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The performance of Coherent Population Trapping (CPT) based atomic clocks primarily depends on the characteristics of 

CPT resonance. We have performed experiments to study and optimize the characteristics of CPT resonance in 87Rb atoms 

by measuring its contrast and full-width-at-half maximum (FWHM) as function of laser excitation and temperature of 

atomic vapor cells with different dimensions. A four-level atomic model is used to simulate CPT resonance characteristics 

along the length of atomic vapor cell. The model incorporates scaling law to understand collision dynamics in cells with 

different radius for a range of laser excitation intensities and the results are compared with experimental data. The quality 

figure, calculated from the measured values of FWHM and contrast, decreases with increase in laser intensity and improves 

in cells with higher dimension (radius). The optimum temperature corresponding to maximum quality figure varies with 

laser excitation intensity as well as cell dimension. The underlying collision dynamics and density effects that are 
responsible for the observed resonance characteristics are discussed. 

Keywords: Atomic clock; Coherent Population Trapping; Quality figure; Frequency stability; Wall collision; Propagation effect 

1 Introduction 

Coherent Population Trapping is a quantum 

interference phenomenon which is an alternate 

technique to develop atomic clocks using alkali 

atoms. Particularly, CPT phenomenon in Rubidium 

(Rb) and Cesium (Cs) atoms is widely employed in 

realizing vapor cell based miniature atomic clocks
1-3

. 

Short term frequency stability of these clocks depends 

primarily on the quality figure (𝑞) which depends on 

the characteristics of CPT resonance, i.e., its 

amplitude and FWHM (linewidth). Quality figure is 

defined as the ratio of contrast (C) and linewidth 

(𝛥𝜈𝐹𝑊𝐻𝑀) of CPT resonance. Contrast is defined as

the ratio of resonance amplitude (𝑑𝐼) to the 

background current (𝐼𝑏𝑔 ). In order to improve the

frequency stability of atomic clock it is imperative 

that CPT resonance would need to be optimized with 

higher 𝑞 value
4
. However, the characteristics of CPT 

resonance are determined by the nature of laser-atom 

interaction in an atomic vapor cell that depends on 

variety of factors, viz. laser intensity
3
, cell 

temperature
5,6

, cell dimension
5,7

, buffer gas species 

and its pressure in the atomic cell
8-11

. In atomic clocks 

based on alkali vapor cells, buffer gas is used to 

reduce the ground state relaxation
12

.  

For a symmetric three level (-configuration) 

atomic system, linewidth (𝛥𝜈𝐹𝑊𝐻𝑀 ) of the CPT

resonance is given by
3
, 

ΔνFWHM =  
1

𝜋
(γ2 +

𝜔𝑅
2

Γ∗
) …(1) 

where γ2 and Γ∗ are the ground state coherence

relaxation rate and excited state decay rates, 

respectively; 𝜔𝑅 is Rabi frequency which indicates

the strength of laser-atom interaction and proportional 

to laser excitation intensity.  

The amplitude of CPT resonance primarily depends 

on the number of atoms participating in CPT 

phenomena which is function of cell temperature, 

length, and laser beam diameter
5,13

. The laser 

excitation intensity would affect the Rabi frequency 

of atomic transition which influences both amplitude 

of CPT resonance as well as its FWHM
14,15

. FWHM 

also depends on the coherence relaxation rates of 

ground and excited states
14

. Particularly, the ground 
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state relaxation (𝛾2) is influenced by collisional 

interactions in the vapor cell, viz. collision between 

alkali atoms-buffer gas (𝛾2𝐵𝐺), alkali-alkali atoms or 

spin-exchange collision (𝛾2𝑆𝐸 ) and alkali atoms-cell 

wall (𝛾2𝑊)
3
. The alkali atoms-cell wall collisions are 

highly influenced by the cell dimension. Thus, the 

contrast and FWHM of CPT resonance depend on 

critical operating parameters, i.e., laser excitation 

intensity and temperature as well as dimension of 

atomic vapor cell. Therefore, formulating a suitable 

scaling law based on theoretical model that is in 

accordance with the practical observation of the 

characteristics of CPT resonance, is of paramount 

interest for improving the frequency stability of CPT 

based atomic clock. Furthermore, the validation of 

theoretical model with experimental observations is 

essential for fixing the tolerance of critical operating 

parameters within the limits of design constraint.  

