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Narrowband pulsed lasers (∆ν ~ 20 MHz)  

High isotope/isomer selectivity 
Broadband Pulsed lasers (∆ν ~ 5 GHz) 

High element selectivity 
     i.e. Simple chemical sample preparation 

Courtesy of K. Wedt (Uni. Mainz) 

High Resolution - Resonance 
Ionization Spectroscopy (HR - RIS) 
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Principle of Injection Locked Ti:Sa Laser 

Master Laser 
･CW laser 
･Narrow band 
･Low power frequency (Hz)

+ 
Slave Laser 
･Pulsed laser 
･Broad band 
･High power frequency (Hz)

Seeded Laser 
･Pulsed laser 
･Narrowband 
･High power frequency (Hz)

External Cavity 
Diode Laser as 
“master” laser 

Output 

HR + Piezo actuator  

Output 
coupler 

Pump laser Ti:Sa crystal 

Seeding 

Ring cavity for “slave” Ti:Sapphire laser 

・Band width: ~20 MHz (Narrow-band) 
・Output power: ~2 W @ rep. rate of up to 10 kHz 
・Frequency doubling & tripling available 

T. Kessler, H. Tomita et al., Laser Phys. 18, 842, (2008). 5 



Development History of  
Injection Locked Ti:Sapphire Laser 

Demonstration of two photon RIS (28-30Si) 
[K. Wendt et al., PRA, 2013] 

Application to HR-RIS of radioactive 
isotopes (Ac, Th) 

[V. Sonnenschein, Ph.D thesis, 2015] 
[C. Granados, talk on Monday] 

First demonstration of HR-RIS (27Al)  [T. Kessler, H. Tomita et al., Laser Phys. 2008 ] 
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HR-RIS (93Nb, 46-50Ti) 
[H. Tomita et al., EPJ Web of Conf. 2016, T. Takamatsu, JPS Conf. Proc. 2015] 

HT and Iguchi group Prof. Klaus Wendt and his group Prof. Iain Moore and his group 

Demonstration of intra-cavity SHG 
[T. Takahashi et al., Hyperfine Interact. 2013] 

New design for on-line application 
[M. Reponen et al., RIKEN Prog. Rep. 2015] Frequency comb based HR-RIS 

[HT, talk on Tuesdat] Applications at on-line facilities 
 (PALIS, CRIS, LISOL...) 

(RIKEN) 

Tc, Ho Spectroscopy 
[R. Heinke, talk on Monday] 
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Experimental setup of  
injection locked Ti:Sapphire laser 

ECDL & FPI 
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Specifications 

FSR=1.0 GHz 

Band width of ～20 MHz Laser source for isotope/isomer-
selective resonant excitation/ionization 
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λ = 919 nm

 Seeded Ti:Sa laser

Output ～ 2.0 W Spectrum of injection seeded Ti:Sa laser  
measured by Fabry-Perot Interferometer 
(FSR = 1 GHz) 
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Q-MS 

Deflector 

Interaction 
region 

Graphite Oven 

27Al+ 

27Al atom 

UV laser 
(308 nm, 1st step resonance) 

Blue laser 
(308 nm, 2nd step  
non resonance) 

Channeltron 

Experimental setup for HR-RIS on stable 27Al 
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[1] T. Kessler, H. Tomita et al. Laser Physics, 18, p.842–849 (2008). 
27Al (I=5/2) 

First demonstration of HR-RIS  
on stable 27Al in 2007 

Collaboration with 
Uni. Mainz & JYFL 
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[1] K. Wendt et al., Phys. Rev. A 88, 052510, (2013). 
[2] H. Tomita et al., EPJ Web of Conf. 106, 05002, (2016). 
[3] T. Takamatsu et al., JPS Conf. Proc. 6, 030142, (2015). 
[4] R. Ferrer et al., to be published. 
[5] R. Heinke et al, to be submitted. 
[6] T. Kron et al., to be submitted. 
[7] V. Sonnenschein, Ph.D thesis, (2015). 
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Auto-tuning Operation of Grating Ti:Sa Laser 
(fundamental & intracavity-SHG) 

SHG : Second Harmonic Generation 

CM : Curved Mirror 
OC : Output Coupler 
HR : High Reflector 
DM : Dichroic Mirror 

Toward HR-RIS, highly efficient ionization scheme should be developed. 

Collaboration with  
K. Wendt (Uni. Mainz) 
and T. Sakamoto 
(Kogakuin Univ.) 

For better usability: 
- Wavelength meter readout was used for 

feedback control of the wavelength. 
    (Computer contralled operation) 

For scanning in blue region: 
- Intracavity-SHG option was installed.  

