises one Alexandrite crystal mounted 
in an oven to control the temperature of the crystal, two 
dichroic pumping mirrors with high transmission for the 
pump wavelength, several plane folding mirrors and two 
curved mirrors with high reflectivity for the laser wave-
length, a Brewster-angled Pockels cell and two thin-film 
polarizers (TFP) to allow Q-switching, two half-wave 
plates for polarization adjustment, a Faraday rotator for 
unidirectional operation and a plane output coupler with 
3% transmission for the laser wavelength. The two concave 
mirrors have a radius of curvature of − 900 mm, and both 
pumping mirrors are plane.

The resonator is designed for a laser beam radius of 
around 200 µm in the crystal which results in a good over-
lap with the pump beam. The beam radius on the criti-
cal optical components like the Pockels cell or the Fara-
day rotator is around 700 µm, preventing laser-induced 
damage.

SLM operation of the Alexandrite laser is achieved by 
seeding the resonator with a commercial external cavity 
diode seed laser that operates at the desired wavelength in 
cw operation. The linewidth of the seed laser is < 1 MHz, 
and the output power is about 20 mW. To achieve SLM 
operation, the seed laser is spatially matched with the 
resonator mode and the cavity length is matched to the 
desired wavelength by one of the plane resonator mirrors 

Fig. 1  Schematic drawing of the pump setup including the collimation and refocusing of the pump radiation after the fiber
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mounted on a piezo-actuator. Stabilized SLM operation 
can be achieved with seeding power ≪ 1 mW using the 
ramp-and-fire method described in [23].

4  Experimental results

The first symmetrization of the pump radiation results in 
a beam quality of M2 = 100 in fast- and M2 = 150 in slow-
axis. The pump radiation is focused with an achromatic lens 
with a focal length of f = 75 mm, resulting in focus radii 
of w = 150 µm in fast- and w = 190 µm in slow-axis. The 
combined pulse energy behind all pump optics is 24 mJ 
with a pump pulse duration of 120 µs. Fiber coupling into 
an uncoated optical fiber with a numerical aperture of 
NA = 0.22 and a core diameter of ∅ = 400 µm yields cou-
pling losses of 25%. Consequently, the pulse energy depos-
ited in the laser crystal is 18 mJ. The beam quality after the 
fiber is M2 = 200 in both directions. A caustic of the pump 
radiation with a beam profile is shown in Fig. 3. The focus 
radius in the crystal is w = 280 µm in both spatial directions.

In Q-switched operation, the laser yields a pulse energy of 
1.73 mJ and features a high pulse-to-pulse stability of 0.2% 
(rms) at a repetition rate of 500 Hz, resulting in an average 
power of 0.85 W with a pulse duration of 850 ns. A meas-
urement of the pulse energy over time is plotted in Fig. 4a. 
It is noticeable that the pulse energy of the laser is slightly 
higher than the energy measured in [20], although the pump 
energy deposited into the crystal is 25% lower. The resulting 

optical–optical efficiency of the laser with the fiber-coupled 
pump device is 9.7% and thus 30% higher than without fiber 
coupling of the pump radiation. The main reason for these 
results is the further homogenization of the pump beam 
leading to a round pump spot along the whole propagation 
through the crystal [21]. Thus, the results presented in this 
publication demonstrate not only the feasibility of efficient 
fiber coupling of the red pump modules but also the benefits 
of a fiber-coupled pump module for the oscillator.

Fig. 2  Schematic drawing of 
the resonator including the 
backfolding of the transmitted 
pump light

Fig. 3  Caustic of the pump beam after the fiber
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Taking into account the electro-optical efficiency of the 
diode modules of 33% and the transmission losses of the 
pump optics of approximately 20% as well as the coupling 
efficiency of 75%, the laser features an electro-optical effi-
ciency of 2%.

The output beam is round and stigmatic so that no addi-
tional cylindrical beam shaping is necessary. The beam pro-
file of the laser has a Gaussian shape with a beam quality of 
M2 ≤ 1.1 in both spatial directions. A caustic of the output 
beam with beam profiles at selected positions of the optical 
axes is plotted in Fig. 4b.

Seeding the laser and stabilizing the cavity length result 
in a slight loss of pulse energy of 5% while the spatial and 
temporal parameters of the Alexandrite laser are unchanged 
compared to the unseeded laser. The linewidth is measured 
with a spectrum analyzer developed at the IAP in Kühlungs-
born. Comparison with the measured linewidth of the seed 
laser and the laser published in [17] indicates a linewidth 
< 10 MHz.

