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Conversion electron spectroscopy is a valuable tool in nuclear structure studies, but the complex spectra
resulting from the high density of levels in the spectra of heavy nuclei make it difficult to extract the most
beneficial information from singles measurements. This work reports on the transformation of ICEBall, which
was a mini-orange spectrometer that was used in coincidence with various Germanium detector arrays, to the
improved fInternal conveRsion Electron Ball (fIREBall) spectrometer for the improved measurements of EO
transitions and conversion electron coefficients. A combination of FreeCAD, COMSOL, and Geant4 simulations
were implemented to optimize the geometries for the magnet filters used in the spectrometer to significantly
improve the efficiency of electron collection in the energy range of interest 200 keV-1 MeV. The array of
six mini-orange Si(Li) detectors are to be replaced with six new, thicker Si(Li) detectors. Experimental tests
reported here show a peak improvement in absolute efficiency from 2.8% to 5.3% for the 482 keV K electron
line in 297Bi for a single magnet filter and detector pair.

1. Introduction

Conversion electron spectroscopy and the measurements of EQ tran-
sitions are valuable tools for nuclear structure. Conversion electron
and gamma spectroscopy in-coincidence measurements can be used to
clearly identify specific transitions and their conversion coefficients [1].
Enhanced EO transitions between 0% states have long been recog-
nized as definitive proof for co-existence of different shapes. The open
question in nuclear structure regarding the existence and onset of
collectivity for the low lying K = 0% excitations continues in spite
of abundance reaction rates and lifetime measurements. A review by
Heyde and Wood [2] pointed to the measurements of EO transitions
as the additional potentially convincing evidence for distinguishing
between the interpretation of low-lying K = 0% states as collective
excitations or the minima of coexisting shapes in the spectra of well
deformed nuclei.

The development of techniques for conversion electron spectroscopy
in singles have excelled with high precision conversion electron mea-
surements such as the BILL spectrometer [3] at Institut Laue-Langevin
in France. The singles electron measurements, however precise, result
in very complicated analyses. More recent developments have been
towards coincidence measurements of electrons and gamma-rays. The
potential of utilizing magnetic fields to separate electrons of different
energies has been known since the early 1900s [4]. An early design by
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Rutherford used a parallel pole electromagnet to create a nearly uni-
form magnetic field to deflect electrons in a semi-circle trajectory [5].
A search for more efficient ways of generating uniform magnetic fields
led to the incorporation of solenoid magnets in spectrometers [6-10]
called “lens spectrometers”. These setups directed electrons in a helical
trajectory and used lensing and baffle systems to filter out a specific
energy.

An alternative method eventually emerged which was to arrange
electromagnets like pieces of an orange to create a magnet filter. The
magnet filters in this “orange spectrometer” setup created a toroidal
magnetic field to direct the electrons. These designs allowed the source
and the detector to be placed outside of the magnetic field [11-13] and
showed an improvement in detection efficiency and resolution over the
solenoidal designs [14].

However, the potential of these early spectrometers was limited
by some drawbacks. The size of the electromagnets required large
enclosures, resulting in an overall large physical size, and meant that
other detectors could not be placed close to the source/target. The use
of iron and copper in the electromagnets also caused gamma rays to
be scattered. These drawbacks reduced the quality of gamma spectra
that could be obtained, rendering coincidence measurements nearly
impossible. Furthermore, these spectrometers were limited to detecting
electrons of a single energy. Electron spectra were obtained by chang-
ing the magnetic field strength multiple times to sweep over desired
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Fig. 1. A single mini-orange magnet filter and Si(Li) pair in ICEBall. The tungsten absorber blocks the direct paths from the source to the detector while the magnet wings create
a field of magnetic lines that electrons follow towards the detector. An example trajectory of an electron is drawn in blue. The distance from the target to the detector is 72 mm,

indicated by the green scale on the bottom left.

Fig. 2. The interior of the ICEBall array at the Nuclear Science Laboratory at the
University of Notre Dame with all six magnet filters and Si(Li) detectors present (labeled
in green). Everything is precisely positioned around the target ladder (blue). The beam
direction is labeled in gold.

electron energies, which made in-beam experiments time-consuming
[14].

New spectrometers were developed to take advantage of the in-
creased availability of semiconducting detectors which allowed simul-
taneous detection of electrons over a wide energy range with good
energy resolution. Solenoidal spectrometers began incorporating super-
conducting solenoids to create stronger magnetic fields [15-18]. These
superconducting solenoids were highly efficient at detecting electrons
over a wide energy range, but were also susceptible to high background
from gamma rays, delta rays, and heavy particles [14].

