and gravitational wave detectors

using white light signal recycling

Michael A. Page, JSPS Fellow NAOJ Mitaka (formerly ARC OzGrav)
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More detectors
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‘Motivation - High frequency detection e

More detectors

DCC G1900660 public The unex_pected :
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Early- CW Axions .
warning Stochastic Sky localization BNS from 30M BH 1
. - -
localization Tests of General relativity remnant .
Source-frame ¥ I
IMBH .
or masses Distance/ Inclination/ I
: NS post-merger
high-z Cosmology EM modeling .
BBH 1
Supernovae and other unmodeled transients .
|
-
Memory |
Precessing BH spins Aligned BH spins .
n |
Eccentricity mass ratio Ringdown NS Equation of state S Vikae, 2018 i
Better low-frequency Better bucket Better high-frequency
sf28/19 S Vitale & S Hild Credit: Salvo Vitale
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hinary neutron star signal

eedlngs of the Astronomical Society of Australla 37, E047
doi:10.1017/pasa. 2020.39




HF detection

— Measured noise (03) COutput beam jitter

— S of known noises
= Quantum Laser intensity
Laser frequency
Photodetector dark
Output mode cleaner length
s Penultimate-mass actuaton
a1 neth control Stray electric fields
Alignment control
[nput beam jitter

Quantu‘m shot noise

Fe uency Hl'/’}

detectors in the thlrd observmgrun" PJ?]




'Loes. of"h'igh freCIuencY Slg nal

N = ~ Gravitational wave sidebands
Interferometer : - B —— _acq_uire phase delay
carner wo . She . ' =
Leads to Ioss of. signal strength at
high. frequency |




Quantum enhancement *

Interferometer
Carmer Ly

Negative dispersion

filter pump light

Filter cavity
noise sidebands

0
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‘\\‘ > 258
N P St
i
O
N

-
&

WLSRis generated by
negative dispersion.

Parametnc |nteract|on creates

e frequency dependent storage
of Ilght

g2



Quantum enhancement *

Interferometer

Carmer Ly

Negative dispersion
filter pump light

Filter cavity
noise sidebands

~_ sidebands by blue™ =
- pump.and w,, gives negatlve =
-’ dlsperS|on mput output s

e aout

Parametrlc amphjlcatlon of

v\n

tuned

Baw - <.

@ =1 Q/Vopta

"I\‘Iégative dispersion is
- controlled by optomechanlcal
R coupling rate. By matchlng
£ Vopt to c/L we can make
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‘ We can actually achleve better
HE sensmwty by maklng )/opt
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Interferometer

carmer Wy

Negative dispersion
filter cavity housing

(..

MNegative dispersion
filter pump light

30 cm total)

Filter cavity
noise sidebands

N \ e <
.,‘\\%:.\\ 5 e
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&
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e
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5 Low thermal noise mechanlcal
. 'resonator IS essentlall

In addltlon to thermal noise,
the. mechanlcai resonator also

introduces quantum noise

. sidebands, thus we need
_ sufficient wm to detune them.

. Tricky balance of.Qm, wm,

resonator size aer optlcal

. .pumplng power



5 : ' Phononic crystal resonatar

.

~ White light vs dual recycling B
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BAW Ultra-low loss

102 | 10°
GW frequency Q-(2m)~" [Hz]

~Bulk acoustic wave resonator
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White light vs dual recycling

107*

BAW Ultra=low loss

10? 10°
GW frequency Q-(271)" [Hz]

S

BAW resonator o ‘st Iewest

possible thermal noise thus far

but is limited by other |ssues as

2 xfol[ows

f ;Giv"eh_"present]me‘chani_cal A
- properties, the PNC: resonator
. “is more conveniént
. Sloshing SR — uses optical’
©resonance at 2. 5 kHz to
_.enhance a narrow band of NS

frequeﬂCIes (D Martynov PRD

:;_‘,_;\.;,;::99 102004)



- Phononic crystal

“Resonator” in the mlddle moves

back and forth

2d lattice has an acoustlc bandgap
that prevents transmission of -

~mechanical modes-into and out of
- the resonator :

(Our dielectric stack HR cdatings |
are an example of a 1d photonic

e Crystal)

o
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Ph_'c')nc-)‘n i ‘cry'sit‘al_‘

‘Demonstrated mode: Om = 211*1.1"35 MHz,
effective mass 2:3 ng, Q = 1.03*10"9, at T = 10.K.

