Absolute Determination of Inertial Mass
by Quasi-elastic Electrostatic Oscillation Method

AR bt

TSINGHUA UNIVERSITY PRESS



BEAZRFELZMLICTAS

Absolute Determination of Inertial Mass
by Quasi-elastic Electrostatic Oscillation Method

AR MR
b 5



PR
KA T —FRCR B TIEMEN 7 R IR LR, A B — B K P
B, GURTOR RO, SRR S M R, SEBURTRT R O 40t
B A R T (0 A RTINS TR, IFR( T i
MBHYRL.
AT R R BFSUE S, ST VRSB R 54 5.

FRARFRA, RINLER. RIVEEIREIE: 010-62782989 13701121933

&4 IR 4R B (CIP) 13

JiCR AR T R MR ARE T R RS S AR T / Ao ttba 2 — bt T HERE
Hfg AL, 2018

G R AR T L2208 SCA )

ISBN 978-7-302-49418-8

[.OF .OZ- I ORF-i&E-5 V. OTB39
rf [ A T CIP B A% 7 (2018) 28 012171 5

RIS X B OH

HEIRIT: ([

BERX: Flz

EHIEEDH): K M

HAREAT: R
P it http://www.tup.com.cn, http://www.wgbook.com

o dk: JRRUERRERERE A B BB 45: 100084
# 2 #H: 010-62770175 #E . 010-62786544

BB S5IEERS: 010-62776969, c-service@tup.tsinghua.edu.cn
RERIR: 010-62772015, zhiliang@tup.tsinghua.edu.cn
B 42 &F: =WiisimEn S A w
%t SEFERE
FF Z: 155mm X 235mm El  3k: 8.75 F OB 152 TF
FR - OR: 2018 456 B 1 iR Bl k. 2018 5 6 A5 1 KENRI
E M 69.00 5T

PEE GRS 071507-01



—RiELTEHE
FR—RRFATEFISE (KARF) ©

AABEFRRFERALES. RAEFE —RALHER, T %K
AEF—RHAF. ARBARFER—MALT REEZHEM, B AKFH
KE, RILT FRNEGIRE. BEARTRFIRFNRHEAK, K
WA RFAABROGE, KREF - PEROASTERAT. HEXF¥
EEAHEHAGERE, RUBTRFURE, RRELRENE L LB YO
T, THRAE L EEFRTE.

FABHAEFEE T EHEHRA

FARGHRAFRENEZHARS L, REIFEFRBEEERED
FRFHMEEN. KEAFAREHGER, RBT T AFENERNE
W HEEHRZ ot hfldEFHT. BLERTFEEFRASTER
FARMA, HIRAETFEARMSEMEER.

Tttt A o, BLtXx—HREHEFo¥E . FREFRAE £, ok
REEFEVHE X, REHEL —ELFET 2000 £ 556 %E /R, 22—/
FEL. BHERFATRE CREE . REER, Ao RN A AL
FENBR. ARXFFNHECENY P F#: ¥, BE4; 14, #
TARE.” Bk, AMIZHEHAEMBUYNEITAARAEL. BEEN
—MFAL REFAT 12 4, RWERMARIFTITEHN —FEBES.
19 #4240, EEAARAFRL, HEFRIK T UEMFERERF FHH
o, ERFXEHHE L ERTET T FHERTHTFE L0, HRT
TE¥MLRERNBE AR, NREFREE. AlEH iR, T¥ELH
RAFEEANE L EHF N Fowm, LB E XML NEEZRHTE . A
HREH RGN A, REREMEREAKRE.

O AT Ot AR, 2017 412 A 5 H.



