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* Nuclear mass spectrometry

e Multi-reflection time-of-flight technique
* The SLOWRI-ZD MRTOF experiment

* Technological advances

* 2020 online commissioning
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Physics using mass spectrometry

TOF uopmoaq& i i:ﬁ‘;r:\wnmws . . .
T e Physics application sm/m
General physics & chemistry <107
Nuclear structure and Astrophysics | <10
- separation of isobars
Isomer studies and Astrophysics <107
- separation of isomers
Weak interaction studies <108
Metrology - fundamental constants | <10
CPT tests <1010
Measurement p;'?kw;::me Re:z;w
QED in highly-charged ions <101t
- separation of atomic states
Zeraggre; : i amplifier
Lowrois recent CPT tests on 102 level: S. Ulmer et al., Nature 524, 196 (2015)
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Physics using mass spectrometry

YOFuopdmoclo(& i '?m‘:v:\”nmws . . .
T e Physics application sm/m
General physics & chemistry <107
Nuclear structure and Astrophysics | <10
- separation of isobars
Isoma i <107
MRTOF at present
- omers
i <108
MRTOF future goal
Metrology - fundamental constants | <10
CPT tests <1010
Measurement p;'?kw;::me Re:::;w
QED in highly-charged ions <101t
- separation of atomic states
Zeraggre; ‘ i amplifier
Low-noise recent CPT tests on 10*? level: S. Ulmer et al., Nature 524, 196 (2015)
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Shell evolution studies

What can we learn from ground-state masses about
the nuclear shell evolution?

'4 \

Sp S, S2p Son
Two-nucleon separation energies

Odd-Even Staggering Son(Z,N) = E(Z,N —2) — E(Z,N)
Sn(Z,N)= E(Z,N — 1) — E(Z,N) S2,(Z,N) = E(Z,N) — E(Z — 2, N)

| }

Estimators for the pairing gaps Shell gaps, test of magicity
__1\WN
A3y = ¢ 21) (E(N — 1) = 2E(N)+ E(N + 1] 92p(Z, N) = Sop(Z, N) — S2(Z + 2, N)
02n(Z, N) = Sop(Z,N) — S2p(Z, N + 2)

N\ /

Input for theory to reveal possible nuclear valence orbit configurations, collectivity
and deformations. New extrapolations into the terra incognita
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Mass measurements of exotic nuclei
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Mass measurements of exotic nuclei

Astrophysical examples
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H. Schatz, Int J. Mass spectrom. 251, 293 (2006),
Int J. Mass spectrom. 349-350, 181 (2013)

Y(ZN+1) G(Z,N+1) N, M. R. Mumpower et al., Phys. Rev. C 92, 035807
x 373 ex ) (2015)
Y(Z,N) 2G(Z,N) (kT)¥

High precision and accuracy needed!
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Time-of-flight mass spectrometry

. (a) Linear TOF-MS (b) Reflector-TOF-MS
Mass resolving power: )
* linear TOF-MS: m/Am > 100 v
()  Multiple-Reflection (d) Multiple-Turn
* reflector-TOF-MS: m/Am > 5,000 TOF-MS (closed Path) TOF-MS (closed path)
* MRTOF-MS: m/Am > 100,000 . ! A
Am = 2At = FWHM of ion TOF distribution
(e) Multiple-Reflection () Multiple-Turn
TOF-MS (open Path) TOF-MS (open path)

Time-of-flight (TOF) chamber
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W.R. Plass et al., I/IMS 349-350, 134 (2013)
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The multi-reflection time-of-flight (MRTOF) technique
H.Wollnik and M. Przewloka, Int. J. Mass Spectrom. Ion Proc. 96, 267 (1990) Total time Of fl Ight
Mirror electrodes | | | Mirror electrodes predominantly determined
— 11 e 111 by the electrostatic term of
—

| ® | — - the system
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lon focusing

energy

* Axial potential shape allows to
modify the phase space of the
ions via the penetration depth
into the ion mirror

position of ion

* Narrow time-of-flight focus MRTOF mass spectrograph
achieved at the detector

- high resolution by long

A A

P. Schury et al., Nucl. Instr. Meth B 335, 39 (2014)
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MRTOF-MS Advantages

