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What's on the menu this week?

Lesson 3:
-Reactions: synthesis of SHE
-Search for new elements at GSI
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It's all about the cross
section...
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The Coulomb barrier
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The Coulomb barrier
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Energetics of the reactions

Analog to a decay.

Example: 24Mg + ?42Cm — 266Hs*

A(?*2Cm) + A(**Mg) = A(*%°Hs) + Q
Therefore:
Q = A(%*2Cm) + A(**Mg) - A(%°Hs)

Using mass excess values from "Atomic Mass Evaluation 2003"
(A.H. Wapstra et al., Nucl. Phys. A 729 (2003) 337) yields:

Q =54.81 MeV + (-13.93 MeV) - 121.19 MeV = -80.31 MeV
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Excitation energies at the Coulomb barrier

Generally:

+ 242Cm

+

+

+

+

2341 1
U

208pp,
180Hf
134X g

E*=V.(c.m.)+Q

Pl Ll

266HS*
2660 a*
Mo
266HS*
266HS*
266HS*

Bg...= 301.7 MeV

An important property of a heavy-ion induced fusion reaction is the
excitation energy of the compound nucleus if the beam energy
corresponds to the Coulomb barrier height

Excitation energies at the Bass barrier for different reactions:

Hot
Fusion
E* ., =47.5 MeV
E* ., =52.3 MeV
E* .. =21.6 MeV
E* ., = 16.6 MeV
E*.,=3.1MeV
Cold
Fusion
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Cross Section for EVR Formation

o(E)= CAPTURE - p. - SURVIVAL

\ A
Y VA Y /

Capture  Diffusion Survival

\. J
Y

Fusion (CN Formation)

CAPTURE: cross section to form a composite system inside the Coulomb
barrier

Pen: probability of the dinuclear system to evolve to a CN

SURVIVAL.: statistical evaporation cascade of the CN
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Cross Section for EVR Formation

o(E)= CAPTURE - p - SURVIVAL

N A A Y,
Y Y Y
Capture Diffusion Survival
\ J
Y
S u leal _imax I ]
6(E)=ofus-W| IT | =2 | ,E*
o i=1 { T, )
tot /4
CAPTUR - -
E*: Excitation energy
Pcn- [, Probability for evaporation of one neutron
SURVIVA [t Probability for all possible exit channels. I =+ +T" +...
Iyt ~ I's for the heaviest elements
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The exit channel: ', / T,

Spherical nuclei:

-Density of states above the neutron
emission saddle point: very small.

Total Mass: E;, + My Jll+ Migger

-Density of states above (deformed) saddle
T point: very large.

Neutron
binding —
energy Fission Fission

Barrier saddle: = Spherical nuclei hardly survive, but
Mass M; .
= fission!

Compound nucleus

= Synthesis of magic (spherical)
nuclei should be extremely difficult!

For SHE: I',,~T;
CN survival probablility depends on number of states in the energy intervals
between total energy (or: mass) and the masses of the neutron emission saddle
point and the fission saddle point.

W. Swiatecki et al.,

PRC 71 |2005| 014602
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Production of Heavy Elements in

Complete Fusion Reactions

'-'Fma:'l:
opvrR(Ecm) = E oen(Ecm.s
J=0

AX
E Ocapture Ecm.,
\

where

ocN(Ecm.)

We need to know three spin-dependent quantities: (a) the
capture cross section, (b) the fusion probability and (c) the
survival probability, and their isospin dependence

Courtesy of W. Loveland, 2012



* For the heavy element synthesis reactions,
we know the capture cross sections within

a factor of 2.

Courtesy of W. Loveland, 2012



CN cross sections

At /. fission barrier damped to about 1/e of /=0 height
With 7 =154: o,, about 10-100 mb.

Cross section for Z=112: about 1 pb

imax I
%PCN‘W{H( - ],E*}stﬂo-m
1

cap

izl Ftot

Physics of p-y and of W largely different!
Experimentally, the measurement of the individual contributions is
difficult. Only product is known pretty well.

