Development of a new compact
three-foil plunger device

and

Lifetime measurements using the
Recoil Distance Doppler-shift method

Inaugural-Dissertation

Zur
Erlangung des Doktorgrades
der Mathematisch-Naturwissenschaftlichen Fakultat
der Universitat zu Koln

vorgelegt von:

Marcel Beckers

aus Monchengladbach

Koln 2023



Berichterstatter: Prof. Dr. Alfred Dewald
(Gutachter) Prof. Dr. Andreas Zilges
Prof. Dr. Alexandra Gade

Tag der letzten Priifung: 24. April 2023



Abstract

This thesis presents the development of a new compact differential three-foil plunger (Cologne
Compact Differential Plunger - CoCoDiff) for the measurement of lifetimes of excited states in
nuclei with the Recoil Distance Doppler-shift (RDDS) method as well as auxiliary techniques
and methods to aid the usage of this new plunger and of other plunger devices. The new
plunger apparatus has been commissioned in an experiment on level lifetimes in 5°Cr which was
carried out at the Cologne FN tandem accelerator. There, lifetimes of the first 2% and 4T states
have been measured with good precision which match with literature values and shell-model
calculations. To enhance the precision of plunger experiments that need absolute foil separations,
a new method to measure these has been developed, using an optical sensor. This method
has been tested using an experiment on known level lifetimes in 8! Ta also conducted in Cologne.

Furthermore, an RDDS experiment on level lifetimes in '%4Ce was carried out, which is a
candidate for octupole deformation. Lifetimes of the first 2, 47, 6% and 3~ states haven
been measured with good precision, the latter three for the first time. From these lifetimes,
B(E2) and B(E1) transition strengths could be determined that give further proof for possible
octupole deformation. Additionally, the lifetime of the 37~ state is important for a possible
future Coulomb excitation measurement in search of the yet unobserved 3= — 07 transition.

Lastly, level lifetimes of the first 2+ and 471 states in %°Ni have been measured using the
RDDS method. They shed light into a prior confusing situation of contradicting literature
values that allowed for no clear physical interpretation of the onset of collectivity of Ni isotopes
regarding the tentative N—=40 sub-shell closure.
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1 Introduction

Lifetimes of excited states in nuclei, together with their excitation energies, are among the most
important experimental observables in nuclear structure physics. They allow the determination
of transition strengths between excited nuclear states, which in turn give insight into the struc-
ture of the nucleus itself. Level lifetimes in nuclei span over a wide range, from nuclear isomers
with lifetimes in the range of many years E] to very short lifetimes in the range of femtoseconds,
depending on the character of the excitation and structure of the nucleus. Therefore, many differ-
ent techniques exist to obtain lifetimes from these different regions [2|. One of these is the Recoil
Distance Doppler-shift (RDDS) method, which covers the range from about one to several hun-
dreds of picoseconds, depending on the experimental circumstances. The RDDS method makes
use of the so-called plunger apparatus, a sophisticated device which allows the measurement to
be conducted with a very high precision. In the last decades, several of these devices have been
built specifically for different laboratories and experimental conditions. Many of these plungers
followed the design of the Cologne Coincidence Plunger [3], which will be described in detail later.
Some examples of such plungers are described in Refs. [4, 5|. In the more recent years, however,
the progress in the manufacturing of highly precise piezo motors (a key component of all plunger
devices) that allowed for a massive reduction of the motor sizes, has opened the possibility for
new, very compact plunger designs. These have the advantage that they can fit inside compact
particle detector arrays like MICROBALL 6], enabling new possibilities for specialized plunger
measurements. At the same time the advent of next-generation research facilities like the Facility
for Rare Isotope Beams (FRIB)EI and the Facility for Antiproton and Ion Research (FAIR) will
lead to novel possibilities for nuclear structure research. However, beam time at these facilities
will be extremely valuable and obtaining it will be a highly competitive process, even more than
it is already for the existing state-of-the art facilities. Since RDDS measurements require fairly
long beam times to be successful, this restriction is especially valid. Therefore, decreasing the
amount of required beam time can become of great value. One possibility to achieve such a
reduction of beam time is the use of the differential plunger method, which utilizes a three-foil
plunger device |7].

One main objective of this thesis is therefore the combination of the new possibilities of very
compact plunger designs and the differential plunger method to design, construct and commis-
sion a novel compact three-foil plunger device which can be employed at different experimental
facilities. One part of this thesis reports on the development of this new plunger as well as on
the derivation of an adjustment to the established Differential Decay Curve Method (DDCM) for
the usage with three-foil plungers. The new plunger device has been tested in a commissioning
experiment, measuring lifetimes of excited states in °Cr.

Additionally, this thesis is also focused on developing auxiliary methods and techniques which
can improve RDDS measurements with the new device as well as with other plunger devices.

For this, a new method to obtain absolute foil separations in plungers with higher precision then

'The longest living isomer known today is *™Ta, a 9~ state with a half-live of >7.1- 10*® years [1]
2FRIB officially started operating in 2022.



1.1 Lifetime measurements using the Recoil Distance Doppler-shift (RDDS) method

previously achievable will be presented. Absolute foil distances are needed for certain use cases
of the differential plunger method as well as in conventional RDDS measurements with two-foil
plungers that do not use the DDCM. The new method to obtain absolute distances has been
compared to the standard capacitance method as well as to a distance measurement with known
lifetimes in an experiment on 8 Ta.

Another focus was laid on the handling of Doppler-Shift Attenuation (DSA) effects in RDDS
measurements with the simulation toolkit PTBG4 that has been developed by T. Braunroth [§].
To benchmark the usage of this toolkit for DSA effects with real data, an RDDS experiment on
6ONi was utilized, a semi-magic nucleus close to the proposed neutron sub-shell closure at N=40,
where the experimental situation prior to this experiment yielded a partly contradictory message
regarding the onset of deformation in the Ni isotopes towards (proposed) mid-shell. DSA effects
are expected to play a role for the lifetime of the first 27 state in this nucleus.

Apart from these developments in the design of plunger devices and auxiliary techniques, an-
other lifetime measurement using the RDDS method has been carried out during the course of
this thesis at the Cologne FN Tandem accelerator. The investigation of level lifetimes in 44Ce
explores further the octupole deformation in neutron-rich lanthanide nuclei, a topic that has
been of great interest in the nuclear physics community over the past decades (see, e.g., [9]).

In the following introduction, an overview of the RDDS method with a special focus on the
differential plunger method will be given. The significance of absolute foil distances for plunger
measurements will be introduced. Furthermore, the design of the Cologne Coincidence Plunger
will be presented as well as the possibilities of and requirements for a new compact plunger de-
sign. Afterwards, the different reaction types that have been used for the experiments conducted
during the work for this thesis will be briefly reviewed with a special focus on their characteristics
that are important for plunger measurements. Lastly, a short introduction into the theoretical
frameworks that are important for the description of the results from the different lifetime studies

will be given.

1.1 Lifetime measurements using the Recoil Distance Doppler-shift (RDDS)
method

The measurement of nuclear level lifetimes allows to probe properties of the strong force between
nucleons. They are directly related to the transition matrix elements between different states in
nuclei, which makes them ideal to test predictions of sophisticated theories about nuclear struc-
ture like the shell-model and different collective models. The level lifetime is directly connected
with the transition strength between two states. For example, for a pure E2 transition between

two states, the reduced transition strength can, following the derivations in |10} 11|, be calculated

252y he\° h
B(E2) = — =) - 1
(E2) 24m 1+ aic \E,) 7 (1)

from the lifetime 7 via

where ap, is the branching ratio and aj¢ the ratio for internal conversion.
The Recoil Distance Doppler-shift method (RDDS) is used to extract lifetimes of excited nuclear

states. For a detailed review on this method see Ref. |3]. In the following, only a brief overview
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of the method itself and of the principles of the analysis of such measurements will be given.

1.1.1 The RDDS method

The RDDS method exploits the fact, that v radiation emitted from a decaying state while the

nucleus is in motion with velocity v gets detected with a Doppler-shifted energy:

/1 _ A2
E’y,sh =FE 176 (2)

71— B cos(0)’

v

where E, 4, is the Doppler-shifted energy of the y-ray from the decay, § = ¥ and 0 is the angle
between the motion vector of the recoil and the detector [3].

To obtain a level lifetime, a plunger apparatus is used. This consists of two (or more, see below)
foils, a target and one (several) degrader foil(s). The nuclei created in the target get knocked
out and travel towards the degrader foil. Excited states in these nuclei can either decay in-flight
or after the nuclei have been stopped or slowed-down in the degrader foil, changing the observed
~v-energy according to the Doppler-effect. Different foil separations lead to different flight times
t and therefore give information about the time behavior of the decay, represented in the decay

curve:
Ius

— 5 3
Ius + Ish ( )
where I,s and Iy, are the intensities of the peaks observed at the unshifted and Doppler-shifted

R(1)

energies, respectively [3]. A schematic representation of the method is shown in Fig.
For an isolated excited state with no feeding, the decay curve is described by an exponential
function of the form

R(t) = N(0)e™~ (4)

with N(0)=1 because Eq. [3|is normalized with respect to the total amount of decays. To extract
the lifetime from RDDS data, one has to fit the decay curve of the state of interest to the data
points from the different foil separations. In the general case, however, a level is not populated
directly but through multiple feeding paths. This is especially true if the respective nucleus
has been created in a fusion-evaporation reaction, where nuclei are populated in highly excited

statesﬂ In such cases the decay is described by the general set of differential equations
Ri(t) = —Nini(t) + > bri e (t) (5)
k

where n;(t) describes the population of level ¢ at time ¢, 7 is the state of interest, k are the feeding
states, A is the respective decay constant and by; are the branching ratios between states k£ and
i [3]. If solved for a certain decay scheme, one obtains the Bateman equations of the decay,
from which the decay curve R(t) can be derived [12]. For the lifetime analysis this means that

it is necessary to know precisely the feeding pattern of a state, including the lifetimes of the

3see chapter
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feeders, as well as the initial population of all feeding states. In all cases, for an analysis using
the Bateman equations, absolute foil separations are needed to obtain the flight times.

If the analytical decay curve is used, a comfortable way to perform the lifetime analysis is the
use of Monte-Carlo type (MC) simulations [13]. MC methods are used to obtain a probability
distribution of a dependent variable when the probabilities of all independent variables are known
but no closed formula is available (or the closed formula is too demanding to obtain or solve
analytically). In the process of determining lifetimes with the Bateman equations, they are
used to incorporate all types of uncertainties to give a well-defined uncertainty for the resulting
lifetime value. This is especially useful because the uncertainties (and their types of distributions,
e.g. linear, Gaussian etc.) of the input parameters, like feeding lifetimes, branching ratios
and absolute foil distance, are generally well known. At the same time, the calculation of
their influence on the resulting lifetime may be analytically demanding, especially since some
uncertainties might be correlated. In a Monte-Carlo type simulation, each input variable is
treated independently and is varied within its uncertainty range using its probability distribution.
This way, in each simulation step a random value (within and depending on the respective
probability distribution) is assigned to every input variable and a lifetime value is calculated using
these values. A large number of steps yields a probability distribution of lifetime values from
which in turn the uncertainty of the lifetime (e.g. by using the o intervals) can be calculated.
An example of a resulting probability distribution of a lifetime analysis is shown in Fig.
Another advantage of using Monte-Carlo type simulations is that also unknown quantities like
unobserved feeding can easily be incorporated, if a measure of its probability (e.g. observation
limits, lifetimes in neighboring nuclei) can be found. This technique has been used in the analysis
of 14Ce to obtain realistic uncertainties for cases where unobserved feeding might be possible
(see chapter [5).

1.1.2 The Differential Decay Curve Method (DDCM)

An alternative to the analytical decay curve analysis is the use of the Differential Decay Curve
Method (DDCM). The derivation of this method shall not be repeated here. Instead, the reader
is referred to Refs. |15} 3]. The DDCM states that the lifetime of a state is given by

G Ri(w)

= ()

where R;(z), Ri(z) are the decay curves of the state of interest ¢ and the k direct feeding states.
ay; denotes a factor of proportionality for the difference in detection efficiency for different
energies and differences in angular distributions and by; represents the branching ratio [3]. The
DDCM offers some advantages over the analytical decay curve approach, among them are the
possibility to detect certain systematic error types and the need for relative distances instead of
absolute distances, which can be obtained with a much higher precision.

If it is possible to use v — v coincidences and to set a gate on the shifted component of a direct
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Figure 1: Schematic representation of a plunger measurement. In this case an additional particle
detector upstream of the target is shown, which is used to detect back-scattered reaction partners. See
chapter [T.3] for more details.
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Figure 2: Example of the result of a Monte-Carlo type simulation being used for the lifetime analysis.
The lifetime was chosen to be the first moment of the probability distribution (solid line) and the uncer-
tainties are the o intervals to both sides thereof (dashed lines). The example stems from the analysis of
144Ce. Details regarding the analysis are given in chapter Figure adapted from Ref. .

feeding transition of the state of interest Eq. [f] simplifies further to

I
)= g
dxts

(7)

where I, is the intensity of the unsifted component and I, is the intensity of the Doppler-
shifted component . This adds the advantage that no feeding assumptions have to be taken
into account, reducing the general systematic uncertainty of all types of RDDS measurements
significantly.

In this work, the DDCM is mostly used for the lifetime analysis of excited states in "*4Ce in the
~-single version due to a lack of statistics which prevents the use of v — « coincidences. The
lifetimes of excited states in ®*Ni have been analyzed with the v — ~ coincidence version of the
DDCM.

1.1.3 The Differential Plunger Method

Introduced by Dewald et al. |7] the Differential Plunger Method (DPM) is a further development
of the DDCM. While the DDCM is a very successful and well-established method, it still suffers
from some drawbacks, the most consequential one is the need for extensive beam times. Accord-
ing to Eqgs. @7 the derivative of decay curve R(t) is needed for the calculation of the lifetime.
Since the decay curve of the state is not known beforehand, this means it has to be sampled

by measuring the shifted and unshifted components of the level’s decay radiation at different
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target-stopper distances to be able to obtain the derivative of this function.

The DPM is meant to overcome this restriction. In principle, it enables the user to extract

(a) Ifs Irs Ius i (b)
_— I RN € R(tl) =1Is + Lus
beam v U/ ~ R(ty) = Lys to —t; = At
(R(t1) — R(t2) = Ing
< - 1< > f fs
T 1 Axr ty t [ps]

Figure 3: Schematic depiction of a three-foil plunger (a) and exemplary decay curve with the experi-
mentally observable quantities (b). Figure adapted from Ref. [16].

lifetimes from one single distance configuration by directly measuring the derivative of the decay
curve. To do so, a three-foil plunger apparatus is needed. In this apparatus, a degrader at a
separation x after the target foil is used to slow down the recoiling nuclei with velocity v, so that
they travel the last distance Az to the stopper with a reduced velocity v’ (see Fig[3(a)). This
yields three different peaks in the corresponding y-spectrum, originating from decays happening
between target and first degrader (fully-shifted intensity Iys) between first degrader and stop-
per (reduced-shifted intensity I,s) and in the stopper (unshifted intensity I,s). Transferred to
absolute flight times, these peaks relate to different positions on the decay curve of the level of
interest. As can be seen in Fig. B{b), —I,s = R(t2) — R(t1), where ¢; (t2) is the time when the
recoil leaves (enters) the first degrader foil (stopper foil {f| By dividing it by the time difference
At = to — t1 between the recoil leaving the first degrader and reaching the stopper one obtains
the differential quotient

AR . R(tg) — R(tl) _Irs _Irs .

AL -t At Az (8)

which describes the slope of the secant between R(t1) and R(t2). If one requires Ax to be very

small (technically lim Az — 0), then Eq. |8 describes de(ttQ). Using the DDCM as given in Eq.

and the fact that I,,s describes R(t2) one gets the standard DPM formula [7]

_ Iys Az
I v

9)

T

The requirement of very small Az naturally opposes the practical requirements for a measure-
ment, since it leads to a very small intensity of the reduced-shifted peak which lies beyond the
observation limit. Therefore, for a precise measurement a certain minimum distance, at which

I.s has a high enough peak-to-background ratio, is needed. On the other hand, of course, the

“Note: In this section, R(t) means the non-normalized decay curve, following the notation of chapter

7
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larger I,s gets, the less valid the approximation made in Eq. [9] becomes. To solve this problem, a
correction factor to treat deviations of Eq. from %(tt?) when Az is not negligible was proposed
by Iwasaki et al. [5] and used for example by Giles et al. for a lifetime analysis [17]. This factor
is derived from the ratio of Eq. (8 and the analytical derivative of R(t2), obtained by assuming

that R(t) = Ny - exp(—t/7) and therefore reads

exp(At/T) — 1

C(r,At) = Atjr

(10)

A corrected lifetime could then be obtained via [

Teorr = C(1, At) - %g

I.s v

(11)

However, as explained above, this derivation assumes the decay function R(t) to be a simple
exponential. This, again, is not applicable to general cases, where, because of complicated
feeding patterns, the decay function can become much more complicated and, as has to be
stressed, is generally not known beforehand in detail. Therefore, the DPM is only applicable to
certain cases, where the lifetimes are long enough to be able to choose Ax sufficiently large or
where the feeding pattern is extremely simple and the correction factor can be used.

Apart from the DPM, a three-foil plunger can also be used to measure at two distances at
the same time and therefore reduce the time needed for an experiment. This is especially
advantageous if lifetimes of different magnitudes are targeted in one experiment. Formulas to
obtain lifetimes this way using the DDCM and +-+ coincidences have been derived in the course

of this thesis and are given in chapter [3]

1.1.4 Absolute foil separations

To determine the time-of-flight of the recoils between the target and the degrader foil(s), the
absolute foil separations are needed. These are not trivial to measure because the absolute zero
point is unknown. The electrical contact point of the foils, which is often used as a zero point
for the relative distances, differs in most cases from the absolute zero point where both foils are
completely in contact with each other [3]. One possible reason for this are microscopic spikes in
the foils that cause electrical contact early.

The need for absolute distances vanishes when the DDCM is used for the analysis, because
only relative distances are needed there. However, in some cases it is preferable to perform the
analysis with the Bateman equations, e.g. if only a low number of distances have been measured
or if there are few distances in the region of sensitivity. Absolute distances are also needed, if
the data are analyzed with the help of simulations and in certain cases of the DPM as explained
in chapter [3] In most modern plunger experiments the capacitance method is utilized to obtain
absolute distances [18]. However, as will be shown in detail in chapter [ this method suffers
from certain drawbacks and lacks in precision. Therefore, a new method to measure absolute

plunger distances directly has been developed in this thesis and will be presented in chapter
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This new method allows for a reduction of uncertainties in lifetime measurements where absolute

distances are needed.

1.1.5 Doppler-shift attenuation effects in RDDS measurements

If very short lifetimes are measured using the RDDS method, Doppler-shift attenuation (DSA)
effects have to be taken into account [3|. Since the slowing-down of the recoiling nuclei in the
stopper foil is not instantaneous, a finite stopping time exists where the recoils already entered the
stopper foil but are still in motion. ~-rays from decays happening during the slowing-down phase
will therefore be observed with a (reduced) Doppler-shift in the detector, leading to non-Gaussian
peak forms where the unshifted peak receives a tail in the direction of the Doppler-shifted peak.
If Gaussian fits are still used for the analysis, the decays during the slowing-down effects are
partly counted towards the shifted peak, even if the recoils already penetrated the stopper foil.
Furthermore, if y-v coincidences and a gate on the flight component of a feeding transition are
used, recoils that have already entered the stopper but have not slowed down completely can
contaminate the gate. For lifetimes which are long compared to the stopping time, this effect
is negligible because the number of decays happening during the slowing-down process is small.
If, however, the stopping time is comparable to the lifetime that shall be measured, the DSA
effect highly influences the obtained lifetime. A simulated spectrum where the DSA effect on the
lineshapes of the peaks is visualized is shown in Fig.[d] A more detailed description of the DSA
effect on RDDS measurements is given in Ref. [3| and references therein.

One possibility to analyze lifetimes obscured by the DSA effect is the use of simulations that
reproduce the experimental circumstances. Spectra, produced by this type of simulations can
then be compared to the experimentally obtained ones to extract the lifetime of the state of
interest. The main issue regarding the correct simulation of the DSA effect is the knowledge
about the correct stopping powers. The stopping power consists of nuclear and electronic stopping
powers and has not been measured with the necessary precision for all combination of nuclei.
Therefore, different (semi-)empiric formulas exist that calculate or extrapolate these stopping
powers from measured ones (see, e.g., Ref. [19]). Depending on which formulas are used and
how well the stopping powers are known, this might be the main source of uncertainty for such
kinds of simulations.

One possibility to conduct DSA corrections with is the Geant4-based |20, 21, 22| simulation
toolkit PTBG4 [8]. This simulation is fine-tuned to the Cologne plunger spectrometer to precisely
simulate the experimental conditions, including the type and position of the detectors as well as
their efficiency and resolution. The PTBG4 toolkit accepts the types and thicknesses of plunger
foils, their separation, the reaction, the level scheme and the lifetimes of all simulated levels as
input parameters. The reaction process itself is simulated, which includes the resulting velocity
of the recoiling nuclei which is calculated from the initial transmission of kinetic energy from
the reaction and the energy loss within the target foil. The stopping powers are taken from the
SRIM database |23]. While the PTBG4 toolkit is very capable of producing realistic spectra for

many types of reactions with this approach, one major drawback exists: If the calculated velocity
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Figure 4: Visualization of the influence of DSA effects on the lineshape of the unshifted and the shifted
peak in a RDDS measurement. The spectrum was obtained using the PTBG4 simulation toolkit [§] to
simulate the decay of the 2% state from the lifetime measurement on %°Ni described in chapter @

from the simulation does not match the experimentally observed velocity there is no direct way
to fine-tune the simulation to the experiment.

The prerequisite for using PTBG4 (or any simulation) to analyze the lifetime of a state is to fix
the feeding of this state. Since it is likely that the feeding pattern including all lifetimes and
branching ratios is not entirely known, it is necessary and convenient to use effective lifetimes of
the states feeding into the state of interest. These will include all lifetimes of higher-lying states
branching into the feeding state. If y-y coincidences can be used for the experimental data to
fix the feeding path, one effective lifetime of the direct or indirect feeder of the selected cascade
is sufficient to describe the feeding of the state of interest. For singles data, however, effective
lifetimes of all feeders together with their initial populations and branching ratios into the state
of interest have to be determined.

