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difference frequency generation

Ulf Bressel,* Ingo Ernsting, and Stephan Schiller

Institut fiir Experimentalphysik, Heinrich-Heine-Universitdt Diisseldorf, 40225 Diisseldorf, Germany
*Corresponding author: Ulf.Bressel@uni-duesseldorf.de

Received November 22, 2011; revised January 12, 2012; accepted January 18, 2012;
posted January 18, 2012 (Doc. ID 158611); published February 28, 2012

A narrow-linewidth cw 5um source based on difference frequency generation of a 1.3 um quantum dot external
cavity diode laser and a cw Nd:YAG laser in periodically poled MgO : LiNbO; has been developed and evaluated
for spectroscopic applications. The source can be tuned to any frequency in the 5.09-5.13 ym range with an output
power up to 0.1 mW, and in the 5.42-5.48 yum range with sub-microwatt output. The output frequency is stabilized
and its value determined by measuring the frequency of the two lasers with a remotely located frequency comb.
A frequency instability of less than 4 kHz for long integration times and a linewidth smaller than 700 kHz were

obtained. © 2012 Optical Society of America
OCIS codes: 190.2620, 190.4360, 190.4400, 300.6350.

The mid-IR spectral range offers a plethora of molecular
vibrational transitions with very small transition line-
widths, due to the long spontaneous lifetimes. These tran-
sitions are especially interesting when the molecules are
cold, as is achievable with several methods [1]. While di-
rect spectroscopy with a mid-IR comb [2,3] might be pos-
sible, often it will be more practical or necessary to use a
sufficiently powerful single-frequency source for mole-
cule excitation. It should be frequency-stable, exhibit nar-
row linewidth, and its frequency should be measurable
with respect to a primary frequency standard.

In one approach, a quantum cascade laser is the spec-
troscopy source, and its radiation is upconverted into
the near-IR for stabilization to and measurement by a con-
ventional fiber frequency comb [4,5]. In Ref. [5], a quan-
tum cascade laser (4.3 um) was stabilized to a linewidth
of 6.8 MHz. Another approach, capable of satisfying the
requirements above, employs a parametric downconver-
sion process of one or two lasers with relatively short
wavelength. Suitable lasers with narrow free-running line-
width are available (e.g., external cavity diode lasers, so-
lid-state lasers, fiber lasers), and their spectral range
overlaps with current femtosecond frequency combs of
the Ti:sapphire or Er:fiber type. The parametric downcon-
version can be a difference frequency generation (DFG) of
two lasers or an optical parametric oscillation (OPO). The
two implementations both have their advantages and dis-
advantages. In both cases, the (simultaneous) measure-
ment of the frequencies of two waves must be carried
out, that is, of the two input laser frequencies (DFG), or
of the pump laser and signal wave frequencies (OPO), re-
spectively. Examples of these approaches are given in
Refs. [6-10], where the longest wavelength reached has
been 4.57 ym [9]. This is due to the limiting effect of the
intrinsic absorption of the typically used oxide crystals
beyond 4.5 ym [10].

In this work, we have extended the upper wavelength
limit of difference frequency generation into the strongly
absorbing spectral range. By resonant enhancement of
one of the two lasers we have nevertheless achieved a
reasonable output power level for spectroscopy, up to
0.1mW, even at 5.1 um. One employed laser is a novel
quantum dot external cavity diode laser (QD-ECDL) [11],
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the other is a monolithic cw Nd:YAG laser, frequency-
stabilized to a hyperfine transition in molecular iodine.
The DFG output wavelength is tunable from 5.09 to
5.13 ym by simultaneous tuning of the diode laser wave-
length and of the MgO:PPLN crystal temperature.
Absolute frequency measurement of the mid-IR radiation
is done indirectly by a hydrogen-maser/global positioning
system (GPS)-referenced Ti:sapphire frequency comb
that measures simultaneously the 1.06 and 1.34 ym wave
frequencies.

