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Abstract. The relative phase and frequency stabilization setups for diode
lasers are discussed. The construction and performance of an optical
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1 Introduction

The history of the development of the laser phase and fre-
quency stabilization techniques started about 50 years ago.'?
One of the widely used techniques is to stabilize the phase of
the beat note signal of two lasers to a highly stable reference
generator using a phase-locked loop (PLL). In this case, the
error signal of a sufficient bandwidth, produced by a phase-
frequency detector, controls the phase and frequency of one
of the lasers. Several electronic circuits have been proposed
and tested allowing one to stabilize the laser relative fre-
quency in the range of up to several gigahertz.>~" A useful
model of a digital and analog phase-frequency detector for
diode lasers was developed as well.®

On the other hand, a frequency offset locking technique
provides a rough beat note frequency stabilization with a sta-
bility usually better than 1 MHz. A system employing a side
of filter frequency detector’ and a frequency-to-voltage con-
verter'®!! was constructed. An interesting, but quite compli-
cated system consisting of several integrated circuits was
developed, where a digital counter of the beat note signal
is employed.'? Simple devices using a delay line made of
a coaxial cable and a frequency mixer were also created.'>!*

The setups mentioned above provide a relative laser fre-
quency stabilization only. Reviews of some of the techniques
for absolute frequency control may be found elsewhere.!>1¢
If the frequency of the laser is stabilized on an absolute scale
by other means (e.g., using an optical cavity'”'®) then the
PLL circuits may serve to transfer this stability to other
lasers.

In this paper, we analyze the performance of a locking
circuit built on the basis of cheap universal phase-frequency
detectors devoted originally to wireless communication. The
importance of the reference generator noise and the fre-
quency agility of the system are discussed. Several practical
advices are also given to facilitate and optimize the construc-
tion of the locking system. An interferometric method is
shown which allows a direct observation of the locking sys-
tem stability using half of a Mach—Zehnder interferometer
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and one acousto-optic modulator (AOM). The contrast of
the interference fringes is a quantitative indicator of the
mean-square phase error, being a measure of the system
quality.

For simple applications where only the mean frequency
stability is required, a very simple frequency offset lock
based on an all-in-one chip with the minimal number of
external electronic components is presented.

2 Experimental Setup

The general idea of a simple but efficient optical PLL for
diode lasers is based on a circuit presented by Appel et al.®
The main parts of the locking system are shown in Fig. 1(a).
The beams from L1 (master) and L2 (slave) lasers
(Littrow configuration Toptica DL100 and oscillator-ampli-
fier Toptica TA pro, respectively) are sent on a fast photo-
diode. During the tests, we have used either the oscillator
or amplifier output of the L2 laser. For beat note frequencies
of up to 3 GHz, the Alphalas UPD-200-UP photodiode was
used and UPD-30-VSG-P model in the 3 to 7 GHz range. To
maximize the beat note signal, the beams have to be of the
same linear polarization and direction with an angular accu-
racy better than @y = A/d in a plane wave approximation,
where A is the wavelength of the laser light and d is the diam-
eter of the photodiode—see Fig. 1(b)."” In our case a, was
about 2.6 mrad and the angle a between the beams was no
greater than 1 mrad. The power of both beams was in the
range of 0.5 to 8§ mW.

The photodiode is followed by a wideband fast amplifier
consisting of four units based on ERA-1 chips (Mini-Circuits
ZJL-7G or homemade ones). The amplified beat note signal
is fed into a spectrum analyzer SA (Rigol DSA1030A) and a
PLL circuit with either ADF4002 or ADF4007 Analog
Devices chips. The beat note signal frequency is internally
divided by N in a digital divider and phase stabilized to the
external reference signal, provided by a digital 25 MHz
Tektronix AFG3022B, 1 GHz Hewlett-Packard HP8647A,
or single frequency crystal generator. The reference signal
frequency is internally divided by R before passing it to
the phase-frequency detector. The ADF4002 chip was used
with an evaluation board EV-ADF4002SD1Z. The N and R
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Fig.1 (a) Simplified sketch of the setup. Some beam guiding mirrors, optical isolators, lenses and half waveplates are omitted: AOM—double-pass
acousto-optic modulator (see Sec. 4), C—controller card with current (CC) and piezo (PC) control outputs, Fb—single mode optical fiber with
couplers, G—digital function generator (Tektronix AFG3022B or HP8647A), Gl—galvanic isolation (Analog Devices ADuM1300), LD—laser
piezo driver, L1—Toptica DL 100 laser, L2—Toptica TA pro laser with oscillator (osc) and amplifier (amp) outputs, 1/2—half waveplate, P—polar-
izer, PBS—polarization beam splitter, PD—fast photodiode (Alphalas UPD-200-UP or UPD-30-VSG-P), PLL—phase-locked loop circuit, PreA—
preamplifier, RFA—fast amplifiers, SA—spectrum analyzer (Rigol DSA1030A). The dotted rectangles denote two separate optical tables.
(b) Calculated normalized beat note amplitude on a PD photodiode as a function of the angle a between beams 1 and 2.