As a good case to benchmark the PTBG4 simulation toolkit, a measurement on %°Ni conducted
in Cologne was chosen. The 2] state in this nucleus exhibits several features that make it a
valuable test case for the usage of the simulation: The lifetime of the state is known from several
past experimentsE]to be very short (= 1ps) and is therefore very likely heavily influenced by DSA
effects. Moreover, the 2] — 0 transition has a high energy of 1332 keV. This, together with

a relatively large recoil velocity of the %°Ni nuclei of about 2%c, leads to a large Doppler-shift

®Some of these lifetime measurements disagree with each other, as is explained in detail in chapter@ However, a
recent Coulomb excitation measurement that gives a very precise B(E2)(0 — 2) value also measured transition
strengths in neighboring nuclei and shows very good agreement to literature values in these nuclei [24]. It can
therefore be used as a trustworthy comparison.

10
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Figure 5: Model of the Cologne Coincidence plunger. The target chamber (A), where target and stopper
foil are located, is separated from the motor via a large bearing unit (B). Picture taken from Ref. [3].

and therefore to a good separation of the shifted and the unshifted peak. Thus, the effect of the
Doppler-shift attenuation should be clearly visible in the v-ray spectrum. The analysis of ONi
will be presented in chapter [6] where also the results of the simulation with the PTBG4 toolkit

are shown.

1.2 The Plunger apparatus

The apparatus needed for RDDS experiments, the plunger, is used to position the foils precisely
at different separations and to keep these separations constant during a measurement. For the
setting of the foil distances, most modern plungers use piezo motors, which can obtain reliable
step widths in the range of a hundred nanometers. The process of keeping the distance constant
is handled by a feedback system. It is needed to account for slow changes of the foil surfaces in
the beam, e.g. due to thermal effects. Modern-day plungers use the capacitance method for this
task, as first presented by Alexander and Bell [18]. Briefly summarized, an electric signal is fed
to one plunger foil. The two plunger foils together will then act as a plate capacitor and thus
a voltage is induced in the second foil. The amplitude of this induced voltage depends on the

distance between both foils following the capacitance of a plate capacitor:

Cotore (12)
where A is the area of the plates and d is the distance between the plates. By measuring changes
in the capacitance via the induced voltage, a feedback system is able to detect changes in the
distance between the foils. For this feedback system and other complementary tasks around
setting up and running a plunger measurement, sophisticated control software is needed. The
capacitance method can also be used to obtain absolute distances. A comprehensive overview
about this method will be given in chapter

For the required distance adjustments for the feedback system, many plunger designs rely on an

additional piezo stack. However, it can also be viable to use the piezo motor for this task as well.

The design of the Cologne Coincidence Plunger [3|, which has been used for the lifetime mea-

surements on #4Ce and %°Ni that will be presented in this thesis, is shown in Fig. . The most
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1.2 The Plunger apparatus

prominent design feature of this plunger is the separation of the target chamber from the actu-
ator housing (motor, piezo stack) via a large bearing unit. This ensures a minimum of material
in the chamber itself and therefore minimizes the unwanted absorption of ~-rays. Additionally,
the ~-ray detector can be positioned very closely because the chamber is small, thus further
increasing the efficiency. Other features include an additional piezo stack which is used for the
feedback system while the motor is solely used for changing the distances and an inductive probe
in the target chamber to measure relative distances independently of the built-in sensor of the

motor.

1.2.1 Compact Plunger designs

To perform the required tasks, a plunger apparatus relies heavily on very precise step motors
to be able to set foil separations in the micrometer range. In the last years, much smaller
motors of this kind have become commercially available. Especially, very small linear stages
offer advantages for the design of plunger devices. In existing plunger designs like the Cologne
Coincidence Plunger the motor is placed upstream of the actual plunger foils and is connected to
them via a very precise bearing unit as described above. The modern linear stages, however, are
self-guided and small enough to be placed directly inside of the reaction chamber. Therefore, the
movable foil holders can be mounted directly on top of them. Plungers based on this design can
thus be of a very compact size, opening up the possibility to place them inside of surrounding
particle detector arrays like Microball |6] or JYtube Ff] The first compact plunger of this type
built in Cologne was the GALILEO plunger [26], built for the Ge-detector array of the same
name at the Laboratori Nazionali di Legnaro (LNL). Next to the advantages already mentioned,
this new design also significantly simplifies the manufacturing of new plungers. Furthermore, the
handling of the plunger during the preparation of an experiment becomes easier, because tasks
like mounting and aligning the foils can be done at tabletop due to the much simpler process of
removing the plunger from the beam line.
Since no additional piezo stack for the feedback is installed in the compact plunger design,
the precision and the smallest possible step width of the piezo motor are of especially high
importance. For setting the desired distances, a step width and precision of about 0.5-1pum
is sufficient. However, if it is desired to keep the distance constant within a precision range of
0x<0.5um, which is easily achievable with the capacitance method at small distances, the smallest
possible step size has to be at least < 0x/2 to ensure that corrective moves within the range
are possible. To understand the challenges caused by this requirement, in the following a short
overview of the functionality of the type of piezo motors by the company Physik Instrumente(PI)
that are used in the plungers designed in Cologne will be given.

The PI piezo motor uses so-called NEXACT(@®) modules to perform movements with down to
about hundred nanometer step widths [28]. They consist of multiple actuators which belong to
two groups. Each actuator is built up by two separate piezo segments (see Fig. @ To move the

runner, a walk-like movement is performed: By applying different voltages to each of the two

A further development based on the older UoYTube detector [25]
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Integrated Sensor

/

Runner
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Piezo Segments

Figure 6: Model of a NEXACT®) module from a PI piezo motor. The actuator elements belong to two
distinct groups, marked here in red and blue. The mode shown here is the locked position where the
runner is held in place by all actuator elements. For details about the movement process see text. Figure
adapted and redrawn from .

piezo segments in an actuator, it will bend either to the left or to the right, taking the runner
along. Afterwards, both elements will receive voltages that trigger a compression of the crystals,
causing a loss of contact between actuator and runner. In this contact-less state, the actuator
can then bend in the opposite direction, extend again to reestablish contact and bend in the
direction of the movement again. Repeating this process, the runner is moved step-by-step to
the desired position. To accelerate the movement, two groups of actuators are used that can
work with a matching phase shift making the movement nearly constant. If the desired position
is reached, all actuators will extend and hold the runner in place. The movement range of such
a motor is in principle only limited by the length of the runner.

There are two modes to operate the motor: Open-loop and closed-loop operation (see Fig. [7)).
In the first, the desired movement is given in step cycles. The motor controller calculates the
corresponding voltages that will be given to the piezo elements and give back the new (relative)
position of the runner after the movement. A step cycle, however, does not imply the same
travel distance each time. This will depend on several factors, like the load and the position
of the runner and also on effects like abrasion during the lifetime of the motor. In closed-loop
operation, on the other hand, the dimensions of the movement are given in physical units, e.g. in
um. The firmware of the motor controller will then automatically carry out the needed amount
of step cycles in a feedback loop with the integrated sensor. In the motor type used for the newly
developed compact plungers, for this an optical sensor with a resolution of 4nm is built into the
motor housing.

For a compact plunger, where the motor drives the feedback system, it is, due to the mentioned
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Figure 7: Representation of the open-loop (top) and closed-loop (bottom) operation modes. Simplified
and redrawn from Ref. [28].

disadvantages of the open-loop mode, favorable to use the closed-loop mode for the motor control.
Since a physical step width can be chosen, it will be easy to adjust the feedback step width to a
sufficiently small value to run the feedback system with a very high precision, while the same task
proves more difficult with the open-loop operation, because the step width will not necessarily
be constant over the course of the experiment and at different distances.

The existing plunger control software for the Cologne Coincidence Plunger is built upon the
usage of the open-loop operation mode, since the requirements on the precision are lower due
to the additional piezo stack that is used for the feedback system. However, the same software
has until now also been used for the compact GALILEO plunger. In practice, this has led to
situations during several experiments with the GALILEO plunger, where the precision of the
feedback system had to be decreased even if a higher precision would have been possible with
the capacitance method. For the compact differential (three-foil) plunger that was constructed
during this thesis, it was therefore desirable to create a new control software as well that utilizes
the closed-loop approach to drastically increase the reliability and precision of the feedback
system. The design and commissioning of this new plunger as well as the new software will be
described in chapter
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Figure 8: The Cologne plunger spectrometer with the Cologne Coincidence Plunger mounted inside.

1.3 The experiments at the Cologne FN tandem accelerator

The experiments reported on in this thesis have been carried out at the FN Tandem accelerator
facility at the University of Cologne. There, stable ions can be accelerated with a terminal volt-
age of up to 10 MV to deliver very well focused beams with high intensity to the experimental
stations.

For experiments using the RDDS method, the Cologne plunger spectrometer is used. It com-
prises two hemispheres consisting of 5 and 6 High-Purity Germanium (HPGe) detectors for the
upstream and downstream hemispheres, respectively. The detectors are placed in two rings at
142° and 45° with respect to the beam axis. An additional single detector can be added at 0° if
needed. Extreme angles are chosen to offer large Doppler shifts. The lifetime measurements on
144Ce and %Ni presented in this thesis employed the Cologne Coincidence Plunger, which has
been described in chapter [[.2] A picture of the plunger spectrometer with the Cologne Coinci-
dence Plunger mounted inside is shown in Fig. [§] For the commissioning experiment of the new
three-foil plunger, which also took place at the Cologne plunger spectrometer, a dedicated target
chamber has been built to fit within the geometry of the spectrometer.

The experiments conducted in the frame of this thesis use different types of nuclear reactions
to populate the nuclei of interest. In the following, a brief overview about these reactions will
be given, with special focus on their specialties regarding RDDS measurements. A schematic

overview of the different reaction types is shown in Fig. [0
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Figure 9: Schematic drawing of different reaction types: (a) Fusion-evaporation reaction. (b) Transfer
reaction (stripping). (c) Coulomb excitation. The nuclei depicted in yellow and green represent the beam
while the nuclei depicted in red and blue represent the target.

Fusion-evaporation reaction experiments

Fusion-evaporation reactions are two-step processes, where projectile and target first fuse to a
highly-excited compound nucleus which in turn evaporates light particles like single nucleons or,
e.g., alpha-particles. A certain compound nucleus can decay via multiple different evaporation
channels where each has a certain statistical probability based on the excitation energy and the
available phase space [29]. During the fusion process, a large energy and angular momentum
transfer occurs, leaving the compound nucleus with both high excitation energy and high angular
momentum. Since the evaporated light particles carry away only little angular momentum, the
resulting nucleus remains in a high-spin state and cascades down to the ground state via consec-
utive ~-ray transitions [30]. For «-ray spectroscopy this consequently means that it is possible
to observe a large number of transitions from excited states up to high spins and energies in a
given nucleus by using fusion-evaporation reactions. At the same time, in even-even nuclei many

transitions tend to lead to the ground state band (gsb) when they reach lower spins, often obscur-
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ing low-lying non-yrast or non-gsb states. For lifetime measurements with the RDDS method,
this property of fusion-evaporation reactions can also be problematic, because a large number
of decays occurring before the transition of interest increases the feeding time and enhances the
probability that long-lived feeding is present. Due to the possibility of very complex feeding
patterns, the feeding of a state can be extremely hard to describe in a 7-singles experiment.
However, the reaction cross sections of the experiments conducted using fusion-evaporation re-
actions at the FN Tandem accelerator in Cologne are typically large enough to enable the use
of -y coincidences with energy gates on feeding transitions of the level of interest, where no

feeding assumptions are needed if the DDCM is used for the analysis.

(Two-neutron) transfer reaction experiments

In transfer reactions, the beam particles can either transfer nucleons to the target nucleus (strip-
ping reaction) or gain nucleons from the target (pick-up reaction) [30|. In contrast to fusion-
evaporation reactions, in transfer reactions only low amounts of energy and angular momentum
are transferred to the resulting nucleus. This means that mostly low-energy, low-spin states get
populated, leading to a vy-ray spectrum with comparably few transitions. Typically, the popula-
tion of states decreases rapidly with increasing energy and spin. For RDDS measurements, this
can help to circumvent problems with delayed feeding or high-lying isomers, which would render
a measurement impossible if being populated. At the same time, transfer reactions are also better
suited to study low-lying off-yrast states. For plunger measurements using the Cologne set-up,
transfer reactions are normally conducted at beam energies slightly below the Coulomb barrier
to avoid the opening of fusion-evaporation reaction channels, which can have much higher cross
sections than the transfer channels and can therefore cause significant dead time in the v-ray
detectors and possibly lead to a high random background.
For the experiment to study lifetimes in '#4Ce, a two-neutron transfer (stripping) reaction was
used. A suitable reaction for many 2n transfer cases is (}*0,60), which was also utilized in this
measurement.
For experiments using transfer reactions, an additional detector upstream of the target consisting
of 6 solar cells is used in the Cologne plunger set-up to detect back-scattered reaction partners,
e.g. 190 in the above mentioned reaction (see Fig. . This detection allows to set gates on this
specific reaction which cleans the spectra significantly and at the same time fixes the kinematics
of the reaction and only allows for fast recoils traveling in the direction of the stopper. However,
it is not possible to distinguish between different isotopes (in this case 0 and '80) in the energy
spectra of the solar cells which causes contaminations from Coulomb excitation reactions, where
the beam particles are back-scattered into the solar cells. A typical solar cell spectrum from a
reaction at the Cologne FN Tandem accelerator is shown in Figl[T0]

The transfer reactions performed in Cologne (2n or « transfer) mostly have cross sections of <
10 mbarn. With the current set-up, it is therefore in most cases not possible to analyze particle-
~v-v gated spectra, where a gate is set on the back-scattered particle as well as on a certain vy-ray

energy. Thus, contributions from feeding can not be excluded with gates on shifted feeder com-
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Figure 10: Spectrum of backscattered particles from the reaction #2Ce(180,160)**Ce detected with
solar cells. A gate on 0 and 0 backscattered from the target is shown, which would return spectra
containing '*4Ce (2-n transfer) and '*?Ce (Coulomb excitation). For details on this spectrum see chap-

ter E}

ponents and have to be considered in the analysis. However, due to the discussed restrictions on
the number of excited states these feeding considerations are much easier than for comparable

fusion-evaporation reactions.

Coulomb excitation reaction experiments

During a Coulomb scattering process, where two nuclei interact via their respective Coulomb
potentials, it is possible that not only the motion of the reaction partners changes but also some of
the kinetic energy is converted into internal excitation energy of one or both reaction partners [29].
This process is called Coulomb excitation (CoulEx). Typically, CoulEx is used to measure
transition strengths of low-lying (often off-yrast) states directly, by measuring their CoulEx
cross section [31]. However, using CoulEx reactions for RDDS measurements has also significant
advantages, e.g. if low-lying off-yrast states are targeted and no absolute 7-ray efliciencies or
beam intensities are known, which are needed for a direct measurement via CoulEx. Another
advantage is that one can make use of the large CoulEx cross sections, which is especially
valuable for experiments with radioactive beams. In addition, for RDDS CoulEx measurements
it is possible to conduct experiments very close or even above the Coulomb barrier to further
increase the cross section [32].

For CoulEx RDDS measurements, the reaction kinematics have to be fixed in a similar way as for

transfer reactions, to ensure that the recoiling excited nuclei have a sufficient velocity. Therefore,
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typically particle detectors, like the above mentioned solar cell array, are used to detect the back-
scattered projectile under extreme backward angles. Again, similar to the transfer reaction case,

this also helps to significantly clean up the spectra from unwanted other reaction channels.

1.4 Theoretical approaches relevant for this thesis
1.4.1 The nuclear shell model

In this work, calculations performed on the basis of the nuclear shell model (NSM) are used
to compare to the experimental findings for 144Ce and ®*Ni and interpret these results. The
respective physics cases of these nuclei are discussed in the corresponding chapters [5] and [6]
Here, only a brief overview of the shell model will be given. For an extensive review of the shell
model in general and the calculations needed to obtain predictions from it the reader is referred
to Ref. [33].

The nuclear shell model is up to now one of the greatest gateways to understanding the structure
of nuclei across the nuclear chart. A shell model, previously used to very successfully describe
the structure of atoms in the quantum-mechanical framework, was first suggested to be applied
to nuclei in the early 1930’s. The motivation was to describe the observed large differences in
stability, experimentally observed by the difference of neutron and/or proton separation energy,
between neighboring nuclei [34]. The shell model is based on the suggestion that due to the
Pauli principle the nucleons can move freely (without collisions with other nucleons) within the
boundaries of the nucleus and the assumption that the interaction between all nucleons can be
averaged to a central potential. This idea leads to the rise of discrete energy levels for neutrons
and protons, the shells. These shells can be filled with a certain number of nucleons (again
governed by the Pauli principle). Closed shells will then lead to especially stable nuclei compared
to their neighbors with single nucleons or holes outside of the closed shell [34]. However, the first
potentials applied for the calculation of the shell spacings failed to reproduce the experimentally
observed, so-called "magic numbers" (2,8,20,28,50,82,126) for proton or neutron number, where
nuclei appeared to be especially stable. Maria Goeppert-Mayer showed the existence of several
of these magic numbers in her article “On Closed Shells in Nuclei” in 1948 [35]|. Shortly after,
Goeppert-Mayer [36] as well as Haxel, Jensen and Suess [37] independently found the solution
to this problem by adding a spin-orbit coupling term to the potential. This term leads to a
splitting of previously degenerate levels and therefore to a regrouping which is now in line with
the magic numbers. From there onward, the shell model, while being constantly developed
further, became very successful in describing and predicting nuclear structure in several regions
of the nuclear chart. While many collective models emerged over time (first by A. Bohr and B.
Mottelson [38], [39]), they still have to be compatible to the microscopic description of the shell
model to be considered valid.

A simplified Hamiltonian for spherical nucleons in a self-created potential consisting only of
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Figure 11: Energy levels of the shell model with an Woods-Saxon potential (left) and added spin-orbit
term (right) with the resulting magic numbers. Additionally, octupole couplings between shells are shown
in red. Fig. adopted from Refs. |34} 40].
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2-body interactions can be given by

H=T+V = Zp‘ +va (=11 (13)
i i>k=1

where V' is the nucleon-nucleon potential [34]. Since this potential consists of 3-A position

coordinates it is hard to solve for anything but the lightest nuclei. The shell-model approach of

instead choosing a central potential can be included in the Hamiltonian to give

A

A
Z [Pl + Ui(r ] Z Vik(ri — ry) Z Ui(r) = Hy + Hyesidual (14)
= i=1

i>k=1

where U;(r) is a 1-body potential, which is chosen in a way that it combines the effects of all
2-body interactions [34].

A realistic potential is the Woods-Saxon potential [41], which is an intermediate form of the
infinite well and the harmonic oscillator potential [42] with an additional spin-orbit term as

explained above:

U(r) = i + Ups(€ - s) (15)
l+ea

where £ is the orbital angular momentum and s the spin.

Eq. in combination with Eq.[15[is able to not only reproduce the magic numbers (see Fig.
but also to predict the structure of nuclei with only one particle outside of closed shells (or
one hole), while treating H,esiguas Only as a small perturbation. This so-called independent
particle model [33], however, becomes rapidly less valid when one moves away from the magic
numbers. For nuclei with multiple nucleons outside closed shells (or multiple holes), Hyesidual
has to include the interactions between all these nucleons. Using the M-scheme, where the
shells define a basis of Slater determinants, the solution of the Schrédinger equation to obtain
the eigensolutions for the wave functions comes down to the diagonalization of matrices of
the type (®;|H|®;) [33]. With multiple nucleons participating in the interaction process, the
dimensions of these matrices quickly become extraordinary large and while their diagonalization
is, in principle, a simple process it becomes extremely demanding on calculation power. In
classical shell-model calculations, truncated model spaces are therefore used together with
effective interactions derived from perturbation theory [43]. The model spaces normally include
an inert core, typically a doubly-magic nucleus, which is assumed to not participate in the
interactions. This approach has been employed in the calculations that are used later in this
thesis to compare to experimental results. For example, for the calculations on °°Cr and %°Ni,
doubly-magic “°Ca has been used as an inert core. Multiple (effective) interactions exist, which
provide good results for different regions of the nuclear chart. For the pf shell, e.g., where 59Cr
and %°Ni are situated, one of the standard interactions is GXPF1 [44], which is an empirical
model based on the microscopic calculations by Hjorth-Jensen and the Bonn-C potential [45].
It uses two-body interaction matrix elements and was fitted to experimental data from 87
nuclei in the pf shell region [46]. Revised versions based on GXPF1 are GXPF1A [46] and
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the slightly modified version GXPF1B [47]. Another interaction typically used for pf shell
nuclei is KB3G [48]. In this thesis, shell model calculations done with these interactions are
used to compare to experimental results from the nuclei ®°Ni and °Cr. An example of an
interaction that can be used for heavier nuclei is the N3LOP effective interaction [49] which is a
modification of the N3LO interaction derived from Chiral effective field theory potentials [50].
Calculations with this interaction yield good results for the region of neutron-rich lanthanides,
where doubly-magic '*?Sn is used as a closed core, and have therefore been used to compare to
experimental results from the measurement of lifetimes in #4Ce.

Another approach that became viable with advances in computing power was the non-
perturbative No Core Shell Model (NCSM) where, in principle, all nucleons are treated as
active [51] and calculations are therefore done ab initio. Problems with phenomena like
excitations of nuclei from the core can thus be avoided and unlike for perturbative approaches
there are no difficulties related to the question of convergence.

A further approach that can also be combined with the NCSM is the Monte-Carlo shell model
(MCSM), a stochastic approach to solve the Schrédinger equation faster [52]. A more recent

extension for heavier nuclei is the Quasi-Particle Vacua shell model [53].

