
A Brief Inspection of
Doppler-Free Spectroscopy

Abstract:
Doppler Broadening is a natural phenomenon that can only be minimized through

the use of sample cooling or saturation absorption (Doppler-Free) spectroscopy.

The most common apparatus used to perform Doppler-Free spectroscopy involves

separating a LASER into multiple beams that saturate the sample. Multi-passing

results in distinct fluctuation in energy states.
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I. Introduction:

The discovery that electrons
exist in quantized states in atoms
helped usher in a new age in physics.
The presence of quantized states

allowed physicists to excite electrons
into higher energy states by applying
energy into the atom. What was soon

realized, however, was that because
the electron energy states were
quantized, the amount of energy
needed to allow for excitation had to
be exact. It was this search for
exactn s that lead to absorption
spectroscopy.

Traditionally, absorption
spectroscopy was used to determine
the transition frequency between
states within an atom using samples of
atomic gas. These atomic gases were
generally at room temperature which
meant that there was a noticeable

broadening of the measured
frequency due to the Doppler effect.

towards the observer, causing a
lowering of frequency in the first case
and a heightening of frequency in the
second case. For non-relativistic
thermal velocities, the Doppler shift is:

f=fo(1+)

Here, f is the frequency according to
the observer, Jo is the rest frequency, v
is the emitters velocitv,and c is the
speed of light.

The volume element of a radiating
body will have a distribution of speeds
toward and away from an observer.
This is what leads to the broadening of
the observed line. In this way, the
fraction of moving particles along a
line of sight has a distribution of
frequencies of:

P1(f)df= (f’))z
II. Doppler Broadening:

The Doppler shift in frequency

occurs when thermal motion forces a
particle to move, either away from or

In essence, what this mathematically
proves is that the Doppler Effect is a
fundamental quality that exists in
nature and is not a point of error that
can be minimized by refining
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laboratory equipment. What was
eventually found to help
fundamentally reduce the effect of
Doppler broadening was to cool the
atomic gases to very low
temperatures

Eventually, when cooling
atomics gases became impractical or
impossible in some situations, the
process of saturated absorption
spectroscopy was developed. This
method is also called “Doppler-free
spectroscopy” and as the name
implies, it is able to determine precise
frequency measurements while
greatly diminishing the Doppler effect
to the magnitude of just a few
millikelvins.

III. Experimental Apparatus
and Method:

Doppler-free spectroscopy
required the use of all new types of

analysis. One such
method is the one described in Figure
1. The experimental apparatus in
Figure 1 would require the following:
some sort of diode LASER, a vapor cell
(a vaporized version of some element)
of the sample, a beam splitter and a
detector to pick up the output signal.
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The diode LASER outputs a
beam which is reflected and then fed
to the beam splitter. This creates two
low intensity beams (probe beams)
and one beam of higher intensity
[pump beam).

The two lower intensity probe
beams are sent directly to the vapor
cell, interacting with all the atoms
inside the cell while the pump beam is
deflected off three different mirrors so
that it hits the vapor cell from bottom
to top. The pump beam is reflecting
back in such a way that it overlaps
with one of the probe beams, meaning
that they interact with the same
atoms.

One of the probe beams in the
vapor cell is sent straight to the
photodiode detector, serving as the
“control” beam, giving a spectrum
which is just a plain Doppler
broadened spectrum. The second
probe beam after interacting with the
pump beam is sent to the photodiode
detector. This line serves as the
correction for the Doppler broadened
line.

IV. Spectra and Results:
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Figure 2 shows how aj.1 dip

arises from saturated absorption
spectroscopy due to the pump beam
first exciting most of the molecules,
and then the probe beam interacting
with the molecules that are left over,
causing a decrease in absorption.

Figure 1. Sample Apparatus In Action



Figure 2: Lamp dip at frequencyv0from a
Doppler broadened absorption line

Figure 3a and 3b show how

taking into consideration both nuclear
and electronic spin, there are certain
transitions that are visible for the
isotropic Rubidium atom.
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Figure 3b: Energy Level Diagram showing
transitions of87Rb.

Figure 3a shows the transitions
for the °5Rb atom which shows up at
72% and Figure 3b shows the
transitions for the 87Rb atom which
shows up at 28%.

Figure 4: Intensity vs. Time (ms)for 85Rb atom

Figure 4 shows the spectra of
the transition between F=3 to a higher
state, where the problem of Doppler
broadening is occurring, there are no
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Figure 3a: Energy Level Diagram showing
transitions of85Rb
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distinct peaks to show information on

the transition U
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Figure 5 shows how using

Doppler-Free Spectroscopy, also

known as saturated absorption

spectroscopy, can begin to display

distinct peaks that show where the

transitior,js”occurring and at what

intensity. 5e.

V. Conclusions

The Doppler Effect is a natural

phenomenon that can skew the results

of many laboratory experiments. In

the case of spectroscopy, the Doppler

Effect was resulting in a broadening of

results that could not be diminished

through the refinement of equipment

alone. One method to reduce the

effects of the Doppler shift was by

greatly cooling down the samples.

Another, more practical, method that

was later developed is Doppler-free

spectroscopy, or saturation

absorption spectroscopy.

One apparatus for the use of

Doppler-free spectroscopy involves a

LASER output being split into high and

low intensity beams. Both beams

interact with the same atoms of the

test material. In this ways, there is

“saturation” in the spectros copy

method.

In terms of data, the difference

between a Doppler-broadened graph

and a Doppler-free graph are

significant. While the regular Doppler

broadened graph can show the

general trend, what it lacks is the

distinct peaks of transition energies.

The saturation absorption spectra, on

the other hand, show very distinct

peaks which make determining the

precise amount of excitation energy

required possible.
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