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Abstract: Robust sub-millihertz-level offset locking was achieved with a simple scheme, by
which we were able to transfer the laser frequency stability and accuracy from either cesium-
stabilized diode laser or comb laser to the other diode lasers who had serious frequency jitter
previously. The offset lock developed in this paper played an important role in atomic two-
photon spectroscopy with which record resolution and new determination on the hyperfine
constants of cesium atom were achieved. A quantum-interference experiment was performed
to show the improvement of light coherence as an extended design was implemented.
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1. Introduction

Optical offset locking plays a very important role in many AMO (Atomic, Molecular and
Optical Physics) experiments. For example, it is useful in the red-detuning of a laser in
cooling-atom experiments [1,2], bridging the frequency gap between two atomic transitions in
electromagnetically induced transparency (EIT) experiments [3,4], transferring the frequency
accuracy from a comb laser to various CW lasers in metrology applications [5—8], and optical
phase comparison and communication in space science [9,10]. Among the aforementioned
applications, some high-precision experiments particularly require sub-millihertz (mHz)-level
offset locking, such as in quantum optics [4], optical clockwork [5-8], and space-based
measurements [9], in which an analog phase-sensitive detector was a mainstay in their
delicate experimental setups. This is because the analog phase detector has benefits of lower
phase noise and faster error-signal response, compared to those of digital phase-frequency
detectors in which the “edge-trigger” causes digitizing noise and the “flip-flop” causes time
delay. Unfortunately, an analog phase detector such as a mixer cannot support a suitable
capture range for laser locking when the laser beat frequency changes drastically (jitter), a
situation particularly severe in the case of semiconductor lasers [11]. In the past, researchers
tried to solve this shortcoming by either implementing some digital phase-frequency devices
to extend the capture range [1,3,4,12,13] or adding a Fabry—Perot cavity to pre-reduce the
laser jitters [8,14], despite the fact that the digitizing noise mentioned previously could easily
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break the phase locking and an optical cavity would increase the complexity of the optical
system. We here introduce a simple approach, using all-analog electronics, to realize sub-
millihertz (mHz)-level offset locking with high robustness, i.e., a large capture range. Two
different “high-precision frequency transfer” experiments were demonstrated via our offset
locking systems: one is to transfer the laser frequency stability from a cesium-stabilized 884-
nm diode laser to another 884-nm diode laser whose frequency was seriously jittered
previously and the other is to transfer the frequency accuracy of a fiber comb laser to a 778-
nm CW diode laser. Our offset locking played an important role in resolving atomic two-
photon spectra and we achieved record resolution as will be shown in section 3, though the
locking precisions were far beyond those required. When sub-mHz-level offset locking was
not required in some other experiments, we proposed an extended design in section 4 and
showed the improvement of two-laser coherence by observing the linewidth narrowing in a
quantum-interfered system, i.e., electromagnetically induced transparency.

2. Principle

Fabricating a device to serve as a frequency-to-voltage converter is essential for laser offset
locking. We show that some simple passive electronics can be used for this. The concept is
illustrated in Fig. 1, in which the inset surrounded by a dashed line displays a practical setup
of the band pass filter. 7, in Fig. 1 stands for the beatnote with beat frequency w and V,
denotes the signal after passing through the band pass filter, which can be described as

v 1 ;
« —___ 7 .e:(wwé?“) 1
2 .
1 o R ) . . .
where Z,=——— and 6, =tan” Z; a =——(1-@ LC); L is the inductance and C is the
1+a? oL
capacitance.

Band pass filter
(D+
Vi é ) | /\
V. 0 30/ 40 50 60 70
90° two-wa; ° 02
Y Mixer @4 Vin MHz

power splitter o
—{sofe—

Fig. 1. Basic concept of “self-referenced” frequency-to-voltage converter. V;,: beatnote from
two lasers. V,,: the error signal for feed-back controlling slave laser frequency. Right-bottom:
simulation result of V,,, against V;,; Aw: frequency difference between the two turning points
- and ©.. Dashed inset: band pass filter with R =910 Q, C = 20.6 pF, and L = 1 mH. We used
a two-way 90° power splitter.

