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Abstract 

 The Laser Interferometer Space Antenna (LISA) is a space-based gravitational 

wave detector that will detect low frequency gravitational waves.  To accomplish this 

task, extreme dimensional stability of the materials used for critical optical components 

on the LISA spacecraft is required.  A laser with its frequency stabilized near the 1064 

nm wavelength can be used to study absolute length changes in optical cavities made out 

of different materials to determine if they meet LISA’s dimensional stability 

requirements.  This paper discusses how sub-Doppler transition lines of molecular cesium 

(133Cs2) near 1064 nm can be found and used for frequency stabilization of an Nd:YAG 

laser using modulation transfer spectroscopy.   

Introduction 

The Laser Interferometer Space Antenna (LISA) is a joint NASA/ESA project 

that will detect low frequency gravitational radiation.  LISA’s sensitivity will allow it to 

detect gravitational waves in the 30 µHz to 1 Hz frequency range.  It will consist of three 

spacecrafts in a triangular formation separated by 5,000,000 kilometers flying in a 

heliocentric orbit 20 degrees behind Earth’s orbit (Fig. 1).  Each of these spacecraft will 

house two freely-falling test masses, which will act as test particles in the gravitational 

field.  Using Michelson-type interferometry, changes in the position of the test masses on 

adjacent spacecraft will be measured as gravitational waves pass through the LISA 



constellation.  In order to detect these gravitational waves, a strain sensitivity on the order 

of 10-21/√Hz must be achieved [1].  Such a sensitivity requires distances between proof 

masses to be measured with an accuracy of ~20 pm/√Hz [1].  This accuracy can only be 

achieved by making the optical benches and telescope support structures out of materials 

and bonds that exhibit extreme stability. 

 

Fig. 1.  Representation of LISA’s heliocentric orbit [2]. 
 

As an example of LISA’s stringent requirements, the length fluctuations in the 

telescope support structure must be less than 1 pm/√Hz above 3 mHz and roll up as 1/f2 

at lower frequencies.  In addition, if the distance between the primary and secondary 

mirrors in the telescope support structure changes by more than 1.2 µm over the expected 

five-year lifetime of the mission, then the error in the interferometry will exceed the 

LISA requirements [1].  While fluctuations due to thermal instabilities can be predicted 

and significantly reduced by use of thermal shielding around critical optical components, 

other internal processes such as creep, aging, and compactification of materials cause 

length changes that need to be studied in greater detail.   

Possible materials for use on LISA or other future space-based interferometric 

gravitational wave detectors include ultra-low expansion glasses such as Zerodur or ULE, 

as well as other materials such as silicon carbide (SiC), carbon-fiber-reinforced plastic 



(CFRP), and Super Invar [1].  Some of these materials are being studied at the University 

of Florida.  While the in-band noise of most of these materials has been studied already at 

UF, the absolute length changes in these materials have yet to be researched at the LISA 

levels.  My project is to help develop a molecular cesium stabilized laser to be used to 

determine the absolute length changes of potential materials for the LISA mission. 

 

Current Setup 

 The first step in studying materials for use in the LISA mission is creating an 

environment comparable to what the materials will be subjected to on the LISA 

spacecrafts.  This environment has been simulated with a thermally shielded vacuum 

chamber that provides a thermal stability on the order of less than a few tens of µK/√Hz 

above 3 mHz.  This thermal stability is similar to the expected thermal stability inside the 

LISA spacecrafts. 

 Next, two optical cavities made of Zerodur were placed in these thermal shields.  

Two lasers were separately locked to the eigenmode of separate cavities.  By interfering 

the two laser beams and monitoring the change in frequency, the relative length changes 

of the cavities can be studied.  

 While the two Zerodur cavities exhibited in-band noise levels that meet LISA 

requirements, an unexpected drift in the interfered frequency was observed.  This drift 

suggests an absolute length change in one or both of the cavities.  In order to measure one 

cavity’s absolute length stability, a laser locked to a molecular transition of cesium will 

be used.  This laser will also provide an additional diagnostic tool when studying other 

potential materials to be used on the LISA mission. 



 

Using Molecular Transitions 

Using modulation transfer spectroscopy, the frequency of a laser can be locked to 

a resonant frequency of transitions in an atomic or molecular substance.  While laser 

stabilization using optical cavities is much more accurate over shorter periods of time, 

using molecular transitions is believed to provide stable absolute frequency that will not 

drift appreciably over long periods of time.  Therefore, using a resonant frequency of a 

molecular transition should provide a good reference laser to mix with one of the cavity-

stabilized LISA test lasers to measure the absolute length changes of a material over 

months or even years.   

Since the LISA lasers are near the 1064 nm wavelength, any possible absorbers 

need to have resonant frequencies near this same wavelength with significant absorption.  

