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GENERAL REMARKS



The nuclear binding energy (B)

The nuclear binding energy reflects all forces ¢
u n ' O
acting in a nucleus - é“%
/’ \\ o/ W/ \_—

B(N,Z)=1Zm, +Nm, 'M(N )

7’

_ _—--_ Nuclear mass

B(N,Z)={Zm, + Nm, — m( X) /Zm, — EBe - C

L - Atomic mass - J

ME(N,Z)=m("X)-A'u |ikev—2"<10"

m

Mass excess (keV)
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Nucleon separation energies (S,, S, S,,, S,,)

Nuclear Structure & astrophysics
S, =B(N,Z)-B(N-2,Z)
S,, =B(N,Z)-B(N,Z -2)

S =B(N,Z)-B(N-1,7)

S =B(N,Z)-B(N-1,7)

Other quantities are also important for nuclear structure,
all of them obtained from nuclear binding energies
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Importance of the mass
S (Shy Sps Sans Syp)

SZn [MeV]
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~ 7

S. Schwarz et al., Nucl. Phys. A 693 (2001) 533
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Nucleon separation energies (S, S, S,,, S,,)

One-proton separation energy for odd-A (even-N)

Location of the proton-drip isotopes of Ho (Z=67) and Tm (Z=69):
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Astrophysics

* Nucleosynthesis e.g. on accreting neutron stars
« Explosive hydrogen burning (X-ray bursts)
« Steady-state burning

S process

B Mass known

[] Half-life known
[Inothing known

Evolution of the process depends on p-density and
temperature in stellar environment

Pb (82)ers,

p process |

F process |

Astrophysical observations:
elemental abundance, light curves

Required nuclear data:
« Masses (sep. energies, Q-valUe
* [ decay half-lives
« Reaction rates

protons i I

neutrons Picture from H. Schatz
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Nucleon separation energies (S,,, Sp, S, Szp)

Qi(p,)/)j= Sj - Si Icture & astrophysics

Sr74

V,Z) - B(N -2,7)

- ~N\J

L V-Bwz-
. L.2)-B(N-1,2)

e '\],Z)_B(N_LZ)
B’ 3/2
2Ky T Qi '
Waiting point Airoi = ( ;;2 ) exp(_ ;Cl;f)] )<Ov>i(p’y)j
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Nucleon separation energies (S,,, Sp, S, Szp)

Qi(p,y)j_ J i &
@
5?):#?; I\).GEJIOT ]
+ o
~ F& =
> o 1 o
2| < M2
Ro73 & | == ISOLTRAP
LI | = AME 1995
o V]
sl |2 P
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17 s
Temperature (GK)
B —
2Ky T Q .
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D. Rodriguez et al., PRL 93 (2004) 161104
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Q-values from B-decay

Fundamental symmetries &
Neutrino-related physics

O,.=ME(Z,N)-ME(Z -1,N +1)
O,. =ME(Z,N)- ME(Z-1,N +1)-2m,

O, =ME(Z,N)- ME(Z +1,N -1)
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Q-values from B-decay

55 [ CopadianPT 7oy > CVC hypothesis
| o, W Superallowed
30 . B emitters
I Co
I 50Mn O+ 9 O+
25 N a6, K
LTl B
I 38 o Ft = ft(l1 + 5 1- 5 =
N - fll+8)(1=8¢) = 50—
: 30g lr *25c :
15 - o5 = Sday < 1 F(Q°) statistical rate function
Mg = | t(t,, 1/R) partial half-life
10 — 14 N(>a< 26pIM - ) ) )
| . Va=GIG,
| 2 2 2
O_I L N Vud+VuS+Vub =1_A
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N
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Q-values from EC-decay

Is the neutrino a Majorana or Dirac particle?

2v2EC (T,,>10%4y) Ov2EC (T,,>1030y)
L=C><mvz><‘M‘2><“Ple2><“11262>< d 7
1), (Q—BZh—Eyz)2+ZF2

0v2EC might be resonantly enhanced (T,,~10%y)

Z A
\ ( ’ ) e CPtUre of  €xcited electron shell
two orpitg electrong ] F’
BZh [
Q * |
o (Z2A)
E

Search for nuclides with D=(Q,-By,-E,) < 1 keV
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Q-values from EC-decay

Is the neutrino a Majorana or Dirac particle?

