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ABSTRACT 
A unique highly-granular Total Absorption Gamma Spectroscopy (TAGS) system based on BaF2 
scintillator detectors has been setup at the Variable Energy Cyclotron Centre (VECC), Kolkata. This 
will facilitate the precise measurement of beta-decay feeding intensity which is important for the 
decay heat calculations of a reactor as well as for basic physics. The system has been tested using 
different radioactive sources having single to multi coincidence gamma rays. This setup will be used 
to measure the beta-decay feeding intensity of the fission fragments which have dominant 
contributions to the decay heat in the Th and U based reactors.  
 
Keywords: Total Absorption Gamma Spectroscopy (TAGS), Decay Heat, beta-decay, BaF2 detector, 
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INTRODUCTION  
A reactor produces more than 1000 radioactive nuclei, most of which are unstable and undergo 
radioactive decays. The heat produced by the energy released in such decays are known as decay 
heat. About 8% of the total heat produced in a reactor is decay heat. After shut down, the decay heat 
is the only source of heat in the reactor and therefore, the decay heat plays very important role in 
reactor design, irradiated fuel operations and storage [1]. The decay heat has three components, 
contribution from heavy particles (neutron, proton, alpha, fission products etc.), light particles 
(electrons and positrons) and photons (X-rays, gamma rays etc.). These are denoted as HHP, HLP 
and HEM, respectively [2].  The decay heat as a function of cooling period can be calculated using 
the data from nuclear databases such as Ref. [3]. The decay heat can be measured using calorimetric 
method and this can be compared with the calculated values to test the nuclear data bases. It has been 
observed that large deviations between the measured and the calculated values occur in many cases 
and it has been attributed to the incorrect beta feeding intensities to the higher lying levels 
(Pandemonium effect) in some key nuclei [1, and references there in].  
 
In most cases the beta feeding intensity for the radioactive decays are measured using high resolution 
gamma spectroscopy (HRGS) method. In this method, the feeding intensity to a particular level in 
the daughter nucleus is estimated by the difference in intensities of the gamma rays emitted from 
that level and that feeding the level. The High purity Germanium (HPGe) detectors are used for such 
HRGS measurements. The HPGe detectors have very good energy resolution but the efficiency of 
such detector is extremely low, particularly for high energy gamma rays, compared to the scintillator 
detectors. The nuclei which have large beta-decay Q-values can emit high energy gamma rays and 
some of these gamma rays can, therefore, be “missed” by the HPGe detector due to its low efficiency. 
Hence, the β-decay feeding intensity based on HRGS method would be erroneous. Sometimes very 
large errors are introduced in the estimate of beta-decay feeding intensity in this method. In many 
cases it has been proved that an apparently “complete” decay scheme had to be modified significantly 
[4]. An incorrect level scheme leads to large errors in the data bases. 
 
The pandemonium effect and the errors introduced by that can be overcome in the Total abruption 
gamma spectroscopy (TAGS) method. In this method, the scintillator detectors are used with high 
(close to 100%) efficiency and covering almost 4pi solid angle. The sum energy of the gamma rays 
decaying out in an event is recorded in this method and therefore, there is very little or no chance of 
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missing gamma rays. For example, suppose a parent nucleus β-decays to a particular state in the 
daughter nucleus and that particular state in the daughter nucleus emits two or more successive 
gamma rays to decay to the ground state. Using the TAGS setup, one gets the sum energy of those 
decay gamma rays. The energy and intensity of that sum energy peak gives the excitation energy of 
that particular state in the daughter nucleus to which the β-decay takes place and the feeding 
intensity, respectively. In the cases where there are several states in the daughter nucleus are fed by 
the β-decay of the parent, the sum spectrum is compared with a simulated or a calculated spectrum 
to get the decay scheme and the feeding intensity. 
 
Recently, an assessment of the fission product data requirement for the decay heat calculations for 
Th/U fuel has been made and a technical report has been published by the International Atomic 
Energy Agency [5]. In this report, the details about the different degree of importance of different 
fission products have been discussed and the authors have also suggested the TAGS measurement 
of the key nuclei in the Thorium fuel cycle. Few of the key nuclei have also been identified for which 
TAGS measurements are needed from the calculations of fission yields of radio-toxic fission 
products in the U-233, U-235 and Pu-239 fission [6]. 
 
