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The- Sche;'lbﬁng'antenna is a resonant mass sphericall antefina equipf)ed .

with a set of paramegﬂc transducers for gravitational wave detection.
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Some of the techniques for
gravitational wave detection

The spherical
configuration has the
® advantage to not be
blind to any direction
and to determine the

signal polarization and

Laser Resonant source direction
: bar
interferometer - :
laser esonan
sphere

credit: Arlette de Ward u




The first to f)ropose
a gravitational wave

detectorf mg ™

Piezoelectrical
Sensofrs in series
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Sensitivity of four of the five resonant bar antennas

Sensitivity of Resonant Detectors
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Figure 1. Typical spectral density of calibrated noise for the three resonant bar detectors during
2005 and for the Virgo interferometer in September 20035.



Quadrupole modes of the
a solid sphere

Spherical antennas
provide more
information if
compared with
bar antennas,
because of theirs
quadrupole modes

© César A. Costa



From the output of six 6 transducers
tuned to the quadrupole modes
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Sensitivity of the spherical
gravitational wave detector
MiniGRAIL operating at 5 K

L. Gottardi,* A. de Waard, O.

Usenko, and G. Frossati.
PHYSICAL REVIEW D 76,
102005 (2007)
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FIG. 7 (color online). The measured strain sensitivity of
MiniGRAIL is shown together with the predicted sensitivity
for future detector configurations. The continuous line is a
polynomial fit of the measured strain sensitivity. The dashed
line shows the expected sensitivity for the detector operating at
T = 50 mK with the same three transducers configuration pre-
sented in this paper. The dot-dot-dashed line (MiniGRAIL II)
shows the sensitivity achievable with available technology,
namely T/Q ~ 2.5 X 107* K and SQUID energy resolution
E = 70h. The dot-dashed curve gives the sensitivity for a quan-
tum limited detector (MiniGRAIL QL) with T/Q ~ 1 X 1077 K.



-We will try to
contribute with
information about the
wave direction
and/or polarization;

-We will try to study
the behavior of
Schenberg in a
Macroscopic

quantum oscillator
regime.




by Sérgio R. Furtado

In the case of Schenberg, there is a two
mode (at ~3.2kHz) resonant transducer

‘-._ coupled to the spherical antenna.

~287 kg is the effective
mass for each sphere’s
quadrupole mode;
( 5x287 kg = 1435 kg

> 1150 kg = Mgpnere )

~287 kg, ~60 g and ~12 mg
amplitude gain ~ 5k

f,~10 GHz

df/dx ~ 0.7 GHz / micron

- gap of a few microns

or
non-resonant

with df/dx ~ 5 THz / micron
- gap of 1 nanometer



The sensitivity curve for the Schenberg broadband detector using a nanogap klystron cavity non-resonant transducer. The dashed
curves represent each of the 6 spheres we chose for the array (masses: 1150 kg (Schenberg), 744 kg, 547 kg, 414 kg, 301 kg, 239
kg), the lowest frequency being Schenberg. The V-shaped red curve is Schenberg with its usual configuration operating at dilution

fridge temperatures ( 10 mK). Interferometer curves are also plotted: advanced LIGO (green), LIGO (blue), VIRGO (light blue),
TAMA300 (pink) and GEOG600 (orange). All of these are project curves, not actual data.
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1988 = Warren Johnson (I.SU) started to revive
Forward’s (1971) and Paik & Wagoner’s (1976) idea

of a resonant spherical antenna;

1990 = Warren involved Stephen Merkowitz in
this study;

1990 = I finished my Ph.D. at L.SU,

1993 = Frossati joined the field;

2000 = Schenberg antenna (construction started).



Massive
detectors

with
spherical
geometry

GRAVITON
Project
(Brasil)

1991

15t A 5056, 3 m

37 tons, f, ~ 900 Hz [*

w274 CuAl(6%), 3 m




BY . DETECTABILITY OF GRAVITATIONAL WAVE EVENTS . ..
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FIG. 1. The stram spectrum of the eight spherical antennas in
the lowest quadrupole mode, shown with solid and dashed lines.
The different lime styles have no significance other than fo didffer-
entiate the separate stram spectra. The upper dotted line shows the
stram spectrum for the first LIGO mnterferometer and the lower
dotted line shows the stramn spectrum for the advanced LIGO mter-
ferometer, for reference. The sphenical antennas, each with a sensi-
tivty about 3 times the standard quanfum hmit, are more sensiive
than the first LIGO interferometers m a bandwidth of about 100 to
300 Hz each and together span a total bandwidth from 750 to 2700
Hz. In this band, the sphencal antennas are a liffle less sensitive
than the advanced [ IGO mterferometers.

