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G was known earliest, but its measurement precision is worst

Quantity 2010 rel. std. Quantity 2010 rel. std.
uncert. . uncert. u,
o 3.2 x 10~ F 2.2 x 107"
Rx 3.2 x 1071 Yo 2.5 x 107"
ao 3.2 x 1071° LB 2.2 x 10~°
Ac 6.5 x 10~1° LN 2.2 x 1075
Te 9.7 x 10~ Lie 2.2 x 1075
Oec 1.9 x 107 Lip 2.4 x 1075
h 4.4 x 1078 R 9.1 x 10"
Me 4.4 x 10—8 k 9.1 x 10~ 7
m 4.4 x 1075 Vin 9.1 x 107
Mo 4.4 x 1078 co 9.1 x 1077
Na 4.4 107" peeee T 38201070 L
Eu 4.4 x 10% PG 1.2 x 10~% i
o P RORT T T S e e e E
e 2.2 x 107" F=F =G Mm
K 2.2 x 107" 12 r2

CODATA recommended values of the fundamental physical constants: 2010

Rev. Mod. Phys. 84(2012)1527
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1.Determination of P ;= AC,/I
2. Aw? between near and far positions

3. Anelasticity of torsion fiber AK



HUST-09 eXperimentaI deS| e =

M eI'ltS = ) “ <+————— Vacuum feedthrough

1. Spherical source mass o TT Ershongst flbs
Magnetic damper {1 3, Coboer disk
=1 opper disk
Shielding cylinder holder B e
2. Simple pendulum Reflecting miror S i
Shielding cylinder Aluminum clamp

Yy _ Pendulum

Source masses :
5y | Rofating plane

3. All in vacuum o
SUpHOtIog NgA S |_Counterbalancing rings

4. Measure the Tumintle

Vacuum chamber_
o o . (cutaway view)
anelasticity directly S Ry

= Ground

Shortage:
The period (535 s) changes only ~0.6%



Daily fluctuations: 5/1000 °C
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Experimental process (almogie =

Go: unit technologies, preliminary experiment

From 1999 to 2006

(G1: first G measurement

From August, 2006 to July, 2008

G2: repeated G measurement (change the positions,
orientations of the spheres and different people )

From June, 2008 to December, 2008

Final G: Published at 2009

PRL, 102, 240801, 2009
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HUST-09 G value

Results of G (10 m3kg1s2)
G1 = (6.67352+0.00019)

G2 = (6.67346+0.00021)
consistent with 9 ppm !

Combined result:

G = (6.67349+0.00018)
26.3 ppm

PRL 102 (2009) 240801
PRD 82 (2010) 022001

TABLE [.  One o uncertainty budget (in units of ppm).

Error Sources Corrections AG/G

Pendulum 5.07
Dimensions 1.95
Attitude 0.13
Nonalignment with fiber 0.45
Flatness 0.34
Clamp 1.65
Density inhomogeneity =0.21
Coating layer 24.28 433
Edge flaw 0.12 0.17

Source masses 10.68
Masses 0.82
Distance of GC 0.64
T
XYZ positions 0.48

Fiber 18.76
Nonlinearity <(.70
Thermoe lasticity 39.83 1.52
Anelasticity 211.80 18.69
RNging T TTEEEEETEERE 01

Gravitational nonlinearity 7.73 0.30

Magnetic damper 17.54 0.31

Magnetic held 0.40

Electrostate field 0.10

Combined statistical A(w?) 14.18

Total 26.33
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Problem and our tactics

Possible problems in HUST-09:
€ Anelasticity of fiber : too large

€ Correction to coating layers : model dependent

€ Thermoelasticity of fiber : it was averaged

Our tactics:
same laboratory
‘ € improved time-of-swing method
different methods e .
‘ € angular acceleration feedback method

same G value ?

To evaluate the potential systematic errors
12
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Error sources i Corrections (ppm) : 5G/G (ppm)

