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Table I Fundamental SI quantities, umits. and definitions. adopted from BIPM website [5].
== il Fundamental Defining constant and

E= %?ﬁ 1T] ) ST unit € ) an Definition
Quantum Technology quantity numerical value

By taking the fixed numerical value of
the caesium frequency Awes, the

%%?%%U §¥ fg?ﬂ %?EZIHH%% %?fﬁﬁ: Time second | The caesium hyperfine frequency unpcrnn‘bcd ground-state hypm:ﬁne
Quantum ~a . Quantum Metrology DT (s) Ave:=9192631770 Hz transition frequency of the caesium-133
Quantum Information afom. to be 9192631770 when expressed
control & Sensor Component . )
in the umit Hz (1/s).
By taking the fixed numerical value of
%%E-l-% %?}EE{L Length meter = The speed of light in vacuum the speed of light in vacmn_n c to be
Quantum Quantum (m) c=2100792458 m's 200792458 when expressed in the unit
Computation Communication s,
By taking the fixed numerical value of
Ma kilogram. The Planck constant the Planck constant h# to e
55
= = as o ey = . = N h=6.62607015 x 103 Js 6.62607015 x 10°* when essed in
eren erin| erae: J erEvEn| =roE e _ e
the unit T s (kg mY/s).
Quantum (lluatlwtulm Qluan.t:m (I')_ua ntur? Qua ntumh By taking the fixed mumerical value of
Computer @l Simulation]  Algorithm Teleportation } Cryptography kelvin | the Boltzmann constant the Boltzmamn comstant F fo be
Temperature B )
X k=1380640 = 1075 /K 1.380649 » 10" when expressed in the
oy unit JE (kg m*/K 7).
AR By taking the fixed numerical value of
(6.63/%) Electric ampere  the elementary charge the elementary charge e to e
current (A) e= 1602176634 = 1071° C 1.602176634 = 107" when expressed in
the unit C (A s).

One mole contains exactly
6.02214076 * 10 elementary entities.
This number is the fixed numerical value
of the Avogadro constant, Na. when
expressed in the unit 1/mol.

By taking the fixed numerical value of

a the lnminous efficacy of a defined = the luminous efficacy of monochromatic
cande’

Luminosity () visible radiation radiation of frequency 3540 = 10© Hz
E!lﬁlll!ﬂlll?ﬁ'l famss RN

LIEE =S BERRE  SERERESERDL - NEESERS(Know) B8 | 2021/7/955 Im/'W (cd so'W. or cd s sr/kg m?).

Amount of mole | the Avogadro constant (number)
substance (mol) | Na=6.02214076 = 10% 1/mol
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candela
Planck
constant

Practical realization of the definition
of the kilogram (section 3)

| Mise en pratique for the definition of the candela
(2019)

Primary mass standards
(artefacts calibrated by
primary methods)

kelvin

Dissemination of the mass unit (section 4)

| Mise en pratique for the definition of the kelvin
(2019)

Secondary mass standards (artefacts
calibrated by primary mass standards)

kilogram

| Mise en pratique for the definition of the kilogram
(2021)

metre

| Mise en pratique for the definition of the metre
(2019)
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— Rayleigh-Jeans : £ & & # &
— Wien : ‘@l £ = &
— Wien’s displacement law
c MR ERRE A Amax =
* Amax T78 ¥HE & B 2

X X
/ e=7T=1449K
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— F* entropy HCELPL A

— 51 » sk § 3 (light quanta)

— 4 £ ﬁri Sk F‘H

— [ E KRR R Rt
+ R(E)F

— photon

— BB H

Ephoton = hf = 7
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" ‘ {}'7% Bright light o
. . _ 2> I
— EInstein )?741 ’]‘$ Dim light 1
kEF R E =T FREN T TP | | | -
-5 0 5 10 15 4
| o
eV, = | -mv? =hf —
2 max (b) i(nA)
D S 3 - > f f
° ‘/i ﬁ]; fi },‘?J-!"ﬂ’ *B_“thl f?>1
GO USSE B , B[ B 3 AL | | | L.
— m*ﬁli(iﬁ“)ﬁ-@i L /5| o 5 10 15 V
—Vo2 —Voq
nh n .
L = mvr =— = nh n=1,23...
21T .
SR
4t = ) N 3= g ?
* T R PFABD : | -
E h § 0 I | | | | | | | |
f = — )\ e 40 \50 60 70 80 90 100 110 120x10"
h f,=43.9 x 1013
p Frequency (Hz)
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— Duane-Hunt displacement law
e LED e R F&F&é % F 2

|| —=—Red, h=6.2x10%J-s
—+— Green, h=6.5x10"J-s
| —4—Blue, h=6.6x10""J-s

Current (mA)

/ ~ rs
1,a<i3.\‘// 2.354://’ A
L2 2 2 14

g LA 2682V

Stopping potential (V)

|

| | | | | | |

Voltage (V)
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« X-ray-crystal-density (XRCD)
- BHRE~H-FBi>-%2 cH B
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— Pl ¥ 5 ¥ #cm B

Counting Atoms: XRCD Method

Use of a silicon crystall 1. Volume a;? of the unit cell
2. Volume of an atom: a3 /8
3. Volume V of a sphere
4.

