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Abstrat

The design and haraterization of a Mihelson interferometer for the readout of a

preision tiltmeter is reported. A ollimator is designed with Zemax for the ase in

whih the laser is taken to the interferometer using a �bre. The maximum angular

displaement of the tiltmeter that the interferometer an tolerate is alulated. The

noise produed by the transimpedane ampli�er of the photodiode is alulated and

ompared with experimental measurements. The ontributions of displaement noise,

laser intensity noise, aousti noise and ground vibrations are experimentally identi�ed.

The e�ets of feedbak when the laser avity is oupled to the opti �bre are also pointed

out.
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I. INTRODUCTION

The aim of this report is to identify the noise soures limiting the performane

of a Mihelson interferometer, intended as a readout instrument for an advaned

tiltmeter. Currently, the tiltmeter is using as readout a ouple of linear variable

di�erential transformers (LVDT), whih provide a sensitivity of 9×10−11 rad/
√
Hz

[1℄. Suh an amount of sensitivity is enough for the task the tiltmeter is intended to

perform. The interferometer is rather a tool for testing advaned wedges and the

elasti properties of new materials that would improve the ultimate performane

of the tiltmeter rather than a substitute of the LVDT's.

As will be shown in setion V (�gure 7), the interferometer is urrently

limited by laser intensity and ground vibrations noise, with a noise �oor of

4.5× 10−14 rad/
√
Hz. Setion II desribes the ollimator used for taking the laser

into the interferometer when an opti �bre was employed. In setion III the angu-

lar range of the interferometer is alulated. The readout of the transimpedane

ampli�er is desribed in setion IV. In setion V the noise soures limiting the

sensitivity of the interferometer are desribed.

II. COLLIMATION OF THE BEAM

In order to ahieve an optimum performane of the interferometer, the inoming

beam must be appropriately ollimated. The quality of the beam does not only

depend on the amount of defous, but it is also determined by the amount of the

aberrations when a lens is used. Both, defous and any type of aberration, an be

desribed in terms of an optial path length di�erene (OPLD) between a ray and

the referene ray, whih in this design is the prinipal ray, shown in blak in �gure

1(a). Suh an OPLD varies along the ross setion of the beam, and it must be

minimized, with an appropriate optimization proedure, in order to produe good

quality interferene fringes with the interferometer.
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Figure 1: A di�ration limited ollimated beam is ahieved with an aspheri lens. The

ollimator layout is shown in (a) and the optial path length di�erene with respet to

the hief ray as a funtion of the exit pupil oordinate is shown in (b). The exit pupil is

4.81mm in diameter.
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Although there are ollimators ommerially available, experiene with these

devies in developing the optial lever for Advaned LIGO [1℄ suggests that it is

a good approah to design and assemble a ollimator to produe a large diameter

beam in order to �t the purposes of the interferometer. Although the interfer-

ometer is going to be intensity loked to a �xed phase and angular position, a

larger diameter provides a larger angular range over whih the two beams inter-

fere meaningfully. As will be seen in setion III, a diameter of approximately

4.81mm theoretially provides an angular range of 3.97mrad, whih is more than

the mehanial range of the tiltmeter arm. For Figure 1(a) shows the layout of

the ollimator modeled with Zemax. The diameter of the ore of the single mode

�bre is negleted and it is assumed that the light diverges from a point soure.

The divergene of the light from the point soure is approximately 28◦ full span.

This value was estimated from the size of a ollimated beam that a lens with a

known foal length produed. The ollimation was ahieved by visual inspetion.

The distane between the �bre end and the lens was adjusted until the diameter of

the beam remained approximately onstant over few meters. For this task it was

not neessary a di�ration limited beam. The lens shown in the diagram (a) is the

aspheri lens AL1210 from Thorlabs. The alulated OPLD of the wavefront as a

funtion of the exit pupil is shown in �gure 1(b). It is a lot smaller than a quarter

of a wavelength.

The lens and the �bre end were mounted in a age system whose geometry

onstrains these two omponents to be aligned to some extent. The holders provide

oarse adjustment for the distane between the lens and the �bre end (z-diretion),

and also for the position of the �bre end in a plane perpendiular to the diretion

of the propagation of the light (x− and y−diretions).
Visibilities of the interferene pattern of approximately 97% were ahieved, in

pratie, the ollimation of the beam requires additional work. Experiene suggests

that ontrol of tip and tilt of the �bre end may also be neessary. As seen on a
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sreen, the beam does have some features that break the axial symmetry expeted

and do not disappear by translating the �bre end on the xy plane. It is also

neessary to adjust the orientation of the ollimator as a whole with respet to

the interferometer sine, urrently, the entral beam splitter does not have any

adjustment. In order to provide suh an adjustment, the ollimator had to be

mounted separately from the age assembly and for this reason the mehanial

design should be reviewed.

