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1 INTRODUCTION

In this document we discuss the high power effect on 100 optics. Specifically, we discuss thermal
lensing effectsin the Faraday rotator (FR) and Electro-Optical Modulator (EOM) induced by high
power laser beams, polarization contamination caused by thermally induced birefringence in the
FR and EOM, and RFAM generated by the EOM.

2 SUMMARY

Table 1 compares the results of the measurement with the requirement.

Table 1. Summary of measurement

item requirement measurement
TEM g Power loss due to FR ther- 5% 3%
mal lens
FR polarization 100:1 170:1
Fl isolation -35dB <-36 dB
EOM residual intensity modulation 1x 103 <25x 10
Alignment tolerance 4.3 deg 0.02 deg

3 FARADAY ISOLATOR

3.1. Requirements

3.1.1.  Power coupling

SY Srequires that the light from the PSL be coupled into the COC with 95% efficiency. When the
TGG crystal of the FR is exposed to high power Y AG radiation, it behaves as afocusing lens due
to thermal lensing. This changes the wavefront of the Y AG laser beam traveling toward the mode
matching telescope and thereby degrades the coupling efficiency. This wavefront distortion can-
not be corrected by the mode cleaner (MC) because the FR is placed after the MC. Our previous
theoretical estimation indicates that at 10 W Y AG input the effective focal length of this thermal
lensis about 60 m and causes 1% power decoupling [1]. SY S also requires that TEM ., field (n,
m>0) be 0.001 of TEMq,. Thermal lensing will introduce higher order modes since the optical

path difference is not spherical.

3.1.2. Polarization

Depolarization is required to be lessthan 100:1 [2]. The TGG crystal isacubic crystal and is
originally optically isotropic. However, when it is exposed to high power radiation, the thermal

page 2 of 24



L1GO-T980021-00-D

stress can generate birefringence and cause depolarization. In thistest, we measure depol arization
asafunction of the YAG power.

3.1.3. | solation

According to Ref. [3], theisolation is required to be at the level of -70 dB by two Faraday
isolators (FI), implying that the isolation level of one FI must be better than -35 dB. In thistest,
we assess the isolation ratio by measuring the double-pass depolarization of the FR.

3.2. Measurements

3.21. Thermal Lensing/Mode Quality

Figure 1shows the experimental set up for the thermal lensing measurement.We evaluated ther-
mal lensing by measuring the thermally induced change in the optical path length (OPL) asa
function of r, wherer isthe radial coordinate axis of a plane perpendicular to the optical path. To
measure the change in OPL (DOPL), we used a Shack-Hartman wavefront detector (SHWD, man-
ufacturer: WaveFront Sciences, Inc.).We employed a pump and probe type arrangement for this
measurement. The probe laser was a He/Ne laser (Melles Griot, model 05-LLR-811-249) and the
pump laser wasa10 W YAG (Lightwave model 220-1064-10000). The pump and probe geome-
try was selected for two reasons. First, SHWD has higher sensitivity at 633 nm. Second, power
bal ancing to ensure constant intensity on the SHWD was not necessary using the He/Nelaser. The
probe laser beam was introduced to the FR collinearly with the 10 W YAG. M3 and M4 are dich-
roic mirrors that pass the He/Ne laser wavel ength but reflect the Y AG wavelength. The reflected
pump beam was measured by a power meter. The 10 W YAG laser’ s output was transmitted
through a polarizer (CVI, cubic polarizer PBSC) to purify the polarization.

Figurel: Experimental arrangement for thermal lensing measurement
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The measurement was carried out for the FR manufactured by Electro-optics Technology, Inc.
(EOT). To simulate the actual situation where the Y AG beam is affected by the thermal lens
created by itself, we set the radii of the pump and probe beams as close as possible to each other.
For this purpose, we expanded the He/Ne beam by atelescope. The waist sizes of the He/Ne laser
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and the YAG laser measured at the location of the FR were, respectively, 1.79 mm and 1.62 mm.
ThisYAG waist sizeis the same as the waist size in the mode cleaner of the 4K LIGO.

