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Double resonance optical pumping spectroscopy has an outstanding advantage of high signal-to-noise ratio, thus
having potential applications in precision measurement. With the counter propagated 780nm and 776 nm laser
beams acting on a rubidium vapor cell, the high resolution spectrum of 55,5 — 5P3/3 — 5D5/5 ladder-type
transition of ¥ Rb atoms is obtained by monitoring the population of the 5512 ground state. The dependence of
the spectroscopy lineshape on the probe and coupling fields are comprehensively studied in theory and experiment.
This research is helpful for measurement of fundamental physical constants by high resolution spectroscopy.

PACS: 32.10.Fn, 32.70.Fw, 32.70.Jz

High resolution spectroscopy has been attract-
ing attention for applications in laser frequency
stabilization,!') atomic clock,[”! fundamental physics
measurement,!”) and other fields.[*”) For the high
resolution spectroscopy of alkali atoms, the Doppler
background hinders the potential applications in
laser frequency stabilization and optical communi-
cation. To obtain a highly resolved Doppler free
spectroscopy, various experimental schemes were em-
ployed, such as the optical-optical double resonance
spectroscopy,l?) electromagnetically induced trans-
parency spectroscopy,!”) and double resonance opti-
cal pumping (DROP) spectroscopy.[®] Compared with
other spectroscopy methods, DROP spectroscopy has
the remarkable character of a high signal-to-noise ra-
tio for detecting the ground state population instead
of the excited state. Since the intermediate state has
a strong spontaneous emission rate, which will accel-
erate the double resonance pumping process, the res-
olution of the spectroscopy will be increased.

DROP spectroscopy was firstly introduced by
Moon et al., they used the 5Sy/5 — 5P3/5 — 4D3/5
and the 5Sy/5 — 5P3/9 — 4D5/, transitions for fre-
quency stabilization of 1.5 um laser,l*) measured the
absolute frequency of the 55,3 —5P3/3 —4D5 /5 tran-
sition with a femtosecond frequency comb in 8Rb,!"]
also measured the hyperfine structure constants of the
551 /2 —5P35 —4Dj3 5 transition of 3°Rb and 87TRb.[1"]
Wang et al. measured the hyperfine structure con-
stants of the 4Dj; state for 5"Rb and ®°Rb,!'!l and
stabilized the laser frequency using the DROP spec-
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troscopy of the 651/, — 6P3/5 — 857/ transition of
cesium.!'”] Talker et al. used the DROP spectroscopy
for stabilizing the frequency of a laser with the hy-
perfine structure of the 55,5 — 5P/ — 4D5/ tran-
sition in a millimeter-size cell of $Rb.l'?l Becerra et
al. used the DROP spectroscopy for a nondegenerate
four-wave mixing experiment of diamond configura-
tion energy levels in rubidium vapor.!'"]

Previous researches mainly focused on the 55 /5 —
5P3/p — 4D3/3 5,2 transition.  Recently, the dis-
tinct merits of the 581/2 — 5P3/2 — 5D5/2 tran-
sition have attracted tremendous interest from re-
searchers. The small energy difference between these
two transitions induces a high-transition probability
and a better Doppler free background. The rela-
tively narrow natural linewidth and lower sensitiv-
ity to the external environment make the state a
good candidate for establishing optical frequency stan-
dards with high stability.l”) In our previous work,
we have studied the hyperfine transition spectroscopy
of the 3Rb 5Dy /2 state using an optical frequency
comb and a continuous-wave laser, the results pro-
moted the research of a higher resolution two-photon
spectroscopy.!' 1% Also, the high-resolution spectrum
under the optimized parameters shows great po-
tential in determination of the hyperfine structure
constants.[' 7]

In this Letter, we thoroughly investigate the
DROP spectroscopy of the 55} /o —=5P3/2 —5D5 5 tran-
sition. The high resolution DROP spectrum is per-
formed by the 780 nm and 776 nm laser beams acting
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on the rubidium vapor cell with counter propagating
configuration. The dependences of the spectrum line-
shape on variable parameters of different combinations
of the laser polarization, the power of the coupling
laser, and the probe laser are studied in both theory
and experiment. By the comparison of the theoretical
results with the experimental ones, we can obtain the
clear physical essence of the DROP spectroscopy. This
study is important for the application of the DROP
spectroscopy in precision measurement.

