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Coulomb excitation

Nuclear excitation by electromagnetic field acting between nuclei.

observables:
1. scattering angle 9,,, = 6.,

2
a-cot Zm = v b 2. intensity ARutn _Z. sin™* Oem
dQcm 4 2
do_inel _ 2 dO_Ruth

. . o a._) .
projectile dQer, il dQem

a-particle spectroscopy

ISZSm ((1, (1‘) 0
152Sm target E,~12 MeV _
i 6,=160° 10
a-particles | 3 L
b 2
'\/‘ 2 |
Insulation
. Fap 2
Metal film .,g
Silicon wafer Sl_detector 8 4 108
Metal case 4=
onnector ﬂ‘.’ 3 ..ﬁ( | 102
- . . . N : S
Possible: inelastic scattering: kinetic energy is transferred ait inelstie st
depletion depth ~ 300um into nuclear excitation energy | : SELEAD | SR
dead layer dy < Ip 3300 3400
V ~0.5V/u channel number

Over-bias reduces dy

H.J. Wollersheim et al., Phys. Lett 48B (1974) 323
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Coulomb excitation

Nuclear excitation by electromagnetic field acting between nuclei.

observables:
1. scattering angle 9,,, = 6.,

ecm . . do Clz 7]
a-cot 2 = v b 2. Intensity Ruth = —.sin"*% cm
dQ.m 4 2
) ) AOinel _ |a_ |2 ] dORuth
projectile a0 i—=fl "aa.
lifetime #ISm (a, o)
E, =12 MeV _
If T ~10-12'10-93 9L21600 1 10°
X
1 é 1 10*
~=123. 103 -B(E2;1; > I;)-Ey [s7'] | 2
|i % { 108
1st order: " o
® T — \? o |-
a®, = (1,|M(E,) B(E2 1 = Iy) = 37— (FIME)II) Ner o
"'",-""" 2 inelastic elastic
] ) scattering ~ scattering
The inelastic cross section doi,e;/dQem 3300 3400
is a direct measure of the E2 matrix elements channel number

H.J. Wollersheim et al., Phys. Lett 48B (1974) 323
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Coulomb excitation
\ lf)
Coulomb
s 4 Excitation Y-decay

n >> 1 requirement for a (semi-) classical treatment
of equations of motion (hyperbolic trajectories )

He Sm
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Sommerfeld parameter: £
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“He (Z=2) projectiles behave like waves '
quantum mechanical analysis is needed
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Classical Coulomb trajectories

b impact parameter| b

Pragjeatile(Zq p ) weessesess [ ..........

> distance of closest approach:

» impact parameter:

» angular momentum :

-----------------

Hyperbolic trajectory:

Voo
g = sin1(0,,/2) eccentricity of orbit

r=a-[e-coshw+1] ¢ =i[e~sinhw + w]

7]
D=a- [sin'1%+ 1]

b=a-cot—=
2

6
{’=koo-b=n-cot%
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Safe bombarding energy

Rint = C, + C¢ + 3fm
Cp, C half-density radii

Nuclear interaction radius:

Cy + Ce

Pglexp)/Pg{theo)

!

% 15°Gd(2°BPb,2°3Pb’)
] E=4.89 MeV/u
' E=5.31 MeV/u
E=b.64 MeV/u
E=5.88 MeV/u
E=6.06 MeV/u

160 Gd(ZOB Pb 206 Pb’)
A E=5.71MeV/u

+ E=b.95 MeV/u
¢ ¢ E=6.13 MeV/u

L I\ i
0.01 | 1 | I 1 L | I 1 1 | 1 | 1 L 1

2 14 16 18 20 22 24 26 28
D (fm)

Pure Coulomb excitation requires a much larger
distance between the nuclei

=» “safe bombarding energy requirement

»>» O m O

0.1

1 |
1
o 1
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Safe bombarding energy

Nuclear interaction radius:

Rint = C, + C¢ + 3fm
Cp, C half-density radii

Cy + Ce

!

