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The success and future perspectives for
high-precision atomic mass measurements using
MRTOF-MS at RIBF
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Little starter: a short overview of MRTOF setups at the RIBF facility
MRTOF-MS and the new setup at BigRIPSISLOWRI

Essential tools to save our bread

Timeline of the ZD MRTOF experiment

Great recent results!

How about future developments?
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Z-neutron shell gao A2n

Masses for nuclear structure and astrophysics

N — N-2

Nuclear structure S>,(N,Z)=m(N-=2,Z)—m(N,Z)+2m,
by finite difference formulae
AZn(N? Z) — Szn(z, N) — Szn(z, N —|— 2)
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Current MRTOF facilities at RIBF

HAFRB R Z I BEEE: GARIS-I (by GARIS team)

T | 533'":}'" W e GARIS-IIl MRTOF W
Beam dump (Ta) & xi < .
ot coming soon
T'T"L \ 3 D2 —_— 5
Prolectie o { O\ /63 Rl beam S
Ql Dy s Degracer
- R . : |
Original full-scale LINAC &7 !
MRTOF primarily used ,
for SHE studies <5 LeroDeg

* Full scale=1m
* Half-scale = 50cm

il & =

(

4 D
Half-scale MRTOF has been Full-scale MRTOF has been

: commissioned commensal
useful in mass-spectroscopy-

) to in-beam gamma-ray
assisted laser spectroscopy
L ) " spectroscopy y
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MRTOF-MS and the new setup at BigRIPS/SLOWRI

H.Wollnik and M. Przewloka, Int. J. Mass Spectrom. lon Proc. 96, 267 (1990)

Mirror electrodes Mirror electrodes Total time of ﬂight

I I I I Field-free region (e.g. drift tube) I I I I predominantly determined by
—

the electrostatic term of the

o —»r — device constant

> @ system
|
= 1] Ee - |
t(q m) — (A m \ electrostatic
_ - 3k y g / contribution
_g Ekin = 3keV o ) . average
) > injection of ions from ion
=4 distribution
axial position i} ket Set 13/11 énéﬁ\silsremelm time
g b 86Get
. d H § SBrt || 12037 +86ASJr 12035 1+
_ multiple reflections of ions 3 o1l et HiCPCy
. .
=) 0.01 L T
. —-3000 —2000 —1000 0 1000 2000 3000
i pOSitiOIl TOF — 16062800 [ns]
* Flight path of a few kilometers possible
= precise time of flight measurement * Short measurement time = 10-20 ms
= to detect o
5 SL N * Mass resolving power R_ > 100,000
(@)
= * Relative mass precision dm/m < 107

axial position detector * High accuracy (acceptable syst. effects)
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Mass accuracy study (isobaric referencing):
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Wideband mass accuracy?

® Yes, possible and formerly used with
dedicated t, calibration

® However: we must be aware,
MRTOF-MS is not fully electrostatic

device constant

electrostatic
contribution

t(g,m) = Aﬁ%

average

from ion
distribution
-1 to
-static
_I_ t m non-s
ion-trap
_l_ tother(q7 m) physics

and ToF detect.
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MRTOF-MS and the new setup at BigRIPS/SLOWRI

ZD MRTOF-MS
overview

o thermal ion source

ion < 1m o
trap ion mirrors
system L TV | [ :
Y _ﬂl%ausu,'—_#]\ " _drift tube " HSD
If I
accumulation steering " .
& cooling & transfer MRTOF-MS detector

exit aperture
and RFQ

_ high-precision
silicon differential mass measurements
/array - l;* pumping

Rl beam
from ZDS

ion guide
RFGC beam
B energy
cryo head degrader
ion stopping slowing down
& extraction reaction products

— plastic
scintillator

beam detection
and monitoring
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MRTOF-MS and the new setup at BigRIPS/SLOWRI

New He gas-filled ion catcher (or also “radiofrequency gas cell” RFGC)

sectional view

RI beam
from
BigRIPS

degrader

Beam-energy degrader is used to slow down
the beam

~SIREC

If energy matches the stopping power of the
gas, the ions will stop inside the volume