— Different theoretical models have drastically different values for
pcy @nd W, only the product of the two is identical (and thus allows for
correct description of experimental cross sections)
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We conclude ’rha’r we know

WSur within a factor of 3.

Courtesy of W. Loveland, 2012



Production

of heavy elements

Cross section (mb)
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Asymmetric reactions with actinide targets:
Small fusion hindrance
— High fusion cross section
High excitation energy in CN
— Hot fusion
— Multiple neutron-evaporation steps
— Big losses in exit channel

(More) symmetric reactions, Pb/Bi targets:

Considerable fusion hindrance

— Small fusion cross section
Low excitation energy in CN thanks to shell
effects in the target

— Cold fusion

— Only ~1 neutron evaporation step

— Small losses in exit channel
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-0 ™ | FLNR/GSI: Cold fusion
4 J° \ of
:E Ql O\P //
= [/ N o
> 20}-0 Shell effects around 2°8Pb
2 Symmetry decrease excitation energy in CN
N 0 i o :1 — evaporation of fewer neutrons
:.ﬂg; ( — loss in exit channel smaller
§ - 0/61\ Ku — should enhance cross sections
40} o 3
| of Mo o] 27PD(*Ar3n)24Fm
= / \ J 208Pp(48Ca,2n)?**No
<0 h MNoe” — high cross sections measured at
- FLNR!
0 A | ] | 4 |
20 40 60
lon mass

Fig. 5. Minimum excitation energy of the compound nuclei 2#*Fm and #°®Ku formed in different
target-projectile combinations. The dashed curves are drawn through the calculated E*.;, values
shown by points.

Ch.E. Dillmann - Quest for Superheavy Elements - Ecole Joliot Curie 12 — Fréjus, France — September 30 — October 05, 2012




Cross Sections in Hot / Cold / 48Ca Induced Fusion Reactions

Projectile Target
B “°Ca..""zZn + *Pp/Bi
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"Influence"” of the N=126-shell on o
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Fig. 6. Data poinis: Maxima of the 4» excitation-functions as a
function of the neutron number for Th evaporation residues. The
factor 1/(m A% 15%) was applied in order to remove trivial entrance-
channel effects for different target-projectile combinations and to
make the ordinate scale approximately equal to the survival prob-
ability II(I/I,,) times the transmission coefficient of the fusion
barrier for low anguiar momentum {9]. Lines: Calculated survival
probability fI{f/I,) for zero angular momentum. Solid line:
standard evaporation calculation. Dashed line: evaporation calcu-
lation without shell effects

Spherical nuclei do barely
survive!

" /T's worse by orders of
magnitude compared to
deformed nuclei!

Washing out of shell effects
with increasing E*

—>N=126 shell has
basically no influence on o

D. Vermeulen et al.,
Z. Phys. A 318
(1984) 157



A scenario by P. Armbruster

Eur. Phys. J. A 37, 159-167 (2008)
DOI 10.1140/epja/12008-10607-5
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A scenario by P. Armbruster

Eur. Phys. J. A 37, 159-167 (2008)
DOI 10.1140/epja/i2008-10607-5

PHYSICAL JOURNAL A

Regular Article — Experimental Physics

Shifting the closed proton shell to Z = 122 —A possible
scenario to understand the production of superheavy elements
Z =112-118

P. Armbruster®

GSI Darmstadt, Planckstr. 1, D-64291 Darmstadt, Germany

-Analysis of Q, values: Z=114 not magic!

