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@TRIUMF

Halo nuclel properties

—>» Halos are untypical nuclei characterized by:

e Large matter distribution
(larger than the usual A3 dependence)

1!. Tanihata et al., PLB 202, 592 (1988)
A. Ozawa et al., NPA 691, 599 (2001)
R. Sanchez et al., PRL 96, 033002 (2006)
P. Mueller et al., PRL 99, 252501 (2007)
1H. de Vries et al., ADTNT 36, 495 (1987)

3
e Large difference in charge and matter radii 2
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@TRNMF Relevance of the atomic mass

=3 The atomic mass is involved in determination of both rc. and San

Directly: neutron separation energies A’ A 100
A >, N
S0 <QEZN-D* mo- @2 D r @
" " Laser, o 1
Indirectly: relative charge radius orc A £ 1
determination via isotopic shifts 4 cc’é 0.1
measurement (of atomic energy levels) £ 0.01
7)) .
— —
Experiment Theory . 1E-3
- S 1 10 100
A,A’ A A A,A' A,A’ Atomic number, Z

Mass Shift Field Shift

Change inmass _ Ma — My Changein — _ ..
of the nucleus My - My nucleus size — 5

This change the nucleus recoils This change electrical potential

For 8He, M.S. 72 000 times larger than F.S.
and needs to be known at same precision
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@TRNMF Importance of mass measurement

—>» Mass is the major contribution to the error on 8He
relative charge radius

Error budget on relative charge radui

Error °He (%) | ®He(%)
IS Statistical 6 18
Atomic mass 19 ( 58 )
IS systematics 75 24

Error calculated from: P. Mueller et al., PRL 99, 252501 (2007)

—>» Mass precision required < 350 eV for °He
<730 eV for 8He

Tabulated mass excesses (M.E. =m - A)
[sotope M.E. (keV)

°He | 17595.11 +£0.76 | €= Need 2x more precise

~ -7
"He | 315980469 |<€= Need 10x more precise 1107 on the mass
SHe |, 31593 + 8 needed

SHe | 31613 +17/

G. Audi et al., NPA 729, 337 (2003)

relative uncertainty of

The two 8He measurements differs by 20
(19) keV, which could lead to change in
relative charge radius of 40%

... masses also need to be more accurate! accurate, precise,
but not precise but not accurate
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@TRNMF Motivation for mass measurement

Besides metrology, why do we need to increase charge radii precision?

—» Current experimental charge radii are at a similar level of precision as theory
—>» Need more precise and accurate mass for reliable test of nuclear theory

4 rms point-proton matter
He ° A Experiment

T =—>» from Muller et al., ab-initio
.charge radius from isotopic shi . . . .
e O L theories charge radius predictions
matter radil from nuclear .
a > scattering experiments for 8He agree with value from
= (No-Core Shell Model) Isotopic shift measurement
2 (Green Function Monte-Carlo)
:8He:®: — charge radius from isotopic shift » DOeS |t Stl” hOld USIﬂg the more
N > matter radii from nuclear accurate & precise values obtained
eatiering experiments from the TITAN masses?
Fa—i (No-Core Shell Model)
N "7 | (reen Function Monte-Carlo) —» How well these methods predicts
14 16 18 20 22 24 26 28
Nuclear Radi, fm other observables?

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

@arge radiu@

Binding energy (Eg) Two-neutron separation
< \ T / energy (SZN)

Unveil systematic @ halo ma@ _ _
deviations in Eg predictions Check if predicted
bound nuclei (San > 0)
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@TRNMF %8He production at ISAC

Location of the TITAN Penning trap at the TRIUMF ISAC facility
ISAC hall |

J ISAC beam production and
separation room

High-resolution mass | :
~ Separator magnet !

ion beam
H. toTITAN

RFQ post ;
accelerator- TIT AN
E;flf;egll‘?rfents ; Ta rg etand ionisation
TRINAT ion source tube
Low energy Separator | >
beam line Target 500 MeV X2 ﬁ\p target J exiting proton
proton beam : binl'—’?
- % | ionS ior-:—é.)srg:rtce
1) 500 MeV protons from cyclotron orotons | | |
2) protons hit thick target, unstable nuclei i proton ‘/g;g:;gigg;r;)\i
produced, diffuse, get ionized, extracted Figure courtesy of P Lavoe west targasation

