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Overview
・There years I have developed a cryogenic monolithic interferometer


・Now it’s close to an end (I should have finished earlier…)


・Looking back to the current achievement and issues
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Contents
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◦ Alignment
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◦ Evaluation


・Future Plan
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Cryogenic Monolithic Interferometer
Monolithic Interferometer

・Optics are glued on a base plate directly


◦ Large common mode rejection ratio

◦ Small drift in long time duration

◦ No way to tune alignment after gluing


LISA Pathfinder reached displacement 
sensitivity to 3.5 x10-14 m/√Hz @ 0.1 Hz 

‣ Limited by noise of Phase Meter


In my research: Cryogenic Monolithic Interferometer

・Fused silica is not suitable for cryo. temp.


‣ Construct (almost) all-silicon monolithic interferometer

・Target sensitivity: 10-15 /√Hz (3 x10-16 m/√Hz)


‣ Limited by shot noise
5

4.3 Payload conceptual design and key
characteristics

A strawman design of the payload on each of the three
identical S/C is illustrated in the diagram in Figure 5.
It consists of two identical assemblies of roughly cylin-
drical shape, each of which contains a telescope, an op-
tical bench and a GRS with enclosed TM, connected
by a mounting structure which allows sequential mu-
tual alignment during integration. The two assemblies
are mounted in a common frame that allows rotation
of each assembly about the vertical axis by about 2 de-
grees in order to track the variation of the vertex angles(60 ± 1○) due to solar system dynamics.
A possible alternative configuration, which should be
viewed as a backup as it would involve departures from
the proven LPF GRS design, has two telescopes rigidly
fixed to a single, common, optical bench and requires
an “in-field pointing” actuator in each optical path to
compensate the angular variation. A detailed trade-off
between these options and a revised design of the pay-
load are expected in Phase A.

Figure 5: Payload strawman conceptual de-
sign. Images courtesy of Airbus D&S GmbH,
Friedrichshafen.

4.4 Interferometry Measurement System
(IMS)

The IMS is using optical benches which will be con-
structed from an ultra-low expansion glass-ceramic
material tominimise optical pathlength changes due to
temperature fluctuations. Each optical bench hosts one
‘science’ interferometer for the received light from the
far spacecraft, one local interferometer whichmonitors
the position and orientation of the test mass, and a ref-
erence interferometer. The latter two interferometers
use a fraction of the two local laser beams to generate
the laser beat signals. The science interferometer can
use either of the two lasers together with the weak far

field, to be traded in Phase A.
Construction techniques for the optical bench with
the required alignment accuracy (order of 10 µm) and
pathlength stability in orbit (pm/√Hz) have been
demonstrated with LISA Pathfinder [4] (see Figure 6).
The mechanisation of the series production of the OBs
is now being studied in a technology development ef-
fort.

Figure 6: TheLISAPathfinder optical bench dur-
ing testing. Image courtesy of theUniversity ofGlas-
gow.

The main laser field is injected via a single mode opti-
cal fibre and distributed via several beam splitters and
mirrors to the different interferometers and additional
sensors such as a powermonitors. A fewmWis also ex-
changed between the two optical benches on each S/C
via the bi-directional backlink. It can be implemented
via an optical fibre [30, 31], or with a free beampath be-
tween bothOBs. Experimental comparisons between a
few possible implementation options are ongoing at the
time of writing. A possible layout of the optical bench
is shown in Figure 7.
The OB has optical interfaces with the test mass on one
side and the telescope on the other side. Its interface to
the telescope is a precisely defined aperture (internal
pupil plane) of a few mm diameter; the precise size de-
pends on the final magnification of the telescope. Each
telescope has an aperture of about 30 cm diameter and
serves simultaneously the transmit (TX) and receive
(RX) directions along the respective arm. In order to
minimize the impact of backscattered TX light into the
RX path, we assume as baseline an off-axis design with
a total of about 6 curved reflectors, some of which are
aspherical and which require a surface figure accuracy
of about 30 nm.
An alternative is to modify the central region of the
secondary mirror [32] in an on-axis design to min-
imise back-reflection, which would potentially sim-
plify alignment procedures and integration. The re-
quired high stability of the optical pathlength through

Page 18 LISA – 4. MODEL PAYLOAD
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Setup for My Research
Simplification of the setup

・No susoended TM, 

fixed on OB

・OB suspension is 2-stage

・Laser light is introduced by 

optical fibers

Purpose

・Operation of monolithic 

interferometer at cryo. temp.

・Evaluation of displacement 

noise

・Evaluation of CMRR by 

using AVIT

・Limited by shot noise  

at 0.1 Hz
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Coupler

Optical Design
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Test Mass（fixed on Base Plate）

Monolithic 
Base Plate

Optical 
Fiber

Laser1 Laser2

Cryo. 
Temp.

