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• Shell model and beyond mean field studies 
predict non axiality and γ-collectivity in Se and Ge 
nuclei close to N = 50 [1,2]


• Experimentally supported by candidate 3+ state in 
86Se [3]


• Possible counterparts also in 88Kr and 92Zr [4]

• Lowering of these states leading towards lower 

proton number and maximum triaxiality for 86Ge 
predicted 


• Recently confirmed by low lying 3+ in 86Ge [5]

[1] K. Sieja, T. R. Rodríguez, K. Kolos, and D. Verney, Phys. Rev. C 88, 34327 
(2013).  
[2] T. R. Rodríguez, Phys. Rev. C 90, 34306 (2014). 
[3] T. Materna et al., Phys. Rev. C 92, 34305 (2015). 
[5] Nuclear Data Sheets. 
[4] M. Lettmann et al., accepted for Phys. Rev. C.

Motivation: γ-collectivity above 78Ni
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• SCCM calculations predict axial deformation also 
in 88Kr 


➡Isolde provides high intensity beams

➡Possibility to gain information on γ-collectivity, 

also essential for the more exotic Se and Ge 
nuclei

Motivation: γ-collectivity above 78Ni

TOMÁS R. RODRÍGUEZ PHYSICAL REVIEW C 90, 034306 (2014)
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FIG. 3. (Color online) Collective wave functions for the ground state (0+
1 ) and 2+

1 , 0+
2 , and 2+

2 excited states calculated with the SCCM
method for 70–98Kr isotopes (from left to right and from top to bottom). One-dimensional plots represent axial calculations while “pie-like”
plots represent full triaxial results (color scale: red and blue mean large and small height, respectively).

In contrast, the axial results present a slightly less deformed
prolate states for 70Kr and an almost symmetric prolate/oblate
shape mixing (0+

2 ) and a prolate (2+
2 ) excited state for 72Kr.

As stated above, the most significant differences between
axial and triaxial calculations are found in the structure of

the 74–80Kr isotopes. For 74Kr, a ground state c.w.f. that is
quite extended in the γ direction is obtained. Its maximum
corresponds to a triaxial/prolate deformation [(0.5,10◦)]. The
2+

1 state peaks also in a similar deformation although the c.w.f.
is more condensed around its maximum. On the other hand,
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Motivation: Extensive Predictions by Shell Model 

• Most experimental work in the region focused on 
establishing energetic level scheme 

• Good agreement for low lying yrast states 

including gap between 41+ and 61+

• Less good understanding of non-yrast states 

and branchings into the yrast band 

• Almost no information on transition strengths, 
which will help to constrain shell model description 

•  Ambiguity even for the 21+ -> 01+ transition:

• COULEX at Isolde: B(E2)↓ = 8.0 (8) W.u.  

(D. Mücher et al., in AIP Conf. Proc. 1090, 587 (2009))

• Fast timing: B(E2)↓ = 15 (3) W.u.  
(preliminary value given in: H. Mach et al., Nucl. Phys. A 523, 197 (1991))


• Shell model also favours higher B(E2)

• Trend continued in 86Se: B(E2) = 19+11-8 W.u. 

• RDDS measurement will provide model 
independent lifetimes in a wide range for the  
mentioned states


➡THIS PROPOSAL

YRAST EXCITATIONS IN THE NEUTRON-RICH N = 52 . . . PHYSICAL REVIEW C 88, 044314 (2013)

86Se
g.s. 0+

704.2 2+

1567.6 4+

2846.0 (6+)

(3302.0) (7)

2073.0 (4)

3062.6 (5,6)

704.2(2)[100(10)]

863.4(2)[55(8)]

1278.4(3)[5(2)]

456.0(4)[2(1)]

505.4(2)[12(2)]

989.5(5)[4(2)]

1495.1(5)[2(1)]

FIG. 18. Level scheme of 86Se, as deduced in the present work.
Intensities of γ lines are shown in brackets.

energies the two valence neutrons occupy the d5/2 orbital,
where they can couple and contribute to levels with spin 0+,
2+, and 4+. At higher energies one or both of these neutrons can
be promoted to another orbital (e.g., g7/2) and produce levels
with spin 6+ and higher. One may also think of coupling to a
proton pair. Such processes would require extra energy and one
may expect an increased energy gap between the 4+ and the
6+ levels. This can be seen in the systematics of excitation
energies of yrast levels in the N = 52 isotones, shown in
Fig. 19. With the new energies of the 6+ levels in 86Se and
88Kr, which are comparable to those observed in 90Sr and 92Zr,
a clear energy gap between the 4+ and the 6+ levels is observed
in these nuclei. The asterisks in Fig. 19 show the positions of
the 6+ levels in 86Se and 88Kr, reported previously [9,10].

