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KACRA Quantum efficiency measurement - ‘;’

Background
¢ Squeezing level will be limited by the quantum efficiency(QE) of a
photodiode(PD).

-> Not sufficient accuracy for PDs with a high QE (close to 99%)

¢ The accuracy of QE measurement is limited by the accuracy of the

Incident laser power.

Objectives

¢ Measure the quantum efficiency of PD within 1% uncertainty
¢ It correspond to make power meter with high accuracy

=> contribute to estimate an accurate squeezing level

Method

¢ Michelson interferometer with a tiny mirror
=> Tiny mirror is sensitive for changing input power
(Application of the tiny mirror in RPN measurement)
=> Accurate measurement of the laser power (i.e. number of photon)

=> \We can get an accurate quantum efficiency of a PD
2012/May/16 GWADW @ Hawaii 2



KACRA Theory

OF =

Fine measurement of Np lead to a
high accuracy of QE.
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<< Notation >>

h: Planck constant

Np: Number of photons in input light

m: Mass of small mirror

c: Speed of light

v: Laser frequency

w: Frequency of the intensity modulation

I I ¢: Angle of the incident laser to mirror
One photon Equation of motion e e =
2hv (MeChanica| response) (Efficiency to convert light power to current)
Y = l N.: Number of electrons in output current of
_hv ' c PD
C
= 2hvN _
J{ |pr > o —dX=—""—=%-( Response of Michelson IFO
| | ( maoc
| Y :I
1 1 — /’i
hv N, = 2 dX =———dVpy ~(2)
— — hxv 0
c , ,

(1) + (2) = opto-mechanical response through radiation pressure

M Cxw2 )\

aP = 4+ Vo

3 d VPD

An opto-mechanical response makes a new kind of power meter

2012/May/16 GWADW @ Hawaii




2012/May/16

¢ Displacement sensor: Michelson IFO

¢ Control: Mid-fringe lock by coil actuator
¢ Two path: for shaking mirror (Yellow
line) and for MI (Red line)

¢ Power modulation: AOM

GWADW @ Hawaii



<

muEsE ?J

KACRA Dlsplacement by shaken radiation pressure ==+

Displacement Noise [m/rtHz]

I CM’\

T3

Sensitivity 120201 (in air)
10°® — sens -]
—— Raduation Pressure modulation by S0mW| 3

Suitable region for measurement

When | shake the laser power
using AOM at 66Hz and 71Hz

10 F 3
r Sensitivity_120201 (in air)
10" e : : Y Y T N B o 1 L sens 66Hz
2 3 4 5 E 7 8 9 2 4 5 6 7 8 8 ) _?IH
10 100 10" . sens_71Hz 5

Frequency [Hz]

Large amplitude of displacement

comparing with floor noise is
observed

=> |t corresponds to 50mW shaking ~ * ° é ; "‘ T

2012/May/16

—— No modulation 3
—— Raduation Pressure modulation by 50mW| J

Displacement Noise [m/rtHz]

Frequency [Hz]
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KACRA Calibration as a power meter ==

ICT\R

Mﬂteauﬂ

A /]
10* — ¢ i :‘ns b?m 2P W - f N 0.1
. :L‘Mz‘f"‘de(cu) m(w) ;OS@ i j i - asiii
£ cmw S 0.01 —
W/rtHz =
§;1o"‘ = 107
Ty VirtHz 3 ~\ ]
10 . () 10-°
o :: i e g
; ; — = 0.301 W/V — 5= i i 1
T 0.1 1 10 100

Frequency [Hz]

_ _ Frequency [Hz]
PD on the AOM port is calibrated as a power meter

-Commercial power meter (= 2.5%): 250.0 £ 6.3 mW Consistent within
- Our experimental result: 244 mW uncertainty

2012/May/16 GWADW @ Hawaii 6




<o
KACRA

Beam radius (1/e"2 point) [mm)

I\/Ieasurement of OE

P rasiassanisasinstaasansenstasinseseian I Eaaranas ey
O X (Horizontal)
— Fitting
06 - w = 61.0e-06 + 9.6e-06 B
R =0.0092 +0.0015
d  =0405%0.001 i
05
04 i
A\
03
02
01
0.0 b

f
035 040 042 044 046 048 0.50
Distance from lens [m]