E=4.89 MeV/u
E=5.31 MeV/u
E=5.64 MeV/u
E=5.88 MeV/u
E=6.06 MeV/u

160 Gd(ZOS Pb 206 Pb’)
A E=5.71MeV/u

¢ E=H.95 MeV/u |
¢ E=6.13 MeV/u

L Iﬂi |
0.01 | 1 | I 1 L | I 1 1 | 1 | 1 L 1

2 14 16 18 20 22 24 26 28
D (fm)

% 15°Gd(2°3Pb,2°3Pb’)

»>» O m O

0.1

Pglexp)/Pg{theo)

1 |
1
o 1

Gtotal ~ Ginel + Greaction action

2 [t
nuclear absorption: [1— Pass(D)] = exp {—gf_ W[r(t)]dt}

Wir()] =W, -exp [— r® _afl — Czl
D
v

D—-C,—C,
A

ap

2
[1 = Paps(D)] = exp {— = Wy - exp
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Safe bombarding energy

L I I - r r 1 r 1 ' 1 ©v 1T ' 1
< 1% deviation from Coulomb excitation D min
l————— s . —— =
10 F - : | ;
projectile L I g
l} . He .ao-: L | IGOGd(ZOBPb,ZOBbe) i
o C 2 - I ® E=489 MeV/u A
s (fm) :;} =] I | o E=5.31MeVu |
_ i}__{,_}_ ___"0__ o i | m E=5.64 MeV/u
. T A ] % : | o E=5.88 MeV/u
s Kr o Dl y : s E=6.06 MeV/u 7
v Pb E'f’ | 160Gd(z‘:’BPb,QOBF’b’)
i | A E=5.71MeV/u |
| | ¢ E=b.95 MeV/u |
Rint | ¢ E=6.13 MeV/u
ff 1 1 - I E
10 15 i |
0.01 [T IR 0 B A NN (N (YN (NN TR SN R N S
G+ CZ (fm) 2 14 16 18 20 22 24 26 28
D (fm)
Rutherford scattering only if D, is large
compared to nuclear radii + surfaces: > choose adequate beam energy E,,,
Dmin > Cp + Ct + 5 fm (D > Dmin for all Ocm)
Cp, C; half-density radii
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Multipole Expansion of the electric field
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Electric fields of multipoles

special case:

electric monopole

In general the electric potential due to
an arbitrary charge distribution is

0= [l

expansion

(e}

¢

1 r't 4n . or

=" Zrm 20+ 1 Z Yem (@, @)Y i (9", ¢")
£=0 m=—¢

t=m=0 Yoo (3, @) = Yoo (9, 9") = \/ﬁ
1

r—7| r
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Electric fields of multipoles

special case: electric monopole

In general the electric potential due to
an arbitrary charge distribution is

e = [[] 2

homogenous charge distribution

— 3:-Z
'Dp(rl)=4n.Reg

3-Ze 1 .
U(r) = Jff 2dr'sing'd9'dg’
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Electric fields of multipoles

\
‘g __ Coulomb potential In general the electric potential due to
\ an arbitrary charge distribution is
\
jﬂ pp (7 )
7 —
- —“"::d 1 1 _{1/r for r>r’}
r lr—7'| W/ for r<r
r Ry
R 3-Ze 1 1
™ Ur) =4m- z j—-rzdr’+f7-r2dr’
\ 41 - Ry T T
0 r
% ! _
5 Nuclear potential e 3. 70 [r2 R(Z) 2
e O=Z 3272
: . - Ze r\*
special case: electric monopole U = 3 [—
2R, R,
“JUSTUS LIEBIC- ®
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Electric fields of multipoles

In general the electric potential due to
an arbitrary charge distribution is

0= [l

expansion

(e}

¢

1 't 4m . or

=" Zrm 20+ 1 Z Yem (@, @)Y i (9", ¢")
£=0 m=—+{

multipole moments

o) = [ oo 0 Vi 0, 9

- : 3-Ze-R3
special case: electric quadrupole moment M*(¢=2,m) = T". 5
2
reduced transition probability B(E2)-value: B(E€=2;I; ~ If) = z (IrMpKpIM(€ = 2,m)|[;MK;)
Mfm

B(EC =21 - Iy) = [(1mce = 2|’

21, + 1
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Electric fields of multipoles

multipole moments

e = [[[ o0 Vi (9,000

special case: electric quadrupole matrix element (£ =2, m = 0)

— 3-Z
pp(r’)=4n.1§g

M*(2,0) = 3 Ze ij r'2 Y509, @") - r'?dr'sind' d9'd¢’
41 - R}

, ., 3-Ze R} ([1 _ ,
R(ﬁ,l(p) = RO ‘ {1 + BZYZO(ﬁ @ )} M*(Z,O) = 47 - R3 . ?Ojfg(l + ,82Y20)5 . YZ*O . Sln19'd19'd(p
0

