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Overview
・Cryogenics and monolithic interferometer are promised 

technologies for precision measurement, but none of the previous 
research combines them


・TOBA requires both of them

◦ Cryogenic: reduce thermal noise

◦ Monolithic interferometer: reduce readout noise from vibrations

・The realization of the cryogenic monolithic interferometer is 

essential for the development of Phase-III TOBA


・We demonstrated a prototype of the cryogenic monolithic 
headboard


◦ Established a assembly method

◦ Evaluate alignment drift

◦ Investigate noise sources

2
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Contents
・Motivation

・Previous research

・Design

・Assembly

・Evaluation
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Setup of Phase-III TOBA

Cryogenic Suspension System

・Cooling TMs to 4K

・High-Q suspension wire

4

Active Vibration 
Isolation System

・ Reduction of vibration 

at the suspension point

・ Reduction of vibration 

induced cryocooler


Optical System

・ Rotation  

measurement 
by interferometer


・ Monolithic 
interferometer
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Design Sensitivity
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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 
(w/o TM motion) 
・Limited by

◦ Noise of Phasemeter

◦ Thermal coupling 

of optics 
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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
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from the (detrended) TM1 and TM2 readouts, e.g., ϕ̄ ¼
ðϕ2 þ ϕ1Þ=2, and the coupling coefficiencts ai.
The fit has been performed in frequency domain, using a

iteratively reweighted least squares method in the range
(22–100) mHz, avoiding the influence of frequency noise,
and overlapping Blackman-Harris 92 windows with 24
averages.
Our fit result is consistent with the value given in [14],

Table 1, for δifo;2 matching ao1 for this time of the mission.
The capacitive sensors provide the y and z measure-

ments; hence, their higher sensing noise increases the noise
level in the data that has TTL contributions subtracted. Our
ability to estimate this additional sensing noise is limited,
however, and based on the fit result at high frequencies,
which is filtered due to the onboard downsampling to 1 Hz.
With higher sampled data available, the SC contributions
could be low-pass filtered to reduce the additional noise
towards higher frequencies where the TTL contribution is
not limiting.
We do not attribute the TTL noise to the sensor

itself since it does not depend on properties like beam
characteristics or the measurement chain but can be
described independently by SC motion. Subtracting it also
adds sensing noise of the measurements of the contributing
degrees of freedom. Further, not all the data channels
needed for the subtraction were always available with a
sampling frequency of 10 Hz. For these reasons, TTL has
not been included in the OMS noise model in general.
Further details of the treatment of TTL in LPF can be

found in [14,37]. For a detailed analysis of sources and
physical origins we refer to [67,68].

D. Testing and validation of the sensing model

The performance observed during flight can be considered
under various conditions that correspond to high, intermedi-
ate and low contrast. They give rise to different total noise
levels in the X12 interferometer, both in terms of the
longitudinal readout and the DWS signals. In the following,
the same model of the underlying noise sources is used and
shows good agreement with the measured noise.
The first condition (shown in Secs. III D 1 and III D 2) is

where the alignment of the test masses is optimal. This
condition is achieved in the nominal science mode. There,
TM1 is in free-fall along the sensitive x-axis and TM2 is
controlled to follow it in this degree of freedom. The
angular orientation along ϕ and η of both TMs is controlled
using the DWS signals. By choosing an appropriate work-
ing point of the DFACS controller the relative phase o12 of
the X12 and reference interferometers is kept close to zero.
In this condition, the extremely low noise of the X12
interferometer means that motion of the TM dominates any
measurement below approximately 20 mHz. At higher
frequencies, the measurement of the relative position of the
two TMs is limited by the sensing noise in the X12
interferometer, which is dominated by a combination of