133Cs2, CO2, C2H2, and C2HD all have measured transition lines near 1064 nm, but 

molecular cesium (133Cs2) is the only one of these that can be studied using standard sub-

Doppler techniques and therefore becomes the logical choice for frequency stabilization 

[3].  With the absorber chosen, the next step is to find transition lines appropriate for 

functional frequency stabilization. 

 

Cs2 Transitions 

 We believe that the transitions of Cs2 near 1064 nm are the result of changes in 

vibrational and rotational energies.  To understand these energy transitions, the Cs2 

molecule can be viewed simply by using the non-rigid rotator model.  This model 

consists of two atoms connected by a spring-like inter-atomic force.  The two atoms are 



allowed to vibrate back and forth as the inter-atomic distance oscillates above and below 

the natural equilibrium length.  This motion is much like that of a classic harmonic 

oscillator, and provides the molecule with vibrational energy.  This energy, however, can 

only exist in discrete amounts.  Therefore, the molecule is said to be in a certain 

vibrational state or mode given by the quantum number ν.  The energy of each vibrational 

state is given by  
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where ν = 0, 1, 2,…, k is the spring constant of the inter-atomic force, and µ is the 

reduced mass.  Under normal conditions, the vibrational state of ν = 0 is the most 

populated so it is known as the ground state [4]. 

 Along with vibrational energy, the Cs2 molecules also contain discrete levels of 

rotational energy.  This energy is provided by the motion of the two atoms rotating 

around one another like a rigid rotator.  This motion is nearly independent of the 

vibrational motion, which allows the two types of energies to be examined separately.  

The energy of each rotational state is given by  
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where J = 0, 1, 2… is the rotational state, and I is the moment of inertia about the center 

of mass of the molecule [4].   

 For each vibrational state that a molecule may be in, there exists many different 

rotational states that it may be in as well.  A diagram that shows the possible energy 

states of a diatomic molecule is shown in Fig. 2.  For Cs2, the energy required to 

transition between rotational states is less than the thermal energy of the molecules, 



which results in ongoing random transitions between rotational states.  This random 

process allows us to approximate the number of molecules in the different rotational 

states using a Maxwell-Boltzmann distribution. 

 
Fig. 2. Example of rotational and vibrational energy states.  Many rotational states, 

J, exist for each vibrational state, ν [5]. 
 

 The energy needed for molecules to make transitions in vibrational states, 

however, is much greater than that required for transitions in rotational states and must be 

provided to the sample from an outside source.  Photons with the correct wavelength can 

be absorbed by the molecules in order to gain the energy needed to make these 

transitions.  In order to conserve angular momentum though, selection rules require 

vibrational state transitions to occur along with a ∆J = ± 1 transition.  To witness these 

transitions, molecular spectroscopy can be utilized. 

 

 

 



Cesium Spectroscopy 

 Basic spectroscopy can be achieved by scanning the frequency of a laser beam as 

it propagates through an absorber while measuring the transmitted power on a photo 

diode.  At the absorber’s resonant frequencies, the substance will have an increased 

absorption coefficient, which will result in a drop in the measured power.  

This was the first experimental step in obtaining a molecular stabilized laser.  I set 

up this experiment as shown in Fig. 3.   

 

Fig. 3.  Experimental setup for basic spectroscopy. 
 

A laser beam propagated through a 150 mm Cs2 cell heated to between 200 and 250° C, 

and its intensity was measured on a photo diode (PD1).  The cesium cell had to be heated 

in order to increase the number of molecules in the beam’s path, which increased the 



amount of absorption by the cesium.  Fig. 4 shows the difference in absorption as the 

laser’s frequency is scanned over the same transition line at three different temperatures. 

 

Fig. 4.  Drop in transmitted power due to absorption by Cs2 measured at 3 
different temperatures: 200° C, 220° C, and 250° C. 

 

Since the power of the laser can change significantly as the frequency is changed, 

the power of the laser measured on PD2 in Fig. 3 was used to compare the power of the 

laser with that of the laser beam after the cesium cell.  By comparing the two beams in 

this manner I was sure that any drop in intensity could be attributed to absorption by the 

cesium.   

I was able to achieve a spectrum that showed several dips that correspond to 

transition lines previously measured and published by Inbar et al. [3].  The spectrum was 

created by measuring both the transmitted power and the wave number of the laser with 

respect to time as the laser’s frequency was scanned.  By matching the time of dips in 



power with a wave number, I was able to attribute the dips to their respective transition 

lines as shown in Fig. 5. 

 
Fig. 5.  Drops in transmitted power due to absorption as laser frequency is scanned 

over ~ 0.2 cm-1.  Labeled wave numbers match Inbar et al [3]. 
 

While resonant frequencies occur at distinct wave numbers, the measured dips in 

power are broad, usually spanning about 300-500 MHz.  These broad dips are the result 

of Doppler broadening, a problem caused by the random motion of the Cs2 molecules.  

