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Abstract

In this report, we present an experimental investigation on atomic frequency offset locking
(AFOL) of a laser under ladder (E) level coupling scheme. The 5S;,, — 5P3,, — 5Ds)»
two-photon transition manifold of the rubidium (Rb) atom is chosen to demonstrate the
performance of stabilization scheme in terms of frequency stability and tunability. The
coherent pump—probe spectroscopy performed on the 5S — 5P — 5D levels results in
signatures of two-photon absorption (TPA) and electromagnetically induced transparency
(EIT). Here the pump laser is locked to the fringe of a scanning Fabry—Perot interferometer

with the help of frequency modulation spectroscopy. The probe laser is subsequently stabilized
on the resulting EIT (TPA) signals. It is found that the probe laser attains relative frequency
stability 0 (2, 7) ~ 1.4 x 10712(2.0 x 107 ?) as a square root of Allan variance calculated from
the frequency noise power density Sa, (f) under closed-loop condition. Further, the current
locking scheme has wide tuning range {Doppler width of 5S;/>(F = 2 — 5P3,,(F’) transition
manifold. This particular tunable AFOL (TAFOL) scheme can provide large tuning range
without compromising the frequency stability and such implementation of TAFOL may open
new opportunities in research areas like metrology, ultra precision coherent spectroscopy, etc.

PACS numbers: 32.80.Xx, 32.80.Qk, 42.50.Ar, 32.70.Jz

(Some figures may appear in colour only in the online journal)

1. Introduction

Coherent pump—probe spectroscopy [1] has received great
attention in the last couple of decades due to the advent
of spectroscopic features such as coherent population
trapping [1], electromagnetically induced transparency
(EIT) [2], electromagnetically induced absorption [3], etc.
Among them the EIT has attracted much attention due to its
application in versatile fields such as an atomic clock [4],
ultra-precision magnetometry [5], slowing down of light [6],
AFOL [7-9], etc. It may be noted here that in most of the
above-mentioned applications, EIT is realized in a A system.
This is because EIT in a A system is characterized by a zero
coherence dephasing rate [10] and is realizable even with a
single laser by generating side bands. In the case of AFOL,
the EIT signal with sub-natural linewidth obtained through
A level coupling scheme has been used to exercise offset
locking. However, the tunability of AFOL under A system
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is limited because it is difficult to find suitable ultra-narrow
EIT signal at will throughout the scanning range of the
probe laser. One of the alternative methods may be using the
Autler—Townes (AT) doublet as frequency discriminator [11]
where the issue of tunability may be resolved. But once
again, it is difficult to obtain a workable narrow AT signal
at will, which is often observed to have a relatively larger
linewidth compared to EIT signal. So a tradeoff exists where
the higher tuning range of locking scheme is accompanied
with degraded frequency stability.

Optimization of TAFOL, where the question of tradeoff
may be addressed more positively compared to the A
scheme compels us to look into the E system, which
has the second best coherent dephasing rate [10]. Earlier
work by Jin et al [12] has clearly shown that E system
spectroscopy reveals the hyperfine structure of excited state
in the form of TPA. Other than TPA, which is anyway an

obvious outcome, the EIT (result of quantum interference)
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can also be obtained depending on the Rabi frequency of
the pump laser. It may be noted that in the absence of
collisional dephasing, the linewidth of EIT (TPA) is mostly
limited by decay rates involved [13]. So the linewidths of
EIT and TPA are considerably narrow and can serve as
precision frequency reference. Further, the sensitivity of EIT
(TPA) signal towards pump frequency detuning is profound,
which may help in the realization of TAFOL. The principal
difference between the EIT observed in the case of a A or a
Z system is in the appearance of background. While under
probe frequency scan, the EIT is observed on a one-photon
absorption background [9] for the A scheme; the same is
observed with a two-photon absorption background for the
later-level coupling. This may be clarified from the recent
experimental studies by Moon et al while re-exploring the
Z level scheme in connection with double resonance optical
pumping (DROP) [14, 15].

There exist earlier works [16, 17] where frequency
stabilization of laser is carried out through coherent
spectroscopy in a E system. In all these cases, the probe is
locked to the saturation absorption spectroscopy (SAS) signal
and the pump laser is stabilized to the excited state spectrum
(TPA/EIT). However, this situation leaves two issues open: (i)
whether the frequency stability of such a coupled laser system
is determined by SAS locking and (ii) frequency tunability.
The first part is intimately related to the interrelation among
SAS, TPA and EIT signals whereas the second part is more
related to the extraction of a suitable discriminator signal
within the scanning range of the laser. The issue of tunability
was not clearly addressed in the earlier reports. This is
because suitable SAS locking of probe laser can only be
done at discrete points, i.e. the tuning range is small and
discontinuous. Further, in a conventional E scheme, where
the probe Rabi frequency is much less than the pump one, it
is an open issue to explore the degree of coherence-assisted
modulation transfer (to be used for frequency modulation
spectroscopy (FMS) and locking) in the pump—probe medium.

