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Penning traps

= |[SOLTRAP

= JYFLTRAP

= LEBIT
TITAN
CPT

= SHIPTRAP

K. Blaum, INPC 2010

- ——

accurate, precise,

but not precise but not accurate
Accuracy Precision
e exact theoretical description line-width (FWHM)
L.S. Brown and G. Gabrielse, Rev. Mod. Phys. 58, 233 (1986)
G. Bollen et al., J. Appl. Phys. 88, 4355 (1990) A l/ > ]_ / T f
M. Kénig et al., Int. J. Mass Spect. 142, 95 (1995) r
M. Kretzschmarr, Int. J. Mass Spect. 246, 122 (2007)

e even for non-ideal traps = resolution:

G. Bollen et al., J. Appl. Phys. 88, 4355 (1990) m Ve
: : R = — = ~ Vchrf
o off-line tests with stables Am, Av,
- qBTrf
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http://www.sciencedirect.com/science/journal/01681176
http://www.sciencedirect.com/science/journal/01681176

R TRIUMF

TITAN @ TRIUMF

Penning traps:
* highest precision
edownto T12 <10 ms

Precision
("Li T12=8.8 ms @ TITAN)

Penning trap | |

- A o
ot N

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

Bradbury-Nielsen a) SCI

Time-of-flight gate\

_ systematics: < 5ppb possible
3
2 M. Brodeur et al, PRC 80, 044318 (2009)
& M. Brodeur et al., IJMS 310, 20 (2012)
SCI EBIT charge
breeder

RFQ cooler
and buncher

beam to next experiment
& = —» SCI

off-line ion source

I Aug. 28, 2014

CGS15 4 I



R TRIUMF "He
-
>

unbound

core & charge radius extend of halo formation & Sz,

Isotope Shift Laer  |a % Son = m(Z,N —2)+2m,
] —m(Z,N)

P. Mueller et al., PRL 99, 252501 (2007)

OVA A = +.§ <ri>au

Mass Shift Field Shift / Finite Size Shift

high precision atomic physics calculation - —— N
G. W. F. Dranke, Nucl. Phys. A737, 25 (2004) 00: *He using Li AMENR & 4
Z.-C. Yan et al., PRL 100, 243002 (2008) S o A0S
© 0.5+
__(c0) (1) 20(2) 2 o(0) (1) s
E = gNR + /\ENR + /\ gNR T« (grel + /\grel) § -1.04
0 1 0 1 =
+ a3 (ESLD + AEGLD) + a* (&) + AEY) < 18- 4.00
—ZL -2.0 -
S. = ]
. 10 m. nuc‘ear maS ’; a0, d PR TilTr\f\
with A\ = — = < 1keV IS S — S S—
M mk om o 2 4 6 8 10 12 14
measurement

M. Brodeur et al., Phys. Rev. Lett. 108, 052504 (2012)
see talks Friday morning casis ;
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comparison to ab-inito calculations

NCSM: E. Caurier and P. Navratil, PRC 73, 021302(R) (2006)
FMD: T. Neff and H. Feldmeier, Nucl. Phys. A 738, 357 (2004)
MCM: I. Brida and F. M. Nunes, Nucl. Phys. A 847, 1 (2010)

B 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 |
) 1'_ e GFMC AV18 +IL2/6 6 h
Ul o NCSM He -
| v FMD o :
L | A MCM ]
2_— o-0 EIHH -
'g | | mm Exp ’ ++ |
— B i
= 1'9__ CD-Bonn * | _
. I 5 UCOM* | ]
l . MN ]
1.8 eI -
: : 8V, (N'LO)
. INOY Mlﬂ\?_LS ]
1.7_ 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I _I 1 1 I 1 1 1 |

0 0.2 0.4 0.6 0.8 1 1.2

S, [MeV]

Aug. 28, 2014 CGS15

1.4




R TRIUMF

[fm]

