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1) Basics of Penning-trap and storage-
ring mass spectrometry

2) Nuclear astrophysics studies

3) Test of the unitarity of the CKM matrix
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4) Nuclear masses for neutrino physics




Basics of Penning-trap
and storage-ring
mass spectrometry
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Extraction

From the FRS

Fast kicker

Electron
cooler

Dipole magnet
RF-Accelerating
cavity

dublet

||/l«— Schottky pick-ups
Quadrupole-

g« Gas-target
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particles at nearly rest in space relativistic particles

* jon cooling * long storage times
* single-ion sensitivity * high accuracy
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m =516 T =516 000 000 g ~ 5:10% g

However: Accuracy
on atomic scale
and T,, <1s




. ESR(GSl)) M, m; Hf Ta W

detectionina &
storage ring ®

Stored ion beam

142Pm59+

¥ 142 Pm59+

B b T T s T B B
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& EC-decay

t=28.48 s &
- frequency -

10 1424 59+

0.8

0.6

L 1 Discovery of new isotopes
NG & and isomers.

0.4

0.2

<4— time after injection (320 ms/spectrum)

Revoluion requency - 245962 k¥ Revoluticnirequency =—p Hf: Phys. Rev. Lett. 105 (2010) 172501




Quadrupolar MPIK (Heidelberg) Octupolar

excitation SHIPTRAP (GSI) excitation
U oc cos2¢p LEBIT (MSU)

164Er and 154Dy are not resolved 164Er and 164Dy are resolved
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T T T T T T T T T
10  -05 0,0 , , , -0, -0, 0.0

Af [ Hz Af [ Hz

At least 20-fold improvement in resolving power!




Isochronous Mass Spectrometry

Vl:l
(miq), \
1 Injection

e
Schottk (m/q), Electron

Noise-P“i’ckups - Cooler >
TOF-Detector
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(3) TOF measurement

= "
Detector
A

(2) Energy conversion
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(1) Excitation of the
lon motion

Mean time of flight / ps

| Centroid:

T g

IR ——

27Tm

1 2 3 4 5 6 7 8
Excitation frequency f; - 1445125 / Hz

Determine atomic mass from frequency ratio , m-m,

with a well-known “reference mass”. mref - /776,




Nuclear astrophysics
studies
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r-process nucleosynthesis

= Most nuclear data experimentally ek
ds5 Known
unknown Pb (82)mps, [ Half-life known

= Theoretical predictions needed I noing onn
= Astrophysical site uncertain

= Observational data to be matched ! orocess
Sn (50) 7 b / \
r'p process /’
Fe (25) ’
stellar burning Supernovae
/ Cosmic Rays I

neutrons

S process

p process
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protons
H(1
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_..
Time-of-flight
detector

l
[ [

i

ESR (GSI)

Injection

Hot fragments

Abundances after B—decays

Observed Solar Abundances

Model Calculation: masses from
ETFSI-Q Pearson et al. 96

Same but with new masses

JRRRRN I prrrret BN L
- T,=1.35; n —1*1020
1 B

10

o L

10

_1:

10

_2-

10

_3-

70 84 91 98 105
Mass number A

10

B. Pfeiffer, GSI Report 2006-03




. mass accuracy
H stable nuclides M stable

% TITAN masses I o<5keV
= parameterized r-process [=] o< 20 keV

model used in this work O o> 20 keV
[] extrapolation

L BN s e o T T T T T T T P L L BN
- —using AMEQZhigh -—using NEWhigh
— using AMEQZlow — using NEWlow

M
—
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Abundance
Abundance

70 80 90 100 110 70 80 90 100 110
Mass number Mass number

géj%._' "'“"Il B IR :
C‘ﬂ' "'“"II JLRLLLBRRRILL

Relative Diff
Relative Diff,

TITAN (TRIUMF) V. Simon et al., Phys. Rev. C 85 (2012) 064308




r-process: New mass results li

UUo-0U4

CARIBU 2011-12
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alm

a/m
gim possible r-process

glm|g/m

BE

N=179|80|81|82|83|84|85|86|87(88|89|90|91|92|/93|94|95|96|97|98|99100|101|102|103 104 |105|106

CPT (Argonne) A large set of new mass data will be published soon!




