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Next Step: SPI Pathfinder (Install Target March 30th

2026) We have a final design doc! T2400145

Less than a
month until

G2600432 ;
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FINAL Optical Layout (Conceptually) e haveaiial desion

Picture from D2400108

ISIK
HAM3

D PD in fixed mount:
2 pin + shield feedthrough

Curved M'Tmr n r_emote Fiber collimator in kinematic Steering Mirror in kinematic
actuated kinematic mount
mount mount
(:| Lens in fixed mount Thin Film Polarizer in fixed Steering Mirror in remote
mount actuated kinematic mount

QPD in fixed mount:

G5600453 B 5 pin + shield feedthrough Beamsplitter in kinematic & Beamsplitter in remote

mount actuated kinematic mount 4
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SPI LONG (Alone)

Outside of the HAM 3

80MHz-4096 Hz
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Inspired by!
LISA Pathfinder IFO
AEIl 10m SPI

g

Heterodyne Mach-Zehnder
Interferometer w/ Unequal Arm
Length
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SPI LONG (Alone) Two Heterodyne Mach-Zehnder

Interferometers,
“‘Reference” ~equal arm
QOutside of the HAM 3 “Measurement” ~unequal arm

80MHz-4096 Hz s
<7 (Ao # N
S

80 MHz
»
Inspired by! S L... | |
- ©
LISA Pathfinder IFO L/2
AEl 10m SPI L =~30m

G2600432 6


https://dcc.ligo.org/LIGO-G2600432
https://iopscience.iop.org/article/10.1088/0264-9381/25/11/114034
https://10m.aei.mpg.de/sub-systems/suspension-platform-interferometer/

IS1 J Design and Build D2400102

Spot size r = 5 [mm], ROC mirror = 15.472 [m]
f lens =17 [mm]
QPD sensitive area = 11 [mm]

G2600432
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Currently about to
begin building!
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Picture of the NPRO Setup for seed in Optics Lab

Stanford build

Our current build

Started assembly on Feb 11, now mode
matching into fiber collimator Mar 10!
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Electronics

ISIK Build Testing so far...

Seed laser

Laser Prep Chassis

10
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Timeline

2025 2026 2027 2028

Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2

Final Assemble and Evaluate Update Build and
Design Installation Perform- design as install for
pathfinder ance needed, as H1 HAM45
H1 HAM23 with full well as L1 HAM23
IFO expand the L1 HAM45
design to
A other HAMs

L1 Staff visit to gain experience

We are here

G2600432
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SPI's TARGET IS NOISE REDUCTION IN THE CONTROL

LOOPS H1 DARM noise budget - October 10, 2024 13:57:31
= Total H1 = Residual gas
Dark = Thermal
10-17 = PUM DAC = Seismic
: OSEM Newtonian
s« ASC Input beam jitter

— | e« [SC = Quantum Vacuum

E oo Taser - DARM measured

> 107184 \¥ SQZ BNS range = 160.8 Mpc
g !
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E 10_193 '
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Y Frequency [Hz] i

Controls noise squeezing losses
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The IMC is an excellent withess for SPI Pathfinder, and vice versa

SPI Pathfinder is
a Singular
relative position
sensor/optical
lever combo

We do not expect
to see DARM
improvements
with just
pathfinder by
itself

G2600432

”

Input -
~ (IMC) Mode s
e _AMc3. Cleaner /.7 N
"‘—' /c . MC2 I‘ \'
d

R L=
N l'
PRM /" Power
_\\ ,g(.ERC)Recyclmg
\\/’ Cavity
HAM2 HAM3

Using the IMC as a witness we can evaluate
the performance SPI will bring. As well as,
iterate the design that before a full rollout

13


https://dcc.ligo.org/LIGO-G2600432

As a reminder Expected SPI LONG Performance

Local X

Differential X

SPI| Sensor
Noise

G2600432

H1 HAM2-HAMBS3 2023-06-09 09:30 UTC

10° ¢

10

Displacement [m/rtHz]

SPI L vs. (Differential X) vs. (Local X Displacement)
T T LI B TN A T B A T T—F ¥ 7T v

HAM3 SUPER X
(HAM3 - HAM2) SUPER X
sswenses X Blend Freq=0.18 Hz

s Expected SPI Noise, LONG (FDR) | 7

 Signal DL

| i R O | . I T

B Liii Lo
tion_20250609.m on 09~Jun-2025 , J. Kissel

t_spi_motivat

created by plot.

1514
10

107 10° 10"
Frequency [HZ]

l‘;—’
sp| O—%

LONG

From final design doc!