The laser’s average power is more than five times higher 
with a pulse energy stability one magnitude higher, and the 
electro-optical efficiency is doubled compared to [17]. Addi-
tionally due to the symmetric pump beam and careful laser 
design, the laser is easier to align and less sensitive against 
changes of the thermal lens or misalignment compared to 
its predecessor. The requirements set by the application are 
fulfilled as shown in Table 2.

5  Suitability for spaceborne application

For spaceborne operation of the laser system, the optical ele-
ments have to be qualified regarding operation in low earth 
orbit. However, no publications on radiation testing were 

found for the pump diode emitter material and the Alexan-
drite crystal, so space qualification of the pump diodes and 
the laser medium is still pending. Changing the Pockels cell 
crystal from  KD*P to BBO, which has already been space 
qualified, should be possible since BBO was already used in 
Q-switched Alexandrite lasers before [16]. The TGG crys-
tal used for the Faraday rotator is also already qualified for 
space operation.

For the evaluation of the laser design regarding stabil-
ity under space condition, a performance analysis is carried 
out. The susceptibility to misalignment is compared with 
the performance of the mounting technology, developed at 
the Fraunhofer ILT and demonstrated in “FULAS (Future 
Laser System) platform” [24] and the laser for MERLIN, 

Fig. 4  a Measured pulse energy in Q-switched operation over more 
than 30 min with a zoom on the relevant energy regime as inlet and b 
beam radius of output beam plotted against propagation length with 

inset of intensity profile at designated positions. The resulting beam 
qualities are M2 = 1.09 in x-direction and M2 = 1.06 in y-direction

Table 2  Requirements and achieved parameters

Values with * are preliminary values based on the values measured 
in [17]

Parameter Requirement Achieved

Pulse energy > 1 mJ 1.73 mJ
Repetition rate > 150 Hz 500 Hz
Electro-optical efficiency > 1% 2%
Pulse duration 50–1000 ns 850 ns
Wavelength 769.898 nm (potas-

sium resonance line 
in air)

769.898 nm

Linewidth < 30 MHz (~ 99%), 
single-mode (lor-
entz)

< 10 MHz*

Frequency shift < 50 MHz < 10 MHz*
Frequency jitter < 10 MHz < 1 MHz*
Beam quality M2 < 1.5 M2 < 1.1
Pointing stability < 10 µrad < 3 µrad
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a French–German space lidar mission dedicated to atmos-
pheric methane [25]. Thereby, the remaining effort to 
achieve space qualification of the laser concept is estimated.

5.1  Optomechanical components for spaceborne 
lasers at ILT

In particular, spaceborne laser systems require compact, 
robust and outgassing free key components in order to 
achieve maintenance free or low-maintenance operation over 
several years in rough environment. The soldering technique 
that has been developed for the mounting of diode laser bars 
as well as solid-state laser crystals has been transferred to 
different laser optical key components. A selection of them 
is shown in Fig. 5 and described in [26] which are mirror 
and lens mounts as well as Pockels cell packages and Fara-
day isolators. All of them are complete free from organic 
material and have been environmentally tested. All of these 
components were designed to meet the strong requirements 
for spaceborne laser systems; especially, the mirror mounts 
meet the extremely high stability requirements against tilt-
ing, being < 10 µrad, during the whole operational and after 
the non-operational temperature range and non-operational 
random vibration spectra.

For the FULAS project (see [24]), a complete laser is 
integrated based on these components. This laser com-
prises a single-longitudinal-mode oscillator and one Inno-
Slab amplifier stage [27] and successfully completed a 

multi-week operational (+ 10 to + 30 °C) and non-opera-
tional (− 30 to + 50 °C) test in a thermal vacuum chamber 
at Airbus Defense and Space.

The diode-pumped Alexandrite laser presented here com-
prises, besides the mirrors, a Faraday rotator and a Pockels 
cell whose requirements are fulfilled by the components 
developed at the ILT for spaceborne operation.

5.2  Measurement of the susceptibility 
to misalignments

Regarding the stability against tilting, the mirrors of the 
resonator are by far the hardest to fulfill specification. There-
fore, the susceptibility of the Alexandrite laser to misalign-
ments of folding mirrors in the resonator is measured. The 
off-the-shelves optomechanical mounts used for the resona-
tor setup cannot fulfill the requirements, but in the relatively 
stable environment of the laboratory the susceptibility of the 
design can be investigated. One of the plane folding mirrors 
is mounted in a piezo-driven mirror mount (as shown in 
Fig. 2) that has a resolution of ~ 0.5 µrad for a 0.1 V-step.