Thus, in the first approximation, the discussed excitations
can be explained by the coupling of two valence neutrons. This
simplified interpretation is, however, modified by the presence
of valence protons and their interaction with neutrons. While
the energies of the 2+ and 4+ levels only weakly depend
on the proton number, the energy of the 6+ level shows
significant variations. First, it grows with the proton number
to about 3.4 MeV in 90Sr. This can be associated with the
Z = 38 subshell closure. Up to Z = 38 the trend of 6+ energy
reflects the behavior of 2+ states in N = 50 isotones, which
suggests that the 6+ level can be formed as a coupling of
two aligned neutrons to the proton 2+. Afterwards the 6+

excitation energy drops quickly. It is somewhat surprising to
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FIG. 19. Systematics of excitation energies of yrast levels in
N = 52 isotones (filled circles). Data are taken from the present
work and from Refs. [9,10], and [23–27]. Open circles represent
energies obtained in the present shell-model calculations. Asterisks
represent experimental energies of the 6+

1 level in 86Se and 88Kr,
reported previously [9,10].

observe this decrease already for 92Zr, where another subshell
closure is present at Z = 40, as manifested in the excitation
energies of the 2+ and 4+ levels in 90Zr. This indicates another
mechanism contributing to the 6+ excitation energy above
Z = 38. A possible explanation is the population of the g9/2
proton orbital in nuclei with Z ! 40. It is predicted that the g9/2
proton interacts strongly with the g7/2 neutron, its spin-orbit
partner. The spin-orbit-partner mechanism has been proposed
as one of the effects producing strong quadrupole deformation
in neutron-rich nuclei around Z = 40 [28,29], which was
recently verified for Ru isotopes [30].

In the present work we do not confirm spin and parity 3− for
the 2073- and 2104-keV levels in 86Se and 88Kr, respectively, as
proposed in Ref. [11]. These and a few other levels, reported in
Ref. [11] with negative parity, were assigned positive parity in
this work. Thus, the dominance of low-energy negative-parity
excitations proposed in Ref. [11], which might suggest an
enhanced octupole collectivity in the N = 52 isotones, is not
confirmed.

A. Calculations

To obtain deeper insight into the structure of the yrast
excitations in N = 52 isotones, and to verify the approx-
imate interpretation proposed above, we have performed
shell-model calculations with a large valence space in-
cluding (1f5/2, 2p1/2, 2p3/2, 1g9/2) orbitals for protons and
(2d5/2, 3s1/2, 2d3/2, 1g7/2, 1h11/2) orbitals for neutrons outside
the 78Ni nucleus used as the inert core. Such a valence space,
adopted in a number of our previous studies in this region
for various Zr, Y, Sr, and Rb isotopes [4–7], has been proven

044314-9

● exp	
◦ SM

M. Czerwiński et al.,  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The Recoil Distance Doppler Shift (RDDS) Method and the 
Differential Plunger for MINIBALL  

                     The plunger technique

I1
I2

E = E0 (1+ v/c cos θ)

Universität zu Köln – Institut für Kernphysik                Miniball Workshop York 2017 

CD
	D
et
ec
to
r	

• Plot ratio I1/(I1+I2) vs. distance

• Every distance in sensitive range 

gives a lifetime value

6+	in	184Hg:	τ	=	8.82(24)ps

New Plunger chamber 

currently installed at

MINIBALL
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Proposed experiment - RDDS measurement of 88Kr 

• Coulomb-Nuclear Excitation (CNE) of 88Kr beam at beam energy of 5.34 MeV/u on 196Pt target

• MINIBALL for detection of emitted γ rays. Efficiency about 2-3% in each angular ring

• Use 2 mg/cm2 196Pt target and 7.5 mg/cm2 181Ta degrader for desired velocities and sensitivity 

for lifetimes in the range from 1 ps to 250 ps

Kr

88Kr

Pt target
2 mg/cm2 Ta degrader 

7.5 mg/cm2

Kr

CD

Pt Pt

Rh backing
4.4 mg/cm2

β	=	8.8 β	=	6.7

5.34	MeV/u
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Proposed experiment - Additional sensitivity via DSAM

• Coulomb-Nuclear Excitation (CNE) of 88Kr beam at beam energy of 5.34 MeV/u on 196Pt target