1 12400145

We won'’t be able
to get all the way
down to SPI
LONG noise we’ll
still be limited by
rolling off GS13
tilt noise, it’ll still
MUCH better than
current
performance.

The pathfinder’s

job is to quantify
HOW much better.
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Controls? Yes! But SPI is a Relative Position Sensor

SPI Pathfinder Integration at Hanford SPI Integration in GEMINI

<l— x >
N G V
“SPI n; .
: . DAC SEISMIC
-LONG {} : NOISE Noise [ P
r-——-—---- - > P 4 : ---=-=----- T
1 : 1
1 1 R=0 b4 X2
e I :(“ J P Controller ;? ¥, Actuators P Pacr > ) >
: X, = X, ¥ ng :
1 1
! ) 4 1 i SENSING T360
= H < MATRIX |« < -
X, P, K, | Fore P> > K, po*” P, X, ! : T INVERSE T SENSING !
A Y
1
HAM3 HAM2 ' ELECT LT
X : NOISE NOISE
GS13, > HP, > < HP, |« GS13, |« ¥ 1| nertial sensing
\ A A \ 4
> > CPS > LP LP, [<«—TCPS, |«
3 3 X~ X, + [V(n_2+n 2 2 2 L COBRI
A : CPS ........ 32(23) .......... : A : L | T [SENSING ¢
n 1 - . 1 n ! 1
3 1 :DIFF . | 2 ! .
o— - > < q - ° 1 COBRI '
. 1 SENSIN G 1
X, =X+ - X,=X.+n =X, X.-n LX, =X_.+n Inter-stage NOISE
3 nG ....... 3.6..03...0 2,062, ... 2 76 T2 E relative sensing '
3
G2402139 CPS DIFF would be turned off (or blended in at much lower frequency), but shown h - | - . Xy
here to provoke thoughts of similarity, and to convey where sensor noises get in ' = 1 controlier [€— D -1 F1sEnsING ‘—é‘—
TR =0
SPI
. . . . Inter-platform sgr;ﬂr;s
Careful thought must be put into integrating a relative sensor  lreeivesensns

https://arxiv.org/abs/2509.04730

between 2 platforms vs. what IFO needs

Baseline plan is using a similar topology to LIGO’s CPS DIFF (CQG 42.4 (2025):
045019), but also considering “GEMINI” topology (arxiv:2509.04730).

G2600432 15
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But what about when we have to link more than two
platforms together?

G2600432
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Josh’'s (aka Me) Goals for Controls

- (Right Now) Reproduce and update Brian’s SRCL performance with SPI
improvement from G2001539 >> update for HAM2 / HAM3 and the IMC or
PRC.

SUSpoint motion with target

——total Y

— — total RMS

—— differential motion
— — differential RMS
=——new HAM target

e ket e copleg oSl | - Improve SPI noise with latest

W s | knowledge

| ; | > - Change H45 to H23 performance
- Consider YAW instead of just LP
- Update Blend Filters

noise (rad/rtHz)

" i PR | i . PR ——— | " " PR |
1072 107" 10° 10’
freq (Hz)

- (Definitely) Consider different two-platform control topologies for ease of
design and IFO integration

- (Definitely) Motivate the need for CRSs and where

- (Stretch Goal) Model linking / CRS’ing the whole corner station and its
performance.

G2600432 17
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Recap

G2600432

We have a final design doc! 72400145

Installation readiness has been reviewed G2600020
SPI| document tree;: E2400121

SPI Pathfinder will be installed in a few weeks!!!!

The next steps after installation involve evaluating performance using IMC as
a witness

Thank you!
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Extra Slides (If time permits)

G2600432
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Expected SPI LONG Budget

Figure 1bii in 72400145

SPI noise budget

10~/
. B ADC noise SNR, U= 5V
107 5 B Shot noise SNR, P = 10 mW
10-9 - __/A""MA\ B RIN 1e-6, SNR unbalanced IFO
SP/ S \1 Bl Frequency noise, 31.0 m round trip
10710 - [19€ng W\ | 1 Sumw/oRIN
< Noise "0 \
{EE -10—11 _
E ~12 |
= 10
[7p)
<C 10—13 -
10714 -
10—15 -
! L | ! LI | ! e rrrhg LI
1072 10" 100 101 102

Frequency (Hz)

SPI LONG is currently limited by Laser Frequency Noise
up to ~2Hz then ADC Noise past ~2Hz

G2600432
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A Reference Interferometer Massively reduces differential
noise between the Meas/Ref arms

