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Fig. 1. Systematic error and random error.
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Fig. 2. Physical models: (a) Passive vibration isolator; (b) one-stage active vibration isolator; (¢) double-stage active vibration isolator.
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Fig. 3. Real vibration of reference retro-reflector in a vibration isolator under the impulse caused by self-vibration effect.
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Fig. 4. Flow chart of the simulation program.
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Table 1. Parameters used in simulation.
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Fig. 5. Four vibration isolators used in simulation: (a) Bode diagrams; (b) step responses.
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~20 dB/dec, H =% E RS R A T Wi,
TR A 40 dB/dec, R EIRDTEH 2%
F R G WA IR — R ES ARG 1/2
(H5 Lacoste % R4 (1 & BAR R ), {HXF T 4508 A
0.1 Hz VLR TR 2l (TR 55 M bk 20 08 95 I {E 43
0.2 f1 3 Hz) Kb, — 2 F shaC R G R
LT — % £ 313X | Lacoste Y &2 Minus K % &
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XTI LS R AT, N A SCET AN U THRTE.

4 # X

41 HEEZHEZER

i Iz FAR B AR FRR ST 2 H 5 RS
XEAEE AT AR R 22 IR 2 BT F, 4
12 HEUE, B4 100 KT % B 6(a) FEl 6(b)
O3RN 2 i A 2R G IR EME S DG )
IO B R 12 B 22 . R P B DL CE + v
IERFoR, K ERRGepe2E, s 32211
EER7N, v ol B HORE , LA 3 22 1 384
PRl 22 e R, T 34 IR B BEOGF A 15 4910 1 22
0.1 pGall®l. & 2 hEZE G5 Fh AR Bz 545 RIf
3k th TP B AR IS B, TR AT g
5 AN B AT AR T, LA T B v
T AL, S PR 1L

2 T 12 A0 ERR R B % B sh bk

2T SLBI AR R (0 pGal)

Table 2.  Measurement errors introduced in laser-

interferometry absolute gravimeter by the vibration

of retro-reflector, obtained from 12 data sets simu-

lated results (unit: pGal).

WSS
BRI fgpkol SRS MBENLIRE)  SA YR
(f5%1) (f5'52—4) (f5E1—4)
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o . 4 2.1 + 2. 54 2.
(E) 655.8 & 0 +20 658.5 4+ 2.5
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(At 0.0 + 0.0 0.0 + 0.0 0.0 + 0.0
—%E5h -15.9 + 0.0 0.4 + 0.2 ~15.9 4+ 0.2
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Fig. 6. Measurement errors of obtained from (a) one data set and (b) 12 data sets introduced in laser-interferometry absolute gravi-

meter by the vibration of retro-reflector under impulse, seismic noise and random noise, with the error bar in (b) indicating the

standard deviation of each set.
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Fig. 7. Measurement errors introduced in laser-interferometry absolute gravimeter by the vibration of retro-reflector, varying with

the numbers of data sets used in simulation: (a) Minus K passive vibration isolator; (b) Lacoste passive vibration isolator; (c) one-

stage active vibration isolator; (d) double-stage active vibration isolator.

(a)

P8 SRRTEREIE  (a) W7 HE Minus K 505
s R 4:; (b) T T HE Superspring — K £ AR5
Fig. 8. Picture of absolute gravimeter with (a) Minus K
passive vibration isolator or (b) Superspring double-stage

active vibration isolator.

X L3 3 AT RIS, TIRIRET 1 &
GiiR 2 R /NFE ] Minus K 8RG8 R S5 i%
22, 5 2.3 WIS BT K 3R 2 Bf LA R — 3
LG 41 0 {0 8 0 ) S B S5 0 B — 2K, T

WIHIE T g A0 A #0E; Hak, 4 Minus K
RIURGEIT RGE 122 09 S 5 05 BAEFEA— 3L, ik
Y LA HR2B00 Ry = 4 ] 5 AR B 3l e s 5 A
B RGEIRZ 0 RIA 0.5 mGal Ph_E. %45 RAMY
SR T 05 BBEE R A BPE, (RIS fs
Minus K K& b1 9 3 2 B 4k 2 gk 45 /AL
o X6} AN, SR A 2 P R R A A —
SE PRI
#3 6 HLBRMELR (L pGal)

Table 3.  Measurement results obtained from 6 data

sets (unit: pGal).

