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1. Chemistry of Superheavy Elements

Frontiers in chemistry

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

Verification of the influence of relativistic effects on chemical reactions

e Small cross sections (nb or pb) and short half-lives (< 1min)

- Rapid and effective chemical experiments with “single atoms” at accelerators
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The Chemistry of the Superheavy Elements,
M. Schidel (ed.), Kluwer Academic Publishers (2003).




Publication year

Publications of Experimental Studies on SHE Chemistry

2010

2000

1990

1980

1970

B -
uy (-
g - -

O -
,‘: O - O J .
— _
& o & e E
QO O > Q Agqueous |
.. h" 0 Gas ]
D g @ JAEA |
Aquebu5' Z:=104+106 ® GSI =
o Gas: Z 104—108 5112 114 @ LBNL | -
Only i a few | ploneermg experlments Q Dubna E
have been conduc ted for elements ; I:)SI -
e ™ heavier than Sg. | | A =
Q IMP ]
104 | 105 | 106 | 107 | 108 | 109 | 110 | 111 | 112 | 113 | 114
Rf |Db| Sg [ Bh | Hs |Mt| Ds | Rg | Cnh |113| FI




Gas-jet transport technique just behind the target
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Limitations
¢ Large amount of background radioactivities from unwanted reaction products

¢ Decrease of gas-jet yields due to plasma condition induced by an intense beam



2. RIKEN GARIS for SHE chemistry

Coupling SHE chemistry to recoil separators
Breakthroughs in SHE chemistry

e Chemical and physical experiments under low background condition
¢ Stable and high gas-jet transport efficiency
e New chemical reactions

Development of a gas-jet transport system coupled to GARIS

o 169Tm(40Ar,3n)2%Fr; 2908Pp(*°Ar,3n)2*>Fm [JNRS 8, 55 (2007); EPJD 45, 81 (2007)]
o 238)(22Ne,5n)2°>°No [JNRS 9, 27 (2008)]

In this presentation
Production and decay studies of 261Rfa:b, 2655ga:b  and 262Dh

o 248Cm(180,5n)261Rfe:L [Chem. Lett. 38, 426 (2009); PRC 83, 034602 (2011);
PRC 88, 024618 (2013)]

o 248Cm(22Ne,5n)265Sgb [PRC 85, 024611 (2012)]

e 248Cm(19F,5n)2%2Db [PRC 89, 024618 (2014)]



Experimental setup
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Experimental setup
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Production of 2°1Rf, 262Db, and 2°°Sg using the GARIS gas-jet system

Nuclide 261pfb (z=104)  262253pp (Z=105) 2%5Sg*’ (2=106)
Half-life 68, 3 5" 345,27 s? 8.9,16.2 s"
Reaction 248cm(*20,5n) 28cm(*°F,5;4n)  ***cm(**Ne,5n)
Cross section (nb) 123, ? 1.5%, ? 0.2-0.3Y?
Beam energy (MeV) 95 103, 97.4 118
Beam intensity (ppA) 7 4 3
%Cm;0, thickness (ug/cm’)  280/230 230/290/330 230/280
Magnetic rigidity (Tm) 1.58-2.16 1.73-2.09 1.73-2.16
...................... GARISHe(Pa) 3 3 38
RTC Mylar window (um) 0.5 0.5 0.7
Honeycomb grid (%) 78/84 84 72/84
Gas-jet He (kPa) 49 47 49
Chamber depth (mm) 20 20 40
He flow rate (L/min) 2.0 2.0 2.0
................. KClgenerator (C) ....5820 .....520 ....500/605 |
Step interval of MANON (s) 30.5, 2.0 15.5 20.5/10.5

1) Dillmann and Tirler, PRC 77, 064320 (2008).
2) Firestone and Shirley, Table of Isotopes, 8th ed. (Wiley, New York, 1996).
3) Nagame et al., JNRS 3, 85 (2002).