PP

comparison to ab-inito calculations

B I I I I I I I I I I I I I I I I I I I I I I I I I I I |
i 1 | NCSM: E. Caurier and P. Navratil, PRC 73, 021302(R) (2006)
> 1| ® GEMC AV18 +IL2/6 6 1 | FMD: T. Neff and H. Feldmeier, Nucl. Phys. A 738, 357 (2004)
Ll o NCSM + He 4 | MCM: I. Brida and F. M. Nunes, Nucl. Phys. A 847, 1 (2010)
| v FMD 6 1
L | &4 MCM : 104
2 |o-0 EIHH - TITAN ] :
- . 0.8- -
| | mm Exp ° +++ + . ] ]
i 7 0.6- -
_ CD-B * | < 1
1.9_ Onn% | | ' (__ » % 0.4 - -
I UCOM* i = ] ]
i 0 | z 0.2 .
i e MN i %) ] ]
1.8 IR N 0.0
| INOAYJE* E o oz { _-
I MN-LS 1 04l |
1.7 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 GFMC GFMC
0 0.2 04 0.6 0.8 1 1.2 14 (AV18)  (AV18+IL2)
GFMC: S2n [MeV] S. C. Pieper et al., C 70, 054325 (2004)

* only calculation with 3N forces

e phenomenological forces

S. C. Pieper, Riv. Nuovo Cimento 31, 709 (2008), arXiv:0711.1500

Aug. 28, 2014 CGS15


http://arxiv.org/abs/0711.1500
http://arxiv.org/abs/0711.1500
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comparison to ab-inito calculations

B I I I I I I I I I I I I I I I I I I I I I I I I I I I |
i | | NCSM: E. Caurier and P. Navratil, PRC 73, 021302(R) (2006)
> 1| ® GEMC AV18 +IL2/6 6 1 | FMD: T. Neff and H. Feldmeier, Nucl. Phys. A 738, 357 (2004)
Ll o NCSM He 4 | MCM: I. Brida and F. M. Nunes, Nucl. Phys. A 847, 1 (2010)
| v FMD 1
L | &4 MCM : 104
2 |o-0 EIHH - TITAN ] :
_ - . 0.8 .
= | | mm Exp o i _ _
S + : 0.6- :
;_1& 1.9 _— | (*__ % 0.4 .
n i z 0.24 -
i i v - -
1.8+ ; - 0.0
- INOY - ] * ]
I MN-LS 1 04l |
1 .7 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 GFMC GFMC
0 0.2 04 0.6 0.8 1 1.2 14 (AV18)  (AV18+IL2)
GFMC: S2n [MeV] S. C. Pieper et al., C 70, 054325 (2004)

* only calculation with 3N forces

e phenomenological forces | s. c. pieper, Riv. Nuovo Cimento 31, 709 (2008), arXiv:0711.1500

hyper-spherical harmonics
e chiral EFT, but without 3N forces | s.Baccaetal, PRC 86, 034321 (2012)

M. Brodeur et al., Phys. Rev. Lett. 108, 052504 (2012)

e running of observables with A < no many-body forces (analog to Tjon line)
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Ca-chain: magic numbers N=32 / 347