RIN coupling at 2 × fhet, ADC quantization noise, and
frequency noise.
The second condition (shown in Secs. III D 3 and III D 4)

corresponds to a medium-level contrast which was achieved
by deliberately misaligning the TMs or by reducing one of
the beam powers. Some of the noise contributions depend
on the contrast. This gives us the possibility of examining
the sensitivity of an interferometer as a function of contrast,
and therefore of validating the intrinsic noise levels dis-
cussed above. Since the RIN (and SVN) coupling to o12
does not depend on the contrast but rather only on the TM
position it is possible to disentangle contributions of
correlated and uncorrelated noise sources.
The third condition under which we can study the

interferometer performance is when the TMs are both
mechanically grabbed (shown in Sec. III D 5). In this
condition, the relative motion of the two TMs is restricted
to that induced by thermomechanical fluctuations of the
grabbing fingers that hold the test masses. In addition, the
alignment of the two TMs (both in attitude and longitudi-
nally) is far from optimal, with tens of micrometer and
hundreds ofmicroradian offsets. This nonoptimal alignment
results in two effects; a nonzero phase offset between the
X12 and reference interferometers, and a very low contrast
(due tomisalignment of themeasurement beam’s wave front
with respect to the fixed wave front of the reference beam).

1. Noise budget under nominal conditions

Figure 12 shows an o12 measurement in nominal
configuration. The noise contributions are estimated
according to the noise model and show good agreement
with the measurement.
This is one of the few occasions when the frequency

interferometer data were transmitted to ground with 10 Hz
sampling.

FIG. 12. Noise model applied to an o12 measurement from June
1st, 2016 starting at 18∶46 UTC and lasting until 20∶29 UTC in
nominal configuration. Shown is the ASD computed with the
same LPSD algorithm as in Fig. 5. Below 20 mHz TM motion
caused by Brownian force noise dominates the noise spectrum.
Modified from [1] by including SVN. We see that this noise
contribution has negligible impact due to the implemented
mitigation strategies.

SENSOR NOISE IN LISA PATHFINDER: AN EXTENSIVE … PHYS. REV. D 106, 082001 (2022)

082001-15

PRD 106, 082001 (2022)

LISA Mission Proposal

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.082001
https://www.elisascience.org/files/publications/LISA_L3_20170120.pdf
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Cryogenic Monolithic Interferometer
Requirement for readout noise: 6 x 10-16 /√Hz (6 x 10-17 m/√Hz)


‣More stringent than LPF

Have to reduce

・Shot noise

・Frequency noise

・Thermal coupling

・Readout noise 

(Phasemeter)


‣ Solve these issues by cryogenic monolithic interferometer


7

from the (detrended) TM1 and TM2 readouts, e.g., ϕ̄ ¼
ðϕ2 þ ϕ1Þ=2, and the coupling coefficiencts ai.
The fit has been performed in frequency domain, using a

iteratively reweighted least squares method in the range
(22–100) mHz, avoiding the influence of frequency noise,
and overlapping Blackman-Harris 92 windows with 24
averages.
Our fit result is consistent with the value given in [14],

Table 1, for δifo;2 matching ao1 for this time of the mission.
The capacitive sensors provide the y and z measure-

ments; hence, their higher sensing noise increases the noise
level in the data that has TTL contributions subtracted. Our
ability to estimate this additional sensing noise is limited,
however, and based on the fit result at high frequencies,
which is filtered due to the onboard downsampling to 1 Hz.
With higher sampled data available, the SC contributions
could be low-pass filtered to reduce the additional noise
towards higher frequencies where the TTL contribution is
not limiting.
We do not attribute the TTL noise to the sensor

itself since it does not depend on properties like beam
characteristics or the measurement chain but can be
described independently by SC motion. Subtracting it also
adds sensing noise of the measurements of the contributing
degrees of freedom. Further, not all the data channels
needed for the subtraction were always available with a
sampling frequency of 10 Hz. For these reasons, TTL has
not been included in the OMS noise model in general.
Further details of the treatment of TTL in LPF can be

found in [14,37]. For a detailed analysis of sources and
physical origins we refer to [67,68].

D. Testing and validation of the sensing model

The performance observed during flight can be considered
under various conditions that correspond to high, intermedi-
ate and low contrast. They give rise to different total noise
levels in the X12 interferometer, both in terms of the
longitudinal readout and the DWS signals. In the following,
the same model of the underlying noise sources is used and
shows good agreement with the measured noise.
The first condition (shown in Secs. III D 1 and III D 2) is

where the alignment of the test masses is optimal. This
condition is achieved in the nominal science mode. There,
TM1 is in free-fall along the sensitive x-axis and TM2 is
controlled to follow it in this degree of freedom. The
angular orientation along ϕ and η of both TMs is controlled
using the DWS signals. By choosing an appropriate work-
ing point of the DFACS controller the relative phase o12 of
the X12 and reference interferometers is kept close to zero.
In this condition, the extremely low noise of the X12
interferometer means that motion of the TM dominates any
measurement below approximately 20 mHz. At higher
frequencies, the measurement of the relative position of the
two TMs is limited by the sensing noise in the X12
interferometer, which is dominated by a combination of