In this paper, we have used a four-level atomic 

model for computing CPT resonance in cells with 

different size (radius) which are excited at different 

laser intensities. We have introduced a new parameter 

in the model to account for the influence of cell size 

on resonance characteristics and compared with the 

experimental results. The theoretical limit of cell 

length where the quality figure saturates is predicted 

for different laser intensities. Further, the variation of 

optimum temperature corresponding to maximum 

quality figure is studied with respect to laser intensity 

and cell dimension.  
 

2 CPT Resonance – Theoretical Model 

Theoretical analysis is carried out by modelling the 

evolution of laser-atom interaction in atomic 

ensemble along the length of the atomic vapor cell. 

CPT resonance is simulated by estimating the 

variation of Rabi frequency corresponding to the D1 

hyperfine transition in 
87

Rb atoms as function of 

Raman detuning frequency.  

The Rabi frequency of a given atomic transition is 

proportional to amplitude of laser radiation
16

. 
 

𝜔𝑅 =  
𝐸0

ℏ
 < 𝑖|𝒆𝒓. 𝒆𝝀|𝑗 > …(2) 

 

Here, 𝐸0 is amplitude of laser radiation and ℏ is 

modified Planck‟s constant and < 𝑖 𝒆𝒓. 𝒆𝝀 𝑗 > =  𝑑𝑖𝑗  

is the electric dipole matrix element of the transition 

from ground state 𝑖 to excited state j. Using the 

relation 𝐼𝐿 =
1

2
𝑐𝜀0𝐸0

2 (Ref. (17)), the equation for 

Rabi frequency can be expressed as:  

𝜔𝑅 =   
2𝐼𝐿𝑑𝑖𝑗

2

𝑐𝜀0ℏ
2

 …(3) 

Rabi frequency changes as function of laser 

excitation intensity (𝐼𝐿) and Eq. (3) provides the Rabi 

frequency corresponding to the incident laser light at 

the entrance of the cell. Rabi frequency varies along 

the length of vapor cell (propagation length) when 

laser frequency is tuned to CPT resonance as CPT 

phenomena changes light absorption in the cell. 

Furthermore, for application in atomic clocks, the 

propagation effect is of concern since clocks are 

operated at relatively higher temperature for 

improving the amplitude of the signal which results in 

larger Rb density that affects the Rabi frequency. 

Hence, for each incident laser excitation intensity, the 

resulting CPT resonance is modelled by estimating 

the Rabi frequency of corresponding transmitted laser 

light through the vapor cell as function of Raman 

detuning. The resonance characteristics are then 

extracted by performing suitable curve fit.  

It may be noted that when atomic vapor cells are 

operated at elevated temperatures and relatively 

higher laser excitation intensity, the atomic medium 

in the vapor cell becomes optically thick.  

For conventional operating conditions, the CPT 

resonances need to be modelled using a four-level 

atomic system
3
 which is shown in Fig. 1. The 

collisions between buffer gas atoms and Rb atoms 

cause the decay of excited state atoms to all possible 

ground state Zeeman levels. Under circular 

polarization 𝜎+ (or 𝜎−) the transitions from 𝑚𝐹 = +2 

(or 𝑚𝐹 = −2) are forbidden i.e., the atoms in these 

states do not contribute to CPT phenomenon. These 

trapped atoms are represented by a fourth level known 

 
 

Fig. 1 ⸻ Four level atomic system used in the theoretical 

calculation of CPT resonance. The trap level indicates the fourth 

level which represents the trapped atoms that do not contribute to 

CPT phenomena. 
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as “trap level”
3,16

 as shown in Fig. 1. The three-level 

model with this trap is called as four level atomic 

system. 

With four level model, characteristics of CPT 

resonance can be studied by estimating the variation 

in Rabi frequency of laser light due to absorption 

along the length of vapor cell which is represented by 

Eq. (4)
3,18

. 