To address these issues and further to exercise a suitable
TAFOL scheme, we have enslaved the pump laser to a
Fabry—Perot interferometer (FPI) cavity, thus making the
lock point independent of spectroscopic reference and easily
tunable. We offset locked the probe laser at different positions
using TPA/EIT signals and compared them with the pump
laser stability. For FMS, we used only pump modulation. The
process of coherence-assisted modulation transfer enables
subsequent FMS and frequency locking of probe. To elucidate
the situation further, we present a simplistic theoretical model
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Figure 1. Level scheme in 5S;/, — 5P3,,(D,) — 5Ds), transition
of rubidium atom (¥’Rb), where the levels relevant for two-photon
spectroscopy are denoted by |1), |2) and |3). The probe (pump) laser
frequency, detuning and Rabi frequency are w; (w,), A1(A;) and
©2(£2,), respectively. Dephasing between ground state (|1))
hyperfine components (F = 2, 1) is y, ;2. Spontaneous decay rate
from |j) is I';. Here I's = 0.97 MHz, I', = 6.066 MHz, I'; = 0 are
the natural linewidths and y, ;..> is governed by the transit time
broadening (for a room temperature vapour cell without buffer
gas). The coherent dephasing rate between |j) and |i) is

vji (curly arrows) ~ (I"; +T';) /2. The two-photon resonance
condition is A + A, &~ 0 where A((A,) are the same as [13].

current study will help in addressing the issue of limit of
frequency stability in a E system. Moreover, the scheme of
frequency locking may be successfully used for frequency
stabilization in multistep photon—ion interaction processes.

2. The coherently driven = system and modulation
transfer

The level scheme (sample: 3’Rb atom) used in our work is
shown in figure 1, where a weak probe of frequency w, is
tuned in the vicinity of [1) — |2) (5S;,F =2 — 5P3pF' =
3,2, 1) transition and the strong pump laser of frequency w;
dresses the transition |2) — |3) (5P3,, F’ — 5Ds,» F"). Jin et
al [12] investigated pump—probe spectroscopy in a realistic
Z system and their study is based on an earlier work by
Banacloche et al [13]. Susceptibility () of such a system can
be written as

. . 2
— A -1V —2—
Y21 1—17 A A

based on our earlier work [18]. We believe that our scheme
of TAFOL may find its application in an environment where
almost continuous tuning of lock point is required. Also, the

N (v)dv,
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where A\ =w; —wy (Ay=w)—w3) and Q; () are
detuning and Rabi frequency of probe (pump) laser, y;;
is the coherence decay rate for |i) — |j) transition and
N(v) is the Maxwell-Boltzmann velocity distribution of
the Doppler broadened (Awp) atomic system. The probe
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laser absorption coefficient {p,;00Im ()} contains all the
necessary dependence of the probe absorption on the pump
laser parameters. However, only the lowest-order contribution
from probe laser is taken into account as €2, > Q; [13]
is the situation. We consider the specific case of the 3’Rb
atom where (w; —w;)/wy K 1; wy is the nominal frequency
of the atomic transition. Here A; is the line strength of
F, — F" second excited state hyperfine transitions from kth
hyperfine component of first excited state. Also, §; denotes
the jth energy gap between F” hyperfine levels as measured
from F” =4 position. The py;(w;) ~ Ay plot is shown in
figure 2(a). For the 3'Rb, the relative estimation of A j can
be experimentally obtained from TPA signals (see the caption
of figure 2 and the related text for details).

In the case of resonant pump—probe coupling (F =2 —
F’ =3 — F" =4), the zero velocity group of atoms, which
are simultaneously at resonance with pump (probe) lasers,
will get transferred to |3). Similarly, we can consider the
situations under F’ =3 — F” = 3(=2) pump transitions. In
all these cases (i.e. A, < Awp), the TPA will be demonstrated
through sharp and discrete transparency (reduced absorption)
windows imprinted on the one-photon absorption background.
In figure 2(a), three sharp TPA features, mimicking the
hyperfine structure F'(=3) — F”(=4,3,2) of 5Ds,, state,
appear as a consequence of AEp_,pr K AEp_ p, 1. wp
may be considered at exact/near exact resonance for all
values of w;. The TPAs appear as transparencies on the
one-photon probe absorption (F =2 — F’) background.
Considering the ‘generalized pump Rabi frequency’ Q, =

1/Q%+{A2(v)}2 [19], which essentially completes the
ensuing two-photon coupling of F=2— F' =3 — F' =
4,3,2, gives rise to the TPAs (cf figure 2(a)). However,
equation (1) alone cannot fully explain the EIT-based
transparency as it is always accompanied by strong TPA.