RIN coupling at 2 × fhet, ADC quantization noise, and
frequency noise.
The second condition (shown in Secs. III D 3 and III D 4)

corresponds to a medium-level contrast which was achieved
by deliberately misaligning the TMs or by reducing one of
the beam powers. Some of the noise contributions depend
on the contrast. This gives us the possibility of examining
the sensitivity of an interferometer as a function of contrast,
and therefore of validating the intrinsic noise levels dis-
cussed above. Since the RIN (and SVN) coupling to o12
does not depend on the contrast but rather only on the TM
position it is possible to disentangle contributions of
correlated and uncorrelated noise sources.
The third condition under which we can study the

interferometer performance is when the TMs are both
mechanically grabbed (shown in Sec. III D 5). In this
condition, the relative motion of the two TMs is restricted
to that induced by thermomechanical fluctuations of the
grabbing fingers that hold the test masses. In addition, the
alignment of the two TMs (both in attitude and longitudi-
nally) is far from optimal, with tens of micrometer and
hundreds ofmicroradian offsets. This nonoptimal alignment
results in two effects; a nonzero phase offset between the
X12 and reference interferometers, and a very low contrast
(due tomisalignment of themeasurement beam’s wave front
with respect to the fixed wave front of the reference beam).

1. Noise budget under nominal conditions

Figure 12 shows an o12 measurement in nominal
configuration. The noise contributions are estimated
according to the noise model and show good agreement
with the measurement.
This is one of the few occasions when the frequency

interferometer data were transmitted to ground with 10 Hz
sampling.

FIG. 12. Noise model applied to an o12 measurement from June
1st, 2016 starting at 18∶46 UTC and lasting until 20∶29 UTC in
nominal configuration. Shown is the ASD computed with the
same LPSD algorithm as in Fig. 5. Below 20 mHz TM motion
caused by Brownian force noise dominates the noise spectrum.
Modified from [1] by including SVN. We see that this noise
contribution has negligible impact due to the implemented
mitigation strategies.

SENSOR NOISE IN LISA PATHFINDER: AN EXTENSIVE … PHYS. REV. D 106, 082001 (2022)

082001-15

PRD 106, 082001 (2022)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.082001
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Cryogenic Monolithic Interferometer
What we have to solve:

・Component selection

◦ Cryogenic compatible items

□ Optics: fused silica → sIlicon

□ Metals: have to avoid thermal failure


◦ Detector: InGaAs not works for 1550nm at cry. temp. [Bajpai]

◦ Bonding: HCB? Optical contact? Other glues?

◦ Fiber injector: how to fabricate? What is suitable?

・Alignment drift

◦ Few measurement data [Bajpai]


‣ Demonstration of a prototype to test (some of) these issues
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https://gwdoc.icrr.u-tokyo.ac.jp/cgi-bin/private/DocDB/ShowDocument?docid=14424
https://gwdoc.icrr.u-tokyo.ac.jp/cgi-bin/private/DocDB/ShowDocument?docid=14424
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Setup for Demonstration
Simplification of the setup

・No suspended 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


‣ Alignment drift during the 
cooling

9
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Coupler

Conceptual Design

10

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
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Laser1

Laser2

Cavity1

Cavity2

Injection beam

monitor1

Injection beam

monitor2

Input power

monitor1

 PDH1

 PDH2

 Beat note

PID

PID

Input power

monitor2
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Parameters

・Target: 4 x 10-17 m/√Hz @ 0.1Hz (differential)

・Would be limited by shot noise
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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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Cavity1

TM

Cavity2

PD2trans
QPD2trans

PD2in

QPD2in

PD1trans
QPD1trans

PD1in

QPD1in

0 5010 20 mm

Mounting prisms Beam dumps


Beam shifter

Fiber collimators

Input mirrors

Lenses

Beam splitters

(90:10)

Polarizing

Beam splitters

Beam splitters

(50:50)


Mirrors
 Photodiodes

Quadrant

Photodiodes

Base plate

Optical Design
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Collimator

QPD 
(injection light axis)