Figure 1 shows the experimental setup. A high power
(12W, 1064 nm) cw Nd:YAG master-oscillator/slave laser
(Innolight/Laser Zentrum Hannover) is used as pump
source. The laser is stabilized to a rovibrational transition
of molecular iodine via Doppler-free saturation spectro-
scopy. The maximum power available in front of the
nonlinear crystal is 5.7 W. The signal wave source is a
home-built QD-ECDL (Innolume LD:GC-1320-CM-200)
in Littrow configuration with a free-running linewidth
of 5MHz. The laser is tunable in the range of 1316—
1345 nm with an output power of 45 mW at 1344 nm, lead-
ing to a usable power after the optical isolators (one bulk
and one fiber-based, totaling —90 dB isolation) of about
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Fig. 1. Experimental setup: 1/2 retardation plates; OI, optical
isolators; PBS, polarizing beam splitter cubes; F, single-mode
optical fibers; IM, intensity modulator; CH, chopper wheel
(for lock-in detection); PD, photodetector; P, prism; L, lenses;
G, r.f. oscillator; PZT, mirror actuator; D, beam dump; M, mixer.
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19mW. To enhance the power of this laser source, a
cavity, singly resonant for 1344 nm, is used. The cavity
length is stabilized to the diode laser’s frequency using
the Pound-Drever-Hall method. With a finesse of 200,
an enhancement factor of up to 60 was achieved, leading
to a circulating power of 0.9 W at 1344 nm.

The MgO:PPLN crystal (HCP Photonics) is 7.4mm
long, 0.5 mm thick, 10 mm wide, and possesses six differ-
ent poling periods in the range of 21-25.4 ym. Crystal
faces are polished plane-parallel and antireflection (AR)-
coated. The crystal’s temperature is adjustable between
20-100°C, using a Peltier element driven oven. The at-
tenuation coefficient @ of the MgO:PPLN was indepen-
dently measured to be a = 6.75 cm™! at 5.485 ym and is
a significant limiting factor on the achievable output
power in the spectral range around 5 ym. Pump and sig-
nal beams are focused by lenses L1 (fiber collimator) and
L2 (175mm focal length) into the A = 25.4 ym poling
period section of the crystal. In order to minimize the
absorption of the generated 5pum radiation, the foci
of the two lasers, and therefore the region of largest
DFG power generation, are close to the exit face of
the crystal. The working point for best phase matching
is 71°C, resulting in a DFG output power up to 105uW
at 5.115 ym. The mid-IR output is collimated and focused
using an AR-coated CaFy lens (L3). The pump and sig-
nal beams are separated from the idler beam using a CaF,
prism (P), which efficiently transmits the p-polarized
idler wave. For detection, the 1064nm wave is chop
ped and the modulated 5.1 yum wave is sent on a pyro-
electric detector (PYRO-LME 353) followed by lock-in
detection.

In addition, the poling period A = 24.2 um was tested
for DFG with the diode laser tuned to 1320 nm, and both
lasers in single-pass configuration (no cavity), obtaining
tunable radiation in the range of 5.42-5.48 ym with 0.1 uW
output level.

