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TRIUMF RIB Production

Proto n _i n d u Ced reaCtI ons + 1 GeV proton beam on a lanthanum (La) target
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Isotope production figure from ISOLDE-CERN
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Why measure the atomic mass?

(
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Nuclear

Astrophysics
dm/m < 10/
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Nuclear Physics
Mass models &
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dm/m = 107

7

J

Physics & Chemistry

Basic information
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>
4 Weak

Interactions
Tests of fundamental
symmetries

»
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N /

)
General Physics

Metrology, tests of
CPT
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Atomic Physics

Binding energies and
tests of QED w/ HCI
dm/m < 10-°




A TRIUMF

Mining Nuclear Physics from
Atomic Mas Measurements
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Mining Nuclear Physics from

dm/m < 10°

dm/m < 108

Halos and skins
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Halo nuclel

6 c| | | &
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Figure: http://www.ph.surrey.ac.uk/npg/confs/ecthalo.html
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Storage and Trapping Devices

Wish list:

« Confine rare nuclide to a well-defined volume
 “Infinite” observation time (or at least as long as T,,)
« Use well-defined fields = careful manipulation

« Lead to high-accuracy, -precision, -sensitivity experiments
Storage Ring Atom Trap
ey

FROM SIS
OR FRS
GAS JET a . ‘

/'/

T o S e

0 0 05 1cm
Y

Relativistic Particles Particles at “rest”

Figure: H.-J. Kluge et al., Phys. Scrip. T104 (2003) 176
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lon Traps

Penning Traps Paul Traps
= electrostatic + magnetic = oscillating electric field
B

magnetron motion (»)

precision experiments

modified

cyclotron motion (®,) axial motion (o) . .
micromotion micromotion + macromotion
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Single-ion Quantum Manipulation
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Mass determination via cyclotron-frequency determination:
« Measurement performed with single ion at a time

« Repeat over a range of frequencies

« Total number of ions per spectrum ~ 100
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Mass Determination

e Measure
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Maturing Field:

H|h PreC|S|on and Accurac

100F | = NscL _5
= | = TITAN - |
= | = ISOLTRAP = > £
C SHIPTRAP proton dripline —
80 :_ ESRSMS ED M AGE ; s oaE: b3 ]
: ESRIMS
| - UYFL Accuracy
N 60 F L lem Exact theoretical description:
: « Brown & Gabrielse, Rev. Mod. Phys. 58 (1986) 233
40 E « G. Bollen et al., J. Appl. Phys 88 (1990) 4355
M. Konig et al. Int. J. Mass Spec. 142 (1995) 95
» M. Kretzschmarr, Int. J. Mass Spec. 246 (2007) 122
20F ke
: ”ﬁ . Even for non-ideal traps:
ok e « G.Bollenetal., J. Appl. Phys 88 (1990) 4355

G. Gabrielse, Int. J. Mass. Spec. 279 (2009) 107

K Verify with off-line tests of stable nuclides

%

Figure courtesy of D. Lunney




RTRIUMF TRIUMF’s lon Trap for

Atomic and Nuclear science

BNG: fast m/q selection (e s MPET: mass

0. | measurement via
cyclotron frequency
determination

RFQ:
Accumulation,
cooling, and
bunching

i A — » o ——— ~
continuous rare g k= bunched beam for
isotope beam 4 M\ ;- laser spectroscopy

offline
ion source

J. Dilling et al., NIMB 204 (2003) 492
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689,11 | Isotopes with TITAN

KEK
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e Measured 6,8,9,11L| ?._1,025:- \ o FMD o 3B8M
TR ol L
* TITAN confirmed °Li deviation from & { | -
Atomic Mass Evaluation (AME) S 23}
2003 found at SMILETRAP I
S. Nagy et al. PRL 96 163004 == [ .