-Periodicities in chart of nuclei: next magic Z ~ 122
— ALL so far found SHE are NOT spherical, but oblately DEFORMED
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A scenario by P. Armbruster

— ALL so far fourn

Eur. Phys. J. A 37, 159-167 7=1292
DOT 10.1140/epja/i2008-106 - 0=
ZS
Regular Article — Experij =
é: l| PN
a0 % o)
. il NP _ 6’ .
Shifting the clf «= = 9 & | 3
scenario to un{ «- ) <
Z=112-118 | «- %
= =2 W=2E s o
“0 = w1 o, Q P,
S '
P. Armbruster?® 40 O 06 (é
GSI Darmstadt. Planckstr. 1 § an oy o 1 Q/:) i
M=2 (o) 'o
7 41 o
. a0 =
-Analysis of Q, vd * % - |
0} i o o [ =:H N=t 25
g - IE Sh
-Periodicities in ¢l . =#=== Q ettt b
u} 10 i} 30 #0 Sl &0 % a0 an o0 110 120 130 140 30 Al 170

Ch.E. Dillmann - Quest for Superheavy Elements - Ecole Joliot Curie 12 — Fréjus, France — September 30 — October 05, 2012




A scenario by P. Armbruster

Eur. Phys. J. A 37, 159-167 (2008)
DOI 10.1140/epja/i2008-10607-5

PHYSICAL JOURNAL A

Regular Article — Experimental Physics

Shifting the closed proton shell to Z = 122 —A possible

scenario to understand the production of superheavy elements
Z —=112-118

P. Armbruster®

GSI Darmstadt, Planckstr. 1, D-64291 Darmstadt, Germany

-Analysis of Q, values: Z=114 not magic!

-Periodicities in chart of nuclei: next magic Z ~ 122
— ALL so far found SHE are NOT spherical, but oblately DEFORMED

-Fission of oblate nuclei over prolate saddle point hindered — I' /T’ favorable!
High cross sections due to strong effects in EXIT channel

(But: there are models with magic Z=114 @ N=184, where Z=114 is not magic at smaller
N, in the region of nuclei accessible in ¥Ca+actinides)

Ch.E. Dillmann - Quest for Superheavy Elements - Ecole Joliot Curie 12 — Fréjus, France — September 30 — October 05, 2012




Armbruster's model: theory vs. experiment

Gipb
10°
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P. Armbruster, Eur. Phys. J. A 37 (2008) 159
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Landing points of heavy ion induced fusion | Model w/
reactions | Z=114

magic

115115 [30ms|0.1 s,

113
1 112|112

111|Rgfsms | |ems

e Ds ? 200.,5150»50.15

1 Mt |2 ms P 5ms

102(No 1s‘2m 1m|3m|3s(30s g e
101|Md| 75 |30s| 1m[4m|2m|6mBom30m| 1h|6h|50d

100|Fm|40s/40s|3m30m 5h [25h{3d|3h|20h 100d

o Pb/Bi targets; cold fusion (E*~10-15 MeV), n-poor isotopes

o Light projectiles (12C~30Si)+actinide targets; hot fusion (E*~50 MeV),
n-rich isotopes up to ~Z=108

- 48Ca beam + actinide targets; warm/hot fusion (E*~30-50 MeV),
n-rich isotopes




Again: it's all about the
Cross section...
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Superheavy Elements
— The hottest topics at GSI
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Maklng elements 119 and 120

Asymmetry
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50Ti + 249Cf = 299120

S4Cr + 248Cm = 302120

58Fe + 244Py = 302120

—6 i 1 i 1 N | " 1 "

180 200 220 240 260 280
Liu et al. Z]Z2/(AJU3+A2”3)

PRC 80 (2009) 054608

10

64Ni + 238U — 302120
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Cross sections: current predictions from theory

cross section / fb

Ti+Cf Fe+Pu
. ‘ Zagrebaev (Myers/Swiatecki)
1 04 Cr+Cm Ni+U Siwek-Wilczynksa (Muntian)
Adamian (Mdller)
Adamian (Liran)
Liu (Mdller)

Nasirov (Muntian)
} Kuzmina (Kuzmina)
B Wang (Muntian)

Best reaction: 20Ti+249Cf

c predicted: ~40 fb — 1 pb

Asymmetric (More) symmetric

Asymmetry
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OTij+249Cf Excitation Function

