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In situ temperature measurement of vapor based on
atomic speed selection
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We demonstrate an experimental method for the in situ temperature measurement of atomic vapor using the satu-
rated absorption spectrum. By separately manipulating the frequency of the pump and probe beams, the position of the
crossover peaks can move along the spectrum. Different velocity classes of atoms contribute to the crossover during the
movement. We study the relationship between the intensity change of peaks and vapor temperature. Our experimental result
around room temperature shows a deviation of less than 0.3 K. Compared with traditional thermometry using absorption
spectroscopy, higher accuracy can theoretically be achieved with real-time thermometry.
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1. Introduction
Optical cells containing alkali atomic vapor are widely

used in atomic precision instruments such as atomic clocks[1,2]

and magnetometers.[3–6] The performance of these instru-
ments is sensitive to the accuracy of temperature measure-
ment of the alkali atomic vapor. Contacted temperature trans-
ducers such as thermistors and thermocouples are the most
common method and can achieve high accuracy.[7–10] How-
ever, only the surface temperature rather than the internal tem-
perature of the vapor cells can be sensed, and the internal
temperature distribution is a controversial issue.[11–16] Optical
thermometry is an approach that avoids the above-mentioned
problems.[17–20] In particular, the Doppler effect can link ther-
mal energy with atomic spectral lines to measure gas temper-
ature. Under low-pressure conditions, the Doppler effect is
the main source of line broadening. According to the Boltz-
mann distribution, with the transition frequency ν , the Doppler
width ∆D = ν

√
2kBT/(mc2) depends on the atomic mass m

and thermal energy kBT , where c is the speed of light. This in
situ gas thermometry is called Doppler broadening thermome-
try (DBT) and is widely used as an approach for estimating the
value of the Boltzmann constant.[21,22] The main challenge of
this method is that it is difficult to obtain a good enough phys-
ical model to fit the experimental data, and relative standard
uncertainties of less than 10 ppm are difficult to achieve.[23,24]

In this paper, a new method is proposed to obtain Doppler
broadening of the atomic velocity distribution on the saturated
absorption spectrum (SAS). The Doppler broadening obtained
by this method only involves one hyperfine energy level of the
alkali atom. Compared with DBT, this in situ thermometry

eliminates the overlapping caused by the simultaneous transi-
tion of hyperfine levels on the spectrum, thereby simplifying
the physical modeling.

2. Theoretical method
In the absorption spectrum used in DBT, transitions of the

hyperfine levels are submerged in Doppler broadening which
is usually 100 MHz–10 GHz. The line width of SAS is close
to the broadening of the atomic transition, and hyperfine split-
ting levels can be seen on the spectrum.[25] Figure 1(a) shows
the SAS of the 87Rb D2 transition in our experiment. It can be
seen that there are crossover peaks between every two natu-
ral resonance peaks. By analyzing the formation of crossover
peaks, it is found that they can be used to select atoms with
different velocities.[26–28] Taking the three-level system shown
in Fig. 1(b) as an example, the group of atoms with veloc-
ity V = ±c(ν1 − ν2)/(ν1 + ν2) in the direction of the inci-
dent laser beam can resonate with both the pump beam and
the probe beam at the frequency

νpump = νprobe =
ν1 +ν2

2
(1)

at the same time according to the Doppler effect. In a conven-
tional SAS, the pump beam and the probe beam are usually
split from the same laser source and always have the same
frequency. Therefore, the positions of the crossover peaks are
fixed and always appear in the middle of two natural resonance
peaks.

If two independently adjustable lasers are used as the
pump beam and the probe beam, and the frequencies of them
are no longer equal, the position of the crossover peaks may
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change. Assuming that the frequency of the pump light is
ν ′pump, theoretically it can be found that the atom class with
the velocity V ′ = (1− ν1/ν ′pump)c will jump to the ν1 level,
then when the probe beam is tuned to