2413
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FIG. 2. The strain spectrum of the eight sphencal antennas in
the first excited quadrupole mode, shown with solid and dashed
lines. The different line styles have no sigmficance other than to
differentiate the separate strain specira. The upper dotted hine shows
the strain spectrum for the first LIGO interferometer and the lower
dotted line shows the strain spectrum for the advanced LIGO mter-
ferometer, for reference. The spherical antennas, each with a sensi-
tvity about 3 times the standard quantum Limit, are more sensitive
than the first LIGO mterferometers in a bandwidth of about 200 to
600 Hz each and together span a total bandwidth from 1350 to 5100
Hz. In this band, the spherical antennas are about equal to the sen-
sitivity of the advanced LIGO mnterferometers.

Gregory M. Harry, Thomas R. Stevenson, and Ho Jung Paik. Detectability of gravitational
wave events by spherical resonant-mass antennas. Phys. Rev. D 54, 2409, (1996)
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GRAVITON GROUP

The

ario SCHENBERG
Gravitational Wave Detector
(Brazil)

: ,‘@%g}r started commissioning operation
- in the 8th of September, 2006.

It involves a
collaboration between

INPE, USP, ITA,
PUC-Rio, IFSP,
UNICAMP, CBPF,
UNIFESP, UNESP,
UFABC, IAE,
UNIPAMPA, UESC,
Leiden University,
UWA, LSU, OCA,

and it has been
supported by




These are pictures of the antenna in the 2006 run
with three transducers







Amaldi 9 and NRDA 2011 IOP Publishing
Jowrnal of Phyvsics: Conference Series 363 (2012) 012003 doi: 101088/ 1 742-6506/363/ 1012003

Status Report of the Schenberg Gravitational Wave Antenna

O D Aguiar', J J Barroso', N C Carvalho', P J Castro’, C E Cedeiio M', C F da
Silva Costa', J C N de Araujo', E F D Evangelista', S R Furtado', O D Miranda',
P HR S Moraes', E S Pereira', P R Silveira’, C Stellati’, N F Oliveira Jr', Xavier
Gratens®, L A N de Paula®, S T de Souza’, R M Marinho Ji*, F G Oliverra®, C
Frajuca®, F S Bortoli’, R Pires’, D F A Bessada®, N S Magalhfes", M E S Alves®, A
C Fauth’, R P Macedo’, A Saa’,D B Tavares’, C S S Brandao®, L A Andrade®, G
F Ma.tmn,g,hel]um_. C B M H Chirenti", G Frossati”, A de Waard", M E Tobar",
C A Costa', W W Johnson, J A de Freitas Pacheco”, G L Pimentel

! INPE - Divisdo de Astrofisica, Sdo José dos Campos, SP, Brazil,

! Universidade de Sdo Paulo, Instituto de Fisica, Sdo Paulo, SP, Brazl,

? Instituto Tecnologico de Aerondutica, Sio José dos Campos, SP, Brazil,

* Instituto Federal de Sao Paulo, S3o Paulo, SP, Brazil,

? Universidade Federal de Sao Paulo, Diadema, SP, Brazil,

fL'njversidade Federal de Itajuba, Iajuba, MG, Brazl,

' Universidade Estadual de Campinas, Instituto de Fisica, Campinas, 5P, Brazil,
® Universidade Estadual de Santa Cruz, Ilhéus, BA, Brazil,

? Instituto de Aerondutica e Espago, Sao José dos Campos, SP, Brazil,

'® Universidade Federal de Bagé, Bagé, RS, Brazl,

"' Universidade Federal do ABC, Santo André, SP, Brazil,

12 Leiden University, Kammerlingh Onnes Laboratory, Leiden, The Netherlands,
" University of Western Australia, Perth, Australia,

** Louisiana State University, Baton Rouge, USA,

"’ Observatoire de la Céte dAzur, Nice, France,

' Princeton University, Princeton, USA.