Two FP cavity

F~1000

Differential displacement

signal from beat frequency

Collimator 
with holder 
made of invar

HR & AR coated

on the surface

Optics:

made of silicon

TM, mirror, BS, lens
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Optical Layout

8

Laser1

Laser2

Cavity1

Cavity2

Injection beam

monitor1

Injection beam

monitor2

ISS PD1

ISS PD2

 PDH1

 PDH2

 Beat note

PID

PID
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Parameters

・Target: 10-16 m/√Hz @ 0.1Hz (differential)

・Would be limited by shot noise

9

Power 20 mW
Length 55 mm
Front Mirror

Curvature 200 mm

End Mirror

Curvature ∞

Front Mirror

Reflectivity 99.5%

End Mirror

Reflectivity 99.8%

Finesse 1045
FSR 2.7 GHz
FWHM 3 MHz

PID

PID
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Optical Design

10

TM

Collimator

QPD 
(transmission light axis)

QPD 
(injection light axis)

Steering mirrors

Mode matching

lensesPBS

PD 
(injection power)

PD 
(transmission power)

The optical path was

designed by gtrace

https://granite.phys.s.u-tokyo.ac.jp/wiki/Lab/?Gtrace
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Template Bonding
Position of optics are defined by a template

・Due to gravity optics glide on the bonding glue

・Stopped by projections on the template
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Template

Optics

gravity

Base Plate

projection
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Fine Stage Alignment
・Adjustable stages 

in 5 DoF (x, y, z, pitch, yaw)

・3 manual (x, y, z),  

2 picomotors (pitch, yaw)

12
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Alignment

13

TM

Input 
mirror

Steering mirrors

Input 
mirror

Temporary Gluing

→ Used LOCTITE 401,  
     not Stycast1260
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Problems with Alignment
・ In November 2022, tried the alignment first time


‣Maximum mode matching ratio is ~ 52%


‣ Input beam seemed clipped at a mode matching lens

・Measured beam axis tilt & height by injecting laser backwards


‣ One of input mirror (IM) tilts ~ 4 mrad

‣ TM & the other IM tilt < 1mrad 

14

Injection beam

aligned to the cavity

This tilts a lot!

TM
~ 0.7 mm

~ 4 mrad

6 mm
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Beam Spot Simulation

15

lens aperture: 6mm

beam radius 

@ lens: 550 µm

→ close to the aperture!
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Current Status
・Aligned both cavity again


‣ Better cavity: mode matching raito > 99 %

◦ When bonding I made a mistake and now ~ 95 %


‣Worse cavity: mode matching ratio < 90 %

◦ Improved from the previous trial 

(found that there are some pit-yaw coupling in the fine tuning 
stage)


◦ Limited by clipping at the lens

◦ When clipping transmitted light 

changes from pure Hermite-gaussian 
to Ince-Gaussian


◦ Finally mode matching ratio is ~ 85 %  
(drifted during the bonding)
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are normalization constants, the subscripts e and o refer to even and odd IGMs, and Cp
m (

) and Sp
m ( ) are the even and odd Ince polynomials [2] of order p, degree m, and 

parameter , respectively. In Eqs. (1) and (2), r is the radial distance from the central axis of 
the cavity, R(z)=z+zR

2/z is the radius of curvature of the phase front, and z(z) = arctan(z/zR). 
The parameters of ellipticity , waist w0, and semifocal separation f0 are not independent, but 
related by f0

2 w0
2. The patterns of IGMs can be recognized by the rules that degree m

corresponds to the number of hyperbolic nodal lines and (p-m)/2 is the number of elliptic 
nodal lines. Example analytic patterns of IGp,m modes are shown in Fig. 5. 

Fig. 5. Some analytic patterns of the Ince-Gaussian modes. 

Let us examine the relationship between IGMs and HGMs. The transition from oe
mpIG ,

,  to 

ynxnHG ,  occurs when ellipticity  and their indices are related as follows [2]: For even 

IGMs, nx = m and ny = p - m, whereas for odd IGMs, nx = m - 1 and ny = p – m - 1.  

Example results indicate that some IGo
p,1 and IGe

p,p modes with = 4 approach their 
corresponding HGm,0 mode with = 1000, as shown in Figs. 6(a)–6(c), respectively. Note that 
the shapes of the largest and most intense outside lobes of IG modes bent to become ‘half-
elliptic’ or became more symmetric and circular than those of HGp,0 modes for IGo

p,1 and 
IGe

p,p modes, respectively [6], but their distances from the central axis are the same. Our idea 
for forcing single IG mode operations can be implemented by controlling the size and shape 
of the pump beam focus such that they match the outside lobes of the desired IG modes in a 
laser cavity, i.e., by performing controlled off-axis pumping [6]. 

Fig. 6. Approach from Ince-Gaussian to Hermite Gaussian modes with increasing ellipticity. 
(a) IGe

p,p modes and (b) IGe
p,0 and IGo

p,1. (Here, ellipticity  : 4 103). 

