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Outline

* Motivation for measuring neutron-deficient
lanthanide masses

* Overview of the MRTOF setup at TITAN

* How retrapping in MRTOF has enabled
measurements of these isotopes at ISAC

* Results of analyzing lanthanide isotope mass data




S2n (MeV)

Masses Test the N=82 Shell Closure

Two-Neutron Separation
Energy:

S, =M(N—2,Z)+2M(n) — M(N,Z)

* Indicator of closed shells
* Accounts for pairing

Data from Atomic Mass Evaluation 2016
Chinese Physics C Vol. 41, No. 3 (2017) 030003
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Location of the Proton Drip-Line

Proton Separation Energy:
Sp=M(N,Z—-1)+M(*H)— M(N, Z)

Drip-Line: Proton emission from the Z=72 Wy o
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Anchor for alpha decay chain

 158Yb is anchor of an alpha decay chain
Provides an absolute mass for all nuclei in the chain

* Contributes to determining the proton drip-line Tungsten sy ey ey 1wy
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Isotope Separator and Accelerator (ISAC) to TITAN
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TRIUMF’s lon Trap for Atomic and Nuclear Science (TITAN)
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Multiple Reflection Time-of-Flight Mass Spectrometer (MR-TOF)
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Mass Measurements with the MR-TOF

Electrostatic
lon Mirrors ‘MagneTOF”

1

Injection trap

See:
C. Jesch et al., Hyperfine Interact. 235 (2015) 97
M. Yavor et al., Int. J. Mass Spec. 381 (2015) 1-9
T. Dickel et al., J. ASMS 28 (2017) 1079

Time-of-flight (TOF) o \/%

How to measure a mass:

Step 1)
lons leave injection trap

Step 2)
lons separate by time-of-flight

Step 3)
Time-of-flight is measured on detector

10



Mass Measurements with the MR-TOF

Electrostatic
“‘MagneTOF”

lon Mirrors T
i : k_LA't A 220_-

— — 200

50 ] 5"Ho/Sm™™ _
_ L 157Yp1+
160—- 157EuIDy1+ |

0] 157Tm 14l /
| _ - / 157 1+

Counts

fe) ‘Fast (20ms cycle time) 120 1
‘ *Large dynamic range (~104) 100 A
| ‘Isobars simultaneously measured 801

-— - 60—

*Few ions needed

156.9256 1566.930 156.935 156.940 156.945

Injection trap Time Of Flight (~8 ms)

e — — [ ————

See:
C. Jesch et al., Hyperfine Interact. 235 (2015) 97
M. Yavor et al., Int. J. Mass Spec. 381 (2015) 1-9
T. Dickel et al., J. ASMS 28 (2017) 1079 1



Mass Measurements with the MR-TOF

Electrostatic

lon Mirrors T “‘MagneTOF”
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40 13
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ISechER Time Of Fllght (~8 ms)
See: j
C. Jesch et al., Hyperfine Interact. 235 (2015) 97 ° H H H H
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T. Dickel et al., J. ASMS 28 (2017) 1079 * Suppression of even larger background is desirable 12



High Production but Potential High Contamination

Proton Number

80

70

60

50

40

30

20

10

ISOL Beams:

III|IIII|IIII|III||l|ll|1III|IIII|IIII|

Target: natural Ta (Z=73), 0.05 mol/cm?
Incident Particle: proton, 480 MeV

N=82

We can fully utilize the intensity if we
can separate contaminant isotopes

geant4-10-02-QGSP_INCLXX_HP-ABLA V3

ISAC simulation ID:

1 1 I 1 1 1 |
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Simulations by Peter Kunz
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Managing a Large Background Rate

*Overall beam rate is limited by space-charge capacity of trap

151Eu+
molecule

lon Counts

151 Dy+

151Ho+

151+ 151Tm* 151 ph+ ]

Ll

150.9 150.91 150.92 150.93 150.94 150.95 150.96
Mass (u)




Suppression of Background via Mass-Selective
Re-trapping

How to measure a mass when re-trapping:

