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Abstract

The Laser Interferometer Gravitational Wave Detector (LIGO), which currently

operates with 10 W laser power, is expected to detect only one event per year. To

increase sensitivity, as advanced version of LIGO will be built utilizing a 180 W laser.

The extremely high heat intensity of such a powerful laser will cause thermal lensing

distortions in optical components and change the mode quality of the optical beam,

severely impairing our ability to mode-match the beam to the resonating cavities.

For LIGO to detect gravitational waves accurately and efficiently, the effects of

thermal lensing must be corrected. These effects are seen most dramatically in two

optical components; the TGG crystal in the Faraday Isolator (input optics), and the

mirrors of the Fabry-Perot cavities (core optics). The TGG crystal forms a positive

thermal lens, which distorts the transmitted beam. Even if we can effectively mode-

match the beam to the cavity, the mirrors of the cavity will quickly heat up as the

light inside resonates and builds up power. This heat creates a variable thermal

lens in the mirror, thus altering the mode of the cavity to which the beam must be

matched. This paper examines methods of correction in both cases. First, we test

the ability of the FK51 crystal to compensate for effects of thermal lensing in the

TGG crystal by heating the FK51 with another laser of wavelength that is absorbed

by that material, creating a negative thermal lens. Next, we investigate a method of

cavity mode-matching by adaptive input optics. A 5 W, 514 nm Argon laser is used

as a heating beam and aimed at a piece of OG515 Schott glass, highly absorptive

for this wavelength and highly transmissive for our 700 mW, 1064 nm Nd:YAG

reading beam. The high power laser ”writes” a thermal lens in the Schott glass that

will be seen by the reading beam. We can adjust the power of the heating laser

and thus control the strength of the induced thermal lens. This way, despite the

changing mode of the cavity, we are able to measure the mode-mismatch between

the beam and the cavity and minimize it by tuning the power of the heating beam.

Our experiments show that both the TGG correction and the variable compensation

scheme are promising methods of mode-matching in high power gravitational wave

detectors.
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1 Introduction

Gravity continues to be the most enigmatic of the four fundamental forces. After many

years of investigation, its nature is still not completely understood. In 1916, Albert

Einstein’s theory of relativity proposed the idea that gravity could exist in the form of

waves, propagating through the universe as the result of masses accelerating and creating

ripples in the fabric of space-time. This phenomenon has been modeled in classrooms

by students holding the ends of a sheet while balls are rolled over it. Ever since this

proposition, scientists have been searching for ways to prove or disprove the theory.

Today, gravitational wave detectors are run by universities and organizations around

the world. LIGO is the largest such detector in the world and is run by the California

Institute of Technology (Caltech) and the Massachusetts Institute of Technology (MIT)

for the National Science Foundation (NSF). The University of Florida is responsible for

designing LIGO’s input optical components. LIGO consists of three laser interferometric

detectors, two in Hanford, Washington and one in Livingston, Louisiana, all with Fabry-

Perot arm cavities. The arms of one interferometer in Washington are 2 kilometers long,

and the arms of the other two extend 4 kilometers. Each of the LIGO sites operates

with a 1064 nm Nd:YAG laser at 10 W of power.

While this setup is promising relative to previously employed methods, there are

still some very significant problems. The strongest sources of gravitational waves would

be large-scale astronomical events such as supernovae, neutron stars, or colliding black

holes; but even these phenomena would result merely in displacing an object on Earth

by a distance on the order of 10−18 meters for a small fraction of a second [1] There-

fore, detection of a gravity wave requires measuring displacements with extremely high

sensitivity. With its present conditions, LIGO is expected to detect at most one event

per year, and this signal would be accompanied by a great deal of noise. To increase

sensitivity and reduce the effect of the noise, an advanced version of LIGO will be built

utilizing a 180 W laser. However, this increased power will cause problems of another

sort.
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With a much higher laser intensity, the beam will create significant thermal dis-

tortions in one of the optical components, the TGG crystal, thereby distorting the

divergence and mode quality of the beam. Since the beam must be mode-matched to

the cavity in order for LIGO to work, this problem, known as thermal lensing, must be

corrected. Thermal lensing of a material changes the optical path length “read” by a

laser propagating through that material. This optical path length depends on the ma-

terial’s temperature-dependent index of refraction. The TGG crystal forms a positive

thermal lens when it absorbs heat energy from the beam passing through it. This lens

changes the mode of the exiting beam. We perform tests on the FK51 crystal, a second

material with an index of refraction opposite that of the TGG crystal, to determine its

ability to form a negative thermal lens and restore the mode quality of the beam.