𝜕𝜔𝑅

𝜕𝑧
= 𝛼 𝐼𝑚𝛿𝜇𝑚  …(4) 

Where, 𝛼 is absorption coefficient and 𝐼𝑚𝛿𝜇𝑚  is 

imaginary part of the density matrix element in which 

𝛿𝜇𝑚  describes the induced coherence in the atomic 

medium due to laser excitation. 𝐼𝑚𝛿𝜇𝑚  is given by 

Eq. (5)
3
 

𝐼𝑚𝛿𝜇𝑚 = −
𝜔𝑅 𝑧 

Γ∗  
1

3
−

 
2

9
 
𝜔𝑅

2  𝑧 

2Γ∗𝛾1

1+ 
2

3
 
𝜔𝑅

2  𝑧 

2Γ∗𝛾1

+ 𝛿𝜇𝜇 ′
𝑟    

 

 …(5) 

Where, 𝛿𝜇𝜇 ′
𝑟  is the real part of the ground state 

coherence. By substituting the expression for 𝛿𝜇𝜇 ′
𝑟

 as 

described in Ref. (3), the variation in Rabi frequency 

can be written as shown in Eq. (6). 

𝜕𝜔𝑅

𝜕𝑧
=  −𝛽𝛼

𝜔𝑅 𝑧 

Γ∗
[
1

3
−

 
2
9
 
𝜔𝑅

2 𝑧 
2Γ∗𝛾1

1 +  
2
3
 
𝜔𝑅

2 𝑧 
2Γ∗𝛾1

 

 +

− 
2

3
 
𝜔𝑅

2  𝑧 

2Γ∗  𝛾2+
𝜔𝑅

2  𝑧 

Γ∗  +(
4

9
)

𝜔𝑅
4  𝑧 

4Γ∗2 (𝛾2+
𝜔𝑅

2  𝑧 

Γ∗ )

𝛾1(1+
𝜔𝑅

2  𝑧 

3Γ∗𝛾1
)

(𝛾2+
𝜔𝑅

2  𝑧 

Γ∗ )2+(𝜔12−𝜔𝜇 ′ 𝜇 )2
] 

 

       ... (6) 

where Γ∗ decay rate of excited state 

𝜔𝑅 𝑧  Rabi frequency at a position 𝑧 along the  

length of vapor cell 

𝛾1 relaxation rate of ground state population  

𝛾2 relaxation rate of ground state coherence and is  

the measure of collisional interactions in the atomic  

vapor cell 

𝜔1 ,𝜔2 angular frequencies of laser sidebands  

(𝜔12 =  𝜔1 − 𝜔2) 

𝜔𝜇 ′ 𝜇  angular frequency of hyperfine ground state  

The term 𝛽 is cell dimension (radius) dependent 

scale factor (𝛽 = 𝑎0 + 𝑎1𝑅 + 𝑎2𝑅
2; where 𝑅 is cell 

radius and 𝑎0, 𝑎1, 𝑎2 are constants). 

The parameter 𝛽 has been introduced to account 

for the effect of cell size (radius) on CPT resonance. 

Analytical solution for Eq. (6) is not possible as it is 

highly non-linear and complex. So, RK4 (Range-

Kutta 4
th
 order) numerical integration method has 

been employed to calculate the Rabi frequency along 

the length of vapor cell. For each incident laser 

intensity, the Rabi frequency at any position (𝑧) along 

the length of vapor cell is given by  

𝜔𝑅 𝑧 = 𝑙  = 𝜔𝑅 𝑧 = 𝑙 −  𝛿𝑙 + 𝛿𝜔𝑅   …(7) 

where 𝛿𝜔𝑅 =
𝛿𝑙

6
 𝑘1 + 2𝑘2 + 2𝑘3 + 𝑘4  and 

𝑘1 ,𝑘2 ,𝑘3 ,𝑘4 are intermediate slopes of integrating 

function 

𝑘1 = 𝑓 𝜔𝑅(𝑧 = 𝑙 −  𝛿𝑙) =
𝜕𝜔𝑅(𝑧=𝑙− 𝛿𝑙 )

𝜕𝑧
, 

𝑘2 = 𝑓  𝜔𝑅 𝑧 = 𝑙 −  𝛿𝑙 +
𝛿𝑙

2
𝑘1 , 

𝑘3 = 𝑓  𝜔𝑅 𝑧 = 𝑙 −  𝛿𝑙 +
𝛿𝑙

2
𝑘2 , 

𝑘4 = 𝑓 𝜔𝑅 𝑧 = 𝑙 −  𝛿𝑙 + 𝛿𝑙𝑘3 .  