The three 1initial
transducers:

~10°

C




Measurements of the mechanical resonant frequencies
of three transducers.
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Electrical quality factors (Qe) of
several superconducting reentrant
cavities at 4.2 K were measured using
a liquid helium cooled dewar. Qe as
high as 300 k were found.

FOl” O o . ..

i a“ superconducting reentrant cavities
£ . o< c . . .
_ /= within a liquid helium cooled dewar.



Alumina part

| Fourth design
Third design

Niobium part



Fifth design




fodel name: mortagembdb2

Study name: Study 9

Plot type: Frequency Displacement 3
fdode Shape : 3 Yalue = F3899 6 Hz
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Model name: mortagembdb2

Study name: Study 9

Plot type: Frequency Displacement 3
fdode Shape : 3 Yalue = F399 6 Hz
Deformation scale; 000055791
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The eight niobium tra "'_,’., 1C
St




We have developed, in collaboration with the Australian group, very low phase noise sapphire
oscillators that operate at 77 K.
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ere we are measuring the microwave resonant frequency of the transducer

et



And here we | \

are measuring“? oy i.‘
the cavity BN
electrical

Q and also
the coupling
of a probe

positioned

CRYOMECGH

outside

the cavity,
which was
dipped in
LHe (4.2 K
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When the A long stainless steel
electrical QQ was tube, inside which there
very high, high is an inner tube that can

: be rotated
couphngs were

achieved with
the probe 4
outside the &
cavity

Klystron Cavity
Electric Probe

Cavity

—_ Central Post

——— PTODE

S

0 30

—

Probe distance to the cover (mm) |

- cavity 1

N i ik P )

_osf | | a | v cavity 4
Vacuum Chamber ? | \ e ‘\ _

Cavity | D (mm) | P (mm) | P ;’: 0‘4 ) =

3 1.5 39 002 ¢ v Mg |
4 25 41 |03 |@ ] L. ) -

1 3.0 80 |0.04]| oof | . |

2 3.5 10.0 029 0 2 PrO:)e Positiofl (mm) 8 ;
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We
measured
the two
mechanical
resonant
frequencies
of the
transducer

L analyzer | GG

and also
did

electromag

. Figure 2. Equipment for measurements of mechanical resonance frequencies. The transducers were attached
netic

to the support mass and the normal modes were excited by striking the transducer. The vibrations were shown
ytaalbi v ule sl on a spectrum analyzer.
of the S

transducer

microwave

BREERERRRTEONET 5

cavity with
a special
software -
(CST

Studio

Figure 3. Electric and magnetic fields of the klystron mode for the gap of ~ 3 tm. The electric field is much
stronger at the gap region, i.e. between the top of the post and the membrane. The magnetic field shows a

Sulte) cylindrical symmetry around the conical post.



Table 2. Frequencies of eight samples that were submitted to eight successive steps of adjustment each one.

Cavity Frequencies [GHz]
Sample

step 1 | step2 | step3 | stepd | step5 | step6 | step7 | step 8
] 12.76 | 12.88 | 9.52 9.52 9.52 9.52 09.52 9.52
2 1244 | 1232 | 9.52 | 952 | 952 | 952 | 952 | 9.52
WC ad'usted 3 13.40 | 13.88 | 13.36 | 13.16 | 12.76 | 12.32 | 12.06 | 11.08
] 4 10,96 | 1092 | 9.88 0.88 9.88 0.88 0.88 9.88
the electﬁcal 5 13.12 | 13.28 | 13.00 | 12.76 | 12.64 | 11.92 | 11.56 | 10.54
6 12.64 | 13.20 | 12.36 | 12.00 | 11.74 | 1252 | 12.20 | 12.13

resonant
7 976 | 976 | 976 | 976 | 976 | 976 | 9.76 | 9.76
frequenc1es 8 11.28 | 11.28 | 10.60 | 10.08 | 948 | 9.48 | 9.48 | 9.48

of all

microwave

cavities

Figure 4. Frequency measurements in the vector network analyzer. The measurements were accomplished
by transmission by inserting two probes into the cavity. A table for micrometric adjustment was also used in

order to improve the accuracy in the probe position.



icrowave pumps (synthesizers) and the output amplifiers
ne for_eaf.h transducer). Everything mounted on a 4 ton concrete base.
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Here one see the output signal of the seven transducers in the 2015 Oct/Nov run

