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We present saturation absorption spectroscopy of transitions in Te, near 444.4 nm. These spectra were taken using
a blue diode laser locked to a Fabry—Perot (FP) cavity that is in turn locked to a Zeeman-stabilized helium-neon
laser. Tuning of the diode laser frequency is accomplished by Ny pressure tuning of the FP cavity. The result is a
tuning frequency that is proportional to the dispersion of the index of refraction between the helium neon and
diode laser wavelengths. We assess the stability of the blue laser frequency by scanning over a single Te, absorp-
tion line repeatedly over a 48h period. This work is motivated by our desire to produce a versatile frequency-
locked source of radiation for use in molecular optical polarization experiments. © 2011 Optical Society of

America
OCIS codes:

1. INTRODUCTION

The diode laser has been a valuable research tool since the
1960s [1,2]. Though it has been used for countless experi-
ments over the decades, many applications require frequency
stability beyond that provided by typical commercial mode-
locked systems. An unaided, research-grade diode laser
typically drifts from several megahertz per minute to a few
megahertz per hour [3]. A handful of techniques have arisen
over the years to improve the frequency stability of diode
lasers.

One method is to feedback stabilize the laser frequency
to an atomic absorption or fluorescence line. For example,
the setup of [4] used a GaAlAs laser, with a 3.0 kHz frequency
modulation, to create fluorescence from a well-known transi-
tion in cesium. If the laser were tuned slightly below the peak
(to the red), then the 3.0 kHz modulation would be seen in the
fluorescence signal, in phase with the modulation that was
written on the laser. If the laser were tuned slightly above
the peak (to the blue), then the 3.0 kHz modulation would be
seen in the fluorescence signal with opposite phase. By use of
a lock-in amplifier, an error signal was generated, appropri-
ately amplified, and fed back to the current controller of
the laser diode. With this setup, a frequency drift of <50 kHz
was demonstrated. While the improvement of frequency
stability by three to five orders of magnitude is impressive,
the experimenter is limited by having to lock at a specific,
well-known transition.

Without reference to a known transition, frequency-
stabilizing lasers to a drift of one part in 10! has been demon-
strated by locking to ultralow expansion cavities [5]. To
enable the laser to reliably shift in frequency, one may instead
lock a sideband of the beam to a cavity and scan the modula-
tion frequency of the sideband [6]. While this method is highly
stable, its scanning range is limited by how fast one can mod-
ulate the sideband, (~100 MHz). Other methods of frequency
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stabilizing diode lasers without reference to a known transi-
tion, utilizing optical transfer cavities, write the stability of one
laser onto another [7-15]. The scanning transfer cavity stabi-
lizes the difference in transmission peaks of the reference
laser and target laser as the cavity sweeps back and forth,
using feedback electronics [9-11,15]. Although a long-term
frequency drift on the order of a few MHz has been demon-
strated [10], the duty cycle for feedback is of the order of the
cavity finesse (~1/100), which limits the short-term frequency
stabilization of the lock.

Making the transmission peaks of the two lasers coincide
removes the requirement of sweeping the cavity and thus
improves the short-term stability. This has been done by fre-
quency shifting either laser with an electro-optic modulator
(EOM) [12,13]. For broad tunability, it is required to have
broadband-capable modulators, and continuous scans are lim-
ited to half the cavity’s free spectral range (FSR). One may
avoid using an EOM by radiofrequency current modulation
in the target laser diode [8], but this requires a laser system
that is capable of modulation at such speeds and still has a
scanning range that depends on the cavity’s FSR. Further,
increasing the cavity’s FSR spaces apart from potential lock-
ing points, but decreasing the cavity’s FSR can shorten the
scanning range.

We present an alternative stabilization technique in which
both lasers are resonant with the transfer cavity but neither
optical modulation nor current modulation of the laser diode
is required. By dispersion tuning the cavity, it can be made
resonant with both lasers simultaneously at arbitrary fre-
quencies, and by dispersion tuning while the cavity is locked,
the target laser can be scanned while possessing the stability
of the reference laser. We demonstrate this setup by measur-
ing Lorentzian line profiles and line spacings of optical transi-
tions in molecular tellurium (Te;) by saturation absorption

© 2011 Optical Society of America
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spectroscopy. We discuss stability with time and temperature,
and comment on the dispersions of various gases.