2 REBFEEHAR ME R IERE 2T R RER R

MEEFINEAREFRFARHRELENNE. BLATEHET ™
HF ARG, FFRRNNERFR, HEBREEFARAR X FH5FAREH K
MR XERERT, IEAE FNFARES. EEENR, L EEHERY
AE®E EAFARERZBAN AR, LRI REEALENER. B
AERFRWAEXNTHAFE, ZHEDH, RigZdH. ABHOE. #K
AR A P R A MR FRBERE AU L £ R %
WFEAREVEXREE, M4 - ENLEBATHE.

e F R RIS T E REERRR

MEtAFEAGRZER, AEEHEE . FiERA ABEWMES, ER
B Y 3 U A A P Aot k) R

FARAEMNGA, EEFERB . ML AENFAZLNEEN
B, BT TRERBAIE. A Bk s fofl i, XA KM, AR
He AR MR R . 1929 4 6 A 3 B, TiEE A E ¥R S E EEi#
Y2, EERITANLORUNENEY, BB EETIHE
TAEDAR, A AEYRFIFHIREBEASES T8, 58 <44
ZER, RAMMAE; FEZFY, NARTE; Bl L2, Ak
ZBA, T AR, GREMEAX, £ AN, " XEF—fr¥#Hik
B, PEEANEYR . XFEREA LT HN “RRAZG. #5452
T, B—FXZE" WRBEEEEAS TR P HRE O L0 AR, HE ik
BIHANEE. AN Z L L. BB RERE O, FHR]
R FAR MR, ’

TR B B 3R1R F IR T 28 4 B 72 20 42 80 AT B4 4
MIKFBEI RN £ 4 PEFA. FHERY: “BAURRFTEER
EEMER. A A KM T A — 2 FA A B 4k 269 WA Ao
LR RS . ER LR IENA R, FAR ] R 1 R
HEMBFEE, BLAERIBRART RN, ERAK LT,
Bk o B T I A (5 R

A B4 7 — PG AL W R AR i By K, A
HIMBENAT TR E T BTHBAUR. ReRME B %05z HEH0A
ARFELERHNET, wRRNEELERRTAEEN N LR
M. 2001 4, REFARXREELLFET M| “FARELAHFUFIT
K07, S A HFHATRER, F LA THARRE. ZREHH: £EXEH



—RETEHERR—RRXZATEFNSE KABF 8

BRI, K7 F A ORFEH T R AR BV EROLEF B O R AT A0 U 9 9L 5 B A 3F
BT, A BN RERCTERAE L ARFRIE WA RIT .

AFEEAETE, MAMELEERRENTE BRI SE. 7T R
B F & R EEFAAUR . JREAAFARE R, RS A RPN Fo 8]
7, R KFEAE 2013 F LR “FHEXE, ¥ 4L FHIFEFAORELE
B FRRREFEFAREGE, REDLCHEEFEHT 21
W, BE#HEFEITAENARR.ZNERL L LEFRERREE S5 ME.
BRI FREEEE « B E3EH(Barry Sharpless )7 2013 4 11 F kiF
W5 o < g xHE” B, A FIEAE S A R SRR o B RR A e TR
Kipatikal: EENFELTEE, FRERGES EM(IENRAE
B RERITEI N xE RS £ N RE TN, B A5 N7 F A
fogEh. ERMAMELEERN -—EREAFAAHEEAD, A—HF
WA E TN, B EHE: CEREAAR T E, UK E EH
AN CRELFHBELEFES " XL TN ZRAT —LANEZRF RN
ELtAENRE.

ReETEBRFREAUTHESAUMBELEHERR

— R L EHFRA RN HFES, FENEL T UNEFRER,
EHEEQSE LR R L ABFROHENKT P,

Tt 4 A 7 L AR R KA TR B E N F AL A
BFEA . mREMERER, EFREEBIO I N ERGE, o1 kT
ERMFENFABR. FERFELISFXARENEM L, T 2016
2T EAT T A B A HF-F 8, AR RIEE K58 kR
T AR AERFAF RS ELFRBRAR AL TRE . F/RIFE
KEE ER. CFERSF HF-FAL7 L0k Al T 5 Ffule R 24
Y. #BfuE AR A IR, FIMAE T AR MR R K.

AT A FRIFEBFATE, TRAKHE ZEFEHINFAR
AR R TR ENE. BEARFTRENRARRETHIT, ZHiLE
% ERAEHHITSE B L £ HF k. HEKRFIA 2009 FFHERRHK
BEAERFIFERTREESFMIFESER S, LFIFE—HIEFEH
REEHL LR, AFRFRERAHFATHERELES, AHHK
R BRI T DR L R A, LB AR N FERITE 7
FOFEF L, WAMERME. HEAK.