𝛿𝑙 is the incremental length of vapor cell (𝛿𝑙 =1 

mm in our calculation) and 𝑙 =  1𝛿𝑙, 2𝛿𝑙, 3𝛿𝑙, …… . , 𝐿. 
Rabi frequency at the exit of a vapor cell with 

length 𝐿 (i.e., 𝜔𝑅 𝑧 = 𝐿 ) is then calculated through 

the iterative process by considering 𝑙 = 𝛿𝑙 to 𝐿. The 

values of 𝛾2 and Γ∗ are extracted from the fitted 

experimental data using Eq. (1) and an approximation 

of 𝛾1 = 𝛾2 is used in our theoretical calculation
16

.  

Fig. 2 shows the computed Rabi frequencies with 

respect to Raman detuning for cells (radius, R ~ 12.5 

mm; temperature, T ~ 71 
0
C; 𝛾2 = 630

𝑟𝑎𝑑

𝑠
 and Γ∗ =

1.5 × 1010𝑠−1) with different lengths (L) which 

represent the corresponding CPT resonances.  

The quality figure „𝑞‟ is calculated by extracting 

contrast and FWHM using Lorentzian fit to the 

computed CPT resonance. The q values of CPT 

resonances in cells with lengths up to 300 mm under 

 
 

Fig. 2 ⸻ Rabi frequencies (CPT resonance) computed by 

numerical integration of Eq. (6) for cells with lengths (L). The 

amplitude of CPT resonances increases and FWHM decreases 

with cell length. 



INDIAN J PURE APPL PHYS, VOL. 60, JUNE 2022 

 

 

492 

various laser excitation intensity values are calculated 

and plotted in Fig. 3. For smaller cell lengths (< 30 

mm), the q increases with excitation intensity at lower 

intensity values and decreases with increase in 

intensity at higher values as a result of power 

broadening. However, the quality figure saturates 

beyond a threshold value of cell length. The saturation 

length becomes longer and quality figure tends to 

increase non-linearly for higher excitation intensities. 

The theoretical calculation shows that the observed 

quality figure as function of cell length and excitation 

intensity primarily depends on variation in contrast. 

However, the longer cells at higher excitation 

intensities, though results in superior quality figure, 

may not be suitable for application in space borne 

atomic clock. Moreover, light intensity dependent 

light shift effect could also become dominant 

contributor to medium as well as long-term frequency 

instability
19,20

.  
 

3 Experiment 

The functional block diagram of CPT scheme 

employed in this study is as depicted in Fig. 4. The ᴧ-

system used in this experiment is formed by the D1 

transitions (5
2
S1/2 → 5

2
P1/2) in 

87
Rb atoms in which the 

two hyperfine ground states (F=1 and 2) couple to a 

common excited state (F'=1). A Vertical Cavity 

Surface Emitting Laser (VCSEL) diode emitting light 

~ 794 nm is used to produce two coherent optical 

fields by means of current modulation such that the 

frequency difference between these two coherent 

optical fields is equal to the separation between 

hyperfine ground states. This is achieved by 

modulating VCSEL‟s injection current at radio 

frequency (RF) that corresponds to half the transition 

frequency (𝜈𝑕𝑓𝑠 /2 ~ 3.417 GHz) between hyperfine 

ground states of 
87

Rb atoms. A phase lock loop (PLL) 

synthesizer seeded by a crystal oscillator (@ 10 MHz) 

is used for generating the RF. The collimated laser 

light with beam diameter ~3 mm first passes through 

a neutral density (ND) filter in order to change the 

laser intensity to a desired value. The attenuated laser 

light then passes through a quarter-wave (λ/4) plate 

which converts the polarization of light from linear to 

circular for state selection. 