divider, as well as other parameters, were computer con-
trolled by a dedicated software via three-channel digital
link. To avoid ground loops when using two different electric
networks, it was absolutely necessary to use a galvanic iso-
lation (Analog Devices ADuM1300 digital triple-channel
magnetically coupled isolator). The ADF4007 chip was
used either with a dedicated evaluation board (EVAL-
ADF4007EBZ1) or on a small (4 X4 cm, 0.6-mm thick)
printed circuit board (PCB) provided mainly for amateur
use in the gigahertz range. There are only four settings of
N divider (8, 16, 32, and 64 chosen with jumper switches)
and R is permanently set to 2.

(@)
AD8139

The PLL charge pump signal is amplified in a preamplifier
(PreA) and sent to a card C—see Fig. 2. The Pre A matches the
charge pump output with a low impedance of the C card input,
has a flat characteristics up to 7 MHz, and gives 2.6 dB ampli-
fication at a frequency of 500 kHz. A simple series resistor-
capacitor (RC) low pass loop filter was usually used at the
output of the charge pump with experimentally found values
0of 900 Q and 4.7 nF. The main purpose of the C card is to split
the error signal into two branches. The first one, called “slow,”
consists of an integrator with a stepwise variable time constant
and a regulated amplifier and controls roughly the L2 laser
frequency via piezo actuator with a bandwidth of up to
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Fig. 2 A simplified block scheme of the card C (a) and the PreA (b). The offset voltages are generated with digital-to-analog converters controlled
by the Atmega8 chip. All the switches are realized with IMO6 AXICOM relays. The capacitors in the integrator are chosen with manual

microswitches.
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10 kHz. The second branch (the “fast” or ‘“current” one)
amplifies the error signal in a wideband regulated amplifier
and directly feeds the DC-coupled current modulation input
of L2 laser head (factory mounted “mod DC”). The current
branch is optionally low pass filtered with an inductor-capaci-
tor (LC) filter to reduce reference spurs. The LC filter corner
frequency is 3 to 30 MHz and its attenuation is 12 dB/octave.
The filter may be switched on and off with a pair of relays.

The input signal of the C card and the output signal of the
piezo branch may be inverted due to the relays switching
between complementary outputs of the operational ampli-
fiers. The purpose of this option is twofold. First, the
input signal inversion allows the slave laser to be locked
on demand either below or above the frequency of the master
laser. Second, the combination of the two inverters allows
one to use various types of the current and piezo slave
laser drivers (i.e., with any direction of the laser frequency
change with the input steering voltage). The C card is thus
very flexible regarding both the locking range and the slave
laser driver configurations.

All the relays, as well as the input signal offset, are con-
veniently controlled by a microcontroller with a very simple
user interface consisting of three mini push button switches.
The amplification of the input circuit, the current, and the
piezo branch are regulated with multiturn potentiometers.
The time constant of the slow branch integrator is controlled
by a set of dip switches.

The measured K, parameter of the L2 laser (correspond-
ing to an oscillator gain in a classical PLL loop) was
0.74 MHz/mV for the DC input voltage.

The L1 and L2 lasers were mounted on two separate opti-
cal tables and powered from two different electric networks.
Due to the geometry of the setup, a few propagation delays in
the PLL loop were introduced in addition to the intrinsic
phase-frequency detector delay. In particular, optical fibers
contribution is 30 ns, air path—10 ns, BNC cables—45 ns,
C card and electronics—15 ns, giving in total about 100 ns of
loop delay.

