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QS ac Halo Nuclei

large radii nucleons in classically
forbidden region

|. Tanihata et al., PLB 202, 592 (1988) 1]
A. Ozawa et al., NPA 691, 599 (2001)
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2 = Halos: Benchmarks for Theory
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>« Masses of Halos

- direct: binding energy , separation energies: Sy, Sp

Sp=m(Z,N —1)+m, —m(Z,N)

e indirect:

— charge radius from atomic laser spectroscopy

- reactions: e.g. Coulomb breakup of
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T. Nakamura et al., PRL 96, 252502 (2006)
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2« Masses of Halos

- direct: binding energy , separation energies: Sy, Sp
Sp=m(Z,N —1)+m, —m(Z,N)

e indirect:

— charge radius from atomic laser spectroscopy

Oth ~ O exp

/

contribution of Oy, significant =>(0‘ m / m == 10~ " needed )

- reactions: e.g. Coulomb breakup of
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2 « Masses of Halos

- direct: binding energy , separation energies: Si2)n, Sp
Sp=m(Z,N—1)4+m, —m(Z,N)
- indirect: model

— charge radius from atomic laser spectroscopy

independent

Oth ~ Oexp

/

contribution of Oy, significant =>(0' m / m == 10~ " needed )

- reactions: e.g. Coulomb breakup of
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’\',\’.;:'_. ISAC Charge Radius

Laser | &’ A ISOtOpe Shift

7
5VA’A/ :[52448,AJ_|_.§ < Tg >A,A’

Mass shift Field Shift / Finite Size Shift

\ [/

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

relative measurement

E=(£9 + 26D + 126@ + 029 + peD)’

= need reference: rel

electron scattering d‘ CY3(5(QO%D + )\58])5])) + CV4(££33 + AE (1))
(only possible with stables) — 4.
. P Me
with A = — =
M m.+ M

for He, L1, Be: MS ~10 GHz & FEFS ~1 MHz
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’\',\’.;:'_. ISAC Charge Radius

Laser | &’ A ISOtOpe Shift

7
5VA’A/ :[52448,AJ_|_.§ < Tg >A,A’

Mass shift Field Shift / Finite Size Shift

\ [/

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

relative measurement

E=[£9 + 26D + 2262 + 22(€Q + agl))

= need reference: rel

electron scattering d‘ CY3(5(QO%D + )\58])5])) + CV4(££33 + A (1)))

nuclear mass:

! Me * need Om < lkeV
with A = M — i o short lived (<10 ms)
Me . = Penning Traps 5

for He, L1, Be: MS ~10 GHz & FEFS ~1 MHz

(only possible with stables)
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isotope shifts “Li-ALi:

charge radius

TePLIS
R TRIUMF

* 25—3s
e reference r(’Li) = 2.39(3) fm

At. Data Nucl. Data Tables 14, 479 (1974)

Isotope Isotope Shift,
kHz

6Li TRIUMF —11453984(20)
GSI —11453950(130)

avg —11453983(20)

8Li TRIUMF 8 635781(46)
GSI 8 635790(150)

avg 8635782(44)

’Li TRIUMF 15333 279(40)
GSI 15333 140(180)

avg 15333 272(39)

HLi TRIUMF 25101226(125)*

R. Sanchez et al., PRL 96, 033002 (2006)

5VA,A/ — 511\/[48714/ + Kgq0 < 7"2 > AL A

mass shifts

Isotopes 2°P,, —2°S 2°P;, —2°S 32§ — 228
"Li — SLi —10532.111(6) —10532.506(6) —11452.821(2)
"Li — 8Li 7940.627(5) 7940.925(5) 8634.989(2)
"Li — °Li 14 098.840(14) 14099.369(14) 15331.799(13)
Li — "Li® 23082.642(24) 23083.493(24) 25101.470(22)
°Be — 'Be —49225.765(19) —49231.814(19) —48514.03(2)
°Be — 1YBe 17310.44(6) 17312.57(6) 17060.56(6)
°Be — 'Be 31560.01(6) 31563.89(6) 31104.60(6)