Number N of the atoms

_8V M

a() msphere

hweig und Berlin Nationales Metrologieinstitut
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Experiment

* Mass Measurement IDhO: Q1 -1

s s s
YOI APA|
G e English (Official)

- HOOke,S laW aIld ClCCtI’OmagnCtIC Mass Measurement (10 points)

f In this experimental problem, a measurement of mass is attempted. We further measure the mass

— Induced electromotive force

— Mass dependent resonant
frequency

— Resonance characteristics

Experimental setup
Below is the list of parts (Fig. 1). The number of the parts is given in [ ] if only there are two or more.

T b
3 ] -
' ”8%[9—? 3

Figure 1: The experimental apparatus set.

1. Mounting base:

Note: magnet unit on the base creates the height-independent uniform radial magnetic fields war-
ranted near the center of the magnet pair to within +3 mm in height.

2. (Oscillator) support
3. Thumbscrews [2]:

Note: Remove 2 and 3 from 1 in the as-received package for use.
4. Shim (washer) [6)

9 May 2025 Department of Physics, National Taiwan Normal University 11



& Kibble %

. A PR
- FRE(R R T) D R FAzr i
~ wﬁ—x\(*@@z@) S h R AL B BT B R (TR)

/L '
i gu /;\

\ /\

'guﬁ .

4—2\ j ’

\
F—/LB U=B L\
mg U IU U
LB = — — 5> m = =

I v gv mgv

U h h h

gv e e gv

9 May 2025 Department of Physics, National Taiwan Normal University 12



0 Kibble = & | z_# ¥ 7 % #&

° /// IR, )3 7}’&-1— *ﬂ ,.,% ,_'
—?i-%%&%
AR

— W 5 ¥ BietE 1989 £ BT 2 HFEE, hy,
{mgv}s; Ws; = {1U}90 Woo
(LB)s= (—) and (LB)q = (—)

{mgvis; _ h (LB); _ (LB)s
Uhe  heo BYa = MoTmy,

9 May 2025 Department of Physics, National Taiwan Normal University 13



0 Kibble = & | z_# ¥ 7 % #&

TP 5. F BT %K B

e =~ gy = D gl ~ S0
(LB)q (U/v) (U/v)

heo = 6.626068854 x 10~3* s

ho _ 6626068854 x 107%*

h 6.62607015 x 10~34
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S ST
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« 2013 Terry Quinn « 2015 NIST & 1}
— A#H L A7 R — iBFpRaE 3B
Kibble = T Kibble = -T
— 2z ~10% @ 200 5 - 28r 1 ~1%@ 20 5

—

Terry Quinn et al, Phys. Educ. 48, 601 (2013). L.S. Chao et al., Am. J. Phys. 83, 913 (2015).
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m
— = (0.010565 + 0.00220) kg/A

10 F = measurement L]

linear fit

e
T

Mass, m (Q)

0.0 0.2 0.4 0.6 0.8 1.0
Current, | (A)
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m
- = (0.014540 + 0.000288) kg/A

20
L [ ]
18F = equal-arm o
16' e short-EM-arm (adjusted)
B - °
! 4 |ong-EM-arm (adjusted)
14 linear fit =
~ 12}
= |
R 10F
c |
= 3t

0 200 400 600 800 1000 1200
Current (mA)
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— £ £ ©-0.0507 (-5.07%) — £ B -0.25425 (-25.4%)

— 2 e & - 0.04630 (4.63%) — 2 &k 0.02733 (2.73%)

9 May 2025 Department of Physics, National Taiwan Normal University 25



KER T2 %

o PITBAR I AT

gﬁmﬁ%} u_”iﬁf%@

0.025
—_ y =0.0276x 1 9E-05
,&b 0.02 / &
8 0.015 b
0.01 . -
x”. o
0.005
L 4
0
0.000 0.100 0.200 0.300 0.400 0.500 0.600 0.700 0.800
I(A)
[EUEEEZS U HEERE v f (=
0.08000
o .
>
g 0.06000 e
= ° »
0.040008
-20.00 -15.00 209 5.00 10,00
‘-.'~ L -0.02000
-0.04000
v(m/s)

(1) HBAEHESE : (LB)s = 0270 £0.006 (-5

(2) BpEEtEE © (LB)s = 0.239 £0.001 (V-2)
n o (B)s _

)y S ume =

0.27040.006
0.2391£0.001

=1.13+0.02 > # h=(7.50 % 0,2)x10* (J-s)

