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Abstract 

Khanam, Afrina 

Yield measurements at IGISOL with a digital data acquisition system 

Nuclear and Particle Physics 

Department of Physics, University of Jyväskylä, 2017, 100 pages. 

 

A new digital data acquisition system has been installed at the IGISOL facility at the department 

of Physics in University of Jyväskylä in November, 2016. The technical details of the hardware 

and software of this new system are presented in this thesis. Nutaq VHS-ADC digital data 

acquisition system includes an analogue to digital converter (ADC) crate board, an offset unit 

box, an acquisition host PC, and a storage drive. This system consists of 8 channels, has the 

capability of 105 MSPS with 14-bit ADCs on 6U cPCI (PXI compatible). Radioactive sources, 

beta-gamma matrix, gamma-gamma matrix, beta-delayed gamma, and gamma-delayed gamma 

spectra of radioactive isotopes produced at IGISOL were studied. Two online experiments were 

successfully performed with this system. Yield of 20F in the first online commissioning was 

studied. Yields at A= 76 and A= 81 mass region in the second online commissioning experiment 

were studied with a 3π∆Eβ scintillator and a coaxial Ge detector, GC-7020 were found consistent 

with the number of yields calculated with beta counting station at the IGISOL switchyard. 

Efficiency of 3π∆Eβ scintillator detector, efficiency of the silicon detector, CAN-B                

(FD-300-17-500-RM) in beta counting station and efficiency calibration for the Ge detector  

(GC 7020) were determined.  
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1. Introduction 

The IGISOL facility has been used to produce and study short-lived exotic isotopes far from the 

line of beta stability for three decades. A large fraction of the research at IGISOL has focused on 

decay spectroscopy of neutron-rich nuclei for which various VME-based data acquisition 

systems such as VENLA and IDA have been developed and used since 1980's. In addition, for 

simple yield measurements, a multichannel Analyzer system has been used. 

DAQ-systems have been made commercially available over the years and are still very useful 

for simple experimental situations. In the era of segmented germanium, scintillator and silicon 

detectors, the experimenter no longer wants to be limited by reading out only few parameters at 

the time but rather it wants to read several hundred at once. A completely new DAQ-system was 

adopted for use at IGISOL recently. The Nutaq digital data acquisition system is capable of 

working in different modes at the same time and unlimited in the total number of parameters to 

be read out. This digital data acquisition system is very useful for data storage, which allows to 

use actual multichannel signals in algorithm simulation or create actual multichannel signals 

from simulation files.  

The VHS-ADC system which was used in this thesis work is a high-speed, multichannel 

acquisition platform. It is equipped with eight phase-synchronous ADCs capable of a maximum 

rate of 105 MHz and a high-capacity Virtex-4 FPGA for high-speed processing. The filter 

electronics is programmed in the FPGA where in analogue system one needs to use the filter 

electronics externally. It also comes with 128 MB SDRAM for data storage and an expansion 

connector to add eight input or output channels. This makes the VHS-ADC system perfect for 

multichannel intermediate-frequency processing (AC-coupled option) or baseband processing 

(DC-coupled option). The readout of the electronic modules is controlled by UNIX-based 

software. Digital DAQ does not require any external electronics modules, logical decisions are 

taken internally by the digitizer. Digi-DAQ is simpler to use and it is faster. 

The first experiment at IGISOL performed with this system was the γ-γ-coincidence detection in 

February 2017 with a 133Ba source. Later to study the details of this digital data acquisition 

system, experiments were performed with 106Ru. 

Two online commissioning experiments were done. One was yield test for the production of 20F. 

Beta-gamma matrix, beta delayed gamma spectroscopy were studied with this experiment. 

Second one was for mass measurements in the vicinity of 78Ni. The decay properties of the 
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fission fragments at A= 76, A= 81, and time spectrum with A= 112 were studied with a 3π∆Eβ 

scintillator and a Ge detector, GC-7020 using the digital data acquisition system. In addition the 

efficiency of the silicon detector, CAN-B (FD-300-17-500-RM) in beta counting station, 

efficiency of the 3π∆Eβ scintillator, and efficiency curve for the Ge detector, GC-7020 were 

determined. The yields for the fission fragments at A= 76 and A= 81 mass regions were also 

studied. The experiments were consistent with expectations. 

This thesis describes the research history and background of the IGISOL group in JYFL, the 

basic properties, working behaviors of hardware and software of Nutaq digital data acquisition 

system installed at IGISOL and the details of the spectroscopy and data acquisition performance 

of the digital data acquisition system.   
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2. Spectroscopy at IGISOL 

2.1 IGISOL 

IGISOL (Ion Guide Isotope Separator On-Line) is an ion guide based mass separator facility in 

the JYFL accelerator laboratory. Ion guide technique [1] was developed in early 1980's in 

Jyväskylä. The method enables primary recoil ions from nuclear reactions to be mass separated 

on-line. The atoms are ionized in the nuclear reaction in which they are produced. Ion guide 

simply keeps the reaction products as ions. This is achieved by stopping them in very pure 

helium gas. Helium has the highest ionization potential of all elements. That is why the stopped 

reaction products cannot neutralize by catching electrons from the helium atoms. When the 

stopping volume is evacuated sufficiently fast by a constant helium flow, ideally the ions would 

be stopped in the helium gas and evacuated with a fast helium flow but usually always some 

ions will anyway hit the walls because they are not slowed down enough in the gas. They are 

moved in efficiently pumped volume through a small nozzle of about 1 mm diameter. In this so 

called differential pumping section the neutral helium expands but the reaction products that are 

kept as ions are guided with electric fields to 30 kV acceleration. Accelerated ions are mass- 

selected with a dipole magnet and directed to further manipulation in the experimental area of 

IGISOL. 

In the following, a short historical review of the development of the ion guide technique is 

given.  It is based mostly on reference.[2] 

 

IGISOL-1 

The ion guide method developed for on-line isotope separation is based on a variation of the 

helium-jet technique. At JYFL, studies had been conducted within the laboratory since 1970 for 

the purpose of developing helium-jet transport techniques and their integral coupling to an on-

line mass separator. After a few years of experimenting an idea was formed to install the target 

in a gas-filled chamber and to connect this directly to the mass separator, completely removing 

the use of the helium-jet transport and ion source. The ion guide was born.[2] 

A beam line connecting the MC-20 cyclotron used in the old JYFL accelerator laboratory to the 

isotope separator recoil chamber was completed and enabled the start of on-line experiments 

with a new setup, called the IGISOL. The very first on-line mass separation experiment was 

performed in November 1982 with the reaction 20Ne(p,n)20Na in which 20Na was produced with 
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a proton energy of 20 MeV. The neon target was formed by mixing neon gas with the helium 

that served as recoil stopper. The first IGISOL experiment using helium buffer gas and a solid 

target took place in 1983. In this experiment, the target was 24Mg and a via (p,n)-reaction. 24Al 

was mass-separated for the first time. During the years 1983-1984 almost 40 different 

radioactive isotopes were studied. At first similar setup were used for the light-ion induced 

reactions and for the production of fission fragments.[2] Later the current type of fission ion 

guide was developed.[3] In this type of guide, the target volume is separated from the stopping 

volume by a thin nickel foil. The set-up reduces ionization of helium in the stopping volume, 

because the accelerator beam does not run through it. Applying the double cell significantly 

improved the efficiency of fission product separation. In late 1980’s, more than 10 new isotopes 

were discovered at IGISOL-1, using proton-induced fission (figure 1). 

 

Figure 1: Cover of JYFL Annual report 1989, celebrating the discovery of new neutron-rich 

isotopes using the IGISOL technique. 
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At IGISOL-1, the data acquisition of spectroscopy setups was based on CAMAC-based 

multiparameter data acquisition system called JYFLDAS.  This analog data acquisition system 

was flexible but not very fast.  The dead time of the acquisition system exceeded 10 % already at 

2000 Hz count rate.[4] The system was however sufficient, because a typical IGISOL-1 

experiment used 4 detectors or less. This system was further developed by adding a VME-based 

front end. Motivated by the so called Nordball project, a gamma-ray detector array built in 

collaboration between the Nordic countries (Norway, Denmark, Sweden and Finland) and the 

data acquisition needs from this project [5]. 

 

IGISOL-2 

In 1993, the JYFL Accelerator Laboratory was moved to its current location on the Ylistönrinne 

campus. The new K= 130 light and heavy ion cyclotron together with its appropriate ion sources 

expanded the choice of the available beams tremendously. The IGISOL facility was rebuild in 

the new premises. The development of IGISOL facility contained installation of an ion beam 

cooler-buncher,[2] new ion guides for fission and heavy ion reactions which dealt a major 

increase in fission yields and heavy-ion ion guide development.[2] This facility also provided 

implementation of electric fields, handling large beam intensities and improving the beam 

quality with a radiofrequency sextupole  (SPIG). [2] 

At IGISOL-2, the main data acquisition system was VME-based data acquisition system 

VENLA.  Its development started already in the "old" accelerator laboratory.[7] Another data 

acquisition system TARDIS was taken in the use for gamma array experiments.  VENLA was 

used in the IGISOL experiments.  The developers of data acquisition system were constantly 

complaining the lack of manpower.[7-12] Despite this, successful experiments were run at the 

IGISOL-2 until the beginning of new millennium. 

 

IGISOL-3 

From 1993 onwards, the intense upgrade project of IGISOL-2 both in terms of the coupling to 

the K = 130 MeV cyclotron and development of ion beam manipulation tools including the RF 

cooler-buncher and Penning trap facility, soon led to increasing demands for improvements to 

the front-end of the IGISOL facility. The main goals included increasing the mass separated 

beam intensity, a newer target chamber with more space for an additional external target-beam 
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degrader system for the HIGISOL facility, as well as addressing the need for chemical 

selectivity via laser ionization in the ion guide technique. Initially the improvements were rather 

technical in nature and were realized during a shutdown period during 2003. 

In order to handle the expected higher activation of the front-end of the mass separator, all 

valves and electrodes in the area were transferred to a computer-controlled system. A larger 

volume chamber was installed providing more space towards the separator. This not only served 

to improve the pumping, but also afforded extra sextupole which was to eventually replace the 

skimmer electrode for all IGISOL experiments.[13] The extraction region of the separator was 

also modified to allow for a better evacuation using a more effective diffusion pump and wider 

pumping channels. 

Following completion of the upgrade in 2004, the first on-line tests performed with light-ion 

induced fusion-evaporation reactions saw improvements in the yields per μC of a factor of 2 to 

8. IGISOL-3 system developed with an increase in mass-separated yields with a new 

radiofrequency sextupole, an ion guide for quasi-and deep-inelastic reactions, a move towards a 

more element-selective approach, gas phase chemistry and weak plasma studies via laser 

ionization, development of the dual-chamber gas cell, and development of a cryogenic ion guide. 

During IGISOL-3 period, the data acquisition system gradually was changed from VENLA to 

IDA (IGISOL Data Acquisition),[14] IDA is a VME-based, analogue logic data acquisition 

system. The main improvement as compared to VENLA were more ADC channels available, 

and pipelining the readout to reduce the acquisition dead time. Pipelining means an intermediate 

data word buffer between ADC and writing data on hard disk. Data tapes as a mass storage were 

more or less given up by the end of IGISOL-3 era. 

 

IGISOL-4 

The operation of IGISOL-3 was stopped in June 2010. The facility was moved and reconstructed 

at a new site, next to a new, high intensity light ion MCC30/15 cyclotron,[15] (see Figure 2). An 

accelerator beam can be provided to the IGISOL-4 target area from both the MCC30/15 

cyclotron and the K-130 heavy ion cyclotron.   

The next upgrade was prompted by two reasons.  First, the new devices had been slowly but 

steadily filled up the IGISOL-3 region. The setups installed behind JYFLTRAP for post-trap 

spectroscopy were regularly extending so far that they were already blocking a corridor between 
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the experimental caves and the rest of the laboratory. Introduction of the new MCC30/15 high-

intensity light ion cyclotron in 2010 finally prompted the move. Since IGISOL was the main 

user of light ion beams, it was natural to locate MCC30/15 close to IGISOL. A laboratory 

extension was built to shelter the new cyclotron, which meant moving IGISOL to a new 

location.[16] 

There was no major modifications in the IGISOL-4 front end, except for that even more space 

was allocated for the HIGISOL system and a new instrument, neutron converter, whose purpose 

is to provide a neutron beam from the intense light ion beams of the new MCC3/15 cyclotron, 

especially for the fission studies.  The gas handling system was totally renewed, providing purer 

helium buffer gas than ever before. Removal of impurities benefits especially the laser 

spectroscopy developments. [17] 

 

 

Figure 2: Installation of IGISOL-4 from IGISOL-3. IGISOL-3 is shown in the inset in left 

bottom corner. Note that figures are approximately in the same size, (reference [18]). 

IDA data acquisition system is still working at the data acquisition system of IGISOL. However 

moving to digital system is needed also to be able better run in-house spectroscopy experiments 
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with large number of detector channels and data collected. It is also more flexible than the old 

analog system.  

 

2.2 JYFLTRAP 

JYFLTRAP is a double Penning trap facility at IGISOL. Primary purpose has been the mass 

measurements. It can also be used to determine atomic masses of isotopes with high accuracy. 

With the JYFLTRAP Penning-trap setup the atomic masses of more than 200 short-living nuclei 

have been measured. JYFLTRAP is also used for high mass resolving power purification of the 

IGISOL beams for spectroscopy experiments. 

The extracted ion beam from IGISOL is mass-separated with a 55º dipole magnet allowing for a 

mass resolving power (𝑀/∆𝑀)of about 500.[19] 

 

 

Figure 3: Schematics of IGISOL, Laser line and JYFLTRAP, CS-1: silicon beta counting station 

in electrostatic switchyard, CS-2: beta counting station at spectroscopy line, CS-3: beta counting 

station after trap, (reference [18]). 

The ions are injected to JYFLTRAP after they have been cooled and bunched at the RFQ. The 

RFQ cooler-buncher and JYFLTRAP are on a single 30 kV high-voltage platform. This way, the 

ion beam from IGISOL can be electrostatically slowed down. The ion bunches from the RFQ are 

ideal to be injected into the JYFLTRAP setup: they have energy and temporal spreads of less 



20 
 

than 1 eV and 15 μs. In JYFLTRAP there are some HV devices that are operated on a high 

voltage platform. The ions are transferred from the RFQ to the Penning traps as an 800 eV ion 

beam.[19] 

 

 

Figure 4: Each of the two cylindrical Penning traps of JYFLTRAP consists of an 8-fold split ring 

electrode (A), two-fold splitted inner correction electrodes (B), on each side of the ring 

electrode, outer correction electrodes (C), and endcap electrodes (D) located next to the 

correction electrodes,  (reference [19]). 

The most visible part of the JYFLTRAP setup is the superconducting magnet that creates the 

magnetic field of the Penning traps. It is an actively screened 7.0 T superconducting solenoid. 

The magnet has a 160 mm diameter warm bore. The generated field is fine-tuned in order to 

create two homogeneous 1 cm3 field regions 10 cm apart from the center of the magnet.  

The first trap is called the purification trap, since it is used for isobaric purification of ion beam, 

is filled with dilute helium gas to enable the use of buffer-gas cooling of ions. Gas flow to other 

section of the system is minimized with the use of electrodes having narrow channels. Trapped 

ions are manipulated by applying multipole RF fields to the azimuthally split ring electrode. The 

second trap commonly referred as the precision trap is located on the extraction side, 20 cm 

away from the purification trap center. It is primarily used for high-precision atomic mass 

measurements employing time-of-flight ion-cyclotron resonance technique and secondarily for 

high-resolution beam purification reaching a mass resolving power of 106 or more. If the mass 

resolving power of the purification trap is not sufficient to prepare monoisobaric or 

monoisomeric ion samples, the precision trap can be utilized to provide even better mass 

resolution. The precision trap was not utilized in the yield tests performed in this work. 

