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@TRIUMF

Halo nuclel properties

—>» Halos are untypical nuclei characterized by:

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

=

 Large difference in charge and matter radii §

®

n-halo most . é

nuclei nuclei =
S p

* Tiny one- or two- neutron separation energy
Sxn = m(Z,N-x) + x mp - m(Z,N)

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)

4 5 6 7 8 9 1 12
| S,, Atomic number A
80
% 60- V4 g | I
5 |
£ 40- /’ T\\\ (7“)
: Halo *=" Ryyer (Repargs) 2N
20- I Mafﬁer % / ! B
] \ / [ T
0 s 2 e / | /
0 5 10 15 20 25 30 35 40 0 » T
S, (MeV) F =-8 gf-———-—--
* Hansen & Jonson model for "'Li: °Li core + 2n o o Tir//2
W(r)
* Halo formed by the valence neutrons QM leakage r
* Son regulates extent of halo structure -Vo
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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

Maxime Brodeur TCP2010 conference 5



@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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Measurement device

Recall relative uncertainty of dm/m ~ 10~/
needed for the mass determination of 68He

Only spectrometers that can achieve such precision
and tested to reach this accuracy: Penning traps

Performed measurement with
TITAN Penning trap at TRIUMF

Maxime Brodeur
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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 the 8He mass measurements, the contamination was resolved
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@TRIUMF  TITAN experimental set-up

TITAN: TRIUMF lon Trap for Atomic and Nuclear science

Precision .
Penning trap i

EBIT charge
breeder

RFQ cooler S
and buncher N

ISAC .
beam beam to next experiment
_> )

\ off-line ion source
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@TRIUMF

Penning trap basics

Basic idea:
—» Place ion in magnetic field

—» Measure cyclotron frequency <

—» Knowing q & B, get M

To achieve high precision (10-7):
—>» Need long observation time
—» Homogenous B

AAAATTAA

— 1 ~~
B

B

[
|

Confine the ions Achieved using

In small volume Penning trap

(typical voltage)
Ideal Penning trap: 2V -1.6V +2V
—>» 3 eigenmotions

—>» 2 hyperboloids of revolution =1 | _

1 ring, 2 end caps electrode \ @ :B

R
—>» B: trap radially | Ll
—» AV: trap axially P 4
end cap ring -7 s redueed

—>» Analytical solution v A J

for the ion motion

> 7

Maxime Brodeur
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UBC

@ TRIUMF  The TITAN Penning trap

Modifications from ideal trap: Correction of non-harm. imperfections

—» Hole in end caps (ion insertions) —> Tube electrode before end caps
—>» Truncation of hyperbola —>» Guard electrode between end cap and ring

:> TITAN Penning trap tested to be accurate to 4x10-° using stable species.
Out to MCP Quadrupole excitation at Yrr using guard el.

Effect on ion motion:
—>» couples the 2 radial motions

ingel' —>» full conversion V_ —> V4

when Vpp =V, =V_ + Vg
\
=TT

lons in from
RFQ or EBIT

reduced
magnetron (-) cyclotron (+

The Time-Of-Flight lon Cyclotron Resonance (TOF-ICR) technique:

—>» Cyclotron frequency V. determined by finding Vrr
for which full magnetron to reduced cyclotron conversion is achieved

Maxime Brodeur Ph.D. UBC PHAS defence 11



@TRIUMF

UBC

TOF-ICR technique S

(M. Konig et al., Int. J. Mass Spectr. lon. Proc., 142, 95 (1995))

TOF-ICR Determination of the cyclotron frequency 3) lon release from trap and V¢
1) Prepare the ions in full magnetron motion
2) Excite with quadrupole freq. Vrr for time Trr

start:

finish: full v+

f Vrr = 1.