4 REETEEHAR — NERMRENZANEAHEINAR

FEARAE + A R 7, BEN RBFRGEMN R, T EH AR
HTe. BX¥HRARBEIE LAY ROENNEERE, BLAEELS)
RAER X FRGBH BAF ARG 7. HEAFET 2014 F4 4T “%
WETE, AFENTURIRGE FEMH A A FAREE. FRERMKE. 3
£k, B A5 E5mER “BIE” 12000 £37, 55 #4434 38000 % A
K. “Bdk” (R#t 7 AR FAF 42 ey BARE, 8k TRFNGFR
EA. T 2002 S A TH L AR, BIEHESE DAL, FAEKLRE
55, B ARRFEE ST 500 #, FFRT 18000 £ ¥ AHs, LR
FTWATD, HEMEK. FRRER. RARGOER. FRERESEL
A B[R —f KRG AEF R, Bt 60% Wi+ A EMIFE
Ji. BHEF 2011 FRITLXEFERELATE, SHFARNLETER
EHERBFRAT, ELRAEETHARLEFERNE L.

ER LA EH @, BN EH#H—F TH, FARHM R Z b ST F
HFXRAK. BHE-LFARUNZETFEE LR UKTERAESHK
7, MR E ST, HEAFN 2015 FF L F AL XA T H R %
BRAEBEFMTFERNER S, FABXREREMIPIEIREEHEFA
AERLSHTIER, BREVLERSARFMEHEEERISE, ARHERLA
FUEFAH.

AHERBAAEFRENREZ YR —FAFHES, B AEERFE
HRARAFDFRERANEESE. RINEGEEN. Ao KEEL
AERE RN BN ER AR B THR ML EE REEE, T
Wi s — R AFHALAEREZOFHEE.

% 3
FRXEFRK
2017 412 A5 H



MHF=

UFARBATERAENELAERT, RAFRRAAERE SN
BRRFRCUFALTNER REXKEEEHEZL KT, RIFEEKF
AFHEFNEFZE.

B4 B HR LA A RS B, HEAY B 20 #4280 XA 4,
REFXAHLTE, FORAERREI, THEIBLAEHTLRE. ATR
&L ERKEFARTE, BR-T AW HEERTHERAE, —
HERAHRDEFERGFRE. BRESZFET AP L EEFET
Ao E, B E L ABOFEAR HEAH, RAE L LN E TN,
BT B F BTG 0, THRAELAEEFTE.

M AERKAMNENNERF R ENE, BREFR, KERE. A
TR HE T THARGEF R WE, REAGERIFTHARER BHA
KA R, THRELFTHEAR. XERFELFERIAE, TRE
BT TR TAERBRRAERI, R B & A& 2 AN o Ak
REEIL.

ZEMHNE R XK B FRFEFFFRARRMEFE L0
WX, A TSR, BEEFENE L ERATL, BB R R
7 BRIFAREAKFELFUAXEH 20 Z4. FREOHFEL ¥
RXARRT EREFRBAFHR L FURXHAKTE. HTHERFHE
TFALR SRR, B T F ARG F R AR, R+ R RK R
K, HAERFHI AR RS I RAL A 1F R S 1h 75 89 18 A
®X.

RO R F WAL, Bl A EE R L ok B 5 1EFo AR
T, XA XUEET A ZAAERE T, (Rt TXLRFORF
BRI RIES T Z A 4. MG ARE A 69 AR DY E A SR X AU
BRXPBNERF R ERRFARREHENSH, M XFERGEL
KAtk 5 1 R B # AL B R AR A S 1R A



6 REETFEENAR M ER IR EBMIE B REA R

RO 12 0 5 AT 3 S0 00 5 018 - Sk 50, AR A 5 51 Ak
X, BAA RO T, BRRFNITERFER KT —TRRE
MR RR, BT —RAMFFFH, HRR T HLHFERIE. R0
NABRASHHCREFE, Bokd EFHERLX.