The amplitude of the RF field is chosen so that no ion, upon extraction, can pass through the 

narrow channel of electrode E, (see figure 4).[19] After the azimuthal dipolar excitation, a 
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quadrupole RF field with the cyclotron frequency of the ion of interest is switched on. The 

excitation causes conversion from magnetron motion to modified cyclotron motion. Due to this, 

amplitude of both the magnetron motion starts to decrease and also the modified cyclotron 

motion decreases in the presence of buffer gas, which will center the ions of interest in the trap. 

The mass resolving power of the purification depends on the physical dimension of the 

diaphragm, on the buffer gas pressure and the amplitude of the applied fields. At JYFLTRAP, a 

mass resolving power M/∆M of the order of 105 has been achieved with the purification trap. [19] 

                    

2.3 Nuclear spectroscopy at IGISOL 

2.3.1. Spectroscopy of neutron-rich nuclei 

The study of neutron rich isotopes is specifically motivated by the question of the properties of 

very neutron-rich isotopes in the region located close to the path of the astrophysical r-process. 

While the r-process nuclei are not yet accessible experimentally, the study of somewhat lighter 

isotopes may help to predict their properties, which are presently estimated only theoretically.[20] 

As a typical example, the odd nuclei from Tc to Pd have been intensively studied in β- decay 

experiments at IGISOL. The measurements of multiple-γ coincidences of prompt γ-rays 

following fission, were collected using large arrays of Ge spectrometers. The structure of excited 

levels in a given nucleus fed by β-decay and spontaneous fission differs significantly. The spin 

values of the levels populated in β-decay (∆J= 0,1 for allowed beta transition) to the spin of the 

mother which is usually low.[20] A possible way to verify the nuclear shape is to examine the 

single-particle structure of odd-A and odd-odd nuclei. Such a structure in a prolate-deformed 

nuclear potential is different from that in an oblate one. 

Spontaneous fission fragments are produced in high spin, high energy states which usually de-

excite by long cascades of γ transitions. The latter reveals band structures of nuclear excited 

levels. The β-decay data, among others, provides information on the band heads, especially their 

location relative to the ground state which is often hard to determine from prompt γ-ray studies. 

As an example the IGISOL results on 113Tc and 113Ru decays with complementing 248Cm prompt 

γ-spectroscopy data enabled to identify a new band in 113Ru. [20]    
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Figure 5: A revision of spins and parities for the states in 113Ru and its daughter 113Rh,                  

(reference [20]). 

Even though the gamma ray multiplicity, that is, the number of gamma rays emitted per event, is 

considered low in the beta decay, it increases with the increase of the beta decay Q-value 

window. Q-value gets larger far from stability. Increasing the number of gamma-ray detectors is 

therefore useful both for increasing the total gamma-ray detection efficiency and for detecting 

gamma cascades. [20] 

Furthermore the multipole order of a gamma transition can be found by measuring its angular 

distribution. The simplest setup of three germanium detectors arranged at 90º to each other can 

distinguish a dipole from a quadrupole transition. To achieve a higher resolution and sensitivity 

it is desirable to use a larger array of germanium detectors. In the case of odd nuclei it is 

especially important to use germanium detectors of good resolution and high efficiency in the 
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low-energy range, like those equipped with thin beryllium windows.[20] Large gamma-ray 

detector array at up to 10-15 germanium detector sets requirement to the data acquisition system. 

Identification of isomeric transitions 

Isobarically purified ion samples are very useful for the identification of new isomeric 

transitions. While using a germanium detector with a high efficiency at low energies one can 

observe both the isomeric γ line and the conversion induced X-rays. By comparing the β-gated 

and the single γ spectra one can immediately identify the isomeric γ lines as it is not present 

when a coincidence with a β particle is required.[20] 

 

 

Figure 6: β-gated γ-ray spectra for the case of the 62 keV isomeric transitions in 115Ru, 

(reference [20]). 

Half-life measurements with monoisotopic beams 

The half-life values of the exotic, neutron-rich nuclei are directly useful in the models of 

astrophysical r-process. The use of monoisotopic beam highly reduces background counts in the 

γ-spectra thus considerably improving the peak to background ratio. Such conditions permit 
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half-lives to be measured with relatively low uncertainty mentioned in the example of 113Tc β־ 

decay.  

To determine the β-decay half-life one usually measures the half-lives of a few of the most 

intensive γ lines in the daughter. Such decay measurements are usually done after a mass 

separation of the reaction products. A typical mass separator delivers a mixture of the desired 

nuclide and a few others which may be considered as background. In the case of IGISOL facility 

the background is formed by the less exotic isobars more easily produced in fission. 

The half-lives of the unwanted isobars are always longer than of the most exotic one in the 

isobaric chain, such a contamination makes the measured half-life longer. For example the     

half-life of 115Ru β־ decay half-live was measured 740(80) ms [20] with the isobaric beam from 

the IGISOL separator. The decay with a monoisotopic beam from the trap, showed a shorter 

value of 318 (19) ms. [20] The longer half-life in the first measurement was most probably γ-line 

emitted in the β־ decay of 115Pd, naturally present in the IGISOL isobaric beam. 

Any possible overlapping γ-lines coming from the isobars are of low intensity as compared to 

the mother activity delivered by the trap as they are a result of the decay chain, and usually the 

beam is implanted into a tape which can be moved every now and then to get rid of the daughter 

activities. By setting the trap to deliver a beam of the daughter of the activity of interest, 

disturbing γ-lines constituting the unwanted isobaric background in the gamma spectra are 

recorded. While trap purification solves gamma background issues, accurate time information of 

detected radiation need to be achieved with the data acquisition system. 

 

2.3.2. Example of a precision experiment 

The gamma ray spectroscopy of nuclei requires capacity to handle relatively high rates from 

many detectors. A different constrain to data acquisition is set by precision experiments. An 

example of such an experiment is given below. 

Electron capture decay of 100Tc  

The experiments of this study were made at IGISOL-3 in 2004-08.[21] It is a precision 

measurement to determine the electron capture branching ratio (B(EC)) of 100Tc. The challenge 

of this experiment was the branching was extremely small. The motivation of this experiment 

lies supporting the search of neutrinoless double β-decay.[21-22] 
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The observation of zero-neutrino or neutrinoless double β-decay would establish the Majorana 

nature (fermions that are not their own antiparticles) of neutrinos. Zero-neutrino double β-decays 

could also help determine the effective neutrino mass if the corresponding matrix elements were 

known. The nuclear matrix elements were calculated using theoretical methods such as the shell 

model (SM), the quasi-particle random phase approximation (QRPA), and the interacting boson 

approximation (IBA). Since these calculations depend on the relevant nuclear structure it is 

important to provide experimental benchmarks. The EC branching ratios of 100Tc can be used as 

a benchmark for nuclear structure calculations of double β-decays.[21] 

Additional motivation to determine the electron capture (EC) decay branching ratio in 100Tc 

decay comes from a proposal to build a solar neutrino detector from natural Mo based on 

neutrino absorption by 100Mo. Calculations of the neutrino absorption cross section of 100Mo are 

based on the strength of the EC transition.[21] 

In this experiment the ions of interest, 100Tc was produced at IGISOL via the 100Mo (p,n) 

reaction. The reaction products were extracted using the ion guide technique, mass separated 

with a dipole magnet and injected to JYFLTRAP for final purification. A mass resolving power 

of 25,000 was reached. In this way the isotopes of interest were efficiently selected, while the 

co-produced radioactivities were essentially removed from the beam. In the case of 100Tc an 

impurity of concern was the 6-h half-life isomer 99Tc.[22]  
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       Figure 7: Setup to determine small EC branching ratios at IGISOL, (reference [21]). 

The ions of interest were extracted from JYFLTRAP and implanted into a thin Al foil located 

inside of a scintillator that provides a geometrical efficiency > 99%. Only 3 mm scintillator 

separated the foil from a planar Ge X-ray detector that abutted the scintillator (figure 7). X-ray 

signals were processed using a high-gain amplification of the Ge-detector signal and γ-ray 

signals were simultaneously processed using a low-gain amplification. The scintillator was used 

as a veto to further enhance the signal-to-noise ratio because the β־ decays generate background 

from direct deposition of their energy into the Ge detector, bremsstrahlung, conversion and 

Compton scattering of the accompanying γ rays.[21] 

The final result based on the intensity ratio of Mo characteristic K-X-rays (seen in figure 8) and 

a 590.8 keV γ-ray in the β-decay of 100Tc. The 100Tc EC branching ratio was found to be    

B(EC) = (2.60 ± 0.34 ± 0.20)× 10−5, where the first uncertainty is statistical and the second is 

from the calibration of the Ge detector. The two uncertainties was combined to produce a final 

result of B(EC) =(2.60 ± 0.4) × 10−5.[22] 
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Figure 8: X-ray spectrum for five runs for the decay of 100Tc and corresponding fit,       

(reference [21]). 

As conclusion the ideal data acquisition system for IGISOL would have a sufficient number of 

channels to be operated with many (>20) detectors, should be stable and reliable in precision 

measurements, and provide accurate time information of every recorded event. 

2.4 3π∆Eβ detector and the tape station 

If the radioactive decay of an isotope is measured in order to gain spectroscopic information, it 

is called decay spectroscopy. The radioactive sources decay to their daughter nuclei as for 

example 133Ba decays to 133Cs. The activity A is the rate at which decays occur in the parent.   

𝐴 =  𝜆𝑁     (1) 

where λ is a constant called the disintegration or decay constant and N is the number of nuclei 

present. 
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If the studied decaying isotope is produced at a constant rate, for example implanting a 

radioactive beam of an on-line mass separator at the end of the beam line, the activity of the 

produced source increases as figure 9. For times long compared with the half-life the activity 

becomes approximately constant. The new activity is being formed at the same rate at which the 

older activity decays, which is the example of secular equilibrium. In a case of several 

subsequent decays each of the decays in a decay chain finally reaches a secular equilibrium. 

When the production of the activity ends, for example, the mass separator beam is turned off, the 

decay takes over and the activity starts to decrease.[24] 

 

Figure 9: A plot of activity (A) against time for a radioactive source, (reference [24]). 

A tape station consists of two reels, (12.7 mm) magnetic plastic tape which move over a pulley 

placed inside a so called 3π∆Eβ (figure 10, figure 33, and figure 40) detector and can be moved 

with a pair of step motors. A set of specifically designed spring pulleys balance the tension of 

the tape. The tape is sealed in vacuum to be in direct contact with the incoming mass separator 

beam. The mass separator beam is implanted in the target that moves vertically in a circular tube 

connecting the separator vacuum and the vacuum box housing the tape reels. 

In a typical experiment at IGISOL, the isotope of interest is produced less than other isotopes in 

the same mass number. If the spectroscopic experiment takes place in the spectroscopy line, the 

more produced isobaric background soon covers the decay radiation of interest. Because the 

studied isotope is usually more short-lived than isobaric background, the studied activity can be 

enhanced by moving the long-lived activity away from the point of measurement. With 



29 
 

JYFLTRAP one can select one isotope, but in some time the isotopes own daughter and 

granddaughter activity build up isobaric background that harms the measurement. 

The way to remove the long-lived background activity is to implant the IGISOL beam on a 

movable tape. The tape is regularly moved to remove the implanted activity. Combining the tape 

movement with pulsing of the separator beam, a similar time structure of activity as shown in 

figure 9 can be generated. This allows determining the decay constant of the activity in question. 

 

Figure 10: The arrangement of the 3π∆Eβ detector. The circulation of tape is seen on part (a). 

Note that the tape movement is shown wrong way. The tape is moved as in figure 12. The 

dimensions of the active detector are seen on part (b) Perpendicular thickness of BC-408 

scintillation material is 2.0 mm, (reference [23]). 
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Figure 11: The tape station. 

A beta scintillator detector called 3π∆Eβ detector surrounds the point of implantation (figure 10).  

The name comes from detector's calculated geometrical efficiency. When the radiation source is 

in the middle of the detector, the scintillation material covers 75% of full 4π steradians. 4π 

cannot be reached because there has to be openings in the scintillator for the implantation of the 

ion beam and for the activity collection tape and vacuum pumping feedthroughs (figure 10-b).  

Ge and other detectors are placed around the 3π∆Eβ detector.  Normally they are placed in as 

close geometry as possible. 

The beta particles of beta decay fly through the BC-408 scintillation material and leave about 

120 keV/mm in the detector. This gives an easily detectable signal seen in figure 44.   

During the measurement the tape is moved always in same direction, so that the activity spot 

moves downward as shown in figure 12. This way the spot moves out of the 3π∆Eβ detector as 

fast as possible. The drawback is that at the end of the tape need to be rewinded because it 

cannot be operated both directions.  

 



31 
 

 

Figure 12: Schematics of movement of tape in a tape station. 
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3. Digital data acquisition  

3.1. Data acquisition systems in general 

A typical measurement arrangement of a data acquisition system is as shown in figure 13. It 

consists of sensors, analog front end, (digital) data acquisition system, host computer and user 

interface. This very general view can describe any measurement system that takes and stores 

numerical data. The system can be a weather station, a modern car, or a nuclear physics 

spectroscopy setup.[25]   

The sensors transform the information that is captured-sound, light, pressure, and so on into 

electrical signals.[25]  At the IGISOL spectroscopy area, the sensors are radiation detectors. 

The analog front end converts the electrical signals from sensors to such form that is acceptable 

to the acquisition system. For example, the primary signal from a photomultiplier tube 

connected to a scintillation detector is current. The acquisition system deals with voltages. The 

current signal is converted to voltage and shaped to match the requirements of the acquisition 

system digitizers. This is done using preamplifiers. In the front end, the signal can also be 

amplified and filtered.[25] At IGISOL, HAMAMATSU C7319 preamplifier is used to modify the 

preamplifier output from the 3π∆Eβ scintillator (see figure 40). 

The data acquisition (DAQ) system is the central piece of the measurement arrangement. At 

minimum, the DAQ system digitizes the signals from the analog front end. Digitizing means that 

some quantity of the incoming pulse is converted to a (digital) number.[25] In the radiation 

measurements this quantity is the pulse height, which is related to the amount of energy the 

detected radiation has left in the detector (sensor). 

The stream of data generated by the DAQ system is stored, analyzed and sometimes further 

processed by the host computer.  Finally, the host computer is controlled via a user interface.[25] 

The detectors and the analog front end of the spectroscopy system at IGISOL are independent of 

the choice of the data acquisition system. Various VME-based systems such as VENLA[7] and 

IDA[14] have been developed and used since 1980's. In the following, the Nutaq digital 

acquisition system is discussed in more detail. 
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3.2 Nutaq data acquisition system 

The IGISOL digital data acquisition system is based on Nutaq "intelligent" VME crates as a 

communication bus and Nutaq ADC cards. Nutaq ADC's have been used for a long time at the 

JYFL nuclear spectroscopy group. The current system commissioned in this work has one VME 

crate and one 8 channel VHS-ADC card, that has been upgraded to 16 channels by adding an 

optional add-on module.   

The VHS-ADC is a high-speed, multichannel acquisition platform. It has eight (16) phase-

synchronous ADCs capable of a maximum rate of 105 MHz and Virtex-4 FPGA (Field 

Programmable Gate Array) for high-speed processing. It also has 128 MB SDRAM for data 

storage and an expansion connector to add eight input or output channels. The card used at 

IGISOL data acquisition has been expanded with eight inputs. 

The VHS-ADC is equipped with an onboard flash memory for the FPGA, making it possible to 

use the VHS-ADC without a cPCI CPU. System is capable of recording at up to 105 MBPS 

which allows data to be transferred at high speeds. This VHS-ADC system has language-based 

(C and VHDL) board software development kit. In this thesis work Java was used as language 

for sort codes.[26] 

Commissioning of the new acquisition system did not impact on the detector setups. However, 

there is a change in the analog front end as compared to previous data acquisition systems. The 

ADC input of these systems was a semi-Gaussian pulse from a spectroscopy amplifier. Nutaq 

ADC accepts the preamplifier pulse, consisting of a fast rise followed by an exponential decay 

of the signal.  
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Figure 13: The Nutaq VHS-ADC digital data acquisition system setup at IGISOL. 