• MINIBALL for detection of emitted γ rays. Efficiency about 2-3% in each angular ring

• Use 2 mg/cm2 196Pt target and 7.5 mg/cm2 181Ta degrader for desired velocities and sensitivity 

for lifetimes in the range from 1 ps to 250 ps

• Additionally use 4.4 mg/cm2  Rh backing for sensitivity below ~1 ps via DSAM


➡Does not affect sensitivity for longer lifetimes

➡Possibility to directly measure τ(23+) = 28(14) fs (from relative B(E2)↑/norm. to 21+-> 01+ [1])

Kr

88Kr

Pt target
2 mg/cm2 Ta degrader 

7.5 mg/cm2

Kr

CD

Pt Pt

Rh backing
4.4 mg/cm2

β	=	8.8 β	=	6.7

5.34	MeV/u

140° 35°

Nuclear lifetimes 3.1 The Doppler Shift Attenuation Method

3.1. The Doppler Shift Attenuation Method

beam
target stopper

E0 Esh

E0Esh
θ

Figure 3.2.: Principle of the DSA method. In the target and stopper material an arbitrary stopping path
is shown. The distance between target and detectors is not properly scaled. The small
insets show typical line shapes observed in either forward or backwards direction. E0 is the
unshifted energy, while E

sh

is a Doppler shifted energy given by Eq.(3.1).

For short lifetimes in the range of 10�13 to 10�15 s the Doppler Shift Attenuation Method
(DSAM) is suitable (comp. Fig. 3.1). However, the exact sensible region depends on the
experimental circumstances. The method uses the stopping of excited nuclei after a nuclear
reaction in a solid medium. A thick target or a thin target together with a thick backing material
can be used. Depending on the recoil velocity v(t), the lifetime ⌧ and the angle of detection
✓, the � radiation is detected Doppler shifted. The initial time t = 0 is defined by the nuclear
reaction in the target. A schematic picture of the method is shown in Fig. 3.2. In the moving
direction of the daughter nuclei the photopeak energy is detected towards higher energies, while
in the opposite direction it is shifted towards lower energies. Following the well known Doppler
formula for the non-relativistic case, the shifted �-ray energy is given by:

E
�,sh

(t) = E
�,0


1 +

v(t)

c
cos(✓(t))

�
, (3.1)

where E
�,0 is the unshifted � energy, c is the speed of light and ✓(t) is the time-depending

20

Doppler	Shift	Attenuation	Method

[1] K. Moschner et al., Phys. Rev. C 94, 054323 (2016). 



8

Proposed experiment - Additional sensitivity via DSAM

• Coulomb-Nuclear Excitation (CNE) of 88Kr beam at beam energy of 5.34 MeV/u on 196Pt target

• MINIBALL for detection of emitted γ rays. Efficiency about 2-3% in each angular ring

• Use 2 mg/cm2 196Pt target and 7.5 mg/cm2 181Ta degrader for desired velocities and sensitivity 

for lifetimes in the range from 1 ps to 250 ps

• Additionally use 4.4 mg/cm2  Rh backing for sensitivity below ~1 ps via DSAM


➡Does not affect sensitivity for longer lifetimes

➡Possibility to directly measure τ(23+) = 28(14) fs (from relative B(E2)↑/norm. to 21+-> 01+ [1])
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4.4 mg/cm2

β	=	8.8 β	=	6.7
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[1] K. Moschner et al., Phys. Rev. C 94, 054323 (2016). 
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Reaction Kinematics / Detection of Scattered Projectiles

88Kr

After	196Pt	Target

After	103Rh	Backing

After	Degrader

Scattered	103Rh	after	Degrader

88Kr

88Kr

196Pt

103Rh

103Rh
181Ta

16°-53° 16°-53°

16°-53° 16°-53°0.8	
MeV/u
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Reaction Kinematics / Detection of Scattered Projectiles

88Kr

After	196Pt	Target

After	103Rh	Backing

After	Degrader

Scattered	103Rh	after	Degrader

88Kr

88Kr

196Pt

103Rh

103Rh
181Ta

Good separation of the scattered 88Kr projectiles from target, backing and 
degrader particles needed for 

• clean particle - γ coincidences

• precise determination of particle angles:


• Doppler correction

• Calculation of energy loss in target and degrader

16°-53° 16°-53°

196Pt,	103Rh,	181Ta
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CNE: Cross section calculated with FRESCO

Scatt.	Ang.	CMS	[deg.]

dσ
/d
Θ
	[m

b]
Acceptance	of	CD:	23°-74°	CMS

FRESCO calculations by B.S. Nara Singh
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Proposed experiment - Yield calculations

• Assuming 1.0x109 ions of 88Kr produced per second in PbBi target and transmission of 1% we 
estimated secondary beam intensity of 1.0x107 on the MINIBALL target.


