A Novel Absorption Resonance for Atomic Clocks
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Abstract— We report an experimental study of an all-optical
three-photon-absorption resonance (known as an “N-resonance”)
and discuss its potential application as an alternative to atomic
clocks based on coherent population trapping (CPT). We present
measurements of the N-resonance contrast, width and light shift
for 8”Rb under various conditions including both D; and D
optical transitions. Under conditions such that first-order light
shifts cancel, we observe promising short-term frequency stability
(=15x10"1 7*1/2) for an N-resonance on the D, transition
of 8"Rb vapor.

[. INTRODUCTION

There is great current interest in developing small, eco-
nomical atomic frequency standards with fractional frequency
stability ~ 1072 or better. Significant progress toward this
goal has been achieved using coherent population trapping
(CPT) resonances in atomic vapor [1]. Recently our group
demonstrated that a three-photon-absorption resonance (known
as an “N-resonance”) [2] is a promising alternative for small
atomic clocks [3]. Here we report on the current status of
investigations of N-resonance clocks, demonstrating high con-
trast resonances using both the D; and D, lines of rubidium,
first-order cancellation of light shifts through optimization of
intensity ratios of the optical fields, and preliminary clock
stability measurements on a table-top apparatus.

N-resonances are a three-photon, two-field resonance
(Fig. la). A probe field, Q2p, resonant with the transition
between the higher energy hyperfine level of the ground
electronic state (|b)) and an upper excited state (Ja)) optically
pumps the atoms into the lower hyperfine state (|c)), leading
to increased transmission of the field through the medium. A
second, off-resonant field, {2p is applied, detuned to lower
frequencies than the |[b) — |a) transition. If the difference
frequency between p and Qp is equal to the hyperfine
frequency, a two-photon resonance is created, driving atoms
coherently from state |c) to |b) from which field Qp drives
the atoms to the excited state leading to renewed absorption.
Thus, on resonance, a reduction in the transmitted probe
field is observed. The absorption spectrum of the Qp field
has two features (Fig. la, bottom row): the broad Doppler
background due to probe field linear absorption and the narrow
resonance of the three-photon nonlinear process. Near 100%
absorption of the probe field is observed on resonance, greatly

0-7803-9052-0/05/$20.00 © 2005 IEEE.

|a>7~—>V |a) —
0
Qp AN Qp
~ Qp /Q’

v by —Y
|b) Q.1

Vo = Vo

o) p ) oy —3 )

Av
v

Ipg

Probe transmission
~
&
Probe transmission
Probe transmission
~
&g

Probe frequency Probe frequency Microwave frequency

Fig. 1. Level diagrams (top row) and schematic representations of probe
light transmission spectra for (a) N-resonance, (b) CPT resonance, and (c)
optical-pumping double-resonance schemes. Shown in the level diagrams are
the relevant probe (2p), drive (2p), and microwave fields (€2,), as well as
the ground-state hyperfine splitting v,¢. Shown in the schematic spectra are
the full width (Av) and relative intensity (A) of the clock resonance, and the
intensity of the background transmitted light (Ip).

reducing the effects of shot noise as well as phase noise due
to frequency/intensity conversion [4], [5].

For comparison, in figure 1 we also plot level diagrams
and model resonances for CPT and traditional optically-
pumped double-resonances. CPT is a transmission resonance
(Fig. 1b) in which a coherence between two hyperfine levels is
created by two resonant fields (2p and 2p) whose frequency
difference is equal to the hyperfine frequency. The absorption
for both optical fields decreases due to destructive interference
of the absorption probabilities, and a narrow transmission peak
is observed. Several groups [5], [6] have achieved fractional
stabilities below 10~!2 with CPT-based clocks, which are
also very promising for further miniaturization. In the tra-
ditional optically-pumped double-resonance clock (Fig. Ic),
one optical field (from a lamp or laser diode) resonant with
one of the allowed optical transitions (|b) — |a)) pumps
atoms to the other hyperfine sublevel (|c)). When a microwave
field is resonant with the groundstate hyperfine transition, it
redistributes the populations between these two levels, leading
to a narrow dip in the transmission spectrum. The width of
this absorption feature is determined by the intensities of both
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optical and microwave fields and the hyperfine decoherence
rate. With careful optimization of various parameters short-
term fractional stabilities of 107! may be achieved [7].
The frequency stability of an atomic clock limited only by
shot noise is given by the Allan deviation, o(7), as [8]:
1 [me 1 Av_ )