The mass of 82Zn

480

460 |
440 |
420 [
400 |
380 |
360 |
340 |
320 |

ATMOSPHERE
— EMVELOPE
- CRUST
OUTER CORE
IMMER CORE

time of flight I ns

300
280

260 |

240 L W data points

200 LT theoretical line shape L
-15 -10 -5 0 5 10
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excitation frequency v_- 11077941 / Hz

om/m ~ 108 (< 1 keV)

R. Wolf and the ISOLTRAP Caoll. (2011)




Composition of the outer crust of a neutron star

Depth profile of a neutron star HFB-19 and HFB-21 model calculations

Om

50
48 Exp. determined m Neutron-star outer-crust nuclides
48 B stabe O g E £~ k| AMEZ2011 values

g2 44 [ ISOLTRAP measurement

] 42 ] HFB-19 prediction

40 | ™ HFB-21 prediction

38
36
34
32
30 ; - 1 neutron drip line
28
26
24

%6Fe —|

-_.__.—-I_-—___"_.'-'

outer ganj —

W crust s —3e
RS

BEKI. —

Proton number, Z

?BNi

26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82 84 86 88
Neutron number, N

most exotic nuclide
at the N=50 shell closure

Microscopic mass models
predicted 82Zn to be a
component of the outer
HFB-19 | HFB-21 crust of a neutron star
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Calculations done by S. Goriely (2011) - disproved with exp. mass




rp = process

. ISOLTRAP
> 10%

JYFLTRAP (steady state)

. EGIER
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FATURE SHYNECE | vl 7 ~Fhe M ssnsm e o eyt
MUCLEAR ASTROPHYIICS

» CSRe (IMP, Lanzhou) 5;¢ Star bursts pinned down

Ora of tha mEln uncartants i1 tha bumeup of X-rey Durets Trom nautrs etans heg Boan mmovad with tha
walghing & @ leny’ MUChauE, ™ AS, 3T 8 M 1N FToTaEa fing.

Quenching of the SnSbTe Cycle in the rp Process
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E ] 5K & JYFLTRAP (IGISOL)
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BEEEEE .E ' C.Weber et al., Phys. Rev. C 78, 054310 (2008)
| Ga
]

Ge Ge Ge Ge Ga Ge V.-V. Elomaa et al., Phys. Rev. Lett. 102, 252501 (2011)

61 G4 Tﬂ T1 T2

=1E 3 : - E. Haettner et al., Phys. Rev. Lett. 106, 122501 (2011)
LR % kil 7 F. Herfurth et al., Eur. Phys. J. A, 47,75 (2011)

2 A0 31 32 33 M 35 36 I 38 30 M0 M 2 43 44 45 X. Tu et al., Phys. Rev. Lett. 106, 112501 (2011)
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Test of the unitarity of the
CKM quark mixing mtrix

ﬁVeak Interaction \ ﬁtrong Interaction\

= Radioactive decay = Binding between quarks
within hadrons
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SN\
N\ ]
h QEC values of superallowed beta emitters

Courtesy of T. Eronen 7 — ot

(Tv TZ) = (15 _1)

268i

e Superallowed beta emitters?

— Decays of nuclear 0*? 0%

states, T=1 JT=0%
(T, T;) = (1,0)

— Pure Fermi decays AT

— Simple decay matrix element TA]
— Characterized with an ft value

e fstat. rate function;(f oc Q. °)

e tpartial half-life t, ,/b JT=0%
(T, TZ) = ( :+1)

26 Mg

=p¢
=
= >
= o
7 A~
:
O3
@)
25
7
&
Eo
|

‘ Q-values needed at 100-eV level




) Testing the Standard Model

Corrected value:

K
Ft = ft(14+6%) (1 +0ng — 6¢) =

2GT (14 Af)

CO r re Ctl O n S a b O U t 1 % [Towner and Hardy, Phys. Rev. C77,025501 (2008)]

