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I Nuclear Structure Studies and Synthesis of SHE
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The Region of Superheavy Elements
- GSI/SHIP achievements and outline

¥ Sy
4 o
i

ASHE - synthesis 7
Aconfirmation of oOohot fusiond deca
Ahunt for the heaviest

A SHE & nuclear structure studies
Adecay spectroscopy
Atrends along isotone chainf
AK-isomers (279Ds)

A SHE & future strategy EE copernicium _
AFUSHE 2012 PRk ceito=am—
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[[] discovered at SHIP
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-1,4 | Can Ca o r
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0,36 m ‘

Calc - 180S0hszewiski
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Synthesis and ldentification of SHE at SHIP

707n 208 pp

11.45 MeV
273110 280 s

/ 11.08 MeV
269Hg 110 ms

/ 9.23 MeV
zessg 19.7 s

Vi

’4

4.60|MeV (escape)
749

Beam

Wheel known 261Rf

kinematic separation %
in flight

8.52 MeV

identification
257No 4.7 s

by a-a correlations

" 8.34 MeV to known nuclides

Date: 09-Feb-1996
Time: 22:37 h

Dieter Ackermann ”@R" Abano Terme, N2022



Gl 20 CdzaAaz2yé {GdzRASa
-48Ca (et al.) Induced Reactions on Actinide Targe/,t;@
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The "Dubna Challenge”

-46Cq 4245Cm -

2961 16* at GSI

02-July2010, 01:07 h; chain 1
10.06 MeV, 6.3 mm, strip 4

08/09-July-2010, chain 6
21 MeV, 11.4 mm, strip 8

293116 293116 .
tentative
. 10.503 MeV 10.559 MeV
aSS|gnment 289114 29 ms 289114 55 ms
10.029 MeV / 9.813 MeV
285Cn 406 ms 285Cn 118 ms
9.707 MeV 9.100 MeV
281DS 58s 281DS 58s F L N R 293116 .
"\
/ 9.315 / 10.54 MeV
271Hg| 356 ms 226 MeV 280114/ 89 ms
6.0s
/\ / 9.81 MeV
210 MeV 285Cn 3.9ms 5 events
49 s
9.110 MeV
281Dg 66 s

48Cq +248Cm=>2%3116 + 3n -

197 MeV
16.5s

Yu.Ts. Oganessian,
J. Phys. G 34 (2007) R165

Dieter Ackermann

eUYORNE) ) Abano Terme, N2022




The "Dubna Challenge”

- 4Ca +#4Cm- 2%116* at GSI > i

02-July-2010, 01:57 h; chain 2 03-July-2010, 20:01 h; chain 3

8.96 MeV, 10.4 mm, strip 4 18 MeV, 27.4 mm, strip 2
292116 . 292116 .
2,75 MeV (escape) 10.63 MeV
288114 53.3ms 288114 76 €s
Y 9,93 Mev 48Ca -|-248C m " 9.90 Mev
284Cn 993 ms 284Cn 1.3s
—<292
N =>292]116 + 4n N
172 197 MeV

50 m 269 ms 07-July-2010, 09:01 h; chain 5
FLNR s . 21 Mev, 28 mm, stip 12

292116
10,66 MeV

288114 26 ms

©10,6 MeV (stop + box)
288 11.6 ms
7 501 MoV 6 events 114
2%4Cn LArs 4 ©10.0 MeV (stop + box)
28 _ 284Cn 72 ms
E N Yu.Ts. Oganessian, s
Loy eV J. Phys. G 34 (2007) R165
195 185 MeV
121 ms 25 ms

Dieter Ackermann ouroRs)”) Abano Terme, V2022




The "Dubna Challenge”

-48Ca +#48Cm- 296116* at GSI s
r
CLNR O 3n (293
248Cm-target § O 4n[292)
10 — B 3n [293]
; - SI @ 4n [297]

|

O
3}

Cross section (pb)