(Re-trapping)

(Normal Procedure)

/‘

-
~

Step 0.1)
lons leave injection trap

Step 0.2)
lons separate by time-of-flight

Step 0.3)

Injection trap recaptures ions that
undergo the desired time-of-flight

Step 1)
lons leave injection trap
Step 2)
lons separate by time-of-flight
Step 3)
Time-of-flight is measured on

detector y

'\

/

>

TOF analyzer

[ Detector mmm

5 o

lon mirror 2
lon mirror 2

lon mirror 1
lon mirror 1

Retrapping Measurement
Step Step

Mirror ‘ Electrostatic
barrier

/ closes trap

FII-

Injection Trap
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First Ever Demonstration of Mass-Selective
Re-trapping with Radioactive Beams

Without re-
*2 trapping
=
* Several masses were S
measured by re-trapping c
ions = -
® AIIOWS for a Significant 1509 15091 15092 ‘150_93'153;_94 15C!I_95 150.96
increase in beam intensity - _ - - _
51 ut
* Re-trapping suppressed With re-
trapping

contaminants by a factor of
103-104

lon Counts

. .|
1509 15091 15092 15093 15094 15095 15096
Mass (u) 16




Isotope Masses Measured in the Lanthanide
Regior
B

Yb  "Yb

l
24.49 MeV ZR7E ey 2787 My 158 Mel 149,44 MeV 19 48 MeW 149.06 MeV TH.89 MeaV 1B.56 MeV
First Time measured D
Z3.87 MaV ZR03 Mey 27.37 Mev 159.34 Mey T18.B5 MeV T8.8 MeV 18.55 Mey TH.23 Me

First Time measured directly‘D
'I4E|Er 'ISI:IEr 151Er 'IEZEr 153Er ISSEr 15E|Er 15?Er Identified _________ D

23.28 MeV 2249 Mey BL20.67 Mey BOT8.81 Mel B 18,34 MeV T7.88MeV 71775 MeV 17.35 MeV 1

Just over 3 days during 2 separate beamtimes
Ta target, 25-50 pA proton beam

Yh
24.45 MeV
2405 MaV

'I4EEr

23.3 MeVv

Using
re-trapping

154Er

18.25 MeV

147 148 745, 150, 151 152 153 154 155 15 157, 158 155, 160 161
Ho Ho Ho Ho Ho Ho Ho Ho Ho "Ho Ho Ho Ho Ho Ho
2278 MeV 2.9 MeV 2203 MeY 20.1 Me¥ 18.1Z MeV' 17.8 MeY 17.93 MeY 17.18 MeV 17477 MeV 16.98 MeV 16594 MeY 16.83 MeV 16.64 MeY 16,34 Mey 1607 Mey

149 150 15 152 153 154 155 156
.64 MeV  B77.59 MeV 17.2 Mev 65.95 MeV 16.53 MeV  B16.42 MeV 16.16 MeV 16.28 MeV

145Tb vaTb 14?Tb 14ETb 149Tb lSDTb 'IS'ITb 152Tb 'ISBTb 154Tb 'IESTb 156Tb 15?Tb 158Tb ISSTb

227171 MeV  21.534 MeV 20.5 MeV T892 MeV 1689 MeV 1671 MeV 1628 MeV 1575 MeV  715.83 MeV 15.58 MeV 16.08 MeV 16.08 MeV 15.66 MaV 15.52 MeVv  § 74.97 MeV

1 4E'D-y 1 4?[)? 1 ﬂDy

22.13 MaV 221 Mev 21.45 MeV

15?[}}‘

16.41 MeV

1 SED}; 15\90? 'Il':EIDy

16.02 MeV 15,69 MeV  § 15.47 MeV

Many possible calibrants! 14I5Gd 14?Gd 1-1-EGd 14'3Gd 'IS'IGd 'ISZGd 'IESGd 154Gd 155Gd 156Gd IS?Gd 155Gd