A typical spectra of the beat note signal are presented in
Fig. 3 in a logarithmic vertical scale. The relative spectrum of
unlocked L1 and L2 lasers is shown in Fig. 3(a) whereas the
spectrum of piezo locked lasers is shown in Fig. 3(b). If only
the piezo branch is employed, the loop oscillates in the kilo-
hertz range causing the spectrum broadening. However, the
current branch finally recovers the loop stability, as seen in
Fig. 3(c). The width of the main central peak was confirmed
to be <1 Hz with a Tektronix RSA3308 spectrum analyzer.
The broad pedestal is formed by a residual noise. The width
of this pedestal gives a rough estimation of the bandwith of
the loop whereas the side maxima correspond to the natural
frequency of the loop. Small peaks at 100 + 25 MHz indi-
cate the presence of reference spurs.

3 Performance of the System

The effective locking range of the system based on ADF4002
was found to be 30 to 500 MHz. The capture range depends
on the chosen f, beat note frequency to be stabilized and
was, for example, —400 to 600 MHz for f}, = 400 MHz and
—200 to 600 MHz for f}, = 200 MHz. The ADF4007 sys-
tem locking range was proven to be about 200 MHz to
7 GHz, with a capture range of at least 2.5 GHz.
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Fig. 3 Typical power spectra of a beat note signal on a PD photo-
diode: (a) the PLL is completely opened, (b) the laser is only piezo
stabilized, and (c) piezo and current loops are closed. N = 4, refer-
ence frequency f = 25 MHz.

A common measure of the quality of the relative phase
stabilization is (A¢?), being a mean-square phase error.
Alternatively, one can consider the ratio Q of the power
in the central peak of the beat note spectrum to the total
power in the whole beat note signal (i.e., central peak plus
noise background). Assuming (A¢?) < 1, a simple relation
0 = =% is valid.®

In practice, we have calculated Q using the total power of
the spectrum found in the following way. For each Q meas-
urement, we have recorded three spectra centered at the main
beat note peak with the span (1) 6 MHz, (2) 50 kHz, and
(3) 10 kHz and a resolution bandwith 3 kHz, 300 Hz, and
100 Hz, respectively. Root mean square (RMS) detector was
used in each measurement and video bandwidth was set to
10 x RBW to avoid noise level underestimation. Each spec-
trum was normalized by subtracting 10 log(RBW). The cen-
tral part of the spectrum (1) was then replaced with the spectra
(2) and (3). This way the whole spectrum was effectively
measured with a greater resolution at the center and a lower
resolution where only a slowly varying noise spectrum was
present. Finally, the spectra were integrated with respect to
the frequency giving the total power of the beat note signal.
Typical values of Q and (A¢?) in our system are 90% and
0.10, respectively, and are comparable with the values
reported for other circuits.”®

Typical beat note spectra for various system parameters are
shown in Fig. 4. The crucial parameter governing the system
performance is the loop amplification. The “amplification”
parameter in the figure denotes the total voltage amplification
of the PreA and C card current branch. If it is too low then the
current loop does not suppress the piezo loop oscillations—
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Fig. 4 Close look at the beat note signal power spectra for different current loop amplifications: (a)—(d) 6 MHz span and (e)—(h) 50 kHz span.
In the last row no loop filter was used whereas the remaining data were collected with a simple series RC filter placed in front of the PreA.
The total amplification of the error signal between the charge pump output and the laser current input is also listed.

see Fig. 3(b). In the opposite case, as it is well known, the
stability criterion is not met in the current loop, leading to
huge oscillations and dramatic widening of the beat note
spectrum.

For a stable loop, the side peaks of the spectrum move
away from the main peak and their amplitude increases
with an increasing amplification in the loop—see the dotted
lines in Figs. 4(a)-4(c) provided to guide the eye. It was
found that the best system performance is achieved when
using the highest amplification which does not generate har-
monics of the natural loop frequency, seen in Fig. 4(c). In
particular, the improper (too high or too low) loop amplifi-
cation lowers the Q ratio by up to 25 percentage points. The
widest loop bandwidth [see Fig. 4(d)] is in the absence of the
dedicated RC loop filter at a price of a much lower system
stability and a very narrow range (a few percentages) of usa-
ble loop amplifications. The RC loop filter is requisite for
beat note frequencies lower than about 100 MHz. Several
representative values of Q, (A¢?) and loop amplifications
are presented in Table 1 for various system configurations.

