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(some) big questions for nucl. structure

nuclear matrix elements & weak mteractlon

 Ovpp-decay & neutrino masses

— .

y UN=126

 shell evolution

e (dis-)appearance of
magic numbers

limits of nuclear existence

 island of stability for super- heavies
Ne20 * location of drip-lines

/ € * threshold phenomena (e.g. halos, ...)

g
/
.

= challenges for understanding of nuclear forces & models ‘
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R TRIUMF

(some) big questions for nucl. structure

nuclear matrix elements & weak interaction .-
« Ovpp-decay & neutrino masses i \

Penning trap mass

measurement of 2°2-254No
M. Block et al., Nature 463, 785(2010)

* Vua of the CKM matrix @ shell evolution X
; — * (dis-)appearance of

\/ \ By o magic numbers
. 7=28 ;

AV s e limits of nuclear existence

£ e island of stability for super- heavies
N=20 * location of drip-lines

/ € * threshold phenomena (e.g. halos, ...)

|

= challenges for understanding of nuclear forces & models ‘
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R TRIUMF

the big challenges

‘ingredients’ well understood, BUT -« 7.
» Al and A generally too small for stat. approach "\/ » @=

* nucleons composites of quarks: force between nucleons?

(d (d (4 .z.p
@@ 0 ava
p n ; °.: ‘::
. -
* repulsive core of NN-force X
T e e — | I 3
i ’ ] -
200 mn
_ | 03 o
% | repulsive | - 3
E 100__ core | _ _ m
g | coupling of high @
> L
L and low k
_100; | .i{.v].8. o |r.[fr.n]. _

= large model spaces

S.K. Bogner et al, Prog. Par. Nuc. Phys., 65,94, (2010)
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R TRIUMF

resolution

o % ) A>> R g T8

- > —4 »

probe atomic nucleus at low E
= details not resolved
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R TRIUMF

separation of scales

work only with relevant d.o.f:
= cffective field theory

= renormalization group

940
Neutron Mass

Physics of Hadrons

Constituent Quarks

A
140 typical momenta in nuclei ~-mx

Pion Mass
Baryons, Mesons

bridge QCD to nuclear forces

100 r LJ L) "'U'l ) Ll l""T'l L v v I"""l
Density Functional Theory A>100

Coupled Cluster, Shell Model
A<100

8
Proton Separation Energy in Lead

—_
(=]

L Exact methods A<12
- GFMC, NCSM

Physics of Nuclei

r interactions |
[ Lattice :
L QCD " =

- “ n Chiral EFT interactions
5 &3 (low-energy theory of QCD) ]

e
Lagrangian
il A2 s eanaal

L2 232l
1 5 10 S0 100
Collective Coordinates Neutron Number —

. 1.32
Vibrational State in Tin

Nucleonic Densities
and Currents

Proton Number ——s

—_

0.043
Rotational State in Uranium
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R TRIUMF

chiral EFT

Hamiltonian:
e use p,n, pions
* most general H consistent with QCD

resolution scale / cut-off
NN 3N

3 body forces!

1 e systematic expansion in QUA

N2LO o(%) )zﬁ";! + E + |

}X >K E. Epelbaum et al., Rev. Mod. Phys., 81, 1773 (2009)
S.K. Bogner et al., Prog. Par. Nuc. Phys., 65,94, (2010)
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R TRIUMF

example for renormalization: Viowk

k' (fm™) k' (fm™) k' (fm™) k' (fm™) k' (fm™)
g 1 2 = 4 1 2 3 0 1 2 =S 0 1 2 3 0 1 2 3

0 1
— 1 . .
E 2 0(fm)
= 5
A =4.0 fm’ A =2.0fm’ A=15fm"

/ =

NN from N3LO k S
<
k = .
= decouples high and low
momentum modes
d AN = only low momentum
A, = note: potential is NOT an
observable!
) R
A0

S.K. Bogner et al, Prog. Par. Nuc. Phys., 65,94, (2010)
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R TRIUMF

origin of 3-body forces

* nucleons: composite particles

4 N\
example: tidal effects when using moon, nuclear forces: excitation to A
earth, and sun as effective d.o.f. (also u&d-quarks, but 1=J=3/2)
First Quarter _‘TE -
A mp= 938 MeV
e (I O NewMoon |  Sun . mn= 940 MeV
Additive tidal H---- mA=1 232 Mev
I\Tldallmlge forees
\ J g N N N J

* iInduced 3N forces

vEFT non-renormalizable
= at each order: counter terrhnew interaction terms in Lagrangian

= new, free coupling constants
= but as cut-off is ‘physical’ (=true separation of scales) suppressed by (Q/A)"
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halo nuclel

May 13, 2011

rms radius (fm)

large radii

I. Tanihata et al., PLB 202, 592 (1988)
A. Ozawa et al., NPA 691, 599 (2001)

6He

SHe

11Li

Li

<r2 >1/2(12C) &

Qo
@)
5
c
—
@

e
1S
5
c

7 8

9

10

Atomic number A

5 10

S, (MeV)

15 20 25 30 35 40

Rare Isotopes at TITAN for Nuclear Structure

nucleons in classically
forbidden region

exp. fall off

loosely bound
= large scattering length

= llnk to Efflmov phy51cs

nerg',

4
["J)‘JJ‘ T

JJ)J

{ \3( 9




R TRIUMF

charge radius

— Isotope Shift

Laser |, 4" ° ,
.............. > A MS
e, / Mass iift I}eld Shift / Finite Size Shift r. # T

atomic laser spectroscopy high precision atomic physics calculation
Z.-C. Yan et al., PRL 100, 243002 (2008)

relative measurement

=>need reference: N

.
E=[€Q + AEQ + 2263, + a2(E9 + 2l

rel rel

+ @¥(Eqhn + ALohn) + aM(ED + AEL) |

electron scattering

(only possible with stables)

Techniques:
e (ant1)collinear LS } -
in-beam m m,
e two photon resonant LS with \ = —— — €
e LS of individual atoms in MOT M me + M
* LS of trapped 1ons | for He, Li, Be: MS ~10 GHz ¢ FS ~1 MHz

May 13, 2011 Rare Isotopes at TITAN for Nuclear Structure 10



charge radius

— Isotope Shift

. A
Laser |, &’ " ,
.............. > A
” 5VA,A’ :[5A,AJ_|_ <7, >A,A’
—_— / Mass iift I}eld Shift / Finite Size Shift r. # ro
atomic laser spectroscopy high precision atomic physics calculation

Z.-C. Yan et al., PRL 100, 243002 (2008)

relative measurement

=>need reference:

s )
E =\ + A\g + V& + @ (E + AE))

+ @¥(Eqhn + ALohn) + aM(ED + AEL) |

electron scattering

(only possible with stables)

Techniques:

e (ant1)collinear LS b puclear mass:
In-beam L4 Me * need Om < lkeV

e two photon resonant LS with A\ = — — « short lived (<10 ms)

e LS of individual atoms in MOT M Me T+ = Penning Traps

* LS of trapped ions | for He, Li, Be: MS ~10 GHz & FS ~1 MHz

May 13, 2011 Rare Isotopes at TITAN for Nuclear Structure 10



R TRIUMF

ISAC@ TRIUMF

g ISOL-facility A
nuclide  vyield [1/s]  Tix
6He  2.00E+07 807 ms
8He 49000 119 ms
ULj 15000 8.8 ms
| "Be | 1.90E+06 | 138
\I |
TITAN
(mass)
pFa
collinear LS: o O N

for "Li: TePLIS
W. Nortershauser et al.(GSI)

LeBT

v
le$ oo Me
podY 3,010"’
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R TRIUMF