Need to cool to 1 K to meet thermal n0|se
requirements, but has much lower filter caVIty
- power reqwrements than the BAW resonator.

D. Mason, et al;, “Continuous force and disbplacement'mea.surement ; %
below the standard quantum limit” Nature Physics, vol 15, 745-749 (2019)



Thompson et al. Nature 452 | g 15 '
. do0i:10.1038/nature06715 ==

Optomechanical coupling

membrane-in-the-middle

“MIM cavities give well known
OM coupling ys membrane =
position and-reflectivity = =~ .

,_
=
|

20nm SiN‘membrane has—
power reflectivity ~ 3%, ‘
~Small but sufficient.. |

,,,,,,,,,

Filter circulating power (W)

10!
Membrane reflectivity

.....
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Supporting

BUI aCOUStIC Wave resonaIOr ‘. _ Electrodes Sthucture
'j--_cpt|mal meohamcal mode

“~
: B VY ey P N SR T Vo A O <\ s ‘. . ) 2 .
3 X
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SRR » : 4 S > R : ate Dis onon Distribution
: ~‘\\\‘ AT ; IR : . VTR R iy Cehp ) & . . N : 2 e
5 it ~ - . . 3
3 REL ta ) > n . N . Yo7t
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. % : . X Y Longitudinal mode, Cavity #3

‘ “ ‘\ ‘ ‘:“‘ | ‘\‘ w .‘o“ “ \ ‘ \.‘ \ ‘\ < “ : ‘ . u. : Ty ¢ ‘~ ‘ g
However smaller mode SIze Causes more.
- scattermg from |m|our|t|es L B
o Selected mode n~ 65 Qm 2 204 I\/IHz o0 e
\‘ ..\.~ Q 8*109 \‘~ “ S \ ‘,‘\ . | l\ ‘.‘;\ ‘ -

i l\/Iore mformatlon S. Galllou et ai. SC|ent|f|c G e .
o Reports310 1038/srep02132 . : S ‘ w2t " Temperature, K




BAW resonator

*

BAW optomechanics have been
demonstrated with Brillouin scattering -
- throughout the longitudinal axis, but this
_requires Qm =2r- 18 GHz (More. -~
information; Kharel et al. Scierice Advances
5.eaav0582 (2019)) ./ a4
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Optomechanical coupling

oy "',Smail dw/dq* Iéfge e'ffeétivé »r'na:ss' o s :
' BAW antiphase surface coupling
' onIy has ~ O 01 GHz/nm of

.-'r.T] .
I
m -
E
o
=
3
..'3 .

of 38 kW ) "“ ," |




19

Mitigating BAW power requirem ents- |

‘Match yopt and yarm (determined
by the ITM and SRM). Can reduce
. yopt to 21m*1200 Hz, which takes
power down by 10x, but also
- reduces bandwidth broadening. -

- Increase refractive index of BAW —
- . possible with coatings, at cost of
g , b some Qm.

0.175

0.150

Find some way to ge
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.Thermal fllter 0pt|cal and ITM/BS heatlng are domlnant

SW-strain sansitivity [H,_ -
=

,_.
2

\ .FC Ioss is 10 ppm in PNC case and 5 ppm in BAW case —
—— | very strict due to high flnesse FC, causmg hlgh fractional -
0 4 contribution” . ~ ~

”

{

GW frequency Q-(2m)" [Hz]

Mam quantum noise tweaks are FC bandW|dth FC power S
‘and SRI\/I transmlssmn : - : , -

,_.
=
|

Arm SRC Ioss 0. 1% Output 2 5% ITM/SEM round trip
957 ppmatT ITM T: SEM 004 S

GW-strain sensitivity [Hz™ "
— —
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GW frequency 0-(2m)~" [Hz]
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PNC — mference for current ,
samples indicates 10 K 10 mW for

- 60 nm thlck PNC

- Recent experlmental rese 'ftfhﬂaas

br/ﬂes\ean .