1.4.2 Octupole collectivity in nuclei

Octupole collectivity was already discussed in the nuclear structure community in the 1950’s [54,
55|. In the framework of the shell model, octupole correlations are linked to a coupling between
single-particle states with Aj=Af¢=3 and are therefore strongest where such states exist in (en-
ergetic) proximity close to the fermi surface. This happens at nucleon numbers slightly above
closed shells at the neutron/proton numbers 34,56,88 and 134, which are therefore sometimes
called "octupole magic numbers" (see Fig. [40]. In the last decades, compelling evidence for
octupole collectivity close to these numbers could be gathered experimentally in different regions
of the nuclear chart (see e.g. Refs. [9], 56, 57]). This led to an increased interest in this kind of
deformation and made it to one of several "hot topics" in nuclear physics over the recent years.
In general, octupole collectivity is linked to reflection-asymmetric forms of nuclei (so-called
"pear shapes"). The following discussion will touch the theory of octupole deformation only
slightly and will mostly be limited to even-even nuclei. For a more detailed review of this topic
the reader is referred to Ref. [40] and references therein.
The surface or radius of a nucleus can be visualized in terms of spherical harmonic expansions
Y [59):

R(0,®) = Ro |1+ ax, Y0, ) (16)
A

where Ry is the radius of the sphere representing the volume of the nucleus and a , are the ex-
pansion coefficients. For axial symmetric bodies all coefficients with p # 0 vanish. For deformed

nuclei one can then define the deformation parameter

ﬁ/\:Oz)\() for)\:2,3,4,... (17)
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Figure 12: Some of the regions predicted by the octupole magic numbers where prominent experimental
evidence for octupole deformation has been found. Figure created with graphics from [5§].

where A=2 represents quadrupole deformation, A=3 octupole deformation and so on [40].

In the collective framework, there are two basic possibilities for octupole collectivity in nuclei:
On the one hand, octupole unstable nuclei, where the ground state is reflection symmetric but
vibrations around a symmetric form at the octupole deformation parameter S3=0 can occur. In
this case, the vibrational phonon with L=3A can couple to the rotational angular momentum
of the quadrupole deformed nucleus to create the typical level scheme of such nuclei. On the
other hand, for nuclei with permanent octupole deformation 83 #0 at the potential minimum.
Potential energies with respect to B3 for both cases are shown in Fig. [I3]

It can be shown, but is behind the scope of this thesis, that in both cases, low-lying negative-
parity bands are the consequence [40]. In even-even nuclei, these typically form a molecule-like
inter-spacing structure with the positive parity yrast band. A text-book example of a nucleus
exhibiting these features is ??°Ra, of which a level scheme is shown in Fig. The precise
structure can be used to obtain information about whether a nucleus exhibits a permanent
octupole deformation or is an octupole vibrator. Following Refs. [40, |59], in the case of a
permanent deformation, the angular momentum component that is aligned to the rotational axis
of a positive and negative parity state (i), i) at the same rotational frequency w should be

T T

equal. An easy way to visualize this is by plotting

E(I+1)" —E(I-1)"
E(I+2)t —E(I-2)*

R(I)=w (I)/w(I) =2 for even I, (18)

for odd I, (19)
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Figure 13: (a) and (b) show examples for nuclear potentials as functions of the octupole deformation
parameter 83 for a reflection symmetric nucleus where octupole vibrations are possible (a) and a nucleus
with a stable octupole deformation (b). The stability of the deformation depends on the height of the
potential barrier around S3=0. Figure adapted and redrawn from Ref. [40]. (c) shows parts of the level
scheme of 226Ra, which exhibits the typical characteristics of an octupole correlated nucleus: A low-lying
negative-parity band interleaved with the positive-parity yrast band. The interleaving behavior continues
at least up to the 287" state. Level energies and transitions taken from Ref. |60
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where R(I) should become =1 for stable octupole deformation [61]. However, no definitive
evidence can be gathered from this.

Examples of different nuclei in the lanthanide region around Na88, Z~56 are shown in Fig.[14] It
can be seen that e.g. for °Sm the R value suggests a change from a reflection-symmetric form
with octupole vibrations to stable octupole deformation at higher excitation energies around
I~16h. For some of the nuclei shown there, e.g. 144Ce, information about the energy of higher

spin states is missing, so no indication can be provided if a stable deformation is reached at some

point.
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Figure 14: Plot of R(I) for different nuclei in the lanthanide region around N=88. 144Ba reaches the
characteristic value for stable octupole deformation at I=14A and '°°Sm at I=16h. Excitation energies
taken from Refs. [62],[63],[64],]65].

The most direct way to quantify octupole correlations in nuclei experimentally is the obser-
vation of octupole transitions with AJ=3 and the measurement of the associated E3 transition
strengths. However, while being enhanced compared to non-octupole deformed nuclei, these
transitions can still be largely suppressed in comparison to E2/E1 transitions when decays are
measured. Therefore, most direct measurements of E3 transitions stem from Coulomb excitation
experiments, often with radioactive beams, employing high-efficiency ~-ray spectrometers. The
developments in the production of high-intensity radioactive ion beams at large-scale nuclear
physics facilities are therefore one of the main reasons for the growing number of evidence for
octupole deformation over the last decades (see, e.g., [56]).

Other important observables are the E1 transition strengths between positive and negative-parity
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bands. These dipole transitions correspond to the nuclear dipole moment

4dm 1
Di = ?B(El)m (20)
where (I;010[1£0) is the respective Clebsch-Gordan coefficient. Dipole moments are typically
enhanced in reflection asymmetric nuclei, because the center-of-mass and center-of-charge can
become separated [66].
Another very relevant topic, which is closely related to static octupole deformation, is the search
for permanent atomic electric dipole moments (EDMs) [67]. The existence of such permanent
EDMs in atoms would prove the violation of the basic symmetries T (time) and P (parity)
and therefore, due to the CPT theorem, also a violation of CP. Although there are possibilities
of CP violation in the standard model, this new kind of "flavor-diagonal" CP violation would
be an evidence for beyond-standard-model physics [9]. In fact, this CP violation is required
to explain the fact that there are more baryons than anti-baryons in the universe ("Sakharovs
recipe" [68]).
0Odd-A octupole-deformed nuclei have enlarged Schiff moments, which are the lowest observable
moments in nuclei [69]. The Schiff moment, in turn, constitutes a large amount of the atomic
EDM. Therefore, odd-A nuclei with stable octupole deformation are very good candidates for
the first measurement of permanent EDMs and therefore the establishment of experimental
limits for CP violation [67]. For more details about the theory and impact of EDMs the reader
is referred to Ref. |70].

There are several regions formed by the "octupole magic numbers", where octupole cor-
relations are expected and where experimental evidence could be gathered. Perhaps most
prominent is the region of neutron-deficient actinides, i.e. the region around Ra, Rn and Th
nuclei at Ax224. Here, the most textbook-like energy spectra for octupole deformed nuclei have
been measured as well as some of the largest E3 transition strengths (see e.g. Refs. |60} 56| 71]).
Another region is the one of neutron-deficient nuclei around ''?Ba, where large E3 transition

strengths have also been measured e.g. for *4Xe [57].
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.

Figure 15: Potential energy surfaces for nuclei in the Z=56, N~88 region calculated with the Gogny-
D1M EDF. Figure taken from Ref. .

The nucleus “4Ce, which has been investigated in this thesis, is part of the region around
7256, Na88, which consists of neutron-rich lanthanide nuclei. This region also includes several
examples of nuclei where octupole deformation has been measured directly. The Ba chain around
144,146B5 is perhaps best known and shows some of the strongest octupole deformations yet
measured |]§|, . But also nuclei in the surrounding Xe, Nd and Ce chains show octupole
characteristics, like the typical band structure. In a very recent theoretical study, potential energy
surfaces (PES), calculated using the Gogny-D1M EDF [74], predict stable octupole deformation
or softness in the octupole degree for many of these nuclei (see Fig. . One of these nuclei
is 144Cegs. Here the PES predicts already a minimum with 83 # 0 but with a general softness
in the 33 regime. '4%146Ba and '46Ce are examples where a rigid deformation with B3 #0 is
predicted. A lifetime measurement of excited states in 4Ce is therefore very promising to gain

insight into the onset of octupole deformation in this region.
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2 Overview of the publications and contributions by the author

Publication I:

Development of the multi-purpose Cologne Compact Differential Plunger (CoCoD-
iff) for the measurement of nuclear level lifetimes with the Recoil Distance
Doppler-shift method

This paper reports on the development of a new compact three-foil plunger. It also
presents the derivation of the application of the DDCM to data obtained in a three-foil plunger
measurement and reports on a commissioning experiment with the new device, where lifetimes
of excited states in *°Cr have been measured.

It is published in Nuclear Instruments and Methods in Physics Research A [16].

. Beckers wrote and tested the new software for the plunger.

. Beckers planned the commissioning experiment.

. Beckers set up the commissioning experiment with C. Fransen.
. Beckers performed the experiment.

. Beckers sorted the data.

. Beckers performed the lifetime analysis.

= £ 2 £ 2 £ =

. Beckers wrote the paper.

Publication II:
Revisiting the measurement of absolute foil-separation for RDDS measurements

and introduction of an optical measurement method

This paper presents a new method to obtain absolute foil separations in plunger devices
and demonstrates its precision by comparing it to the established method of determining
these separations with the help of precisely known lifetimes in plunger measurements. It also
presents a detailed overview of the most commonly used capacity method and its challenges and
limitations. The new method helps increasing the precision of certain measurements with the
new CoCoDiff plunger and other plunger devices.

The paper is published in Nuclear Instruments and Methods in Physics Research A [75].

e M. Beckers had the idea for the set-up and realized it in collaboration with S. Thiel and

the mechanics workshop.
e M. Beckers performed the experiments with the sensor.

e M. Beckers set up the experiment on '!Ta with C. Fransen.
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M. Beckers participated in the experiment.

L. Kornwebel sorted the data with help of M. Beckers, F. von Spee und C. Fransen.

M. Beckers performed the analysis to obtain absolute distances.

M. Beckers wrote the paper.

Publication III:
Lifetime measurement of excited states in '“Ce: Enhanced E1 strengths in a

candidate for octupole deformation

This paper reports on a lifetime measurement in *4Ce using the RDDS method. A total
of 4 level lifetimes as well as one effective lifetime could be measured. It also discusses the
impact of the newly measured values, especially regarding the question if 4Ce exhibits
properties of octupole deformation.

It is published in Physical Review C [14].

e C. Miiller-Gatermann planned the experiment.

M. Beckers participated in the experiment.

M. Beckers sorted the data with help of C. Miller-Gatermann.

M. Beckers performed the lifetime analysis.

M. Beckers interpreted the results.

M. Beckers wrote the paper.

Publication IV:

Lifetime measurement of the 2], 4] states in semi-magic °Ni

This paper presents results of a measurement of lifetimes in %°Ni with the RDDS method
and discusses the impact of the measurement on the properties of the nucleus. This measure-
ment was also utilized as a test case for the analysis of lifetimes influenced by the DSA effect
using the simulation toolkit PTBG4.

It is published in The European Physical Journal A [76].

o K. Arnswald and C. Miiller-Gatermann planned the experiment.
e M. Beckers participated in the experiment.

e M. Beckers sorted the data.
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M. Beckers performed the lifetime analysis.
M. Beckers performed the simulations for the DSAM correction.
M. Beckers interpreted the results.

M. Beckers wrote the paper.
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3 Publication I:
Development of the multi-purpose Cologne Compact Differen-
tial Plunger (CoCoDiff) for the measurement of nuclear level

lifetimes with the Recoil Distance Doppler-shift method
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ARTICLE INFO ABSTRACT

Keywords:

Nuclear level lifetime measurement
Recoil-Distance Doppler-shift
Plunger

Nuclear structure

Differential plunger method
Differential decay curve method

A new 3-foil plunger device, the Cologne Compact Differential (CoCoDiff) plunger has been built and
commissioned. Due to its compact size, it can be used together with many different spectrometers and auxiliary
detectors. As a commissioning experiment, level lifetimes of the 2} and the 4} excited states of °Cr have been
measured, using the Differential Decay Curve method (DDCM). A derivation is given on how this method
can be applied to a differential plunger measurement, in order to measure distances for lifetimes from two
different regions of sensitivity at the same time. The commissioning experiment took place at the Cologne FN

tandem accelerator, using the reaction 2*Mg(32S,4p2n)>°Cr. Lifetimes, deduced from this measurement, agree
well with literature values from earlier measurements.

1. Introduction

Recoil-distance Doppler-shift (RDDS) based measurements are a
widely used method to obtain level lifetimes of excited nuclear states
experimentally. Transition strengths, derived from nuclear level life-
times provide a versatile insight into nuclear structure. The differential
decay curve method (DDCM) [1] provides versatile means to analyze
data obtained by such measurements without the need to include
any assumptions about non-observed feeding, if y—y coincidence mea-
surements are possible and a gate from above on a Doppler-shifted
component of a feeding y-ray transition is used. To conduct a RDDS
measurement a plunger apparatus is used to vary the target-to-stopper-
foil separation while the y rays emitted of the decaying nuclear states
are detected with a surrounding detector array. While the DDCM can
be used in measurements with down to only three different distances,
it is common to measure at a larger amount in order to decrease the
uncertainties by providing more data points for the fit of the decay
curve. If several level lifetimes, that differ in the order of magnitude,
are targeted in one experiment, the need for significantly extensive
beam times arises. In this case, a different set of distances has to be
measured for every level lifetime, due to the difference in the region
of sensitivity. Since recent experiments move further away from the
valley of stability to more exotic regions, where the yields are low,
beam times at large ion-beam facilities have to be used as efficient as
possible. At this point, a variant of the standard plunger device, the
differential or three-foil plunger, can significantly decrease the amount

* Corresponding author.
E-mail address: mbeckers@ikp.uni-koeln.de (M. Beckers).

https://doi.org/10.1016/j.nima.2022.167418

of beam time needed to successfully conduct a RDDS measurement. On
the one hand, it can be used to measure two distances simultaneously
while on the other hand, it is also possible, under certain requirements,
to use the differential plunger method to obtain lifetimes from a single
set of distances. However, measuring with a three-foil plunger can also
have possible downsides, the main one might be adding additional lines
to a spectrum. In certain cases, where the line density is very high, this
might complicate the analysis by making it more difficult to exclude
contaminants. Therefore, the three-foil plunger technique does not
aim to replace the two-foil plunger technique, but to offer additional
versatility for cases, where its usage is preferable. In the recent years,
some three-foil plunger devices have successfully been built and used,
such as the Triple Plunger for Exotic Beams (TRIPLEX) [2].

In this paper, a new, multi-purpose plunger, the Cologne Compact
Differential Plunger (CoCoDiff) is presented. This plunger is specifically
designed to be as compact as possible, while still maintaining all
requirements for precision. Furthermore a first successful experiment
with the new device is presented, where level lifetimes in 5°Cr have
been (re-)measured as a proof of principle.

2. Design of the new plunger apparatus

The CoCoDiff plunger was designed under the following guidelines:
The overall design philosophy was, to build the plunger as compact
as possible to limit the amount of material shielding the detector
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Available online 6 September 2022
0168-9002/© 2022 Elsevier B.V. All rights reserved.



M. Beckers, A. Dewald, C. Fransen et al.

Nuclear Inst. and Methods in Physics Research, A 1042 (2022) 167418

"
1 1 1

1 1
30 mm

Fig. 1. The complete CoCoDiff plunger. From left to right the target, first degrader and second degrader are visible.

A B

-

Fig. 2. Left: Cones for mounting the target (A), the first degrader (B) and the second degrader (C) foils on their respective holding structures. In the two later cases foils are
stretched over the cones. (A) and (C) can be mounted on the linear stages while (B) is fixed between the other two. Right: Target cone viewed from the side, mounted on its
holding structure on three equidistant points using springs and screws (D). These are used for the alignment process.

from the y-rays. At the same time the small design should enable
the plunger to be used in very different spectrometers, as well as
together with a variety of auxiliary detectors. The complete plunger
is shown in Fig. 1. Presently the plunger was tested at the Cologne
Plunger Spectrometer. It is also compatible to the holding structure of
the GALILEO Plunger [3] at the Istituto Nazionale di Fisica Nucleare
Laboratori Nazionali di Legnaro (INFN-LNL), Italy. Further adapters
and modifications are planned for the use together with the VAMOS++
spectrometer [4] at the Grand Accelerateur National d’Ions Lourds
(GANIL) laboratory in France and the PRISMA spectrometer [5] also
at INFN-LNL.

As the name suggests the new plunger comprises three foils: Target,
first degrader and second degrader or stopper (from now on just called
second degrader, even if it effectively stops the recoiling nuclei). All
three of these need to have a plane surface and to be aligned in parallel
to each other to ensure uniform distances between them. Therefore, at
first the foils are stretched over cones using screws and springs (visible
in Fig. 1, stretched foils shown in Fig. 2). The alignment procedure

can be done outside of the reaction chamber while the plunger is
fixed to a support block, which eases the process. The alignment of
the stretched foils is also done with adjustable springs and screws that
are used to connect the cones to their respective holding structure at
three equidistant points (see Fig. 2 D). The procedure is the following:
First, the target and the second degrader foils are mounted. The second
degrader cone is the only one that is fixed statically on its holding
structure. The target foil is then optically aligned in parallel to the
second degrader foil by moving these foils close together. After this, the
first degrader is mounted, facing the target foil, and aligned in parallel
to the target. During these steps, the alignment can also be checked
using a distance calibration, where the induced voltage is measured
against the foil separation. If the foils are well aligned, the resulting
curve should become nearly linear for small distances.

For this process, as well as for measuring small distances in an
experiment, it has to be possible to bring both the target and the second
degrader in close contact with the first degrader foil. This is realized by
constructing the first degrader foil much larger than the other two, so
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that it is possible to fit the second degrader cone inside the cone of the
first degrader. Additionally, the cone of the second degrader is very
steep to ensure that only the stretched surfaces come into contact (see.
Fig. 2).

The target and the second degrader are directly fixed to two very
compact precise motors (linear stage Q-521 from the company Physik
Instrumente [6]), using holding structures with the least possible amount
of material while still ensuring the needed stability. As the linear
stages are placed directly below the foils, they shadow mostly only
detectors at about 90° angle with respect to the beam axis, which are
irrelevant for RDDS experiments. The position control and readout is
solely achieved with the two linear stages.

It is possible to optionally mount particle detectors at the CoCoDiff
plunger (solar cells or small silicon detectors) at a backward angle
close to the target, which can be used to detect back-scattered reaction
products if needed. A dedicated target chamber has been designed to
use the CoCoDiff plunger at the Cologne FN Tandem accelerator and
the Cologne Plunger Spectrometer.

Additionally, it is possible to mount a very precise optical distance
sensor (KEYENCE CL-3000/L015 [7]), to the support block which can
be used to precisely determine the absolute distances between the foils.
The sensor and the measurement of absolute distances is explained
in detail in [8]. Initially, the sensor is aligned to the center of the
second degrader foil (or to the beam spot, if visible). After it has been
fixed, the distance between the sensor and the second degrader foil is
measured with very high precision. To account for surface roughness,
the sensor measures an area of 300 pm? simultaneously. Therefore, the
measured absolute distances are average distances for all recoils. Then,
the second degrader foil is removed and the distance between sensor
and first degrader foil is measured. The same goes for the target foil.
Finally, for the second and first degrader foil, which are measured
from the downstream facing side, the foil thicknesses have to be
subtracted from the measurement. If the foil thicknesses are not known
with the needed precision, they can be measured for example with
a Rutherford backscattering spectroscopy (RBS) experiment. Another
possibility is to use two of the above mentioned sensors, which can
then be used to measure the thickness directly with very high precision.
With this process it is possible to obtain the absolute foil separations
with an uncertainty of 0.5-1 pm after the measurement, while the com-
monly used capacitance method can introduce uncertainties up to about
5-10 pm [8]. Since the knowledge of absolute distances is crucial for
the use of a three-foil plunger in certain cases (see below) as well as for
RDDS measurements where the DDCM cannot be used for the analysis,
this improvement has a direct effect on the deduced lifetimes in these
cases.

3. Development of the Cologne Plunger Software Package (CPSP)

The software package developed in Cologne (Plunger Feedback
Control for Linux — PFCL) or adaptions of the same are used for
several plunger devices around the world. It can be used to perform
distance calibrations, adjust the distances in the plunger and keep them
constant during an experiment with a feedback system in the case
of for example thermal effects. This is done by applying an electric
signal to one foil with a pulse generator and measuring the induced
voltage at the other foil. This voltage depends on the capacitance
between the foils which is, if stray capacitances are neglected, inversely
proportional to the distance. In the case of a three-foil plunger, the
signal has to be applied to the first degrader foil, which makes it
possible to measure the induced signal at both the target and the second
degrader foil individually. Details on this capacitance method can be
found in Refs. [9,10]. As mentioned in Ref. [3], the software has been
moved to Microsoft Windows® recently, in order to avoid problems
with state-of-the art versions of drivers from the company National
Instruments used for the plunger control, which do not support Linux.
For the CoCoDiff plunger, some parts of the software package have
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been further adapted, to pay respect to the new type of motor that
is used and the general design of the plunger. In older versions of
the software, an “open-loop” approach was used to control the motor,
where a certain voltage is applied to the motor via the software and
the change in the distance is measured (for example with an additional
distance probe). The new version uses a “closed-loop” approach, where
the software directly gives the desired movement step in physical units
and the motor controller’s firmware internally manages the applied
voltage accordingly by using the included optical position measurement
from the motor. This allows for overall more precise motion. This
approach is also advantageous in case the motor suffers from abrasion
or other negative effects during its lifetime. In this case, it could be
seen for other motor types in the past, that while the same voltage was
applied to the motor, the step width changed over time. The “closed-
loop” approach should prevent this behavior. This also applies for
effects caused by different behavior of the motor in air and in vacuum,
respectively.

For the CoCoDiff plunger, the motor is used for the distance changes
as well as for the feedback system. The later is further improved by
the “closed-loop” approach, because it makes smaller movement steps
possible. This makes the feedback of the new plunger as precise as older
plunger devices like the Cologne Coincidence Plunger, which uses an
additional piezo crystal stack for the feedback system [9].

Additionally, some minor functionalities and tools have been added
to the package, for example software to include the above-mentioned
optical sensor into the environment to automatically conduct the mea-
surement of the absolute distances. Other features improve the fail-
safety of the feedback system, for example by including a movement
limiter that prevents the motor from damaging the foils if the measured
voltage signal breaks down.

4. Lifetime measurement in 5°Cr

As a first commissioning experiment, the new plunger was used at
the FN Tandem accelerator of the University of Cologne to (re-)measure
the lifetimes of the excited 2} and 47 states in 50Cr. The lifetime of
the 2+ state has been measured with good precision before (e.g. T =
13. %(G)ps [11], Ty = 13.0(4)ps [12], Ty = 13.2(4)ps [13]), so it prov1des
a good testing case for the performance of the new device. In the case
of the 4] state, disagreeing lifetime values from different measurements
exist (r4+ = 497)ps [11] and T = 2.5(7)ps [141), which further
motivates the new measurement, to help making a decision between
contradicting values.

