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We demonstrate an optical frequency standard based on the 557, — 5Ds;, two-photon transition of
rubidium. The transition is interrogated in a Doppler-free arrangement by two lasers at 780 and 776 nm,
with the sum frequency of the two lasers locked to the two-photon transition. We measure the fractional
frequency stability of the frequency standard to be 1.5 x 107!3 at 1 s, reaching 4.9 x 10~ at approxi-
mately 100 s, by comparison with an optical frequency comb. Performance limitations are presented and
a clear pathway to an order-of-magnitude improvement is discussed. This platform has the potential to
deliver a compact, robust standard for commercial and industrial applications.
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I. INTRODUCTION

Atomic frequency standards can be split into two broad
domains. The first is ultrahigh-stability frequency stan-
dards based on laser-cooled atoms and ions, which can
reach a fractional frequency stability of 107! [1-5]. These
high-stability devices have been used for tests of general
relativity [3,6-9], investigation of the temporal stability
of fundamental constants [3,10—13], and exploration of
atomic physics [3,14—18]. The second domain is com-
pact atomic frequency standards aimed at commercial and
industrial markets, where fractional frequency stabilities in
the range from 107'° to 10~!3 are desired. These devices,
based on either optical [19—24] or microwave [25-29]
atomic transitions, are aimed at, for example, telecom-
munications [25] or navigational [30] applications. Here
we aim to bridge the gap between these two domains by
building a standard that demonstrates a frequency stability
similar to the very-best commercial frequency standards
(e.g., the hydrogen maser, with a fractional frequency sta-
bility of approximately 10~'3 at an integration time of
1 s) while exhibiting the compactness and robustness of a
portable standard. We propose to achieve this by exploiting
the energy-level structure of rubidium (Rb) to efficiently
drive a narrow-linewidth two-photon transition.

Previous work has shown the Rb 55, — 5Ds;, two-
photon transition to be a promising candidate for a high-
stability frequency standard, with a frequency stability of
3x 10713 //tT for 1 < T < 1000 s being reached [31,32].
More recently an impressive long-term result was shown,
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4x1078//t for 1 <1 < 10000 s, which reached a
stability of 4 x 10715 at T = 10000 s [23]. These stan-
dards used a single laser in a Doppler-free excitation tech-
nique to produce a spectral linewidth, y, of 334 kHz [33],
limited solely by the lifetime of the 5Ds, state. These sim-
ple two-photon standards detect fluorescence from the 5D
level as a measure of the frequency detuning between the
output of the standard and the exact two-photon transition
frequency.

The ultimate stability limit for such a frequency stan-
dard is set by the spectral linewidth of the transition,
and the photon shot noise in the detected fluorescence,
resulting in a fractional frequency stability o (r) pro-

portional to y/ (v N r), where v is the transition fre-

quency, N is the detected fluorescence photon flux, and
T is the measurement integration time [34]. In addition,
the detected fluorescence flux, N, is proportional to the
two-photon transition rate, which itself is proportional
to 12/(y A?), where I is the pump-laser intensity and A
represents the single-photon detuning from a fortuitous
5P3, intermediate level that lies almost midway between
the 581/, and 5Ds), levels [35]. We see that the perfor-
mance of the standard is linearly dependent on the applied
intensity and on this detuning. For a conventional fre-
quency standard, which makes use of a single laser to
drive the two-photon transition, the single-photon detun-
ing of A =~ 1.1 THz leads to a relatively low two-photon
rate, and hence one typically compensates with increased
intensity through optical cavities [31,32] or high-power
driving lasers (tens of milliwatts) [23]. These approaches
lead to better frequency stability at the cost of high power
consumption and/or complexity and fragility.
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FIG. 1. (a) Two-photon-transition energy-level diagram. Solid

arrows are driving excitations and dashed arrows show decay
routes. (b) The experimental setup. The lasers are 780- and 776-
nm extended-cavity diode lasers (ECDLs) and a 780-nm laser
stabilized to Rb. AM, amplitude modulation; AOM, acousto-
optic modulator; BGF, blue-glass filters; DG, diffraction grating;
F. Off, frequency-offset lock for the 780 nm ECDL; FM, fre-
quency modulation; Freq., frequency stabilization for the 776-
nm ECDL; GT, Glan-Taylor polarizer; PD, photodiode; Pow.
1, power stabilization for the 780-nm ECDL; Pow. 2, power
stabilization for the 776-nm ECDL; RAM, residual-amplitude-
modulation cancellation; Rb, rubidium cell; SMF, single-mode
fiber.

