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Heavy ion nuclear reactions
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counts

First Coulomb excitation experiment at UNILAC
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Count rate estimate for UNILAC experiments

Reaction rate [s™] = luminosity - cross section [cm?]
= projectiles [s] - target nuclei [cm™] - cross section [cm?]

accelerator current: 1 pnA consists of 6-10° projectiles [s7]
6-10%3-1073[g/cm?]

= target nuclei [cm™?]
Atarget[g] g

target thickness: 1 mg/cm?

Aurger | targetnuclei | projectiles | luminosity [s* cm™]
200 3-10 [cm?] | 6-10°[sY] | 18-10%"[stcm?]

100 6-10%8 [cm?] " 36-10%7 [st cm?]
50 | 12-10%[cm?] " 72:10%7 [s1 cm?]
5ms

beam structure: 50 Hz [ ] ] [] [] [] [ duty factor: 25%

3ms

present beam structure: 10 Hz [ | [ | duty factor: 3%
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Coulomb excitation: particle identification

particle—detector

___________

164 Dy

208
Pb beam E |

¢, =180
| @, |=and,
y—detector |
208Ph peam
V, ~ 500 V
p =5-10 Torr

gap ~ 3 mm (anode-cathode)

distance target — PPAC: 11 cm
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Coulomb excitation: particle identification

particle—detector

T )/ 150 o e -.. Al T S I =

P;:- events

Baye

l
|
|
: Pb- even*s ’
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|
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Dy- events il

y—detector ~ ] //
208Ph peam /
/
/
. . Az
max.scattering angle = arc sin—=
1

distance target — PPAC: 11 cm

Hans-Jurgen Wollersheim - 2022



Doppler shift correction
164 Dy p b,mP o) {
10" f E =47MeV/u | Nl »m.\ - .,--'.s‘
i__f \k \Jf\ % ‘Z@\\ 3 ; \\_‘.\l N, \ Y i :f .
1o’—: U\J«x SINGLES _ ) S ™~ i : 'J

|

Mal

COUNTS
Wi
—

164Dy target nucleus measured with PPAC (1%4Dy target excitation)
index 1=projectile (2°8Pb) index 2=target nucleus (164Dy)

v, =0.04634-(1+ A,/ A)"JE /A (=0.02746)

vV, =2-V,, -C0SY,

cosd,, =cosd, -cos, +sing, -sin g, -cos((py - goZ)

b COINE CORR cos(p, —¢,) =C0S@, -COS @, +SsiNg, -Sin @,
] +SU )
wl E70 1-v, -coslsly2
200 30 L0 50 =
E \J1-V2
ENERGY (keV) ’ 2

D. Schwalm et al. Nucl.Phys. A192 (1972), 449
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The reorientation effect

The excitation cross section is a
target direct measure of the EA matrix elements.

projectile

2Y)=— Z—Ri 2||M(E2)||2
| T 0.(2") = = | = - 2lIME)]I2)
| i :
1% order: reorientation effect: 6 1 50
@ i
a® = (I MEL)  a®, «(1,|ME2)]1, )1, MEI,) 4 ’\
~ 120°
o | T
wp
@
2) (1) 75 A AE T 21 60°
R0, =R, 0.0 |1+ |-7- 2 77— &) K©,9 = =
P 14+"P/,
t 10 -
/\w
01 2 6 8
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Quadrupole deformation in 182.184.186\y/

W182 “, 183 Wi1s4
LIEA17y 3E+17y
0+ T, M 0+

26.3 14.3 s 30.67

Ta180 UESEI TalS2
11443 d 51d 87h 494m 10.5m

T+ 3 72+ 5) 12+ 23 1 1 6

99988 |5 B B B B

Hf175 it/ sV i O s A iiabt. Il Hf181 | Hf182 | Hf183 | Hf184 | Hf18S | Hf186
70d 42.39d 9E6 ¥ 1.067 h 412h 35m