SLi* frequencies

“ high E;

Ve || 9.451 MHz
vV @45 MI’E)

determined from time-of-flight
MPETDI:IF(ions_”_”:I MCP

120

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

- force on the ions:

L . . . E.0B,.
F=-VU=V(i B)=-

_— ya
B() 0z
—3» ions with Yrr = V. arrive sooner

—» V. determined by stepping vrp

Ve - 9 450 807 (Hz)

Maxime Brodeur
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UBC
R TRIUMF Mass determination i
1 qg-B calibrant ion
Measurement. p, = — 0 {
or @) - -
\ C 281 g
N | ion’s mass =
@ calibrantion =
M v = 26 1
M ion of interest =)
> | =
3 2 : 224' )
g ’ . : = 7Li+
5 S 22- Stable 1
5 oy sviv=9x10" 1
t)>)\ \Cinter 20 ) ' ) ) ) ) ) ' )
RN , 15 10 -5 0 5 10 15
| ® (calib.2) Ve - 8 102 521 (Hz)
' > . .
time lon of interest
40 ) ) ) ) ) ) '{ )
Experimental result: R = v¢ jnter/ve 28 i |
|
— g 'A ‘ )
3 36+ | -
Atomic mass: = 341 :
_ © ] V _
m = R - (mea — me + Be,cal) + me — Be = *He' i
304 T,,=119ms _
- { Sv/v = 14x10" -
28 I ) I I I ' I

15

10 5 0

5

10 15

v.. -7 075 833 (Hz)
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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

Maxime Brodeur
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@TRNMF Results and discussion

New binding and 2n separation energies:
Epg(N,Z)=m(N,Z) — Zmg — Nm,
Son(Z,N)=m(Z,N —2)+2m,, — m(Z,N) [ S
Isotope Ep (keV) Son (keV) JLo TITAN

6 6He
He -29 271.123(76) 975.46(24)
8He -31 396.134(133) | 2125.01(37) .

Both charge radii changed, difference
in charge radii is 0.04(3) fm smaller

N
o

SN
o
" 1

charge radii (fm)

SHe
New charge radii: 18-
Syt — 5 14
WA _ /. .2\4 MS .|*He
<Tc> T <rc> + KFS i. | | |
e 4 5 6 7 8
Isotope | (r2)e* (AMEO03) | (r2)&/* (TITAN) ( (%), JTITAN) Mass number A
He 2.068(11) 2.056(10) |/ 1.913(9)
“He 1.929(26) 1.955(17)) /  1.835(18)
36% precision improvement
Point-proton radii: Experiment Theory

The measured rc includes the size of p & n R

Theory assumes point-particle . /‘ . /
I r
p

Need to correct measured rc in order to
(r*)pp = (r*)e — (Ry) — —(Rp) — . %

compare with theory
Z " AM?

Maxime Brodeur Ph.D. UBC PHAS defence 15



@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.

(AV18+IL)

(CDB2k)

E, (MeV)

E, (MeV)

-24
-254
26-
271
28
29

-30-

23
24
25 ]
26
27
28]
29
230
31
324

Binding energy

1° 6He |
TITAN @

[TITAN N . -

GFMC GFMC NCSM NCSM

(AV18)  (AV18+IL2) (CDB2k)  (INOY)
Theory

x ]

SHe ]

]

TITAN ]

--------- (D)

GFMC Crmd NCSM NCSM

(AV18)  (AV18+IL2) (CDB2K) (INOY)
Theory

S,y (MeV)

S,y (MeV)

2n separation energy

104 ________ @ ______ | I .
1TITAN :
1 6 1

038 | 9%He -

0.6 1 J

0.4 - - .

0.2 } J

0.0

-0.24 {

'0.4 T T T T
GFMC GFMC NCSM NCSM
(AV18)  (AV18+IL2) (CDB2k) (INOY)

Theory
PN

25T ( i ) T La—

201TiTaN 8 He

1.5 .

1.0 } ]

0.5 .

0.0

-0.54

-1.04 E '

1 ([ J

-1-5- T T T T =
GFMC GFMC NCSM NCSM
(AV18) (AV18+IL2) (CDB2k) (INOY)

Theory

2NI

D —

/-

-
3N

Maxime Brodeur
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@TRNMF Summary & Outlook

—>» Found deviations of 3.02 and 11.67 keV for the
respective ¢8He masses compared to tabulated values

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

—>» \We showed that using 2 observables involving the mass of
halo nuclei, we can test the limitations of ab-initio methods

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

—>» Other mass measurements are planned at TITAN, including
neutron-rich K and Ca to study change in the nuclear structure

Maxime Brodeur Ph.D. UBC PHAS defence 17
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—

-of N-ric '"Ca and K

~N=82

7=20) 2 " N=50

N=28

- T N=20

o N=8

Maxime Brodeur TCP2010 conference 20



@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

Maxime Brodeur TCP2010 conference
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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)

Maxime Brodeur TCP2010 conference
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@TRNMF Motivations for the measurement