. 3-Ze-R§ (1 . )
M (2,0)ETJf§(1+5-ﬁ2Y20)~YZO~dQ

3.Ze- R}

M*(2,0) = B — B

| JUSTUS-LIEBIG- .
Hans-Jurgen Wollersheim - 2022

UNIVERSITAT
GIESSEN



Electric fields of multipoles

multipole moments

FIMEDN = [[[ wpmEe) widr

approximation:
if we take the radial parts of ¥; and s to be constant for
r<R (the nuclear radius) and to be =0 for r>R then the radial
part of the transition probability is of the form:

1

R p o £+3
fOTT'dT=€+3R — 3 Rf
f(f?err %Rg £+ 3

For a transition from an excited state I; to the ground state

l4s one finds in the electrical (EL) case

1.22¢ 3 \?
B(Ef; I; - Igs) = pp . (f - 3> . A2t/3 eZ(fm)zf

B(ELI; - I;5) = 6.446 - 107* - 4%/3 %)
B(E2;1; - Iys) = 5.940- 1076 - A*/3  ¢2p?
B(E3;I; > I;5) =5.940-1078- 42 e?b?
B(E4;1; > I;s) = 6.285- 10710 A8/3  ¢2p*
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Electric fields of multipoles

special case: electric quadrupole potential

In general the electric potential due to
an arbitrary charge distribution is

0= [l

expansion

(e}

¢

1 't 4m . or

=" Zrm 20+ 1 Z Yem (@, @)Y i (9", ¢")
£=0 m=—+{

multipole moments

o) = [ oo 0 Vi 0, 9

L o4 1 *
U = ) =5 Veeam@,0) - M€ = 2,1)

m=-2
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Monopole, dipole, quadrupole, ...

+ _
T -+
® o——o + — - —
Monopole dipole quadrupole octopole
1 1 1 1
U(T)OC; U(T)OCT—Z U(?‘)OCT—3 U(r)ocr—4
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Particle y-ray coincidence measurement

5

Target ‘

/ target excited

projectile

Beam
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Coulomb excitation
.YFH_rlO'lz-10‘93

target excited dZO' _ |a |2 daRuth dQICQ.m dW(yf—)l) dQ]}SQSt
dQéab dQ)l/ab i>f dagm dQ%,“b dORest dQ%/ab

Target

~10%%s .
projectile = P; (excitation probability)
dJRuth _ a’ .4 Hcm
— = —-sin
dQ; 4 2
cm
dQ—Zlb =4 - cosv,
dQy
AW () _
dQRestl = (4m)™/? z Awc QG Fie (I, In)Yiere (65, by )
k=0,2,4 —
dQyest [ ] [1- (vl/ c)?]
Qlab Eyo |1 —v;/c- cosﬁyl]
IJUSTUS-LIEEIG- ® .
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Coulomb excitation
'Y’_r-'!

Target .
arget excitec 2 cm R t
target excited d 9) . |a f|2 do—Ruth dﬂp dW(Yf—)l) deeS
Beam lab golab — 17i= cm jolab Rest lab
projectile
2
dORutn _a sin=* Ocm
dasm 4 2
cm
dﬂ—zlb =4 - cosV,
dQy, _ 1 1
W) o= (> 1-2)4n
Yr-i - a, ay a, 5I1+1
—dﬂ]}fe“ =qy- |1+ a—OPz(cosﬁyz) + a—OP4(cosz9y2) 2 7211
%__E I+1-U+2)
dQ}IEest [E”r a, 7Q1-3)-2I-1)
lab
dQV EVO cosYy, = cosY) + cosv, + sind,, - sind, - cos(fpy - gaz)
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Coulomb excitation

84Dy-target /

208ph-heam |
—>

o4t 52t
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Kinematics

v./l 58Ni — 112Sn @ 175 MeV

25 * T T T T T T T T T 1
Wh e - 80, 70.  60.  50. 40 30, 20, 10.  {=35(180°~6uy)
mim 150 o
— i M\\\ |
—~ '\\
L 100 L :
3
=) o,
il By
L|I i r .\'\ |
'\\\
50 |- sy _
9: 132 - 266 404 549 707 888 11 1410
D el | i | i | i | i l i | i | i 1 i
20 40 60 80 100 120 140 160
9\tT.".I"I'T
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Coulomb excitation at JUAC

particle—detector

S8Ni — 12290 at 175 MeV
E..q. = 202 MeV

———————————

beam intensity = 0.5 pnA
target thickness = 0.5 mg/cm?
— luminosity = 8-10%" slcm-

cross section ~ 70 mb
event rate = 560 s!

