Precisionsmassbhestamning -
med en atom i vagskalen

eller
Hur man vager atomer och varfor?

Fran vikten av ett kilogram till massan av en neutrino
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"
En historia om(av) vikt
och(om) massa
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" A
For matning av massa anvandar
man (ofta omedvetet)
materiens tunga massa
(gravitation) och bestammer
mangd, dvs den troga massan

gravitationskraft = tr6g massa x acceleration

Newtons andra lag: G Q;Q/R%, =mg

EP: Q/m, =g (R’/Q; G) =konstant,
oberoende av i

Ekvivalens-Principen: Ekvivalens mellan =
tung och trég massa Y
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En historia om vikt och massa
1 kg < 1Ltr vatten vid 3,98grad...

Ur-Kilogram® i Labor des "Bureau International
des Poids et Mesures" | Sevres vid Paris

Kilogram enda dim. i SI mattsystem som inte
har nagon atomistisk definition.

James Clerk Maxwell var forst med forslag....
Egentligen finns def.: en Mol 12C har massan
12 g.

Men fortfarande inte anvandbar. Dock om man

kunde rdkna antal (N,=6,022.. - 1023) C-
atomer noggrant...
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= Vad vager ett Kilc

Idag Framtiden?

Boll gjord av en enda silikonkristall

Krav: &dm/m =<1 108

Kilogram prototype
Bureau International des Poids et Mesures
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] Atomar definition

The Avogadro Project:

“The kilogram is the mass of N 28Sj-atoms.”

“Recept*
Tillverka en perfekt Si kristall v
Gor en boll avden
Mit diametern = 1nm
Bestam gitterparametern

Mat renheten

Berakna antalet Si atomer g

Mat masskvoten 28Si/12C

= Allt maste géras med en osdkerhet av 10-° eller béttre!
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=®" Bestimma lattice paramete

Rontgendiffraktion med Si kristall
Braggvillkor
Intensitetsmax. for ©

n A =2dsin©

*Braggvillkoret kopplar d och A med
Braggvinkeln ©.

*Rontgen — Laser-interferometer kopplar
A med meterenheten: A = 6057.80211A
gul 86Kr linje.

Matosakerhet 12 Attometer (1018 m)

(R. Deslattes)

FIG. 1. Prineciple of simultaneous x-ray and optic:
interferometry of a common base line. Stationary a

movine navts axra Tahalad & and B secmaanticoralss 1 -
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] Atomar definition

The Avogadro Project:

“The kilogram is the mass of N 28Sj-atoms.”

“Recept*
Tillverka en perfekt Si kristall v
Goérenbollavden
Mat diametern J =1nm

Bestam gitterparametern v

Mat renheten / 3 H

Berakna antalet Si atomer '/ =T

Mata masskvoten 28Si/'2C  GJORT VID SMILETRAP i Stockholm /
Dock, Kg framstallt sa har var inte tilirakligt noggrant —

Mét isotopsammansittningen 28Sich deras massa !

~ Allt maste goras med en osidkerhet av 10 eller béttre!
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] Hur kan man 'Vao

Tradltlone_l_l : | en Penningfalla
massbestamning
A A A A A A
B
—1 T~
—— g/m
jon
Gravitationskraft Magnetisk kraft
FF=m-g F =q(vxB)
_1.4.p

Cyclotronfrekvens:

e~ Gy

mat f_ i en Penningfalla —
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Ing trap

Penn

ionin a

] { Exitation of an

1 geB
m

Reduced

cyclotron motion

36 MHz, v,~ 240 kHz

Magnetron motlion
800 Hz, v, ~

=

A%
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<l Cyclotron Frequency Detection |

______ 100 1
SMILETRAF | — ~_ . ey
C
ER N ——— R g =
iﬂ_:: jﬁ‘% R Wmmmmm“ 2 ﬁﬁ&% E §0- I V>VC
= N © =
| = — — k5
~1 < / F — _M .VB g 40 -
' Z
radial = axial energy 20 -