To explain the presence of EIT within the TPA signal,
one may consider the generalized two-photon resonance
conditi_'on, i.e. AJ + Ap = 0 ~(w; - w71) -t(a)z —w3p) =
(w1 — k1 - V) + (w2 — ky - D), where it is k; & —k, in our case.
For each velocity group of atoms, the AT splitting occurs
and overall velocity averaging of all these AT components
produces two discrete absorption spectra accounting for
the AT effect (like the A system [20]). The dephasing
(y31, decay between dipole-forbidden transition levels)
actually determines the location of maximum transparency
between these two absorption peaks. In case of Lim,, o
and A; ~ A, &~ (0, maximum transparency is observed and
coincides with the position of EIT. For finite value of y3,
the EIT becomes weaker, the transparency window becomes
wider and shifts from the position of EIT. The EIT itself
appears as a consequence of formation of a so-called ‘Dark
State’ due to the dressing of bare atomic levels [21]. As a
result, the absorbing medium becomes transparent to the
probe laser resulting into EIT (two-photon coherence) signal
observed on TPA (two-photon absorption) background.

We present here an outline of the process of modulation
transfer in a E system by following a rather simplified picture
presented earlier [22] for A system. In analogy with A
scheme, where (Q% / T) > Vdipole—forbidden 18 Necessary for the
observation of EIT, we may consider (Q%/4y21) > 31 [13]
condition playing the same role in the case of E system.

Md Sabir Ali et al
Probe detuning (MHz)
-200 0 200
-5.x107¢ /4OlY
~0.00001
-0.000015 (a)
~0.00002
—  —0.000025
=
c  -0.00003
3, ~0.000035 L
0 N
[
©
—
‘B
2 (b)
<
(c)
H ~0.000025
—0.00003
—~0.000035
0.00007
0.00006
m 0.00005
i

1 0.00004

E (d)
3E 0.00003

= 0.00002

0.00001

‘—Jl.‘:‘() - 100 -50 o 50 10¢
Figure 2. Theoretical simulation of modulation transfer in the E
system of figure 1 with A, — A+ A sin wy,t substituted in
equation (1). (a) Plot of Doppler-averaged probe absorption
spectrum pa1 (w1) ~ Ay, (b) Doppler-averaged probe absorption
spectrum under pump frequency modulation, showing modulation
transfer around transparency window. The transfer is zero elsewhere
in the spectrum. (c) A closer snapshot of the same reveals
modulation transfer on three transparency peaks. The transparency
includes effects of both TPA and EIT. Contour plot (d) reveals the
same result in a more clarified manner. Here modulation frequency
wm =~ 100kHz is wilfully chosen to clearly visualize the numerical
simulation results. Since the general criterion behind additive
inclusion of modulation is @' <« {(Q22/y21)7", ¥3,'}, the same
result is obtained with experimental parameter w,, &~ 5 kHz.

Thus, the principal physical mechanisms associated with the
Z system are of timescales: (Q%/j/gl)_l, y;ll (cf caption
of figure 2). We consider FM by introducing A, — Agp+
A sinwpyt in equation (1); Ag is the nominal detuning and
wp, 1s the modulation frequency. For demonstration, we use
here slow modulation frequency (on resonance condition),
i.e. wyn = 100kHz(Ap =~ 0) (see figure 2(b)). As the hyperfine
components of the 5D states are too closely spaced, the
propagation of single-colour frequency for all the three peaks,
where Doppler averaging is considered, are not distinct in
figure 2(b). A closer snapshot presented in figure 2(c) and
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Figure 3. Schematic diagram of the experimental arrangement., M: mirror; BS: beam splitter; PCBS: polarizing cube beam splitter; OlI:
optical isolator; BD: beam dump; D: photodetector; X /2: half waveplate; FPI: Fabry—Perot interferometer; WM: wavemeter; LO: local
(mother) oscillator; Ref: reference oscillator; GP: glass plate; and SAS: saturation absorption spectroscopy. Preamp + Servo combo unit is
used for frequency stabilization of the laser. The ‘Ref” oscillators are synchronized by the ‘mother’. For synchronization, ‘star’

configuration is used instead of ‘daisy chain’ to minimize phase skew.

the associated contour plot (cf figure 2(d)) clearly reveals
the presence of modulation on the TPA signals. The additive
inclusion of sinusoidal frequency is appropriate in view of
the fact that w;l < {(Q%/ym)’l, y;ll}, i.e. the duty cycle
of modulation is so slow that it actually enslaves other
processes responsible for building up the coherence. One may
consider this external perturbation as a smooth flow, where,
in principle, the dynamic evolution of the system can be
described in the timescale of !