A TAGS setup has been developed at the Variable Energy Cyclotron Centre, Kolkata (India) using 
BaF2 detectors. The unique feature of the setup is its large granularity. This setup has been tested 
using various radioactive sources and is ready for online or offline use. 
 
 
THE TAS SET UP AT VECC  
The TAS set up at VECC has been shown in Figure 1. 
The set up consists of 50 elements of BaF2 detectors. 
Each detector has a cross sectional area of 3.5 x 3.5 cm2 
and 5 cm in length. The energy resolution of the 
detectors was about 8%. Other details about the 
detectors and their characterization can be found in Ref. 
[7]. The full array, shown in the top panel of Figure 1, 
consists of two blocks having 25 detectors in each one 
of them. The detectors in each block are arranged in 
castle type geometry as shown in the bottom panel of 
Figure 1. The blocks are brought together for a closed 
4π configuration. The radiation source is kept inside and 
at the middle of the array.  

The advantages of the large granularity with 50 
detectors is that the sum energy can be obtained using 
different constraint on the multiplicity of the gamma 
rays in an event. This helps to identify the sum-peak 
uniquely separated from the individual peaks. This has 
been depicted in the measurements using different 
sources having different multiplicity of gamma rays in 
an event.  

Simulations (in GEANT 3 platform) were performed for 
the above setup as well as for the two other geometries 
with the above detectors and also with similar BaF2 
detectors but having larger length of 35 cm [8]. The 
measured spectrum for 60Co source was found to match 
well with the simulated spectrum for the setup shown in Figure 1. 

 

 

  

  
Fig. 1: TAGS setup at VECC. (top) the full 

setup in the closed configuration and 
(bottom) two halves separately in the 

open configuration  are shown. Source is 
placed in the middle 
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MEASUREMENTS PERFORMED USING THE TAGS SETUP 
The setup has been tested using different radioactive sources which has different numbers of 
cascading γ rays. The 137Cs, 60Co, 22Na and 152Eu sources were chosen which have one, two, three 
and multiple cascading γ-rays per event, 
respectively. In the offline analysis, all the 
50 detectors were gain matched accurately. 
This is very important before doing the 
event by event summing. Sum spectra were 
obtained with different conditions of 
multiplicities and the effect of higher 
multiplicity on the sum spectrum has been 
thoroughly tested. The sum spectrum for 
22Na source is shown in Figure 2. In this 
figure, the sum spectra corresponding to 
three different multiplicity (M) conditions, 
namely M ≥ 1, M ≥ 2 and M ≥ 3 are shown. 
The known gamma lines of this source i.e 
0.511, 1.27 MeV and the sum peaks 1.02, 
1.78 and 2.29 MeV are marked.  

It can be seen that the intensity of the single 
peaks 0.511 and 1.27 MeV are highly 
suppressed in the sum spectrum with M ≥ 
2. This clearly indicates that these two gamma lines are not the sum of two or more gamma rays. 
Thus these gamma rays can be identifies as the single gamma rays, which is indeed the case for 22Na 
radioactive source.  

The 1.02 MeV line is known as the sum of two 0.511 MeV annihilation gammas and so the 
background subtracted intensity of this peak in the sum spectrum with M ≥ 2 remains almost same 
with that in the spectrum with M ≥ 1. Similarly, the 1.78 MeV peak is the result of the sum of two 
gamma rays, 0.511 annihilation peak with the 1.27 MeV single peak. The height of this peak is, 
therefore, remains same without any loss of intensity in M ≥ 1 and M ≥ 2 spectra.  

The 2.29 MeV peak is the result of the sum of three gamma rays, two 0.511 MeV (equivalently 1.02 
MeV) and 1.27 MeV. Consequently, no loss of intensity is observed for this peak even in the sum 
spectrum with M ≥ 3. However, in this spectrum (with M ≥ 3) the intensities of the peaks which 
resulted from sum of two gamma rays (1.02 and 1.78 MeV) have greatly reduced.  

This shows that using the constrained sum with different multiplicity gate, it is not only possible to 
separate the single-peaks from the sum-peaks but it is also possible to infer the number of gamma 
rays that constitutes a sum-peak. This is a very useful information, particularly for nucleus with a 
complex decay scheme. 

The known strong β−feeding intensities of the 152Eu source are well reproduced in the sum spectrum 
gated by high multiplicity. This VECC TAS setup is a unique setup particularly for the high 
multiplicity cascade events. The response of the setup has been compared with the GEANT-3 
simulation and the setup is ready to be used for the decay measurements 

 

BETA FEEDING IN THE DECAY OF 152EU. 

