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The features of Doppler-free resonances detected by
probing the 133Cs atom 6S1/2 − 7P3/2 transition at
456 nm in a nanometric-thick vapor layer are investi-
gated. The matrix element of this transition is about 11
times smaller than that of the Cs D2 line (852 nm). When
the vapor layer thickness is ℓ = λ/2 ≃ 230 nm, we ob-
serve Dicke narrowing of the lines, accompanied by a
red frequency shift of the atomic transitions, which is at-
tributed to atom-surface interactions. Realizing optical
pumping with ℓ ≃ 460 nm in a single-pass configuration,
we observe Doppler-free resonances with a linewidth
< 20 MHz, located at the atomic transitions frequencies
with a correspondence of the amplitudes to the transi-
tion intensities. These narrow resonances are of interest
for high-resolution spectroscopy and instrumentation,
and could serve as a frequency reference. © 2025 Optica

Publishing Group
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Many contemporary optics and atomic physics experiments4

are realized using alkali vapors such as Rb and Cs. Spectroscopy5

of hot vapors [1] is at the core of many devices and applications,6

such as atomic optical clocks and gyroscopes [2], optical magne-7

tometers [3], Faraday filters [4], or light-trapping experiments8

with electromagnetically induced transparency [5]. Typically,9

the transitions used in these experiments are the D1 and D2 lines,10

resonant with near-infrared light (600 – 900 nm).11

Probing higher-frequency transitions in cesium with sub-12

Doppler spectroscopy has recently attracted interest as these13

transitions could serve as optical frequency references [6, 7].14

Nevertheless, the literature on high resolution spectroscopy of15

the 7PJ states of 133Cs is scarce. The Cs 6S1/2 → 7PJ transi-16

tions were investigated for both J = 1/2 (459 nm) and J = 3/217

(456 nm) to precisely measure their matrix element [8] and their18

lifetime [9]. A study of nonlinear magneto-optical resonances19

observed in the fluorescence to the ground state from the 7P3/220

state, populated by direct optical pumping with a laser radi-21

ation at 456 nm, was carried out in Ref. [10]. In Ref. [11], the22

6S1/2 → 7P3/2 transitions were studied using the well-known23

saturated absorption (SA) technique, enabling sub-Doppler res-24

olution of these transitions.25

As was thoroughly studied on alkali D lines, see e.g. Refs. [12–26

15], and even some molecular lines [16, 17], probing resonances27

in vapor layers having a thickness on the order of the excita-28

tion wavelength offers an alternative to usual sub-Doppler spec-29

troscopy achieved with nonlinear processes. One advantage is30

that light-matter interaction occurs in the weak-probe regime,31

simplifying both the experimental setup and the interpretation32

of results. In these cells, referred to as nanocells (NC), the nar-33

rowest transmission spectra are obtained at two preferred thick-34

nesses: ℓ = λ/2 and ℓ = λ, where λ is the wavelength of laser35

radiation that is resonant with the corresponding transition. In36

the first case (ℓ = λ/2), both the transmission and fluorescence37

spectra exhibit a significant sub-Doppler narrowing (by factors38

of three and six, respectively) compared to centimeter-sized va-39

por cells [13, 14]. The second case (ℓ = λ) is characterized by the40

possibility of forming narrow resonances by means of velocity-41

selective optical pumping (VSOP), located at atomic transitions,42

in the transmission spectrum [18]. To allow for the study of43

atomic resonances as a function of the thickness ℓ of the vapor44

layer (transverse to the laser beam), our NCs are fabricated with45

a wedge gap between their windows, in the vertical direction46

[19]. In this way, the required thickness is achieved either via47

mechanical movement of NC or via spatial translation of the48

laser beam.49

In this work, we perform qualitative Doppler-free spec-50

troscopy of the 133Cs 6S1/2 → 7P3/2 transition at λ = 455.6 nm51

in a nanometric thick vapor layer, contained in a NC. One of52

the challenges is that the 6S1/2 → 7P3/2 transition has a dipole53

moment about 11 times smaller than that of the D2 line [8], and,54

