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ABSTRACT 

In nuclear spectroscopy various analog and digital techniques have been developed for particle discrimination. Improvements in 

high-speed flash analog-to-digital converters have opened up new possibilities for scintillator detector systems based upon digital 

event-by-event data acquisition .And advances in programmable logic integrated circuits allow for the use of new digital pulse 

processing techniques. 

Digital pulse processing techniques provides more flexibility than analog pulse processing in handling individual pulses and 

performing particle discrimination. In this paper various digital methods for particle discrimination have been discussed and 

compared. 

 
Keywords:PSD; FOM; Time domain methods; Frequency domain methods 

1. INTRODUCTION 

Pulse shape discrimination is basically used to discriminate between different type of radiations (γ_rays, α_rays, β 

particles and neutrons). It exploits the dependence of the signal on the particle characteristics (energy, mass and charge). 

Difference in shape of the pulse is because of difference in the time profile of the current produced at the detector by 

radiation interaction. Sensing these differences in pulse shape i.e., time profile of the pulse; serve a useful purpose when 

applied to the output of a number of different detector types. 

Methods of pulse shape discrimination are totally dependent on whether detector output pulse is directly used for the 

analysis or the pulse is analyzed after preamplifier. The integrated charge over the entire pulse is a function of both the 

energy of the radiation and the type of radiation detected. The rising portion of the pulse is most representative of the 

type of radiation detected while falling portion of the pulse gives measure of performance of the detector. 

In digital pulse shape discriminator, output of detector or preamplifier is digitized and sampled data are transferred to 

computer memory from an on board memory for future analysis. Digital PSD methods provide more flexibility than 

conventional methods in handling individual pulses and performing pulse shape analysis. The advantages of digital PSD 

methods over analog PSD methods are reduced hardware, multi parameter analysis, increased versatility, improved 

performance, increase in throughput rate, decreased jitter, fully computer-controlled operation, high reliability, flexibility 

etc.  

A simplified block diagram of typical Digital Pulse Shape Discriminator is shown in Figure 1. 

 

 

 

 

Figure 1 Block diagram of typical Digital Pulse Shape Discriminator 

Different methods of extracting the difference in the shape of the pulses have been developed and employed over the 

years. The performance of the different PSD methods has been compared, and the method with best performance has 

been found to vary with the type of radiation detector and the range of energies being compared [1]-[3]. 

The performance of the PSD methods has traditionally been quantified by the Figure of Merit (FOM), measuring the 
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width and locations of the peaks in the histogram of the pulse shape data. Another method of quantification of the PSD 

performance involves measuring the percentage of radiation pulses of a particular type misclassified as the other type 

e.g. the spillover of γ radiation signal into the β region of interest (ROI). 

Several digital domain particle discrimination methods have been reported in the literature. Depending on the features 

extracted by PSD methods, they can be classified as time domain methods and frequency domain methods. 

Time domain methods use samples of the signals at specific time with respect to peak time and amplitude; making these 

methods more sensitive to noise and light intensity. 

Frequency domain methods are obtained by transforming the digitized pulses using any frequency transform techniques 

(Discrete sine transform, Fast Fourier transform, Discrete cosine transform etc); so the pulses, which are correlated, are 

converted into a set of values of uncorrelated variables called coefficients, then one or more of these coefficients are used 

for discrimination.  

Table 1 shows different PSD methods implemented in time domain and frequency domain using conventional methods 

and or digital techniques.  

2. DIFFERENT PSD METHODS 

 

Table1: Time domain and Frequency domain PSD methods 

 

2.1. Zero Crossing Method (ZCO) 

Conventional method: 

This method [3] passes individual pulses through a shaping network (i.e., CR-RC-CR network or double delay line 

shaper), the time at which the bipolar pulse crosses zero is a function of pulse shape and rise time. The time interval 

between the beginning of the pulse and the zero-crossover point indicates the difference in pulse shape prior to the 

shaping network. Basically the time difference is measured between a leading edge trigger set as low as possible at the 

beginning of the pulse and a second trigger that senses the crossover point. This time difference is then converted into 

pulse amplitude by a time-to-amplitude-converter (TAC). The output of TAC is given to MCA for further analysis. 

Digital method: 

Digital version of the ZCO method is implemented by imitating RC-CR network or integrated rise time algorithm using 

digital filter .If the zero crossing time amplitude occurs between samples, linear interpolation is used to estimate the 

actual time.   

