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This Letter presents an intracavity scheme for diode laser based two-photon spectroscopy. Todemonstrate generality,
three 133Cs hyperfine transition groups of different wavelengths are shown. For the 6S–6D transitions, we achieved a
102 timesbetter signal-to-noise ratio than inpreviouswork [J. Phys. Soc. Jpn.74, 2487 (2005)]with10−3 times less laser
power, revealing somepreviously vagueandunobserved spectra. Possiblemutual influencesbetween the two-photon
absorber and laser cavity were investigated for the first time to our knowledge, which leads to the application of a
reliable hand-sized optical frequency reference. Our approach is applicable for most of the two-photon spectroscopy
of alkali atoms. © 2011 Optical Society of America
OCIS codes: 120.3930, 300.6210, 300.6190, 300.6320.

High signal-to-noise spectra of direct two-photon transi-
tionswhereone-photondetuning is far from the intermedi-
ate state is resolved with difficulty using a low-power
100 kHz linewidth laser. Taking cesium/rubidium atom
two-photon transitions as examples, people have em-
ployed a high-power Ti:sapphire laser [1,3–7], cavity-
enhanced scheme [5–7], or a tapered amplifier [8] to boost
the laser power in order to improve the spectral signal-to-
noise ratio (SNR). However, these methods necessitate
increased complexity or cost. Our report demonstrates
successofhigh-resolution two-photonspectroscopyusing
simply a low-power external-cavity diode laser [9] with an
intracavity Cs cell (intracavity scheme). To show general-
ity, we demonstrated our results for three transition
groups, namely, 133Cs 6S1=2 → 6D3=2 (885:4 nm), 6S1=2
→ 6D5=2 (883:7 nm), and 6S1=2 → 8S1=2 (822:5 nm) hyper-
fine transitions. For the 6S–6D transitions, we achieved 2
orders of magnitude better SNR than previous work [1,2],
with 3 orders of magnitude less laser power, revealing
some previously vague and unobserved spectra. Our re-
solved two-photon spectroscopy offers several advan-
tages in laser stabilization; namely, the high-resolution
spectrumprovides goodoptical frequency discrimination,
the weakly induced quadrupole moment yields no pertur-
bation,withinourmeasurementprecision, to the lasercav-
ity, and the complete beam overlapping further eliminates
the Doppler background.
Although installing an absorber inside the laser cavity

for saturation spectroscopy has been performed for dec-
ades, the inevitable mutual interactions between the
laser cavity and the absorber distorted the spectral shape
and thus limited the applications [10–14]. Yet to our
knowledge, intracavity cesium two-photon spectroscopy
has not been investigated. Our study focuses on intracav-
ity two-photon spectra and their lineshape symmetry,
and pressure shift, clarifying the possible influences be-
tween the absorber and laser cavity and demonstrating
the application for laser stabilization. Our simple high-
resolution approach should be applicable to the two-
photon spectroscopy of alkali atoms.

The structure of our intracavity two-photon stabilized
laser is illustrated in Fig. 1. It was vital, though challen-
ging, to build a quiet, mode-hop-free optical resonator at
23 °C, while hosting an intracavity cesium cell heated to
100 °C, all within a range of 1 mK temperature instability.
However, once all the parameters, such as cavity length,
thermal materials, and temperature settings, are deter-
mined, it was not difficult to duplicate more systems.
Such a tight temperature control efficiently minimized
the cavity-length drift and provided laser stabilization for
several weeks. Two diode lasers of different wavelengths
were used in two slightly different laser systems. As la-
beled by “A,” the 884 nm system used a 40 mW output
power diode (AR coated), and the 822 nm system used
a 100 mW output power diode (Fabry–Perot type). Fine
wavelength tuning was achieved by a conventional
Littrow scheme [9] with a 1800 grooves=mm grating.
The grating, indicated by “B,” was properly oriented so
that 45% (95%) of laser power could be diffracted back