2. EXPERIMENTAL SETUP

The setup is described as three separate parts: the laser
system, the physical principles of the locking and scanning
system, and the optical setup for observation of saturated ab-
sorption lines in Te,.

A. Laser Locking System

The laser setup is depicted in Fig. 1. The Zeeman-stabilized
helium-neon (He-Ne) laser (MicroGauss) is used as a refer-
ence for both a Wavemeter (Burleigh WA-1000) and a confocal
Fabry—Perot (FP) Etalon (Toptica FPI 100-500-3V0). The blue
diode laser (Toptica TA SHG Pro) makes its 440 nm light by
doubling 880nm IR light in a bow-tie cavity with a beta-
barium-borate crystal. We control the frequency of the IR
diode using the analog interface to the Toptica DC110 control
system. This frequency is measured with the wavemeter, as
shown in Fig. 1. The blue output is about 280 mW. Dichroic
beam splitters are used to direct ~30% of this power to a Te,
absorption cell and ~1% to the etalon. The etalon temperature
is controlled using a heater, and the etalon pressure is con-
trolled using a stepper motor attached to bellows. The preci-
sion of pressure control with the stepper motor system far
surpasses the precision of the pressure gauge. The length of
the etalon is controlled by shifting one of the mirrors with a
piezoelectric transducer (PZT).

A combination of dichroic beam splitters and filter glass at
the output of the etalon enables independent detection of the
red and blue light at separate photodiodes. These signals are
used for the electronic feedback loops. In contrast to the scan-
ning transfer cavity system [15], for the duration of its lock,
the FP cavity is continuously in resonance with both lasers.
To achieve double resonance, we allow the cavity to sweep
while adjusting the pressure inside until both lasers are reso-
nant, then lock up both the cavity to the reference laser and
the target laser to the cavity. For scanning, the FP cavity op-
tical path is maintained in resonance with the He—Ne laser as
the index of refraction of the N, gas changes by adjusting the
PZT on one of the mirrors. The mirror position is modulated at
5kHz. If the response on the He—Ne photodiode is in phase,
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signal are added together in a transformer and applied to
the PZT. This same modulation of the FP cavity also affects
the reading from the blue laser’s photodiode. This is similarly
used to adjust the diode laser’s frequency to maintain reso-
nance with the FP cavity. This frequency is tuned by adjusting
the grating and current of the diode laser system using the
feed-forward grating control of the Toptica system.

Low pass filters are used for each of the error signals, and
the optimal cutoff frequencies empirically found for each give
a good estimate of the bandwidth of each lock. The cavity’s
lock to the reference laser is ~500 Hz, and that of the diode
laser’s lock to the cavity is ~50 Hz. The short-term stability
of the reference He—Ne laser is reported by its documentation
to be <100 kHz. Here follows the theory of the locking system
and dispersion tuning technique.

B. Physics of Cavity Dispersion Tuning (CDT)
Spectroscopy

By locking the cavity length L to the He—Ne reference laser
wavelength Ap, we set

,)'R _ ¢ /
L= 5 (Ng + 8g) _zanRNR 1)

for some fixed integer Ny, where vy and ng are the frequency
and index of refraction of the reference laser and c is the
speed of light. The 6 represents the Gouy phase, the added
phase due to reflections, and the wavelength-dependent phase
shift induced by the cavity mirror coatings. This constant
shift is absorbed into N, and does not affect our end result.
By locking the blue diode laser vacuum wavelength 1 to the
cavity, the diode laser wavelength is set to
A c

