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A new design philosophy for processing signals produced by high resolution, large
volume semiconductor detectors is described. These detectors, to be used in the
next generation of spectrometer arrays for nuclear research (i.e. EUROBALL, etc.),
present a set of problems like resolution degradation due to charge trapping and
ballistic deficit effects,low resolution at a high count rate, poor long term stability,
etc.. To solve these problems a new design approach has been developed. It
includes three new advances:
(i) Reconstruction of the charge destribution produced by any radiation event. A
new digital algoritm has been developed which incorporates as a main process a
simple and fast deconvolution.
(ii) To obtain an optimal performance with respect to the energy resolution and
the throughput a moving window processing has been implemented. That provides
for the dead-time to peaking time ratio a value close to one, where one is the
theoretical limit.
(iii) To transfer the problems from an analog to a digital world and to find for
them an adequate digital solution, a totally digital signal processing system has
been designed. The preamplifier signals are sampled at a very early stage, i.e.
before any shaping which otherwise could introduce additional distortion of the
charge distribution.
Reconstruction of the event charge
The basic elements of the semiconductor system are a detector followed by a
charge sensitive preamplifier and a main (linear or shaping) amplifier. Any radiation
event produces an amount of charge proportional to the absorbed energy. That
charge results in a steplike waveform at the preamplifier output. In the system of
our interest, i.e. a high resolution and high throughput system, preamplifiers with
resistor discharge are mainly used, so the output step is followed by a decay with
a very long time constant compared to the charge collection interval. The preamp-
lifier output signal II (t) is described by a convolution between the charge distri-
bution function g(t) and the preamplifier transfer function f(t):

Up(t) = )_ g(x)f(t-x)di (1)

If the charge collection time is instantaneous g(t) becomes a delta function and
the eq. (1 ) can be rewritten as:

U( t ) = Gf (t) (2)

where G is the total charge and is proportional to the absorbed energy.
The existing analog processing systems employ a differentiator, to extract G,
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followed by a set of integrators. They differ mainly in respect to how the inte-
grations are realized (i.e. active integrators, active integrator plus gated integrator,
weighted sum of the integrators outputs [1 ], etc.). These processing sequence works
correctly only when the charge function is a delta one, which has been the condition
for the convolution integral (eq. 1) to become a product (eq. 2). Still it works well
if the charge collection time is very short compared with any shaping time constant
used in the processing channel. In the case of large coaxial Ge detectors the electron-
holes drifting time cannot be neglected. The interplay between that time and the
shaping constant(s) leads to a degradation of the resulution, known as ballistic
deficit. The problem becomes even more severe for the detectors used for in-beam
spectroscopy. The defects produced by the neutron irradiation are playing the role
of trapping centers which introduce an additional delay in the charge collection time.

Under such circumstances the substitution of the convolution integral (eq. 1) with
eq. 2 is no more tolerable. It means that the processing sequence should be
reconsidered. One natural solution is to employ a deconvolution as the first
processing step. The effect of that approach is obvious - the original charge
distribution of the detector signal is reconstructed from the preamplifier output
signal hence a true ballistic measurement of the total charge can be performed. In
this way an optimal suppression of ballistic deficit and charge trapping effects
will be achieved.

To perform a deconvolution by analog means is practically impossible. Therefore,
our approach involves as a first processing step the digitalization of the preamplifier
signal. In the digital world the convolution integral becomes a sum:

Up(its) = Z g( j t s ) f ( i t s - jtg) (3)

Where t is the sampling interval, i.e. the interval of the repetetive digitizing of
the preamplifier function U (t). If the time scale is normalized to t , eq. 3
becomes:

u P < m £ o = . l e w f(i"i> u)

In fact, eq. 4 is a set of equations to be solved with respect to g(j) . This task is
difficult to be performed in real time even by a big computer, but some facts help
to simplify the process. First, the deconvolution can be perform in a window with
a limited size M, which reduces the number of equations in (4) to M. The assumption
is correct if the time interval Mt is bigger than the maximum possible charge

s
collection time: This requirement is easy to meet because under normal conditons
the total distribution due to the electron-holes drifting and majority trapping
delay does not exeed 1 ̂ is even for very large Ge detectors. Second, for the energy
analysis we are interested in the total charge in the window but not in its actual
distribution. And third, the preamplifier transfer function f(i) is known or easy
defineable in a real conditions. Even more, for the resistor-discharged preamplifiers
it is exponential. Some deviation of the transfer function from the pure exponent
could exist due to the nonresistivity behavior of the discharging resistor at high
frequencies. But that will not influence the final result, i.e. the total amount of
charge, as soon as the window size is bigger than the settling time of the preamp-
lifier response.
These three assumptions permit to solve the equations (4) by applying a simple
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recurrent procedure which employs only one multiplication-accumulation, one
summation and one subtraction operation per sample. It means that only little
hardware or relatively small computing power is required to run this process
continuously in real time. We call the corresponding new processing unit Moving
Window Deconvolver (MWD).

Noise shaping
Recently noise analyses for semiconductor detectors were carried out in the time
domain [2,3]. The equivalent detector noise circuit includes two generators - for
the serial and the parallel noise. The parallel noise is considered as a random
sequence of delta charge pulses, and the serial - as a similar sequence followed
by another one with reverse polarity. As the deconvolution in a window extracts
all charges (signal and noise as well) belonging to that time interval the size of
the window plays an important role. In analogy to the analog system it could be
considered as the shaping constant of the digital system.
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Fig. 1: Development of the charge
response and the noise residual
function.