The frequency of the 1344 nm diode laser is stabilized to
and measured by a frequency comb that is also used for
frequency measurement of the iodine-stabilized 1064 nm
Nd:YAG laser. The frequency comb is based on
a Ti:Saphire laser and a Menlo Systems comb kit (FC
8004), modified in-house. The 1344 and 1064 nm waves
are sent via two 70 m fibers to the frequency comb lab.
Here, after coupling the waves out of the fibers, they are
sent into two beat lines, in which the cw waves are over-
lapped with the comb radiation and their beats detected
by fast photodetectors. Appropriate bandpass filters
block the unnecessary comb modes before the overlap.
The beat between the laser waves and the nearest comb
modes are filtered and amplified with tracking oscillators.
The frequency comb’s repetition rate f\., and carrier en-
velope frequency fcro are locked to a hydrogen maser
controlled synthesizer, and the maser is itself steered
to GPS on long time scales. Figure 2 shows the beat note
of the 1344nm diode laser which is frequency-
stabilized to a fixed radio frequency (r.f.) with the aid
of a frequency-phase detector [12]. The linewidth of the
beat note is I'j544_comp = 720 kHz. The linewidth of
the iodine-stabilized Nd:YAG laser is I'jj4 ~ 150 kHz, de-
termined by beating with an independent narrow-
linewidth Nd:YAG laser. The linewidth of the frequency
comb modes is I' oy, = 272 kHz, also determined from
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Fig. 2. Beat notes between the 1344 nm diode laser and the
frequency comb and between the 1064 nm Nd:YAG laser and
a narrow-linewidth (10kHz) Nd:YAG laser (ILF100, Institute
for Laser Physics, Novosibirsk).

a beat with the independent Nd:YAG laser. Therefore,
the linewidth of the 5.1 ym radiation is approximately

Iy = (F%064 + F%344—comb - F?zomb)l/z ~ 0.68 MHz.

The beat notes are counted by a dead-time-free fre-
quency counter and logged together with the frequency
comb’s repetition rate f,., and the calculated DFG fre-
quency. Figure 3 shows the time traces of the Nd:YAG
and the diode laser frequencies, measured with the fre-
quency comb and the calculated difference frequency at
5.1 um. Its frequency instability is mostly due to that of
the Nd:YAG laser, because of limitations of the iodine
stabilization. The Allan deviation is shown in Fig. 4.
The frequency instability is less than 25 kHz for short in-
tegration times and drops to 4 kHz for an integration time
above 200s.

Tuning of the generated difference frequency at 5.1 yum
can be done by variation of the frequency comb’s repeti-
tion rate f'ep, while all systems remain in lock. Typically,
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Fig. 3. Frequency traces of the Nd:YAG laser and of the diode
laser, measured by the frequency comb over more than 1h and
the corresponding frequency trace of the generated difference
frequency at 5.1uym. The DFG frequency trace has a fre-
quency offset of A = +140 kHz for illustration purpose. Note
the different vertical scales.
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Fig. 4. Allan deviation of the difference frequency values at
5.1 ym.

a frequency sweep of (only) 10 MHz/ min, depending on
the comb’s working point, could be achieved.

A second approach for tuning the QD-ECDL’s fre-
quency while in lock, and thus the frequency of the
5.1 ym radiation, has been implemented using a wave-
guide intensity modulator (Photline Technologies,
MX1300-LN-10). The LiNbOs-based, low-insertion-loss in-
tensity modulator is driven by a signal generator at a r.f.
fs and generates two symmetric sidebands (fi344 +.f5)
with respect to the carrier frequency fs4, Which is kept
fixed (stabilized to the comb). For sufficiently high r.f.
drive strength, the carrier is suppressed and its power
(nearly) completely transferred to the sidebands. The en-
hancement cavity is locked onto one sideband, e.g.,
S1344 — f's, via the Pound-Drever-Hall technique. The gen-
erated 5.1 ym radiation fpgy — (f1344 —fs) then has a fre-
quency offset +f, with respect to the frequency
S1064=f 1324 measured by the comb. The r.f. f; can be
swept in time and the cavity lock system follows the
sweep, yielding a frequency sweep in the generated
5.1 ym radiation. Figure 5 shows a typical frequency
sweep. The maximum sweep range for f, is 15 to
475MHz, with an output power of about 2.2uW at
5.1 um. It is possible to manually change to a lock on
the opposite sideband, thereby doubling the sweep
range. To determine whether the cavity is locked to
the positive or negative sideband (and therefore knowing
the actual frequency at 5.1 um), the voltage applied to the
cavity mirror piezo actuator is constantly monitored.
When the lock is to the negative sideband “~f,”, the cor-
responding piezo voltage decreases upon increasing the
modulation frequency, while the opposite is the case for a
lock to the positive sideband “+-f,”. The maximum fre-
quency tuning rate was 35 MHz/s.