The mini-orange spectrometer was pioneered by van Klinken as a
successor to the orange spectrometer. Like its predecessor, the mini-
orange spectrometer also utilized magnet filters to create a toroidal
magnetic field to filter electrons and direct them towards a detector.
However, the difference was that the magnetic field was generated by
using small permanent magnets mounted on a central absorber [19].

Like the superconducting solenoid, it was able to detect electrons over
a wide energy range. While it was less efficient than the superconduct-
ing solenoid at detecting electrons, the mini-orange was superior in
rejecting the unwanted gamma rays, delta rays, and heavy particles.
Its compact size and simple construction also allowed it to be easily in-
tegrated in gamma ray detector arrays, making it ideal for coincidence
measurements [20].

The ideal configuration of the magnet filters has been an area
of exploration within the development of mini-orange spectrometers.
The number of wings, the shape of the magnet, and the composition
material are all parameters that can affect the magnetic field gen-
erated from the wings. This directly affects the detection efficiency
of conversions electrons as different magnetic field strengths can be
optimal for directing different ranges of electron energies towards the
detector [21,22].

Alternative methods have also emerged during the evolution of
spectrometers. The spectrometer in Warsaw, Poland by Andrzejewski
utilizes both a mini-orange magnet filter and a solenoid magnet to
combine the advantages of the two methods [23]. The Australian
National University has developed multiple spectrometers, each with
unique approaches. One spectrometer incorporates the lens system with
a superconducting solenoid [24] while another uses an electrostatic
analyzer rather than a magnetic field to focus electrons [25]. The
SPEDE spectrometer at CERN is unique in that it forgoes using fields
completely to direct the electrons [26]. The original solenoid and
orange spectrometer methods have continued to be used with some
success. The SAGE spectrometer at the University of Jyvaskyla [27] and
the double orange spectrometer at the University of Cologne [28] are
notable examples. These newer spectrometers have also been designed
to allow coincidence measurements with gamma rays. Throughout
these advancements, the mini-orange spectrometer has remained a pop-
ular method for conversion electron spectroscopy at various facilities
[29-34]. In recent years, new mini-orange spectrometers have contin-
ued to be developed and used in experiments, including SPICE [35-37]
at TRIUMF in Canada, the spectrometer at Sri Sathya Sai Institute of
Higher Learning [38-40] in India, and SLICES [41,42] at the Legnaro
National Laboratory in Italy.

Many of these spectrometers have used Si(Li) detectors as the
primary detector choice due to silicon’s low atomic number allow-
ing for less backscattering [43]. In recent years, the use of silicon
drift detectors (SDD) for conversion electron spectrometry has gained
traction [44-49]. These detectors have the advantage of performing
high-resolution measurements without liquid nitrogen cooling. While
they are currently limited to low energy measurements, further devel-
opment could lead to them becoming a viable detector option in the
future.

The goal of this work was to build on the advances made for mini-
orange spectrometers by using a combination of FreeCAD, COMSOL,
and Geant4 simulations to improve on the efficiency of such a system.
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Fig. 3. 2-D snapshot of the magnetic field map simulated by COMSOL for one of the diamond shape magnet filters in ICEBall. This snapshot was taken at the middle plane of

the filter indicated on the left figure by the blue line.

Diamond shape

Test shape

Fig. 4. Design constraints employed for the magnets based on the dimensions of the original diamond shape. The length and height of all magnet designs was restricted to a
maximum of 35.92 mm due to the constraints of the spherical chamber. The thickness was also initially fixed to be uniform at 3.125 mm before that restriction was lifted.

This work started with the Internal Conversion Electron Ball Array (ICE-
Ball) at the Nuclear Science Laboratory (NSL) at the University of Notre
Dame. ICEBall contains closely packed Si(Li) detector arrangements in
a small volume to allow close placement of Ge detectors to enhance the
e-y coincidence efficiency. The aim was to use simulations to improve
on the efficiencies of the electron measurements.

2. ICEBall

ICEBall is a mini-orange spectrometer that was developed by Sal-
adin and Metlay at the University of Pittsburgh in the 1990s [20]. It
was designed to be used in coincidence measurements with gamma rays
to improve identification and characterization of electromagnetic tran-
sitions depopulating excited states created in various nuclear reactions.
In the early 2000s, it was moved to the Wright Nuclear Structure Lab-
oratory at Yale University to be used with the YRAST Ball array [50].
During this time, ICEBall also saw use with the Spin Spectrometer at
Oak Ridge National Laboratory [51] and Gammasphere at Argonne
National Laboratory [52]. In 2010, it was moved to its current location,
the NSL at the University of Notre Dame [53,54].