RO B 1 Z AT, N1 5 o AR R, 2 B &% o AR 3T AR
W PENER, A BN TERARNE RER L TR, MlIAFRE
KA, AR XHT T ERNBREE, EIERERFNE. AEESN
R, ERRGMEAT .

XEMGREFERSFH, AR XH LSRRI AEZNRRS
SERE AR 2K R FL 34 LA F N g, iR E
TEH NI E R E A X IE IR, B LFREXN T TRAEERCHE
RH A TIER SR P AT RS NIE L A(], HAXHTELE
B KM L,

PRABEFAT. LA TF0BT A NEFEARS KN EATIIER KA E
B RS, BHAH ERFER. FRA2 AR A K S F L A
AT, O B 54T

MG B — (i A P — AR AR F R RR, ERIEARH A
ROEZFRZZWE A, GHE RS0 H FE A R R
Gl Rl &7 el

4%

HFREXKFHRARKK
2018 %1 A5 H



FINFE

B FFfr BB SL, 8 7 NEREL, RENEL T, &SI H—
MNERREG, HEXANEGTRERNRE. KZEW, TRAERE—
1 A SE A A S iy A ST B4, R SE 4 1E 2008 7 78 19 &= K 19 L,
REEBEBTFZREATE, Gk, BE. BE. ey, ZAPEL
MBEAERKRD ST, KAERpHES. A 1889 £ % 2014 FEHFHE
REH#ATT AR TR EEAN LY LE, WEHREER, BFRTAERSH
6 MNEIZEBEHNFEREZCLME 50ug. TREMA T, HEEPwH SI
BAHGERE. A, YRENELT IR NEERELS THRAF.
EANFEL BRABRHERREENESZ—.

A Ky 7 RS o T B ] R AR B ke, SRR A
ETFHEFTBGH AR, KA TRERREHEN TR E. ELHR
HEFHEHFERNERLEHNT, BRFTERRD AR T RN, PRAR
EAMBEHBREXEKRSI B4, FE, EFEMH SI|HL2KEEAL
E, REAKRKAZLHE: O KA IAT ST B hlth 7 MEKEN; OXA
BARERER k. T Ee. MRAMEZTEH N, MEAXER L 2
BlEH EXEAREMARL, K. BERfT 50 OFERBARMEH. K.
PEERAEAYBEEHRZX, EEXREHUBEER ORBFEF TS
EERBMEESFE.

BFANERYEERZ AFERXHK, fAlodFETE e MK
WET I Ny 19 99.9% WABERE, HETEHATER b 1T EE
aE, KT h XN E, BEIETFRANEE HAH ST A8
TRGNEETRT., KW, HENELHREREREE TR ENHER



8 REEFEEFHAR N ERERBENEAREHAR

THE+ 2R, 2012 4, ZIH XY Nature 22 £ 3T 4 # 7 E N KFH £
A

BHl, B EREEEARBRTATRALHALER L EHEXL
TREEE, FRY, THARENETHERE, LAZVAMETTAR
BILPAHBEAFTENR IREER, BUENNESR LA ¥ KN
THEEENT5x1078, MA&ZE 2012 4, #RLZEHERFRKHEE
EHAFENFREETRENRNBAT EAREM, BHEEXR X
BTRMEARTE, BFE “HEXT HEMm s FE, FALEAH
BTXE hREHNE.

FHMBEE L FAHE, BIFEHRRE T M EAFRET “HEX
T f B HWBARTE — ETHRMERENENREETREHR
FAE, HESREAF L, XREGAYE. EHEAYEEN -
AFTE, AREETREFRRRBETE-MTARTIHEAES. 5HLE
B, BHAMEAERERE FRETFHEARREFENE, BMAAES
FENMEANR. BFHAYE-SGRY, THHRIIETERETHED
xiE.