Fig. 1. Structure of our intracavity two-photon stabilized la-
sers and the relevant energy level diagram: A, copper-housed
laser diode with a collimating tube; B, 1800 groove=mm grating;
C, AR-coated cesium cell (884 nm system) and Brewster-
window sealed cesium cell (822 nm system); D, piezoelectric
transducer; E, fluorescence collector; F, Teflon bulk for thermal
isolation; G, TE cooler; H, focus lens and holder; and I, μ-metal.
Inset, enlargement of PZT holder for the 884 nm system.
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to the laser cavity for an 884 nm (or 822 nm) diode laser
system, eventually yielding 10 mW (or 2 mW) zero-order
output power, respectively. The laser power inside the
laser cavity was thus estimated as 18 mW (or 40 mW).
A quartz cell with AR-coated windows was used for
the 884 nm laser system, and a Brewster-window sealed
cell was used for the 822 nm laser system, labeled “C.” An
additional lens in the 884 nm laser system, labeled “H,”
together with the other lens located in the collimating
tube (A), was used to focus the laser beam into the center
of the cesium cell to provide sufficient power density
(∼35 mW=mm2) inside the cesium cell, while only one
collimating lens was needed for the 822 nm system
(∼40 mW=mm2). A layer of μ-metal, labeled “I” and
shown in purple, was added around the whole cell of
the 884 nm system to provide shielding from the mag-
netic field of the Earth. We found the linewidth was
1:2 MHz broadened (F ¼ 4 → F 00 ¼ 6, D5=2) without
shielding the magnetic field of the Earth, and more layers
did not further reduce the linewidth, under our measure-
ment precision. When laser stabilization was activated,
the diode laser was frequency modulated by a dither
on the diode current, and the error signal from the photo-
multiplier tube was retrieved following a standard demo-
dulation procedure with a homemade lock-in amplifier.
Figure 2 shows, from left to right, absorption spectra

of 6S1=2–6D5=2 transitions, derivativelike signals of
6S1=2–6D3=2 transitions, and one absorption signal of
6S–8S transition, respectively. The best SNR of all transi-
tions is similar, and all good for laser stabilization. The
intracavity absorption signals (from a lock-in amplifier)
in which chopping fluorescence was realized by modulat-
ing the driving current of the diode laser with a 30 kHz
square wave, resulting in a 50 MHz optical frequency
jump between the absorption center and the nonfluores-
cence region. The hand-sized laser in the right side of
Fig. 2 (6S–8S) was freely running around the spectral
center. Because of the high resolution, some spectra
were clearly resolved for the first time, namely, F ¼ 4 →

F 00 ¼ 2 and F ¼ 3 → F 00 ¼ 1 of 6S1=2 → 6D5=2. The fre-
quency axis of Fig. 2 was calibrated to a transition

resonance of the largest SNR in their group. For example,
we chose F 00 ¼ 6 transition for the frequency axis refer-
ence of 6S1=2, F ¼ 4 → 6D5=2 group, and we chose the
same transition as the frequency axis reference of 6S–
8S group. This was achieved by recording the beat note
(Δf b) between our hand-sized diode laser and the other
frequency-stabilized 884 nm (822 nm) laser, for which
the laser frequency was not modulated [8]. Note that a
160 MHz frequency difference of Fig. 2(c) was from a fre-
quency bridge by a double-pass acoustic-optical modula-
tor system [8]. For studying the possible influence of
laser cavity on the lineshape symmetry, we employed
a symmetric function (Voigt) to fit the isolated 6S–8S
transition [Fig. 2(c)], since it is about 4 GHz away from
the nearby transition. The fitting residuals show a highly
symmetric structure, which is a sufficient condition to
show the symmetry of the experimental lineshape. We
conclude that the influence of laser cavity on the two-
photon transition is slight compared with the observa-
tions in dye laser intracavity spectroscopy conducted
by Hill III, et al. [10]. The hyperfine interval fitting is 1
order of magnitude better than previous work [1,3,4].
The major factors for the weak influences on lineshape
symmetry are attributed to the flat laser gain profile, gas-
lensing free and mode pulling free (within our measure-
ment precision). Mode pulling is a troublesome issue for
intracavity one-photon spectroscopy [11,12] and was in-
spected here by observing the possible lead-lag of the la-
ser frequency. Laser frequency lead-lag, caused by the
dispersion of the gain/absorption medium [12], is non-
linearly dependent on the physical length of the laser re-
sonator. To observe the mode pulling effect caused by
two-photon absorption, we recorded Δf b synchronously
with each saw-wave voltage, because Δf b is related to
the cavity optical length and the saw-wave voltage is re-
lated to the physical length. This was done by imposing a
constant-frequency saw wave (10 mHz) to change the
offset point of the PZT feedback loop while the laser
frequency locking was kept engaged. The maximum
voltage of saw wave was 0:3 V. Figure 3 illustrates
the response of laser frequency (Δf b) versus each