Once the beam is successfully mode-matched and able to enter the cavity, the light

inside will resonate and build up power, quickly heating the mirror. This intense heat

creates a thermal lens and changes the mode of the cavity to which the beam must

be matched. To overcome this problem of thermal lensing in the core optics of LIGO,

we investigate an active compensation scheme involving alterations to the input optical

components. A 5 W Argon laser of wavelength 514 nm is used as a heating beam and

directed at a piece of Schott glass, which is absorptive for light of that wavelength while

almost perfectly transmissive for the 1064 nm Nd:YAG “reading” beam that will enter

the cavity. The higher-power laser is absorbed by the glass and “writes” a thermal lens

that is seen by the reading beam as it passes through, changing its mode. We can adjust

the power of the heating laser and change the thermal lens read by the smaller beam.

Using this idea, LIGO could potentially compensate the mismatch between the modes

of the beam and the cavity, thus keeping the beam mode-matched to the cavity without

knowing exactly what the cavity’s mode is.
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2 Background Information

2.1 LIGO

The LIGO detectors are designed as modified Michelson interferometers (Fig. 1). In a

Michelson interferometer, a laser is directed at a beam splitter which splits the incident

beam down two orthogonal arms. The beams are reflected back by mirrors at the ends of

the arms and are reunited at the beam splitter. LIGO modifies this setup by replacing

the mirrors at the ends of the arms with Fabry-Perot cavities, which allow the light

that enters to resonate and build up power. The difference in the lengths of the arms

determines whether the reunited beams will constructively or destructively interfere.

Their interference creates a certain light pattern which is measured by a photodiode.
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In LIGO, the arm lengths are chosen to result in totally destructive interference, and

therefore no light is seen by the photodiode. If a gravitational wave occurs, its passage

will cause one arm to shorten and the other to elongate, thus changing the resonance

condition of the cavities. When the cavities are no longer in resonance, the light will

escape and hit the photodiode. The interference pattern with which the light hits the

photodiode is measured and used to calculate the change in the length of each arm,

determining whether or not the event was in fact a gravitational wave. The existence of

three different detectors (two in the state of Washington and one in Louisiana) provides

a way to check a possible event across all locations. Additionally, one detector having 2

km arms as opposed to the 4 km arms of the others gives us the opportunity to check

if an event seen by all detectors is properly scaled [1].

Each LIGO interferometer is divided into several sections. For our part of the project,

the key three sections are the pre-stabilized laser (PSL), the input optics (IO), and the

core optics (CO). The CO and much of the IO are enclosed in a vacuum chamber. The

PSL provides the initial beam that must eventually enter the CO - the interferometer -

and produce gravity wave detection data. Between the PSL and CO lies the IO, where

much of the most important work is done. It is the IO which cleans the beam, mode-

matches it to the cavity, and protects the PSL from being ruined by back-reflections. The

University of Florida is responsible for the design and development of the IO components

for LIGO.

One of LIGO’s necessary components is the Faraday rotator, which contains the

TGG crystal and optical polarizers. This device is needed to keep back-reflection from

re-entering the laser. Once the beam goes through the device, the crystal and the

polarizers rotate so the light that is reflected back off of the following optics cannot go

back through and into the laser. However, the TGG crystal is subject to thermal lensing

and causes modal distortion in the beam. It has a positive (dn/dT ) and therefore forms

a positive (convex) thermal lens. When the 1064 nm beam passes through the TGG, it

sees the convex lens and is altered accordingly. In principle, to restore beam quality, we
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can place an FK51 crystal after the Faraday rotator. The FK51 has a negative (dn/dT )

and forms a concave thermal lens that should counter the effects of the TGG.

Since LIGO operates inside a vacuum chamber, all the components must be perfectly

aligned before being enclosed. Any alterations after that must be done without disturb-

ing the chamber. Under these conditions, it is necessary to have a means of adjusting

the mode of our beam to match the mode of the Fabry-Perot cavity without moving

any optical components inside the vacuum. This need is met by the proper design of

adaptive input optics.

2.2 Gaussian Modes

Newtonian optics, as taught in most introductory physics classes, assumes that a beam

propagates with a constant radius of curvature and has a linear profile that focuses to

an infinitely small point (Fig. 2a).

This approximation carries negligible error for many applications, but in an ex-

periment like LIGO, where high precision is required, we must use a more accurate

description of light propagation. Gaussian optics models the intensity profile of a beam

as a Gaussian curve as a function of the transverse profile, with greatest intensity at the

center. The intensity decreases exponentially with distance away from the center of the

beam, but never completely disappears (Fig. 2b). In Gaussian optics, the beam’s focus

is finite rather than infinitely small. The radius of the beam at the focus, where it is

most narrow, is called the waist. The radius of curvature of a Gaussian beam is variable

with axial z dependence, and is zero at the waist (Fig. 2c).