With respet to the quality of the beam, only visual inspetion has been used

and no quantitative assessment has been arried out. Although this method does

yield, to some extent, aeptable results and does not demand additional resoures,

when the aim is to ahieve the quality that ommerial ollimators may provide,

a shearing plate an be used [4℄. A shearing plate produes interferene fringes

between two samples of a single beam. Upon re�etion on a slightly tilted surfae,

a shearing is introdued into one of the samples, and thus, straight fringes are

produed. It is possible to quantify the amount of divergene of the beam by

analyzing these fringes.

III. ANGULAR RANGE

Figure 2 shows a simpli�ed diagram of the interferometer and its funtion as

the tiltmeter readout. The main beam, inoming perpendiular to the drawing

plane, is divided at point O by a beam splitter into the arms of the interferometer.

Eah arm is then re�eted onto its own target mirror on the tiltmeter arm. As

the target mirror tilts, the beams are misaligned by twie the tilt angle. As an

be seen in the diagram, the beams will move in opposite diretions on the beam

splitter plane.

Upon interferene, the tilt will produe straight fringes on the detetor plane

rather than irular patterns. The straight fringes will beome narrower as the tilt
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Figure 2: As the target mirrors tilt, the beams move in opposite diretions on the beam

splitter plane.

inreases ompromising the visibility of the interferene pattern on the photodiode.

This is a minor issue sine the interferometer will be loked near to a position

where the tilt is null and the fringes revert to a irular pattern. It is onvenient,

nevertheless, to alulate the maximum tilt whih does not severely ompromise

the visibility. The visibility will be satisfatory as long as the thikness of the

fringes is larger than the width of the overlapping area of the two beams on the

detetor. Figure 3 shows the prinipal ray of eah beam propagating away from

the target mirror onto the plane of the detetor where the interferene takes plae.

The eletri �eld vetors for eah beam on suh a plane an be written as

E1 = A exp (k1 · r1) , E2 = A exp (k2 · r2) , (1)
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where the wave vetors k1 and k2 are given by
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where the ontributions of both the outgoing and inoming path lengths have been

taken into aount. As an be seen in the diagram, the horizontal and vertial axes

are referred to as x and z respetively. The origin of the referene system is at the

re�etion point on the target mirror when the angular displaement is zero.

The intensity of the interferene pattern is alulated as

I = (E1 + E2) (E
∗

1 + E∗

2) (4)

= 2A2 {1 + cos [2k (x sin 2θ − la tan θ cos 2θ)]} . (5)

From expression (5), the thikness ∆x of the straight fringes an alulated by

setting the equation

2k∆x sin 2θ = 2π, (6)

whih, by introduing the value k = 2π/λ, an be written as

∆x =
λ

2 sin 2θ
. (7)

The maximum angular displaement an be alulated by solving the equation

∆x = lf , where lf is the width of the overlapping area. In terms of the angular

displaement θ, the diameter of the beam D and the distane zd from the mirror

to the detetor, the equation is

2 (D − 2zd tan 2θm) sin 2θm − λ = 0. (8)

For a diameter D = 4.81mm, a distane zd = 30 cm and a wavelength λ =

632.8 nm, the maximum displaement is θm = 3.97×10−3 rad = 0.22◦ one way only.

This orresponds to a linear displaement of approximately θmla/2 = 0.496 mm,

whih is within the endstops limiting the movement of the arms. The tiltmeter

will be loked within 1% of the maximum displaement around the plae where

the arm lengths are equal. The fringe width will not be a problem in the tiltmeter

readout throughout its mehanial range.
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Figure 4: The transimpedane ampli�er in photovoltai mode.

IV. THE PHOTODIODE READOUT

Figure 4 shows the model of the transimpedane ampli�er used as the pho-

todiode readout. The photodiode is onneted to the ampli�er in photovoltai

on�guration without a reverse bias. The advantage of this arrangement is that

it produes a more stable dark urrent with respet to the unbiased mode and,

therefore, there is less noise present in the system at high frequenies. The dark

urrent is produed by the reverse bias produing a urrent �owing through the

photodiode, whih has a resistive omponent, even when there is no inident light.