Figure 2. shows the thermal lensing observed at various Y AG powers as a function of radial
distance from the center of thethermal lens, r, normalized by the Y AG waist size, wy og- The data
were obtained by averaging the change in OPL (DOPL) measured for the same r over 360 degree
around the center of the thermal lens. By this averaging, the influence of the probe laser’ s beam
wandering (beam tilt at the SHWD’ simage plane) can be reduced. In our data, the DOPL
measurements are referenced to the center of the beam.

Figure2: Thermal lensingin FR (EOT) at various YAG powers

Thermal lensing in FR (EOT)
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In order to confirm that the observed DOPL is purely due to the thermal lensing effect caused by
the YAG beam, we carried out the same measurement with a different probe laser diameter and
the YAG laser diameter unchanged. To reduce the probe laser radius, we removed the telescope
from the setup shown in Figure 1. This reduced the probe laser beam diameter by afactor of two.
Figure 3 showsthe observed DOPL as afunction of YAG laser power at various YAG laser’s
radii, and compare them with Figure 2. In Figure 3, open plots represent the case when the probe
(He/Ne) laser has the same radius as the Y AG laser and solid plots represent the case when the
probe laser’ radiusis about a half of the YAG laser. If DOPL is purely caused by the thermal
lensing, its power dependence should vary depending on the Y AG laser radius but independent of
the probe laser radius. Figure 3 clearly indicates that thisis the case.
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Figure 3: DOPL at various YAG waists. Open plots ar e the case when wygne=Wyag, Solid
plots are the cases when wygne=1/2Wy oG
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When the absorption is uniform and the heated sample’ s diameter is much larger than the heating
beam, DOPL caused by the temperature distribution in the sample can be approximated by the
following equation [4].

2
DOPL(r) = 0.07741 an.bsL'—[d_” +a xn} ' +oaxt
kih —LAT Wa w

@
where P, is the power absorbed in the unit length, ky, isthe thermal conductivity, nisthe

refractive index, L isthe length of the crystal, risthe radial coordinate, a isthe thermal expansion
coefficient and w is the beam waist. This equation indicates that at afixed r/w, DOPL increases
linearly in proportion to the absorbed power, hence transmitted power. This explains the linearity
seen in Figure 3. In Figure 4, we plot DOPL observed at the YAG waist as a function of
transmitted Y AG power. Because of the approximate linearity, this graph can be used to predict
DOPL at higher powers. Also shown in Figure 4 are the results of the same DOPL measurement
for aTGG rod of the same size without placing it in the FR magnet housing, and theoretical
DOPL at the YAG waist calculated by eqg. (1) with the numbers shown below. The DOPL
measured for the TGG rod placed in the FR magnet housing appears to be higher than the TGG
only case and the theory. This discrepancy is not completely understood, but is possibly dueto a
change in thermal conductivity owing to the presence of the magnet and housing.
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Table 2: Constantsused to calculatein DOPL TGG

absorption thermal . thermal

coefficient conductivity refr?jctlve expansion crystal length dr11//gT
(cnd) (W/mK) hdex coefficient (cm) (1K)

1.5x 10 7.4 1.95 9.4x 10 2 2x107°

Figure4: OPL changeat YAG waist
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We next estimate the effective focal length of the observed thermal lens and compare it with the
focal length that we calculated in PDR. To evaluate the effective radius of curvature of the

thermal lens, we curve-fitted the observed DOPL to DOPL=r%/2F, wherer isthe radial distance
from the thermal-lens-center and F is the effective focal length of the thermal lens. Since the
Wy ac ISthe same as the actual beam radius of the 4K LIGO, the effective focal length obtained

here represents the actual thermal lens of the 4K system. We next extrapolated Figure 4 on its
Y AG power axisto estimate DOPL at laser power higher than the maximum measured YAG