 

 

Figure 14: Basic configuration of digital data acquisition system, (reference [26]). 
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3.3. DAQ Acquisition and Processing 

The acquisition and processing section is usually the most complex part of any DAQ system. Its 

typical internal components are shown in figure 15. 

 

 

Figure 15: The schematics of internal component of DAQ, (reference [26]). 

The DAQ acquisition and processing section digitizes the electrical signals from the front end 

and processes them according to the specific needs of the application. At minimum, the 

acquisition and processing section consists of a single “DAQ Block” (shown in blue) in      

figure 15, that digitizes and processes a certain number of signals (channels) from the analog 

front end. In more elaborate systems, multiple DAQ blocks can be combined to increase the 

number of supported channels.  

Using multiple blocks requires that these blocks be synchronized with each other so that the data 

they generate share a common sampling clock and preserve the relative timing information 

between channels. Each channel consists of one AD6645 14 bit 105 MHz flash ADC from 

Analog Devices and a Field Programmable Gate Arrays (FPGA) for data processing and 

buffering. Field Programmable Gate Arrays (FPGAs) are semiconductor devices that are based 
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around a matrix of configurable logic blocks (CLBs) connected via programmable interconnects. 

FPGAs can be reprogrammed after manufacturing.  

 

Figure 16: Illustration of the modeling of VHS-ADC Nutaq sytem, (reference [27]). 
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4.  Commissioning 

Digital data acquisition system is the combination of electronics and software. At IGISOL, 

Nutaq hardware was used for data acquisition and Java based Grain[28] was used as analysis 

software. The analogue front end is coupled to Nutaq DAQ via a green box seen in figure 13. 

This "green box" is an offset and amplifier unit.  Nutaq system accepts signals from -1V to +1V.  

The preamplifier baseline is ground. To be able to use the full 2V range at digitization, 

preamplifier signals are modified before feeding them to Nutaq. The signal height has to be in 

between ±1V, for this purpose the signal baseline was put in -1V. The offset unit is inverting the 

input signals and yielding negative output, since it is built with inverter amplifier, to make the 

signals less noisy. 

4.1. Testing digital acquisition with calibration sources 

4.1.1. Germanium detector array and a multi gamma source 

The experimental testing of the digital data acquisition was started with a setup of four 

germanium detectors in a supporting frame.  

 

Figure 17: Ge-detectors array, There are seven detectors installed in the array as preparations of 

on-line experiment. The data acquisition of the on-line experiment was done with the data 

acquisition system of the University of Warsaw. The new IGISOL digital data acquisition 

system was tested with four of these detectors. 
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Figure 18: Pulse shape of the preamplifier signal seen in oscilloscope. The arrow indicates how 

the decay constants of the signal is determined. 

Figure 17 shows seven detectors, four of them were used. Three of the detectors were planar 

Canberra Broad Energy germanium detectors, model BE-2825. These detectors are 25 mm thick 

and have area of 28 cm2. They are specified with their serial numbers B15012, B15017 and 

B15022. These detectors are property of the University of Warsaw and used in JYFL in 

collaboration with the IGISOL group. The fourth detector was Canberra model GC-7020 

germanium detector owned by the IGISOL group. It is a high purity germanium detector with 

70% relative efficiency and guaranteed better than 2.0 keV peak width FWHM at 1.32 MeV.  

According to the data sheet, the size of the germanium crystal of GC-7020 detector is cylinder 

that is 74 mm in diameter and 71 mm in length, which makes it 4.4 times larger than BE-2825 

detectors (305 cm3 vs 70 cm3).  

A 133Ba source was used for the first tests.  A long-lived radioactive source was good for the 

tests for many reasons. The test did not depend on the operation of accelerators or IGISOL mass 

separator facility. The gamma rays and the decay scheme of 133Ba are well known. There are 

several coincident gamma rays in the decay of 133Ba. The decay scheme is also relatively simple 

(figure 28). The gamma rays from the source could be used to test coincidence measurements. 

The 133Ba source was placed approximately in the center of gamma ray detector array. The 

germanium detectors were biased and the energy outputs from the detector preamplifiers were 

connected to the Nutaq data acquisition system via the offset and amplifier unit.   
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Figure 19: Pulse shape behavior corresponding to decay constant value in digi-DAQ. 

In order to get proper signals properly converted to digitization in this digi-DAQ system, one has 

to fix a few parameters. Most important ones are Constant Fraction Discriminator (CFD), 

shaping time, and decay constant. CFD determines the arrival time of analyzed signal as a 

moment when the signal reaches certain fraction at its own maximum. This makes time more 

accurate than using a fixed threshold. Shaping time is defined as the time constant of the pulse 

processing for the integration to reduce noise. Decay constant is calculated from the decay 

constant λ of the experiment decay of the detector preamplifier signal (figure 18). After the fast 

rise time the signal decays as  

𝑉(𝑡) = 𝑉𝑜𝑒−𝜆𝑡   (2) 

where V(t) is the preamplifier output at time t, Vo is output at t = 0 , and λ is the decay constant. 

In the data acquisition system the decay constant is given however as it’s reciprocal τ : 

𝜏 =
1

𝜆
    (3) 

τ is given to the acquisition system in μs. It can be determined from the preamplifier signal as 

shown in figure 18. The half-life 𝑡1/2 of the signal is the time where the voltage drops to one 

half. From figure 18 the half-life is 𝑡1/2  = 30 μs. The well-known relation between decay 

constant λ and half-life 𝑡1/2 is  
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𝑡1/2 =  
𝑙𝑛2

𝜆
= 𝑙𝑛2 ∙ 𝜏   (4) 

giving 𝜏 ≈43 μs.  

Of the pre-determined parameters, system is most sensitive to the decay constant. Figure 19 

shows a more precise analysis of the selection of the decay constant τ. The decay constant value 

given to the acquisition program was varied between 30 and 45 μs. This peak shape of the      

121 keV gamma ray peak from 152Eu source was monitored. 152Eu source was used for 

efficiency calibration of GC-7020 detector. The peak shape test was made only after γ-γ 

coincidence test with 133Ba source. At τ = 40 μs the peak was narrowest and was not tailing on 

other side. At the decay constants of less than 40 μs peak shape broadens on the low energy side 

and at the decay constants of more than 40 μs peak shape broadens in the high energy side. The 

optimal range for decay constant was observed to be quite narrow. 

The data was sorted using Grain. First, the singles gamma ray spectra of each detector were 

generated. The energy spectrum of the three different BE-2825 detectors (serial numbers 

B15017, B15012, and B15022) and GC-7020 detector are shown in figures 20 to 23. 

All the gamma rays in the decay scheme of 133Ba (figure 28) are seen in the spectra. Note that a 

different decay constant was used for each detector in the data acquisition to make sure the good 

resolution. In the spectra of the planar BE-2825 detectors also the X-rays of Cs are pronounced.  

The characteristic Cs X-rays come from the internal conversion of the gamma rays in the decay 

of 133Ba.  133Ba decays to 133Cs, so the gamma transitions are in the nucleus of 133Cs and internal 

conversion produces Cs X-rays.  The energy resolution of BE-2825 detectors is very good.  The 

79.6 keV and 80.998 keV gamma rays are clearly separated. 

The energy resolution of GC-7020 detector is not that good. 79.6 keV gamma ray is not 

separated (arrow 2 in figure 23). The background is higher, and the characteristic Cs X-rays are 

not seen (arrow 1 in figure 23). The worse energy resolution is because the detector is much 

bigger than BE-2825 detectors. That is also why the detector sees more background. Also, the 

decay constant used in this run was 47.33 µs. The optimum decay constant for this detector was 

later determined as 40 µs (figure 19). The Cs X-rays are missing mainly because of high CFD 

threshold in the data acquisition. It is also because the GC-7020 detector has thicker entrance 

window for incoming gamma radiation than BE-2825 detectors. 
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Table 1: Energy calibration parameters of gamma ray detectors in the first test. The energy E is 

calibrated as a second order polynomial E = A + Bx + Cx2, where x is the channel number and E 

is given in keV. 

Detector A [keV] B [keV/ch] C [(10-6) ∙ keV/ch2] 

BE-2825/B15012 −0.126 0.18652724 0.028 

BE-2825/B15017 −0.359 0.14165967 -0.028 

BE-2825/B15022 −4.132 0.16696258 -1.016 

GC-7020 −1.420 0.25819757 -0.907 

 

An important part of data acquisition is the linearity of energy spectrum. The germanium 

detector pulse height dependence on the gamma ray energy is very linear. Any deviation from 

linearity would be because of non-linearity of the acquisition electronics or digital conversion. 

The energy calibration parameters determined from the gamma ray spectra in figure 20 to 23 are 

shown in Table 1. The parameters are from least squares fits of the gamma ray peak centroids 

with a second order polynomial. If the acquisition system is linear, the second order term C in 

the fits should be zero or close to zero. For all detectors the second order term is one part per 

million or less.  
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Figure 20: Singles energy spectrum of 133Ba source using BE-2825 (B15017) detector. 

 

Figure 21: Singles energy spectrum of 133Ba source using BE-2825 (B15012) detector. 
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Figure 22: Singles energy spectrum of 133Ba source using BE-2825 (B15022) detector. 

 

Figure 23: Singles energy spectrum of 133Ba source using GC-7020 detector. 
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4.1.2. Coincidence measurements 

Coincidence principle means that a detection of radiation is accepted (or sometimes rejected, 

which is often called vetoing) if something is observed simultaneously. The nucleus in an 

excited state using a nuclear reaction is often de-excited by the emission of a cascade of gamma 

radiation.[29] The excitation of a nucleus can be due to a nuclear reaction, for example (p, n) or     

(n, n'). The decay of a nucleus can also lead to excited state. At IGISOL, the gamma 

spectroscopy is usually on the gamma rays following the beta decay. 

The cascade of γ-rays connects different states with each other. Although the gamma ray 

energies match the energy differences of the excited states, it is not possible for certain to 

deduce the positions at energy levels from which it is not possible to deduce anything about the 

relative positions of the energy levels.  

If for example a 50 keV, 100 keV and 150 keV gamma rays are seen in the singles spectrum, the 

levels can be arranged several different ways. Some of these different ways are shown in    

figure 24. 

 

Figure 24: Some different ways to arrange 50, 100 and 150 keV gamma rays to a level scheme 

of a nucleus. Coincidence techniques are used to deduce, which of these arrangements is the 

correct one. 

In order to build up the level scheme, the de-excitations of the nucleus must in some way be 

related to each other.[29] This can be done by using more than one detector and coincidence 

techniques. Coincidence means that something appears at the same time as something else. In 

gamma spectroscopy ‘’same time’’ means that gamma rays are detected in different detectors 

during a time gate, with a length that is comparable to a typical life time of a nuclear state. By 
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systematically choosing each of the peaks that are in the singles spectrum, and for each such 

peak looking at what other transitions appear in the same cascade as this peak, a number of 

conditions that will have to be fulfilled in the final level scheme can be deduced.[20]  

If in the example case in figure 24 the 50 keV gamma ray is seen in coincicence with 100 keV 

but not with the 150 keV gamma, either of the two level arrangements on the left is the correct 

one. If 50 keV gamma is seen in coincidence with both 100 keV and 150 keV gamma rays, 

gamma rays must be in the same cascade as in the level arrangement in the right. 

If another nucleus happens to decay during the same time gate, transitions may appear to be in 

coincidence although they are really not. These events are called random coincidences and give 

an unwanted background. The number of detected events that are of this kind depends on the 

number of gamma rays that hit each detector per unit of time. Random coincidence probability 

in this experiment will be discussed in chapter 4.1.4. 

 

Figure 25: A universal schematics of γ-γ and β-γ coincidence measurements, (reference [18]). 

A typical coincidence measurement logic is shown in figure 25. The source of radiation is 

surrounded by several detectors. The energy signal from each detector is amplified with a linear 

amplifier (LA) and directed to the input of an analog to digital converter (ADC) to be converted 
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to a digital value. A logical signal is generated from the timing output of each detector using 

timing filter amplifier (TFA), constant fraction discriminator (CFD) and gate and delay 

generator (GD).  The trigger is generated as some logical operation from these.  In figure 25 this 

is represented by the "AND" and "OR" gates.  

The most simple logic for the trigger would be an "OR" gate. Data would be collected every 

time when any of the detectors gives a signal that is higher than the preset CFD threshold. This 

way also the singles spectra will be collected. The coincidence events are later on searched for 

from the data. It is customary to define a parameter M, called coincidence multiplicity. For 

singles spectra, M=1. In a setup with a β- and two γ-ray detectors, M=2 means a β-γ or a γ-γ-

coincidence and these events will be the bulk of the listmode data. Only a small fraction will be 

M=3, containing the triple coincidences of β-γ-γ. [29] 

If the counting rate is high or the data acquisition is slow, it is convenient to use as a selection 

criterion the condition M≥2.  If an event satisfies the selection condition (M≥2), a signal, called 

the coincidence trigger, is generated. It triggers the readout of all energy and time information. 

The fast logic signals are in a first step, send to a module that generates the coincidence trigger 

signal. [29] 

When a trigger is generated, it allows the analog to digital conversion of the ADC inputs. The 

converted value represents the energy of the detected event. ADC's usually have an appropriate 

threshold, so that if there is no real signal from a certain detector, the input is not unnecessarily 

converted.  

This arrangement was typical for the previous analog data acquisition systems, VENLA[8] and 

IDA,[14] used at the IGISOL. It has some obvious weak points. The timing signals have to be in 

the final logical module within the preset coincidence time. The trigger must be at ADC before 

the energy signals to ensure the proper conversion. The problem is that the timing properties of 

different detectors are not similar. The scintillation based beta detector is much faster than any 

other detector. Of germanium detectors, small detectors tend to be faster than the large ones.  

Setting the trigger in appropriate way is not easy. 

The new digital acquisition system allows triggerless acquisition. In this mode, the input of each 

ADC channel is converted every time the preset threshold is reached.  The converted value is 

time stamped with a time value that has 10 ns resolution.  The coincident events are searched in 

the analysis within a certain time window that can be adjusted in the analysis until it is 

appropriate. 
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4.1.3. Constructing a gamma-gamma matrix 

 

Figure 26: Gamma-Gamma matrix from B15012 (X-axis) and B15022 detectors (Y-axis). 

In order to have coincidences, the signals from both detectors should come at the same time. 

Same time is not exact term because the different detectors do not produce a signal equally fast. 

Digital acquisition system has the benefit that the relative timing of the signals can be searched 

after the experiment. 

One pair of used germanium detectors was selected to test the coincidence measurement with the 

digital data acquisition. The data collected on the hard disk was sorted on a two dimensional 

matrix. On the X- axis of the matrix is the energy of one detector (B15012) and on the Y-axis 

the energy of another detector (B15022). The coincidence condition was determined from the 

time labels of the observed gamma rays. 

The coincidence window was initially set in such way that the time difference between the 

observed signals was less than 200 "tick".  One "tick" corresponds to 10 ns, so 200 ticks is 2 µs.   

To study the coincidences in more detail, a time difference ∆t spectrum was generated. ∆t was 

defined as  

Δ𝑡 = 𝑡1 − 𝑡2    (5) 
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where 𝑡1  is the arrival time of gamma ray in detector B15012, and 𝑡2  is the arrival time of 

gamma ray in B15022. 

Which detector fires first did not matter. The calculated time difference ∆t, defined as in Eq. 5 is 

histogrammed and displayed in figure 27. The ∆t is negative if detector s/n B15022 fired first, 

and positive if B15012 fired first. The time difference ∆t between the signals within the 

coincidence window concentrates close to zero and forms a symmetric peak with a FWHM of 

about 70 ticks or 700 ns and full width of about 1 µs. 

The lifetimes of nuclear states in 133Cs are much shorter than this. The width of the coincidence 

peak is because of signal time variation of the detectors. The peak is symmetric because the 

detectors are so similar that signals have similar time variation in the charge collection and in the 

electronics. 

Figure 26 shows the generated gamma-gamma coincidence matrix. Each pixel of the matrix 

represents a certain energy pair. In order to make the picture clearer, only pixels with more than 

5 counts are colored. These pixels form some horizontal, vertical and diagonal lines. The cross 

points of the horizontal and vertical lines are indicating the coincident full energy gamma peaks. 

