lon Trap Application:

Fundamental weak interaction studies using ion traps
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Types of lon Traps used in Nuclear Physics

Paul Trap: Electrodynamic Field

Hyperbolic Paul Tra :
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Penning Trap

Penning Trap: Static Electrostatic quadrupole field + Magnetic Field
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lon motion in Penning trap

Three characteristic harmonic motions:



lon motion in Penning trap

Three characteristic harmonic motions:
(a) axial motion (f,)
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lon motion in Penning trap

Three characteristic harmonic motions:
(a) axial motion (f,)
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lon motion in Penning trap

Three characteristic harmonic motions:

(a) axial motion (f,)
(b) magnetron motion (f_) } Radial
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Mass measurement

Coupling Radial motions

Dipolar radial excitation at f.
—> increase of r_
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Mass measurement

Coupling Radial motions

Dipolar radial excitation at f.
—> increase of r_

s

Quadrupolar radial excitation near f,

= coupling of radial motions, conv. =~ End Cap
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Mass measurement

Coupling Radial motions

Dipolar radial excitation at f.
—> increase of r_

s

Quadrupolar radial excitation near f,
=> coupling of radial motions, conv.
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Ejection along the magnetic field lines
= radial energy converted to axial energy
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Mass measurement

Coupling Radial motions

Dipolar radial excitation at f.
—> increase of r_

s

Quadrupolar radial excitation near f,
=> coupling of radial motions, conv.
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Ejection along the magnetic field lines
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lon time-of-flight [us]

Mass measurement

Coupling Radial motions

Dipolar radial excitation at f.

= increase of r_
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Mass measurement

Coupling Radial motions

—> Dipolar radial excitation at f.
—> increase of r_
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Mass measurement

Coupling Radial motions

—> Dipolar radial excitation at f.
—> increase of r_
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Mass measurement

Coupling Radial motions

Dipolar radial excitation at f.
—> increase of r_
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Mass measurement

Coupling Radial motions

Dipolar radial excitation at f.
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TOF as a function of the excitation frequency
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lon trap worldwide for Nuclear Physics studies

Operational
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Gravitational

Standard Model

Strong

Electromagnetic

Electroweak theory

% 3 Fundamental forces
Electromagnetic, Weak, Strong

% 12 Fundamental Fermions
Quarks (u,d, c,s,t,b)
Leptons (e, Ve, 1V, T,V;)

% Force carriers (Gauge Bosons)

(9.v.Z,W)
% Scalar Bosons (Higgs)

(H,..)



Standard Model

Gravitational Weak

o@‘:

Strong Electromagnetic

Electroweak theory

% 3 Fundamental forces
Electromagnetic, Weak, Strong

% 12 Fundamental Fermions
Quarks (u,d, c,s,t,b)
Leptons (e, Ve, 1V, T,V;)

% Force carriers (Gauge Bosons)

(9.v,.Z,W)
% Scalar Bosons (Higgs)

(H,..)

Standard Model j‘>
may require extension

# why three families of Fermions
# Origin of parity violation

¥ Dark matters

% Number of parameters of theory




Test of Standard Model

N\

High energy collider experiment

Direct observation of New particles



Test of Standard Model

v N\

Search for “deviations/traces” High energy collider experiment

Nuclear -decay = Governed by
Weak Interaction

Standard Model Beyond Standard Model

Low energy precision experiments Direct observation of New particles

j Tests of the under lying



Nuclear Beta decay test of SM

@ Test of Conservation of Vector Current (CVC)
@ Test of unitarity of CKM Matrix
V2, 4 V2 + V2 L1
ud us ub —

@ Correlation experiments:

™

Standard Model Physics beyond Standard Model



Test of Conserved Vector Current

Basic Weak Decay Equation

_ K
ft ATVIE:
G| M|

f = statistical rate function : f(Z, Q)

t = partial half-life 1+ Pgc
In27

G, = vector coupling constant
| M | 2= Fermi matrix element

Qg - Decay Energy mass m (Q> dependence;
goes into statistical rate calculation (f,))