\ .'.x_
A\ \
N

\>o
.
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MRTOF MS and the new setup at BigRIPS/SLOWRI

-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

alkali ion source : floated gate valve

linear PT |{i isteering

i1 unit
flat ion trap | : |HJ B
i PDT =

linear PT
einzel lens

i ions from gas cell;

injection endcap mirror electrodes ejection endcap

B-TOF
o oo detector

" EJE [>
-

o (I | {

IMD (top view)

[ -

ZACA VAR - :ﬁ:J:‘
- s —

li InNjM8

I:II:II:I?:FI:[P_‘ T D =1

in-MRTOF deflector (IMD)

EjM8

pulsed mirror electrodes

accumulation
and cooling

transport and
energy adaption

* Energy adaption available by
pulsed drift tube

* In-trap ion separation available
(two methods tested)

* Beta-TOF detection available

M. Rosenbusch et al., Nucl. Instr. Meth. A 1047, 167824 (2023)

MRTOF-MS: in-trap ion separation, mass analysis

-« im o
Esse ntla | tools
Wire grid
Material coated mssssssssashass
SSD surface
Impact plate prray

Stacked SSD
AE- 4E telescope " L-

Ceramic substrate/" |a/SF and B

] Secondary

N\ electrons

decay signal
B-TOF ‘ TOF
signal
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Essential tools: In-MRTOF deflector

SRyt 86Se™ 3min measurement time |
. . . w/o in-trap separation
* Selective kick-out possible =8 :
* Selective protection of several masses now I ‘ ‘
pOSSibIe 86Kr+ |86get 1.5h Imeasuremént time
1L w/ in-trap separation
@l = 80Get
. () 3 3 =1 B 86
* Proper design: Kick out of unwanted ions with . Br | ngugyr, 2 HECCRE
ol g !
weak (20 V) pulse
0.01 —1 U
. wanted mass O kicked out —3000 —2000 —1000 0 1000 2000 3000
O unwanted mass TOF — 16062800 [ns]

EEEEEEE. afterafewlags -lllllll
OO @O o ®”

I = r First MRTOF in-trap cleaning with deflector:
EEEE NN IEEEEEEEN

Y. Toker et al., J. Instrum. 4, P09001 (2009).

EEEEE NN after a few laps EEEEEEER
o OF, ormem O

I
1.2
I
IIIIIII-
I
1

Development of deflectors:
T. Dickel et al., Nucl. Instrum. Meth. 777, 172 (2015).
P. Fischer et al., Rev. Sci. Instrum. 89, 015114 (2018).

Usage of mirror endcaps:

EEEEE N after many laps EEEEEEER
EEEEEE—— 1T 1 J. T. Johnson et al., Anal. Chem. 91, 8789 (2019).

a——mm T
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Selecting various isobar groups at the same time @ @ @ wanted ions O kicked out
@ unwanted ions
Selecting the moments and number of pulses I“"“- aer 20 s — -“““1
@-» Ongdon. adn " o4
. . . . 1 .-’ N I
Calculating crossing time for all selected isotopes R — T ———
Illllll- after 50 laps EEEEEEER
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EEEENEEEN IEEEEEEER
G " lse-trai Illllll- after 200 laps EEEEEEER
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gp q N 1 «® % -:- l'
| |
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Essential tools: In-MRTOF deflector

23 hRAF11_MRTOR230627\HVscan\HVscan_DTH_00(4) y=0 E’E‘@
2 =] -
- e Easy-to-go degrader scanning
Jr - - .
o | * Focusing on several isotopes simultaneously
-
é%it?n?e %04;20242341:4 Eai ME:::?T[H'Um'Ug? reee) L BaCkg rOU nd'free measurement

Range 1D-Optimizer: Isotopes stopped in gascell
124 Xe (345 MeV/u) + Be (3 mm); Settings on 1% Sn; Config: D=, D**___DD,*,.0Dproe S P Pt b ah
dp/p=3.36%, Wedge(s): Al (2 mm), Al (1 mm), Al (0.43 mm), Bp (Tm): 54335, 5.0342, 49850, 4.9850 rafﬂe tps
Yieldmax = 1.13e-01 pps @ 1.11 mm