3. Experiment

The experimental schematic is shown in figure 3 where two
lasers external cavity diode laser (ECDL)1 andECDL2 are
used as probe (pump) with Rabi frequencies 2; ~9MHz
(2, ~ 70 MHz) [23]. Both beams are linearly polarized. A
small part of the probe beam is used in a saturation absorption
spectroscopy (SAS) setup to reveal the hyperfine structure
of F=2— F'=3,2,1 of Rb D, transition and it helps us
during the calibration of the probe absorption spectrum.

The pump laser is used in a propagating configuration
counter to the probe beam. This particular geometry helps
in largely eliminating the first-order Doppler broadening as
o X w;. In the first part of the experiment, the probe laser
is directly side-locked to 5S;,(F =2) — 5P3,2(F' =3)
component of the SAS. The pump laser frequency is scanned
across the 5P3,, — 5Ds), transition manifold and is also
monitored by using a scanning FPI. Since Q; < €, and
Ay ~0, a very limited number of atoms are pumped to 5P
state by the probe laser. As a result, the TPA signals appear
on a flat background under the scan of w, (figure 4). The
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Figure 4. The probe absorption spectrum as a function

of pump frequency scan. Here the probe laser is side-locked to
amplified signals of (a) crossover transition between

5S12(F =2) — 5P35(F' =2, 1), (b) crossover transition between
5S12(F =2) — 5P35(F' =3, 1) and (c) closed transition
5S12(F =2) — 5P;3,5(F' = 3). Rabi frequency combination
©,(€2;) is 70 MHz(9 MHz). Here (a) shows (prominent EIT+
reduced TPA) feature whereas (strong TPA + very weak EIT) is
seen in (c¢). Under pump scan, the X-axis of the spectrum is
calibrated with the help of simultaneous recording of FPI fringes.
The inset shows the result of fitting of TPAs (cf plot (¢)) to evaluate
their relative line strengths. The result is used in equation (1) for
numerical simulation (cf figure 2(a)).

relative line strengths (A;:A;:A3~1.0:0.82:0.36) of
TPA signals are estimated by considering the fitted area under
the respective curve and this is utilized in a simulation based
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Figure 5. Recording of fringes (F.S.R 1.5 GHz,

FWHM ~ 5.3 MHz) with the scanning of FPI (Thorlabs
SA-200-5B). The RAMP and piezo offset of the FPI driver are
adjusted to zoom on one particular fringe matching the pump
frequency position (selected for two-photon atom-field interaction).
Inset shows (a) 1f output from LIA2 (cf figure 3) and (b) 3f output
from LIA1 after the frequency modulation to pump laser is switched
on. The slopes for 1f (3f) are 14.67(17) mV MHz ™! and are used for
frequency stabilization.

on equation (1). Note here that this estimate includes the
effect of individual laser linewidth (Av) too.

To demonstrate offset locking of probe laser (~780 nm),
we need to stabilize the pump laser at a frequency matching
5P3, — 5Ds;; transition. This is an odd wavelength
(~776 nm) where spectroscopic transition with a significant
population in the lower state is unavailable. Also, for tunable
offset locking, it is desired to tune the lock point of the pump
frequency over a wide zone. These two stringent conditions
compel us to explore the possibility of using a scanning
optical cavity reference (here FPI is used). To choose the
exact frequency of the pump laser for the observation of
TPA, we scan the probe laser 5S;,,(F =2) — 5P3,,(F’)
for a free running pump laser. After the TPA signals are
seen on the oscilloscope, the piezo offset of pump laser is
fine-tuned to shift the TPAs to a desired position. Once this is
accomplished, the FPI is scanned with a RAMP and fringes
are observed on a separate oscilloscope (see figure 5). The
piezo offset and RAMP are further adjusted to zoom on one
fringe, which corresponds to the FPI cavity discriminator.
At this stage, a small current modulation (Avy,, < 1 MHz) is
applied to the pump laser for FMS. By using phase sensitive
detection (PSD), 1f spectrum of the fringe is extracted (see
inset of figure 5). Using another separate but phase-locked
PSD (see figure 3 and caption), we further extract the 3f
spectrum of the fringe discriminator. The 1f signal reveals the
deviation of the FPI transmission from its maximum value and
the respective servo loop is used to provide electrical feedback
to the piezo transducer (PZT) of FPI for stabilization.