together with the small optical path of the NC, makes the record-55

ing of spectral features challenging. This issue is addressed by56

increasing the temperature of the NC to about 180◦C where it57

would usually be set to about 120◦C in the case of alkali D lines.58

The spectra obtained for ℓ = λ/2 and ℓ = λ are compared with59

that obtained with saturated absorption spectroscopy from a60

cm-long vapor cell. When ℓ = λ/2, we show that the Dicke nar-61

rowing is accompanied by a 35 MHz-large red frequency shift62

and broadening of the atomic transitions due to atom-surface63

interactions, negligible at this scale in the case of D lines. This64
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Fig. 1. (top) Sketch of the experimental setup. ECDL – external
cavity diode laser; FI – Faraday isolator; PBS – Glan polarizer;
NC – nanocell containing Cs atomic vapor, placed inside the
heater; PD–photodetectors. The signals are proceeded by a
digital storage oscilloscope. The frequency reference is real-
ized with saturated absorption spectroscopy. The inset shows
a photograph of the NC filled with Cs where the upper and
lower ovals mark the thickness ℓ ∼ 230 nm and ℓ ∼ 460 nm.
(bottom) Energy levels involved in the 6S1/2 → 7P3/2 tran-
sitions. The relative frequency shifts are indicated between
hyperfine levels, together with the transition intensities, nor-
malized to the largest one: Fg = 4 → Fe = 5.

makes wedged NCs a platform of choice to perform quantita-65

tive studies of atom-surface interactions. We also show that the66

thickness ℓ = λ is preferred to perform high-resolution spec-67

troscopy. In this case, the second derivative [20] of the spectra68

exhibits sub 20 MHz-wide Doppler-free resonances not affected69

by atom-surface interactions.70

The experimental setup is sketched in Fig. 1. A tunable71

external-cavity diode laser (ECDL) with a spectral linewidth72

of about 400 kHz is tuned in the vicinity of the 6S1/2 → 7P3/273

transitions (λ = 456 nm) of Cs atoms. The laser beam is directed74

at normal incidence onto the windows of a NC containing Cs75

atomic vapor. The NC is placed in an oven to adjust the tem-76

perature to about T ≈ 180◦C, corresponding to a vapor number77

density of about 5.5 × 1014 cm−3. The vapor column thickness78

is adjusted by translation of the nanocell-oven assembly. The79

thickness of atomic vapor column ℓ ≈ λ/2 or ℓ ≈ λ are marked80

on the top left inset in Fig. 1. The details of the NC design can81

be found in Ref. [19]. The light transmitted through the NC is82

recorded using photodiodes, and their signals are fed into a dig-83

ital storage oscilloscope. A fraction of the light is used to make a84

frequency reference channel based on saturated absorption in a85

cm-long glass-blown Cs cell.86

Figure 2 shows the features of the transmission spectrum87

for thicknesses ℓ ≈ λ/2 and ℓ ≈ λ. Figure 2(a) shows the88

transmission spectrum of the Fg = 4 → Fe = 3, 4, 5 manifold89

(hereafter, the notation is simplified to F = 4 → 3′, 4′, 5′), while90

Fig. 2(b) shows the transmission spectrum of the F = 3 →91

2′, 3′, 4′ manifold. These transitions are indicated by vertical92

dashed lines. The energy level diagram, showing the transitions93

and their intensities, is presented at the bottom of Fig. 1.94

The top panels in Fig. 2 show the transmission spectra ob-95

tained with ℓ ≈ λ/2 and a laser power of about 0.2 mW. In this96

case, the spectra exhibit a significant narrowing, referred to as97

Dicke narrowing: the transmitted spectra are typically about98

four times narrower in comparison with the Doppler linewidth99

[13, 14]. Here, the transitions are, in addition, seen to be shifted100

by about 35 MHz toward lower frequencies with respect to the101

non-shifted atomic transitions. This is caused by van der Waals102

(vdW) interaction (also known as Casimir-Polder interaction in103

the non-retarded regime) between Cs and the technical sapphire104

windows of the NC, evidence of atom-surface interaction [21–24].105

This is characterized by a broader, asymmetric atomic lineshape106

whose center experiences a red frequency shift. To estimate the107

red frequency shift in an NC, one can use the formula [20]108

∆νvdW = −16C3/ℓ3, (1)