Cabibbo-Kobayashi-Maskawa quark mixing

matFIX Vud Vz;zs %xb §d> Ed'f> j
md %S V;:b i8> — ;Sf>
‘/{cd %s V;;b }b>
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Quark-mass eigenstatesll to weak eigenstates i

_ K Currently 13 transitions
2G%. (1+ AY) Ft contribute

p,ud




| T T T T | T T T T
- M JYFLTRAP ] ,
[ x ISOLTRAP 1 Contributesto world
L & Canadian PT -

- O LEBIT averagevalue(13)
[+ TITAN T
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JYFLTRAP (IGISOL)
ISOLTRAP (ISOLDE)
CPT (Argonne)
LEBIT (MSU)
TITAN (TRIUMF)




22Mg 34C| 8Km 46V 5400 62Ga

26A|m 34Ar 4280 SOMn

10 15 20 25 30
Z of daughter +268i, 308, 380& 42Ti
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Towner&Hardy, Rep. Prog. Phys. 73 (2010) 046301




A Test of the CKM unitarity

Check unitarity via first row elements:
2 2

2 nitari ntribution:
vl Pely =1+ U tavty cont Iguooc;%
v 5%

V, and V, from particle physics data us

(K and B meson decays)

Present status:

V, 4 (nuclear B-decay) = 0.97425(22) Vg
V. (kaon-decay) = 0.22521(94)
V,, (B meson decay) = 0.0037(5)

Voo |* + V| + M, |* = 0.9999(6)

Towner&Hardy, Rep. Prog. Phys. 73 (2010) 046301
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Nuclear masses
for neutrino physics
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Is the neutrino a Majorana or Dirac particle?

212EC (T,,,>10%4y) 0v2EC (T,,,>103%0y)

L _ ‘ 2‘“‘ L 2 9 I\
Toa C xm2 x |M|? x |W1e|? x |Wge|? x @B~ B T I

012EC might be resonantly enhanced (T,,~102°y)
(Z,A)
|
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T of ©xclted electron shell
ME;,,;;""‘M iT

le . . .

Cirans Contribution of Penning traps:

Search for nuclides with 4=(Q_.—B,-E ) <1 keV
by measurements of Q_.—values

at ~100 eV accuracy level




Resonance enhancement factors

SHIPTRAP 2EC - transition A (old), keV | A (new), keV | T,,*m? yr
(GSI)
TRIGATRAP | ™*Gd — '%2Sm -0.2(3.5) 0.9(0.2) 1026

(Mainz)

164Er _ 164Dy 5.2(3.9) 6.81(0.12) 1030

180\\/ 5 180Hf 13.7(4.5) 12.4(0.2) 1027

10° g

4 1 eV 2

10" F TP}"Q ~ 10%° ( ) years
o F mag

107

105;
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resonance enhancement
factor normalized to **Fe

10 100 1000
Q_-B, /keV e, Phys. Rev. Lett. 107, 152501 (2011)




Results so far
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All but one (19°Pt)
measured with mostly
below 1 keV uncertainty.

90 100 110




Exciting results in high-precision mass measurements
for nuclear astrophysics and fundamental studies

Basics of Penning-trap and storage-ring
mass spectrometry

Applications of precision masses for
nuclear astrophysics studies

Test of the unitarity of the CKM quark
mixing matrix
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Precision masses and nuclear structure
calculations for neutrino physics research

... and many more!




Future mass spectrometry facilities

Future facilit* |

SIS 100/300

HIAF in

China
ECS-45

(ngh Pulse
- 2 \ Power) //

I-LINAC U- RIBL
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MLL-TRAP at DESIR
LEBIT at FRIB

CPT at CARIBU 1l
TRIGA-TRAP at TRIGA




Thanks a lot for the invitation
and your attention!

Email: klaus.blaum@mpi-hd.mpg.de
WWW: www.mpi-hd.mpg.de/blaum/

EMMI
Max-Planck Society Helmholtz Alliance (HA216)

Nuclear Astrophysics Virtual Institute
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Adv. Grant MEFUCO (#290870) Helmholtz Association (VH-VI-417)
Member of EuroGENESIS / MASCHE.