1e+2 - | ! 10.00-
,_/"‘\_ In
Ag
1e+1 /' -I w_
.": l
'J'
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116 1.2 1.1 Thickness [mm]

0.88 092 096 1 104 108 112
Thickness of FlatDeg [mm)]
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Essential tools: a/B - TOF detector
ToF-decay correlated mass spectroscopy

coincidence time

A re— 16 =

T - T T (o) T “E 81Ga2+ TOF spectrum 4 81Ga Decay time distribution
a - ni2E
. . c F Tew=1.22s

. . . M0 -
ToF signal - — t 5 E ZD MRTOF-MS . ® Tieoe=1.44(31) s
. . *g = Eeff, calc = 33 % §2
L] - 6 -
3 JF Eeffexp = 28(7) % O
- 2 E_
a signal » t oE . | Sermlim . . :
13249.42  13249.44 13249.46 13249.48 132495 1324952 13249.54 10!
Time-of-flight [ps] -
Alpha ToF =
rom MRTOF
B-TOF
incoming lons
from MRTOF Material coated emssssssssssfpens —
LA L L L LR L SSD Surface
Wire grid / Impact plate ™\

Stacked SSD i

, Trajectory of
] Trajectory of AE-E telescope “~ N
I N / N\ Secondary Electron 5——00 X p2 N\ Secondary Electron
mpac ate a /SF um L
Material coated Signal a/SFand 8

SSD (5-3590)

I— decay signal re—
l ToF J ToF
signal

signal

Coated material : Au +MgO (or Al;03) Correlation with TOF and B-signal _
100A + 100A (The B-signal is the one passing through the double layered Si.)

T. Niwase et al., Prog. Theo. Exp. Phys. 2023(3), 031H01 (2023), T. Niwase et al., Phys. Rev. C 104, 044617 (2021), T. Niwase et al., Nucl. Instrum. Meth. A 953, 163198 (2020)
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Timeline of the ZD MRTOF experiment

MRTOF-MS setup

|@ H A
RI—beam del | |very line—

Basic assembly from 2018

Starting offline GC development in 2019

GC coupled to MRTOF-MS spring/summer 2020

Transport to ZD spectrometer fall 2020

First commissioning with in-beam gamma in winter 2020

First dedicated run on Ni isotopes winter 2021 / spring 2022
Accelerator broken from winter 2022

Development of subsequent spectroscopy during 2023
Combined in-beam gamma, MRTOF-MS, and decay spec. 2024

_____T ]

ZeroDegree Spectromszter-=-

j|==m
= i

In-beam gamma spectrosccﬁg%

7 e = S
- =
s e
%

(non-destructive measurement)
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Timeline of the ZD MRTOF experiment .

~ 70 mass measurements in different regions of the nuclide chart
Three nuclear masses measured for the first time

Eleven nuclear masses improved in precision

Total system efficiency measured (0.3% - 1.5%)
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e N NN L e ele] ] B
.| [ ] CiE=
nN. 5 (W BSLIOR o Well known mass (AME2016)
Cann REEHENCOOC, )
W M L[ [ [ [ @ » © Measured recently (2016-2020)
RN ME 00 SO 55
(et [T [ i =S/l - © Improved precision (11)
IBRaCR First mass determination (3
1Irst mass determination
T O _
IMPOOOO00 N=34 shell gap
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Timeline of the ZD MRTOF experiment

W. Xian, S. Chen et al., Phys. Rev. C 109, 035804 (2024)
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=
©

counts / 2.5 ns
S
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. o, Se 89 ¢ R, ~ 670 000
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] 38
35 isotopes! 37 15
1.50 &
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M. Rosenbusch et al., Nucl. Instr. Meth. A 1047, 167824 (2023)

alkali ion source

linear PT
flat ion trap- I
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ions from gas cell

floated gate valve

steering
unit I
:J; } finM1 ... ... InjM8
PDT I i-
{1 |7 e —

injection endcap

/

in-MRTOF deflector (IMD)

pulsed mirror electrodes

mirror electrodes

%:ID L e | e oooomooes detector

I

ejection endcap

EM8 .. .. EM1]

