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- 6He beta-neutrino correlation



Laser Spectroscopy of Radioactive Isotopes
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>30 years of effort

http://www.gsi.de/forschung/ap/projects/laser/survey.htmi
W. Nortershauser




Light Nuclei & Neutron Halos

|. Tanihata et al. ('85)
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Green’s Function Monte

Energy (MeV)
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GFMC - Neutron and Proton Densities in 4%8He
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Neutron Halo Nuclei ®He and é8He

|sotope Half-life Spin Isospin Core+ Valence

He6 807ms O 1 o +2n
He8 119ms O 2 o +4n
Borromean
3.0F 1T I 1 I T |
. Tanihata et al., Phys. Lett. (1985) Core-Halo Structure
E 25} ¢ - o,(6He)-o, (4He)=0_,, (6He)
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g 2ol 1 |. Tanihata et al., Phys. Lett. (1992)
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Helium Atom

lonization Energy of Helium Atom

........... Calculation 11528427446 MHz
. A | Experiment 1152842743  MHz

Gordon Drake, Phys. Scripta (1999)
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Atomic Energy Levels of Helium

He discharge

He energy level diagram

3 3Po,1,2
3.2eV
389 nm
2 3PO,1,2 'I
1.2 eV
1083 nm
23S, metastable

: 19.8 eV,
e-collision in discharge

118, H




Field (Volume) Shift
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Atomic Isotope Shift

Isotope Shift OV = OV g + OVrs

Mass shift: Field shift:

due to nucleus recaoll due to nucleus size

:: . ,....: Ao A o - 5

L% duys O aa . e -0 2 o Ker?
L .. < O ZxA[W(0)] x o<r=>
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. .
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For 23S, — 33P, transition @ 389 nm:

OV = Vg + Cco O<r’>
bHe - 4He : 6v6’4 =43196.202(16) MHz + 1.008 ( ) MHz/fm?
8He - 4He : 6\)8,4 = 64702.519(1) MHz + 1.008 (<r?>,., - <r*>,.s) MHz/fm?2
G.W.F. Drake, Univ. of Windsor, Nucl. Phys. A737c, 25 (2004)

100 kHz errorin IS €-> ~ 1% error in radius
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Laser Cooling and Trapping

Technical challenges:
® Short lifetime, small samples (<108 atoms/s available)
® Low metastable population efficiency (~ one in 100.000)

® Precision requirement (100 kHz = Doppler shift @ 4 cm/s)

i Magneto-Optical Trap (MOT)

_— e Cooling: Temperature ~ 1 mK,
L e —> avoid Doppler shift / width

é » Long observation time: 100 ms

» Spatial confinement: trap size <1 mm
l —> single atom sensitivity
 Selectivity: —> no isotopic / isobaric interference
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Where to find 8He?

GANIL

Caen, France

Gusrnacy

Jeisoy

France
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SHe @ GANIL
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AtOm Trapping Of 6He & 8He at GANIL / He level scheme \

33p,

Atom Tl’ap Setup Spectroscopy

389 nm 23p,

Trap
1083 nm

s

389 nm

=

1083 nm

Single atom signal

Helium Rates

1.2 . .
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June 14th __ Trip to Brittany

Vannes
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June 15th.... ®He + 8He Sample Spectra
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\ |
Experimental Uncertainties and Corrections

°He 8He

Photon Counting 8 kHz 32 kHz

Statistical { Laser Alignment 2 kHz 12 kHz

Reference Laser 2 kHz 24 kHz

Probing Power Shift 0 kHz 15 kHz

Systematic { Zeeman Shift 30 kHz 45 kHz
Nuclear Mass 15 kHz -
TOTAL 35 kHz -

Recoil Effect +110(0) kHz +165(0) kHz

Corrections

Nuclear Polarization -14(3) kHz -2(1) kHz
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®*He & 8He RMS Charge Radii

®He 8He ‘ e
Field Shift, MHz -1.464(34) -1.026(63) .
RMS Ry, fm 2.072(9) 1.961(16) :