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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isotope shifts “Li-ALi:
* 2s—3s
e reference r(’Li) = 2.39(3) fm

charge radius

At. Data Nucl. Data Tables 14, 479 (1974)

Isotope Isotope Shift,
kHz
6Li TRIUMF —11453984(20)
GSI —11453950(130)
avg —11453983(20)
8Li TRIUMF 8 635781(46)
GSI 8 635790(150)
avg 8635782(44)
’Li TRIUMF 15333 279(40)
GSI 15333 140(180)
avg 15333 272(39)
HLi TRIUMF 25101226(125)*

R. Sanchez et al., PRL 96, 033002 (2006)

TePLIS
R TRIUMF

___ ¢MS 2
5VA,A/ — 5A A’ ‘|‘KFS5 < Tc >A A’
’ ?
mass shifts
Isotopes 2°P,, —2°S 2°P;, —2°S 32§ — 228
7Li — SLi —~10532.111(6) —10532.506(6) —11452.821(2)
TLi — 3Li 7940.627(5) 7940.925(5) 8634.989(2)
TLi — 9Li 14.098.840(14) 14.099.369(14) 15331.799(13)
("Li —"Li® 23082.642(24) 23083.493(24) 25101.470(22))
%Be — 'Be —48514.03(2)
9Be — 0Be mass: MISTRAL (2005) 17 060.56(6)
9Be — !'Be 31560.01(6) ; 31563.89(6) 31 104.60(6)

( | need mass !

243002 (2008)

> 4

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

reference r¢

M. Puch ietal., PRL 97,133001 (2006)

mass: AME‘03
(rc (11Li) = 2.465(19)(30) fm) 7




Penning traps:

e highest precision
e previously: shortest 74Rb
with T1/,=65 ms
A. Kellerbauer et al., PRL 93, 072502 (2004)

. Measurement
. 11 =
but L1 Ti/2= 8.8 ms Penning trap

Time of Flight (js)

v—v.(Hz)

Cooler
Penning

Tra . .
. systematics: < 5ppb possible

M. Brodeur et al, PRC 80, 044318 (2009)

see V. Simon
poster #327

m

Buncher & Cooler

__..» |ISAC Beamline N

In trap decay spectroscopy:
see talk T. Brunner 8

ISAC beam: A+
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2w Mass O
=
0
Ref Mass [u] z
ciecrence 4ass |u - =
: rc (11L1) = S
AME’03 11.043 798(21) E
MISTRAL 2005 | 11.043 715 7(54) 2.427(16)(30) fm -
TITAN 2007 11.043 723 61 (69)
eliminates mass as source of uncertainty! M. Smith et al., PRL 101, 202501 (2008)
Comparison with Theory:
I I I I I I | TITAN |
25 (S'rarr;'(,;hﬁ)z SVMC | 0.5 1 . . SVMC.J (unfrozen) 11Li
- { (unfrozen core) _ 0.0 AMEQ3 SVMC
= T (frozen) N
2.4+ Sanchez - - 05 04— : ; : )
(AMEO03) NCSM | s = TITAN NCSM |
)3 (CDB2k) 10d 1 ssymc | | (CDB2K) ]
g . | % _1.5_- 0.3- AMEO3% (unfrozen) | )
S s SVMC | =
Lo T (frozen core) Uﬁ -2.01 T
S - | 25 %71 1 /Ncsm
NCSM | _30_ ] (?VMC) ! (|NOY)
. (|NOY) rozcen) m
209 "L ] 3541 2 3 4 !
1 > 3 4 5 6 1 2 3 4 5 6
= NCSM (IN()Y); 1171 1s unbound | Forssén et al., PRC 79,021303(R) (2009)
m» SVMC: unfrozen core yields better agreement K. Varga, Y. Suzuki, R. G. Lovas, PRC 66, 041302(R) (2002)

=>core 1s deformed by presence of valence neutrons 9
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- esesee -

