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Abstract

® I will introduce three kinds of modulation-type

quadrature interferometers

® In the summary slide, we can fill in all the blanks in
the table

Name of
interferometers

University

Design &
characteristics

Sensitivity

References

Deep phase
modulation
interferometer

Deep frequency
modulation
interferometer

Digitally
enhanced
heterodyne
interferometer
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Why did I choose this topic?

® [ summarized sensors (most of them were
quadrature interferometers) developed by Univ. of
Birmingham last year

® Nagano-san said “Sensors developed by AEI might
be interesting for the next seminar”

Sensors & Motivation Design & Sensitivity Discussion
eferences haracteristic at 1 Hz & status
BOSEM | Suspension Shadow sensor, coil-
anat ntrol f ! 2x10°1° m//Hz | Curren tly used
) LIGO magnet actuator
Suspension Quadrature homody
EL_JC!-[D c ‘chrolf interferometer, 4%102 m/JH Improved t
EMA L polarizing optics, Y HoQI
2011) aLIGO )
cat’s eye retroreflect
ILIAD G measuremen t | Same as EUCLID,
EEP with torsion Non-planar for angul 5x1013 m/JH Not used for G
measuremen t
(2013) pendulum measuremen t
HoQI Suspension Replace
5.3 coopers | cONtrol for Simpler than EUCLID 2x1013 m//Hz | BOSEM in the
(2018) aLIGO future
QUIMETT
. ‘ Mass-produced,
HOMI | AvIT for ToBA 'd“l?hpecr"a”z'”g OPYCS | 541011 m//Hz | not installed to
lides AVIT . .
v My seminar slides on Nov. 4, 2022

® ] sent an email to Nagano-san to get references,

then he modified his comment “modulation-type

quadrature interferometers might be interesting”
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https://granite.phys.s.u-tokyo.ac.jp/oshima/seminar/20221104_Seminar_Oshima.pdf
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® Review of quadrature interferometers
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Michelson interferometer

® The response of MI has non-linearity — Small range
® We usually conduct feedback control to fix the

operation point
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Quadrature interferometer

® \When we obtain the quadrature signals (sin and cos),
the information of phase can be calculated

® Range: infinity (theoretically), >10 mm (experimentally)

No need to FB control

® Sensitivity worse than FB control method due to ADC

noise

EXTOMUBEDESTERRFT SFI R
- ERT RO ES L

, - o (=L, SAEMO
—sin&cosE ANBAT-EST (xomcnres

-DFY., FALBHorBED EE ., £5—AlEH B0,
P
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( [N I T

O

1Y, \ . ¥ | /| pi/2 =90
1 A AW, VA AL(orAq))

* dP_/d(AL) = 0D I, dP /d(AL) # 0 &7 D,
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Classification of quadrature interferometers

‘ Quadrature interferometers ‘

I Polarization-type I ‘ Modulation-type ‘ ?

EUCLID ., .. HoQI

a
- @, Al Fibre-couped =~ | ~ |Polarisation Ke Y
L laser input - pBS1 X-Arm —— = .
= is————=" | #= || Mechanically k| Electrically
[— . Mixed =—=
I Al I - [ PD2

= l
i ‘3! i 8 W PD3 l PBS3 % NP>B§ ]%/ ]TIL HDMI TOday,S

Voo s Te— \f‘/" X X N+ PBS2 Target mirror
L2 +
T

.
3 & Reference mirror Sel I I I n a r

Key 1o O ¢ i
AL 2, wsplitier
BI pliter M3
M1, 2, 3 - Mirror 13
P, 2, 3 - Photodiode
ILIAD QUIMETT z
Dithered
] 7 iR PD, with PZT
B [ ]
X)
— ¢
< _—D
1 —/ r [
I
limatc
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Jy+--J, method

Overview

® Linear measurement over one fringe with spectral
analysis and no feedback control

® Basic principle for deep phase/frequency modulation

interferometer
Year 1980 1989 1993
J; (max)
denod - TylY o w5
J1/73
Range <1.9 rad ~ 5 rad ~ 5 rad

Accuracy and minimum
detectable phase improved
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Jy+--J, method

Setup

® A Mach-Zehnder interferometer with two fibers

® One arm fiber was stripped of its jacket and bonded
onto a piezoelectric polyvinylidene fluoride film

® Piezofilm was driven by an electric signal to produce
predictable phase shifts

BEAM
SPLITTER (B 9)

He-Ne

TASER | EErErECE FIEE%
€
o ' LEnsES (1waTSU SM 2100)
SIGNAL |
Phase modulation SIGNAL naen—*ﬂ R | ANALYZER
' BS