In the ase of the photodiode FDS1010 from Thorlabs, the dark urrent is 600nA

when a bias of 5 V is applied. Applying a voltage to the photodiode does redue its

apaitane, thus inreasing the reation time of the photodiode. However, that

is not a real advantage at low frequenies.
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The output of the ampli�er is given by

|Vout| =
R1 |Ip|

√

1 + ω2R2
1C

2
1

, (9)

where R1 and C1 are the resistane and apaitane in the feedbak branh respe-

tively, and ω and Ip are the angular frequeny of the signal and the photourrent

produed in the photodiode respetively. Figure 5 shows the noise model of the

transimpedane ampli�er and photodiode shown in �gure 4. The parameters Rd

and Cd are the resistane and apaitane of the photodiode, whih in this ase

is the FDS1010 sold by Thorlabs in the pakage SM1PD1A. The voltage soure

ed =
√
4kTRd is the thermal noise produed by the resistor Rd and id is the pho-

tourrent produe by the interferene pattern shining the photodiode, where k is

Boltzmann's onstant and T is the temperature of the resistor. The soures i+, i−

and en are the urrent and voltage noise of the operational ampli�er. Finally, the

soures e1 =
√
4kTR1 and e2 =

√
4kTR2 are the thermal noise produed by the

resistors R1 and R2.
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Thermal noise e1 from the feedbak resistor R1. Sine the impedane in

the feedbak branh is

|zf | =
R1

√

1 + ω2R2
1C

2
1

(10)

and the inverting terminal is virtual ground, the noise e1 =
√
4kTR1 pro-

dued by resistor R1 in the feedbak branh beomes, at the output terminal

e2out,1 =
4kTR1

1 + ω2R2
1C

2
1

. (11)

Current noise i−. Due to the large impedanes of the resistane Rd (> 1GΩ)

and apaitane Cd (= 375 pF ) of the photodiode at low frequenies, these

omponents do not draw any urrent, and all the urrent noise i− �ows to the

output terminal through the feedbak branh, yielding the output voltage

e2out,− = |zf |2 i2− =

(

R2
1

1 + ω2R2
1C

2
1

)

i2
−
. (12)

Thermal noise from the resistane Rd of the photodiode. The input volt-

age produed by the noise soure ed =
√
4kTRd at the negative terminal of

the operational ampli�er is

|vd| =
ed

√

1 + ω2R2
dC

2
d

(13)

and the impedane of the resistor Rd and apaitor Cd in parallel an be

written as

|zd| =
Rd

√

1 + ω2R2
dC

2
d

. (14)

The output thermal noise produed by the resistane Rd then beomes

e2out,D =
∣

∣

∣

∣

zf
zd

∣

∣

∣

∣

2

|vd|2 =
R1

RD

(

4kTR1

1 + ω2R2
1C

2
1

)

. (15)

Notie that the larger the resistane Rd is, the less thermal noise will reah

the output. Furthermore, sine RD ≫ R1 (see table I) the ontribution to

the noise from the feedbak resistor given by expression (11) will be a lot

larger than the one desribed by the formula (15).
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Shot noise. Another soure of noise going into the inverting input is the shot

noise. The inoming light onto the photodiode produes a urrent that is

a�eted by shot noise. In the ase in whih a bias voltage is applied to the

photodiode, the dark urrent is also a�eted by shot noise. The output noise

is easily written as

e2out,shot = |zf |2 [2q (|Ip|+ |Id|)] =
(

R2
1

1 + ω2R2
1C

2
1

)

[2q (|Ip|+ |Id|)] , (16)

where q is the harge of the eletron, Ip the photourrent and Id is the dark

urrent (600nA for 5 V bias voltage).