Elr % =13.2%

4) h—hey=(87+16)x1073 (J5)

9 May 2025

B TR Z B (]

0.02
o018 ¥ = 0.0253x - 0.0003 .
R*=0.9662 [ ] -
0.016 e
0014 '_‘o"' °
g 0.012 '__..-.‘
E 001 o 3
i )
i 0.008 -«
0.006 ‘__‘,-O
0.004 .
0.002 ¥
]
0.000 0.100 0.200 0.300 0.400 0.500 0.600 0.700 0.800
SMINEFRI(A)
RUEE IS URI4R R R v 2 R (5
0.02
2 y=0.2591x + 0.0022 0015 ‘
I?‘:.’F R®=0.9231 R
& 0.01 r_.'»"
E 0.005 e
_‘E’,:u °
% -0.080 -0.060 0.048 -Q. 0.000 0.020 0.040
o -0.005
0.01
e
-0.015
RSN ELH B V(m/s)
hexp (LB)s mg/I 00253x98 0.96
ho0 (LB)d U/V 02591
slope h/h90

Department of Physics, National Taiwan Normal University

m-IBE {4 [ 0.393673

U-vEE{&EI(ZE)  0.293207 | 0.744798

U-vEAT&EICR ) 10.283356(0.719774

EhHHUV)

EHHU V)

0.2
0.18
0.16

g 0.14
ey 0.12

v 0.08
*ié 0.06
0.04
0.02

y=0.3937x+0.0086
R?=0.9903

w45 Emg-C A 4B

=
o
o
0
0.1 0.2 0.3 0.4 05
TRI(A)
FHAFRFvREHHUS il
0012
001 -
0008
0.006 . Nee
- it 2
0.004 o -~
S

.
53
'.
.
.

0.002

0.004

0.005
0008

001
viLE B2 U 14 y= UR{‘J‘J?QL:?UUM

0015

008 006 0.04 0.06
L
. ‘,.--," 0015
' 002
. 0025
.
003
it Fv(m/s"2)
PAS)



— BRAR T B
° Fé&ftg’_'\l/é = %&éﬁ[’!g]}%‘)i
 EHE T ER T e Uy B T kA 4

9 May 2025 Department of Physics, National Taiwan Normal University

27



A%
%Y

R

¢ HrEAR L Bl A B E (65 A 42)

[ 5= [

Jé“’Fﬁ,#ﬁJ:h R A A ¥ B0 FR 1900F F P oo fé * p o B o
AECA * SRR T 5wk IR %? (A) k72~ (B) 2855+ ~ (C) 4p
%erm (D) & %3 ~ (B) # FAGHTSH -

FPAFBALLEFTHAIN DR T uﬁ; T - AEenE &2 0 Be
TAVRE R G B £ ERI) (A) kT ek~ B) R FimicH - (C) R
io Fg ~ (D) Xk “s%é,]t (E) it

46%

73%

I 5. ¥ #ch >2018& =% kT xvn— BSIAAHE =?2(A) £ & ~(B) &
F-QCOFE -DOEAE-E) T

48%

100%

W% AR B A A R R R P L B (A) AP
S M HESE ~ (B) A Aok T ~ (C) X5k & H b2 frk ok
fﬁ% D) A* f aﬁ—frz B3 ks (B) Xk & W2 frd BT ki

21%

66%

Z&ﬁ }il,fl‘m,? FRAEIRPA)FLAEN RN B R EFLR
3 ‘(C)?'Qghﬁg“ﬁ‘i ~ (D) # & VR ERIE ~ (BE) i E

74%

89%

;I'

Fiw AFE Tk &-‘ﬁ”’ﬁh#ﬁ’{’ﬁﬁfﬁﬁb,;‘]ﬂ;\.%?(;i%ﬁﬁ)(p\)

BRSO THFFTE {4 Tin ) b @~ B) # R o TSt 4o
?*J““m‘ﬁnﬁhﬁ%mr@@*ﬁ%%@@& <, Ht g ~ (D) 8
BN TR BT - TR BT | vt g~ (B) # AR hh e TR Ao i

Hodt o T B b i

12%

83%

EO,SO-

wr

Sl T 2 YIKibblex T Rl 9 A ¥ HoH FER (7 FERUR) T T AR
— B #® 52 (A) 0.01% ~ (B) 0.1% ~ (C) 1% - (D) 10% -~ (E) 100%

e
18

RGPl TS 5 (A) RAFR T (B) TR L AR T (C)
L4 RF2 LEEFR T

9 May 2025

Department of Physics, National Taiwan Normal University

50 |

awf

20

10F

28




9 May 2025

Thank you for the attention!
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