2.2. Rise Time Discrimination Method (RTD) 

Conventional method: 

The rise time method does not work directly with the current pulse from the photomultiplier but with its integral. It 

generally measures difference between the integrated charge in the entire pulse and the integrated charge over the rising 

PSD Methods implemented in Time Domain 

2.1 Zero crossing method/constant fraction discriminators 
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or falling portion of the pulse. This method examines the ratio of charge in the pulse tail to the integrated charge of the 

entire pulse. The performance deteriorates at high event rate due to pile up effects. The performance can be improved 

through rejection of closely spaced pulsed pairs at the pulse shape discrimination (PSD) input, but this will decrease the 

through put rate. 

RTD method is similar to the Digital version of CFD method, differing only in the choice of the lower fraction. 

2.3. Charge Comparison Method 

Conventional method: 

It generally measures difference between the integrated charge in the entire pulse and the integrated charge over the 

rising or falling portion of the pulse [1], [ 3]. This method examines the ratio of charge in the pulse tail to the integrated 

charge of the entire pulse. Ratio of the charge in the tail to that comprised in the whole signal is used as separation 

parameter e.g. higher for α particle in response to β particles. Charge Comparison method is also dependent on de-

noising algorithm. 

Digital versions of Rise Time Discrimination and Charge Comparision method use digital signal processing techniques. 

2.4. Constant Time Discriminator (CTD) 

Conventional method: 

For the CTD method, cross over point is the time when signal crosses constant time (t>0), making the system 

independent of amplitude variation but dependent on time jitter [3]. 

Digital method:  

The pulse shape datum is defined as the digitized amplitude of the normalized pulse at a given time (t>0). The time at 

which the pulse shape datum obtained, constituted the PSD parameter, and is varied from time zero to the entire duration 

of the trace, in steps of 25 ns.  The time at which the difference in the normalized pulse amplitude of the two types of 

radiation was maximum, can be expected to provide the maximum separation. 

2.5. Pulse Gradient Analysis (PGA) 

PGA method is a non linear; use gradient analysis todiscriminate radiation particles [4]-[5] and [7]. PGA is based on the 

comparision of the relative heights of the samples in the trailing edge of the pulse. It is determined by calculating the 

ratio of pulse peak (Pp) and sample delayed by offset samples (Sp+delayed), found experimentally depending on 

scintillator. 
 

𝑅 =  
𝑆𝑝+𝑑𝑒𝑙𝑎𝑦𝑒𝑑

𝑃𝑝
                         (1)     

The value ofR as given in equation (1) determines the type of particle.  If the value of „R‟ is less than the threshold, the 

event is assumed to be gamma-ray event, otherwise it is neutron event. Since it takes into account only two samples from 

the pulse data set, it is more sensitive to noise. To improve performance instead of considering second sample value its 

average over points N is considered. 

 

The PGA method plots the peak amplitude of the pulse on the ordinate and the amplitude of the pulse at a specified time 

afterwards, known as the discrimination amplitude, on the abscissa. The resulting scatter diagram produces a 

discrimination plane which produces two plumes which categorizes the event type. 

 

This method has a great dependency on the de-noising algorithm. It gives better performance over cross correlation 

method. PGA method compared to digital implementation of charge comparison method and cross correlation method 

provides improvement in discrimination. Real time implementation of PGA method takes less computation time than 

ANN [9]. 

2.6. Artificial Neural Network (ANN) 

A neural network consists essentially of an organized topology of interconnected processing elements and is designed for 

encoding and recalling information. The processing elements are organized into layers and linked via weighted 

interconnections. The stored information consists of either spatial patterns or spatial-temporal patterns. It may be recalled 

by either finding the stored input that matches the stimulus and then responds with a corresponding output or by 

accepting a stimulus and then interpolating the complete set of stored inputs to yield the associated output. Before a 

neural network can be utilized to perform a PSD, it must be subjected to learning or training procedure, to determine the 

weight parameters and thus establish the required structure of neural network. In the retrieval step, the trained neural 

network is subjected to actual samples to obtain the required classification data. The ANN with no hidden layer is the 

simpler one found to produce good results which are good in most cases [9]. It consists of 16 neurons which receive the 

values of 16 samples of each recorded pulse. These values multiplied by the synaptic weights (Wj) are summed together 
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with a bias value „b‟, and the output neuron performs the nonlinear transformation of that value using transfer function 

using equation (2).  

𝜑(𝑥)  = 1/ (1 + 𝑒𝑥𝑝 (−𝑥)      (2)      
A classifying function F needs to be constructed, which maps the vectors V = (V1, V2,…, V16) containing the pulse 

samples onto the layer in which the interaction occurred. 