The ground state of 152Eu (having half-life of T1/2 = 13.5 y and spin-parity of Jπ = 3-) decays by β- 
and ε decays to 152Gd and 152Sm with branching ratio of 28% and 72%, respectively [9]. Different 
excited states in the daughter nuclei are populated by these decays and the β-feeding is fragmented 
in several daughter states with different feeding intensities. However, it is known that most of the 
feeding take place in the three states at 1.09 MeV (21.7%), 1.23 MeV (17.4%) and 1.53 MeV (24.9%) 

 

  
Fig. 2: Sum spectrum obtained with three different 

multiplicity (M) conditions for 22Na source. Top 
(black) spectrum is with M ≥ 1, middle (red) is with  M 

≥ 2 and bottom (blue) is with  M ≥ 3. 
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in 152Sm. These are the 2+, 3+ and 2- states in the daughter nucleus 152Sm. Because of the complex 
decay scheme of this radioactive source with different cascading gamma rays, the sum spectrum 
obtained from the TAGS setup. This is reflected in the spectrum with M ≥ 1 in Figure 3.  

This spectrum has several low energy peaks, 
which are mostly known as single-peaks, and 
overlapping peaks. The complex nature of 
the spectrum changes drastically when we 
obtain the sum spectrum with the conditions 
of M ≥ 2 and M ≥ 3. The spectrum with M ≥ 
3 has reduced intensity but consists of three 
peaks. Two of these peaks with lower 
energies are overlapping resulting in a broad 
peak and the third peak is slightly separated 
from this broad peak. It can, however, be 
clearly seen that the broad peak consists of 
two peaks by comparing the FWHM if this 
peak with the other peaks. These peaks are 
fitted well fitted with three Gaussians and the 
fitting gives the energy of the three peaks as 
1.1 MeV, 1.2 MeV and 1.5 MeV with an 
uncertainty of about 5 %. These energies are, 

therefore, identified as the known excitation energies of 1.09 MeV, 1.23 MeV and 1.53 MeV in the 
daughter nucleus 152Sm, in which most of the β-feeding takes place. The ratio of the fitted intensities 
of these three peaks closely matches with the β-feeding intensities to these states. Therefore, it is 
possible to easily obtain the β-feeding intensity by using multiplicity gated sum spectrum from the 
TAGS setup. 

It may be noted here that a peak-like structure is seen at around 3 MeV both in the spectra in Figure 
1 and 2 for M ≥ 1. We have observed this line in the spectra of all the sources used and also in the 
background spectrum that we have collected without any source in the vicinity. The background 
spectrum also shows some other small peaks along with this 3-MeV peak. These peaks occur only 
in the spectrum with M ≥ 1 and are identified as the inherent background lines of BaF2 detector 
originated from the α-decay. However, as the background level is less than 1% level and since these 
lines completely go away with M ≥ 2, these do not affect our measurements. Complete reduction in 
background with larger multiplicity gate is another advantage of the large granularity of our TAGS 
setup. 

 
CONCLUSIONS 
A unique Total Absorption Gamma Spectroscopy (TAGS) system with BaF2 scintillator detectors 
having larger granularity has been setup at the Variable Energy Cyclotron Centre (VECC), Kolkata 
for the measurement of β-decay feeding intensity of the key nuclei which are important for the decay 
heat calculations of a reactor. In this setup, it is possible to obtain total absorption sum spectrum 
gated by different multiplicity hit. The setup has been tested with various types of radioactive sources 
having a variety of cascading gamma rays in an event. It has been observed that the sum spectrum 
with different multiplicity gate, possible because of the large granularity, is very useful to uniquely 
identify the various sum-peaks with their number of constituent gamma rays. It is also shown that 
the β-feeding intensity can easily be obtained using multiplicity-gated sum spectrum. The setup is 
ready to use for the measurement of β-feeding intensity of the fission fragments with half-lives more 
than few minutes, which are important for the decay heat calculations of a reactor. We have plans to 
use this setup to take measurements of the key fission fragments in the fission of U-233, U-235 and 
Pu-239 which have been mentioned in ref.[5] and [6].   

 

  
Fig. 3: Sum spectrum obtained from the TAGS setup at 

VECC for the 152Eu source for three different 
multiplicity conditions (M ≥ 1,  M ≥ 2 and M ≥ 3). 
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