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» Mass measurements of short-lived nuclides

» MR-ToF mass spectrometry

» MR-ToF-MS at ISOLTRAP for ...

> ... isobar separation: 82Zn and Penning-trap stacking
» ... Ilon-beam analysis: target/ion source development
» ... precision mass measurements: n-rich Ca isotopes
» Summary
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Mass measurements of short-lived nuclides
m(Z,N) =27 -my+7Z-me+ N -my, — BE/c?

=» input for nuclear physics and astrophysics models and calculations

» half-life: <1s » high mass resolving power
» production: <100 ions/s » high contamination suppression
» contaminats: long lived, high yield » fast measurement cycle

high ratio of contaminants » low measurement uncertainty

to ions of interest

Lead (82) =

Platinum

Ip-process in
x-ray bursts

Number Z of protons

. . .
lellurium ) - Mass number 195
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A=64-72
waiting-point
region

N\
| Mass number 130 r-process
82

Number N of neutrons
H. Schatz, Physics today (2008)

Nickel (28) =+

Calcium
(20)




Direct mass measurements techniques — the well-known

Penning trap Storage ring

from FRS “
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D Gas Target
i - Quadrupole

I [ Schottky

Franzke et al., MSR 27, 428 (2008)
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» NSCL: Matos et al., NIM A 696, 171 (2012)
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Multi-Reflection Time-of-Flight Mass Spectrometry

ion flight time:
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mo > My mass resolving power:
m t

£~0.01ms, R~ 500 R= N = 3A

\ 4
s

1950s: ToF-MS
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Wollnik & Przewloka, Int. J. Mass Spectrom. lon Proc. 96, 267 (1990)
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Multi-Reflection Time-of-Flight Mass Spectrometry

1950s: ToF-MS

.

mo >M1

t~0.01 ms, R~500

—>

1970s: R-ToF-MS

g

t~0.1ms, R~5000

Wollnik & Przewloka, Int. J. Mass Spectrom. lon Proc. 96, 267 (1990)
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Multi-Reflection Time-of-Flight Mass Spectrometry

1950s: TOE-MS 1970s: R-ToF-MS ion flight :Inme:

s> Fg ]

mo >mq —> mass resolving power:
m t

£~0.01ms, R~ 500 t~0.1ms, R~5000 R= = oA

\ 4
s

intensity

1990s: MR-ToF-MS
—)‘ :: >

t~10ms, R~ 100000
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Wollnik & Przewloka, Int. J. Mass Spectrom. lon Proc. 96, 267 (1990)
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Multi-Reflection Time-of-Flight Mass Spectrometry

1950s: ToF-MS 1970s: R-ToF-MS

L g

t~0.01ms, R~500 t~0.1ms, R~ 5000
TODAY:

1990s: MR-ToF-MS/ [>

deflector

>
t~10ms, R~100000 Ny

Wollnik & Przewloka, Int. J. Mass Spectrom. lon Proc. 96, 267 (1990)

intensity

ion flight time:
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A Multi-Reflection Time-of-Flight Mass Spectrometry

MAX-PLANCK-INSTITUT FUR KERNPHYSIK

for short-lived nuclides

 ISOLTRAP 't
ISOLDE/CERN |

SlowR2
RIKEN/Japan

1: PlaR et al., IIMS 349-350, 134 (2013); NIM B 317 457 (2013) NIM B 266, 4560 (2008); EPJ ST 150, 367 (2007)
2: Schury et al., NIM B 317, 537 (2013); EPJ A 42, 343 (2009); Ito et al., PRC 88, 011306R (2013); Ishida et al., NIM B 241, 983 (2005
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Multi-Reflection Time-of-Flight Mass Spectrometry
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1: PlaB et al., 1IMS 349-350, 134 (2013); NIM B 317, 457 (2013); NIM B 266, 4560 (2008); EPJ ST 150, 367 (2007)
2: Schury et al., NIM B 317, 537 (2013); EPJ A 42, 343 (2009); Ito et al., PRC 88, 011306R (2013); Ishida et al., NIM B 241, 983 (2005
3: Piechaczek et al., NIM B 266, 4510 (2008)
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Multi-Reflection Time-of-Flight Mass Spectrometry

for short-lived nuclides

" RISP/RAON
Daejeon/KR
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GSI Darmstadt ' 4