3) contamination removed using mass , _
Closest contaminants in mass to ¢8He

separator (resolution: m/Am = 3000

P ( ) Isotope | Isotope A (keV) | contaminant | cont. A (keV) | m/Am
°He 17 592.09(6) OLi 14 086.88(2) y~ 1600
*He 31 609.74(12) SLi 20 945.80(11) 700

(mass excess: A=m-A)

—» For all n-halo mass measurement, contamination was resolved
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@TRIUMF  TITAN experimental set-up

TITAN: TRIUMF lon Trap for Atomic and Nuclear science

Precision .
Penning trap §

EBIT charge
breeder

RFQ cooler S
and buncher N

ISAC .
beam beam to next experiment
_> )

\ off-line ion source

Maxime Brodeur TCP2010 conference 7



@TRNMF Accuracy of the system

Depending on the count rate and excitation time,
TITAN Penning trap can achieve precision in the ppb — N
range for A< 10. \

—» But need to determine if the system is also accurate at this level!

—» To do so, several sources of systematic errors were investigated, including:
(for the 3.6 V trap depth used for the halo mass measurements)

Recall: R = Vc,z'nte'r/l/c m — F : (mcal — Me + Be,cal) + Me — Be
Error AR/R (x 1071Y)
magnetic field inhomogeneities 0.2 - AA
misalignment and harmonic distortion 42 - AA
incomplete compensation 05(5) - AA
non-linear magnetic field fluctuation 1.5 - At (h)

(M. Brodeur Ph.D. thesis, UBC (2010))
As well as other sources of errors that can be minimized during the measurement:

—>» Relativistic effects (adjusting ion radius such they have similar velocity)

=¥ |on-ion interaction (adjust count rate such as to have mainly one ion at the time)
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@TRIUMF He & 2He mass measurements

TITAN mass excesses A compared to AMEO3
1st 8He mass meas. 2nd 8He mass meas.

(V.L. Ryjkov et al., PRL 101, 012501 (2008)) . (M. Brodeur Ph.D. thesis) o5

5He mass meas.

(M. Brodeur Ph.D. thesis)

''''''''''''

" ] 1°He using "Li
P £ TITAN 1 & TITAN | 0.0- 9 AMEO3
< 124 7 S %'_—'—m—l—-*;'l ¥ > |
= 10—- £ 10- | © -0.5
) ] = = ]
o s 3 1.70 2 -1.0 ]
> ] S s 1 ]
< < < -1.5- ,
= 69 1 = 4.00 ]
o 297 ~ -2.0 .
Z 4+ zZ =z
<C ] < < ]
: 2 : = 2] -
T s - - T s — Z ] i . 1 TITAN |
04 "He using "Li AMEO3 ¢ - 0{ He using Li AMEO3 ¢ 3.0 — % - P ————— : i - .
1 2 3 4 0 2 4 6 8 10 12 14 16 18 O 2 4 6 8 10 12 14

measurement

~100 ions/min

measurement measurement

counts rate: ~3 ions/min ~40 ions/min
Error budget (note: trapping potential Vo = 3.6V)

The other sources of systematic errors are < 1 ppb

Error AR/R x 1077 (He) | AR/R x 1077 (He) Upper limit on the error due to
: ,Stat}stflcalt, ;191’ 15?;93 the interaction between 68He
Oon-10n imnteraction . . . .

ST 1 G and ionized background gas.