ICEBall consists of six Si(Li) detectors with six mini-orange magnet
filters. A single pair consisting of a magnet filter and a Si(Li) detector
is shown in Fig. 1. The Si(Li) detectors have an active area of 750 mm?
and a thickness of 5 mm. The front is also covered with a thin aluminum
Mylar foil. The magnet filter is positioned over the detector by a set
of aluminum magnet holders. The filter consists of a central absorber
made of tungsten and three diamond shaped SmCos; magnet wings,
each with an area of 645.16 mm? (1 in?) and thicknesses ranging from

3 to 4 mm. The tungsten absorber blocks the direct path from the
source to the detector, blocking gamma rays, delta rays, and heavy
particles. The field from the magnet wings bend the trajectory of
electrons to increase the likelihood of them hitting the detector. The
aluminum Mylar foil further helps by blocking low energy delta rays
and secondary electrons. These six pairs are carefully positioned around
a target mounted on a carbon graphite ladder that extends into the
center of the chamber (Fig. 2). The distance from the target to each
Si(Li) detector is 72 mm.

3. Magnet filter optimization

A major aspect of the increased electron detection efficiency is at the
core of the transformation of ICEBall to fIREBall. It was speculated that
significant improvement could be achieved by redesigning the magnet
shapes that were used in the filters. The viability of using simulations
to assess the performance of magnet filters was demonstrated in the
development of SPICE (TRIUMF) [55] and SLICES (LNL) [41]. This
work was inspired to follow suit and sought to similarly develop a set
of simulations to fully test the viability and the resulting efficiency of
implementing a wide variety of magnet shapes.

While Geant4 [56] is able to simulate the detection of electrons,
it could not contribute to the calculation of magnetic fields resulting
from the varying geometries of the magnet filters. Thus, it was used
in combination with additional software to develop a simulation that
could properly emulate a mini-orange spectrometer. FreeCAD [57] was
used to construct the geometric designs of the magnet filters of varying
shapes. The geometry was exported and loaded into COMSOL [58] to



K. Lee, C. Dulal, W. Tan et al.

Table 1

Conversion electron lines and their respective intensities that were considered for
analysis. Energies and intensities were obtained from the evaluations done by NNDC
based off of [59,60]. The 267 keV and 350 keV electron lines are a combination of
several lines that were close to each other, with intensities used as weights. The total
intensity was used for those two lines. The corresponding gamma energies are also
listed. The radioactivity of each source was measured on March 4, 2021.

Source Activity (Bq) E, (keV) Ecp (keV) Intensity (%)

133Ba 6720(68) 276.4 240.414 0.329(5)
302.851 267.343 0.760(12)
356.013 320.028 1.309
356.013/383.849 350.043 0.421(2)

207Bj 9508(40) 569.698 481.694 1.537(22)
569.698 553.837 0.442(6)
1063.656 975.651 7.08(17)
1063.656 1047.795 1.84(5)

simulate the magnetic field generated from the magnet wings, which
could then be exported as a 3-D field map (A 2-D snapshot is shown
in Fig. 3). The geometry and the field maps were then imported into
Geant4 to simulate the detection of electrons.

When generating the magnetic field map with COMSOL, the mate-
rial of the magnet and its remanence (B,) are needed as input param-
eters. While the current diamond shape magnets are made of SmCos,
decisions were made to use grade N52 neodymium (Nd,Fe;,B) for the
new magnets. The remanences for SmCog and grade N52 neodymium
magnets are around 1.1 T and 1.46 T, respectively. These values were
initially used when creating the field maps with COMSOL.

An example is illustrated in Fig. 4 with a few design constraints
while designing the magnet shapes. These constraints were necessitated
by the size of the ICEBall chamber and based off the dimensions of the
original diamond shape magnets. Given that the maximum horizontal
and vertical reach of the diamond shape was 35.92 mm (\/5 in), it
was decided that the length and height of the magnet designs at any
point could not be greater than that same 35.92 mm in keeping with
the external spherical chamber. The thicknesses of the magnets were
also initially fixed to be uniform at 3.125 mm (1/8 in), based off the
thickness of one of the original diamond shape magnets. However, that
constraint was later removed to explore other potential shapes.