VoV oY ol oY

LT~ AN ..\

2v2EC (T,,>10%y)

L=me§x‘M‘2x‘¥
1),

resonance enhancement
factor normalized to *‘Fe

50
@ 1eV)?
F fe N Tlo/vz ~ 10 years
el =3 mgg
;_ 158Dy
I ¢ 138
B Ce
3 1804 o .
196H Ba
3 “Cae g9¢ . 126y
- SEAF * ° 54Fe
| TR | ) ) ' | 1 1 | 1
1 10 100 1000

Q_-B, /keV

152Gd: S. Eliseev et al., Phys. Rev. Lett. 106 (2011) 052504
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Q-values from B-decay

« Direct measurement of the mass by analyzing the end of the 3-decay spectrum
independent whether the neutrino is a Majorana or a Dirac particle

Z—Z = kx F(E,Z)x pxE,y x(E,~E,)’ ><[(E0 -E) -mﬁ]m
3
F(OF) = } N(E4)dE ~2 oF
-0E EO

 The best candidates will be decaying
nuclei with low end-point energies

+ Tritium: T,—(*HeT) +e +7,

0=186keV T,=123y

Counting rate

. 17Re: ""Re—"'Os+e +7V,

Q=25keV T,h=432x10"y

E e-E 0 (eV)

Q has to be unambiguously determined (with 8m/m of at least 10-1") from
the mass difference using a Penning trap
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Tritium and 18’Re

104 2 ' T ' T ' T
® From Yu. N. Novikov e Tritium

. ; _ . i, 187Re )
E; 10 § .
E 102 3 ®e o -
w 10'F .
= .

10"

0.2 @V rmmmmmmmmmmmom e
1940 1960 1980 2000 2020

Year

KATRIN l

Vv

MANU J. Law eEaI Nucl. Phys. B 91 (2001) 293

= MIBETA M. Sisti et al, NIMA 520 (2004) 125

MARE |

MARE Il
v

 There are two International collaborations aiming at measuring with a sensitivity of
about 0.2 eV/c?: KATRIN (KArlsruhe TRItium Neutrino experiment) and MARE (Micro

calorimeter Array for a Rhenium Experiment)
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Mass uncertainty required

10'6-- Masses & Identification
|

_ Mass models s
Nuclear Structure
Halo Nuclei
Heavy elements «umw
Nuclear Astrophysics c———

Fundamental Interactions

10%
Neutrino physics 00 om

10" M

l l I 1(_)_12' , :
1990 2000 2010 2020

Time scale for direct mass measurements using Penning traps
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Discrepancies between the models

5,=0 r-process S =0

exp
DusCzZ
Molal
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— Pearson
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known masses

model difference (MeV)

4 Picture from D. Lunney
&\l ]
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N (Z = 55)
Particularly relevant in the region of Superheavy Elements
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The 2012 Atomic Mass Evaluation

10 20 30 40 S50 60 70 80 9 100 110 120
" NEUTRONS
100 “53% of the data used in the present AME2012

90 R evaluation were not available in 2003.” ] e
G. Audi, M. Wang A
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60 i il
@) e T s 05,202
50 L : Mass uncertainty (keV)
[ | u< 1
O 1su<2
. 2su< 4

O 4su<12
[] 12=u <60

] 60=< u <200
3350 nuclides [ 200< u

T Data from AME2012 [l Extrapolated Mass
G. Audi, M. Wang, private communication [] Unknown Mass
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THE PENNING TRAP



Fundamentals

Magnetic + Electrostatic field
AiA g

i

Axial . qq)()
motion z md?

Reduced cyclotron  , _ l[wc N \/(wcz _ 2a)2)]
motion 2 ¢
Magnetron 1 > >

motion .= E[wc - \/(wc - 2w; )]
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Fundamentals

MCP,
Chevron

Delay line
anode

#1

v/start clock

G. Eitel et al., Nucl. Instrum. Methods A,

606, (2009) 475 R
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Different geometries

End cap

Correction electrode

Correction electrode

Rin .
9 Ring electrode
electrode
Correction electrode
gz Correction electrode
End cap S : End cap

L.S. Browm and G. Gabrielse, Rev. Mod. Phys. 58 (1986) 233
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Penning traps
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Different geometries

GSI-DARMSTADT
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External Fields

® o ® V)=V cosw,,t
V(t)=V cosw,,t 2 o

-
V(t)=V cos(w,t+1)

e o
V(t)=V cos(w,t+1)
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Time-of-Flight lon Cyclotron Resonance (TOF-ICR)
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Time-of-Flight lon Cyclotron Resonance (TOF-ICR)