giving the shift in the middle of the cell, where C3 is a cou-109

pling constant that depends on the surface and the atomic state.110

For alkali D lines interacting with sapphire, one typically has111

C3 ∼ 1− 2 kHz µm3. For this reason, the vdW interaction causes112

a red frequency shift typically observable for ℓ < 100 nm [25]. It113

is known, however, that the atomic polarizability, linked to the114

C3 coefficient of vdW effect, is increasing with the principal quan-115

tum number n [23, 26]. Indeed, we measure ∆νvdW ∼ 35 MHz116

for the 6S1/2 → 7P3/2 transition at ℓ ≃ 230 nm, yielding117

C3 ∼ 20 kHz µm3. This is in good agreement with the value pre-118

sented in Ref. [27]. Note that these measurements are sensitive119

to the spectroscopic C3 coefficient (i.e. the difference between120

excited and ground state coefficients).121

The gray-filled curves in the top panels of Fig. 2 are theo-122

retical spectra calculated following the approach described in123

Ref. [12] with Γ/2π = 40 MHz and ℓ = 230 nm. Here, we124

have taken into account the van der Waals shift, given by Eq. (1).125

Note, however, that the red frequency shift due to AS inter-126

action is accompanied by a distortion of the atomic resonance127

profile, which we do not take into account. This explains the128

discrepancies observed between experiments and theory.129

Middle panels in Fig. 2 show transmission spectra obtained130

for ℓ ≃ 460 nm and a laser power of about 1 mW. It contains six131

VSOP resonances (three for each ground state manifold) located132

at the corresponding transitions. The VSOP resonance linewidth133

(FWHM) is measured to be 28 MHz, which accounts for the134

natural linewidth ΓN/2π ≈ 1.16 MHz of the 7P3/2 level [9] and135

some residual Doppler width. To estimate the VSOP linewidth,136

one can use the simple formula137

ΓVSOP =
√

ΓD × ΓN ≈ 2π 32 MHz. (2)

Note that VSOP resonances can appear in the transmission spec-138

trum obtained from a nanocell with thicknesses ℓ = mλ, where139

m is an integer. However, with increasing m, a spectral broaden-140

ing occurs.141

In comparison, the bottom panels in Fig. 2 show the satura-142

tion absorption spectrum obtained with a 1-cm long Cs vapor143

cell heated to about 80◦C. For each ground state manifold, it144

contains three VSOP resonances and three crossover (CO) res-145

onances, typical of saturated absorption. Here, the transitions146

overlap because of the presence of CO resonances, often more147

intense than the transitions themselves. Meanwhile, the tran-148

sitions are very well spectrally resolved in the case of the NC.149
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Fig. 2. Transmission spectra of the 6S1/2 → 7P3/2 transition at 455.6 nm for (a) the F = 4 → 3′, 4′, 5′ manifold and (b) the
F = 3 → 2′, 3′, 4′ manifold. The top panels show the transmission spectra obtained for a vapor layer thickness of ℓ ≃ 230 nm
and a laser power of about 0.2 mW. A 35 MHz-large red frequency shift of the atomic transitions with respect to the unperturbed
transitions marked by dashed lines is observed. This shift is attributed to atom-surface interaction [21]. The gray-filled curves are
the theoretical spectra calculated for ℓ = 230 nm with Γ = 40 MHz, taking into account Eq. (1), see text. The middle panels show
the transmission spectra obtained with ℓ ≃ 460 nm, which contains six VSOP resonances (three for each manifold) not shifted by
atom-surface interaction, with a linewidth of about 28 MHz. These are obtained by increasing the laser power to about 1 mW. The
bottom panels show spectra obtained with saturated absorption from a cm-long glass-blown vapor cell. The six VSOP resonances,
marked by vertical dashed lines, are seen to partially overlap with six CO resonances. The zero laser frequency corresponds to the
weighted center of the 6S1/2 → 7P3/2 transition. Note that the peak transmission in the case of the NC is 99% while it is about 85%
in the case of the cm-long cell.

