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G=(6.67£0.07)X10!! m’kgls2

= (6.67428 * 0.00067)><
10- 11 3kg




[8] CODATA

e wot acoouma, | The best world
O meomen gt | sty daor experiments
S * on the
measurement
of G and

CODATA values

Value of | STD
Authors, of publication Gx10°* x1071*

m’kgls”

Mkgls”
6714
.6745
.6726
.67259
. 7154
.6729
.6740
.673
.6699
6742
.674215

.0006
.0008
.0005
.00085
.0006
.0005
.0007
.010
.0007
.0007
.000092
.00027
.00022
.0010
.00027
.00067
.00018

Facy and Ponticis
Sagitov, Milyukov, et al.
Luther and Towler,

CODATA

Michaelis, et al.
Karagioz, Izmailov,

Bagley and Luther,

CODATA

Jun Luo, et al.,
Fitzgerald and Armstrong
Gundlach and Merkowich,
Quinn, Speake et all. .67559
Schlamminger et all. .67407
CODATA 6.6742
Armstrong and Fitzgerald 6.67387
CODATA 6.67428
Jun Luo, et al. 6.67349
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Cavendish’ experiment
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The torsion balances and
time of swing method
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Determination of G Iin SAI MSU (1975-1978)

General view on experimental device

Adjustment of torsion
penaulum support

Vacuum chamber

Vacuum lamps

Altractive mass Attractive mass

Torsion balance

Device for linear
measurements




Results on measurement of Gravitational constant
iIn SAI MSU in 1975-1978

Gx10""m%kg's™?

1
2
3
4
5
6
7
8
9

-
o

Average 6.6742 6.6729 6.6753 6.6752
value +0.002 +0.0009 +0.0020 +0.0013
According to STUDENT criterion (t-criterion) all these four sets on the 0.95
confidence level are belong to one statistical ensemble with the average value of

G=(6.6745 +0.0008)x10-11 m3kg-1s-2

CaruroB M.V., Muarokos B.K., n Ap.// Aoxaaasr AH CCCP. 1979. T. 245. Ne 3. C. 567










General view of the experimental

setup




L] Measurements of test mass

» Mass 7559¢

> Dimension

» Temperature

Rectangular glass block
coated with gold

91.52 x 12.01 x 27.58 mm




MapameTpbl KPYyTUNBLHbLIX BECOB U NPOOHLIX Macc

a). KpymmnbHble BecCbl

Macca 6pycka,m

75.591016£0.00001 r

JnunHa O6pycka, b

9.15245%0.00002 cMm

Bricota Opycka, £

2.75867£0.00004 cm

Tonmuna 6pycka, w

1.2019440.00001 cm

Paccrosinue ot 1ieHTpa Opycka 10 TOUKHU mojABeca, /o

3.362+0.00002 cm

Huts nonseca (nnunHa / / nnametp d)

89 cMm / 25MKM

KpyruibHas )ecTKOCTh HUTH oaBeca, K,

6.17x1072 qua-cm>

MOMEHT HHEPIIMA OTHOCUTEIIBHO OCH X, J,

(57.036+0.00140) r-cm”

MoMeHT HHEpLUHU OTHOCUTENBHO OCH Y, J,

(575.60840.00269) r-cm”

MoOMEHT MHEpLUHH OTHOCUTENBHO OCH Z, J,

(536.74840.00231) r-cm”

6). Mputarnsarowme maccol

Macca po6Ho#i Tena M,

778.17541£0.0010 r

Macca npoOHoii Tena M3

778.1794+£0.0010 r

Huametp npoOHoro Tena D;

5.7151126%0.0000107 cm

Huametp npoOHoTO Tena D3

5.715076510.0000108 cm




» Support rings and the spheres

Thermal expanding coeflicient of the plate and the rings 1s
(0+1)x107 C-1

The daily temperature
change is less than 0.01 C
during the experiments

Remote controlled
turntable
Huber model:410

Counterbalancing Supporting Supporting
rings rings plate
Coated with Au Coated with Au  Coated with Al