Once the FPI is stabilized to zero crossing (maximum
transmission) point of 1f discriminator (cf inset of figure 5),
the error signal obtained at lock-in amplifier (LIA)1 (3f
discriminator output, see figure 3) detects consequent pump
laser frequency fluctuations from the FPI lock point. Thus

024
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Figure 6. Recording of probe absorption spectra (i) — (vii) as a
function of probe detuning. Here €2, (£2;) are kept the same as in
figure 4 (see caption). The pump laser is static (free running) at
different frequency positions. Initially, simultaneous recordings of
probe absorption and probe SAS spectra (used for calibration) are
monitored on an oscilloscope. The piezo offset of the pump laser is
adjusted to bring the two-photon spectrum matching exactly on the
same position of closed transition 5S; >(F = 2) — 5P;,,(F' =3)
for plot (iii). Other positions, namely (i), (i), (iv) — (vii) of the
pump frequency are adjusted by monitoring the instantaneous
readout on the wavemeter. It is seen in plot (vii) that asymmetric
EIT signals appear within all TPA components, indicating strong
influence by AT components (contributed through different velocity
groups of atoms). Inset shows (a) 1f signal of TPA and (b) the same
of EIT when (a) TPA originates from F =2 — F' =3 — F”
coupling and (b) EIT appears due to |A,| =450 MHz from

F’' =3 — F” =4 condition while probe is scanning over

F =2 — F’ manifold. The slopes of TPA(EIT) are

10.24 mV MHz ™! (23 mV MHz!). Here (a) and (b) correspond to
the probe absorption spectra (iii) and (vi).

by closing the 3f-signal-based servo loop, we can stabilize
the laser to the FPI cavity fringe. As FPI fringes are easy
to find at any wavelength within the pass band of the
cavity, the locking scheme is also easy to implement and
can be smoothly tuned throughout a wide region. The tuning
range can cover the entire region of two-photon interaction
(i.e. Awp of 5S;, — 5Pz, transition and its immediate
neighbourhood; see figure 6). In effect, the TPA/EIT signature
can be shifted continuously within or around the linewidth
of probe transmission; thus offering a wide tuning of offset
reference.

The frequency modulation introduced to the pump laser
gets transferred to the probe due to coherent crosstalk. After
slaving the pump laser to the FPI, in principle one can extract
the 1f discriminator signal of the probe laser transmission
(see inset of figure 6) by exploiting the modulation transfer.
Here, another PSD (cf figure 3), which is also phase-locked
to the mother oscillator, is used to extract the 1f discriminator
signal of respective TPA/EIT signal based on the combination
of Aj, ;. Afterwards, the servo loop is closed to stabilize
the probe laser on the TPA/EIT reference by using electrical
feedback. Once the FPI and the pump and probe lasers
are stabilized, the error signals are recorded. Fast Four
transformation (FFT) is carried out on the recorded error
signal to reveal the frequency noise power spectral density
Sav(f) (see figure 7). This is further used to numerically
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Figure 7. Frequency noise power density (Sa,) versus Fourier
frequency (f) plots for (a) probe EIT lock (b) FPI cavity fringe lock
of pump and (c) probe TPA lock as calculated from closed-loop
error signal using FFT analysis. The plot (a) clearly shows the
control bandwidth ~100 Hz where a PI control is used. Inset shows
the square root of Allan variance {o (2, 7)} versus integration time
(t)plots for three different frequency stabilization situations. See
the text for details.

calculate square root of Allan variance o (2, t), which is the
indicator of frequency stability (cf inset of figure 7).

4. Results and discussions

The result of the experiment, as shown in figure 4, shows the
probe absorption spectra as a function of pump detuning. It
can be seen that the TPA and TPA+EIT signals are observed
on almost Doppler-free background for a frequency-locked
probe laser. As the probe laser frequency is locked at
respective SAS signals, w; resonates with small velocity
groups of atoms (taking into consideration laser linewidth
Aviaser).- These atoms reach the upper state |3) due to the
presence of the pump laser. As a result, the usual presence
of Doppler background (as seen under probe laser scanning,
pump laser fixed) is not observed. It is seen in figure 4(c)
that extremely weak EIT feature is present within F’' =3 —
F” = 4 profile (probe laser side-locked to F =2 — F' =3
closed transition), whereas no such signature of EIT is
noticed for F' =3 — F” =3,2 components. On the other
hand, when the probe laser is locked on the crossover
transitions between F =2 — F'=3,1 and F =2 — F' =
2,1 hyperfine components, the strength of the TPA is
gradually reduced (see figures 4(b) and (a)) and the EIT
signals are clearly visible.