"Li: charge radius

hifts 7Li-A | >
1sotope shifts “Li-ALi: P L S
* 25—3s @ l

e reference r(’L1) = 2.39(3) fm

_ SMS 2
At. Data Nucl. Data Tables 14, 479 (1974) 5VA,A’ — 514 A -+ K FS 5 < T > A A
Isotope Isotope Shift,
kHz hif
mass shifts
61 < 6Li TRIUMF —11453984(20)
1 _
GSI 11453 950(130) ISOtOpCS 22P1/2 _ 225 22P3/2 _ 2ZS 325 — 22S
<+ avg —11453983(20) -
mpi 8Li TRIUMF  8635781(46) "Li — °Li —10532.111(6) —10532.506(6) —11452.821(2)
L3 ‘ GSI 8635 790(150) "Li — 8Li 7940.627(5) 7940.925(5) 8634.989(2)
$ avg 8 635782(44) "Li — °Li 14 098.840(14) 14099.369(14) 15331.799(13)
$e . °Li TRIUMF 15333279(40) Li — "Li" 23082.642(24) 23083.493(24) 25101.470(22)
£t GSI 15333 140(180) ‘Be — "Be —49225.765(19)  —49231.814(19)  —48514.03(2)
$ avg 15333 272(39) °Be — 1'Be 17 310.44(6) 17312.57(6) 17 060.56(6)
91 s ‘ H1i TRIUMF 25101226(125) °Be — !'Be 31560.01(6) 31563.89(6) 31 104.60(6)
3 | R Sanchez et al., PRL 96, 033002 (2006) Z.-C. Yan et al., PRL 100, 243002 (2008)

M. Puchalski et al., PRL 97,133001 (2006)

rc (11L1) = 2.423(17)(30) fm

reference r¢
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R TRIUMF

"Li: charge radius

hifts 7Li-A | >
1sotope shifts “Li-ALi: P L S
* 25—3s @ l

e reference r(’L1) = 2.39(3) fm

MS 2
At. Data Nucl. Data Tables 14, 479 (1974) 5VA,A’ — 514 A -+ K FS 5 < ’r‘c > A A
?
Isotope Isotope Shift,
kHz
mass shifts
61 < 6Li TRIUMF —11453984(20)
1 _
* GSI ﬂ jgg gggggg) Isotopes 2 2P1/2 — 228 2 2P3/2 — 228 328 — 228
avg — -
o ‘ 8Li TRIUMF  8635781(46) "Li — °Li —10532.111(6) —10532.506(6) —11452.821(2)
: GSI 8635 790(150) "Li — 8Li 7940.627(5) 7940.925(5) 8634.989(2)
$ avg 8 635 782(44) 'Li —%Li 14 098.840(14) 14 099.369(14) 15331.799(13)
‘L @ 9Li TRIUMF 15333279(40) (7Li — "Li® 23082.642(24) 23083.493(24)  25101.470(22))
GSI 15333 140(180) Be — 'Be ] —48514.03(2)
‘ avg 15 333 272(39) 9Be — 10Be mass: MISTRAL (2005) 17 060.56(6)
O% ‘ i TRIUMF 25101226(125)* “Be — ''Be 31560.01(6) k 31563.89(6) 31 104.60(6)
,L R. Sanchez et al., PRL 96, 033002 (2006) ( | need mass ! 243002 (2008)
M. Puch¥i et al., PRL 97,133001 (2006)
117 1) =
re (11L1) = 2.423(17)(30) fm mass: AME‘03

(rc (11Li) = 2.465(19)(30) fm)

reference r¢
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R TRIUMF

masses of halos: : . Precision |
‘e Penning trap §|

e reflect binding energy

- SO T ’
PO e o % L R

e separation energy: Sn, Sp Bradbury-Nielsen  a) SCI/' !
e input to extract physical ~ Time-of-light gate\

quantities from exp. (e.g. rc)

SCI EBIT charge

breeder

RFQ cooler
and buncher

ISAC .
beam | beam to next experiment
sc1 —> g — > scr

off-line ion source

I May 13, 2011 Rare Isotopes at TITAN for Nuclear Structure

Penning traps:

e highest precision
e previously shortest 74Rb

with T1/2=65 ms
I[SOLTRAP @ CERN

A. Kellerbauer et al., PRL 93, 072502 (2004)

e but 1'L1 Ty, = 8.8 ms

13| 8




V cos (wyrt)

Magnetron(v_) Reduced Cyclotron (v, )

L.S. Brown and G. Gabrielse, Rev. Mod. Phys. 58, 233 (1986)
G. Bollen et al., J. Appl. Phys. 88, 4355 (1990)

Lorentz-steerer
=> pure ma

R. Ringle et al., IJIMS 263, 38 (2007)

May 13, 2011

relevant frequencies

radial energy:

full conversion for
Vpf = Ve

=> max. energy gain

MPET :]DDI:”]MCP

120

100+

804

60+

E, (eV)

40-

20+

0

100 200 300 400 500 600
Distance from trap centre (mm)

Rare Isotopes at TITAN for Nuclear Structure

quad. azimuthal
RF couples

radial motions

Time of Flight (s)

—V cos (wy£t)

scan Vq«f

one V,f per ion shot

v—v.(Hz)

14



R TRIUMF

Precise & Accurate

line width (FWHM): e exact theoretical description
L.S. Brown and G. Gabrielse, Rev. Mod. Phys. 58, 233 (1986)
AV ~ 1 T G. Bollen et al., J. Appl. Phys. 88, 4355 (1990)
—~ r f M. Kénig et al., Int. J. Mass Spect. 142, 95 (1995)
M. Kretzschmarr, Int. J. Mass Spect. 246, 122 (2007)
= resolution: « even for non-ideal traps
m U, G. Bollen et al., J. Appl. Phys. 88, 4355 (1990)
R = A Ay velyy ‘protected’ by 1nvariance theorem
m Ve 2 2 2 2
W, =w, +w. +w
q B Tf,a f C + | z
~ G. Gabrielse, PRL 102, 172501 (2009)
2Tm , ,
o off-line tests with stables
= even for Tif ~ 10ms = control over systematics
(5m/m)stat < 10_7 for TITAN: < 5 ppb possible
40+ X X .‘ X TI'ILAN X X |
(2009)
e, P s |
r. @ Y - O =
¥ £ (‘T»‘::/—\. B 2=
l\ ( l \e ") ) ) , ‘ L SR ’ ) ,l Wi —sof SMILETRAP
e o 4 4 v Ut /../ y / = JILATRAP  (2006)
w \ Ol I %7 (2001)
\. - / - i
--._\_\‘\ : _,-.f"-/ -\_\\- -(__’___,r E -80[ 6Li
accurate, precise, ~100r
but not precise but not accurate gl .. | M. Brodeur et al, PRC 80, 044318 (2009)

measurement

May 13, 2011 Rare Isotopes at TITAN for Nuclear Structure 15
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R TRIUMF

mass of 1Li

Reference Mass [u]
AME’03 11.043 798(21)
MISTRAL 2005 | 11.043 715 7(54)
TITAN 2007 11.043 723 61 (69)

Time of Flight (us)

re (11Li) = 2.427(16)(30) fm

(v — v,) (Hz) eliminates mass as source of uncertainty!