FHMAEMNELF LA XFRE TEBHEARMEANRAT T E, H A
BAEE TTUGEHZ T FEAMNYSHEMNEMESE. LK, s
E, RA-MEEXEFXTEATHEDRESHRL2E (RN, #5
RE) MR, TR T UUE S 12 203 B 1R 0B o RO A DU o o B
Mo; @ T RAEBDRTFRAZHENR FE, HBLNET RS
FoB AFERRE T E R ETHEAEAN BT Te¥E546482
EHRE, FHTHDGREREEEME T EREZ N E; FAX
Kelvin B ABR A E R B RE A, AT e LN RMAEL =%
BAA—% AREAMTRTFRANEREAR HET X Kelvin B85
AAMERESAE, BRTEEABHRRZEN TERE, ATTAEKE
TRERFEE;EBNAERN o ERN; ZRFETEHRT 4
ST EEFHFAE, oW T HAELN, HEE TESE S — K.

FMNEHE . BET —ELAEFH LN KB RN ERLE, LK
M, IR TUBERE. EEERBOHTE AT —MElH



JHFE 9

ER% A% RAUEHEHDRTZANEE; ®|E T — M0 Kelvin ®
BEFAHBENNIEFRX, BETEEIEFIXTPORRG R E
RESEHHEAE; BINASEEGREEENEESE ARREBETE
AN EWREM; 6 T T8 E 1.6kV ik NE S B ER; ZitE T
£ FPLC BHWHDEHR S mREE, HERATEFXRTFRENITH
sl el B, RE EFEENEFABMEARENERE L,
T EBRE T T REMNE, HE 1074 ERLERIET MLZF EEH
REBATRHETRRATITHE.

NEHARFLIREETEARENFAR T ZCRIAERETAX
E, 52 M A5 K KR A U XH X K & EMetrologia. IEEE Trans.
Instrum. Meas. 5 BRIt EFRN ML YT L BEFHMREL, B O
EEL¥MUAXTIHERE RRRBT —HT2FETFEAN “HEX
P Ao “EER NBEAFTE MEFEGUZBEATEFHEARKKERENE
LT E RN TR EELE 1078 KT, DEFLZHRTTHEER. Ak,
ZHMEVE, THFEFFETRLERAE I KERGZRAHAR
WAMEN, CEEHME L ARE AR R ZB L EHMRHE
N E, HEREREKEDEARHZHEAEE RallE0Emt 7
S, 5 EME L AN R IPEREHESIRHEZAEEFREL A
HITTHEANNAR, KA TXLEFZAFENYERR, HRELAEL
R, xHE oh B B SHATAR B AME, DLBR K I8 2k B U B B L F e A
EFE.

TARERBEREE CHEFTELARBNESIAMHENBEARARL
BHETHBENTE T =, HHEEZHHFFE . AN KBERENE )
R T REREEEY, IR B IBRFEEZAN TR EHANE
FHEFEBIFE LSRR, REEZNBNEERMERY T AHKL
W ®RA.

A 4k
FRXFEMIELEE AELFHRAZ
2016 48 H



mE

EHREETFRERATUEAMEE B A ZXAHF SIERATRE
ZoREEEN K, RLLSERTEFRA RN R AERZ—. RE
ERtEZRASHESR SAREETRELAZVEA MBI E
MELEATEROTHEENT5x 1078, WHA, R EEA#HTHR
EETHERMRAERAAEMN: HEXRTHERERTE, ERENENR
HABNARE. AAXRET —HETRERENES “BHEME" R
EETHERET R, REELRATHER T A ERERTE, TEAF
=M R R B A

HITEHANENEL P A FHOERERER. A-REFA
BHRFEATRDGRESHRLSE (RN, #71RE) A #AT
te A2 sk M E RSB FOSH UIE G, S TEIXTFREA
I AL, B R AR A o A ] L AR B T R 2 B,
Tea¥BEEAMGBEZENEKER, FHTHAGREREEEMEAREH
. AN Kelvin B A ZR AT ERBERE /N, KR E=8%WL
H—%, FUTRAEEFEM. LT X Kelvin AR R AN EFEEE
A, BETEEBRRIERE, AERMET EER® B EYERNER
FUABELRY. RRTEARTRAANHETEEA TR, 47 T HEL
M, HEE T ED AN — AR