RILAC + GARIS + Gas-jet + MANON

AVF + Gas-jet + MANON

11.650 212mpg
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Beam energy  ***Cm,O;target  Magnetic rigidity = Beam dose  Step interval
(MeV) (ng/cm?) (Tm) (x 10*8) of MANON
117.8 280 1.73 2.07 20.5
117.8 280 1.94 1.91 20.5
117.8 280 1.94 0.431 10.5
117.8 280 2.16 1.57 20.5
117.8 280 2.04 0.639 20.5
117.8 230 2.07 11.2 20.5




Search for a-o/a-SF correlations
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a energy and half-life of 26°Sg.?

Counts per 25 keV

This work Dillmann and Turler (2008)
n  Ey[MeV] Tip (sl bse[%]  n Eq [MeV] T1/2 [s]
256g” 18 8.84+0.05 8.5°,, <50 20 8.85 8.9"%7 1,
2656g” 24 8.69+0.05 14.4"*7,; <51 24 8.70 16.2*%7 1
a spectrum of 265Sga.b Decay time spectrum of 26>Sgab
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Decay patterns observed in the chain 265Sgab = 261Rfa,b 5 257N

2655g >  26IRf No. of events  Branching ratio [%]

state state (obs.) (corr.) This work Ref.* 3.84
g - a 16 199 91 80 (91/9%) 7~
- b 2 2.0 9 20 | L =8.69
> a 4 51 20 12 261Rf | (20/80%)
b b
- b 19 19.0 80 38 a
. - 68 s|2:6 s
Dillmann and Tiler, PRC C 77, 064320 (2008). 3.28
' SF (82%)
Decay time spectrum of 261Rf? 8.51
B i 24.5s
8 L _
n sl ] AA.zzz (83%), 8.323 (17%)
c
é A : : a energies and half-lives of 261Rf** and 2>’No
r 7 n Eq [MeV] Ti2[s]  bse [%]
2 | |
[ | *Rf® 48 8.27+0.06 59+42
0 bl 61pf* 25 8.51+0.06 2.6"7,5 82%9
102 10 10° 10* 102 103

Time (s) >>'No 54 8.07-8.38 23",




Cross section

Cross section at 117.8 MeV [pb] - - o
zessga 180*%°_, |:> o(%6>Sg? + 2°°SgP) = 380" 0 pb
o(2%°Sg?)/o(%5°Sg?) = 1.3+ 0.6

ZGSSgb 200+60_50
Assumptions: GARIS eff. = 13%; gas-jet eff. = 50%, gas-jet transport time =3 s

Excitation functions for 2*83Cm(22Ne,xn)
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Q 0 Sn/Q—\Q 22 OLGA 1998 |1 Nishio et al., PRL 93, 162701 (2004).
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(b) 28Cm(19F,5n)252Db

RILAC + GARIS + GaS'jet + MANON Beam Thickness of Magnetic  Beam

60 _ energy ***Cm,0; rigidity integral
= : (MeV)  (ug/cm?) (Tm) (x10'8)
- Beam energy: 103.1 MeV | F T1031 ugz_;gq 1.73 0.492
50 & 248Cm: 300 pg/cm? E 1031 230 1.80 0.955
> 71 6 5 eamdsesrxaos |E S om0 o o
X 40 = a X GARIS: Bp=1.92 Tm F 1031 330 1.92 3.74
Q JEE8 Qg Cham:dskea - [ R
S 3048 o S £ Q  He:2.0L/min E 1031 230 202 0716
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O < o E
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0 E 8.45,8.53 |33
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258
o energy / MeV Lr
3.9s
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8.595

8.621, "
3 654 Table of Isotopes, 8™ ed.