The simulation setup initially consisted of a single magnet filter
and the active area of a Si(Li) detector inside a spherical chamber (top
figure in Fig. 5). It was assumed that the efficiency was the same for
all six detectors and the total efficiency could be approximated as six
times the efficiency of one detector. The simulation was also designed
to emulate the use of an electron source rather than a specific nuclear
reaction. As such, parameters such as the beam direction and the
angular distributions were not considered and electrons instead were
generated at the center and fired at random directions over 4x. Each
simulation run started with firing 1 000000 electrons at 0.1 MeV. The
absolute efficiency was obtained by tracking the number of electrons
that hit the detector out of the total electrons fired. The energy of the
electrons was then increased by 0.1 MeV and this process was repeated
ten times until efficiencies were obtained over a range from 0.1 to
1.0 MeV. The simulation aimed to optimize the following parameters:

1. Cross-area shape of the magnet (max area of 1290.25 mm?)

2. Number of wings (ranging from 3 to 6)

3. Thickness of the magnet (allowed to vary between 2 mm and
20 mm)

Approximately 500 different shapes were designed and tested using
the simulation. Efficiency curves ranging from 0.1 to 1.0 MeV were
obtained for every shape by plotting the efficiency against energy.
Three shapes were then chosen and manufactured by Electron Energy
Corporation to be experimentally tested. Each shape was intended for
the following energy ranges (Fig. 6):

1. Shape 1: “Low energy” range (0.2-0.4 MeV)

Nuclear Inst. and Methods in Physics Research, A 1052 (2023) 168288

Initial

Fig. 5. Geant4 simulation setups were used to test the various magnet shapes. The
top figure shows the first version that was used to test new shapes. The bottom figure
shows the final version that was used to test the three chosen shapes after adding in
the rest of the geometrical elements. Both versions consist of a single Si(Li) detector
(active area in green, housing in cyan, foil in gray) and a magnet filter (magnets in
gold, absorber in blue). The target ladder (gray) is also added in the final version as
it could interfere with the trajectory of the electrons.

2. Shape 2: “High energy” range (0.7-1.0 MeV)
3. Shape 3: “Overall” (0.2-1.0 MeV)

4. Comparison with simulation results

Experimental tests used a single magnet filter and Si(Li) detector to
test the setup used in the simulation. In order to allow comparison with
experiment and determine the improvement achieved by the three cho-
sen magnet shapes, one of the current SmCos diamond shape magnet
filters was also included in this experiment. Three wing configurations
were used for each shape. Two radioactive sources, 133Ba and 297Bi,
were used for this experiment. Each source was mounted on the target
ladder and positioned at the center of ICEBall. Data was collected in
90 min runs using a mesytec MDPP-16 module [61] with each source
and each magnet shape. An example spectrum is shown in Fig. 7.

Table 1 lists the measured activities of the two radioactive sources
used and the eight electron lines from the spectra that were considered
for analysis. The activities were measured using a HPGe detector and
three different sources with known activity and date of origin, 152Eu,
60Co, and a different 133Ba. The three sources were used to obtain
an efficiency calibration of the detector, which was then used to
calculate the activity of the 133Ba and 297Bi sources used in the magnet
filter tests. Information on the energies and intensities were obtained
from [59] for 133Ba and [60] for 297Bi. For the 267 keV and 350 keV
electron lines, there were several other electron lines listed that were
close in energy. For those two cases, an average electron energy was
calculated using the intensities as weights and the sum of the intensities
was used as the overall intensity of that electron line.
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Fig. 6. From left to right: Shape 1, Shape 2, and Shape 3. From simulation results, shape

1 was intended for a range of 0.2-0.4 MeV, shape 2 was intended for 0.7-1.0 MeV,

while shape 3 was intended for an energy range of 0.2-1.0 Mev. The efficiencies of each shape can be seen in Fig. 8.
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Fig. 7. Spectra of 13*Ba and 2*7Bi obtained while testing one of the magnet filters. The exact energies and intensities of the eight peaks are shown in Table 1.

The following formula was used when calculating the absolute
efficiency:

Counts
Ix A x Time

Efficiency = m

where Counts is the total number of counts in the energy of interest, I
is the intensity of the electron, A is the activity of the source, and Time
is the run time. This was used to calculate both the efficiencies from
the magnet filter tests and the activity of the 133Ba and 2°7Bi sources
used in those tests. For all of these measurements, RadWare [62] was
used to obtain the number of counts in every energy peak by applying
a skewed Gaussian fit.

The simulations were further refined to better represent the spec-
trometer in ICEBall. Precise measurements of the alignment of the
magnet wings with the absorber were made and accounted for in
the CAD geometry. A gaussmeter was used to measure the magnetic
field strength at the center point on the surface of each magnet wing.