1000 3n exit channel
4n exit channel

(48Ca+29C>E118) S akpa™
~500 fb 4 Liu + Bao (09) N

100 (Méller 1995; FRDM)

@ Wang et al. ("11)
(Liu 2011; WS3)

A Zagrebaev et al. ("08)
(Myers 1996; TF)

V¥ Siwek-Wilczynska ('10)
(Muntian 2003)

‘ Nasirov et al. ("11)
(Méller 1995; FRDM)

o/ fb

10

« Nasirov et al. ("11)
(Muntian 2003)

p Adamian et al. ("09)
(Moller 1995; FRDM)

1/

I _ '
260 270 280 290 300 | @ Adamian et al. ('09)
(Liran 2001) /
E [/ MeV
Lab
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OTij+249Cf Excitation Function

" A0y estim "3
ext X yeafs '

xdamian et al. ('09)
(Méller 1995; FRDM)

Adamian et al. ("09)

(Liran 2001) /
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NEWSFOCUS

9 Septomber 2011 | $10

Science

—
SUPERHEAVY ELEMENTS YOURUILLS [ etement 120 vouuoe
Element 120 - Periodic Table of Videos

Wh I c h Wav to th e ISI a PERIODIC VIDEOS 359 videos [¥] = Subscribe
Last month at the Helmholtz Centre for RN #

Ion Research (GSI) in Darmstadt, Gery
team of physicists and chemists from

the globe began firing an intense bq
titanium 1ons at a thin foil made of ¢
nium. They will continue to bombard
and night, until October.... 333 (

¢hLike 59 || 4 Addto v || Share || [R 41,773 =

Uploaded by periedicvideos on Sep 17, 2011

Attempts to create element 120 raise the issue of the so-called "island of 672 lkes, 3 dislkes

stability”.
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The Hunt for Element 120

cross section / fb

Ti+Cf Fe+Pu
. /S
10" Cr+Cm Ni+U ; e e
>
]

SHIP "1113] Adamian (Moller)

Adamian (Liran)
560 fb DGFRSI2] Liu (Méller)
103 _____36d_400fb

Nasirov (Muntian)
7 ~60d gHIp '09r]

Kuzmina (Kuzmina)
Wang (Muntian)
VvV 901
116 d

Best reaction: 20Ti+249Cf

c predicted: ~40 fb — 1 pb

[1]1 S. Hofmann et al., GSI Sci. Rep. 2008, p. 131
[2] Yu. Ts. Oganessian et al., PRC 79 (2009) 024603
[3] S. Hofmann et al., TAN 11, Sochi, Russia

Asymmetric (More) symmetric

Asymmetry
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A NN

2012: SVTi+249BK

4n is larger than 3n 3n exit channel
4n exit channel

Agreement 2:
Position (in E) of maximum

M Liu + Bao \

(Méller 1995; FRDM)

@ Wang et al.
(Liu 2011; WS3)

A Zagrebaev + Greiner
(Myers 1996; TF)

V¥ Siwek-Wilczynska
(Muntian 2003)
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Search for element 119

119 295119 296119
ojyiel
| I L LN\ 294118
e
17] | o
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28711 512881151289115
s R 0 e
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__ _1_ ___ _ __d4d A AN

TASCA High Power Target Wheel

Cf 249

used for Eﬂml:

@ Target Wheel: 100 mm
@ Beam Spot: 8 mm

350.6 a |

0 5.812; 5.758..
sf;y388..; g

2 Jonannes GUTEN BERG
UNIVERSITAT Manz

Target wheel with Gd tested up to
2500 particle-nA

Wheel system: E. Jager, T. Torres, J. Krier

March 6:
249Bk arrives in Mainz

March 23:
Targets arrive at GSI

April 12:
Targets mounted in TASCA

April 14:
Begin Element 119 search

...still going on
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A new ANangDIgltaI (ANDI) DAQ system for us- |sotopes