The experimental setup and related energy levels
are shown in Fig.1. A ladder-type coherent atomic
system is employed in this study, which contains an
excitation from a ground state 5S;/, to a high state
5D5/5 via an intermediate state 5P3/5, as shown in
Fig. 1(a).
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Fig. 1. (a) Relevant energy levels of 551 5 —5P3 /5 —5D5 /5
transition of 87Rb. (b) Experimental setup. HWP, half-
wave plate; QWP, quarter-wave plate; PBS, polarizing
beam splitter; M, high reflection mirror; NDP, neutral
density plate; L, lens.

780 nm

The experimental setup for the DROP spec-
troscopy is shown in Fig.1(b). Two tunable Lit-
trow external-cavity diode lasers (DL pro, Toptica)
are used as the coupling laser and the probe laser,
each operating in a single mode and counter prop-
agate through the Rb vapor cell. The probe laser
labeled as DL 1 operating at 780nm related to the
55172 — 5P3)5 transition is a continuous wave with
a Gauss profile, and that of the coupling laser la-
beled as DL 2 operating at 776 nm related to the
5P3/5—5Ds5 5 transition. The natural linewidths of the
5P3/5 and 5D5, states are approximately 6.0 MHz!'#!
and 0.67 MHz,!'"] respectively. The probe laser is
locked to 557,2(F = 2) — 5P5)5(F' = 3) hyperfine
transition by the saturated absorption spectroscopy
method, while the coupling laser is scanned over the
entire range of the excited states for the transition
lines 5P3 /5 —5D52; the frequency of the coupling laser
is monitored with a wavelength meter (WS-7, HighFi-
nesse). When the atoms are resonant with the fields
of the coupling laser and the probe laser, the popula-
tion of the 55 /o(F = 2) state will deplete, due to the
atoms excited to the 5D5/5(F" = 2,3,4) states decay-
ing to the other ground state, 55 /o(F' = 1), by the in-
termediate states, 5P3/5(F" = 1,2). This phenomenon
can be distinctly observed by monitoring the transmis-
sion of the probe laser. The advantage of this method

is that the DROP spectroscopy has a flat background,
at the same time, the spectral linewidth is narrowed
due to the atomic coherence effect. Each laser’s power
can be controlled with a neutral-density plate (NDP).
The polarization of the probe and coupling lasers can
be controlled by the half-wave plate and quarter-wave
plate introduced into the optical path. The quantum
axis is along the direction of the probe laser. The
vapor cell, 2.5 cm in diameter and 10 cm in length at
room temperature, is placed in a y-metal box to shield
the stray magnetic field. The focused probe laser and
the coupling laser beams in the center of the vapor
cell are all about 100 pm. The transmission signal of
the probe laser beam is detected by a Si photodiode
detector (PDA36 A-EC, Thorlabs).

Considering the different hyperfine transition
channels and hyperfine transition rules, the atoms of
the ground state 5Si,(F = 2) are excited to the
5D5/5(F" = 2,3,4) state via the intermediate state
5P3/5. With the scanning of the coupling laser around
the entire range of 5P3/5 — 5Dj5 /o transition while the
probe laser is locked to 55 /5(F = 2) — 5P (F' = 3)
hyperfine transition, the transmittance peaks of the
5D5/5(F" = 2,3,4) state can be observed by monitor-
ing the absorption of the probe laser beam, which is
known as the typical DROP spectroscopy. The peaks
are corresponding to F” = 4,3,2 levels from left to
right.