15 excltation f 15 hours

-HILE!
REBONANGE SPECTRUM FOR ™Ba™
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Time-of-flight [us]
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e

23 85p 938.0726 £ 0.0935 Hz

L= 5.0 35.E .0 ) T4
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- Precisionsmass

SMILETRAP Stockholm Mainz lon LEvitaton TRAP

 Vianvander hogt laddade joner:

m Y 1

recisionen: = = vaxer lineart med ladningen!
P Am  Av_ 2nAv, m .

e Vibehover kalibrera B filtet, med referensmassan 2C

V. 1 .
R=—c TR o M =Dy g —E(AT)
Verer  YredT R Gy

e Anvander Cot for att kalibrera Sil4*

= ndstan samma q/M dvs. nédstan samma frekvens!!
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Charge-and Isotope-selected Highly Charged Ions : }

14,000

A |~ 198Hg 2s = 4He only

—Gagsgian it

10,000

BT T

Hodan g i sovdnaisis e mafli

Gurrent [arbktrary unlt]

4,000

________

lon Pulse Intensity [
w

9.5 9.7 9.9 10.1
Magnet Current [A]

118.5 1260 120.5 1214 1215 1224 1285 128.4
Selecton megnsat current [A]

CHORDIS
Production of singly charged
isotope separated ions

CRYSIS
Production of highly charged ions
by electron bombardment
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[ lon transport to SMILETRAP and evaporative cooling

evaporative cooling

*oP vV

Finally: O or 1 or 2 cold
lons in precision trap !
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1
Stockholm-Mainz-lon LEvitation-TRAP

Fallan 10-12 mbar

Elektronik-rack

Supraledande
magnet inuti en tank
med flytande helium

Jontransportsystem
vid ultrahogt vakuum
(10~ mbar =107" Pa)

Datoriserat
kontrollsystem
MAIN O[T
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= [ Fourier limit? }

resonanskurva 1o -
75
14
70|
'N0.8 -
7 L,
65 d
E % 0.6
..E'_ 60 E 0.4 -
<
o
E 55 0.2 -
0 I ¥ I L}
50.2 -1 n 1 2 0 1 2 3 4
H R
V-V, [Hz] v, #3.5107 Hz Excitation Time [s]

= uplésningen ar 0,4 Hz/ 3.5 10" Hz= 10
m v

— c__ — 10
orecisionen vi kan fa med SMILETRAP: A, ~ aw_ = 10

c

Tankvirt:  Att méta med en noggrannhet pa 10-® motsvarar tex:
Att rikna befolkningen i Kina p4 en person nér.
Att mita avstandet mellan Stockholm och Kiruna pa 1 mm nér.
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"
Systematical uncertainties

eUncertainty of the reference mass
0 or 0.14 ppb

*Field errors, geometrical imperfections and magnetic field fluctuations

0.1~ppb
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Cyclotron Frequency Fluctuations
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35940003.0 -
35940002.5 -
35940002.0

drift AT «0.01°C/24 h
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"
Systematical uncertainties

eUncertainty of the reference mass
0 or 0.14 ppb

*Field errors, geometrical imperfections and magnetic field fluctuations

0.1~ppb
*q/A dependence and number dependence
0 to 1 ppb, <1 ppb shift which results in an uncertainty <0.5 ppb

*Measured statistical uncertainty
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[Frén jonmassa till atommassa: } Einstein 1905:

A

Noggranna massbestamningar av
atomer ger information om bland annat
atomara och nukleara
bindningsenergier.

o — binding energy
[ Q vV qny, 1
R=—%"—=""%" wm) M, =_imREF+qn;l— —E5(A™)
Verer  Yref R Gy
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The Importance of Atomic Masses

General

Physics & Physics Atomic
. fundam. constants .
Chemistry test of CPT Physics
basic information - binding energy,
required

