120

110

Q, = 11,13 MeV
Q, = 11,37 MeV

uuuuu

130

9 Cf

% cm ™ i

4 4 A !
137 138 139 14DA@1 142 143 144 145 145 147 148 149 150501 152 153 154 155 160 190

170 180

Dieter Ackermann
== 1l

Helmholtzzentrum fiir Schwerionenforschung GmbH

Darmstadt, March 1st 2013



Nuclear Structure studies at SHIP
- outline

* Nuclear structure features of superheavy nuclei —#
- single particle levels — towards the shell gap (trends along isotone/isotope chains)
* quasiparticle excitations — deformation/K-isomers

- sf-properties — stability

- Decay spectroscopy
- separation + coincidences
112 copernncnum
111 rOENtr UM

* a,v, e, sf measurements
* Ion traps (SHIPTRAP)
* precise mass measurements
aiimstatdium
109" 1= ;|erium
hassuﬂ\ -ﬁl[ EHE

* trap assisted spectroscop

bOhrIU n_ ﬁﬂ-ﬂh |ﬂ_:. | Spherical She”'stabiliSEd
[] discovered at SHIP tﬂ.“g R .= superheavy nuclei
] new or improved decay data - Vi Y |d | "
| ;-ﬁﬁwi5f"
-8,3 ¢ nwhﬁ 4
7,4 Eshel 101 maf T 4 "WWV V J
o o W -
ry deformed sheII-stablIlsed

a4 superheavy nuclei

1,4 9% Cm cnmj | 240 22 Cm
0,36 r
Cole - A3enhc7pu/icl(i 1377138 139 114% 1417142 143 144 145 146 147 1487149 fgb151 7153 1547155 160 170
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> 327 b 52 ¢
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Elena Litvinova ShelL e,\LluTlon?giuper,heavﬂZ 120 isot

PRC 85, 021303(R) 2012 QVE: ir QTthSTlc fr‘amewor?k&

1. Relativistic Mean Field: spherical minima Vibrationcbrre
2. Small amplitude vibrations: RQRPA to alpha decay
3. Very ;of‘r huclei: large amount of low-lying collective energles Qa [MeV]
vibrational modes (~100 phonons below 15 MeV) 13—
(0]
——————— 1] - % RMF+QVC Z=120
0.8 F 292 v + 292 I Is
oef 120 7120 1— s = .l
04F F — 3y, | 2 @ ®
02F + — 3y, | = 5 * % O
—ED I 2g7;’2 o @) O
= osf — 2, 1
= o6f X .
v 04F — P 296 298 300 302 304
= [ Uisn
2 M — L | e A\ S
S osf : . i :
57 82 I Vibrational
= Lk 1 T corrections:
T U T — 3p
L 02F ] 12
b1 ': — — ;1;% : 1. Impact onthe
w 0.8 F 304 T 512
0.6 i shell gaps
g; I T ;“-’3 2. Smearing
.14 2 .10 8 ) e 4_ on : of the shell
F Vel I R A e
s . E.L., arXiv:1108.3508
Shell stabilization & e
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Nuclear Structure of Heavy Nuclei
- Single Particle Levels and Deformation
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Nuclear Structure of the Heaviest Nuclei:
- odd-A odd-Z Istopes for Z = 99 -105

257
BI( TI ,2n)"" Db - 207Pb( Ca 2n)253No
Present status of nuclear structure p— 2%Bi(*ca,2n)*Lr EC-> P\
investigations of odd A odd Z elements (521
in the region Z = 99 -105 912'7624] 9/2'[624] ? 9/2+[62 e
9163 9074 257Db / 259 261Db
Level assignments are partly tentive . 9474 8930
1/27[521]
o/2 2 1/27[521]
7121514] 7121514] 7121514] 7/21514]
247 8722 257 259
2°Bi(*Ar,2n)**'Md 8794 8470 8385 8796 Lr
1/27[521] 1/27[521] 8450
1/2521] 9/2°?
7/27[514] 7/2[514] 7/2514] 7/21514] 7/21514]
247 249 7274/ 7327 255Md
912"
8030 7540 7100 7/2'[514]
8785 7714 . .
7/2 [514] Increasing
= 7/27[514] 405 .
1/21521] 7/27[514] o =Y 7752 defOf‘mClTlOn
712'[514] . o — 353 453
157 218 zoo (“E“I) (E1) (E1?) (E1) /
(E1 . 9/2"
S —9/2 ’ 9/2'(?) 1 rj 7
l_7/2'633] ~ ——Y_7/2'[633] _7/2'[633] 2633] ] » 71271633]
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243 ¢ [521] 245E ¢ [521] Mg 3/2[521] ? 249 ¢ BlE g 3/2[521]
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Deformation of odd-mass Es-isotopes as function of mass number
- Relation between energy of 7/2-[514] level and deformation