We may note here that for TPA, the main decay factor
is a combination of I'3(0.97 MHz), I'»(6.066 MHz) and
for EIT, the decoherence part is y3;(I's/2~ 0.5 MHz),
21(I'2/2~3.0MHz) [13]. Also, it is a physical fact
that AEp _pr K AEp_ p (cf figure 1). Hence F =2 —
F’ =3 — F” indicates almost resonant coupling of atoms
between 5S;,, — 5Ds; levels. Other than F' =3 — F”" =4
transition, the atoms coupled via F'=3— F’=3,2
excitation routes can decay back to F =1 level, i.e. migrate
outside the present E level coupling scheme. This mechanism

is known as double resonance optical pumping (DROP) [14,
15] and it is always present with the TPA spectra. It
may be noted that both DROP (which is proportional
to the TPA probability [15]) and EIT are present under
two-photon resonance condition, i.e. A;+ A, & 0. However,
the decay route F =2 <« F’ =3 (branching ratio n = 1)<«
F”" =4(n=0.74 [24]) helps in forming a pseudo closed
absorption—emission cycle F =2« F =3« F'=4,
where the probability of losing atoms to F' = 1 level due to
the DROP mechanism is minimum. This is why the EIT is
noticeable on F' =3 — F” =4 profile, while it is absent on
other peaks (cf figure 4(c)).

In case of figures 4(b) and (a), the probe frequency is
locked subsequently to the positions of w3 —212MHz and
w2y — 345 MHz. The detuning (A1) of probe laser is taken into
account by considering ‘generalized Rabi frequency’ Q| =

/€% + A% [22], which addresses broader velocity group of

atoms (less frequency selective comparedto F =2 — F' =3
case) and it results into non-resonant two-photon transition
F =2+« F' < F”. Average population in F” = 3,2 levels
increases, as well as the probability of decay of atoms to
F = 1level also increases due to the presence of DROP. Since
the probe laser is largely off-resonant to F =2 — F' =
transition, net supply of atoms to F” levels is much lower
compared to the earlier situation (see figure 4(c)). This results
in a relatively weaker DROP as evident in figures 4(a) and
(b) compared to the case of closed transition presented in
figure 4(c). As a result, the EIT, which is anyway present due
to the satisfaction of conditions: (i) (Q% /4y21) > y31 and (ii)
A1+ Ay &0, is prominent.

To have an idea about the relative line strengths of
individual F' =3 — F” component, we estimate the area
under the TPAs as recorded in figure 4(c). The ratio
(cf inset of figure 4) is used in simulation centred on equation
(1). Note here that this part of the experiment is conducted
without applying FMS for probe frequency locking; thus
the broadening of spectral profile due to modulation is
avoided. Also, other possible decay routes, as permitted
under selection rule, are present to a small extent due to
the leakage of atoms from the F =2« F' =3« F"=4
absorption—emission cycle to populate the 5S;,(F' = 1) level;
therefore they can reduce absorption. However, this effect is
very minimal for a closed transition. In the present case, a
room-temperature Rb vapour cell (without buffer gas) is used;
hence the dephasing mechanism yg |2 (F = 2 <> 1) is mainly
governed by transit time effect. This process is very slow (~
< 50kHz) compared to other relatively faster processes (e.g.
optical pumping and decay). Their effects on the atom-field
dynamics are averaged many times within the much longer
duty cycle of g 12, thus settling the system into equilibrium.

In the next part of the experiment, we focus on the
situation where probe laser is scanned over F =2 — F’
hyperfine levels and the pump laser is kept stationary
(free running) at a nominal frequency, vy ~ 776 nm. The
probe absorption spectra (see figure 6) clearly show the
evolution of TPA+EIT feature with change in pump detuning.
By observing the signals from all photodiodes on the
oscilloscope, the pump frequency is fine-tuned to match the
position of the TPA/EIT features. The probe SAS spectra
are used for calibration purpose. Since the recording is
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done within ~1s time window, the long-term drift of w,
does not affect the resultant spectrum. Apart from the
presence of one-photon F =2 — F’ absorption background,
figure 6(c) is identical to the spectrum of figure 4(c).
The piezo offset is adjusted to shift w,, which shifts
the two-photon feature at various positions (see figure 6).
The EIT feature becomes more and more clear with the
weakening of DROP due to the departure of pump frequency
from the F=2— F'=3— F” resonant TPA coupling
condition. The asymmetry in EIT signals on TPA background
clearly indicates the strong influence of AT splitting of
different velocity groups of atoms [19] during probe scan.
The probe coupling (F =2 — F’) also facilitates ‘single
resonance optical pumping’ where atoms decay back to F' = 1
level, effectively reducing the absorption. This effect also
contributes to reducing absorption as probe frequency is
detuned from the closed transition.