(induced signal in this | orve voLrase
_ _ : AMPLIFIER
exp.) by piezofilm | PHOTODETECTOR

PIEZOFILM (HP 4220)

SCREEN
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Jy+--J, method

Principle

® Photodetector output can be expressed in three ways
« Nominal
I(t) = A + B coslg,(t) + x sin(w.t + ¢,)],

« Bessel functions 9o: interferometer phase
x: modulation depth (signal)
I(t) = A + B||J,(x) cos @,(t) wg: modulation frequency
@,: modulation phase

+ 2 2 Jo, (x) cos @yt)(cos 2nw,t cos 2no,

n=1

— 8in 2nw,t sin 2ng,)

n=1

- [2 2 Jo-1(x) 8in @y(¢)[sin(2n — 1wt

x cos(2n = 1)@, + cos(2n — Dw,tsin(2n — l}c.p,]]).

 Fourier series
It)=a, + 2 la, cos(nw ) — b, sin(nwt)],

n=1
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Jy+--J, method

Principle

By comparing expressions with Bessel functions and
Fourier series, we can derive

odd [@z-1 = —2Bd;,-,(x)sin @o(¢)sin(2n — 1)gs,
terms|b,,_; = 2BJ,,_,(x)sin ¢o(t)cos(2n — 1)gs,

terms

even |@s, = 2By (x)cos ¢y(f)cos 2nepg,
b,, = 2BJ,.(x)cos gy(t)sin 2nes, n=1238,...).

— Bessel functions are extracted from Fourier transform

Modulation depth is calculated from Bessel functions

B 24J,(x)Jy(x)
T [Jyx) + )]l (x) + Jyx)]

IE

Other parameters (¢, :-+) are also calculated (later)
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Jy+--J, method

Result

)
H: 5‘ -
_C
(0))]
g ~1
© 2
c <
Q5 g3
28 ¢
"
q)l_l a:‘zq
E R
Q J
Ll I
5 g
0))]
(U N
q) ] T T L]
> 0 0.5

1 1.5
INPUT VOLTAGE (VOLTS RMS)

Input voltage to PZT [V]

® J,---J, method can measured phase up to 5 rad (= over
one fringe) linearly
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Deep phase modulation

Overview

® Proposed and developed by AEI (+ Spain)
® Extension of J;---J, method
® Phase modulation with depth of >5 rad — “deep”

® Motivation: not clearly, but for LISA?
« Experiment with LISA Pathfinder optical bench
« Proceedings for LISA symposium

® Advantage: good sensitivity, large linear range, simple
optics
® Disadvantage: complicated data analysis

Analysis for quadrature interferometers itself is already a bit
complicated, but this is more complicated, I think

They use some algorithms (Levenberg-Marquardt, Nelder-Mead
Simplex, etc.), but I will not explain today



Deep phase modulation

Setup

® [ISA Pathfinder optical bench
® Fiber-coupled Mach-Zehnder interferometer

20 cmx20 cm Zerodur baseplate with optical

Standard metal components fixed by hydroxide-catalysis bonding,
optical breadboard 5 pm//Hz above 1 mHz
modulation bench ultra-stable optical bench

Laser i DAQ
1064 nm, | )
300mWwW [BHEHE
i < ' v @A few um,
| 0=q ¢ common mode
| ' rejection {

_ _ _ _ _ ou =5 {(s1+sm) — (s2+33)} = 5 {(smr —s3) + 4},
Fiber coiled around ring piezo-electric Or = 25 {(s1+57)— (s2+58)} = ZZ {(sr —s4) +A}
transducers, . |
4.5 Vp_p, fimoa = 280 Hz, m = 9.7 ¢ =¢u — r =7 {ssr— (sr+53 —54))
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Deep phase modulation

Data analysis

® Output of PD was processed by FFT

Vep(t) = Vpe(@) + i an(m, @) cos(n(Ont +y))

n=1

an(m, @) = kJy(m) cos (fp—l— ng) :

® m, ¢,k was obtained by minimizing x?

N
Z oy (m. @) — &, (m, @))?,
n=1

(3 au(m9)}
et (T{an(m qa)})

HH(}”: q}) — Hli(mﬁ ()0}{: lm,ff'!

n=1,2,3...N,

ny

aa(6.6) la.u.