2047 MeV T8.57 MeV 1833 MeV 15971 MeV 152 MeV 15.09 MeV 14.84 MeV 1574 MeV 15.33 MeV 1497 MeV T4.9 MeV 14.3 Mev

143 1 143 146 147, 148 149 150 151 152 153 154 15 156 157
Eu Eu Eu Eu Eu Eu Eu Eu Eu Eu Eu Eu "Eu Eu Eu
Z0.46 MeV 20.45 MeV 15.89 Mel 17.64 Mey 15.7 MeV 15.32 MeV 15.04 MeV 14 64 Me\' 14.35 MeV 14.24 MeV 1486 MeaW 1459 Mel 14.59 MeY 14.49 Mel 13.78 MeV

Stable

'I4ZSm 'HBSm 144$m HSSm 14'5Sm 14?Sm 14ESm 14‘98m

19.67 MaV 19.73 MaV 19.72 MeV 1728 Mev 1507 MeV 478 MeV 14.48 MeV 14.07 MeV

150G
m

'IS'IS 152 153 154 155 156
m Sm Sm Sm Sm Sm
13.28 MeV 13.85 MeY 14.13 Mev 13.84 MeY 13.77 Mey 13.05 Meyv




Two-Neutron Separation Energies

Yb measurements
confirm that the
shell closure
persists up to Z=70

25

24 P~

23

@ 22

19|

* TITAN Measurement

Hf
Lu

2Yb

=4 Tm

18

81 82 83 84 85 86 87

Neutron number

Er

18



Yb Isomer Measurement

* Interesting consistency
in 1st excitation energy
(~750keV) for a sequence
of 13 isotones at N=81

* Explained through mean
field calculations

Counts / (10™*u/e)

10°

T I I L B

(a) Tyt Re-trapping off

Y 151, + 151_ +
Ho Er

R 1 40 14 44 b0 ¢

(b) 151~ + Re-trapping on

150.92 150.93 150.94

(c)

e—trapping on

151Yb+

150.954 150.956 150.958

Mass—to—charge ratio (u/e) "



Alpha Chain Anchor

* Many isotopes now have
absolute mass
determinations

82 A

80 A

78 A

76 A

Proton Number
~
B

~
LS}

701

68 A

66

Neutron Number

<& Anchor 179ph
% Proton-emitter
g
lTZHg 173Hg ]75Hg
1 u 172Au
168Pt 169Pt 171Pt
Sr r 68|
16405 16505 16705
e lﬁIRe ISARE
1EOW 161W 163W
1 a ISBTa 160Ta
A o Decay Links
1 u 153] 15"LU 156 72 4 155Hf
@
0
oy byf1vh ’@b <:::> ’@} .@) ‘@5 ‘@> g 714
=
152Tm 156Tm 157Tm c
S 701
o
j
151Fp [a
69 4 152Tm
#*Ho 82 83 84
Neutron Number
Submitted for publication by
T E.M. Lykiardopoulou
80 82 84 86 88 90 92 94
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1-Proton Separation Energy (MeV)

Predictions of the Drip-Line

1-Proton Separation Energy (MeV) of Tm Isotopes

78

-0- SkM*

80 82 84 86
Neutron Number

-0- SkP -0-SLy4 -0- SV-min -0- UNEDFO -0- UNEDF1 -0- Average

http://massexplorer.frib.msu.edu/
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1-Proton Separation Energy (MeV)

Predictions of the Drip-Line

1-Proton Separation Energy (MeV) of Tm Isotopes

Beyond the proton drip line: Bayesian analysis of proton-emitting nuclei

Léo Neufcourt,? Yuchen Cao (W5R),%3 Samuel Giuliani,??
Witold Nazarewicz,>* Erik Olsen,” and Oleg B. Tarasov®

L Department of Statistics and Probability, Michigan State University, Fast Lansing, Michigan 48824, USA

2 Facility for Rare Isolope Beams, Michigan Stale Universily, East Lansing, Michigan 48824, USA

* National Superconducting Cyclotron Laboratory, Michigan State University, Fast Lansing, Michigan J8824, USA