The absolute and relative amplitude of the peaks
for the DROP spectra will be significantly influenced
by the polarization combinations of the two lasers due
to the different transition probabilities between differ-
ent Zeeman levels. For a transition between two pure
Zeeman levels (mp and mp/) of different hyperfine
structures, the transition probability is given by!*]

UmFmF/
=(Fmpgler|Fmg)
= (Jler]| J')(~1)2F #7414
x \/(2F + 1)(2F" + 1)(2J + 1)
y F’ 1 F
mgp Mmgp —MEgr
J J 1
where (J|ler||J’) is the reduced matrix element and
will keep a constant for a hyperfine transition, and
the value can be found in Ref.[21], I is the nuclear
spin (I = 3/2 for 8"Rb), J is the angular momentum,
F represents the total angular momentum, and mpg
stands for the magnetic sublevels of F' states. Fach
F state has (2F + 1) degenerate mp values. The
primes on the quantum numbers correspond to the
initial state where the atom resides. The quantities

in brackets are the 35 symbol and in curled brackets
are 65 symbols, which can be evaluated by Wolfram
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Mathematica. The different sublevel transitions are
driven by different laser beams, the sublevel transi-
tions of Ampr = 0, 1 and —1 are driven by 7, o and
o~ polarized laser in one-photon transition. With the
condition of that the quantum axis is along the direc-
tion of the laser transmission, the 7, o*, 0~ polarized
lasers represent the linearly polarized, right handed-
circularly polarized and left-handed circularly polar-
ized lasers, respectively.

The relative transition amplitudes of different
transition peaks can then be quantitatively evaluated
by |UmFmF,\2, thus the transition probability from
a given F', mp level to any other F”, mp. level.
Since there are a series of possible transition routes
from the ground level to the upper level, each with
its own weighted probability. By multiplying prob-
abilities for the two transitions (5512 — 5P3/2) and
(5P3/2—5D5/5), we arrive at the two-photon transition
probability for each allowed mp to mp~ level. Then,
summing over all allowed transitions, we can obtain
the transition probability between hyperfine states
Zmp—mF/,mF/—mFu (|0mF7nF’ |2|0mF’mF” |2) The
combinations of the laser beams can be divided into
four groups, two linearly polarized, a linearly polarized
and a circularly polarized, two same circularly polar-
ized, two different circularly polarized. The transition
probabilities for 55 /5 (F = 2) — 5P/5(F' =1,2,3) —
5D5/5(F" = 4,3,2) peaks with four combinations of
the polarized laser beams are calculated and normal-
ized by F” = 4 of 7 — 7 combination as, 1:0.34:0.32
for m — m combination, 0.75:0.57:0.19 for 7 — o7 (c7)
combination, 1.5:0.51:0.19 for 6™ — o (0~ —0 ™) com-
bination, and 0.25:0.4:0.32 for 6 —0~ (0~ —0") com-
bination, respectively.
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Fig. 2. The DROP spectra of ”Rb atoms 551/2—5P3/2—
5D5 /5 with different polarization combinations of the laser
beams. Here 7 represents the linearly polarized laser, ot
represents right-handed circularly polarized laser, and o~
represents left-handed circularly polarized laser.

The experimental verification of the effect of differ-
ent polarization combinations on the 55y /5 — 5P3/5 —
5D5 5 transition of 87Rb is shown in Fig. 2. The pow-
ers of the probe and coupling laser beams are 0.45 mW
and 0.5 mW, respectively. Figure 2(a) shows the result
of the two laser beams all with 7 linearly polarized,

Fig.2(b) is the situation of the probe laser which is 7
linearly polarized while the coupling laser is o™ right-
handed circularly polarized, Fig. 2(c) is the result with
all o7 right-handed circularly polarized, Fig.2(d) is
that the probe laser is oT right-handed circularly po-
larized, and the coupling laser is ¢~ left-handed cir-
cularly polarized.

We can find that the relative amplitudes of each
of these peaks depend on the relative polarization ori-
entations of the optical field as predicted by the the-
ory. It can be clearly seen that the amplitudes of the
5D5/5(F'" = 4) peaks in the o™ — ¢ case are much
greater than those in the other cases. We choose the
combination of the 7w — 7 polarized laser beams for the
following experiment since all the peaks have moder-
ate amplitudes and can be resolved clearly.