The innovation presented here uses dichroic excitation
to more effectively exploit the intermediate atomic energy
level. We do this by using a two-color excitation technique
to drive the ¥Rb 5812(F = 2) — 5Ds;(F = 4) transi-
tion as shown in Fig. 1(a). The use of two colors allows
us to tune the intermediate-state detuning A arbitrarily,
greatly increasing the two-photon transition rate. Unfor-
tunately this comes at the cost of introducing a small
residual Doppler sensitivity. In the work reported here,
we reduce the intermediate-state detuning A to 1.5 GHz,
which broadens the transition linewidth, y, by a factor
of approximately 8, but overall increases the two-photon
transition rate by a factor of approximately 10° when
compared with single-color Rb two-photon standards [23,
31,32]. The increase in transition rate corresponds to a
25-fold improvement in the ultimate frequency stability
for the same incident power. This is the key benefit of this
approach as it allows a significant decrease in laser pow-
ers, which can lead to a simpler standard while maintaining
high performance. It is important to note that with this
approach it is the sum frequency of the two lasers that is
frequency locked to the two-photon transition and it is thus
the sum frequency that is the stable output of the standard.

II. EXPERIMENT

Two extended-cavity diode lasers at approximately
780 nm and approximately 776 nm drive the two-photon
transition [see Fig. 1(a)] using the experimental setup
shown in Fig. 1(b). The beams from both lasers are com-
bined in a single-mode fiber for spatial mode filtering and
to minimize optical alignment fluctuations. Before being

launched into the Rb cell, the polarization of both laser
beams is filtered with a Glan-Taylor prism to ensure high
polarization purity of the excitation light. Both laser beams
are launched into the cell and retroreflected by a partially
reflecting mirror to allow Doppler-free spectroscopy of the
two-photon transition [36]. Within the Rb-vapor cell the
laser beams have a 1/e*-intensity diameter of 1.5 mm and
optical powers of P776 = 1.2 mW and P7g9 = 0.75 mW.

When the sum of the laser frequencies is in resonance
with the two-photon transition, 420-nm fluorescence is
produced from atomic decay through the 6P3;; — 551,
transition; see Fig. 1(a). This fluorescence is spectrally
separated from scattered light of the pump lasers by blue-
glass filters and monitored with a photomultiplier tube
(PMT) on the side of the Rb cell. The Rb cell is heated to
approximately 90 °C to increase the Rb density and hence
the blue-fluorescence intensity. A mu-metal shield encases
the PMT, the Rb cell, and its heater to reduce ambient
magnetic fields.

A critical issue in two-photon frequency standards arises
from frequency shifts induced by the pumping light (light
shifts) [23,37]. To generate a substantial two-photon-
transition rate, the driving excitation light needs to be
strong. When combined with relatively broad transitions,
this leads to large light shifts in the two-photon-transition
frequency. This necessitates tight control of the detun-
ing and power of the exciting lasers. In this standard this
is achieved with three control loops: power stabilization
of both the 776-nm laser and the 780-nm laser, and fre-
quency stabilization of the 780-nm laser. Two additional
control loops stabilize the frequency of the 776-nm laser
and remove residual amplitude modulation (RAM) from
the 776-nm light.

Stabilization of the laser powers interacting with the
Rb vapor is achieved by our monitoring a small frac-
tion (approximately 3%) of the light that is transmitted
through the retroreflection mirror. A diffraction grating
separates the 776- and 780-nm beams, which are detected
on separate photodiodes. The detected power of each laser
is stabilized by feeding correction signals back to their
respective acousto-optic modulators.