Expected Noise Contributions from Oscilator Noise

In particular 102 : Expected SPI noise budget
s FETT—
the Ref arm 100 ; - 80MHz source (without ref)
see’s the 10 ] — 80MHz-4096 source(without ref)
most 101 * - 80MHz source
reduction in 10—21: - 80MHz-4096 source
. -3 4 - :
noise so the 18_4 | SEaii
noisier signal ~ . ] N |
T 107273 7 ====
shouldbeon ¥ . _ .1 | _. i ,
: 5 107" 3 saddo Il
It. E 10—7 _.; .I ik Uyt
108 '
-9 4 |
2 | ML
‘ Rl
1011 4 Jll
10—IZé 1]
10-13
1072 101 109 101 102 103 104 10°

Frequency (Hz)
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Expected SPI PIT Performance

H1 HAM2-HAMS3 2023-06-09 09:30 UTC
SPI PIT : (Differential Z over HAM3-HAM2 Lever Arm) vs. (Local RY Displacement)
HAM3-HAM2 Lever Arm =L = 16.47 [m]
L S T L | T T T T T | N O N O | T r 7 +X

HAM3 SUPER RY &=|
[ (HAM3 - HAM2) SUPER Z ]/ L =
== === Previously Expected SPI Noise, RY/RZ, (CDR) 8 _ .
— = Expected SPI Noise, RY/RZ, 5mm spot, QPDA measure of HAM3 | | +ry = +pitch
Expected SPI Noise, RY/RZ, 1mm spot, QPDB measure of HAM2

1 0'6 - ms=  Expected SPI Noise, PIT (FDR, QPDA) -
E m=s  Expected SPI Noise, PIT (FDR, QPDB) E

+Z

SPI PIT

We expect
improve platform
RY performance

by as much as
10-50x between
0.08 - 10 Hz with
SPI PIT.

Displacement [rad/rtHZz]

2rpe b — IEEEEEE IR BT
created by plot_spi_motivation_20250314.m on 17-Mar-2025 , J. Kissel

3 1072 10° 10’
Frequency [Hz]
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Expected SPI

10'5;

10® 3

—

S
~
I

Displacement [rad/rtHZz]

Performance

H1 HAM2-HAMS3 2023-06-09 09:30 UTC
SPI PIT :: (Differential Y over HAM3-HAM2 Lever Arm) vs. (Local RZ Displacement)
HAM3-HAM2 Lever Arm = L = 16.47 [m]

g ' ' [ R A

ment)

HAM3 SUPER RZ
[ (HAM3 - HAM2) SUPER Y ]/ L
Previously Expected SPI Noise, RY/RZ, (CDR)

Expected SPI Noise, RY/RZ, 5mm spot, QPDA measure of HAM3 :

Expected SPI Noise, RY/RZ, 1mm spot, QPDB measure of HAM2
Expected SPI Noise, YAW (FDR, QPDA)
Expected SPI Noise, YAW (FDR, QPDB)

am| T vl
tion_20250314.m on 17-Mar-2025 , J. Kissel

created by plot_spi_m ﬁ

Frequency [HZ]

G2600432

+X

+rz =

SPI

+Y

It is unclear if the
Differential Y / L
noise limit for SPI

is better than
Local RZ

But that is what the
pathfinder is for!!
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Optical Lever Noise Budget
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+Z

SPI PIT

+X

+ry = +pitch

G2600432

HAM3
“ISIK”

,r

Local RY Signal:
Differential Z across ¢

Follower RY Signal across L

b

L

HAM2
“ISIJ”
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SPI PIT HAM3 HAM2
“ISIK” “ISIJ”

Local RY Signal:

Differential Z across {
+ry = +pitch

Follower RY Signal across L

NOISES: Common Z Rejected

GE
N

G2600432
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+Z
SPI PIT HAM3
“|SIK”

+X
+ry = +pitch

—

Local RY Signal:
Differential Z across ¢

Follower RY Signal across L

HAM2
“ISIJ”

NOISES:

Common Z Rejected

N

Differential Z across L is a Noise Limit

G2600432
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Measuring

HAM3
¢ “Follower

@

7

+rz =

w/ ONE-WAY Optical Lever x P{T

HAM2 SPI
“leader

Local RZ Signal: ”
Common Horizontal across ¢

+Y

Follower RZ Signal across L Since we are

using QPDs

we also get
the “for
free”