Total Uncertainty 0.4% 0.9% .
- Statistical 0.1% 0.6 %
- Trap Systematics 0.3% 0.6 %
i, ' % 0% 2 — /2 _ 2\ _ 3 __ N/p2
Mass Systematics 0.1% 0.0% <}" >pp — <I" >ch <Rp> 4_M§ 7<Rn>
- He-4: 1.681(4) fm 0.1% 0.1%
= 680 = MEC
P. Mueller et al., PRL 99, 252501 (2007)
+ V. L. Ryjkov et al., PRL 101, 012501 (2008): He-8 mass <R.?>> =0.766(12) fm
+ |. Sick PRC 77, 041302(R) (2008): He-4 Charge Radius <RN2> =-0.120(5) fm

A 23



®He SHe
Field Shift, MHz -1.464(34) | -1.026(63)
RMSR,, fm 1.930(9) 1.843(16)
Total Uncertainty 0.4 % 0.9%
- Statistical 0.1% 0.6 %
- Trap Systematics 0.3% 0.6 %
- Mass Systematics 0.2% 0.0%
- He-4: 1.465(4) fm 0.1% 0.1%

He & ®He RMS Point Proton and Matter Radii

rms point-proton

matter

14

Nuclear Radii, fm

He ° A Experiment
o A Theory
! ! ! | ! | | | | !
6 .
He # This work
A Tanihata '92
—A— Alkhazov '97
A Kiselev '05
o+ b Caurier '06
o & Pieper '07
) | ) | ) | | | |
— T 1 T T T
8He o This work
28| Tanihata '92
—a— Alkhazov '97
a4 Kiselev '05
o+ —— Caurier '06
lof & Pieper '07
I I} I I} I I} I I} I '} I I}
1.6 1.8 2.0 2.2 2.4 2.6 2.8
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RMS Charge Radii: “He - ®He - 8He

1.681(4) fm 2.072(9) fm

1.961(16) fm
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Lithium atomic levels

54 eV
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735 nm
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Courtesy of W. Noertershaeuser , Mainz University
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r.(’Li) = 2.39(3) fm
Suelzle et al, PR 162,992(1967) Experiment

T ~--@-- |sotope Shift
O ] (this experiment, 2004)

2.0 1

Theory
-0 ab initio No-Core Shell Model

- Large-Basis Shell Model
(P. Navratil 2003, 1998)
<o Greens-Function Monte Carlo

’E\ (S. C. Pieper 2001/2002)
Nan) a7 Stochastic Variational Multi Cluster
L © (Y. Suzuki, 2002)

@ Fermionic Molecular Dynamics
(T. Neff, 2005)

o Dynamic Correlation Model
(M. Tomaselli, 2002)

6 7 8 9 10 11
Li Isotope
R. Sdnchez et al, PRL 96, 033002 (2006) Three body model:
Nature Physics 2, 145 (2006) \/[RC‘-—CM]Q F [-'r‘,,:(gLi)]? _ 2.40(6) fm

M. Puchalski et a/, PRL 97, 133001 (2006)
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.CONVENTIONAL SETUP"
“;&E’;’;SV"‘ Doppler-tuning
\\\ Acceleration /
collinear Deceleration
laser beam :

fixed frequency

v, =v,ly @+ B)

Photomultiplier
y=Y(Um), B = B(U,m),
AU/U = 104
= &V;¢ (9Be,1Be) = 14 MHz

Impossible for Light Elements (Z<10) |l

Laser

\

Solution s

NEW APPROACH
VC :VO[y[(l-I_IB)
v, =V, ly (1= B)

v, W, =V P - )=V

Completely

o independent
anticollinear of Ul
laser beam :

fixed frequency

Requirements:.