e ————— —
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Decay Study of %°°Sg (Z=106)

- sf Properties, Low Lying States and Trend for N=153 Tsotones

504a)

9035 keV|
392 ms
296 ms
254 ms
255 ms

401

9240 keV |
9702 keV]|

>
!
X
[To
q-w
ey
o,

30

Counts

20
stop
10 4stop + box:

omﬁnﬂnﬁmﬁ% vf“ﬁun
by ‘

2004 - s &

ﬁ{

e Production: 2%°Pb(>*Cr,1n)?>>°Sg, c ~ 1 nb

e a-decay from two low lying levels

o TKE(sf) of 2°°Sg >15 MeV higher than for
255Rf; change from asymmetric to symmetric
fission

* T, /,(sf, °95g) = 235 ms; sf from 1/2*[620]

e change of gs — configuration within N = 153
isotones from 1/2*[620] to 11/27[725]
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Ea/ke\
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11/2-[725]
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(462)

(1/2+[620] ?)

5/2+[622] (157)

0/2-{734] & /

255 ¢ F.P. Hel3berger et al.

Events / 5 MeV

18

sf (?°°Rf)

(b=50%)

14 H{E = 165 MeV (uncorrected)
1AE = 31 MeV (FWHM)

12 4
] \ E = 180 MeV (uncorr.)
101 AE = 11 MeV (FWHM)

. /

4-

U T

0. 11 [1, , S I
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E / MeV (Stop detector)

16

Sf(ZSQSg)
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Decay Study of %°°Sg (Z=106)
- sf Properties, Low Lying States and Trend for N=153 Tsotones

&
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Decay Study of %°°Sg (Z=106)
- sf Properties, Low Lying States and Trend for N=153 Tsotones

&

1 Theorie nb
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Nuclear Structure of the Heaviest Nuclei:
- Isomeric states: ?>’No 5/

~
T,,=110t10ms 206Pb(48Ca, 2n)?°2No
200
) =) T ,=101.2+13.9ms
6) "
(5—) § 100 -
@) 3
(3‘ 50 -
(2'; iy
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0 100 200 300 400 500
t (ms)
250 | I | 1 //// 1 1 1 1 L
201 2§ |8
@ 150 + ;’r =<g ?
c = )
= 3
Q 100 4
E V«WNJLW
0 — 17—/ T 4 i
B. Sulignano et al. EPJ A33, 327 (2007) "¢ %o 00010, %% ] /k":;’ 750 800 850 900 850
B. Sulignano, PHD thesis, Universitat Mainz, 2007 v e ..
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Nuclear Structure of the Heaviest Nuclei:
- Isomeric states: ?>’No e

e
5 I ( z

1[,_7,_,,),;

. .
inbeam studies at JUROGAM
23
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FIG. 4. (Color online) **No level scheme. Ground-state band =
measured up to spin /™ = 20* and comparison to HFB predictions to 3
—
spin 24% (gray box) are shown on the left-hand side. The rotational — ™
---------- band measured on top of the K™ = 8 neutron isomer is shown (up
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27Ds and its Decay Products
- 15t experiment in 2000 (s. Hofmann et al., Eur. Phys. J. A 10, 5 (2001))

270Ds—266Hs (6 chains)
chain# 1,3 and 5
chain#t 2

chain# 8

chain# 7

266Hs—>262Sq (8 chains)
chain# 1-8

26259 decay (8 chains)
chain# 1-8

Counts

Time / ms

E/MeV

2.2 1
2.0+
1.4 1
1.6 7
1.4
1.2 -
1.0 4
0.9 4
0.5 1
0.4 -
0.2 1

nno-

theory exp.
980 -—
LB =
83 6.3

EEESg

6.0 ms
113 MeV

=

:

theory exp.

