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• Chemical properties, periodicity, and electronic structure of new elements?

Relativistic effects on chemical reactions?

• On line single atom chemistry with accelerators

• Chemical properties, periodicity, and electronic structure of new elements?

Relativistic effects on chemical reactions?

• On line single atom chemistry with accelerators
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1. Chemistry of new elements
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Z Reaction T1/2 (s)

104 248Cm(18O,5n)261Rfa 13 nb 68

105 249Bk(18O,5;4n)262,263Db 6; 10 nb 34, 27

106 248Cm(22Ne,5n)265Sga,b 380 pb 8.5, 14.4

107 249Bk(22Ne,4n)267Bh 70 pb 17

108 248Cm(26Mg,5n)269Hs 7 pb 9.7

112 242Pu(48Ca,3n)287Fl 283Cn 3.5 pb 3.8

114 244Pu(48Ca,3;4n)288,289Fl 10; 8 pb 0.69, 2.1

Single atom chemistry

Small cross sections and short half lives

Rapid and effective chemical experiments

with “single atoms” on line at accelerators

SHE nuclides used in the chemical studies

Hot fusion reactions using actinide targets
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Publications of Experimental Studies on SHE Chemistry
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Chemistry apparatuses

Gas or liquid chromatography

/SF spectrometry

Chemistry apparatuses

Gas or liquid chromatography

/SF spectrometry

Conventional experimental procedure with gas jet transport technique
248Cm(22Ne,5n)265Sg

Limitations in the conventional method

• Background radioactivities from a large amount of by products

• Decrease of gas jet yields due to plasma condition induced by the beam
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2. RIKEN GARIS as a pre separator for SHE chemistry

RIKEN RI Beam Factory
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Breakthroughs in SHE chemistry

• Chemical and physical experiments under low background condition

• Stable and high gas jet transport efficiency

• New chemical reaction systems that were not accessible before

• Development of a gas jet transport system coupled to GARIS

169Tm(40Ar,3n)206Fr; 208Pb(40Ar,3n)245Fm; 238U(22Ne,5n)255No

• Production and decay studies of 261Rfa,b and 265Sga,b for chemical studies

248Cm(18O,5n)261Rfa,b; 248Cm(22Ne,5n)265Sga,b

D2Q2Q1D1

1 2 m0

Recoil separator for nuclear physics studies
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Elastic scattering
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(with aerosol)
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257No
26 s

8.69 (8%),

8.76 (23%),

8.84 (46%),

8.94 (23%)

265Sg
7.4 s

261Rf
78 s

8.28 (>80%)

8.22 (55%), 8.27 (26%), 8.32 (19%)

SF

266Sg
21 s

262Rf
1.2–2.1 s

8.52 (33%),

8.77 (66%)

248Cm(22Ne,5n)

= 240 pb

248Cm(22Ne,4n)

= 25 pb

Decay pattern in 1998

Previous decay studies of 261Rf and 265,266Sg

• Ghiorso et al., PL 32B, 95 (1970).
248Cm(18O,5n)261Rf: Gas jet + Rotating wheel

• Lazarev et al., PRL 73, 624 (1994).
248Cm(22Ne,5;4n)265;266Sg: DGFRS + FPD (6; 4 events)

• Türler et al., PRC 57, 1648 (1998).
248Cm(22Ne,5;4n)265;266Sg: Gas jet + OLGA + ROMA [13(–2.8 as NR); 3 events]

248Cm(18O,5n)

= 5 nb



For future chemical studies

Decay studies on 248Cm(18O,5n)261Rfa,b

248Cm(22Ne,5n)265Sga,b

Düllmann and Türler: PRC 77, 064320 (2008).

• 208Pb(70Zn,n)277Cn: SHIP/GARIS + FPD (4 events)

• 248Cm(26Mg,5n)269Hs: Gas jet + COLD/CALLISTO/COMPACT (20 events)

• 248Cm(22Ne,5;4n)265;266Sg: Reanalysis (36 events)

Refs.
248Cm(22Ne,5n)265Sg

Method Ebeam
No of.

events [pb]

Lazarev et al. (1994)a) DGFRS
116 4 80

121 6 320

Gregorich et al. (1996) MG 121 3

Türler et al. (1998,1999) OLGA 121/123 19 206

Türler et al. (1998)b) PSI Tape 119 1 78

Dressler et al. (2000)b) PSI Tape 116 1 73

Hübener et al. (2001)b) HITGAS 119 2 92

a) (265Sg) was not measured.

b) Only sensitive to SF chains
257No
24.5 s

8.70

(12/88%)

265Sg

8.9 s 16.2 s

261Rf

68 s 3 s

8.51

(9%)

8.28

8.222 (83%), 8.323 (17%)

8.85

(80/20%)

SF (91%)

248Cm(22Ne,5n)

248Cm(18O,5n)

?