BRI RRR

|

. . %
0.1 Lt ld tdhlar b ira s b er bedaa

25 30 35 40 45 90 95

Excitation energy (MeV)
Yu.Ts. Oganessian, J. Phys. G 34 (2007) R165

Dieter Ackermann Abano Terme, N2022




Confirmation of FLNR Results

- Summary
120 ‘
L BNL L Stavstera, Phys. /Rev. Lett. 103, 132502 (2009). shell-
GSI correcti
BGS 286114 287114 18| 118 |2 ms SHIP [MeV]
SSI 283 116 | 116 |30ms 6ms/§7|P 292116 293116
5 E;HIP 1Lz 115 | 115 [30ms| 0.1 5 [230 msf320ms /I 7
: |85 | Astn 288114289114 6
achievements N WAV/AV/AY 4
| | RS GS| >
Aimpressive body of decay data o| s l4ks// TASCA 4
Aconfirmation at different 2 [
laboratories S 3
| Afirst promising chemistry 3
results for 112/114 - decay
mode
remaining challenges |
! . : L. 185 2
Aunambiguous Z(A) identification
"I Aextension towards higher Z okcerpt dnart of hotlides: 184 SF
1 1 UK ility /" courtesy of Ch.E. Dullmann
Alocalisation of "island of stability === b

‘ E"} N P 2022 .



Hunt for the heaviest
towuarde alamant 110090 gt SHIP and TASCA -~
A0 JYFL Accelerator News ——§

Jlf'FL Accelerator Laboratory, Department of Physics
University of Jyviiskyli, Finland
Volume 20, No. 1 March 2012 $ 256Rf
TZTySTSTm 18— F T Y S with JUROGAM .
— + + Lo )
o sacy 4 2 b [ S I RITU and GREAT
36 days = ol -
U w120 s 8 w450 h beam on target
. :a - B + w17 nbarn
10 — o :
s u ~ W29 particle nA
a | ||l £ P. Greenlees et a|.
2 = 3 + + +
00.012_ ..... | — 3 E E
1 6 AN
L i + +
L \O o0 o
V. ; ‘ ]\\ e B g
| | | | } | | | | |7 | N | M_IH ’J | (‘-‘ HJ_H’-H‘ I |
Energy (a.u.)
| The ground state rotational band structure of **°Rf. September 2011
oo e ——) | gE—
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Nuclear Structure of SHE
- Decay Spectroscopy at SHIP/TASCA

a emission

CE emission

g emission
X- ray emission

A isomer surviving separation

g emission
A g emission after a decay
evaporation residue A CE for highly converted
f ti transitions
\a er separation + X - ray emission )

Dieter Ackermann euroRal/ Abano Terme, N2022




Nuclear Structure of SHE
- Decay Spectroscopy at SHIP/TASCA P

Ainclusive measurement
AER,a's, gs and e

Target  Separator

Aclean
(rot. wheel) (e.g. SHIP, Focal Plane Aparticle discrimination
1 TACAA AER-a-g correlations
\ Anighly efficient
50 PR (U IS [T I T I S 1 | | 1 1 ACIOSe geometry
o] ) o Astopped source
40 - + % .
‘ 2 81 g- spectrum high eff.
354 o in coincidence 6} 0
| e® 15%
w 07 to 255Rf a-decay
5 '
o 4
20 - k 4
I 'STOP’
o] B 5
- l
5
0 ] — Hpﬂﬂl ﬂ[lplﬂq | fﬂﬂ Pl'ﬂ Hl ] T “' HHIHH' HI L' T L —— L IH —— Award' ’Y - ray
40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 (segmented)
CE
Eg/ keV 12.7.2004
F.P. Hel3berger et al, EPJ A 30, 561 (2006)
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Nuclear Structure of Heavy Nuclel
- Single Particle Levels and Deformation .
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Nuclear Structure of Heavy Nuclel
- Single Particle Levels and Deformation i
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Nuclear Structure of the Heaviest Nuclei:
- Production Rates