‘Q

1: PlaR et al., IIMS 349-350, 134 (2013); NIM B 317, 457 (2013); NIM B 266, 4560 (2008); EPJ ST 150, 367 (2007)
2: Schury et al., NIM B 317, 537 (2013); EPJ A 42, 343 (2009); Ito et al., PRC 88, 011306R (2013); Ishida et al., NIM B 241, 983 (2005

3: Piechaczek et al., NIM B 266, 4510 (2008)




ISOLDE - Isotope Separator On-Line @ CERN

resonance laser ionization

proton pulses
1.4GeV, 2mA
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P i production:

Z=8 E l:' N=28 -
4" N=20
L.-' M= https://oraweb.cern.ch/pls/isolde/nucl_chart.nuclear_chart
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‘\\\\~ The ISOLTRAP mass spectrometer for short-lived nuclides

Time-of-flight l’ A‘*""‘“ '

detector ._
S —

<

Precision
-benning trap

Preparation |°
Penning frap
B=4. 7T ‘

,J

MAX-PLANCK-INSTITUT FUR KERNPHYSIK

Mukherjee et al., Eur. Phys. J. A 35, 1 (2008)



4.) Precision Penning trap

ToF
detector

3.) Preparation Penning trap
ion accumulation, cooling and mass selection

2.) MR-ToF-MS + Bradbury-Nielsen gate precision
. . . Penning trap
mass analysis, separation, selection and B=5.0T

1.) Linear segmented Paul trap (RFQCB)
ion accumulation and bunching
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preparation

alkali ion source ~ RFQcooler — 60kV pulsed MR-ToF Penning trap
Il and buncher drift tube mass analyzer

L, - MU o= -

ISOLDE 60keV l SradburAl

ion beam radaopury-NIgISEs

! HV platform b I i

Mukherjee et al., Eur. Phys. J. A 35, 1 (2008) o
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The MR-ToF-MS at ISOLTRAP

4 ion traps for ion accumulation, selection, cooling and mass measurement

» mean kinetic energy E,, =2.1keV
» ToF separation due to different m/q

. or 1
mixture of

different
species

e\ectrosta\'\c mirr
-— 160 mm

» At=60ns
» AEkin/Ekinz3%

time-of-flight separation

in multiple revolutions

alkali ion source

[l
NN

ISOLDE 60keV
ion beam

RFQ cooler
and buncher

ion trajectory

Bradbury-N'\e\sen gate

»m
/\

switched electric  deflected transmitted
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0 Penning
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time-of-flight 10"~
detector

0.8 1.0 1.2 1.4 1.6 18 20 2]

time-of-flight difference /us

preparation

MR-ToF Penrling trap

mass analyzer

60kV pulsed
drift tube

= [ =0 Qi+

HV platform

Bradbury-Nigi§

i 1 i

Wolf et al., NIM A 686, 82 (2012); 1: Wollnik & Przewloka, Int. J. Mass Spectrom. lon Proc. 96, 267 (1990)




The MR-ToF-MS at ISOLTRAP

MR-ToF-MS Bradbury-Nielsen gate (BNG)*2

m/Am=100000 at 12ms 1:10000
m/Am=200000 at 30ms °

=50% at 30ms

=1000 per cycle
=100000 per second

133

Cs: number of revolutions
185 370 556 741 926 1111 1296
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40 times faster than |
buffer-gas separation |
in a Penning trap

mass-resolving power /1000
BNG suppression factor

340 360 380 400 420 440 460 480 500
BNG wire voltage difference /V

time of flight /ms
Wolf et al., NIM A 686, 82 (2012); 1: Bradbury & Nielsen, Phys. Rev. 49, 388 (1936); 2: Plass et al., NIM B 266, 4560 (2008)




Purification of isobaric masses
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Isobar separation: n-rich Zn isotopes

MR-ToF spectrum

+ ! +
+ T +

400 revolutions

80Rb

501 80Zn

72 74 76 78 80 82 84 86 88
time of flight - 8627.675 /ps
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80Zn: alkali ion source

detector

precision
Penning trap
B=5.9T

preparation

RFQ cooler  60kV pulse Penning trap
and buncher drift tube

1000/s, T,,=0.55s “!