Ratio between two PDs was measured by exchanglng the posmon of two PDs
Efficiency ratio ( 0.939 : 1), Laser power ratio (102 : 1)
- At almost same size of beam radius by measuring beam profiles (w = 0.2 mm)

muxss e-’

I Astmmml I

ICRR

1.2 ErTTTTTTTTTT Razazas TrerTT B X (Horizontal)
—— Fitting
w =7.4278e-05 + 1.07e-05
1ok R =0.015034 + 0.00219
'E . Q. d =0.2625 £ 0.00173
< O Y (Vertical)
S 08 Fitting
g w =7.5011e-05 + 7.29e-06
o~ R = 0.016501 * 0.00162
% d = ().25559 £ 0.00129
= 06
-
E]
2
| & o4 i
E
F = o 9
8 gt 1
1N . JUUE FENET TR T RRTTI ST RUR) FRNRTENE FERNRTTE AR TERATY FUNL .

0.04 0.08 0.12 0.16 0.20 0.24 0.28
Distance from lens [m]

Result of QE

B Spectral response

= PD inside tank: ST
0.371 — 0.319 A/W s . 7
= PD on AOM port: UKL 4n|
0.396 — 0.340 A/W 2
Si PIN photodiode o o
Reasonable value! S ool L 4~
S3759 by HAMAMTSU * /
B Electrical and optical characteristics (Ta=25 °C ]
Parameter 1 Condition in. : o0 800 1200
Peak sensiiiy wovelong | 2 P ™ WAVELENGTH mmlOGOWM
Photo sensitivity S 2.=1060 nm @3 0.3@ AW
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katRA Contribution to uncertainty =~

e\ N

Detailed formula of the laser poweris P = . -Ger - Tap - If
LJ:?THN? -{‘/ii)i;) (:.l’:]_'n_ C'()‘H (_j :

The propagation low of uncertainty o Z ( OF ﬁ,)g
(total standard deviation) is expressed as \ —\0X;

2

- 2 o\ 2 o\ 2 o\ 2 o\ 2
+ ] + + | =) + + (0¢ - tan @
’: (’( L TﬁH ) ( Vi ) (Hn) ( Vo ) (“m) s )

=1%

Evaluation method: Standard uncertainty
(ISO, Guide to the Expression of Uncertainty in Measurement; GUM)

¢ Type-A ¢ Type-B
(for statistical error) (for not statistical uncertainty)
Gaussian probability density Uniform probability density
=> Standard deviation => Corresponding value to standard deviation
px) J 26y
A
P 1o : P-06826 | T
+20 0.9544 - [Tt
+30 0.9974 24
j, x HAp HFA X
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KACRA |ncident angle to mirror (Type-B) =~

P_ CA

Horizontal |8
direction

Vertical
direction

L

Gc L Tam - Vy

~ 47H,,V,pom

ICRRo

@: Incident angle to small mirror

N

Pan's >

L1 and L2 is measured to
decide incident angle

L1=38.8cm = 0.1 cm
L2 =20.2cm %= 0.2 cm

$=275" £0.3°

T - tan @
=Tan[0.48]*0.00511/sqrt(3)
=0.15%

Incident angle is
(/2=2.63" =0.19°

0 - tan ¢ =0.009%

Because tan({/ 2) is quite small

2012/May/16
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KACRA  Feedback signal (Type-A)

CA
47 H,,V }Jp (tpy, COS @

P

1 kHz sampling with AAF(500Hz),
5 x 10° points, Time series

Feedback signal [V/rtHz]

raal vl L0 el L
0.1 1 10
Frequency [Hz]

% Including Intensity noise,
thermal drift and so on.