arﬂ“

reaction W/ nbarn 1,.,/pIFA countrate
208 pp(*8Ca,2ny>*No 2000 1 15000 /h
(at RITU/Jyvaskyla 200 /h) Vud”
206 pp(*8Ca,2ny°?No 430 1 3300 /h
206 pp(*8Ca,3ny>No 25 1 200 /h
209 Bj(40Ar,2n) 247 Md 7 3 80 /h
208 Pph(>4Cr,1n)?%1Sg 2 1 15 /h
207Pp(®4Ni,1n)2°Ds 0.013 0.5 1/d
mrgl | [ s it b e ST 166 167
os ELH i R W
108 Mt 170 171
108 Hs| 4| ﬁ“ﬂ D"‘"‘ il e g .
107 Bh Hﬂ.‘ '"’l'" '""' %) |
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Abano Terme, 2022
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Decay Study of°°Sg (Z=106)
- sf Properties, Low Lying States and Trend for N=153 Isotones

457
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Nuclear Structure of the Heaviest Nuclei:

- Isomeric statesz**No

R.D. Herzberg et al.,
Nature 442, 896 (2006);
S.K. Tandel et al.,
Phys. Rev. Lett. 97, 082502 (2006)
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2/Ds and its Decay Products
- Istexperiment in 200Qs. Hofmann et al., Eur. Phys. J. A 10, 5 (2001))

210Dgs- 266Hs (6 chains)

266 Hs- 2625¢ (8 chains)

chain# 1, 3 and 5 chain# 1-8
chain#t 2
chain# 8 2625q decay (8 chains)
chain#t 7 chain# 1-8
84 @ 7 = 015 ms 8.6 ms

¢] b

6 1 2684

Counts

IR IS T N T VN W W S

T N U Y T S O '

0.01 0.1

1 10
Time / ms

Ta+

6.0 ms T e, d=
— T 113 MeV 5 pb
———w+
- ™
16+ — Be
—_— -
Bt
14+ — Ef
N o 8 pb
E/Mev 124 . J . Lheory
- T
1 | 'g— .20 7,24 Me¥ Qo
221 o WO 76 ps Ty,
2-[]- 88 }DE 5‘5-':' ms T1..-"E,5f
1.8 1 E,.-‘kizzg 718 I
6] % —— 2 270
141 2 Ds
124 e — thaory exp.
.04
0.9 - s — 10,20 10.34 MeV Qo
I]-E- 22 23 ms Ty,
- H+ i
04 Q 1800 6.9 ms Tz,
. e
021 & 266
no- & H 5
theory exp. Experiment:
S. Hofmann et al.
9.60 -— MeV Qo
iG === ms Tya, Theory:
B3 B9 ms Tz rotational levels: A. Sobiczewski et al.

K-isomers

EEESg

Dieter Ackermann

Abano Terme, 2022
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K-isomer in2’Ds

- Theory Predictions: quasi particle excitation

270 [:):E;:

/=110

N= 160

162

neutrons

n[613] 712+ n[613] 72+

1 34 MeV 1.31 MeV

10/ S

S. Lwiok, et al.
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Decay Chain of’®Ds from®*Ni+°/Pb

- Results from October 2000 and Possible Extensi%/*‘; ,
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2010: Observed types of decay chains |
-ERN -h -sf "

a) ER-UU-sf

ER:

Time: 761391.182
MP: 1531

Strip#: 11

= 38.72 MeV

Decay chain 5 P&)syT: 14,75 mm

Posyb: 18.41 mm

10.897 MeV Ll
SO0 270Ds:
Time:  761391.182
10.205 MeV MP: 1581
11,4 ms Strip#: 11
Estop: 10897 keV
Posyt:  156.36 mm
184 MeV + ? Posyb: 20.45 mm
20,06 ms Posyb(HE):  18.32 mm

Egammal: 1126.9 keV

266Hs:

Tme:  761391.193
MP: 12976
Strip#: 11

Estop:  10205.4 keV
Posyt:  15.29 mm
Posyb: 20.57 mm

1 5 C h a| ns Posyl(HE: 1025 mm

2625g:

Tme:  761391.213
MP: 13036
Strip#: 11

Estop: 184.58 MeV
Posyt: 14.70 mm
Posyb: 18.85 mm
Box#: 20

Ebox:  --- MeV
Egamma3: 678.8 keV

Dieter Ackermann Abano Terme, N2022




27ODS

-210Dsh -decay

A26 decay chains (27°Ds: 25, 2/1Ds:1)