For example when detector B15012 detects 81 keV of energy, detector B15022 detects 276 keV, 

302 keV, and 356 keV of energies. Similarly when detector B15022 detects 81 keV of energy, 

detector B15012 detects 276 keV, 302 keV, and 356 keV of energies (figure 29). The diagonal 

lines are from backscattering of gamma decays. When detector B15012 detects a gamma decay, 

sometimes Compton scattering happens and the gamma following the Compton scattering comes 

out B15012 detector and is detected with B15022 detector and vice versa. These backscatterings 

can be avoided by using Compton shielding which was not used in this experiment. 
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Figure 27: Time difference ∆t between detectors B15012 and B15022. 

4.1.4. Random coincidences 

In this experiment, the time difference ∆t was set at 2000 ns or 2 μs, which means each event has 

2 μs time window around it. The counting rate of detector was 10 kHz. This time window refers 

that there is a probability of random coincidences of 2%.  

The probability of random count in coincidence is,  

𝑃 = 𝑊 ∙ 𝑅1 ∙ 𝑅2   (6) 

where W is the width of time window, R1 is the rate of count of detector B15012 and R2 is the 

rate of count of detector B15022. The time window W was set at 2000 ns or 2 μs. 

Coincidences occur only when one detector detects a gamma for which the cascaded gammas 

were detected in the other detector with a fixed time window. If gamma rays are observed 

randomly at a rate RP, the rate 𝑅𝑟𝑐 at which they should be detected arriving in the gating 

window and thus count as coincidences is  

𝑅𝑟𝑐 =  Δ𝑡 ∙ 𝑅𝑝   (7) 

In this experiment some random coincidences were also found. The average rate at which these 

random coincidences can be expected to occur is easily calculated and depends on the singles 
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rates 𝑅𝑠 and the width of the applied time gate Δ𝑡 . Thus random coincidences, 𝑅𝑟𝑎𝑐 can be 

expected to occur at the rate 

𝑅𝑟𝑎𝑐 =  Δ𝑡 ∙ 𝑅𝑠 ∙ 𝑅𝑝   (8) 

It is possible to try removing the random coincidences in the gated one-dimensional spectra (see 

chapter 4.1.5) by a method called background subtraction. In this method an energy gate is 

applied a little bit off from the studied gamma peak. In the produced gated spectrum there are 

same random coincidences as in the real gated spectrum. When background is subtracted, only 

real coincidences are left. For some γ-rays, there is only weak evidence for a real coincidence γ-

ray intensities, obtained from projecting the γ-ray spectrum with different gate settings on the 

time spectrum of the coincidence data.   

 

Figure 28: Decay scheme of 133Ba, (reference [30]). 

4.1.5 Making projections of gamma-gamma matrix  

The coincidences between gamma rays can be viewed directly from the two-dimensional matrix.  

It is a practice to view the one-dimensional gated projections of the matrix. The energy gate is 

put on the energy range of interest, and the one-dimensional spectrum with the condition of the 

gate in the other detector is produced. In the following, three gated spectra of in total ten 
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possible ones (nine known gamma rays in the 133Ba decay, and the Cs-X-rays) are shown and 

discussed. 

 

Figure 29: Energy of 81 keV of gamma from detector B15012 gated energy of gamma from 

detector B15022. 

Figure 29 shows energies found in detector B15022 (Y-axis of the gamma-gamma matrix) when 

a coicidence gate was put on the 81 keV gamma peak in the detector B15012 (X-axis of the 

gamma-gamma matrix). Detector B15022 spectrum is said to be gated by 81 keV gammas. The 

81 keV gamma ray is coincident with the gamma peaks at energies of 53 keV, 79.6 keV,        

223 keV, 276 keV, 303 keV and 356 keV. 

The peak height at 160 keV is at negative axis due to background area subtraction. A closer look 

on the gamma-gamma matrix in figure 26 shows that this negative peak coincides with the 

crossing of 81 keV gamma ray, seen as a vertical line in figure 26, and one of the diagonal lines. 

The effect is because of Compton backscattering of gamma rays from one detector to another. 

From the known decay scheme of 133Ba one can pick the gamma transitions that should be seen 

in coincidence. These are shown in the inset in figure 29.  

The observed coincidences are in a good agreement with the known decay scheme. In addition 

to the expected gamma rays, a small peak at 383 keV is also seen. Its intensity is much smaller 
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as compared to the other peaks than in the singles spectrum (figure 22).  This peak is due to the 

random coincidences. 

Two sharp and high peaks are seen at the energy of 30 keV region. These two peaks are due to 

K-X-rays from conversion electrons. Since s-orbital is the most electron dense orbital, electron 

cloud inside the nucleus are mostly overlapped with K-shell electrons. These K-shell electrons 

are emitted from the atom in the internal conversion of gamma rays. When the vacancies in K-

shell are filled, the K-X-rays are emitted, which are seen in figure 29. 

 

 

Figure 30: Energy of 303 keV of gamma from detector B15012 gated energy of gamma from 

detector B15022. 

Figure 30 shows energies found in detector B15022 when gated by 303 keV gamma ray in 

detector B15012. At the coincidence relations, which are shown as an inset, we observe that the 

53 keV, 81 keV and 303 keV γ-rays are related to each other. The decay energy of 303 keV from 

detector B15012 is coincident with the gamma peaks of 53 keV and 81 keV in detector B15022. 

But due to random coincidences gamma peaks of 276 keV, 303 keV, 356 keV and 383 keV are 

also seen. The K-X-rays of Cs are very pronounced in this spectrum, because the 53 keV and   
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81 keV gamma transitions are strongly converted. This produces a lot of K-shell vacancies and 

K-X-rays which are seen in figure 30. 

 

Figure 31: Energy of 356 keV of gamma from detector B15012 gated energy of gamma from 

detector B15022. 

Figure 31 shows the gamma spectrum of the detector B15022 when gated with 356 keV gamma 

ray peak in the detector B15012. From the inset in figure 31, we observe that the 81 keV and 

356 keV γ-rays are related to each other, so 81 keV peak, and the Cs K-X-rays due to its 

conversion, are seen in figure 31. In this spectrum, the gamma peaks due to random 

coincidences are quite clear.  It is also evident that they are due to random coincidences, since 

356 keV peak sees itself in coincidence, which is not possible. 

To stress that coincidence technique is capable to select the coincident gamma rays, the 50-    

100 keV region of 81 keV gamma gated and 303 keV gamma gated spectra is shown in       

figure 32.  The gamma rays in the coincident spectrum are really different gamma rays. 
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Figure 32: The 81 keV and 303 keV gamma gated spectra overlayed in the 80 keV region. From 

these tests, it can be concluded that for gamma-gamma coincidence measurements the 

acquisition system worked as expected. 

 

4.1.6. (β) (γ) coincidence with  3π∆Eβ detector 

In γ-γ coincidence measurements the detectors are similar or as for BE-2825 detectors, almost 

identical. This leads to a symmetrical peak in the time difference ∆t spectrum. In beta-gamma-

coincidence measurements the typical beta detector is a scintillator. A photomultiplier signal is 

much faster, so the timing properties are different (figure 10). 

The first beta-gamma coincidence tests were performed with a 106Ru source. A scintillator 

detector and a low energy germanium detector (BE2020) were used.  The set-up is shown in 

figure 33. The box in the table is a HAMAMATSU C7319 amplifier that converts the fast 

charge pulse from the scintillator photomultiplier to a common preamplifier pulse shape. 
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Figure 33: Experimental setup for 106Ru beta delayed gamma experiment. The germanium 

detector is in the left. The scintillator detector, 3π∆Eβ, is on the right. 106Ru source is placed 

inside the scintillator detector. The acrylic plate between detectors prevents beta electrons to hit 

the germanium crystal. 

Figure 33 shows 3π∆Eβ detector setup which was built to study β-γ coincidences. Because of the 

small scintillator thickness (2 mm), only a small part of the β energy is detected (∆E) but the 

probability to have an interaction is quite high (intrinsic efficiency is typically more than 90 %). 

The interaction probability with γ rays is much lower (typically less than 1 %) and this makes 

these detectors excellent β particle discriminators, which is called a ∆E detectors. 
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Figure 34: Decay scheme of 106Ru, only the most intense γ-rays are shown in the decay of 106Rh. 

(reference [30]). 

Figure 34 shows the decay scheme of 106Ru, which decays to 106Rh, which decays to 106Pd. The 

most intense gamma rays in the beta decay of 106Ru are 621.9 keV and 511.9 keV. Three energy 

lines in the spectrum, the 511, 620, the 1817 keV lines, were used for the energy calibration. The 

decay constant using BE2020 detector was 57.72 μs. Data was taken for about 2 hours. 

To study the coincidence efficiency of this digital data acquisition system a beta-gamma matrix 

(shown in figure 35) was sorted to see whether this system can figure out those two beta-delayed 

gamma decays.  
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Figure 35: Beta-gamma matrix of 106Ru source. The projections of matrix on both axes are 

shown as well. 

Two gamma peaks of 511 keV and 621 keV energies form horizontal red lines. From 100 keV to     

300 keV region is formed due to the tail of these two beta delayed gamma peaks. These two 

gamma energy peaks are coincided with beta particles decayed from 106Rh nuclei.  

The beta-gamma coincidences seemed to work in an appropriate way. However, the observed 

efficiency of the 3π∆Eβ detector was about 10 %, while 50% or more was expected. No failure 

was found from the data acquisition or the used data sorting codes. The conclusion was finally 

that 106Ru was packed so deep in the source that most of the beta particles were stopped in the 

source. The efficiency of the 3π∆Eβ was then determined with on-line sources as will be 

described in the chapter 5; efficiency close to 70 % was found. 
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4.2. Efficiency calibrations 

4.2.1. Efficiency calibration of silicon beta counter stations 

The figure 3 shows the layout of the IGISOL facility. The produced mass separated beams are 

monitored in positions marked in the figure 3. The beams of ionized stable isotopes are 

sometimes so intense that they can be used for beam tuning with Faraday cups (FC). Faraday 

cups measure the current of the ion beam. When the beams are not enough intense to be 

measured with Faraday cups, the ions can be counted using multichannel plate detectors (MCP).  

MCP is an electron multiplier.  A hit of a single ion on a biased MCP gives a current signal that 

can be detected. 

The radioactive ion beams can be monitored also using silicon detector beta counting stations 

(CS). Such a station consists of 300 mm2, 500 µm thick silicon surface barrier detector 

positioned in the end of a movable rod and a thin aluminum foil positioned in the front of the 

detector.  The counting station is enclosed in the separator vacuum.  

The radioactive beam of the mass separator is implanted in the aluminum foil. When the 

implanted radioactive isotopes decay, the emitted beta particles punch through the detector and 

leave detectable amount of energy in the detector. An example of the energy spectrum of 

observed beta decays is shown in figure 36. 

   

Figure 36: Beta spectrum from 106Ru-Rh source using CAN-B (FD-300-17-500-RM) detector 

and Ortec-142A preamplifier.  
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Because the silicon detector is thin, the gamma radiations from the implantation foil, or the 

laboratory gamma radiation background do not produce a detectable signal. The beta counting 

station therefore counts only beta decays.  

The method is shown to work well at IGISOL for the β-decay of neutron rich nuclei. If the 

aluminum foil in front of detector is sufficiently thin, the beta counting stations can be used to 

count alpha decays as well. For the positron emitting (proton rich) isotopes with small β-decay 

energies the technique does not adapt as well, since these nuclei decay mainly by electron 

capture (EC) decay, without emitting any particle. The foil is attached to a four-position ladder. 

This allows change the foil, if it contaminates too much from the long-lived β-activity.   

When the silicon detector is used to count the beta activity, the signal is amplified with        

Ortec 142A or Canberra BT 2003 preamplifiers and further with an Ortec amplifier (572). The 

amplified signal is normally viewed with an old Canberra S100 multichannel analyzer dedicated 

to this purpose. This allows to view the shape of the transmission spectrum and check the noise 

threshold.   

For beta particle counting, the amplified output is taken to Ortec-934 constant fraction module.  

The output of the constant fraction is directed to an in-house build counter, which is connected 

to separator control system (Figure 37). The pulser rate from the scintillator detectors can be 

recorded and monitored.  The counting times and thresholds are set so that the monitored β- 

detector rate is given directly as counts per second. 

 

Figure 37: The display of the switchyard β-counting station count rate history at IGISOL. 

Compare the activity growth and decay curves with figure 9. 

There are three identical counting stations, one located in the switchyard close to the focal point 

of the dipole magnet, and another in the end of spectroscopy line (figure 3).  A third one is 
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placed after JYFLTRAP. The third one is used to study the transmission from the RFQ 

cooler/buncher to the Penning trap. 

To be able to convert the rate of β-decays to number of mass separated radioactive isotopes, the 

efficiency of the detector need to be known. It depends on two things. One is the so called 

geometrical efficiency. When a β-decay happens in the implantation foil, there is a certain 

change that it hits the detector. The radioactive source is on one side of the detector, and at 

certain distance. 

 

 

Figure 38: Solid angle of a detector, [reference 32]. 

From the known dimensions of the beta counting station the geometrical efficiency for a point 

source in the center of the foil can be estimated as shown in figure 38. The solid angle can be 

calculated from equation (9). 

Ω = 2𝜋 ∙ (1 −
𝑑

√𝑑2+𝑎2
)   (9) 

where Ω represents the solid angle, d represents the source-detector distance and a represents the 

detector radius. 

The aluminum foil in the ladder is at ~ 4 mm from the detector. Solid angle Ω is ~ 1.25π and 

the efficiency of the detector is 1.25π/ 4π = 31%. However, the separator beam cannot be 

focused to a point source, but the beam diameter is of the order of 6 - 10 mm.  On top of that, the 

distribution of the activity in the separator beam spot is not known. 

The other effect is the required β- particle energy. The energy spectrum of betas is continuous. It 

starts from zero and goes up to maximum decay energy.  The electrons close to zero energy do 
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not give big enough signal from the detector. The detection threshold should be as close to zero 

as possible. 

Figure 36 shows the energy spectrum from the beta counting station. The peak in the spectrum is 

the transmission peak. It corresponds the average energy that a minimum ionizing beta electron 

leaves in the 500 µm thick silicon detector. By calibrating the energy scale of the silicon with 

133Ba conversion electrons it was observed that the energy of the transmission peak is about 180 

keV. This coincides with the energy a minimum ionizing electron leaves in silicon. [32] 

From the energy calibration it is also possible to deduce that the typical threshold energy of beta 

counting is of the order of 50 keV.  This energy is so low that the fraction of the continuous beta 

spectrum that is below the threshold energy is negligibly small. It is this small also for β-decays 

that have low end point energy. 

The silicon detector efficiency can also be determined experimentally using β-γ coincidences.  

For this measurement, a beam of A = 112 mass separated fission fragments was implanted on 

the foil in front of the silicon detector. The GC-7020 germanium detector was put as close to the 

point of implantation as possible. A singles gamma ray spectrum and a gamma ray spectrum 

gated with the beta decay signals from the silicon detector were collected simultaneously. These 

spectra are shown in figure 39. 

 

Figure 39: Efficiency measurement of CAN-B, FD-300-17-500-RM silicon detector. 
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Theoretically, the number of counts in the full energy gamma peak N is 

𝑁 = 𝜖𝛾 ∙ 𝑁𝛾    (10) 

where 𝜖𝛾 is the gamma detection efficiency and Nγ is the number of gamma rays emitted from 

the source.  The number of counts in the beta gated full energy gamma peak Nβ is 

𝑁𝛽 = 𝜖𝛽 ∙ 𝜖𝛾 ∙ 𝑁𝛾   (11) 

where 𝜖𝛽  is the beta detection efficiency. It can be calculated from the singles and beta 

coincident gamma peak intensities:  

  𝜖𝛽 =
𝑁𝛽

𝑁
    (12) 

Table 2: Beta efficiency from silicon detector, CAN-B, FD-300-17-500-RM with A= 112 used 

in IGISOL switchyard β counting station. 