Decay pattern in 2008



Si detector

Experimental setup for 248Cm(18O,5n)261Rf
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• Successful extraction of 206Fr to MANON after the GARIS separation

• Gas jet efficiency: 90%

• Beam Independent gas jet yield

• Successful extraction of 206Fr to MANON after the GARIS separation

• Gas jet efficiency: 90%

• Beam Independent gas jet yield

Gas jet eff. vs. beam intensity
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3. Performance of the GARIS/gas jet system
(a) 169Tm(40Ar,3n)206Fr

Haba et al., JNRS 8(2007)55.

Haba et al., EPJD 45(2007)81.
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• Separation factors for 211Bi and 211m,212mPo: > 104

• GARIS eff.: 43 4% for 60 mm (assumption: = 15 nb)

• Gas jet eff.: 83 9%

• Separation factors for 211Bi and 211m,212mPo: > 104

• GARIS eff.: 43 4% for 60 mm (assumption: = 15 nb)

• Gas jet eff.: 83 9%

(b) 208Pb(40Ar,3n)245Fm
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Haba et al., JNRS 8(2007)55.
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(c) 248Cm(18O,5n)261Rfa

• 161 (58 ) / 8.2 h meas.

• GARIS eff.: 7.8 1.7% for 100 mm ( = 13 nb@JAEA)

• Gas jet eff.: 52 12%

• Yield of 261Rfa at the chemistry laboratory: ~0.5 atoms/min

• 161 (58 ) / 8.2 h meas.

• GARIS eff.: 7.8 1.7% for 100 mm ( = 13 nb@JAEA)

• Gas jet eff.: 52 12%

• Yield of 261Rfa at the chemistry laboratory: ~0.5 atoms/min
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No. 8.52 MeV Correlated

E (keV) T (s) E (keV) T (s)

1 8.47 4.77 8.29 0.59

2 8.54 1.39 8.31 34.60

3 8.45 2.66 8.23 34.01

4 8.54 6.56 8.22 8.31

5 8.44 0.58 8.18 31.96

6 8.51 4.15 8.23 77.31

Correlated events on 8.52 MeV

• E = 8.52 0.05 MeV

• T1/2 = 1.9 0.4 s

• Branching ratio (SF/ ) = 73 6%/27 6%

• = 11 2 nb at 95.1 MeV

assumptions: (261Rfa) = 12 nb@JAEA

ratio(261Rfa/261Rfb) = 1.1 0.2

• E = 8.52 0.05 MeV

• T1/2 = 1.9 0.4 s

• Branching ratio (SF/ ) = 73 6%/27 6%

• = 11 2 nb at 95.1 MeV

assumptions: (261Rfa) = 12 nb@JAEA

ratio(261Rfa/261Rfb) = 1.1 0.2

E 2 = 8–10 MeV; ESF > 30 MeV, T2 = 200 s

Confirmation of 261Rfb by 248Cm(18O,5n)261Rfb

Correlated

E = 8.18–8.31 MeV

T1/2 = 22
+14

–6 s

Correlated

E = 8.18–8.31 MeV

T1/2 = 22
+14

–6 s

257No
25 s

8.69

(12/88%)

265Sg

9 s 16 s

261Rf

68 s 3 s

8.51 (9%)

8.28

8.22, 8.32

8.85

(80/20%)

Düllmann and Türler:

PRC 77, 064320 (2008).

SF (91%)

Random: <0.58



(e) 248Cm(22Ne,5n)265Sga,b

Beam time Magnetic rigidity (Tm) Beam dose ( 1018)

Sep. 30–Oct. 6, 2008

1.73 2.07

1.94 1.91

2.16 1.57

2.04 0.639

Sep. 19–23, 2009; July 16–20, 2010 2.07 11.2
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n E [MeV] T1/2 [s] bSF [%] n E [MeV] T1/2 [s]

265Sga 18 8.84 0.05 8.5+2.6 1.6 < 50 20 8.85 8.9+2.7 1.3

265Sgb 24 8.69 0.05 14.4+3.7 2.5 < 51 24 8.70 16.2+4.7 1.9

Decay time spectrum of 265Sga,b

energy and half life of 265Sga,b
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Decay patterns observed in the chain 265Sga,b 261Rfa,b 257No

257No
24.5 s

261Rf
a b

8.51

(18%)

8.28

8.222 (83%), 8.323 (17%)

8.84

(91/9%)

SF (82%)

