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Abstract 

Various digital methods were examined for determining the relative arrival times of pulses from to 5.08 x 2.54 cm BaF2 
scintillators. In this study, pulses from the photomultiplier tubes were digitized by a 1 Gs/s analog to digital converter and 
post processed with multiple techniques. These techniques include 1 )  leading edge discrimination, 2) moment-analysis, 3) 
constant fraction discrimination, 4) digital constant traction discrimination, 5 )  triangular pulse shaping with a leading edge 
linear regression, and 6 )  pulse-shape fitting. Average timing resolutions of 456 f 8 ps were obtained with constant fraction 
discrimination, which is slightly higher than  the analog average resolution of 419 f 7 ps. This study explores the application 
of these digital techniques for pulse-timing applications and their potential advantages and limitations. 

Q 2001 Elsevier Science. AI1 rights reserved 
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This paper compares various digital and analog 
methods of determining the difference in arrival time 
of two coincident 6oCo gamma rays detected by two 
BaFz detectors. The analog method used the constant 

Digital methods are being used more often to fraction-zero crossing technique. The digital 
analyze detector signals. Advantages include: techniques included: 1) leading-edge discrimination 
reduced drift, archiving of data for later analysis, and [l], 2) moment analysis [l], 3) constant fraction-zero 
better control over analysis parameters. Analog crossing [I], 4) digital constant fraction 
methods also have advantages since they are not discrimination [2], 5) triangular pulse shaping with a 
limited, as digital methods are, by quantization in leading-edge linear-regression analysis [3], and 6) 
time and amplitude. pulse-shape fitting. Each technique was repeated 

1. Introduction 

- 
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multiple times to optimize the parameters for the best 
resolution and accuracy. 

The difference of the calculated arrival times were 
plotted as a histogram and fit with a Gaussian 
distribution. The full-width-at-half-maximum 
(FWHM) of the fit was used as the resolution. 

1.1. Leading-Edge Discrimination 

The simplest digital method was leading-edge 
discrimination. The first 200 samples of each 
waveform were averaged and subtracted from the rest 
of the waveform to compensate for any DC offset. 
The signal was then filtered with a rank-3 inedian 
filter [4]. A median filter was chosen because of its 
ability to filter out low amplitude, high fiequency 
noise and still maintain the leading edge of a 
digitized signal. If the threshold-crossing time occurs 
between time samples, linear interpolation is used to 
estimate the actual time 

1.2. Moment Analysis 

Moment analysis involved determining the first 
moment of the pulse centered on the maxiinum 
digitized value (MDV) of the pulse. The numbers of 
points used in the analysis before and after the MDV 
were varied in order to optimize the resolution and 
the accuracy. These are referred to as pre-MDV and 
post-MDV, respectively. 

1.3. Constant-Fraction Zero Crossing 

The next method is a digital version of the analog 
constant-fraction discrimination zero-crossing 
technique. The original signal is delayed from 1 to 5 
time steps, amplified, inverted, and then added to the 
original signal. This process, wheii optimized, 
transforms the unipolar signal into a bipolar pulse. 
The bipolar pulse crosses the time-axis at a constant 
fraction of the height of the original pulse. The 
crossing time was linearly interpolated if i t  occurred 
between time-steps. The amplification of the delayed 
signal is later referred to as ‘delayamp’ 

1.4, Digital Constant-Fraction Discrimination 

The constant fraction-zero crossing method is used 
by many analog systems to determine pulse arrival 
times. However, in the digital regime it is easy to 
implement constant fraction discrimination without 
modifying the original signal. The digital constant 
fraction discrimination (DCFD) method searched for 
the MDV and then set a threshold based on a 
predefined fraction of the MDV. The pulse was then 
analyzed to determine when it initially crossed this 
threshold. The time pick off was linearly interpolated 
if the crossing of the threshold fell between two time- 
steps. 

1.5. Triangular-Shaping Leading-Edge 
Discrimination 

The triangular-shaping leading-edge 
discrimination routine converted the pulses into a 
triangular pulse [5 ]  and performed a linear regression 
on its leading edge. The slope and intercept from the 
regression were used to determine the time when the 
pulse crosses the axis. The variable parameters in 
this method are K, which corresponds to the number 
of time steps in the leading edge, and ’+$, which 
corresponds to the shaping of the pulse. 

1.6. Pulse-Shape Fitting 

The most complicated routine implemented fit the 
digitized pulse to the Gaussian equation. The pulse 
was first corrected for any DC offset by subtracting 
the average of the first 200 samples from the 
waveform. The number of points before the h4DV 
(pre-MDV) varied from 1 to 10 points and after the 
MDV (post-MDV) from 1 to 6 points. The Gaussian 
equation was fit to these data points and the mean of 
the fit was used as the pulse arrival time. 

2. Experimental Setup 

Two 5.08-cm x 2.54-cm BaF2 scintillators were 
instrumented with quartz-window Hamamatsu photo- 
multiplier tubes (PMTs) placed 20 cm apart with a 
@ k o  source between them. The source was in an 
aluminum holder placed on a polyethylene track with 
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an inlaid ruler used to measure the location of the 
source holder. The holder was initially placed 2 cm 
from the left-most detector and a datd set was 
collected. The source was then moved I cni to the 
right and another data set collected This was 
repeated until the source was moved a total of 15 cm. 
The expected difference in arrival time (AI) of the 
detector pulses is b=2y,  where c is the speed of 
light and d is the distance the source IS moved. By 
moving the source a total of 15 cm i t  is expected that 
the difference between the arrival times at the two 
extremes will shift by 1 ns, or one time step of the 
ADC. 

