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high-precision measurements of masses of exotic nuclides

Field Examples om/m

shell closures, shell quenching, regions of
nuclear structure

physics deformation, drip lines, halos, island of stability

rp-process and r-process path, waiting-points

astrophysics nuclei, astrophysical reaction rates, neutron stars

weak interaction CVC hypothesis, CKM matrix unitarity, Ft of

studies superallowed -emitters
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Penning trap — the most accurate mass spectrometer

strong uniform
static B-field

B
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Penning trap — the most accurate mass spectrometer

SHIPTRAP strong uniform THe-TRAP
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Penning trap — the most accurate mass spectrometer

uniform B-field

B

guadrupole E-field

Penning Trap

axial and modified
magnetron cyclotron

V+ - modified cyclotron
V. - magnetron

VZ - axial
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SHIPTRAP
150-1000 keV/U = = = == == o= = o = = — = =] eV

gas-filled RF-quadrupole Penning traps
stopping chamber  (cooler & buncher)

reaction products M

From SHIP superconducting magnet

- MCP-detector
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preparation measurement

trap trap

M. Block et al., Eur. Phys. J. D 45 (2007) 39




Currently used ToF-ICR technique

(Time-of-Flight lon-Cyclotron-Resonance)

N

EDQDE time-of-flight path WD
IO

Penning trap detector

y4

larger 1 — shorter ToF
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Currently used ToF-ICR technique

(Time-of-Flight lon-Cyclotron-Resonance)
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Currently used ToF-ICR technique

(Time-of-Flight lon-Cyclotron-Resonance)
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EDQDE time-of-flight path WD
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Penning trap detector
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Currently used ToF-ICR technique

(Time-of-Flight lon-Cyclotron-Resonance)
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EDQDE time-of-flight path WD
IO
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Currently used ToF-ICR technique

(Time-of-Flight lon-Cyclotron-Resonance)
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EDQDE time-of-flight path WD
T larger 1 — shorter ToF
Penning trap detector
injection excitation of v_ —pulse at v.= v, ejection

time of flight




190At 196At

199Rn

9/ # 34 (7)keV 147 ms 10 # 30 (80)keV  20#ms  13/2*# 180 (70)keV 320 ms
IT?
(1/2+) 0 328ms  3*# 0 253 ms 32 #

0 620 ms

Base : NUBASE
Version : January 08th, 2004

Parity (Z,N) : all

HALF LIFE T’

T=01s
D1s=T<3 s

3 s=T=2 m

Z2Z2m=T=1h

1T h=T=1d

1 d=T=1 vy

1T vw=T=1G0Gy

1Gy =T

|:| Unknown half-life
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199At 196At 199Rn

o/ & 34 (7) keV 147 ms 10 # 30 (B0)keV  2o#ms  13/2*# 180 (70) keV 320 ms

IT?

(1/2*) 0 328 ms 3T# 0

we want to ASE

th, 2004
- all

measure masses of nuclides with T,,~100 ms 7|
with a few keV accuracy (6m/m~10-8)

be able to resolve isomeric states with
a few ten keV energy

[J] unknown half-life




Perfomance of ToF-ICR technique

V
~—=16-v_ -7
¢ singly charged ions of M=200
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new technique
for singly-charged ions

e gain in resolving power: ~ 50

e much faster measurements
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® gain in precision: ~ 5




determination of neutrino mass with accuracy of 0.2 eV

EC in1%3Ho

ECale - Project = Analysis
o B decay of ¥/Re

~ < -11 neutrino-mass value
0Q~1eV (SQ/m 10 ) - (PENTATRAP)

5Q ~ 50 eV (6Q/m < 3-10°10) —» development of

experiment



Development of the ECHo-Project
(scale of experiment)
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SHIPTRAP in 2014-2015

Measurement of Q-values
of 18’Re B-decay & EC in 1*3Ho
{4 with 50 eV-uncertainty
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Penning trap

position-sensitive detector

projection with

>

magnification G|




Active diameter 42 mm
Channel diameter 25 um
Open area ratio >50 %
Position resolution 70 pm [
Max. B-field afewmT [J