y-efficiency = 0.005
py-rate (Sn) = 3/s

y—detector

beam axis E
o]
7
58Nli beam
Clover Ge detector
R. Kumar et al., Phys. Rev. C81, 024306 (2010) M. Saxena et al., Phys. Rev. C90, 024316 (2014)
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Coulomb excitation at JUAC

particle—detector

%8Nji — 12250 at 175 MeV

———————————

us
<
S

COUNTS / keV
]
(=]

1200
ENERGY keV

y—detector
beam axis

58N beam

Clover Ge detector

R. Kumar et al., Phys. Rev. C81, 024306 (2010) M. Saxena et al., Phys. Rev. C90, 024316 (2014)
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Annular gas-filled parallel-plate avalanche counter (PPAC)

1228n

58N\l
Ni beam E |

A. Jhingan detector laboratory at IUAC

I JUSTUS-LIEBIG-

V, ~ 500V
p = 5-10 Torr
gap ~ 3 mm (anode-cathode)
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Doppler shift correction

delay line: inner — outer contact ~ tan9

tan45° — tan15° o
- (ch — chy) + tan15
ch, — chy

particle—detector
tand =

@-segmentation : 36°, 72°, 1080, etc

______

%8N projectile measured with PPAC (1?2Sn target excitation)
index 2 = target nucleus (122Sn)

index 1 = projectile (°®Ni)

Vem = 004’634 . (1 + AZ/Al)_l\/ Elab/Al ( = 002594)

(A1
O.m = 91 + arcsin| —sind,
A,

8, =150, 9, = 0.5- (180° — 6,,,,)
=180
1 .’ Vy =2 Vg - COST,
i - cosv,, = cosU, + cosv, — sind, - sind, - cos((py — goz)
;y—detector COS((py - (pl) = COSQ, * cOS@q + sing, - sing;
beam axis
E 1—v,:-cost
. Y0 2 Y2
8Ni beam = >
D. Schwalm et al. Nucl.Phys. A192 (1972), 449
Hans-Jurgen Wollersheim - 2022 IS
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Doppler shift correction

500 T T T
particle—detector
400 -
% 300 B
___________ £
1 =
I S 200 "
]
1
|
1 100 7
I
) 1
i 1 0 1 1 H L h N
]_]_28 n’ targ et I|- 1000 T 1400 1600
! ]
1
! 500 T ‘ T T
0 |
=150 0.'
I
SEU .
r !
! 1
! I % 300 =}
) ' f
SN oo e L snnmesasein sessone] 2 @
K - 5
S 200 _
y—detector
beam axis e i
0 ‘
58N i beam 1000 I%EDISERGY iy 1400 1600
R. Kumar, A. Jhingan @ IUAC
I JUSTUS-LIEBIG- . |
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Experimental set-up

| CLOVER DETECTORS
@ backward angles

JUSTUS-LIEBIG-
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Particle-gamma coincidence spectroscopy

~102%s

projectile

lifetime

2+ T ~1012-10%

Coulomb excitation:

A

op2(21)[b] = 4819 (1 + A1 /A) 72 Z_; (Emev — AE'yey) - B(E2,0% = 2%) 22+ fz2(&)

O+ 2
t .
1st order: B Z1'Z2'A1/2 AE oy . 5 (AE’)Z
a®, o (1, IME2)) = s 2o st (2 (F)
lJUSTUS-LIEBIG- . I
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Particle-gamma coincidence spectroscopy

2
1Owtlli [ I T TR

\ﬂ fln==3 y
fﬂﬁ

&2

T
X
Pl
Ladid

{ S

£l

|

X

Coulomb excitation:

it LIt

A
0g2(2Y)[b] =4.819- (1 + A1 /45)7%- Z_; (Eyev — AE yey) - B(E2,0% = 27%) 2,2« f2(§)
2

