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#¥ Scientific Motivation
** Low energy test of Standard Model.
** Superallowed transition (T = 2).
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Standard Model

# 3 Fundamental forces
Electromagnetic, Weak, Strong

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

% Force carriers (Gauge Bosons)

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

(H,..)
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Standard Model

# 3 Fundamental forces
Electromagnetic, Weak, Strong

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

% Force carriers (Gauge Bosons)

Weak Force Strong Force
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% Scalar Bosons (Higgs) = , | Grawty ?
(H,...) Electromagnetic ~~—7

% Why three families of Fermions

Standard Model # Origin of parity violation
may require extension :> % Baryon asymmetry
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How do we test the standard model

Nuclear B-decay = Governed by Weak force
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Pure Fermi Transition:

Beyond Standard Model Standard Model
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Superallowed Transition

Beta delayed proton decay

A
zX 04,2

Proton contain the information
about 32Cl recoil (Doppler )
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Adelberger E.G. et al. Phys. Rev. Lett. 1299 83 (1999)
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Penning trap for
[ — v correlation parameter

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

Defector

Beta & Proton in
Beta & Proton in different hemisphere

same hemisphere Total

T T T T T T T
3.340 3.345 3.350 3.355 3.360 3.365 3.370
Proton energy [MeV]

TCP 2018



K500 SUPERCONDUCTING CYCLOTRON FACILITY
TEXAS A&M UNIVERSITY - CYCLOTRON INSTITUTE

b, K500 CYCLOTRON
SOURCE

A

gl

LIGHT
RADIATION BEAM ANALYSIS ION GUIDE
EFFECTS SYSTEM L l
FACILITY

CBECR~ L

1994, 2000, 2005 SOURCE

HEAVY
ION GUIDE

SOURCE
MARS RECOIL

SPECTROMETER
1992

—_K150 (88")
CYCLOTRON

I

: ? ION INTERACTIONS

., “  LINE

7y -

NIMROD
1999

-

3

TAPE TRANSPORT & S MDM SPECTROMETER
PRECISION DECAY T 1993, 2000

FACILITY
1000

TCP 2018



K500 SUPERCONDUCTING CYCLOTRON FACILITY
TEXAS A&M UNIVERSITY - CYCLOTRON INSTITUTE

T-REX %~ sy

!
[TAMU Reaccelerated EXotics] . 158

‘

_~ K500 CYCLOTRON

LIGHT
RADIATION BEAM ANALYSIS ION GUIDE
EFFECTS SYSTEM ]
FACILITY

1994 b >
-‘ CBECR~L

1994, 2000, 2005 SOURCE

SOURCE - W HEAVY
/ ’ ION GUIDE

':.: - <I|‘

A Tl

MARS RECOIL ‘
SPECTROMETER
1992

/)

—_K150 (88")
CYCLOTRON

/<t
-

ION INTERACTIONS
LINE
/

NIMROD
1999

-

TAPE TRANSPORT & S MDM SPECTROMETER
PRECISION DECAY T 1993, 2000

FACILITY
1000

TCP 2018



K500 SUPERCONDUCTING CYCLOTRON FACILITY
TEXAS A&M UNIVERSITY - CYCLOTRON INSTITUTE

|
v‘!
' \
| }
[\
\

& N - K500 CYCLOTRON
T-REX S |
- GlilRaR TAMUTRAP

[TAMU Reaccelerated EXotics]

Wb

R 4 el
- =

LIGHT
RADIATION BEAM ANALYSIS k. ION GUIDE
EFFECTS SYSTEM N |
FACILITY : 1994

CBECR~ L

1994, 2000, 2005 SOURCE

7R
ECRION

SOURCE " 9 : W HEAVY
MARS RECOIL R ‘ "~ IONGUIDE
SPECTROMETER >
1992

—_K150 (88")
CYCLOTRON

/<t
-

ION INTERACTIONS
LINE

v

NIMROD
1999

-

TAPE TRANSPORT & S MDM SPECTROMETER
PRECISION DECAY T 1993, 2000

FACILITY
1000

TCP 2018



K500 SUPERCONDUCTING CYCLOTRON FACILITY
TEXAS A&M UNIVERSITY - CYCLOTRON INSTITUTE

T-REX ¥~ S

!
[TAMU Reaccelerated EXotics] . 138

‘

_~ K500 CYCLOTRON

LIGHT
RADIATION BEAM ANALYSIS ION GUIDE
EFFECTS i |
FACILITY

CBECR~L

1994, 2000, 2005 SOURCE

SOURCE ‘ " W HEAVY
’ ION GUIDE

T

A Tl

MARS RECOIL ‘
SPECTROMETER
1992

/)