' KEK 2.7 1 T T ' M Experiment
i 1991 1 -

@ |sotope Shift
- S, T MSU 7 (this experiment, 2004)
P2 1993

Theory
~-0-- ab initio No-Core Shell Model

¢ Large-Basis Shell Model
(P. Navratil 2003, 1998)
4 b Greens-Function Monte Carlo
(S. C. Pieper 2001/2002)
- Stochastic Variational Multi Cluster
_ (Y. Suzuki, 2002)
- Fermionic Molecular Dynamics
(T. Neff, 2005)
- --0--- Dynamic Correlation Model
(M. Tomaselli, 2002)

>

i MAYA
d 1] ' MISTRAL | 2007
: | TOFI-LANL 2005

g 1988 ' [ TITAN
: 2007

SQn (keV)
r_(fm)

CERN-PS 1975

M. Smith et al., PRL 101, 202501 (2008)

Li Isotope

I May 13, 2011 Rare Isotopes at TITAN for Nuclear Structure 16| 16



R TRIUMF

other halos: °He and 2He

Laser spectroscopy Mass measurement @ TITAN
e Argonne Lab / GANIL ond 814 o
- n € MasSs meas. € MasSsS meas.
e LS in MOT
. T — 0.5 —
all in MHz i TITAN 0.0] He using 'Li AMEOQ3 ¢
‘He SHe 3 [ F e | % sl
Value  Error  Value  Error = 101 | 3.0l
Statistical %’ 1.70 g sl 4.00
Photon counting 0.008 0.032 ¥ 5. =
Probing laser alignment 0.002 0.012 z z 201
Reference laser drift 0.002 0.024 E E 251 .
Systematic - 04 "He using "Li ameos $4 -3.0-+iT;—§J—fﬁAf—;‘—‘
Probing power shift 0.015 0 2 4 6 8 10 12 14 16 18 o 2 4 6 8 10 12 14
Zeeman shift 0.030 0.045 measuroment measurement
G\Iuclear mass 0.015 0.074 )
Corrections &
Recoil effect 0.110 0000  0.165 0.000 Is‘gmpe mass (X 10 u) M.E. (keV)
Nuclear polarization —0.014 0003 —0.002 0.001 . He 6 018 885.883(70) | 17 592.087(65)
st
§»S, combined / -1478 0035 —0918 0097 SHe (1 d) 8.033 935 669(722) | 31 610.872(673)
’ / He (2"¢) 8.033 934 410(128) | 31 609.700(120)
/ SHe (average) | 8.033 934 449(126) | 31 609.736(118)
mass: dominating uncertainty
’ V. L. Ryjkov et al., PRL 101, 012501 (2008)
P. Mueller et al., PRL 99, 252501 (2007) M. Brodeur et al., PRL in prep.
May 13, 2011 Rare Isotopes at TITAN for Nuclear Structure 17



R TRIUMF

°He and 8He: comparison to theory

_Charge radius _Binding energy 2n separation energy

2.00 l | l
g 4 _24_ [ ] 6H i 10‘ _____________________________ =
1951 T P. Muller - . € ] s i 6He |
| 3 (w/ TITAN) | 25 ] .84 | e -
1.90 Z 3 1 1 0.6 .
1 ® -26 1 ]
£ ' ' S 1 % 04 ) 7
= i 1 _ [0) :
=185 2 971 i 102 _ { _
Ay ; 1 = 1 z 0.2 .
¥ 1.801 - 284 1 @ - -
| ] 1 1 0.0
175 -294TITAN _ | ‘ _
197 6He i =777 Tt T i) 0.2 i
1 1 -30- . ] ]
1-70 T T T T T T T T '0.4 T T T T
P. Muller GFMC NCSM NCSM GFMC GFMC NCSM NCSM GFMC GFMC NCSM NCSM
(w/ AMEO3) (AV18+IL)  (CDB2k) (INOY) (AV18)  (AV18+IL2) (CDB2k) (INOY) (AV18)  (AV18+IL2) (CDB2k) (INOY)
Theory Theory
200 T T T T T T T T T T ]
| | -234 = .
1,951 1 -24- 8 1 20quman. A SLlA~ ;
| | 251 He | He |
1.90 . 1
_ P. Muller _-26- i 1 < { i
£ 1 w/ TITAN) ]| > 7] i
= 1.851 ( ) 2 271 ] 2 i
w1 1% 1w 1 F
v 1.80- I 1 29 ]
175- - 30 ] ] ] ]
™1 8He _ BtqTTAN. | o ]
1.70 T T T 1 -32 T T T T -1.54 T T T —
P. Muller GFMC NCSM NCSM GFMC GFMC NCSM NCSM GFMC GFMC NCSM NCSM
(w/ AMEO3) (AV18+IL)  (CDB2k) (INOY) (AV18)  (AV18+IL2) (CDB2k) (INOY) (AV18)  (AV18+IL2) (CDB2k) (INOY)
Theory Theory

m GFMC: 3N -forces essential | S.C. Pieper, Nucl. Phys. A 751,516 (2005)

= NCSM (CDB2k): 8He 1s unbound: lack of 3N ? Gaussian fall-off in wave-fn?

E. Caurier et al, PRC 73, 021302(R), (2006); P. Navratil et al., J. Phys. G: Nucl. Part. Phys. 36, 083101 (2009)

May 13, 2011 Rare Isotopes at TITAN for Nuclear Structure 18



R TRIUMF

W. Nortershéuseret al., PRL 102, 062503 (2009)

Laser spectroscopy:

46 . ,
Mass: r1ohn | s .]Be
44 | b T . :'Z_ { ® Littersture . ..
2 i =>confirms AME & improves precision
@ 42 5 44
S g i ] ..
8 w0 - =>uncertainty of mass negligible for r.
11p,+ z
38+ Be < 1. -
. nv=ossz| 5o 3 : . 0 R. Ringle et al., Phys. Lett. B 675, 170 (2009)
-3 -2 -1 0 ; 2 é -1 . - v
Var - 5,157,638 [Hz] g 1 e
Aomic number (A)
. 250 : : . . .
Theory: _ T
2 45 { FMD 1 . .
|Nortershauer ™ NCSM T'IAN
2 a0] (TITAN) (CDB2K)
] 0
= 2.35- =
e 2
1 2.301 S -1 -
v - %)
- Z\IISCSJI\\(A) 21 NCSM |
2.20- 11 111 (CDB2K) -
1 Be Be .
215 T T T '3 T T T
1 2 4 1 2 3

= NCSM: 1Be 1s unbound
= FMD: good agreement for both

phenomenological potential mimicking 3N forces

May 13, 2011

Forssén et al., PRC 79,021303(R) (2009) ; Quaglioni et al., PRL 101, 092501 (2008)

B.R. Torabi, Ph.D. thesis, TU Darmstadt (2010)

Rare Isotopes at TITAN for Nuclear Structure
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R TRIUMF

12Be: from halos to shell quenching

6p
/.5d :
\—\gfs 10l doubly magic
& _5p Oiy | semi magic
—4d @ 19202 14N | 15N _ _
@ . iﬁif excited state: intruder
i 32 o 32 0;. ., H. Iwasaki et al., PRL 102, 202502 (2009)
T4s g T
; 8 4. v(1s,0d)? intruder
3 0g7p 112 dominance in ground state
60) 1dg A. Navin et al., PRL 85, 266 (2000)
- 5 09 S. D. Pain et al., PRL 96, 032502 (2006)
Ofsn :
58 6y P g.s.: strong v(71s)? admixture
& L H. Simon et al., PRL 83, 496 (1999)
s 0d...-
15‘3'."
0dyz
o
® 0P,z
0pas
0, ®
1s had 0s, /5

Shell Model of Atoms Shell Model of Nuclel

I May 13, 2011 Rare Isotopes at TITAN for Nuclear Structure 20|



R TRIUMF

12Be: from halos to shell quenching

&
%,

A L doubly magqgic
@ \68 Zdb’: 01‘5‘2 . y .g
5p ?ign-z semil magic
— 4d = 92 _ _
® o <. 2Pua excited state: intruder
32 = 32 07, H. Iwasaki et al., PRL 102, 202502 (2009)
~4s 't el
82 1. v(1s,0d)? intruder

3 2 . .
35 o0, vz dominance in ground state

60) 1dg A. Navin et al., PRL 85, 266 (2000)
. Tpo 00e S. D. Pain et al., PRL 96, 032502 (2006)
1
Ofat .
S8 Gy e g.s.: strong v(1s)? admixture
50 H. Simon et al., PRL 83, 496 (1999)
k‘j Od’.?-.:
18
0d R. Kanungo et al., Phys. Lett. B682, 391 (2010)
® = neutron halo-like structure ?
0P,z
0pso
eff = *
Sné"=8,-E
@ ® —_— —
1s 0s,,»

g.S. mass known to 1 keV
S. Shimoura et al., Phys. Lett. B654, 87 (2007)