power of 8.5 W. Using the value of DOPL determined in this away and the formula DOPL=r?/2F,
where r=1.62 mm, we evaluated F at severa YAG laser powers.Figure 5 compares the effective
focal length estimated in these fashions with the focal length calculated in PDR. Figure 5 also
compares the effective focal length estimated by the DOPL measured using the TGG rod only
(Figure 4). The effective focal lengths based on the curve fitting and those estimated by the
above-mentioned extrapolation show good agreement with each other, and both are smaller than
the calculation in PDR by afactor of 2. Since the effective focal length for the TGG only case
shows reasonable agreement with the cal culation, this factor of two discrepancy is possibly dueto
the change in thermal conductivity as discussed in Figure 4. Nevertheless, the presently estimated
thermal lensing for the FR corresponds to power coupling loss of 3%. Thisiswithin the range of
requirement, and can be improved by repositioning of the MMT mirrors 1, 2 (see IOOFDD).
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Figure5: Effectivefocal length of thermal lens
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3211 Polarization

We first measured the one-pass depolarization of the FR. Figure 6 shows experimental setup for
this measurement. This arrangement works in the following way. Polarizer 1 purifies the vertical
polarization of the Y AG laser output-beam (initially 100:1). By passing through the FR, the polar-
ization rotates by 45 deg. Halfwave plate 2 rotates this polarization back to vertical. Polarizer 2
passes the horizontal polarization through to a photo-diode and reflects the horizontal polarization
to a power meter. Thus by measuring the power transmitted through polarizer 2, P;, and compar-

ing it with either the initial power P; or reflected power P,, the depolarization can be eval uated.

Table 3 lists the extinction ratios of the polarizers.

Table 3: Extinction ratio of polarizers

polarizer 1 polarizer 2
M anufacturer, model CVI,PBSCx 2 CVlI, CPAD
extinction ratio 4x 10*1 5x10°:1

Note: We used two identical polarizersin seriesfor Polarizer 1 to improve the extinction ratio.

The following measurements were made.

» Power dependence of depolarization in TGG (no magnetic field)

» Power dependence of depolarization in TGG (magnetic field present)

» Temperature dependence of depolarization in TGG (magnetic field present)
» Orientation dependence of depolarization in TGG (magnetic field present)
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Figure 6: Experimental arrangement for measurement of depolarization in FR and TGG
rod
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As abaseline, we first measured depolarization of the TGG rod only (manufactured by EOT). In
this measurement, we did not use polarizer 2 because the polarization does not rotate. Theresultis
shown inFigure 7, where depolarization P,/P, is plotted as afunction of P;. Solid circles show P,/P;

measured without the TGG rod, i.e., the background noise level of the setup. The measured depo-
larization shows clear quadratic dependence on P;. Thisindicates that the observed depolarization

isdueto birefringence of the TGG crystal caused by the thermal load of the Y AG laser for thefol-
lowing reason. When a TGG crystal is exposed to high power laser radiation, birefringenceis
induced by the photoelastic effect. This generates a phase retardation d that can be written as fol-
lows[5].

d = 2|—pL(an —Dny)= (no)S%?cBr2

@
whereis| thewavelength, L isthe crystal length, Dn; and Dn, are the refractive indices along
theradial axis (r) and the tangential axis (f ), ng istheinitial refractive index, a isthe thermal
expansion coefficient, Q is the absorbed power density and Cg is a material constant determined
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by the Poisson’ s ratio and photoel astic tensor components, and r is the radius. Since the absorbed
power is proportional to the incident power P, d is proportional to P;. The depolarization can be

expressed as

BN — g2 0d do o
S 2 = sn 2q><sm2»2><sm 2q

©)
where Ej, is the amplitude of the horizontal polarization (relative to the optical table) transmitted

through polarizer 2, q is the angle between the polarization and the fast axis, and we have
assumed d<<1. The linear dependence on d of the depolarization givesrise to the quadratic
dependence on power.