Steering

mirrors

PD

Cavity1

TM

Cavity2

PD2trans
QPD2trans

PD2in

QPD2in

PD1trans
QPD1trans

PD1in

QPD1in

0 5010 20 mm

Mounting prisms Beam dumps


Beam shifter

Fiber collimators

Input mirrors

Lenses

Beam splitters

(90:10)

Polarizing

Beam splitters

Beam splitters

(50:50)


Mirrors
 Photodiodes

Quadrant

Photodiodes

Base plate

The optical path was

designed by gtrace

Lens

https://granite.phys.s.u-tokyo.ac.jp/wiki/Lab/?Gtrace
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Suspension Chain
・Double-stage 

pendulum

・Supported by flexures
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Front view Side view

CuBe
φ0.3 × 165 mm
3 wires

CuBe
φ0.5 × 530 mm
2 wires

Intermidiate Mass
(IM)

Optical Bench
(OB)

Active Vibration Isolation Table
(AVIT)

Base Plate
(BP)

Test Mass
(TM)

Rotation stage

Damping magnet
φ20 mm, t 5 mm
2 pieces

Top view (IM) Top view (OB)

2 mm

120º

145 mm

120º

145 mm
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Design Sensitivity
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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

16

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)

17
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Alignment

18

TM

Input 
mirror

Steering mirrors

Input 
mirror

Template Gluing

→ Fine alignment
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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 

19

Injection beam

aligned to the cavity

This tilts a lot!

TM
~ 0.7 mm

~ 4 mrad

6 mm
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lens aperture: 6mm

beam radius 

@ lens: 550 µm

→ close to the aperture!
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Beam Shfting
・Decided to add a shifting plate to modify the incident beam


・Thorlabs WG80530, Φ12.7mm x t 3mm

・AR coating on both sides by Sigma-koki
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After alignment

22
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Mode Matching Ratio
・Cavity scan by changing the laser frequency

・Designed mode matching ratio: ~ 99%


・No problem about alignment

23

Cavity1 (w/ beam shifter): 95.9 % Cavity2 (no beam shifter): 97.8 %
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Installation

Supported by flexures

24
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Cooling
Cooled down to 12 K in ~ 10 days

◦ Design: down to 9 K in 6 days

◦ Bad heat contact of the heatlinks?

◦ Absorption of light?

25
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Alignment Drift
Mode matching ratio:

・Cavity1: 95.9 % → 47.2 %

・Cavity2: 97.8 % → 74.8 %


・Drift of the input beams?

26
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Beam Spot on Transmission Port
・Monitored by QPDs on the transmission port
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Beam Spot on Input port
・The beam spot drift is similar (20-40µm) for both cavity, 

but quite different behavior for refl power and mode matching

・Sudden jumps are also seen

28
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Beat note measurement
・Achieved 3 x 10-14 m/√Hz @ 0.1 Hz 
・Frequency noise is suppressed as expected

29

Laser1

feedback

Laser2

feedback

Beat note

Online

subtraction
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Seismic Noise Coupling
・0.1 - 10 Hz: horizontal axis (x, y, yaw)

・Around 17 Hz: vertical axis (z)

・Around 50 Hz: vertical axis (z) + tilt (pit, roll)

30
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Conclusion
・We demonstrated the cryogenic monolithic interferometer

◦ Full monolithic breadboard


‣ First achievement 
◦ Establishment of assembly scheme

□ Component investigation

□ Alignment procedure


◦ Operated at cryogenic temperatures

□ Keep enough alignment for locking the cavity

□ Stable locking, more than 1 day


◦ Achieved sensitivity: 3 x 10-14 m/√Hz @ 0.1 Hz

□ Almost the same level as LPF

□ 500 worse than the target sensitivity

31



/  3329. 03. 2024 Lab Seminar

Outlook
・ Issues for future

◦ Alignment drift

□ Further investigation is necessary for improvement

□ Intense work for cryogenic fiber injector might be necessary


◦ Vibration coupling

□ Vertical seismic isolation is necessary


‣ Oshima-san will solve the issue?

□ Vibration from the coolers?


‣ AVIT is essential for reduction of the noise

◦ Cooling performance

□ Bad heat contact results in slower cooling speed

□ For future this may interrupt the experiment

32

Fin