"

10,20 10.34 MeV Qo
2.2
1600

E.H ms T|.-"!.I:I.
.9 ms Ty,
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Experiment:

a

S. Hofmann et al.

ey Qo
r'I"IS- T'__rj.n
ms Ty

Theory:
Rot. levels:

(MicMac)
K-isomers
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Ta+

t—, o=

pb
0+
1 m
E

- 8 pb

. Lheory

N20 N24 MeV Ga

W0 76 ps  Tym,
>0.2 540 ms Ty
210

Ds

A. Sobiczewski et al.

S. Cwiok et al.
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Decay Chain of ?”°Ds from %*Ni+?°’Pb
- Results from October 2000 and Possible Extension

) Ds 269470 270 NDs 211 Ds 2713
110 | Ds
QE) EF=2E S h “ H “ —“
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2010: Observed types of decay chains

- ER-a-a-a-sf

a) ER-a-a-sf

Decay chain 5

10.897 MeV
50 ps

10.205 MeV
11,4 ms

184 MeV + ?
20,06 ms

15 chains

b) ER-a-sf

ER:

Time: 761391.182
MP: 1531
Strip#: 11

EH 38.72 MeV

Posyt:  14.75 mm
Posyb: 18.41 mm

Decay chain @

ToF:1409

10.884MeV
270Ds: 0.69 ms
Time:  761391.182
MP: 1581
Strip#: 11 291 7MeV
Estop: 10897 keV 1577 ms

Posyt:  15.36 mm
Posyb:  20.45 mm
Posyb(HE):  18.32 mm

Egammal: 1126.9 keV
266Hs:

Time:  761391.193

MP: 12976

Stip#: 11

Estop: 10205.4 keV
Posyt:  16.29 mm

Posyb: 20.57 mm :
Posyi(HE):  10.25 mm 8 ChalnS

2625g:

Time: 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

= sf(%Hs) = 24%

ER:
Time:
MP:
Strip#:
E:
Posyt:
Posyb:

ToF:1417

270Ds:

Time:
MP:
Strip#:
Estop:
Posyt:
Posyb:

1281611.582
1547

9

47.65 MeV
17.63 mm
15.95 mm

1281611.582
2235

9
10883.9keV
18.10 mm
16.50 mm

Posyt(HE):  18.18 mm
Posyb(HE):  16.09 mm

Box#:
Ebox:

266Hs:

Time:
MP:
Strip#:
Estop:
Posyt:
Posyb:
Box#:
Ebox:

21
12047.2 keV

1281611.584
3812

13

221.71 MeV
17.74 mm
16.03 mm

--- MeV

Egamma: --- keV

= a(%25g) = 6%

c) ER-a-a-’d-sf

ER:

Time:  1960630.182
MP: 1940

Strip#: 10

E: 40.79 MeV

Decay chain 13 Pégyt; 18.36 mm

Posyb:  17.83 mm

10,976 Mev ToF: 1413
S04 270Ds:
Time:  1960630.182
986.6 keV + 10,637 MeV MP: 1990
0,887 ms Stip#: 10
Estop:  10975.9 keV
Posyt:  15.23 mm
9453 keV/ Posylz:  18.85 mm
0,888 ms Posyt(HE): 19.43 mm
Posyb(HE): 15.66 mm
190 MeV 266Hs:
0,261 ms Time:  1960630.183
MP: 2867
Strip#: 10

Esfop: 986.6 keV
Posyt:  15.04 mm
Posyb: 17.53 mm
Box#: 4

Ebox:  10536.8 keV

2625g:
Time:  1960630.184

2 chains o

Estop:  9453.1 keV
Posyt: 15,17 mm
Posyt:  18.60 mm
Posyt(HE): 20.43 mm
Posyb(HE): 15.62 mm

258Rf:

Time:  1960630.184
MP: 4016

Strip#: 9

Estop:  189.78 MeV
Posyt:  18.14 mm
Posyla:  18.65 mm
Egamma2: 309.7 keV
Egamma3: 1055.3 keV
Egammad: 1095.5 keV
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- News Il - 262Sg a-branch — link to °*No L

« 26 decay chains (?/°Ds: 25, 21Ds:1)

* new spectroscopic data

(10 897-12: 116} MeV “°Ds
= 100,us, 60 i

: - '- 266Hs ...... S
new fission branch
in 266HS é E .......