The mirror is tilted in pitch and yaw separately while the 
other spatial direction remains unchanged and therefore well 
aligned. For each tilting step, the pulse energy, beam quality 
and linewidth of the seeded and stabilized laser are meas-
ured. The results are shown in Fig. 6 for both pitch and yaw.

For a tilting of ± 125 µad and ± 140 µad in pitch and 
yaw, respectively, the pulse energy drops by 10% while 

Fig. 5  Examples of optomechanical components developed for spaceborne lasers. From left: pick and align mirror mount, reflow-soldered pump 
optics, Faraday isolator, Pockels cell, NLO crystals and laser crystals

Fig. 6  Pulse energy and beam quality of the seeded and stabilized laser for a pitch and b yaw tilting
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the beam quality in both directions (M2 < 1.3) is still meet-
ing the requirements. Even for a tighter limit of 5% energy 
drop, a tilting of ± 100 µad both in pitch and yaw is toler-
able. The SLM operation is also reliable over a broad tilting 
(> ± 200 µad) in both directions.

The results for the folding mirror that is tilted are not rep-
resentative for the other optics. An analytical analysis based 
on a 3 × 3 beam matrix formalism for misaligned optical 
elements, as described, e.g., in [28], allows a conversion of 
the results to every position within the resonator.

The tolerance analysis of the laser system is conducted 
analytically, assuming Gaussian beams and a paraxial optical 
system. Similar attempts have been carried out for simple 
resonator geometries [29, 30] and for arbitrary resonators 
[31], but only taking into account the displacement and tilt 
of the mode. However, the resulting reduction in output 
power was not described in these papers.

Details on the theoretical basis of the tolerance analysis 
can be found in [18]. The results of this analysis verify the 
results from the measurement of the susceptibility to mis-
alignment. A tilting of the mirror in the piezo-driven mount 
of 1 mrad results in a displacement of the laser mode in the 
laser crystal of 0.28 mm. The 100 µrad tilting for with the 
measurement shows a reduction of 5% of the pulse energy 
(Fig. 6) correlates with a displacement of 28 µm. This cor-
responds to a displacement of about 10% of the pump beam 
radius, and the only slightly reduced overlap of laser mode 
and pumped crystal volume makes the energy reduction 
plausible.

The highest susceptibility to misalignment shows the mir-
rors between the two curved mirrors, e.g., the output coupler 
and the mirror mounted on the piezo-actor for stabilization 
of the cavity length. For those mirrors, the displacement of 
the laser modes is twice as large compared with the mirror in 
the piezo-driven mount. Therefore, the tilting that is accept-
able for a pulse energy reduction of 5% is still ± 50 µrad, 
and therefore, the mirror mounts developed at ILT should 
be suitable for setting up an Alexandrite laser for spaceborne 
operation.

Beside the tentative mechanical setup and the non-opti-
mized folding for a small footprint, the results indicate that 
the mirror mounts developed at ILT for spaceborne lasers 
with tilting < 10 µrad will suffice to set up the resonator.

6  A possible future mesospheric space 
mission

As an example for a possible future space mission, the focus 
is on the mesosphere. Compared to iron and sodium, a potas-
sium Doppler lidar is straightforward without the complex 
laser technology needed for nowadays sodium lidar [10–12]. 
Iron still has the disadvantage of additional SHG and fast 

degrading of optics due to a UV wavelength. Both Fe and 
Na require finally SHG of the pulsed laser. A general dis-
advantage of Na and Fe is therefore also the lack of a ref-
erence at the seeder wavelength. Potassium is an elegant 
and highly efficient alternative, avoiding complex optical 
setups with a laser system operating close to maximum gain 
at the required wavelength. As frequency reference, potas-
sium saturation spectroscopy is straightforward, similar to 
the well-known rubidium saturation spectroscopy. However, 
rubidium saturation spectroscopy or a Faraday filter is also 
a possible solution, as described in [19].