The nucleus of interest is populated by the fusion-evaporation re-
action 2*Mg(32S,4p2n)°°Cr with a beam energy of 100 MeV and an
areal density of the self-supporting 24Mg target of 0.6 cng?' The recoiling
nuclei leave the target foil with an average velocity of f=v/c=3.9(1)%.
A first degrader consisting of Tantalum with an areal density of 4.4
Cngz decreased the average velocity to f=1.5(1)%. The second degrader
(stopper) also consisted of tantalum with an areal density of 6.5 cngZ’
and stopped the recoiling nuclei. With this setup it is possible to obtain
a difference in energy due to the Doppler shift, that is large enough
to observe three distinct peaks in the y-ray-energy spectra in the High
Purity Germanium Detectors with relative efficiencies between 55%
and 90%, that are arranged in two rings at 142.3° (5 detectors) and
45° (6 detectors) with respect to the beam axis, respectively. During the
experiment a total of 9 different sets of distances has been measured,
which leads to 18 different flight times in total. The distances range
from 17 pm to 750 pm between the target and the first degrader and
from 40 pm to 335 pm between the first and the second degrader.
The distances have been chosen to match the region of sensitivity for
measuring the lifetimes of the 2} and the 47 states in 5°Cr. The main
focus for the choice of distances was the analysis with the Differential
Decay Curve Method (DDCM).
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Fig. 3. (a) Schematic drawing of a three-foil plunger with relevant experimental quantities. (b) An example of a decay curve, where the experimentally available quantities are
marked. The times ¢, and #, are the flight times where the recoil leaves the first degrader foil and enters the stopper foil, respectively.

4.1. DDCM wiith a three-foil plunger and the differential plunger method

The DDCM [1,15] is a well-established way to analyze RDDS mea-
surements. According to the DDCM, the level lifetime of an excited state
can be obtained with the equation

—R;(x) + by Ry (x
Ti(X): l( ) Zk ki ki k( ) . l (1)

4p v
dx R’(x)

where i is the state of interest, k are the states feeding i and R(x) is
the decay curve of the respective state. b,; are the branching ratios and
a,; take into account the different detection efficiencies and angular
correlations. The DDCM is especially useful for y—y coincidence mea-
surements. It can be shown, that for the case of a gate on the flight
component of a direct feeder Eq. (1) simplifies to

T(x) = f“& 1 %)

7 Lshshy

where I, and I, ;) are the intensities of the observed unshifted
and shifted components coincident to the shifted component of the
direct feeder, respectively.

Eq. (2), however, is not directly applicable for the case of a dif-
ferential three-foil plunger. In this case, there are not two but three
components: I, I, I,,, where the latter two are the fully and the
reduced shifted component, respectively. The reduced shifted compo-
nent originates from decays happening between the first and the second
degrader (see Fig. 3(a)). One set of plunger distances x and Ax therefore
provides two points on the non-normalized decay curve of a certain
state:

R(t) =1+ 1, R(ty)) = 1,4 3

where ¢, is the time by which the recoiling nucleus enters the first
degrader (’—U‘) and 1, the time it enters the second degrader (% + AU—’,‘
(see Fig. 3(b)).

To again obtain a simplified formula for the DDCM to use with y—y
coincidences, both points have to be taken into account separately.
For this treatment the same notation as in Ref. [9] will be used,
where {Y, X'} denotes the coincident intensities between the populating
transition Y and the depopulating transition X of a state and X :" are
the transitions occurring in the time interval between ¢,, and 1, "with
t, > t,,. In the case of a three-foil plunger one gets

V. X} = (Y2 X500 = (Y X ) + (L X2+ (Y X))
t t t t t 0
HY L X+ (VX + (Y7 X
HY2 X))+ Y2 X2 + (Y2, X, @

The order in time gives

2 X0 ) = {02, X0 = (Y2, X2} =0 (5

ok
C

A

Fig. 4. Cascade of decays.

Therefore Eq. (4) can be rewritten as

2 X0) = (Y X+ (2 X2 )+ (Y, X2 (6)
Since {Y0°°,X g"} is time-independent Eq. (6) gives the relation

d t t ! t

E({Yol’xol}+{Y02’X112}+{Y0°°’Xt?})=0 )

This can be rewritten as

d Lo voo d  t t
Z{YO ’X’l }=_E{YOI7XOI} (8)
where the left side is equal to the time derivative of the non-normalized
decay curve at time 7, for decays via transition X in coincidence with
transition Y and therefore equal to the denominator of Eq. (1) for 7,
LR(1)).

Equivalently, for 1, Eq. (7) can be rewritten as

d d
LRt =S{v™ x°) =
ar ji) = g

d .t b
P ©

I

For the enumerator of Eq. (1) we need to distinguish two cases for
a cascade as displayed in Fig. 4, a gate on a direct feeder (B) and on
an indirect feeder (C), respectively. For the first case (Y = B, X = A),
we obtain analog to the argument for the direct gate in the classical
DDCM from Ref. [9] in the above notation:

—R;(t)) + by R (1)) =

0 400 o 42 00 400 15 )
~(BZ AT} — (BY, AT} + {BX, AR} + (B, AT (10)
which simplifies to
_{B(r)l ’ A?]o } = _I(f}s,r.ﬁus) (11)

The same calculation for 7, gives

1
—Ri(ty) + by Ri (1)) = —( B, AY ) = l(}Hmm 12
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Fig. 5. Projection of the coincidence matrix obtained with detectors under forward angle, where the transitions of interest are marked. The gates, which have been used to obtain
the spectra for the analysis, are indicated by lines. The solid lines mark the limits for the gates on the respective fully-shifted component while the dashed line marks the lower
energy limit for the gate on the reduced-shifted and the fully-shifted component. See text for details.

Finally we obtain for the case of a gate on a direct feeder replacing
the time-dependent notation with the respective transition component

{Bf:’Arerus} {stJrr:’Aus}

d d

E{BfS’AfS} J{st+rs’Afs+rs}
where t; = x/v and t, = x/v + Ax/V'.

For the gate on an indirect feeder (Y = C, X = A) we obtain in an
analog way

7(ty) = 7i(ty) = 13)

{Cfs+rs’ Ars+us } - bkiaki {Cfs+rx7 Brs+ux}
d
L(Cs, Agy)

{Cfs+rx’ Aus} - bkiaki{cfs+rs’ Bus}

d
E {Cfs+r5’ AferrS }

(1) =

7i(t) = (14)

With these formulas, a coincidence DDCM analysis can be carried
out using both flight times obtained from the distance x and the
distance x + Ax as separate sample points. This is especially useful if
lifetimes from two different orders of magnitude need to be measured,
as in fact two separate coincidence RDDS measurements are carried out
simultaneously that can both be analyzed individually by the DDCM.
As such, distances from two different regions of sensitivity can be
measured at once. It is also possible to combine the distances from
both sets (“¢,” and “t,”) if both are within the region of sensitivity of
the lifetime that is being measured, to double the amount of distances
that can be used for the fit of the decay curve. In this case, however, it
is important to note, that the distances used here have to be absolute
distances, because the offsets between relative and absolute distances
are different for the distances from the target to the first degrader and
from the first degrader to the second degrader.

4.2. The differential plunger method

Introduced in [1], the Differential Plunger Method (DPM) is a
further development of the DDCM. It makes use of the fact that, in
principle, with a three-foil plunger it is possible to measure the decay
curve of a state R;(¢) and its derivative directly with one set of distances.
For the case of a gate on a direct feeder the lifetime is obtained via
7= 1(fs+rs,us) ﬂ (15)

I(f:+rs,rs) v

For this equation to hold, % = At has to be small in comparison to 7;.
For short lifetimes, that leads to the problem that the intensity of the
reduced-shifted peak would become too small to be determined with
good precision. For these cases where this is not possible, a correction

factor has been introduced in [2], which uses the analytical derivative

of a exponential decay curve to correct for deviations between I,, and
dR;(1)
dr °

exp(4t/7) — 1

C(r,At) = 16
(7, 4r) e (16)
A corrected lifetime could then be obtained via
I Ax
Toorr = C(7, Al) - f > a7

p
However, this correction factor is restricted to special cases, where the
decay curve of the analyzed state can be treated as a “pure” exponential
function, i.e. no feeding patterns have to be taken into account.

Due to these restrictions, the DPM is not used in the analysis
presented here. However, if the prerequisites of the DPM are fulfilled,
it is extremely useful to limit the amount of beam time needed to
successfully conduct a RDDS lifetime measurement.

4.3. Data analysis

The data were analyzed using y—y coincidences and the DDCM with
Egs. (13), (14) as derived above. Therefore, gates have been set on
feeding transitions in the projection of the coincidence matrix. Fig. 5
shows this projection and the limits of the gates which have been used
to obtain the spectra for the analysis. As can be seen in this figure,
the line density in this energy region is high, due to many competing
fusion evaporation channels. A careful investigation of the possible
contaminants in the gates showed, however, that they do not influence
the analysis, because there are no coincident transitions in the same
energy region as the analyzed transitions. A resulting y-ray spectrum
of the 27 — 07 transition with a gate on the reduced-shifted and the
fully-shifted components of the feeding 41“ - 21“ transition, observed
with the detectors under forward angle, is shown in Fig. 6 for three
different distances. The same is shown for the 4? - 2;“ transition in
Fig. 7, this time with a gate on the fully-shifted component of the direct
feeder only and detected by the detectors under backward angle.

For the analysis, intensities of the components are obtained as
indicated above, by adding up the respective intensities obtained from
the gated spectra depending on which distance set (x or x + Ax,
respectively) is used. The distances Ax are re-normalized to the initial
velocity v, by multiplying them by the factor L—”, This is needed, because
for the calculation of the lifetimes only one velocity is assumed during
the complete flight time. The intensities obtained from the different
distance sets have been normalized with respect to deviations in the
beam intensity and total measurement time. For this task, a gate was set
on all components of the lowest transition (‘‘gate from below”) and the
intensities of all components of higher lying transitions were obtained.
By comparing these intensities for every distance set, normalization
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Fig. 6. Examples of spectra from the analysis of the 2} state’s lifetime analysis, all detected with forward angle detectors with a gate on the fully-shifted and the reduced-shifted
components of the direct feeding transition. Markers show the positions of the unshifted, the reduced-shifted and the fully-shifted peaks, respectively.
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Fig. 7. Examples of spectra from the analysis of the 4] state’s lifetime analysis, all detected with backward angle detectors with a gate on the fully-shifted component of the
direct feeding transition. Markers show the positions of the unshifted, the reduced-shifted and the fully-shifted peaks, respectively. Note, that due to the detection under backward
angles the energies are shifted to the lower energy side.

factors can be calculated, since the combined intensity of all peaks does
not depend on the distance.

For the analysis of the lifetimes of the 2] and 4] states, direct gates
on the respective feeding transition are used. The fact that the peaks are
not completely separated in the spectrum makes it impossible to gate
for example on the complete fully-shifted component without getting
contaminations of the reduced-shifted one and vice versa. This poses
no problem for the usage of direct gates, because one can set partly
gates to avoid contaminations. For the case of indirect gates, however,

Eq. (14) requires that a ratio of intensities, obtained from different
gating conditions, is used. This is only possible, if the gates can be set
on the complete peaks and all coincident events are included. If the
same gating condition is used for all intensities, as it is done in the
case of a direct gate, missing events due to partly gates cancel out in
the ratio. Therefore, only direct gates are used in the analysis.

For the 2;“ state, both parts of the decay curve could be used while
for the 4T state, due to its shorter lifetime, only the distances x are
within the region of sensitivity. In the following, the terminology “f,”
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Fig. 8. 7 curves of the 2 state together with the shifted and unshifted intensities as functions of the target-to-stopper distances normalized to the average velocity v for the
distances x (a) and x + 4x (b). The intensities for both figures are from the same ring-ring combination (‘forward—forward’). The error bars of the intensities are smaller than the
symbol size and therefore not visible here. The lifetime values given in the upper panels are the results for the respective ring combination only and the uncertainties given are
the statistical uncertainties only. For the final lifetimes of the states all ring combinations have been used and additional systematic uncertainties have been included.

and “t,” part will be used, to indicate the decay curves derived from
the distances x and x + A4x, respectively, referring to the flight times in
Fig. 3.

Examples of decay curves and z-plots are shown in Figs. 8 and 9.
Note that the values shown there, are the results for the respective
detector ring-ring combination only, while the final results take into
account all usable detector combinations. It is clearly visible in the case
of the ZT analysis, that the two distance sets sample different parts of
the decay curve and result in the same lifetime value.

The final results of the lifetime analysis are shown in Table 1 in
comparison to literature values. These have been obtained by using the
weighted mean of all used ring combinations. The uncertainties of the
single values include the statistical uncertainties (as shown for the cases
in Figs. 8, 9) as well as additional systematic uncertainties.

4.4. Discussion of the results

As can be seen in Table 1, the lifetime of the ZT state obtained from
this work is slightly shorter but overall agrees well with the liter-
ature values. The lifetime value for the 4T state deviates from the
one obtained by Giles et al. [11] but agrees with other previous
measurements.

The lifetimes can be used to obtain electromagnetic transition
strengths, which are shown in Table 2. For comparison results of
different shell-model calculations are also given in Table 2. These have
been obtained with the NuShellX@MSU code [16]. The KB3G [17]
and GXPF1 A [18] interactions have been used in a model space
containing the f;/5, pss, pijp and fsj, orbitals with a 40Ca core.
Two sets of effective charges have been used for the calculations,
the first consisting of the standard values e, =1.5e, e, =0.5e and the
second consisting of e,=1.31e, e,=0.46e, which have been derived
by Dufour and Zuker [19]. For the 2? state the GXPF1 A and the
KB3G interactions reproduce the newly measured value very well with

Table 1
Lifetimes of excited states in °°Cr from this work in comparison to
literature values.

State Lifetime [ps] Origin Method
2F 12.2(4) this work

2;’ 13.3(6) Giles et al. [11] RDDS
2F 13.0(4) Arnswald et al. [12] RDDS
2]+ 13.2(4) Ernst et al. [13] CoulEx
4;’ 2.4(3) this work

4]+ 4.9(7) Giles et al. [11] RDDS
47 2.5(7) Brandolini et al. [14] DSAM
47 3.2(7) Ernst et al. [13] CoulEx

Table 2

Electromagnetic transition strengths calculated from the level lifetimes derived from
the above analysis together with shell-model predictions.

Transition B(E2) [e*fm*]

Experiment GXPF1A* KB3G* GXPF1AP KB3G"
2;' - 0" 227(8) 218 218 171 171
4 -2t 213(30) 308 310 241 243

aEffective charges e, =1.5e, e,=0.5e.
bEffective charges e,=1.31e, e,=0.46e.

the first set of effective charges. With the second set, the calculations
underestimate the B(E2) value. In the case of the 4? state, the new,
shorter value for the lifetime leads to a transition strength that matches
the general trend of the shell-model predictions much better than the
previously measured longer lifetime value. Here, the second set of
effective charges reproduces the newfound value while the first set

overestimates it.
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the distances x are used. For the uncertainties of the intensities and the given lifetime values the same as specified in the caption of Fig. 8 applies.

5. Conclusion

A new, portable, multi-purpose three-foil plunger device has been
built and successfully used for the first time. The lifetimes obtained in
the commissioning experiment agree well with most recent literature
values. The advantages of a three-foil plunger have been demonstrated,
by measuring two parts of the decay curves of the ZT and 41' states
simultaneously. Furthermore a method has been described, to make
use of that fact using the Differential Decay Curve Method in y—y
coincidence and has been shown to give reliable results.

The plunger can thus be reported to be operational and can be used
in the future for further experiments at different laboratories.
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ARTICLE INFO ABSTRACT

Keywords: Uncertainties in absolute plunger distances are an often overlooked component in measurements with the
Plunger Recoil Distance Doppler-shift (RDDS) method when the Differential Decay Curve (DDC) method cannot be used
RDDS for the analysis. It is shown how these uncertainties arise when the capacitance method is used to determine
DDCM

Lifetime measurement
Transition strengths

absolute distances and how they influence the obtained lifetime values of a plunger experiment. Furthermore,
a new approach to obtain absolute foil separations for plunger measurements using a high precision optical

distance probe is introduced, which can reduce these uncertainties by a large margin. The performance of this
method is demonstrated by comparisons to the capacitance method as well as to a precise measurement of
absolute distances using known lifetimes in '8! Ta.

1. Introduction

The Recoil Distance Doppler Shift (RDDS) method is a well estab-
lished and often used way to measure lifetimes of excited states in
atomic nuclei in the picosecond range to extract absolute transition
strengths [1]. These are mandatory to compare to different model
calculations to enhance the theoretical understanding of the many-body
problem a nucleus represents. The RDDS method exploits the decay
radiation’s Doppler-shift which occurs when the emitting nucleus is in
motion. This is used to distinguish, between decay during a defined
flight time or after being stopped or slowed down in a degrader foil. The
apparatus used for such experiments is the plunger. It is used to vary
the flight-time of the nuclei by setting different separations between
the target foil, where the nuclei are created or excited and knocked
out, and the stopper or degrader foil. The precise knowledge about
these separations is therefore crucial for the lifetime determination.
When the Differential Decay Curve Method (DDCM) [2] is used to
analyze the data, it is sufficient to know relative distances. These can
be determined with very high precision in modern plunger devices, for
example by using inductive probes. If, however, the DDCM cannot be
used, the data have to be analyzed using the Bateman equations of the
decay [3], which requires knowledge of the absolute flight-times. Also
for differential plunger devices [4], which use more than two foils,
absolute distances might be needed, depending on which method is
used for the analysis. If distances from between the target and the first
degrader foil and distances from between the first degrader foil and
the second degrader foil in such a device shall be combined in a single
data set, absolute distances are needed [5]. Absolute foil separations

* Corresponding author.
E-mail address: mbeckers@ikp.uni-koeln.de (M. Beckers).

https://doi.org/10.1016/j.nima.2022.167416

are much harder to measure, since the absolute zero point remains
unclear. The standard way to get information about this zero point
is an extrapolation using the capacitance method. This method gives
absolute distances with uncertainties of around 5 pm in a standard case,
but with the possibility of being significantly larger or also smaller
in certain cases. A closer look is taken at these uncertainties in this
paper. Depending on the recoil velocity of the nuclei and the lifetimes
in question, uncertainties in this order of magnitude can significantly
influence the results of a lifetime measurement. Fig. 1 shows the
differences of the resulting obtained lifetime values for a hypothetical
excited state, when the absolute distances are shifted by 5 pm. A recoil
velocity of v/c=1.5% is assumed here, which is a typical value for
non-relativistic plunger experiments using normal kinematics. It can be
seen that the derived lifetimes vary by more than 10% in this case and
that this uncertainty, depending on the overall achievable precision of
the experiment, might dominate the uncertainty of the final lifetime.
In the idealized case shown in Fig. 1, the systematic deviation of the
points from the curve hints clearly at a systematic error. In real cases,
however, the statistical fluctuation and possibly larger uncertainties of
the data points may obscure these systematic deviations and make it
less obvious that a systematic error might be present. Therefore, it is
of high interest to minimize this uncertainty by finding new ways to
measure the absolute distances directly. In the following, an overview
of the capacitance method for absolute plunger distance measurements
will be given, with an emphasis on the problems which are immanent
and which might easily be overlooked when carrying out a plunger
analysis. It will then be shown that a precise and also easy to apply
absolute distance measurement can be accomplished by using modern
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Fig. 1. Decay curves fitted to exemplary data points with correct distances (a) and with a systematic offset of 5 pm (b). The assumed recoil velocity is 1.5% c, a realistic value

for reactions using low energy beams.

optical sensors, which provide a way to measure directly on the foils
themselves, without the risk to damage these very thin and often
expensive materials.

2. Standard ways to determine absolute plunger foil separations

In most modern day plunger devices the capacitance method, intro-
duced by Alexander and Bell [6], is used to monitor the foil separation
during the experiment to be able to correct for changes, for example
due to beam-induced thermal effects on the foils. Therefore, the capac-
itive response between the foils is calibrated using the relative distance
measured by the above mentioned probes, e.g. inductive transducers.
At the same time, this method can be used to get information about
absolute distances, if needed. A pulsed signal is therefore fed to one
foil and the induced signal from the other foil is measured, resulting in
a voltage U. This signal resembles the capacitance of the plate capacitor
approximately formed by both foils and is inversely proportional to
the distance between these foils. The plate capacitor approximation
collapses when an electrical contact is formed between the two foils.
This happens almost always at some point before the “real” absolute
zero distance is reached. Reasons for this are possible roughness or
spikes in the foils or an imperfect alignment between the two foils. To
determine this absolute minimum, a linear extrapolation of the distance
dependence of the inverse voltage signal can be carried out and the y-
intercept (distance at l=O) is assumed to be this minimum distance.
In theory this should give high precision knowledge about absolute
plunger distances but in practice, there are two main components that
introduce uncertainties, both of which affect the plate capacitor ap-
proximation. On the one hand, not only the plunger foils but also some
stray capacitance of the surrounding holding structure, which cannot be
isolated from the foils, add to the measured capacitance. This leads to
deviations from the linear distance dependence, in particular for larger
separations where the capacitance of the foils is smaller relative to the
stray capacitance. On the other hand, under realistic circumstances,
for short separations, very often a mechanical contact between non-
conducting parts, for example non-removable dust particles on the foils
or an oxidization of the surface, happens before the electrical contact
and may even prevent reaching electrical contact. This can lead to small
deformations of the foils and therefore also to deviations from linearity.
A characteristic distance calibration curve from an experiment with the
Cologne Coincidence Plunger [1], where both effects can be clearly
seen, is shown in Fig. 2. Both problems can be circumvented, but by
doing so, new uncertainties are introduced. For the deviations on the
small distance part it is the common way to exclude that area from the
extrapolation. However, it might not always be clear at which exact
point the linear behavior collapses and the choice of the fitting range
can influence the extracted absolute zero point. The choice of this lower

boundary of the fitting range has to be made “by eye” as no general
rule exists when the deformation of the foils start to break the linearity.
This is also true for the larger distances, where it is even harder to
decide where the influence of the stray capacitance begins to dominate.
In Fig. 2(b)—(d) the effect of including or excluding single data points on
the resulting zero point is demonstrated. It can be reduced by a proper
treatment of the stray capacitance. An empirical correction constant
that estimates the stray capacitance can be introduced, which is then
subtracted from the measured voltage. The corrected data pints are
therefore given by ﬁ, where ¢, is the constant that estimates the
stray capacitance. It is obtained via an iteration process: The constant
is increased while visually inspecting the behavior of the corrected data
points. The plateau for the larger distance data points will begin to
disappear while increasing the value of ¢, and finally become linear.
The termination condition is, when the slope of the data points starts
to increase beyond linearity for large distances. It has to be stressed,
however, that for this method the stray capacitance is assumed to be
constant i.e. independent of the target-degrader separation, which is
not necessarily the case. The final extrapolation, after applying the
correction constant for the same data points used in Fig. 2, is shown
in Fig. 3. Now a variation of the upper limit of the fitting range
between 20 pm and 50 pm only affects the extrapolated distance offset
by a maximum of 0.5 pm. Another possibility to account for stray
capacitance would be, to dismount the target and stopper foils after the
experiment and measure the capacitance of the holding structure at the
same distance points, to subtract it from the initial measurement points.
Unfortunately, for maximum precision, this would have to be measured
separately for every experiment, because the alignment process, carried
out before an experiment, influences the capacitance of the holding
structure. Furthermore the results of such a measurement still would
not give the exact stray capacitance, because also the non-aligned parts
of the foils contribute to this value.