) 0.25 05 0.75 1

o/2n

Fig. 2. Dependence of the harmonics amplitudes a,, (m, ¢ ) with respect to the interferometer
phase ¢ with a modulation depth m = 6rad.
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Deep phase modulation

Modulation index, number of bins

® To measure the phase accurately, we should choose a
suitable modulation index and number of bins for FFT

® For a deeper modulation, the signal power is
distributed into more and higher harmonic bins
— Deep phase modulation is required to extract the
harmonic amplitudes for processing by numerical fit

® In this experiment, m = 9.7and N = 10 were chosen
2.6 | T T
24 || A 2.4
S | I\ <
© 22 2 22
o | |/ 5
= 2 L [/ A =
8 ' A = 3L
> '| I\ >
g 187 \ worst / /x A g
"c'% ]_.6 L I‘ ~ ,/' /;\_/ "‘g 18
= '. mea o
5 147 ﬂ/\ ,\/\\/\/ g 16
175] %0}
v
1.2 best 1.4
1 |||||||||||||| I ! A I 1 ' L
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
modulation index m modulation index m
Fig. 3. Ideal resolution in ¢ as function of the modulation index m for N = 10. for the best Fig. 4. Ideal resolution in ¢ as function of the modulation index  for different orders N.
and worst ¢ as well as the average for all ¢ € [0,2n]. for the worst value of ¢ at each point of each curve.

Ando Lab Seminar June 16, 2023 20/ 30



Deep phase modulation

Sensitivity

® All PDs on LPF optical bench are QPDs
— Both length and tilt can be measured

Length Tilt

initial sensitivity -+

—_ 7 I ol

N o107t ‘ DA(?TFCO"‘?(?"?d 1000 ¢ N —
T E - inal sensitivity — : DWS angular measurement

£ r (laser frequency noise A —

2 8 and DAQ TF corrected) § 107" T T

g 107 & : z <

2 E ] o) ke

o] = g © m©

c i o = = 100 ¢

s 9 | 34 10 (O] — F

o 10 8 3 0 g LPF angular requirement

E - 1 2 = 20 nrad/NHz

= i ) S

£ [ -3

@ i 10° @ @

a 40710 | = S 10}

I : e 2 :

9 F * =

S oedd [ 10 &

10 = LPF interferometer requirement
i 1 llllllll- 1 |I‘IHH- 1 Illlllll- 11 11 111l 1 . , Lt ) il ) T ) \ T
fo* 40® 10* 410! 10° 1o 107 103 10°2 0.1 1
frequency [Hz] frequency [Hz]
Fig. 6. Sensitivity of real optical pathlength measurements. Dashed curve with crosses: Fig. 7. Angular resolution obtained by applying a DWS algorithm to the phases extracted
initial sensitivity prior to noise correction techniques. Dashed curve: sensitivity upon cor- from individual cells of a quadrant photodetector.

rection of DAQ frequency response. Solid curve: sensitivity reach after application of noise
mitigation strategies -laser frequency noise and DAQ frequency response-.

20 pm/+/Hz 10 nrad/J/Hz
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® Deep frequency modulation interferometer
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Deep frequency modulation

Overview

Proposed and simulated by Univ. of Maryland
No experimental demonstration so far

Almost the same as deep phase modulation, but
frequency modulation instead of phase modulation

Schnapp asymmetry AL is needed because of
modulation with a laser source (= in front of BS)

Of course, phase modulation also requires Schnapp asymmetry
if modulating in front of BS

Effective modulation index m = 2rAfAL/c
Larger signal with longer AL (when AL < A;,04)

x107°

3 T =AT =01z

. |—Af = 10GHz, f, = 1kHj

o5f

AL | PRl
h 4 \\‘V 1
form(t)

0.5

.

CO 1 2 3 4 &5 6 7 8 9 10

f [kHz]
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® Digitally enhanced heterodyne

interferometer
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Digitally enhanced

Overview

® Proposed and developed by Caltech
® Currently developed by ANU

® Motivation: not clearly, but for LISA?
« C(lassified as a space technology on the ANU website

ANU - Digital interferometry

® Pseudo-random noise code — “digitally enhanced”

® Advantage: good sensitivity, large linear range, simple
optics, measurement of multiple test masses with one
interferometer

® Disadvantage: complicated data analysis
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https://cga.anu.edu.au/research/projects/digital-interferometry

Principle (intuitively)

Digitally enhanced

® Pseudo-random noise (PRN) code: zero or w phase shift

® Demodulation taking into account the delay from EOM

to PD

« Single pass: EOM - M1 - M2 — PD
« One round-trip; EOM -»> M1 -> M2 -> M1 -> M2 —> PD

Digital Signal Processing

Optical/Electronic System

_________________________

Heterodyne
Frequency

1 PRN code \‘

Phasemeter
-

Mismatched decoding delay

Conventional heterodyne

| | | | | | |

. 0! b 1 T T | |

PRN encoding @ A ] @ I .
Detected single-pass signal /\ M M V\ N\ M
oo | © NN VAN

Pl edd T e

PRN decoding @D, N @ T T

Decoded output

@ VVVVVVVV.