The last part of the experiment is conducted in search
of tuning of offset reference and extraction of workable
discriminator signal. We focus on figure 6, where plots
(i) — (vii) show offset tuning of TPA+EIT signals over a
range of A; ~ 1 GHz. The significant difference between the
A and E systems lies in the fact that the latter presents
EIT with sub-natural (< I';) linewidth almost throughout
the F =2 — F’ absorption profile (more prominently away
from the line centre, i.e. F =2 — F’ =3 transition) whereas
the A scheme can produce the same only at a very limited
number of points, especially at the line centre. This offers a
unique opportunity where one may find out the sub-natural
atomic offset reference, at will, over a wide frequency region.
However, to execute such a TAFOL scheme, it is required to
precisely lock the pump laser. Here, the pump is locked to an
FPI cavity fringe (see figure 5). Note here that FWHMgijge ~
5MHz, which is considerably less than the overall frequency
spacing of the 5Ds;, F”"=4,3,2,1 (8vp ~50MHz) and
also less than I'tps. Hence the FPI fringe locking reference
is sufficient to fix the pump laser at the desired frequency for
selection of two-photon events (DROP or EIT).

Inset of figure 5 shows (a) 1f and (b) 3f signals
of the fringe after modulation to pump laser is switched
on. The FPI is locked first to the zero crossing reference
of 1f signal, afterwards the pump laser feedback loop
is closed to stabilize on the 3f derivative of set point.
We employed proportional—integrator (PI) control loop for
negative feedback. The open-loop corner frequency (3 dB)
of the PI loop is ~500Hz, which matches well with the
piezo bandwidth. Since the piezo actuator with ECDL is
more responsive than the same in an FPI, the 3f signal
with relatively higher slope is a suitable choice for the
laser stabilization. After slaving the pump to the FPI, we
obtain a stable frequency reference ~776nm. Once this
is accomplished, the FMS of probe scan generates the 1f
discriminator of TPA+EIT spectral feature (see inset of
figure 6). The probe laser experiences frequency modulation
due to coherence-assisted transfer of the same. The probe is
subsequently locked on two different discriminators at two
different positions: (a) TPA originating from F =2 — F' =
3 — F” =4 coupling and (b) EIT originating due to |A,| =
450 MHz from F’ =3 — F” =4 condition while probe is
scanning over F =2 — F’ manifold. The 1f signals ((a) and

(b)) in the inset of figure 6 correspond to 1f derivative of the
plots (iii) and (vi) in the same.

Before analysing the frequency stability, we focus
on the linewidth of TPA (I'rpa limited by spontaneous
decay) [17] and EIT (T'gir(= y31+ Avy+ Avy) limited by
coherence decay rate and Av) signals. Theoretical values
are I'rpa (T'grr) =~ 8.5(2.1) MHz and they match well with the
experimental results of 9.01(3.5MHz (measured from the
excursion between the extreme points on the slope of first
derivative signal shown in the inset of figure 6). Note here that
a part of the linewidth is also contributed by the modulation
introduced for FMS. Further, it may be pointed out that
I'err < I'p, i.e. of sub-natural width. Furthermore, I'tpa ~
I'5, i.e. the TPA acts as a discriminator almost equivalent
to the least value achievable for I'sag for alkali atom [25].
Hence the TAFOL scheme does not pose any serious trade-off
between wide tunability and discriminator linewidth. This has
happened due to mutual competition between DROP and EIT
mechanisms throughout Awp and this subtle point strongly
supports the prospective application of E scheme compared
to its A counterpart for TAFOL.

Before analysing the case of frequency stability of the
individual lasers, we present the slopes (§V/§v) of the
discriminators (see inset of figures 5 and 6), which are as
follows: EIT : FPI: TPA~23mV : 17mV : 10.24 mV. After
closing the PI loop, the error signal is recorded for each of the
discriminator. The recorded error signal is FFT analysed and
the resultant data is used for the calculation of square root of
Allan variance o (2, t) using the equation [26-28]:

5 2 /00 sin* (£ 1)
2,1) == » (f)——5=df. 2
o ( 5 t) vé ) SA (f) (ﬂf‘[)z df ( )

Here 7 is the integration time and vy is the nominal
frequency (3.843 x 10'* Hz). Frequency noise power spectral
density {Sa,(f)} versus Fourier frequency (f) data obtained
from FFT analysis of error signal (cf figure 7) is used
in equation (2). Inset of figure 7 shows the behaviour of
o (2, t) versus T for the pump (FPI stabilized) and probe laser
subsequently stabilized on EIT/TPA references. It is observed
that at t = 10s, the EIT (TPA) locked probe laser attains a
stability of o ~ 1.2 x 107'2(2.35 x 107'2) whereas the pump
laser shows o ~ 2.4 x 10712, The above-mentioned method
of measuring frequency stability under closed-loop condition
does not consider the noise of the discriminator [28] because
the error signal is weighted by the servo loop transfer function
H(f). In effect, the values of o(2, t) calculated earlier
predicts the best case of frequency stability [28]. However,
despite this limitation, the closed-loop method can effectively
explore the relative frequency stability of the laser.