—_K150 (88")
CYCLOTRON

!t
), ‘,
-

ION INTERACTIONS
LINE

NIMROD/

1999

-

TAPE TRANSPORT & S MDM SPECTROMETER
PRECISION DECAY T 1993, 2000

FACILITY
1000

TCP 2018



K500 SUPERCONDUCTING CYCLOTRON FACILITY
TEXAS A&M UNIVERSITY - CYCLOTRON INSTITUTE

|
v‘!
' \
| }
[\
\

& N - K500 CYCLOTRON
T-REX s |
- SOURGE ‘ TAMUTRAP

!
[TAMU Reaccelerated EXotics] . 158

. e

2

LIGHT
RADIATION BEAM ANALYSIS k. ION GUIDE
EFFECTS SYSTEM L l
FACILITY . 1994

CBECR~ L

1994, 2000, 2005 SOURCE

/W .
ECRION N — Py
SOURCE " 1 : hi HEAVY
= N | 4 = ION GUIDE
g h

.. 3

MARS RECOIL ‘
SPECTROMETER
1992

—_K150 (88")
CYCLOTRON

/<t
-

ION INTERACTIONS
LINE

v

NIMROD
1999

-

TAPE TRANSPORT & S MDM SPECTROMETER
PRECISION DECAY T 1993, 2000

FACILITY
1000

TCP 2018



Heavy lon Guide

Production of RIB (inverse kinematic mode):
I. Deep inelastic collision

Il. Nuclear Fragmentation

lll. Fusion Evaporation Reaction

production BigSol(?) ;
target separator  ANL-type multi-RFQ

gas-catcher heavy-ion guide

re-commissioned
K150 cyclotron
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Heavy lon Guide

Production of RIB
I. Deep inel3asfic collis
Il. Nuclear
lll. Fusion/Ev

ortho—TOF

production BigSol(?)
target separator  ANL-type multi-RFQ

gas-catcher heavy-ion guide

re-commissioned
K150 cyclotron
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Heavy lon Guide

Production of RIB
l.

Il. Nuclear

lll. Fusion/Ev

production BigSol(?) .
target separator  ANL-type multi-RFQ
gas-catcher Neavy-ion guigg -

re-commissioned
K150 cyclotron
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Test Runs for producing proton rich nuclei

Production Mechanism:
Fusion Evaporation reaction using 3He gas target.

t1/2 | Projectile | Energy
[ms] [MeV/u]

20Mmg 20Ne 23-30
246 140 24Mmg 22-30
28g 125 28g;j 22-30
32Ar 98 328 20-24
36Ca 102 36Ar 23-30
40Tj 53 40Ca 23-30
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Test Runs for producing proton rich nuclei

Production Mechanism:
Fusion Evaporating reaction using 3He gas target. ...
Performed test run using MARS Spectrometer.

t1/2 | Projectile | Energy
[ms] [MeV/u]

20Mmg 20Ne 23-30
24gj 140 24Mg 22-30
600 1800 —
L _ 1000
500 — N=2-4 -
- 1400 —
400— 1200?—
'_g‘ E = 1000;
— 300 =, C
5 ) 800 —
200:— 600 —
N Ry 400:—
100 — Bt - ' SR
- 3He(Z°Mg, 3n) 2451 @ 23 MeV/u 20— 3Hg(325, 3n) 32Ar @ 23 MeV/u
T |-w-'.\'| TN Sl PP L1 \'\,;.3:1'\ Coovovon b v by by b
-800 3%Zé)() 160 (‘) 1(|]0 2(‘]0 300 -gOO =200 -100 0 100 200 300
Y position [0.1 mm] Y position [0.1mm]
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Test Runs for producing proton rich nuclei

Target Expected rate

thickness | @ target chamber

[mg/cm?] [pps]
20Mg 90 20Ne 23-30 22.5 (66) 68 (100) x 10*
245 140 24Mg 22-30 22.5(70) 26 (160) x 10*
285 125 288 22-30 22.5 (50) 7 (40) x 10*
32Ar 98 329 20-24 22.5(42) 5(17) x 10*
36Ca 102 36Ar 23-30 22.5 (22) 12 (31) x 10*
40T 53  40Ca 23-30 22.5 (26) 4 (8) x 10*