Test of Conserved Vector Current

. .. Theory corrections
Pure Fermi transitions /1

ft0+—’0+ ft0+_’0 1_|_5R)(1_|_5NS D

EC

EXPERIMENT
K
ZGV L C2(1+ AY) 1+ Pgc
t=In2t
BR

Qg - Decay Energy mass m (Q° dependence;

goes into statistical rate calculation (f,))
Or,0 1‘\/, S A‘{z Radiative Corrections

o) (I;/ Isospin symmetry breaking correction



Test of Conserved Vector Current

Measure ft value for several
nuclear B-decay with similar
decay mode
(Fermi transition)
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Hardy & Towner, Phys. Rev. C 91 (2015) 025501




Test of Conserved Vector Current

Measure ft value for several
nuclear B-decay with similar
decay mode
(Fermi transition)

ft value constant
after theory corrections

4

CVC Verified
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Hardy & Towner, Phys. Rev. C 91 (2015) 025501




Test of Conserved Vector Current

oG Mg %ca‘y Studied for more than 30 years
1o Al 3“05!;*‘"”528 5“@30 “Ga "Rb | Close to 300 measurements

o : Limited by theoretical corrections
< 3080 % l ]
3N i . _

ool 1 *F t ] ; 7t =3072.27+0.72s

30600 ' '1:3 l EIO I 3'0 l 40

Z of daughter CVC Theory verified @ 0.023%

Hardy & Towner, Phys. Rev. C 91 (2015) 025501

7t values constant >
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Unitarity of CKM Matrix
V. V

€

e wh @

M Vu u GFVud d

Leptonic . . . .
P Semi Leptonic |\Mass Eigen states # Weak Eigen states

(u,d,c,s,t,b) (u',d’,c’,s',t',b’)

Kobayashi and Viaskawa: Generalized to 3 quark families

?
d’ Via Vus Vb d ng + V&S + ng =1
s’ | = Vcd Vcs Vcb S

b’ Via Vis Vu b



Unitarity of CKM Matrix

The 2008 Nobel Prize in Physics
was awarded to Makoto Kobayashi
and Toshihide Maskawa:

... for "the discovery of the origin of
broken symmetry, which predicts the
existence of at least three families of
quarks in nature."

Kobayashi and Viaskawa: Generalized to 3 quark families

B-decay K decay B meson
P
' 2 2 7 L
d Vud Gy d V2, + V2 + V3 =
S — Vcd Vcs Vcb S

b’ Via Vis Vu b



Unitarity of CKM Matrix

Contribution to the unitarity

5 V,, 0.00001%
2 2 2 V. 0.05%
Vud T Vus T Vub —
V,, 99.95%

V, 4 (nuclear 3-decay) =0.97417(21) Hardy2015
V. (kaon-decay) = 0.2253(14) PDG 2014
V,, (B meson decay) = 0.00415(49) PDG 2014

IV.|2 = 0.99978 + 0.00055

CKM unitarily satisfied to within an uncertainty of 0.05%.
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Reduced hadronic uncertainty in the determination of V,,

Chien-Yeah Seng®, Mikhail Gorchtein”, Hiren H. Patel®, and Michael J. Ramsey-Musolf*?
“INPAC, Shanghat Key Laborator y for Particle Physics and Cosmology.
MOE Key Laboratory for Particle Physics, Astrophysics and Cosmology,
School of Physics and Astronomy, Shanghar Jiao-Tong Unmwersity. Shanghar 200240, China
b Institut fir 1\(7711)/11/51,( PR[S;\I! Cluster of Excellence
Tohannes Gu te nbera-1In sitiil "’ nz (34 I

rrectl Lo neutre al wed iclear
w pressing th n { ( N\ W)
Vi om 97417 (21) 2015
u{w (R¥3 N}
).02467(22 Cr hadronic uncertainty is reduced. Assuming
( 11.: Standard i iwu tical calculations and experimental measurements remain unch:
V we obtain an !.;:ri. ted value of |V, 0.97366(15), raising tension with the first row ( 1 nnitarity
u constraint. We comment on ways current and future experiments can provide input to our dispersive
~ analysis.
vus‘\""v" iy A J T T/ T T T e = 7

V,, (B meson decay) = 0.00415(49) PDG 2014

IV,|2 = 0.99978 + 0.00055
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lon trap facilities for mass measurements



lon trap facilities for mass measurements

Laser ablation Beam cooler

ion source \ and buncher LEBIT(USA)

\ Switchyard

1 ]
Plasma ion
source

60 keV rare
isotope beam




lon trap facilities for mass measurements

Laser ablation Beam cooler

ion source \ and buncher LEBIT(USA)
\ Switchyard
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lon trap facilities for mass measurements