LhRIH
WafRIE S i FLL R
GRS (GRFES)
Tohad ~52.0 & 110.0 —40.7 + 123.3
Minus K#(#zh{) 655.2 &+ 77.8  656.5 + 3.3
— R F 5K — -16.0 £ 0.3
S‘E’;}pﬁlf 674126 0.0+ 0.0
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Fig. 9. Measurement results (a) and simulation results (b)

of g values under the same vibration input.
5 3 %

bR EE R R TR 1 AR K2 AL
AT, (SRR A ok 6 S AT e e A

ARAE IS 07 FLAE R . TR D AT 1R Ay
Br, bR 47 ¥R RG22 F + WE AR
JE v IR, BRI 2 0.1 pGal.

4 REL BRI 2R 05 B LR (5
fi: pGal)

Table 4. One set of simulated results with differ-
ent ¢, (unit: pGal).

o RAFEAL 5 4 /ms
R el
34 35 36
JoBEIR  —84.6 + 314.7 215.6 4+ 334.0 154.2 4 294.5
Minus K7
—_ ) 1 . 2 ) )
(i) 658.6 + 8 660.8 &+ 9 660.7 &£ 7.7
—% ¥ -162+07 -161+08 -17.3+0.7
“EHL 0.0+£00 0.0 +£ 0.0 0.1 +£0.0

B, HE 3 IEH, WIRAE S R FEAXT
T VK W U Bl Rl st 2] 1 s 25 AR ek AR, D
t—ty B SREEE NS H BRI R 26
LA, i EIE R E RS RN S B
B &AW, RAERK B R 120 ms B, 7]
SRR GO S - ReA NP s A TN Ainy
M) —2H (B 100 K T, TR 5 A5 Rk 4
Firg. i K 2 80 2% 5 A R FH H ik & 1Y
T 2R JA S R, bR bt BASHR 2 BE N
0.35 msPU. MG 4, AT LIS R s B0 (8 4%
RHRIR RGN RG22 EWAREARS BT
BERS AN R B O v, DRI ¢ 2R st i A e — fi
T AT LA 2. e Al & Ty X 2s )
ACHR A AR BT DL SR A3 AT ¢, A8 AL SR S i
FAR AT 7 I R 2 3 ) R

R, TIE BRI AR bt T e X BLAs =
S, HANTT P4 1 R R JE T AR BRI R G b —
YR ik ) 187 1 A 7 3 IR A A E TR LR T — K
ML, PUR O B SR 0 R R 22 Hhe it — 201
K. T PRGN B T V& RIS 3 sB,
A LLAE RS IRIBE 23514 30, 20, 10, 7, 3 s W ik
PP, MRt — 05 FLE5 R an 3k 5 sl 3R 5
ATLLEH, T Minus K BB shaEIR 25t &
BRuR 2 () 4 XNHE | B\ S5 23 A T 9 8] B 1 240 J i
HEK —2% 3 s UM — g F sk R G h bRk
SECRARY, DR kb RV 342 S5 7 ) g B e 7 A
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T 5 TIEMBEUASE AT ELE R (07 nGal)
Table 5. One set of simulated results with different drop interval (unit: pGal).

, TR /s
(B2 T
30 20 10 7 3
ok ~168.0 + 328.5 215.6 + 334.0 176.7 + 281.9 49.7 + 322.1 ~281.3 4 295.2
Minus K7 (% 3)5) 658.5 + 9.4 667.5 & 8.1 631.2 &+ 9.2 937.9 + 8.7 1037.1 4+ 8.5
— 2 F8h50 -16.3 + 0.7 ~15.4 + 0.8 ~15.7 £ 0.7 -16.5 + 0.8 -16.8 + 0.8
i F R 0.0 + 0.0 0.0 + 0.0 0.1 +0.0 0.1 + 0.0 0.2 + 0.0

AN, B Bz R HLL 2 A T bk
BB AR 1Y 1 5% pR ORI Ik 5y, {5 S2BR 1) 1
Ikl S AR o B o R, AT LA g N 0 B
B A TP IR 52 R BOR B 28X M ] Al e A 2 x4l B
SR PE AR, FE 0.1—10 Hz 34> 4 x5 g )
5 ] i K ) A MO (L T A A T X R AR
(0.1—1 Hz #% 0.1 Hz (WA fREUE, £ 110 Hz 4%
1 Hz R [RIFRHEUH ), 3% 28 1F 5% R A2 1 iR (4% IR
Hb ik 3 W P T 2R354 BE )R = MR AR Y (new high
noise model, NHNM)!M Sk i 5. /b5 20—
iR 6 Fry), H 5] 2 D IE X R &AL
Hi kSl 7 BRI A — 2, FRUGIER] S
AR R AR I AR TR N [A] b AN G Y R 58 ik 3 1
G A SERGIRE.

6 (R 5% B BB PR Sl A 0 EL45

J (A pGal)

Table 6.  One set of simulated results with multiple

sinusoidal signals as the seismic noise (unit: pGal).

