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Finding the Number Density of Atomic
Vapor by Studying its Absorption Profile
Abstract : We demonstrate a technique for obtaining the
density of atomic vapor, by doing a fit of the resonant
absorption spectrum to a density-matrix model. In order to
demonstrate the usefulness of the technique, we apply it to
absorption in the D 2 line of a Cs vapor cell at room
temperature. The lineshape of the spectrum is asymmetric
due to the role of open transitions. This asymmetry is
explained in the model using transit-time relaxation as the
atoms traverse the laser beam. We also obtain the latent heat
of evaporation by studying the number density as a function
of temperature close to room temperature.

(CoSy) unit. The laser controller controls the injection
current into the diode and its temperature. Optical feedback
to reduce the linewidth of the laser is provided by a piezomounted grating, and the piezo voltage is also set by the
controller. The laser frequency is scanned by varying the
piezo voltage. The controller also acquires data from the
CoSy system, which provides a saturated-absorption signal,
both with and without a Doppler background. The data is
acquired on a computer through a RS232 serial
communication link.

T

heoretical calculations of atomic transition
linewidths 1–4 and strengths 5–7 require precise
knowledge of the number density of the vapor. While vapor
pressure curves are available for most atoms8, they are not
sufficiently accurate to allow them to be used in such
calculations. In addition, simplifying assumptions such as
the vapor behaving as an ideal gas have to be made in
order to relate the vapor pressure to a number density.
In this work, we present an experimental technique
to make an accurate estimate of the number density. The
basic idea is to use the percentage absorption through a
vapor cell. As an example, we demonstrate the usefulness
of the technique by measuring the number density of Cs
atoms at room temperature. While number density alone is
enough to explain the height of the absorption curve, its
asymmetric lineshape requires the use of transit-time
relaxation as the atoms traverse the laser beam. We also
obtain the latent heat of evaporation by studying the number
density as a function of temperature.
Experimental Details : The experimental set up is
shown schematically in Fig. 1. The laser beam is derived
from a commercial diode laser system (Toptica DL Pro)
operating near the 852 nm D2 line of 133Cs. The laser output
comes out of a single-mode polarization-maintaining (PM)
fiber. The fiber goes into a 95/5 power splitter, with 5%
of the power fiber to a Toptica compact spectroscopy

Figure 1: Schematic of the experiment.

Density-matrix Analysis : The absorption of an ideal
two-level system is a standard problem discussed in many
textbooks9. However, transitions in a real atom involve
multiple hyperfine levels, which necessitates the use of a
numerical density-matrix approach. Closed transitions–
those that decay back to the same ground level–behave
like two-level systems. On the other hand, open transitions
can decay to a different ground level; this necessitates the
use of a two-region model–one region where the laser beam
is present and one where it is not–something which can be
easily incorporated into any numerical package. As an
example of the power of this technique, we consider
hyperfine transitions in 133Cs. The relevant energy levels
are shown in Fig. 2. Numerical simulations were done using
the atomic density-matrix (ADM) package for Mathematica
developed by Simon Rochester (can be downloaded from
http://rochesterscientic.com/ADM/). It solves numerically
the time evolution of the density-matrix elements involved.
We consider transitions starting from the two ground
levels of 133Cs, namely Fg = 3 → Fe and Fg = 4 → Fe,
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constant. At one temperature, the above equation simplifies
to
ln( p ) = −

L 1
+C
R T

(2)

where the constant C subsumes all the parameters related
to temperature T2. We now use the gas law to relate the
pressure to the temperature as follows:
p = nkBT

(3)

where n is the number density and kB is the Boltzmann
constant. From this, we get
Figure 2: Hyperfine levels in the D2 line (6 S1/2 → 6 P3/2 transition) of
133Cs (not to scale).

shown schematically in Fig. 2. In the former case, the Fg
= 3 → Fe = 2 transition is closed but it acts like an open
system because the atoms get pumped into the extreme
magnetic sublevels. For the latter case, only the Fg = 4 →
Fe = 5 transitions is closed, while the other two are open.
In both cases, modeling of the open transitions requires
the use of two regions, and with a relaxation rate to go
into the other ground level–transit-time relaxation. The
numerical package also allows us to incorporate a rate for
atoms to come back to the correct ground level after wall
collisions in the region outside the laser beam.
Latent Heat of Evaporation : The Clausius-Clapeyron
equation allows us to extract the latent heat of evaporation
of a gas by studying its vapor pressure at two temperatures.
It is given by:

ln

p1
p2

=−

L⎛ 1 1 ⎞
⎜ − ⎟
R ⎜⎝ T1 T2 ⎟⎠

(1)

where p is the vapor pressure at temperature T, L is the
latent heat of evaporation, and R is the universal gas

Figure 3: Transmission spectrum of 3 → Fe transitions. The calculated
spectrum shows the good match with the experimental one, and is
obtained with relaxation rates of γA = 3 × 105 s–1, γB = 102 s–1, and γw
= 1010 s–1.