Search for correlations

E,=8.0-9.0 MeV; E; 2 30 MeV
AT<59.5s
Observed Random
-l 75 <29
a-SF 2 <0.6

248Cm (19F,5n)262Db - 238Lr: 76
248Cm(19F,6n)%61Db - 257Lr: 1
248Cm(19F,4n)2%3Db > 25°Lr: O

Single SF events: 123
Table of Isotopes, 8th ed.
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o energy and half-life of 262Db

This work Table of Isotopes 8" ed.
T/ [s] Eo [MeV] 14 [%] bse[%]  Tip [s] Eq [MeV] lo [%]  bsr [%]
8.46%x0.04 70Xx5 8.45+0.02 75
33.8"*4 ;35 52+4 34+4  8.53%+0.02 16 ~33
8.68+0.04 30X5 8.67=+0.02 9
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Single SF events
2-components decay curve analysis

e T,,=33.8"4;;sfrom adecay of

2
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— 10'} .
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" 34s
o ® i
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g o\o\\ o -
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Cross section for 23Cm(*°F,xn)*¢’*Db

e New decay data of 262Db and 2°8Lr Cross sections [nb]

e Nagame et al., INRS 3, 85 (2002). 21pp (6n) 0.28"9%,,;  <0.10
6=1.5%0.4nb at 103 MeV 2Db (Sn)  2.1%0.7  0.23"% oy

ber(22Db) = 52%; bgc(2Lr) = 2.6% I Products 1531 Mev  97.4 Mev

for 248Cm(19F,5n)262Db 23Db (4n) < 0.064 <0.13
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Cross sections for 23Cm(X,5n)

10 ~ .
— 106? 5‘255’256N0 Berkeley [1]
;8; 105;_ \.__zi’SLr Berkeley [2]
S 104; bz\“Rf“'lekEN 3]
g 103§262Db RIKEN [4] b\
A 2555%P RIKEN [5]
g 10 **°Bh RIKEN [6] @®.

10° s GsI [7] @,

100 |

100 105

Atomic number

- 24%Cm(*’Al,5n)7'Mt (Z = 109): = 1 pb

31 References

1 [1] Sikkeland et al., PL 172, 1232 (1968).
3 [2] Eskola et al., PRC 4, 632 (1971).

1 [3] Haba et al., PRC 83, 034602 (2011);

Murakami et al., PRC 88, 024618 (2013).
[4] Haba et al., PRC 89, 024618 (2014).
[5] Haba et al., PRC 85, 024611 (2012).
[6] Morita et al., JPSJ 78, 064201 (2009).
[7] Dvorak et al., PRL 100, 132503 (2008).
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3. Summary
¢ The gas-jet transport system was installed in RIKEN GARIS for SHE chemistry.

e The production and decay properties of 261Rf, 262Db, and 265Sg for chemical studies
were investigated using MANON under low background conditions attained by
the GARIS gas-jet system.

248Cm(22Ne,5n): 180/200 pb

~1 h—1 (ZGSSga,b)

8.84 (I, = 91/9%), SF (< 50%)
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257NO
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~5 h! (262Dp)

8.46 (I, = 70%),
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Y346
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0,
cc P8y, | SF52%
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Summary of the 2°Bi(’°Zn,n)?73113
experiment



Experimental setup
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Experimental conditions

Reaction

Period
Irradiation time
Experimenters

Beam energy
Beam intensity
Beam integral

Target thickness

GARIS eff.
PSD + SSD eff.

209Bi(7OZn’n)278113

Sept. 5, 2003 — Aug. 18, 2012
13274 hours (553 days)

43

348 MeV in the middle of the target
0.47 ppA (2.8X10%2 s71)
1.35X10%° (15 mg)

0.45 mg cm™2 (1.3X10*%¥ cm™)

80%
94%



Summary of the element 113 experiment

Experimental period Irradiation Beam integral No. of events

Year Date (month/day) [d] [X10%]