ν
′
probe =

ν2

2− ν1

ν ′pump

, (2)

the atom at the same speed can resonate with the probe beam
and jump to level ν2. As shown in Fig. 1(d), the crossover
peaks appear at the position in Eq. (2) instead of (ν1 +ν2)/2 .
By continuously adjusting the frequency of the pump laser,
the speed of the atoms involved in the formation of the
crossover peaks will continuously change, and the position of
the crossover peaks also moves along the spectrum, as shown
in Fig. 1(e). When the speed is unchanged and the direction
is the opposite, the situation is similar. So, two equal and op-
posite velocities of atoms correspond to a set of frequencies
of pump beam and probe beam, and form a crossover. In the
spectrum, there is a one-to-one correspondence between this
position and the absolute value of the atomic velocity.
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Fig. 1. Schematic diagram of the temperature measurement principle: (a)
saturated absorption spectrum of the 87Rb D2 transition; (b) a three-level
atomic transition system; (c) the Doppler effect; (d) comparison of the posi-
tions of the traditional crossover peak and the shifted crossover peak; (e) the
crossover peak moves along the spectrum.

Under low-pressure conditions where the thermal motion
of the atoms conforms to a normal distribution, the atomic ve-
locity distribution is Gaussian, and the number of atoms with
zero velocity in the direction of the incident light is the largest.
The greater the velocity in this direction, the fewer the atoms.
Therefore, it can be inferred that a crossover peak will have a
significant change in intensity during its movement, as shown
by the red line in Fig. 1(e). Assuming that the vapor cell envi-
ronment does not change during the crossover movement, the
relative intensity of the same crossover peak is determined by

the atomic number density of the velocity group participating
in peak formation, and the two are in direct proportion.[29]

3. Experimental setup and results
Figure 2 shows a schematic overview of our experimental

setup. The pump and probe beams are from two laser sources
that are both 780 nm which can resonate with the 87Rb D2

transition and have independent controllers. In this experi-
ment, the laser source is operated to resonate with 5S1/2|F =

2→ 5S3/2|F ′ = 1,2,3 transitions. The frequency of the probe
beam is modulated by a triangle wave, and its absorption spec-
trum is detected by the photodiode. In this paper, we choose
the crossovers CO(1,3) and CO(2,3) as the target crossovers
and manipulate them to move along the spectrum. According
to the discussion in the previous section, the changing trend of
the intensity will fit the Maxwell–Boltzmann distribution.

D
io

d
e

L
a
se

r

D
io

d
e

la
se

r

Diode

Laser

Diode

laser

PBS

RTD

RbRb

PBS

PD 

HWP

HWP

HC

CO(2,3)
CO(1,3)

P
ro

b
e

P
u
m

p

F ′/

F ′/

F ′/

Fig. 2. Experimental setup (HWP, half-wave plate; PBS, polarizing beam
splitter; RTD, resistance temperature detector; HC, heating cylinder; PD,
photodiode).

The Rb vapor cell used for this experiment is placed in
a heating cylinder with two glass windows in the wall of the
cylinder. The pump and probe beams are lifted by the reflec-
tors so that they can travel through the windows and meet in
the vapor cell in opposite directions. A platinum resistor is
chosen as the temperature detector and is placed on the sur-
face of the vapor cell. This is because temperature measure-
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ment with a platinum resistor has high precision and can be
used as a reference.

A conventional SAS whose pump and probe beams are
from the same laser source is also set up and its incident light
from the probe beam is split. The spectrum of the conventional
SAS and the SAS described in this paper can be shown in the
spectrum at the same time, so that it is more convenient for
distinguishing the crossovers.

The laser source of the probe beam is adjusted until the
absorption spectrum of 87Rb D2 F = 2 −→ F ′ can be seen
on the oscilloscope. Then, the frequency of the pump beam
is controlled to scan around the transition frequency. The
movement of the crossover can be seen in the spectrum of the
probe beam. We chose the strong crossover peaks CO(1,3) and
CO(2,3) as the objects of observation. Figure 3(a) shows sev-
eral positions of the crossovers while moving along the spec-
trum. The intensity variation of the crossovers is very obvious.
In a temperature measurement period, the spectra at different
positions are recorded as the crossovers traverse the range of
Doppler broadening. In order to quantify the variation in the
intensity of the crossovers, the spectrum needs to be Doppler-
free so that the relative intensity of the crossovers in different
positions can be obtained.
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Fig. 3. (a) Three positions while crossovers move along the spectrum.
Red dotted lines represent the intensities of CO(1,3), green dotted lines
represent the intensities of CO(2,3). (b) The velocities of the crossover
peaks at different positions.
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Fig. 4. Experimental result. The abscissa is the temperature sensed by
the thermistor and the ordinate is the fitting parameter.