The circularly polarized light passes through a 

Pyrex vapor cell containing natural Rb (
85

Rb + 
87

Rb) 

and Ne as buffer gas at a pressure, P = 50 torr. The 

transmitted light is then detected by a silicon photo 

detector. Magnetic field is applied along the laser 

beam direction using a solenoid coil for exciting CPT 

among field independent Zeeman lines (𝑚𝐹 = 0). 

Laser emission frequency is stabilized by locking its 

frequency to a chosen atomic hyperfine transition 

using correction signal by employing Phase Sensitive 

Detection (PSD) and servo locking system as shown 

in Fig. 4. This has enabled us to minimize the adverse 

effects of laser instabilities on CPT resonance. 

When the RF modulation frequency is scanned 

such that the first order side bands in the emitted laser 

field are resonant with two ground state hyperfine 

transitions of 
87

Rb atoms, CPT resonance is observed. 

As shown in Fig. 4, the output frequency of crystal 

oscillator, when stabilized with respect to the CPT 

resonance, would serve as clock output. This study is 

focused on practical ways to optimize the operating 

parameters that would affect the CPT resonance 

which in turn impact the stability of atomic clock. 

 
 

Fig. 3 ⸻ Variation of quality figure of CPT resonance with cell 

length for different incident laser excitation intensities. 

 

 
 

Fig. 4 ⸻ Functional block diagram of CPT scheme employed in 

this study. 
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The characteristics of CPT resonance are 

investigated experimentally by measuring its q by 

varying laser excitation intensity and the temperature 

of vapor cell with different radius but all with similar 

length (25 mm).  
 

4 Experimental results and discussion 
 

4.1  Laser Intensity 

The effect of laser excitation intensity on CPT 

resonance is studied by measuring transmitted laser 

light through the vapor cell at different incident 

intensities while maintaining the vapor cell at constant 

temperature. Fig. 5 shows the variation of FWHM 

with incident laser intensity, measured in vapor cells 

with radius, R = 12.5 mm, 7.5 mm and 5 mm. It can 

be observed that the FWHM is increasing linearly 

with laser intensity which is in agreement with the 

theoretical fitting (solid line) as per Eq. (1). 

The intercepts of these linear curves at IL = 0  

(Fig. 5) represents the minimum linewidth of CPT 

resonance, i.e., 𝛥𝜈𝐿𝑇 =  
𝛾2

𝜋
= 220.48 Hz, 286.55 Hz 

and 311.74 Hz for cells with radius R=12.5 mm, 7.5 

mm and 5 mm, respectively. These values indicate the 

lower limit of FWHM under the experimental 

conditions (i.e., choice of cell dimension, temperature, 

buffer gas etc.). 𝛥𝜈𝐿𝑇  is higher for cells with smaller 

radius. This is due to the higher ground state 

relaxation rate (𝛾2) as a result of enhanced atom-wall 

collisions in cells with smaller dimension which 

would affect the coherence. The slope and intercept at 

IL = 0 from experimental data shown in Fig. 5 are 

used to derive 𝛾2 and Γ∗ values which are further used 

in the theoretical computation of CPT resonances as 

shown in Fig. 2. 

For each incident laser excitation intensity, the 

Rabi frequency of the transmitted laser light is 

calculated at the exit of the vapor cell (L=25 mm) 

using the theoretical model as explained above. This 

estimated Rabi frequency when plotted as function of 

Raman detuning represents the CPT resonance as 

shown in Fig. 2. The quality figure (q) of the 

corresponding CPT resonance is extracted by 

performing Lorentzian fit. Fig. 6 shows the plot of 𝑞 

(computed as well as experimental) with incident 

laser intensity. The trend in the variation of measured 

values of q with excitation intensity is in line with the 

theoretical predictions (also see the variation of q for 

cell with L = 25 mm in Fig. 3). Further, the quality 

figure decreases with decrease in cell size (radius) due 

to higher FWHM among lower dimension cells. As 

seen in Fig. 6, although the quality figure improves by 

lowering the laser excitation intensity, measurement 

of CPT resonances at lower intensities requires more 

sensitive detection scheme. In our experiment, the 

optimum laser intensity with maximum quality figure 

is 4.25 W/m
2
 for the cell with radius, R = 12.5 mm. 