3401
— 3204
g
= 300
6 280-
= 260
250- 3
| = 240
200 220
200
-3 -2 -1 0 1 2 3
2 1504 Ve - 107121066 [ Hz |
: -
S 100 - * lon beam energy: ~ 1eV
| « Mass Resolving Power: 1x106
50 * Measurement Uncertainty:
| 10-8-10-9
1 » Sensitivity: ~ 40 ions
0 i I ' : . l . 0 g ifa-
0 200 400 600 300 Minimum half-life: 8 ms
Time of flight [ ps] M. Konig et al., Int. J. Mass Spectrom. 142 (1995) 95
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Phase-Imaging lon Cyclotron Resonance (PI-ICR)

ol

Drift lenses  Einzel lens Position-sensitive
- detector

* lon beam energy: ~ 1 eV » Sensitivity: ~ 10-20 ions
« Mass Resolving Power: 1x107 *  Minimum half-life: ~ 1 ms
* Measurement Uncertainty: 10--10-° S. Eliseev et al,, PRL 110, (2013) 082501
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Mass spectrometry of atomic nuclei

57 JYFL TRAP

s < O N
(o ps T

PENTATRAP
THETRAP

..............................

LANZHOU
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RIKEN TRAP :

i @Efb ....... o S :

Lanzhou

b
~
Vo
* Running facilities . Under constructlon * Future facilities
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E.

In-Flight
method

ons

Gas-filled

stopping
chamber

— E
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Precision 2

. P X .
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Penning-trap mass measurements at RIB

Practicable with higher production rates > MATS at FAIR

10° :
>
T O Most of the PT
'© 5 measurements
'q':; 10 o Og performed with the
o S TOF-ICR technique
:C; on 1+ or 2+ ions
N 7
o 10 . (@
©
&
()
= 10°
© ® PT(ISOL)
O B PT(n-ight) q=+8
Y O IMS (ESR & CSR)

107 r r . . !
10° 10" 10* 10° 10* 10° 10°

IJMS 349-350 (2013) 255 H alf_ I Ife (mS)
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Penning-trap mass measurements at RIB

5151007300

Common components
EBIT junction

- cBM

>
— Rare |sotope
‘ Production Target

7 super-FRS LaSpec beamline

Antiproton
Production Target

Plasma Physics
Atemic Physics

RESR/CR

-- Existing Facility
-- Under Construction

D. Rodriguez et al., Eur. Phys. J. ST 183 (2010) 1
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Recent highlights

5.5 . .

—0— AMEI]2

by
o
PR T N T N 1

>

-

- —@— this work

g

=Ty)

T 45-

R 10"

'§ i

.g* i

= )

g 337 g 107

g 2

2 50 £

2 3.0 p

I 2,
2.5 T T T 10

46 48 50

104

80 100

i 15 o 0.004 | ;r % \ l
il $ i

120 140 160 180

1) p

—o— New }
0013} * »

0.009 - '% ‘. "

0.000

ophysics at ISOLDE (2015)

Pictures from
1 S. Eliseev et al., PRL 115, (2015) 232501

\
e
iy

§A P | PP B B BT S

122 124 126 128 130 132 134 136
A

D. Rodriguez



Penning-trap Q-value for neutrino physics at GSI (2015)

2.9 (a)1

3 2
sl o Am =2833(30. )15..) eV/
" —

é 27 % stat Sys c ¢
"‘-’C 2.6 ++ " i

= . 36F (b

8 2.5 Y i ( )

© 54 B A TSINEOSR, Gt U0 (Noderser. Lusgrosent o 3'4;_
S 12 SH , T , S 2 32¢ ?
; S 1) R UL

. - ) = [
— " 9 a I ® I | | I _—
O 10 2@ 28F Y ! | 1 |
X g N=10 o Hoa - ?
o [ | O 5 26F |¢
=2 = o L ®

P o o 24 - b
= g a@a 4
C— © E

c € 22L

& 4r N=10"2 :
® 20F
_22 M‘ v S I BT I B R B B E |
2 T N=10"* ] 0 5 10 15 20 25 30 35
o -~ Number of the 5-hour measurement

0 1 1 1
2.2 2.4 2.6 2.8 3.0 3.2

O-value of EC in Ho / keV Pictures from S. Eliseev et al., PRL 115, (2015) 062501

“Curso FNEXP” Valencia * January 2016 D. Rodriguez



THE PROJECT TRAPSENSOR IN
GRANADA



The technique

02n(N.Z) = S2n(N,2) — SN + 2, Z)

Nuclear Structure (minute production) M (NZ) - MoiN - 2. 7)