Energy 

(keV) 

Isobar Single counts β 

coincident 

counts 

β efficiency 

(%) 

Uncertainty 

(%) 

327.0 Ru 30983  9101 29.37 2.50 

348.7 Rh 430671  128203 29.77 0.34 

359.6 Rh 113695  35125 30.89 0.75 

388.0 Rh 123829 39445 31.85 0.71 

534.3 Rh 84729 27344 32.27 0.86 

560.2 Rh 146527 46124 31.48 0.64 

747.6 Rh 54112 17175 31.74 0.93 

1098.3 Rh 79777 24793 31.07 0.73 

 

Table 2 shows this procedure for several gamma rays in A = 112 fission product decays. The 

327 keV gamma ray belongs to beta decay of 112Ru, other gamma rays to the beta decay of 

112Rh. The beta detection efficiency determined from all gamma rays is about the same. The 

weighted average of the values becomes 30.72 ± 0.28 %. This value is used as the beta counting 

station efficiency in the following. 
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4.2.2. Efficiency calibration of GC-7020, Ge detector used in the online yield measurement 

  

Figure 40: Experimental setup for energy efficiency calculation for GC-7020, Ge detector (left), 

position of the source (right). The source is wrapped in aluminum foil and attached with tape. 

An experiment was done to plot the energy-efficiency calibration of the GC-7020 Ge detector 

used in the two online commissioning experiments of this thesis work. Figure 40 shows the 

experimental setup used in this energy-efficiency calculation and the position of the source 

inside the experimental setup. To calculate the energy-efficiency of the GC-7020 detector a 

mixed 60Co source with 241Am, 137Cs and another mixed source of 152Eu and 133Ba were used. 

The efficiency of the germanium detector GC-7020 was needed in the analysis of the online 

experiments described in chapter 5. It was determined in the measurement geometry as shown in 

figure 40. A mixed source of single gamma ray emitters 60Co, 241Am, and 137Cs was used to 

determine the absolute efficiencies in the closed geometry shown in figure 40. When 

multigamma sources 152Eu and 133Ba were used in the same geometry, this resulted in strange 

efficiencies. This was understood to be due to real coincidence summing of cascading gamma 

rays. This effect can in principle be corrected, but 152Eu has a complicated level scheme.  The 

shape of the efficiency curve was then measured at 25 cm away from the source.  The shape was 

fitted with a semi-empirical equation, Eq. 13.  [33] 

𝜖𝛾 = 𝐸−1  ∙ (𝑎1 + 𝑎2 ∙ log E + 𝑎3 ∙ 𝑙𝑜𝑔𝐸2 + 𝑎4𝑙𝑜𝑔𝐸3) (13) 
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where 𝜖𝛾 is the gamma efficiency, E is the energy, the fit to data points yielded the following 

parameters given as,  𝑎1 = 15.31,  𝑎2 = -23.74 , 𝑎3 = 6.741, 𝑎4 = -0.4318.  

 

Figure 41: Energy-efficiency plot for GC-7020, Ge detector. 

The curve fitted to the 152Eu and 133Ba data points was then scaled to match the absolute 

efficiency points from single gamma sources, as shown in figure 41. Figure 41 shows the 

efficiency calibration of the Ge-detector, GC-7020. Error bars were calculated considering errors 

in peak areas, error in the given literature activity and errors in branching ratios in the gamma 

peak energies. The yields from nuclear reactions (atoms/sec) can be calculated estimating the 

efficiency to detect a gamma ray at certain energy from the plot. 
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5 On-line yield tests 

5.1 Production test of 20F 

The first on-line experiment where the digital acquisition system was used was a yield test for 

the production of 20F.   

The physics case is the following. In intermediate mass stars, whose mass is 8-12 solar masses, a 

possible scenario for the end of the star is an electron-capture supernova. In electron-capture 

supernovae, the core of the star collapses, because electron capture of nuclei removes electrons 

from the core of the star. This reduces the electron pressure that is necessary to oppose the 

gravity. The center of the star collapses and the star explodes as supernova.  [34], [35], [37] 

The key nuclei in this scenario are 20Ne and 24Mg. According to theory, in the temperature-

density range that is believed to be typical for intermediate mass stars at the end of their lives, 

the electron capture on 20Ne is dominated by the transition from the 0+ ground state of 20Ne to 

the 2+ ground state of 20F. The electron capture strengths for 20Ne are experimentally known, 

except just for this transition. Only the upper limit for this transition strength is known, which 

makes its experimental determination highly desirable. The transition strength can be determined 

by measuring the branching ratio of the inverse transition in the β־ -decay of 20F [35], [36]. Such an 

experiment has been proposed to be run at the IGISOL mass separator facility. [34] 

The inverse transition from 20F 2+ ground state to 20Ne 0+ ground state has not yet been 

measured accurately, because most of the beta decays between these states are masked by the 

dominant beta decay to 2+ state in 20Ne. The already small branching of the 2+ - 0+ transition 

must be determined from the high energy tail of the corresponding beta decay. Details of the 

branching measurement can be found in the proposal. [34]   

The previous measurements have established an upper limit of 10-5 for the branching. This sets 

certain requirements on the yield of 20F before the experiment can be tried. [34] 20F was produced 

via (d,p) reaction from 19F. Fluorine is a gas in normal room temperature. Therefore, the 

production target was made of BaF2, a salt with melting point 1,368 °C.  The target was made of 

1.2 mg/cm2 layer of this salt on (0.6 mg/cm2) tungsten (W) backing. Target was placed in a 

standard light-ion fusion ion guide. [45] The (d,p) reaction was induced with 9 MeV deuterium 

beam from the K130 cyclotron. In fusion ion guide, the reaction products recoil out of the 

production target with the momentum from the projectile. The initial energy of the 20F reaction 
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products is of the order of 10 % of the beam energy, about 900 keV. The effective target 

thickness from which the 20F recoils enter to helium gas, is ~ 0.5 mg/cm2. 

The 20F recoils are ionized in the (d,p) reaction. When they are stopped in helium, they start 

charge exchange reactions with helium atoms. Because helium has a high first ionization 

potential, the fluorine ions are not neutralized. They are however concentrated on 1+ charge 

state. The 1+ ions are transported out of ion guide with helium flow, directed with electric fields, 

accelerated to 30 keV and mass separated with a dipole magnet. The mass selected 20F ions were 

focused into beta particle counting stations in the switchyard of the mass separator and in the 

spectroscopy line, or a beta-gamma detection setup in the end of spectroscopy line (Figure 3).  

The yield test started with the silicon counting stations. Just before the first measurement with 

(β) (γ)-setup, with 1.5 μA primary deuteron beam 1500 betas/s were observed in switchyard 

counting station (CS-1 in figure 3). 950 beta/s was observed in the separator line beta counting 

station (CS-2 in figure 3, 3 in figure 42). With the counting station efficiencies 30.72 % this is 

3000 20F atoms/s. The counting station measurements results corresponding to the 4 runs of 

which digital acquisition measurements were made are collected in table-3. The IGISOL beam 

was then let to the 3π∆Eβ station in the end of spectroscopy line. Data was collected from 3π∆Eβ 

and GC-7020 detectors for one hour with the digital acquisition system. 

 

Figure 42: Experimental setup for the 20F production yield measurement (1: separator beamline. 

2: Faraday cup. 3: Separator beam implantation position for beta counting. 4: 3π∆Eβ plastic 

scintillator detector. 5: 70% Ge gamma ray detector. 6: Separator beam implantation position for 

gamma counting. 7. Vacuum tube to the tape station to remove the long lived activity. (Since 20F 

half-life is only 11 s and it decays to stable 20Ne, no tape station was needed in the 20F study.) 
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The decay scheme of 20F is shown in figure 43. More than 99.99% of the beta decay goes to 2+ 

state at 1633 keV. This state decays via a 1633 keV gamma transition to the ground state. The 

yield of 20F can be monitored with beta counting, or by gamma ray counting. 

For the detection of γ-rays, the GC-7020 a High-Purity Germanium (HPGe) detector with 

relative efficiency of 70 % was used. It’s distance to the implantation point was minimized, to 

ensure maximum efficiency. 

 

 

Figure 43: Decay scheme of 20F, (reference [30]). 
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Figure 44: 3π∆Eβ detector energy spectrum in four different runs. 

The decay constant using co-axial long 70% Ge detector, GC-7020 was 57.72 μs. The detector 

was energy calibrated using 60Co and laboratory background gamma rays (40K, 208Tl), as seen in 

figure 45. The sorted singles beta spectra from each run are shown in figure 44. The singles 

gamma spectra of each run are in figure 46. 

 

Figure 45: Energy calibration for co-axial long 70% Ge detector, GC-7020. 
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Figure 46: Beta delayed gamma decay of 1633 keV from Ge detector, GC-7020 using 20F 

source. 

The efficiency of a scintillator means the probability that a beta particle interacts in the 

scintillator in such a way that a pulse is recorded anywhere in the spectrum. Data was collected 

for four runs in the spectra. Data was taken for about 1 hour in each run.  

The corresponding beta count yields are shown in table 3: 

Table 3. The results of the four beta-gamma runs. The table shows the energy and intensity of 

the deuterium beam, rate in the spectroscopy line counting station, beta-gamma measurement 

time, 3𝜋∆𝐸𝛽 singles rate, number of counts in the 1633 keV gamma peak in the singles spectra 

and in 𝛽-coincidence.  In the last column is the deduced 3𝜋∆𝐸𝛽 detector efficiency. 

Run Ed 

[MeV] 

Id 

[µA] 

CS 

[1/s] 

Time 

[s] 
3𝜋∆𝐸𝛽 

singles 

[1/s] 

GC-7020 

1633 keV 

singles 

GC-7020    

1633 keV   
 𝛽-coincidence 

𝜀𝛽 [%] 

1 9 1.5 950 3500 2000 39300 19170 48.78 (43) 

2 9 1.5 700 3130 3500 107000 52950 49.46 (26) 

3 6 *) 4.0 2400 3830 8200 298500 142200 47.64 (15) 

4 6 *) 4.0 3000 3010 10800 548500 258800 47.19 (11) 

*) degraded from 9 MeV with 52 µm Ta foil 
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The efficiency of the 3π∆Eβ  detector could be finally determined from the ratio of the 1633 keV 

gamma ray peak intensities in beta coincidence and singles spectrum.  The results are shown in 

table 3. The weighted average efficiency becomes 47.42 ± 0.10 %. 

 

Figure 47: ∆t-gamma energy matrix from 20F. 

As the next step, the beta-gamma matrix and the beta-gamma time difference ∆t (Eq. 5) spectra 

were sorted from every run. For the 20F yield measurement one dimensional spectra were 

enough, but this was also to test the digital acquisition system.  An example of beta-gamma 

matrix is shown in figure 48 and ∆t spectrum in figure 50. 

Figure 48 is showing the beta-gamma matrix which was plotted in the fourth run where the 

statistics is the highest. Since the number of counts for beta particles were more than the 

previous all runs, (it contains most beta particles). The structure of Compton tail of gamma peak 

is clearly seen with the Compton edge at ~ 1400 keV. A gamma line of 1633 keV which is 

visible and the escape peaks at 1122 keV and 611 keV can be seen as weak horizontal lines. An 

example of beta gated gamma spectrum of 20F decay is shown in figure 49.  It is from the fourth 

run with the highest statistics. 
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Figure 48: Beta-gamma matrix from 20F using a 3π∆Eβ scintillator and a Ge detector, GC-7020 

in fourth run. 

 

Figure 49: Beta delayed gamma decay from 20F using 3π∆Eβ scintillator and a Ge detector,    

GC-7020 in fourth run. 
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In figure 49, beta delayed gamma peak is visible in 1633 keV, whose Compton edge tail is 

visible in 1400 keV region as a bump. Two tiny peaks are visible at 1122 keV and at 611 keV. 

The peak at 1122 keV region is called the single escape peak, and 611 keV is called the double 

escape peak. They are formed by the annihilation of positron created in pair formation. 

Annihilation results in the production of two 511 keV annihilation gamma-rays. If only one of 

these gamma-rays escapes while the other is completely absorbed in the detector, 511 keV will 

be lost from the detector. Which is, (1633 -511) keV = 1122 keV of available energy. Another 

peak is visible at 611 keV region which is called the double escape peak. Since both 

annihilations gamma rays of 511 keV escaped from the detector which left {1633-(511+511)} 

keV = 611 keV of energy in the detector.  

The ∆t seen in the figure 50 is very narrow, only ~20 ns wide, but it has a tail which extends to 

~600 ns. The scintillation signal is fast, and no coincidences were observed where the Ge 

detector would have fired first. If the ∆t is studied in more detail by sorting it to two-dimensional 

∆t-gamma matrix, it is seen that the tail in ∆t comes mostly from lower gamma energies    

(figure 47). This can maybe improve in the future by better adjusting the CFD level. The 

problem is that testing with 3π∆Eβ detector perhaps should be done with on-line sources, not 

106Ru-Rh sources. 

 

Figure 50: Time spectra at time difference ∆t between scintillator and Ge detector in fourth run. 
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From the known count rate of 10 kHz and coincidence window 1 µs it can be estimated that the 

probability of random coincidences is 1 %. The ∆t tail of the 1633 keV gamma peak (horizontal 

line in figure 47) represents the random coincidences. 
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5.2. Fission yields in 15- and 25-MeV deuteron induced fission of 232Th 

An experiment has been proposed by Beyhan Bastin (GANIL), Anu Kankainen, et al., for 

IGISOL/JYFLTRAP facility to measure atomic masses in the vicinity of 78Ni.[37] The motivation 

of the proposed experiment is to constrain supernovae models and study how the N=50 and 

Z=28 shell closures evolve towards the neutron dripline. Supernovae play a crucial role in the 

synthesis of heavy elements and in the dissemination of the nuclear burning products of stars. 

The masses of neutron-rich Ni, Cu, Zn and Ga isotopes are relevant for the study of core-

collapse supernovae as well as for nuclear structure, as the nuclei are located close to the closed 

Z=28 and N=50 shells. Recent sensitivity studies identified the nuclei whose electron-capture 

rates play the most important role during the collapse phase are located around 78Ni and 128Pd 

thus around shell closures (N=50).[37]  Incidentally, the astrophysical motivation is same as in the 

study of 20F: to find the electron capture rates in a dying star via studying the inverse process of 

beta decay in the crucial regions. 

 

 

Figure 51: Chart of nuclides providing the identification of nuclei yielding the largest electron 

fraction variation integrated up to neutrino trapping, (reference [37]).  

The nuclei of interest for this experimental proposal are located near to Z=28 and N=50 shell 

closures, and thus, the  mass  measurements  are  important  not  only  for  nuclear  astrophysics,  
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but also for nuclear structure. A challenge of the measurements in this region located far from 

stable nuclei is the production of studied nuclei. They can be reached in charged particle induced 

fission of heavy nuclei such as 232Th or 238U. Before the experiment, it is however important to 

make an experimental survey which combination of projectile and target give the best yield of 

the isotopes of interest.  Also the optimal projectile energy needs to be surveyed. 

In the experiment, yields of 232Th fission was studied. A 15.3 mg/cm2 thick thorium target was 

bombarded with 15 MeV and 25 MeV deuterium (2H) ions. The reason for the choice of targets 

and beams was the following.  

25 MeV proton induced yield in the fission of natural uranium has been studied in reference [38]  

25 MeV proton induced fission of natural thorium, which is 100% isotope 232Th, is studied in 

reference [39]. These yield measurements cover elements as far as germanium and gallium, and 

the results can be at least to some extend extrapolated to lighter elements. 25 MeV deuterium 

induced fission of natU was studied in reference [39] for Zn and Ga. The yields from deuterium 

induced fission of 232Th at IGISOL were not so far experimentally studied.  

The activation of the fission target in the particle bombardment constrains the experiment. Only 

one target can be used in one beam time. A safety period of several days is needed before the 

fission target can be changed. During this time the radioactive isotopes accumulated in the target 

decay so much that the radiation level of the target is acceptable for handling. Because only one 

target could be used, tests concentrated on deuterium induced fission of 232Th. 