4.0- ° é -
3.2- A. Huck et al., Phys. Rev. C 31, 2226-2237 (1985)
] D. Steppenbeck et al., Nature 502, 207-210 (2013)
E | /202 o .
2.4 - s
~ 1¢ . \ :
+ - zzTI * -
S 164 i
weo ] \’\ e / \ /" ] J. D. Holt et al., J. Phys. G: Nucl. Part. Phys. 39 085111 (2012)
Cr . 1 . .
08l * T4 e A shell model with chiral 3N forces
4 Fe 4
"26"""" —— ""- 0_‘|||||||||||||||||||__||||||||||||||||||||_
18 20 22 24 26 28 30 32 34 36 . - “e (@) Phenomenological Forces 1t (b) NN-only Theory l
Neutron number N - 1t -
S 60 | . 1k ]
0 v, 1 :
5 OF \%m,,_ 1t :
&D - - - - -
) - o~ -~ | -
[f] -120 - e Experiment a9 7
i Extrapolation 1L RS
-150 - —=- GXPFI -+ | -—- GISPE_KB3G] RN
- KB3G 1F ... V.., [SPE_KB3G] .
_180_|||I|||||||||||I|||I__|||I|||I|||I|||I|||I_
GXPF1/GXPF1A: J0 44 48 5256 6040 4448 525660
—— ——— — T T T [ T T T [ T T T [ T T T [T T 1] TT T[T T T [T T T[T T T[T T T [TT T[T T[T
predicts shell closure at N=34 Sof N QNN AEY (@A Rl shell
M. Honma et al., Phys. Rev. C 65, 061301(R) (2002). S 1F .
M. Honma et al., Eur. Phys. J. A 25, 499 (2005). = . 1t i
5 Or 1r ]
2 ol Ve ™V 1t S
@ -120 L .. G+3N@) 1F v (N})\' i
150 F T Vlowk+3N(A)2 b - +xavLo) TN
[ — V. +3NNLO) 1[ — +3N(N’LO) [MBPT] ]
-180 I T N T T T Y O R bl b b v b braa b

40 44 48 52 56 6040 44 48 52 56 60 64 68 9
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SQH (MeV)

TITAN- measurements

A. T. Gallant et al., Phys. Rev. Lett. 109, 032506 (2012)
A. Lapierre et al., Phys. Rev. C 85, 024317 (2012)

20 [ | [ I I :
—— AMEZ2003
18 | .+« TITAN H
%2Ca: more bound ® K
16 - B Ca -
by 1.74 MeV r
14 —
12 | —
10 - = -
. &g i
8 I \MS L_‘;
6 I $) -
4 | | | | | | |
27 28 29 30 31 32 33 34
Neutron Number N
CGS15 8
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Ca: comparison to theory

shell model + chiral forces coupled-cluster method + chiral NN
forces + phenomenological 3n forces
C ] [ [ [ SB20F T T 1 11T 11T 1T 11 T T T3
18 - -
> C d - 340F 3
16 | 3
C . P60 «-aNN+3NF_| 3
14 :— —: 380 F e—e Experiment E
5\ : ] + -+ NN only
o 12+ N\ — S -400 F =
- — - - > E 3
AN . . S ok
5 10 - w—a AME2003 - =
« - ®..m TITAN . 440 . . 3
S NN+3N (MBPT) — o T
o £ ==+ NN+3N (emp) E '4605' . 3
- -—-- KB3G - 480 F \‘\ ;
4L -+ GXPFIA ] 3 Rt N
N I I I ] -500 é L1 1 1 1 1 1 1 1 1 1 11 L1 1 1 §
39404142 4748495(1)&515253545556 59606162
A. T. Gallant et al., Phys. Rev. Lett. 109, 032506 (2012)
J. D. Holt et al., J. Phys. G 39, 085111 (2012). G. Hagen et al., Phys. Rev. Lett. 109, 032502 (2012)

excellent agreement between experiment and theory

Aug. 28, 2014 CGS15 9
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Ca: comparison to theory

shell model + chiral forces

)

" Ca:
16 =
14 -
E 2 Neo E
= N . - ® Experiment
s 10 — w—a AME2003 i O ISOLTRAP
% - = -m TITAN . {| —— NN+3N (MBPT)
8 NN+3N (MBPT) 7
6 - ——- NN+3N (emp) 3 —-— GXPF1A
E . — .. KB3G E T T T T T T T T T 1
4 b - GXPFIA -] 2829303132333435363738

Neutron number N

A. T. Gallant et al., Phys. Rev. Lett. 109, 032506 (2012)
J. D. Holt et al., J. Phys. G 39, 085111 (2012). F. Wienholtz et al., Nature 498, 346 (2013)

see talk by F. Wienholtz
excellent agreement between experiment and theory

Aug. 28, 2014 CGS15 9
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IMME, 3N-forces & proton rich nuclei

——— -

— — NN+3N
— NN+3N (sdf,

® AME2011

- IMME
I I I I I I I I

Ground-State Energy (MeV)