M. Brodeur et al, PRC 80 (2009) 044318;
M. Smith et al PRL 101, 202501 (2008)

R. Sanchez et al., PRL 96, 033002 (2006);
Nature Physics 2, 145 (2006);; W. Nortershauers et al., PRC 84, 024307 (2011); G. W. Drake et al. PRL. 100, 243002 (2008)
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Lithium isotope
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He Halos with TITAN

Nuclear charge radius of "He
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TITAN Halo Harvest

« Highest precision for such
short-lived nuclides

 Shortest-lived (*Li T/, =
9 ms) measured with
Penning trap mass
spectrometry

« Limits of sensitivity (5-10
lons/sec)

Plot: K. Blaum et al., Phys. Scrip. T152 (2013) 014017

-50 O Penning trap mass measurement
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V. Ryjkov et al., PRL 101 (2008) 012501
M. Brodeur et al., PRL108 (2012) 052504
M. Smith et al PRL 101, 202501 (2008)

R. Ringle et al., PLB 675 (2009) 170

S. Ettenauer et al., PRC 81 (2010) 024314
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Moving heavier: 2%21Mg

Figure: P. Cottle, Nature 465 (2010) 430
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Isobaric Multiplet Mass Equation

« Assume charge-independent
strong interaction

strong int. + Coulomb int.
. m,~=m
* Isobaric analog states (IAS) S T, =
are degenerate & share same P _3/2
mass i U
égi\
 Coulomb interaction breaks AT T,JIY S +1/2
symmetry N +3/2
(A, T,J9)

* Using two-body charge-
dependent interaction, the sum
of Isoscalar, isovector, and
Isotensor operators is

M(AT,T,) =a(AT) +b(AT)T,+c(AT)T,
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How robust iIs IMME?

« 29 of 35 multiplets obey quadratic form

« 6outliers:A=8,9 —
P 704 /Uncertamty in 2021Mg
1.1 | F?r%bl?:rgr; \:/Bvﬁh 50 ' masses dominates for
experimental data A= 20,21 multiplets
or requires 50 -

Small d =5.2(30) keV

dT,2 or eT,?
for A =21, 37 = 5/2* not

40

= _ expected in shell model
* Sources of d term: <, 30 calculations
* Unbound nuclei |
20 - Tool of choice is a
* |sospin mixing with Penning tra
nearby states of 10 -
same J* - usually
observed in shell 0- ave 8 g .
model caleulations 540 "5 %o/ 25 30 35 40 45 50 55

A

Figure: courtesy of M. Brodeur
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TITAN 2021 Mg Masses

1 Save POF 2{] ()
—d Print Mg : :
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-
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NN: over-bound
NN + 3N: improved agreement with exp.

A.T. Gallant et al., submitted to PRL; figure : J.D. Holt et al., PRL 110 (2013) 022502
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IMME: Comparison to Theory

A = 20 quintet

term |exp (keV) |USDA (keV) |USDB (keV) [Viowk (keV)
d 2.8(11) -0.1(10) -0.1(10) -18(13)

e 0.9(12) -1.7(10) degenerate -49(17)

* Observed d term cannot be explained by USDA/B
* e term close to USDA result
* Uncertainty in Viowk calculation too large

A =21 quartets

JP d exp (keV)

d USDA (keV)

d USDB (keV)

d Viowk (keV)

512+ 16.7(13)

-0.3(10)

0.3(10)

-38(37)

1/2+ |-4.4(14)

1.2(10)

1.9(10)

B(37)

* Observed d term cannot be explained by USDA/B
* Inadequate data or new effects not included in calculation
* Uncertainty in Viowk calculation too large

A.T. Gallant et al., submitted to PRL
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Moving heavier: Island of Inversion

Figure: P. Cottle, Nature 465 (2010) 430
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Island-of-inversion Mass Cartography

Name arises from the pf TITAN’s campaign of
orbitals which “intrude” mass measurements:
Into the sd shell * Na: A=29-31
« Mg: A=30-34
. s Al: A=29-34
near Island of ,
stability inversion —ri
EFH-E EFH-E | Ngr;no?l\ll r:jomincnfes
D . ;::-'2 ;::-'2 N = \“ = Sntnown but predicted
1§ _‘1 Hg Hg B ‘l\/‘lg ‘ inside the island
h.._']f? . v(fp] 3TNO ‘
1d, < 1d,, .
12§—¢ 2s —_— \
1dg, 1dg,
—_— . p 1,
I — i ;
1s 1s — S 9 10 nd
/