2003 9/5-12/29 57.9 1.24/1.24 0
2004 7/8 -8/2 21.9 0.51/1.75 1
2005 1/20-1/23 3.0 0.07/1.82 0
2005 3/20-4/22 27.1 0.71/2.53 1
2005 5/19-5/21 2.0 0.05/2.58 0
2005 8/7 - 8/25 16.1 0.45/3.03 0
2005 9/7 -10/20 39.0 1.17/4.20 0
2005 11/25-12/15 19.5 0.63/4.83 0
2006 3/14-5/15 54.2 1.37/6.20 0
2008 1/9 -3/31 70.9 2.28/8.48 0
2010 9/7 -10/18 30.9 0.52/9.00 0
2011 1/22-5/22 89.8 2.01/11.01 0
2011 12/2-12/19 14.4 0.33/11.34 0
2012 1/15-2/9 25.0 0.56/11.90 0
2012 3/13-4/17 33.7 0.79/12.69 0
2012 6/12-7/2 15.7 0.25/12.94 0
2012 7/14 - 8/18 32.0 0.57/13.51 1
Total 553 13.5 3




Observation of 278113

July 23,2004  |osy13) N April 2, 2005  |us153| N
%1,11.68 MeV % 11.52 MeV
344 ps 4.93 ms
274Rg 274Rg
a, a,
11.15 MeV 11.31 MeV
9.26 ms 34.3 ms
270\t 270Mt
o5 o5
10.03 MeV 2.32 MeV (escape)
ZGGBh 7.16 ms 266Bh 1063 S
('14 ('14 266Bh
9.08 MeV 9.77 MeV 06s
2.47 s 1.31s a9.29
262p 262ph
a8.67 |%%?Db
8.53 34s
204.1 MeV 192 MeV 8 45
SF 40.9 s 0.787 s A
a (34%) SF(~33%)

Morita et al., JPS) 73, 2593 (2004). Morita et al., JPSJ 76, 045001 (2007).

Wilk et al., PRL 85, 2697 (2000).
Table of Isotopes, 8t ed. (1996).



The 3" event of 278113
Aug. 12,2012 273113| CN
o,
11.82 MeV
667 pus
274Rg
Cross section: 22+20_ . fb
a,
10.65 MeV
9.97 ms
270Mt
o
10.26 MeV
266g 444 ms z;sGB:,
a, @9.29
9.39 MeV
5.26s a (48%) 262l
262p 8.68 (1,=30%) | 48
46 (1,=70%
Ol a (97.4%) 8.46 (1,=70%)
8.63 MeV 8.654 (I,=9%)
126 s 8.621 (1,=25%) [Joa, )
258 p 8.595 (1,=46%) | 51| o 2R
oL 8.565 (I,=20%) \
8.66 MeV EC (2.6%)
25ap1d 3.78 s 25ap1d
Table of Isotopes, 8t ed. (1996).

Morita et al., JPSJ 81, 103201 (2012). Haba et al., PRC 89, 024618 (2014).
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Future plans

Chemistry using preseparated 261Rf9, 262Db, and 265Sg.b
e Agueous chemistry by solvent extraction with LS

e Gas chemistry by direct complexation without aerosols
e 248Cm(%3Na,4n)?*’Bh (scheduled in 2014)

Syntheses of the heaviest SHEs

e 248Cm(*8Ca,xn)?°**Lv (in progress)

e 28Cm(°°Ti,xn)?>?¥>118 (scheduled in 2014)
° 248Cm(51V,Xn)299‘X119

e 248Cm (54Cr,xn)302*120

e Commissioning of GARIS Il (in progress)

High precision mass measurement of SHE nuclei (6m/m ~ 0.5 ppm)

e GARIS Il + RF-Carpet + MRTOF Spectrograph (scheduled in 2014)
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Collaborators for the element 113 experiment
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Y. Kasamatsu, H. Hasebe, M. Huang, R. Kanungo, K.
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Tokyo Univ. Sci. T. Sumita, K. Tanaka

Saitama Univ. T. Yamaguchi, T. Akiyama, R. Sakai, S. Yamaki

Niigata Univ. H. Kudo, S. Goto, M. Murakami, H. Murayama, Y. Kariya

IMP H. Xu, T. Huang

Univ. Tokyo E. Ideguchi

Tohoku Univ. T. Suda, H. Kikunaga
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