As a Newtonian beam can be described by its radius of curvature and its focus

position, a Gaussian beam can be described by any two of the following characteristics

for a given wavelength: it’s waist, Rayleigh range, and radius of curvature. The Rayleigh

range is the distance from the waist to the point where the beam’s radius is a factor of
√

2 larger than the waist. Mathematically, the Rayleigh range is

zR =
πw2

0

λ
, (1)
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where w0is the waist of the beam and λ is its wavelength in the medium of propagation.

The radius of curvature of the beam at any point is given by

R(z) = z +
z2
R

z
. (2)

The radius of the beam at any point along its axis of propagation z is

w(z) = w0

√
1 +

(
z

zR

)2

. (3)
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Any beam can be defined by a complex variable q(z) which accounts for all of the above

terms,
1

q(z)
=

1
R(z)

− i

(
λ

πw2

)
. (4)

This complex q value holds all the information we can know about how the beam prop-

agates. If we know how the beam propagates, then we essentially know the mode of

the beam. Hermite-Gaussian modes are the eigenmodes of an optical cavity. Gaussian

modes are most often represented as cross-sections of the beam’s intensity profile, or

what we would see if we looked at the beam head-on. The most fundamental mode is

the TEM00. If a beam is propagating in the TEM00 mode, it has a simple Gaussian

profile with peak intensity in the center. Its cross-section appears as a solid circle. This

mode and other common modes are illustrated in Fig. 3. Each mode indicates certain

characteristics of the beam. For example, the Bull’s Eye mode is present when the waist

of the cavity and the waist of the beam inside the cavity are not at the same position,

and its brightness indicates the degree of mode-mismatch between the beam and the

cavity.

A beam is not limited to only one Hermite-Gaussian mode. The sum of any number

of modes can describe a beam. For this reason, it is difficult to perfectly match the mode

of the beam to that of the cavity. When the light hits the mirror, any component of light

that is not mode-matched (i.e., that does not have the same radius of curvature and

waist position as the mirror at that point) will be reflected. However, we can slightly

vary the length of the cavity to change its mode, thus changing the modes or components

of the beam that enter. This way, we can scan through all the modes and record the

amount of power present in each [1]. Then we can make adjustments to maximize the

ratio of power in the mode we want (TEM00) and minimize the Bull’s Eye mode.

2.3 Thermal Lensing

LIGO scientists select optical components for their very low absorption levels. But no

matter how transparent a material appears, there will always be some energy absorbed.
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This absorption is the source of thermal lensing. When a material absorbs energy, heats

up, and forms a thermal lens, there is a change in the optical path length (OPL) seen

by a beam as it passes through that material (Fig. 4).

The change in OPL results most strongly from change in the material’s temperature-

dependent index of refraction (dn/dT ). This relation is

∆OPL ≈ dn

dT
L∆T (r, z) , (5)

where L is the length of the material and T (r, z) is its temperature with both radial and

axial dependence. Previous research [4] has only accounted for the radial dependence of
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T . To calculate T (r, z), we begin with the thermal diffusion equation,

∇2T (r, z) =
1
r

∂

∂r

(
r
∂T

∂r

)
+

∂2T

∂z2
=
−q(r, z)

K
= − 1

K

2P

πw2
e
−
(

2 r2

w2

)
e−αz (6)

where q is the heat source and the complex identification of the beam, K is the thermal

conductivity of the glass, α is the absorption coefficient, and P is the incident power

of the beam. We can solve for T by the method of separation of variables, setting

T (r, z) = f(r)g(z). We find the z-dependent component to be

g(z) = g0e
−αz (7)

and therefore the second derivative is

∂2g

∂z2
= α2g0e

−αz . (8)

After some math, we find the r-dependent term to be

f(r) =
∞∑

n=0

dn

(
r

w

)2n

. (9)

By definition,

e
−2

(
r2

w2

)
=

∞∑
n=0

(−2)n
(

r

w

)2n 1
n!

. (10)
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Substituting into the first equation, we get

1
r

∂

∂r

(
r
∂f(r)

∂r

)
g(z) +

∂2g(z)
∂z2

∗ f(r) = − 2P

πw2
e−αz ∗

∞∑
n=0

(−2)n
(

r

w

)2n 1
n!