Another possible source of uncertainties concerns the alignment of
the two foils. Before a distance calibration can be applied in the first
place, in most plunger devices, the foils have to be aligned manually.
This is mostly done visually and in most cases it is possible to align
the foils very accurately with deviations in the range of few pm over
the complete foil surface. In some cases, however, the materials or
the general quality of the foil surfaces can lead to worse alignments.
This applies in particular for large-area foils with diameters of up to
100 mm, that will be needed in plungers for relativistic radioactive
beams, e.g. at the Facility for Antiproton and Ion Research in Europe
(FAIR). This does not only affect the zero-offset itself, which increases,
but also the quality of the plate capacitor approximation. Lastly, it leads
to the problem that the zero-offset determined with the capacitance
method does not necessarily reflect the one present at the place the
beam particles hit the target.
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Fig. 2. (a): An example of a distance calibration curve where the inverse of the induced voltage is plotted against the relative distance measurement of the inductive transducer.
It is easy to see that the linearity does not hold for large and very small distances. (b)-(d): Linear fits applied to the same data set. The upper limit of the fitting range is varied
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limit would therefore also contribute to the variation of the extrapolated value.

All in all, it is not trivial to extract the uncertainty of the zero-
point obtained from this extrapolation. Certainly, the error of the
fitting procedure underestimates the real uncertainty by a large margin,
because of the assumptions made before the curve-fitting and the sys-
tematic uncertainties introduced that way. A reasonably conservative
uncertainty estimate can be obtained by extrapolating the data points
with and without applying the mentioned correction factor within
the same fitting range and use the deviation of the extracted zero
points to estimate the error. For the data points shown in Figs. 2
and 3 this results in an uncertainty for the absolute distance of 4 pm,
which is a typical value, while relative distances can be obtained with
uncertainties <0.5 pm. Additional uncertainties may also arise from the
choice of the lower boundary of the fitting range. In cases, where it is
not clear at which point the linear behavior ends for small distances,
a variation of the boundary has to be carried out and the variation of
the resulting offset has to be taken into account as well.

Another possibility to gain access to absolute foil separations inde-
pendently from the capacitance method is using well known lifetimes
from excited states in reaction products. This is explained in detail
in Ref. [1] and can yield very precise results. However, this method
can only be used if nuclei with precisely known level lifetimes are
populated and therefore it depends heavily on the used reactions.
Additionally, these known lifetimes have to be of similar magnitude as
the ones targeted by the experiment, since the plunger distances have
to be in the region of sensitivity.

To conclude this discussion, the capacitance method is able to
deliver absolute distances but it comes with moderate to high uncer-
tainties, which can in the worst case influence the derived lifetimes
quite drastically. Furthermore, to obtain correct results with realistic
uncertainties, a good knowledge of the method and its common prob-
lems is required; it is possible to underestimate these uncertainties or
even to derive a wrong zero-offset.

3. Optical distance measurements

To solve the problem described above, the best way would be to
perform a high precision distance measurement directly on the foil sur-
faces. The standard very high precision probes used in different plunger
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Fig. 3. The same data as depicted in Fig. 2 but with a constant modification of the
induced voltage to account for holding and stray capacitance. A linear fit is applied to
the linear part of the data points to obtain the absolute zero point.

devices, like inductive or opto-mechanical probes, cannot be used for
this task, since every contact to the very thin foils leads to deformations
and therefore falsifies the results. Only in recent times optical sensors
have become commercially available that are able to measure distances
with the desired precision (4d < 1 pm) and are at the same time small
enough to be used with plunger devices without the need to build
large and complicated holding structures or introducing the need to
remove the plunger from the beam line to conduct the measurement.
Good candidates for such measurements are sensors which use the
confocal chromatic measurement technique. This enables very high
precision and at the same time a relatively small shape of the sensor
itself. For this technique, white light with different focal points for each
wavelength is emitted through a cascade of lenses. If reflected from a
surface at a certain distance, only light where the focal point is close to
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Fig. 4. An optical distance sensor mounted with the dedicated adapter at the Cologne
Coincidence Plunger. The optical measurement spot is centered at the beam spot of
the target foil. See text for details.

the surface can re-enter the sensor through an aperture. The incoming
light is then transmitted through an optical fiber to a spectrometer.
From the analysis of the incoming wavelengths, the distance can then
be calculated [7]. The most interesting properties for the task at hand
are the precision which is for most models well below 0.5 pm as well
as the possibility to measure a large diameter of area simultaneously.
The later is important to average out the smaller imperfections of the
foil surface which might cause the early electrical contact. For this,
the KEYENCE CL-3000/L015 displacement sensor has been used as
one sensor of the type described above. The precision of the sensor is
0.25 pm and the measured area 300 um? [7]. For the absolute foil sep-
aration measurement, an adapter for the Cologne Coincidence Plunger
has been built. Since the highest precision of these sensors is limited
to a small measurement range, it is placed on a precise step motor
(Physik Instrumente Q-521 [8]), which can move the sensor closer to or
further away from the foil. The measurement procedure is as follows:
Since it is sufficient to obtain one absolute distance as a reference point,
from which all other distances can be determined by the precise relative
distance measurement, the measurement is performed at the end of the
experiment. After some time where the beam-induced foil deformations
can recede, the sensor is used to measure as a first reference point the
position of the stopper foil. Afterwards the stopper foil is removed and
the sensor measures the position of the target foil. Both are measured
in the middle of the foils, where the beam hit the target and the
recoils entered the stopper foil. Because the beam spot has a certain
diameter and the point of entry of the recoils in the stopper can also be
broadened by angular straggling, a sensor which can measure a larger
area simultaneously is preferred. That way, smaller local surface effects
are averaged out and the resulting distance is a very good measure
of the average distance traveled by the recoils. The adapter built to
connect the sensor to the Cologne Coincidence Plunger allows to adjust
the sensor position until the point of measurement coincides with the
beam spot, which ensures that deviations in the alignment do not
disturb the measurement. The adapter is shown mounted at the plunger
in Fig. 4. For every position measurement the step motor holding the
sensor automatically moves through the sensitive area of the sensor,
which is at a distance of 14.5 mm to 15.5 mm from the sensor, and 100
data points are taken. From the averages and in combination with the
respective motor position which is measured with nanometer precision
with an internal optical sensor, the distance between target and stopper
foil is calculated. This process is done automatically by software that
was written for this purpose and which is now included in the Cologne
Plunger Software Package (CPSP). The only other contribution is the

Nuclear Inst. and Methods in Physics Research, A 1042 (2022) 167416

Table 1

Comparison of distance offsets obtained from two measurements with the
capacitance method and the optical sensor. The offsets are given with respect
to the electrical contact point, which therefore is defined as the origin of the
scale. See text for details regarding the different examples.

Distance offset
capacitance method [pm]
1 —4*3

2 —40(8)

Example no. Distance offset optical

measurement [pm]
-2.2(8)
-37(1)

thickness of the stopper foil, since here the measurement can only
take place on the backside, i.e. the downstream facing side of the
foil. This, however, can be determined with very high precision if it
is unknown. One possibility to do this is by conducting a Rutherford
Backscattering Spectroscopy (RBS) experiment. RBS is a method to
study surface layers of solids by bombarding them with ions in the
range of MeV and measuring the energy of the backscattered ions [9].
This gives very precise values including a measure of the roughness
at the beam spot. Another possibility is to use two optical sensors of
the same type as described above. These can be calibrated in a way
that they can measure the thickness of a foil that is placed between
them with high precision. The uncertainty of the absolute distance is
calculated from the variance of the average positions together with
the uncertainty of the stopper foil thickness. Since in many standard
experiments metal foils made of tantalum, gold or niobium are used,
which can be very well stretched and do exhibit very little overall
roughness, these uncertainties are small. In the following it will thus be
demonstrated that a distance measurement with the method described
above is advantageous in comparison to the capacitance method re-
garding the precision of the obtained zero-point as well as the simplicity
and therefore the prevention of false results.

3.1. Proof of principle

The performance of the new method has been tested in comparison
to both standard methods of accessing absolute distances: The capac-
itance method as well as measuring the distance offset with known
lifetimes.

For the former, two examples of measurements are presented in
Table 1. The first example was taken with very well aligned standard
plunger foils. In this case the distance offset is small and both values
match very well within their uncertainties. Even though the alignment
is very good, the capacitance method results in a rather large uncer-
tainty due to a mechanical contact before the electrical contact point.
This is, as explained above, a typical behavior often seen in plunger
measurements. In the second example a slight misalignment between
the foils was introduced, as can be the consequence of materials with
worse overall surface quality or other experimental restraints, which
leads to a larger zero-offset. In this case the offsets from both the
capacitance measurement and the optical measurement also agree very
well within their respective uncertainties. Both examples show that the
precision of the zero-offset is largely improved with the optical distance
measurement.

Due to the restrictions of the capacitance method discussed above,
additionally an independent measurement of absolute distances was
carried out by exploiting known lifetimes in 181 Ta. Therefore the RDDS
technique was applied to a plunger measurement of that nucleus to
sample the decay curve of the first excited 11/2% state. Excited states
in 181Ta were populated with Coulomb excitation with the reaction
181T4(328, 326)181Ta* using a 181 Ta foil with an areal density of 3.3%
and a beam energy of 85 MeV delivered by the Cologne FN Tandem
accelerator. A 23Nb foil was used to stop the recoiling nuclei, which had
an average velocity of v/c~1.8%. An array of high-purity Ge detectors
has been used to detect the y-radiation of the decaying nuclear states.
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Fig. 5. Partial level scheme of '81Ta as has been observed in the experiment. The
transition used to obtain the absolute distances is marked in red while all feeding
transitions relevant to the decay of the 11/2* state are marked in solid black lines.
The dotted line marks the competing decay of the 11/2* state, which is not used. To
the left the relative initial population of the relevant states is indicated.

Also an additional array of particle detectors (solar cells) has been
placed upstream of the target to detect backscattered 32S particles. This
was used to set a gate on the Coulomb excitation reaction channel. 5
different target-to-stopper separations in the region of sensitivity have
been measured.

To obtain absolute distances the precisely known lifetime values
from [10] were used to construct the decay curve of the 11/2% state
from the solution of the Bateman equations. The observed feeding
pattern and the initial populations of the observed states that have been
used to construct the Bateman equations are shown in the level scheme
(Fig. 5).

In a RDDS measurement the decay curve R(¢) of a state at a certain
plunger distance x is given by

1,,(x)
1,,(x) + I (x)
where I, and I, are the intensities of the unshifted and the Doppler-
shifted components of the decaying transition, respectively. Therefore
these intensities have been determined and plotted together with the
previously constructed decay curve in the time frame using the relative
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distances that have been measured during the experiment and the recoil
velocity. The zero-offset can be obtained by shifting the experimental
data points by a constant time offset to match with the known decay
curve. This task was carried out by using a least-square minimization
procedure. To obtain the uncertainty of the offset, a Monte-Carlo
type simulation was employed, where the uncertainties of the known
lifetimes as well as the ones of all experimentally obtained values have
been used. Another source of uncertainty for this kind of distance
measurement, depending on the type of experiment, is unobserved
delayed feeding. In the case considered here, where the levelscheme
is very well known and the excited states are populated by Coulomb
excitation, which only populates low-spin, low-energy states, these
effects were found to be neglectable. This method results in an offset
of At = 8.6(2) ps which translates to Ax = 46.4(1.1) pm. This process is
shown in Fig. 6.

After this measurement the zero-offset was measured with the op-
tical distance sensor, which resulted in Ax = 47.8(1.0) pm. Again both
values match within their uncertainties. The precision of both methods
in this case is roughly the same. However, it has to be stressed again
that the distance determination using known lifetimes is restricted
to certain cases, where states with known lifetimes that are also in
the region of sensitivity are populated together with the states of
interest. For comparison, the offset for this measurement was also
calculated with the capacitance method, which yielded a value of Ax =
54(6) pm.

4. Conclusion

It has been shown that the capacitance method as a means to obtain
absolute target-stopper separations in plunger devices can introduce
uncertainties, which can severely reduce the precision of extracted level
lifetimes in non-DDCM plunger measurements, or in the worst case
lead to wrong lifetime results. It has also been demonstrated that in
order to get precise results with reliable uncertainties from this method
good knowledge of the limitations and possible problems is mandatory.
The usage of high-precision optical displacement sensors can reduce
these uncertainties by a large margin, which is more than sufficient to
remove the absolute distance as one of the highest contributors of the
resulting level lifetime uncertainty. In addition, this method is easy to
use, which is an important factor, especially since nowadays plunger
devices often belong to the basic hardware in several nuclear structure
physics laboratories and are operated by a wide range of users. It
therefore minimizes the risk of obtaining incorrect level lifetimes or
underestimating their uncertainties. Furthermore it is not restricted in
usage to certain foils or reaction types.

Probability

8 8.2

8.4

8.6
At[ps]

8.8 9 9.2

Fig. 6. Determination of the zero-offset with known lifetimes in 181 Ta. The shift was obtained by minimizing the least-square cost function. The right panel shows the determination
of the uncertainty by a Monte-Carlo type simulation taking into account experimental uncertainties as well as such from the known lifetimes. The ¢ intervals of the distribution,

marked with dashed lines, were taken as the uncertainty.
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A lifetime measurement of excited states in **Ce using the **Ce (!0, '°0) reaction with a beam energy of
67 MeV and the recoil distance Doppler-shift method was performed at the Cologne FN Tandem accelerator.
Lifetimes of the three lowest yrast states in '**Ce have been measured as well as for the 37 state and an effective
lifetime of the 4; state. Reduced E2 transition strengths determined using these results have been compared to
predictions from recent shell-model calculations. From the interband transitions reduced E 1 strengths could be

determined, which are strongly enhanced.

DOI: 10.1103/PhysRevC.102.014324

I. INTRODUCTION

The 13*Cegs nucleus is located on the neutron-rich side
of the valley of stability, close to N=88, a nucleon num-
ber that is related to interesting phenomena throughout the
nuclear chart. On the one hand a shape phase transition is
expected at N=88-90 for nuclei in the Ba-Dy region [1].
Such transitions have been of major interest in nuclear physics
research for a long time. Especially, a phase transition from
spherical to deformed is expected between *°Ce and '*¥Ce,
which was the object of extensive studies in recent work [2].
Knowledge about '**Ce in the close vicinity would provide
helpful information regarding the onset of deformation in that
region. On the other hand also the phenomenon of octupole
deformation plays an important role in the N ~ 88, Z ~ 56
region. At these nucleon numbers nuclei are especially prone
to octupole correlations [3]. This is explained with a strong
octupole coupling between the k5 <> ds;» and the i3/, <
f7/2 single-particle orbitals, respectively [4]. Experimentally,
octupole deformation was related to alternating parity bands
and low-lying negative-parity band heads. Such bands are
reported in several lanthanide nuclei, including 144 Ce [5]. Ex-
perimental indications for such a deformation apart from the
band structure are enhanced E'1 and E3 transition strengths.
Direct evidence for octupole deformation was obtained for
144Ba by measuring E3 transition strengths [6]. For compar-
ison the partial level scheme of '**Ce is shown together with
the ones of '**Ba and '**Ba in Fig. 1. These clearly show
the typical structure of the supposed octupole bands, which
is exhibited in each of these nuclei.

Aside from the 2] — 0; transition, no transition strengths

are experimentally known for '**Ce. To shed some light on
the question of octupole deformation it would be most helpful
to measure E3 transition strengths in 144Ce. However, because

“mbeckers @ikp.uni-koeln.de
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up to now no E3 transitions have been observed, the experi-
ment that is presented here aims to get information about the
B(E1) values via transitions connecting positive and negative
parity states. While enhanced E'1 transition strengths can also
be indicators for octupole deformation, lifetime information
of negative parity states are essential to deduce E3 transition
strengths, for example, if a characteristic 3] — 0;; transition
will be observed in future experiments. Level lifetimes are
also very important as model independent input parameters
in the analysis of Coulomb excitation experiments, which can
deduce E3 matrix elements also for nonobserved transitions.
In addition, the B(E2) values between yrast states provide
important insights into the general collective structure of the
nucleus, especially by comparing them to theoretical model
predictions.

II. EXPERIMENT

The presented experiment was performed at the Institute
for Nuclear Physics at the University of Cologne. Excited
states in '**Ce were populated by the 2n transfer reaction
142Ce(180, 1°Q). The beam was delivered by the Cologne FN
Tandem Accelerator with a beam energy of 67 MeV. To mea-
sure the lifetimes of excited states, the target foil, consisting
of 0.5 2% '"2Ce on a 1.2 7% Ta support layer facing the
beam, was mounted in the Cologne Plunger device [9]. At
the stopper position a 4.1 % Nb foil was installed, which
was sufficient to stop the recoiling nuclei with an average
velocity of v/c = 1.57(1)%. The plunger device is used to set
different target-to-stopper distances and to keep them constant
by measuring the target-stopper capacitance and compensate
for drifts using a piezoelectric device. Emitted y rays were
measured by 11 large volume Germanium detectors with
relative efficiencies between 55% and 83%, arranged in two
rings, ring 1 (six detectors at 45°) and ring 2 (five detectors
at 142.3°). Additionally an array of six solar cells, covering
the solid angle between 117° and 167°, was used to measure

©2020 American Physical Society
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FIG. 1. Partial level schemes of '*Ce, '*’Ba, and '**Ba. Transition energies are given in keV. For '*Ce the transitions observed in this
experiment are shown in black while levels and transitions shown with dashed red lines have been observed in earlier experiments [5,7] and are

included to display the mentioned interspacing of positive and negative parity states with the respective interband transitions. Data for

were taken from [8]. See text for details.

backscattered particles to select the reaction channel using a
particle-y coincidence gate. All detector angles are given with
respect to the beam axis. During the course of the experiment
data for a total of eight different target-to-stopper distances
between 21 um and 364 um were taken. The absolute reaction
cross section for the used 2n-transfer reaction could not be
obtained, because the decays of 144Ce are not observable
without using a gate on the backscattered particle. Therefore
only an effective reaction cross section can be given, i.e.,
the cross section for the case when the '°Q reaction partner
is scattered into the solid angle between 117° and 167° and
detected by the solar cells. With an estimated average beam
current of about 6.5 x 10° pps for a single run the effective
cross section for the ZT — OZ,; transition in '**Ce was cal-
culated to be about 3 mb. The effective cross section of the
2n transfer in relation to Coulomb excitation, also for the
respective 2] — O;Y transitions is given by the intensity ratio,

he@m/eE) oo
L+ (CoulEx)/€(E) o
where €(FE) is the detector efficiency for the respective tran-

sition energy. It has to be noted that no angular correlations
were taken into account.

III. LIFETIME ANALYSIS

Spectra for the data analysis were created by employing
particle-y coincidence gates to select the nuclear reaction
of interest. However, from the spectrum of backscattered
particles it was not possible to distinguish between '°Q and
130, Therefore also excited states in '**Ce, populated through
Coulomb excitation, are visible in the respective particle-

142,144Ba

gated spectra (see Fig. 2). Using y-y coincidences for this
analysis was not possible, because the number of coincident
events is far too low, owing to the low cross section of the
production reaction.

For the three lowest positive parity yrast states the devel-
opment of the unshifted and shifted component of the decay
is clearly visible for the various plunger distances. Spectra
of three different distances (small, medium, long) are shown
for these three states in Fig. 3. To determine lifetimes of the
2 and the 4] excited states in '**Ce, the well-established
differential decay curve method (DDCM) for the analysis
of recoil distance Doppler-shift (RDDS) measurements in its
y-single implementation was used. A detailed review of this
method is given in Ref. [9].

Following the DDCM the lifetime of a given state is
obtained via

) = —R;(x) +de briokiRy (x) o
Ri(x)

1
= e))
v

where R; and R; denote the decay curves of the state of
interest (i) and the feeding states (k), respectively. These can
be obtained from the depopulating y transitions. The velocity
of the recoil is denoted as v and x is the target-to-degrader
separation, while «y; is a proportionality factor determined by
the detector efficiency and the angular distribution of the y
rays and by; is the branching ratio. Thus the intensities of the
depopulating transitions as well as the ones of all observed
populating transitions are needed for the lifetime analysis and
a careful investigation of the feeding had to be carried out. In
total, two feeding transitions were observed for the 2] state
(47 — 2f,37 — 2{) while four such transitions were found
for the 4] state (6] — 4,57 — 41,57 — 4], 45 — 4).

014324-2



LIFETIME MEASUREMENT OF EXCITED STATES ...

PHYSICAL REVIEW C 102, 014324 (2020)

30000
(a)
25000 <
fus. evap.
20000 E
E
15000 f 1
o
O
10000 | 2,140 181y 1
1 1
5000 | MONd 1\ 1
|
1 [}
0 L L L 1 11 L
0 2000 4000 6000 8000 10000 12000
Channel

Counts/0.5keV

90000 T
(b) 2500 ;

2000

80000 |

70000 |

1500

60000 |

1000

50000

500

0

40000

WM TH0 S0 w0 900 950 |
30000
20000

10000

W | J
200 300 400 500 600 700 800 900 1000
E, [keV]

FIG. 2. (a) Particle spectrum measured with solar cells. (b) y-ray energy spectrum as measured with detectors at backward angles in
coincidence to the gate indicated in the particle spectrum (dashed lines). Visible transitions investigated in this paper are marked. Other visible
peaks originate from states in the contaminant '**Ce nucleus and are marked with asterisks.