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

10 —¥» The various existing nuclear models predicts

different new magic numbers for Ca

o0

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)

o))

—>» (Goal: put tighter constrain on nuclear models
predictions through mass measurement

A —>» As the above models only include 2-body forces, 3-

- |+ FPD6 (a) body forces might be required to explain our findings

I ! I L | ! I ; ;
AT 32 36 40 —>» New magic numbers were previously found,

Neutron Number (Ca) o
(Effective Single Particle Energy) SUCh as O

(from S.Zhu, PRC 80, 0243 8 (2009)

ESPE - ESPE(f, ,) (MeV)
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@TRNMF 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
S ] f\
|.|§J \ —— -
S -20- AMEO3 10 & away {\ i, ca
L] ' = AMEO3 {1 extrapolated ME of “°Ar ~J >~ \19K
= -30- ' e TITAN 4'_ is under-estimated? ~~— ey
T T T T T T T 1 2 T T T T T T T T T 17C|
0 1 2 3 4 ) 6 7 8 26 27 28 29 30 31 32 33 34
Measurement Neutron number N

—» 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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Mass me

- “N=20

- N=8

® masses measured at TITAN

grf)tlc?n 5 . 10g [11g 125 [135 |45 |58 | , bound
ripline nucleus
4 |’Be 983@21 'Bel'’Be “Be
3 [su®7ui [BL® oL ™o 8 o\ 10
2 [PHe|*He| He|®He ®He| 7 8 unbound nucleus
'"H|{?H|[®*H| 3 4 5 6 [g oneproton halo
olnl2 ™ eutron [] one neutron halo
dripline [] two neutron halo
1 p) N [ four neutron halo

Maxime Brodeur
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@ TRIUMF The role of mass: separation energy 5

One neutron separation energy: s,N.2) =@N-1.2) + m,& m(N,2)

10000 A 1-neutron halos
9
8000 q
= He
6000 - - = |
S Be -g 6
&’ 4000 s |3
N = 4
. o
1 2000 — S |3
) Q QQ_ 2
0 - . )
4 10 12 14 \
2-n halos (Borromean)
-2000 N
A I(;Ie.utlr.onjl234567891011121314 >
r1ip line
Neutron number
4 5 6 7 8
He He He He He
bound unbound bound unbound bound
halo hato Neutron separation energy: key

guantity to characterize halo

D

“He + n: °He unbound Directly involves the atomic mass
“He + n + n: °He bound

Borromean halo: I'4

n + n: ?n unbound
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@TRNMF Charge radius definition

The electrostatic potential energy of the atomic system
can be express as: - /p(F)V(F)d3fF

The atomic nucleus is small enough compared to the size of the atom,
than one can define a radius R such that p(¥) =0 ifr < R.

2
For r <R, the potential assuming constant electron density is: V(r) = V(0) + Zi | (0)[? - %
0
This gives: U =V(0) [ p(d*7+ &= - [6(O)F [ r*p(r)id7
— O —
= Ze = Ze - (r?)

Hence, this explain the form of the field shift expression: 5V£:9A, = Kpg - 5<T2>A,A’

The shift is dominant for S state as for P state the electron |1(r)|* = 0 at the origin

continuum

Effect of field shift: bring E-level closer to continuum
with increasing A
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@TRNMF Mass shift

Mass shift comes from the finite nuclear mass

This changes the energy levels as: p _ —a® me Me
2 n? ma

The total change in energy:
2

p 2
AFE = — E - : E
2mA 2”LA pz 2”7JA P pz pj

Normal mass shift / Specific mass shift /
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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)

32 -

IMME:

35T
34

33

ME [MeV]

30

29

28T

27

12 Be+

t1/2 = 23.6 ms

| |
-40 -20
ViE - 4,726,491 [Hz]

0

T
20

40

ME(A, T, T,) = a+ bT, + cT?

32F

31

e experiment
| = IMME extrapolation for 2"
— IMME extrapolation for 0;

12

IMME extrapolation for 0

with inflated errorband

30.2

30.0

29.8

29.6

-0.

28.7

28.5

28.3

28.1

0.

95

1 1.05 |

-2

-1

0
.