Deuterium beams with two different energies, 15 MeV and 25 MeV were used. 25 MeV was 

used to simplify the comparison with the previous experiments, which all had 25 MeV proton or 

deuterium energy. 15 MeV was chosen as the other energy, because it is the lowest energy that 

is available from the MCC-30 light ion accelerator. [40] 

With lower bombarding particle energy it is expected to excite less the fissioning compound 

nucleus. Lower excitation is expected to result evaporation of less neutrons from the compound 

nucleus. The fissioning nucleus as well as the fission products would then be more neutron rich. 

On the other hand, higher bombardment energy and higher compound nucleus excitation also 

mean higher fission cross section.  That would mean higher production also for the very neutron 

rich isotopes. The question is, if it is better to have higher production cross section in general, or 

more neutron rich distribution of the products. 
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The nuclei of interest were produced using deuteron-induced fission on natural thorium target.  

Deuteron beams of 25 MeV and 15 MeV were delivered from the K130 cyclotron. A standard 

fission ion guide [40] was used to stop and thermalize the fission products. The reaction products 

were stopped in the stopping gas cell of the IGISOL fission ion guide, and extracted with the use 

of a sextupole ion guide (SPIG). The ions were accelerated to 30 kV and mass-separated with a 

55 degree dipole magnet, which was sufficient to select the mass number of interest.   

5.2.1. Methods to determine fission product yield 

The analysis of fission products was performed in the mass region A = 60 - 82 to extract the 

yields in the vicinity of 78Ni. Three different methods were applied. First, direct counting of the 

beta decays in each mass number with silicon detector beta counting station was applied.  The 

efficiency of these beta stations was determined as described before in section 4.2.1. The same 

stations were used already in the yield measurement of 20F.  

The beta rate was read from the screen of the IGISOL rate monitoring system (figure 37) and 

was written in the logbook. Since there is accumulated beta activity in the implantation foil, the 

foil background was measured first. Then there was a waiting time until the count rate in the 

silicon detector reached the saturation value. The background counts were subtracted from the 

saturation rate. The estimated accuracy with which the rate can be read from the screen is          

± 30 cps. The procedure of determining the rate could be improved.  Now it was not detected as 

precisely as it could have been.    

Second, the ions were mass analyzed using the JYFLTRAP purification trap. The IGISOL beam 

was injected into the radio frequency quadrupole (RFQ) trap which cooled the ions and ejected 

them as  narrow bunches towards  the  JYFLTRAP  Penning  trap  where measurements were 

carried out. 

The first trap of JYFLTRAP, a purification trap, was used as a high resolution mass filter. The 

mass of an ion, mion , that can pass the trap operated at frequency 𝜐𝑐 are related as Eq. (14). 

The mass of the ion of interest, mion, is determined from Eq. (14): 

𝜐𝑐 =
1

2𝜋
∙

𝑞𝐵

𝑚𝑖𝑜𝑛
   (14) 

where B is the magnetic field inside JYFLTRAP and q is the charge of the ion. At IGISOL, most 

of the ions have a charge state 𝑞 =  +𝑒. Only the ions whose mass satisfies Eq. 14 can pass the 



77 
 

Penning trap become counted with a MCP detector behind the trap. The trap frequency is 

scanned over the range of interest. Each trap frequency can be related to a certain mass via     

Eq. 14.  The peaks appearing in the frequency spectra shown in figures 52 - 56 can be identified 

from this information. 

 

Figure 52: First trap scan for A= 76 using 25 MeV d beam on 232Th at IGISOL (file-14). 

 

Figure 53: First trap scan for A= 76 using 25 MeV d beam on 232Th at IGISOL (file-44). 
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Figure 54: First trap scan for A= 76 using 25 MeV d beam on 232Th at IGISOL (file-56). 

 

Figure 55: First trap scan for A= 76 using 25 MeV d beam on 232Th at IGISOL (file-57). 
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Figure 56: First trap scan for A= 76 using 25 MeV d beam on 232Th at IGISOL (file-61). 

Gamma ray measurement 

The third method to determine the fission product yields was gamma ray counting at the end of 

spectroscopy line (figure 42).  The spectroscopy line is 30 degrees to the right in the direction of 

the mass separator ion beam.  The beam is turned to the spectroscopy line using an electrostatic 

kicker electrode and an electrostatic bend.  An electric quadrupole is used to focus the beam on a 

small spot at the end of the spectroscopy line. As mentioned, one of the beta counting stations 

was located at the end of the spectroscopy line. At the very end, there are the 3π∆Eβ detector and 

Ge detector, GC-7020. The detection geometry was the same as in 20F experiment.  Instead of 

implantation foil, the tape station was used. In 20F yield measurement all the produced 11 second 

20F activity decays to stable 20Ne in couple of minutes.  In fission, in each mass number several 

isotopes are produced.   

Most often, there are long-lived activities in the end of decay chain. To avoid building up 

background radiation, the tape station was used between the measurements to remove the long-

live activity from front of the detector.  

The mass chains studied with gamma ray spectroscopy were A = 76 and A = 81. Beta counting 

and mass spectroscopy were the primary methods to study the fission product yields.  Gamma 

ray spectroscopy was used to confirm and cross-check the obtained results.  
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A = 76 mass chain was chosen because the isotopes in the decay chain of the expected fission 

products are relatively short-lived. In A = 76, 76Cu (T1/2 = 640 ms), 76Zn (T1/2 = 5.6 s) and      

76Ga (T1/2 = 32.6 s) are produced. 76Ge at the end of the decay chain is stable. The decay rate of 

all the isotopes in A = 76 decay chain is in saturation in a few minutes. 

Gamma ray measurement in A = 81 was in the first place because 81Br disturbed the trap 

measurement in this mass number as explained below. In A = 81, 81Ga (1.22 s), 81Ge (7.6 s) and 

81As (34 s) are produced. 81Se at the end of this decay chain β-decays with 18 minutes half-life. 

The decay goes mostly directly to ground state, producing very few beta delayed gamma rays. 

The beta branch to the ground state in this decay is 98.7%.   

The useful part of decay chain for gamma ray analysis ends to 81As. This part of the decay chain 

reaches the saturation also in a few minutes. 

5.2.2. Fission yields from beta rates and mass spectra 

The three different methods to determine the fission product yields are complementary and 

support each other. The measured quantity is different. In beta counting station, the total beta 

decay rate of a mass chain of fission products is detected. If all the isotopes in the decay chain 

have short half-lives, the isotopes in the decay chain are decaying at the same rate as they are 

produced (secular equilibrium). The decay rate of each isotope is said to be in saturation. This is 

the case in beta decay chains in A = 76 and in A = 81.  

The isotopes are produced in two ways. The most neutron rich isotopes furthest from stability 

are produced directly in fission. The less neutron rich are produced both in fission and in the 

beta decay of the more neutron rich. The isotopes close to stability are produced mostly in the 

decay of the more neutron rich isotopes. Beta decays counted with a ∆E detector cannot be 

distinguished from each other. Beta counting does not give information which isotopes are 

produced. 

This is why the beta counting rate alone is also an inaccurate way to measure the total number of 

isotopes in the separated mass number. In the beta counting station, an implanted 76Cu decays to 

76Zn, which decays to 76Ga, which is decaying to stable 76Ge.  The decay chain starting from an 

implanted 76Cu produces three beta decays.  Each implanted 76Zn from fission produces two beta 

decays. An implanted 76Ga produces only one beta decay. Information of the composition of     

A = 76 ion beam is necessary for further calculation.                         
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This issue is solved by measuring the mass spectrum using the Penning trap. The mass spectra 

after the Penning trap give information of the relative independent yields of isotopes. For 

example, the mass spectrum shown in the figure 53 shows that the yield ratio of 76Ga and 76Zn in 

the 25 MeV deuteron induced fission is 2572:3434, or almost exactly 3:4. 

These values are the relative independent fission product yields. The independence means that 

all the counted ions are produced directly in fission. They are independent of beta decay. Using 

the figure 53 mass spectrum as an example, none of the observed 76Ga ions is a beta decay 

product of 76Zn.  The reason for this is that the decayed isotopes do not survive the mass analysis 

with a Penning trap. If a 76Zn isotope decays to 76Ga during the mass analysis, it either recoils on 

the Penning trap wall, or it caught in the Penning trap as 76Ga2+ ion.  In the β-decay the charge 

state of nucleus increases by 1. The beta electron is emitted from the atom.  The originally 1+ ion 

becomes 2+. Its m/q ratio changes and it becomes filtered in the mass analysis. This is why 76Ga 

isotopes originating from the beta decay are not seen in the mass spectrum after the trap. 

In principle the Penning trap high resolution mass spectrum gives directly the fission product 

yields. In practice, the transmission of the ions through the Penning trap is not known very 

accurately. It can also change between the measurements because of reasons that are not very 

well controlled. 

The mass spectra do not give information about the yields before the mass analysis. For precise 

analysis, there are two things that must be taken into account. The efficiency of an ion guide is 

not exactly the same for all elements. Another thing is the losses due to radioactive decay, but 

they are not significant neither for 76Zn nor 76Ga. When the data from beta counting rate 

measured in saturation is combined with the independent yield ratios determined from the mass 

spectra, the absolute independent yields in the switchyard can be determined. 

The saturated beta rate in the switchyard beta counter was 500 counts per second just after the 

mass spectrum shown in figure 53 was collected. The primary deuterium beam intensity in FC2 

(the Faraday cup in the cyclotron beamline before the IGISOL target chamber) was 8.08 µA. 

From the spectrum one sees that 10.7 ± 0.4 % of the ions are 76Cu, 51.1 ± 1.1% are 76Zn and 

38.3% are 76Ga. The percentages are calculated from the ion peak counts seen in figure 52 to 

figure 56. Uncertainties are calculated from normal counting statistics, assuming that the 

uncertainty of the number of counts in each mass peak is square root of the number of counts. 



82 
 

Although not shown in the mass spectra, stable 76Ge is also produced in fission. The produced 

76Ge is not observed in beta detector, because it does not decay. 76Ge ions are observed with the 

MCP detector after the Penning trap, but they were used to deduce the fission yield of 76Ge. This 

is because the 76Ge produced in fission cannot be distinguished from naturally occurring 76Ge 

present in the separator beam.  

As discussed above, the situation is different in the beta counter. Each implanted 76Cu is 

followed by 3 beta decays, each 76Zn by two, and each 76Ga by one beta decay.  It can be written 

that the saturation rate of observed beta decays, Rλ, is 

𝑅𝜆 = 𝜖𝛽 ∙ (3𝑓(𝐶𝑢) + 2𝑓(𝑍𝑛) + 𝑓(𝐺𝑎)) ∙ 𝑅𝑖  (15) 

where 𝑅𝜆 = 𝜖𝛽 ∙ (3𝑓(𝐶𝑢) + 2𝑓(𝑍𝑛) + 𝑓(𝐺𝑎)) ∙ 𝑅𝑖 is the fraction of each element as measured 

from the mass spectrum after the JYFLTRAP,  𝜖𝛽 is the efficiency of beta counting stations, 

30.72 ± 0.28 %, and Ri  the rate of mass separated ions with mass number A implanted in the foil 

in front of the beta detector. 

From above f(Cu)= 0.107;  f(Zn)= 0.511;  f(Ga)= 0.383 and the measured Rλ = 500 s-1. 

𝑅𝑖 =
𝑅𝜆

𝜖𝛽∙(3𝑓(𝐶𝑢)+2𝑓(𝑍𝑛)+𝑓(𝐺𝑎))
   (16) 

                                              =  
500

(0.307)∙(3∙(0.107)+2∙(0.511)+0.383)
 s-1 

                                              =  945 s-1. 

It has become equal to 945 ions per second, and the independent yields of each isotope 

Yield(Cu) = 𝑓(𝐶𝑢) ∙  𝑅𝑖 𝐹  = 0.107 * 945 (ions/s) = 100 ions/s; Yield(Zn) = 480 ions/s ; 

Yield(Ga) = 360 ions/s 

The fission yield measurements in mass number A = 76 using the beta rates and trap 

measurements are combined in Table 4.  The results will be discussed after describing first the 

results from the third method, gamma ray detection in the end of spectroscopy line. 
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Table 4: The independent yield fractions and independent fission yields of 76Cu, 76Zn and 76Ga 

in the IGISOL switchyard after magnetic separation. Values are deduced from JYFLTRAP mass 

spectra and beta counting station rates. The uncertainty of beta rates is taken as 10%  in every 

case.  The primary deuterium beam intensity from K130 cyclotron was measured in FC2 (the 

Faraday cup in the cyclotron beamline before the IGISOL target chamber). 

25 MeV deuteron induced fission 

 

15 MeV deuteron induced fission 

Run 57 Run 61 

Beta rate 200 cps 190 cps 

K-130 beam 8.4 8.1 

f(z) yield 

(atoms/sec) 

f(z) yield 

(atoms/sec) 

76Cu 39.7 (1.3) 117 (12) 42.1 (1.7) 116 (12) 

76Zn 41.6 (1.3) 112 (13) 41.1 (1.7) 113 (12) 

76Ga 18.7 (0.8) 55 (6) 16.8 (1.0) 46 (5) 

 

 

Run 14 Run 44 Run 56 

Beta rate 550 cps 500 cps 550 cps 

K-130 beam 8.0 μA 8.1 μA 7.8 μA 

f(z) yield 

(atoms/sec) 

f(z) yield 

(atoms/sec) 

f(z) yield 

(atoms/sec) 

76Cu 71.1(2.9) 504 (55) 10.7 (0.4) 101 (11) 10.0(1.0) 98 (14) 

76Zn 10.6 (0.9) 75 (10) 51.1 (1.1) 483 (49) 62.5(3.2) 614 (69) 

76Ga 18.2 (1.2) 129 (16) 38.3 (0.9) 361 (37) 27.5(1.9) 270 (33) 
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5.2.3. Fission yields from beta gated gamma spectra 

The mass separated IGISOL beam was deflected to the spectroscopy line as explained before. 

The transmission from switchyard to spectroscopy line was measured by comparing the beta rate 

in the switchyard counter and in the spectroscopy line silicon counter. 

Transmission efficiencies varied between measurements from 40% to 60%. When a good 

transmission was confirmed with beta counting, the beta counter was lifted up and the separator 

beam let in the movable tape of the tape station inside the 3π∆Eβ detector. The tape was not 

moved during the measurements, but it was stepped a few meters between the gamma 

measurements. This way the possible long-lived activities were removed from the front of the 

germanium detector and inside the 3π∆Eβ detector.  

 

Figure 57: Beta delayed gamma ray spectrum of A= 76 fission products from 25 MeV deuterium 

induced fission of 232Th.  Peaks are labeled with energy in keV and the parent isotope. 

The decay data was recorded with GC-7020 germanium detector and the 3π∆Eβ scintillation 

detector.  Data was written on hard disk and sorted off-line. The width of the time window was 

set at 2000 ns or 2 μs, for better visualization the plot represents data up to 600 ns, which was 

found the maximum time distribution in this experiment. No counts were found after 600 ns time 

distribution (figure 60).  
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Both singles and beta coincident spectra of the A = 76 fission fragments were sorted from the 

collected data. The beta gated gamma ray spectrum of A = 76 fission products decay is shown in 

figure 57 for 25 MeV deuterium induced fission and in figure 63 for 15 MeV deuterium induced 

fission.  The gamma rays belonging in the decay of each isotope are identified in the basis of the 

literature. [41],[42] The identified gamma ray peaks and their origin are labeled in the figures 57, 

58 and 63.  The most intense peaks and their intensity are listed in table 5, 6, and 7. 

The efficiency of the 3π∆Eβ scintillation detector can be determined from the intensity ratio of 

beta coincident gamma peaks and singles gamma peaks, as before with the silicon counting 

station and in the 20F experiment. The measured gamma peak intensities and deduced 3π∆Eβ 

detector efficiencies are given in tables 5 - 7. The weighted average efficiency was found       

66.47± 0.48 %.  