L‘“?Sﬁr;%'?éf“\ adounoer  LEBIT(USA) JYFLTRAP (FINLAND)
\ Switchyard detection low be_am"ne 55 deg dIPOIe
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isotope bea.’ laser spectroscopy = =




lon trap facilities for mass measurements

L r ablati B ler
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lon trap facilities for mass measurements

Laser ablation B ler
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Measurement of Correlation parameter

In Standard Model (SM) s v\ B*  omusmer

weak interaction is RSy
V-A _ 3 @l

In general B decay can also be pre—=" - . .
/ Pure Fermi transition \ v
e
e

SM Interaction Non SM Interaction

v



Measurement of Correlation parameter

In Standard Model (SM) rows \ S —
) nucleus
weak interaction is
V-A _ 3 @l

In general B decay can also be [3+4/‘/",»"
/ Pure Fermi transition \ v

Ve
SM Interaction

Correlation parameter
p e p v , nauucglg Lt;r
dw@) =1+ a coso,_, + .. P
(6) ( BvEeEv ev ) B‘ //W'
\ 4?” ........... (\

B-v correlation parameter
v

Non SM Interaction

Jackson, Treiman and Wyld (Phys Rev 106 and Nucl Phys 4, 1957):



Measurement of Correlation parameter

In Standard Model (SM) rows \ S —
) nucleus

weak interaction is @/v

V-A
In general B decay can also be [3+4/‘/",»"
/ Pure Fermi transition \ v

Ve
SM Interaction Non SM Interaction

Correlation parameter
dw(0) = (1 + agy = cos6,, + ) }”@/
B’ |

E.E,

B-v correlation parameter
v

Pure Fermi Transition:

Jackson, Treiman and Wyld (Phys Rev 106 and Nucl Phys 4, 1957):

?
aﬁv — 1 Test of Standard Model



lon trap facilities for angular correlation
measurements



lon trap facilities for angular correlation
measurements

LPC TRAP, FRANCE

agy correlation parameter in 3>Ar, ®He

RFQ Pulsed cavity
(Cooling & bunchlng) Pulsed cavity

Detector Setup:

5
Paul trap A

MCPPSD

Ann. Phys. (Berlin) 525, (2013) 576-587

1t Shielding

Beta-decay Paul Trap @ ANL, USA

8Li > 8Be*+ v + B
8Be* > a + «a

16 Trap frame
2" Shielding Top /

1 mm thick Si detector

Electrode

=
(2]
x
=
[<)]
(%]
(=g
=.
©
Q
wn
w
w)

a

95%
Transmission
/Nlckle mesh @ beam

/ \__ u

B l Bottom
Phys. Rev. Lett., 110 (2013) 092502




lon trap facilities for angular correlation
measurements

LPC TRAP, FRANCE

agy correlation parameter in 3>Ar, ®He

Beam from 3. 1%
=
LIRAT ¥

®He (Current Precision @ 3% level)

agy = _0-3335(73)stat(75)syst

T . —— N& 1 | |T“ﬁ;}
35Ar ?
Precision level expected to be m

at 0.5% level

Ann. Phys. (Berlin) 525, (2013) 576-587

1t Shielding

Beta-decay Paul Trap @ ANL, USA

8Li > ®Be* + v +
8Be* > a + «a

16 Trap frame
2" Shielding Top /

1 mm thick Si detector

Electrode

agy = —0.3307 (90)

B l Bottom
Phys. Rev. Lett., 110 (2013) 092502




lon trap facilities for angular correlation

measurements
Weizmann Institute, Israel TAMUTRAP, Cyclotron Institute, USA
(Commissioning stage) (Commissioning stage)

Em—

a gy correlation parameter TAMUTRAP Facility aiming to perform
in ®He ap, & ft-value measurements.

