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Motivation: Mixed-symmetry states (MSS) in the 
Interacting Boson Model 2 (IBM-2)

For details see review article by N. Pietralla et al.: 
Prog. Part. Nucl. Phys. 60 (2008)

Pairing of valence particles  
to s- and d-bosons

Experimental signatures for 
the one-phonon 2ms+ MSS

• Weakly collective E2 transition 
between 2ms+ state and ground state 
(~ 1-2 W.u.) 

• Strong M1 transition between 2ms+ and 
fully symmetric 21+ in the order of 1 μn2



Motivation: 
Study of mixed-symmetric one-phonon states in N = 52 isotones

N = 52

πg9/2

π(p3/2, f5/2), πp1/2



Motivation: Systematics in the N = 52 isotopes 
and studies of 88Kr so far…

• 94Mo: Textbook example for MSS 

• Similar findings in neighbouring 
N = 52 isotopes enable tracking of MSS over 
different proton shells 

• 88Kr:  
• Previous Experiment at REX-ISOLDE [1]:  

B(E2; 21+ → 01+) = 8.0(8) W.u. 
No population of non-yrast states (too low EBeam)
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Fig. 1. Left: Spectrum of 88Kr on 109Ag target. Right: Plot of B(E2; 2+
1 ! 0+

1 ) values for N = 52 isotones and Z = 30
isotopes. The lines are drawn to guide the eye.

shell gap or if this can be explained by a smooth onset of deformation and octupole softness. The
question, at which point deformation sets in for krypton isotopes and if the changes in B(E2)
values are as drastic as in the case of Sr and Zr nuclei, was discussed extensively. We therefore
investigated the B(E2; 2+

1 ! 0+
1 ) values for exotic krypton nuclei. Experiments on 88Kr and

92Kr were performed whereas an experiment on 90Kr was postponed due to long-lived �-decay
contamination related to 90Sr.

An additional motivation for the 88Kr case was to find out if the so-called generalized valence
mirror symmetry [1] is still valid for exotic nuclei. This principle was introduced to better
understand the interplay between shell effects and collective properties in N = 52 isotones
(see the next section).

The radioactive krypton beams were produced in a fissile UCx target bombarded with 1 GeV
protons. Noble gases are separated in the ISOLDE source cooled transfer line. Setting a magnetic
separator to mass 88 or 92 gives a pure beam of the desired krypton isotope. The beam was then
post-accelerated to about 2.2 MeV/A using the REX-ISOLDE accelerator facility. The targets
were made of 2–4 mg/cm2 thick 109Ag. The MINIBALL spectrometer setup including a particle
CD detector was used to collect particle-� coincidences in a highly efficient way. Unfortunately,
during the experiment a high amount of radiation was produced at the REX ISOLDE setup and
nearby beam dump detector, leading to a high amount of random coincidences and dead-time
problems. Whereas we were successful in observing the 2+

1 ! 0+
1 transition in both nuclei, we

were not able to observe transitions from higher lying states in 88,92Kr.

2. Results and interpretation

To determine the krypton h2+
1 kE2k0+

gsi matrix elements relative to the known 109Ag values,
we used the Coulomb excitation data analysis code CLX [2] and the newly developed code
GOSIA2 [3], where the latter makes it possible to perform a �2 fit of matrix elements
simultaneously for target and projectile excitations. Our results of B(E2; 2+

1 ! 0+
1 ) = 9.9(15)

Wu for 88Kr and B(E2; 2+
1 ! 0+

1 ) = 21.1(27) Wu for 92Kr are preliminary values.
To give a first interpretation of the 88Kr B(E2) value, on the right side of Fig. 1 the

B(E2; 2+
1 ! 0+

1 ) values for N = 52 isotones and Z = 30 isotopes are shown. These nuclei are
connected by means of the generalized valence mirror symmetry. The idea is taken over from the
classical valence mirror symmetry [4], i.e., in Fig. 1 N = 52 isotones with Z = 36–44 protons
are compared to Z = 30 isotopes having the same number of neutrons. In our generalization

[1] Mücher et al., AIP Conference Proceedings, 587–588, 2009 



Motivation: Systematics in the N = 52 isotopes 
and studies of 88Kr so far…

• 94Mo: Textbook example for MSS 

• Similar findings in neighbouring 
N = 52 isotopes enable tracking of MSS over 
different proton shells 

• 88Kr:  
• Previous Experiment at REX-ISOLDE [1]:  

B(E2; 21+ → 01+) = 8.0(8) W.u. 
No population of non-yrast states (too low EBeam)  

• Relativistic Coulex at GSI [2]:  
B(E2; 23+ → 01+) = 3.4(17) W.u. 
B(M1; 23+ → 21+) = 0.6(3) μ2N
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9.5 Determination of the Transition Strength for 88Kr
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Figure 9.16: Doppler corrected γ-energy spectra for 88Kr with additional cuts
applied (see text). For the left histogram only γ-detectors from the
inner ring were considered and for the right histogram only those
situated in the outer ring.