L E]DEIEIDEIEIJ

IMD (top view)

= =

accumulation
and cooling

transport and
energy adaption

MRTOF-MS: in-trap ion separation, mass analysis

Im

D.S. Hou, A. Takamine et al., Phys. Rev. C 108, 054312 (2023)

a) A=111

Counts /3.6 ns

18.2465 18.2475 18.248 18.2485 18249

J[DA=112 e
E -

18.247
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18331
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[oA=113 TR
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S
T
z
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184115 18.412 18.4135

Time of Flight [ms]

18.4105 18.411 18.4125

14 isotopes!
New: 2Mo

S. limura, M. Rosenbusch et al., PRL 130, 012501 (2023)

w

N = 34 isotones

N}
1 ] 1
T T T

MRTOF data
1 1 O literature values

T Q mlit.(N - 2) - 2mexp. (N) - mlit.(N . 2)
:: O mlit.(N - 2) - 2mexp. (N) + mexp. (N ‘I’ 2)

Two neutron shell gap [MeV]
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Proton number

19 isotopes!
New: N=34
shell gap
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Timeline of the ZD MRTOF experiment

W. Xian, S. Chen et al., Phys. Rev. C 109, 035804 (2024)
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M. Rosenbusch et al., Nucl. Instr. Meth. A 1047, 167824 (2023)

alkali ion source floated gate valve injection endcap mirror electrodes ejection endcap

ions from gas cell

linear PT steering \
unit I OO ARArA =) s ooooeoois detector
flat ion trap d ana @1 . .. InjM8 i — EjM8 .. .. EjM1 [>
A v PDT I L — =
Lo 77|77 |77 |7 i — [ g/
linear PT in-MRTOF deflector (IMD) IMD (top view)
pulsed mirror electrodes

= =

accumulation
and cooling

transport and
energy adaption

MRTOF-MS: in-trap ion separation, mass analysis

Im

D.S. Hou, A. Takamine et al., Phys. Rev. C 108, 054312 (2023)
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Timeline of the ZD MRTOF experiment

1,581
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Mass measurements of 7>7°Ni,

and beta-TOF POP measurements
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7475Nj also recently published by JYFLTRAP: S. Giraud et al., Phys. Lett. B 833, 137309 (2022)
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Timeline of the ZD MRTOF experiment

2023-2024
Development of a vacuum beam line
for subsequent decyspectroscopy

e}]tron detectors
,/f In case of n- rlch

|

||| & .’

pllged
g

#“

it Beta cou%

TOF and beta-TOF signal added to same DAQ (CAEN waveform recorders)
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Timeline of the ZD MRTOF experiment
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Great recent results! And it works!
P | , = o - Three symbiotic experiments with same beam
LS _ @ P q \, \ - 2024 total: three combined runs, and one
Rl-beam delivery |line

dedicated beam time for masses

121,760/ 1.5 ps : - s 118

07 ’0
A f 1 5"124 ,
e e e -

ter--
1
MRTOF-MS
O
e e

In-beam gamma dete i
(secondary reaction target) 1IX g o o ——

| ; -
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Great recent results!

Little disclaimer:

Our pins mean: “Candidates”! They
don’t necessarily tell that it is already a
proper (publishable) measurement. ;-)
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Overview:
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around 1°°Sn
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Great recent results!
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Relative precision dm/m

Published data from RIBF
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How about future developments?

We need to increase the efficiency
and quality of beta-TOF detection

B-TOF From MRTOF
Incoming lons |
Material coated wemsssssssssshans
SSD surface
Impact plate \ i
N

Stacked SSD i
AE-E telescope "~

] Trajectory of Beta electron/positron

M\ Secondary Electron VN
500um X 2 . o+
SF and
Gocay signal| . )— lon
l ToF L
signal
Correlation with TOF and B-signal ‘
(The B-signal is the one passing through the double layered Si.) Secondary electron

Finding ways for more fruitful decay spectroscopy
tagged on masses
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?
How about future developments: Making the electrostatic system more electrostatic

40 ms period, 50% duty cycle, 1IMQ/2.5uF

Micro-ramping at the MRTOF mirrors
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8
°
> -0.03
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How about future developments?