Anew spectroscopic data

E,= (10:897-12.116)MeV| "Ds
T,,Z— 100,us, 6. 0 5-* |
....................... - e
_________ .
Sg %25
Db
Rf *°Rf
Lr g"
No *Na
Md %%
Fm

*T,, from S. Hofmann etal., Eur. Phys. J. A 10, 5 (2001)

Dieter Ackermann

Abano Terme, 2022



2010: Observed types of decay chains Il
- ERN -sf

a) ER-UU-sf

Decay chain 5

10.897 MeV
50 pus

10.205 MeV
11,4 ms

184 MeV + ?
20,06 ms

15 chains

b) ER-U-sf

ER:
Time: 761391.182
MP: 1531
Strip#: 11
E: 38.72 MeV
Posyt:  14.75 mm Decay chain 9
Posyb: 18.41 mm
ToF:1409
10.884MeV
270Ds: 0.69 ms
Time:  761391.182
MP: 1581
Strip#: 11
Esfop: 10897 keV 221.7Mev
Posyt:  15.36 mm 1.577 ms
Posyb: 20.45 mm
Posyb(HE):  18.32 mm
Egammal: 1126.9 keV
266Hs:
Tme:  761391.193
MP: 12976
Strip#: 11
Estop:  10205.4 keV
Posyt:  15.29 mm
Posyb: 20.57 mm .
PoSYHE):  10.25 mm 8 C h ains
2625g:
Tme: 761391.213
MP: 13036
Stip#: 11 7
Esfop:  184.58 MeV Y Sf( 266 H S) = 24%
Posyt: 14.70 mm
Posyb: 18.85 mm
Box#: 20
Ebox:  --- MeV

Egamma3: 678.8 keV

ER:

Time: 1281611.582
MP: 1547

Strip#: 9

E: 47.65 MeV
Posyf:  17.63 mm
Posyb:  15.95 mm
ToF: 1417

270Ds:

Time: 1281611.582
MP: 2235

Stip#: 9

Estop: 10883.9keV
Posyt:  18.10 mm
Posylo:  16.50 mm
Posyt(HE):  18.18 mm
Posyl(HE):  16.09 mm
Box#: 21

Ebox: 12047.2 keV
266Hs:

Time: 1281611.584
MP: 3812

Strip#: 13

Estop: 221.71 MeV
Posyt:  17.74 mm
Posyb:  16.03 mm
Box#: ---

Ebox:.  --- MeV
Egamma: --- keV

Dieter Ackermann

Abano Terme, 2022




27ODS
- 266Hs sfbranch

A26 decay chains (27°Ds: 25, 2/1Ds:1)

Anew spectroscopic data

E,= (10:897-12.116)MeV| "Ds
T,,Z— 100,us, 6. o 5-* |

- 2661 B L)..... o
new fISSIOI’l branch st
in 266Hs i
' 10.205-MeV:
8 *sg 2.3 ms.*
Db
Rf 250t
Lr
7 3
No *Nog
Md 160
Frmn

*T,, from S. Hofmann etal.,

Eur. Phys. J. A 10, 5 (2001)
=51l

Dieter Ackermann
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2010: Observed types of decay chains Il
- ERh -h -h _of

a) ER-UU-sf

Decay chain 5

10.897 MeV
50 pus

10.205 MeV
11,4 ms

184 MeV + ?
20,06 ms

15 chains

ER:
Time: 761391.182
MP: 1531
Strip#: 11
E: 38.72 MeV
Posyt:  14.75 mm Decay chain 9
Posyb: 18.41 mm
ToF:1409
10.884MeV
270Ds: 0.69 ms
Time:  761391.182
MP: 1581
Strip#: 11
Estop: 10897 keV 221.7MeV
Posyt:  15.36 mm 1,577 ms
Posyb: 20.45 mm
Posyb(HE):  18.32 mm
Egammal: 1126.9 keV
266Hs:
Tme:  761391.193
MP: 12976
Strip#: 11
Estop:  10205.4 keV
Posyt:  15.29 mm
Posyb: 20.57 mm .
PosyI(HE): 10,25 mm 8 C h ains
2625g:
Time:  761391.213
MP: 13036
Stip#: 11 7
Esfop: 184.58 MeV. Y Sf( 266 HS) = 24%
Posyt: 14.70 mm
Posyb: 18.85 mm
Box#: 20
Ebox:  --- MeV