Time resolution ~10ns

. . preparation trap measurement trap
ion transport optics

image of magnetron motion (G = 20)

number of

/; p = .
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measurement of free cyclotron frequency: vV, =V, +V_

magnetron frequency V. modified cyclotron frequency v,

B center ,
(stable over days)

(nuclide-independent)

mag.reference phase (1) (1)
(stable over days)

cyc.reference phase
J (stable over days)

mag. final phase cyc. final phase
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Syl measurement of free cyclotron frequency: vV, =V, +V_

magnetron frequency V. modified cyclotron frequency v,

B center .
(stable over days)

(nuclide-independent)

mag.reference phase q) (1)
(stable over days)

cyc.reference phase
x (stable over days)

mag. final phase cyc. final phase
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if production rates of exotic nuclides are extremely low
and experiment time is limited?

it is desirable to skip the measurement of the reference phases




measurement of free cyclotron frequency: vV, =V, +V_

magnetron frequency V. modified cyclotron frequency v,

B center ,
(stable over days)

(nuclide-independent)

mag.reference phase q) (1)
(stable over days)

cyc.reference phase
x (stable over days)

mag. final phase cyc. final phase

free cyclotron frequency v,

MAX PLANCK INSTITUTE
FOR NUCLEAR PHYSICS

f y :¢C+27zn
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magnetron phase
cyclotron phase




PI-ICR vs. ToF-ICR

magnetron
phase

cyclotron
phase

. gain in precision = (OVe )ror-ic =16-7=5
(OVe)pricr
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. . 0.6ar 0.6-7-1
« gain in resolving power = = ~ 40
Ar 0.05

« higher sensitivity




PIl-ICR vs. ToF-ICR in experiment

ToF-ICR PI-ICR
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S[M('24Xe) - M('#Te)] ~ 300 eV S[M(32Xe) - M(13'Xe)] ~ 70 eV !I!

Gain in Precision ~ 4.5



PIl-ICR in experiment
AM = M(132Xe) - M("31Xe)
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O(AM)spiptrAP = (3044t ) 123ys) eV
AMspiptraAP = AMieterence = (8 £ 39) eV




PIl-ICR in experiment
AM = M(132Xe) - M("31Xe)

QSHIPTRAP- QFsu leV
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| | | | |
8 9 10 11 12 13

first ever measurement of mass difference
of singly charged medium-heavy non-mass-doublets
with a relative accuracy of 2-10-10 !l




SHIPTRAP in 2014-2015

We are preparing for the measurement
of the Q-value of:

(1) B~-decay of '8’'Re
(2) EC in '%3Ho
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with an uncertainty of ~ 50 eV




Summary

. Pl-ICR has been developed at SHIPTRAP for mass
measurements on singly-charged short-lived nuclides

PI ICR is much faster than ToF-ICR and offers very
hlgh mass resolving power

e Performance at SHIPTRAP:
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S(M(132Xe) - M(131Xe)) = + 30 eV

e Plans at SHIPTRAP: Q-values of EC in %3Ho and
B-decay of '8’Re
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Effects that limit
Resolving Power and Maximum Precision
of PI-ICR

* Presence of Helium in the Trap

* Anharmonicity of the Trap Potential

* Instability of the Trap Potential in Time
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* Instability of the B-Field in Time

 Error due to Conversion




Presence of Helium in the Trap

collisions with He atoms in trap increase the size of cyclotron phase spot

phase-accumulation time = 0.5 s
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Anharmonicity of the Trap Potential

oy o2 oy | | |
U, =C, d02 z°+C, 5 0_7* +C, 2d0

: 4
__ . ,harmonic "2 "4 d

harmonic trap anharmonic trap

trap center trap center
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Anharmonicity of the Trap Potential

real trap
magnetron phase spots

t=_10ms t=05s

center i e
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(M =200 u
AM=20 keV)




Instability of Trap Potential in Time

temporal instability of trapping voltage causes
angular smearing of both phase spots
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+ ~5-10" (M =200 u)
Av,




Instability of B-Field in Time

temporal instability of B-field causes
angular smearing of cyclotron phase spot

const/ Hz
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+j ~2-10° (M =200 u)
Av,




error in vV, determination due to conversion
of cyclotron motion to magnetron motion

magnetron phase

center nsport of ions to the measurement trap

dipole excitation at V',

-

B /— n-puseatV. .