¢He and 3He
e Argonne Lab / GANIL
e LS in MOT
all in MHz
%He 8He
Value Error Value Error
Statistical
Photon counting 0.008 0.032
Probing laser alignment 0.002 0.012
Reference laser drift 0.002 0.024
Systematic
Probing power shift 0.015
Zeeman shift 0.030 0.045
Q\Iuclear mass 0.015 0.074
Corrections
Recoil effect 0.110  0.000 0.165 0.000
Nuclear polarization —0.014 0003 —0.002 0.001
0 V§§4 combined / —1.478 0035 —0.918 0.097

y 4

/

mass: dominating uncertainty

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

<2 = Other Halos: Laser Spectroscopy

Collinear Anti-Collinear
T T

11Be-
e GSI

collinear LS

Counts, arb. units

-2 -1 0 1 2 2 1 0 -1 -2
VYoo GHz

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

2

1
t11 +
10 :_ Be

« SLOWRI @ RIKEN -

laser cooled 10ons

n

in trap

LIF signal counts /b

0 SE) ldO 15IO 20IO 25IO 300
frequency [MHz] - 957 426 000 MHz

A. Takamine et al., Eur. Phys. J. A 42, 369 (2009)

( ®m=6.4 keV (AME’03) )
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‘dw ISAC
e - — - .’

1st 8He mass meas.

TITAN: °He & 8He

2nd 8He mass meas.

5He mass meas.

y . * 15 0.5 ;
B E 6 . 7
i 3 TITAN i TITAN 004 Heusing Li AMEO3 ¢
% 124 ' % J;ﬁ_—'_'ic-:_'_'—'—' ¥ L= %‘ -
< 104 < 10+ <
< o < < -1.51 -
36 T s 3 4.00
z 4 z z 207 ‘
0 : % -
= \ . = . . = 3 . 5 TITAN
04 He using 'Li AMEO3 ¢ 4 04 Heusing Li AMEO3 ¢ - -3.0-:§:L;_._§ - it -
1 2 3 4 0 2 4 6 8 10 12 14 16 18 o 2 4 6 8 10 12 14
measurement measurement measurement
V. L. Ryjkov et al., PRL 101, 012501 (2008) M. Brodeur et al., in prep.
40 ) ) 1 ' 1 1 '{ 1
384 N { - -
I
_ —_ f I
New masses (M.E.=m-A) T 36.- | , |
Isotope mass (x 10° u) M.E. (keV) % 34 ' ‘
®He 6 018 885.883(70) | 17 592.087(65) % ) | )
SHe (1°1) | 8.033 935 669(722) | 31 610.872(673) o g
®He (279) | 8.033 934 410(128) | 31 609.700(120 £ 321 \ l
= ®H
g e
He (average) | 8.033 934 449(126) | 31 609.736(118) 30. { T, =119 ms ]
28 ) v ) v ) v ) v ) v ) ' 1
-15 10 -5 0 5 10 15

v_. -7 075 833 (Hz) 11
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<2 e Comparison with Theory

Charge radius Binding energy 2n separation energy
200 T T T T | T T T T ] T T T T
1.0- T .
244 ¥ 6 ] e il
1.95- T P. Muller - . He 1 | TITAN : 6He -
{ 3 T (W/ TITAN)_ 25 i 0.8 L e 4
1.90 Z . 1 1 0.6 .
— 1 ? -261 i _
E S > 04- . -
gv 1.85 -1 % -27 - E é ] { |
Ao ' 1 o z 0.2- .
Nva1.80_ i Ww 28 2] ; 1
' ' lrrrAN - 00
29 1 . ¢ .
1.751 6He 7 i I o K] -0.24 i
' 1 -30 . - ]
170 T T T T T T T T '04 T T T T
P. Muller GFMC NCSM NCSM GFMC GFMC NCSM NCSM GFMC GFMC NCSM NCSM
(w/ AMEO3) (AV18+IL)  (CDBZ2k) (INOY) (AV18)  (AV18+IL2) (CDB2k) (INOY) (AV18)  (AV18+IL2) (CDB2k) (INOY)
Theory Theory
200 T T T T 23] ; T T T ] 2.5 T i T LI
1.954 i -24—- 1 20qTTaN” T AT T T T T T T T T T T .
' : 25 SHe ] 8He ]
1.90 . 1 '
_ P. Muller _-26- i 1 < { i
£ ' / TITAN) | > 7]
o~ 1851 | > ) 2 27 s i
:/\ 4 | M o \-;D ‘28" =
~ & w ] N
™ 1.80- I I 1 9] 2
175 - 30 i : ha ]
] 8He _ BqTTAN. . 1 T ]
1701 : : | 321 o l l 154 l . —
P. Muller GFMC NCSM NCSM GFMC GFMC NCSM NCSM GFMC GFMC NCSM NCSM
(w/ AMEO3) (AV18+IL)  (CDB2k) (INOY) (AV18)  (AV18+IL2) (CDB2kK) (INOY) (AV18)  (AV18+IL2) (CDB2k) (INOY)
Theory Theory