- k(55
bR - =
9P IERES 20 IERES
Tohm 226.3 4+ 297.3  215.6 + 334.0
Minus KH (#3h3X) 662.4 + 8.3 644.2 + 7.8
— F 530 ~15.1 + 0.8 -16.2 + 0.7
2 F 80 0.1 £ 0.0 0.0 £ 0.0

s P LIRS S5 56 3 [ e 72 5 00 7 3 T 4R 3 6
i A B R R G 0 s AR TR LR
L 16 YR B0 I e s o i), LA SR g 7
feg). NF 7 Al LA IR R R, DIHE
THIEERE 5 i A5 LR 1 BEHE 5 i A
D7 FAT IR A R . PR AT D7 45 RAH
ZERR e B RLE, KR A SRS
PRI SO BB T A A, R 7 I i b A T
PERE R AP I PRAR R ST, SEPRAYE T & RGT IR
EWBATREA B S, T 25 DRI, % &
BSHUE v, ATLAACY 3 FRRRIR A T A9 SE IR

SO A RIEA—FL

bR BRSO, 2 1 AT SRR el
FIRBAE 25 SR AR . BRSO3 ] LIRS S 25K
BB MR 1 I R IA 4 s e B A g B
JF, FRUAE ISP AN [7) 288 8 41 0 M % o i e 2 2R
PRSI

7 LL16 KT SRR TR AR EE A AT Y

THESER (FAA7: pGal)

Table 7.  Results with the ground vibrations meas-

ured during 16 drops as input signal (unit: pGal).

LI
bR UL SR
(FSHRshES)  HEE)
- “513.9 + 4715 +
Tokm iR 264.5 + 849.3 6783 676.6
Minus K7l 876.7 +
(Bhst) 646.0 £16.5  620.1 £188
— 550 121+ 25 179415 —
g EHR 1.8 + 0.1 0.0 £ 0.0 ’2(?2'0;

ST, I R AR TE SR A
e HAT [ € FH A A IR S e A K 5 | A JC IR i ge it
THkIHBRI R SR 22, RN I 1 SRR (e A
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Effect of vibration noise with fixed phase on absolute
gravimetry applying vibration isolator”
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Abstract

Absolute gravimeter, an instrument which is applied to laser interferometry or atom interferometry for
measuring the gravitational acceleration g (approximately 9.8 m/s?), plays an important role in metrology,
geophysics, geological exploration, etc. To achieve a high accuracy of several microGals (pGal, 1pGal = 1 x
10® m/s?), a vertical vibration isolator is widely employed in the absolute gravimeter to protect the reference
object (a retro-reflector or a mirror) from being disturbed by ground vibration noises. However, the reference
object in vibration isolator may still move due to isolator’s response to the impulse caused by the self-vibration
effect in laser-interferometry gravimeter, or the forced vibration of the ferromagnetic component in the isolator
under the varying magnetic field of magneto-optical traps (MOTSs) in atom-interferometry gravimeter. This
vibration of the reference object has a fixed phase relative to the detection of the free-fall of a falling object or
atoms, leading an additional systematic error to be introduced into measured g value. In this paper, the physical
models of four typical vertical vibration isolators used in the current absolute gravimeters are introduced, i.e. a
passive Minus K isolator, a passive Lacoste isolator, a one-stage active isolator, and a double-stage active
isolator. The simulation models of these isolators are also created with specific resonance periods. Taking a
laser-interferometry gravimeter for example, the responses of these isolators under impulse input are analyzed,
proving that the real vibration of the reference object, namely the output of each isolator, has a fixed phase
relative to the detection of the fringe signal, which indicates the trajectory of the free-falling object, hence
resulting in an additional systematic error. To provide a detailed evaluation, firstly the vibration of the
reference object under an impulse, a seismic noise, and a random noise, which represent typical ground
vibrations, are obtained by running the simulation. Then the corresponding errors in the calculation of g value
are presented. Besides, the experimental results of T-1 laser-interferometry gravimeter at a noisy site in
Tsinghua University, with either a Minus K isolator or a Superspring isolator used, are compared with the
simulated results. According to the above simulations and experiments, the systematic error introduced by the
vibration of resonance object in a Minus K isolator or a one-stage active isolator under impulse can respectively
exceed 600 pGal or 10 pGal, while the error with the object in a Lacoste isolator or a double-stage active
isolator can be neglected. Therefore, it is better to use a double-stage active vibration isolator in absolute
gravimeter to avoid this systematic error and achieve higher measurement accuracy. With more information
about the forced vibration in the isolators under varying magnetic fields of MOT, the systematic error

introduced by the vibration of reference object can also be specifically evaluated in the future.

Keywords: absolute gravimeter, vertical vibration isolator, self-vibration effect, systematic error
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