Fig. 2. Intracavity Doppler-free two-photon spectrograms
in three different wavelengths and the corresponding level
diagram. (a) Typical absorption signals (6S1=2–6D5=2,
883:7 nm). Note that F 00 ¼ 2 of F ¼ 4 group and F 00 ¼ 1 of F ¼
3 group are clearly resolved. (b) Typical first derivative signals
(6S1=2–6D3=2, 885:4 nm). (c) Isolated 6S1=2–8S1=2 (822:5 nm) hy-
perfine transition for inspecting the influence of laser cavity on
the spectral lineshape. The hand-sized laser on the right side
was freely running; see text. The blue line in the right-side figure
is a Voigt-fitting curve. The symmetric residual is a sufficient
condition for lineshape symmetry.

Fig. 3. Mode pulling inspection, 6S–8S, F ¼ 3 − F 000 ¼ 3 transi-
tion was selected. Δf b is the beat frequency of the two lasers,
and Vsaw is the offset voltage of the cavity PZT with a constant
10 mHz saw-wave frequency; frequency locking was always en-
gaged during the period of data acquisition. Data points were
repeatedly obtained by scanning the laser cavity length with
a slow saw wave (10 mHz) and recording each point of the
saw-wave voltage versus Δf b simultaneously. The red line is
a linear fitting. The fitting residual mainly comes from laser
frequency instability during the scan; see text.
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cavity-length changing (saw-wave voltage). The red line
is a linear fitting to the data points. The fitting residual
was within the frequency instability (10 kHz) when the
laser frequency was detuned. Therefore, we concluded
that the nonlinear mode pulling effect was not observed
within our 10 kHz measurement uncertainty. To directly
observe the possible gas-lensing effect [13,14], which
might vary the laser output power and the beam size,
we compared the laser output power and beam size when
the laser is frequency-stabilized to, or detuned far from,
the two-photon transition. Our measurements showed no
evidence of any lensing effect—within the power mea-
surement uncertainty of 10 μWand size measurement un-
certainty of 0:05 mm. Details of the laser stabilization are
given in Fig. 4. The estimated Allan deviation [15] was
deduced from a beat note measurement with two
hand-sized cesium 6S–8S, F ¼ 3 − F 000 ¼ 3 transition-
stabilized lasers. In Fig. 4(a) we show the achieved laser
frequency instability of ∼3 × 10−13, or Δf ∼ 100 Hz, at a
400 s sampling time. Note that Fig. 4(a) is just an esti-
mated value because our lambda-type counter could
not really provide appropriate sequences of frequency
counting for directly deducing the Allan variance [15].
Reproducibility was estimated by tracking the frequency
deviation of two independent lasers stabilized to the
same two-photon transition for 16 d, as displayed in
Fig. 4(b). The modulation and pressure shifts of 6S–8S,
F ¼ 3 − F 000 ¼ 3 transition were measured to be
3 kHz=MHz linear shift and −290 kHz=Pa with ∼7 × 1011

ðatom=cm3Þ atom density, respectively, which differed
from [8,16] owing to different cell wall materials, residual
magnetic field, and resolved spectral width.
Higher spectral quality will lead to higher accuracy on

spectral positions. Our curve fitting in Fig. 2 showed pro-
mise for precisely fitting the hyperfine coupling con-
stants of the cesium 6S–6D transition to determine the
magnetic octupole of the cesium nucleus [17], which will
help for clarifying the puzzle between the atomic physics
observation and nuclear modeling [17]. Moreover, be-

cause the 822 and 884 nm wavelengths are within the
gain profile of the Ti:sapphire laser, the two compact
lasers in this report will be used for two frequency re-
ferences of our mode-lock laser system for directly sta-
bilizing the mode frequency [18] and repetition rate,
respectively. We are now aiming at determining the spec-
tral intervals of 6S–6D hyperfine transitions with better
than 1 kHz accuracy.
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Fig. 4. Demonstration of laser stabilization. Two hand-sized
6S–8S, F ¼ 3 − F 000 ¼ 3 transition-stabilized lasers were used.
(a) Stability: here the “frequency instability” is deduced via a
process similar to the Allan deviation; however, it was not
exactly an Allan deviation due to our lambda-type counter [15];
see text. Both horizontal and vertical axes are on a log scale.
Frequency instability was estimated as 3 × 10−13 (Δf ∼ 100 Hz)
at a 400 s sampling time. (b) Reproducibility: beat note mea-
surements over a period of 16 d. A maximum frequency discre-
pancy of 3:5 kHz was observed.
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