The peaks at 15.5 kHz in Figs. 4(e), 4(g), and 4(h) come
from a slight FM modulation of the L1 laser frequency, used
for its frequency stabilization in a standard Doppler-free
absorption spectroscopy setup.'® The spectrum collected
without L1 laser stabilization is shown for comparison—
see Fig. 4(f).

The part of the spectrum in the close vicinity of a main
peak in Figs. 4(e)-4(h) depends on the current loop ampli-
fication as well as the piezo loop amplification and its
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bandwidth. However, the parameters of the piezo path are
not critical for the overall system performance. The ampli-
fication should be high enough to roughly keep the laser at a
desired frequency in the presence of the inherent L2 laser
long-term instability and L1 laser optional frequency scan.
The optimal piezo loop parameters may be found experimen-
tally aiming at a reduction of the residual pedestal seen in the
central part of Figs. 4(e)—4(h).

The quality of the laser locking depends strongly on the
noise parameters of the reference generator and the N factor
(where N is the division factor of the beat note signal fre-
quency). We have compared the beat note spectra of the
same central frequency f}, but generated with different N,
reference generators, and reference frequencies f.. An
exemplary result is shown in Fig. 5 for fy, = 800 MHz.
For small N, the (A¢?) is low (0.14) for the HP reference gen-
erator and f.; = 200 MHz—see curve (1). In contrast, for a
high N equal 64 (f = 25 MHz here) the (A¢?) parameter
depends strongly on the generator inherent noise (see inset of
Fig. 5) and equals 0.19 (Q = 83%) for AFG generator (curve
2) and 0.65 (Q = 52% only) for HP generator (curve 3).
(A¢?) is affected mainly by the noise present in the nearest
neighborhood of the main peak in the beat note spectrum.
Indeed, the curves (2) and (3) are identical except for the cen-
tral +10 kHz part. The small peaks on both sides of the central
peak presumably appear as a result of a coupling between dig-
ital and analog parts of the phase-frequency detector.

The reference spurs are seen for relatively low reference
frequencies, mainly in ADF4007 based system. Their
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Table 1 Exemplary data of the PLL performance; f,; denotes the reference frequency and f,, the beat note frequency.

fret (fon) (A¢?) (Q)
ADF chip Reference generator N (MHz) Loop amplification (rac?) (%)
With RC loop filter, no low pass LC filter
4007 AFG3022B 64 25 (800) 0.490 0.19 (83)
4007 HP8647A 64 25 (800) 0.490 0.65 (52)
4007 HP8647A 8 200 (800) 0.150 0.14 (87)
4007 HP8647A 32 170 (2720) 0.450 0.20 (82)
4002 AFG3022B 2:16 25 (50 + 400) 0.026 + 0.175 ~0.10 £ 0.02 (90 £ 3)
4002 Crystal oscillator 8 32 (256) 0.10 0.11 (90)
With RC loop filter and low pass LC filter
4002 AFG3022B 16 25 (400) 0.160 0.14 (87)
No filters
4002 AFG3022B 16 25 (400) 0.090 0.13 (88)

amplitude is 20 to 40 dB lower than the amplitude of the
beat note for reference frequencies ranging from 15 up to a
few tens of megahertz. When an optional low pass LC filter
was inserted in the current path in the C card, the reference
spurs were reduced by 2 to 25 dB at a cost of a very slight
increase of (A¢?) (see Table 1 for representative data).
The optimal corner frequency of the filter was found to
be 10 MHz.