2 P 3/2)

T, A. Gade et al., 76, 024317 (2007)

. . . . 16 17 18 19 20 21 22 23 24

21 71 . Bepm)B | - i (p' n)7Be Mass Number A
s 1- ] ',“E_t‘_) : 8 neI/v mass of 7L J.D. Holt et al., PRL 110, 022502 (2013)
27 T i “ ‘/}(SMILETRAP)
W -1- _ .
3 - IMME breakdown at A=9 explained by
;2'_ T -> [sospin mixing with neighboring states in
g3 : °Be and °B (SM by B. A. Brown)

a4l | DR 'Be(HenC) M. Brodeur et al., PRL 108, 212501 (2012)

Aug. 28, 2014 °Li °Be °B °C CGS15 10
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lon Guide Laser lon Source (IG-LIS)

Laser ion source group: TRIUMF, Laval, U Manitoba, Oldenburg
J. Lassen, H. Heggen, A. Teigelhoefer et al.

Heat shield
Repeller lon guide Exit electrode
Target & Extraction
transfer tube -
@ O e =9 — §o Laser
= % o> : <
o, =0 A
) [
00 O
. 00500
0 9® ® Neutral atoms
e _¢ > d o Positive ions (non-selective) -
hd A O Positive ions (selective) Na-contamination
s Na suppressed by 106
g Mg reduced by 50
i \

A. T. Gallant et al., PRL 113, 082501 (2014)

Aug. 28, 2014 CGS15 11
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Meas-AME1Z kel

#af=AMELD (ke)

20.21Mg measurement at TITAN

AME 2012

t +
; s
BRI R T A

AME 2012

Aug. 28, 2014

Sawe POF

Frant

Gawe data

| LMg2D L+
AMIE Ling (ke
Weas, Unc, (ke
Meps-AMELZ (kat]:

Firge Katio:

Leve FOIF
Pring
Sawve data

1Mg2l 1+

AME Unec. (ke

Meas. Unc, (ke'v)

EDMQ

-Bi.958

13520001547}

21Mg

Meas-AMELZ (ke') -B.665
Birge Ratio: 0.2669(0.2133)
CGS15

Time—of—flight (us)
58

N
o

:_ 21 Mg+

-30

—-20

-10

0

10
yre—2703399 (Hz)

20

30

Nuclide Exp. USDA USDB NN + 3N

20Mg

—6.94

—6.71

—6.83

—6.89
Mg  —21.59 —21.79 —21.81 —23.18

A. T. Gallant et al., PRL 113, 082501 (2014)
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R TRIUMF

IMME: A=20 / 21 multiplets

Nuclide T, ME(g.s.) (keV)  FE; (keV)
A=20J"=0",T=2

200 +2 3796.17 (89) 0.0

20F +1 -17.45 (3) 6519.0 (30)
*ONe 0 -7041.9306 (16) 16732.9 (27)
*Na -1 6850.6 (11) 6524.0 (97) *
Mg -2 17477.7 (18)

Fit d (keV) e (keV
Quadratic -
Cubic -
Quartic Only - 0.89 (12 ]
Quartic again breakdown of the IMME
USDA
USDA o ] ]
USDB prediction of required cubic d
MBPT coefficients:
A=21,J"=5/2%7,T=23/2 _
. Va2 47,6 (18) 0.0 challenqe for shell-model
21Ne +1/2 573178 (4)  8859.2 (14) calculations
*!Na -1/2 -2184.6 (3) 8976.0 (20)
21Mg -3/2 10903.85 b 0.0
Fit d (keV
Quadrati
Cubic
USDA
USDB
MBPT

A. T. Gallant et al., PRL 113, 082501 (2014)

I Aug. 28, 2014 CGS15 13I
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highly charged ions @ TITAN

Precision |
Penning trap |

first demonstrated with
"4Rb (T1/2=65 ms)

— X v a) SCI
m @B IN Time-of-flight gate\ /

Advantages:

= precision

= resolving power

= new separation
schemes

S. Ettenauer et al., PRL 107, 272501 (2011)

@

EBIT charge
breeder

SCI

RFQ cooler

and buncher
ISAC .
beam beam to next experiment

\ off-line ion source

I Aug. 28, 2014 CGS15
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Electron Beam lon Trap

Magnet / Trap drift tubes

trap magnetic
field

) l
E
electron

cathode
collector

Electron collector
Electron gun

requirements for charge breeding:
o efficient
e fast

I Aug. 28, 2014 CGS15 15|
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Electron Beam lon Trap

Magnet / Trap drift tubes
trap magnetic
field
l )
electron

collector

Jtra_p ________________________________________________________________________
Electron gun

requirements for charge breeding:
o efficient
e fast

I Aug. 28, 2014 CGS15 15|
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Electron Beam lon Trap

Magnet / Trap drift tubes

trap magnetic
electron field

e o+t
——

l e—)
- -
cathode electron

collector

Jtra_p ________________________________________________________________________
Electron gun

+ [____} Ekin =€ (Utrap-Ucath)

Jcath

requirements for charge breeding:
o efficient
e fast

I Aug. 28, 2014 CGS15 15|
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Electron Beam lon Trap

Magnet / Trap space drift tubes

maghnetic
charge electron trap g

field

Potenta peam o+t
,
A g e — ' /. —
e B
cathode - electron

. collector
ion cloud

Electron collector e Y A W AU W
Electron gun W }

—+ [____} Ekin =€ (Utrap-Ucath)

Jcath

requirements for charge breeding:
o efficient
e fast

I Aug. 28, 2014 CGS15 15|
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Magnet / Trap

Electron collector

Electron gun

space
charge
potential

r

Electron Beam lon Trap

drift tubes

trap magnetic
electron field

peam o+t
| o — ' / -
- " -
cathode - electron

. collector
ion cloud

J} Eyin= € (UprapUcarm)

Jcath

requirements for charge breeding:

efficient
fast

I Aug. 28, 2014

CGS15
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Magnet / Trap

Electron collector

Electron gun

space
charge
potential

r

Electron Beam lon Trap

drift tubes

trap magnetic
electron field

peam o+t
| o — ' / -
- " -
cathode - electron

. collector
ion cloud

U A1+

J} Eyin= € (UprapUcarm)

Jcath

requirements for charge breeding:

efficient
fast

I Aug. 28, 2014
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Magnet / Trap

Electron collector

Electron gun

space
charge
potential

r

Electron Beam lon Trap

drift tubes

trap magnetic
electron field

peam o+t
| o — ' / -
- " -
cathode - electron

. collector
ion cloud

U Aq+

J} Eyin= € (UprapUcarm)

Jcath

requirements for charge breeding:

efficient
fast

I Aug. 28, 2014

CGS15

15I
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charge breeding of °Rb

1.4
= .o | M °Rb"* ions injected into EBIT
Rb* . - .
1.2t no ions injected into EBIT EBIT
e—current: 101 mA.

'cc.) 1t 75Rb+8 charge breeding time: 35 ms
= -
=2 08} O
g g
3 0.67 SRp*’ 5
o
c v
O 04r

25 26 27 /28 29 30 31 32 33 34 35
TOF [us]

S. Ettenauer et al.,

i PRL 107, 272501 (2011)
Charge bred reSIduaI gaS Int. J. Mass Spectrom. 349, 74 (2013)

Aug. 28, 2014 CGS15 16
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Solar Neutrino Physics

10 B
-

10 |

0% -
rexa10 E
L - -I‘nl_ -
wN > -
P
s d
- 3 -
= L
z. 108

1014

'He -

= 10.5}%

e _a Wt

—
....