QED in HCI

=N-Q +z- Q +z- ©

— binding energy

Nuclear
Physics

mass formula,
models, halo

Weak

Interactions

symmetry tests,
CVC hypothsis

Astro-
physics

nuclear synthesis,
r-, rp-process

PDF created with pdfFactory trial version www.pdffactory.com



http://www.pdffactory.com

- Krav pa Noggr

Field Mass uncert. 5m/m
General physics and chemistry 106 (ppm)

Nuclear physics
* Decay energies 107
* Binding energies

Nuclear structure, models and formulas
¢ Shell closure, pairing, deformation, halos 107-10®
* Nucleosynthesis, IMME

Fundamental studies with radionuclides
¢ Symmetry tests 10€-10°  (ppb)

N
= o Weak interaction studies (CVC hypothesis)
r'F| Fundamental studies with stable nuclides
5‘ ¢ Binding energies, QED in HCI 109- 101
™ * Fundamental constants, test of CPT
T
SMILETRAP - Sl -massa for ny Kilogram definition, «

Exempel: _°H -’He massa for neutrinomassa fran B sondertall,
- Cs massa f0r ny finstruktur-konstant,
- Ca massa for elektronens g-faktor
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Hur kan neutrino massan bestammas

Cronnts

e encrgy 18 keV

Tritiums beta sonderfall Q-varde
"H— He+e +V

Q=18,589 8(12) keV

Skillnaden i massa mellan

3H1+ - 3He1+

Bestamd <1eV (<3:10-19)

KATRIN ~30 meV (Am/m 10-11)
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Q-Value [eV]

18,615

18,610

18,605

18,600

18,595

18,590

18,585

18,580

- Spectrumeters
{Curie plots)

{ Penning
Traps

FTICR b

SMILETRAP

i
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] 3He mass result-200

3.0ME.020.328.0

3.016.029.326.0
5,016,028,324.0
3,016,029,332.0
3,018,029,320.0
3,016,02%,316.0
3,016,028, 316.0
3.016.029.314.0
3,016,029,312.0
3,016,025,310.0

3.0M18.029.308.0

3.0ME.020.308.0

SHe | 3,016,029,321 (26) u 0.8 ppb total
e _
- [ ]
Wanlye 005
ShILEZMIS private comm.
*
AME 19495
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H

3,016,049,278 (24) u 0.8 ppb total

3,016,049,282,0

3,016,049,280,0

3,016,049,278,0

3,016,049,276,0

3,016,049,274,0

3,016,049,272,0

3,016,049,270,0

3,016,049,268,0

3,016,049,266,0

3,016,049,264,0

3,016,049,262,0

*H

SMILE2001

%

AME 1995
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] Finstrukturkonsta

In classical electrodynamics interaction
between point charges Q,—¥—Q,

described by F(r) = - gradV/(r), V(r) =Q,Q,/4rer

(analog for charge moving in magnetic field)

\quantization of fields —

Heisenberg

Charged particles — field quanta are photons

electromagnetic interaction = exchange of virtual photons hv

Q, -l Q,
hv has energy and momentum within conditions given by
uncertainty relation AE At=h, Ap A x=h (virtual photons)

One photon exchange dominant in Coulomb force =
(formy=0) Ap =E/c =h/cAt;At=r/c =
F(r) =Ap/At ~h/c At? = hc/r?

by comparison with V(r) = proportionality constant
Q,Q,/4nehc = n,n,e2/4nehc = a fine structure constant ~
1/137 (constant of el.magn. interaction, time dependent?)
consequent = Quantum Electro-Dynamics (QED).
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Different determinations of the Fine Structure Constant «

137.036010 '
T h/m,
137.036005 T f —
137.036000 = —
s CODATA98
137.035995 * AV
137.035990
? oo
137.035985
Hans G
Dehmelt
Nobelpriz
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133Cs for Accurate Determinations of the Fine Structure Constant o

o

2.2 ppb (vanDyck)