3.1 Frequency Agility

A frequency agility of the system was measured by recording
the closed-loop error signal response to a sudden change in

Generators spectral

the reference frequency. Additionally, the instantaneous beat
note frequency was measured at different moments with a
5 Gs/s oscilloscope to precisely find the appearance of
the relocking state. A number of N multipliers and reference
frequency steps were tested with the highest change in the
beat note frequency f}, equal 16 X 12 MHz = 192 MHz.
After the reference frequency jump, both the current and
piezo loop try to shift the L2 slave laser frequency to
a new value. However, for low current loop amplification,
the maximal change in the frequency forced by the current
branch is low as well (i.e., the maximal error signal voltage
times amplification is too low). In this case, the beat note
frequency rate of change is governed mainly by the piezo
branch and was found to be about 110 MHz/ms. On the
other hand, for small beat note frequency steps of up to
50 MHz in our case, when the laser frequency may be con-

-10 at 25 MHz n ou
. trolled primarily by the current loop, the rate of frequency
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501 (1) 800 MHz a total cost of the system may be significantly lowered when
! using a cheap crystal oscillator as a source of the reference
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Fig. 5 The power spectra of the beat note signal for two different
reference generators and two values of N in ADF4007 system.
The inset shows the spectra of the HP8647A and AFG3022B gener-
ators set to 25 MHz (RBW—100 Hz, acquisition time—600 s). See
Sec. 3 for discussion.
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signal. We have tested a FUJI ELECTRIC FXO-111-
32 MHz crystal oscillator disassembled from an old com-
puter card. The oscillator signal was filtered out with a
Chebyshev II-type LC filter to reduce harmonic components.
The system performance was the same as for digital function
generator. Although some of the ADF chips’ family, includ-
ing ADF4002, allow the use of rational numbers N/R as
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reference frequency multipliers (R is the division factor of
the reference signal frequency), one has to be aware that
for low f.;/R values a set of strong reference spurs is
present in the beat note spectrum. If the condition of the
beat note frequency stability may be relaxed, like for a
repumping laser in cold atoms field, then a voltage controlled
oscillator (VCO) reference generator, like Mini-Circuits
POS-150, was proven to be a good choice.

It was found that the loop based on an ADF4007 chip
mounted on a small amateur PCB tends to oscillate at a
lower loop gain than it does in the case of a dedicated evalu-
ation board due to a suboptimal circuit design. Nevertheless,
this system was able to lock the 8’Rb cooling and repumping
lasers with a frequency difference of almost 7 GHz.

We have found no difference in the performance of the
system when using either oscillator (seed laser) or amplifier
output of the TA pro L2 laser (see lower right corner of
Fig. 1), reaching in both cases (A¢?) = 0.10. The PLL sys-
tem was also tested with Toptica DLX110 as the L2 laser,
showing slightly worse performance, presumably due to
a poor L2 laser operation—its spectral width was a few
megahertz.

An additional RC parallel phase advance filter placed in
the current loop increases the loop bandwidth but does not
improve in our system the (A¢?) parameter, presumably due
to a large loop delay.

The flexibility of the PLL system was proven in a simple
test. The setup was simplified by removing the C card. The
PreA was connected to the current input of the L2 slave laser
head through a multiturn potentiometer providing a regulated
amplification of <1. The measured performance of the sys-
tem was the same as previously ((A¢?) = 0.09, O = 91%),
excepting a small capture range (a few tens of megahertz
only) and a low long-term stability due to the lack of a
piezo control. Thus, for the general purpose PLL system
for diode lasers, the exact realization of the error signal
path is not critical. The main factor governing the system
performance is the loop amplification and the reference gen-
erator noise. The important factor limiting the usable loop
amplification is the loop delay, determined mainly by the
experiment geometry and the quality of the PCB hosting
the PLL chips. The loop remains stable for many hours of
operation and the system with both ADF chips has been
used successfully in experiments with cold atoms on a
daily basis. In particular, it controls in the wide range the
frequency of the laser creating the dipole mirror for cold
atoms® and the main cooling laser in the compact system
for the production of a Bose-Einstein condensate on an
atom chip (Cold Quanta RuBECi™).

4 Direct Observation of the Locking Performance

The performance of the PLL system may be directly shown
by taking advantage of the interference phenomenon.?! The
L1 and L2 beams denoted “to experiment” in Fig. 1(a) were
spatially filtered with the optical single mode fibers, aligned
perpendicularly to each other and sent on a glass plate, form-
ing just a half of a Mach—Zender interferometer—with a
beam combiner only. In order to observe stable fringes vis-
ible to a naked eye it is necessary to equal the frequency of
both beams. This was done by adding an AOM in the double-
pass configuration in the path of the L1 laser beam. The PLL
frequency difference was set to 200 MHz (N = 10, s =
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20 MHz) and the AOM frequency to 100 MHz. The gener-
ator driving the AOM and the PLL reference generator were
synchronized via a standard 10 MHz link to improve the
fringes’ stability. The interference fringes for two locking
conditions are shown in Fig. 6. In Fig. 6(a), the optimal
locking condition was used, whereas in Fig. 6(b) the loop
amplification was reduced. The cross sections of the fringes
averaged over 20 central horizontal lines are presented in
Fig. 6(c).