* Measurement duration is short: < 10-20ms per
cycle
- short lived isotopes accessible

» Several isotopes can be measured at the same
time
—> efficient use of expensive accelerator time

* High mass resolving power m/Am > 500,000
- nuclear isomer separation possible

I 7032 events 134me+
= 08} ;
g Ry
< \\s
o 06 o
©
(0]
N
g 0.4 f . .
2 Am = 268(11)keV
0.2 / %
: L
i " :
—40 ~20 0 20 40
Winter 2020 TOF — 20.72ms [ns]

ion count
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0c
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counts /3.2 ns

Mass resolving power: 710,000
FWHM = 6.2ns

ion species: YK
27000 sweeps

11700 ions

100keV isomer
example for A=80

100keV isomer
example for A=40

Early 2021

—15 —-10 -5 0 5 10 15 20
TOF - 8831199 [ns]

W4p n =224 laps
R ~120,000
150 m
100 -
50
Wipg* 2osBi+2 ®po”* AL
0-
~ < < 2 2 2
600 6600 66’00 “ 000 % ?oo Z 100

ToF - 11,151,928 ns
P. Schury et al., Phys. Rev. C 95, 011305(R) (2017)
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Current MRTOF facilities at RIBF

H A FENRY R 4% B : GARIS-II (by GARIS team)

Focal plane
oot Gas Inlet
o 1[m)

Beam dump (Ta) A
= N ves
pumping U\ Q2

Q1 D1 ;v'.:“porlﬂonm:u

Original full-scale
MRTOF primarily used
for SHE studies

First SHN recently measured!
P. Schury et al., Phys. Rev. C 104, L021304 (2021)

Half-scale MRTOF has been
useful in mass-spectroscopy-
assisted laser spectroscopy

N J/

Up-SSD

Gas cell

GARIS-IIl MRTOF
coming soon

" Full-scale MRTOF has been )

commissioned commensal
to in-beam gamma-ray

L spectroscopy ;
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The SLOWRI-ZD MRTOF experiment

Reference ions
* lons stopped in a cryogenic gas cell 1 MRTOF MS &=
* Extraction and transport to a trap

chamber with triple-trap system

* Preparation/cooling of ions in central A
flat ion trap triple
* lons are forwarded to MRTOF-MS and  jon trap 1 ,
injected o P | |
. After.multlple. reflectlons: —> ejection cryopgenic ’ 1 =
and time-of-flight detection gas cell ’  — o)
: . -
=uﬂ== E
N
- = Photos of RFC - i =
; I xtraction RF Q '
beam degrader
cryo cooler
Drawing: M. Wada
New gas cell design for perpendicular extraction O \
A. Takamine, S. limura, D. Hou

M. Rosenbusch et al., Nucl. Instr. Meth B 463, 184 (2020)
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The SLOWRI ZD MRTOF experiment

i alkali ion source : floated gate valve

linear PT |ii [i:
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)

pulsed mirror electrodes

(|| e — | E— FOOOOO0OOd

in-trap deflector (ITD) ITD (top view)

. s .
.........................................................................................................................................................................................................................................................

accumulation transport and

and cooling energy adaption

* Energy adaption available by
pulsed drift tube

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

e Beta-ToF detection available

Counts / 40ms

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

1Im

Incoming lons

Material coated emssssssssssfas
SSD surface

Impact plate

<

Stacked SSD —l:_ | Trajectory of
4E-E telescope N\ Secondary Electron

(b) T2 = 260(55) ms a/SF and B
decay signal rem——

i ToF
signal

\

T. Niwase et al., Nucl. Instrum. Meth. A 953, 163198 (2020).
P. Schury et al., Phys. Rev. C 104, L021304 (2021).
T. Niwase et al., Phys. Rev. C, under review (2021). (arxiv 2108.06245)