The classifier function is given by equation (3), 

𝐹 (𝑉1, 𝑉2, …… , 𝑉16) =  𝜑(𝑏 + ∑ 𝑊𝑗. 𝑉𝑗)     (3) 
 

Where 𝑗 = 1,2,3, . . , 16 

To train the ANN we use the error back propagation method. The training set is based on the recorded scintillation 

pulses. The neural network adjusts the synaptic weights in such way, that the error between the desired and the actual 

output is as small as possible. If the ANN detects a pulse characteristic for a particular material scintillation, it generates 

the output value close to 0 or 1, depending on the crystal type. In case of the pulse which does not look like any of 

known types, or which are a mixture of both types, the intermediate output value is generated. Although the training 

process can be time consuming, once trained the ANN works very fast.ANN method takes more computation time than 

PGA method [10]. 

2.7. Fuzzy Logic 

Fuzzy logic has many applications; it can be applied to all problems which contain some sort of uncertainty and many 

valued logic. Fuzzy logic was used as PSD for triple layer Phoswich detector, where output is a many valued logic. A 

Triple layer Phoswich detector comprises of three layers, plastic scintillator layer and two inorganic scintillator layers for 

discrimination of gamma rays and beta particles. 

 

Phoswich detector is designed in such a way that incident beta particle interacts in the first layer, or in both the first and 

second layer; and gamma rays interact with the third layer. There are seven possible scenarios for beta or gamma 

interactions in the Phoswich detector out of which four are rejected the signal information cannot be extracted.   

 

A typical fuzzy interface system (or a fuzzy if-then-rule-based system) first maps the crisp input into degrees of match 

with linguistic values (input membership space). This step is called fuzzification process[11]. Then, according to the 

weight and strength, the output of each rule is generated and all the outputs are aggregated to make a fuzzy output. 

Finally, the fuzzy output is mapped into the crispy space by using a defuzzification process. 
 

 

 

 

 

  

 

Figure 2 Block diagram of typical Fuzzy Interface System 

 

The output of the photo multiplier tube is directly used for analysis without integration, thus making it necessary to use 

de-noising algorithm.PSD method based on fuzzy logic composed of following steps as shown in Figure 2. 

 

Algorithm: 

1. A de-noising algorithm is applied to the measurement data.  

2. Important features of the pulse at the output of detector are extracted for pulse shape discrimination. For extracting 

features, the tail part of the pulse can be modeled as the linear combination of three exponential decays each one 

showing the interaction in one layer of the detector expressed by equation (4) 

                 s t = K1 × A1 × e−t/τ1 + K2 × A2 × e−t/τ2 + K3 ×  A3 × e−t/τ3             (4) 

K1, K2, K3 takes value either zero or one depending on interaction in layer(s) of the detector. 

A1, A2, and A3 are constants related to the energy interaction in each scintillator layer.  

„λ‟ is the decay constant of each scintillator layer. 
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3. In order to discriminate among seven scenarios, three features are chosen, denoted as d1, d2 and d3.Feature d1 

determines if the input signal s(t) contains a fast component (fast exponential decay in the first layer of the detector 

BC400). Feature d3 determines if the signal contains a slow component (slow exponential decay in the second layer 

of the detector CaF2). Feature d2 is used to discriminate among other possible cases and is mostly used to indicate 

the interaction in the third layer. 

4. These features are inputs to the fuzzy interface system and the outputs are constant values K1, K2, and K3 and 

indicate if the signal and indicate if the signal contains the corresponding type of exponential decay or not 

5.  Finally, a decision- making unit decides whether the signal can be sent for energy measurement and spectroscopy or 

should be rejected. 

The experimental results show that the detector has a better performance for low-energy beta and gamma sources, 

while for high-energy radiations, more pulses are rejected. The multiple-layer interactions are detected more 

efficiently and fewer pulses are rejected. 

2.8. Curve Fitting Method 

The particle type is identified from the decay time of the pulse [12]. The decay time is obtained by fitting the tail part of 

the signal with the following single curve given by equation (5), 
 

Y =  e−λt                        (5)       

 
The decay constant „λ‟ is the shape parameter, and a scatter plot of „λ‟ versus peak height gives the information of PSD. 

The result of this method shows better separation between neutron and gamma rays than charge comparision method, 

and is partly due to reduction of noise through the curve fitting procedure. 

2.9. Pattern recognition method 

In this method, a signal is considered as an object vector ‟A‟ and its digitized samples at sampling time „tn‟ are referred 

as components. 