VOL. 83, NOS. 11–12

ln(nT ) = −

L 1
+ C′
RT

(4)

where C´ = C – ln(kB) is a new constant.

Figure 4: Variation of number density with temperature for 3 → Fe
transitions. The solid line is a fit to Eq. (4), which yields a latent heat
of 78(4) kJ/mol.

Fg = 3 → Fe transitions : We first consider results
for transitions starting from the lower ground hyperfine
level. Experimental result of a Doppler-broadened spectrum
is shown in Fig. 3. The frequency axis of the laser (x-axis
of the figure) is calibrated using separation between
hyperfine peaks of a Doppler-corrected saturated-absorption
spectrum (not shown). Also shown is the result of the
simulation, which shows that it fits the experimental
spectrum quite well. The simulation takes as input–(i) the
value of Fg, (ii) the light intensity, and (iii) the number
density of atoms. It also assumes two regions–A where the
laser beam is present, and B where the beam is not present.
The number density (n) is obtained by varying n manually
by trial and error in the simulation, holding all other
parameters fixed, until the Doppler broadened curve
obtained experimentally matches the theoretical curve.
For open transitions, light in region A pumps atoms
into the other Fg level, while in region B the Fg levels
redistribute due to wall collisions. We assume the relaxation
rates to be: γA for going from A to B, γB for coming
397

F g = 4 → F e transitions : We now consider
transitions starting from the upper ground level. We present
results of absorption spectra–both experimental and
calculated–in Fig. 5. As in the previous case, experiment
and theory match quite well, further validating the
numerical package that we use.

Figure 5: Transmission spectrum of 4 → Fe transitions. The calculated
spectrum shows the good match with the experimental one, and is
obtained with relaxation rates of γA = 3 × 105 s–1, γB = 102 s–1, and γw
= 1010 s–1.

Figure 6: Variation of number density with temperature for 4 → Fe
transitions. The solid line is a fit to Eq. (4), which yields a latent heat
of 86(7) kJ/mol.

back from B to A, and γw for redistribution due to wall
collisions.
The lineshape of the absorption spectrum is
asymmetric, with the right half behaving like a Gaussian
and the left half showing a longer tail. While number
density alone is sufficient to give the correct peak height
and right half of the curve, relaxation rates γ ’s are required
to fit the left half of the curve. This half arises due to
open transitions, which is one of the advantages of using a
numerical package for the simulation–it allows both the
use of a number density and relaxation rates in different
regions.

We also present results of variation in number density
with temperature, measured in order to get the latent heat
of evaporation. The results are presented in Fig. 6. The
solid line, which is a fit to Eq. (4) yields the latent heat as
86(7) kJ/mol. This value is consistent with the value
obtained in the other case.
Conclusions : In summary, we have demonstrated a
technique for getting the number density of atomic vapor,
by fitting the resonant absorption spectrum to a numerical
density-matrix model. As an example of the power of this
technique, we apply it to absorption through a room
temperature vapor of Cs atoms. The lineshape of the
spectrum is asymmetric due to the role of open transitions.
This asymmetry is explained in the model by having two
regions–one with and one without the laser beam–along
with transit-time relaxation as the atoms traverse the laser
beam. We also study the absorption profile as a function
of temperature (near room temperature), and combine it
with the Clausius-Clapeyron equation, to estimate the latent
heat of evaporation. We demonstrate that our technique
works for both hyperfine levels of the ground state of 133Cs.
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In the next experiment, the temperature of the CoSy
vapor cell was varied and the absorption curve at different
temperatures recorded. At each temperature, the curve was
fit to a number density. The results of such a measurement
are shown in Fig. 4. The symbols are the measured values,
while the solid line is a fit to Eq. (4). It is interesting to
see that the behavior follows the prediction of Eq. (4).
The fit yields a value for the latent heat of evaporation as
78(4) kg/mol. This is a rough value because there are many
approximations that go into the deviation of the equation,
but the value is comparable to that in other alkali atoms.
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