As can be seen in Fig. 2 the feeding transition 57 — 41
is energetically close to a stronger contaminant transition
(4;L — ZT in '*2Ce). Therefore, it is completely overlapped
by the flight component of that transition under forward angle
detection and thus the spectra of the detectors at a forward
angle cannot be used for analyzing the decay of the 4; state.
For the feeding transition depopulating the ST state only the
stop component was observed at all distances, which leads
to the assumption that the lifetime of this 5] state is long
compared to the longest achieved flight time of about 77 ps. A
partial level scheme displaying the level feeding observed and
taken into account is shown in Fig. 1.

The peak areas of all aforementioned transitions were
determined and, after being corrected for detector efficiencies,
used to obtain the lifetimes. The t curves resulting of the
lifetime determination process together with the intensities

(a) (b) (c)
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FIG. 3. Spectra of the 2] — 0 (a), 4 — 2] (b), and 6] —
47 (c) decays for three different plunger distances measured under
backward angle.

of the shifted and unshifted y-ray components are shown in
Fig. 4. Note that this figure only shows the results for the
backward angle detection. For analyzing the decay of the 2
state also the detector ring under forward angle was used
and the resulting lifetime is given by the weighted average
of both rings as 7(2]) = 55.1(5)ps. The analysis of the 47
state yielded 7(4]) = 9.4709 ps. Here the uncertainties are
increased beyond the value given in Fig. 1(b) to account for
the low statistics of the transitions feeding the 4 state.

To determine the lifetime of the 6] state the Bateman
equation of its decay was used instead of the DDCM. The
reason was, that here only few distances are within the region
of sensitivity, which diminishes the advantages of the DDCM.
No feeding transitions for the 6] state were observed. Because
transfer reactions typically lead to the population of only the
lowest states in a nucleus, this observation is compatible to
the justified assumption that the 6] state is nearly exclusively
directly populated. Hence, the Bateman equation for a decay
without feeding was used and fitted to the experimentally
determined intensity ratios for both detector rings. To de-
termine the uncertainty, a Monte Carlo simulation with 10°
iterations was employed, where uncertainties of the absolute
distances, the recoil velocity, and the intensity ratios were
taken into account. The given uncertainties correspond to the
lo intervals to both sides of the mean value. This method
was used for the analytical analysis of RDDS data before, for
example, in Ref. [10], and provides an easy way to incorporate
all significant sources of uncertainties. The fit as well as
the probability distribution are shown in Fig. 5 exemplary
for forward angle detection. The extracted lifetimes for both
detector rings in this case show some discrepancies, as for the
forward ring the resulting lifetime is 4.9:1):2 ps while for ring
2 the analysis yields 7.4:1):3 ps. The spectra were extensively
checked for contaminations that could explain such deviations
but none have been found. Because no such discrepancies
occur for every other state’s analysis, other systematic errors
related to treatment of the two rings can be excluded. There-
fore the discrepancy is very likely caused by the relatively
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FIG. 5. Decay curve with lifetime fit (a) and probability distribu-
tion (b) for the 6] state; decay observed at forward angles.

low statistics for this decay. To account for this, the variance
between the two values was used for the calculation of the
uncertainty of the weighted mean. This yields a temporary
value of r(6fr Inofeed = 6.2(1.6)ps. To investigate the assump-
tion that the 6] state is exclusively populated directly by the
reaction, the effects of possible unobserved feeding have been
simulated. A realistic amount of unobserved feeding for a
“worst-case scenario” can be extrapolated by looking at the
feeding of the lower lying states. Because the population of
states in transfer reaction is diminished with rising excitation
energy, also the amount of feeding in relation to the direct
population of a state is reduced for higher excitation energies.
Consequently it is justified to assume that the percentage
of unobserved feeding for the 6 state does not exceed the
observed feeding of the lower states. It has to be noted that
the population of excited states in transfer reactions typically
also decreases with level spin. However, the only feeding
transitions leading to the population of the 6/ state that
have been observed in earlier experiments, for example, in
Ref. [11], stem from the 8] and the 7] states. According
to the relative intensities given in Table I an assumption of
20% feeding for the 6] state should therefore be a sufficiently
conservative estimate. For the sake of simplicity the feeding
is modeled by a single hypothetical state lying above the 6.
The effective lifetime of that state was chosen to be 100 ps,
which proved to be sufficiently long. Longer lifetimes do not
lead to distinct changes in the corresponding lifetime value of
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TABLE I. Percentages of observed feeding in relation to the total
population of the level for the investigated states. In relation to the
level excitation energy this value decreases nearly linearly.

State Energy (kCV) Igeea / Tioral
2 397.4 59%
47 938.7 34%
3: 1242.3 15%
6/ 1647.8 -

45 1673.9 -

the 6f state. With these assumptions, the determined lifetime
value for the 6] state was lowered to 4.870% ps. The lower
limit of this result is thus used to correct the lower limit of the
uncertainty for 7(6;). This yields 7(6,)=6.2"1% ps. Within
these uncertainties the given lifetime still holds, even if a
large, but still realistic, amount of unobserved feeding was
present.

Furthermore a lifetime for the 3] state was obtained. Here
the statistics do not allow the determination of both peak
components in every single distance with the precision needed
for a lifetime analysis. For this reason the method presented
in Ref. [10] for obtaining lifetimes from the summed spectra
over all distances was used. Here the solution of the summed
decay curve, consisting of the Bateman equations of the single
distances j,

Zjlun;j
i Lun,j i Lsh,j
Z,I +Z,1

is used, where Iy, and I, are the intensities of the shifted and
unshifted components of the decay, respectively, 7; denotes
the corresponding flight time for every distance x, and n; is
the respective normalization factor. According to Ref. [11]
the 3| state receives most of its feeding via the 45 state with
a transition energy of 432 keV. At least an effective lifetime
of the feeding state as well as the initial populations of both
states are needed for the lifetime determination of the 37". The
43 — 3| transition is observed in the spectrum but is partly
overlapped by the contaminating 3] — 4f transition in '**Ce.
This problem could be overcome by using the 37 — 2 tran-
sition in '*>Ce, of which only the flight component is visible,
and the respective branching from Ref. [12] to correct for the
intensity of the contamination. After this correction was ap-
plied the effective lifetime of the 4 state could be determined
from the summed spectra, using the method described above.
Because no feeding is visible and only an effective lifetime
is needed the Bateman equation without feeding assumptions
is used. With Ry, = 0.56(7), averaged over both detection
rings, an effective lifetime 7 (45 ) =27.37.%° ps is obtained.
Graphically this method can be displayed as a R(t) curve
which is shown in Fig. 6. Uncertainties are again obtained
using a Monte Carlo simulation of the analysis process.

The feeding from the 45 state accounts for 15% of the
3, state’s total population, leading to the assumption that
direct population accounts for the missing 85%, because no
other feeding is visible. According to the feeding percentages
of the other states and assuming a first-order dependence of

Rom =

= anR(tf,j), 2)

J
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FIG. 6. R(7) curve (a) and probability distribution (b) for the 45
state. See text for details.

the level excitation energy this assumption is realistic. To
account for possible unobserved side feeding, additional up
to 5% long-lived (100 ps) feeding is assumed for the error
calculation via a Monte Carlo simulation. This also accounts
for feeding of the 3| state via the 5, state, which could not
be observed but can be estimated to be less than 1.5% by
using the 5; — 4] transition and the known branching from
Ref. [11]. With Ry, = 0.13(1), again, averaged over both
detection rings a lifetime of 7(3]) :2.5J_rgg ps is obtained.
The corresponding R(7) curve is shown in Fig. 7. The Monte
Carlo simulation to calculate the uncertainties incorporates all
mentioned uncertainties of the initial populations as well as

TABLE II. Experimentally obtained lifetime information from
this work in comparison to existing values. See text for details.

Decaying State E, (keV) T (ps)
2f 397.4 55.1(5)

52(3)

42(10)°
4f 541.3 9.4799
67 709.1 6.273¢
37 844.9 2.5%1
4f 431.6 27+t

*Moszynski and Mach [13].
®Mach et al. [14].
CEffective lifetime.
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the feeding lifetime. All lifetimes resulting from this analysis
are summarized in Table II.

IV. DISCUSSION OF THE RESULTS

Prior to this experiment lifetime information of excited
states in '“*Ce was restricted to the 21+ state, where two
lifetime measurements from the year 1989 exist [13,14]. Both
measurements used timing techniques (slope method and
centroid shift, respectively) from which one agrees with the
result obtained here within the error bars. The precision of
that lifetime, however, is now improved. All other lifetime
information is measured for the first time.

The results of this measurement were used to calculate
B(E2) and B(E1) values, assuming pure transitions. For the
6 — 4] transition Ref. [11] reports a competing transition to
the 57 state with a branching of 0.75(6) (to the 4T state) and
0.25(6) (to the 5] state), respectively, which was not observed
in this experiment. Nevertheless, the literature branching ratio
was used to determine the B(E2, 6] — 4]) as well as the
B(E1,6] — 57) value from the lifetime of the 6] state. For
the 3] state additionally to the 3] — 2] transition also a
transition leading to the 4] state is reported with a branching
of 0.07(2) [11]. Also in this case the branching was used to
calculate transition strengths for both transitions. The results
are shown in Table III.

In Fig. 8 known B(E2,2] — 0,) values of the neigh-
boring even-even cerium, barium, and neodymium isotopes

TABLE III. Transition strengths in comparison to shell-model
calculations.

Transition EA B(EA)(efm?) (expt.) B(EA) (e*fm?) (theor.?)
2t - 05 E2 1464713 1620

4F =27 E2 1853182 2355

6 — 45 E2 537138 2563

67 - 57 El (1377 x 1072 -

3y > 45 El (5.9733) x 107# -

3y =2 El (3.9758) x 107# -

“Naidja et al. [11].

are shown together with the newly measured one from this
work, beginning at the neutron shell closure at N=82. Up
to N=88 the evolution of the B(E2) values can be well
described by a linear function, resembling the description of
the neutron-deficient isotopes, as displayed in Ref. [15]. This
behavior is expected because the collectivity should grow
nearly linearly with increasing numbers of valence nucleons
for nuclei near closed shells. The abrupt break of the linear
behavior, which occurs in the cerium and neodymium chains
for N=90 matches with the above mentioned shape phase
transition that is expected between N=88 and N=90 [2].
Also this comparison again points out the similarities of the
lanthanide nuclei in this mass region.

In the following the results will be discussed in compari-
son to recent shell-model calculations, which predict B(E?2)
values in the yrast cascade as well as regarding their impact
on the discussion about octupole correlations in '4*Ce.

A. Comparison with shell-model calculations

Shell-model calculations for **Ce, together with 142Ba,
were carried out by Naidja ef al. in Ref. [11] using the
r4h — r5i model space, which consists of the 1f;/5, Ohg,,
1f5/2, 2p32, 1p1,2, 0i13,, orbitals for neutrons and the Og7,2,

12
10 | : ]
’?E 8 r 1
i
T 6
o
qQ @ 4
)
2
O L L L L L
82 84 86 88 90 92

FIG. 8. Systematic of the B(E2,2] — 0Og) values, normalized
to the value for N = 82, for cerium, barium, and neodymium isotopes
above the N = 82 shell closure. Data for other Ce isotopes taken from
Refs. [16-18]. Data of barium and neodymium isotopes adopted
from [8]. The lines are drawn to guide the eye.
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FIG. 9. Comparison of shell-model predictions from Ref. [11]
(marked as SM) together with experimentally determined B(E2)
transition strengths of '“*Ce (from this work) and '**Ba (taken from
Refs. [19,21,22]).

1ds;2, 1d3/2, 2512, Ohyy o orbitals for protons and the N3LOP
interaction described in Ref. [7]. For '**Ce the occupation
numbers of the 0k, proton orbital and the 0ij3,, neutron
orbital were limited as a necessary truncation. Together with
a good reproduction of the level energies of low-lying levels
also Q; values for the yrast cascade up to the 6] state are
given which can be used to deduce the shell-model predictions
for the respective B(E2) values. In Table III and Fig. 9 these
predictions are compared to the experimental B(E2) values.
For the B(E2) values of the 2] — 0} and the 47 — 2}
transitions the trend is well reproduced. The slight overesti-
mation may be from the choice of the effective proton and
neutron charges of 1.6e and 0.6e, respectively, in the SM
calculation. On the other hand, the shell model is not able to
reproduce the sharp drop of the 6 — 4] transition strength.
For comparison also the B(E2) values for the same transitions
in the neighboring isotone '**Ba are shown, together with the
respective shell-model predictions from Ref. [11]. As can be
seen in Fig. 1, the level structure in the yrast and the supposed
octupole band of **Ce and '%*Ba are very alike. Therefore
one could expect the same for the behavior of the B(E2)
values and indeed the experimental values are nearly identical
to the ones from **Ce including the drop described above.
Shell-model predictions are again not able to describe the
drop of the B(E2, 6] — 47). However, it has to be mentioned
that the pictured B(E2) value of the 6] — 4] transition in
142Ba originates from an experiment, analyzed in a thesis [19],
from which the same author in a later paper [20] states that it
was not possible to analyze the 6] state’s decay because of
potential contaminations. Nevertheless, the comparison here
supports the result of that author’s first analysis.

B. Octupole deformation

The phenomenon of octupole deformation in atomic nuclei
was long under research. Recent experimental results, mak-
ing use of modern ion beam facilities and detector arrays,
have again raised interest by directly measuring octupole E3

transition strengths [6,23,24]. Octupole deformation leads to
reflection asymmetric nuclear shapes and is mainly indicated
by low-lying negative parity bands that alternate with the
positive parity yrast bands and fast E'1 transitions between
these bands. The resulting large intrinsic dipole moments
Dy are explained by the displacement from the center-of-
mass of proton and neutron densities in asymmetric nuclei
[25]. Characteristic E3 transitions competing with E2/E1
transitions are often too weak to be directly observed but
are crucial to determine whether a nucleus exhibits stable
octupole deformation or if it behaves like an octupole vibrator.
Because this is also the case for '**Ce this discussion is limited
to the measured E'1 transition strengths.

The nucleus '**Ce belongs to the region around N =~
88, Z &~ 56, where strong octupole deformation is expected
and was, in fact, observed in various numbers of experiments.
Prominent examples are the aforementioned measurements
described in Refs. [6,23] on '#+!46Ba that yielded largely
enhanced E3 transition strengths. For cerium isotopes calcu-
lations done by Agbemava et al. within different covariant
density functional theory frameworks (namely the covariant
energy density functionals DD-PC1 [26], NL3* [27], DD-
ME2 [28], PC-PK1 [29], and DD-MES§ [30]) predict strong
octupole deformation for N > 88, whereas weaker octupole
deformation is already predicted for N =86 [31]. Other recent
calculations by Xia et al. use a quadrupole-octupole collective
Hamiltonian (QOCH) with parameters determined based on
the PC-PK1 density functional [32]. The resulting deforma-
tion energy surfaces show that '**Ce is expected to be soft on
the octupole degree of freedom, but show no finite value of
equilibrium octupole deformation. Similar to the calculations
by Agbemava et al. the latter is predicted for '*°Ce and
heavier cerium isotopes. Another aspect worth noting is that
the deformation energy surfaces shown in Ref. [32] for *4Ce
and '*’Ba are much alike, as expected from the comparison of
the level energies and E?2 transition strengths shown in Fig. 9.

On the experimental side, the literature reports the yrast
low-lying negative parity band in '**Ce to be a good candidate
for an octupole deformed band [5]. For states with J > 5 it
exhibits the typical interspacing of positive and negative parity
states together with the positive parity yrast band expected
for octupole deformation. To further investigate the case, the
experimental observables of choice are the transition strengths
between the yrast alternating parity states. These values are
significantly enhanced if octupole deformation plays a role.
In the case of **Ce up to now only El transitions between
the bands of interest have been observed. B(E1) transition
strengths stronger than ~107> W.u. are an indicator of re-
flection asymmetry, i.e., octupole deformation [4]. The values
measured in this work for the 6 — 5,37 — 4], and 3] —
2] transitions certainly fall into that category. Especially the
6, — 5| transition strength exceeds the typical range for E1
transitions quite drastically. This is best seen when expressed
in Weisskopf units, where B(E1, 6] — 57) = (7.2777) x
1073 W.u. It has to be stressed that this value is extremely
close to 0.01 W.u., which is the recommended upper limit
for E'1 transitions in this mass region as given in Ref. [33].
This value even exceeds E1 strengths in '**Ba, which is
assumed to exhibit much stronger octupole deformation [25].
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TABLE IV. Experimental intrinsic dipole moments in compari-
son with theoretical calculations for the given spin ranges.

I (h) Dy (efm) (expt.) J range'her: Dy(efm) (theor.)*
37 0.06(1) 0 0.17
6F 0.33(9) 5-9 0.20

2Butler and Nazarewicz [34].

It is thus an indicator for a very strong collective behavior of
this transition.

Furthermore the measured B(E1) values can be used to
calculate the intrinsic dipole transition moment Dy for the
respective transitions between the states with the angular
momenta /; and I using the formula,

, 4w
Dy = —B(E1)

. — 3
3 (1,010]1;0)2 3)

where (;010]/,0) is the Clebsch-Gordan coefficient. Experi-
mental results for the dipole moments from this work together
with theoretical predictions obtained with a shell-correction
approach carried out in Ref. [34] are shown in Table IV. To
calculate the dipole moment of the 3 state the transition to
the 2 state was used. The dipole moment of the 3] state is
compared to the predicted value of the ground state, which is
the one given for that spin range in Ref. [34], and is somewhat
lower than that value. The one of the 6] state is remarkably
high but not too far away from the predicted value. In the
systematic comparisons shown in Ref. [4] and adapted from
there in Ref. [32] it can be seen that similarly high dipole
moments in octupole candidates have only been measured
in °2Sm and the much heavier *'*~22Ra and 2*°~2?Th
isotopes.

Concluding this discussion, the newly measured transi-
tion strengths and the calculated transition dipole moments
provide a strong indication for the octupole character of the
negative parity yrast band in '#*Ce. Especially the strong
transition between the 6 and the 5; state matches well
with the beginning of the interchanging between positive and
negative parity states at these spin values, which is typical for
octupole deformation. A structural change at this spin could

also possibly explain why the shell-model predictions for this
state deviate strongly from the experimental values.

V. CONCLUSION

In summary, studies of transition strengths between yrast
states in '**Ce have been carried out by measuring lifetimes
of the 2, 47,67, and 3] states, the last three were determined
for the first time, and a new effective lifetime of the 42+ state,
using the RDDS method. The newly measured B(E2, 2] —
0;5) value fits very well in the systematics of the surrounding
neutron-rich cerium isotopes. Furthermore B(E?2) values in
the ground-state band have been compared to existing shell-
model calculations, where a good qualitative agreement up to
the 47 — 27 transition was found. However, the experimental
value for the 67 — 4 deviates strongly from the predictions,
hinting at a change in the structure of the 6 state which is not
incorporated in the shell model. Lastly, the measured lifetimes
were used to get some indications about octupole deformation
in *4Ce, by determining B(E1) transition strengths as well
as intrinsic transition dipole moments and comparing them to
calculations assuming such deformations. The resulting very
large values for both properties in comparison to similar nu-
clei yield a strong backing for the hypothesis that the negative
parity yrast band exhibits octupole deformation, especially at
higher spins.

To provide further knowledge regarding the question if a
nonzero static octupole deformation is present in '**Ce, a
measurement of E3 transitions has to be carried out. The
best candidate is a 3] — 0;, transition, that was observed in

many nearby nuclei. However, assuming a B(E3, 3] — 0;)
value similar to that of other octupole candidates, the expected
branching ratio for such a transition would be extremely small.
Therefore a measurement employing multistep Coulomb ex-
citation, as described, for example, in Ref. [24], seems to be
the most viable method. The lifetimes measured in this work
would become extremely useful for such a measurement to
restrain the use of free parameters.
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Abstract A y-y coincidence Recoil Distance Doppler-
Shift measurement has been carried out on ®°'Ni to re-measure
the lifetime of the ZT and 4fr states. The new lifetime of the
ZT state supports the adopted NNDC value but disagrees
with the results of two more recent Doppler-Shift Attenua-
tion Method measurements, which suggested a longer life-
time. The new result for the 4]" state’s lifetime is significantly
shorter than the one recommended in the latest NNDC compi-
lation while also reducing its uncertainty. It therefore resolves
an unclear situation, where an unexpected drop in transition
strength appeared from “8Ni to ®'Ni. Both values match very
well with recently applied shell model calculations using the
GXPFI1A interaction.

1 Introduction

The chain of semi-magical Ni isotopes has been of interest
for nuclear structure studies for a rather long time. Ni iso-
topes include three double shell-closures at BN (Z = 28,
N = 20), F°Ni (N = Z = 28) and "8Ni (N = 50) as well as
a tentative neutron sub-shell closure at ®Ni (N = 40). A
special focus has lately been set on the isotopes leading to
and around this sub-shell closure, where Monte-Carlo shell
model (MSCM) calculations predict possible shape coex-
istence and also experimental evidence was found in ®¥Ni
[1]. Very recently, a measurement on %4Ni found evidence
that features of shape coexistence might be present in this
nucleus as well [2].

To gain insights into the structure of nuclei, lifetime measure-
ments of excited states can be utilized to obtain the transi-
tion strengths between these states. These serve as important
structural indicators and therefore as benchmarks for theo-
retical approaches like shell-model calculations that aim to
describe the nuclei’s behavior.

2 e-mail: mbeckers @ikp.uni-koeln.de (corresponding author)

Published online: 12 June 2023

Regarding the Ni isotopic chain, one can find a quite con-
fusing situation around 5>Ni. The region around this nucleus
will further be called mid-shell region, referring to the ten-
tative sub-shell closure at N = 40 mentioned above. There
are several reports on quadrupole transition strengths for the
2]" — OT and the 4?‘ — ZT transitions in these nuclei that
are partly in disagreement with each other.

In detail, there is one data set resulting from a Doppler
Shift Attenuation (DSA) measurement by Kenn et al. [3]
giving high precision E2 values for 33~2Ni that mostly dis-
agree with an older compilation by Raman et al. [4]. Espe-
cially, for the 4;“ — 2fr transitions the results by Kenn et
al. suggest that the transition strength drops from A = 58
towards A = 60. This behavior would be highly unexpected
and could hint at new and interesting structure evolution in
these nuclei. Another experiment, reported by Loelius et al.
[5], re-measured the lifetime of the 4fr state in 28Nij using
the Recoil Distance Doppler-Shift (RDDS) technique. If the
lifetime value reported from this measurement is used to cal-
culate the transition strength, the aforementioned drop of
the B(E2, 4T — 2;“) values vanishes. However, the avail-
able data up to now would then suggest a nearly identical
B(E2, 4]” — 2?‘) for 38-0Nj, which would be rather uncom-
mon. Loelius et al. report also on results of shell-model cal-
culations for B(E2,4f‘ — 2]") values of 5°~%*Nji, which show
a very good agreement with the newly measured value and
suggest that the transition strengths increase further towards
mid-shell.