 

A =  [A1, A2, … …… . . , A2000] 

 

B=  [B1, B2, … …… … , B2000] 

 
PSD is measured by taking the scalar product of an object vector ‟A‟  and reference vector „B‟, where  reference vector 

describes either neutron signal or gamma ray[12]. Scalar product is taken only for the tail part as difference is enhanced 

in that region. 

 

θ = arccos
A.B

 |A||B|
    (6)  

     

Where,𝐴. 𝐵 is scalar product, 

|𝐴|and|𝐵| are norm of vectors A and B, respectively. 

„θ‟ is the angle between vectors A and B and the value of θ gives similarity between vectors A and B. 

2.10. Frequency Gradient Analysis (FGA) 

The gradient used by FGA is defined as the difference between the zero-frequency component and the first frequency 

component of Fourier transform of the acquired signal, which is a feature extracted from the frequency domain [7]. Then 

the discrimination parameter is computed by equation (7) 
 

K  f =
 X  0 − X  f  

f
    (7)           

 

Where,𝑋  0 , is the average value of the signal at the zero frequency. 
 
X (f), is the magnitude spectrum of the signal at frequency f.  

FGA method exhibits a strong insensitivity to the variation in pulse response of the photomultiplier tube (PMT). It is 

shown that the FGA method results in an increased figure of merit (FOM) which corresponds to a reduction in the area 
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of overlap between neutron and γ-ray events. The FGA method has the potential to be implemented in embedded 

electronic systems to provide real-time discrimination in standalone instruments. 

Performance of FGA is better than PGA because PGA is very sensitive to noise and variations of the light intensityfrom 

the detector and requires moving average filter for normalization.FGA is less sensitive to high-frequencycomponents 

responsible for the variation in pulse shape giving a prominent improvement in FOM, but is computationally more 

laborious than PGA. 

2.11. Principal Component Analysis (PCA) 

PCA algorithm is an identification technique, which uses an orthogonal transformation to convert a set scintillation 

pulses, which are correlated pulse into a set of values of uncorrelated variables called principal components [8]. The 

main idea of this algorithm is to de-correlate pulses in order to highlight differences between them by finding the 

eigenvectors of the covariance matrix of pulses. When the PCA is complete, the resulting principal components will 

display different degrees of correlation with the observed variables, but are completely uncorrelated with one another. 

PCA operation explain the internal structure of the data in a way which best explains the variance in the data.  

Algorithm: 

1. PCA is trained using training set, which comprises of 10% of the recorded LSO pulses. 

2. Compute the mean pulse (M) of the training set of LSO pulses using equation (8).  

M = ∑ TnN
n=1     (8) 

Where (n) is pulse index and (N) is the number of pulses.  

Then each training pulse is mean-subtracted by equation (9). 

Pn = Tn − M, n = 1,2,3, . . . , N    (9) 

3. Compute  covariance matrix (𝐶) of the mean-subtracted training pulse using equation (10) 

                  C =  Pn Pn ᵀ
N

n=1
    (10) 

4. Find eigenvalues and eigenvectors of the training set according to equation (11) 

                 Cn . en = enχλn     (11) 

5. Sort eigenvalues in decreasing order. 

6. Mean-subtracted pulse of the training set of LSO and LuAYP pulses are projected onto the new space 

eigenvectors (ϱ) to get weighted vector (H) using equation (12). 

                 Wn = en
t . Pn    (12) 

Where, Scalars 𝑊𝑛 are called “weights” and represent the contribution of each eigenvector for the input pulse. 

7. Then, the Euclidean Distance (ED) is computed between the projected tested pulse and each weighted vector of 

the training set according to equation (13) 

                 ED =   ((Wtest n − W(n)
N

n=1
) ²    (13) 

 
The minimum Euclidian distance is computed, the index (I) of Minimum Euclidean Distance (MED) represents the type 

of pulse. 

PCA is performed using different lengths of the digitized pulses in time domain. PCA gives better discrimination 

efficiency for full-length pulse.  

In the frequency domain scheme, PCA based technique is applied for transformed scintillation pulses. The transforms are 

DST and DCT, FFT and DWT. DST/DCT is more efficient than FFT for full length pulse, eliminating complex 

computations of FFT.  DWT gives an excellent efficiency than DST/DCT by using 8 samples from the tail of pulse.  
 

2.12.  Cross Correlation (CC) 

CC-based technique is performed directly on the digitized scintillation pulses with different lengths in time domain [8]. 