“V,” is then mixed with “V,” after a mixer where “V},” can be maintained at a /2 phase
difference with respect to V;, by using a 90° two-way power splitter [15] and “V},” can be
expressed in the form:
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v, 2

The DC term of the mixed signal, denoted as V,,;, can be extracted by applying a low-pass
filter and is expressed as:

) 1 1
Vi =Re(Z,e" %72 = ,/ > cos(cos™ («/ 5)+ ), (3)
1+ l+o

where the 0.5 (V;,)° is normalized to one unit. The right-bottom part of Fig. 1 simulates the
trace of V,,, as a function of the lasers’ beat frequency w. The asymmetric function of @ can
serve to stabilize the beatnote. The related turning point " at the higher frequency side,
indicated in Fig. 1, can be derived as:

+_\/§+ 1 1

V;; L . ei(mz+7r/2) (2)

W = —_—t— 4
2RC \2RC* LC @
and the lower-frequency turning point @ can also be derived as:
2 1 1
=——= ®)

- + 2 T A
2RC V2R C° LC

The expected frequency instability 4f in the offset locking is proportional to (" —w~) and
inversely proportional to the signal-to-noise ratio (SNR) of the error signal V,,,,. Therefore, Af
can be estimated as:

o' -w  2/RC
SNR SNR

Af (6)
Note that (o' —w") is inversely proportional to the Q factor of the band-pass filter, but this
does not mean that a larger RC (and thus smaller (@ —®")) is a better choice for offset
locking, since the frequency capture range would be smaller. In the practical situation
mentioned in section 3, the frequency capture range was observed to be approximately six
times the value of (w " —w"). Therefore, the trade-off between the capture range and frequency
instability in our band-pass filter system (BPS)-based offset locking is inevitable. In our case,
we could stabilize the offset frequency to an instability of ~2 kHz at a 1-s integration time by
using the BPS alone (o' —w~) ~8 MHz) and the capture range was measured as ~50 MHz.
Further frequency stabilization was accomplished by a mixer-based system (MBS) that can
provide both the accuracy of locking frequency and a tight phase locking to sub-mHz-level
beatnote linewidth. The most noticeable feature of our approach is its robustness, that is, the
large capture range. The offset lock never broke unless the laser mode hopped. The laser
offset locking, as illustrated in Fig. 2 where two 884-nm diode lasers were chosen for the
demonstration, was applicable to each laser system mentioned in this paper. Detailed
descriptions in Fig. 2 will be mentioned in section 3.

3. Offset locking different laser systems and applications to related high-
precision two-photon spectroscopes

Semiconductor lasers are widely used in the AMO field in spite of the fact that they normally
exhibited serious frequency—phase jitter [11]. In our laboratory conditions, we were not able
to phase lock our two home-built, free-running ECDLs for more than 1 min if only an MBS
was employed. In contrast, by adding the BPS mentioned in section 2 to extend the capture
range of the MBS, the beatnote between the two diode lasers could be locked for more than 2
hours until the PZT installed in the laser cavity reached its maximum stretching length, owing
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to the surrounding temperature drift. Figure 2 (a) shows the phase—frequency jitter of the free-
running

(@ (b)
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Fig. 2. Demonstration of the step-by-step offset locking. (a): frequency jitter of beatnote; two
lasers in freely running; RBW: resolution bandwidth; (b): BPS in Fig. 1 was employed; note
that the beatnote was captured from 102 MHz in (a) all the way down to 85 MHz and was then
frequency-stabilized; (c) the beatnote in (b) was further stabilized via MBS; resolution was
limited by the RBW of our RF spectrum analyzer [16]; (d) Beatnote frequency instability; the
precision was limited by the time base instability of counter. In normal situation, the error
signals from BPS and MBS were summed up together for feeding back.