For the 2fr — Ofr transitions, the different sets of experi-
mentally determined B(E2) values also pose a problem in
the interpretation of the Ni isotopic chain around N = 62.
Following the results of Kenn et al., which are further sup-
ported by another measurement by Orce et al. [6], the evolu-
tion of the B(E2, 2] — 07) values along the isotopic chain
would take on a rather symmetric form around mid-shell,
which would be expected if the N = 40 sub-shell closure
is robust for the Ni isotopes. However, if the value for 60N

@ Springer
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from the older compilation, that is supported by another more
recent Coulomb excitation experiment by Allmond et al. [7]
is used, an asymmetric form is exposed, where the transition
strength reaches its maximum already at N = 60 and then
drops slightly towards mid-shell. This could have implica-
tions on the interpretation of the sub-shell closure. To help
clarify this confusing situation, a new RDDS measurement
on the lifetimes of the 2fr and 41+ states has been conducted
at the Cologne FN tandem accelerator.

2 Experiment

The experiment took place at the Institute for Nuclear Physics
of the University of Cologne. The cologne FN tandem accel-
erator delivered a beam of 2>Na with an energy of 62 MeV.
The reaction took place in the chamber of the Cologne Coin-
cidence Plunger [8], where the beam hit a target of 0.5 Cmm—%
natural Ca, sandwiched between a 2.2 C’fn—gz Au support foil
facing the beam and a 0.1 ::n—é; Au backing, which protects
the Ca from oxidation. The *°Ca(**Na, 3p)®°Ni reaction pro-
duced the nucleus of interest with a recoil velocity of ~2%c.
The recoiling nuclei have been stopped in a 7.3 % Ta foil.
The Cologne Coincidence Plunger was used to vary the sep-
aration between the target and the stopper foil and to keep the
distances constant using a feedback system. y rays emitted
from the decaying excited states were measured with eleven
large volume Germanium detectors that are arranged in two
rings at 45° and 142.3° with respect to the beam axis, respec-
tively. Data was collected using a digital data acquisition
(DAQ) system consisting of XIA DGF-4c Rev. F modules.

A total of nine different target-to-stopper distances from
124m to 41m in absolute values have been measured and
the resulting events were sorted in y-y coincidences after

@ Springer

applying corrections for gain shifts of the Ge detectors and
random background subtraction.

3 Data Analysis

The y-y coincidence data have been analyzed using the Dif-
ferential Decay Curve Method (DDCM) [9]. In the standard
implementation of this method, gates on the flight compo-
nent of the transition feeding the state of interest are used.
This way, a fixed decay cascade is selected and no feeding
assumptions have to be applied, which enables high precision
results that do not depend on any non-observed quantities,
such as delayed feeding. Furthermore only relative target-to-
stopper distances are needed for this approach, which can be
measured with high precision. In addition to the mentioned
advantages, in this analysis gates on flight components of
feeding transitions were even more important, because in
%0Ni a long-lived (z & 360ps [10]) isomeric 7, state exists,
which feeds into the 6]” state. Therefore, the majority of the
recoiling reaction products are already stopped in the stopper
foil before reaching to the states of interest. However, there
is sufficient fast feeding to the yrast cascade which avoids
the isomer, so that gates on the flight components of the
6]L — 4'1" and the 4?‘ — ZT transitions yield enough statis-
tics for a high precision lifetime experiment. A partial level
scheme including only transitions which have been observed
in this experiment and are important for the analysis is shown
in Fig. 1. Spectra of the ZT and 4fr state’s decays at three
different plunger distances obtained with gates on the flight
component of the respective direct feeder are also shown in
Fig. 1.
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Fig. 2 7-curves showing the determination of the 4?’ state’s lifetime
for forward (a) and backward (b) angle detectors. In the upper panels
the respective t-values are shown while in the middle panels the shifted
and in the lower panels the unshifted peak intensities are given. Both

3.1 Lifetime of the 4?‘ state

Using the DDCM with gates on the direct feeder, the lifetime
of the state of interest is obtained via

Lis() 1
LIp(x) v

Ti(x) = ey

where I, and I, denote the intensities of the unshifted and
shifted components of the depopulating transition at distance
x, respectively, and v is the recoil velocity.

Though no feeding has to be taken into account, much care
had to be taken to avoid contaminations within the gates or in
the depopulating transitions, because of the high y-ray line
density in the ungated spectra. As a result, not all ring-ring
combinations could be used for every state’s analysis.

The intensities of all needed components have been extracted
from the spectra and were used to carry out the lifetime anal-
ysis. Two examples of resulting t curves for the analysis of
the 4;“ state are shown in Fig.2. The final result for the 4?‘
state’s lifetime of r(4f‘) =2.9(1)ps is given by the weighted
mean over all used ring combinations.
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plots are obtained using direct gates on the feeding transition. Note that
the lifetimes shown here are for the respective single ring combination
only while the final lifetime is given by the weighted average of all
detector ring combinations (see text for details)

3.2 Lifetime of the 2?‘ state

Using the DDCM method for the 2?‘ as described above, a
lifetime of 1(2?') ~ 0.77ps is derived, which is well within
the range of the slowing-down time of the recoils in the stop-
ping foil. Therefore the amount of decays occurring during
this slowing-down time can not be neglected and a standard
RDDS analysis assuming Gaussian peak shapes is not feasi-
ble anymore. The 2fr state’s decay was thus analyzed using
the Geant4-based simulation PTBG4 [11] which is dedicated
to simulate both RDDS and DSAM measurements. The sim-
ulation was explicitly adjusted to match the geometry and
detector properties of the Cologne Plunger Spectrometer. To
fix the feeding for the simulation, the newly analyzed life-
time of the 4T state, which is long enough to neglect the
DSA effects, and an effective lifetime of the 6T state were
used. The later was determined with a gate from below on
both components of the 2?‘ — OT transition to be 14ps.
Despite this relatively long effective feeding time, a gate on
the flight component of the 4;“ — 2? yields an intensity of
the ZT — OT transition of about 22% with respect to a gate

@ Springer
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Fig. 3 (a) Comparison of the experimental spectrum of the 21+ — 01+ transition and the best fit of the simulation. Shown are summed up spectra
with gates from above detected under forward angle. (b) %2 minimization used to determine the lifetime of the 21+ state

on both components, meaning there is sufficient fast feed-
ing for the analysis. The gate on the unshifted component
of the direct feeder was also used for the comparison with
the simulated spectra, where the same gating condition was
applied.

The lifetime analysis for the 21+ state was performed by min-
imizing the reduced x 2 given by

N2
X2:Z<M) i 2)

An
N exp

where n.yp and ng;,, denote the contents of a single bin from
the experimental and the simulated spectra, respectively and
N is the total number of bins taken into account. The life-
time assumption fed into the simulation is varied in steps
from 0.01ps to 0.2ps while getting further away from the
minimum. The statistical uncertainty is obtained using the
x% + 1. Because of the delayed feeding issue mentioned
above, the experimental statistics in the gated spectra is low
and the summed up spectra over all distances have been used
to compare to the simulation. The resulting best fit together
with the x 2 minimization is shown in Fig. 3 for forward detec-
tion angles. The same procedure was also applied for back-
ward angle detection. Taking into account the the variance
of both values as a measure of systematic uncertainty a final
lifetime of r(ZT) = 1.07(7)ps is derived.

The results of the lifetime analysis are summarized and
compared to results from other measurements in Table 1.

4 Discussion

The lifetime of the 2]" in %Ni state obtained in this mea-
surement matches very well with the adopted value of the

@ Springer

Table 1 Lifetimes and B(E2) values determined in this work in com-
parison with older values

Level 7 [ps] BEQJt — (J —2)1) [e*fm?]
2f 1.07(7)@ 182(12)@
1.31(3)® 1493)®
1.04(2)© 187(4)©
+0.30(d +27(d
1.30%30@ 150%34@
- 182(7)©
4f 2.9(1)@ 12775@
b 35
4.8(1.5)® 77 ®
4This work

PKenn et al. [3]

Raman et al. [4]

40rce et al. [6]

¢Allmond et al. [7] (calculated from B(E2)(Ol+ — 21+))

older compilation by Raman et al. The longer lifetime values
given by Kenn et al. and Orce et al. can not be reproduced. For
the 4T state the obtained lifetime value also differs from the
one reported in Ref. [3] while also reducing the uncertainty
significantly.

From the newly measured lifetimes, E2 transition strengths
have been calculated, which are presented in Table 1. The
transition strength determined from the ZT state’s lifetime
resulting from this work matches exactly with the one
obtained by Allmond et al. from a Coulomb excitation exper-
iment [7].

4.1 Overview of the Ni systematics around A = 62

An overview of the known E2 transition strengths of the Ni
isotopes around the mid-shell (A = 62) is given in Fig. 4 for
the 2?‘ — OT and the 4T — 2]" transitions. For the former,
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See text for details regarding the different calculations

one can see an increase in B(E2) values from A =58 to A =
60. This is the expected behavior, because the valence space
should reach its maximum the mid-shell if both the shell
closure at N = Z = 28 and the subshell closure at N = 40
are robust. However, using the value obtained in this work
for A = 60 and the ones for A = 62 from Ref. [3], which
also agrees with the one reported by Allmond et al. [7], the
transition strength is more or less constant or even decreasing
from A = 60 to A = 62. This leads to an asymmetry around
the supposed mid-shell at A = 62 since with the increase of
the mass number towards A = 64 there is a distinct drop in
the B(E2) values. A similar behavior has been mentioned
also in Ref. [7] and has been compared to the behavior of
the Sn isotopes near to N = Z = 50, shown in Ref. [12].
It might hint at the possibility, that N = 40 is not a good
subshell closure in Ni. The robustness of the N = 40 subshell
closure has indeed been of high interest in recent studies,
especially regarding the phenomenon of shape-coexistence
around this neutron number. There have been many reports

of features, that suggest shape-coexistence starting around N
=40 and above in Ni and neighboring nuclei [13]. In a recent
study, it was shown that also ®*Ni exhibits shape-coexistence
by measuring several 0" and 2% states with high excitation
energies [14]. Furthermore, there have been high precision
mass measurements of nuclei around N = 40 that searched
for typical signs of a shell closure and which could not come
up with clear indicators [15].

For the 4]" — 2?‘ transitions the former anomalous trend that
has been present in the data of Ref. [3] disappears when the
data point taken from the newer measurement from Loelius
et al. [5] is used together with the new value from this work.
The data from Ref. [3] suggested a decrease in B(E2) values
from A = 58 towards A = 60. This has been rejected by the
more recent measurement in A = 58. Combining this with the
newly measured value for %0Nji from this work, an increase
in B(E2) from A = 58 to A = 60 can instead be reported,
which is consistent with the expected systematic behavior.
As opposed to the B(E2, 2fr — Ofr) transition strengths, the
evolution of transition strengths for the 47 — 2 transitions
shows no asymmetry towards mid-shell and above.

4.2 Comparison to Shell-Model Calculations

A recent shell-model calculation for the Ni isotopes around
A = 62 has been carried out by Loelius et al. [5], using
the GXPF1A [16] and the KB3G [17] interactions to obtain
B(E2) values. The results are also shown in Fig. 4. There, the
transition strengths labeled as GXPF1A(a) have been calcu-
lated with effective boson charges of ¢, = 1.5, ¢, = 0.5 while
for the ones labeled as GXPF1A(b) e, = 1.12, ¢, = 0.67 were
used. The values shown for KB3G were also obtained using
the standard values of e, = 1.5, ¢;, =0.5. For A =60, the newly
obtained 2]" — OT transition strength is best described by
the “standard” parameter set of GXPF1A(a). Both GXPF1A
calculations predict a strong maximum for A = 62, which is
not reproduced by the latest experimental results. The KB3G
interaction was not able to reproduce the experimental val-
ues for all Ni isotopes in that region. However, it predicts
a near constant B(E2) for A = 60, A = 62, which is closer
to the trend of the experimental values than the expressed
peak for A = 62 in the GXPF1A calculations. The failure of
the shell-model calculations to reproduce the experimentally
observed behavior around the supposed mid-shell could also
be accounted for by the aforementioned possibility, that the
N = 40 subshell closure might not be very robust. In fact,
to describe the more neutron-rich Ni isotopes, which exhibit
features of shape-coexistence, it was shown that untruncated
Monte-Carlo shell model (MCSM) calculations are needed
(for example in Refs. [14,18]). If the asymmetry is there-
fore indeed a result of these characteristics, it might even
be expected that the calculations shown here are not able to
reproduce the exact behavior.
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The predicted B(E2, 4] — 2{) is very similar for both
GXPF1A calculations and matches very well with the new
experimental value. Here also the overall description of the
isotopic chain is very well reproduced when the most recent
experimental values are used as a reference. The KB3G
calculation is again not able to reproduce the experimental
results.

5 Conclusion

The lifetimes of the ZT and the 4T states in °“Ni have been
re-measured in a Y-y coincidence RDDS experiment with
the intention to clarify the confusing situation introduced by
partly contradicting existing data. The results for the ZT state
support the older values from the Raman et al. compilation
as well as the more recent Coulomb-excitation measurement
by Allmond et al. while not supporting the longer lifetime
values from the DSAM measurements of Kenn et al. and
Orce et al. For the 4fr state a high-precision measurement was
done for the first time, reducing the uncertainty of its lifetime
significantly while also disagreeing with the lifetimes values
from the earlier DSAM measurement by Kenn et al.

The newly measured lifetimes match well with GXPF1A
shell-model predictions. Especially, the unexpected decrease
in the 4?‘ — 2?‘ transition strength as a funtion of the mass
number reported previously for the *®Ni and °ONi pair is
neither supported by the data reported here togehter with the
latest measurement in >3Ni nor the discussed shell model cal-
culations. The lack of a maximum for A = 62 in the behavior
of the 2?‘ — OT transition strengths around mid-shell seems
to be verified and can not be described by the standard shell-
model calculations. Here, further work, possibly including
large-scale Monte-Carlo shell model calculations, might be
helpful.

Likewise, a re-measurement of 4 lifetimes in “>Ni might be
interesting to confirm that the evolution of B(E2) values is
in this case indeed symmetric since the uncertainty is rather
large for this value.
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7 Summary and Outlook

In the following, a brief conclusion and an outlook on further developments and future prospects
of the work presented in chapters will be given. The aim of this thesis was the development
and commissioning of a new (three-foil) plunger and of auxiliary techniques as well as the
analysis of lifetime measurements of two nuclei in different regions of the nuclear chart. The
different topics led to three publications and one manuscript that has been submitted for

publication.

7.1 Development of the CoCoDiff plunger

The CoCoDiff three-foil plunger has been newly designed, built, tested and commissioned during
this thesis. The first experiment using the CoCoDiff plunger has been the measurement of
lifetimes of the first two excited states in *°Cr at the Cologne FN Tandem Accelerator. For this
experiment, a new dedicated target chamber for the CoCoDiff plunger was built. The result
for the 2f state’s lifetimes agrees very well with the literature values, proving the concept of
the new plunger device as well as of the proposed method of analysis. The new value for the
lifetime of the 4;’ state helps to decide between two different groups of literature values that do
not agree with each other by clearly favoring the literature that suggests a shorter lifetime value.
After this successful measurement, the plunger could be reported to be operational. However,
sonie revisions have been proposed to improve the handling of the device, e.g. a different way to
mount the stopper foil, which have been implemented after the commissioning run.

To be able to use the advantages of the new plunger to the full extend, also a new version of
the Cologne plunger software has been developed prior to the commissioning experiment. The
main focus was put on the remodeling of the motor control. As described in chapter [I.2] the
previous version of the software was initially written for the Cologne Coincidence Plunger which
has not only a motor but also an additional piezo stack as well as an inductive distance probe.
Both of those have been omitted in the compact plunger design for the sake of reducing the size
and amount of material to reduce -ray absorption. Therefore, the motor is now not only used
to set the desired distance but also to read out the distance and keep it constant with the help
of a feedback system. This means that the precision with which the motor is controlled had
to be increased, which was realized with the new software bundle by changing from an open-
loop approach to a closed-loop approach and by changing large parts of the software routines
relating to the feedback system and the distance calibration. The latter could be improved
quite drastically by a more precise way to reach the desired positions, which also improves the
determination of absolute distances with the capacitance method. The new software can also be
used for the GALILEO plunger, which existed prior to this work but was still using the non-

optimized software of the Cologne Coincidence Plunger.

The CoCoDiff plunger will be used in an upcoming campaign at the LNL together with the
AGATA detector array [77] and the PRISMA magnetic spectrometer 78] [79] [80]. For this
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Target

Beam
Degrader

Grazing angle

\Targetchamber

Figure 16: Left: Schematic drawing of the set-up of the CoCoDiff two-foil plunger version at the
PRISMA magnetic spectrometer under a certain grazing angle a for multi-nucleon transfer reactions.
Right: CAD drawing of the CoCoDiff two-foil plunger version in the target chamber for PRISMA with a
dedicated rotatable holding structure.

campaign, some adaptions where made to the plunger. For more flexibility, it was made possible
to also use it as a regular two-foil plunger. For experiments using PRISMA, the plunger
(together with PRISMA) is usually rotated by the grazing angle of the reaction with respect
to the beam axis to maximize the amount of recoils that can enter the PRISMA magnet (see
Fig. . To keep the angle constant during the experiment, the target has to be fixed and
the degrader has to be movable. Moreover, the diameter of the degrader foil was increased to
maximize the acceptance angle with which the plunger can be used. At the time of writing,
several experiments using the new plunger device have been proposed by different working

groups and have been accepted for the upcoming experimental campaign.

7.1.1 Further developments of plunger devices and plunger software package

After the successful commissioning of the CoCoDiff plunger, other dedicated two-foil plunger
devices based on the same design have been developed in collaborations with the Physics De-
partment of the University of Jyvéskyld, Finland (JYFL) and Argonne National Laboratory,
USA (ANL). The Advanced Plunger-Particle detector Array (APPA) is designed to be used at
JYFL. It fits inside the JYtube particle detector array in a dedicated target chamber and can
be used with the JUROGAMS3 [81] detector array and either the MARA [82] or RITU [83] re-
coil separators. A commissioning experiment has successfully been carried out and a complete
campaign with the new plunger is planned. The integrated Cologne Argonne Plunger Setup
(iICAPS) can be mounted inside the MICROBALL detector and can be used with the germa-
nium arrays GRETINA [84] or Gammasphere [85] together with the recoil separators FMA [86]
or AGFA [87], located at the ATLAS facility at ANL. A commissioning experiment for iCAPS
was done by measuring lifetimes in 19Sn using the reaction 2C(1%6Cd,'%Sn)®Be. GRETINA
was used for the detection of y-rays while MICROBALL surrounded the plunger to detect the
2 « particles from the decay of the ®Be reaction product as a trigger for GRETINA. Since the

successful commissioning, several further experiments using the iCAPS plunger have been carried
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R ol

Figure 17: Left: The compact APPA plunger inside the JYTube particle detector at JYFL. Upper
right: Newly developed compact plunger software running with the APPA plunger with JYTube and the
JUROGAM ~-detector array. Lower right: The compact iCAPS plunger.

out successfully. For both devices a new stand-alone version of the plunger software package has
been developed based on the CoCoDiff software and the closed-loop approach. This package has
been delivered to JYFL and ANL and has been used successfully in the commissioning experi-
ments for both new plunger devices and a following plunger campaign at the ANL. Since the new
software version together with the respective compact plunger is used at different laboratories
by different collaborators, a comprehensive manual for the usage of the software and the general
set-up of a compact plunger measurement has been written and is given in the appendix of this

work.

Cologne Coincidence Plunger

For the Cologne Coincidence Plunger, a complete working software package using the open-loop
motor control exists and has been in use for many years. However, in the recent time, problems
with the motor of the plunger became obvious, which required changes in the software. It has
been observed that over time the traveled distance for a selected number of step cycles decreased
magsively, probably due to abrasion effects. This effect became more severe until the motor could

not be moved with step sizes <bum. To overcome this, for the Cologne Coincidence Plunger the
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motor control was also changed to a closed-loop approach, based on the new compact plunger
software. The applied voltage is automatically adjusted to keep the travel distance constant
and abrasion effects are therefore countered without the need for the user to interfere. As an
additional bonus, the closed-loop motor movement allows for a much faster distance calibration
process and helps to increase the precision in the calibration since the calibration points can be

reached more precisely.

HISPEC Plunger

o |

Rename Position

—
—

Figure 18: View of the HISPEC plunger device (left) and the front panel of the dedicated motor control
software with the possibility to move all three piezo motors simultaneously or separately for the alignment
of the foils.

A new plunger device for the use at the Hlgh-resolution in-flight SPECtroscopy (HISPEC)
and DEcay SPECtroscopy (DESPEC) branches of the upcoming Facility for Antiproton and
Ton Research (FAIR) had been developed and built prior to this work. However, no software did
exist to run experiments with the new device.

The HISPEC plunger was especially designed for the use at FAIR. Due to the large diameter of
the future radioactive beam at FAIR, the foils need to have a much larger diameter (about 10
cm) than in other plunger devices. At the same time, the plunger has to be able to maintain
the same precision as other plungers. To follow these requirements, a design was chosen, where
three precise step motors of the type used in the Cologne Coincidence Plunger are used to move
the target foil (see Fig. . The software controlling the movement of the plunger had to ensure
that all three motors move simultaneously. Therefore, the step size of all three motors has to
be precisely identical and the usage of the closed-loop approach to control the motors becomes
even more important. With the open-loop approach, the design of the plunger could not work

without further sensors that monitor the movement of each motor independently. At the same
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7.1 Development of the CoCoDiff plunger

time, the three-motor setup can be used to align the plunger foils very precisely, for which each
motor has to be able to move independently.

A new software has therefore been written on the basis of the compact plunger software, where
the user can lock and unlock the movement of certain motors. After the alignment process,
all motors are automatically locked together and move simultaneously for the rest of the

experiment, thus keeping the parallel alignment untouched while moving.

7.1.2 Work in progress and future developments

Plunger Foils

—

Pulse Out B Out

Trigger Uni In
| In

Trigger in
Pulse Generator Log. Shap. Amplifier Lin. Gate & Stretcher
& Delay Aio

—

DAQ Card

Figure 19: Plunger control circuit using several NIM modules for pulse processing.