15
} 1978 1994 2008 2009
) L3
-10_ 10 12 S
) Be(t,p)"“Be MISTRAL TITAN
% 7Li(7Li,2p)12Be 1974
= 35 |
(32
=
=
<I '60_ 5
3 -- ;
o -85 - 14(:(180’20,\1(3)12'3e ; Lo7s 2009
EI 1994 2008
= 1
=110
3
1971 5
-135 T T T T T
1 2 3 4 5 6
Datum

—» 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 Light masses measured at TITAN

Halo nuclei Reference Old AMEO3 M.E. (keV) | TITAN new ML.E. (keV)
He-6 Brodeur et al. in prep. PRL | 17595.11 +/- 0.76 |17592.087 +/- 0.054
He-8 Brodm el e pre | 31598.0 4/- 6.9 | 31609.723 +/- 0.106
Li-11 Smith et al. PRL 08 40797 +/- 19 40728.28 +/- 0.64
Be-11 Ringle et al. PLB 09 20174.1 +/- 6.4 20177.60 +/- 0.58

e New level of precision on halo nuclei masses (°®8He, "'Li, 1"'Be)

e Confirmed the °Li mass from SMILETRAP, which disagreed from AMEO3 by 16 ppb
—» Mmilestone measurement at a precision of 4 ppb

e Improved the precision on the mass of 8°Li B one-protonhalo 10BNl Ne| ‘Nel el Ne| | el Ne
as well as the stable °Be and nearly stable 1°Be M twoprotenhalo 9| % | % | F| F| F|F|F
_ Binary system g| 0| 0| 0| 0| 0| 0| 0| O] O] O
e Measured the mass of 20 ms lived '?Be oval T TE T TE e TR
with count rate of ~ 30 nuclei/s ] 6 C C
5
Halo program plans: i . L1z 1 s
3
* Proposals to measure the mass of > Prel e
1n halo '°C and 2n halo *Be (expect [ ullls]3 ¢ 5 © M Oneneutron halo
<10 nUC|ei/S) . o 'l‘ 2 W Two-neutron halo
- N B Four-neutron halo

e Maybe more out there? ® TITAN mass
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Future measurements
at TITAN
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@TRNMF Pushing towards “Be

14Be: 2n-halo nucleus with T12 = 4.35 ms

1800

WQOuss

1600- 1 = Current mass based on two measurements
] - that differs by 370(210) keV
14004 7 [WOU88] J.M. Wouters et al, Z. Phys. A 331 (1988) 229
; 1200_’ / W% [GIL84] R. Gilman et al., Phys. Rev. C 29 (1984) 958
e ] ] —3» Cluster model description of this nuclei

X
— 1000
& ] o - requires a more reliable mass to constrain
their model parameters

T. Tarutina, I.J. Thompson, J.A. Tostevin, Nucl. Phys. A 733 (2004) 53

600

400

Main challenges on production side: == Thick Ta target hinders release
times for short-lived Be isotopes

—» Short TaC stack to be used this year

Getting ready on the TITAN side: —>» SLi-’Li frequency ratio test measurement
was preformed at 100 Hz

—>» Expect low yield (10 ions/sec); measured

12Be with 30 ions/sec
Meanwhile, TITAN improved the ?2Be mass:

ME(AMEO3) = 25 076.5(15.0) keV =———3 ME(TITAN) = 25 078.0(2.1) keV

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

Improved ?Be mass value contributes to more precise San('“Be)
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@TRNMF Baking of the Penning trap

—>» Baked vacuum tube at 200C (trap centre) for a total of 7 days; mainly H left
—» Now pressure reached 4 x 10- torr

| VH)-1A[)|I'I’UG7 ‘Jﬂﬁ

Fle Edt View Mode Scon Graph Head Ltiities Window Help -

D EH&SG s 0L huEkBE OB o @ «@M » 2/<6-Plaliw|hterxe s
rga2 _.>

gaz

Qe |
far josx
|Carbon dicede  [0.8%
|Carbon monowide  [1.6%
[cFa joax  |——

| | | | | ! ICHCB |0.1x
20 21 Fa s

pressure [torr]

March [days]

ethanes U 3%
[MF oI [oz%
[noz [orz

[a7%

.................................................................................................................................