(11)

which, after some calculations, can be written

g0e
−αz

[ ∞∑
n=0

(2n− 1) (2n) dn
r2n−2

w2n
+
∞∑

n=0

(2n) dn
r2n−2

w2n

]
+ (12)

α2g0e
−αz

∞∑
n=0

dn

(
r

w

)2n

+
2P

πw2
e−αz

∞∑
n=0

(−2)n
(

r

w

)2n 1
n!

= 0 . (13)

Canceling the exponentials and combining the sums, we arrive at

∞∑
n=0

[
4g0 (n + 1)2 dn+1

1
w2

+ α2g0dn +
2P

πw2
(−2)n 1

n!

] (
r

w

)2n

= 0 . (14)

The only way for the sum to equal zero for all n is if

4g0 (n + 1)2 dn+1
1

w2
+ α2g0dn +

2P

πw2
(−2)n 1

n!
= 0 , (15)

allowing us to solve for the unknown coefficients

dn+1 =
w2

4g0(n + 1)2

[
−α2g0dn −

2P

πw2
(−2)n 1

n!

]
(16)

by an iterative scheme. Given the material’s parameters, one may estimate the ∆OPL.

This solution will be applied to adaptive telescope calculations and experiments in the

future.

3 Experiment

3.1 Compensation for Thermal Lensing in Faraday Isolator

3.1.1 Methods

To test the fully compensated Faraday rotator, we use a 50 W YLF pump laser as the

heating beam and a 340 mW NPRO probe laser as the reading beam. The optical table

is set up as in Fig. 5. The heating beam is redirected by the mirrors and mode-matched
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to the interaction region (where it co-propagates with the reading beam) by the lenses.

The probe laser is first mode-matched to enter the fiber optic coupler where it is cleaned

(the cable only allows the TEM00 mode through), then exits as a pure Gaussian beam, is

redirected by a turning mirror, and mode-matched to the interaction region by two more

lenses. In the interaction region, both beams join and enter the Faraday isolator. They

then pass through the FK51 and are separated by a mirror that reflects the pump beam

off to a beam dump and transmits the probe beam through to be mode-matched to the

Fabry-Perot cavity by yet two more lenses. The light resonates in the cavity, builds up,

and eventually exits through the back cavity mirror where it encounters a polarizing

beam cube. This cube sends part of the beam to the photodiode, which is connected to

an oscilloscope. The oscilloscope displays a voltage reading from which we can calculate

how much of the total power is in the TEM00 mode inside the cavity. The rest of the

beam is aimed at a charged coupled device (CCD) camera. The camera is hooked up to

a monitor that displays the modes as they escape. We can actually see the solid circle

of the TEM00 mode, the concentric circles of the Bull’s Eye mode, and the shapes of the

“top view” of the intensity profiles of all the other modes present. Being able to see the

modes and their respective readings on the oscilloscope allows us to monitor changes in

the TEM00 power ratio as we make slight adjustments to the mirrors, thus fine-tuning

and aligning everything before “the vacuum is sealed”, or before we acquire our official

data.

3.1.2 Results

First we run the experiment with the Faraday isolator alone. We find approximately a

500% rise in the Bull’s Eye mode as we increased the incident pump laser power from

0 W to 35 W. As expected, we see similar behavior when we test the FK51 alone. Again,

the increase in the Bull’s Eye mode denotes a loss of mode-matching as the power is

raised. The results of both tests are shown in Fig. 6, which plots the magnitude of

increasing mode-mismatch versus incident power (these graphs do not indicate the sign
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of their respective thermal lenses).

We then performed the compensation experiment, placing both the Faraday isolator

and the FK51 in the path of the beam. In Fig. 6c, we see virtually no change in Bull’s

Eye power as a function of incident power. The consistently weak presence of the Bull’s

Eye mode indicates that the beam is still well mode-matched to the cavity. These results

show that the negative thermal lens of the FK51 compensates very well for the positive

thermal lens of the TGG crystal.
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3.2 Formation of a Variable Thermal Lens in OG515 Schott Glass

3.2.1 Methods

In order for the beam to enter the Fabry-Perot cavity, the light and the cavity must

be on resonance, meaning that the length of the cavity is an integer multiple of half

of the wavelength of the incident beam. The light must also be mode-matched to the

cavity or it will be reflected. When the beam is mode-matched, it has the same radius

of curvature as the mirror when it reaches the mirror.

First we must know the mode of our 1064 nm NPRO laser, which will be the reading

beam in our thermal compensation scheme. After aligning the beam parallel to the

table, we use the beam scan to measure the diameter of the beam at distances of equal

separation. Our laser produces an elliptical beam, so we take data for both axes. These

measurements are converted from diameters to radii and entered into xmgrace, a com-

puter program for plotting and fitting. The data points were fit to the beam radius

function

w(z) = w0

√
1 +

(
z

zR

)2

and plotted against distance z from a specified zero point (Fig.7).