-




This a picture of the antenna at the Sao Paulo (USP) 'II
site during the 2015 runs




Sphere radius = 0.325 m; df/dx = 7.26 x 10!* Hz/m*

Amplitude conversion factor (membrane to sphere surface) =2 1/4815

T1~T2~T3: 1 mVyy,/100 kHz = 10% Vi/Hz  « CARVALHO, N C ; BOURHILL, | ; TOBAR,

=2 6.9x 101 fn/HZl/2 == h1,2,3 =44x 10'19/H21/2 M E ; AGUIAR, O D . Sensitivity characterization
of a parametric transducer for gravitational wave
detection through optical spring ettect. Classical and

T4: 3.5 mV,,,,/100 kHz = 3.5 x 10°{-8} V,../Hz guantum gravity, v. 34, p. 175001, 2017.
> 6.2x 10" m/Hz"2 > hy = 4.0 x 109/Hz!/2

Overall detector sensitivity:

h—Z — & hi_z

hquadrupolar (stkHZ) =1.1x 10'19/H21/2
hmonopolar (NGSkHz) =12x 10—20/Hzl/2

T5: 10 mV,,,./100 kHz = 10™{-7} V,../Hz
= 2.2x 10" m/Hz!'/2 > hs = 1.4 x 101°/Hz!/?

T6: 4.5 mV,,,/100 kHz = 4.5 x 10™{-8} V,../Hz
-2 5x 1016 m/HzY2 2 h, = 3 x 1019 /Hz!/?

T9: 50 mV,,,./100 kHz = 5 x 10°{-7} V,.../Hz
- 8.8x 107 m/Hz!'/2 > hy = 5.6 x 102°/Hz!/2

T9 (under special conditions): 38 mV,,,,;/100 kHz = 3.8 x 10°{-7} V,,,.,/Hz
> 1.8x 10" m/Hz"2 > hy = 1.2 x 1020/Hz!/?
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vibration isolation was
insufficient for the present
sensitivity, because when one
starts climbing the ladder,
which is connected to the 4 ton

concrete base on the top and
ofi which all the amplifiers and
synthesizers are supported, thi
uld cause saturation of the
transducers’ outputs. We had t
turn off the two
tutbomolecular vacuum
pumps, which were also on that

:

base, in order to decrease this —
noise, but we couldn’t do .
anything about the synthesizer’s

o o internal fans.
-ﬁ..-‘_______ gl



Sensibility for typical parameters used in the 2015 run (seismic noise is not considered)
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strain noise spectral density (Hz'”z}
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strain sensitivity (Hz"-1/2)

Te-18

1e-19

Te-20

Te-21

Ta-42

Te-23

Te-24

Schenberg Sensitivity at 4.2 K

noise temperature: 2.19604e-05K,

AGUIAR, O. D. “Past,
present and future of the
Resonant-Mass gravitational

i
- wave detectors”. Research in i 1
Astron. Astrophys. 2011 Vol. l |
11 No. 1, 1-42 : i . |
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DE PAULA, L AN. ; FERREIRA, E.C. ; CARVALHO, N.C. ; AGUIAR,
O.D. . High sensitivity niobium parametric transducer for the Mario
Schenberg gravitational wave detector. Journal of Instrumentation, v. 10,

p- P03001-P03001, 2015.
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a) Strain noise spectral density of the Schenberg detector
for the case with the gap of 30 microns (80 MHz/micron)

b) Strain noise spectral density of the Schenberg detector
for the case with the gap of 3 microns (800 MHz/micron)

Figure 5. Strain noise spectral density of the Schenberg detector for a gap of 30 um (80 MHz/m) and
3 um (800 MHz/um). For both cases, we used the thermodynamic temperature of SO0mK, Q ~ 1 x 106,
P;, ~ 1 x 10710 Watts, phase noise of —130dBc¢/Hz@ 3,2 kHz.