beatnote, recorded from a spectrum analyzer [16] with 5-kHz resolution bandwidth and 1.6-
ms sweep time. When the beat frequency of the two lasers approached 85 MHz and fell in the
25-MHz capture range, we activated the BPS-based feedback loop. The beatnote was then
rapidly pulled toward 85 MHz and was frequency-stabilized with a 2-kHz frequency
instability, as shown in Fig. 2 (b). Since the BPS used in Fig. 2 was the same as that
illustrated in Fig. 1, an additional synthesizer and mixer were needed to lower the beat
frequency to the band-pass frequency (35 MHz). Further optical phase locking was performed
by activating the MBS. The beatnote linewidth is shown in Fig. 2(c), while the resolution
bandwidth (RBW) of our RF spectrum analyzer was limited to 1 Hz [16]. The beat frequency
(85 MHz) was directly recorded by a frequency counter whose time base was independently
used, as shown in Fig. 2(d). Figure 2 is for showing the individual locking ability of the BPS
and MBS. Practically, the error signals from BPS and MBS were summed up together for
feeding back to laser.

The 16-mHz frequency fluctuation (standard deviation) in Fig. 2(d) was considered as
coming from the uncorrelated phase noise of the time bases between synthesizers and
frequency counter. To verify this, it is necessary to carefully analyze the consequence of our
offset locking by the other experimental arrangement shown in Fig. 3, where the time bases of
all synthesizers were phase-locked together. The master laser and slave laser used in Fig. 2
and Fig. 3 were two home-built 884-nm ECDL diode lasers whose linewidths were about 200
kHz and long-term frequency drift was about 100 MHz/min (back and forth) in freely
running. The beatnote linewidth was recorded by heterodyning the beat frequency down to 10
Hz with the use of Syn #1, as shown in Fig. 3. Syn #2 was used to lower the 85-MHz beat
frequency to 35 MHz, which was the central frequency of the BPS. When the frequency of
Syn #2 was linearly changed with
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Fig. 3. Experimental setup for showing the ultimate beatnote linewidth in our offset locking.
BPS: band-pass system; LF: loop filter; LP: low-pass filter; Syn: synthesizer; bottom-left: part
of the time-domain readout from mixer #1 where the solid-red fitting curve is a pure 10-Hz
sinusoidal wave (2-ms averaging time for each data point). The total data acquisition time was
actually 2.5 h; bottom-right: FFT spectrum transformed from the acquisitioned date stored in
the hard disk. Inset is the log-scale power spectrum that extends the spectral range from 8 mHz
to | MHz, from which one can deduce the phase noise [17,18].

time, the beat frequency was linearly tuned accordingly, as a result of which the tuning range
in our offset locking could be up to several gigahertz, limited by the working range of Syn #2
and mixer #2 as well as the detection bandwidth of the photodiode. The phase of beatnote was
eventually locked against Syn #3 via mixer #3. The 10-MHz time bases of all synthesizers
were locked together and referenced to Syn #3. The bottom-left part of Fig. 3, in which the
time-domain data was fitted by a pure 10-Hz sinusoidal wave (red line), displays part of the
beatnote that was extracted from 2.5-hour data storage. The bottom-right part of Fig. 3 shows
the fast Fourier Transform (FFT) spectrum transferred from the entire 2.5-hour time-domain
data. The fitted Lorentzian curve (black line) in the bottom-right part of Fig. 3 has a linewidth
of ~0.5-mHz. Similar results were also observed in the other laser systems mentioned in this
paper.

Although the optical frequency of the slave laser had already precisely followed that of
master laser, phase noise [17,19] existed as shown in the inset of Fig. 3. The limitation for not
being able to further improve the coherence between the two lasers was not due to the
sensitivity of our approach, but due to the limited frequency bandwidth (400 kHz) of our
feedback loop. The root mean square phase noise <A¢>> of the beatnote, deduced from the
inset of Fig. 3, is ~60 milliradians [4,17,19].

When the master laser in Fig. 3 was a 884-nm ECDL laser, one EOM (electro-optical
modulator) with a 152-MHz modulation frequency was used and its —1 order sideband was
frequency-dithered for stabilizing the sideband frequency to cesium atom 6S;,, F = 4 —
6Ds), F’ = 4 two-photon transition [20]. The EOM was implemented to avoid a zero offset
frequency as the laser frequency was scanned over the entire hyperfine spectra. As the master
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laser was pre-stabilized by this sideband-dithered EOM [20], the beatnote between master
laser and slave laser was actually not dithered since the un-modulated laser beam before
passing through the EOM was used. In the other case that the master laser was a frequency-
doubled 1.5-um fiber comb laser, no EOM was needed and the slave 778-nm diode laser
frequency was directly offset locked by one mode of the comb laser.