Measure absolute frequencies
Accuracy: Av/v <107

Dedicated Laser System for absolute
Frequency Measurements

28



I =313 nm

Shutter [T

— ——©

v-Comb

10 MHz

Rb-Clock

Collinear

Anticollinear

29



Electron Scattering: r.(°Be) = 2.519(12) fm, J.A. Jansen et al., Nucl.Phys.A 188, 337 (1972).
Muonic Atoms: r.(°Be) = 2.39(17) fm, L.A. Schaller, Nucl.Phys.A 343, 333 (1980).

o .
Experiment
E.E 1 I L] I L] I T I T L] 1
—
E
— 2.7 -
(5] J
=
=
o J J
e 2.6+ 1 References:
m NCSM2005: No Core Shell Model
E} P. Navratil, PRC 73, 065801 (2006) (Be)
M T C. Forssen, Phys. Rev. C71 (2005) (*''Be)
ﬁ 2.5 - P. Navratil, priv. comm. (2008) (“Be)
[ Tanihata: Interaction Cross Sections with Glauber model
E I. Tanihata, Phys. Lett B 206,592 (1988)
E GFMC: Greens Function Monte Cardo AV18/IL2
- | 2.'4' = 1 S. Pieper, Annu.Rev.Nucl.Part.Sci. 51, 53 (2001)
= S. Pieper, PRC 66, 044310 (2002)
FMD: Fermionic Molecular Dynamic
b R. Torabi, GSI, priv.comm. (2008)
2-3 T T T 8 1 L 1 e 1

7 8 9 10 11 Thanks to R.Torabi, Th. Neff,

Be Isotope H. Feldmeier and P. Navratil for
providing unpublished data !

W. Nértershduser et al., PRL 102, 062503 (2009).
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z [fm]

z [fm]

=)

FMD: Fermionic Molecular Dynamics M. Zakova, Th. Neff et al., J.Phys.G, in print (2010).
Calculations by Thomas Neff, 6SI

AU o | | | T T
5| 2
| Be
30 WvAP Multiconfig —
S
2 s0f -
> | -
9
<
m - -
-60 —
\MDB o
goll o 0w 0 1w 0y |
1.75 2 2.25 25 2.75 3 3.25
Rpp [fm]

R,, = Charge radius with respect to the
center-of-charge ,a- a Distance”.
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Laser Spectroscopy @ CARIBU

|
|
8]
< |
Laser Enclosure |
(~ 6’ x10) |
< |
ol >
L
T |
Laser Table P |
(~3'x7) P
S, |
% |
lon Trap/ __| QA ‘
' 2

— Cf-252 source
80 mCi -> 1Ci

36.3

~ Gas catcher

480" —

Cryostat

’_rl i

Collinear Beamline

1

High-resolution
mass separator
dm/m > 1/20000

236.0”

RF Cooler & Buncher ‘

To ATLAS
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Laser Spectroscopy @ CARIBU

e concentrate on developing new techniques

 extend isotopic chains to more neutron rich isotopes
e access to refractory elements

-> techniques applicable to FRIB setup

1din=16i

e = S
g s k. Er
a I:TI“ [} . s |?-|-Iﬁ5H“
1021 TRSNG fi;m_
c = -

! Ih-!-lhcg

(0] ‘

N,

.nn-l-ﬂuxu LOW'energy
yield, s

7= 1
Sr

"Rb

\! § Illl-1IlI'A“
!'l'-l']ilzlI

> 106
105 - 106
104 - 105
108 - 104
S 102-10°
10 - 102
1-10
<1
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Laser Spectroscopy of Radioactive Isotopes

Charge radii + moments om0 \U g
The next 30 years (?) T T H;#_;H!_m?m

17810 zml-:urm_';- i
A LT : -
LIRET o
18 1650 : L .
13- 159 Gd - s x
Eu g i 15347
105152 —— " Er *Tm
Sn 1misg, -
IIH-IE'-‘En

- more neutron rich
- refractory elements

,_ http://www.gsi.de/forschung/ap/projects/laser/survey.html
2] B %He W. Nortershauser
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Stopped Beams Area at FRIB

d .|

—

collinear

--g
:".9’

cryostats ||

Stopped Beams Area

e ~2m X 2m floor space
for traps or cryostat

e use mass separated beams
after RF cooler/buncher
 charge-exchange cell

e Ti.Sa laser system w/
frequency doubler

* 4’ x 8’ laser table
» fiber coupling ok
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\ |
Beta-Neutrino Correlation in the Decay of ®He

t,,=0.808 sec " D e v
O+
_ ©
B © st -
3 T
E,=3.5097 MeV S
100% <
- ° | A
6Li g osf .
1.0 S -
N(Eﬂ,eﬂv)D1+aGF)_ﬁC039ﬁv | | | | | |
Eﬁ ™ 20 [ | [ | | | -]
o
X 10 Zpr 7
Best experimental limit: I . % § i
— _ = 10+ 21N -
a = - 0.3343+ 0.0030 5 I e o a .