N =

: |
Sg Zézsg
a-decay link

26250 _y 258Rf |25 9.453 MeV
A = RE 6.2.ms

Lr

.3 ms.*

*

4 —5). M. GATES.et al. BRC 717, 034603 (2008)
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*T,, from S. Hof:mann etal., Eur. Phys. J. A 10, 5 (2001)
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Decay details

-time distributions

B “‘

Run 197 - experiment 2000

Run282 - experiment 2010

270
/ Ds
———H |

~. . 266HS
i N
[ | \J
zezsg R

|  Experiment 2000

N\

105-ms

decay time [ms)

| Experiment 2010
270mDS 1= 8.6 Ms 258
—7%pg  1=0.15ms Rf
266
—— ®Hs =45ms
266 i | — I
”””” Hs t=8.9ms |
oYy T=0.45 MS
2Rt 1=9.76 Ms
*23g =120 ms
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0,1 1 10 100

me=m il
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Decay details
-time distributions

Decay chain 8 2701y6 un282 - expemmem 2010

L 210
10.968 MeV \

wns|  5.31ms [

- 10,952(28) 270
-I 0-440 Mev 2_‘ 1120249
; 11,977(155) ]
10751(44 1123651) 12323
1 4
2ezg 104,66 ms "
g § 10,204(24)
° 10219(13) 266 Hs
10,177(9)
2
180 MeV + ? ~
6, 239 mS 09» 110 ' 12l,0 ' 125
aq E, [MeV]
L s p | gu—
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Decay details

-time distributions

Decay chai

counts

Count

counts

26239

Maximum likelyhood investigation - Poisson statistics
(K.-H. Schmidt)

data:
—all

27ODS

max. likelyhood
analysis:
—4.1ms
——0.25ms

riment 2010

data

max. likelyhood

270
Ds

11,977(155)
11,236(51) 12,323

s TR
8 literature val lue:
© 12ms
T T
6 239 mS 11,5 12,0 12,5
/
Ty | ge—
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270Ds Decay Scheme

270D

12 g.s. decays
13 isomer decays - 2 y‘s: 175/741 keV
(in 2000: 3:3 + 1 y)

chain 8:
E, 200-300 keV lower

266Hs:

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

chain 8:
E, ~200 keV higher
E,= 332 keV

262 S g:
a decay observed for the first time
(1 full E, 1 escape)

258
Rf

Exp Xu Ada
T6-
vo- ve+
Q = 11,13 MeV 710- ve+
v10-
Q =11,37 MeV
X Adg Q. = 12,29 MeV

vO- 270
........... Viboka DS
v9- v7-
—\4-
v10-v9 _
Q, = 10,60 MeV o BT Q, = 11,25 MeV
===
Xu Ada Exp. [ ceerecereecesseseserseaes

Q, = 9,60 MeV

Calculations:

PES: F.R. Xu, et al. PRL 92, 252501 (2004)
TCSM: G.G. Adamian et al., PRC 81, 024320 (2010)

N = I —
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0 2
+ 1.8
270 %4 - 1
Ds 16— 27(IDS B - band y- band 1
Q" =11.156 MeV sk i
! Al . ]
1.2 2" —
21 _ i o _
Q" =12.234 MeV 1 ]
E Q,,, =1125MeV 0s| §
266 o Q,,,=12.29 MeV 0k 6 |
Q," =10.221 Mev 041 . ]
02 -
5 2" 4
Q ' =11.735 MeV °C v |
a it v9-
K 11
Q "'=10.37Mev v10-
262 i %
Sg Q,,,= 11.37 MeV
2
3 10,952(28 s - — B - band v- band ]
] 270 . 8 . _
! Hs < i
T 1).202¢49) T Ds - 16~ 2 ]
2 4 g.S. isomer - - i = i
11,977(155) i M 14 0 —
10,751(44) 11,236(51) 12,323 N L 4
14 am . ~12fF -
] Z 1| -
2 o @ f -
= 10,204(24) < L -
8 4 5 266 - g0
10,219(13) Hs B & i
10,177(9) 0.6 [ 6 :
2 04 f ]
10,433 0.2 -— o __
(1] o -
0 y T T T H T T T T T T - -
9,5 10,0 10,5 11,0 11,5 12,0 12,5
E, [MeV] 53Rf
BN = AL
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Energy Density Functional Calculations

- Vaia Prassa, Dario Vretenar et al.