80Rb: ISOLDE 60keV

-+ 00 oo 00—

10000/s, T,/,=33.4s ion beam

Bradbury-Nigi8k

HV platform ﬂﬂb l ﬂﬂb

Wolf et al., PRL 110, 041101 (2013); NIM A 686, 82 (2012)




Isobar separation: n-rich Zn isotopes

MR-ToF spectrum

50 +

0

400 revolutions
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74 76 78 80 82 84 86 88
time of flight - 8627.675 /ps

80Zn:

1000/s, T,,,=0.55s

80Rb:

10000/s, T,,,=33.4s

alkali ion source

ToF-ICR mass measurement

525 |
500 |+
475 ]
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400
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350 |
325
300
2754
250 -
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time of flight /us
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RFQ cooler
and buncher

frequency - 1135617 /Hz

60kV pulse

drift tube

[l
NN

ISOLDE 60keV

= G =u QI

ion beam

HV platform

Wolf et al., PRL 110, 041101 (2013); NIM A 686, 82 (2012)
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detector

precision
Penning trap
B=5.9T
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Isobar separation: n-rich Zn isotopes

T T T

500+

detector

mean time of flight /us

frequency - 1107779Hz /Hz precision

Penning trap
B=5.9T

15ms
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100ms 5ms 2.5ms PR preparation

= Penning trap
. ¥ RFQ cooler  60kV pulsed MR-ToF
82Zn: alkal |<i?lsource and buncher drift tube mass analyzer

200/s, T,/,=228ms
32Rb: ot -+ M o= OO

ISOLDE 60keV

6000/5, T1/2=13m|n ion beam HV platform uub l uup Bradbury—Ni o3

1: Baym, Pethick & Sutherland, ApJ 170, 299 (1971); 2: Pearson et al., PRC 83, 065810 (2011); Wolf et al., PRL 110, 041101 (20
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Isobar separation: n-rich Zn isotopes

T T T

BPS-model! of 5001

neutron-star outer crust: :

» masses of n-rich nuclei

» 82Zn predicted by some
mass models?

=>»first mass measurement:
82Zn is not part of the
outer crust

detector

mean time of flight /us

. frequency - 1107779Hz /Hz recision
ISOLDE techniques: Pgnning trap

> resonant laser ionization B=59T
> neutron converter
» quartz transfer line

15ms
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100ms 5ms 2.5ms PR preparation

Penning tra
. i RFQ cooler 60kV pulsed MR-ToF g lrap
82Zn: alkali |ol]n source and buncher drift tube mass analyzer

200/s, T,/,=228ms
32Rb: ot - 00 e OO

ISOLDE 60keV

6000/s, T1/2=1_3min ion beam HV platform Uﬂb ] uup Bradbury-Nig '

1: Baym, Pethick & Sutherland, ApJ 170, 299 (1971); 2: Pearson et al., PRC 83, 065810 (2011); Wolf et al., PRL 110, 041101 (20




Isobar separation: preparation Penning trap stacking

» Space-charge effects lead to peak coalescence — limited number of ions
» Multiple MR-ToF-MS separation cycles within one experiment cycle
» Accumulation of isobarically purified bunches in the preparation Penning trap

ToF
detector

precision
Penning trap
B=5.9T
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preparation

RFQ cooler  60kV pulsed MR-ToF Penning trap

alkali ion source B=4.7T

1 and buncher drift tube mass analyzer

L, - M o=

ISOLDE 60keV

ion beam RV platform I I > B;%‘ié’ L;rXéNnif(I:SPe n*

Wolf et al., IIMS 349-350, 123 (2013); Rosenbusch et al., Applied Phys. B, in print (2013) G