S o K
|CT| |CT| <0.4% ’<;-<?_'30_ |
calc il ‘

© 50 | | | | | | -

0.0 0.2 0.4 0.6 0.8 1.0

Johnson et al., Phys. Rev. (1963) Fermi fraction
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Beta-Decay Study with Laser Trapped °He

« Simple ... atom, nucleus, decay mode Simulated time-of-flight sign$l

 Sensitive to tensor couplings

B a=+1/3|New Physics
1 i a=-1/3|Standard Moglel

0
.
s
"
"
)
b
"
[N
"
"
-
-
Sw
e,
.,
.

MCP Detector

Beta-Detector

N (et &
\ 4 - 1
Pk
. H | K T T T 1 |
| 150 200 250 300 350 400 450 500
Time of Flight (ns)

I

He atom trap

AssumePHe trapping rate of410*s?,

6 i :

Heyields: with 1x10°6 trapping efficiency

* ATLAS: 1x10° s* with *C("Li,°He}**N @ 50 pnA 15 minutes, 21(° coincidence events

. L 1with 71 i(d 3HeP
CENPA: ~x10° s with 7Li(d,3He)fHe @ 1 pA &=+ 0.008. Ga/a= 0.1% in ~1 week)
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Thank You!
8He Collaboration

K. Bailey, R. J. Holt, R. V. F. Janssens, Z.-T. Lu, P.M., T. P. O'Connor, I. Sulai
Physics Division, Argonne National Laboratory, USA
M.-G. Saint Laurent, J.-Ch. Thomas, A.C.C. Villari, J.A. Alcantara-Nunez, R. Alvez-Conde,
M. Dubois, C. Eleon, G. Gaubert, N. Lecesne
GANIL, Caen, France
G. W. F. Drake - University of Windsor, Windsor, Canada
L.-B. Wang — Los Alamos National Laboratory, USA

Argonne AtomT‘l‘—fpef

WWW. py anI gov/mep/atta/
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GFMC - What happens to the a-core?

AV18 + IL2 GFMC proton-proton distributions

0.020 ]
i .....t. + ‘He _
i = ‘:::::.==:- { C°He - Proton ]
i ‘m Ny SHe - Proton
0.015- . e, f .
_— ~ 'L. ..: —
‘:TIE — [ | -' _
L:-’ B . l' n
0010 ot . -
o i L i
i o “ ]

By
0.005 ‘l‘. _
- g =™ i
L u "-. _
{} {]{}U i |. | | | | | | | | | | | | | | | | | | | | | | | | | | | | ]
' 0 0.5 1 1.5 2 2.5 3
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rms r), (fm)

GFMC - Binding Energy vs. Charge Radius

2-12 T T T T T T T T | T T T T | T T T T | T T T T I I I | I | Ir w | . I
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r =, OTher R -=1.40 ] BT ]
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A0 2, WV, =125 . 3 Irm. =407
¢ IL2.Vy + T P Sy ¢ IL6. 3=trm, 13bc=6
- 6.V, E.=18 : JE.=1.4 ]
ol & } L6 VR E=1.84 @ ILG. 3 trm. Eg=1.4 1l A TL6, 3=trm, 13be=5
' * Experiment : .
i | - — * Experiment
2.00 — ® s
- 1 1.81| e - -
1.96— " - i |
L 4 — —
1.92 — 1791 Tt L -
1.88 . I |
I °He N I EU R IRV I IR N
| | | | ' 2 2.2 2.4 2.6 2.8 3 32
18% | 1 | | 1 | | 1 1 1 | | 1 1 1 | | 1 1 1 , 6 8 )
8 0.9 1 1.1 12 1.3 E ., =H(He) - H(®He) (MeV)

E,p = H'(“He) - H'(°He) (MeV)
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