A realistic estimation of the signal strength from space 
can be derived by extrapolating ground-based observations 
of the former mobile potassium lidar of the IAP [7]. This 
resonance lidar system uses flashlamp-pumped Alexandrite 
ring lasers as beam source and has been operated for more 
than two decades. So far, this system is worldwide the only 
transportable resonance lidar for mesospheric Doppler meas-
urements. Doppler temperature measurements in 1996 at the 
potassium line on board of the ice breaker “MS Polarstern” 
in Antarctica [7] show that high-resolution Doppler tempera-
ture measurements with less than 1-MHz spectral resolution 
are achieved on a strongly vibrating and moving platform by 
controlling the cavity length of the ring laser with the ramp-
and-fire technology.

For comparison, Fig. 7 shows on the left side a potas-
sium measurement with the diode-pumped Alexandrite laser 
presented in [17], operating at ~ 0.15 W in a preliminary, 
not optimized optical setup. With a 60-cm telescope and a 
Faraday filter, the setup is similar to the former potassium 
lidar, except that we observed only half of the resonance sig-
nal at one polarization. The laser was operating for 47 min 
at the center frequency of the atomic line. The right side 
shows the signal of a Doppler temperature measurement at 
Spitsbergen, 78°N in 2001, with the flashlamp-pumped ring 
laser operating at approx. 4 W with 80-cm telescope and 
Double Faraday filter [32]. For Doppler measurements, the 
frequency is tuned from pulse to pulse about the atomic line. 
The shown integrated resonance signal represents therefore a 
reduced average signal about all frequencies for 102 s.

With this setup, first Doppler temperature measurements 
within summer time at a polar region show exceptional 
low temperatures in summer [33] and mesospheric clouds 
(NLC), observable roughly 70% of the time. The signal of 
the strong NLC in this example is 80 photons/s/200 m and 
therefore sufficient to detect such an ice cloud in less than 
1 s in the mesosphere. The signal from the potassium layer 
is lower and suffers from strong saturation due to the small 
field of view required for daylight observations from ground. 
Still, 10 photons/s/200 m are obtained, even though scan-
ning the atomic line results in a reduced signal. Because of 
the high pulse energies of the flashlamp-pumped lasers, any 
signal below about 45 km altitude cannot be measure due 
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to detector saturation. These illustrates that high pulse ener-
gies are a disadvantage since the lower atmosphere cannot 
be observed simultaneously and the signal from the meso-
sphere can exceed the maximum possible count rate in single 
photon counting mode. Moreover, the field of view cannot 
be reduced further because of the limits given by resonance 
scattering. High pulse energies limit therefore the dynamic 
range of the detector at daytime due to the unavoidable high 
solar background. A mechanical chopper avoids nonlinear 
response of the signal at higher altitudes by blocking the 
signal below about 45 km altitude.

The comparison in Fig. 7 shows that even with the unso-
phisticated laser beam source described in [17] and a tenta-
tive lidar system, mesospheric measurements are already 
feasible. Improvements in the lidar electronics and the tel-
escope alignment should yield an increase in signal strength 
of a factor 2–3. In combination with the five times higher 
laser power of the diode-pumped Alexandrite laser presented 
in this publication, the signal strength can be scaled by a 
magnitude. Therefore, a lidar system with a diode-pumped 
Alexandrite laser as the beam source that is comparable to 
the time-tested potassium lidar of the IAP based on flash-
lamp-pumped Alexandrite lasers is plausible.

The orbit for such a mission strongly depends on the 
specific scientific question to be addressed, but for an 
assessment an altitude similar to the active lidar missions 
AEOLUS (wind, 320 km) or MERLIN (methane, 500 km) 
is assumed, From space, a three times larger signal from 
potassium avoiding saturation is measured. The transmission 
through the lower atmosphere for ground-based observations 

at clear sky is ~ 0.78. From space, the resonance line at 
766 nm is accessible with approx. twice the backscatter 
coefficient. By replacing the 20-year-old optics with a better 
interference filter, polarizers and a high transmission Fara-
day filter, the signal gain can be increased by a factor 1.5. 
With these improvements alone, the signal from the potas-
sium layer increases altogether by more than one magnitude. 
Since the distance from ground is ~ 90 km, the potassium 
signal shown in Fig. 7 on the right side can be expected 
for a satellite with similar parameters at three to four times 
larger distance or roughly 400 km altitude. At such a dis-
tance, the NLC is still detectable with ~ six times reduced 
signal within a second. The overall capability for Rayleigh, 
Mie and resonance measurements is finally given by the field 
of view of the system, spectral filtering (for reducing the 
solar background) and orbit parameters and can therefore 
only be calculated more accurate for a given space mission 
and laser parameter. Depending on the required laser perfor-
mance, an Alexandrite laser as described in this publication 
may achieve already all requirements without even addi-
tional energy scaling by an amplification stage and there-
fore increased complexity. Otherwise, the FULAS platform 
involves a technology for energy scaling based on InnoSlab 
amplifier that can be adapted to diode-pumped Alexandrite.