0+ "2- o 0+ 912+ 1/2- 0+ (3/2) 0+ 0+

—  mom

HI174
20E15y
0+

[
0.162

5/2-

EC 5206 18.606 27207 13.629 5. E B B B B

§ f Spherical t Transitional Deformed

D

HL <<O/ it
Deformation

prolate

R. Kulessa et al., Phys. Lett. B218 (1989), 421
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Alignment of i,,, protons in 242244py

2 7+

Pl

= — " ‘no 4-:—’ ‘v o]
EI ZSI(I + 1) 10' 5--‘ t? 1‘ ‘1‘ .; ":! +l.ﬂ . 1-‘_:6 "é
£ (keV] s 2 TS ] TRy =
|1 - ‘o *! ‘C!’J o~ :
‘ | = 2%
L NG
_ 5 107 | )
o o b
2B — 4172 4135 I 1
L4000 -
24 1662 3678 2
B 10!
22t 363 3206
3000 :
20 2646 2734
B . 10?
18 2236 2282
2000 — 5
16 1816 1858 o
- 1631 1467 3
. O 10?7
00 10 778 801 5
S 518 535
+ 325 8 ?
0 S EL 1 156 ] A L 1 1 a A i i i i i
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IT[ E(MPU} E I“"Pu) ENERGY (keV)

2
E,=E, —E_,=—(41-2
y I -2 23( )

15 IJ+1) 3ZR}

2
§=—A-M-R2?-[? ; —2)= .
S=gAd-M-Ry-p° BELZI-I-2) s2r 2l - DEI+1) 2 Q= T

5
+« analysis with GOSIA code

W. Spreng et al., Phys. Rev. Lett. 51 (1983), 1522
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Coulomb excitation of 114Sn

particle—detector

114.116Sn—58Nj at 3.6MeV/u

...... E,=1300, 1294 MeV
B(E2)1=0.25(5), 0.209(5)e2b?

y-efficiency = 0.005
accelerator duty factor=10%

beam intensity = 1pnA

9, =150 target thickness = 1mg/cm?
; 180
/ ] py-rate (Sn) = 1/s
= i S E ?mz_ ”"Sn
Y—detector ] % —— =0,
11411650 beam 8 mmé— AE, = 1%
natural abundance of %4Sn: 0.65% —F N
0 SO0 i3] 1500 mEmrw IHEﬂaSD]

P. Doornenbal, A.Jhingan, R.Kumar, et al., Phys.Rev C 78 (2008) 031303
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o-transfer reactions

\S spectrum %/% 12¢
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a-clustering in $2C

&
1(T=1) 1723 vy 10 /
B 1887 e 4o
24(T=1) 1611 —m9— £

1+(Ts1)  15.11

14.71 e
4+ 1408 G
(1+) 1334 o Haruhiko Morinaga
1+ 12.71 — 1956
2- 1183 L,
Lg% (5 510 e
a S64
0 R o °$°7.27 MeV

Be+a asa+a
E(Mav) In
Fred Hoyle 1953 2 4433
2.4 MeV per bound
O+ 0 s —
2c
In E(MeV)
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a-transfer experiment

112,114,116Sn*

112,114,116 12
Sn +2C <: 116,118,120 Tg* 4 Euroball Cluster at +65°

456 MeV - f’/"}L = 115.5Y
s17a(50) = 32.2° =
0.7 10.8 4.9
mg/cm?
delayed breakup
a4 A
,;;Zixr’éc’:oil detection
Ao 112,114,116 N2 03
8Be 0* 1~ 10755 \ " SN
cosf,, =1 — Cse =1
12 — E1 -
QBe = 92 keV

12C projectile
szl + m1E2 -2 m1E1m2E2 . COSGlz
rel =

my +m,
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Transient magnetic fields

beam ion

68 MeV 30 >
Cologne Transient Field
Tandem Accelerator B T 'Y
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12 - Gd Ta b
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Space inversion invariance: octupole deformed nucleus %*°Ra

i
'I/ > B 18 2381
389
P 'I/> 15 Y 1992
368
1624
14*—¥——————
Plw)+|y) - _
345 EI1N3
12* v 1279
320
10° v 959
290
g+—Y 669
253 /
5* 416.6 5=
“: 1438 §7.7 1
—
rotation 226R4