8. Suppression of vibration modes
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The damper can suppress the vibration modes

effectively




5.Measurement of the separation of the two balls

Surface distance: S ‘

Gauge block
Centre distance: D=(S+r1+r2), ‘ ’
Length of gauge block: L

L is about 15 1 m thinner than
S|

S=D-—(1,+1,) = L/cosO + (1, +1,)0°/2

Result:
S=(100.015615 +0.000034)mm 0.9ppm to G




» Deformation of the vessel in vacuum condition

The air pressure would

A / deform the vacuum vessel




Two telescopes were used to monitor the position of the fiber at
orthogonal directions

— —

Before vacuum

: After vacuum Adjust the XY stages wit
acquired

acquired accuracy of 10 um

reflector telescope i 0§l A X: (0+12)um
pr e l : 2.59ppm
B ¥ AY:(0+13)um
e | P 4.61ppm
L | A Z: (0+10)um
; — 0.12ppm
total: 5.29ppm

telescope : R

vessel




Error budget (1)

Error Sources

Corrections

Dimensions

Attitude

Nonaligment with fiber

Flatness

Clamp

Density inhomogenity

Coating layer

Edge flaw

Masses

Distance of GC

Density inhomogenity

XYZ positions




Error budget (2)

Error Sources Corrections

Nonlinearity

Thermoelasticity

Anelasticity

Aging




New value of Gravitational Constant

O
with a standard uncertainty 26 ppm

Jun Luo, et al //Phys. Rev. Lett., 102, 240801 (2009




Accuracy of measurement of G

v

Precision of estimation of torsional frequency

v

Stability of torsion balance oscillations




The problem:

Torsion balance and Environmental
noise




Thetorsion balanceisthe system with five degrees of freedom

Co-ordinats ©, and O, is swing oscillations in the plane ¢ ¢,
Co-ordinats ©, and O; is swing oscillations in the plane nd.
O, is the torsion oscillations




(S, +mi)6 +7 (J, +mb)G +mgh6 = —mllf, —mihy(6)+(J, —J )6,
(J, +ml)&y +75 (J, +miy)6y +mghy = mih&s +mh & (1) +(J, —J )66,

J293 +T3_1J293 +Kee3 — (Jy _Jx)(el2 _922)93 +2(Jy _Jx)el 62 032
2

_3(']y _Jx)(glz _922)933 -J.6, 6, +(J, —J, ~J.)8, 6, K,

ml*0, +1;,' mI*0, +mgll, =—mil,0, +min,(t)
ml*0, + 5 mlI* 6, +mglh, = mil,@, —mIE,(t)

&, () and 7),(¢) random seismic accelerations, acting on suspension point in horizontal plane.

V() — fluctuations, describing random action on torsion degree of freedom.




Experimental estimation of wideband seismic noise in
the underground laboratory condition (Baksan Laser
Interferometer)

m. Andirchi

glaciers /"W

Height over sea level

Baksan Laser Interferometer

resolution; 2.3x10-13
(1.6x10-1" m)




Spectral amplitude of deformation
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Spectral amplitudes of horizontal seismic accelerations
in the frequency band 10-° -10 Hz for the Baksan
underground tunnel
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Excitation of swing oscillations by
the seismic noise




s 1E" MasTHUKoBbIe koneBaHus B BEpTHMKANLHOM NNockocTH ZY ¢ wymom 10°
2 T T T T T

Swing oscillations
on plane ng,
excited by seismic
noise with
amplitude about
0.1mGal.

Amnnutyna/pag.

5

a). For rotation

©  MasTHukoBble koneGaHus B BEpPTUKansHOW nnockocT ZY ¢ wymom 10°

angle 017, : : : ; :

0). For rotation
angle 64.

AmnnwTtyga/pag.

Bpemsalcek.




Spectra of swing
oscillations on plane n¢
(rotation angle 61).