The magnitude of the light shifts scales with detun-
ing from the intermediate state, and thus A needs to be
stabilized to minimize the unwanted light shifts. This is
achieved by our stabilizing the 780-nm laser’s detuning
from the 581/, — 5P3,, state using an offset lock to an
auxiliary laser that had been locked to the 55, — 5P3)»
transition, indicated by “Stab. 780 nm” in Fig. 1(b).

Once the 780-nm laser has been frequency stabilized,
we stabilize the sum of the two laser frequencies onto the
two-photon resonance by controlling the frequency of the
776-nm laser. We generate an appropriate error signal, pro-
portional to the difference frequency between the sum laser
frequency and two-photon resonance, by frequency modu-
lating the 776-nm beam using an acousto-optic modulator
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at 660 kHz with a modulation depth of 2.5 MHz. This
results in a synchronous population modulation of the
5Ds, state, and hence also the 420-nm fluorescence. The
amplitude-modulated 420-nm fluorescence detected by the
PMT is amplified and demodulated to produce a fre-
quency discriminator centered at the two-photon-transition
frequency as shown in the upper part of Fig. 2. The 776-
nm-laser frequency is actively locked to the zero crossing
of the frequency discriminator signal, as marked in Fig. 2.
The control-loop bandwidth is approximately 100 kHz,
limited by the relatively low modulation frequency used.

A second concern for residual instability beyond light
shifts is unwanted RAM at the modulation frequency of
the 776-nm laser, generated as a by-product of the fre-
quency modulation. This RAM creates a false error signal
that shifts the sum frequency of the two lasers to be off
the exact two-photon resonance. Furthermore, any fluctu-
ation in the RAM leads to an overall frequency instability
in the optical atomic reference. To suppress these effects,
the phase and amplitude of the RAM are detected and then
fed back into the power control of the 776-nm laser with
the opposite phase, canceling the RAM contribution.

For use as a compact frequency standard, the stable
optical sum frequency at approximately 389 nm could be
generated by mixing the two lasers in a nonlinear crystal.
However, in this demonstration a commercial fiber optical
frequency comb is used to create a virtual sum-frequency
output. The two lasers (at frequencies f77¢ and f7g9) are
mixed with the respective closest optical modes (num-
bered n; and n,) of the frequency comb, generating beat
notes at (f776 — fn1) and (f7g0 — fn2), respectively, which
are recorded with synchronously triggered counters. The
frequency of the nth mode can be expressed as f,, = nfgr +
fo where frr is the repetition rate of the comb and f; is the
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FIG. 2. Bottom: PMT-detected 420-nm fluorescence from
atomic decay through the 6P3;; — 5S),, transition. Multiple
peaks arise from the 5Ds/, hyperfine splitting. Top: Frequency
discriminator used to lock the sum frequency of the two lasers to
the two-photon transition.

carrier-envelope offset frequency [38]. In postprocessing,
the two mixing products are mixed together to produce a
new signal at frequency (f776 — fu1) + (f780 — fn2) = f776 +
frs0 — (n1 + n2)frr — 2fo. In our measurement f; is stabi-
lized to a Cs-beam clock with a residual instability at the
submillihertz level: thus, the instability introduced by this
term is negligible when compared with that of the optical
frequency standard. This new doubly mixed signal has the
same frequency fluctuations as the “virtual” output signal
but has a carrier frequency of 150 MHz.

III. RESULTS

The two-photon-fluorescence signal produces a Voigt
profile with a full width at half maximum of 3.6 +
0.3 MHz. This is substantially larger than the natural
linewidth of 667 kHz [33], predominantly due to a calcu-
lated 3.09 + 0.02 MHz of residual Doppler broadening at
the Rb-vapor temperature, due to the different wavelengths
of the exciting lasers [36]. Convolution of the Doppler
and natural linewidths gives an estimated full width at
half maximum of 3.47 + 0.02 MHz, in agreement with the
observed value.