FHT —EEZHEAHERREE. RiFRATUBERE. ER
EREMPTE, ZAT —REMEERKRL AURHEHIRT R
G E. RHT —FH M Kelvin B EABF A BHE N THET X, #
RIEGETHFZATFCERFPRPEREFZHNEH, BIMNEHE
ARERHEHNMXHE ARRE TREMENREN. T -6



BRI R E IR EARLE R

12 REETHEEFRAE

A 1.6kV ER B ENE TR ER, EMBESA T 8h A EHMK
F1x107% @it THTF PLC £ DE RS mmkE, FELAT
BHRTFAEHTENER G AN E., KRENEH L 8w ¥ AN
h = 6.62493 x 10~34Js, M AHEZ N 3.6 x 1074, MELERKIET K
WX BT L iR o0 B Bk AT, L T A MR AT

X827 MERE TP ¥ Kelvin AR, LM BEH



Abstract

Establishment for the quantum mass standard is one of the most im-
portant procedures in realizing the new international system of units (SI)
based on fixing the numerual number of fundamental physical constants,
which is also a hot and difficult issue in modern metrology. Based on the
CCM requirements for redefining the kilogram, three conditions that at
least three independent experiments with the relative uncertainty of 5 x
10~® should be achieved. Two well-known experiments, the watt balance
and the Avogadro project, are being perused worldwide, both of which are
based on gravitational mass measurement. In this thesis, a quasi-elastic
electrostatic oscillation method is proposed for inertial mass measure-
ment. In a traceability to basic physical constant, the proposed method
is independent to either the watt balance or the Avogadro project, and
can be employed as a third approach for realizing the kilogram.

An approach for realizing the quantum mass standard, the quasi-
elastic electrostatic oscillation method, is proposed for absolute inertial
mass measurement. In the design, the test mass is decoupled from its
integral quantities (e.g., mass center, moment of inertia) by using the
sharp-edged knives of the balance, which avoids the difficulty in mea-
suring the mass center in the conversional pendulum method. The 1990
electrical unit is related to SI unit with derivation of the inertial mass
and the Planck constant by measuring oscillation periods of the quasi-
elastic electrostatic oscillator with different test masses and applying dif-

ferent dc voltages. A twin-Kelvin-capacitor system is applied for gener-
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ating the elastic electrostatic force and the alignment of the electrostatic
force is much easier compared to a coil system, because the dimension of
the capacitor system is typical one rather than three of the coil system.
The quasi-elasticity of the twin-Kelvin-capacitor system is modeled. It
is found that the required dc voltage applied on the Kelvin capacitor
is only several kilovolt, and in this case, the TCR and VCR of the re-
sistance voltage divider are reduced obviously. The moving equation of
the beam-balance oscillator in the phase plane is deviated. By analyz-
ing its nonlinearity, the periodic solution of the quasi-elastic electrostatic
oscillation system is obtained.

The primary experimental apparatus is built for testing the princi-
ple of the proposal. The displacement sensor, the velocity sensor and
the actuator are designed, and a linear velocity feedback system is pre-
sented to control the energy of the oscillator. A new electrostatic force
realization of the Kelvin capacitor is proposed, which avoids the diffi-
culty in synchronously moving the central and guard-ring electrodes of
a conventional voltage balance. By a functional fitting of the Kelvin ca-
pacitance and the vertical coordinate, the stability for the capacitance
measurement is greatly improved. A high precision dc voltage source
with output voltage up to 1.6kV is designed, and the measurement result
shows that its output voltage in air has a stability better than 1 x 1079 in
8 hours. The test masses are synchronously added or removed by a PLC
control system, and the whole apparatus is automatically operated by
relays based on a computer. The measured value of the Planck constant
is h = 6.62493 x 1073* Js with a relative uncertainty of 3.6 x 10~*. The
measurement results verify basic theories of the quasi-elastic electrostatic
oscillation system, which also shows the feasibility of the proposal in this

thesis.

Key words: inertial mass, the Planck constant, Kelvin capacitor, non-

linear analysis, electrostatic force
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