Figure 9.17 shows the energy regions of the observed γ-transitions in the
inner and outer rings. The peak volumes were determined by integrating over
the counts exceeding the indicated background levels. The figure also shows fits
with Gaussian distributions whose volumes in all cases agree with the obtained
intensities by ±2 counts but were mainly used to estimate the width of the peaks.
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Figure 9.17: The 88Kr (2+1 → 0+1 ) transition in the a) inner and b) outer ring
and the 2+3 → 2+1 transition c) in the outer ring. Gauss-fits and the
integrated excess of counts over the background level are indicated.

The determined peak volumes for both transitions in 88Kr led to values of
54(11) and 81(12) counts for the 2+1 → 0+1 transition in the inner and outer ring,
respectively. For the 2+3 → 2+1 transition 29(10) counts could be obtained only
in the outer ring. It should be noted that the statistical errors of these values are
dominated by the error of the background under the peaks.
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Motivation: Systematics in the N = 52 isotopes 
and studies of 88Kr so far…

• 94Mo: Textbook example for MSS 

• Similar findings in neighbouring 
N = 52 isotopes enable tracking of MSS over 
different proton shells 

• 88Kr:  
• Previous Experiment at REX-ISOLDE [1]:  

B(E2; 21+ → 01+) = 8.0(8) W.u. 
No population of non-yrast states (too low EBeam)  

• Relativistic Coulex at GSI [2]:  
B(E2; 23+ → 01+) = 3.4(17) W.u. 
B(M1; 23+ → 21+) = 0.6(3) μ2N 

• SM I: 88Sr; Surface Delta Interaction; based on Ref 
[3] 

• SM II: 78Ni core, π(1f5/2, 2p1/2, 2p3/2, 1g9/2), ν(2d5/2, 
3s1/2, 2d3/2, 1g7/2, 1h11/2); based on Ref. [4]

0

1

2

3
Ex(2+)

21
+

2ms
+

En
er

gy
 [M

eV
]

0
5

10
15
20 2+ → 0+

21
+

2ms
+B(

E2
) ↓

 [W
.u

.]

0.0

0.5

88Kr 90Sr 92Zr 94Mo 96Ru 98Pd

2ms
+ → 21

+
SM I

SM II

B(
M

1)
 [μ

N2 ] ?

[1] Mücher et al., AIP Conference Proceedings, 587–588, 2009 
[2] Moschner et al., submitted to PRC 
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More precise data on 
low spin states in 88Kr desirable!



Proposed experiment + setup: 
Coulomb excitation using MINIBALL

CD: 
Particle 
angle 
+ energy

16° - 53° 
(lab)

MINIBALL: 
γ-efficiency ~6-8%

1 mg/cm2 
196Pt target

88Kr beam @ 4.15 MeV  
from HIE-ISOLDE

we performed an experiment at GSI using the fast beam PreSPEC set-up with relativistic
Coulomb excitation in which we excited the 2+3 state and were able to determine the
absolute transition rates given in Table 1, albeit with large error bars and under the
plausible assumption that the 2+3 → 2+1 transition is a pure M1 transition [14]. In the
proposed experiment we want to confirm the M1 character and strongly reduce the error
bars. At the same time we will be able to determine the collectivity of the symmetric
low-spin states.

2 Experimental details and yield calculations

Figure 2: Reaction kinematics for the Coulomb excitation of 88Kr on a 1mg/cm 2 196Pt
target at 3.0 MeV/u and 4.15 MeV/u. The angular range covered by the CD detector is
marked by the red frame.