Common Y Rejected

S
o>

Differential Y across L is a Noise Limit

9@

G2600432

(6]o
\© >/

28


https://dcc.ligo.org/LIGO-G2600432

Tilt-to-Length Coupling

+X

+rz = +yaw

Example PR2 on HAM3

+Z

v

+ry = +pitch

https://dcc.ligo.org/LIGO-G2400623

HAM: Horizontal Access Module (Vacuum Chamber)

G2600432 29
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Tilt-to-Horizontal Coupling

Tilt is interpreted as Horizontal
Motion in seismometers

=-mg0

Limited by the gain

—

difference between

GS13s — Inertial Sensors

CPS - Displacement Sensors

G2600432

{_
———— —_
Sensors
. |
==
 » e

Sensor Noise because
lever is very short €= 1m

https://dcc.ligo.org/LIGO-G2400623
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Length-to-Tilt Coupling

Driving in
length causes
pitch in top
mass

This cascades
down into the
test mass

https://dcc.ligo.org/LIGO-G2400623
G2600432 31
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Phase Noise Final Results | noise gained here
Is attenuated
Differential Noise b_ased on t_he
gained in the difference in
Meas/Ref arm is 80OMHz-4096 Hz lengths here (L)

attenuated
inversely
proportional to the @‘ﬁ "

length difference
light travels in
Meas/Ref -
interferometer

80 MHz

Phase Noise = L/c * f *

1. W d a REF
Phase Noise(w/o. Ref.) e needa

interferometer

2. The oisier oscillator
should be on REF
arm (smaller value
for L)

G2600432 32



https://dcc.ligo.org/LIGO-G2600432

oL

L/2 L/2
L = 3-1
path
/ length
q=4-2
path length
3 a
IFO MEAS
MA
MB

I/Q Demodulation to Phase then subtraction

AOM
— AOM
1
IFO REF
80MHz ‘
-4096Hz ‘
Locked RA
80MHz
Locked 90 deg —l—,
4096 Hz
P_RA = Power from RA PD
O deg | = P_RA* Cos(4096Hz *t)
Q =P_RA™ Sin(4096Hz *t)
G2600432 Phase = arctan(Q/l)

L

Convert to Length
oL = N2 * Phase

33
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Field Equations to Power on Each PD

cos (Wit + Gm(t)) cos (wrt + ér(t))

(Fiber) AOMs frequency shift the light
at a slight difference in frequency plus
noise from the RF sources.

SL(t)

>

—

Mirror motion on HAM 2 adds
phase to one of the beams

Bs1(t) = 0L

The beams recombine on the measured output producing a beat note, wm — W, = wh

plus phase noise and our signal

L

MEAS

G2600432

p Aimeas COS(wWpt + Gmeas(t)) + DC Terms
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Prototype Design

D2400315-v2

+207d8 [ 15V
Vv

80 MHz
LOIN -
— COS(LO)COS(IF) + SIN(LO)SIN(IF) = COS(LO - IF) ! 0
soem I : 80MH
g8 8 dBm | Z-
z - 4096Hz
/ 1 z
© © | |5 RR2
o I 10 dBm
4096 Hz +15V 190 LO COS -1dBm @ 1Vpp 1F -10 dB > ®_ OUT
/\ /\ 4 dBm < 1
. N4 N/ o™ e ([~ SMA
m IF . g >
IFCOSIN -05dB  _05dB Y COSCOS
™ MON
SMA 1Vpp=0.5
Vp = —
4 dBm IF COS
i POWER
o MON
m
o -1dB -1dBm @ 1Vipp IF
Za\ Sl ®RF_|__O_ SINSIN
O SIN T 2 smAl MON
IF SIN IN " g
1 Vpp -5V +15V
=0.5Vp
1 Vpp SMA 4 dBm
IF SIN

G2600432

See Slide 31 of G2400903 for how this fits in the greater context of the SPI RF system
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SPI Phase Noise Trade Study LHO DAQ
Test Stand Rack Layout D2400283 Picture of the Double Mixer Prototype

42 H1 DTS-1 :

P

38 38
37 37
36 36
85} 35

Timing Master Fanout D070011
31 Slow Controls 31
30 Chassis s

29 D1002961 2

28

25
24
23
22

. ‘ Aero IFR 2023A

16
‘ SRS SG382

10 Double Mixer (D2400315)

80 MHz Test OCXO (D0902705)

4xDB9 Anti-Imaging D070081

10 Chassis
D1001715
1 2 3 4 5 6 7 8

9 10 1

ADC 0

2 3 4



https://dcc.ligo.org/LIGO-G2600432
https://dcc.ligo.org/LIGO-D2400283