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

similar conclusion also made for

e hyper-spherical harmonics expansion (°He)
 Coupled Cluster (3He) S. Bacca et al., Eur. Phys. J. A 42, 553 (2009)

= 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)

12
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,,: ISAC TITAN: 1186

-~ S -
46 e
J |l 5 ,iBe
i . z’ 6: s Litterature
44 ! E 5 * TITAN
T 4a2- § 4 =>confirms AME & improves precision
f—— E 34
(T w | - - -
S a0 > 2 =>uncertainty of mass negligible for r.
28 llBe+ § 1': ° B
i 2 %: 0 { o
- X“/v=0.992 il ' | ' R. Ringle et al., PLB 675, 170 (2009)
-3 -2 =1 0 1 2 3 g Atomic m::ber (A) "
VRF - 5,1 57,638 [HZI
250 T T T T I I I
] T FMD
2.454 } FMD NCSM 14 . -
{Nortershauer ™ CDB2K | TITAN
0 40] (TITAN) ( ) ]
_ 0
| |
E2.35— s <
] =
=, 2.304 - < - 1
L | %)
2.25- nesu | N |
' (INOY) NCSM
2.20- i
] DB2K) |
] 11Be N 11Be (C . )
215 T T T '3 T T T
1 2 3 4 1 2 3

m NCSM: l1Be 1s unbound
= FMD: good agreement for both

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

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

phenomenological potential mimicking 3N forces

13
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'\'.V;\.' ISAC 1 ZB C
- e

£
11Be(d,p) @ TRIUMF:
P s FMD
. nd O+ o . .
SpeC. faCtor for 2 O o @@ Isotope shift D, line predlctlon
. A—a Isotope shift D, line
- together with small Speff D (Muticonfgurato)
. SI) 1|0 1|1
= neutron halo-like structure ? Isotope

R. Kanungo et al., Phys. Lett. B682, 391 (2010) M. Zékovd et al., J. Phys. G: Nucl. Part. Phys. 37, 055107 (2010)

T. Neff et al., Niigata proceedings, in preparation
*
Sneff = S, - E
n n

E—
known to 1 keV | S. Shimoura et al., Phys. Lett. B654, 87 (2007)
36 — ; ; - - - - - - 1971 1974 1978 1994 2009 2009
25.10 T T T T T
34r C. Gaulard et al.
25.08 E ]
82 5 06 Fortune et al. [ TITAN
a0l ’ Howard et al. Alburger et al. MISTRAL
S 0 1 TITAN:
7 28) ) 25.09 =
m = 2502} ]
261
= w 25.08 —
2 ool | |+l M.E=25078.0(2.1) keV
241 Ball et al. 25.07
24.98 |
22+ 25.06
20 24.96 | 0505
3 4 5 6
18 Il 1 1 1 1 1 1 1 1 2494 L 1 1 L 1
-40 -30 -20 -10 0 10 20 30 40 1 2 3 4 5 6
v, — 4726 491 [Hz] measurement #

S. Ettenauer et al., PRC 81, 024314 (2010) 14
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2w Conclusions

halo nucler are 1deal testing grounds for theoretical models
- importance of 3-body forces