4 Department of Physics and Astronomy, Michigan State University, Fast Lansing, Michigan 48824, USA

5 Institut d’Astronomie el d’Astrophysique, Universilé Libre de Bruzelles, 1050 Brussels, Delgium

(Dated: January 17, 2020)

78 80 82 84
Neutron Number

-0- SkM* -0-SkP -0-SLy4 -0- SV-min -0- UNEDFO -0- UNEDF1

http://massexplorer.frib.msu.edu/

— 0 N = 81

drip ~

-0- Average
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Proton Separation Energy (Initial Result)

Tm 1-Proton Separation Energy

2000 4 .. S S

Separation Energy (keV)

L2000 gt

* Data analyzed from the 2 experimental runs to identify the proton drip-line

* Initial result was inconclusive

; ; i
g2 g4 g
Meutran Mumber (M)

¢ AME 2016
TITAN
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Er Isotope Chain

A nice re-measurement of the
Er isotopes was obtained
during 2" experiment

'ISEYb

18.89 MeV

Yh
24.45 MeV
2405 MaV

'I4EEr

23.3 MeVv

1 Ele - 1 EZ'Y'b -

24.49 MeV 23.78 MeV
2387 MeV
|

'I4E|Er

[23.28 MeV

21.871 MeaV 19.5 MeV 19.44 MeV B 19.48 MeV Bl 19.06 MeV
V
21.37 Mev JR19.34 MeW [l 1885 Mev [ 18.8 Mev B 18.55 Mel ‘l:ﬁia

A N
b - = ny - } —-— g

S B Vg dentified——------- O

T7.88MeV 71775 MeV 17.35 MeV 1

First Time measured™ "~~~ D
me First Time measured directly‘D

151Tm

23.03 MeV

1 EZEr 1 53Er 1 54Er

18.87 MeV M 18.34 MeV Bl 158.25 MeV

'ISEIEr 151Er

2249 MeV M 20.67 MeV

147 148 745, 150, 151 152 153 154 155 15 157, 158 155, 160 161
Ho Ho Ho Ho Ho Ho Ho Ho Ho "Ho Ho Ho Ho Ho Ho
2278 MeV 2.9 MeV 2203 MeY 20.1 Me¥ 18.1Z MeV' 17.8 MeY 17.93 MeY 17.18 MeV 17477 MeV 16.98 MeV 16594 MeY 16.83 MeV 16.64 MeY 16,34 Mey 1607 Mey

1 4E'D-y 1 -fl-]l'[}?"I 1 ﬂDy

22.13 MaV 221 Mev 21.45 MeV

15?[}}‘

16.41 MeV

153[}3"I 15\9[)}" 'Il':EIDY

16.02 MeV 15,69 MeV  § 15.47 MeV

149 150 15 152 153 154 155 156
.64 MeV  B77.59 MeV 17.2 Mev 65.95 MeV 16.53 MeV  B16.42 MeV 16.16 MeV 16.28 MeV

145Tb vaTb 14?Tb 14ETb 149Tb lSDTb 'IS'ITb 152Tb 'ISBTb 154Tb 'IESTb 156Tb 15?Tb 158Tb 159Tb

227171 MeV  21.534 MeV 20.5 MeV T892 MeV 1689 MeV 1671 MeV 1628 MeV 1575 MeV  715.83 MeV 15.58 MeV 16.08 MeV 16.08 MeV 15.66 MaV 15.52 MeVv  § 74.97 MeV

144Gd 145Gd 14I5Gd 14?Gd 1-1-EGd 14'3Gd 'IS'IGd 'ISZGd 'IESGd 154Gd 1ESGd 15‘5Gd IS?Gd 1SEGd

20.%4 MeV Z0.84 MeV 2047 MeV T8.57 MeV 1833 MeV 15971 MeV 152 MeV 15.09 MeV 14.84 MeV 1574 MeV 15.33 MeV 1497 MeV T4.9 MeV 14.3 Mev