FeedMack signal [VirtHZ]

muEss e
National Astronomical
Observatory of Japan

Ger - Tan Vi: Feedback signal for control
FRT Flat-top window, Standard
Ave. num. 31 Deviation

2- 1 1 1 1
6x10'
Frequency [Hz]

Floor noise is 40 times lower than signal
(1/40)"2 = 0.000625 = 0.06%

% Including frequency noise, seismic
noise, and other disturbances
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<

Kbt

Calibration factors (Type-A) ==
Ly A COH(@V

Feedback signal [V/rtHz] is calibrated “
to displacement [m/rtHz] using these

parameters.
GeL: (1+G)/IG Vpp: Peak to Peak of error
o signal of Michelson IFO

00 JUER A O A A ‘w'mw

: \ J ; i H\H\\H'“l' ||\‘HH||| H\M wHHH\'" |||I'/\|||”|“|| ||'||||\|| |
o ﬁ | 1.004@ 720z WU “” Rl
= OC _ o asoy Vpp = 3.437V % 0.011V

= 0

v %
: T i Ger PP =0.33%
Vi

TaH: Actuator response
o 0 Shaken by (Deviation from Mid-fringe: Vi, GcL, TAH )
- i single frequency Drift of the offset in electrical circuit

0050

D.010

D005

0.001

to improve S/N

Co0s[0.03] = 0.045 (Drift was 3%)
o e
= 0.485% = Drift of 3% cause uncertainty
Tar of 0.045% (Type-B)
2012/May/16 GWADW @ Hawaii 11
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Deviation from free mass (Type-B)

muEsE ?J

Obs tglJp

Q_/
ICRT\
CA
P = —— Ger - Tapg - Vy : i
dH Vppamcos o A Hm: response function of pendulum
(o _(mitmy)g o mag Default value
) mir] = — B T — L (r1 —x9) — iy m1: 20 mg
. ma g ( V4 F m2: 20 mg
moroy = — Tro — 1)+ '
. [o |11: 1 cm
10° 12: 1 cm
o 10 Y, e e
TS AN Free mass and Default is
%3 1 \\ B\ .
g o S~ different by 0.3% at 93Hz
10 T = Default value is better
0T R SR to use for analysis
Frequency [HZz]
é 132 = :z} 1ill : :2: A l = e 1 :2: - /‘.I“ |~ = 1om Ootaa)
" etml ) F(Q) - L 1ZQII1. WL IR
Frequ;:cy [Hz] e 1 Freéquefcy [Hz] R S F:eqit;.]r?cy [Hz] oo ! S :e;z.::cy [Hz]z T
+5 mg, Q=1, +2 mm, +2 mm,
bellow 0.01% bellow 0.01% bellow 0.01% 0.12 %
Possible deviation from the default value at 72Hz
2012/May/16 GWADW @ Hawaii 12
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KACRA  Measurement of Tiny Mirror ==

IS )\ ) . Nalrersity of Tokas PPt
P = Ny o oo g oL L Vg Hm: response function of pendulum
myV ppttm CUS G
104 § i ! i [
A Changing test mass
1 03 — ;geeMass i
— 25M
g \ / A — 20m§ (Default)
T —— T~ = 15mg i
C
& 10’ 5 Y ?f¥\
m
/ = 0 | ——
r—
vl 10" & =
- _\ 2 3 4 5 6789 2 3 4 5 6789
D B 1 10 100

Frequency [Hz]
Uncertainty of m2 affect directly

."  Micro Analytical Balances (A&D) can measure
small-mirror mass within 0.01% ~ 0.15% uncertainty.

(Type-A)
Specifications
Welghing capacity 22 g 51g/22g" 250 g 220 g 320 g 5209
Minimum weighing value / 0.001 mg 0.001 mg / 0.01 mg _Z 0.01 mg 0.1 mg
Repeatability (standard deviation) <] 0.0025 mg (for 1 g) | 0.004 mg(for 1g)/0.01 mg | 0.03 mg (for 100 g) | 0.1 mg | 0.2 mg
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KAG RA S p Ot S | Z e (Ty p e - B) Mt A

TTTTTTT T T T T I I oITeT Ill||[l||l'|||l|Illllllll‘llllf[llll_]_
O X (Horizontal)
—— Fitting
06 w  =61.0e-06 + 9.6e-06 o
T R =0.0092 0.0015
£ d  =0.405  0.001
= %[ o v (vertical i ]
S Fitting
2 04l w  =656e-06+79e-06 |
o : R =0.0110£0.0014
L d = 0.398 £ 0.001
; @ 03f .
. 2
" m
Beam spot size: 8
= 02~ o =
S \
—_ 2 o s
w=0.2 mm ol o A I
0Ny
: W Z 0.4 IIllII area 0.0t levntnbiveatveoflenvatua bt benteies s