1My 11
Ul o

1

1 |
IIN Hl||) L l L‘l W L“,lnlnlll z l‘.ﬂ.ll.. I'.h'
4 51 81 71 81 91 101 121 131 141 151 161 171 181 191

For Help, press F1
wsurt| @@ % @ © | iMyNetwork Places |8 roanpp - rgaz 2£ MPETbaking20100305 - ... |!,Mpet5|.o<;-werm... | B RO VEEANG Q@S 142
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TITAN Penning trap
systematic studies
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@TRIUMF

Penning trap basics

|ldeal Penning trap:

(typical voltage)
+2V -1.6V +2V
T — B
. A
-
j—— L
~7
end cap ring =7
v A

> 7

lons have 3 eigenmotions:

(L.S. Brown & G. Gabrielse, RMP 58, 233 (1986))

magnetron (-)

+

cyclotron

The free-ion cyclotron frequency |deal trap!
dependsonitsmass: , _ L 4B /
© 2 (M -t

knowing q, B and 1/,
one can determine the ion’s mass

—3» Cyclotron frequency measured using the
TOF-ICR teChnique (G. Graff et al., ZPA 257, 35 (1980))

(M. Konig et al., JMSIP 275, 95 (1995))
4o+ 30 —————————————

w
»
P B
N N
» [e3]
1 N 1 N

N
~
1 1 1

Time of flight (us)
w
NN

Time of flight (us)

w
N
P DR |

8He+ E 7Li+
30 Tp=119ms 22 Stable
1 % Sv/iv=14x107 1 1 sviv=9x107 1
8+——T—T T T T 20+
15 10 5 0 5 10 15 15 10 5 0 5 10 15

ver - 7 075 833 (Hz) Ve - 8102 521 (Hz)

—>» Magnetic field determined from calibrant
ion cyclotron frequency

R = Vc,?lnter/’/c

—>» Finally, evaluate the atomic mass:

m =R - (mcal — Me + Be,cal) +me — B,
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@TRNMF E: vs detuning frequency

The ion’s kinetic energy in the radial plane as function of the detuning Avgr =

Sinc profile coming from the constant RF amplitude applied over a finite time.

I/
S (%\/(ZAVRFTRF)2 T 772</l conversion factor

E'r:EO

(QAVRFTRF/H)Q +1

LOF—T ) 0 L e e — —

08F

06

E,/E.(max)
E,/E,(max)

04t

02r

00
-3

00
-3

MReTRF

full conversion for: n = koTrr/m =1, 3, 5... but FWHM minimal for n = 1
in which case, Av-Tgrr =~ 0.8

statistical uncertainty of mass measurement: om ~ L1
m  Z\/Non
h th IVi R: 1_AV_O.8 27Tm 5mN 1.6-7-m
where, the resolving power R: = = . Tor 4B X B T TN
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@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 Misalignment & harmonic distortion{?”

Trap misalignment with the B-field (a) and harmonic distortionof 1 q-B
the trapping potential (b) change the eigen frequencies such that: - TP =P 7 om M

=—>» Using the Invariance Theorem

(L.S.Brown & G. Gabrielse, PRA 25, 2423 (1982))
2 __ =2 | =2 | =2
Ve =V_ + VL TV,
The corresponding systematic error on
the frequency ratio R is given by:

(G. Gabrielse, PRL 102, 172501 (2009))

(902 1, — Y-
(AR R)mis. = (49 —2f ) | (Acal.) | (macal)

—» Minimized the misalignment 0 by a
precise vacuum chamber alignment

— electron source

phosphore
/ screen — electron beam

XX \ V2 /%gnetic
M VAL vﬁd lines
image with \— target vacuum chamber

shadowed “x’

—>» and tight machining tolerances

leading (estimated): 0,,,, = 4 x 1073

Z =g
A B
" M b L
A 0
| /Kﬁ
: >y > >
S %

J V1+e
' W 2 2
Vharm.dist. — 2 {(1 + E)LC + (1 o E)y }
A2

—» Minimize harmonic distortion € by
having a one-piece ring electrode

—» gold-plating to reduce surface
imperfections

—¥» having tight machining tolerances

leading (measured): e = 3(2) x 1074

overall: (AR/R),is. = 42 x 1077 . AA Vo= 36V
04x107%-AA Vo=3.6V
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@ TRIUMF  Non-harmonic imperfections