 

Figure 58: Beta delayed gamma ray spectrum of A= 81 fission products from 25 MeV deuterium 

induced fission of 232Th.  Peaks are labeled with energy in keV and the parent isotope. 
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Figure 59: Energy-Efficiency plot for 3π∆Eβ scintillator detector with A= 76 and A= 81 fission 

products beta delayed gamma decay. 

Figure 59 is showing the efficiency against energies. The error bars in data points are statistical 

variation only. It seems not be any systematic biased since different experiments give about 

same average. The deviating values are either small peaks that have a large statistical 

fluctuation, or the gamma ray energy is close to the energy of some laboratory background 

gamma rays. In latter case the intensity of the singles gamma peak includes also background 

gamma rays, which are 100% removed when the beta coincidence is applied. The result will be 

too low beta detection efficiency. 
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Figure 60: Time spectrum at time difference ∆t between 3π∆Eβ scintillator and Ge detector,   

GC-7020 with A= 112. 

The deduced beta efficiency is higher than 47.62± 0.10 % deduced from the 20F decay. It is also 

different from the old value of 55% measured using similar technique at IGISOL-3 more than 10 

years ago. The difference to old measurement can be explained by coincidence timing effect of 

the analogue DAQ system. This explanation does not apply to the 20F experiment, which is 

measured in the same geometry, with same detectors and in the same place.  

There are two possible reasons. The beta efficiency can be sensitive to the focusing of the 

separator beam inside the 3π∆Eβ detector. Whether the variation of the beam spot size and 

position can cause this much in the beta detection efficiency should be systematically studied. 

The other possible reason is a software problem:  ∆t spectrum in 20F experiment (figure 50) has 

sharper edge than ∆t in fission experiment (figure 60), as if some counts had been missed. Such 

a problem was however not found in the sorting codes. 

The yield measurement based on gamma rays is similar as in the case of 20F yield measurement. 

The big differences to the 20F measurement are that in 20F there was one gamma ray with 100% 

branching, and the decay product 20Ne was stable. Now there are at least three beta decaying 

isotopes that decay to each other. The deduced yields are cumulative yields, which mean the 

total yield of each isotope, produced either directly in fission or in the decay of the so called 
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precursors. In addition, in each decay there are several gamma rays with not so well known 

intensities. 

The peak intensity for analysis is taken in both β-delayed and singles spectrum. Since the 

geometry of measurement is identical to the measurement of 20F yield, the same efficiency curve 

is used for the gamma ray efficiency.  

This average beta efficiency and gamma peak intensity in the beta coincident spectrum is used in 

the cumulative fission product yield calculation instead of the singles gamma ray intensity. 

Because of lower background, the gamma peak intensity can be measured more accurately from 

the beta coincident spectrum, especially for the small gamma ray peaks. 

 

Figure 61: Time spectrum for A= 76 mass analysis with 15 MeV deuterium beam. 

In addition to energy spectra, a history spectrum can be sorted from the data collected with the 

digital data acquisition system. Such a spectrum is shown from figure 52-figure 56. The beta 

coincident gamma rate is binned to 10 s bins. The histogram shows that the measurement has 

been in the saturation almost from the beginning, and the count rate has not been fluctuating 

during the measurement (figure 61). As a bonus, the measurement time can be reliably 

determined from the history spectrum. 

The yields in tables are calculated from the following equation: 
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𝑌𝑖𝑒𝑙𝑑 =  
𝐼𝛽

𝜖𝛽∙𝜖𝛾∙𝑏𝛾∙𝑡
   (17) 

where 𝐼𝛽 = β-coincident counts, 𝜖𝛽 = beta efficiency of scintillator, 𝜖𝛾= gamma efficiency of Ge 

detector, 𝑏𝛾= branching of gamma peak, t = measurement time. 

The cumulative 76Cu yield of 6 atoms/s is the lower limit. The gamma ray branching 97(5) %  

taken from [reference 44] is deduced from the known decay scheme. The beta decay Q-value is 

11.2 MeV.  It is a likely that many gamma rays going to ground state have not placed in level 

scheme 76Cu is also beta-n emitter [ 46] with a Pn value of 7.2%. The 0.90 (5) branching value in 

tables 5 and 6 takes this into account. 

In any case from the gamma spectrum it is clear that the deduced yield of 500 atoms/s with beta 

counting and mass spectrum from Run 14 is not real. With improved trap settings in Run 44 and 

Run 56 the deduced yield in switchyard becomes more realistic 100 atoms/s. With the measured 

40% transmission to the spectroscopy line, the expected rate in the gamma detection station 

would be 40 atoms/s. The observed > 6 atoms/s is clearly less, but can be due to poorly known 

decay scheme of 76Cu. 

Table 5: Yield calculations for A= 76 at 25 MeV of deuterium beam 

Energy 

(keV) 

Isobar Intensity 

branching 

Single 

counts 

β 

coincident 

counts 

β 

efficiency 

(%) 

γ efficiency 

(%) 

time 

(sec) 

Yield 

(atoms/sec) 

598.1 Cu 0.90 (5) 571.5 236 41.3 (3.2) 4.33 (0.11) 1490 6. 0 ± 0.8 

76 Zn 0.25 (4) 2759 1765 69.9 (1.9) 4.09 (0.28) 1490 165±30 

172 Zn 0.074 (3) 2253 1600.5 62.7 (2.3) 7.45 (0.23) 1490 310±23 

199 Zn 0.775 (24) 22658.5 16250.5 68.9 (1.0) 7.27 (0.21) 1490 281±12 

366 Zn 0.075 (4) 1736 1101 64.8 (2.4) 5.81 (0.15) 1490 262±22 

546 Ga 0.26 (18) 3625.5 2646 69.9 (1.8) 4.64 (0.12) 1490 210±17 

563 Ga 0.66  10990 7970 66.3 (1.0) 4.56 (0.12) 1490 268±9 

1108 Ga 0.158 (8) 1909 1458 58.4 (2.6) 2.94 (0.08) 1490 313±24 



90 
 

Table 6: Yield calculations for A= 76 at 15 MeV of deuterium beam 

 

Table 7: Yield calculations for A= 81 at 25 MeV of deuterium beam 

Energy 

(keV) 

Isobar Intensity 

branching 

Single 

counts 

β 

coincident 

counts 

β 

efficiency 

(%) 

γ 

efficiency 

(%) 

time 

(sec) 

Yield 

(atoms/sec) 

598.1 Cu 0.90 (5) 51 34 66.7 4.33 (0.11) 1160 1.1±0.3 

76 Zn 0.25 (4) 796 508.5 63.8 (3.6) 4.09 (0.28) 1160 64±13 

172 Zn 0.074 (3) 271 228 84.1 (7.5) 7.45 (0.23) 1160 53±9 

199 Zn 0.775 (24) 4289 3323 77.5 (1.8) 7.27 (0.21) 1160 76±4 

366 Zn 0.075 (4) 591.5 209.5 35.4 (2.8) 5.81 (0.15) 1160 62±8 

546 Ga 0.26 (18) 606 405 66.8 (4.3) 4.64 (0.12) 1160 43±5 

563 Ga 0.66  1729.5 1234 71.3 (2.6) 4.56 (0.12) 1160 53±3 

1108 Ga 0.158 (8) 338 176.5 52.2 (4.8) 2.94 (0.08) 1160 49±6 

Energy 

(keV) 

Isobar Intensity 

branching 

Single 

counts 

β  

coincident 

counts 

β 

efficiency 

(%) 

γ efficiency 

(%) 

time 

(sec) 

Yield 

(atoms/sec) 

93 Ge 0.13 (3) 2057 1619 67.7 (2.6) 6.48 (0.32) 310 916±72 

133 Ge 0.044 (3) 782 563 71.9 (3.9) 7.46 (0.27) 310 768±96 

197 Ge 0.095 (8) 1750.5 1242 56.2 (1.2) 7.28 (0.21) 310 1030±115 

290 Ge 0.05 (5) 1193 713 65.8 (2.8) 6.44 (1.7) 310 1085±309 

336 Ge 0.59 (3) 6759 4667 69.9 (1.3) 6.53 (0.15) 310 558±19 

401 Ge 0.042 (4) 746 385 51.6 (3.2) 5.54 (0.14) 310 1034±153 

468 As 0.2 (0) 6330 4522 65.6 (1.4) 5.09 (0.14) 310 2183±83 

491 As 0.085 (9) 2334 1565 65.9 (2.2) 4.9 (0.12) 310 1820±215 

737 Ge 0.121 (9) 1225 808 65.9 (2.9) 3.8 (0.09) 310 855±86 

793 Ge 0.3907 2347 1428 60.8 (2.1) 3.63 (0.08) 310 534±27 

875 Ge 0.114 (10) 525 322 61.3 (4.3) 3.38 (0.08) 310 439±61 
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The yields of 76Zn determined from 4 most intense gamma rays agree with each other, except for 

the yield from the 76 keV gamma ray. The efficiency of the gamma ray detector changes very 

fast just in this energy. The efficiency can be overestimated. The 76Zn yield for both 25 MeV 

and 15 MeV deuterium induced fission can be calculated as a weighted average from the three 

other gamma rays as 283 ± 18 and 59 ± 7 atoms/s, respectively.  

In 25 MeV fission these can be compared to yields from Run 44 and Run 56. With 40% 

transmission to spectroscopy line, the expected yields are 210 and 280 atoms/s in the gamma 

counting station, respectively. These are calculated assuming 100 atoms/s production of 76Cu in 

the switchyard, which would contribute to the yield of 76Zn via its beta decay. The gamma ray 

measurement was made after Run 56. The agreement between beta/JYFLTRAP measurement 

and the gamma ray measurement is excellent. For 76Ga, the yields deduced from three most 

intense gamma rays do not agree as well as for 76Zn. 

 

 

Figure 62: Decay scheme of 76Ga, (reference [30]). 
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A part of the decay scheme of 76Ga is shown in figure 62. The most intense gamma rays are 

related as shown. Remembering that the gamma measurement was made in a very close 

geometry which leads to coincidence summing, the coincidence summing can be analyzed.  The 

gamma peak detection efficiencies are known from the efficiency curve. The intensity of       

1108 keV peak increases when the 546 keV and 563 keV gamma rays both hit in the germanium 

detector. Respectively, the intensity of 546 keV and 563 keV gamma rays is reduced. It is 

reduced more than the 1108 keV peak intensity is increased, because full energy of one gamma 

ray need not be left in the detector to remove a count from the peak of another. 

Assuming 14% total efficiency for gamma rays around 550 keV one would reach agreement of 

the observed 76Ga gamma ray intensities with 270 atoms/s. This result is a problem because the 

fission product yield deduced from gamma rays are cumulative yields.  The yield of 76Ga further 

in the decay chain cannot be lower than that of 76Zn. Checking the reference 43 shows that the 

gamma ray branchings in the beta decay of 76Ga are deduced summing all the known gamma 

rays going to the ground state and assuming zero ground state branching in the beta decay.  Zero 

ground state branch is in agreement with recent Total Absorption Spectrometer measurement.[42]  

If about 25% of the gamma ray intensity coming to the 76Ge ground state in the decay of 76Ga 

has not been observed, the result would again be in perfect agreement with the beta/JYFLTRAP 

measurement. 

The two A = 76 mass spectra in 15 MeV deuteron induced fission, Run 57 and Run 61, agree 

perfectly with each other.  They show increase of the fission product yield of 76Cu, which could 

be reasoned by that 10 MeV less energy going in the fissioning system would lead emission of 

less neutrons from the compound nucleus and the fission fragment.  The reaction product would 

then more neutron rich.  The gamma ray spectrum at A = 76 does not support this at all.  The 

calculated lower limit for 76Cu production from the gamma ray spectrum is only 1.1(0.3) atom/s. 

Reduction from 25 MeV is a factor of 5.  The mass spectrum measurements (Table 6) claim that 

the 76Cu yield has remained the same, while 76Zn and 76Ga yields have dropped by a factor of 

about 6. The drop of total fission cross section from 25 MeV to 15 MeV deuteron induced 

fission is 50%. Incidentally, the gamma ray measurement of the cumulative yield of 76Zn in         

15 MeV deuteron induced fission is 59± 7 atoms/s expected on the basis of mass spectrum 

measurement.  For 76Ga, a cumulative yield of 120 atoms would be expected in the spectroscopy 

line. 
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Figure 63: Beta delayed gamma ray spectrum of A= 76 fission products from 15 MeV deuterium 

induced fission of 232Th.  Peaks are labeled with energy in keV and the parent isotope. 
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Table 8: The isotope yields measured with different techniques are compared.  The independent 

yields combined from beta rate and mass measurement are given in column I. They are  

converted to cumulative yields in column C. The deduced cumulative yields in the end of 

spectroscopy line are converted to cumulative yields in the switchyard, allowing comparison of 

two measurements. 

15 MeV d 25 MeV d 

Trap + β γ Trap + β γ 

I* C C** I# C C** 

76Cu 116±8 116±8 > 3 100±12 100±12 > 15 

76Zn 113±8 230±12 150±20 550±45 650±50 700±50 

76Ga 50±5 280±13 120±15 315±25 970±60 675±50 

81As 
     

5000±500 

81Ge 
     

2500±250 

**) 40% transmission to spectroscopy line assumed, *) Average of runs 56 and 60, #) Average 

of runs 44 and 55      
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6. Conclusion 

The purpose of this work was to investigate the practicality of using digital data acquisition 

system at the IGISOL facility. The Motivation behind this thesis work was to switch from using 

an older analogue IDA data acquisition system to a new Nutaq digital acquisition system, 

because in the era of segmented germanium, scintillator and silicon detectors, several hundreds 

of parameters may need to be read at once. This would be impossible with the old analog 

version. To study the compatibility of this system, at first the working functions of the 

electronics of the hardware of the Nutaq VHS-ADC system were studied.  

This VHS-ADC Nutaq system allows the experimenter to use actual multichannel signals in 

algorithm simulation or create actual multichannel signals from simulation files. The clock 

synchronization of this VHS-ADC system has very-low-skew inter-channel clock routing 

through the entire ADC, optimized for tight synchronous acquisition applications. The Virtex-4 

FPGA is a programmable electronics works for data processing and buffering. The filter 

electronics is programmed in this FPGA where in Analogue system one needs to use the filter 

electronics externally. This system has stand-alone configuration through the onboard flash 

memory, it has language-based board software development kit, Windows-based utility for 

parameter control, and unlimited multiplatform cPCI configuration.  This 8 channel, 105 MSPS, 

14 bit ADC system is compatible with silicon, germanium and scintillator detector arrangements 

which is mostly used in spectroscopy at the  IGISOL facility. 

The commissioned software architecture and graphical user interface of this system have thus far 

functioned without any problems. It was used to study coincident gamma rays in 133Ba. This 

system works perfectly with 4 different Ge detectors (BE-2825 with s/n 15012, 15017, 15022 

and GC-7020) used in this experiment. Java language was used to introduce, create and fill the 

histograms. Spectra and matrices were found as expected. This system worked perfectly also 

with 3π∆Eβ scintillator detector used for detecting beta particles, measurement of beta-gamma 

matrices and beta delayed gamma spectroscopy with 106Ru source. Spectra and matrices were 

found as expected in both experiments.  

The efficiency of the CAN-B, FD-300-17-500-RM, silicon detector from beta counting station 

was calculated using A= 112 mass beam and the efficiencies of gamma ray detection from 

isobars in the A= 112 mass region is given in table 2. The weighted average of the efficiencies 

found 30.72 ± 0.28 %. 
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An experiment was done to plot the energy-efficiency calibration of the Ge detector, GC-7020 

used in the two offline commissioning experiments and two online commissioning experiments 

of this thesis work. The efficiency plot for the GC-7020 detector is shown in figure 41. 

Two online commissioning experiments for the digital data acquisition were performed in 

conjunction with experiments for astrophysical purposes at IGISOL. One experiment was search 

for the second-forbidden ground-state transition in the β-decay of 20F. The beta counting rates in 

the spectroscopy line counting station and with the 3π∆Eβ scintillator for four beta-gamma runs 

are given in table 3. Since this digital data acquisition system was working with the 3π∆Eβ 

scintillator and the MCA was using the CAN-B, FD-300-17-500-RM silicon detector, the 

number of detected beta particles was consistent with each other taking into account efficiencies 

of the detectors.  