Voltage noise en. The operational ampli�er produes a voltage noise en whih is

plaed at the non-inverting terminal. By onsidering that the voltage in the

inverting terminal is the same as that in the non-inverting one, it is possible

to show that the output noise is

e2out,n =

(

e2n
1 + ω2R2

2C
2
2

)



1 +
R1

Rd

√

√

√

√

1 + ω2R2
dC

2
d

1 + ω2R2
1C

2
1





2

. (17)

Thermal noise from the resistor R2. Analogously, the output thermal noise

from the resistor R2 an be written as

e2out,2 =

(

4kTR2

1 + ω2R2
2C

2
2

)



1 +
R1

Rd

√

√

√

√

1 + ω2R2
dC

2
d

1 + ω2R2
1C

2
1





2

. (18)

Current noise i+. Finally, the non-inverting terminal urrent noise is

e2out,+ =

(

i2+R
2
2

1 + ω2R2
2C

2
2

)



1 +
R1

Rd

√

√

√

√

1 + ω2R2
dC

2
d

1 + ω2R2
1C

2
1





2

. (19)

The total output noise is alulated by adding all the ontributions in quadra-

ture.

Table I shows the values of the omponents of the transimpedane ampli�er used
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Component Value

R1 4.7 kΩ

C1 1.5nF

Rd 1GΩ

Cd 375 pF

R2 4.7 kΩ

C2 1.5nF

Id 600nA

Table I: Values of the omponents of the transimpedane ampli�er. The values of the

resistane RD, the apaitane CD and dark urrent Id orrespond to the FDS1010

photodiode from Thorlabs.

to alulate the total output noise. The data-sheet for the AD743 provides urrent

and voltage noise measurements from 1 Hz up to 10 kHz. In order to predit the

output noise in the frequeny range of miliHertz, the 1/f noise behaviour was

extrapolated by means of a linear least-square �t to the existing data above 1 Hz.

Figure 6 shows in blak the measured dark urrent and readout noise. The noise

produed by the signal analyzer is shown in red. The addition in quadrature of the

predited noise and the noise of the signal analyzer is shown in blue. At frequenies

above 100 Hz the predition and the measurement are similar in value. In the 1/f

regime, however, the noise from the signal analyzer ontinuously inreases until it

dominates over the predited value, making the omparison between the predition

and the measurement meaningless.

It is important to note that a bias voltage applied to the photodiode ould

derease the noise at low frequenies. The bias voltage produes an eletri �eld

aross the photodiode, and this eletri �eld imposes an order to the eletrons of

the photourrent sine it is in magnitude a lot larger than the loal �utuations

produed by the eletrons themselves. In the absene of the bias voltage, the
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Figure 6: Readout noise produed by the transimpedane ampli�er and the photodiode

with no inident light. The sale in m/
√
Hz shown on the right was alulated as it is

explained in setion V.

variations in the eletri �eld produed by the eletrons themselves would a�et

eah other with the onsequene of produing 1/f noise [2℄. The best option would

be to apply a low bias voltage. This would derease the 1/f noise at the expense of

the dark urrent �owing through the photodiode and some white noise produed

by the shot noise of the dark urrent.

V. INTERFEROMETER NOISE SOURCES

Figure 7 shows the sensitivity plot of the interferometer. The main identi�ed

ontributions to the overall noise are ground vibrations and laser intensity noise.
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Figure 7: Sensitivity of the interferometer. The sale in rad/
√
Hz is approximate sine

the intensity of the interferene pattern was not loked. The readout sensitivity of the

LVDT's is 9× 10−11 rad/
√
Hz.

Before desribing eah of these noise soures, it is neessary to desribe how the

measurements were taken with the signal analyzer. In many of the measurements

presented in this report, the DC o�set of the signal is a lot larger than the am-

plitude of the noise that is being measured. In those ases it is onvenient to use

the AC �lter provided by the signal analyzer in order to not sari�e the signal

to noise ratio. In the ase of low frequeny measurements, the transfer funtion

of the �lter an be used to alulate the amount of the measured quantity before

the attenuation by the �lter. Figure 8 shows the transfer funtion of the �lter. It

was measured by alulating the ratio of the signals reorded by the two hannels
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of the signal analyzer, one being DC-oupled and the other AC-oupled, when the

same white noise was used as the input voltage.

Another important point to note is that the sales in rad/
√
Hz given in this

report are only approximate sine the intensity of the interferene pattern was not

loked to a onstant value. Experimentally, all the measurements that involved

the interferometer were made after it was observed, by visual inspetion, that the

intensity of the pattern remained relatively onstant on the osillosope sreen for

an amount of time larger than the time required to omplete the measurement.

Although this is not equivalent to loking the intensity to a onstant value, it does

provide an approximate assessment to the real sensitivity of the interferometer.