. . . . 1% C C C.
Trapping potential of a real PT is not purely harmonic: v(z) = = (C + dj 2%+ dj 2+ dg 6+...)
due to: correct with:
—» Hole in end caps (ion insertions) —> tube electrode before end caps
—3» Truncation of hyperbola —> guard electrode between end cap and ring
Out to MCP This induce nearly mass-independent
- . (L.S.Brown & G. Gabrielse, RMP 58, 233 (1986))
- @ frequency Shlfts (G.Bollen et al.,, JAP 68, 4355 (1990))
<——Endcapel. 3 (7“2_ —7“_2|_ 5Csg 2 9
Ve R — v NCy + = — (327 —r7)+ ...}
Ring el. 4 d 2 d? ( . )
Resulting in a frequency AR _ Ave . ,
;.,b_\\. - A ratio change: R v, A
S & D
V. a4 -”4-' C A d el. . .
=5 -/ = Possible shifts: AR/R >10"7
Ions in from 0.8 — T
RFQ or EBIT 07 quadratic fit—" 4 |
—>» |Important to compensate the trap potential! 22 XQ““_?%TE’\ ]
2 ) __ tube ]
—>» Done by adjusting the correction electrodes 3 o04; o-
potential (Vguard, Viube) g 03 o -
0.2 4
0.1- ]
0.0- : . -—
0 2 4 6 8 10

distance from trap centre (mm)
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@TRNMF Penning trap compensation

Goal: minimize non-harmonic coefficient Ci; by changing Viube, Vguard

Dominant terms are C4 & Cs: V(z) ~ ‘;0 o+ @:ﬂ +’ ‘

—» C4, Ce coefficients depends linearly on Viube, Vguard

=>» Only one (Viue, Vguard) potential sets leads to
an optimal compensation of both Cs4 & Ces.

—>» Thus, needs 2 optimization methods to
get the correct compensation
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@TRNMF Compensation procedure |

1) Compensation using a dipole excitation ©.secketal, NiMa 598, 635 (2009))
why v, ? = Sensitive on potential: v4 = v. — Vo /(4w Bd?)

Procedure: find (Viwe, Vouaro) that 5~ 3 C4 (1% +2r2) (22} + .

- . . —UV_
minimizes change in v with z 4 (2
Done by comparing v, for different trap closing time tecap 70, () ;
770
ion position when the trap is open axial oscillations 760 ' . @ .
1 ) £ 750] =t :
V a) Atcap<0 V @ § 740- ’ ° 4 4 ] ° °
g 730
w > 7201 prr A,
' 710- b -
/ g 700- : : " Vige=130V]
® 690 o V =140V %
680 AV, =160V .
R , 0.8 1.0 12 14 16 18 2.0 22 2.4
Y4 y4 Capture timing (us)
@
v 1.60
1.56 -
X ‘ >§1.52-
z z
—>» As expected, observe several optimal settings for '
(Viube, Vguard) that follows a straight line A
_ _ _ .008 -0.04 000 004 008  0.12
—>» \Which one is the correct setting? V...
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@TRIUMF

Compensation procedure li

To find the correct setting, need a second compensation procedure.

2) Compensation using a quadrupole excitation

Procedure: find (Viube, Vguard) that
minimizes change in v, with (r2

d? a

2) 5VC%

5C
{Cs+ 5 .

9 ? (322

— 7“_2F — 7“3) + ...}

Done by comparing vy for different conversion factor 17 (or RF amplitude)

Arbitrary units

| ‘1.0‘ B ‘1.5‘ N

n = koTrg/7

‘2.0‘ B ‘2.5‘ N

30

1.60
1.56 1
>'E 152'

1.48 4

1.44

-0.08

004

0.00

guard

004

008

0.12

1'2__ T { = k,,=-0.05k,, =185
e k__=-005k =105
0'8'_ { E A kzua:=-0.05, kiuze=1.46
g " i ; v ok,.,=002k, =154
o ]
: 0.0 I \ 4 ) 4 % i ;_
o T 1 I z 4 i
g 1111 ; 3
> 04d 1 ¢
>o
-0.8-
1- I. } T T T T T v T v T
0.2 04 0.6 0.8 1.0 1.2 14

conversion factor n

—>» Cannot get the optimal compensation by only
using one compensation procedure.