o(r) = -—

= 1
4\ Iy vie C M

where vy¢ is the atomic reference frequency, Av is the full
width of the resonance, e is the electron charge, n is the
photodetector sensitivity, and 7 is the integration time. The
contrast C' = A/Ij,, where A is the resonance amplitude
and I, is the intensity of the background transmitted light
(adopting notation similar to [8]). These parameters for N-
resonances, CPT resonances and optically pumped microwave
double resonances, are shown in figure 1.

II. APPARATUS

Figure 2b shows a schematic of our experimental setup.
We derived the two optical fields needed to probe the N-
resonances by phase modulating the output of an external
cavity diode laser [9] tuned in the vicinity of either the D;
(52512 — 5?Pijp, A = 795 nm) or the Dy (5252 —
52D /2> A = 780 nm) optical transition lines of Rb. An electro-
optic modulator (EOM) [10] produced the phase modulation
of the optical field at a frequency near the ground electronic
state hyperfine frequency of 8'Rb (v, ~ 6.8 GHz). We drove
the EOM with a frequency synthesizer amplified to 1 to 5
watts. From 1.5% to 19% of the incident laser power was
transferred to each first order sideband, depending upon the
power applied to the EOM, with the remainder residing in the
carrier. The laser beam was then circularly polarized using a
quarter wave plate and weakly focused to a diameter of 0.8
mm before entering the Rb cell.

We used various vapor cells filled with isotopically enriched
87Rb and differing pressures of Ne, Ar, and N with a
total pressure between 25 and 100 Torr contained in Pyrex
cylindrical cells (length 7 cm; diameter 2.5 cm). The vapor
cells were heated to between 55 and 65°C to provide an
appropriate optical density of rubidium vapor. The cell was
isolated from external magnetic fields with three layers of
high permeability shielding. A small (= 10 mG) longitudinal
magnetic field was applied to lift the degeneracy of the Zeeman
sublevels and separate the ' =1, mp =0to F =2, mp =0
clock transition (with first order magnetic field independence)
from the mp = =1 transitions which are sensitive to magnetic
fields in first order and will thus suffer added broadening due
to residual fluctuations in external fields.

To produce the N-resonance we tuned the high frequency
sideband near resonance with the 5513 F' = 2, Dy o tran-
sition. The strong laser carrier field at a frequency 6.8 GHz
below this transition was used as the drive field Qp (Fig. 2a)
while any effects from the weak and even-farther detuned
lower frequency sideband were neglected. The probe field then
carried the absorption signal of the N-resonance. Therefore,
after passing through the vapor cell, the strong drive field and
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Fig. 2. (a) N-resonance interaction scheme. Q2p and Qp are the probe
and drive optical fields that create and interrogate the N-resonance, vp¢ is
the hyperfine splitting of the two lower energy levels |b) and |c), ~y is the
collisionally-broadened decoherence rate of the excited state |a), and A is
the one-photon detuning of the probe field from resonance with the |b) to |a)
transition. (b) Schematic of the experimental setup. See text for abbreviations.

the off-resonant lower sideband were filtered from the laser
beam using a quartz, narrow-band Fabry-Perot etalon (FSR=20
GHz, finesse=30), tuned to the frequency of the probe field.