Shell Model of Atoms Shell Model of Nuclel

May 13, 2011 Rare Isotopes at TITAN for Nuclear Structure 20



R TRIUMF

mass of 1?Be

experimental challenges:

- T/, = 24 ms = never measured in a Penning trap before

* yield: ~30-300 ions/s

1971 1974 1978 1994 2009 2009

36 T T T T T T T T T 25.1 0
T C. Gaulard et al.
34 25.08 I ]
3ol | Fortune et al. TITAN
25.06 T Alburger et al
30k Howa!'_d etal. [ MISTRAL
— 25.04 |
. 2 2
ﬁ o8 2 5.09
L = 25.02
C|_) 26+ I.IEJ 25.08 | {
/ 25.00 | 1 {
o4+ . Ball et al. 25.07
. q
24.98 |
22 ® 25.06
2ol ) | 24.96 _
1 T =48ms 2505 4 5 6
18 1 1 1 1 1 1 1 1 1 24.94 1 1 1 1 1
-40 -30 -20 -10 0 10 20 30 40 1 2 3 4 5 6

v — 4726 491 [Hz]

TITAN: m.e.=25 078.0(2.1) keV

= halo: confirms low Syt = possibility for halo-like structure

measurement #

= shell quenching: due to near-degeneracy of v(0Op)f- v(1s,0dF conclusion from m(*!2Be) alone
difficult

S. Ettenauer et al., PRC 81, 024314 (2010)

May 13, 2011 Rare Isotopes at TITAN for Nuclear Structure 21



R TRIUMF

magic numbers & n-drip line

A
7 280: expected to be
Si 2007 1
> 20 * doubly magic
=' I e at drip line
1 ] Ne 2002
O F 1999 : .
I 70 oo experiment:
e vises W stale isolopes « 240 has both features
=. s R. V. F. Janssens, Nature 459, 1069 (2009)
HE i . . . .
olmm e fost m unstable oxygen isotopes o drip-line anomaly for O-isotopes
L | IERTLY :
L - | | | >
2 8 20 28 N L B L

NN-forces only: 280 bound

(c) Energies calculated
from Vi, NN 1

4L

Single-Particle Energy (MeV)

+ 3N (AN'LO) forces ]

- ¢ Exp. \ _
e NN 43N (NLON === |
[ mmm= NN 4 3N (NZL(;) m— NN + 3N (A) ]
| = NN+ 3N (A) [ ===NN . ! | !
===NN
| | | | | || | || || || || || || || | | I N AN I (N [ I I N ER S | 8 14 16 20
8 14 16 20 8 14 16 20 8 14 16 20
Neutron Number (V) Neutron Number (N) Neutron Number (N) Neutron Number (N)
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T. Otsuka et al., PRL 105, 032501 (2010)
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magic numbers & n-drip line

A
7 280: expected to be
Si 2007 1
> 20 * doubly magic
=' o e at drip line
HE R Ne 2002
] : .
I 70 oo experiment:
e vises W stale isolopes « 240 has both features
=. s R. V. F. Janssens, Nature 459, 1069 (2009)
HE i : . . .
olmm e fost m unstable oxygen isotopes o drip-line anomaly for O-isotopes
L | IERTLY :
L - | | | >
2 8 20 28 N L B L

NN-forces only: 280 bound

(c) Energies calculated
from Vi, NN 1

4L

Single-Particle Energy (MeV)

+ 3N (AN'LO) forces ]

- ¢ Exp. \ _
e NN 43N (NLON === |
[ == NN+ 3N (N2LO) - NN+ 3N (4) -
| = NN+ 3N (A) [ ===NN . ! | !
1 ===NN
| | | | | || | | F || || || || || || | | I N AN I (N [ I I N ER S | 8 14 16 20
8 14 16 2 8 14 16 20 8 14 16 20
Neutron Number (V) E) Neutron Number (N) Neutron Number (N) Neutron Number (N)

May 13, 2011

T. Otsuka et al., PRL 105, 032501 (2010)
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new discoveries at the drip-line

32g 33g 4G 37g | 38g | 395 | 40g | 41g | 425 | 43g | 44g | 455 | 465 | 47g | 485
31|:> 36p 37p 38|:> 39p 40|:> 41p 42p 43p 44p 45|:> 46p I
SOSi i ; i 34Si 358i 368i 37Si SBSi 398i 4OSi 41Si 428i 43Si 44Si I
Ll |
i
29| | SOA | 31AI | 32A1 | 33A| | 34Al | 35A1 | 3BAl | 37Al | 38Al | 39A] | 40A] | 41Al | | = FRDM
28\g | 22Mg | 3°Mg [3'Mg | 32Mg |33Mg [3*Mg | 35Mg | Mg |3"Mg | 38Mg i I = = HFB-8
| R |
27Na | 28Na | 2°Na | 3°Na | 3'Na | 32Na l33Na [ 34Na i 35Na 37Na Previously observed
26Ne | 27Ne | 28Ne | 2°Ne | 3°Ne 13'Ne | 32Ne 34Ne Newly discovered
25|: 26|: 27|: 29|: 31|:
240
a
300 ——— :
23N i s :I :I1,024
250 | " . IBGE
220 1" 256
%20 - 128
=3 64
? 16
1 ] °
{1B4
4 2
“760 170 180 190 ™65 50 15 1s0 | |- Baumann et al., Nature 449, 1022(2007)

Momentum-corrected flight time (ns)
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3N-forces and Ca-isotopes

0T LI LA L L L L L | | LI L L L L L L L
| e (@) Phenomenological Forces 1L (b) NN-only Theory il
-30 - 1r -
= [ ) 4 -
u ‘\ 4 -
> 60 |- O\Q - -
) | . 4 F -
g - If -
z L \%T 1t -
?-‘D - - -
O - o-—~- | -
LS -120 - e  Experiment 1 = -
| o Extrapolation 1L ~. :
-150 - - - GXPF1 -~ + ——- GI[SPE_KB3G] T3-
B KB3G 1r ----- Viowk [SPE_KB3G] 7
-180 | I T T N T S T T T T I I 1L I T T N T T T T T T O
040 44 48 52 56 60 40 44 48 52 56 60
| L L L L L L L L L | TT T T [T T T T[T T T T[T T T T[T T TT[TTT]
I (c) NN + 3N 1F (d) NN + 3N (pfg,,, shell) |
-30 - 1r -
S 6ol il b
) - 4
g a {L il
> 90 - ~ + -
eh B N 1r . _~""
5 b Vi, (N N28e=m 1 \heeEs T
M U L G+3N) 1L v (N;3\~ ™
- ——- V., T3N®A) 1F lowk ~.~N )
-150 oW ) 4 —— + 3NN LO) .
[~ Vi *INNLO) 1[ —- +3N(N'LO) [MBPT] ]
-180 I T T T T T T T I v b b brvrs b b
40 44 48 52 56 6040 45 50 55 60 65 70
Mass Number A Mass Number A

May 13,

2011
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 correctly describes 48Ca as a
magic nucleus

e predicts shell closure at N = 34
( 54Ca )

J. D. Holt et al., arXiv:1009.5984
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TITAN: towards N=34 with K & Ca

900 ] T T T T T T T T i 45 ] T
~aol K v ] Yca
o - — TITAN 7] — TITAN ] 507 IR L
& 9019 TITAN - AME03 1 304 033 = .
2 - . - - 1 A TITAN - AME03 78
= 751 = TITAN - ISOLDE 1 25 3 76 - i
2 60 1 201 —
2 45 1 153 2 ™7 ]
=< 30 — ° - 10_5 %0 72 - -
2 151 1 5 Z 707 ]
S 04 | ' ' | 1 01 | | o 68- :
= 1 1 ] = i
5 15 ! 1 > & 66 ]
2| -20 ] ) ] -10-; + 64—- -
2 ) 5 ;/ ;/ -15- — 62 ! | ! | ! | ! | ! | ! | ! | ! | !