(Phase matching requires constant 
tracking of the vertical BBO angle.) 
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Grating Ti:Sa Laser with intracavity-SHG option 

14 

V. Degner, Master thesis, Uni. Mainz & Nagoya Univ. (2016) 
D. Matsui, Master thesis, Nagoya Univ. (2016) 



Grating Ti:Sa Laser with intracavity-SHG option 
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X10 

λ-Scan 

Scanning range of the grating Ti:Sa laser 

Computer controlled feedback system provide scaning range 
in 710 ~ 940 nm (fundamental) and 360 ~ 420 nm (SHG). 

Auto-tuning of wavelength 
can be done within a few min.  

OC: > 99.9%(710~850 nm) 
       < 3%(350~400 nm)  
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Beam pointing stability 

Lens 

Chamber 

MCP 

Grating Ti:Sa Laser 

Screen 

Ionization 
Region 

58cm 

58cm 

Lens 

Camera 

Beam pointing stability 

Beam position shift < 0.5 mm @ 4 m 

0.5 mm/div. 
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Ionization scheme  
Rep. rate：10kHz 

Experimental setup for Zr  
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Laser laboratory at Nagoya Univ. (2016)  

20 



Atom source and ion optics in ToF-MS 
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Cooling water 
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A.I. state at 53533.76 cm-1 was chosen for HR-RIS of Zr. 

for HR-RIS 

Wide range scanning around I.P.  

22 

before normarization  
by 2nd step laser power 



1st step power: 
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378.1593 nm 
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Evaluation of overall efficiency 

6.2×106 ions 

Zr standard solution（1 mg/L） 
 1 µL ＝ 6.6×1012 Zr atoms 

＝ （8.9 ± 0.5）×10-7 

Time trend of Zr ion signals 
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Lower efficiency was due to lower spatial overlapping in perpendicular 
atom / laser beam geometry (loss  10-3 ~ 10-4) 



90Zr 92Zr 94Zr 96Zr 
119 86 96 74 

(Ave.)  94 ± 17 MHz 

Line width (MHz) 

Mass 
selectivity 

Optical selectivity 

Isotope shift 

HFS 

HR-RIS of stable Zr isotopes 

Rather large uncertainty was caused by 
uncalibrated frequency of the master laser in this 
experiment. (Typically calib. by FPI was used.) 
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9 peaks were clearly resolved with 100 MHz linewidth. 
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F shift (MHz) 

782.8 
594.2 
416.0 
246.0 

HFS in ground state (0 cm-1) [5] 

HFS in excited state： 
unknown 

[5] S. Büttgenbach et al., Z. Physik A, 286, 125 (1978). 

High resolution spectrum of 91Zr 
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On-line Facility SLOWRI, RIKEN 

RI Beam Factory (RIBF) at RIKEN, Japan 

Superconducting  
Ring Cyclotron 
(SRC) 

BigRIPS 

Target 

Second focal plane (F2) 

A universal Stopped and LOW-energy RI beam facility:  
  stopped and low energy pure RI-beams of all elements  
  for comprehensive precision spectroscopy 

・Measurements of nuclear charge radii and moments by laser spectroscopy 
     (Collinear laser spectroscopy, Trapped ion laser spectroscopy etc.) 
 

・High precision mass measurement (multi-reflection TOF-MS etc.） 
M. Wada et al. RIKEN Acc. Prog. Rep. 47 203 (2013).       M. Wada, Conference on Stopping and Manipulation of Ions, SMI-13 (2013). 
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PArasitic Laser Ion-Source: PALIS 

(1) Set a small gas catcher at beam line 
(2) Stop & neutralize in Ar (1 bar) 
(3) Extract by gas flow 
(4) Re-ionize at exit and SPIG 

Parasitic slow RI-beam production with gas catcher 

Not universal, not very fast, but... 
A/Z, Z, A separation 

T. Sonoda et al., AIP Conf. Proc. 1104, 132 (2009). 
T. Sonoda et al., RIKEN Acc. Prog. Rep.47 211 (2013). 

The first floor of a basement 

The second floor of a basement 

45m 

9m 

5m 

PALIS laser 
laboratory 

1m 
PALIS(F2) 

Main RI beam 

～eV 

～10 MeV/u 

～300 MeV/u 

Laser  
Ar 

F2 slit 

PALIS Gas Cell 

Gas-jet 

Courtesy of Dr. Sonoda (RIKEN) 
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T. Sonoda et al., Hyperfine Interact, 216, 103 (2013). 
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Pulsed cavity 
(MRTOF) 

Quadrupole 
mass filter 
     (QMS) 

Gas cell 

-60mm +160mm 

Linear cooler buncher  
Laser for resonance ionization 

We constructed the Parasitic slow RI-beam production by Laser Ion Source(PALIS) 
                                   at the second focal plane chamber (F2) in BigRIPS. 

