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Space-time geometry

event (t, f) Distance between d82 — gluydx'u daj’/

two events

g Defines the geometric properties Metrics (dimensionless)
KV of space-time

Einstein field equations

Sl

GMV — —T,LLI/ =P  Stress-energy tensor

(34
Einstein tensor: This is a nonlinear differential

function of Jpuv
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In absence of gravity

For weak gravity

Einstein equation
for weak field
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Waves in 9uv
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Far field solution: amplitude

Quadrupolar momentum
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GW polarization



Amplitude estimates of h

2 2
Qi :/ pajjﬂjkdfbg ‘ d Qjr ~ Muv
source dtQ Non-spherical

Maximum amplitude @ distance r Effect of the metric perturbation

Al
h< 200 — ~h
~ A [
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Example of GW source

Extreme Amusement Park Attraction R ~ 10m
Npersons ~ 28
wetght ~ 100Kg
Structureweight ~ 6000 Kg
VUmax ~ 20m/s

\ 4

f=0.3Hz
At distance of one wavelength

r=X=09.4x10°m
h~6x 104
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https://www.alibaba.com/product-detail/Extreme-amusement-park-attraction-adult-games_60690723988.html

GW Sources

*Binaries
have a large and varying
guadrupole moment

Characteristics of
GW sources =2 f, h

*Continuous sources

A spinning source can emit gravitational
waves at a single frequency for

a long time. = Neutron stars

*Bursts

Events of very limited duration without
any special periodicity.

An example = core-collapse supernova.

*Stochastic sources
Broad bands of frequency with many sources. Examples: huge foreground of
double white dwarf binaries in our Galaxy, or possibly a background from the

very early universe.
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Ground-based LASER interferometry

Fabry-Perot

C1 Nov 2003
— C2Feb 2004
C3 Apr 2004
C4 Jun 2004
CS5 Dec 2004
C6 Aug 2005
C7 Sep 2005
WSRI1 Sep 2006
WSR10 Mar 2007
VSR May 2007
VSR2 October 2009
VSR4 August 2011
Virgo design
Virgo+ with MS design
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LASER interferometers sensitivity
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Detector sensitivity and GW sources

O
102 QTS
- = /r\
' ®

/
= X
()} -22
§ 10
7
& aLIGO
R 5
w -
o 10
ks ET
=
A
< 10
(7))
S ) i |
g 4 Q\\ia"n 4T~ "\?\\7 il ~\\..70\)
D e B.S. Sathyapraka/sh 72, AT Gs
© 10 100 101 102 103. 104
frequency (Hz)

17.09.21 G. Franchetti - 107mo Congresso Societa’ Italiana di Fisica 14



GW sources and antenna sensitivity
_
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http://gwplotter.com/

GW detection
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New concepts and R&D:
GW detection with Atomic interferometry
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Sebastian A. R. Ellis

Detection In
an SRF Cavity =

10-16 |-

RMC 10-18

min

10-20
T \ / 10—22 ;_ 4
10—24E ol PR e | e e o] et e ]
Gertsenshtein effect, 1962 103 10% 109 108 107
and inverse wg [Hz] *not very monochromatic
wa w1 = wy £ wag
10_12; ———— —— ] ———rg
10714 | vi=lm B
L T=14K ;]
wo 10-16 ’ -
;_ Az =10 nm -~
pSto 10718 " ;
- §_
. = 20
10722 — 3
Cylinder for illustrative purposes only! a “.Az = 0.1 nm E
10_245 L C C e
103 104 10% 106 107

pioneered in the 1970s by
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Storage rings and GW

Observables

e Storage ring circumference changes
e Revolution time around the storage ring changes
* Enhanced beam oscillation by GW

Topics

* Level of vibrations in storage rings, and beam response
to vibrations, earthquakes, tides

 Cana GW be a driving term for a ring resonance?

e Disturbances



Displacement PSD(umZ/Hz)

Vibrations in storage rings
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J. Wenninger

Vibrations and noise in the LHC

Noise on the tunnel Earthquakes observation at LHC
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Mavybe already detected in SPring-8
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Travel time on LHC
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Travel time =2 noise budget

Order of magnitude over the observation period of 24 hours:-

1. Quantum noise (quantum uncertainty in time-tagging proton
bunches): AT, ,antum~1072%s.

2. Gravity gradient noise (due to Sun, Moon, Alps mountains etc.):
AT ;~1016s

Seismic noise (due to orbit distortion): AT i mic~107 s.
Radiofrequency phase noise (due to rf system): AT,~1012s,

Detector noise (due to detector timing jitter): AT otector~ 10712 s.

o ok~ W

Photon shot noise(due to photon statistics): AT,po10n~1077s.