038 040 042 044 046 048  0.50

: InCIUde 99_97% Of power Distance from lens [m]

80% of mirror surface is covered by
reflection coating

"‘"'"‘“J"h*:w'r'q *wrta ™ \ e
i

2012/May/16 | GWADW @ Hawaii 14



KACRA Scattering and Absorption of mirror ===

CA
47 H,, I:7‘5'3' OV JLOS @

P

Geor - Tap - Vy

am: transfer efficiency of photon momentum

Incident, reflected, and transmitted laser power is measured

=> Reflectivity, Transmittance and Loss
Reflectivity : 0.9941 = 0.0025
Transmittance : (657 £ 5) x 10"-6

Loss: 0.0052 + 0.0025

(oL = 0.0025)

am
A

Loss

¢ Scattering change momentum
of mirror by 20P

¢ Absorption change momentum
of mirror by dP

= difference by one photon

1

0.9993

All loss comes from
scattering

od

0.9974 £+ 0.0019

0.9967 .,

Q
=

All loss comes from

absorption

2012/May/16

=0.19%

(}:111
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KACRA Summary

Accurate measurement of QE
We have demonstrated a power meter using radiation pressure

@ Validity of experiment

« Calibrated laser power is consistent with that using commercial power
meter within its uncertainty.

 Measured QE is consistent with the spec seat of our PDs.

@Evaluation of Uncertainty:

* Incident angle of small mirror: H 0.15%, V 0.01%

« Scattering and absorption of mirror: 0.19%

« CLG: 0.44%, Actuator efficiency: 0.49%, Feedback signal: 0.30%,
e Deviation from mid fringe: 0.05%, Floor noise: 0.06%

e Deviation from free mass: 0.07%, Mirror mass: 0.15%

2 2 2 2 2 2
op oG ar OVy OH oV, Tey R 0
B T - —_— — T4+ tan —
P \/(G(,‘L) " (TAH) " ( ny ) " (H'nl) N ( 1[,pp ) T (0’111) N (ﬁg ]ll O) O' 79 A)

Conclusion: We have achieved demonstration of an accurate

QE measurement within 1% uncertainty.
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Supplement slide
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KACRA Schematic view b
O—% -.-Sym port
Tiny Mirror e -7
; # |
A Fi .-".H; I
Suspended NS HWP -7 :
normal mirror ;"’\\ I V PBS ,-—" L |
‘BSN < |
/ %f S QWE~" | AOM port :
LEC:;!; [H] .-'"*#; H"l.l""l.l"IE:I -__- | .ri‘-::
/ R f‘_;" N L Mz i
/ - .ﬁ. : I
%““““"';'Eﬂl Laser HWP HWP? : :
ernca
Tank for soundproof & PBS ADM_ '%"{V
with isolation stacks Qe
Input Optics

2012/May/16
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KACRA  Stability of Laser Power

INNOUGHT
SCIENTIFIC LASERS P OWe r d r ift

MEPHISTO 0.1 mW / 1 minute

AOM Ioff/on

*3 COHMS UI DisplayDataFromFile.vi — | Lx

Data file
C:¥Users¥Agatsuma¥Documents¥PowerMax Data¥PowerMax Data_4.csv

Serial number Date and Time Header
0B55K11R 2012/02/19 6:24:07 Sample#,"0855K11R"Wa Measurement (1,W) m

1 1 1 1 1 | 1 | 1 1 | 1 | 1 1 1 1
| | 0 200 300 400 500 600  F0O 300 900 1000 1100 1200 1300 1400 1500 1600 1700 1300
Data Point

Data Paint MHE{J B8 Cursor 0 | 1766 | 0.25 —'J @J ngﬂjﬂ E

Measur

Coherent RECE =
PowerMax, PS19Q L' Mean 298.4m  Std. Dev. 42.73m  Min 247.9m  Max 336.1m  Counts 1767 | pnt | | CIoseJ
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