Figure 4(a) shows the spectrum resolved by the aforementioned 884-nm slave laser, in
which the

(®) 5Rb 58,,>5Ds, (F=3)

@ 13Cs 68,,>6D;, (F=4)
F=4

6D 7 F'=5 5D

6 p

0.8 1 456 nm 5 420 nm

F=4

778 nm

0.6 884 nm

0.4

7P-6S fluorescence (arb. unit)
6P-5S fluorescence (arb. unit)

60 80

100

A.fbcul’ M HZ

120 140 160

180 200 50 55 60 65 70 75 80
Slave laser frequency, +385285085.55 MHz

Fig. 4. The applications of our offset locking on two-photon spectra: different atoms with the
relevant energy levels, respectively. Black solid lines are Lorentian fitting; (a) spectrum
resolved by 884-nm intracavity slave laser; (500 kHz per frequency step). Afy.q.: beat frequency
between the master and the slave laser illustrated in Fig. 3; (b) spectrum resolved by 778-nm
intracavity slave laser which was offset locked to the second harmonic of a 1.5-um fiber comb
laser (50 kHz per frequency step); no EOM is needed in this case. Note that the cold finger
temperature was room temperature (23°C), see text.

transverse axis shows the beat frequency (4fy..;) between the master laser and slave laser. In
this case, the BPS frequency was set to be 35 MHz and a high-speed operational amplifier
was used right after the BPS to further improve the input impedance. The slave laser we
employed here was an intra-cavity cesium spectrometer and the laser structure was the same
as that mentioned in [18]. That is, a Brewster-angle-cut cesium cell was implemented inside
the slave-laser cavity. The “offset lock” played an important role in step-by-step resolving the
unperturbed hyperfine lineshapes of the cesium 6S;,-6Ds, transitions, by changing the
frequency of Syn #2 in Fig. 3. The hyperfine intervals can be obtained from Fig. 4(a) and are
listed in Table 1, where the results of previous works are compared. From Table 1, one can
find that our “offset-lock approach” yielded a precision one order of magnitude higher than
that in previous works. From the hyperfine intervals in Table 1 we derived new values of
hyperfine constants A and B. The definitions of A and B are the same as those used in
[21,22], that is, 4 is the nuclear magnetic dipole coupling constant in the hyperfine
Hamiltonian as

H,

dipo.

()

and B stands for the quadrupole-moment coupling constant in the hyperfine Hamiltonian as

L=AleJ

3([eJ) +%(1-J)—I(I+1)J(J+l)

=B . (®
20QI-1)J (2] -1)

quadrupole

Table 1. Cesium 6D3/2 hyperfine intervals derived from Fig. 4(a), Lorentzian fitting.

Intervals This work A. Kortyna, et. al. [21] T. Ohtsuka et. al. [22]
F’=2,3 (MHz) 81.66 £ 0.02 81.8% 0.1 81.15% 0.42
F’ =3, 4 (MHz) 65.28 = 0.01 65.1%+0.2 64.18 % 0.25
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F>=4,5 (MHz) 48.88 = 0.02 49.0% 0.1 48.76 £ 0.32
Hyperfine constant A 16.3331 £ 0.008 16.34 £ 0.03 16.17 £ 0.17
Hyperfine constant B -0.36 £ 0.01 -0.1+ 02 0.11 = 0.13

The uncertainty in determining the hyperfine constants mainly came from statistical
errors; the other systematic errors were also studied and are listed in Table 2. Note that our
study is only on a single cell; hence, Table 2 does not include the error from different cells,
though [20] had proved that, for cesium 6S—8S hyperfine transitions, different cells only
influenced the transition frequencies, not the determination of hyperfine constants.