@ VAW
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Digitally enhanced

Principle (with formula)

Probe beam at PD c(t) = +1
Ep=Ee7%1c(t — 1) + Eve %2¢(t — 1) + Ese™%3¢(t — 13),
PRN code Low reflectivity
0 = not cavit
LO at PD @ (= not cavity)
Epo=e "?mht+dL0), - = =g
I:
H §> T §Ph d
AC output of PD Froquoncy 7 L
Vd(t) = El CDS(¢1 —_ ZWfkt — (beO)C (f — Tl) / Digital Signal Processing
= PRN code

cla

+ Ey cos(py — 27fpt — ¢ro)c(t — 79)
+ B3 cos(pz — 27f),t — dpo)e(t — 73).

Phasemeter

: : Vmr = Vg X c(t —14)
Demodulation signal for M1 c(t —1y) x c(t —1,): always +1

VMmi(t) = Ey cos(¢y — 20t — dro) c(t —11) X c(t — Ty or5): random
+ Ey cos(¢g — 27f )t — dro)c(t — mo)c(t — 1)

+ E 3 cos(¢s — 27ft — dro)e(t — m3)c(t — 7).
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Digitally enhanced

Principle (with formula)

PSD of simulated signal

AC output of PD Demodulation signal for M1
V4(t) = E; cos(¢y — 27f3t — ¢ro)e(t — 1) Vi) = Ey cos(¢y - 2mf3t — ¢ro)
+ Ey cos(¢y — 2713t — dro)c(t — ) + Ey cos(py — 2mfjt — dro)e(t — mo)e(t — 1)
+ E5 cos(¢s — 2mfjt — dro)e(t — 73). + E 5 cos(¢s — 2[4t — dpro)c(t — m3)c(t — 7).
" (a) Photodector output ' Wﬁ?ﬁ: s (b) Decoded signal |
B 10°; Contributions from | \ M1 heterodyne
- N M2 and M3 signal
Z10° =107 |
o ?
o o
o

-
o
A

0 20 40 60 80 100 ) 0 20 40 60 80 100
Frequency [MHz] Frequency [MHZz]

* fh = 50 MHz
fenip = 50 Mchip/sec

« M1-M2: 6 m, M2-M3: 3 m (AL should be = ¢/2fpip)
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PRN code
PD2 PDH readout
Carrier
Laser M1 M2 pps3
- o |
PBS2
EOM ~—3.75 m=—t-
PD1PLL PZT Mirror
Feedback
BS
— > D
Local Oscillator
Laser PD3 Dl readout 7
SenS|t|V|ty 5 pm/JHz at 1 Hz
10°°
__.g 10-10
E
a
4
a« 10"
'E' i
Li4]
E
[h]
3
g 107
=) e
1072 i i i i i
10 10! 10° 10’ 10? 10°

waveguide phase modulator

Setup and results

Digitally enhanced

Q

Frequency [Hz]

Cavity sca

n

(smgle pass and round -trip)

displacement [um)]

smgle pass

— — — - 4th round trip

0 4 5
time [seconds]
Cavity scan
(D|g|taIIy enhanced and PDH)
,,_.1 (a) ‘  PRN readout '
g
=.
£
E :Digital PDH;Error Signal:
a,%’

0

0.1
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Summary

: Name of University De5|gn.&. Sensitivity References
interferometers characteristics
Deep phase Homodyne, G. Heinzel+ (2010)
PPN : phase 2x10°11 m//Hz T. S. Schwarze+
modulation AEI, Spain dulati 5014
nterferometer modulation to at 1 Hz (2014)
one arm M. Teran+ (2015)
Deep frequency : Homodyne, .
modulation |\/L|Jarllvlla?1t:l freq. modulation | No experiment Q. G[%bleg]d'nq
interferometer Y to laser source
Heterodyne,
Digitally PRN code phase D. A'[foh;f)dOCk
enhanced Caltech, modulation to 5x1012 m/J/Hz 0P L
. P. Lay+ (2007)
heterodyne ANU one arm, at 1 Hz G. de Vinet
interferometer multiple TMs ' [zeooén;e
measurement
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