Absorption (arb. units)

Absorption (arb. units)

1 U N S S S N SN S S S NS ST ST SN S S ST S B S S Y
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Coupling laser intersity (mW)

Fig.3. (a) The DROP spectra of 8"Rb 5512 —5P3/9 —
5D5 /5 transition with different coupling laser powers. (b)
The peaks amplitude of the 55, /5 —5P3 /5 —5D5 o transi-
tion of 87Rb versus coupling laser power. The dots are the
experimental results, the solid lines are the connection of
the experimental results, and the errors are the standard
deviation of three measurements.

We also investigate the dependence of the 557 /5 —
5P55 — 5D55 transitions of ®"Rb atom on coupling
laser powers, which is shown in Fig. 3(a). The power
of the probe laser is 0.45 mW, while the powers of the
coupling laser are 0.06, 0.27, 0.47, 0.64, 0.86, 1.07, and
1.42mW measured by a power meter (S130C, Thor-
labs). A distinct increase of the amplitude of the peaks
is found with the coupling laser power. As noted in
a previous report,’”l the DROP spectra for 4Dj/,
and 4Ds/, show similar behavior for the power de-
pendence. Meanwhile, as the power of the coupling
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laser increases, the linewidth becomes larger due to
the power broadening effect. In contrast, as can be
seen in Fig. 3(b), different peaks of the 5D5 /5 level ex-
hibit dramatic variations as the coupling laser power
changes. When the coupling laser power is weaker
than 1.2mW, the amplitude for the 5D5,5(F = 3)
peak is larger than the signals for the 5D5/5(F = 2)
level. However, as the laser power increases, the ab-
sorption amplitude becomes weaker than the other sig-
nal. This can be attributed to the strong cycling tran-
sition between the 5P3 /5 and the 5D5/5(F = 3) lev-
els. The atoms in excited states can be spontaneously
transferred to the 55 /o(F = 1) ground state through
different paths, and each relative amplitude of the hy-
perfine states transition can be changed according to
the laser power. When the coupling laser intensity is
weak, while the strength of the cycling transition line
5P3/5 — 5D5/5(F = 3) is very strong, the population
of the intermediate state 5P/ is easily depleted for
that cycling transition line, resulting in a large am-
plitude of the peak. However, when the intensity of
the coupling laser is increased, the effect of the optical
pumping for other transitions exceeds the saturation
effect of the cycling transition. Therefore, we can ob-
serve the reverse of 5D5/5(F = 2) when the coupling
laser power exceeds 1.2 mW.
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Fig. 4. The peak amplitude and full width at half maxi-
mum (FWHM) of the 5D5 /5 (F"" = 4) hyperfine transition
of 87Rb with different probe laser powers. The dots are
the experimental results. The solid lines are the connec-
tion of the experimental results, and the errors are the
standard deviation of three measurements.

Lastly, the dependence of the 55,5 — 5P3/9 —
5D;5/2(F" = 4) transitions of ’Rb atom on probe
laser powers is qualitatively studied, as shown in
Fig.4. The power of the probe laser ranges from
0.1mW to 0.6 mW while the coupling laser power is
kept at 1.1 mW. The amplitude and the FWHW both
increase with the probe laser power due to the optical
pumping effect.[*’] The saturation effect is observed
when the probe laser power exceeds 0.45 mW.

In conclusion, the high resolution DROP spec-
troscopy in a 5513 — 5P3/3 — 5D5/5 ladder-type sys-
tem of 8"Rb has been obtained. The polarization

combinations and the power dependences of the two
laser beams are investigated in theory and experiment.
The absolute and relative amplitudes of the transi-
tion peaks are significantly affected by the polariza-
tion combinations of the two lasers due to the differ-
ent transition probabilities between different Zeeman
levels. The experimental results show a good agree-
ment with the theoretical simulation. The research
about the dependence of the DROP spectroscopy on
the power of the coupling laser field shows that the
amplitude of the transition peaks increases with the
laser power, but the amplitude changes are not linear
for the dramatic cycling transition. The variations
of the DROP spectroscopy as the probe laser power
changes show saturation behavior. This study gives a
thorough perspective about the DROP spectroscopy,
which will promote the development of the potential
applications in precision measurement.
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