Nevertheless, the computation of theoretical values is 

extended to even further lower intensities and it is 

observed that the quality figure deteriorates below an 

optimum laser intensity as shown in Fig. 6. 
 

4.2  Cell Temperature 

The amplitude of CPT resonance, i.e., its contrast, 

depends on Rabi frequency and atomic number 

 
 

Fig. 5 ⸻ Measured linewidth of CPT resonance (FWHM) as 

function of incident laser excitation intensity and its 

corresponding linear fit (solid line) for vapor cells with radii, R = 

12.5 mm, 7.5 mm and 5.0 mm @ temperature, T = 71 oC. 
 

 
 

Fig. 6 ⸻ Variation of measured (experimental) quality figure of 

CPT resonance with respect to incident laser intensity for three 

cells with radius, R = 12.5 mm (square), 7.5 mm (circle) and 5 

mm (triangle) all kept at temperature, T = 71 oC. Solid lines are 

computed from theoretical model using Eq. (6). 
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density which varies with temperature (T). In this 

regard, effect of cell temperature on the 

characteristics of CPT resonance is studied 

experimentally among Rb cells with different radius. 

In our experiment, the cell temperature was stabilized 

to a chosen value within a tolerance of ±0.01 
0
C.  

Fig. 7 shows the FWHM as function of cell 
temperature at a laser excitation intensity of  

7.08 W/m
2
 for cells with three different dimensions. 

FWHM is higher for lower dimension cells due to 
increase in wall collisions which destroy the 
coherence. For a given cell size, FWHM decreases 
marginally with increase in temperature. Higher cell 
temperature enhances collision between Rb-Rb atoms 

as well as Rb-buffer gas. The higher Rb-Rb collision 
rate would result in increase in FWHM of CPT 
resonance. On the other hand, the higher Rb-buffer 
gas atoms collision results in tighter confinement of 
the Rb atoms in the probing volume which will lead 
to increase in the transit time thereby reducing the 

FWHM. The net reduction in the FWHM observed in 
our experiment indicates that Rb-buffer gas collision 
is influencing the behaviour of CPT resonance 
characteristics more strongly under these operating 
conditions, particularly the temperature range. 
Moreover, similar variation of FWHM with respect to 

temperature is also reported in Ref. (21). In addition, 
the rate of reduction in FWHM is more in cell with 
lower dimension due to stronger confinement effect 
with increase in temperature. 

Fig. 8 shows variation of q and the corresponding 
contrast (inset) with cell temperature for three cells. In 

each cell, the contrast increases with temperature and 
reaches a maximum value (Cpk) beyond which it 
decreases with temperature

5,6,22,23
. We define the 

temperature at which the contrast is maximum as 
Optimum Temperature (Topt) which is function of cell 
dimension (R) and laser excitation intensity (IL). For T 

< Topt, as the temperature increases, more and more 
atoms (𝑛𝑅𝑏  varies as T) are available for interaction 
with the laser field which results in higher contrast. At 
T > Topt, the contrast reduces with increase in 
temperature owing to the ravaging contribution from 
number density dependent mechanisms such as 

increase in optical thickness of medium and enhanced 
spin exchange collision

5-7,14,21,22
. Therefore, at higher 

temperatures, the absorption of light increases along 
the length of vapor cell due to increase in optical 
thickness that leads to reduction in contrast. In 
addition, the higher number density at elevated 

temperatures (T > Topt) induces more single photon 

absorption between the hyperfine levels thereby 
quenching the two-photon resonance transition that 
excites the CPT phenomena. This leads to reduced 
contrast at higher cell temperatures. Further, more 

experiments are needed to understand these dynamics. 
For a given cell dimension, the variation in the 

magnitude of q with temperature is primarily 

determined by changes in contrast which exhibits 

characteristic temperature dependent peak at Topt as 

explained above. However, when compared among 

cells with different dimensions, Topt shifts to higher 

temperature for lower dimension cells while 

magnitude of qmax at Topt decreases whereas magnitude 

of corresponding contrast at Topt is similar for all the 

 
 

Fig. 7 ⸻ Measured FWHM of CPT resonance as function of 

temperature in cells with radius, R = 12.5 mm (squares), 7.5 mm 

(circles) and 5 mm (triangles) at a laser excitation intensity of  

7.08 W/m2. FWHM is higher among lower dimension cells. Here, 

the solid lines are the corresponding linear fit to guide the eye. 
 