This problem is intensified by the need to heat the Cs2 to obtain an appreciable 

absorption. 

 

Doppler Broadening 

Doppler broadening is due to the random thermal motion of the Cs2 molecules.  

Since the laser beam only propagates along one axis, only the component of the 

molecules’ velocities along that axis needs to be considered.  Along this axis, the 



molecules’ velocities have a Maxwell-Boltzmann distribution of values [6].  All 

molecules with a non-zero velocity will experience a Doppler shift in the frequency of 

light received from the laser beam.  Molecules moving in the opposite direction of the 

laser beam will be red-shifted and will, therefore, absorb energy when the laser’s 

frequency is still below the actual resonant frequency of cesium.  On the other hand, 

molecules in the opposite direction will be blue-shifted and will absorb energy when the 

laser is above the resonant frequency.  The broad distribution of molecules’ velocities 

creates a similarly shaped distribution of absorption over a range of frequencies above 

and below a resonant frequency [6]. 

 

Saturated Absorption Spectroscopy 

One way to counter the effects of Doppler broadening is with saturated absorption 

spectroscopy.  In saturated absorption spectroscopy, the laser is split into pump and probe 

beams with the same frequency.  The pump beam is kept at a much higher intensity and is 

propagated through the absorber in the opposite direction of the probe beam.  This more 

intense beam will be absorbed by the molecules in the substance that are Doppler shifted 

into a resonant frequency that matches the frequency of the pump beam.  When the pump 

beam is above or below the non-shifted resonant frequency, the probe beam will be 

absorbed by molecules with a velocity opposite to the molecules absorbing the pump 

beam’s energy because they will have an opposite Doppler shift.   

The only frequencies, then, at which both the probe and pump beams interact with 

the same molecules is at the resonant frequencies of the cesium molecule.  Here, the 

effect of the pump beam is to deplete the number of molecules in the ground state to 



absorb the probe beam.  This process is known as “burning a hole” in the density of 

ground-state atoms.  By measuring the intensity of the probe beam as the laser is scanned 

over a resonant frequency, the result is a Doppler-broadened absorption peak with a 

narrow dip at the resonant frequency where the pump beam has burned a hole.  This 

narrow dip is called a “Lamb dip” and provides a much narrower transition line as can be 

seen in Fig. 7 [6]. 

My experimental setup for saturated absorption spectroscopy is shown in Fig. 6.  

The laser was first passed through a Faraday isolator to eliminate any back reflections 

disrupting the laser frequency.  The laser was then split into pump and probe beams using 

a power beam splitter.  The probe beam was passed through a neutral density filter to 

decrease its power.  Both beams were then directed through the 150 mm Cs2 cell fitted 

with Brewster windows.  This cell was heated between 200 and 250° C in an insulated 

oven that we made.  Lenses were used to achieve collimated beams with diameters of 

~2.0 and 1.3 mm for the pump and probe beams, respectively.  The respective powers of 

the pump and probe beams at the Cs2 cell were ~5 and 1 mW.   

 



 

Fig. 6.  Experimental setup of saturated absorption spectroscopy. 
 

With this setup, I was able to observe resonant frequencies of molecular cesium 

with much greater accuracy.  The full-width half-max linewidths of the Lamb dips 

measured with saturated absorption spectroscopy were ~40-50 MHz while the Doppler-

broadened absorption peaks were ~300-500 MHz.  One measured Lamb dip is shown in 

Fig. 7. 



 

Fig. 7.  Measured Lamb dip. 
 

Locking the Laser 

 Once a desired transition line is found, the laser can be locked to this one 

frequency using modulation transfer spectroscopy.  The experimental setup for this 

method is shown in Fig. 8.  



 

Fig. 8.  Experimental setup for frequency stabilization.  Solid lines are optical paths 
and dashed lines are signal paths. 

 

This setup is very similar to the one used for saturated absorption spectroscopy.  The 

difference is that the pump beam is now modulated using an electro-optical modulator 

(EOM) being driven at 12 MHz by a local oscillator.  When the AC signal from the photo 

diode is mixed with the signal from the local oscillator, an error signal is produced.  This 

error signal provides a positive or negative drift in voltage that corresponds to either an 

up or down shift in frequency.    Fig. 9 shows the measured error signal.  To stabilize the 

frequency of the laser, this error signal is fed into a servo that adjusts the frequency of the 

laser to stay on the resonant frequency of the molecular transition. 



Fig. 9. Measured error signal. 

 

Future Developments 

 While I was able to find an error signal that could be used to lock the laser, I did 

not actually feed it into a servo and stabilize the frequency.  Unforeseeable problems with 

the cesium cell led to setbacks during my ten-week project, which did not leave me 

enough time to complete this goal.  Other researchers in the LISA group will continue the 

work that I have started.  They will lock the laser and use its stable frequency to study the 

absolute length of cavities made with different materials. 
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