For spectroscopic measurements, we phase-locked the 6.8
GHz synthesizer to a hydrogen maser and swept the syn-
thesizer. We superimposed a slow frequency modulation at
fm = 400 Hz on the 6.8 GHz signal from the microwave
synthesizer and demodulated the photodetector output at f,,
with a lock-in amplifier. The system was run in open-loop
with the output of the lock-in amplifier was monitored to
record lineshapes, widths, and shifts. We also operated the
N-resonance apparatus in a closed-loop mode in which the
frequency of a VCXO (and hence the detuning of the probe
and drive fields) was locked to the N-resonance, by using the
lock-in output as an error signal to feed back to the VCXO
(Fig. 2b). The microwave synthesizer was then locked to the
output of the VCXO and we monitored the VCXO frequency
(and thus the N-resonance center frequency) by comparing it
to a signal derived from a hydrogen maser.

ITI. CONTRAST AND LINE WIDTH

N-resonance widths for two different cells are shown in
Fig. 3. The width increases linearly with laser intensity with
the narrowest observed resonance of ~ 300 Hz at 50 uW total
laser power in the 40-Torr Ne cell. The linear dependence
may be understood by analogy to optical pumping double
resonance with an effective microwave field created by the
combined action of the far-detuned drive and probe fields. The
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Fig. 3. Measured N-resonance linewidth, Av, as a function of total incident

laser power for 87Rb vapor cells filled with 40-Torr of Ne buffer gas (A) and
a mixture of 10-Torr Ne and 15-Torr Ar (4). The probe field is tuned ~ 300
MHz below the F = 2 — F’ = 2, Dy transition of 87Rb. The solid lines
are calculated linewidths using an analytical N-resonance model.

corresponding Rabi frequency is Qzﬂ = QpQ% /v, wWhere
Qp and Qp are Rabi frequencies of the probe and drive fields.
Applying the expression for the double-resonance width (Av)
from [7], we find
Q2
Av = <r+2§> (S+1)Y2/x 2)

where vy and I are the ground and excited state relaxation rates
respectfully, and S is power saturation factor of the microwave
transition, S = Q|2 /(T'+ 3%, /2y)2. Although (2) describes
the qualitative dependence of the N-resonance width on laser
power, direct substitution of the parameters above yield much
broader widths than those observed. This is likely caused by
the dual role played by the probe field as both the optical
pumping field on the |b) — |a) transition and as an off-
resonant Raman field on the |¢) — |a) transition.

Measurements of the contrast C' = A/I, for two different
cells are shown in Fig. 4. For both cells, the contrast increases
rapidly and then saturates at C' > 15% for total laser power
~ 1 mW due to optical pumping to other Zeeman levels. This
saturated N-resonance contrast exceeds the contrast reported
to date with traditional CPT clock resonances, C' < 4% [8].
However, the relatively large laser power required to saturate
the N-resonance contrast leads to an increased linewidth, Av
(see Fig. 3), which reduces the frequency stability (see (1)).

To account for the trade-offs between contrast and linewidth,
we follow [8], and define a resonance quality factor, g,

q=C/Av 3)

as a figure of merit for N-resonance clocks. For example, for
120 W of laser power we find Av =~ 1 kHz (Fig. 3, 40-Torr
Ne cell) and C = 0.1 (Fig. 4), implying ¢ = 10~* Hz~! and
an estimated frequency stability (1) of o(7) ~ 10~ 771/2,

We also observe that the contrast of the N-resonance reaches
its maximum at lower laser powers in the the 40-Torr Ne
vapor cell than in the 25-Torr Ne-Ar mixture. We attribute
this difference to slower Rb diffusion out of the laser fields
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Fig. 4. Measured N-resonance contrast, C, as a function of total incident

laser power for 87Rb vapor cells filled with 40-Torr of Ne buffer gas (A) and
a mixture of 10-Torr Ne and 15-Torr Ar (). The probe field is tuned =~ 300
MHz below the F = 2 — F’ = 2, Dy transition of 87Rb. The solid lines
are calculated linewidths using an analytical N-resonance model.

at higher buffer gas pressure, and hence reduced ground-state
coherence loss and more efficient optical pumping. In addition,
we did not detect any deterioration of the N-resonance contrast
with increasing buffer gas pressure as has been observed in
CPT resonances [8]. This suggests that the N-resonance may
be a good candidate for miniature atomic clocks where high
buffer gas pressure is required to prevent rapid decoherence
due to collisions with the walls of a small vapor cell.