Peaks 0.5198 Hz and
10.77 Hz are eigen swing
modes in this plane.
Peaks 3.375 Hz is forced
oscillations due to
nonlinear coupling with
oscillations on plane &C.

a). Oscillations without
action of seismic noise

0). Oscillation with action
of seismic noise

Amplitude

Fower spectral density thetal with damping

! ¥ 0.5198 m

N 447 3e-003 X074
N 1.382e-003

W 3.375
N1 .502e-005

— A\ T

10’
Fregquency/Hz

Amplitude

Fower spectral density thetal with damping with noise 10(-6)

LS

W 0.5195 Y 0.0001 395

N 8.758e-005

10°
Fregquency/Hz




Swing oscillations on
plane &, excited by
seismic noise with
amplitude about
0.1mGal.

AmnnuTtygalpa.

a). For rotation angle
02;

Bpemslcek.

w 10 MasTHuKOBEIE KonebaHuA B BepTUKankHOW NnockocTy ZX ¢ wymom 10°

6). For rotation angle
05.

Amnnutynalpag.
o

a 1 2 3 4 5
Bpems/cek.
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Spectra of swing
oscillations on plane &
(rotation angle 02).

Peaks 0.5198 Hz and
3.383 Hz are eigen
swing modes in this
plane.

Peaks 10.74 Hz is
forced oscillations due
to nonlinear coupling
with oscillations on

plane nd.

a). Oscillations without
action of seismic noise

0). Oscillation with
action of seismic noise

Amplitude

Fower spectral density thetal with damping

¥ 3.383

¥ 05188 ' 00001265
Y 4.5942-005

Ho10.74

Y 2.013e-009
]

10’
Fregquency/Hz

Amplitude

Fower spectral density thetaZ with damping with noise 10(-6)

® 3379

% 05198 N 0.0002091

Y ¥ .585e-005
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Frequency/Hz




Torsion oscillations and mode couplings

The frequencies of
coupling modes are
linear combinations
of pendulum
frequencies
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Dependence of period of torsion

oscillation from the level of seismic

noise

. . 4
Torsion noise 107 rad.

Seismic noise,
mGal

Period of torsion oscillation
(mean for 787 periods)

Period of torsion oscillation
(mean for 20x40 periods)

0.0
(Tor. noise 0 rad)

532.80224 + 0.00015 (0.3 ppm)

532.80162 + 0.00035 (0.6 ppm)

0.001

532.80882 + 0.00016 (0.3 ppm)

532.80788 = 0.00036 (0.6 ppm)

0.005 532.80851 + 0.00030 (0.6 ppm) | 532.80463 = 0.00068 (1-ppm)
0.01 532.8258 +0.0010 (2-ppm)
0.05 532.6541 +0.0046 (8-ppm)
0.1 532390 +0.062 (100 ppm)




Dependence of period of torsion oscillation from the
level of seismic noise

Mean for 787 periods Mean for 20x40 periods

Period, s

S
o
532.6 S
©
[5
o

U T T
Seismic noise, mGal Seismic noise, mGal




Dependence of period of torsion
oscillation from the level of torsion

noise

Seismic noise 0.01mGal
Level of torsion Period of torsion oscillation

noise, rad. (mean for 20x40 periods)

10° 532.88182 + 0.0012 (2-ppm)

6x107 532.79127 + 0.00058 (1-ppm)

10 532.76545 + 0.00086 (2:ppm)

532.84456 £ 0.0010 (2-ppm)

532.82583 + 0.0010 (2-ppm)

532.80087 + 0.0010 (2-ppm)

532.73626 + 0.0011 (2-ppm)




Conclusion

m Estimation of the torsion period on the level of few ppm is
provided by the environmental seismic noise with amplitude,
less then 102 mGal, and by torsion fluctuations less then
10-3 rad.

Environmental noise changes the absolute value of the
period of torsion oscillations

To provide the absence of systematic errors in the period
values caused by noise, the noise conditions has not to
change during the experiment (Changing the level of
seismic noise of one order leads to changing the value of
torsion period on few decades ppm).