105

3500
Decay time [ms]
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counts

counts

Technological advances: CGITS

* Molecular contaminants from gas cell
ionized by high-energy beam

* In-trap ion separation essential to isolate
ions of interest

* Concentric-Geometry In-Trap Separation
(CGITS) was successfully employed

86Kyt 86Ge* 3 min measurement time
10 : w/0 in-trap separation
£ i '
g 1 ; | ‘ ,
) , i ‘ I
= : ‘ :
001 |
SOK - 86Get 1.5h measurement time
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86 (1 at
o | Ge
é 8()B + SﬁAsf <
7 r ]2C37C|2. H_I‘.’.C_”%JCIE
= 0.1
0.01
—-3000  —2000  —1000 0 1000 2000 3000

TOF — 16062800 [ns]

a) -
voltage, : 30 x tiap 150 x t,p =420 X ty,p
O hifsismniivmnsiniioinsaing _t|on ..........................................................
off Aé_‘// Ll-,__ﬂ._ﬂ_// | W— 1/
ion  waiting ., ceq pulses fon !
injection time oo end ejection
b) [ [ — il i I s Y | o
l_l " 1 direction
drift tube @—

-

potential

ion of interest: approximate
position when pulse appears

‘\
™ off state

axial position

used during commissioning 2020

First MRTOF in-trap cleaning with deflector:
Y. Toker et al., J. Instrum. 4, P09001 (2009).

Usage of mirror endcaps:
J. T. Johnson et al., Anal. Chem. 91, 8789 (2019).

Further application and development of deflector:
T. Dickel et al., Nucl. Instrum. Meth. 777, 172 (2015).
P. Fischer et al., Rev. Sci. Instrum. 89, 015114 (2018).
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Selective kick-out now possible

Selective protection of several
masses now possible

Proper design: Kick out of unwanted
ions with weak 30V pulse

@ wanted mass QO kicked out

O unwanted mass
HEENE NN

after a few laps -lllllll

|

llllll-%-llllll
[ LI ] OJ

O—PO'CS_,O*.»

1)
1
I
-l _O-'“—IIIIIII
I
1

after many laps EEEEEEEE
== L

——— |

Technological advances: In-trap deflector

First MRTOF in-trap cleaning with deflector:
Y. Toker et al., J. Instrum. 4, P09001 (2009).

Usage of mirror endcaps:
J. T. Johnson et al., Anal. Chem. 91, 8789 (2019).

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

TOF - 12622994 [ns]

Technological advances: Tuning method and high MRP

12625100 [ns]
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The multi-reflection time-of-flight (MRTOF) technique

H.Wollnik and M. Przewloka, Int. J. Mass Spectrom. Ion Proc. 96, 267 (1990) TOtaI time Of fl Ight

Mirror electrodes | | | Mirror electrodes predominantly determined

— 11 e 111 by the electrostatic term of
o —> — - — the system
I I lon
e ________________________________]
ion trap I I I I I I I I detector
device constant
E, = 3keV

potential

® > injection of ions t(q m) — (A" m \ electrostatic
? \/ g@ / contribution
axial position average
from ion
distribution
. multiple reflections of ions -+ to
2
non-static
axial position + tNS (q? m) fields
- precise time of flight measurement _
= to detector lon-trap
Z ~ } = tother(qv m) physics
o,
and ToF detect.

axial position detector
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The multi-reflection time-of-flight (MRTOF) technique

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

Mirror electrodes

Field-free region (e.g. drift tube)

Mirror electrodes

lons of well known mass and
exotic ions

- comparison of times-of-flight

I ® I_, e — for the same number of laps
I_I "7 lon .
ion trap I I I I I I I I detector . .
contribution
T Egn=3keV - _ m vt t \+ to
S IQ > Injection of ions —
5 on
2 Myref q \lrer/T to
axial position N
107+ sy's t(t - tl‘cf) Sys
om’Y® = 2mrcf 3—(5tz)'k
. . . 10° —20u bt
_ multiple reflections of ions - = =40u e
= g 100u o
= N 1074 —.—. 250y s
o %, E -
8_ %\ 104; /,//
. L. ,% _/'/ Y. |tO
axial position 10° ] : &
isobaric
- precise time of flight measurement 10"k reference st,=10ns
% to detector - t(40K+) =23ms
g 10° 107 10 10° 10'
m-m_ [u]

axial position

detector

relative precision below 107 achieved
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Technological advances: Wideband accuracy