Figure7: Depolarizationin TGG crystal (EOT)
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3.2.1.1.2 Faraday rotators

Next we measured the depolarization of FRs manufactured by EOT and Synoptics. The resultsfor
the EOT FR are shown in Figure 8. An order of magnitude higher depolarization than the case of
the TGG crystal only is seen. However, thisis smaller than the required extinction ratio of 35 dB.
Note that in these measurements, we used | /2 plate 2 and part of the observed depolarization is
due to the insertion of this half wave plate. We did not optimized the translational or rotational
position of the FR with respect to the laser beam. The fact that the depolarization does not depend
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on P; indicates that the dominant factor for the depolarization is not thermally induced

birefringence but other factors such as the laser beam passed through where the TGG crystal has
intrinsic depolarization and/or the B-field is not uniform.

Figure 8: Single-pass depolarization of EOT FR
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3.21.1.3 Temperature dependence

We also investigated the change in polarization state with temperature. The temperature
dependence of the Verdet constant of the TGG resultsin change in the output polarization state
given by eq. (4).

—_ dV N\
dQ = d_T ><chj"dZ

4
where Q istherotation of polarization by aFR, V isthe Vert constant, T is the temperature, H is
the magnetic field and z is the coordinate axis along the optical path. For the temperature
dependence of the Verdet constant, we used dV/dT=-0.00526V [6]. To evaluate the integral
appearing on the right-hand side of eq. (4), we assumed that Q wasiinitially 45 deg.
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The experimental procedure was as follows. We first optimized the angle of | /2 plate 2 and other
optical components so that the single-pass depolarization was minimized. We then varied the
temperature of the TGG crystal slowly so that the crystal was in quasi-thermal-equilibrium at all
times. When theincrease in P, became substantial, we rotated | /2 plate 2 in such away that P, was
minimized and recorded the angle of this rotation. We repeated this until the overall temperature
difference was 10 °C . Figure 9 shows the result of this experiment where we plot the angle of the
rotation of | /2 plate 2 as afunction of the measured room temperature change, and compare it
with theoretical relationship based on eqg. (4).

Figure9: . Temperature dependence of FR performance (EOT)
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In Figure 10, the influence of temperature change is represented in terms of the depolarization.
From our measurement we find that the temperature change must be lessthan + 3 deg to ensure
35 dB isolation.

Figure 10: Changein depolarization due to temper atur e change
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3.2.1.1.4 Orientational dependence of TGG depolarization

When thermally stressed by laser radiation, it is expected that the TGG rod is moreresistive along
the crystallographic axes than in other directions, and therefore thermally induced strain is smaller
along the crystallographic axes. This indicates that the thermally induced depolarization should
depend on the angle between the polarization and the TGG'’ s crystallographic axes, i.e., when the
polarization isin parallel to one of the crystallographic axes, the depolarization will be smaller
than the case when the polarization isin a direction between the two axes. Thus we measured the
dependence of the single-pass depolarization on the azimuthal angle of the incident polarization.
Figure 11 showsthe result. We changed the rel ative angle between the polarization of the incident
beam and the crystallographic axes of the FR by either rotating the incident polarization by a
halfwave plate or by rotating the FR about the optical path. In Figure 11, triangle plots represent
the case when the FR was rotated and the other plots are the cases when the incident polarization
was rotated by the halfwave plate. It is seen that depending on the angle, the depolarization can be
different as much as an order of magnitude.

Figure 11. Orientation dependence of EOT FR.
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We next measured double-pass depolarization that defines the isolation ratio.Figure 12 shows the
experimental arrangement.We placed atotal reflector at the end of the optical path so that the full
power would be fed back to the FR. The power returning to the YAG laser passes through FR
twice and therefore its polarization is orthogonal to the initial polarization. Thus most of itis
reflected by polarizer 1, (P,,), and only the depolarized portion passes through the polarizer (Py).
We measured, P,, by a power meter and, P, by abeam splitter (uncoated optical wedge) and a

photo detector.
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Figure 12: Optical arrangement for double-passisolation measur ement
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For this measurement, we used the same FR as Figure 8, after baking it at Caltech for avacuum
contamination test. In order to check if the baking degrades the performance, we first measured
the single-pass depolarization. We adjusted the angle of the halfwave plate and the trandlational
position of the FR with respect to the laser beam so that the single-pass depolarization might be
minimized. The result is shown in Figure 13. No degradation by the baking is observed.

