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we plan to measure all available 
nuclides at RIBF,

using multiple MRTOF mass 
spectrographs 



Masses to be measured

Mass Known(δm/m<10-6): 2300
Experimentally Synthesized：≈3300

Synthesized but Mass unknown：≈1000

note: many known masses 
were measured indirectly
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Mass Measurements of Short-lived Nuclei
Q-value (decay or 

reaction)

In-flight spectrometer

Storage Ring
Penning Trap

MRTOF (multi-reflection TOF)

Ultra Fast
Low Precision

Fast
Low Precision

Isochronous

Electron Cooling

Very Slow
High Precision

Slow
Ultra precision

Fast
High Precision

New method

Universal
Ambiguity from levels

TOFI, SPEG ..

GSI ESR
IMP CSRe

RIKEN RI-Ring
ISOLDE, JYFL...

RIKEN, Giessen, ISOLDE ..

indirect direct
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MRTOF Mass Spectrograph
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Open entrance to inject

Close entrance before 
coming back

go back and forth for 
≈200 times

Open exit at pre-
defined timing

Detect ions’ ToF

Ion Trap Ion Mirror
TOF 

detector

 (Multi Reflection Time of Flight…)

Ion Mirror

k=k+α

k=k-α

A=205@223laps
A=204@223laps

205Fr+204Fr+
205Rn+

204Rn+

205At+

garbages @ different laps

garbage ions can be discriminated 
by different number of laps

mx = ( ToFx

ToFr )
2

mr
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n = 145 laps
ToF(250Md2+) = 5 652 584.8(2.1) ns

ToF − 5 652 584.8 (ns)

250Md++ measurement  
≈ 1 event /1000 s

Mass determined with δm/m = 6x10-7

P. Schury et al, PRC 95(2017)011305(R)

≈0.3 ppm precision
A=204

A=205

A=204

A=205

27 μs

27 μs

Y. Ito et al, PRL 120 (2018)0102501

Typical Mass Measurement Results
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225 laps
65Cu

65Zn

65Ga ( 6.8 kCnts )

65Ge
64ZnH

TOF = 6319028.062(77) ns

R = 1.000038095(38)

R = 1.00007063(20)
R = 1.00008911(21)

R = 1.00001123(12)

FWHM = 24.9(1) ns

65Cu(stable)

65Ga(RI)

S. Kimura et al, IJMS 430, 134-142 (2018)

δm/m = 3.5x10-8



Half Life [s]

1 ppm

0.1 ppm

0.01 ppm

10 ppm
In-flight

Penning Traps

Isochronous storage ring

[a] Y. Bai et al., AIP Conf. Proc. 455 (1998)90.
[b] F. Sarazin et al., Phys. Rev. Lett. 84 (2000)5062.
[c] R. Knöbel et al., EP. J.A. 52 (2016)138, Chen et al, NPA882(2012)71
[d] Yu.A. Litvinov et al., Nucl. Phys. A756(2005)3.
[e] http://research.jyu.fi/igisol/JYFLTRAP_masses/
[f] https://isoltrap.web.cern.ch/isoltrap/database/isodb.asp
[g] H.S. Xu et al IJMS349(2013)162 and others

MRTOF ISOLDE

65Ga:   δm/m=3.5x10-8

still agree with Penning trap

219Ra
220Ra

219Ra (T1/2=10ms)
 δm/m=3x10-7

MRTOF plays a role in Mass Measurements

Kimura et al.,IJMS 430 (2018) 134

Y. Ito et al.,to be submitted

Cooled ions in storage ring

MRTOF RIKEN-KEK

http://research.jyu.fi/igisol/JYFLTRAP_masses/
https://isoltrap.web.cern.ch/isoltrap/database/isodb.asp


BigRIPS
200 MeV/u

150 cm   He 200 mbar

30 cm   He 100 mbar

30 cm   He 1 mbar

GARIS
5 MeV/u

KISS
30 keV Pin Hole

Ion Traps

MRTOF

SAMURAI
Zero-Degree Mass Ring

SHARAQ

SCRIT(Universal SLOW RI-beam facility)