The ISOLDE yield database states a production cross section of 1.0x109 ions per 1 µC
proton beam from the PS Booster that is irradiating a 174.39 g/cm2 PbBi target [18].
Assuming a primary beam current of 1 µA and a transmission efficiency to the secondary
target of 1%, we expect a secondary beam intensity of 1.0x107 pps for 88Kr.
For the detection of the scattered projectiles after the secondary reaction, we propose to
use an annular (CD) double sided strip detector (DSSD) placed at forward angles covering
an angular range from 16◦ to 53◦ in the laboratory frame. This converts to a range of
about 20◦ to 74◦ in the center of mass frame for our chosen targets (see below). Selecting
these angles, ensures that the 88Kr nuclei will undergo safe Coulomb excitation at the
chosen beam energies as well as good separation of scattered projectiles and target recoils
in the DSSD (see figure 2).
De-exciting γ-radiation will be observed with the MINIBALL germanium detector array,
which consists of 8 triple clusters of 6-fold segmented Ge detectors [19]. We assume a
γ-ray detection efficiency of 6-8% for the transitions of interest in 88Kr. We want to
optimise the position of the detectors to be able to measure the multipolarity of the
2+3 → 2+1 transition. Based on the findings of Ref. [20], we propose a configuration of
the MINIBALL array similar to that shown in Fig. 3 which improves the sensitivity to
different angular distributions of the emitted γ-rays.

5

• Higher beam energies of HIE-ISOLDE allow for: 
• Confirmation of the mixed-symmetric character of 23+ state and strong reduction 

of error bars  
• Confirmation of B(E2; 21+ → 01+) used as normalisation for other transitions 
+Determination of collectivity of other symmetric low-spin states using multiple 

COULEX 

• 88Kr beam on 196Pt target (beam should be clean; some contamination from 84Kr ) 
• Use MINIBALL with standard CD detector 
• Kinematics allows for proper separation of projectile and target 
• No interfering γ-rays with 196Pt target (however, 208Pb is an option as well)



Calculated γ yields per 8h shift
Table 2: Expected γ-ray yields per shift for the transitions of interest in 88Kr. The
calculations were performed with the Coulomb excitation code CLX for 1 mg/cm2 targets
and the given angular ranges for the detection of scattered projectiles. The yields were also
calculated for the case where the two innermost rings of the CD detector are shielded. In
the calculations additional buffer states were used which are not substantially populated.

Target Ebeam [MeV/u] Transition Eγ [keV] Nγ [Counts]
Nγ [Counts]
CD partially
shielded

196Pt 3.00 2+1 → 0+1 775.28 17360 16195
2+2 → 0+1 1577.41 0 0

lab. ang. 2+2 → 2+1 802.14 2 2
16◦ - 53◦ 4+1 → 2+1 868.4 10 10

2+
3 → 0+

1 2216.3 1 1
2+
3 → 2+

1 1440.5 10 10
196Pt 4.15 2+1 → 0+1 775.28 58159 50791

2+2 → 0+1 1577.41 8 8
lab. ang. 2+2 → 2+1 802.14 48 48
16◦ - 53◦ 4+1 → 2+1 868.4 193 193

2+
3 → 0+

1 2216.3 73 73
2+
3 → 2+

1 1440.5 592 590
196Pt 4.0 2+1 → 0+1 775.28 55314 46656

2+2 → 0+1 1577.41 8 8
lab. ang. 2+2 → 2+1 802.14 45 44
19◦ - 57◦ 4+1 → 2+1 868.4 187 183

2+
3 → 0+

1 2216.3 60 57
2+
3 → 2+

1 1440.5 481 464

binning of 15◦ this translates into an relative uncertainty of about 5% for each datapoint
in its angular distribution. Further we request 3 shifts for the re-measurement of the
B(E2, 0+1 → 2+1 ) which will be used for normalisation of the other transition strengths at
3.0 MeV/u.

References
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Supersymmetry, Springer Tracts in Modern Physics 230 (2009).
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• Based on: 
• 88Kr production cross section of 1.0 x 109 per 1μC protons on PbBi 
• 1% transmission efficiency —> estimate 1.0 x 107 ions/s on secondary target 
• Transition matrix elements from experiment -> shell model -> mapped IBM-2 

Clean one-step 
population of 21+ state: 

5 x 104 counts in 3 
shifts

Measure relative to 21+: 
For 23+ —> 21+:

1 x 104 counts in 18 
shifts

850 counts for 
22+ —> 21+ 

3500 counts for 
41+ —> 21+



→ Similar yields also in case beam energy of just 4 MeV/u is available
→ High count rate on CD can be avoided by shielding inner rings of the CD detector 
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Multipolarity of the 23+ —> 21+ transition: 

5.3. WINKELVERTEILUNGEN 61

wie man Abbildung 5.8 (rechts) entnehmen kann. Dabei ist die Anzahl der gestreuten
Strahlkerne gegen θCD aufgetragen. Führt man zusätzlich zu dieser Korrektur noch eine
Effizienzeichung aller MINIBALL-Segmente durch, so kennt man alle Korrekturterme für
die Bestimmung der Winkelverteilung.