«limura Shun is developing improved drift correction
algorithm to compensate for remaining drifts

MRTOF voltage fluctuations/drifts — reference ions / online ions
(solved) Correction fits RC filter stabilization

lon Mirror (exit)

Rl ions

t - 18,260,867 ns
8 8 8 o 8 8 8 8 8

l lon Mirror (Inject)
X

0 2 40 60 80 00 20 40
Number of sweeps (50 ms/sweep)

t(g,m) = A- f

T Ref lons N

| average
2nd lon Trap MRTOF Mass Spectrograph from ion
distribution
-+ to
Time-dependent ejection field N Non-static
of ion trap +(tns (g, m) ields

Radiofrequency trapping field
of ion trap

+ tother (Qa m)

Micro-ramping of MRTOF mirrors
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Technological advances: Time-dependent ejection

a) Acceleration non-static

_ section Detector f | d

-E ion (t=t,) ielas
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50 100 150 200 250

M. Rosenbusch et al., Int. J. Mass Spectrom. 456, 116346 (2020) Coieres Lig
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Technological advances: Time-dependent ejection

non-static

a) Acceleration H

section Detector fields
© ;
= ion (t=t,)
§ Mass spectrometer |D\/ m
2 tp=to H X @4/ — HB
s | | q

Xo X1 position Xo
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ion (t=t;)
--------------- Mass spectrometer ; \/ . b

el. potential
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Technological advances: RF shunting

. File View Setup Display Cursor Measure Acquire  Utility Window Help

silence

CH1~n 100V CH2 = 100V

FET switch to ground
disturbs resonance

switch

solution not so easy

ﬁaﬁmmmmammmwﬂﬁwao o

Blieslel

g

| (8] [zlEls =
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Technological advances: lon trap RF adaption

RF amplitude switch for GC/reference ions

. mn) = A-ﬁ

average
from ion

distribution
~+ to
reference
gas cell gas cell + tns(g,m)
ion-trap
20 ms 20 ms L3 tOther(q’ m) physics
5ms 5ms
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2020 online commissioning

. e @Gas cell with MRTOF MS to use BigRIPS beams
MRTOF experiment &

BRlKEN (2021) Installed behind Zero Degree spectrometer

— **L‘

Symbiotic operation with in-beam gamma runs

leroDegree Spectromef8R ;

In-beam gamma spectroscopy
(non-destructive measurement)
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2020 online commissioning

* Transport to the BigRIPS F11 position in October
2020

» Test of apparatus in online condition beginning
of November, identification of chemical
compounds obtained from the gas cell

* Taking part in different experiments of the

HiCARI group by receiving parasitic beam during
November and December 2020
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Counts /12.8 ns

2020 online commissioning

a) .

Challenges: e O 258 S
|
. . . ion w’alting *ulses " pulses ion t
 Molecular contamination in general imjction time "yian st
b')J:lDEID---- |Seessss
« Discharges in Gas Cell IR Sl

ion of interest: approximate

‘ \‘/onstate position when pulse appears d

axial position

potential

e Chemical reactions in the Gas Cell

(unstable efficiency)
* Quite strong pulses from CGITS cleaning

* Decision: we trust only isobars

Filter off 36 +
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,. l | ;
(| e |
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ZD MRTOF system: 2020 online commissioning

* Mass measurements in four 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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88,89As measured for the first time!

Mass reveals Nuclear structure Mass as a key input in Astrophysics

lS process

B Mass known

[ Half-life known
[[1 nothing known

Pb (82)-

Szn (MeV)
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S upernoyae I \

Cosmlc Rays I

Neutron Number N

* Uncertainty could be reduced
by more than a factor of ten
* S, curves are confirmed to be

Big Bang I 70E

smooth 60F
N 50
Masses of exotic nuclei with short live time L e _As, Brett et al., Eur. Phys.[I. A’
could be evaluated by MRTOF (¥As~66ms)  *°F__#= ] Wi i
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N
S. Brett et al., Eur. Phys. J. A (2012) 48: 184
slide by W. Xian
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