New Facility

Existing Facility

RIBF Accelerator BuildingRIBF Accelerator Building

RIBF Experiment BuildingRIBF Experiment Building

fRCfRC
（（Fixed frequency ring cyclotronFixed frequency ring cyclotron））

SRCSRC
（（Superconducting ring cyclotronSuperconducting ring cyclotron））

IRCIRC
（（Intermediate ring cyclotronIntermediate ring cyclotron））

BigRIPSBigRIPS
(Projectile Fragment Separator)(Projectile Fragment Separator)

SLOWRI

RIPS

prototype SLOWRI

GARIS

KISS BigRIPS 
+SLOWRI

Parallel Measurements @ 3 facilities of RIKEN RIBF

1. Thermalize in He gas
2. Extraction by RF-carpet
3. Trap in Ion-Traps
4. Mass measurements with 

MRTOF

@345, 400 MeV/u
238U 50 pnA (3x1011 pps)

48Ca  500 pnA (3x1012 pps)
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SLOWRI

5 MRTOF @ BigRIPS of RIBF

OEDO
RF Carpet Gas Cell
（既存設備） MRTOF-MS

Bunching Trap

PALIS-MTOF

SLOWRI-MTOF

Utilize garbage 
ions at slits

Cocktail beam of 
BigRIPS

WNSC-HPSP

With pure RI, T1/2, Mass, 
Pn

KISS2-MTOF

Multi-nucleon transfer products 
with 

10 MeV/u RI-beam

RI beam

ZeroDegree-MTOF

@ Beam dump, 2nd 
3rd reaction 

products, with free

ZeroDegree



I.C.

TKE
BRIKEN

1m shift

Gas Cell 
(3rd prototype 

SLOWRI)

mini-MTOF

TRAP MTOF

retractable  
on rails

(degrader)

ZD-MRTOF @ F11 as 3rd Prototype SLOWRI

F11
I.C.

TKE Gas Cell

Trap

He: 0.2 atm 50 cm (1.8 mg/cm2)
⊿E(100Mo) ≈ 0.7 MeV/uStopping:

Limited stopping @ Prototype
(cf: 3.7 MeV/u @ 1.5m cell)

Non dispersive -  no Wedge degrader



200 mmφ
nozzle  0.7mmΦHe 100Torr x 2m

～2MeV/u
(0~10MeV/u)

+
+

+
+

-
-

-
-

Edc
Eeff

~RF gradient Field:
            Barrier

€ 

E eff in gas
max =

mµ 2Vrf
2

er0
3

€ 

2r0 ≈ electrode distance

€ 

F = − e2

4m
1

(Ω2 +1/ τ v
2 )
∇E rf

2 (r)

€ 

(E(r,t) = E rf (r)cos(Ωt),  τ v : relax time)

M.Wada et al, NIM B204 (2003) 570.

0.7φ nozzle

0.28mm Interval
co-centric ring 

electrodes

Ion Barrier at Cathode by RF carpet

SLOWRI	prototype	ver	1 @RIPS * Be-11,7 laser microwave spectroscopy

* Li-8 MRTOF exp

A.Takamine et al, PRL112(2014)162502.
K.Okada et al, PRL101(2008)212502.

Y.Ito et al, PRC88(2013)011306(R).



Cryogenic gas cell

RF-Carpet(100φ)

Recoi
l Ions

(Central part)

DC cylinder RF Six-pole beam guide

Linear RFQ ion trap

Flat RFQ ion trap

α-β Detector (retractable)

Window(0.5μm)

Exit hole（φ0.32mm)

CoCentric Electrodes 
（pitch:0.16mm)

1st Ion Trap Setup

Bunched Ion Beam

Md, Es…

SLOWRI	prototype	ver	2

300 m
m gas c

ell

@GARIS-II MRTOF Mass Measurements for many short-lived nuclides



@BigRIPS	F11

“Gutter	structure”	
“雨樋構造”

RI	beam	
from	

BigRIPS

RF+AF

RF+DC DCDC

beam	from	BigRIPS

sectional view

degrader RFGC
500mm (to be ext. 1500

mm)
250mm

Two	stage	RFcarpet:	“Gutter	Structure”

scalable RFC  
accept 10^7 cps beam 
no charge up

SLOWRI	prototype	ver	3



@F11  Symbiotic Experiment will be run

* Interaction σ exp. 
* In-beam γ exp.

e.g.