In order to alulate the noise in units of rad/
√
Hz from the measured noise in

terms of V/
√
Hz, it is neessary to onsider that the eletri signal Vout varies

16



sinusoidally as a funtion of the phase φ

Vout = Vdc + Vac cos φ, (20)

where Vdc and Vac are the o�set and amplitude of the signal. The noise in the

phase then beomes

σ (φ) =
σ (Vout)

Vac sinφf

, (21)

where φf is the phase at whih the interferometer operates during the measure-

ment. The interferometer was not loked during these measurements, but it simply

passively remained at a reasonable onstant phase. The sine of suh a phase is

alulated from expression (20) using the measured values of Vdc, Vac and Vout

when the phase equals φf . The sensitivity in units of rad/
√
Hz follows from (21)

by writing the angular displaement noise σ (θ) as

σ (θ) =
λ

4π

σ (φ)

la
, (22)

where the interferometer arm length is la = 250mm. Note that as a onsequene

of not loking the interferene pattern, the low frequeny measurements, below

1Hz, should be repeated one the interferometer is loked.

The interferometer was mounted within an open vauum hamber on a table

that provides isolation from vibrations. Figure 9 shows the output of an unali-

brated aelerometer attahed to the table as an external periodi disturbane was

applied to it. The resonant frequeny of the table is approximately 6.6 Hz. Below

this frequeny no attenuation of ground vibrations is expeted.

The laser soure used in the interferometer is the linearly polarized helium-neon

laser manufatured by JDSU with the part number 1103p. The light was taken

into the interferometer diretly from the laser optial avity. Plaing the laser

soure near the interferometer has the drawbak that the heat of the avity an

potentially introdue additional �utuations in the output signal. The temper-

ature of the laser soure remains approximately at 43◦C. For this reason it is
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ustomary to ouple the avity to an opti �bre and keep the avity away from

the interferometer. The �bre is also neessary in order to plae the interferome-

ter in vauum, when needed in later stages of development. However, as will be

explained in setion VB, the devie used to ouple the avity to the �bre does

re�et some light into the avity, yielding the �bre itself very sensitive to ground

vibrations, thus inreasing the noise a�eting the interferometer. In order to use

the �bre suessfully a Faraday isolator is required between the �bre and the laser

avity.

The intensity of the light produed by the avity is nominally 4mW . The

intensity was redued using either a neutral density �lter, or a polarizing beam

splitter while hanging the polarization diretion of the light by rotating the avity.
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Figure 10: Laser soure noise. The noise of the beam with an intensity of 194.52µW is

shown in blak, the noise of the beam with an intensity of 571.43µW is shown in blue.

A. Laser soure noise

The noise present in the laser for two di�erent intensities is shown in �gure

10. The urve shown in blak was measured by overing one of the arms of the

interferometer. The intensity of the inoming beam was measured to be I =

194.52µW . The shot noise produed by the beam is easily alulated as

σ (I) =

√

2qI

η
= 1.33× 10−11 W/

√
Hz, (23)

where q is the harge of the eletron and η = 0.35A/W is the responsivity of

the silion photodiode at the wavelength of λ = 632.8nm. In order to ompare

the value (23) with the average measured white noise value of σm (I) = 2.27 ×
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10−11 W/
√
Hz, shown in �gure 10 at frequenies above 3 kHz, it is neessary to also

onsider the readout noise ontribution, whih is shown in �gure 6. Written in term

of light intensity, the average value of the readout white noise Vro = 2.08 V/
√
Hz

beomes

σro =
Vro

ηR1

= 1.26× 10−11
W√
Hz

, (24)

whih added to value (23) in quadrature yields the shot noise value of σp (I) =

1.84 × 10−11W/
√
Hz. The di�erene in quadrature between σm (I) and σp (I)

is 1.33 × 10−11W/
√
Hz, whih, written as a voltage density, beomes 21.9 ×

10−9 V/
√
Hz. Suh a di�erene may have its origin in the di�erent input range

settings of the signal analyzer used for taking the measurement in �gures 6 and 10.

The input range was set to −50 dBV for the former and −38 dBV for the latter.

Below 1.5 kHz the plot shows peaks at frequenies multiples of 60 Hz assoiated

with the power supply and below 180 Hz the noise is intensity noise.

However, the amount of noise shown in blak in �gure 10, does not aount for

all the laser noise a�eting the overall sensitivity of the devie. In the alignment of

the interferometer in whih the measurement was taken, the interferene pattern

was more intense than the beams along any of the two arms. The intensity of the

pattern was 741.64µW . The urve shown in blue in �gure 10 is the noise of a beam

with an intensity of 571.43µW . Despite it is still not as intense as the interferene

pattern itself, the orresponding power spetrum does show how the intensity noise

ontributes to the sensitivity urve shown in �gure 7, where it is depited in red.