—>» results from frequency ratio measurements of
39K vs 23Na and %3Na vs H30 in a systematic

error of:

Ve

Av,

- A

0.5(5) ppb/u
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@TRNMF Magnetic field fluctuations

Recall the frequency ratio measurement procedure:

| . .
A @ calibrantion .
. ;
c . o \:F/
B ion of interest =
> | I~
)= <
c | N
g /; | - 1l 1 ".;F 1 |:- ! I
S | © 188 “mA T e Ll %]
w= (calib.1) ! = 0.
S ° T~ | : 10 12 14 16
5 h | ' ' Time (hours)
5 S Actual calib. freq. 10] ; .
g\ q9\vc,inter = ol . . . -
’ Al I I P
! _ = 8. . _ :
X ~@ (calib.2) T
| g | | | | | | | |
' > 0 1 2 3 2

) Time interval (hours)
time

Calculate the error due to the interpolation procedure:
1) Measure V. for along period of time (larger than typical meas. period)

2) Interpolate V. between alternative measurements
3) Calculate the difference A between interpolation and real measurement

)
)
4) Calculate the the spread o of the corresponding gaussian distribution
5) Repeat for larger separation between calibrations

)

6) Plot change in spread over time, slope would give error on interpolation.

For TITAN, by measuring the V. of ’Li for 16h, found: év/v = 0.04(11) ppb/h
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@TRIUMF

lon-ion interaction

When two ions of different masses are present in the trap, the unexcited ion
will be seen as a positively charged ring.

This charged ring modifies the potential seen by the ions (no longer harmonic),

which will change the measured cyclotron frequency.

This shift of the cyclotron frequency is determined by breaking the TOF spectra
according to the number of detected ions (1,2,3,...) and fitting these spectra.

Typical example for °Li:

To find the error, we perform such fit for several

0.13 r T T T
] siope = 418 mhizfon of the obtained slopes. Results:
— 011 Specie | Slope Av, (mHz/ion) | N
N L - Li -1.4(2.9) 115
g | // OLi | 8.4(3.2) 77
?0009-.// Both Li 3.1(2.2) 189
" 0.08- ' He -18.5(14.2) 5
007 SHe -9.3(51.4) 8
0 1 2 4 8
<Number ion>/class He 100.2 ( 1500) 5
Then, calculate the error on R: S4Pecie N | (AR/R)ion (PpPD)
He 2 4.3
(AR/R)zon = (Ncal. - 5)Al/c,cal./7/c,cal. - (N - 5)AVC/VC 61, 3 0.2
o “He | 2 8.1
MCP efficiency: ~60% SHe | 1 13.3

TOF spectra and by taking the weighted mean

Note these are
conservatives
upper values

/
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@TRNMF Mass measurement of Li

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

T.P. Heavner et al., PRA 64, 062504 (2001)

. . . S. Nagy et al., PRL 96, 163004 (2006)

Two previous 6Li masses disagree by 16 ppb: e Sk

14086.90- o)
TITAN performed a mass measurement of 6Li % 1e00.0)
using ’Li as calibrant (both ions produced by E | aTRe
off-line ion source) B

14086.751 :

Measurement

Light ions like °Li and “Li are affected by relativistic 7
effects, which changes the frequency ratio: R = Rnon.mz.\ 1—331

Solution: adjust 7—,ini of 6Li and ’Li in order to have 3

cal

2 A

204 T

- 0-
] o
18 5 -2 g
g ] = 4
L 16 '] 8
= | >d -6 1 g
\o ] lm_g
141 > 84 2

124 -104

T T T T T T T T T -12

-2 -1 0 1 2 0.6 : : :
Vee ~ 9450 807 (Hz) P ini (mm)

The resulting °Li TITAN mass confirmed the SMILETRAP value

Q
[y
I

T imi - 2T - V4 /cC

6 T T
54 " ,fmeas. 1

| ° Rrel.cor
4 —

1 Rtot.rel.corr.
T . ® © o ]
24 _ _ T - .
04 N ’\
] N \ NN
-2 - ] -

3(15)  -4(13)

A8 = (L) -

6(16)  45(16)
B (L) (10°)
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@TRNMF Fast measurements at TITAN

What makes precise mass measurement on T12 < 50 ms isotopes possible at TITAN

1) Fast data acquisition and controls

—3» Does not limit the measurement
repetition rate (can reach 100 Hz) VS.

—» Maximized the measurement Trr Trr Trr
time/dead time ratio

Trr | TrRr | TRF

2) Parallel operation

—>» Parallel loading of the RFQ

—>» Parallel charge breeding in
EBIT (if needed)

3) Fast magnetron motion preparation

—>» In-flight preparation using a
Lorentz steerer R.Ringle et dl, IJMS 263 (2007) 38 B
—

—>» Save on in-trap preparation —

F = q(E + 7 x B)

net offset in

ExB direction
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Comparison with other
ab-initio methods
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R TRIUMF Ab-initio methods

Nuclear theories we test: ab-initio methods (from first principle)

—3» Treat all the nucleons on the same footing
—>» Calculate properties by solving S.E. HU = Lﬁf)
—>» Need a potential and to construct the wave function

VI DY VI 4+

Z<j 1<g<k

2-body mteractlons / \ 3-body interactions
'\7’ oy
O

Ab-initio methods for 52He:

GFMC: Green Function Monte Carlo method, uses V2N (AV18) and V3N (ILs).