Overview of PALIS system 

SextuPole ion beam guide(SPIG)  
in differential pumping system  

degrader 
Gas cell 

Slit 

>200MeV/u 

Courtesy of Dr. Sonoda (RIKEN) 

T. Sonoda et al.,  
JPS Conf. Proc. 6, 030122 (2015). 
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PALIS system is integrated with the F2  
chamber’s roof. 

Gas cell 

F2 chamber with PALIS  
in BigRIPS 

Courtesy of Dr. Sonoda (RIKEN) 
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Ti:Sa and Dye Laser System for PALIS  

Ti:Sa laser (#2) 

Nd:YAG laser (Lee) for Ti:Sa 

Dye laser (#1) 

Ti:Sa laser (#1) 

SHG  
THG  

Dye laser (#2) Nd:YAG laser  
(Edgewave) for dye 

2 X dye laser (Credo) 
2 X standard Ti:Sa laser (Mainz design) 
1 X injection locked Ti:Sa laser (not in picture, under construction) 

Laser room at RIKEN (Oct. 2015) 
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Long distance laser beam transport 

The first floor of a basement 

The second floor of a basement 

45m 

9m 

5m 

PALIS laser 
laboratory 

Since the radiation area is not accessible, the laser laboratory stays very far from  
the PALIS system. The laser beams must be sent for long distance(45+9+5+1=60m). 
All adjustments must be controlled remotely. 

1m 

Concave lens + achromatic lens 
expand the laser beam to 7x17mm 

Controlled 
by LabVIEW 

Controlled 
by LabVIEW 

45m 

9m 
5m 

1m 

T. Sonoda, H. Iimura, M. Reponen et al 
to be submitted to NIMB in 2016 

Web-camera 

Web-camera 

Diode at bottom 
 of gas cell 

Transmission eff. 
 (power P2/P1) 
40% @327nm 
49% @288nm 

Convex + concave lens 

Power P1 

Power P2 

PALIS(F2) 

0.8x2mm 

lens 

Courtesy of Dr. Sonoda (RIKEN) 
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Off-line ex Off-line experimental setup 

 4D 1/2 

4Po
1/2  

2S1/2 

I.P. 

F=1 

F=2 

F=1 

F=2 

0 cm-1 

40943.78 cm-1 

62317.46 cm-1 

76064.42 cm-1 

244.2376 nm 

284.7328 nm 

A=2.030×106 s-1  

A=4.408×106 s-1  Dye laser 

Dye laser 

63Cu 
(69.1%) 

65Cu 
(30.9%) 

3/2- 3/2- 

laser 

Cu filament 

Channeltron detector 

244.234 244.238 244.242 
0 

100 
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0 50 100 150 
RF-Voltage(Vpp) Wavelength(nm) 

200 

400 

600 
SPIG 
RF-scan 
Gas cell 
500mbar 

First-step laser scan 
@200mbar 

OFF-Line experiment 

63,65Cu 

SPIG QMS 

Confirmation: 
Resonant laser ionization 
Ion extraction at high vacuum 

Cu 

Courtesy of Dr. Sonoda (RIKEN) 
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-60 

F2 SLIT LEFT 

79Se 
+60 

F2 SLIT RIGHT 

The first on-line commissioning study (12h) was performed at 2015 October. 
Main aim was to confirm the feasibility of the parasitic experiment. 
We demonstrated that there is no interruption on the main beam passage, unless 
the gas cell stays in the beam central axis within  30 mm. 

ON-Line experiment 

Courtesy of Dr. Sonoda (RIKEN) 
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Simple extraction test by gas flow 

Beta-detector 

1bar Ar gas 

Degrader (Cu plate 5mm) 

Exit hole 

250mm 

66Cu(5.12m)~645kcps (yield from LISE) 
68Cu(3.75m)~645kcps (yield from LISE) 
69Cu(2.85m)~520kcps (yield from LISE) 

Beam ON (300s) –> Beam OFF -> 
 Wait(100s) -> Measure.(300s)    

In-flight fission 
Primary beam 238U + Be target 
Implanted isotopes to the gas cell: 

Extraction efficiency (extracted RIs/implanted RIs) 
was evaluated from the decay carve as  
approximately 10%.  

0 50 100 150 200 
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Courtesy of Dr. Sonoda (RIKEN) 
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Perpendicular atom / laser beam geometry 

PI-LIST Experimental Setup: 
  Perpendicular atom / laser  
  beam geometry 

This geometry is prefer to install in 
PALIS for in-gas-jet spectroscopy to 
achieve highest resolution. 