2250 -201 3 25 20 -15 -10 05 00 05 10 15 20

-500 -25- : v, .-1160818.3 (Hz)

'750 ' T T T T T T T T T T T T T ' -30: T v T ]

44 45 46 47 48 49 50 49 50

Atomic mass number, A4

 large deviations from previous measurements up to 10 o
e N=28 shell gap in fact =1 MeV larger
e |ater this year:

A. Lapierre et al., to be submitted to PRC

current exp. uncertainties [keV]

May 13, 2011

A K Ca

951 unknown 93.7
52 unknown 698.6
53 unknown unknown

Rare Isotopes at TITAN for Nuclear Structure
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and

Nuclear Matrix Elements




R TRIUMF

interaction Lagrangian quarks - W* and W-
U + _ o + W 7 +
guLy d;W. +hc = guM/IULDLy d',w,

) . = Cabibbo-Kobayashi
V=U,D, Va Vs Vcb: —Maskawa matrix
\I/zd I/ts I/tb}

— test unitarity!
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time

interaction Lagrangian quarks - W* and W-

guLly“dLlW +he.=gu'|U,Dy"d', WS

proton

u\ d\ u

neutron

May 13, 2011

g b\ Cabibbo—Kobayashi
abibbo-Kobayashi o
V=U,D, = V., V, — test unitarity!
=L cs - —Maskawa matrix y
\Vzd VeV /
} - decay
I S Towner and J C Hardy, Rep. Prog. Phys. 73, 046301 (2010)
I 1 1 1 i
0.9800 |- -
Vud
0.9750 |- } -
s 1
0.9700 = | | l .| =
nuclear neutron nuclear pion
0+— 0t mirrors
Rare Isotopes at TITAN for Nuclear Structure 27
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superallowed 0*—0* beta decays

= superallowed 0*— 0* decays most precise way to extract V 4

duetoAJ=AT=AL=AS=0:
* pure Fermi decay (only vector part)
* transition between isobaric analog states
*only total Isospin Ladder Operator T+ alters wave-function
= for T = 1. matrix element: — 2G;
M| = . \M(F)\ -

K ... numerical constant experimental input

t ... ,partial halflife (depon.BRand T.,)

f ... phase space integral|(dep. on Q-value)
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superallowed 0*—0* beta decays

= superallowed 0*— 0* decays most precise way to extract V 4

duetoAJ=AT=AL=AS =0:
pure Fermi decay (only vector part)
transition between isobaric analog states

only total Isospin Ladder Operator Ti alters wave-function
= for T = 1: matrix element: ‘—‘2 \M(F)\ 2G;

g’ g’

K ... numerical constant experimental input

t ... ,partial halflife (depon.BRand T.,)

f ... phase space integral|(dep. on Q-value)

recent mass measurements in Penning taps:

M. Mukherjee et al., PRL 93, 150801(2004)
A. Kellerbauer et al., PRL 93, 072502 (2004)
22Mg, 26MAl, 34Cl, 38K, 38Ca, 42Sc, 40V, °OMn, %4Co, "“Rb | . savardetal, PRL 95, 102501 (2005)

G. Bollen et al., PRL 96, 152501 (2006)

. . . T. E ., PRL 97, 232501 (2006);
= discovered&resolved discrepancy to reaction meas. oRL100, 132502 (2008). PRL 103, 352501 (2009)
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corrected Ft-values

K
Ft = ft(1+0,)(1+0,, -0,) =—= —— = const (assuming CVC)
2G2(1+A)
AVk ... transition indep. o —
Or and dys transition dep. b
0. ... Isospin symmetry breaking (tans. dep.) 33070:: Mg
. [ T3
Corrections: small ( about a few %), e
BUT generally dominating uncertainty z(o’zzzb) "My
\é/ 075 I__ZZZZEZ:;_Z(Z::::J:Z
discrepancies between different models °F !

- Woods-Saxon 3060
* Hartree-Fock (2 different calculations)
* perturbation theory

- self-consistent RPA —
- NEW: DFT
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corrected Ft-values

K
2G.(1+A))

Ft= fi(1+8,)(1+8 5 ~,)

= COnst (assuming CVC)

AVk ... transition indep. 1100
-| P. Finlay, S. Ettenauer et al., PRL 106, 032501 (2011) Rb -
Or and dys transition dep 001 ; I E
R NS - 3080 Ga ]
. . . - X

O. ... Isospin symmetry breaking (tans. dep.) z¥7*p Mg “Ar .
3060 - dop T K" %y s ]
ws0f € o I III L = . ]
: i 0 a0l §0E fm’" g, Yco ]
Corrections: small ( about a few %), e e e ]
. . . - b “Rb_. ]
BUT generally dominating uncertaint soso - 2y T -
3085 10 _
2 3080 |- - y 3 YAr ag Ny o |
= 3075 —¥T° _________ L Loy Tt |1 .
: : : S SO A A B &
discrepancies between different models  .; sq | K |-

- Woods-Saxon (U T S TR L

* Hartree-Fock (2 different calculations)
* perturbation theory
- self-consistent RPA —

- NEW: DFT | w. satuta et al., PRL 106, 132502 (2011)
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experimental “tests” of oc

S =116 4 * extrapolate to charge-independent limit «Z2
¢ = NS fr(l + 5;? ) ' * subtract non Z? components from models
2 11 'Z t' 3160 1 715 =30723014) s (Ff)"; =3072.3(14) s [ 3160
X< minimization 3140 1 =092 Vv =028 [ 3140
| | _ | 2 3120 [ 3120
1.75 SM-SW o | S 3100 | [ 3100
' -1 3080 - [ 3080
/- 3060 . [—THO2WS] [—rH0sWS] 3060
o 1.25 A 31601 (myy =3071.9014) 5 (F1)"3 =3068.8(16) s 3160
o= / 3140 {4 xMv=110 1 =077 L 3140
U - T < 3120 - [ 3120
wo 0.75 | i s 1 = . [
:/7 s s I S 3100 - L 3100
1 1— : 3080 1 [ 3080
0.25 + -1 3060 - [=THOoHE] | 3060
; 0 5 10 15 20 25 30 350 5 10 15 20 25 30 35
! ' ' ' ' ' Z of Daughter Z of Daughter
1.75 | RHF-RPA (PKO1)
l G.F. Grinyer,et al. NIM A 622, 236 (2010)
o “experiment” —>
L . _
= theory study new cases: e.g. T=2
0.25 st _ [t < mean value
B - il . . . . Jt = of T=1
(1+8, 1=, +8,4)
I. S. Towner and J. C. Hardy, PRC 82, 065501 (2010)
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experimental “tests” of oc