NCSM: No-core shell model method, uses V2N only (CD-Bonn 2000 or INOY).
note: wave function present Gaussian fall-out (halo: exponential)

NCFC: No Core Full Configuration method (=NCSM) uses V2N only (JISP16)

HH: Hyperspherical Harmonic expansion, uses V2N only (Viowk)
CC: Coupled cluster theory, uses V2N only (Viow k)

Maxime Brodeur TCP2010 conference 50



@TRIUMF

Comparison with GFMC

GFMC, A

V18 and ILs:

T T l_ _1 T |
-26.5—- 6He e A=138 fm_1
270, { A A=20fm 1
1 v A=24fm
-27.54 T -
] 1
__ -28.0- :
% ]
S -28.54 §
= . [
W '29-0<TITAN -
F 8- — -/ - — = - e e e - - - - = T I - o
-29.5- L o
-30.0- :
J o
'30-5 T T T T T
GFMC NCSM NCSM NCFC HH
AV18+IL2 CD-Bonn INOY  JISP16 V.
Theory
261 8|'_|e { ' A=18fm"
. A A=20fm"
271 v A=24fm" -
. Y
_ -28 1
> ]
()
2 -294 -
w
Pl
'31<_T_'T’§N_ ______________________ o
327 : : : :
GFMC NCSM NCSM NCFC  CC
AV18+IL2 CD-Bonn INOY  JISP16 V.
Theory

S,y (MeV)

S,y (MeV)

1.o<_T_'I/iN_ I o A=18fmy ]
i 4 A=20fm’"
0.8 v A=24 fm'1l 4
n
0.6 1 l .
0.4 1 } [ -
0.2 { i
| 6He ]
0.0
GFMC NCSM NCSM NCFC HH
AV18+IL2 CD-Bonn INOY JISP16 A,
Theory
25‘/* T T | —
2.o<_‘ﬂfAN‘ ““““““““““““ :
1.5 .
1.0- { ]
0.5 i
0.0
-0.54 [ .
-1.0 .
18 ]
-1.5- Il-Ie T T T -
GFMC NCSM NCSM NCFC
AV18+IL2 CD-Bonn INOY JISP16
Theory

<I‘_2>1/2 (fm)

<r2>1/2 (fm)

2.8

2.6

=

2.4

2.2—-
2.0
"

1.6+

1.4 4

T

TR

T

/\V
-

?

T T *
GFMC NCSM NCSM

HH  [KisO5] [Tan92] [AIK97]

<r2 >1/2

AV18 CD-Bonn INOY V. nuclear scattering
+IL forces A=2fm
2.8 T T T T T T T
| 8
He
2.6 1 I % .
] \:'\
Z LALLM
2.2 .
2.0 .
(et
1.6 .
141 - . ]
T T T T T T
GFMC NCSM NCSM CC [Kis05] [Tan92] [AIk97]
AV18 CD-Bonn INOY owk nuclear scattering
+IL forces A=1.8;2fm’

—» Method that provides the closest values to experiment
—» Only method that uses V3N
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@TRIUMF

Comparison with HH & CC

HH and CC, Viow k&

o A=18fm" A
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AV18+IL2 CD-Bonn INOY JISP16

GFMC NCSM NCSM  NCFC

Theory

I ' I ' I ' I ' I ' I
— ---- Tjon line for NN-only potentials R
| e—e SRG NN-only

— SRG NN+NNN (A >

76 7.8 8 8.2 8.4 8.6 8.8

E,('H) [MeV]

=>» Only methods to vary the cut-off A for ®8He

—>» Allows us to estimate the effect of missing V3N
=—>» Minimal change in “He Eg when V3N are included
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Inter-nucleon potential [MeV]

attraction
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N I
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separation [fm]

A~ d
HA) =T+ Vyn(A) + TVan(A) + ...

—» Cannot accurately predict
the Eg when only V2N are
used
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