• Transitions matrix elements from large-scale shell-model calculations in π(1f5/2, 2p1/2, 2p3/2, 
1g9/2), ν(2d5/2, 3s1/2, 2d3/2, 1g7/2, 1h11/2) space and lower experimental value for 21+ -> 01+


• Using CNE at 470 MeV (5.35MeV/u) drastically increases cross rates and enables study of 
higher lying states


• Staying for 48h on one RDDS distance enables γ-γ coincidence analysis

• Expected yield leads to statistical uncertainties of lifetimes below 20% for all considered statesTable 1: Excited states in 88Kr together with their lifetimes from measured B(E2) values

[9, 11] or adopted from large-scale shell-model calculations [1] (marked with*). The table
also shows calculated γ ray yields after 48 h of measuring time.

Initial state τ [ps] Transition Eγ [keV] Nγ [Counts per angular ring]

2+1 16.0(17) 2+1 → 0+1 775.28 517316
4+1 10* 4+1 → 2+1 868.4 9873
6+1 1* 6+1 → 4+1 1523.4 100

2+2 6.5*
2+2 → 0+1 1577.41 1144
2+2 → 2+1 802.14 6546

2+3 0.028(14)
2+3 → 0+1 2216.3 2976
2+3 → 2+1 1440.5 24370

4+2 260*
4+2 → 2+1 1328.9 9
4+2 → 4+1 460.0 136

covering an angular range from 16◦ to 53◦ in the laboratory frame.
De-exciting γ-radiation will be observed with the MINIBALL germanium detector ar-
ray [13]. To optimise efficiency at forward and backward angles, six MINIBALL cluster
detectors will be placed in two rings at θ = 35◦ and θ = 140◦, respectively. The two
additional MINIBALL Cluster detectors at other angles will provide additional statistics
and may be used for gating on coincident γ rays. For the RDDS analysis we assume three
MINIBALL cluster detectors per ring and expect a full photo-peak efficiency of 2-3% for
the transitions of interest in 88Kr in each ring.
Rate estimates for several transitions of interest have been calculated from cross sections
obtained with the computer code FRESCO [14] using the realistic matrix elements ob-
tained from shell model calculations based on a 78Ni core [1] and the lower experimental
transition strength in case of the 2+1 [9]. The γ yields within 48h for one of the two rings
of the germanium array are given in Table 1 together with the previously known lifetime
in case of the 2+1 or estimates based on the shell model.
We propose to measure three target degrader distances, each distance for a duration of
48 h. This will enable us to determine the lifetimes of all states given in Table 1. In order
to demonstrate the feasibility of the proposed experiment, Figure 2 shows the simulated
spectra of the transitions from Table 1 for the distances 10 µm, 250 µm and 5000 µm
accumulated after the measuring time of 48h together with the assumed level scheme.
All simulated γ-lines show the desired Doppler shifts or broadenings. The obtained yields
will enable us to determine lifetimes with statistical uncertainties below 5% for the more
intense transitions and still leaves us with an acceptable statistical uncertainty of 17%
percent in case of the low intensity 6+1 → 4+1 transition.

Summary of requested shifts:

Based on our yield calculations we estimate that a total of 21 shifts will be sufficient to
reach the proposed goal. Three distances will be measured in 6 shifts each, making a total

4

Expected γ-ray yields in 48h - one RDDS distance
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Expected sensitivity after 24h / distance (35°)
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Summary
▪ We propose to use Coulomb-Nuclear Excitation to populate excited states 

in 88Kr

▪ RDDS measurement using the newly build PLUNGER for MINIBALL will 

enable model independent measurement of nuclear lifetimes:

▪ 21+,22+ and 41+ with statistical uncertainty of 1-2%

▪ 42+ and 61+ still with statistical uncertainty of < 20% 


▪ Combined DSAM measurement enables determination of lifetimes in the 
10 -100 fs regime

▪ Direct measurement of 23+


▪ Additional possibility to access quadrupole moments by nuclear 
deorientation effect 

▪ Beam time request:

▪ 18 shifts for the measurement RDDS measurement with 3 target-

degrader distances

▪ 3 additional shifts for setup and 

➡ 21 shifts requested in total
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Thank you for your attention