5 146 4 * extrapolate to charge-independent limit «Z2
C — NS " / ° ) 2
fr(l + 8R) subtract non Z* components from models
2 11 1 t' 3160 1 715 =30723014) s (Ff)"; =3072.3(14) s [ 3160
X minimization 3140 ] g2 =092 v =028 [ 3140
| | _ | 2 3120 [ 3120
1.75 | SM-SW o | S 3100 [ 3100
. _ #_____,_a-f 3080 i I 3080
/- 3060 . [—THO2WS] [—rH0sWS] 3060
o 1.25 A 31601 (myy =3071.9014) 5 (F1)"3 =3068.8(16) s 3160
o~ / 31404 =110 v =0.77 L 3140
Y 075 L - . . . . i E 3120 A 3120
“© :/7 it A S 3100 | [ 3100
1 1— : 3080 1 [ 3080
0.25 | 11 3060 - [—THoomF] | 3060
: 0 5 10 15 20 25 30 350 5 10 1520 25 30 35
! ' ' ' ' ' Z of Daughter Z of Daughter
1.75 RHF-RPA (PKO1) _
l G.F. Grinyer,et al. NIM A 622, 236 (2010)
o “experiment” —>
<! eq. T=
< theory study new cases: e.g. T=2
L5 ‘ | Fr <« mean value
0.25 i
| e T Jt = of T=1
1+8, X1-8, +8,,)
I. S. Towner and J. C. Hardy, PRC 82, 065501 (2010)
TRIUMF proposal S1242
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O: and the charge radius of "“Rb

| Q-value
60 | |0 Hariie Laser spectroscopy of bunched beams
vo [] Branching ratio
- & uncertainty of 0. due to charge radius
c _ _
— 40 DSC SNS / > 78’78mRb
2] o <+ 100 — 1
T B 20 % I o - (2)Gated . :
© A= 80+ Isomer _
Q. 20 | . == | s .
I . 60 - /9' : l
i | ‘;g': = = 40?
CE,, l l . 20f |
o |- : |
@) z2 0
0 Trapping .
+ i I | || l' potential :§|5()”() : : : : : :
. . < |- [\ 2 sool (b) Singles
exp. contribution large == § 150
= direct exp. impact I | J B B
- — 7500 F 5
= Q-value needed! AN o s 3
TITAN RFQ so0f g
Reverse -g)ﬂ()(l 2000 | -HIKI) L 0 I()lﬂ() ‘ 2(;)() 3()‘)()

Injww; @ Frequency (MHz)

E. Mané et al., submitted to PRL
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Q-value for “Rb

e— direct mass measuremnts in Penning trap:
64.7613' ms . L
7Rb * highest precision
GT . ° A. Kellerbauer et al., PRL 93, 072502 (2004)
R e ISOLTRAP @ CERN PRC 76, 045504 (2007)
24 o™ | 1742 Nuclide Dexy
3 (keV)
<57 (Y = | | | 1654
F 2000 2002 2003 mean
oo N "
o 3 1200 71Zn —65 998.6(7.8) —65 998.6(7.8)
; Ga —70 137.5(1.2) —70 137.5(1.2)
ool “Ga  —68 047(21) —68 019(32) —68 041(18)?
i~ 4Rb —51905(18)® —51 917.3(4.8)° —51910.7(7.0)° —51914.7(3.9)
<54 o*i B 509
F cAtil & 456
super- g e * limitation due to T2
allowed 0t « 0
. 24 11.50 min 6m m 1
Kr . Cx
A71/2
A. Piechaczek et al., PRC 67, 051305(R) (2003) m T

- to improve precision further: HCI
« TITAN only online facility to use HCI
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radioactive HCl @ TITAN

Precision |
Penning trap |

E 7 - ‘,3(,»'. 7 g
PP o i

Bradbury-Nielsen a) SCI
Time-of-flight gate \ / :

!,» a

EBIT charge
breeder

SCI

RFQ cooler
and buncher

ISAC .
beam \_ beam to next experiment
SCI —> [ ] — SCI

off-line ion source
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Electron Beam lon Trap

confinement  injection

— axial by electrostatic field
superconducting coils

— radial by electron beam + B- field &

X<

B-field (up to 6 T) compresses e- beam
B

=e" density up to 10 000 A/cm? it A+
=increased ionization rate ( |
—1

-1
85 . i
80 - Na-like — < __,g +
7 Bl PR Argon < Li-like

trap eléctrodes

75 -" < Y ‘.:
70 - *— Krypton f'_f.-- e /..
acde e Xerlwn 5 Hedike]
o | e
o 557 : Uea . o/ .
@ 504 [~ Uranium E
& 454 Electron Current Density: -
? 40 2 .
o { 25,000 A/cm 4
E’ 35 4 o -.:
G e i requirements for charge breeding:
™ 2653 25 kel s ] : 3
20 /e P ] efficient
10 oo - el g __:
10 ': '. e ./,-l' - faSt
5 -.' -~ s ’/I .- o~ o -.'
0 -] « ;‘A Q= S
1E-4 1E-3 001 0.1 1 10 100 1000

Charge Breeding Time [ms]
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Electron Beam lon Trap

confinement  topions

— axial by electrostatic field
superconducting coils

— radial by electron beam + B- field
B-field (up to 6 T) compresses e- beam & IE
=e" density up to 10 000 A/cm?
=increased ionization rate ( — -1
1 = -

85 3
80 - Na-like —*+ g +
. _._Argon Li- 'lke +

: trap electrodes

70 5 «— Krypton ’ S it
65 7 e aon . " He-like -
) + - Lead /4 ]

v
504 |« Uranium

tfrapped ions

o
(4]
L
<
\ ‘
1\1-:

Ll -g'f a0 a_F-g- 0 g 9 g 8 o B -a-B g-J-g-]) 1

45 -1 Electron Current Density:

4 25,000 A/cm2

requirements for charge breeding:

{ Electron Beam Energy: '
2571 25 kev 74 S

Charge State q

efficient
fast

0 -] « ;‘A.l"’ ——a
1E-4 1E-3 0.01 0.1 1 10 100 1000

Charge Breeding Time [ms]
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Electron Beam lon Trap

confinement:

superconducting coils

— axial by electrostatic field

— radial by electron beam + B- field
B-field (up to 6 T) compresses e- beam KI %
—e- density up to 10 000 A/cm? i

. . . . b S
—increased ionization rate ﬂ__ff;;;: :-—*
85 B .
80 - e — Na.like.ﬂL’i-l‘ike—_.g cathode § a— collector

: £ frap electrodes

7o [ #Kryplor " /
i s enon i}
65 - 4 Y i
4 hd ! He-like 4
eo] Gold
+ - Lead /4 ]

504 |« Uranium

Lol ™

o,
(4]
e [y
<o
»

Ll -g'f a0 a_F-g- 0 g 9 g 8 o B -a-B g-J-g-]) 1

45 -1 Electron Current Density:

4 25,000 A/cm2

requirements for charge breeding:

{ Electron Beam Energy: '
2571 25 kev 74 S

Charge State q

efficient
fast

0 -] « ;‘A.l"’ ——a
1E-4 1E-3 0.01 0.1 1 10 100 1000

Charge Breeding Time [ms]
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Electron Beam lon Trap

confinement:

superconducting coils

— radial by electron beam + B- field
B-field (up to 6 T) compresses e- beam %

— axial by electrostatic field

=e" density up to 10 000 A/cm? Aqu

$
. . . . 2 _/‘
=increased ionization rate ﬂ__f_ = ___*
o .
80 ——Amaon Na.llke,—‘L’i-l‘ike—_.g cathode + NN, collector

g tfrap electrodes

70 g ?ryplon e /
| - enon i}
65 « Y .
4 hd ! He-like 4
s Gold
+ - Lead /4 ]

50 - «— Uranium

Lol ™

o,
(4]
e [y
<o
»

Ll -g'f a0 a_F-g- 0 g 9 g 8 o B -a-B g-J-g-]) 1

45 -1 Electron Current Density:

4 25,000 A/cm2

requirements for charge breeding:

{ Electron Beam Energy: '
2571 25 kev 74 S

Charge State q

efficient
fast

0 -] « ;‘A.l"’ ——a
1E-4 1E-3 0.01 0.1 1 10 100 1000

Charge Breeding Time [ms]
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Electron Beam lon Trap

confinement  extaction
— axial by electrostatic field
superconducting coils

— radial by electron beam + B- field
B-field (up to 6 T) compresses e- beam %
=e" density up to 10 000 A/cm? —
===
—/

=|ncreased ionization rate (

85 3
80 Na-like —* g T
. —-—Argon Li- llke

: trap electrodes

70 5 «— Krypton ’ S it
65 7 e Zanon . " He-like -
] + - Lead /4 ]

v
50 - «— Uranium

o
(4]
L
<
\ ‘
1\1-:

Ll -g'f a0 a_F-g- 0 g 9 g 8 o B -a-B g-J-g-]) 1

45 -1 Electron Current Density:

4 25,000 A/cm2

requirements for charge breeding:

{ Electron Beam Energy: '
2571 25 kev 74 S

Charge State q

efficient
fast

0 -] « ;‘A.l"’ ——a
1E-4 1E-3 0.01 0.1 1 10 100 1000

Charge Breeding Time [ms]
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. -
-~ A .
. :‘:"_’,’ »‘_ :

@44 T, as close as-10 em
frem th/trap center

LI

electrode

X-ray spectroscopy:

diagnostics tool for charge breeding
EC-BR measurement (discussed later)

1
HHike Ar Ly~
HHike ArKa. =2 - n=3 transitions in Ne-like Ba**
Y
1000 N
" AN ‘,I Radiative capture into
£ | ' |1 the K shell of bares C, O &N
3 104 | j Radiative capture into
8 St the K shells of H-like
He-like Ar Kp3 & bare Ar
Hlike Ar Ly-5 O
10
E-beam energy: ~7 keV
E-beam current: ~50 mA
1T 2 3 4 5 b [ &
Photon energy (keV)

I May 13, 2011

TITAN’s EBIT

Design values

Max. e-beam energy

~T70 keV [demonstr.: 25 keV]

Max. e-beam current

500 mA [demonstr.: 400 mA]

Max. magnetic field strength

6T

Beam diameter (FWHM) ~40 um+

Electron beam current density ~10* A/cm?

Number of trapped ions 10°-10® (depending on charge)
Beam energy spread ~50 eV

Highest charge state ~ He-like U, q=90+

Rare Isotopes at TITAN for Nuclear Structure
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Dipole Cleaning in EBIT

Phase splitter /
RF coupler
- (180°) generator
+(0°) —l
HV
(~ +2 kV) 20 | ! | ! | ! |
_ No cleaning |
23N |3+
10‘ N2+ [\lla /02+ .
£ A
M ] 1L
% O T T y T y T y T
E-beam energy: 3.880 keV 8 20 Sweep'AIfZ—44MHzl IIJi | II nin
E-beam current: ~5 mA 1 Continuous 1-ms sweeps pole cleaning
Breeding time: 100 ms 1Q FExcitation voltage: 10 Vy, BN O _
Extraction (dump) time: 1 ms |/
E-beam switched |
( ) O [T Tl AJILMMMMML |

20 21 22 23 24 25
Time of Flight (us)
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Charge Breeding of "°Rb

d\\ 5Rp* — ™Rb*! injected into EBIT
‘ Rt —> 75Rp*8 Injected Iinto
Q —no ions injected into EBIT
500 ¢
ﬁ B-field: 3T
400 - 75Rb+10 e—current: 10 mA
charge breeding time: 35 ms
2 \ 75Rp*7 extraction time: 800 ns
5 300 - 500 ion shots
3 y
o
) \
200 -
M\ g
0 A A A | A 1\ J | |/\ [, A.I ~— |
22 24 26 28 30 32 34 36 38 40
TOF [us]

charge bred residual gas
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EBIT

yred 401

MCP
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# of counts

May 13, 2011

charge breeding time

charge breeding time of “Rb

3000 -
—— T4
—_— 8+
2500 Sgt
--B-- 10+
A
\ ——
2000 i 5 B~ g
y I X
z R P
1500 F A :
/g —
/m/
1000 | ‘;{’
-
500 F ,/;’
U 1 1 1 1 1 1 |
10 15 20 25 30 35 40 45

charge breeding time [ms]

Rare Isotopes at TITAN for Nuclear Structure
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<TOF>[us]

28

26

24r

221

20

18-

16 -

14}

12

10—

- very first mass measurement of radioactive HCIs

- stat. uncertainty of < 300 eV achieved in a few hours

+ :

} ‘
| + 1
.
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5 0 5
v —8977 117 [Hz]

Rare Isotopes at TITAN for

2000 2002 2003 2010
Al ) e ISOLTRAP|]
e TITAN
S %
QO L - - | _
2
£ O Q)
o
o

©
[0}
= -6
I
i -8f
10} L
_12 1 1 1 1 1 1
0.5 1 1.5 2 2.5 3 3.5 4 4.5
measurement #
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Ramsey excitation of "°Rb

75Rb+8 _
sol ISOLTRAP
A i
\ { {
28 i
V I
) | r ‘
i s 0.5 — .
E 26 \ | § ]
S | | , ‘ = TITAN 2010
v i
\ ‘ | . “a
\ Tef ' \ . &\ ]
22 } ‘e\\ 15
Ramsey 6 — 85 — 6 ms Q A
% s f Z10 s 0 5 10 15 20 1 2 Measurement
/ v — 6064 157 [Hz]
Ramsey excitation: H—CI . _
+ 2 excitation pulses during this beamtime demonstrated
e improves precision by a factor 2 - 3 /UP to q=12+
compared to conventional method:
improvement by factor >24
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34 N
. (\‘3
a0l - . (0\ . 2000 2002 2003 2010
s T \\ e ISOLTRAP
T o e TITAN
30} - — )
T 'y > |
! . T 1 .
— ® —
@ o8t * ~
T ° 4 ® 8
E') ) \ ] ? S B . _
» ()] ~
vl ' o = Ostat~ 4.1 keV
®
o4t *? g ° _@ -
N o
LIJ' - — ] - = e e e e — = = =
221 o 74
T o 74Rb+8 = Rb
= 30 ms
20 I I : I I : _10 1 1 1 1 1 1 1
—60 —40 40 60 0.5 1 15 2 25 3 35 4 45

=20 0 20
v_ -6 145 698 [Hz]
74Rb:

* Yield: around 2000/s + contamination from 74Ga
e precision already comparable to ISOLTRAP (2007)

BUT

e data of < 20 hours

 power outage during 74Rb => reconditioning of EBIT => lower efficiency

=> “GaSY” imPrOVemeﬂt next time S. Ettenauer et al., in preparation

measurement #
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HCI and Isomers

Calculation: —
——Eomer
q=8+ & Te=197 ms | —smpscmons|  q=1+ & Ter= 997 ms
278 : ar 278 . =
278 g I 276 }
274 274 |
aaa 27.2
1 2
L g 2628
V C = 266
2T m
262 26.2
2% | 26
258 J 25.8 A
25 20 25 2 45 4 05 0 05 1 15 2
v,-5831503.63[Hz] v,-728902.03 (2]
31 I I I I I I 78,78mRb+8 34
.| } :
321+
29 E
g . |
28 / [ )

<TOF>[us]
¥ N
.
——
l‘—.—l
——
<TOF>[us]
>
——

251
24+
24+
221 . .
23t } A.T. Gallant et al., in preparation
Tl’f= 97 ms Trf= 197 ms |
22 L L L 20 1 I I | | ! |
-20 -15 20 -20 -15 20

-10 -5 (I) &Ii 1I0 -10 -5 0 5 10
V=9 831 500 [Hz] V;—O 831 500 [Hz]
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HCI and Isomers

Calculation: —
——Eomer
q=8+ & Tef= 197 ms  |——swscamone|  q=1+ & Tee= 997 ms
278 . s 278 ; e
278 g I 276 }
274 274 }
e 272}
1 2
L g 2628
V C = 266
2T m
262 26.2
26+ 26
258 J 25.8 A
25 20 S S 05 0 05 1 15 2
v,-5831503.63 [Hz) v,-728902.03[Hz]
31 78,78mRb+8 34
30t ]
Measurement: } 32t
29 E
: 30t ’ '
28| - \ L/ [\ )
g o7 g o8 |
£ ) £ | "
B | y L\
) [

X
e\\«\ o]

oY
221 . .
23t } 1 A.T. Gallant et al., in preparation
Tl’f= 97 ms Trf= 197 ms |
22 ' : : 20 ' ' : : ' '
-20 -15 20 -20 -15 20