The alulated shot noise produed by the beam is 2.29 × 10−11W/
√
Hz, whih

added in quadrature to the readout noise (24) yields the value 2.61×10−11W/
√
Hz.

As an be seen in �gure 10, the measured value of the noise at frequenies above 3

kHz is 3.71× 10−11W/
√
Hz. The di�erene between the alulated and measured

values is, in units of a voltage, 43.3 × 10−9 V/
√
Hz. The di�erene may be due

again to the di�erent settings of the input range used for the measurements, but

further inquiry is needed.
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As an be seen in �gure 7, the interferometer noise, shown in blak, does follow

the trend of the laser noise, shown in red. As will be explained in setion VB, in the

frequeny range from 1 Hz to 4 kHz, the sensitivity is limited by ground vibrations

and aousti noise. However, the sensitivity urve inreases as the intensity noise

inreases suggesting suh a ontributions is not negligible. Furthermore, as the

ground vibration noise dereases, the ontribution of the intensity noise begins

to dominate between 1 Hz and 200 mHz. Below 200 mHz, despite the intensity

noise is not the largest ontribution, the noise in the interferometer still follows an

inreasing trend. Suh a trend only suggests that the noise in the interferometer

is onsistent with the amount of intensity noise in the laser.

For the sensitivity urve of the interferometer, the intensity of the interferene

pattern was measured to be approximately Iint = 741.64µW . The maximum and

minimum intensities of the interferene pattern were Imax = 790.27µW and Imin =

3.16µW respetively. In units of displaement, the alulated shot noise density

produed by the interferene pattern at the intensity Iint is 2.77×10−14 rad/
√
Hz,

whih, added in quadrature to the readout noise, yields the alulated value of

3.08 × 10−14 rad/
√
Hz. The average of the measured value of the noise above 3

kHz is 4.92× 10−14 rad/
√
Hz. The di�erene in quadrature, in units of voltage, is

59.67× 10−9 V/
√
Hz. The di�erene may be due again to the di�erent settings of

the input range used for the measurements.

It is important to note that with the laser soure used, the more intense the

beam is, the larger the intensity noise beomes. Aording to expression (21), the

advantage of using an intense beam (large Vac) is that the noise σ (Vout) in the

measured output signal Vout attenuates as it is propagated into phase noise σ (φ).

In the ase of the intensity noise, this propagated e�et appears as the relative

intensity noise. This quantity is de�ned as the intensity noise divided by the

average intensity. The optimal sensitivity then beomes a ompromise between the

relative intensity noise and the inreasing resolution that a large amplitude of the
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interferene pattern implies. An approah that may remove the relative intensity

noise, would be to measure the intensity of a sample of the initial inoming beam

and use it to normalize the output signal of the interferometer. Another approah

would be to stabilize the intensity with a feedbak ontrol system.

B. Ground vibrations

The most important ontribution to the overall noise in the interferometer are

the ground vibrations and aousti noise. Figure 11 shows the sensitivity of the

interferometer together with the power spetral density of the ground vibrations

measured with an aelerometer, for two values of the intensity of the interferene

pattern (a) I = 741.64µW and (b) I = 13.71µW . The sale quantifying the

ground vibrations has been shifted arbitrarily for best image overlap in order to

point out the e�et of the vibrations upon the overall sensitivity. From 2 kHz down

to 1Hz, many of the features of the noise are shared by both the interferometer

and the aelerometer. Two exeptions an be notied in plot (a), at frequenies

below 6 Hz down to 200mHz and in the viinity of 100 Hz, where the intensity

noise ontribution is also important. In plot (b), in whih the intensity of the

interferene pattern is a lot lower and the intensity noise is not as high, the noise

in the interferometer is almost ompletely dominated by the ground vibrations.

The omparison between plots (a) and (b) points out the fat that the larger the

intensity is, the larger the intensity noise beomes. However, as pointed out above

in setion VA, a meaningful omparison between these quantities an only be

ahieved in terms of their respetive relative intensity noise ontributions. Above

200 Hz there is aousti noise. Below 200 mHz, the dominant noise soure is likely

to be ground vibrations sine no attenuation is expeted from the supporting table

below its resonant frequeny at 6.6 Hz. Nevertheless, noise from other soures like

mehanial drift of the assembly, air density �utuations and laser frequeny drift
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Figure 11: Between 4 Hz and 2 kHz the interferometer is limited by ground vibrations.