(conservative estimate obtained
from count rate analysis)

Accuracy check: mass measurement of °Li and “He

Isotope | A(TITAN) (keV) | A(lit.) (keV) | dA (eV)
“He 2 424.915(18) | 2 424.915 65(6) | -1(18)
OLi 14 086.867(9) 14 086.881(20) | -14(22)

Both results agrees with literature
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@TRIUMF

Comparison with theory

Charge radius

2.00

1.954 P. Muller -

| 1 (w/ TITAN) |

1904

[ ]
’E\ g
£ 1.851
. |
5 1.80
1.75- 6H e { -
1.70 T T T T
P. Muller GFMC NCSM NCSM
(w/ AMEO3) (AV18+IL)  (CDB2k) (INOY)

2.00

1.95-

1.90 ]
R P. Muller |
£ (w/ TITAN)
£ 1.851
SN 1] )77
- 1.804 I I \V/ 1

1.75- 8H e ] -

1.70 T T T T

P. Muller GFMC NCSM NCSM
(w/ AMEO3) (AV18+IL)  (CDB2k) (INOY)

—>» Both the GFMC & NCSM r¢ agrees with new exp. ®8He r¢

GFMC =» Method that provides the closest values to experiment ‘
Only method that uses 3 nucleons interaction (3NlI)

NCSM = Produce a physical rc for an unbound nuclei, consequence
of using faster Gaussian fall-off and small model space.
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@TRNMF Mass measurement of 11Li

M. Smith et al., Phys. Rev. Lett. 101, 202501 (2008).

Bachelet et al. measurement shows 65 keV deviation with AMEQO3

C. Bachelet et al., Phys. Rev. Lett. 100, 182501 (2008)

Confirmed by the TITAN shortest lived mass measurement using Penning trap

400 T T T T
0.54 TITAN SVMC (unfrozen)
L] [ ]

@ @ 2.59 TITAN SvMC - ] s 11Li )
250 ] } { (urlfrozen core) ] 0_0_. AMEOQ3 SVMC | 4
? B 2.4- Sanchez - - 054 (frozen)
(AMEO03) NCSM | ] NCSM |
— CDB2k DB2k
S 300~ ! AME '03 = 23- ( ) o 10 | (cDB2K)
g = 1 T Q -1.5-
- S, SVMC e
051250 Ne o 7] (froze.n core) oF -2.0-. A
21 B il -2.54 NCSM
200 L , NCSM s | 30 (INOY)| ]
004 1. (INOY) ]
° ’ Ll -3.5- !
1 2 3 4 5 6 1 2 3 4 5 5
measurements

—>» NCSM (INOY): unbound "Li with a physical rc

—>» Stochastic Variational Monte-Carlo cluster
model (SVMC) with unfrozen core gives the
best agreement for both rc and Son

=>» The 9Li core should be seen as unfrozen, which

35| | |

100 -5 0 50 100 means it is allowed to be deformed by the
Ve - 5,147,353.46 [z] presence of the valence neutrons
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@TRNMF Mass measurement of 1"Be

TITAN mass measurement of the one n-halo "Be

- 9Be(t,p)'1Be 48 f
O 10ge(d,p)iBe 46 - I
10 Pullen Goosman O MISTRAL T
1962 T 1970 X TITAN o 44- { d : /
§ § 4/ /N u_E 42 I \
s

Y Ji
<
= Lunney 36

10 2008 . 3 2 1 0 1 2 3

'"Be Measurements VRr - 5,157,638 [Hz]
—>» |Improve precision on the mass by one order of magnitude
—>» The latest charge radius determination uses the TITAN mass
(Nortershauser et.al., PRL 102 (2009) 062503)
2.50 T N T T S T
R I ' 14 FMD 1 NCSM (CDB2k, INOY) r. ''Be: Forssén et al., PRC 79 (2009) 021303(R)
245 Nortershauer NCSM ] TITAN I H H
240_-W/TITAN o (CDB2k) 1 = 1 FMD rc and Sn ''Be: B.R. Torobi Ph.D. thesis, Darmstadt (2010)
' 0 NCSM (CDB2k) Sn ''Be: Quaglioni et al., PRL 101 (2008) 092501
2351 S -
3:)2.30- e -
v 2.254 -
2
2204 11'Be E\ICCDSBI\gk) >
2151 2° , , | Y — , -
1 2 3 4 1 2 3

measurements

—» NCSM (CDB2k): unbound ""Be with a physical rc

—>» Fermionic Molecular Dynamic (FMD) gives the best agreement for rc and Sy
(potential used mimic 3 body interactions)
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@TRIUMF