IV. COMPARISON OF D; AND Dy TRANSITIONS

Comparing the results above for N-resonances with pub-
lished data for CPT clocks, we find much higher contrasts
for N-resonances. Despite the increased N-resonance width
due to power broadening, the quality figure ¢ (see (3)) for
N-resonances is comparable with the best existing results for
CPT clocks [8]. However, many CPT contrast measurements
to date have been performed on the Dy optical transition while
the data presented above is for D;. The D; line may improve
both resonance contrast and width of existing CPT clocks [11].
Therefore, in this section, we compare measured N-resonance
widths and contrasts for the Do and D optical transitions.

In a warm vapor cell, a pure dark state exists only for
the Dy transition. The ratio of transition strengths from the
ground states to an excited electronic state hyperfine level of
the D; transition is the same for both excited-state hyperfine
levels [12]. Thus a ground-state superposition that is dark to
one excited-state hyperfine level is also a dark state for the
other level (Fig. 5a). For the D, transition (Fig. 5b), the ratio
of transition strengths differ for each excited state [12], and
thus, an atom in a dark state for light resonant with one excited
state will not be in a dark state for other excited state levels.
Velocity-changing collisions in the warm vapor cell will shift
the one-photon detuning such that atoms will couple to all
excited-state hyperfine levels, destroying the dark state in the
D5 transition.

CPT resonances, whose atomic state is a “dark state” super-

769



(a)

800 MHz {

Fig. 5. Relative transition strengths for F = 1,2; m = 0 — F/; m =
1 transitions in (a) the D; optical transition and (b) the D2 transition of
87 Rb [12]. Energy spacings are not shown to scale. Note that in (a), a dark
state of the F/ = 1 optical transition is also a dark state of the F/ = 2
transition because the ratio of transition elements are equal. In (b), there is no
dark state that is independent of the excited state hyperfine level addressed.

position between the ' =1, mp =0and FF =2, mp =0
states, therefore have much higher amplitude for the D; line
than Dy [11]. For N-resonances, the two-photon absorption
resonance does not require a dark state. Therefore, we expect
no noticeable advantages for D line excitation over the Ds.

Additionally, for circularly polarized light (which is usually
used in optically-pumped atomic clocks) resonant with the D,
transition, many atoms are trapped in the Zeeman state with
maximum angular momentum - an “end” state ( F' = 2, mp =
+2 for 87Rb) [13]. This limits the resonance amplitude and
contrast of both N-resonances and CPT resonances from the
mp = 0 clock transition. However, for the D> line the end
Zeeman state is coupled to the excited state through the cycling
transition ' = 2 — F’ = 3. In the presence of strong
collisional mixing in the excited state, the cycling transition
suppresses optical pumping of atoms into the end state. Thus
we expect higher resonance contrast for N-resonances on the
Dy transition.

In the data presented in this section, a vapor cell containing
100-Torr Ne buffer gas (y/7 ~ 2 GHz) was heated to 65 °C.
For both the D; and D, transitions, the modulation index
was 0.38, corresponding to a probe/drive field intensity ratio
of 19%. Sample N-resonances for the D; and the D lines
under similar conditions are shown in Fig. 6. The amplitude
of the Dy N-resonance (= 30%) is significantly larger than that
for the Dy line (=~ 12%), while its width is slightly broader
(4.4 kHz for the Dy vs. 3.0 kHz for the D; line). The quality
factor, ¢, defined in (3) is only slightly degraded in the D
transition compared to D, because the larger D5 linewidth
is compensated by a higher contrast. Note, that this situation
is different from CPT resonances [11], [14] where the quality
figure for the Dy line is almost an order of magnitude worse
than that for the D line.