TCP 2018



Test Runs for producing proton rich nuclei

t1/2 | Projectile | Energy Target Expected rate
[ms] [MeV/u] | thickness | @ target chamber
[mg/cm?] [pps]

20Mg 20Ne 23-30 22.5 (66) 68 (400) x 10*
245 140  2*Mg 22-30 22.5 (70) 26 (160) x 10*
285 125 288 22-30 22.5 (50) 7 (40) x 10*
32Ar 98 329 20-24 22.5(42) 5(17) x 10*
36Ca 102 36Ar 23-30 22.5 (22) 12 (31) x 10*
40T 53  40Ca 23-30 22.5 (26) 4 (8) x 10*

» Lighter beam from K150 are currently being delivered with very
high beam intensity (for e.g., p, 3He,*He ; close to 5 puA).
» Gas catcher, multi-RFQ is yet to be tested.
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Alternative Approach: Light lon Guide

+* (p,n), (d,p) and (He,n) reaction.
+¢ Light ion induced fission.
¢t Current operating pressure 100-130 mbar.

Feeding to
Charge breeder

RF only
‘ sextupole

e I‘,:‘ V X - - e 2
 “Reaction
products

Charge breeder
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LIG for producing proton rich nuclei

» Test run for producing 2%Si using existing gas cell ("**Mg (*He, 3n)?*Si @ 20 MeV/u).
» Observed proton peak from the decay of Silicon isotopes.

Reaction
products

TCP 2018



LIG for producing proton rich nuclei
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LIG for producing proton rich nuclei

> New gas cell suitable for 3He induced reaction is currently being designed.

» New detector setup and new beamline to couple TAMUTRAP facility.

» RF + Pushing electrode & pulsing primary beam might help in improving
extraction efficiency.

TCP 2018



TAMUTRAP facility
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TAMUTRAP facility: Cooler/Buncher
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Operating Pressure : 102 - 10 mbar.
Cooling time : 2 - 20 ms.
FWHM:1to 1.5 ps.

N e
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TAMUTRAP: Penning Trap

Inner diameter of the trap to contain
decay products (protons, electrons):
Diameter = 170 mm.

Proton Larmour
Nuclide | Energy radii
(MeV) (mm)
0Mg 4.28 42.7
24S; 3.91 40.8
283 3.70 39.7
32Ar 3.36 37.8
36Ca 2.55 33.0
40T 3.73 39.9
43Fe 1.23 22.9
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Other Cylindrical Penning Trap

m\\\*r

@

Other existing Cylindrical Penning Trap:
I/r =11.75.
(JYFLTRAP, ISOLTRAP, SHIPTRAP)
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Penning Trap to confine protons (/ /r = 11.75)

r=90mm\

RN
N

RN \

| = 1000 mm

Needed a new design to make it fit
in 7T magnet
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TAMUTRAP: Penning Trap (/ /r = 3.72)

Compensation
bz, = 7136 mm - je—— 2 = 16744 mm —

gl

[/~ A

| =335mm
fe—— End —» —»{ Ring te— L Gap
2z, = 80.00 mm 2z, = 29.17 mm = 0.50 o DeteCtor

M. Mehlman et al. NIMA 712 (2013) 9
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TAMUTRAP: Penning Trap (/ /r = 3.72)

Compensation
bz, = 7136 mm - je—— 2 = 16744 mm —

gl

[/
| =335mm
h_:jnju_q >_H :R:g?h_ = _3 sonm Detector

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

Dimension optimized to perform
high precision mass measurement.

TCP 2018



Commissioning of TAMUTRAP facility

Mass measurement of 22Na

Time-of-flight cyclotron resonance technique:
» Dipole excitation for 10 ms.
» Quadrupole excitation for 100 ms.
» Reference mass : 3°K

20 ms excitation (solid points, red curve)
Mgiff = calc—AME

= 2.8 &+ 2.5 keV (0.13 ppm measurement)
100 ms (open points, blue curve)

Mdiff = calc—AME

= —0.3 &+ 1.3 keV (0.06 ppm measurement)

- e

Prototype Penning Trap ‘
With I/r=3.72; ID: 45 mm

TCP 2018
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Commissioning of TAMUTRAP facility

Mass measurement of 22Na

Time-of-flight cyclotron resonance technique:
» Dipole excitation for 10 ms.