We next measured the double pass depol arization P,,/P,, and defined it as the isolation ratio of
the Faraday isolator (Fl). For this measurement, we adjusted the angle of the halfwave plate and
the trandational position of the FR so that the double-pass depolarization might be minimized.
The result is shown in Figure 13. The power dependence of the double-pass depolarization
appears the same as the single-pass depolarization. At the maximum YAG power of 6.5 W, the
isolation ratio is smaller than the targeted value of 35 dB by afactor of two (38 dB).

Figure 13: Doublepassisolation of EOT FlI
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3.2.2. Faraday Isolator Selection (Type, Manufacturer, etc.)
Table 4 lists the specification of the Faraday rotator we have selected.
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Table 4: FR specifications

Manufacturer Electro-Optics Technol ogy
Model Number 1845-12
Clear Aperture 12 mm
Transmission @ 1064 nm >97%
Isolation @ 1064 nm >30dB

3.2.3. Polarizer Selection (Type, Manufacturer, etc.)
Table 5 lists the specification of the polarizer we have selected.
Table5: FR specifications

Manufacturer CVI Laser Corp
Model Number CPAD-15.0-670-1064
Type Glan Laser Double_Escape Window Polar-
izer
Extinction ratio 5x 10”1
Material Cdlcite
Transmitted Wavefront | /4 a 633 nm
Antireflection Coating All entrance and exit surfaces
Housing material Aluminum
Damage threshold cw 500 W/cm?2
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4 EO MODULATORS

4.1. Requirements

41.1. Sideband Stability

4111 Resonant SB

A residual amplitude modulation produced in an EOM causes asignal offset at the antisymmetric
port. In order to make this offset negligibly small, the residual intensity modulation must be less

than 103 [7]. Since the resonant SB has the largest modulation depth corresponding to the modu-
lation index of 0.5, in this test we evaluate the intensity modulation around this modul ation depth.

411.2 Nonres. SB
Same as Resonant SB.

41.1.3 M ode Cleaner
Same as Resonant SB.

4.1.2. Damage Threshold/Thermal Lensing

When the laser beam is introduced to the EOMs, the power clipping must be lower than 10 ppm.
For the EOM clear aperture of 2 mm, this corresponds to the beam waist of 0.4 mm. Thusthe
EOM must tolerate the corresponding power density. Thusin thistest, we focusthe 10 W YAG
laser beam smaller than 0.4 mm and investigate if the LINBO5 crystal gets damaged.

4.1.3. Alignment Tolerance

The alignment between the angles of the EOM’ s axis and the incident polarization/the polarizer
must be small enough to make the residual intensity modulation caused by RFAM be lower than

the required value of 1x10°3[7]. The next table shows the corresponding alignment tolerance.

Table 6: Alignment tolerance

required RFAM

(in intensity modulation) alignment tolerance

1x 1073 4.3 deg

4.2. Testing Results

4.2.1. Sideband Stability

Figure 14 shows the experimental arrangement for the measurement of the residual intensity
modulation. The 10W YAG laser (Lightwave model 220-1064-10000) has at least three
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longitudinal modes that compete with one another causing instability in the frequency spectrum
of the output beam. Therefore, we used a 700 mW-class NPRO type YAG laser (Lightwave
model 220-1064-7000), which oscillates at a single longitudinal mode, as a probe laser for this
measurement. To investigate the high power effect, we introduced the 10 W laser output with
polarization orthogonal to that of the NPRO laser, so that it did not enter the photo-diode. The 10
W YAG laser beam was focused by alens so that its radius at the EOM was the nominal value of
0.4 mm (10 ppm for the EOM aperture of 2 mm). Part of the beam was reflected by an optical

wedge and was fed into an optical spectrum analyzer (Burleigh, model SAPUS-200-XX) for
monitoring the optical frequency spectrum The other part of the beam was fed into an RF photo-
diode (EGG, FND-100) whose output was fed into an RF spectrum Analyzer (RFSA) and an
oscilloscope, where the frequency spectrum and the total intensity were, respectively, measured.
The EOM we tested was manufactured by New focus, Inc. (model 4003, broad band), and the
modulation frequency was 21 MHz.