5.3.3 Winkelverteilungen für 109Ag

Zum Test der in dieser Arbeit verwendeten Methode zur Bestimmung der Winkelverteilung
wurden die beiden Übergänge aus der Targetanregung von 109Ag untersucht. Diese eignen
sich dafür hervorragend, da sie unterschiedlichen Strahlungscharakter besitzen. Zum einen
weist der (5/2−)→(1/2−)-Übergang bei 415 keV einen reinen E2-Charakter auf. Der γ-
Übergang vom (3/2−)-Zustand in den (1/2−)-Grundzustand mit 311 keV besitzt dagegen
sowohl einen E2-Anteil, als auch einen M1-Anteil, wobei das Multipolmischungsverhältnis
δ = 0,2(1) beträgt [39].

Zur experimentellen Bestimmung der Winkelverteilung wurden γ-Ereignisse ausgewertet,
die koinzident zu einem gestreuten Targetkern im CD-Detektor waren. Die Anzahl der γ-
Quanten wurde anschließend unter Berücksichtigung der im vorigen Kapitel beschriebenen
Korrekturen in Abhängigkeit des Relativwinkels θγ in ein Spektrum eingetragen. Für den
Fehler der einzelnen Messwerte wurde nur der rein statistische Fehler berücksichtigt. Die
somit bestimmten Winkelverteilungen sind in Abbildung 5.9 dargestellt und zeigen jeweils
qualitativ den Verlauf, den man gemäß der Strahlungscharakteristik erwartet. Zur Orien-
tierung wurde eine Summe von Legendre-Polynomen (siehe Gleichung 5.3) linear an die
Messpunkte angepasst.
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Abbildung 5.9: Winkelverteilung der γ-Übergänge aus der Coulombanregung von 109Ag. Man
erkennt die erwarteten Abstrahlcharakteristiken der 311 keV-Linie (links, E2+M1-Mischung) und
der 415 keV-Linie (rechts, reiner E2).

50% uncertainty in δ at roughly 1/10 of our expected statistics for 23+ -> 21+ 

-> we expect ~5% for every datapoint with an angular binning of 15°

Attempt to measure γ-ray angular distributions with MINIBALL in 
M. Seidlitz, Diploma thesis, Univ. of Cologne (2008):



Multipolarity of the 23+ —> 21+ transition: 

Rearrangement of MINIBALL would distribute particle-γ angles more evenly  

Distribution of particle-γ angles for typical MINIBALL setup is clearly peaked at 90°  
(Simulation from: M. Seidlitz, Diploma thesis, Univ. of Cologne (2008))

60 KAPITEL 5. DIE COULOMB-ANREGUNG VON 31MG

5.3.2 Korrektur der gemessenen Intensitätsverteilung

Da die Teilchen- und γ-Detektoren im Experiment nicht isotrop über den ganzen Raum-
winkel verteilt sind, ist die Häufigkeit der möglichen Kombinationen aus Teilchenwinkeln
(θCD,ϕCD) und γ-Detektionswinkeln (θcl,ϕcl), die zu einem Relativwinkel θγ zwischen Teil-
chen und γ-Quant führen, ebenfalls nicht isotrop von 0◦-180◦ verteilt. Daneben muss bei
der Umrechnung vom Ruhesystem des Kerns ins Laborsystem der Raumwinkel Lorentz-
transformiert werden, da sich die auslaufenden Magnesiumkerne mit einer mittleren Ge-
schwindigkeit β ≈ 0,062 bewegen. Die gemessenen Intensitätsverteilungen müssen daher
zunächst korrigiert werden, bevor man die Winkelverteilung der γ-Übergänge bestimmen
kann.

Um die Anzahl aller möglichen Winkelkombinationen im MINIBALL-Aufbau zu einem
Winkel θγ zu bestimmen, wurde eine Simulation durchgeführt. Der CD-Detektor wurde
dabei exakt nachgestellt, die MINIBALL γ-Detektoren grob durch quadratische Raum-
winkelsegmente mit einer Kantenlänge von 45◦ abgeschätzt und in 45 × 45 Gitterpunkte
eingeteilt. Anschließend wurde der Relativwinkel θγ zwischen jedem Gitterpunkt und je-
dem der 1536 CD-Pixel berechnet und in ein Spektrum eingetragen. Das linke Spektrum
in Abbildung 5.8 zeigt die somit ermittelte Winkelverteilung unter der Berücksichtigung
der Lorentz-Transformation vom Ruhesystem des Kerns (Θγ) ins Laborsystem (θγ) mit

cos θγ =
cos Θγ + β

1 + β cos Θγ
. (5.4)