As phase sensitive detection is commonly used in optically-
pumped frequency standards to produce a lock-loop feedback
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Fig. 6. Sample N-resonance observed for the D; and the D optical

transitions. Laser power of 260 pW, corresponding to an intensity of ~ 50
mW/cm?. Probe field transmission is normalized to unity away from two-
photon resonance.

signal, an asymmetric resonance lineshape leads to additional
frequency shifts proportional to modulation parameters [15].
As shown in Fig. 6, we observe more symmetric resonances
from the N-resonance on the Dy line than the D; line, giving
an additional advantage for the use of the D, line in N-
resonance clocks.

V. LIGHT SHIFTS

The stability of optically-pumped atomic clocks is often
limited by the “light shift,” an AC Stark effect that shifts
the atomic levels [16] depending on both the optical field
frequency and intensity. Fluctuations in these parameters are
directly transferred to the clock frequency. Light shifts remain
the limiting factor for the stability of optically pumped double
resonance clocks at the level of 10~ [17]-[19].

In CPT clocks, in principle, the light shift may be almost
completely eliminated. Typically, however, the diode laser is
driven with current-modulation to produce the two strong,
resonant optical fields. This necessarily leads to higher order
sidebands, which, even when optimally adjusted, can lead to
second order light shifts [20]. Amplitude modulation (AM)
is also usually present when current modulation is used to
create resonant sidebands. The resulting imbalance in sideband
intensities is often as large as 10% for CPT clocks [5]. This
imbalance leads to linear light shifts observed to be of order
0.1 to 0.3 Hz/uW/cm? and 1 Hz/MHz [5], [6], [8].

For the idealized three-level N-resonance of Fig. 2a, the
light shift )5 (i.e., the detuning from vy of the difference
frequency between the probe and drive fields, as measured
by maximum probe field absorption) consists of three leading
(first-order) terms: shifts of both ground-states due to inter-
action with the strong, far-detuned drive field, and a shift of
ground-state |c¢) due to interaction with the near-resonant probe
field:

2
2ups + A

2pPA
A% 4220
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Fig. 8. The dependence of the N-resonance frequency on the total laser
power in the cells with the 25-Torr Ne-Ar mixture ({») and with 40-Torr of
Ne (A\). The probe field is tuned to the F' = 2 — F’ = 1 transition of 37Rb.

Here A is the one-photon detuning of the probe field from
resonance, « is the collisionally-broadened decoherence rate
of the excited state, and Q2p and 2p are the probe and drive
fields’ Rabi frequencies. The light shifts due to the far-detuned
drive field (the first and second terms in (4)) are proportional
to the drive field intensity, but practically independent of the
laser frequency for A < vy¢. In contrast, the light shift due to
the near-resonant probe field (the last term in (4)) has a strong
dispersive-like dependence on A. Thus, near the extrema, A =
+v/2, the total N-resonance light shift has only a quadratic
dependence on the probe field detuning (see Fig. 7):

210252
|7§ (AF7/2)

Qpl? Qpl?
_|D|j[|P|¥

51 ;
° 2vpe 0l

®)

This light shift can then be canceled by (i) detuning the probe
field to the high-frequency extremum, and (ii) properly setting

the intensity ratio of the drive and probe fields:

27 _ v
‘QDIQ 21/hf

With such light-shift cancellation, the measured N-resonance
center frequency should be insensitive (to leading order)
to fluctuations of the probe field frequency and total laser
intensity. Note that the light-shift cancellation does not depend
on the absolute intensity of the optical fields.

To verify these predictions, we measured 8"Rb N-resonance
light shifts using the experimental setup shown in Fig. 2b and
described above with vapor cells containing several mixtures
and pressures of buffer gases. N-resonance light shifts are
shown in figures 7 and 8 for 25-Torr Ne-Ar mixture and 40-
Torr Ne vapor cells. As the probe field frequency is varied
through the Dy, F = 2 — F’ = 1,2 transition (Fig. 7),
two extrema are observed demonstrating the quadratic light-
shift dependence on laser detuning of (5). Additionally, the
curvature is reduced in the higher buffer gas pressure vapor
cell from approximately 4.0 mHz/MHz? for the 25-Torr Ne-
Ar mixture to 2.5 mHz/MHz? for the 40-Torr Ne, suggesting
that the N-resonance may be well suited to high buffer gas
pressure, small vapor cells. The dependence of the light shift