SMILETRAP
< 2__'10-11 7.3 ppb 2ppb 4330
E“Habnsichos) (S.Chu 50 | :
obelp — : 2 @
137.036010 NObelp 98) '8_ 40 I E .................. |
Th/mn f 30 [ h
137.036005 I ] -% 20 T o o
R Mcs =10 e
©
137.036000 $g-2 $ i o Oie
"5 CODATA98 / S 0 __
137.035995 * Avmy g 20
137.035990 In near future h/m(Cs)* SRR
[} 1 3 ppb 1 ppb 0 363942
I'so ppb new setup 1 pp Charge state
137.035985
[ *S. Chu, private communication (2003) } PRL 83, 1999
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gi QED (QuantumE

r e r u= magnetiskt moment
- _ J e, m, elektronens laddning och massa
M g 2 J =rotationsmoment
m e g =g-faktorn
Enligt Diracs relativistiska kvantmekanik ar g = 2 METHODS OF PROOF o
for en fri elektron. D UCTION ff s *"}@ and
3. CONSTRUCTION
o o A4 TANTIMIDATIGN '-"-’i@%d

QED-berakningar ger i stallet g = 2.0023... o fge] BERNTRASIG %
Anvands for definition av Finstrukturkonstanten « % . f'--’-",

Tittar pa bunden electron:
Genom att experimentellt bestamma g med stor
noggrannhet kan QED testas.

S
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Test av QED: Bundna elektronens g-faktor

gbound/ Otree = 1

107
102E Yerokhin, Shabaev et al., 2002
all orders in Za 3
10-3 3
E

-4 _
10 Grotch et
10—5 L 1970
5 future

contribution to g-factor

0 10 20 30 40 50 60 70 80 90
nuclear charge Z

— 1/3(Zo)* + aia{Zo)f

relativistic effect s

recise g-Factor measurements
@ HITRAP(GSI) & SMILETRAPF

Larmor h
V., = B
precesion SiHs
Cyclotron V = 27[13[_ B
motion on
2, qm,
= g] =

(0 iCOH M 10n

So far results for C>*, O7*, next 9°Cal”*

Framtiden: need mass of Ca!%*— U%1* with <0.5 ppb from SMILETRAP
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Elektron strale
40keV (250keV)

Collector SPARK Source Analyzing Magnet |
Ultra High Vacuum |
Chamber

fon Beam «? |

3T Magnet

lon Optics Deflector Faraday Cup g

3 | Electron Beam Ion Trap

Drift Tubes

. . SuperEBIT, Uranium 92+

Electron Gun
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" Current knowledge of atomic masses n

198,204
Hg

~200 isotopes <10 ppb D @_Eﬁm ¢
~20 isotopes <1 ppb ___oogho
) EEJEE:SEE’D

I1T1

L1
lllll
L

Protons —

With SMILETRAP almost any stable
mass (and some instable masses)
i can be measured with an
- uncertainty <1 ppb, sometimes
2426 close to 0.1 ppb (10-19) .
2.0 So far 21 species, masses 1-204u,
charge states 1-52+

Neutrons
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] 1Previous SMILETRAP highlights

Comparison betwen95 and 2003 table
with SMILETRAF data

50
45 -

40

35 )
_nﬁl]-
o
o
.EEE
. L
ﬂ 1
|
(-
L 29

15 - :

10

5

Dﬂ,.lhl.f | ol

S2ERXRTEEEEEEEE2E
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99Ru

105Pd
108Cd

115In
120%n

125Te

126X

133Cs ==
138Ba

45Errar [pph]

03Errar [pph]
HESMILETRAP
T g = 3 =
Z a5 Wwm o
SgE03

170Er
176Yb

182Hf
185Re

1860=

190FPt
204Hg ==

209Bi

247C
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New masses of atoms and where it matters...

« 76Ge-5Se for constraints on neutrino-less double beta decay

—————————————————————————————————————————————————
« Heavy M, to solve the "198-204Hg problem in Audi & Wapstras

mass table
« Weighing atomic binding energies = lonization potentials of ion:

« Mass to energy conversion = Relativity Test E=mc?

""" ... a relative mass accuracy of dm/m = 10-"" is the goal!
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