We now focus on the nature of the atomic frequency
offset locking referenced to EIT (TPA) resonance w.r.t. the
FPI locking. Under relatively shorter averaging timescale
(r = 0.5 — 20s; see inset of figure 7), the EIT lock behaves
best amongst the three cases, which is expected due to the
steeper slope of the EIT discriminator. However, it can be
noticed that the EIT lock is superior compared to the stability
of the pump. This may be attributed to the fact that in a E
system (for A; =~ A, ~0), the necessary condition for EIT
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is (Q%/yzl > y31) [13], which is analogous to (Q2/T >
Vdipole-forbidden) condition in a A system. In effect, for a much
reduced value of y3; (here y»; = 6.0y3; for 5S — 5P — 5D
coherence), the large value of the factor (£2,/y3;) helps in
the observation of substantial transparency [13] at the line
centre. In analogy with the A scheme, we may consider
(R3/y21) as the necessary optical pumping (other than DROP)
required for setting the EIT coherence. In case of non-resonant
EIT (i.e.A;+ Ay =0 but A} # 0 # A»), the optical pumping
9_12 /21 is still strong enough to set up two-photon coherence.
It may be seen that in an ideal case, 'y is a function
of y3; only; hence I'gr is almost immune to the effect
of pump frequency fluctuations provided |Aj+ Aj| ~ y3; is
maintained.

The other issue regarding variation in magnitudes of
slopes in the case of EIT and TPA resonances also indicates
different degree of modulation transfer. In this connection, we
may borrow the conclusions of Brown and Xiao [29] while
considering EIT medium in a A system. The modulation
transfer function T (@ meq ) is a strong function of residual
Doppler width (6 Wp). The higher degree of T (w moq ) may
be due to §Wp — 0 as present in the case of the current E
scheme. It is to be noted that the extraction of derivative
signal in FMS typically depends on the modulation depth.
The steeper slope of EIT clearly exhibits a higher degree of
modulation transfer due to EIT-type coherence compared to
the TPA.

5. Conclusion

In this work, we explored the prospective application of
E system for the purpose of AFOL. It is noticed that the
presence of two types of mechanisms—the DROP and the
EIT—dominate the probe laser absorption spectrum in a &
system. The strength of DROP is proportional to TPA signal.
The effect of detuning of pump/probe laser on the TPA(EIT)
spectrum is investigated in details. Under the application of
external frequency modulation to the pump laser, it is found
that the system probe can also experience the modulation
transfer due to two-photon coupling. A phenomenological
presentation (in line with [18]) of modulation transfer under
E level coupling is presented to visualize the physical picture.
It is found that modulation transfer is more effective for
EIT compared to DROP and it helps in the extraction of 1f
signal with steeper slope. The result of subsequent frequency
stabilization of probe laser on TPA and EIT reference
is also presented. It is found that the EIT-locked laser
exhibits better frequency stability in a shorter integration time
T =0.5 - 20s, resulting intoo (2, 7) & 1.2 x 10!2 whereas
TPA locking shows 2 x 107!2 relative frequency stability.
Further, during the experiment, the pump laser, emitting at
~776nm, is locked to the cavity fringe of a FPIL. Since the
two-photon resonance condition for EIT is at ~450 MHz
offset from the line centre, the pump laser is accordingly
offset locked to match the aforementioned position. The probe
laser is stabilized on the two-photon resonance exhibiting the
tunability of the offset locking scheme.

In summary, our experimental study helps in creating a
tunable offset reference with a 780 nm laser (resonant with Rb

D, transition), which is continuously tunable over a range of
more than 1 GHz (throughout Awp of 55/, — 5P3,, and its
immediate neighbourhood). The striking point of the current
TAFOL scheme is that we did not really face any stiff trade-off
situation between a large tuning range and discriminator
linewidth. Unlike TAFOL based on AT signal [11], the
current scheme deals with a discriminator linewidth varying
within 8.5 MHZ(FTPA) 2.1 MHZ(FEIT). The value of FTPA
is almost equivalent to the best case of I'sas [25], thereby
exhibiting near immunity of offset reference on the tuning
range. In effect, this result will be helpful in applications
where continuous tunability and precision frequency stability
are simultaneously required. Further, it is noteworthy that
unlike previous cases [16, 17] where the FM transfer from
probe to pump laser is utilized, we considered the reverse
situation. Since in a classical two-photon coherence (EIT)
experiment, the emphasis is on ac Stark shift, Q; < Q; is
always maintained. The implicit meaning is that the coherence
is controlled by the pump laser. Indeed, we observed lesser
degree of modulation transfer for the probe—pump laser
system while particularly experimenting in line with [17].
It requires relatively stronger modulation to produce a
workable discriminator, which in due course introduces larger
instrumental linewidth. Using costly external modulators may
reduce this problem, but on the other hand it introduces further
complexity in the experimental schematic.
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