In plot (a) the intensity of the interferene is 741.64 µW and below 4 Hz, what is likely

atual displaement noise begins to dominate. Other noise soures in the interferometer

are also pointed out. In (b) the intensity is only 13 µW and the intensity noise is not as

high.
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Figure 12: When the opti �bre is used, the intensity is oupled to the ground vibrations.

is likely to be present at this frequeny range also, but further inquiry would be

neessary in order to estimate the extent of eah ontribution.

Although it is learly a goal of the mehanial system to minimize vibration

noise, the e�et that these have in the intensity of the laser is useful for assessing

the e�et of feedbak light into the laser avity. For instane, �gure 12 shows the

noise measured when a single mode �bre was used to take the light from the laser

avity into the optial system. One of the arms of the interferometer was overed in

order to take this measurement. The intensity of the light was 316.11 µW . Above

2 kHz the dominant soure is shot noise with a value of 2.88 × 10−11 W/
√
Hz.

Bellow 2 kHz it is possible to notie the peaks at frequenies multiples of 60 Hz.

Bellow 500 Hz aousti noise and ground vibrations dominate. The sensitivity of

the �bre is likely aused by feedbak light into the laser avity from the system
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used to ouple the avity to the �bre. Suh a system is an xyz translation stage

that �nely adjusts the position of a mirosope objetive in order to plae the

foal point of the light into the ore of the opti �bre. By visual inspetion it is

lear that there is a large amount of light being re�eted bak into the avity. A

Faraday isolator between the xyz translation stage and the laser avity would be

an appropriate solution for this issue.

In the ase in whih the laser was taken into the interferometer diretly from

the optial avity, the folding mirrors were adjusted in suh a way that no light

from the interferometer went bak into the avity and, therefore, no large oupling

between the laser intensity noise and ground vibrations is expeted. There an be

residual light going into the laser avity due to stray re�etions, although it was not

deteted by visual inspetion. Using a Faraday isolator would avoid any feedbak

of stray light, with the possible e�et of dereasing the noise at low frequenies

below 200 mHz.

VI. CONCLUSIONS AND FUTURE WORK

As an be seen in �gure 7, the interferometer is limited by di�erent noise soures

in di�erent frequeny regimes. These noise soures are atual displaement noise,

laser intensity noise, ground vibrations and aousti noise. The noise �oor level of

4.5×10−14 rad/
√
Hz is determined by laser shot noise and readout noise produed

by the signal analyzer used to take the measurement.

The interferometer is a devie that potentially has a muh better resolution that,

for instane, the LVDT's or apaitive sensors. However, its usage is more omplex

and is justi�ed only in measurements that require better preision. As pointed out

in the introdution, the interferometer is a tool to improve the performane of

the tiltmeter by analyzing advaned knife edges and the elasti properties of new

materials rather than a substitute of the LDVT's as the default readout.

25



The future work inlude various strategies that aim to redue the amount of

noise in the system. The implementation of a feedbak loop to lok the interferom-

eter intensity to a ertain value would avoid any variation in the onversion fator

(21) that would be translated as noise in the �nal estimate of the phase. Suh

a loop has already been experimentally implemented with suess by Emanuele

Sobahi [3℄. The e�et of the laser intensity noise an also be redued by nor-

malizing the intensity of the interferene pattern with the intensity of a sample

of the inoming beam into the interferometer, or by stabilizing the laser power.

As pointed out in setion VB a Faraday isolator is needed in order to avoid any

feedbak light into the laser avity and thus further redue the e�ets of ground

vibrations. The Faraday isolator would also aid in suessfully oupling an op-

ti �bre to the laser avity while avoiding any feedbak from the stray re�etions

oming from the xyz translation stage used to ouple the �bre to the avity. The

use of a �bre is onvenient in order to plae the laser avity far away from the

interferometer sine it is a soure of heat that may introdue low frequeny noise.

The interferometer must also be plaed in vauum, for whih the �bre is also re-

quired. In vauum, the aousti noise and any possible disturbane of air urrents

would disappear. Using a quiet table with a lower frequeny resonane would also

improve the performane. Finally, the interferometer must be mounted on the

tiltmeter.
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