Bei der Bestimmung dieser Winkelanisotropie sind wir davon ausgegangen, dass neben
der isotropen Abstrahlung der γ-Quanten auch eine isotrope Streuung der Teilchen in die
Ringsegmente des CD-Detektors stattfindet. Bei der Streuung von 31Mg an 109Ag ergibt sich
aus dem Rutherford-Wirkungsquerschnitt jedoch eine starke Bevorzugung kleiner Winkel,
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Abbildung 5.8: Links: Anzahl der berechneten Winkelkombinationen aus (θCD,ϕCD) und
(θcl,ϕcl) für den Relativwinkel θγ nach Lorentz-Transformation, aufgetragen gegen θγ . – Rechts:
Häufigkeitsverteilung der Streuung in den CD-Detektor, abhängig von θCD.
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Beam time request

•18 shifts of 88Kr beam at 4.15 MeV/u for 
confirmation of 2MS+ state and multi-step 
excitation of higher lying states.  

•3 shifts of 88Kr beam at 3.0 MeV/u for re-
measurement of B(E2; 01+ → 21+) 

➡  Total request: 21 shifts

Thank you!
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Energy dependence of cross section

Table 2: Expected γ-ray yields per shift for the transitions of interest in 88Kr. The
calculations were performed with the Coulomb excitation code CLX for 1 mg/cm2 targets
and the given angular ranges for the detection of scattered projectiles. The yields were also
calculated for the case where the two innermost rings of the CD detector are shielded. In
the calculations additional buffer states were used which are not substantially populated.

Target Ebeam [MeV/u] Transition Eγ [keV] Nγ [Counts]
Nγ [Counts]
CD partially
shielded

196Pt 3.00 2+1 → 0+1 775.28 17360 16195
2+2 → 0+1 1577.41 0 0

lab. ang. 2+2 → 2+1 802.14 2 2
16◦ - 53◦ 4+1 → 2+1 868.4 10 10

2+
3 → 0+

1 2216.3 1 1
2+
3 → 2+

1 1440.5 10 10
196Pt 4.15 2+1 → 0+1 775.28 58159 50791

2+2 → 0+1 1577.41 8 8
lab. ang. 2+2 → 2+1 802.14 48 48
16◦ - 53◦ 4+1 → 2+1 868.4 193 193

2+
3 → 0+

1 2216.3 73 73
2+
3 → 2+

1 1440.5 592 590
196Pt 4.0 2+1 → 0+1 775.28 55314 46656

2+2 → 0+1 1577.41 8 8
lab. ang. 2+2 → 2+1 802.14 45 44
19◦ - 57◦ 4+1 → 2+1 868.4 187 183

2+
3 → 0+

1 2216.3 60 57
2+
3 → 2+

1 1440.5 481 464

binning of 15◦ this translates into an relative uncertainty of about 5% for each datapoint
in its angular distribution. Further we request 3 shifts for the re-measurement of the
B(E2, 0+1 → 2+1 ) which will be used for normalisation of the other transition strengths at
3.0 MeV/u.
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Table 1: Expected �-ray yields per shift for the transitions of interest in

88
Kr. The

calculations were performed with the Coulomb excitation code CLX for 1 mg/cm

2
targets

and the given angular ranges for the detection of scattered projectiles. The yields were also

calculated for the case where the two innermost rings of the CD detector are shielded. In

the calculations additional bu↵er states were used which are not substantially populated.

Target Ebeam [MeV/u] Transition E� [keV] N� [Counts]

196
Pt 4.15 2

+
1 ! 0

+
1 775.28 58159

2

+
2 ! 0

+
1 1577.41 8

lab. ang. 2

+
2 ! 2

+
1 802.14 48

16

�
- 53

�
4

+
1 ! 2

+
1 868.4 193

2+
3 ! 0+

1 2216.3 73
2+
3 ! 2+

1 1440.5 592
208

Pt 4.35 2

+
1 ! 0

+
1 775.28 65634

2

+
2 ! 0

+
1 1577.41 10

lab. ang. 2

+
2 ! 2

+
1 802.14 61

16

�
- 53

�
4

+
1 ! 2

+
1 868.4 245

2+
3 ! 0+

1 2216.3 97
2+
3 ! 2+

1 1440.5 787

1

208Pb Target is an even better option



Dependence of CS on 21+ quadrupole moment

18

oblate
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Yield vs target thickness