Slide from EMIS2012 Post workshop, RIKEN, 11th Dec. 2012 
Courtesy of R. Heinke (Uni Mainz) 

(Proposal for future upgrade) 
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New Design of Injection Locked Ti:Sa Laser 
(3rd Generation) 

Fiber input 
for cw-Ti:sa laser 

Optical 
isolator 

Modematching 
telescope 

Bow-tie cavity 

Collimation 
and output 

Piezomirror 

Designed by M. Reponen and V. Sonnenschein 

Pump laser 

For reliable, easy and stable operation, ... 

 Output power  
     <500 mW @1 kHz 
 88 % seed efficiency 

@ 1 kHz 
 Lasing threshold 
     ~ 65 mW 

Collaboration with Dr. M. Reponen at RIKEN et al. 
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• Lower transmission 
loss in 
telecommunication 
optical fiber  

     ~ 0.5 dB@1.6 μm  
• SHG of the OFC is 

matched to tuning 
range of Ti:Sa laser. 

 

Optical frequency comb (OFC)  
based high resolution RIS 

For high accuracy in HR-RIS, we plan to use optical frequency comb (OFC) as a 
frequency reference of the injection locked Ti:Sapphire laser.  

1.0-2.1 um octave spanning, coherent 
supercontinuum comb was developed 
based on Er-doped ultrashort pulse fiber 
laser. 

Collaboration with N. Nishizawa 
(Nagoya Uni.) 

1064 nm 1550 nm 1680 nm 

Details will be presented in Advanced Solid State 
Lasers 2016 on 1st Nov. 2016 by N. Nishizawa.  
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Long distance transmission of OFC  

Silica glass single-mode optical fibers (9/125 μm, 
cutoff 1260 nm) 654.8 m in total (no joint)  

1.4 km 

 Balanced  
detector 

CW -  
Diode laser OFC 

～ 10 mW 

1064 nm 1550 nm 1680 nm 

fbeat frep - fbeat 

frep 

Direct transmission of optical frequency comb 
in 1.4 km optical fiber was investigated. 

700 m 

High S/N ratio beat 
signals were obtained 
even after long 
distance transmission 
of OFC. 

Transmission loss 
@1.6 μm ~ 0.5 dB 
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Frequency Stabilization of “master laser”  
using Optical Frequency Comb  

Optical fiber for 
“Telecommunication” “master laser” 

(External Cavity 
Diode Laser) 

Optical Frequency 
Comb  

SHG 

1000~2000 nm 

PD 

Beat 
signal 

To injection locked 
Ti:Sa laser 

Polarization 
Control Feedback 

10 MHz 

Amp. 

X 

PID  

• Comb can be distributed to each laser room in the on-line facility via 
telecommunication optical fiber. 

• Master laser (670-950 nm) can be stabilized by SHG of comb (500-1000 nm). 

Cover full spectrum range of Ti:Sa laser  

42 



Conclusion and future work 

 Injection locked Ti:Sa laser is successfully in use in Nagoya 
and RIKEN. 

 Auto-tuning operation of grating Ti:Sa laser with intracavity 
SHG option was developed. 

→ Intracavity SHG provides wide range, mode-hope-free scanning  
     in blue region.  
 High resolution RIS of stable Zr was demonstrated.  
→ Scheme via AI for HR-RIS was developed by the “blue” grating  
     Ti:Sa laser.  
→ HFS of 91Zr was clearly resolved with 100 MHz linewidth. 

 On-line commissioning machine study of PALIS run in Oct. 
2015. 

→ No disturbances to the main experiment 
→ RI ( 58Cu ) was successfully extracted by gas flow. 
→ Further developments for HR-RIS are ongoing. 
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Gas cell 
~1bar 

10-3Pa 
 

  

SPIG (300mm) 

  

QMS (300mm) 
6 segments 

  

Cooler 
buncher 

Gas cell 
Exit(2mmΦ) 

Section1 
1mbar 

Section2 
0.1mbar 

Gas cell 
1bar 

Section3 
0.001mbar 

Section4 
10-5mbar 

Canned-motor, 
air cooled and 
multistage root 
DRY pump (100kg) 
5000 L/m 
Unozawa Co. Ltd. 
(KTS300) 

DRY pump 
2880 L/m 
  
Edwards  
(EPX180L) 

Turbo pump 
300 L/s 
 
Edwards  
(STP300) 

~20L/m 

Measured result 

We developed a unique implementation of the differential pumping method in  
combination with SPIG. The pumping region is divided by several small sections. 

T. Sonoda , M. Wada et al. NIMB 295(2013)1. 

“60 cm x 5cmφ” 
 

Geometry is drastically miniaturized compared to conventional system. 

Courtesy of Dr. Sonoda (RIKEN) 
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