L=2(N —
2( +9) 2un

N @)
for some fixed integer N, where v and » are the frequency and
index of refraction of the blue laser, and N’ is fixed at N + 6.
The lock condition is therefore given by

the cavity is shortened,; if the response is 180° out of phase, the wo_ IL}% — A constant. (3)
cavity is lengthened. The 5kHz modulation and the error nprg N’
To Te2 Exp.
/ - AN
7/ - AY
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(Color online) Laser locking system. The FP etalon is fixed inside a pressure chamber. Both the He-Ne laser and the blue diode laser are

resonant with the etalon, and, after filtering optics, each one is seen on its own photodiode.
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The frequency v changes to maintain this condition as n
and ny, are altered. The etalon is filled with nitrogen (N,) gas,
and the temperature 7' and pressure P are controlled with a
heater and bellows as mentioned earlier. At fixed Py, =
760 torr and T, = 15°C, the index of refraction for different
colors of visible light has been well characterized [16]:

3073864.9

Py, Ty) -1=|6497. —_—
n( 0s 0) (69 378 + 144 — 12

) /108 = ap(k).  (4)

where k is the wavenumber of light in inverse microns.
The values for the reference He—Ne laser at 632.8 nm and the
blue diode laser at 444.4nm are ay(kp) = 2.8220 x 10~* and
ay(k) = 2.8622 x 1074, respectively. The index of refraction
at a pressure and temperature (P;,T,) may be related to
the index of refraction at (P;, T;) by the expression

ay (k) = a; (k)T (5)

i
where, from [17],

= By /Ty)2, /8 ©)
O (Py/Ty)Zp + o Zi(Py /T - Py /Ty) /6 T, T,

with

P(T - 317.6K) x 10- o
760torr

Z=1+

being the compressibility of Nitrogen at a given (P, T). Note
that the approximation in Eq. (6) was not used in our analysis,
but is included to aid the reader’s intuition.

With nv/npuvp a constant of the lock [Eq. (3)], we derive
an expression for the change in frequency of the tuned laser
as the pressure and temperature are changed from P;, T'; to
P, Ty

A = To-To)(@ollke) ~ao(k) ®)
(1 + (k)5 (1 + Thag (k)
Here the subscript 0 denotes the (P, T') conditions where the
as were measured in [16] and the ¢s denote chosen reference
frequency conditions. The frequency scanning range for a gi-
ven pressure range thus depends on the difference in frequen-
cies of the reference and target lasers. Figure 2 shows a plot of
Eq. (8) over roughly 3atm and with a variety of target laser

Av (GHz)

Pressure (torr)
600 800 1000 1200 1400 1600 1800 2000

Fig. 2. (Color online) Plot of Eq. (8) spanning roughly 3atm of
pressure for fixed T = 15°C and vy = 632.8 nm.

Coker et al.

frequencies. The scanning range is largest when v is far from
and less than vp, but even at v = 600 nm, the scanning range is
over 1 GHz.

In practice, Eq. (8) cannot be used to the level of precision
implied without very precise knowledge of the gas purity and
the cavity pressure. The method used to compensate for this is
discussed in Subsection 3.B.

C. Remarks on Dispersion of Various Gases

Originally, we attempted to use carbon dioxide (CO,) gas for
dispersion scanning, which would have allowed for a larger
frequency scanning range [18], but found that the temperature
stability required for CO, was beyond our reach. We estimate
the temperature dependence of Av, using data from [19]
applied to Eq. (8), to be nearly 1 GHz/°C. This is due to the
fact that CO, is nearer to a phase transition than N, is at these
P, T conditions, and somewhat due to the fact that CO, is
more dispersive at the wavelengths used. In contrast, argon
gas was considered, but we found too small a dispersion in
this region [20].

D. Optical Setup for Saturation Absorption Spectroscopy
of Tellurium
The optical setup surrounding the tellurium cell is illustrated
in Fig. 3. Continuing from Fig. 1, the blue diode laser goes
through a half-wave plate and a polarizing beam splitter
(PBS), splitting the beam in two, with the ratio of powers
controllable by rotating the half-wave plate. The undeflected
and deflected beams will be referred to as the pump and probe
beams, respectively. The pump beam’s intensity is made to
oscillate by the electro-optical amplitude modulator, which, in
combination with wave plates B and C and the second PBS,
creates an electro-optical chopper. The pump beam passes
through the third PBS and is then detected by the photodiode.
The probe beam is bent by all three PBSs and detected by the
other photodiode in the diagram. For the moment, we will
ignore the electrical-optical modulator (EOM), as it was only
used for part of the experiment described later in this paper.
The modulation source and the probe photodiode signal are
fed into a lock-in amplifier. While tuned to a tellurium line, the
modulation of the pump beam becomes written on the probe
beam. At a moment when the pump beam is of high intensity, a
hole in the population is made, allowing more of the probe
beam to pass. At a moment when the pump beam is of low
intensity, the probe beam absorbs, allowing less of the probe
beam to pass. The ideal modulation frequency should be set
high to optimize the signal to noise ratio, but not high enough
to be comparable to collision broadening lifetimes, thus dis-
torting relative peak intensities. We used a 40 kHz modulation.