H.J.Wollersheim, C. Fleischmann et al., Nucl. Phys. A556 (1993), 261
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Coulomb excitation of 22°Ra

L] 1 ] T T T
2" +* +
+
3 © v 226
0 b N ) *3, b 6 = Ra 2
¢ o X 3
ts 1 LT * o
5 wn @ | o +
8 7 - ey % Y
= o ] SRR
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o o Ty O T+
(] IR"L“LA 'ruh. A "-Ir':m —
+ E
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h M :
r I 5
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226Ra target broken after 8 hours

H.J.Wollersheim, C. Fleischmann et al., Nucl. Phys. A556 (1993), 261

208pp —s 226R g
E,,, = 4.7 AMeV

150 < 6,,, <45°
00 < Plap < 3600

Hans-Jurgen Wollersheim - 2022



Coulomb excitation of 22°Ra
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Conversion electrons

Radial distribution of EWF

/

Electron conversion

- ,—_"_'_“_.‘-'—_‘_-:-_.—:‘__2 ________________________ E
11, i,L K.I, ‘—P
ML KO r
B e |
e e* .
®; bound state electron @, free particle electron

¢+ For an electromagnetic transition internal conversion can occur instead of emission of gamma radiation.

*

In this case the transition energy Q = E, will be transferred to an electron of the atomic shell.

T=-E-B T, kinetic energy of the electron
e Y e TP
B.: binding energy of the electron
internal conversion is important for: o\ L+5/2
- heavy nuclei ~ Z3 o L 2m,c
- high multipolarities E€ or M¢ ay(El) < Z (L n 1) £
- small transition energies
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Electron spectroscopy with Mini-Orange devices

particle detector (PPAC)

—————

A9, =200
target — Mini-Orange: 19 cm
Mini-Orange — Si detector: 6 cm

Doppler correction for projectile excitation:

Te =y To-{1— By J1+2m, /T, - cosOer} +mec? - (y — 1)

€050, = cosV;c0s9, + sind;sind,cos(p, — ¢1)
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Doppler-corrected e™- and y-ray spectra

particle detector (PPAC)

—————

W r————7——7—7——T7— 7
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counts
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Electron spectroscopy

T 110
ELECTRON I L g
CTORY )
TRAIJE 800 -— . 26Mg (136)(&‘ I+n11SBDy |
BEAM - 700 —n E/A=41MeV/u )
DIRECTION ELECTRON il : ~
COUNTER —

500 h
PHOTO

MULTIPLIER

L00

COUNTS

300

AQ Pk U LY/ T

= 269 [ St NI
o %o w i,

§50 00 70 80 80 900 955
‘ CHANNELS

resolution of the spectrometer AD
including Dopnler correction (_E_)e/%
as calculated for a point source 0.4
scattering in the target (1) 0.004
beam optics (ii) Q.11
evaporation of neutrons (iii) 6.08
energy loss in the target (iv) 0.31
energy straggling of the projectiles (v) 0.006

quadratic sum

- ch - 0_079 experimental resolution

Be =

L. Handschug et al.; NIM 161 (1979) 117
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Nuclear structure of 1/8Hf

&
&  2636keV

v2 712[514] 9/2[624]
72 712[404] 9/2[514]

"o | sl o o0
f— P&
8§00 —8—
w2 7/2[404] 9/2[514]
Kimax v2 712[514] 9/2[624] 1479 keV
6 gan 1147 keV EX~2Ap
E,~2A,
4 L 178 f
o — "
K=0 0 00

high-K orbitals near the Fermi surface

vif g, iy, 9,
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Coulomb excitation of the K = 8- isomer in 1/8Hf

> 178Hf + 130Te at 560, 590, 620 MeV

147

T, ;
o} .i 1 s/ k=8
= : ‘o
&~ 30 1 8" v 632
—

" 3 s—Y 307
-E 20 ¢ - 93

= a U’l—

S K=0
© 0 ¢ [‘[‘]

- | delayed y-s ectrum’&ﬂm
o £ yl Y ip PETR | 1 ~ed ¥l ‘-ﬂ.p\

100 200 300 400 500 600 700 800

E ;’:‘[ keV] Darmstadt Heidelberg
“ Crystal Ball
Delayed y-ray spectrum of the Crystal Ball with 850keV < E4¢., < 1100keV
and 3 < Ng.¢ < 6. In addition at least one of the delayed y-rays must have AE. = 90 ke
been detected in one of the Ge-detectors. !

