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Power Stabilization of the Dual-Mode Laser Using
Volume Holographic Gratings

Hyunjoo Kim, Peter van der Wal, Andreas Schmitz, and Rolf G sten, Member, IEEE

Abstract—We present a power stabilization method for a dual-
mode Ti:Sapphire ring cavity laser. Without stabilization, mode
competition caused the output power of the two modes to fluctuate
by approximately 10 dB. The power stabilization system, which
used volume holographic gratings to monitor the power in each
mode, reduced the power fluctuations to less than 3 dB.

Index Terms—Dual-mode laser, power stabilization, Ti:Sapphire
laser, volume holographic gratings.

I. INTRODUCTION

HE photonic techniques to generate GHz and THz fre-
quency radiation by mixing the coherent radiation from
two infrared lasers on a suitable photomixer is currently dis-
cussed often in the literature [1] [3]. Such frequency sources
nd their potential applications in telecommunications, luggage
screening, tomography, and astronomy, among others. In as-
tronomy, they can be used as widely tunable local oscillators in
heterodyne receivers. However, this application, unlike others,
requires an outstanding stability of output power and frequency.
The generation of millimeter- and submillimeter-wave radia-
tion using a dual-mode laser was demonstrated recently [3] [8].
Although various types of lasers and laser frequencies were
used, the common principle is the generation of two frequencies
(dual-mode operation) in one laser resonator. Due to common-
mode rejection [7] the drift in the beat frequency generated by
the dual-mode laser is much smaller than the drift in the beat
frequency generated by two individual lasers under identical
conditions.

However, the power of each mode varies continuously
mainly because of air uctuations, thermal uctuations, and
strong mode competition [9], [10]. These power uctuations
cause power instability of the beat frequency signal generated
by the photomixer. To improve the stability, we developed an
active power stabilization system implemented in a Ti:Sapphire
ring cavity laser with intracavity etalons to generate the two
modes. Power stabilization is dif cult since one must monitor
independently the power of the two modes, which are closely
spaced (A\/\ equals 1/38000 for our laser). This requires very
good and stable Iters to separate the modes. We used volume
holographic gratings (VHGS) to monitor the power of the two
modes independently. VHGs are suited to this task better than
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Fig. 1. Re ective volume holographic grating (VHG): the diffracted wave-
length that matches the Bragg condition is re ected to the same side of the
grating as the incident beam [11]. By tilting the grating one can change the
wavelength that is diffracted.

etalons since etalons have periodic transmission curves that
could pass multiple modes whereas the VHGs pass only single
modes.

Il. VOLUME HOLOGRAPHIC GRATING

The VHG is a diffractive element that consists of a periodic
phase or absorption perturbation throughout the entire volume
of the element as shown in Fig. 1. When the incident beam sat-
is es the Bragg phase matching condition, it is re ected by the
periodic perturbation [11] but other wavelengths pass through
the VHG without dispersion [12]. The Bragg wavelength of the
holographic grating is given by [13] as

Xy = 2n(To)A(Th) cos 0, (1)

where Ay, is the Bragg phase matching wavelength, n(Tp)
is the average refractive index of the material at temperature
To, A(Tp) is the holographic grating period at Tp, and 6, is
the angle of the beam inside the grating. By changing 4,,, the
Bragg wavelength can be varied continuously from 2nA down
to 2A(n? — 1)'/? [14].

The diffracted wavelength range, A, is inversely propor-
tional to the VHG effective thickness, D, and is given by [15]
as

AN Acot(0,)

~_ D @)

1. EXPERIMENTAL SETUP

Fig. 2 schematically shows the Ti:Sapphire ring cavity laser
(Coherence Model 899) with the internal mode selection compo-
nents and the dual-mode power-stabilization feedback loop that
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Fig. 2. Schematic overview of the Ti:Sapphire ring cavity with intracavity mode selection components and power stabilization system. The two selected modes
were split into the power stabilization system, which produced an error signal to control the tilt of the thin etalon.