Figure 14. Experimental arrangement for sideband measurement.

RF Photo-diode

‘ T\
|
Cubic polarizer 2
RF Spectrum Analyzer
Optical
_ Spectrum
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| NPRO
10W YAG H =500
halfuwave plate Cubic polarizer 1 EOM

Theresidual intensity modulation is caused by misalignment of the angles between the incident
polarization and the LINBO3's crystallographic axis, and that between the LINBO3's crystallo-
graphic axis and the orientation of the polarizer [8]. Depending on the initial phase retardation
around which the modulation is applied, the intensity modulation observed in the RFSA has W
component and 2W component at various ratios, where Wis the modulation frequency. Thusin the
following measurements, we monitored both components. In these measurements, the residual
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intensity modulation is evaluated as the ratio of the W (2W) component of the RFSA signal (called
the ac term) to the total intensity measured by the oscilloscope (called the dc term).

» Temporal variation of the residual intensity modulation at 10 W
* Power dependence of the residual intensity modulation

* Residua intensity modulation at various modulation depths

* Temperature dependence

4211 Temporal variation

After careful alignment of the angles between the LINBOj3's crystallographic axis and the initial

polarization/polarizer orientation, we exposed the EOM to 10 W and monitored the residual inten-
sity modulation for over 2 hours. The modulation index of this measurement was 0.4. Figure 15
shows the result. Over the whole observation period, the Wand 2W components stay within +
20%.

Figure 15: Temporal variation of residual intensity modulation
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4212 Power dependence

Figure 16 shows the influence of the superposed 10 W YAG laser power to the observed residual
intensity modulation. The measurements were made after the LINBO; crystal became thermally

stable, which was checked by monitoring depolarization of the EOM (see below). No substantial
dependence on the YAG power is observed.
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Figure 16: Influence of YAG power toresidual intensity modulation
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4.2.1.3 Residual intensity modulation at various modulation depths

We investigated temporal variation of the residual intensity modulation at lower modulation
depths. Figure 17 and Figure 18 shows the results.

Figure 17: Influence of modulation depth to intensity modulation at W
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Figure 18: Influence of modulation depth to intensity modulation at 2W
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We also tested the residual intensity modulation at a higher modulation depth (modulation index
= 1.1). Thismeasurement was made after very careful alignment of the angles among the incident
polarization, EOM’ s axis and the polarizer’ s orientation, and using the probe laser only. Figure 19
showstheresult. Thelevel of the intensity modulation is comparable to the case of the modulation
index of 0.4.

Figure 19: Residual intensity modulation observed at a deeper modulation depth
(modulation index=1.1)
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4.2.1.4  Temperaturedependence

Theresidua intensity modulation depends on the initial phase retardation (between the ordinary
light and extraordinary light) around which the modulation is applied. Since the refractive indices
for ordinary light and extraordinary light of LINBO3 have very different temperature dependence,

the residua intensity modulation is dependent on temperature. In fact, in the above measurements
we observed that when high power Y AG was superposed on the NPRO probe beam, the Wand
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2Wcomponents observed on the RFSA changed vigorously for the first some tens of minutes until
the temperature of the crystal is stabilized. Thus above shown temporal variation of residual
intensity modulation is considered to be caused by temperature fluctuation. Here we investigate
the influence of ambient temperature on misaligned EOM. We changed the room temperature and
measured the depolarization by the same setup as Figure 6. To enhance the depolarization, we
intentionally misaligned the angle between the EOM’ s axis and the incident polarization. (The
depolarization observed at a complete alignment is more than an order of magnitude lower, see
Figure 23). Theresult is shown in Figure 20. Over the observation period of 60 min, we increased
the room temperature approximately linearly by totaly 4.5 °C and this caused the total phase
retardation of 9 periods (9 x 2p).