3. DATA

All peaks observed are from various rovibrational transi-
tions in the X, (*Z,)«B; (*°Z,) band, previously assigned line
numbers in [21].

A. Preliminary Grating Scan

Before performing dispersion scans, a scan of the PZT voltage
on the diode laser’s grating was performed, which spanned
about 25GHz. While scanning the grating, the etalon was
locked to the He—Ne laser, the blue diode laser was not
locked, and its intensity through the etalon was recorded.
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Fig. 3.
an electro-optical chopper.

Spikes in intensity occurred when the frequency of the blue
laser was resonant with the etalon, and they provided markers
that indicated one FSR in frequency. Our confocal etalon has a
finesse of ~200 and is designed such that FSR = 1 GHz, accu-
rate to 1%. By adjusting the alignment into the etalon, we in-
creased the relative amplitude of every other spike, making
the ¢/2nL cavity modes more intense than the ¢/4nL modes.
As the laser sweeps, its pointing alignment also shifts slightly,
which changes the coupling to the etalon leading to further
intensity variations in the modes. Our wavemeter was cali-
brated by an unrelated Rubidium experiment in a nearby
lab, and found to be accurate to <1 GHz. This scan is shown
in Fig. 4.

The built-in Toptica system used for scanning the grating
uses a feed-forward method that adjusts the current as the
grating is shifted in order to maintain an ideal gain curve at
each grating position. Because stable scanning of the diode
laser grating over a long frequency range requires adjustment
of the diode current, the scan is nonlinear in frequency. After
analysis, fitting a quadratic function to the gigahertz markers
and rescaling, we can determine the intervals between lines to
an uncertainty of 50 MHz. In matching our lines to [21], we
define our line matching their line 1525 to be zero Hz and re-
port the intervals measured in Table 1. We have FWHM values
around 15 MHz, compared to the 3 GHz values of the previous
work, so it is no surprise that we find 13 lines in the space
where five were reported in [21].

Signal (arb.)
6000

4000

2000

ll P - Av (GHz)
LA MR ARNL

Fig. 4. (Color online) Preliminary diode laser grating scan, accurate
to 50 MHz. The downward spikes are 1 GHz “markers” seen through
the etalon. The alignment was set such that every other marker was
diminished in amplitude.

(Color online) Optics surrounding the tellurium cell, which is held at 650 °C. The dashed box groups together the components that serve as

B. CDT Scan

A CDT scan consists of collection of saturated absorp-
tion spectra while regulating the cavity temperature to
AT < 0.03°C and scanning the pressure by changing the
volume of the closed chamber with a stepper motor driven
bellows system. In principle, the frequency shift of each pres-
sure point can be determined from Eq. (8), but, as mentioned
earlier, not to that level of precision. For this reason,
40.00000 MHz sidebands were added to the probe beam in
some of the scans, using the EOM shown in Fig. 3. These
sidebands were then used to create an effective frequency
calibration by forcing the corresponding fit-peak centers to
be 40 MHz apart during fit model analysis. The v versus P re-
lationship measured this way was found to be consistently lin-
ear, deviating from scan to scan at most by 1%. The intensity of
the diode laser through the FP cavity was monitored as data
was taken to confirm that the laser never lost lock. The inten-
sity of the pump beam was also monitored, and its fluctuations
were found to be <10%.