120] Mo N+ 2, 2),
- A : : : :
Q _ 1600 - 1Z=102]
g 114 -
= ] 1200 /' '\
= > 1000 [ — /' ‘\
 Ds 110] e T../k :
OHs 108 Z o0 : : \
- 1 DO.S / \l] [ 1]
S oms| el EYL PG
1 o> K 200 ; e
% 103 0 ‘gélé s S Mo
No 102_JH z o ms e | | | v
Fm 1000 O Som4 148 150 152 154 156 158
=2 .
] mamaln 25 %g 1500 ' ' T ~ Tz
152 162 184 100 g +
1200 7
Neutron number S 1000 2\
- R '/l] ?E _
« The isotope with lowest production rate ever 5 j:: A T
measured in a Penning trap (2%6Lr, 60(18) nb) 200 ] . fl-o
48 ions detected in 93 hours !!! o] NA]
E. Minaya Ramirez et al., Science 337 (2012) 1207 T %0 1sz | 1sa 1se | 1ss

Neutron number
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The technique

A

—

esClanl

Endcap

Endcap

D. Rodriguez
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The technique

B
o © Rec |
@ 3
N
lon X* §
R A FFT —>§
Endcap Endcap £ R

Wic Frequency (w)

Induced image-current - Oscillation frequency - m/q

2 2 2 2
W, +W. +0° =w;

L. S. Brown and G. Gabrielse,
Rev. Mod. Phys. 58, 233 (1986)

It has been demonstrated for low or medium m/q
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The TRAPSENSOR project

RLC

3

N

Ion X* S

©

Rc| | A FFT — 3

Endcap Endcap £
lon X*

i O,
< 4OCa+
Endcap Endcap Endcap Endcap

N

I
»

Wic Frequency (w)

1 mK
U

D. J. Heinzen and
D. J. Wineland,
Phys. Rev. A 42(5) 2977
(1990)
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The technique

1. lon X* is probed with a radiofrequency field and will be detected in
the optical regime.

2. lon X* can be any ion regardless of its mass, charge and polarity.

‘ MICRO-TRAPS + LASERS + EXTERNAL ION SOURCE +
PENNING TRAP BEAMLINE
lon X*
—_—>
@ @ D. J. Heinzen and
< 400+ D. J. Wineland,
©) Phys. Rev. A 42(5) 2077
(1990)
Endcap Endcap Endcap Endcap
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The project TRAPSI

1. COOLING

Conductor
lon X* ON 40Cat
Trap 1 Switch Trap 2

open

3. ION-ION INTERACTION

40Ca+
1 SW|tch ‘ Trap 2
open
ry 2016

2. PROBING ION X*

SW|tch
close

4. INTERROGATION

Conductor

lon X* OFF

Trap 1

Switch
close

40Ca+
Trap 2

4OCa+
Trap 2

D. Rodriguez



An overview of a Penning-trap beamline

— —
— —

Electromagnet ,©

Paul trap fo; .

laser cooling

Lase
Penning trs
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Laser system

1. Level scheme for a 4°Ca* 2. Level scheme for a 4°Ca* ion in
ion in a Paul trap a 7-T magnetic field
T 2Py, 04
P, , 130 GHz) =517, Dap
—_— NS~ <~ —
S e SO ™o
' N D5/2 64 GHz -I: S—~——
- A — -
397 nm [866 nm>X 2p 2D
2D 1/2 3/2
3/2
e }236 GHz
D42 397 nm
866 nm
2
S1/2
Doppler
cooling 196 GHz
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The project TRAPSENSOR

) = BS

Optical @ HeNe | - = Mirror
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Laser system
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SHIPTRAP beamline

~ 50 MeV e A N 2)'A

Gas Cell Buncher Transfer Penning Traps Detector
SHIP Superconducting
ion beam

' Entrance Surface
_________ & indow ion source =

S Extraction RFQ Quadrupole
T \ deflecto/

DC cage RF funnel

vurification trap

Several developments are on-going

<.
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The project TRAPSE

Diagnos\t-i‘é‘é“‘-~~~\\
3 .
lon optics

Transfer Section Preparation
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The project TRA
)s beamline
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The preparation Penning trap
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First experiment (laser cooling)
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Measuring the sensitivity of the laser-cooled 4°Ca*ion
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First experiment (laser cooling)
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On-going work

Micro-trap operation at room
temperature

The final geometry was decided in
September 2014.

The electrodes have been fabricated
by TRANSLUME (May 2015).
Electrodes are now in the US for
coating and electroplating

The electronics has been built by
Stahl electronics.

A new vacuum chamber is ready for
the commissioning of the system.

ll. Laser cooling in the 7-T
magnetic field

A new trap has been built to study
laser cooling in the 7-T magnetic
field.

We have all the lasers and we have
recently got the microwave
generator to drive the EOM to
generate the remaining 4 laser
beams.
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