Ampllflers DAQ MBS

PreAmp SpecAmp
Analog l
Energy, X: Deadtime <50 ys Comp
E =F MBS 1
FrontX backY Dlglta|
Energy, Y: Trace length 50 us
Comp Event

PreAmp ADC

Builder

Sampling ADC

Eve: MBs R\
FEBEX 2 ,

ﬁ HELMHOLTZ

‘ ASSOCIATION

DAQ: MBS ©
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A new ANang/DIgltaI (ANDI) DAQ system for us- |sotopes

Ampllflers

PreAmp SpecAmp
Analog l
<
Energy, X: Deadtime <50 ys Comp
= —F MBS 1
FrontX backY Digital
Energy, Y: Trace length 50 ys
e N Event
-NWM I
i 5 o0 . Builder
=—— S 1800- ”
2 | . EvB: MBS A\
o 1600—_ ] | LA
& v & g 1400~ Sampling 65 MHz 7]
1200+ 1 ch=17 ns ]
10000 500 1000 1500 2000 2500 3000
J. Khuyagbaatar ’ Times/ channel
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A new ANangDIgltaI (ANDI) DAQ system for us- |sotopes

N Dead-time free!

Lifetimes down to about 100 ns
can be measured

———

2200wy - Event
| ; o 20004 Builder
—— -
| i = 18004
3= i Eva: mas [\
— 1600+ . .
g i . E
= =L e |2 1400- Sampling 65 MHz -
GSI EE 12007 1ch=17ns
10000 500 1000 1500 2000 2500 3000
J. Khuyagbaatar Time | channel
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Current status of experiment

OTi beam 750 nA, and 24°Bk targets with initial thickness =0.44 mg/cm?.

| e

April | May ‘ June

I

Jul _ly ‘ August September
oday
I I i I I ‘I I I I I
September October November
48Ca+249Bk=Element 117 S0Ti+249Bk=Element 119
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Conclusion

Superheavy elements are a cool research topic!
Elements up to 112 + 114 + 116 named.
All elements up to 118 claimed
Rich field:
-Synthesis
-Structure

-Decay properties

-Mass measurements

-Chemical properties
GSI 2012: Element 119 search (°°Ti + 249Bk) at TASCA
Superheavy elements are a really cool research topic!
You are a great student class!
Thanks for listening AND discussing!
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Literature: Recommended Books

Text books:

e G.T. Seaborg + W.D. Loveland
The elements beyond uranium
Wiley, New York, 1990
ISBN 0-471-89062-6

e M. Schadel (Ed.)
The Chemistry of Superheavy Elements
Kluwer, Dordrecht, 2003
ISBN 1-4020-1250-0

Historical reminiscies of three giants in SHE :

e D.C. Hoffman, A. Ghiorso, G.T. Seaborg
The Transuranium People: The Inside Story
Imperial College Press, London, 2000; ISBN 1-86094-087-0
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Superheavy elements at GSI (Ch.E. Dullmann, Radiochim. Acta 100 (2012) 67)
(current overview article about GSI superheavy element research)

Radiochimica Acta Special Issue "Heavy Elements" on occasion of the
"International Year of Chemistry: Volume 99 / Issue 7-8, 2011:
http://www.oldenbourg-link.com/toc/ract/99/7-8

(All articles available in open access, no subscription needed!)

Includes:

1) Production and properties of transuranium elements (Y. Nagame and M. Hirata)

2) Theoretical description of superheavy nuclei (A. Sobiczewski)

3) Synthesis of superheavy elements by cold fusion (S. Hofmann)

4) Synthesis of the heaviest elements in 4Ca-induced reactions (Yu.Ts. Oganessian)
5) Spectroscopy of actinide and transactinide nuclei (R.-D. Herzberg and D. M. Cox)
6) Superheavy element studies with preseparated isotopes (Ch.E. Dullmann)

..and some further articles