For any plane z, the IG  LG expansions are written as follows [2]. 
N

k

IG
kplk

LG
pl uDru

0
,2, ),,(),(                                           (4) 

#92564 - $15.00 USD Received 7 Feb 2008; revised 18 Mar 2008; accepted 24 Mar 2008; published 28 Mar 2008
(C) 2008 OSA 31 March 2008 / Vol. 16,  No. 7 / OPTICS EXPRESS  5087

Hermite

Ince

Hermite

Ince



/  2325. 04. 2023 Midterm Seminar 2023

QPD Bonding
・Temporary I glued on QPDs to monitor incident and transmission 

beam

17

Transmission

monitor

Incident

monitor

‣ Noticed that  
there is no way to align 
beams on QPD in Y


‣ Need to consider how to 
do it

X

Y
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Cavity Transmission
・ Installed in the vacuum chamber

18
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Cavity Transmission
・Scanning in laser frequency

・Found slow oscillation in ~ 12 h

・What causes this?

19
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Future Plan: Beam Shfting
・Beam clipping plobrem

・Shifting plate to modify the incident beam


・Already bought silicon plates

◦ Thorlabs WG80530, Φ12.7mm x t 3mm


・Considering to put AR coating on both sides by Sigma-koki

20

θ
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Beam Shift Simulation

21

θ=10º θ=20º

θ=25º θ=30º
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Time Line

22

4 5 6 7 8 9 10 11 12

order items

test beat note measurement

final alignment

? compressor maintenance

cryogenic measurement

thesis writing

defence

suspension work

?
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Summary
Development of Cryogenic monolithic interferometer


・Construction scheme established


◦ How to align mirrors?


◦ How to bond them?


・Faced some problems


◦ How to compensate mirror tilts?


◦ How to align beam spot on QPDs?


◦ What causes transmission fluctuation?


Goal is close.

23

End
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Research Items
Research items:

・ Investigation of components

๏ Can survive under cryo. temp. or not

๏ Good physical property (CTE, Q value, …) under cryo. temp.


・Alignment procedure

๏ How to solve previous issues

๏ How to bond


・Noise evaluation

๏ Measurement electronics

๏ Environmental coupling

๏ Laser source related

25
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Bonding
・Bonding candidates


・Tested epoxy and UV-curing glues

26

Hydro Catalytic 
Bonding Optical Contact Epoxy UV curing

Toughness

Stability

Handling few weeks for 
full cure

Difficult to

Detachable

Cryo. temp. case by case unknown



/  2325. 04. 2023 Midterm Seminar 2023

Cooling Test
Silicon blocks are glued by:

・Stycast 1266

・DP190


And cooled to 4 K


‣ UV curing glues were broken 
after heating up to room temp.


‣ DP190 was also broken after 
a few cooling & heating cycles


I chose Stycast 1266
27

・NOA63

・NOA81 UV curingEpoxy
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Bonding Material
・Bonding test with materials

・Silicon, aluminum, IC-DX(invar, specialized in low temp.


・Aluminum - silicon: silicon cracked


‣ Thermal contraction difference is large?


‣ Silicon is more fragile than aluminum

・ IC-DX - silicon: silicon survived


‣ Thermal contraction difference is small?

28

SIlicon Aluminum IC-DX

Silicon

Aluminum - not tested

IC-DX - - not tested

❌
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PD Selection
・Some types of PD were put in the cryostat and cooled to 4 K

・Laser light was introduced by a optical fiber

・Measured the output voltage

・PDs: FGA21, FD10D (Thorlabs), G12180-010A (Hamamatsu)

29

Cryostat

PDs
Laser


Source

(1550nm)
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Results

30

G12180-010A

FDA10
Survived at 4 K

Suddenly dropped

around 120 K

FGA21
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Results
・Cutoff wavelength of the PD response

・FGA21, G12180-010A: ~ 1650 nm

・FD10D: 2500 nm

・Cutoff frequency is shifted to the shorter wavelength during the 

cooling?

31
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QPD
・For normal PDs I adopted FD10D

・How about QPDs?


‣ Couldn’t find out QPDs with cutoff wavelength similar to FD10D


‣ Ordered such QPDs to Hamamatsu Photonics


・ I tested its response at some temperatures 
(down to 4 K)


‣ Confirmed that the response is similar to 
that of FD10D

32
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Fiber Collimator
・During the PD response measurement I used a fixed focus 

collimator F260APC-1550 (Thorlabs)

・After some cooling-heating cycles, I noticed that the shape of the 

output beam got ugly


・ I changed the collimator to other fixed focus collimators, and 
similarly the output shape changed


‣ Changed the collimator type to pigtail ones


‣ Tested them by cooling, and so far they looks good

33
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The Current Status
・A half of template bonding was done

・The remained part will be done in a couple of days


・Suspension will be installed during next week


‣ Cooling start

34
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Extra Photos
・Lens & cavity mirror bonding
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TM Support
HR side

36

AR side



/  2325. 04. 2023 Midterm Seminar 2023

Collimator Bonding

37