A=+v/2, (6)
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in the N-resonance measured for different laser intensities is
shown in Fig. 8. In this case the shift is linear in total laser
intensity, and again the slope of this line decreases as the
buffer gas pressure in the cell increases (20 mHz/(uW/cm?)
for 40-Torr of Ne versus 27 mHz/(uW/cm?) for the 25-Torr
Ne-Ar mixture).

In additional measurements, we study the light-shift com-
pensation point using a 8"Rb vapor cell with a buffer gas
mixture of 15-Torr Ne, 15-Torr Ar, and 5-Torr Ny (chosen
to minimize the temperature dependence of the 3'Rb ground-
state hyperfine frequency shift due to buffer gas collisions [7];
pressure broadened excited state linewidth v/m ~ 1.2 GHz),
as well as with a 100-Torr Ne vapor cell. Figure 9 shows
examples of the measured dependence of the N-resonance
frequency on laser intensity and probe/drive intensity ratio
for both D; and D5 optical transitions. The intensity light-
shift cancellation ratio, |Q2p|?/|Q2p|? =~ 11%, is in reasonable
agreement with the prediction of [2p|?/|Qp|? ~ 9% given by
(6) for our experimental conditions.

VI. FREQUENCY STABILITY

Finally, we characterized the frequency stability of a crude
“N-resonance clock” — i.e., the VCXO locked to the 8"Rb N-
resonance as described above — relative to a hydrogen maser.
For this measurement we used a 15-Torr Ne, 15-Torr Ar, and
5-Torr Ny buffer gas vapor cell and tuned our system to the
conditions for optimal light-shift cancellation (laser detuning
A ~ 700 MHz, probe/drive intensity ratio ~ 11%) with total
laser power ~ 140 W (intensity ~ 30 mW/cm?). Under such
conditions the N-resonance linewidth ~ 1400 Hz (FWHM)
and contrast ~ 7%, which implies a shot-noise-limited short-
term frequency ~ 5 x 10~ 7=1/2 [8]. Figure 10 shows
the measured N-resonance clock fractional frequency stability
(Allan deviation). The short-term stability ~ 1.5x10~ 11 7—1/2
for observation times 1 s < 7 < 50 s. At longer times
the stability degrades due to uncontrolled temperature and
mechanical variations in our table-top apparatus, as well as
long-term drifts of the laser frequency. Despite this non-
optimal clock apparatus, the short-term N-resonance frequency
stability is already better than that provided by many recently-

demonstrated CPT clocks [1], [6], [23]. We expect that both
the short- and long-term N-resonance frequency stability can
be further improved by straightforward optimization of the
VCXO lock-loop (to reduce phase noise), temperature sta-
bilization, laser control, etc. We also expect that a high-
stability N-resonance clock should be possible in a compact
physical package (with vapor cell volume ~ 1 mm?), because
of promising N-resonance characteristics at high buffer gas
pressure.

VII. CONCLUSIONS

In conclusion, we have presented a summary of the current
status of an all-optical, three-photon-absorption N-resonance
clock. We have characterized the contrast and linewidth of
such resonances on both the D and Dy optical transitions
of 8Rb and find the overall quality competitive with CPT
resonances. We found that the lineshape for the Dy is more
symmetric than the D; line, making it perhaps less sensitive to
slow-modulation induced effects. Thus, both optical transitions
may work well for N-resonance clocks as opposed to CPT
resonances in which performance is compromised by the use
of the optical D5 transition.

We also demonstrated cancellation of first-order light-shifts
on the D; line of 8"Rb vapor. Employing this light-shift
cancellation in a table-top apparatus, we observed N-resonance
frequency stability comparable to or better than existing CPT
clocks. Significant improvements in N-resonance frequency
stability should be possible in a small device with standard
techniques.
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