- extended tails 1n wavefunctions

Combination of high precision

- laser spectroscopy

- mass measurements } = charge | § adius

- atomic physics calculation

charge radius and separation energies (masses) are extracted model independently

=> important benchmark parameters for theory

TITAN:

- Penning trap measurements feasible for isotopes with T1/2 < 10 ms

- He, Li, and Be i1sotopes have been measured recently
- results compared to theory

— other TITAN mass measurements

- first successful measurement of charge bred 10ons

« neutron rich K
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,;_- ISAC Pre Cise
v

line width (FWHM):
~ 1 / TT- f
= resolution:
m U,

R = — = ~ V.1,
Am  Ap, et

qBTrf

2Tm

Q2

= even for T ~ 10ms

(dm/m)star < 10~ °

—_— \ \ \\
> ( > 3 \
C. ) '
/
& - ,/ /
accurate,_ precise, o

but not precise but not accurate

& Accurate

\

e exact theoretical description

G. Bollen et al., J. Appl. Phys. 88, 4355 (1990)
M. Kénig et al., Int. J. Mass Spect. 142, 95 (1995)
M. Kretzschmarr, Int. J. Mass Spect. 246, 122 (2007)

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

e even for non-ideal traps

G. Gabrielse, PRL 102, 172501 (2009)

G. Bollen et al., J. Appl. Phys. 88, 4355 (1990)

o off-line tests with stables

= control over systematics

for TITAN: <5 ppb possible

14086.95 .
: SMILETRAP
(2006) TITAN
. T (2009)
14086.90-
g ] [ ]
>
g ]
= 14086.85-
LIJ .
= - JILATRAP
j (2001)
14086.80 - } 6 Li
14086.75-

1
Measurement

M. Brodeur et al, PRC 80, 044318 (2009)

18


http://www.sciencedirect.com/science/journal/01681176
http://www.sciencedirect.com/science/journal/01681176

@TRIUMF Motivations for the measurement

As an element gets more N-rich, its shell structure changes.
This induce a change in the magic numbers

10

&
L
2
s
—
&)
.
N
(68
]
(&8
(a9
N
(&3]
2
e-o GXPFIA
=-u KB3G
= | o+ FPD6

O l 1

28

32

36

40

—¥» [he various existing nuclear models predicts
different new magic numbers for Ca

FPD6 N = 32 (Analytic 2-body pot.; selected energy levels)

GXPF | A: N — 34 (G-matrix pot.; full fp shell; cross-shell exc.)
KB3G: no new (Kuo-Brown G-matrix pot.; full fp shell)
—» Goal: put tighter constrain on nuclear models

predictions through mass measurement

—>» As the above models only include 2-body forces, 3-
body forces might be required to explain our findings

—>» New magic numbers were previously found,

Neutron Number (Ca) 24
(Effective Single Particle Energy) SUCh as O
(from S.Zhu, PRC 80, 024318 (2009)
Maxime Brodeur TCP2010 conference 19



@TRIUMF Mass measurements on K & Ca

_ AMEO3 6  away 20-
% 20 1 1 —eo— AMEO3
< ‘ L T —— —=— TITAN input
- + 50 1+
|<ZE 10 444 o K {
= o] ] «
L ) t & 5 s 4o ¢ i 5o§ " Effect of shell closure?
2 J 47K1+ 49K1+ Ca C
~ =101
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—» 47-50K and 4°°0Ca masses improved by factor of up to 100
—» 48K and “°K masses deviates by 6 and 10 o from AMEOQ3

—>» >1K and 2K mass measurement needed to see if shell closure at N = 32

—» Son(31K) ~ San(®2K): extrapolated 8Ar mass could be under-estimated
mass measurement of “6Ar and “8Ar are needed...

—» As the N-rich mass landscape gets more refined, more
measurements are needed!
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Milestone in Charge Breeding

TITAN: only facility with online charge bred ions (HCI) worldwide
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<2 s Milestone in Charge Breeding

TITAN: only facility with online charge bred ions (HCI) worldwide
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<% = IMME extrapolation for 12Be
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