To reduce large corrections and

. Torsion pendulum 5.05 [5.05]
€ITorsS, lmprovements are Dimension i 1.95
Attitude i 0.13[0.07]
o AtV 1 o ity & : <02
1. Alumlnum layer Df:]'li-:ll:f _1]'I|'I_t}1'l'lt}.c,f:]'lf:1t} ; : <(.21
o Chamfer property : i 034
S~o  Three chips 0.12 P 017
S Coating layer & —2428 _i__d:fi_fi_.
: “Clamp and ferrul : i 165
2. Three-point mount Lnp and e e 0
&\ Reflecting mirror : : 003
\\ Source masses i 10.66 [10.64]
\\\ Masses i 0.82
Distance of GCs ; : 9.64 [9.61]
3' Copper tUbe Q \. Density 1]1hl)111;*::;ﬂ-1l;T-----------T--‘Iﬁ}-----
\\ Relative positions i 1.10[1.31]
\\ Height of pendulum 0.76 [0.40]
4. ngh_Q sﬂlca flbeI‘ \\ Height of spheres i 048[027]
\ Position of torsion fiber: : 063[1.22
Qz5 X 104 e \\ Position of turntable i i 0.05
\\ \\ Ay i 0.06 [0.01]
SO S, Fiber : : 18.76
S E : -
. . So N\ Nonli : = ;<070
~ N onlinearity : : <0
5' GraVIty Compensatlon Q \ ® Thermoelasticity 39.83 [8.37] i 1.52[0.82]
Y7 1 5. . S
Aging : <0.01
6. Thick torsion fiber ._ \_Gbu*ud_tlﬂu‘iﬁ onlinearity$____ZZ3 [4791 __030[020]
= =~ =~ @ Magnetic damper 17.54 j 0.31
Magnetic field G . 0.40
. . Electrostatic field : i 0.10
- s L e ———— s
7. Improved shielding  o-=-=="<iiti s 1 i 1843 [2331]
Toral ! 28.86 [32.17]

Combined 26.33 14




Prepare a high-Q silica fibe

Silica fiber:
Length: 900 mm
Diameter: 38-50 um

Coated with
germanium: 8-nm-thickness
bismuth: 11-nm-thickness
3-mm rod Oxygen-natural
mend (SuprasilR 311) gas flame

Resistance: 2.3 MQ |

[
w
<>

Kuroda effect:

AG

2.26

Amplitude (mrad)

1
= <6.4ppm
70 PP

~

L (0=5.00(36) X104
(l) . 112 . 214 . 3I6 . 418 . 6l0 . 72
Time (hour)

2.24



HUST-09
torsion
balance

Coated
with
Cu+Au

: Density | Mass of coating layer Correction to G
Material 3
(g/cm*) (mg) (Ppm)
Cu 8.96
49.863(0.026) -24.28(4.33)
Au 19.26
Al 2.70 4.47(0.42) -1.81(0.91)

16



Reduce the thermal gradie

A hollow Cu-tube was used to surround the fiber

T2
T1

T6

o
T3 (BHLS) oy

K =K,(1+aAT)

Correction to thermoelasticity of fiber : 38.50(1.50) ppm

Period (s)

a, =100(3) X 106 /°C

532.040

532.038 - 7

532.036
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%

5‘!44“- éééé
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Time (day)
Thermal modulation:

15
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emperature vs. period

T=2zJ1 /K =>a,=a, - 2a;



K AG |1K2 1 -
]_ —
=== ] G |K12 K12

zD*S Dia. D: 50 pm—80 um

RK K, = >
32l Length I: 9 cm—5cm
2
7 AG o I

Two-stage torsion balance

Its correction to G: 17.54(0.31) ppm to 0.13(0.01) ppm

18
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=
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]
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0.982

Using lead blocks to compensate

0.990

36 48 60
Time (hour)

Drift of the used silica fiber

1
24 72

542.0

541.8

[94]
N
.~
(=)}

Period (s)

T T T T L T T T I
equilibrium et _
1 H \\ 1”'0 ----- T~ \\
position "4~ o, B
o S N
- /;2‘ ____A ----- r . . . .
e /:r - 2 \Q S
I e RN
i Y, Ve 3 i
ol M S
Becictheeeee” . %
L /0 before compesation A=0.87(3) s |
Ol Qe o ,'ﬁ 0 1st compesation A=0.60(1) s
R o A 2nd compesation  A=0.37(1) s
i s ’ v 3rd compesation  A=0.17(1) s
------- sinusoidal fits
1 L 1 1 n 1 N 1 1
-90 -60 -30 0 30 60 90
Azimuth (degree)

Error to G measurements:

After 3 times compensation

Single date-set(3days) <0.03 ppm

Long time (72days) <0.38 ppm
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Error sources Corrections (ppm)

8G/G (ppm)

Torsion pendulum
Dimension
Attitude
Density inhomogeneity
Chamfer property

Three chips —(0.12
Coating layer —24.28

Clamp and ferrule

Reflecting mirror
Source masses

Masses

Distance of GCs

Density inhomogeneity
Relative positions

Height of pendulum

Height of spheres

Position of torsion fiber

Position of turntable

»-1.81(0.91) ppm
El}:?i[(},t}?] /// b4 3850(150) ppm

=Z(.21 ’

5.05 [5.05]

’
0.34 »”

017

< 6.37 ppm

_——t ’