A.Chaudhuri et al, PRC 88 (2013) 054317; AAK et al, submitted to PLB; figure from Himpe et al, PLB 658 (2008) 203
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Island of Inversion: S,

-5 | | T | I T |
16 17 18 19 20 21 22 23

Neutron Number N AAK et al, submitted to PLB
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SZn(N+ZlZ) B SZn(NvZ)

A,(N,2)

Vanishing N = 20 Shell

—0—HFB21
—0—-GCM+SLY4
x MCSM
= AME2011

——TITAN+AME2012

N=20

1 T T
10 12 14 16 18
Proton number (Z)

20

22

« A,(3!Na) =1.79(23) MeV

«  A,(**Mg) =1.10(3) MeV

« A(BAl) =1.82(7) MeV\
[ lowest known of}
any magic nuclide

Limited guidance from theory:

* Models tend to overestimate “shell

gap” A, in 32Mg
« Mean-field models predict shape

incorrectly

* Only conventional shell model
indicates breaking of N = 20 shell
closure but it predicts A,<0

» Qut of reach for energy-density
functional and ab-initio methods

A.Chaudhuri et al, PRC 88 (2013) 054317
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N=21S,, Crossover

1 | | |
-1 & 06
43 ]
- Ca
48.04 2
“Ar |
40
_ ClI
_ — 8.02 g -
BBP _
- - 7S
’ \\t_\_“.ﬂﬁ;ﬂ T

Only known crossover on
S,,, surface for entire chart

of nuclides!
* |sland-of-inversion behavior?
 Measurement of an isomer

T : ~
16 17 18 19 0\ @SSignedasgs: Y
Neutrc}n Number N AAK et al, submitted to PLB
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Moving heavier: >1.>2Ca

Figure: P. Cottle, Nature 465 (2010) 430
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Extending Theory to Heavier Nuclides

Phenomenological realistic NN realistic NN+3N

| (a) Phenomenological Forces | (b) NN-only Theory | (c) NN + 3N

_— e =

-10

— G+3N(@Q)
— V.., 3N(NLO)

- = KB3iG
— GXPF1

Single-Particle Energy (MeV)
n

I I N I B I

[ I I B B O I e

—_—V

low k
_]SI|||I|||I|||I|||I|||I [N N T N N T T N T T O T O O T

40 44 48 52 56 6040 44 48 52 56 6040 44 48 52 56 60
Mass Number A Mass Number A Mass Number A
Ca theory with realistic NN interaction & 3N forces:
« Substantially different trend for single-particle energies & S,,
* Quenching of N=28 shell gap around A=50-54

New magic shell closure at N =32, 34 in Ca?
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Neutron-rich K and Ca Isotopes

(Effective Single Particle Energy)

Found that the N = 28 shell is 1 MeV
stronger than previously believed

8 10 — 1 T 1 T T T — T T — T T T T — T T
% | 5\ 8 - o K -
S o 1 e - -m- - AME'03*
- S 64 ! —=— TITAN i
—_~ 6 i i i |
qqg‘ ﬂ\' 4 1 | : .
= & 2 \ -
) w2 :
S8 4_ 1 1 L_.___._.-—l-_.‘t_

! 2\ 0 T T T T T T T T T T T T T T T T T T T T T T T T T
[EE ~& 18 19 20 21 22 23 24 25 26 27 28 29 30
m B CIJ ]-U T T T 4 T J T T T J T T T J T T T J T 4 T J T T |
S e, 1 - A |

= S 8 ' ' Ca i

¢—® GXPFIA SR Vo - -A- - AME'03* _

® -8 KB3G S. Zhu et al.,, PRC = 64 | —&— TITAN 4

|+ FPD6 80 (2009) 024318 o 1 :_ a |

S 44 : i

0 | 1 | 1 | 1 | E _4\_: [ i
28 32 36 40 2 : v

|_
a AR ]

Neutron Number (Ca)
44 47-50 49-50 L e I e L s e e o e e B S B s s
Measured mass of Kand Ca 18 19 20 21 22 23 24 25 26 27 28 29 30

Neutron number, N

_‘_I_*_|

TITAN value deviated 7c & 100 from
AME 2003 for 449K respectively

A. Lapierre et al., PRC 85 (2012) 024317
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Is N = 32 magic for K, Ca isotopes?