An estimation of the (A¢?) may be extracted from the
visibility V of the interference fringes.?” Taking into account
two parallel interfering beams, shifted in phase by ¢ + A¢p,
the interference pattern and the visibility V are easy to cal-
culate (A¢ is a temporary phase deviation). Assuming the
following constraints: (1) equal intensity of both interfering
beams, (2) (A¢) = 0, (3) |Ag| < 1, and (4) (A¢?) < 1, one
gets: (A¢?) =2(1 —V). This equation is approximately
valid also if the conditions (3) and (4) are partially relaxed.

The (A¢?) calculated from the fringes’ contrast and the
spectrum analyzer measurements are in very good agree-
ment. For example, for data shown in Fig. 6, (A¢?) equals
0.14 £ 0.03 and 0.94 £ 0.05 in (a) and (b), respectively. The
corresponding values calculated from the beat note spectra
are 0.14 +0.02 and 1.12 £+ 0.05.

5 Simplified Scheme for Frequency Stabilization

An even simpler yet less flexible electronic circuit was also
tested. Its heart was a radio receiver all-in-one PLL synthe-
sizer chip TSA6057. Due to its low bandwidth, it is able to
provide only a mean frequency offset locking rather than
a phase one in the case of diode lasers. The chip was
used in its typical configuration in the so-called FM mode
(30-150 MHz nominal range) with a few passive elements
and a 5 MHz quartz reference. The error signal was sent
via PreA to the card C. Since in this chip, the error signal
is updated with the frequency equal the synthesizer tuning
step, the maximal available step of 31.25 kHz was chosen.
In this case, as for the ADF family chips, the loop

—~
o
-

40k Fringes contrast:
35k — 93%
30k ---- 53%
25k
20k
15k
10k

Pixel value (a. u.)

0,0 05 1,0 15 2.0
Position (mm)

Fig. 6 Image of the two-laser interference fringes taken with a CCD
camera for two different frequency locking conditions (a and b), see
text for details. The cross section of the fringes is shown in (c). The
CCD integration time was 50 ms. The loop parameters were N = 10,
fret = 20 MHz.
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Fig. 7 Typical power spectra of a beat note signal for a common radio
all-in-one PLL TSA6057 chip: (a) open loop, (b) piezo and current loop
closed; RBW—10 kHz, detector—RMS average.

oscillations appearing in the piezo locked loop were sup-
pressed by the current branch. The beat note spectra for
the open and closed loops are shown in Fig. 7. The mean
beat note frequency stability depends on the stability of
the crystal resonator used and is on the order of 0.1%.
The envelope of the beat note signal shown in part (b) is
a little bit broader than the instantaneous signal width in
part (a), due to a low bandwidth of the system, preventing
suppression of the fast frequency fluctuations.

The TSA6057 chip is an obsolete part, however, we have
proven here that similar components might be used in simple
applications. The main drawback of this solution is a small
tuning and capture range of 40 to 160 MHz only. Never-
theless, we have successfully employed it in an optical dipole
mirror for cold rubidium atoms described elsewhere.”’

6 Summary

We have shown that the PLL systems based on integrated
chips are very flexible and easy to implement in diode lasers
used in atom optics experiments. The phase-frequency lock-
ing efficiency and frequency agility were investigated for a
wide range of parameters and configurations. In particular,
we have directly shown the influence of the reference gen-
erator noise on the system performance. The lowest mean-
square phase error (A¢?) is <0.1 rad’> despite relatively
long spatial and optical distances between lasers. Such a low
value makes the system useful for atomic coherence
experiments.’

A set of practical solutions was given, including a simple
circuit for frequency offset locking with on-demand red or
blue detuning. We have also presented a simple interferomet-
ric method allowing one to quantitatively control the system
stability. A frequency offset lock based on a radio all-in-one
synthesizer was proposed and tested as well.
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