we integrated. The birefringent Iter with a full width half max-
imum (FWHM) of 1.7-THz determined the maximal passband in
which the two modes could be selected. The effective round trip
cavity length was about 1.6 m, giving a mode separation of about
184 MHz. The periscope mirror P and the collimation lens L
were used to inject the 532-nm beam from the Coherent VERDI
laser (Nd:YVO, solid state laser with frequency doubler) into
the ring cavity. The VERDI laser had a peak power of 5 W. The
ring cavity consists of the curved mirrors M1 and M2 with the
Ti:Sapphire crystal situated in between and the at mirrors M3
and M 4. The laser action in the counter-clockwise direction was
suppressed by a Faraday rotator acting as an isolator.

The Ti:Sapphire ring cavity laser had a very wideband
gain pro le and had many longitudinal modes. The sinusoidal
throughput of the birefringent Iter, however, favored modes
with highest gains near its peak transmission. Two modes near
this peak with 100-GHz separation were selected by combining
two solid Fabry Perot etalons (£1 and E£2) with a free spectral
range (FSR) of 100 and 10 GHz, respectively (see Fig. 3). In the

gure, where the transmission peaks align, a cavity mode can
be ampli ed. In this example, three modes would be selected
but an additional birefringent Iter allows only two modes to
survive. The etalons were from B. Halle GmbH, Berlin, Ger-
many. The etalon data are shown in Table I. Frequency tuning
of the etalons was performed by ne tilting with ne-pitch
micrometers.

For power stabilization, the thin etalon in the power stabiliza-
tion feedback loop was additionally fast tuned by a piezo-ac-
tuator (PZT). Fine tilt adjustment of the etalon allowed us to
control the relative power in the two modes since the resonance
condition required exact wavelength alignment of the passband
peaks of the two etalons but this alignment was easily degraded
by external factors such as air circulation, thermal uctuations,
and acoustic vibrations. These shifts caused an imbalance in the

Iter transmission at the wavelengths of the two selected modes,
which lead to mode competition suppressing one mode. Fast
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Fig. 3. Top: Simulation of the overlapped transmission curves of the etalons
with a tilt angle of 1°. Bottom: Expanded view of the transmission curves of
the 10 and 1 mm etalons and the ring cavity modes. Many longitudinal modes
(green solid line) exist within the etalon transmission curve, but most of the
modes are suppressed by mode competition.
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Fig. 4. Schematic con guration of the power stabilization system using the VHGs. The two modes were separated by two VHGs and the powers were monitored
independently. The power difference generated an error signal which was used to tilt the thin etalon via the PZT controller.

TABLE |
ETALON SPECIFICATION
Thickness | Reflectivity | FWHM FSR Finesse
[mm] [%] [GHz] |GHz]

Etalon
[E1] 10 20 5.7 10 1.76
Etalon
[E2] 1 30 40 100 2.5

Speci cation of the etalons installed in the ring cavity for selecting the two
modes. The material used is fused silica with a refractive index of 1.456 at a
wavelength of 780 nm. The atness deviation is better than

tuning of the thin etalon compensated for this by maintaining
the exact wavelength alignment of the two etalons and, hence,
to maintaining equal transmission for the two modes.

Fig. 4 shows the con guration of the power stabiliza-
tion system using the VHGs (Ondax, Inc., Powerblocker:
PLR784.0-45-E-1000). The laser beam from the Ti:Sapphire
laser that contains the two wavelengths A; and A, passed a
90%/10%-beam splitter. The 10% beam was used to monitor
the laser output with an Anritsu MS9710C optical spectrum
analyzer. The other beam was used for the power stabilization
system. To facilitate phase-sensitive detection, the beam passed
a 20-Hz chopper rst before hitting the rst VHG. Both VHGs
had a speci ed re ectivity of 45% at A = 784.0 mm. Hence,
45% of the power at \; was diffracted from the rst VHG to
the photo diode D1. A5 and the rest of A; were transmitted by
the rst VHG to the second VHG where 45% of the power at
Ao was diffracted to the photo diode D2. The power signals Pa
and Pg detected by D1 and D2, respectively, were fed to the