Data processing of the spectrum includes obtaining the
Doppler-free spectrum, extracting the peak of the crossovers
CO(1,3) and CO(2,3) and calculating the relative intensity
of the cross-absorption peak. The relative intensities of the
crossover peaks at different positions are drawn in sequence
on the same picture, as shown by the small circle in Fig. 3(b).
The intensity increases first and then decreases, which is con-
sistent with the results predicted by the above theory. It can be
seen that the changes in crossover intensity are highly similar
to the Maxwell distribution of atomic velocity.

These data are then fitted with a Gaussian function. In the
measured multiple sets of data, the correlation coefficient falls
in the range 97.8%–99.6%. The fitted Gaussian distribution is
normalized, and the approximate distribution curve of atomic
velocity at this temperature can be theoretically obtained. Ac-
cording to the Maxwell–Boltzmann distribution

f (ν) =

√
M

2πkBT
exp
(
− Mν2

2kBT

)
, (3)

the temperature of the atom can be calculated from the fitting
coefficients.

In the example experiment shown in Fig. 4, several tem-
perature points were selected between 297 K and 307 K. After
the temperature of heating cylinder has been stabilized at a
certain value, the pump beam frequency is adjusted back and
forth several times along the spectrum and about 18–24 po-
sitions of crossover peaks are collected each time; multiple
measurements can then be obtained at each temperature. Tak-
ing the temperature measured by the thermistor as the standard
value, it can be found that the fitting coefficient a and the tem-
perature T conform to the following linear relationship:

T = 0.04a+291.21. (4)

The averaged result has an error of 0.3 K compared with
the thermistor. Due to the small thermal conductivity of
atomic vapor, the difference between the temperature inside
the vapor cell and the temperature on the wall of the vapor cell
is non-negligible. This will bring an error in the comparison
and analysis if the value of thermistor serves as the standard,
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which is also a reason for the uncertainty of the data in our
experiment. Our work can provide an experimental method
for the study of vapor temperature distribution. The response
time of our method is limited by the scanning speed of pump
beam frequency and the calculation speed of data fitting. The
calculation model we used is relatively simple, it can there-
fore achieve fast and real-time measurement of atomic vapor
temperature.

4. Conclusion
This paper presents an innovative in situ approach for

measuring the temperature of vapor cells. This new method
is based on the principle that the crossovers in the SAS can se-
lect different velocity classes of atoms while moving along the
spectrum. Then atomic temperature can be calculated accord-
ing to the velocity distribution. This temperature measurement
method can directly measure the temperature inside the vapor
cell, which provides an effective approach for the experimen-
tal measurement of the temperature distribution of the vapor
cell. We demonstrate the experimental setup and our results
show good consistency with the platinum resistor method, thus
demonstrating the potential of this method around room tem-
perature.

Acknowledgment
Project supported by the National Natural Science Foun-

dation of China (Grant No. 61703025).

References
[1] Knappe S, Gerginov V, Schwindt P D D, Shah V, Robinson H G, Holl-

berg L and Kitching J 2005 Opt. Lett. 30 2351
[2] Dai S Y, Zheng F S, Liu K, Chen W L, Lin Y G, Li T C and Fang F

2021 Chin. Phys. B 30 013701
[3] Allred J C, Lyman R N, Kornack T W and Michael V R 2002 Phys.

Rev. Lett. 89 130801

[4] Kominis I K, Kornack T W, Allred J C and Michael V R 2003 Nature
422 596

[5] Du P C, Li J J, Yang S J, Wang X T, Zhuo Y, Wang F and Wang R Q
2019 Chin. Phys. B 28 040702

[6] Tang J J, Zhai Y Y, Cao L, Zhang Y H, Li L, Zhao B B, Zhou B Q, Han
B C and Liu G 2021 Opt. Express 29 15641

[7] Daussy C, Guinet M, Amy-Klein A, Djerroud K, Hermier Y, Briaudeau
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