Isobar separation: preparation Penning trap stacking

» Space-charge effects lead to peak coalescence — limited number of ions
» Multiple MR-ToF-MS separation cycles within one experiment cycle
» Accumulation of isobarically purified bunches in the preparation Penning trap

14 } I : | } | : | i |
20Hz repetition rate: [ 1791y : 183pyl6Q .
» x40 count rate I 1:1400 A ] ToF
. detector
> X3.6 meas. time 1
> x11 faster meas.

counts /shot

precision
Penning trap
B=5.9T

1 I 1
I ' I

number of repetitions 460ms
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Ims 5ms 16ms preparation

RFQ cooler  60kV pulsed MR-ToF Peg;ig%ap

179Lu: alkall |<iE1Isource and buncher drift tube mass analyzer

3x10°/s, T,,=4.6h
T 0D o= |

179DyO0: ISOLDE 60keV

8 ion beam I Bradbury-Nielsen
4.5x10%/s, stable N plE e » I " gate and.MCP” ;

O

Wolf et al., 1IMS 349-350, 123 (2013); Rosenbusch et al., Applied Phys. B, in print (2013)




lon beam analysis
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MR-ToF ion-beam analysis

direct feedback for target/line optimization

sampling of release curve possible

single ion sensitivity to detect lowest yields

no upper limit on half-life as with decay station L b

not hindered by decay branching ratio | T I‘ i | H\
L I |

! T I g m
1.0 12 14 16 18 20 22
target release curve (time of flight -10221ps) /us

T L T nr ] L] T

1 tafget 'heaiing' increased
N 99Rb+ [ by 70K

T1/2=54ms I L 72Cu+
' ) I . ""Ge"

* 72, +
i | —_—n Ga |
’ o 56F6160+

B . 4OCaSZS+
_Df\/\{ Ve /-ﬁ-.,_/ ?\_‘:/‘T&V‘/Tm‘f& Favasy /"\ A #){/ZQHH/Q/H\ ]
50 100 150 200 250 300 e e

delay from proton trigger (ms) 0 S 10 15
Wolf et al., 1IMS 349-350, 123 (2013); Kreim et al., NIM B 317, 492 (2013) time /minutes
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ion count




MR-ToF ion-beam analysis

- Laser unblocked
» fast, sensitive tool to improve ionization eff.
» high dynamic range: 1-10e5 counts/s

» counts free from background contamination
» not limited by decay branching ratio

» help to provide isomerically pure beams

185Au+

abundance /arb. units

- Laser blocked

185Au+
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counts /s

0.33 -

abundance /arb. units

000 :‘ Ly é L1y : L \H:hl | gl W !
scan: RILIS first excitation step 00 05 10 15 20

> 4 & | (time of flight - 32750ps) /us

(laser wavenumber - 37354cm™) /cm’™

Wolf et al., IJIMS 349-350, 123 (2013); Kreim et al., NIM B 317,492 (2013); Marsh et al., NIM B 317, 550 (2013);




Precision mass measurements
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MR-ToF mass spectrometer: n-rich Ca isotopes

-.\I

(o))

ToF
T detector

O

log(ions) / s

log(half-life) / s

precision
Penning trap
B=5.9T

- N W
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50Ca 51Ca 52Ca 53Ca 54Ca

preparation

RFQ cooler  60kV pulsed Penning trap

alkali ion source B=4.7T

and buncher drift tube
Il

ISOLDE 60keV
ion beam

Wienholtz et al., Nature 498, 346 (2013)

HV platform
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20

| MR-ToF mass meas.