Dispersion scanning was carried out for the two peaks near
line 1525. The data indicates an interval of 289 + 3 MHz, as
seen in Table 1 and in Fig. 5. The uncertainty of 3 MHz comes
from the linear fit used, which includes the uncertainty from
the pressure gauge reading and errors due to nonparallelism

Table 1. Our Reported Intervals and Those of [21]*

Interval from Line 1525 Found in
This Work (GHz)

Line Position and Previous
Assignment from [21] (GHz)

674594.113 [1522] -17.92
-17.36
-16.97
-15.85
-15.21
-10.83
-5.08
-3.56

-0.289 + 0.003

0

674613.621 [1526] 2.54

4.10
4.69

674600.346 [1523]
674607.751 [1524]

674611.022 [1525]

“All nonzero intervals have an uncertainty of 50 MHz, except the
one that specifies +3 MHz, which was measured using dispersion tun-
ing and sideband modulation, as described in Subsection 3.B.
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Fig. 5. (Color online) Seven CDT scans of two lines, taken over a
period of two days. Some data sets include 4000000 MHz sidebands.
The x axis of this scan comes directly from Eq. (8).

of the pump and probe beams. The uncertainty in the tempera-
ture reading is insignificant in comparison to that of the pres-
sure reading. The FWHM values of the lines at —289 and 0 MHz
measure 11 and 20 MHz, respectively. The peaks have Lorent-
zian shape, consistent with Doppler-free spectroscopy [22].

During CDT scans, the feedback output to the PZT voltage
for the grating was monitored. This signal, from a typical scan
converted to frequency, is shown in Fig. 6. As mentioned
above, the Toptica current feed-forward system used to max-
imize the gain curve causes nonlinearity in the relationship
between frequency and grating PZT voltage. The nonlinearity
seen in the figure shows the limitation of using a grating scan
to obtain a line profile from a signal that may require accurate
scanning over a small range in frequency. This nonlinearity
depends both on grating position and diode current, and thus
it changes from day to day and even during a sweep if the
diode current is adjusted for better laser stability.

In addition to the CDT scans, we tested temperature depen-
dence of Av. This was done by locking the system on the side
of line 1525, then heating and cooling the etalon in a closed
volume so that P/T was constant, over a few hours while
monitoring the signal intensity. We found the dependence to
be 20 MHz/°C, so appropriate regulation of temperature in the
etalon is required.

To measure frequency drift of the blue laser, we defined
the center from the Lorentzian fit of line 1525 from one data
set to be 0 Hz, and then determined the fits’ centers of all other
data sets relative to it. In doing this over data sets that spanned

Error Signal (arb.)

4500
4400
4300

4200

Av (MHz)

-300 -200 -100 0
Fig. 6. (Color online) Diode grating position at each point during a
typical CDT scan. At this scale, one can see that a grating scan is quite
nonlinear in frequency.
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a 48 h time period, we found a drift <2 MHz, thus observing a
frequency stability of 6v/vy ~ 1 x 10~ over two days.

4. CONCLUDING REMARKS

We find that CDT spectroscopy allows laser locking at any
frequency, with a drift less than 2 MHz over days, and we de-
monstrate a scanning range of nearly 500 MHz. We remark
that this scanning range can easily be much larger, being
that, in our case, we were limited simply by how far the PZT
on the cavity mirror could move to follow the reference laser.
This technique has merits similar to those of the nonscanning
transfer cavity of [8]. While that method may be easier to im-
plement for laser systems that are injection-locked, CDT scan-
ning may be easier to implement for other lasers, such as the
one used in this experiment. We report 11 intervals in Te,
lines near 444.4nm with 50 MHz uncertainty with a grating
scan, and we demonstrate CDT spectroscopy in reporting
one interval with 3 MHz uncertainty. The uncertainty in our
measurements is consistent with the ~1torr uncertainty of
the pressure gauge used (MKS 122BA-10000BB). A more ac-
curate pressure gauge would likely decrease our uncertainty,
but pressure gauges with accuracy better than 0.1% are not
common in this range of pressure. Manufacturers like MKS
Instruments and Dwyer have some available for similar pres-
sure ranges though, such as the MKS Type 690.

This technique may prove useful for studies where short,
precise scans or locking to an arbitrary optical frequency
are desired such as studies of line profiles, optical polarization
experiments, or studies of molecular species with low data
collection rates.
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