Table 2. Error budget for determining the hyperfine constants A and B*

Statistic Master laser Cesium cell system (intra-cavity scheme)
Freq. instability Pressure shift Magnetic field Light shift
influence 6 kHz 38 Hz 26 Hz <8 Hz 237 Hz
in4
influence 10 kHz -56 Hz 603 Hz <12Hz 349 Hz
in B

* the error budget does not include the errors from different cells, which are considered as negligible in the 6S-8S
transition [20], see text. Beam overlapping is supposed to be perfect in laser cavity.

Similar offset locking can also be realized in other laser systems, such as a 778-nm
intracavity diode laser [18] offset locked by a frequency-doubled fiber comb laser. That is, the
diode laser frequency can be referenced to that of a comb laser whose repetition rate is
directly referenced to a cesium atomic beam clock [23]. By changing the offset frequency
between the comb laser mode and diode laser, the optical frequency of the offset-locked 778-
nm diode laser could thus be changed and a set of unperturbed hyperfine transitions in atomic
*Rb, as shown in Fig. 4 (b), could thereby be resolved. The integrating time of each data
point shown in Fig. 4(b) was 0.5 s and the laser frequency step was 50 kHz/step, which led to
a record SNR at room temperature (23 °C cold finger temperature). Note that the SNR shown
in Fig. 4(b) was from three orders of magnitude fewer atoms [24] than that of the spectra
resolved from the standard transition (90 °C cold finger temperature) [25-28]. The ultra-high
SNR proves the significance of our approach in resolving the nonlinear spectra.

4. Extended design and the influence on EIT experiment

An extended design based on notch (band-reject) filter is shown in Fig. 5(a) for improving the
inevitable situation described at the end of section 2, where the problem of trading off
between capture range and frequency stability was addressed. Many AMO experiments do
not need a further MBS to solve this dilemma since sub-mHz and absolute frequency are not
critical in their experiments. Instead, they only require more robust and sub-kHz-level offset
locking. The extended design in this section satisfies this second requirement with no need of
any frequency synthesizer. The idea is shown in Fig. 5 where the band pass filter in Fig. 1
was replaced by a notch filter. Since the reflected RF signal did not actually heat the notch
filter, the resulting SNR was unaffected by the thermal noise caused by the filter.

- c1
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(a) terminator (b) T-connnetor —= |4 * 1

e

G0" two-way MNotch filter R
power splitter 10
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2 Low-pass filter 1ot
Mixer V,, frequency (beatnote)

Fig. 5. (a) Extended design for enlarging capture range and improving frequency stability
compared to the design in Fig. 1(b) Simulated curve using the lowest-order notch filter shown
in upper part; C;: 2.06 nF; L;: 10 nH; Z,, and Zg: 50 Q.
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The calculation is just similar to what has been discussed in section 2 except that an
additional delay line having 27 phase delay at 35 MHz [29] was included. The simulated V,,;
is displayed in Fig. 5(b) where 10-nH inductance and 2.06-nF capacitance were used. The
slowly varying curve from 25 MHz to 45 MHz is due to the wave number-dependent phase
delay line [29] and the narrow dispersed curve from 34 MHz to 36 MHz is due to the
bandwidth of the notch filter. In a practical situation, a commercial band-reject filter was
employed [30] to lock the beatnote. When the offset locking was activated, even more robust
frequency locking than the aforementioned BPS was observed, with sub-kHz-level offset
frequency instability and without the need of the MBS system mentioned in section 2. Figure
6 shows the proof of the improvement of light phase coherence, inspected by an atomic
quantum interference system referred to as EIT. The optical setup is similar to that of [3],
except that we did not shield our room-temperature cesium cell from the influence of the
earth’s magnetic field.