Figure 20: Changein phaseretardation of LiINBO3 due to ambient temperature change
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In Figure 20 we calculated the phase retardation by the formula shown below where Df isthe
phase retardation, n, isthe refractive index of the ordinary light, ng is the refractive index of the

extraordinary light, T isthe temperature, | isthe wavelength and L isthe crystal length (4 cm).

Df = 2|—p{ ne(T) —no(T)} L(T)

©)
For each T, we evaluated n, and n, using the following formulas [9], and calculated Df by
€q.(10).
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2 = 49130 + (1173 " 10°+1.65° 10—2T2) B

278" 108 2
(12-[212+2.7" 10-5T?]?)

no

(6)

’ 5 - —2T2
ng? = 45567 + 2,605 10-772+ (00_10°+270 107°T%) ;) 156, 2
(12_[201+ 54  10-5T2]2)

(7
where T isinK and | isin nm. We used measured room temperature for T in the above equations.
The measurement and cal cul ation show reasonabl e agreement indicating that the observed change
in depolarization is due to temperature change.

4.2.2. Damage Threshold/Thermal Lensing

4221 Damage

We exposed the EOM to 10 W with the beam radius of 0.4 mm over 500 hours cumulatively. (The
long-term exposure test is still ongoing). The transmission is agood indicator for adamage of the
AR coating. So far, theinitially measured transmission of 96+1% has not changed. Figure 21
shows power transmitted through the EOM as a function of cumulative exposure time.

Figure2l: YAG power transmitted through EOM
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4222 Thermal lensing

We measured thermal lensing in the EOM using the same setup as Figure 1. Figure 22 shows ther-
mally induced change in the optical path length in aLiNBOg crystal.

Figure 22: Optical path length change by thermal lensing of EOM
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From the slope observed in Figure 22, the Optical path length change over the beam waist at 10
W can be estimated to be 24 nm. In the LIGO setup, the beam radius at the EOM is 0.4 mm. Thus
the effective focal length Fgq), can be estimated from the following formula

F -2
EOM = 5popL

(8)

as (0.4x103)2/48x10°=3.3 m. Since there are three EOMsin series, the overall thermal lens of
the EOMs can be estimated approximately 1 m. This changes the waist of the beam after the
EOMs from 0.397mm to 0.363 mm and shiftsitslocation by 6.7 cm. These changes are compen-
satable by the mode matching tel escope for the mode cleaner.

4.2.3. Alignment Tolerance

In order to make the intensity modulation lower than the required val ue of 10°3, the misal ignment
in angle between the polarization and the EOM axis, and that between the polarization and the
polarizer must be, respectively, less than 4 deg. Since this can be easily done, we examined how
accurate we can align the angle. This was done by placing the EOM on a multi-axis stage having
freedom of azimuthal rotation around the optical path, and monitoring the depolarization.

Figure 23 shows the depolarization observed under the beast alignment we could achieve.
Because of arandom change in the ambient temperature, the depolarization varies as the time
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€l apses going through multiples of phase retardation of 2p asisthe case of Figure 20. However,

because of the better alignment, the amplitude of this temporal variation, 1.5x10°, istwo orders
of magnitude lower than Figure 20. The misalignment estimated from eq.(3) is 0.02 deg.

Figure 23: Depolarization in EOM at best alignment
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Table 7compares this best alignment with the alignment tolerance for the required residual inten-
sity modulation.

Table 7: Alignment tolerance and best alignment achieved

alignment tolerance

best alignment achieved

4.3 deg

0.02 deg

4.3. EO Modulator Selection (Type, Manufacturer, etc.)
Table 8 shows the specifications of the selected EOM.

Table 8: EOM specifications

Manufacturer New focus, Inc.
Model # 4003
Wavelength 10-16mm
Type Resonant Phase Modulator
Operating Freguency ASC Resonant
Modulation depth 0.1-03rad/V@1mm
Max Vp 10-31V@1mm
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Table 8: EOM specifications

Material LiNbO3
Max Optical intensity 1 W/mm? (1.3 1 mm)
Aperture 2mm
RF Bandwidth 2 - 4% freq.
Impedance 50 ohm
Max RF Power 55 mW
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