V4
/

B \ \;
N £4 1 Zy - Zy AV AE oy L. 5 (AF 2 .
M\\ = . | —
E 1265 * (EMEV - 05 * AE’MeV)3/2 32 E
07 \
1wt ! ; Lt O B

2
o
e
Y
_—
n

K. Alder et al., RMP 28 (56) 432
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Particle-gamma coincidence spectroscopy

~10-22$

projectile

lifetime
2+ T ~10-12-10%
Coulomb excitation:
-2 4 ' + +
0g2(27)[b] = 4819 (1 + A1/A;) ek (Emev — AE'mev) - B(E2,07 — 27) 22 - fE5($)
O+ 2
1st order:
a®, o« (1, [M(E2)I;) Particle-y coincidence spectroscopy: Y. (Ii—1) — og, (1))
(indirect measurement)
» need to take into account branching ratios, particle-y angular correlations,
electron conversion
IJUSTUS-LIEBIG- ® '
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Particle-gamma angular correlation

[ L [ [
un
o
= LR .
o e Ni gamma-rays
l// w— \'\\\
- l' /ﬂ --.\ e
Vi ~ ~
s N 323———-
N iy AN 0 —
T4 AN
QL = ;S ANAY
~ IR i AN -
S L/ \ AN 8
> 4 AR
m " / \ ‘\
4 hY \Q
.f‘ / \ 0\
K // / \\\ |
; N
o’/ \<\. 2 1
- _,, \\.\\'--!.__..—-’ 1/
=t o oy
o
— 1 H 1 1
o
[—-.
(o]
- Sn gamma-rays
-\ P .’."'.-\\-
RN i
L o \\ './
=~ 0] \ / i
— \ ;
=~ \ 7
83 \ / !
p /e
N S 6 323———-
. . , i
\\ 7/
\ /
2 e
(o]
— I I I
0 90 180 270 360
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Conversion electrons

Radial distribution of EWF

/

Electron conversion

————————

¢ bound state electron o free particle electron

Energetics of CE-decay (i=K, L, M,....)
Ei=E+ Eqi + Egg
v- and CE-decays are independent; transition probability (A ~ Intensity)
A=A thce=h thcth thy......
Conversion coefficient
& =Aogi/ A,

JUSTUS-LIEBIG- ®
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Coulomb excitation results of semi-magic Sn isotopes

Z =30 912 . Single particle energies
Sn102 | Snl03 | Snl04 | Snl05 | Snl06 | Snl07 | Snl08 | Sn109 | Snll0 | Snlll |
Ts 208 s 3ls 1155 290 m 10.30 m 18.0 m 411 h 353m
0+ 0+ 0+ (5/2+) 0+ SI2+) 0+ T2+
EC EC ECJ EC EC EC EC EC EC hll/z N- 8 2 Mev
- e e = 56
A5\ S12 A3\ d
Sn112 ESINEN Snll4  Snll15 Snll6 Snll7 Snl18 Snll9  Snl20 3/2 2.2
115.09 d ) S 1 6
0+ 1/2+ o+ 12+ o 12+ 0+ U+ o+ 1/2 -
* ¥* * * * * * * *
0,97 EC 0.65 0.34 14.53 7.68 24.23 8.59 3259 d O 5
5/2 :
i \a 97,2 0
IRCrE oni2 BRI Snils | Sni26 | Sni27 | Sni28 | Sni20 | Sni30 | Sni3l ] Snl32 N=50
129.2d 9.64 d 1E+5 v 210 h 59.07Tm 223 m 372 m 6.0 s 39.7s
11/2- H 11/2- 0+ (11/2-) 0+ (3/2+) 0+ (3/2+) 0+
* * %* * * * *
b B B g B £

0.30 ' ! . T
r ] smgle-partlple transition:
& ! ] (Weisskopf estimate)
"ﬁ 0.20 - y
= _ B(E2;1; > 1;5) = 5.94107¢ - A*/3  [e?D?]
T ot - B(E2;2% - 0%) = 14 [spu]  for 114Sn
o I
(e
E 010 — 1
m -
0.05 —-—— 1005n core, e'=1.0e ]
i ——  90Zr core, e'=0.5e s - B(E2;0% - 2%) = 0.232 [e?b?] for 14Sn
0.00 ' ' ' ' ' ' 2l + 1
00 15 M0 M5 120 125 130 B(E2 1 = I) = 57— - B(E2Z; Iy — 1))
L
N = 50 mass number N = 82
“JUSTUS LIEBIG- ®
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Coulomb excitation results of semi-magic Sn isotopes