68 s 2.6 s

265Sg
a b

8.5 s 14.4 s

265Sg 261Rf No. of events Branching ratio

state state (obs.) (corr.) [%]

a
a 16 19.9 91

b 2 2.0 9

b
a 4 5.1 20

b 19 19.0 80

n E [MeV] T1/2 [s] bSF [%]
261Rfa 48 8.27 0.06 59 42
261Rfb 25 8.51 0.06 2.6+0.7 0.5 82 9
257No 54 8.07–8.38 23+4 3

Assumptions: GARIS eff. = 13%, gas jet eff. = 50%, and gas jet transport time = 3 s

Cross section

(265Sga + 265Sgb) = 380+90–70 pb

(265Sga)/ (265Sgb) = 1.3 0.5

(265Sga + 265Sgb) = 380+90–70 pb

(265Sga)/ (265Sgb) = 1.3 0.5

Cross section at 118 MeV [pb]
265Sga 180+80–60
265Sgb 200+60–50

Decay properties of 261Rfa,b and 257No



4. Perspectives of SHE nuclear chemistry at RIKEN
– SHE studies opened by beam separation and low background condition –

• Production of 261Rf for chemical studies using the gas jet transport system

coupled to GARIS (H. Haba, RIKEN)

• Searching for a new Bk isotope of 234Bk by 40Ar induced fusion reaction of 197Au

(D. Kaji, RIKEN)

• fine structure spectroscopy of 257Rf and 255g,mLr (M. Asai, JAEA)

• Production of element 105 262Db for chemical studies using the gas jet transport

system coupled to GARIS (H. Haba, RIKEN)

• Gas phase chemistry of trans actinide elements (H. Kudo, Niigata Univ.)

• Electrochemistry of the heaviest actinides (A. Toyoshima, JAEA)

• Gas phase chemistry of Sg(CO)6 –Establishing novel metal organic chemistry for

superheavy elements (Ch. E. Düllmann, Mainz Univ./GSI)
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system coupled to GARIS (H. Haba, RIKEN)

• Gas phase chemistry of trans actinide elements (H. Kudo, Niigata Univ.)

• Electrochemistry of the heaviest actinides (A. Toyoshima, JAEA)

• Gas phase chemistry of Sg(CO)6 –Establishing novel metal organic chemistry for

superheavy elements (Ch. E. Düllmann, Mainz Univ./GSI)

Approved experiments using the GARIS gas jet system
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• Chemical synthesis and observation of Sg(CO)6

First metal organic compound of SHEs

• Measurement of – Hads for Sg(CO)6 and comparison with theory

First gas phase study of a SHE compound in a reduced oxidation

state (Sg0) with acceptor ligand

• Chemical synthesis and observation of Sg(CO)6

First metal organic compound of SHEs

• Measurement of – Hads for Sg(CO)6 and comparison with theory

First gas phase study of a SHE compound in a reduced oxidation

state (Sg0) with acceptor ligand

Sg

COMPACT
2 32 SiO2 covered PIN diodes

He/CO gas jet

248Cm(22Ne,5n)265Sga,b

Sg + 6CO Sg(CO)6

Sg(CO)6 ?



fine structure spectroscopy of 257Rf and 255g,mLr

proposed by M. Asai (JAEA)

• GARIS + Gas jet system + MANON

High resolution fine structure spectroscopy

• Rotational band energies and intensities

Single particle configuration

• GARIS + Gas jet system + MANON

High resolution fine structure spectroscopy

• Rotational band energies and intensities

Single particle configuration

Mylar

window

He/KCl

Gas out

0 50 mm

88 Pa

90 kPa

D2Q2Q1D1

48Ca beam
ERs (255g,mLr)

209Bi target

Si detectors
Mylar foil

MANON

10 m

Asai et al., RIKEN APR 44(2011)22.

~12 keV FWHM

209Bi(48Ca,2n)255Lr



5. Summary

• The gas jet transport system has been coupled to the RIKEN gas

filled recoil ion separator, GARIS, at RILAC.

• The commissioning of the system was successful.
169Tm(40Ar,3n)206Fr; 208Pb(40Ar,3n)245Fm; 238U(22Ne,5n)255No

Low background condition

High gas jet transport efficiency irrespectively of beam intensity

• Productions and decay properties of 261Rfa,b and 265Sga,b were

investigated in detail.
248Cm(18O,5n)261Rfa,b; 248Cm(22Ne,5n)265Sga,b

• SHE studies opened by the GARIS gas jet system were introduced.
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• Productions and decay properties of 261Rfa,b and 265Sga,b were

investigated in detail.
248Cm(18O,5n)261Rfa,b; 248Cm(22Ne,5n)265Sga,b

• SHE studies opened by the GARIS gas jet system were introduced.
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