152 153 154 15
Eu Eu Eu "Eu
14.24 MeV 1486 MeaW 1459 Mel 14.59 MeY

1 SEEU 1 STEU

T4.49 MeV 8 13,78 MeV

131 EU

14.35 MeV

15E|Eu

T4.64 Me

143Eu 144-Eu 145Eu 'I4ErEu 14?Eu 'I-’IEEU HQEU

2048 MeV  Z0.45 MeV 1989 Mev 17.64 Mev 157 MeV 153 MeV 7504 MeV

Stable

'IS'ISm 'IE?_Sm 'ISESm 1548m 1ESSm 1EEISm

13.38 MeV 13.85 Mev 14.13 Mev 13.84 MeV 13.77 MeV  13.05 MeV

'I4ZSm 'IJIBSm 144$m HSSm 14'5Sm 14?Sm 14ESm 14‘98m

19.67 MaV 19.73 MaV 19.72 MeV 1728 Mev 1507 MeV 478 MeV 14.48 MeV 14.07 MeV

150G
m




A Surprise in the Data

The second dataset also re-
measured Er isotope chain

19%Er is defined through the
isomer and known excitation
energy

A discrepancy from literature
35 ~E1 50 keV was found for
"Er

Since “9Er defines the *Tm
proton separation energy, this
directly impacts the location
of the Tm drip line

u AMU

N-Deficient Er Isotope Masses Compared to AME (lit - TITAN)

=200 -

—400 -

—600 4

—G00 -

—1000 1

AME 2020 Error
Y 742 kev ¥ Known lsomer Mass Measurement
Isomer #® Ground State Determined From Isomer Energy

Ground State Mass

Bl B2 B3 B4 85 86 87 BR
Meutron Mumber (M)
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Proton Separation Energy (Er Mass Updated)

* An increase in the mass of “9mEr
implies an increase in the °°Tm Sp

* Leads to conclusion that **Tm (N=81)
is proton-bound

* Agrees qualitatively with drip-line
predictions

2000 =

1500 1

Separation Energy (keV)

=== Proton Drip-line
F Y Tm Using New Tm Mass Only
BTm Using New Tm and *?Er Mass i

éNew ?alue

:::>:

Ih prepfaratiori

500 1 :

g R R R W B S R N R R N g R R R R e o

Tm 1-Proton Separation Energy

S N O R
i i i
LRI e e L s Lot
vmradmnmrmmrm s hrm e menm e e mrm e m e m e m e e m s b s m e f rrmr m e e s s mmn v mace mnm e s mamm v e

..... .h- -.—.—,.-.-.-.—.I—---.*----.‘h-- -.—.;-.-.-.—.—;.—.—--.-p----.-i -
1

by B. Kootte!:

79 g0 g1 g2 83 84 g5 g6 g7
Neutron Number (M)
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Tm 1-Proton Separation Energy

=== Proton Drip-line
¥ P"Tm Using New Tm Mass Only
1500 1

Summary

Separation Energy (ke\)

130Tm Using New Tm and 19Er Mass

Yoo (U AUUUUNG RUUURN SUUUUUUUS UUUUUUNS RN SUUUUUINE UUUUINN M S

Y Y R SRS AU UUUUUURE SN NI SOV SUSUUUTS S U

L5800 bbb bbb

74 80 81 B2 E-IE B4 85
"150157Y¥b and *15"Tm masses measured with TITAN’s MR-TOF eutron Number (R

— Confirmed N=82 shell closure to Z=70
— Anchored masses connected via alpha decay
— Probed 1° excitation energy

“Mass-selective re-trapping on radioactive ISOL beams suppressed
contaminants by a factor of 103-104 ('5'Yb, 5°Yb, 5"Tm, 59T m, 14Tm)

“Re-measurements of Er isotope chain uncovered a deviation from the
literature that impacts the Tm drip-line

“Data now suggests that *°Tm is the last proton-bound isotope

87
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