Z=30 912 . Single particle energies
Snl102 | Sn103 | Snl04 | Snl05 | Snl06 | Snl107 | Snl08 | Snl109 | Snl10 | Snlll |
Ts 208 s 3ls 115s 290 m 10.30 m 18.0 m 4.11h 353m
0+ H+ =+ (5/24) 0+ S/2+) 0+ T+ N 8 2
" = MeV
EC
= = hll/ 2 2.6
Sn112 BSAREN Snl1l4 Snl115 Snll6 Snl17 Snl118 Snll9 Snl20 3/2 22
115.09d s 1 6
0+ 112+ 0+ 112+ o+ 12+ 0+ U+ 0 1/2 .
* ) * * * * * * 4
0.97 LEC 0.65 0.34 14.53 7.68 24.23 8.59 d
5/2 0.5

h 11/2 \ 97 /2
IV Snl23 EEAREE Snl25 | Snl26 | Snl27 | Snl28 | Snl129 | Snl130 | Snl31 § Snl32 N: 50
120.24 964d | 1E+Sy | 210h | 59.07m | 223m | 372m 56.0s 30,75
N o BN o uz- | o av | e | e | o | oaen | o

5.79 - [- [ It B B [

4.63 i

exp. level scheme

6* 25489

9 energy axis

N

o
+

112gn

l JUSTUS-LIEBIG- .
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Coulomb excitation team

BN W

Vivek Mishra, Pieter Doornenbal, Mansi Saxena, Chhavi Joshi, Sunil Prajapati,

Rakesh Kumar, Paer-Anders Soederstroem, Mohit Kumar, Sunil Dutt, Akhil
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Multiple (multi-step) Coulomb excitation
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y-ray decay after multiple Coulomb excitation
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The reorientation effect

The excitation cross section is a
direct measure of the EA matrix elements.
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Shape coexistence in “Kr
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Doppler shift correction
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Doppler shift correction
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Doppler shift correction
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Deformed nuclel
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W. Spreng et al., Phys. Rev. Lett. 51 (1983), 1522
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GOSIA code
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Coulomb excitation
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Coulomb excitation
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Shape parameterization

R(0,¢)=R,- 1+i i% Y, (6,9)

A=0 u=-1
axially symmetric quadrupole axially symmetric octupole
o o
[T
A=2 A=3
Uo7 0, Oy 1= Oy ™ 0 OL3070, O3+123— 0

Olpe70, Oy 1, =0
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Octupole collectivity
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DCTUPC"E deformation creating a non-zero electric dipole moment.
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Experimental set-up

PPAC ring counter
159<@, <45°, 0%<gp, <360°

4 PPAC counter
53%<@, <90°, 0%<q, <849

226RaBr, (400 pg/cm?) on C-backing (50 png/cm?) and covered by Be (40 pg/cm?)
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y-ray spectrum of 22°Ra
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Signature of an octupole deformed nucleus
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Electric transition quadrupole moments in %?°Ra

1% F | l | | 4 O negative parity states
N @ positive parity states
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H.J. Wollersheim et al.; Nucl. Phys. A556 (1993) 261 W. Nazarewicz et al.; Nucl. Phys. A467 (1987) 437
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Static quadrupole moments in %?°Ra

O negative parity states
@ positive parity states

rigid rotor model:

Qs(l)_\/ -(21-1) (1M (E2))

Q  \(1+1)-(21+1)-(21+3) (2]m(E2)p,)

Q,(1)/Q,

Spin [ rigid triaxial rotor model:

Q(2)__ 6-cos(3y)

Q, 7-4/9-8-sin%(3y)

H.J. Wollersheim et al.; Nucl. Phys. A556 (1993) 261 Davydov and Filippov, Nucl. Phys. 8, 237 (1958)
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Electric transition octupole moments in ??°Ra
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Intrinsic electric dipole moments in %?°Ra

05 i
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H.J. Wollersheim et al.; Nucl. Phys. A556 (1993) 261 G. Leander et al.; Nucl. Phys. A453 (1986) 58
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Coulomb excitation of 22°Ra

226Ra target broken after 8 hours jua# Christoph Fleischmann

H.J. Wollersheim et al.; Nucl. Phys. A556 (1993) 261
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Evolution of nuclear structure
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