R LI L I I BN BN L BN I NN B NI NI L N Exp. xu ?::
- — 'ps vO- v8+
19101 Q,= 9.57 MeV — oy E e
— g 1 V10- s
ey E Q, = 11,13 MeV 0 e+
BE=-1924.04 MeV (b=0.274) ] v10-
= -1930 Q.= 10.351 MeV/ - Q =11,37 MeV
- ]
:-1940 _ \/—/\A _: o Xu T»%fg-'- Q., = ]2’29 MeV
BE=-1941.988 MeV (b=0.26) ] v8+
Q = 10.804 MeV . vo- 270
-1950 a 3
s o Vi DS
] v9- v7-
-1960 [ 3
BE=-1959.484 MeV (b=0.243) ] ?Vg'
PR R R R AP R AP R RPN AP BT RPN R R P = YolLV Q, = 11,25 MeV
1707 cl) (]!I o!z 0!3 0!4 0!5 0!6 0!7 o!s 0!9 : |!1 1!2 1!3 1!4 15 Q, = 10,60 MeV va. 8+ ’
p 6+
Xu Ada EXp. [ = sieceessssscssssssssenens
x.) 10,952(28) i 266HS
27ODS
2 Tes. 125 Tisomer ] Q, = 10,37 MeV
11,977(155) l
10,751(44) 11,236(51) 12,323
] IO TTIan
2 o0
5 10,204(24)
8 4 = 266 -
10,219(13) Hs
10,177(9)
24 L Q, = 9,60 MeV
e Calculations:
0 1 * T H I T . 1
95 10,0 10,5 11,0 1.5 12,0 12,5 PES: F.R. Xu, et al. PRL 92, 252501 (2004)
] E, [MeV] 5‘3Rf TCSM: G.G. Adamian et al., PRC 81, 024320 (2010)
| N = L —
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Energy Density Functional Calculations
- Vaia Prassa, Dario Vretenar et al. P
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Energy Density Functional Calculations
- Vaia Prassa, Dario Vretenar et al.

15.3 08 B.E. (MeVilli5.3
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S. Cwiok et al., NATURE, 433 (2005)
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Potential E surface Calculations (rel. HFB)
- Bingnan Lu, Dario Vretenar et al.

e
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16290 16291 116 292 116 I
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axial symmetry
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Potential E surface Cal

* g.S.deformation
varies slowly from
Z=100to 112

 wide octupole range
for second minimum
for Fm and No

_ 0 __=° _
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Potential E surface Cal,

* g.S.deformation
varies slowly from
Z=100to 112

1T 28 1T 29

* wide octupole range o
for second minimum t
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isotopes — M

_______________________ e CEe
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decreases — K-isomer 59 =11 ¢
in 276Cn? - bo

. 3

« Z=112: at the edge of et
the sperical shell T
stabilized region - N 5
“island of stability”? = e I

40200 020400081012 Cf |
Bk U=t o8
= B

V402000204 06 08 10 1.2 1.4

B,

, Manek 172013




Summary and outlook

- approaching and understanding SHE

K isomers,
mass masurements
EDF calculations

PES, Q,, sps

sf/o. branching ratios -
specific for g.s.
and excited stat

L
O

Sf barriers

discovered at SHIP

new or improved decay data

I74 Eshe

24

035

V‘WWWU ‘_ﬂ,-W[_!I -

Cm 233 245 o.nzuuw

96 Cm

1]
Calc.: A38obszewiski IS 1 OE ermat C ﬂ bl

single partlcle states (sps)

transition energies
=51
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High intensity cw-accelerator
ECR 1

cw warm cw cold
MUCIS
MEVVA

UNILAC

Penning

New M/q spectrometer - separator for SHE

target

- efficient beam separation
* high transmission

* M/q separation

* highly efficient particle and photon detection

P
g

particle and phono
detection arra
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