-10 -5 (I) &Ii 1I0 -10 -5 (I) 5 10
V=9 831 500 [Hz] V;—O 831 500 [Hz]
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D
TR EC-BR measurements and

2vBR Matrix Elements

neutrino oscillation experiments:

neutrino massive
BUT: no information about absolute mass scale & type of mass

absolute scale:
electron endpoint energy in beta decay

astrophysical limit
OvBPB decay &

<

d
¢ S v
time E
— > .:
¢ d ¢
A 4
OvBB decay ¢ o
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EC-BR measurements and

2vBR Matrix Elements

neutrino oscillation experiments:

neutrino massive
BUT: no information about absolute mass scale & type of mass

absolute scale:
electron endpoint energy in beta decay

astrophysical limit B
OvBPB decay &

time

time

OvBB decay ¢ o
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Nuclear Matrix Element

OvBP decay ratei:/‘f:;G M | <mVe>2\
phase space Neffective Majorana (m,,) =

factor mass
nuclear matrix element:

theoretical models:

proton-neutron Quasiparticle Random Phase Approximation (pnQRPA)
nuclear shell model

interacting boson model
I NEW: vyEFT ! | J. Menéndez et al., arXiv:1103.3622
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Nuclear Matrix Element

OvRP decay ratei:/‘I:;G M | <mVe>2\
phase space Neffective Majorana (m,,) =

factor | mass
nuclear matrix element:

2
EUeimi
I

theoretical models:

proton-neutron Quasiparticle Random Phase Approximation (pnQRPA)

nucleat/shell model
interafting boson model

NN - YEFT !l | J. Menéndez et al., arXiv:1103.3622 0.25 1 16Cd
0.2 M2V)(tot)
djustabl rticle-particl t I
AESIADTe pRTHCICTpATICIE PAMMEET Br 0154 M@V
fix g, with 2vBB decay (very sensitive on 0.1 i 7 TN
) i " 2V '
Spp O ﬁ.v_e 0.05- M )(EXP-) :
\ . E. :
\O Ve 0_0 I | ! | ! | | | | | I
B- 0.75 0.8 08 09 095 1.0 ¢
OvBP decay much less dependent on g, Jpp ~1.03
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Nuclear Matrix Element

OvRP decay ratei:/‘I:;G M | <mVe>2\
phase space Neffective Majorana (m,,) =

factor | mass
nuclear matrix element:

theoretical models:

proton-neutron Quasiparticle Random Phase Approximation (pnQRPA)
nucleat/shell model

interafting boson model
NN - YEFT !l | J. Menéndez et al., arXiv:1103.3622 1 1 6Cd

0.25
0.2 M2V)(tot)

adjustable partic

BUT:

fix with 2v _ ;
8pp with 2vP problems with decay of EERyE

gpp) n n
intermediate nucleus
. 0.0 /——r—mr———7—+1+11
B- 0.75 0.8 0.85 0.9 095 1.0
OvBP decay much less dependent on g, Jpp ~1.03
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New Approach for ECBR

X - ray detector

EBIT in Penning trap mode

confinement:
- axial by electrostatic field

B-field (6 T)

trapped ions

in-trap spectroscopy: e » P |
» strong B field spatial separation of + EEEm B— detector
X-ray and p-particles frap electrodes

» segmented trapping electrodes — % &
close placement of X-ray detectors P
= extract ions after observation time
low background

» [-dectector: anti-coincidence

/ trap
no B - background electrode
no absorption in backing material _

J. Dilling et al., Can. J. Phys. 85, 57 (2007)
T. Brunner et al., NIM B 266, 4643 (2008)
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Detector Positions

LEGe X-ray detector =

in vacuum total solid angle: 0.7 %
75 L0ER 00WR final: 2.1 %

‘. =

Magnet / Trap — n

@ 4 T~a'§ﬂaée~as 10 cm away from \

the trap, center) % L\ : : In]ectlon
\ L ' _ el (I NL ¥R Al %
15K = j A\ (WA Extraction

20 % Coax Ge external
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Proof-of-Principle

BR(EC)=( 55
lit =( 64

but problems with
lon losses in trap

2 counts

AYs —_ 205 keV Zof keV
"' .::‘
< 4 =
| i ! 321 keV “ \ 321 keV
/ | - |
Wk, 107In X-

rays

E [kev]

S. Ettenauer et al., AIP Conf. Proc. 1182(2009)100

( : hE[0 hE[]
126 S Entries [2(:,'05530 Entries 435669
- Mean 633.2 - Mean 370.9
- 511 keV RMS 411.1 3500 RMS 72.54
4000— - . .
= L ‘b@t— First time:
35001 126Cg \ =
30005 388 keV (e\‘\((\ 2500 B* spectrum from
- - 126 i
2500 . 2000~ 126Cs ions stored
2000 = inside the trap
- 1500—
1500— -
- 1000—
1000} -
500 5001
: |||||||L.~ﬂ|‘.‘|L - R R R T T N :nnuul |||||| oo v b gy gt Lo o lov g by
% 500 1000 1500 2000 2500 % 100 200 300 400 500 600 700 800 900 1000

May 13, 2011

Rare Isotopes at TITAN for Nuclear Structure 47



Proof-of-Principle

BR(EC)=( 55 % )
lit =(64 £ 3 )%

but problems with
lon losses in trap

Ge ‘Background’ subtracted

Ge

® councs

321 keV

107In X- l
rays

E [kev]

S. Ettenauer et al., AIP Conf. Proc. 1182(2009)100

hE[0]
1 2 6 S Entries 2005530
C : Bl
- 511 keV '
40001 491 keV
35001 126Cg / \
w0t 388 keV awe®
= (G
2500 ;— ‘Q
2000 ;—
1500 ;—
1000 ;
500
: IR R T R .L.MI‘“.L . - PRI KRN T T |
% 500 1000 1500 2000 2500

May 13, 2011
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RETT]
Entries 435669
- Mean 370.9
3500:_ RMS 72.51
‘b@t— First time:
2500 B* spectrum from
20000 126Cs ions stored
5 inside the trap
1500 —
1000f—
5003—
O 03500 506400500 606 700" 806800 To00
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Proof-of-Principle

Ge ‘Background’ subtracted Ge
205 keV
BR(EC)=( 55 £20 ) % |* ol 21 kev
lit =(64 * 3 )% \ |
107Tn X- l
but problems with L L TR - .

lon losses in trap

S. Ettenauer et al., AIP Conf. Proc. 1182(2009)100

126C S [ Ge(PIPS2) Coincidence | L [ PIPS2(Ge) Coincidence | Lo
- Mean 670.1 = Mean 374.7
T— RMS 422 B RMS 74.09
= & PIPS spectrum
6 ] . . . .
i Y Spectrum N ‘((\\“0 10—_ |n. CO|nC|dence
& coincidence withe\ - with y event
- + 8
4e B+ event B
2§ 4:_
e 21—
OE |H‘ |”|H|‘| L |‘| Lo 0:|||||I|||||||| ||I||I||||I||||||||||
0 500 1000 1500 2000 2500 0 100 200 300 400 500 600 700 800 900 1000
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Summary & Conclusions

- Halo nucle:

- benchmark for theory: (3N-) forces & methods

- mass essential, but experimentally challenging: ¢8He, 1L, 11.12Be @ TITAN
- new magic numbers

- again 1mportance of 3N-forces e

30,022
- TITAN: towards N=34 B5R b7
» 3. in NME for Vyd from superallowed B decays

- exp. support to theory: e.g. charge radius from LS (7*Rb) a.-

24.0+

- TITAN: first online mass measurements with HCI 18.0-

* NME for OVBB-decays 15%20 580 640 700 760 820

AFG-SetFrequency [Hz]

- 1n-trap decay spectroscopy TITAN: new approach to measure EC-BR
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Thank you! Mercl!
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