This 5.1 um source was successfully used in an experi-
ment that observed and measured the frequency of the
most fundamental electric dipole-allowed molecular
vibrational transition, the v = 0 - v = 1 transition in
the molecule HD* (observed linewidth: 3 MHz) [13].

In conclusion, we have developed a cw narrowband
mid-IR source with 105uW maximum output power
based on DFG between a Nd:YAG laser and a 1.3 yum QD-
ECDL. The source was tunable to any frequency in the
5.09-5.13 ym range and is relatively rapidly tunable over
a range of 460 MHz, using a sideband generator, with an
output power of 2.2 yW. Stabilized in part and measured
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Fig. 5. DFG output power and the cavity length control vol-

tage during a typical frequency sweep using the intensity
modulator tuned to the negative sideband “~f”.

by a hydrogen-maser/GPS-referenced Ti:sapphire fre-
quency comb, the generated 5.1 ym radiation possessed
a frequency instability of 8 kHz or less for integration
times larger than 10 min and a spectral linewidth smaller
than 700 kHz, making it well suitable for precision spec-
troscopic applications.

This work was performed in the framework of project
Schi 431/11-1 of the German Science Foundation. We are
grateful to P. Hering for an important loan of equipment,
to P. Dutkiewicz for electronic support, and to A. Yu.
Nevsky, T. Schneider, and S. Vasilyev for helpful discus-
sions and support during the initial phase of the project.

References

1. R. Krems, W. Stwalley, and B. Friedrich, eds., Cold
Molecules: Theory, Experiment, Application (CRC, 2009).

2. F. Keilmann, C. Gohle, and R. Holzwarth, Opt. Lett. 29, 1542
(2004).

3. K. L. Vodopyanov, E. Sorokin, I. T. Sorokina, and P. G.
Schunemann, Opt. Lett. 36, 2275 (2011).

4. S. Borri, S. Bartalini, P. Cancio, I. Galli, G. Giusfredi, D.
Mazzotti, and P. De Natale, Opt. Eng. 49, 111122 (2010).

5. D. Gatti, A. Gambetta, A. Castrillo, G. Galzerano, P. Laporta,
L. Gianfrani, and M. Marangoni, Opt. Express 19, 17520
(201D).

6. E. V. Kovalchuk, T. Schuldt, and A. Peters, Opt. Lett. 30,
3141 (2005).

7. D. Mazzotti, P. Cancio, G. Giusfredi, and P. De Natale, Opt.
Lett. 30, 997 (2005).

8. P. Malara, P. Maddaloni, G. Gagliardi, and P. De Natale, Opt.
Express 16, 8242 (2008).

9. L Galli, S. Bartalini, P. Cancio, G. Giusfredi, D. Mazzotti, and
P. De Natale, Opt. Express 17, 9582 (2009).

10. I. Galli, S. Bartalini, S. Borri, P. Cancio, G. Giusfredi, D.
Mazzotti, and P. De Natale, Opt. Lett. 35, 3616 (2010).

11. Yu. Nevsky, U. Bressel, Ch. Eisele, M. Okhapkin, S. Schiller,
A. Gubenko, D. Livshits, S. Mikhrin, I. Krestnikov, and A.
Kovsh, Appl. Phys. B 92, 501 (2008).

12. N. Strauss, I. Ernsting, S. Schiller, A. Wicht, P. Huke, and
R.-H. Rinkleff, Appl. Phys. B 88, 21 (2007).

13. U. Bressel, A. Borodin, J. Shen, M. Hansen, 1. Ernsting, and
S. Schiller, “Addressing and manipulation of indivi-
dual hyperfine states in cold trapped molecular ions and
application to HD* frequency metrology,” Phys. Rev. Lett.,
submitted for publication.