Wirebox

Since the CoCoDiff plunger is designed to be multi-purpose and it is planned to be used at
different laboratories, it is of interest to also realize a compact solution for the plunger control
system to simplify the transport of the device. One measure that has been applied is the exchange
of PCI data acquisition (DAQ) cards for USB DAQ cards, making it possible to use a laptop for
the plunger control system instead of a desktop PC. In the current version, the largest footprint
of the complete system stems from the use of external (NIM) modules for the feedback system.
They are used to apply the voltage signal to one foil and to process the induced voltage signal
on the other foil (see Fig. [19). All in all four NIM modules are needed for the operation. To
further reduce the footprint, a new way to measure the capacity has been implemented, based
on the method explained in Ref. [88]. Briefly summarized, the pulsed voltage signal is being

replaced by a high-frequency alternating voltage in the form of a sine wave. In an A/C circuit
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a capacitor acts as an impedance, meaning the amplitude of the A/C voltage measured over a

resistor behind the second foil if the signal U is fed to the first foil is given by

1
Uout X UZ”E (21)

and is therefore still proportional to the distance between the foils. The A/C voltage behind the
second foil can be directly fed into the DAQ card without the need for an amplifier and other
modules needed for timing and pulse shaping purposes. Since the DAQ card can also deliver a
simple A/C sine voltage to the first foil, no more NIM modules are needed.

A software version applying these principles has been developed and first tests show that it
results in a precision that is comparable to the version using the NIM modules. However, the
A/C signal delivered by the DAQ card can be assumed to be less stable than the pulsed signal
of a specialized pulser NIM module. Therefore, the current version of the software integrates
the amplitude over several sine cycles for a single step in the feedback system. It might also
be appropriate to simultaneously measure the delivered signal and compare it to the resulting
signal at the second foil to correct for deviations in the incoming signal. This feature will be

implemented in the future.

7.2 Optical plunger foil distance measurement method

A new method has been proposed to precisely measure the absolute plunger foil separations
directly with a modern optical sensor. It has been tested and compared to the capacitance
method, which is well established but prone to systematic uncertainties, as well as against a
distance measurement using known lifetimes in '®'Ta in a Coulomb excitation experiment. The
results show, that the new method produces very precise measurements.

The new optical method has since been established for Cologne plunger measurements and
has been used in several experiments with the Cologne Coincidence plunger where absolute
distances were needed (e.g. for the measurement reported on in Ref. [89]).

An additional use case for the optical sensor that is used in the distance measurement is the
very precise measurement of plunger foil thicknesses. For this, a second sensor is needed which
has recently, at the time of writing, been obtained. Using the technique described by the
manufacturer [90] a set-up for this type of measurement is currently being developed. The
plunger foil will be fixed on two connected piezo motors. These can be used to move the foil in
x- and y-direction between the two sensors to get a mapping of the complete surface of the foil.
A drawing of a prototype is shown in Fig. Since the foil thickness is usually measured as an
average over the complete surface of the foil (e.g. by weighing or energy loss measurements),
inhomogeneities in the foil can lead to incorrect assumptions for the thickness at the beam
spot and therefore to wrong parameters in the planning of an experiment. For rolled foils,
these inhomogeneties are typically in the order of 10% and can mostly be neglected. However,
if material is evaporated onto a backing foil to form a target, the inhomogeneties can become
much larger in certain cases and have to be taken into account. With the mapping of the

complete surface, a precise value will be obtained for the beam spot as well as a measure of the
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Figure 20: Prototype for a thickness measurement station for plunger foils. The foils can be moved in
2 dimensions by two precise piezo motors to map the complete foil surface.

surface roughness. At the time of writing, there are still some precision elements missing for
the completion of the set-up, which are needed to adjust the two sensors with respect to each
other. This adjustment has to be done with a very high precision to ensure correct thickness

measurements.

7.3 Lifetime measurement in **Ce

A RDDS measurement on #*Ce has been conducted at the Cologne FN Tandem accelerator,
using the 2n-transfer reaction !42Ce(!80,60)4Ce. The lifetimes of the 47,67 and 3]
states have been measured for the first time as well as the effective lifetime of the 45 state.
Additionally, the previously measured lifetime of the 2] state could be confirmed with a well
reduced uncertainty. '#4Ce is predicted to be on the edge of a region of octupole deformed
nuclei with a level scheme that suggests octupole correlations for this nucleus as well. Therefore
the extraction of B(E1) values from the newly measured lifetimes has been of great interest
and indeed, using known branching ratios, three E1 transition strengths could be obtained.
Especially, the 6f — 5] transition with around 1.3x1072e fm? is strongly enhanced. At the
same time, the E2 transition strength from the same state (6] — 4]) is much lower than
predicted by shell model calculations that do not include octupole deformation. As also the
R(I) values, defined in Egs. roughly double from I=4 to I=6, one can conclude that it is
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possible that a significant change in the nuclear structure happens around [=6. However, also
the other E1 transition strengths, which are in the range of 10 #efm? while being significantly
lower than the one from the Gf — B;F transition, are still enhanced and can be interpreted as
indications for octupole correlations. The mentioned R(I) value can only be calculated up to
I[=7 due to missing information about higher-lying states, but gives no indications of stable
octupole deformations. It is therefore most likely that *4Ce acts as an octupole vibrator with a
degree of freedom in 3.

For decisive evidence, however, a CoulEx measurement using a very high efficiency ~-
spectrometer to search for the 37 — 0] transition is needed to determine the branching ratio
between this transition and the 3] — 2] transition. With this, the E3 transition strengths

could be calculated from the newly measured lifetime of the 3] state.

7.4 Lifetime measurement in “°Ni

In a measurement on %“Ni it was possible to shed light on an unclear situation of contradicting
experimental results. The experiment used the DDCM and ~-v coincidences to measure the
lifetimes of the two lowest yrast states with very high precision. That way, for both states
literature values that suggested considerably longer lifetimes could be rejected. In the case of
the 2f state, a recent CoulEx measurement could be confirmed independently, further increasing
the trust also in the newly measured lifetime of the 4] state. The resulting transition strengths
match very well with shell-model predictions and resolve an unexpected systematic behavior
that occurred using older literature values. They are very important for the question of the
robustness of the N=40 subshell closure and for the question of possible shape-coexistence in
the Ni isotopes starting around N=40. The lifetime analysis of the 2f state was also used to
benchmark the handling of DSA effects with the PTBG4 simulation toolkit. Since it was possible
to re-create the experimental spectra with good precision and the resulting value for the lifetime
shows a good agreement with the latest literature value, the toolkit can be reported to be viable
to analyze RDDS experiments suffering from DSA effects at the Cologne plunger setup, for which
the toolkit is optimized.
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1 Introduction and general remarks

A software package, needed to carry out several tasks related to the operation of a plunger,
has been developed by the Cologne plunger group over several years. It’s official name
was Plunger Feedback Control for Linux (PFCL) and it was (and still is) used in different
laboratories all over the world. It consists of different programs, designed to handle the
following tasks: Moving the motor that changes the foil distance (Motor), reading out the
induced voltage signal in the foil (MCA), creating sample points for a distance calibration
(CalPoints), obtaining a distance calibration (DistCal), investigate the distance calibra-
tion curve (Spline) and finally the core task of setting distances during the experiment
with the motor and keeping them constant using a feedback system and a piezo crystal
(Feedback).

The need for a remade software package came up due to two main reasons: First, the
fact, that National Instruments, the manufacturer of the DAQ equipment used for the
plunger control decided to drop Linux support for their future releases. Second, the ad-
vent of the so-called compact plungers built in Cologne, e.g. GALILEO plunger, APPA,
iCAPS and the three-foil plunger CoCoDiff [1], which do not use any kind of additional
distance measurement probe and also omit the piezo used for the feedback system due
to spacial restrictions. Since the motor has to take over the duties previously performed
by these devices (measuring the relative distance and controlling the distance during the
measurement), the precision of the motor control had to be greatly increased by using a
closed-loop system (instead of an open-loop one, like in the older version of the plunger
software). For someone being used to the older version of the software, the main differ-
ences are that one can now set exact step widths in um in the Motor program (instead of
an abstract ”velocity” value) as well as choose precisely the step width for the Feedback
program. Another difference can be seen in the DistCal program, where the measurement
points are now reached in a more direct and precise way, which eliminates most of the
noise that was often found in the distance calibration curves, especially at close distances.
This manual is meant as a short guideline how to install the new software package for
windows and how to set up a measurement with one of the new compact plungers as well
as a short reference for the usage of the different programs. It does not claim to be com-
plete in any way. For details about the plunger method itself and the physical background

of choosing the right parameters for a measurement the reader is referred to the review
paper [2].
2 Getting ready

2.1 Installing the Software

An executable installer has been built to install the software package. To ensure a smooth
procedure it is recommended using a designated plunger control PC with a fresh install of

Windows 10 where no other NI DAQ related software is installed. It is also recommended,
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to name the user of the PC ”plunger”, to ensure the consistency of all file/folder paths,
although that is not a strict prerequisite (s. below). You will need some kind of a DAQ
card from National Instruments to make the software work, either a USB type or PCI
type one. For this manual it is assumed, that you have the complete install directory
available, including the installer and the additional directories. Before starting the install

procedure, make sure the DAQ card is connected and powered up. Then:

- run the installer.exe and keep every setting at default. You will have to restart the
PC afterwards, make sure that the DAQ cards remains connected to the system during
that.

- As the system restarts, the installer will prompt you to import configurations. Leave

everything on default and move through the steps.

- Some necessary sub-VIs can not be installed with the installer. Also the configuration
file plunger.ini does not come with the installer. To get everything working correctly, you
have to copy all folders in the install directory to C:\Users\plunger\Documents. Leave
the directory structure untouched.

IMPORTANT: If your Windows user is not named ”plunger”, you have to create that path
manually, even if this user does not exist. To be able to write in that directory (which
is necessary for most programs), you have to run all programs as a administrator in that

case, because the active user will have no rights to write there.

- After these steps, the executable of the programs can be found at C:\ Users\username\ Program
files\plunger. For convenience you can create shortcuts on your desktop and, if the user

is not named plunger, set them to be always executed as administrator.

2.2 Setting up the DAQ and Motor

After you have everything installed, you have to make sure that the names of the connected
devices match those expected by the programs. First, you have to connect the motor
controller to the PC. This has to be done using the serial port of the motor controller
and a serial-to-USB adapter. Then, open up the plunger.ini configuration file, found
at C:\Users\plunger\Documents \_plunger with a text editor. Search for the line called
”motor_port” in the section [exp_single]. Then open up ”NIMax” (which has been installed
with the installer) and search for the menu point ”Devices” at the left. There you can
find all the devices currently connected to your PC. Find out, which of these is the motor
controller (e.g. by disconnecting all devices except for one). The name of the devices
should be something like ASRL::4(COM4). Make sure that the number (in this case 4) is
the same as in the configuration file (changing it in the configuration file if necessary). Do
the same for ”daqcard_port” (which should be named e.g. Devl). Now everything should
be set up and ready to go.
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2.3 Wiring the signals

To be able to measure the voltage signal for the capacitance method you need to have the

following NIM modules ready:
e Model PB-5 Pulse Generator from BNC (or similar)
e Logic Shaper and Delay unit e.g. CANBERRA
e Spectroscopic amplifier module (e.g. ORTEC 572A)
e Linear Gate and Stretcher unit (e.g. CANBERRA 1454)

Additionally you will need the above mentioned NI DAQ card and a so-called wirebox to
feed analog signals into the DAQ card. Pulser(Pulse) — Degrader Foil

Pulser (Trigger) — Logic Shaper and Delay — Trigger input on wirebox

Target Foil — Amplifier — Linear Gate and Stretcher —

input ai0 on wirebox

Make sure to check on a scope that the pulse from the Logic Shaper and Delay output
is correctly aligned with the signal form the Linear Gate and Stretcher. The pulse has
to come in during the stretched signal. If not you can move the pulse around with the
delay unit and/or enlarge the stretched signal with the stretcher. If everything is set up
correctly you should be able to see an output voltage using the MCA program. If the
voltage is (close to) zero the pulse will likely be outside the stretched signal, if the voltage
is very unstable (jumping between 0 and some non-zero value) the pulse will likely be at

the edge of the stretched signal.

3 Setting up a plunger measurement

It is assumed, that the software is correctly installed and the wiring is correct. It is also

assumed, that the foils are already in place on the holding structure.
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3.1 Finding the electrical contact point

Start the Programs Motor and MCA. You should be able to read out the induced voltage
in MCA while changing the distance with the program Motor. Start moving the foils
together (voltage should increase!). Check optically how close you are while doing this
and adjust the step width accordingly to avoid damaging the foils. At some point the
induced voltage will jump to 10V, which is the maximum output of the stretcher module
and indicates a short circuit. This is your electrical contact point. After you moved out
of contact again (voltage is no longer 10V), it is suggested that you adjust the pre-contact
voltage using the amplifier module to a value of ~7-8 V. Thus, you will have a large voltage

range for the movement.

3.2 Parallel Alignment

At first, the two foils have to be aligned. The alignment is done with the 3 screws and
springs at the target holder and controlled optically. The way it is normally done, is by
getting to a very short distance and watch through the slit between the foils while slowly
moving the foils further together. To see this properly, a counter-light should be used.
One can normally see very well at which part of the slit the light starts to vanish first,
i.e. where the foils touch first. If the foils are aligned, this should be from the middle of
the slit and almost at the same time for the complete slit. This has to be checked from
both directions (left-right, up-down). To adjust, use the spring and screws at the three
holding points of the cone to change the orientation slightly. Make sure to not damage the
foils e.g. by moving to a safe distance where they can not touch while working with the
screws. You might also want to check frequently if the optical contact point matches with
the electrical contact point (more or less, deviations of some pm in both directions can
appear, due to non conducting layers on the foils (e.g. oxide-layers) or invisible spikes in
the foil which lead to earlier contact). Keep in mind, that aligning the foils will increase
the pre-contact voltage. It might thus be possible that the voltage signal exceeds the 10
V cutoff before the electrical contact. In this case, you have to lower the amplification on

the amplifier module. Keep adjusting the alignment until you are satisfied.

3.3 Distance Calibration

After the foils are aligned, you have to perform a distance calibration. To prepare for this,
determine again the electrical contact point (which will have changed during the alignment
process). Use the option in the Motor program to "rename position to” zero, so that the
motor reading is equal to the relative distance from the contact point. You should again
adjust the pre-contact voltage to a value of ~7-8 V using the amplifier module. Don’t

change the amplification after the distance calibration! Then, create a file with relative

If the foil separation is really large (>1mm), the voltage read out will be mostly electronic noise. You
should then decrease the separation while ensuring optically that you are not getting into close contact
until the voltage starts to increase.
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distance points, you want to sample at, using CalPoints. Here you can enter the name
of the experiment, which will create a folder for that experiment. Finally, run DistCal
to conduct the distance calibration. Enter a voltage higher then the one just before the
contact point as a limit and set the precision to e.g. 0.1. After the distance calibration,
you should inspect the calibration curve. You can start with opening the Spline program,
which automatically loads the last curve and displays it. You should also do a short
extrapolation of the linear part, to extract the absolute zero point. The offset between
this and the last point before the electrical contact is the smallest achievable plunger
distance. If you need smaller distances, go back to the alignment process and try to get a
better alignment. However, it finally depends on the material and the quality of the foils,
what the smallest achievable distance will be, due to spikes or oxide layers etc. You might

also check for removable particles on the foils, e.g. dust.

3.4 Starting the measurement

After you are satisfied with the distance calibration, start the Feedback program. It loads
the latest calibration file from the current experiment directory. You can now start setting
the desired first distance and start measuring. The tolerance setting has to be adjusted
respective to the distance which is being measured. Since for large distances the induced
voltage gets smaller, the percentage of electronic noise becomes larger and the tolerance
has to be increased. If you want to measure at very small distances like 1 um with respect
to the electrical contact, consider this to be one of the first distances, because it might be

that it can not be reached anymore after some time due to thermal deformations.

3.5 Changing the distance

To change the distance during an experiment it is important to first stop the experiment’s
data acquisition. Afterwards, start a new plunger run in the Feedback program. Then
turn off the feedback (green light button), specify the new distance and drive manually to
that distance using the motor controls at the bottom. Then, turn the feedback back on
and start a new plunger run again. That way, you have a single plunger run that contains

the motion of the motor and otherwise clean runs that only contain one distance each.
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4 Appendix - Programs of the Cologne Plunger Software
Package (CPSP)

4.1 Motor

B Motor 873 - O X

File Edit Operste Tools Window Help
-
» D @ 3

Motor(E873)

De a PNL reference run

o |

Move to Position (absolute]

The Motor program is used to send movement commands to the motor controller
and eventually to the motor itself. It uses a closed-loop approach, which means, that the
controller receives a command to move a step in physical units and handles the adjustment
of the voltage given to the motor internally, by checking the motion of the motor with the
internal optical distance measurement.

It is possible to calibrate the motor for absolute movement (left side of the program
interface). For this, the motor has to be able to travel the complete travel range, which
is in general not possible when it is used in a plunger. After this, the position readout of
the motor is equal to the ”real” position of the motor.

For a plunger measurement, relative movement is normally what we want to use (right
side of the interface). There one has the possibility to send the desired step size to the
motor, either by using the "wheel” for step sizes from -7 to 7 um or by entering a manual
step size, e.g. if larger distances need to be traveled. ATTENTION: Larger steps can
obviously damage the target and degrader, if the separation is too small. Also, make sure
that the motor moves in the direction you expect it to before moving larger steps. If
you disassembled the plunger lately or changed the motor direction in the plunger.ini, the
directions of "+” and ”-” might have changed. In the standard configuration ”-” decreases
the separation between the foils while ”+” increases it.

Finally, it is also possible to set the position readout to a certain value (only in relative

mode). This does not lead to a movement but just renames the position.
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4.2 Voltage Readout (MCA)

& kp-mca - O ®

|

£n

UHHEEEEEEEE

The MCA program reads the induced voltage from the input specified in plunger.ini
(default: ai0). The measurement is triggered by the external trigger connected via the
trigger input, therefore it only works if said trigger is present and the signals are correctly
tuned (see above). The voltage is displayed numerically and at the same time is written

into a histogram together with the last measurements to help judging if the signal is stable.

4.3 CalPoints

E IKP - Create Distance List for Calibration X
[ 3
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CalPoints is used to create a file with distance points, which can be used by the DistCal
program to determine at which points it conducts its measurement. Since the change in
voltage becomes larger at small distances and at the same time these small distances are

more important for the determination of the absolute zero point, the function
Point, = Point; + e**" (1)

where k can be chosen by the user to determine how many points will be created, is used to
ensure that the spacing between points gets smaller closer to the zero point. More points
are generally better, so a value around 0.15 or smaller is recommended, especially as the
new version of the DistCal program works quite fast compared to older versions. Also,
the first and the last point that should be used for the calibration have to be specified.
Note that these points correspond to the reading of the motor. Therefore, if you have
set the motor reading to zero at the electrical contact point, the first point to use for the
calibration should always be 0. Lastly, the user can enter the name of the experiment
here, which creates a folder with that name and uses this folder in the following steps of
the set-up in the other programs of the CPSP. The path to the folder will be written to

the plunger.ini configuration file.

4.4 DistCal

Initialize Modules ...

" " ! ! v v
82 20 -78 76 -4 -T2

Distance
[Distance 8w
Imducad Voltage | & 1211

DistCal performs the calibration between (relative) distance and induced voltage.
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Therefore it drives the motor to the calibration points specified in CalPoints, measures the
respective voltage and writes these values to a file. It automatically aborts the measure-
ment if the voltage is larger than the maximum as specified by the user or if the closest
calibration point is reached. The result of the measurement is plotted ”live” while it is
being conducted. The file with the calibration points is automatically loaded from the
experiment directory specified in CalPoints. If another file should be used, the experi-
ment path can be reset manually in plunger.ini. The user has to specify the name of the
resulting file with the calibration values and the abortion voltage. After the calibration
is finished, DistCal writes the path of the created file to plunger.ini, for the Spline and

Feedback programs to read from.

4.5 Calibration Curve Investigator (Spline)

& IKP - Invesitgate DistCal — O X

Spline

last update: 10-23-2011

) Read plunger.ini

path to distcal-file

, C:\Users\plungen Documents\ )
pfcl2017\data\128C5\ g

-1233  chosen calibration point

Delete this calibration point

01-7 0 I | ! D | | | |
250 200 -150 10 -5 0 50 100 150 200 250
distance
AP o PRI ’Hl—
1335 0503525
_J plot 1Voltag  |1/Voltage 8 av|rry

§§ | walk through the calibration paints

Quit VI

Spline is used to look in detail at the calibration curve created by DistCal. It auto-
matically loads the last file created in the experiment directory. To estimate the absolute
zero point by extrapolation it is best to plot the values by 1/U. One can also use Spline
to remove certain points from the calibration file. If changes have been made, Spline asks
the user if they should be changed when the program is closed. Otherwise the original
status of the calibration file is restored. Spline keeps a copy of the original file, too, with

an added label of the date and time it was saved.

4.6 Feedback

Feedback is the core program of the CPSP. It is used during the measurement to keep the
distance constant. It automatically reads the last DistCal file from the current experi-
mental directory. Under the tab ”DistCal” one can check the calibration file. At the start
of the experiment, one has to enable the ”expert mode” by clicking the respective button

under the ”Config” tab to be able to specify the feedback and motor step widths. By
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default, both are set to 0. The desired distance can be chosen at the top of the GUI. This
will not change the actual distance, however, but only set the distance for the feedback
system. To change the distance, one has to move the motor manually using the buttons at
the bottom left. To start the feedback system, one has to press the green button next to
”automatic feedback control”. The user can also specify the tolerance, which is displayed
in the plot around the desired distance. The plot also shows the continuously measured
distance, calculated from the induced voltage using the calibration file. The displayed
feedback range limits the feedback system to a travel distance of 10pum in each direction
to protect the foils in the case of unforeseeable events like a breakdown of the induced
voltage. In the case of a contact, e.g., the motor The feedback range can be reset by the
user by manually pulling the marker back to 0. This will not cause a movement of the
foils. In case the limit is reached in any direction, the feedback system will automatically
be turned off and an error message will be prompted to the user. If the user made sure
that no voltage breakdown etc. has occurred, the range can be reset and the feedback
system can be turned on again. The feedback step width can also be chosen by the user

and should always be chosen to be equal or smaller than half of the tolerance.
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