> TITAN/TRIUMF measurements of 51,52Ca(1)

» ISOLTRAP measurement agrees with TITAN

» 51,52Ca measured with Penning trap |

» 52,53,54Ca measured with MR-ToF-MS < 10-
=>» MR-TOF-MS agrees with PT measurements -
=» sub-ppm statistical mass uncertainty

10+

0-

34272) lkeV

-20- statistical uncertainty

0l 1 sm/m=~3x10~’

MR-ToF spectrum : :

/L
&4 I

Mass excess

1 Measurement Mass excess /=keV il

tz6ms§§ [ [~ TITANICR! -34244.6(61)

IS\(\)E\I'RAP MR-ToF -34271.7(10.2)
IS\(BL'[RAP ICR -34266.0(0.7)

350 revolutions}

52Cr I
52K

52Ca

,MM RER i S M\

7/ T

5.275 6.090 6.091 6.092 6.093
time of flight /ms

1: Gallant et al., PRL 109, 032506 (2012) Wienholtz et al., Nature 498, 346 (2013)
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Mass excess - (-34266) /keV

TITAN ISOLTRAP MR-ToF ISOLTRAP ICRg===
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MR-ToF mass spectrometer: n-rich Ca isotopes

A=53: measurement cycle = 4ms

50]|51]/52]/53]

A=54: measurement cycle = 6ms

T 4

53Cr

3,715 4,330 4,331
Time of flight (ps)

6413 counts/12.6h

=» 9 counts/minute

L8]

Spectrum number
o

6,348

h B,
Time of flight (ps)

2314 counts/18.2h

statistical uncertainty

= 45keV = 6m/m=9x107

Wienholtz et al., Nature 498, 346 (2013)

=» 2 counts/minute
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MR-ToF mass spectrometer: n-rich Ca isotopes

Son = BE(N,Z) — BE(N — 2, 7)

32 . Fe R
281 ' '
24
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24 26 28 30 32 34 36
Neutron number N
Wienholtz et al., Nature 498, 346 (2013)
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MR-ToF mass spectrometer: n-rich Ca isotopes

Son = BE(N,Z) — BE(N — 2, 7)
321 ,Fe s I
28

24
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24 26 28 30 32 34 36

Neutron number N
Wienholtz et al., Nature 498, 346 (2013)
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MR-ToF mass spectrometer: n-rich Ca isotopes

Two-neutron separation energy Two-neutron shell gap

I I I I
20—

# I I G |
—6— N =28 /
| —=— N= 32 / 4
4 o ISOLTRAP /

Calcium <
i i{/;b=“

1.0+

0.01

-ﬁr\\*

31 32 a3
MNeutron number, N

Empirical shell gap (MeV)

m  Experiment
O ISOLTRAP
—— NN+3N (MBPT)

= == CC (ref. 5 %
o e retd) | : N=32 shell closure

~-—- GXPF1A : . 4
1 — excellent agreement with predictions from

28 30 32 34 - H .
Neutron number. N microscopic valence-shell calculations
with three-nucleon forces (NN+3N)
based on chiral effective field theory

Proton number, Z

i
I T AN WO NN T A TN NN MO NN SN NN SO NN MR AN N NN N

Wienholtz et al., Nature 498, 346 (2013)
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Abundance

MR-ToF mass spectrometer at GSI and RIKEN

first direct mass measurements of * mass measurements of 8Li* at RIKEN
211Rn*, 213Rn*, 211po* at GSI * mass resolving power R=200000
half-life 213Rn*: 19.5ms * measurement time 8ms
measurement time 12ms * relative mass uncertainty 6.6x10’

207

101

211pb

N
o
1

0

(205 turns)

_10-

—
o
L 1

o

213
Rn
(204 turns)

- Mwurror-MLit (keV)

—_
<

Measurement

(TOF - 12140 ps) / us 1 2
Measurement

PlaB et al., NIM B 317, 457 (2013) Ito et al., PRC 88, 011306R (2013)
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Summary

Precision and fast measurement cycle makes the MR-TOF-MS a promising approach
for MS on short-lived isotopes with low production

» R=200000 after 30ms
» contam. suppression 10000:1
» first mass measurement of 82Zn

» successful mass measurements of 52-54Ca, sub-ppm uncertainty
» in addition: 52-53K, half-life 30ms, publication in preparation

Other groups and activities (for short-lived nuclei):
FRS ioncatcher (GSI, Gielsen), SlowRI (RIKEN), ORNL (Oak Ridge), CARIBU (Argonne),
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