Building new MRTOF
spectrometers!
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How about future developments?

Outreach: Mass spectrometry in space with NASA

William B Brinckerhoff
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a-proteins
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.....

Search for signs of former life:

* Certain molecules can only be
formed by living beings

* |dentification by mass
spectrometers

* MRTOF-MS technology is robust
and able to survive in space
environments

Drives ;k
Fluidic Sample 7 " “. Europa
Processing Unit e & aplhary . Lander
(SPU) ectrophoresis (Concept)
Module

Chromatograph

§

Ready soon!
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Summary

The ZD MRTOF-MS became one of the most successful projects for mass
measurements of the recent years!
—> 68 isotopes published!

Background problems in case of low production rates are tackled by efficient use
of an IMD system, and beta-correlated mass spectroscopy

From test setup to ready-to-use device in about four years of time line

Development of combined runs with in-beam gamma campaigns
—» powerful proposals

Development of through-beam experiments for simultaneous decay
spectroscopy
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2020 first ZD MRTOF commissioning
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The SHE Mass facility and status of 2°728Db mass measurements

Actinide and SHE mass
measurement overview

* Production of transuranium
: : : N=152
isotopes is a major challenge

* Available data is still very scarce -4
"v.-: ..: :
* Only a few projects presently 1 - : SLI(IE¥RI\ARTS)OI:222021)
o o Es @
join the efforts of HPMS cr KISS- MRTéF (2(}23)
% ® RIKEN-MRTOF
Pu 000 o ® SHIPTRAP
p %4444 ® TRIGATRAP
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The SHE Mass facility and status of 2728Db mass measurements

SHE-Mass facility

overview

* System efficiency ~5%
* 25%~30% stopping+extraction
* ~20% transport

* MRTOF ~300k MRP in the first measurement
* Recently increased to 750k MRP
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The SHE Mass facility and status of 2728Db mass measurements

258
. Schury et al,PRC104, L021304 (2021) 257Db Db
TSEBTIOn. o e . 28 singles 22 singles 2C1o"Hg*
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The KISS facility and the discovery of a new uranium isotope

Schematic view of KISS-MRTOF .
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The KISS facility and the discovery of a new uranium isotope

Totally 19 nuclides were measured TOF spectrum of A = 241 species
235-242| ) 235-237Pg 239-242P|) 239-242 16F —
. | P - a) Resonant for U n = 1001
95 (Am)- 1)L o arger OV
- I e W e W ] - ISsOotope
1 : 8F
g 94 (Pu) L4\ .. = New Isotope *#'U ! - 201py2+ 241Np2+ since 40
£ 93 (Np) - e e e | af years!
c - iy | 0w E _
© 92(U) o e e ﬁ L .i. o | ; 0 11 S | v o SRR | oo 0 10 S 1
g 91 (Pa) oee = "'--_? | 1 Projectile nuciide 22U ||~ 19540.30 19540.40 19540.50 19540.60 19540.7/
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E ' 3, | _ e B n =600
90 (Th) 4 i 7 | @ This work 320 4Np2+ (b) Resonant for 2:Np
124 146 148 150 152 154 156 " 15[
Neutron number 10 -
* Beam: 23U 10.75 MeV/nucleon ~30pnA 5F
* Target : %8Pt target (enriched to 91.63% ) o M T4 " B R O
1171595  11716.00  11716.05 11716.10
T. Niwase et al., Phys. Rev. Lett. 130, 132502 (2023). _ T'm?'_Of'ﬂ'ght [“S]_
Editors suggestion! Clearly identified as new isotope #*'U
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High-precision mass measurements of n-rich Ga-Br isotopes
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High-precision mass measurements of n-rich Mo isotopes

Parasitic experiment of HICARI (in-beam gamma) Campaign: W. Korten
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D. Hou et al., now accepted by PRC!!! moderate efficiency: 0.5%
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High-precision mass measurements of n-rich Mo isotopes

LI
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Neutron Number Co-work with University of Tokyo and IMP:

* BML mass model using machine learning

Learning how to extrapolate...  New data included into BML code in this study
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