The fit for the x axis of the beam scan finds that the beam should have a waist of

0.284 mm at z = −989 mm, and the fit for the y axis shows a waist of 0.346 mm at

z = −903 mm. In this case, the Rayleigh ranges are 238 mm from the x waist and

353 mm from the y waist, placing them at −751 mm and −550 mm respectively. Far

from the Rayleigh range, we expect to see an almost linear increase in radius, and this

is present on the graph. Our data points fall in the nearly linear region, implying that

the measurements were taken in the far field where z is much greater than zR. If this is

accurate, we now know how our beam propagates.

We average the data for both axes as the values for the entire beam and enter the

data into a mode-matching program written by Guido Mueller. This program lets us

choose the mode we want the beam to have at a distance D from the first lens after the
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laser, given our specific parameters, and calculates the positions and foci of the lenses

we need to add in order to produce that mode at that point. We measured the heating

beam to be 2.5 mm (radius), and since we want the reading beam to be approximately

one fifth that size so it sees only the spherical tip of the thermal lens, we chose the

radius of the reading beam to be 0.5 mm.

Due to a history of absorptive materials exploding, we know that the heating beam

must operate at very low power. Using the Stefan-Boltzmann law, P = εσAT 4, we

calculate a reasonable maximum power level (that would not result in too great a tem-

perature change in the glass and destroy it) to be 1 W. Since this law only holds true in

a vacuum, we assume that, due to conduction, a loss of heat to the surrounding air and

metal table upon which the glass is mounted will allow us to operate the heating laser

at an approximate maximum of 10 W.

In this experiment, the heating beam is directed by a turning mirror, enlarged by

a two-lens telescope, and lowered to the plane of the NPRO beam by a two-mirror

periscope. The last mirror of the periscope points the beam toward the interaction

region. We send the NPRO reading beam at 300 mW straight through a three-lens

telescope and reduce it to one fifth the size of the heating beam. We align the paths

of both beams so they intersect as colinearly as possible in the vicinity of the Schott

glass. The nearly concentric beams travel through the OG515 Schott glass, which is 10

mm thick. The larger beam is mostly absorbed by the glass, while the smaller beam

is transmitted (Fig. 8). We use a beam scan to measure the diameter of the beam at

increments of 10 cm, starting just after the last lens and ending 60 cm after the Schott

glass. We take these data at incident heating powers of 0 W, 3 W, 6 W, and 9 W.

3.2.2 Results

We successfully create a variable thermal lens in the OG515 Schott glass and show its

dependence on incident pump power. In Fig. 10, the changing beam size is plotted

against position at various power levels.
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The zero point in the center of the horizontal axis denotes the location of the Schott

glass. We see that with no heating power (no thermal lens), the change in beam size

is uniformly linear, as was predicted by our mode calculations for the far field. When

the glass is heated, a thermal lens is formed which focuses the reading beam. This

focusing is evident in the graph. We see identical beam behavior for all power levels

until the beam reaches the glass, after which point the beam’s diameter is smaller for

higher powers.

Using these data, we calculate the divergence angle of the beam. The divergence

17



angle is related to the waist by

θ1/e =
λ

πw0
(17)

which we can solve for w0. The value of the waist is then used to find the Rayleigh

range, given by zR = πw2
0

λ . Once we know zR, we calculate the radius of curvature

R(z) = z + z2
R
z and use these values to find the focal length of the induced thermal lens,

1
f

=
1

R1
− 1

R2
. (18)

Our calculations yield a focal length of 5.74 m for 3 W, 2.49 m for 6 W, and 1.25 m for

9 W (Fig. 11), proving that the induced thermal lens can be controlled by changing the

power of the heating beam. The measurements agreed well with the inverse-power law

expected from theoretical calculations.

4 Conclusion

Our results show that the FK51 crystal has great potential for future use in compensating

thermal lensing effects of the Faraday rotators in LIGO. We also find that it is possible

to create a variable thermal lens that we can control by tuning the power of a heating
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laser, thus allowing us to maintain good mode-matching in situ, even while the mode

of the cavity is changing. The goal of our adaptive optic experiment was simply to see

that a variable thermal lens could be and was formed. Both experiments illustrate the

definite promise of our ability to overcome the effects of thermal lensing in gravitational

wave detectors. Future work on the variable compensation scheme should include precise

quantitative measurements of the reading beam’s mode before and after changing the

incident power of the heating beam. It will be important to see that these experiments

are also successful at higher power levels and in a vacuum. Other materials may be

tested for similar behavior or better results.
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