after their measurements,
all garbage goes to F11

mass measurement can use them 
without extra charge

Case study:
In-beam exp for 79Ni region
80 pnA U beam
A week of run
1% our total efficiency 

What is expected?



usual Zero degree + SLOWRI (uniform degrader + gas cell He 150 Torr x 500 mm)

A.Standard ZeroDegree Optics (Achromatic focus @F11)

Large ⊿E

small fraction (0.7MeV/u) stop in cell

83Ge, 82Ge, 80Zn, 81Zn, 79Cu, 80Cu, 78Ni, 79Ni
5 cpd700 cph 180 cpd100 cpsstop in cell:

MRTOF: 30 cps 200 cph 50 cpd 0.1 cpd

Very low efficiency, but multiple species at once

0.76% for 79Cu



Monochromatic wedge@F10 + SLOWRI (uniform degrader + gas cell He 150 Torr x 500 mm)B. Energy bunching in ZeroDegree Optics

80Zn,  81Ga,  79Cu,  82Ge
3500 cphstop in cell:

MRTOF: 1000 cph

5x improved efficiency, but few species at once

3.4% for 79Cu

smaller ⊿E

small fraction (0.7MeV/u) stop in cell
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78Ni (193)

78Cu (193)

84Ge (186)

Expected TOF Spectrum (simulation)
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TOF A=79

79Zn (192) 79Cu (192)

79Ni (192)
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210

310

410

TOF A=80

84Ga (186)

80Zn (191)

80Cu (191)

80Ni (191)80Ga (191)

≈25 keV 
precision

TOF - 4186.72 us TOF - 4186.72 us

By changing the degrader angle in a few different 
settings, various nuclides can be measured

(Lap#)



A.Standard ZeroDegree Optics

B. Energy bunching in ZeroDegree Optics

C. Dispersive focus at F11 in ZeroDegree Optics

Cf. P. Doornenbal

Fukuda, Takeda  under calculation

Very low efficiency, but multiple spices at once

5x improved efficiency, but few spices at once

Higher efficiency would be expected N=126? 

Test of Energy bunching and dispersive focusing will be carried out in 
fall 2019, by a BigRIPS Machine Study



Parasitic Permission to use garbage at F11

Symbiotic Permission to use garbage at F11
Share the Data

Collaboration

Mention in Proposal

Co-authoring Proposal

Different degree of cooperation

Human resource contributions in any cases

Possible Collaboration

Rough Schedule:

Summer 2019: Assembly of ZD-MRTOF 
Fall 2019: Off-line commissioning 
Winter 2019-Spring 2020: On-line commissioning with parasitic beam





Ion Mirror (Inject)

Ion Mirror (exit)

α-TOF 
Detector

RI ions

Ref Ions

5.5 MeV

5.8 MeV

FW
H
M
= 
16

0 
ke

V

G.S.

Isomer.

⊿TOF=30ns 
FWHM=25ns

T1/2=1s

T1/2= 100 ms

T1/2=1s

T1/2= 100 ms

[ns] [ns]

[ns] [ns]

[m
s]

[k
eV

]

[k
eV

]
Energy GateDecay Gate

Combination of Decay and Mass

A. Confirm rare TOF events by α-Energy 
& Decay time

B. Isomer - Ground state identification  
by α-Energy & Decay time

βTOF detector is 
under development



Trap A

 Trap B

MRToF

20 ms

Flat Trap

RI Accumulation

Ref. Accumulation Ref. Accumulation

RI Ref

Cooling Cooling

2~8 ms 2~8 ms

a b c d

a

b

c

d

Trap A Trap BFlat Trap

Concomitant Referencing Method

RI ion

Reference ion

Trap A

Trap B

Fl
a

t 
T

ra
p

RI and Ref ions sequentially in each cycle 
Independent Ion Traps to preserve 100% duty

Patent Pending 2016-037629 (2016年2月29日）
concomitant reference method

to Preserve Accuracy and 
Precision in long measurement

High Precision, Accuracy
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Drift Compensation by concomitant method

MEame(124Sn) = -88234.2(1.0) keV
MEexp(124Sn) = -87843(926) keV

MEexp’(124Sn) = -87226(28) keV

Δm(124Sn) = +391(926) keV 
Δm(124Sn) = +8(28) keV
δm/m = 2.4 x 10-7 

Rm = 144,000, N(124Sn+) = 244