Algorithm: 
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1. The cross-correlation function of two time series X, and Y, is defined by equation (14) 

         CXY(m) =  ∑ XN=m−1
n=0 (m + n) ∗ Y ∗ (n)     (14) 

       Where N is number of samples in time series X, 

       Y* is the reciprocal of Y series and the output vector     CXY (m) is represented by m=1, 2... ,2N-1.  

2. Discrimination is performed in two steps, training step and testing step.  

3. Two groups of known pulses from LSO and LuYAP pulses are used to perform training step.  

4. A set of LSO pulses is acquired then the mean of these pulses (TPLSO) is computed.  

5. The cross correlation vectors is computed between TPLSO and every pulse of this set and the other correlation 

vectors are computed between TPLSO and every pulse of the known set of LuYAP pulses. 

6. Length of correlation vector for these two types is (31) and middle value of each vector is acquired to is used in 

discrimination. The middle values of each vector called C1 and C2 respectively.  

7. Threshold value between the two histograms of middle value vectors C1, and C2 is given by equation (15)  

Threshold =
f1μ1σ2+f2μ2σ1 

f2σ1+f1σ2
     (15) 

 

Where,f2 =
2

1+  σ1/σ2
and  f1 = 2 − f2, 

‘μ1’ is the mean of C1 and ‘μ2’ is the mean of C2.  

 

The standard deviation of C1 and C2 are σ1 and σ2 respectively. After the training step the threshold value is obtained 

and then the cross correlation between unknown pulse and the training pulse TP of LSO is calculated. Then the middle 

term in cross correlation vector is compared with the threshold value to find the type of pulse. The preceding mode is 

performed using LSO pulses as a type identifier. The other mode is performed using LuYAP pulses. The percentage is 

calculated using equation (16) 

 

Percentage =  
   NLSO

 NALL −LSO
+

   NLuYAP

 NALL −LuYAP
    (16) 

 

On the other hand, the above technique is repeated for the transformed pulse using different transforms DST, DCT, FFT, 

and DWT and the results between two manners are compared. 

 On the other hand, the frequency domain CC based technique is applied to the transformed scintillation pulses using 

transforms like DST, DCT, FFT, and DWT ,and  then CC algorithm are applied to perform the discrimination. 

Efficiency is inversely proportion to the number of samples in the CC technique for the transformed pulses. While in 

PCA technique, the full pulse efficiency is larger than a segment of pulses. Hence, CC is more efficient than PCA for 

discrimination when segment of pulse is used for discrimination, which reduces the processing time. Efficiency of 

frequency domain CC method is better than time domain CC. 

2.13. Wavelet based (continuous and discrete) 

Wavelet method in Frequency domain use Haar wavelet, it can also be applied to systems where the pulse shape is a 

decaying signal and the decay constant is used for discrimination [4]-[6]. Frequency domain features of the signal are 

less sensitive to noise and abrupt variations of the signal could be easily implemented in FPGA technology and can also 

be used as a robust real time pulse shape discrimination methods.  

CWT was conceived to provide both time and frequency information. A mother wavelet is scaled and shifted and then 

convolved with the target signal. Frequency information is gathered by varying the scale and timeinformation is gathered 

by varying the shift. 

CWT is not feasible to implement on an embedded system due to a large memory and processor requirement. 

DWT is a discretized version of CWT. The mother wavelet is sampled and each sample from the signal is convolved 

with the sampled wavelet. Discrete wavelet is well suited to the embedded platform. 
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Compared to PGA algorithm, the wavelet-based method provides an improvement in reducing the overlap area between 

radiations; it also increases FOM and is insensitive to high frequency additive noise. However, the overhead of 

calculation of the wavelet-based PSD method is heavier than that of PGA algorithm and thus it is not as suitable for real-

time discrimination. PGA uses two features for discrimination, whereas wavelet uses simple boundaries.  

3. CONCLUSION 

It can be concluded that performance of frequency domain methods are less sensitive to noise and light intensity. The 

relative performance of ZCO, RTD, CTD, Charge Comparision method varies for two different detector configuration 

and depends on  radiation detector (except Charge Comparision Method)and also on signal to noise ratio.  

FGA method gives better discrimination than PGA, but takes more computation time. Cross correlation method is more 

efficient than time domain PCA method for different pulse segment. Frequency domain PCA using wavelet transform is 

more efficient than DST and DCT transform. Wavelet method gives improvement in FOM, takes more computational 

time and is well suited for embedded platforms.  

Lot of research is going on in both domains as different methods behave differently for different applications. 
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