COMSOL was used to estimate an approximate remanence for each
magnet from the measured magnet field strength. Table 2 lists the
approximate remanence obtained for each magnet. While Shapes 2 and
3 had a remanence that was close to the initial value (1.46 T) used in
COMSOL, Shape 1 was found to have a lower remanence. The diamond
shape was found to have a higher remanence than the initial value (1.1
T). These remanences were re-inputted in COMSOL to generate a more
accurate field map. In the Geant4 setup, every geometrical element that
could potentially block an electron’s path to the detector was included,
such as the magnet filter holders, the end of target ladder located in
the center of ICEBall, the complete housing of the SiLi detector, and the
aluminum foil (bottom figure in Fig. 5). Simulations of the three chosen
shapes were rerun at the energies from the two radioactive sources
(Table 1) to obtain updated efficiency curves that could be plotted with
the ones from experiment to allow a direct comparison.

Fig. 8 shows the comparison of the absolute efficiency curves ob-
tained from the simulation and experiment for the three chosen shapes.
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Fig. 8. Magnet filter configuration and the associated efficiency curves obtained from simulation and compared with experiment. From top to bottom, each row corresponds to

Shape 1, Shape 2, and Shape 3.

Table 2

Remanence (B,) of each magnet wing used in the experimental tests. While the
remanence for Shapes 2 and 3 were close to the initial value (1.46 T) that was used
in COMSOI, Shape 1 was found to have a lower remanence. The diamond shape was
found to have a much higher remanence than the initial value (1.1 T).

Magnet shape Remanence (T)

Diamond 1.48(3), 1.50(3), 1.51(3)
Shape 1 1.27(3), 1.25(3), 1.28(3)
Shape 2 1.47(3), 1.47(3), 1.51(3)
Shape 3 1.52(3), 1.54(3), 1.54(3)

Shape 1 showed the best agreement between its simulation and exper-
iment efficiency curves out of the three shapes. The relative difference
between the two efficiencies was the largest at 10% for the 481 keV
electron line while it was within 7% for the other seven electron

lines. Shape 2 showed reasonable agreement between its two efficiency
curves. With the exception of the 320 and 350 keV electron lines from
the 133Ba source where the relative differences were nearly 30%, the
differences for the remaining six electron lines was within 15%. Shape
3 was the most polarizing with the efficiencies from the 207Bi source
differing by less than 4% relatively, but those from the 133Ba source
differing by nearly 50%. It is possible that given the exotic geometries
of Shape 2 and Shape 3, COMSOL is currently unable to accurately
simulate the magnetic field generated. This would affect the efficiencies
for the lower energy points more than the higher energy points as lower
energy electrons are more susceptible to changes in the magnetic field.

Fig. 9 shows the comparison of the experimental efficiency curves
for each shape along with the SmCog diamond shape. Overall, Shape 2
outperformed all of the other shapes by achieving an absolute efficiency
of at least 2% for five out of the eight energies (350 keV and above),
reaching a peak absolute efficiency of 5.3% at 482 keV. This was nearly
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Fig. 9. Efficiency curves obtained from experiment for each shape, including the SmCos diamond shape. The diamond shape has a higher efficiency than two of the chosen shapes

at 482 keV and above, but not as high as the final chosen shape.

double the absolute efficiency of the diamond shape at that energy
(2.8%). Shape 1 was the best performing shape for the low energies
(267 keV and below), reaching a peak absolute efficiency of 2% at 240
keV, roughly doubling the absolute efficiency of the diamond shape at
the same energy (1.0%). While Shape 3 was intended to be the one
that was suited for all the energies, it was determined to be obsoleted
by Shape 2 due to it only outperforming Shape 2 at low energies (320
keV and below) by less than 1% while being significantly outperformed
for the other energies (350 keV and above). From these results, it was
decided that Shape 2 would be used when assembling new magnet
filters for fIREBall.

5. Conclusion

A combination of FreeCAD, COMSOL, and Geant4 simulations were
used to determine the magnet shapes resulting in the greatest im-
provements in the efficiency of conversion electron detection. Three
shapes, each intended for different criteria, were chosen to be tested in
experiment and were found to be in good agreement with the results
predicted by the simulations. A peak improvement of the absolute
efficiency of ICEBall from 2.8% to 5.3% was achieved for the 482 keV
K electron line, nearly a 100% improvement. Due to its performance,
Shape 2 was chosen to be used in the new magnet filters. The new
magnet filters along with the new detectors will transform ICEBall into
the fIREBall array, which will be used to measure EQ transitions and
conversion coefficients in the rare-earth region of nuclei to start. EO
measurements can be made more broadly to investigate pair production
or branching ratios for 0* — 0* branching ratios in 1°C [63]. The
latter is presently one of the largest errors in deducing the Cabibbo—
Kobayashi-Maskawa (CKM) matrix unitarity which is one of the most
sensitive tests of Physics beyond the standard model.
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