The efficiency of the 3π∆Eβ scintillator was also calculated with the first online commissioning 

experiment and given in table 3. The weighted average efficiency becomes 47.42 ± 0.10 % with 

this experiment. The beta-gamma matrices and the beta-delayed gamma spectra were plotted for 

20F using the software configuration written with java of this Nutaq system and were found as 

expected.  

The other online commissioning experiment was mass measurements in the vicinity of 78Ni to 

constraint core-collapse supernovae models and to study the N= 50 and Z= 28 shell closures 

evolution towards the neutron dripline. Beta-delayed gamma spectra for 76Zn, 76Ga, and 76Cu at 

A= 76 mass region, and 81Ge and 81As at A= 81 mass region were studied. 

The efficiency of the 3π∆Eβ scintillator used in this experiment was calculated with A= 76 and 

A= 81 fission products beta delayed gamma decays. The efficiency plot is shown in figure 59. 

The gamma peak intensities for fission products at A= 76 and A= 81 mass regions were also 

calculated. The deduced 3π∆Eβ detector efficiencies are given in tables 5 - 7. The weighted 

average efficiency of the 3π∆Eβ scintillator was found   66.47± 0.48 % with this experiment.   

The deduced beta efficiency is higher than 47.62± 0.10 % deduced from the 20F decay. It is also 

different from the old value of 55% measured using similar technique at IGISOL-3 more than 10 

years ago.  It could be due to the sensitivity of the beta efficiency to the focusing of the separator 

beam inside the 3π∆Eβ detector and due to the software problem since ∆t spectrum in 20F 

experiment (figure 50) has sharper edge than ∆t in fission experiment (figure 60), as if some 

counts had been missed. Such a problem was however not found in the sorting codes. 
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This system was used for the yield calculations in both online commissioning experiments. The 

yield measurement based on gamma rays in the second experiment is similar as in the case of 20F 

yield measurement. In the second online commissioning experiment, the most intense peaks and 

their intensities of the yields of the fission fragments in the mass region at A= 76, and A=81 are 

listed in table 5, 6, and 7. Both 25 MeV and 15 MeV deuteron beam were taken into account for 

the yield calculations at A= 76 mass region where 25 MeV deuteron beam was taken into 

account for the yield calculations at A= 81 mass region. The 76Zn yield for both 25 MeV and 15 

MeV deuterium induced fission was calculated as a weighted average from the three other 

gamma rays as 283 ± 18 and 59 ± 7 atoms/s, respectively.  

In 25 MeV fission, these can be compared to yields from Run 44 (figure 53) and Run 56     

(figure 54). With 40% transmission to spectroscopy line, the expected yields are 210 and 280 

atoms/s in the gamma counting station, respectively. These are calculated assuming 100 atoms/s 

production of 76Cu in the switchyard, which would contribute to the yield of 76Zn via its beta 

decay. The gamma ray measurement was made after Run 56. The agreement between 

beta/JYFLTRAP measurement and the gamma ray measurement is excellent. For 76Ga, the 

yields deduced from three most intense gamma rays do not agree as well as for 76Zn. The isotope 

yields measured with different techniques are given in table 8. 

The main motivation of this thesis was switching from an analogue data acquisition system to 

digital system for data acquisition at the IGISOL facility. Digital DAQ does not require any 

external electronics module, logical decisions are taken internally by the digitizer. Digi-DAQ is 

simpler to use and it is faster. This work certainly proved the importance of the digital data 

acquisition system at the IGISOL facility. 

 

 

 

 

 

 



98 
 

References 

[1] Juha Äystö, Development and applications of the IGISOL technique, Nuclear Physics A 693, (2001) 477 - 494, 

https://doi.org/10.1016/S0375-9474(01)00923-X  

[2] Ärje, J Dendooven, P, & Moore, I.DHyperfine Interact (2014) 223: 17, https://doi.org/10.1007/s10751-013-

0871-0 

[3] P. Taskinen, H. Penttilä, J. Äystö, P. Dendooven, P. Jauho, A. Jokinen and M. Yoshii, Efficiency and delay of 

the fission ion guide for on-line mass separation, Nuclear Instruments and Methods A 281, 539-546 (1989),  DOI: 

10.1016/0168-9002(89)91488-5.   

[4] M. Jääskeläinen, JYFL Annual report 1985, p 15. 

[5] M. Jääskeläinen, JYFL Annual report 1983-84, pp 12-14 . 

[6] Hong Jie Xu, Michiharu Wada, Jinichi Tanaka, Hirokane Kawakami, Ichiro Katayama, Shunsuke Ohtani, A new 

cooling and focusing device for ion guide, Nuclear Instruments and Methods A, 333 274 (1993), DOI:  

https://doi.org/10.1016/0168-9002(93)91166-K. 

[7] A. Lampinen, et al., JYFL Annual Report 1992, pp. 34-36. 

[8] A. Lampinen, et al., JYFL Annual Report 1993, pp. 34-42. 

[9] A. Lampinen, et al., JYFL Annual Report 1994, pp.13-15. 

[10] K. Jääskeläinen, et al., JYFL Annual Report 1995, pp.15-16. 

[11] M. Lahtinen, et al., JYFL Annual Report 1996, p. 10.  

[12] M. Lahtinen, et al., JYFL Annual Report 1997, pp. 10-11. 

[13] P.Karvonen, I.D.Moore, T.Sonoda, T. Kessler, H. Penttilä, K. Peräjärvi, P. Ronkanen and J. Äystö, A 

sextupole ion beam guide to improve the efficiency and beam quality at IGISOL, Nuclear Instruments and Methods 

B, 266 (2008) 4794-4807, DOI: 10.1016/j.nimb.2008.07.022.  

[14] Internal laboratory manual, http:// research.jyu.fi/igisol/ikiwiki/Ig3/electronics/daq (password protected).   

[15] https://www.jyu.fi/accelerator/accelerator/index_html/mcc30, accessed on 07.09.2017. 

[16] https://www.jyu.fi/accelerator/igisol/igisol4, accessed 18.9.2017. 

[17] I.D. Moore, T. Eronen, D. Gorelov, J. Hakala, A. Jokinen, A. Kankainen, V.S. Kolhinen, J. Koponen, H. 

Penttilä, I. Pohjalainen, M. Reponen, J. Rissanen, A. Saastamoinen, S. Rinta-Antila, V. Sonnenschein, J. Äystö,  

Towards commissioning the new IGISOL-4 facility. https://doi.org/10.1016/j.nimb.2013.06.036  

[18] Heikki Penttilä, Lecture-3, Manipulation of low-energy RIBS, Techniques for Nuclear & Accelerator based 

physics Experiment, FYSN-550, (unpublished). 

[19] T. Eronen, V. S. Kolhinen, V. -V. Elomaa, D. Gorelov, U. Hager, J. Hakala, A. Jokinen, A. Kankainen, P. 

Karvonen, S. Kopecky, I.D. Moore, H. Penttilä, S. Rahaman, S. Rinta-Antila, J. Rissanen, A. Saastamoinen, J. 

Szerypo, C. Weber, and J. Äystö, JYFLTRAP: a Penning trap for precision mass spectroscopy and isobaric 

purification,  Eur. Phys. J. A (2012) 48: 46, DOI: 10.1140/epja/i2012-12046-1. 

[20] J. Kurpeta, A. Jokinen, H. Penttilä, A. Płochocki, J. Rissanen, W. Urban, J. Äystö, Trap-assisted studies of odd, 

neutron-rich isotopes from Tc to Pd, Hyperfine Interact (2014) 223:175–184, https://doi.org/10.1007/s10751-012-

0616-5.  

 

https://doi.org/10.1016/S0375-9474(01)00923-X
https://doi.org/10.1007/s10751-013-0871-0
https://doi.org/10.1007/s10751-013-0871-0


99 
 

References 

[21] A. García, S. Sjue, E. Swanson, C. Wrede, D. Melconian, A. Algora, I. Ahmad, Decay studies for neutrino 

physics: Electron capture decays of 100Tc and 116In Hyperfine Interact (2014) 223:201–206, DOI: 10.1007/s10751-

012-0619-2.  

[22] Sjue, D. Melconian, A. Garcia, I. Ahmad, A. Algora, J. Äystö, V.-V. Elomaa, T. Eronen, J. Hakala, S. Hoedl, 

A. Kankainen, T. Kessler, I.D. Moore, F. Naab, H. Penttilä, S. Rahaman, A. Saastamoinen, H.E. Swanson, C. 

Weber, S. Triambak, K. Deryckx, Electron-capture branch of 100Tc and tests of nuclear wave functions for double-

beta decays , Phys. Rev. C 78, 064317 (2008),  DOI: https://doi.org/10.1103/PhysRevC.78.064317. 

[23] Zoran Radivojevic, Production and spectroscopy of very neutron-rich nuclei, Department of Physics, 

University of Jyväskylä,  Research Report No 10/2001, Jyväskylä 2001. 

[24] Kenneth S. Krane, Introductory Nuclear physics, John Wiley and Sons, Inc, 1988, 3rd edition pp 161,170. 

[25] Martin Lauer, Digital Signal Processing for segmented HPGe Detectors Preprocessing Algorithms and Pulse 

Shape Analysis, CERN-THESIS-2004-047. 

[26] Data Acquisition Systems Overview, Technical blog of Nutaq, Incorporated, https://www.nutaq.com/blog/data-

acquisition-systems-overview , accessed on 12/04/17.  

[27] Nutaq VHS-ADC product sheet, Nutaq, version1.1.23/8/2012, Incorporated, 2012,  

https://www.nutaq.com/sites/default/files/VHS-ADC_Scientific_Nutaq_LowRes.pdf, accessed on 07.07.17. 

[28] P. Rahkila, Grain-A java data analysis system for total data read out, Nuclear Instruments and Methods in 

Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment, 595 (3): 637-642 

(2008),  DOI: 10.1016/j.nima.2008.08.039. 

[29] Jan Van Roosbroeck, Systematic Nuclear-Structure Study of Even-Mass Zn and Cu Isotopes between N=40 

and 50, PhD thesis, IKS, Katholieke Universiteit Leuven, 2002, https://fys.kuleuven.be/iks/ns/files/thesis/thesis-

jvr.pdf , accessed on 01.06.2017. 

[30] Interactive Chart of Nuclides, based on ENSDF data base, National Nuclear Data Center, Brookhaven National 

Laboratory, https://www.nndc.bnl.gov/chart/. 

[31] Glenn F. Knoll, Radiation Detection and Measurement, John Wiley and Sons, Inc, 2000, Third edition, pp118-

119.  

[32] M.J. Berger, J.S. Coursey, M.A. Zucker and J. Chang; S.M. Seltzer and P.M. Bergstrom, Stopping-Power & 

Range Tables for Electrons, Protons, and Helium Ions, NIST Standard Reference Database 124, Physical 

Measurement Laboratory of National Institute of Standards and Technology (NIST),  

https://physics.nist.gov/PhysRefData/Star/Text/ESTAR.html,  accessed in 12.8.2017. 

[33] P.W. Gray, A. Ahmad, Nuclear Instruments and Methods A, 237 (1985) 577,  DOI: 10.1007/s10967-007-6877-

9. 

[34] O. S. Kirsebom et al., Search for the second-forbidden ground-state transition in the beta decay of 20F, Proposal 

No I-194 to JYFL Accelerator Laboratory Program Advisory Committee, 2013 (unpublished). 

[35] A. J. T. Poelarends et al., The effects of binary evolution on the dynamics of core collapse and neutron star 

kicks, Astrophys. J. 675, 614 (2008). 

[36] S. Jones et al., Advanced burning stages and fate of 8–10 Mo stars, Astrophys. J. 772, 150 (2013), DOI: 

10.1088/0004-637X/772/2/150.  

[37] B. Bastin, A. F. Fantina, P. Delahaye, F. de Oliveira, S. Giraud, O. Sorlin, P. Van Isacker, C. Michelagnoli, H. 

Savajols and J.-C. Thomas, Mass measurements in the vicinity of 78Ni to constrain core-collapse supernovae models 

and to study the N= 50 and Z= 28 shell closures evolution towards the neutron dripline, Proposal No I-220 to JYFL 

Accelerator Laboratory Program Advisory Committee, 2013 (unpublished).  

https://www.nutaq.com/sites/default/files/VHS-ADC_Scientific_Nutaq_LowRes.pdf
https://physics.nist.gov/PhysRefData/Star/Text/ESTAR.html


100 
 

References 

[38] H. Penttilä, D. Gorelov, V-V. Elomaa, T. Eronen, U. Hager, J. Hakala,  A. Jokinen, A. Kankainen, P. 

Karvonen, I. D. Moore, J. Parkkonen, K. Peräjärvi,  S. Rahaman, S. Rinta-Antila, J. Rissanen, V. Rubchenya, A. 

Saastamoinen, T. Sonoda, C. Weber, and J. Äystö, Independent isotopic yields in 25 MeV and 50 MeV proton 

induced fission of natU, Eur. Phys. J. A (2016) 52: 104, DOI: 10.1140/epja/i2016-16104-4. 

[39] Dmitry Gorelov, Nuclear fission studies with the IGISOL method and JYFLTRAP, Department of Physics, 

University of Jyväskylä, Research report No. 12/2015, Jyväskylä 2015. 

[40] H. Penttilä, V. -V. Elomaa, T. Eronen, J. Hakala, A. Jokinen, A. Kankainen, I.D. Moore, S. Rahaman, S. Rinta-

Antila, J. Rissanen, V. Rubchenya, A. Saastamoinen, C. Weber, and J. Äystö, Fission yield studies at the IGISOL 

facility. Eur. Phys. J. A (2012) 48: 43, DOI: 10.1140/epja/i2012-12043-4.  

[41] Balraj Singh, Nuclear Data Sheets for A = 76, Nuclear Data Sheets 74, 63 (1995). 

[42] J. Van Roosbroeck, H. De Witte, M. Gorska, M. Huyse, K. Kruglov, D. Pauwels, J.-Ch. Thomas, K. Van de 

Vel, P. Van Duppen, S. Franchoo, J. Cederkall, V. N. Fedoseyev, H. Fynbo, U. Georg, O. Jonsson, U. Köster, L. 

Weissman, W. F. Mueller, V. I. Mishin, D. Fedorov, A. De Maesschalck, N. A. Smirnova, and K. Heyde, Evolution 

of the nuclear structure approaching 78Ni:β decay of 74−78Cu Phys. Rev. C 71, 054307 (2005), DOI: 

https://doi.org/10.1103/PhysRevC.71.054307 . 

[43] J. Huikari, et al., Production of neutron deficient rare isotope beams at IGISOL, on-line and off-line studies, 

Nuclear Instruments and Methods B 222, 632-652 (2004), DOI: https://dx.doi.org/10.1016/j.nimb.2004.04.164 . 

[44] Kratz, K.L., Gabelmann, H., Möller, P. et al., Neutron-rich isotopes around the r-process “waiting-point” nuclei  
79Cu  and   80Zn, Z. Physik A - Hadrons and Nuclei (1991) 340: 419, https://doi.org/10.1007/BF01290331 . 

[45] Studies of excited nuclear states by using the ᵧᵧ coincidence technique, Lab Exercise in Nuclear Physics, 

http://www.nuclear.kth.se/courses/lab/latex/gammagamma/gammagamma.html , accessed on 19/04/14. 

[46] Oliver James Roberts, Investigations of Detector Methods for Gamma-Ray Spectroscopy with PARIS, PhD 

thesis, October, 2010, University of York. http://paris.ifj.edu.pl/documents/main/thesis_OR.pdf , accessed on 

24.05.17. 

https://doi.org/10.1103/PhysRevC.71.054307
https://dx.doi.org/10.1016/j.nimb.2004.04.164
https://doi.org/10.1007/BF01290331
http://www.nuclear.kth.se/courses/lab/latex/gammagamma/gammagamma.html
http://paris.ifj.edu.pl/documents/main/thesis_OR.pdf