 
 

Fig. 8 ⸻ Measured quality figure as function of temperature for 

three cells with radius, R = 12.5 mm (squares), 7.5 mm (circles) 

and 5 mm (triangles) at a laser intensity of 7.08 W/m2. The solid 

curves indicate the Gaussian fit to the experimental data. Inset: 

The corresponding CPT resonance contrast as function of 

temperature. 
 



KAITHA et al.: CPT RESONANCE IN RUBIDIUM VAPOR CELL FOR APPLICATION IN ATOMIC CLOCK 

 

 

495 

cells. The reduction in overall magnitude of q among 

lower dimension cells is attributed to the increased 

FWHM (see Fig. 7). For a given temperature, the 

effect of wall collision is more for cells with lower 

dimension. The increase in temperature influences the 

confinement time of the atoms within the laser beam, 

thereby minimizing the detrimental role of wall 

collision. Thus, to achieve similar contrast value as in 

larger cells, the temperature of smaller cells would 

need to be increased which results in higher optimum 

temperature (Topt)
5
.  

The solid curves shown in Fig. 8 are the fit to 

measured data points using Gaussian function as 

given in Eq. (8) 
 

𝑞 𝑇 = 𝑞𝑚𝑎𝑥 . 𝑒𝑥𝑝[−
1

2
 
𝑇 − 𝑇𝑂𝑝𝑡

𝑇𝑤
 

2

] …(8) 

 

where fitting parameter qmax is the optimum q 

value, i.e., the peak amplitude of quality figure at Topt 

and 𝑇𝑤  represents the peak width (1-sigma). The 

values of fitting parameters for the curves shown in 

Fig. 8 are provided in Table 1. Amplitude of qmax 

reduces with decrease in cell dimension due to 

increase in FWHM as shown in Fig. 7. The optimum 

𝑞 value is maximum for cell with higher dimension. 

Thus, cells with larger radius are ideal for realizing 

CPT with optimized resonance characteristics which 

in turn helps in improving the frequency stability of 

atomic clock. 

The peak value of contrast, Cpk, hence, qmax and its 

corresponding temperature, Topt, also depend on laser 

intensity
21,24

. Fig. 9 depicts the variation of fit value of 

qmax and its corresponding Topt as function of laser 

excitation intensity for three cell dimensions. It is 

clear that the value of qmax is higher for cells with 

higher dimension and lower excitation intensity. 
 

5 Conclusion 

An experimental investigation is carried out to 

study the dependence of quality figure (𝑞) value on 

critical operating parameters such as laser excitation 

intensity and cell temperature as well as its 

dimension. CPT resonance and its corresponding 𝑞 

are modelled with respect to cell length and radius 

using a four-level atomic system by introducing a 

scaling parameter (𝛽) to account for the cell size 

(radius) which would reflect the influence of 

collisional dynamics, particularly wall collision. 

Further, for a given cell radius the 𝑞 value decreases 

with increase in laser intensity which is in good 

agreement with the theoretical model. Our study 

shows that the optimum temperature (𝑇𝑜𝑝𝑡 ) that 

corresponds to maximum 𝑞 value (𝑞𝑚𝑎𝑥 ) depends on 

laser excitation intensity as well as cell dimension 

(radius). This study is useful in understanding light 

absorption, collisional dynamics in atomic vapor cell 

and optimization of operating parameters of CPT 

based atomic clock. Finally, the optimized quality 

figure achieved in our study, i.e., qmax ~ 0.01 Hz
-1

, 

would enable the stabilization of clock frequency to a 

level better than 2 x 10
-12 

per sec. 
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