The coupling laser used in Fig. 6 was frequency-stabilized to the F = 4 — F’ = 3
hyperfine
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Fig. 6. EIT signal resolved via the offset-lock scheme shown in Fig. 5, with the fitted curves in
inset (right-upper). Right bottom: the relevant level diagram; Black scattered dots were
recorded as probe laser was freely wondering around the 3 — 3 transition; Blue tri-angle data:
probe laser was offset-locked to coupling laser where the offset frequency was tuned to 250
kHz/step, see text; probe power: 0.2 mW; coupling power: 6 mW.

transition by modulation transfer spectroscopy [31]. A portion of the coupling light (un-
modulated) was conducted to offset lock the probe laser via the locking method illustrated in
Fig. 5. Eventually, a combined laser beam with 6-mW coupling power and 0.2-mW probe
power was sent into a cesium cell and the transmitting probe light, having polarization
perpendicular to that of the coupling light, was reflected by a polarization beam splitter such
that the transparency at resonant frequency could be detected. First, in preparing two
incoherent light sources, we let the probe laser be in freely running and simultaneously
recorded the beat frequency between the probe laser and coupling laser. The transparent-
window part was recorded in Fig. 6, scattered black dots with a red-dashed Lorentzian fitting
where the fitting included the Gaussian background of F' = 3 — F’ = 3 and nearby transitions.
The transmitting intensity of probe light was averaged at 0.1 s sampling time, which was the
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same as the gate time of the frequency counter we used. The inset shows a clearer trace of the
fitted red-dashed line that has (9.7+ 0.1) MHz Lorentzian-part linewidth (FWHM) and 1.04
+ 0.01 MHz frequency shift. Since the coupling laser was frequency locked, the transverse
axis in Fig. 6 shows the detuning of the probe beam from the ' = 3 — F’ = 3 hyperfine
transition. For contrast, we let two lasers be phase locked via the approach mentioned in Fig.
5 and the offset frequency was tuned step-by-step with 250 kHz /step. The triangle data in
Fig. 6 displays a narrower transparent window due to the improvement of two-light
coherence, showing high agreement with the theoretical curve (blue solid line), which has
7.35 £ 0.05 MHz (FWHM) Lorentzian-part linewidth and 1.049 £ 0.008 MHz frequency
shift. The two frequency shifts between red dashed and blue solid lines were the same since
the two experiments were performed under the same conditions except for the coherence
between two lasers. In our experimental situations, the frequency shifts of two EITs mainly
resulted from the same light intensity shift [32]; the transparent width could not be further
reduced since it mainly resulted from AC-stark broadening and power broadening [33,34].

5. Conclusion

With all-analog electronics, we successfully showed that sub-Hz-level optical offset locking
in normal laboratory conditions (i.e., no atomic clock) was feasible, as illustrated in Fig. 2.
The experimental result in Fig. 3 proved that optical phase-frequency transfer at the sub-mHz
level is achievable with our simple devices, once the time bases of the related synthesizers
referred to the primary time standards. Various two-photon spectroscopes were realized, in
which the excellent offset locking played an important role. In other words, we demonstrated
that, when the master laser was frequency-stabilized and the slave laser tightly followed the
phase-frequency of the master laser via robust offset locking, ultra-high resolution in weak
transitions were achievable since the slave laser frequency was able to be step-by-step tuned
with accurate frequency position at each step and with long-enough sampling time for each
data point in the spectrum. Therefore, robust offset locking was vital in those applications to
nonlinear spectroscopy since the slave laser could be high power and un-modulated while
maintaining the same frequency stability as that of the master laser. The spectral
demonstrations in this paper not only show the good performance of our offset locking but
also helped to develop a general approach for resolving high-resolution unperturbed nonlinear
spectra, which is particularly advantageous for those researching systems having weak
transition amplitudes and narrow linewidths. Note that, a similar idea was implemented by R.
L. Barger and J. L. Hall in 1969 in which a saturation dip spectrum of with linewidth as
narrow as 150-kHz was nicely carried out [35], showing even wider impact of offset locking
on laser spectroscopy

Improvements are being made to the repetition-rate stability of our comb laser. That is, we
plan to phase lock the Ti:sapphire comb laser repetition rate directly against a cesium-
stabilized 822-nm diode laser [36] that is similar to the “iodine clock™ approach [37]. The
short-term frequency stability of the 822-nm diode laser will refer to a high-stability optical
cavity and the long-term frequency stability will refer to a cesium atom 6S-8S two-photon
transition whose absolute frequency has been carefully studied [20]. Again, the key aspect
would be the offset locking between a comb laser and CW laser.
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