Suvrat Rao



Oscillations on the longitudinal plane

R. Tito d’Agnolo

5 + — + Wiy = wgf(wg,t)
T

f(wg,t) >~ h x L X cos(wyt + @)

From phase measurement in an RF cavity
5l the experimental =2 AT/T = 107
5t (hT) (wm)
C w; ~ 10 H, 7, =1 hour
h>1011

Slower proton =
3 orders of magnitude better
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Exploiting transverse ring resonances

\ K. Oide
d“ X 1.
dt2u - ihw]XV ’ ® ndPz , 4
&(8)= / ds Ria(s, s )d—(s )
0 S
dps k2 d / dpy
T ——2-thos 26 cos(wgrt) S \/,Ba: ) sin (%( ) — Yz(s )) ( )
8
Parameters
. 5 : Particles
Amplification of the resonance via a design that | g enerey s
makes sector with large beta functions Circumference km 37.4
Length of an IR, L km 1.0
——— Number if IRs 1
E Bz at the IR, B} km 1000
k 2000
& 1500 B, ave. in the arc m 50
|> 1000 Betatron tunes, v, /v, 130.8/131.3
& 500 SR damping time in z S 73600
5 SR equiv. emittance fm 0.198
__ 500
E 400
S 1 MH
- 200
& oo Accumulation per turn WGR ™ Z

35km

e szL » h ~ 10722
~ Ax ~ 10713 m
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Sensitivity / Noise sources

Estimate sensitivity scaling  fh ~ 1071 x (BPM resol. in nm)

* Noise due to the thermal vibration of quadrupoles
xg ~ 6 pm
Tp ~ 3 x 10*Azg = 0.17 ym

Center of mass fluctuation due to finite number of particle

A /BCUEZE .
Ay = =0.19, K. Oide
T N, um

after the damping time in LHC = emittance ~ 0.2 fm = Ax, = 40 pm

* Beam fluctuation due to synchrotron radiation, acceleration



Summary of topics discussed

(1) gravitational wave (GW) detection by resonant betatron oscillations, for the
10 kHz range;

(2) GW detection through the change in revolution period, but using a ~low-
energy'' coasting ion beam without a longitudinally focusing radiofrequency
system — Can the sensitivity be down to 0.01 mHz?

(3) Heterodyne detection using superconducting radiofrequency cavities, with a
sensitivity possibly up to 10 MHz.

(4) GW generated by the beam, and the orbital frequency ~10 kHz for LHC, at
the LHC and FCC-hh bunch frequency of 40 MHz, or, with a Gertsenshtein
signal in the 10 THz range — combined with a high-frequency detector
concept. By Pisin Chen (NTU Taiwan)

(5) Possibility of using an LHC access shaft to house a 100 m atom
interferometer targeting the 1 to 0.01 Hz range.

17.09.21 G. Franchetti - 107mo Congresso Societa’ Italiana di Fisica
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Dynamics in accelerator physics

y £ + k() (s)
A\ Another d_sy2 + ky(S)ZE(S)
\\\ particle ‘
z

Strength from
Dipoles and
guadrupoles

Reference
particle

Reference
orbit
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Nonlinear fields,
Collective effects
Space charge

IBS
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Confusions

— h What is it the effect of GW on a beam particle?
accelerator ¢ 1
view from top _
Beam pipe
|
[—>
> . >

Accelerator diameter?

A
N

> This particle

is shifted by GW
as Al/l, but from
where?
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Subtleties

General Relativity community Accelerator community
dx _
i+ T4,00 = Lpugr G5t hRb) - Ry
£l 7 T ky(s)y(s) = Fylz,y)
Force

Force by GW on a
beam particle?




Summary/Outlook

Detection of gravitational waves has a strong interest for testing GR and
understanding cosmo

New approaches: atomic interferometry. Existing ideas are revived = SRF cavity

Noise influence on the beam is presently large with respect to amplitudes to be measured

Proposed methods: use detection of ..

1. Travel time sackground
2. Frequency shifts N
3. GW resonate with 10 "

Q.
Massive binarles ./ '(1.,)

’Q‘;/

beam oscillation

10"

Sensitivity of the methods discussed

10%

Characteristic Strain

There are still difficulties to formulate =
the particle accelerator beam
dynamics under the influence of GW

sl
LHC, 1 ps time res.
Core collapse
supernovae

-2
10°% Pulsars

10

107 10°* 10°* 10* 107 10° 10? 10* 10°
Frequency / Hz

Renaissance of exploring the use of storage rings for detecting GW
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Renaissance: exploring storage rings for detecting GW
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RESONANT PHOTON-GRAVITON CONVERSION (T/E/A) bunch time-tagging detector could turn a circular particle accelerator facility into a GW observatory
IN EM FIELDS: FROM EARTH TO HEAVEN™* sensitive to millihertz (mHz) GWs. We comment on sources of noise and the technological feasibility
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of ultrafast single photon detectors by conducting a case study of the Large Hadron Collider (LHC)
at CERN.

NIKHEF /99-019
Cyclotron motion in a gravitational-wave

background

J.W. van Holten

17.09.21 G. Franchetti - 107mo Congresso Societa’ Italiana di Fisica 33



Thank you for the attention