/ extraction pulse —» I

modified cyclotron phase

magnetron l— easurement trap
phase | «——— dipole excitation at

P
-

n - pulse at Vo — [l ) R

cyclotron extraction pulse I
phase P »
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‘phase accumulation time '




error in V., determination due to conversion
of cyclotron motion to magnetron motion

pure cyclotron motion pure magnetron motion
(before conversion) (after conversion)

conversion

¢ = constant
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error in vV, determination due to conversion
of cyclotron motion to magnetron motion

cyclotron and magnetron motions pure magnetron motion
(before conversion) (after conversion)
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error in V., determination due to conversion
of cyclotron motion to magnetron motion

0=d,0- 0 - ¢,0
S =r0)fr,0

AD = (9, o.t, S)

AD, .. = 60-S? [deg]

r,=1mm,r 0 =0.025 mm
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error in V., determination due to conversion
of cyclotron motion to magnetron motion

0=d,0- 0 - ¢,0
S =r0)fr,0

AD = (9, o.t, S)

AD, .. = 60-S? [deg]

r,=1mm,r 0 =0.025 mm
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magnetron motion vs. modified cyclotron motion

magnetron motion modified cyclotron motion
v.= 1335 Hz; T.= 750 ps v.= 800000 Hz; T.=1.25 us
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time of flight of 132Xe ions between the trap and the detector
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0,00 350u  40,0u 4500  50,0u  S550u 6000 &5,0u
Time-of-Flight [ s
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projection of modified cyclotron motion

modified cyclotron motion magnetron motion
direct projection projection after full conversion

full conversion of

—

cyclotron to magnetron
motion

Phase (after conversion) = - Phase (before conversion) + Const

!

( (after conversion) = - () (before conversion)



‘ measurement sequence Nr. 1

reference phase (stable over days) —.-—-»

projection of trap center onto detector

rap —@
(nuclide-independent)

final phase =~ —— ¢

. magnetron frequency V. modified cyclotron frequency v,
S reference phase
step1 * . step1 ¢ .
_] <~—— transport of ions to the measurement trap _J <« transport of ions to the measurement trap
) step 2 ] < dipole excitation at V_ ._ step 2 [l —— dipole excitationat V.,
- . step 3 - <«— m-pulseat V. .
< O step 3 J| <— extraction puise step 4 J] <« extraction pulse
final phase
step1 % . step1 ¢ .
_] <«——— transport of ions to the measurement trLap 7_' «——— transport of ions to the measurement traE
step 2 - «———— dipole excitationat V_ . step 2 - <« dipole excitation at V. .
| . step 3 i n—pulse at Vo — [l .
step 3 extraction pulse —» [ ‘ step 4 : extraction pulse —> ||
' phase accumulation time ‘phase accumulation time !




if production rates of exotic nuclides are extremely low
and experiment time is limited?

magnetron frequency V. modified cyclotron frequency v,

reference phase

step 1

] <«—— transport of ions to the measurement tLap J «—— transport of ions to the measurement trap

step 2

- <«~—— dipole excitation at V_ - <«——— dipole excitation at V.,

step 3 B — n-puseatV,

I «— extraction pulse

»
L

.
L

I <«— extraction pulse

.

final
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j <« transport of ions to the measurement tLap _I «——— transport of ions to the measurement traE

. .
L L

. : n —pulse at Vo — -
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measurement sequence Nr. 2
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measurement sequence Nr. 2

if production rates of exotic nuclides are extremely low
and experiment time is limited?

free cyclotron frequency v,

magnetron phase
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determination of neutrino mass with accuracy of 0.2 eV

163Ho — 163Dy + v_ (E,)  ANALYSIS of DE-EXCITATION SPECTRUM
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