.for hundreds of mW' f o7

that absorptlon heatlH

7
prag
(2
i

' formatlon R. Peterson et al ”ka/serg,; ,
3 ;f a micromechanical membrane o the e
quantum'Backaction limit” PRL 116 063601

_OH §Eii§

Mechanical Q (10%)

Inferred Temperature (K)
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" Absorption and temperature*
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10-° 10-7

L

1070 103 102 10-1 109

Optical Power (@ Membrane) (W) Refrigerator Temperature (K)

— |nferred

=== Extrapolated

10-8

10-7 10-8 103
Dptlcal F'c-wer (@ Membrane} {Wl




'Quantum control |

Blue detuned pumplng scheme W|th 3 =
| mode mteractlon creates mstablllty
- Some |nd|cat|ons fromU Blrmmgham‘ L —
~ that local control with matched fllterlng e
. can mitigate this issue (mentloned |n U e
: Bentley PRD 99 102001) .. EEEN

movable mirror (&, &7

a,a’

Caltech have found a sys ]"l’"ﬁ Whi

. eliminates-the stablllty | \i}' b
fundamental Ievel e X ML P )
. Y&
\‘j§§r information: Xlang Li et al. \‘kroa befer\se“ sitivity: -
%ent by via coherent quantdh‘{ feéﬁl’db} ¢Aith PT ey
\ LIGO- P2000452 o / /////’ el
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. EX|st|ng PNC resonators can glve us broadband hrgh frequency
sensitivity using measured abrlrtles of mechanlcal 0S5 ¢ ‘
. optomechanrcal couplrng B G

. BAW resonator o promlsrng thermal norse,performa;f‘";‘Eet. launttng
but not |mpossrble It-seems Ilke research will need to:be done |nto

custom purpose BAW resonators (OzGrav/EQuS UWA) o '_
- *_In both cases, optical losses from the,frlter and ITM/BS dlstortlon are ‘
partlcularly concernlng at NS frequenc:|es Loy i S

e Longer mterferometers aIIow somewhat reIaxed optlcal Ioss for the
purpose of WLSR CERRNe s o s B

‘ * Major' groups |nvolved In. th|s research (Caltech Brrmrngham |
Northwestern) are |nvesttgat|ng quantum controlla\rhty of the frlter
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Implrcatrons fer future detectors — Ionger

mterferometers

% S Y &
. 3 '\‘ A P 5 . J
‘ >
\ -
LS
v

—1ia :I

|
L
=i

GW-—strain sensitivity

102 HE
GW frequenr:}r 0/(2m) (Hz)

- Even though long interferometer -
. starts with' lower bandwidth, end
 result of WLSR strII better for NS
- detectr‘on

FrIter and rnterferometer optrcal
loss in the 10°km case is 2.5x -

‘5 larger-than the 4 km case, but strII

has better results



I\/Ilflg"atmg BAW pawer requwements — alternate
mterferomter conflguratlon e

. l\ “l.‘\
. . \

| “Full WLSR is better,
‘ obwousiy espeually in HF
’band

‘ Strange shape of BAW
" curve is.due to filter cavity
fractional optical loss
contribution (higher finesse
required inBAW case). -
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Absorption and temperature
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'Phononic crystal

il
Wave vectork

Y. Tsaturyan et al, ‘Ultracoherent nanomechanical resonators via soft
s . clamping and dissipation dilution” , Nature Nanotechnology (2017)

~  ~ Can tweak~ these things

somewhat to shift the acoustic'
bandgap ;

Q-factors of up to 109 have
been.demonstrated at 10 K. -

Larger unit cell, lower -
thickness imiplies higher Q-
factor - measured for unit ceII ‘