1

Measured °1K and °1°2Ca masses

6 F Ca 4 + Found 52Ca 1.74 MeV more bound
14 = than expected from AME 2003
= C ]
2 12F 7
=3 0F e—a AME2005 1 Calculations based on chiral NN and
' F m.em TITAN 1 3N force predict increased binding at
8 & —— NN+3N (MBPT) 1 N=32
[ == NN+3N (emp) ]
°F .~ kB ' 5 <« Repulsive 3N contributions critical
[ = GXPFIA _E

for Ca g.s. properties & require
further investigation

« 5152Ca S, & A,® differences with
experiment < 200 & 500 keV

T
t

(3) (MeV)

A

||:'||\||||||||u|‘

KB3G & GXPF1A phenomenological

s 20 30 31 32 33 34 35 Mmodels also predict behavior well
Neutron Number N

A.T. Gallantet al., PRL 109 (2012) 032506
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20000 pr——

17500

15000

12500

10000

Sy, (keV)

7500

5000 F

2500

N = 34 Subshell Closure?

111 « |SOLTRAP extended
high-precision mass
measurements to
54Ca

« Experiments agree
well with this theory,
confirming trend, and

— JITaN, other theories (e.g.
— AMELT CC PRL 109,
— 3N+NN (MBPT) 032502).

26

28 30 32 34
Neutron Number N

Weinholtz et al., Nature 493 (2013) 346; A.T. Gallant et al., PRL 109 (2012) 032506
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Q-value of ¥Ca =2 8T

TOV .
<m > 1/2 half-life
Ov Bp
T1/2 Gov (Qﬂﬂ! V4 | M Ov | — Go, (Qps:Z) phase-space factor
m .
€ | My, | nuclear matrix element
measured at TITAN <mﬁﬁ> effective v Majorana mass
m, electron mass
P S L ]
79 E48Ca+ 48Tj+ ] = AME 2003 | ]
[ > 8 l ¢ AME 2012 |7
78 $ {2 42 el
o) < 27 \ |
§ 76 i g 1- ) .
’ g
75 1e , e
74 | 12 : L e
g 1 keV 1 keV;
= —-20 0 20 40 60 80 100 120 140 . % - 4'66!_

Vit = 1184 550 [Hz] Q..(**Ca) ME(**Ca) ME(**Ti)
BB

A.A. Kwiatkowski et al., PRC 89 (2014) 045502
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Q-value of ¥Ca =2 8T

L half-life
Tl% =G, (Qﬂﬂ’ yA Go, (Qus:Z)  phase-space factor
| My, | nuclear matrix element
JEFT + MBPT <mﬁﬁ> effective v Majorana mass
w/ J.D. Holt (TU g)armstadt) m, electron mass
Mo, = M(?vT _g_\; Mon T M(-I)-V
Ja
M®Ton -04/9, M7, Mo,  Sum
Bare M,, 0.675 0.130 -0.072 0.733
15t order X-box no 3p-1h  1.340 0.225 -0.064 1.501
Full #order Rbox 0061 00"y oy shift in Q,,, & 75%
Full 29-order F-box 1.822 02{ increase in NME make #*Ca
Final My, 1.221 0.14_MOre attractive for Ov2p exp y
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Summary

* |Isospin non-conservation

Mass determinations of 20.21.2Im\g
Most stringent test of IMME to date
Some USD issues
Some yEFT issues

 Role of three-body forces

At >2Ca , confirm prediction of N =
32 subshell closure

In 48Ca, determined 75% larger Ov2f3
NME andl keV higher measured Q-
value

 |sland of inversion

Mass determinations of n-rich Na,
Mg, Al

Lowest shell gap of any
(traditionally) magic nuclide

S,, (N=21) crossover is a singularity
on mass surface

Outlook

Continue mass-measurement
campaign in island of inversion -
will there be more surprises?

IMME: most imprecise are 242°Sj,
27p, 28.29Gj 31C|, and 36Ca

Q
TITAN

ISAC-TRIUMF
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