From space, potassium benefits significant from the 
larger distance avoiding saturation of ground-based lidar and 
additionally by shifting the wavelength 3 nm, observing the 
stronger resonance line at 766 nm. Ground-based measure-
ments of iron at 386 nm are also possible by operating the 
laser at 772 nm with additional SHG or by operating the 

Fig. 7  Left side: demonstration of a mesospheric measurement with the laser described in [17]. Right side: potassium layer and NLC at daytime 
in 2001 with a flashlamp-pumped Alexandrite ring laser, scanning the atomic line for Doppler temperatures
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ring laser at 744 nm observing the 372 nm line. A SHG 
with a conversion efficiency of 61% for generating 386 nm 
was demonstrated with a flashlamp-pumped Alexandrite ring 
laser [34]. From ground, Fe suffers from strong absorption 
in the troposphere with a two-way transmission in the order 
of approx. 0.3–0.35. The signal of a spaceborne Fe lidar 
is therefore approximately three times stronger compared 
to a ground-based Fe lidar. The stronger backscatter coef-
ficient of the 372-nm resonance line is partly compensated 
by choosing circular polarization. Circular polarization 
increases the backscatter coefficient due to the Hanle effect 
by 18% compared to 6% for the 372-nm resonance line. 
Moreover, circular polarization simplifies the data analy-
sis since the backscatter coefficient for resonance scattering 
depends otherwise strongly on the magnetic field and the 
orientation of the instrument relative to the magnetic field 
vector.

Whereas 372 nm has been used in the past for observing 
the Fe layer from Antarctic to Europe on a ship borne cam-
paign in 1990 [35], a Doppler temperature Fe lidar based on 
a flashlamp-pumped Alexandrite ring laser at 386 nm has 
recently discovered the elevated mesopause in Antarctica 
[36]. Whereas a slightly larger signal is achieved at 372 nm, 
a wavelength shift of only 2 nm is required for observing Fe 
and K simultaneously with a slightly more complex setup by 
changing the wavelength from pulse to pulse with a second 
seeder laser. In future, more advanced lidar systems based 
on Alexandrite may therefore observe multiple metals with 
a single laser system from space. Since the technology of 
the IAP does not depend on a reference at the measured 
wavelength, multiple wavelength Doppler measurements 
are principle in reach with a single reference on one of the 
measured wavelengths. Extending a potassium lidar with 
saturation spectroscopy is therefore straight forward by 
adding a second seeder, additional SHG of the Alexandrite 
and separate receiver for the UV wavelength. Alternative 
rubidium saturation spectroscopy might be used for an iron 
lidar without observing potassium. As an example for other 
applications, we note that SHG or the less known stimulated 
Raman emission toward the longer wavelength range allows, 
e.g., a metastable Helium lidar [37] for the thermosphere 
(389 nm or 1083 nm) or observing  Ca+ at 393 nm.

7  Summary

In this work, an Alexandrite ring laser in Q-switched sin-
gle-longitudinal-mode operation pumped by a fiber-coupled 
diode laser is presented.

The self-developed fiber-coupled laser diode pump 
device yields a pump energy of 18 mJ with a beam qual-
ity of M2 = 200 in both spatial directions. The fiber-coupled 
pump unit yields a homogenous and stigmatic pump beam 

that allows for a less complex resonator design with high 
energetic stability. The laser yields a pulse energy of 1.73 mJ 
with an excellent beam quality M2 < 1.1 in both directions. 
The electro-optical efficiency of 2% is the highest achieved 
for all Alexandrite lasers in SLM operation and reasonable 
for spaceborne operation.

The spectral and energetic suitability of the laser is dem-
onstrated by an analysis of atmospheric measurements con-
ducted with a diode-pumped Alexandrite laser presented in 
a former publication of our group.

A performance analysis as well as benchmarking with 
the space-qualified mounting technology points out the TRL 
and the remaining effort of development of the technology.

The comparison of the atmospheric measurements with 
flashlamp- and diode-pumped Alexandrite lasers and a con-
sideration of the changing lidar parameters for a spaceborne 
observation of the mesosphere underline the feasibility of a 
combined K and Fe lidar with a diode-pumped Alexandrite 
laser as the beam source for a spaceborne lidar mission.
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