10.66 [10.64] I/ I,'
0.82 /
0649611 1 [ » 013(001) ppm
4.50 /] K

11001311 ) o« /

076 [0401 [/ 1/
0480271/ 1 4
0.63[1.221) 7 7

0.05 r )

= = —

(i 0.06 [li},li}ll 14 /
Fiber 1876 F
Nonlinearity <0.70 ¢ ,’ /
Thermoelasticity | _____ - 39.83[837) 1521087 /
Anelasticity —211.80 18.69 é /
Aging o TTTTTTTTTTTTTT o1/
Gravitational nonlinearity 7.73 [4.79] (.30 [E}.w]
Magnetic damper 17.54 0.31 II
Magneiic field — T 040
Electrostatic field 0.10 . <15 ppm (13 SetS)

Statistical Aw”
Total
Combined

18.43 [23.31] &=—""

2886(3217]______.--= < 20 ppm ( ? )

2633 &—%
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2. Angular acceleratlon fee Iback

19 + }/9+ kO = 7, - la, The torsion fiber does not twist
9=0 6=0 =0
U
Tg = Iat — ag =at

a, = TTQ =G- P, sin(2w,t)

= a, =GP, sin(2w,t)

Advantages

1. Independence on torsion fiber properties

2. Pendulum mass distribution need not be determined exactly

3. Separate the environmental gravitational gradients
21



G = (6.674255+0.000092)
X 101m3kgis

14ppm

Our questionable points:
1. thermal effect of the aluminum

shelf
2. gap and its stability between

spheres

3. effect from slow creep

deformation of fiber

22



Al thermal coefficient ~ 20x10°/°C

ULE thermal coefficient < 0.1x107%/°C

Distance Expans.lon
(mm) Coefficient
(/°C)
Horizontal L
0.1x10
342.319
Vertical e
0.1x10
139.751

Temperature

Fluctuation

(°0)

0.7

Distance Relative
Variation Uncertainty
(pm) (ppm)
0.02 0.10
0.01 0.04




June 1st~6th Data
139.804 - ® September 5th Data ‘ 1
A September 7th~9th Data| _
E
139.802 = 1
E °
0
2
[} P ]
=
139. - ik -
& 199800 I“
05 | 4
3 T ®
g 139.798 - + \ A .
o A
a - J -
139.796 - 1L .
1 " 1 1 L 1 L " 1 & 1 1

210 215 22.0 225 23.0 235 240 245 250 255 26.0
Temperature (C)

Coordinate Measuring Machine Distance Vs Temperature
2



Re-modeling the measuring egiueeor

In torsion balance’s frame , equation of motion will be

16(t)+ 70 (1) +koO(t) = 7, (t) + 74 (1) = 1O(t) +| 45 (1) + Ky (1)
Measuring equation: ‘

O(t)=a, ()| G(t)+280(t)+fO(t) |+, (t)+] 280, (1) + 0O (1) |

[ [ N\

Spheres’ Correction to the Fixed Correction to
gravitational residual background the slow creep
effect deflection angle gravitational of fiber

of torsion balance effect
(~ 1ppm) (compensated)

25



Effects from slow creep 9?‘ ,

90 . initial residual deflection angle.
Ot (t) ~ O + Wyt

@yix! : slow linear creep deformation of fiber

Contribution to the signal frequency w

Auire =

20F T 208 0y
ma_)l? _[0 cos(at +¢) 0, (t)dt = Owdﬁsm(¢)

Compared with the signal amplitude:

r A:462x107° rad/s’

Avin 200, @, : 277 x2.4mHz = 0.015 rad
rift 0 ““dirft _: p - 27w x2.4mHz = 0.015rad/s 5 -

A oA sin(4) < 0:27x30mHz =0.019rad)s = 2-87 %10 sin(¢)
pheres pheres 10

& :2prad/hour =5.6x107" rad/s

Which means that the linear creep of fiber could produce 28.7ppm error

maximally, and the initial phase of the signal should be measured.
26



Air Bearing
Turntable

Vacuum
Chamber

Torsion Balance
(not visible)

~ SS316
/4 Spheres

ULE
Shelves

Gear Bearing
Turntable

Shock-proof
Platform
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€ \\e obtained a G value (HUST-09) by the ToS method, the
relative uncertainty is about 26 ppm.

€ A high-Q silica fiber is used to measure G by the ToS method, and
the possible systematic errors of HUST-09 were re-considered.
The present experimental results show that the uncertainty of the
Improved G will be less than 20 ppm.

€ The angular acceleration feedback method is used, and several
possible systematic errors are considered. The measured angular
acceleration shows the relative uncertainty is less than 15ppm, and
the expected G will also be less than 20ppm.

We hope to get the two G values with the uncertainties
of less than 20 ppm very soon and ......
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