Figure 3 presents the fractional frequency stability of the
sum-frequency output of the standard when stabilized to
the two-photon transition. A fractional frequency stability
of 1.5 x 10713 is measured at an integration time of 1s,
which averages down to 4.9 x 10~'# at an integration time
of approximately 60 s. This is achieved by our balancing
the noise contributions from light-shift fluctuations, shot
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FIG. 3. Fractional frequency stability of the sum frequency

when the lasers are stabilized (black circles). Also shown are the
major noise sources in the standard, including light shifts (blue
squares), photon shot noise (gray open squares), and the elec-
tronic noise floor (red diamonds). The sum of the noise sources
is shown by the gray shaded region. The frequency stability of
the optical frequency comb that measures the stability of the
frequency standard is also shown (open green diamonds).
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noise and electronics noise by our tuning the optical pow-
ers driving the two-photon transition. The measured noise
floors for these noise sources are shown in Fig. 3 and
are summarized along with other relevant noise sources in
Table 1.

Under typical experimental conditions (/776 =
680 W/m? and Iz =420 W/m?), the theoretically
expected light shifts are 54 £ 1 kHz and 315+ 1 kHz
for the 776- and 780-nm beams, respectively [39,40]. The
measured light shifts are within a factor of 2 of the theo-
retically expected values [39,40]. These light shifts induce
frequency noise through optical power fluctuations, which
is one of the main limitations to frequency stability over
all integration times measured (see Fig. 3). At integration
time t = 1 s, the fractional power stability for the 776-
and 780-nm lasers is 1 x 1073 and 9 x 107>, respectively,
which generates light-shift-induced frequency instabilities
of 3.2 x 107" and 7.9 x 1074, respectively.

Effective light shifts also arise from any frequency fluc-
tuations of the individual lasers that change the detuning
from the 5P;3,, intermediate state and scale the magnitude
of the light shifts. At a detuning of 1.5 GHz from the inter-
mediate state, the light shifts vary by —170 Hz/MHz [40].
As the 780-nm laser is offset locked to a stabilized laser,
the fluctuation in detuning from the intermediate state is
11 kHz at integration time v = 1 s. This corresponds to
an instability of 2.2 x 10715 at =1 s, well below the
measured stability.

An additional noise contribution is associated with shot
noise of the 420-nm-fluorescence detection. Under typi-
cal operation, the PMT generates 0.44 nA of photocurrent
from the detected 50 nW of 420-nm fluorescence. The
small photocurrent is limited by the collection efficiency
of approximately 0.2% and the low quantum efficiency
of the PMT (approximately 8%) at this wavelength. The

TABLE I.  Stability limits and frequency shifts of the dichroic
two-photon Rb frequency standard. A description of each is
found in the main text.

Fractional
frequency
stability at
Physical effect T=1s Frequency shift
Light shifts
776-nm power 32x 10714 54 £ 1kHz
780 nm power 7.9 x 10714 —315 £ 1kHz
5P3;; detuning 22 x 10715
Shot noise 9.1 x 10714 ..
Electronic noise 3.2x 10714 <70 kHz
RIN 5.1x 1071
PMT dark noise 1.8 x 1071
RAM 1.5x 10713
Rb-Rb collisions <1x107%  —1.8240.01 kHz
Magnetic field <1 x 1071 <1.5kHz
Blackbody-radiation shift <2 x 10713 —210 Hz

effect of the shot noise on the stability is estimated to be
9.1 x 1071/ /7.

The final major contribution to the frequency instabil-
ity is electronic noise in the feedback loop. The effect
of electronic noise is estimated by our monitoring the
frequency-discriminator noise when the lasers are tuned
out of resonance with the two-photon transition. These
fluctuations correspond to a fractional frequency stability
of 3.2 x 107" at t =1 s and are attributed to thermal
sensitivity of the electronic components present in the
feedback loop.