. Size 87 to 346 um



"Impllcatlons for future detectors Shlftlng the
quantum n0|se curve |
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“Cat-flap” micro pendulum WLSR» parameter
SOBCE /LT AT L e = ==

SEM

Trapped

. resonator
Filter

cavity

Trapping beam

Filter cavity upper
sideband degrades WLSR

Trapping | §
laser 5
Diffraction=limited
beam size approaches
106ARM

(a)

cavity

A : : 10~ 0,001 0,010 0,100

Resonator mass [mg]

o : £ 24
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v
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k'/ e &
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/ ;,"f_,tOur candidate resonators have recently
Lo ) L been demonstrated in hlgh Q e ,. 5
t_optomechanlcs X i s

Can rea_ch thermal noise and mechanical =

- frequency requirements with resonators
~ larger than optlcally dlluted mlcro
. pendulums '
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“»""“_...Maln tweaks ‘ .' s =

_.f‘,;Fllter CaV|ty bandw1d’fh

S o Increases mterferometer bandW|dth
-Fenhancement and reduces fractlonal
~ contribution of optical loss, but also

o ‘|ncreases the fllter caV|ty pumplng power

o ~ \
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X
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N
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s NG

‘?".‘_{Maln tweaks ‘ _' T =

_SRM transm ISSIOI’]
-/ /)7 Adjusted dependmg on the IeveI of
-quantum noise relatlve to other n0|ses in.

: __the overaII budget
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Quantum norse and WLSR paramete
* N ,Marn tweaks ‘

/J./ / Filter cavity pumprng power e e
/ Must maintain a oertarn pumping power to A
/' keep the negative drspersron effect. i
E ~~However It also may cause absorptron -'!
I_heaUng :

: Proportional“t"o' Filter bandwidth,:-
. mechanrcal and optical frequency, .

- resonator eﬁectrve mass, Clby.,
Inversely proportronal to optomechanrcal
coupllng rate 7 ;
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Optomechanical coupling

| ".Small dw/dq* Iafge ‘e'ffe'cti‘ve mass .
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Absorption and temperature

#

' Absorption creates heating =~ _~Z )\
= UselD .app'I’O)l(ir-ﬂati’()'n O'f: ,; —

- conduction heating to esfin :

equilibrium temperattike -

........




Absorption and te

#

Integrating across -
~ conduction direction and
~assuming thatat -~
- cryogenic temperature,
- thermal conductivityg$

g
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= LS

*“roughly k = K, T2 alidZ
~ below.10K) - £zc=" 724
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- Integratlng across .
~conduction. dlrectlon and

1/(n+1)

abs(n + l)lllm | ""ﬁ+1

assumlng that at
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'Qu antum co ntrol j e
Blue detuned pumplng scheme W|th 3
| mode mteractlon creates mstablllty

- Denis Martyhov, Joe Bentley, unpublished———

- Some |nd|cat|ons from U Blrmmgham
~ that local control with postprocessed ,
. matched fllterlng can mitigate this i |ssue;.
; (mentloned in J. Bentley PRD 99 '

— \ NG 2 e _ —+N filter (T=0.03, L=4 km)
€ . I d

102001)

_~—With filte er (open loop)

Caltech have found a s
ellmlnates the stablllty ISE
fundamental level

\%\\'er information: Xiang Li et al., road/emd seﬁS|t|V|ty

\ment by via coherent quantdrﬁ feédbatk%ﬂh PT v
LIGO P2000452 i , 7 / v
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Other thoughts and |ssues

Heatlng analysrs probably needs to go deeper W|th regards to 3d
. heat dlstrrbutron and heat gradrent effects _

. Mode matchlng specn‘rc contnbutron’? A+ targets 1% Ioss overall.
s e G e OMC beam size 500 pm.

e Scattered Ilght from the fllter cavrty enclosure prellm 1D calc
Gt suggests that we want no more than 0.5 ppm scattered light from -
e | the enclosure rejornlng the beam