Moreover, the amplitudes of the resonances correspond to the150

transition intensities, see Fig. 1. Thus, VSOP resonances ob-151

tained from a NC with ℓ ≈ λ appear promising to serve as a152

frequency reference tool.153

As was shown in [20], the second derivative (SD) technique154

can be employed to further narrow the atomic lines. It can155

be done through either digital processing (for example, with156

a frequency modulation technique) of the recorded transmis-157

sion trace or by numerical processing with a computer. Figure 3158

shows the curves of the middle and bottom panels of Fig. 2159

processed with second derivative. In the case of the NC (top160

panels), the transition linewidth in the SD spectrum is seen to161

reduce down to about 15 MHz, that is a 58-fold narrower as com-162

pared with the Doppler width (ΓD/2π ≈ 0.87 GHz at 180◦C).163

A similar value is obtained in Ref. [7] using SA technique with164

two counter-propagating laser beams in a 1.4-mm long micro-165

fabricated Cs cell. Here, these narrow resonances are obtained166

in a single-pass configuration. Note that the SD treatment of167

signals recorded with NCs preserves not only the frequency po-168

sitions of the spectral features but also their amplitudes linked169

to the transition probabilities. Thus, the narrow VSOP reso-170

nances obtained with the NC at ℓ ≈ 460 nm are of interest for171

high-resolution spectroscopy and instrumentation. The bottom172

panels in Fig. 3 show, for comparison, the SA transmission spec-173

trum also processed with SD. Despite being narrower, spectral174

features corresponding to atomic transitions are still partially175

overlapped with CO resonances. That is especially the case for176

transitions F = 4 → 4′ [Fig. 3(a)] and F = 3 → 3′ [Fig. 3(b)].177

The advantages of sub-Doppler spectroscopy using NCs as178

a frequency reference tool are as follows: (i) simplicity of the179

realization geometry (single-beam transmission as opposed to180

counter-propagating beams requirement for SA geometry); (ii)181

low value of the required laser power (typically a factor of ten182

less than that needed for the SA technique); (iii) absence of183

CO resonances, which is especially important for example when184

atomic transitions are studied in an external field, since this leads185

to the splitting of the CO resonances into a large number of ad-186

ditional components; (iv) correspondence of the amplitudes of187

atomic resonances to their corresponding transition intensities.188

Finally, it is important to note that achieving a precise NC thick-189

ness of ℓ = λ/2 or ℓ = λ is not crucial: narrow spectra are190

observed within a tolerance of ∆ℓ = ±30 nm, which makes191

the proposed technique experimentally feasible. Note that laser192

frequency stabilization using a NC with thickness ℓ ≈ λ/2 has193

been demonstrated in Ref. [28].194

In conclusion, we have performed high-resolution spec-195

troscopy of the 6S1/2 → 7P3/2 transitions at 455.6 nm in a Cs196

vapor nanolayer. We have observed that the Dicke narrow-197

ing of the spectrum at ℓ = λ/2 ≃ 230 nm is accompanied by198

a red frequency shift due to atom-surface interactions. This199

makes wedged NCs a platform of choice to perform quantitative200

studies of atom-surface interactions. Note that Dicke-narrowed201

resonances with minimized impact from atom-surface interac-202

tions should be observed for ℓ ≈ 3λ/2 ≈ 680 nm albeit with203

a Doppler pedestal [13]. This will be subject to future investi-204

gations. In addition, the resonances formed using a NC with205

ℓ = λ ≃ 460 nm and VSOP, experience a 50-fold spectral nar-206

rowing with respect to the Doppler broadened Cs atomic lines.207
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Fig. 3. Second derivative transmission spectra of the 6S1/2 → 7P3/2 transition at 455.6 nm for (a) the F = 4 → 3′, 4′, 5′ manifold
and (b) the F = 3 → 2′, 3′, 4′ manifold. The top panels show the SD spectra obtained after processing the raw transmission spectra
recorded from a vapor layer of thickness ℓ ≃ 460 nm (middle panels in Fig. 2). The bottom panels show the SD spectra obtained by
processing the SA reference spectrum (bottom panels in Fig. 2). All of these demonstrate a better spectral resolution than the raw
transmission spectra.

This last result could be useful to investigate the evolution of208

the transitions in a magnetic field. One expects to observe, for209

example, magnetically-induced transitions [29]: five transitions210

for the F = 4 → 2′ manifold and seven for the F = 3 → 5′211

manifold of the 6S1/2 → 7P3/2 transition.212

We also expect that Cs NCs could be successfully used in213

the spectroscopy of 6S1/2 → 7P1/2 (459 nm) 6S1/2 → 8P3/2214

spectroscopy (388 nm). Note that the recent development of215

a glass NC [30], which is easier to manufacture than sapphire-216

made NC used in the present work, could make the nanocells217

available for a wider range of researchers.218
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