Journal of Phys. Conf. Proc. 267 (2011)012013 M. Mehlman et al. NIMA 712 (2013) 9



Research program at TAMUTRAP facility

. .. Theory corrections
Pure Fermi transitions /1

j:‘tO'l'—)O'l'EftO"'—)O (1 + 5}’?)(1 + 5}65 _CSD

K _ 14+ Pg.
T 2G2V2,C2(1+ AD) i=nat

Isospin symmetry breaking correction (8)

@ Mixing of states of same spin
@ Difference in n and p radial wave functions

Oc = 0,1+ O
@ Model dependence



Research program at TAMUTRAP facility

. .. Theory corrections
Pure Fermi transitions /1

j:‘t0+—)O+EftO+—)0 (1 + 5}’?)(1 + 5}65 _CSD

K 1+ P
t=ln21( EC)

T 2G2V2,C2(1+ AD)

Isospin symmetry breaking correction (8)

@ Mixing of states of same spin
@ Difference in n and p radial wave functions

Oc =0.14+ 6, Needs experimental

verification for lar rrections
@ Model dependence eritication for large co



Superallowed Transitions
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Superallowed Transitions

3.0

2.5 1

2.0 1
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10
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Z of daughter

Beta delayed proton decay

A
0,2 X

» Large correction is predicted for T =2
transition.

» Measurements will allow to test and
verify these corrections.

» New cases to test the CVC Theory.

> New cases for V

B stable

| Ry
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p — v correlation parameter
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Proton contain

the information
about 32Cl recoil
(Doppler)

32c|

0*,2 3?Ar

Vector

\

dn/dE (arbitrary units)

29 YT YT T T P
~15-10-5 0 5 10 15
E-E, (keV)

32¢|
'3+

-
\
SOy
s\
A%

Adelberger E.G. et al. Phys. Rev. Lett. 1299 83 (1999)
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nucleus
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Penning trap f — v correlation parameter

Penning traps

> Increase solid angle.
> Increase sensitivity.
> Allows to detect e along with p

Beta & Proton in Beta & Proton in
same hemisphere Total different hemisphere

\

eeeeeeeeeeeeeee



TAMU — Penning Trap

Cylindrical Penning Trap

AP s
| SEE

decay products (protons, electrons):
at least:
diameter =170 mm



TAMU — Penning Trap

Cylindrical Penning Trap

o

Other existing Cylindrical Penning Trap

Inner diameter of the trap to contain
decay products (protons, electrons):
at least:

diameter =170 mm




TAMU — Penning Trap

Cylindrical Penning Trap

Compensation
e 2o = 7136 mm » je— i = 16744 10 _

WEa0Y

fe—— End —» —| Ring le— Gap
ze = 80.00 mm 2z, = 29.17 mm =0.50 n DeteCtor

M. Mehlman et al. NIMA 712 (2013) 9

Radius : 90 mm

I/r = 3.72




TAMU — Penning Trap

Cylindrical Penning Trap

Compensation
e 2o = 7136 mm » je— i = 16744 10 _

WEa0Y

fe—— End —» —| Ring le— Gap
2z, = 80.00 mm 2z, = 29.17 mm =0.50n DeteCtor

M. Mehlman et al. NIMA 712 (2013) 9

Trap dimensions are also optimized
Radius : 90 mm to perform high precision mass
l/r= 3.72 measurement.




TAMU — Prototype Penning Trap

Penning Trap: I/r =3.72

o
o
1

e
wn
|

Ion time—of—flight [us]

100 ms excitation time
100 ms excitation time ! 20 ms excitation time

20 ms excitation time
e

—-150 =100 -50 0 50 100 150 -100 -50 O 50 100 150
f — 4688700 [Hz] f—2766450 [Hz]

N
o
L
|
T

1

Mass measurement of 23Na:
Mg,iss = calc — AME
=—-0.3+1.3keV
(a 0.06 ppm measurement)



TAMUTRAP — FACILITY




TAMUTRAP — FACILITY

world’s largest open geometry Penning trap facility
(Unique Design).
Correlation measurements (B-delayed proton decay).

> ft-value measurement

\
\

e




Summary & Conclusions

®»High precision measurements using ion traps provide a valuable input to
weak interaction studies.

» Several ideas and extension to the existing ion trap techniques are being
implemented.

» Several lon trap facilities are getting ready for measuring correlation
parameter @ 0.1% level.

»TAMUTRAP facility is a unique facility :
Measurement of correlation parameter (ag, )
ft value measurement (mass, half-life, branching ratio)
decay station.....
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TAMUTRAP Facility

Cyclotron Institute
m :I‘EXAS A&M

IVERSITY

111111

SDRCE

PACRITY

Production
target

K150 Cyclotron In-Flight (Heavy lon Guide)
Or
ISOL type (Light lon Guide)



lon trap facilities for mass measurements
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Penning trap for correlation & ft measurements

TAMUTRARP Facility aiming to perform a; & ft-value measurements
for B-delayed proton emitters
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