35

30

100 ms excitation time
20 ms excitation time

_ .{Jo\\/i\%n nﬁf\. /v

\

¢ [us]

» Quadrupole excitation for 100 ms.
» Reference mass : 3°K
20 ms excitation (solid points, red curve)
Mgiff = calc—AME
= 2.8 + 2.5 keV (0.13 ppm measurement)
100 ms (open points, blue curve) 1 { T

Mg;¢r = calc—AME 150 100 -50 0 50 100 150 —100 -50 O 50 100 150
1
= —0.3 £ 1.3 keV (0.06 ppm measurement)

Average Difference : -0.26 £ 0.94 keV

With M(23Na) = 21414834.3 keV
(2016 AME)

f — 4688700 [Hz] f — 2766450 [Hz]

Amplitude scan@ 100 ms excitation time

29
— *
g2 C "
c
8 25 LJ * * = L4
a . ¢
E 23 * * * . . ®
L < ® o
g 21
8 19
F 17

15 ‘

0 2 4 6 8 10 12
Amplitude (V)

With I/r=3.72; ID: 45 mm TCP 2018



Transport Efficiency

» RFQ efficiency = 70% - 80 % (Continuous Mode)
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Transport Efficiency

>Injection optics efficiency : 80% -85 %

éc?’ S 3
o,,o Q,\'& R Faraday Cup(FC) @ Qo‘°
AN *o 5th segment position &°
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Transport Efficiency
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Transport Efficiency

Second Ion Deflector
source

| el AL
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2017 : <1 ppA. =
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TAMUTRAP: Penning trap

Installation in November 2018.

Inner Diameter of Penning Trap: 7.087 in (180mm). | e
Outer Diameter of Penning Trap system: 7.68 in (196 mm).|  — f ==

Magnet Bore : 8.27 in (210 mm). -
Beam pipe Outer Diameter: 8 inch (203.2 mm).
Beam Pipe ID :7.75 inch (197 mm).

¥

samwmemmmnmnne Anmwewawana

Z Penning Trap
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Conclusion & Future plan

35

(7]
o

» Commissioned TAMUTRAP facility.

time—of —flight [us]

Ion

» Complete the GEANT4 Simulation.

20

11111

f — 4688700 [Hz] f — 2766450 [Hz]
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Superallowed Transitions

B stable
Beta delayed proton decay BT-2

A
0,2 zX

A — N
21X

»New cases to test the CVC Theory.
» 6, calculations seems to depend on T.
> New cases for V-



Expected 88” beam intensities and energies

K500 SUPERCONDUCTING CYCLOTRI Isotope | Energy | Intensity Isotope Energy Intensity

TEXAS A&M UNIVERSITY - CYCLOTRC MeViu | pud MeViu | pud
" p 55 27 2Ne 28 3.0
# d 35 21 22Ne 29 0.5
T - RE x 3He 45 11 343 20 0.7
] ‘He 35 10 40Ar 17 14
[TAMU Reaccelerated EXotics] oL 35 7 “Ca 17 15
Li 25 8 Co 11 0.9
108 35 4 8Kr 10 0.6
R up 29 4.7 86K r 8.3 0.6
EFFECTS 160 35 2.3 129Xe 5.6 0.5
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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



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



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



Fierz Interference Term

aﬁv

a=

1+ 0.1913b

3.340 35.545 3.550 3.395 3.560 3.365 3.370
Proton energy [MeV]



Standard Model

Beyond Standard Model
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Average difference: —0.26+0.94 keV
with M(*Na) = 21414834.3 keV (2016 AME)
> a 44 ppb measurement

feb—28-2018 —o—
feb—23-2018 s
nov—27-2017 @&
nov-—25-2017 —o—
nov—21-2017 o
nov-—8-2017 =
oct—11-2017 'r ® |
sep—0/7-2017 ——
aug—17-2017 = ¢
aug—02-2017 &
I ! ! v ' I v ' ! v I v ' ! ! I
—-20 —10 0 10

M__ (®Na*) — AME [keV]
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Counts

300

250

200

100

20

Bunched Spectrum

Constant 212.1+ 1.656
Mean 4.84e-06 + 3.001e-09
Sigma 4.756e-07 + 2.207e-09

%108




G TAMU TAMU TITAN PENTATRAP LEBIT
Analytic Simulated Analytic Analytic Simulated
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