> =g

LOEE i |

2NNAS

Bahcall -Serenelli 2005

Neulrino Speclrum (+10)

[FRTFRRRRTTIN SR

GALLEX

INTERNATIONAL
SOUAR NEUTRINO RESEARCH
COLLARORATION

4
Neutring Energy in MeV

Detection reaction: Vg + "Ga > "Ge +e~

Detector calibration: EC of 'Cr and 37Ar

I Aug. 28, 2014

CGS15

Exp.
GALLEX

source

51Cpr-1

ratio

0.95+0.11

GALLEX

51Cr-2

0.81 £0.11

SAGE

51 CP

0.95+0.12

SAGE

37AP

0.79+0.10

Average

51Cr, 37Ar

0.87 +0.05

measured to expected events ?!?

cross section depends

on Qgc of "1Ge !

o



R TRIUMF

Solar Neutrino Physics

1 ""[ 1 e ]
i =Rt i
on p—" \‘-, Bahcall-Serenelli 2005 E
pp~| 1 ]
10t & Neulrino Speclrum (+10) i Exp. ST e
b "He»| +10.5% b TN
Iz o O ™. GALLEX | 5Cr-1 0.95+0.11
R O Peps A __°  GALLEX | 51Cr-2 0.81+0.11
¥ qgnks '
e o ' 1 CT AR @ SAGE 51Cr 0.95+0.12
T W oo | T o o Mt
; o -~ .'“'1'“'[;&)2 --.‘_-___-.% ------ COLLARORATION SAGE STAP 0.79+0.10
" f ] Average  SCr,3"Ar 0.87+0.05
10 2 :;"' { 16% _ _\.‘0 j
L | N
10 ® lt:~ o4 ,;;-- g " "‘.‘ '%
@il il ) SR measured to expected events ?!?
3.1 1 10
Neutring Energy in MeV
cross section depends
: : Fal 71 =
Detection reaction: Vo + ' 'Ga — ' 'Ge + e~ on Qzec of "1Ge !

Detector calibration: EC of 'Cr and 37Ar

other nuclear physics uncertainties already
51 71
HC| measurement of Qec of >'Cr & ~'Ge excluded in | b. Frekers et al., Phys. Lett. B 706, 134 (2011)

Aug. 28, 2014 CGS15
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isobaric separation of "1Ga-"1Ge

Ge delivery from ISAC required Laser lonization:
clean "'Ga?'* if Laser OFF  (Ga produced through surface ionization)
clean "1Ge??* if Laser ON (Ga not bred to g=22+)

3

B laser on (a)

71 71
laser off Ge/"'Ga
1(Ge22+ 21+ 20+ 19+

2.5

2_

1.5}

1}

ion counts / bunch

= separation based on
atomic properties

(b) = no om/m-limit in

resolving power

0.5}

0
2 I EBIT background

15| electron beam: 70 mA @ 2 keV 04+

ion counts / bunch

D. Frekers et al., Physics Letters B 722, 233 (2013)

20 21 22 23
Aug. 28, 2014 TOF [us] CGS15 18



R TRIUMF

(neon-like)

CenFrq ("'Ga?'""): 17622108.586
Error (CenFrq) : 0.188 Hz

Tex : 117 ms

0.60 | TOFEff: 21.13 %
Scans : 100
-1.00 | | | |
-20 -12 -4 +4 +12 +20
frequency +17.622.108 [Hz]
| | | | | | | |
225(12 a .
( -) a] ' 1953 -
- 237(5) [b] 0 1954—
- 231(3) [c] » o 1955 -
- 236(2) [d] o 11963 -
- 235.7(1.6) AME 83 . ' ¢ i 7
- 233.05(0.48) [e] —— 1984 -
- 229.2(+0.55-0.45) [f] +~=— . 1991 -
- 229.4(0.7) AME 93 —4— 7
- 232.1(0.1) [g] - 1993 A
- 231.9(0.3) AME 95 - ! -
- 232.65(+0.17-0.12) [h] ™ 1995 -
- 232.5(0.2) AME 03 G -
| 232.64(0.22) AME 12 e 2012 -
|
233.5(1.2) combined —— TITAN 2013
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D. Frekers et al., Physics Letters B 722, 233 (2013)
T. D. Macdonald et al., Phys. Rev. C 89, 044318 (2014)

confirms previous Qgc measurements
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