H. Xie et al.; Phys. Rev. C48 (1993), 2517
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Darmstadt-Heidelberg Crystal Ball and EUROBALL-3 demonstrator
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Doppler shift attenuation method

stopper

100
Germanium
detector

> 101
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Spectroscopy of binary and ternary fission fragments

Double ionization chamber
with sectored cathode

%/%ﬁcompton shield

A
FF

=
740
LCP
T 7 < 140 mm S
252Cf fission source

25k f/sec ) v ) 252Cf source (25k f/s)

2 rings of 12 AE-E telescopes T1,=2.645y
E,=6.118 and 6.076 MeV

bin. fiss./a-decay = 1/31
ter. fiss./a-decay = 1/8308

120 mm
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47 twin ionization chamber for fission fragments

Neutron Evaporation
and Gamma Decay

im The origin of fragment spins and their alignment
N
PN
v 4" — 2" transitions
2.0 — 20 ' T
138%a | - 144Ba -

0.0
o

1 L 1 ulu L 1 L 1 L 1
a0 oo B 0 a0 oo B
'ﬂIP 'ﬂIP
) o
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Search for diabolic pair transfer

Nuclear Josephson Effects:

Enhanced transfer of nucleon pairs between two superfluid
heavy nuclei in a cold reaction correspond to a super-current

12

EXCITATION 1809 f é
ENERGY (MeV) -
B
$ S I=26h
prolate "y
400 800 1200 1600

t

T

A A2
ENTRANCE EXIT
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Proposed systems

172,174Yb on 206Pb
174,176Hf on 206Pb

T T T T
Yb (B =0.297)

NE i 1 I T | LE
Hf ([} =0.230) 10

05 05+

Ekzsn"? £k=TJ‘2 Ep;:ge‘;

Ex=% Ex=Ta Ek=Gp

The Hf and Yb-chain : The interaction strength in the level crossing between the
ground state band and the s-band characterized by the minimal distance between the
yrast band and the first excited band 4E_.  Connected lines correspond to minimal
distances for the angular momenta I= 10-16%. Full dot symbols indicate the even
mass Yb-isotopes. The position of the deformed single-particle energies of the v i,
levels for the nucleus 1%6Yb and 17°Hf are given on the abscissa.

Y. Sun et al, Z. Phys. A339 (1991) 51

®
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Proposed systems

10 10" 5
yrast-states 1 yrare-states

T

102

Probability

174Hf(206pb’208pb)172Hf

o ¥ W—— Fm— ¥ I':._q T ¥ : ¥ Lanb B T T T LI
0 2 4 6 B 10 12 14 16 18 20 22 24 0 2 4 a6 B 1012 14 16 18 20 22 24
I rr-t

The calculation show the diabolic effect for 2°Pb on 174Hf. This calculation assumes
174Hf transfers to 172Hf. The symbol o0’s are non diabolic case and 4’s are diabolic cases.

L F Canto et al PRC 47,2836(1993).

®
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Open problems

Coulomb excitation of isomeric states in deformed nuclei

Nuclear structure of 208Pp

Studies in the 19°Sn region (Magda Gorska)

Search for diabolic pair transfer at higher angular momentum states

e

*

e

*

e

*

e

*

&

D)

> Mini Orange devices from Johan van Klinken are with Torsten Kréll (TU Darmstadt)

L)

>

D)

% 10 radioactive targets (0.3 mg/cm?) from LMU Miinchen stored in Mainz (C. Dillmann)
235U (1 mg = 80 BQq), *’Np (1 mg = 26 kBq), ?*?Pu (1 mg = 145 kBq) (area = 0.2 cm?)
226Ra material
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