Mass measurement of ?Be

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

First step towards the mass measurement of the 2n-halo “Be (T12 = 4.4 ms)
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—» Dispute regarding the J assignment of 2C
(either 0" or 27)

—>» Updated the A= 12 (for J> = 0*) IMME
evaluation using the new TITAN ?Be mass

—>» Using these fit parameters, made
prediction that favours the JP = 0* state

Maxime Brodeur
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@TRNMF Charge-bred radioactive ion beam

Time-of-flight distribution of charge bred ions from the TITAN EBIT

100 = e

44I<3'+ Extraction time: 700 ns
80 Breeding time: 200 ms 7 = . . H
P a2 100 bunches ] Injected beam: potassium
g 60 N
o ) 7 .
S _— 1 rest: charge bred residual gas
20—. LM 44:&51] \ \ e
808__11111'::I:IIII:IIII:IIII:IIII:IIII:IIII:IIII MCP
i IHe2+ He+ 39K4+ Extraction time: 500 ns -
s st
. 1 EBIT >
. - time
200 N*/CO!
. 39
O_Jr|\||||2|+2|jﬁﬂ‘7 toc Q/m
10 I5 20 25 30 35 40 45 50 55

Time of flight (us)

—>» Observed up to 8+ charge state of 3°K for 2 keV e-beam energy

—» Charge breeding of the residual gas (O2, N2, H2) and “He from RFQ makes
it presently difficult to use higher charge states of injected ions for the
Penning trap.

—>» Total efficiency for injection/charge breeding and extraction of 4*K4*: 0.1%

—» Charge state 4+ is not the dominant one, but the easiest to resolve
from residual gas contamination
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@ 1rRiUMF First charge-bred RIB mass meas.

A. Lapierre et.al, in preparation

First Penning trap mass measurement using charge-bred ions: 44K**
50 — ; . : . :

84— T T T T ] ]
1 1 40 ~ _ .
27 -
1 } } 1 }l 1 % 30— ® ' -
261 | | - < 1 ¢ 1
ji T z - : ]
7| e IGE e 0 |
525— I \l | ! il T ;ﬂ 10—_ | _
2 1 | . <]
o 24 \ = i
o l f = -10 4
£ 5 N T =
= | !! 2 -20-
< J
! 2
44, 4+
-40 -
. } K |
------------- -50 : : : . , . ,
-15 -10 5 0 5 10 15 20 1 ) 3 4

VR~ 5172278.4841 (Hz) Measurement

Factor of 10 improvement on the AMEO3 mass

Future work needed for mass measurements using HCls:
1) Improve EBIT efficiency for HCI production/transport
Plans: evaporative cooling in the EBIT

cooling using the cooling Penning trap (as discussed by V. Simon)
dipole cleaning in the EBIT (already demonstrated)
charge state ratio optimization

2) vacuum in the Penning trap
—>» Excitation time limited to 200 ms due to Penning trap vacuum

Solution: baked the Penning trap (now we reached 4 x 10-"" torr)
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@TRNMF Summary & Outlook

—>» Accurate and precise mass measurements of halo
nuclei allows to guide nuclear theory and refine our
understanding of the nucleus

—>» Ab-initio methods points to the need of 3-body
Interactions in order to explain both the binding energy
and charge radius of halo nuclei.

—» Cluster models need to account for deformation of the
core due to the presence of the halo.

—>» \We showed that using 2 observables involving the mass of
halo nuclei, we can test the limitations of nuclear theories

—>» Found deviations of 4 and 1.7 o for the respective %8He
masses compared to tabulated values

—>» The uncertainties on the new charges radii are now
iIndependent of the atomic mass

—» There are more halo mass measurements to come at TITAN,
including “Be and "°C.

—>» Other mass measurements are planned at TITAN, including 46-43Ar,
°1.52K | and towards °*Ca to study change in the nuclear structure
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