The PMT signals were connected to a Phillips 
Scientific Quad Fan-Idout (fan-out) to maintain 
signal integiity. One output was connected to an 
analog system that was used both as a coiiiiidence 
trigger for the GAGE 82G analog-to-digital converter 
(ADC) as well as to determine the difference in  pulse 
arrival times. The analog-timing equipment included 
an Ortec model 934 Quad CFD, a Tennelec model 
TC 862 time-to-amplitude converter (TAC), and an 
Aptec multi-channel analyzer (MCA). The signal 
delay on the CFD was 2 ns. 
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Fig. 1 .  Digitized pulses from the BaF, detectors as collected by the 
GAGE 82G 

The ADC simultaneously digitized two 
waveforms at 1 GSls each and collected GOO samples 
before the trigger. Both digitized waveforms were 
saved to the computer hard drive and post processed 
with various digital analysis routines to determine the 
difference of their arrival times. Two-hundred- 

thousand waveforms were captured and saved for 
post processing at each source location. While the 
ADC was digitizing pulses, the MCA collected data 
from the TAC to monitor the drift, determine the 
analog resolution, and calibrate the system. Two 
pulses digitized by the ADC from the fan-out are 
graphed in Fig. 1. 

3. Results and Discussion 

Each data set was post processed to determine the 
resolution and accuracy. Accuracy was determined 
by the difference of the values between the digital 
methods and the analog system. To determine the 
accuracy of the digital methods, a chi-squared over n ('x) test comparing the digital methods with the 
analog methods was used. The reported resolutions 
are the average of the resolutions of all of the source 
locations for a specified analysis routine. 

The best resolution and most accurate results are 
summarized in Table 1. The threshold method had a 
resolution on the order of the sampling time, or I ns. 
This method was the least accurate of the methods 
analyzed. Applying a triangular shaping filter to the 
pulse yielded a deceptively good xx value. The best xx value obtained for the triangular shaping filter 
was 0.00069 but the resolution is poor compared with 
the other methods. 

The ability to implement a true CFD in the digital 
regime does not improve the resolution or the 
accuracy of using the constant fraction-zero crossing 
technique. The results from these two methods are 
essentially equal in both resolution and accuracy. 

Fitting the pulses to the Gaussian equation 
resulted in the best accuracy and precision. However, 
none of the average resolutions determined by digital 
methods were as good as the average resolution 
obtained by the analog equipment of 419 k 7 ps. 

To illustrate accuracy, plots of the difference in 
arrival times of the pulses vs. the distance from the 
left detector for two methods are shown in Fig. 2. 
The threshold routine underestimated the difference 
in arrival times by up to 80 ps. The Gaussian fit, 
however, is in better agreement with the calibration 
line, deviating from it by only 30 ps and the analog 
values deviated from the calibration line by no more 
than 15 ps. 



4. Conclusions 

This paper examined the ability of different timing 
methods to interpolate the arrival time of a digitized 
radiation detector signal to less than the time step of 
the ADC (1 ns). It was found that the best method 
was also the most time consuming. There is also a 
difference in resolution and accuracy. While some 
methods show good resolution, the accuracy of the 
results may vary. 

Depending upon the resolution and acciiracy that 
are required, the more complicated routines may not 
be necessary. If the required resolution and accuracy 
are well above the available minimum time step, then 
a digital CFD, both DCFD and CFD zero-crossing, 
should be adequate. However, i f  the required 
resolution is less then the available time step, more 
robust methods are needed, such as fitting. 

This paper demonstrated that digital signal 
processing can approach resolutions of less than 1 ns 
and the ability of interpolating the arrival time of 
digital signals between digital time steps can 
approach the determination of the arrival time of the 
signals in the analog regime. 
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Fig. 2. A plot of the difference in arrival times vs. [he locntion of 
the 6oCo source. The Gaussian fit is for pre-MDV=S and  post- 
MDV=6 and the threshold value=l6 The calibration l inc is based 
off of the analog data. 

Table 1 .  Summary of the methods and the parameters in the 
analysis that yielded the best resolution or accuracy. Accuracy 
was determined by finding the lowest xx value. 

x z  
Evaluation Resolution 
parameters (PS) 

Method 

Threshold' 

Moment 

Moment 

CFD zero- 
crossing 
CFD zero- 
crossing 

DCFD 

DCFD 

Triangle 

Triangle 

Gaussian 

Gaussian 

Analog 

threshold = 16 

pre-MDV = 10 
post-MDV = 3 
pre-MDV = 5, 

delay = 4 
delayamp = 1.5 
delay = 4 
delayamp = 3.0 

fraction = 30% 

Post-MDV = 3 

fraction = 60% 

K=16  
'cld = 2.56 
K =  I O  
' r i d  = 0.64 
pre-MDV = 8 

pre-MDV = 2 
post-MDV = 3 
CFD Zero- 
crossing 

post-MDV = 6 

1160f20 

520 k 20 

500 f 30 

516 f 6 

456 5 8 

572 * 12 

471 f 14 

750 f 20 

591 f 8 

545 f 4 

485 f 5 

419 k 7 

0.0095 

0.0017 

0.0019 

0.00090 

0.0012 

0.001 1 

0.0015 

0.00069 

0.0093 

0.00074 

0.00098 

NIA 

'Parameters yielded both the best resolution and accuracy. 
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