B. P. Abbott et al.
“Prospects for
observing and
localizing
gravitational-
wave transients
with Advanced

LIGO, Advanced
Virgo and
KAGRA”.
Living Reviews in
Relativity
December

2018, 21:3

Prospects for observing and localizing GW transients... Page 50of 57 3

Advanced LIGD Advanced Virgo

: Exrly (2015616, 40 - BD Mpe)
..... B v (26 - 17, B0 190 Mpe)
----- I Lot (702 15, 1) 170 Mpe]
I D=en (2020, 190 Minc)
(HD Mpe)

Enrly (2017, 20- 65 Mpe)
B i (2018 - 19, 6555 Mpe)
B 1ate (2020 21, 65115 Mpe)
I i (2021, 105 Mpe)

DNS_optimiesd {140 Mpe)

=

=
=2
H

BNE-optimimesd

]
:]

[=

Strain noige .-1Lll|:lil||tlt',-"]'[_;£ 13

Strain poise amplitudeHe ™'

. o
ot 1 1 T e 1w
Froquency / He Froquency /Hz
KAGHA
H HHHHIH -HHE BHHI BHE H H HE - H T

Ogpening (18- 19, 3-8 Mpa)
i Earfy (201920, 8-25 hipc)

I 155 (2020 - 21, 25— 4 Mpe)
I ice (7071732, 40 140 Mpa)

Strain noie amplit nele

T el H H HEH il I H HE A R |
I 1P 1P
Froquency /He

Fig. 1 Regions of alL1GO (top left), AdV (top right) and KAGRA (bottom) target strain sensitivities as a
function of frequency. The binary neutron star (BNS) range. the average distance to which these signals
could be detected, is given in megaparsec. Current notions of the progression of sensitivity are given for
early, mid and late commissioning phases, as well as the design sensitivity target and the BNS-optimized

sensitivity. While both dates and sensitivity curves are subject to change, the overall progression represents
our best current estimates



How much can the sensitivity be
improved by squeezing at 10GHz?

Mark Bocko and Gary Spetz (~600 MHz)

got very good results in the 80’s for
resonant mass transducetrs.



Fig. 2

Time-lapse display of the X,, X5 phase plane;
left: No equeezing is evident, with X; and X,
receiving equal noise; right: Squeezing is
evident here, with the ellipse indicating
sdueezing of the injected noise. The two
ellipses differ by a shift in the lack-in
reference phase of 90°.
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Figure 7.4 b} Sgueezing as a Functicon of Lower Sideband

Phase (Upper Sideband Phase = (7)

(deg)
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This one see the sphere being removed from the USP site in 2016



And placed in a truck to be transported to INPE in Sao José dos Campos
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We'are gomg to use these three intégrated:puls
to coﬂ\the sphere dow inside our laborat{)ﬁﬂa NPE






Thematic Project Title: Design, development of instrumentation and data analysis

of detectors and observatories for gravitational wave astronomy/astrophysics.

V.5 — STAFF INVOLVED IN THIS PROPOSAL (28 people)
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Principal Researchers:
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Technical support:
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Technician Marcos André Okada (INPE, SP),
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THERE ARE 51 PAPERS ASSOCIATED TO THE SCHENBERG PROJECT (IN 20 YEARS). THE LAST 12 ARE THE FOLLOWING:

DA SILVA BORTOLI, FABIO ; FRAJUCA, Carlos ; MAGALHAES, NADJA S. ; AGUIAR, ODYLIO D. ; DE SOUZA, SERGIO TURANO . On the Cabling Seismic
Isolation for the Microwave Transducers of the Schenberg Detector. BRAZILIAN JOURNAL OF PHYSICS, v. 1, p. 1-7, 2018.
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Thanks
for your attention !



Extra Slides



In the past 20 years (1998-2017), at INPE:

- 15 doctorate thesis concluded on gravitational waves (gw):
Herman, Kilder, Andrade, José Melo, César, Sérgio, Marcio Alves,
Dennis, Claudio Brandao, Eduardo, Edgard, Pedro, Carlos Eduardo,
Enrique e Marcio Constancio Jr. (LSC));

- 7 Master thesis concluded on gw by other students:

Carla, Emilio, Claudio, Natalia, Patrick, Luiz Augusto, Fabricia and

Elvis (LSC).

In yellow, thesis related to experimental themes.



In the past 26 years (1995-2017), at USP:

- 6 doctorate thesis concluded on gravitational waves:
Velloso, Magalhaes, Frajuca, Sergio, Fabio, Leandro.

All related to experimental themes.

Some other ~15 doctorate thesis on gravitational waves in other

institutions in the country. Only three of them related to experimental
themes (Fernanda, Lenzi, Stellati).



So a total of 16 doctorate thesis and

5 master thesis defended 1n the country,
since 1992, related with gravitational
wave detection technology.