Egamma3: 678.8 keV

ER:

QERuuﬁg

ER:

Tme:  1960630.182
Time: 1281611.582 MP; 1940
MP: 1547 Stip#: 10
e E: 40.79 MeV
ST“p#' 9 Decay chain 13 Posyt:  18.36 mfn
E 47.65 MeV Posyb:  17.83 mm
Posyf:  17.63 mm ToF: 1413
Posyb:  15.95 mm ;3976 W23
ToF:1417 e 270Ds:
Tme: 1960630.182
986.6 keV + 10,537 MeV MP: 199
27QDs: 0,887 rﬁs ’ : Stip#: 10 °
Time:  1281611.582 Estop:  10975.9 keV
MP: 2235 Posyt:  15.23 mm
Strip#: 9 9453 keV Posyb:  18.55 mm
) 0,888 ms Posyi(HE): 19.43 mm
Effy? 1128]83%‘:]V PosyblHE): 15.66 mm
Posyl:  16.560 mm 190 MeV 266Hs:
Posyt(HE): 18.18 mm 0,261 ms Time:  1960630.183
Posyo(HE):  16.09 mm v
Box#: 21 Edtop: ey
Ebox: 12047.2 keV Posyt:  15.04 mm
Posyb: 17.53 mm
2066Hs: Eﬁé’f 14 0536.8 keV
Time: 1281611.584
MP: 3812 2625g:
Stip#: 13 - Tme:  1960630.184
Estop:  221.71 MeV C al n S MP: 3755
, Stip#: 10
Posyt:  17.74 mm .
Do GO i Estop:  9453.1 keV
yo: : Posyt:  15.17 mm
Box#: - Posyb:  18.60 mm
Ebox: --- MeV Posyt(HE): 20.43 mm
Egarmma: --- keV ’, ~ 262 S ) 60/ Posyb[HE): 15.62 mm
Y U g) = 6%
258Rf:
Tme:  1960630.184
MP; 4016
Strip#: 9
Estop:  189.78 MeV
Posyt:  18.14 mm
Posyb:  18.65 mm

Egammaz2: 309.7 keV
Egamma3: 1055.3 keV
Egammad: 1095.5 keV
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A26 decay chains (27°Ds: 25, 2/1Ds:1)

Anew spectroscopic data
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Decay detalls
-time distributions

Decay chain 8 2°Dg luN282 - experiment 2010
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2Ds Decay Scheme

210Ds:

12 g.s. decays
13 isomer decays2' W d ¥/741 keV
(in 2000: 3:3 + 1)

chain 8:
E 200-300 keV lower

266HS:

16 g.s. decays
1 isomer decay
with a 332 ke -ray

chain 8:
E 2200 keV higher
E = 332 keV

26289:

h decay observed for the first time

Xu
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G
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266
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Q, = 9,60 MeV
Calculations:

PESE.R. Xu, et al. PRL 92, 252501 (2004)

BN =N I —

(1 full E, 1 escape) 258 TCSMG.G. Adamian et al., PRC 81, 024320 (2010)
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Energy Density Functional Calculations

- Vaia Prass, Dario Vretenar et al. ’/W
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Elena Litvinova
PRC 85, 021303(R) 2012
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PRC 85, 021303(R) 2012 QVC m tivistic framework

—9—
Vibration cotrections
to alpha decay
energles Q a [I\/IeV]

1. Relativistic Mean Field: spherical minima
2. Small amplitude vibrations: RQRPA
3. Very soft nuclei: large amount of low -lying collective

vibrational modes (~100 phonons below 15 MeV) 13———0
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Summary
- Achievements

ground state, decay and structure properties up to Z=110 |
AUg coincidence
Afission branch in 266Hs O
Aexperimental mass for 270Ds
Anew K-isomer 266 Hs
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