lock-in ampli er (LIA) inputs A and B. The LIA performed
phase detection of the difference signal A — B using the
chopper reference signal. The output DC level of the LIA was
proportional to Py — Pg and was used as the error signal.
This was fed into a proportional-integral (PI) ampli er with
an integration time of 1 ms. The Pl ampli er output controlled
the ne adjustment of the tilt of the thin etalon via the PZT
controller and the PZT. The actuator was a S-316.10 from
PI with a displacement of 0.12 ym/V and a bandwidth of 1
kHz. During measurements the error signal was recorded by
a National Instrument Data Acquisition system (NI DAQ)
controlled by a LabView program.

To demonstrate the 100-GHz beat frequency power, we used
a photomixer developed at the Max-Planck-Institute for Radio
Astronomy and processed on a GaAs wafer at the Research
Center J lich [16] [18]. The emitted 100-GHz radiation power
was measured by a Golay cell as shown in the schematic
overview of Fig. 5.

IV. EXPERIMENTAL RESULTS

A. Spectral Bandwidth of the VHGs

A tunable diode laser was used to characterize the spectral
behavior of the VHGs with a resolution of 0.005 nm. The re-
sult is shown in Fig. 6. The spectral bandwidth of the VHGs
was approximately 0.2 nm (approximately 100 GHz). Fig. 6
also shows identical measurements at different angles of inci-
dence (2°, 3.5°, 8° and 12°). As expected from the Bragg condi-
tion, the Iter peak shifted to shorter wavelength and the spectral
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Fig. 5. Schematic overview of the radiation power measurement setup. The
two modes passed by the Iters were coupled into the photomixer. The beat
frequency power was 0.07 W when the applied bias voltage was 7 V and the
input laser power was 35 mW.
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Fig. 6. Transmission curve of the VHG and the spectrum of the diffracted beam
as a function of the tilt angle of the VHG. The scanning laser resolution band-
width was 0.005 nm. The angles were 2°, 3.5°, 8°, and 12°, showing the ex-
pected shift in wavelength of peak re ectance with tilt.

bandwidth decreased with increasing tilt angle [see formulae (1)
and (2)].

B. Dual-Mode Laser Operation

Two resonator modes were selected that had a difference fre-
quency of about 100 GHz, determined mainly by the FSR of
the thin etalon. The total output power of the laser was around
200 mW at maximum. The spectrum observed with the optical
spectrum analyzer is presented in Fig. 7. Note that the FWHM
of the two laser lines was determined by the laser resonator and
can be of the order of ten kHz within a few milliseconds.

C. Beat Frequency Power

To avoid damaging the photomixer at the applied bias voltage
of 7 V, the laser power at the mixer was kept under 35 mW.
With this laser power, the maximum radiation power at 100 GHz
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Fig. 7. Dual-mode spectrum from the Ti:Sapphire ring cavity laser measured
using an optical spectrum analyzer with a resolution of 0.05 nm. To select two
modes, two Fabry Perot etalons were installed in the ring cavity. The thick-
nesses of the etalons were 10 and 1 mm, respectively.

Fig. 8. Output voltage from the PI as a function of time recorded with an inte-
gration time of 1 ms. The voltage is proportional to the power difference between
the two modes.

was 70 nW with uctuations of 20% mainly because of the re-
maining power variations between the modes.

D. Power Stabilization Using the VHGs

Atypical error signal at the output of the Pl ampli er is shown
in Fig. 8.

Fig. 9 shows the peak power difference between two modes
recorded for 600 s periods by the optical spectrum analyzer. The
integration time was 1 s. In the case of operation without the
power stabilization system, the uctuations in the power differ-
ence were 10 dB with occasional excursions to 30 dB. As pre-
sented in the Fig. 9, the uctuations in the power difference with
the power stabilization system were less than 3 dB, except for
a few moments. It is clearly shown that the power stability was
improved when the power stabilization system was on. By com-
paring Figs. 8 and 9, one notes that the times of the peaks are
identical. However, the peaks that appear indicate single-mode
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