Other potential noise sources are listed in Table I but
do not contribute significantly to instability at the current
level of performance. Here we provide further description
of each of these noise sources. The relative intensity noise
(RIN) of the lasers at frequencies near the modulation
frequency produces fictitious error signals after demodu-
lation. This noise is additive and thus sets a limit to the
minimum resolvable frequency fluctuations. Both the 776-
nm laser and the 780-nm laser have a RIN of 10~° / VHz
around the modulation frequency, which translates into a
noise floor with a fractional frequency stability of 5.1 x
10~14/./T. The dark noise of the PMT is raised above its
specified value as it is operating at an elevated tempera-
ture due to its close proximity to the heated Rb cell. Even
so, the PMT dark current leads to a white frequency noise
floor of 1.8 x 1071%/,/7, substantially below the current
measured stability. RAM that was not suppressed by active
feedback leads to a false error signal, a noise contribution
of 1.5 x 10715 at integration time T = 1 s. The Rb cell
is heated to approximately 90 °C to increase the Rb den-
sity; however, this also increases Rb-Rb collisions, which
produce a frequency shift of —1.82 +0.01 kHz [23,31].
Residual temperature fluctuations at the millikelvin level
also have an influence on the long-term stability but can
be estimated to be below the 107! level [31,42,43]. The
high temperature of the Rb cell generates only a small
blackbody-radiation shift of approximately —210 Hz, with
a sensitivity of 1 Hz/K [31,41] A mu-metal shield reduces
ambient magnetic fields to 2.0 & 0.5 mG with a noise of
0.01 mG over 100 s. The associated frequency shift and
noise are at the level of less than 1.5 kHz and less than
10713, respectively, for T < 100 s.

IV. DISCUSSION

Substantial improvements to the stability of this fre-
quency standard can be gained by increasing the stability
of the optical powers interacting with the Rb vapor and
the signal-to-noise ratio of the frequency discriminator.
The power stability of each laser can be increased sig-
nificantly, to below 1 x 107> for 1 < 7 < 10000 s, with
careful design of the power-control system [44]. This
would reduce the light-shift frequency-noise contribution
to below 107'* for 1 < 7 < 10000 s. Careful tuning of
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the optical powers of the 776- and 780-nm lasers could
additionally cancel the frequency offset generated by the
light shift of each laser [37]. Furthermore, recent progress
using Ramsey-based interrogation protocols that make use
of composite laser-pulse sequences has shown promise in
elimination of light shifts [45—47].

Increasing the fraction of collected fluorescence from
approximately 0.2% to 5% and the PMT quantum effi-
ciency from 8% to 50% leads to an increase in detected
signal by a factor of approximately 160, reducing the shot-
noise contribution by approximately 10 times to 7 x 10713,
and the electronic-noise floor by approximately 160 times
to 6 x 10716, This would push the frequency stability to
the mid-10~"'% range at T = 1 s, allowing this compact plat-
form to compete in performance with the much-larger and
more-expensive hydrogen maser.

Further improvements to the stability of the frequency
standard could be made by utilizing frequency-doubled
fiber lasers to drive the two-photon transition [23]. This
would reduce the frequency instabilities generated by the
laser’s RIN to a frequency contribution below 1073, lead-
ing to a frequency standard capable of performing in the
10715 regime for >100s.

V. CONCLUSION

We demonstrate an optical frequency standard based
on a two-color excitation of a two-photon Doppler-free
transition in Rb. The standard exhibits a fractional fre-
quency stability of 1.5 x 10~!% at an integration time of
1 s, and this reaches 4.9 x 10~'# at approximately 100 s.
This result is competitive with previously published Rb
two-photon frequency standards [23,31,32]. The current
performance limits are identified as a combination of light
shifts, photon shot noise, and electronic noise. There are
well-known techniques to improve these limits, and we
expect that by implementation of such changes this plat-
form can offer a route to a fractional frequency stability of
10~ at an integration time of 1 s. Hence, the architecture
demonstrated here can potentially deliver hydrogen-maser
performance but in a frequency standard of a few liters in
volume.
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