If the window is by L sampling intervals bigger than the charge distribution
produced by a single radiation event, then L consequent windows, shifted by one
sampling interval, will cover that distribution. It means that L consequent results
of the deconvolution will represents one and the same event. Taking the mean
value of these L results the signal to noise ratio increases. To obtain an analytical
expression for the noise contributions the time domain method has been used. On
fig. Id the step (charge) response of the system is shown produced by shifting
the deconvolution window (fig. lb) stepwise L=M-R times over the charge distri-
bution (fig. la) and accumulating the results. The zero time reference corresponds
to the beginning of the event and the zero to R time interval - to the maximum
possible charge collection time. Shifting the delta noise charge, normalized to the
event charge, from minus to plus infinity the noise residual function of the system
is obtained (fig. le). As the residual function is a pure trapeziodal, the parallel
and serial noise indexes are:

N;

N;

= J [R(t)]2dt = |L t g +Rt £

- f dt -

(5a)

(5b)

Three remarks should be made in connection with eq. 5. First, due to the sampling
process the residual function is not smooth but contains steps with a magnitude
1/L. It is obvious that the parallel noise index will not be affected but the serial
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will increase. To eliminate that influence a low-pass filter has been placed in
front of the sampling ADC with the time constant equal to one sampling interval.
Second, the resolution of the sampling ADC should be higher than the signal to
RMS noise ratio of the preamplifier output. If it is fulfilled the digitalization noise
could be considered as a separate serial noise but the shape of the noise residual
function will remain unchanged. The suppression of the digital noise will be
discussed later. Third, the parallel noise has been considered as a sequence of
charges with a constant rate. This assumption is not correct with respect to the
low frequency interference, the detector "microphonic" effect and the temperature
induced baseline fluctuations of the detector-preamplifier arrangement. To deal
properly with these problems, a separate processing unit named Moving Average
(MALI - see fig. 2) has been included in the system. The unit takes the results of
the deconvolution in any S windows in which there are no radiation charges.
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Fig. 2: Block diagram of the whole
digital pulse processor.
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Thus, the unit contains at any moment the mean value of the parallel noise. As
this value is subtracted from the total event charge, two terms have to be added
to the eqs. Sa and 5b, respectively:

N2 =N 2 - •
PP P s ' s p

L ) 3

s
( 5 c )

If the number of windows S is at least 10 times bigger than the number of the
charge windows L, than the impact of the MALI over the noise performance of the
system is negligible, but still the unit suppresses perfectly the low frequency
interferences.

The full pulse processing system is shown in a block form in fig. 2. It is best
characterized by assuming 12-bit resolution, 25 MSPS sampling ADC (i.e. 40 ns
sampling interval t ), a MWD window size of 125 samples (i.e. 5 t̂s ), 100 L-type
windows (i.e. 4 (is effective shaping constant and 1 (is protection time for full
charge collection) and 1000 S-type windows (i.e. 40 [is shaping constant for the
low frequency interferences). The particular features of the design include:
(i) The charge collection time does not influence the resolution of the system.
This comes as a result of the new design philosophy which uses a deconvolution
as a first process in the signal processing channel. Fig. 3a shows the comparison
of calculated peak deficits due to ballistic effects as function of the normalized
charge collection time for two different analog shapers and for the new pulse
processing system adjusted to equivalent effective shapings (PPADC-1). While for
the Gauss shaper and the Gated Integrator no further improvement is possible
because their peaking and shaping times are related, an additional free parameter
of the pulse processing system, called Collection Time Protection (CTP) interval,
can enhance its ballistic deficit performance even more without any degradation of
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the delta-noise performance (PPADC-2). In fig. 3b the measured ballistic deficit
performance of a Silena spectroscopy amplifier with 2 [is shaping is compared to
our new system with the same effective shaping for various charge collection
times, as simulated by pulser signals of equal amplitude but different risetimes of
20, 50, 100, 200, and S00 ns respectively.
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Fig. 3a: Calculated peak deficits due
to ballistic effects as function of the
normalized charge collection time for
two analog shapers compared to the
Pulse Processing ADC (see text).
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Fig. 3b: Measured ballistic deficit of the
Silena 7611 L spectroscopy amplifier with
2 us shaping for risetimes of the input
signal of 20, 50, 100, 200, and 500 ns
(upper spectrum) compared to that of
the Pulse Processing ADC under the same
conditions (lower spectrum).

(ii) The noise shaping function is a pure symmetrical triangular (in fact trapeziodal
with a short flat top part). That shape is the best choise with respect to an
optimal resolution - count rate performance [3,4]. As that shape cannot be realized
by analog means in a pure form we consider it the second main achievement of
the digital design. In the applications of our interest where the total processing
time should be kept below 10 (is, i.e. where the serial noise is dominant, the
slight increase of the parallel noise index, due to the flat top part of the shaper,
does not contribute significantly to the overall noise performance of the system.
Moreover, due to the moving window processing the dead-time is equal to the
peaking time and both are defined by the size of the window. This feature combined
with the pure symmetrical trapezoidal noise shaping function defines the highest
possible noise-rate performance for the new system. The calculated noise-rate
performance of the digital pulse processing system (PP) is compared to that of
the 7t -order Gauss shaper (GS) and the Gated Integrator (GI) in fig. 4a for
identical effective shaping parameters. The improved countrate performance of the
new system as represented by the low count losses as function of the input rate
(solid lines) is not achieved at the expence of the noise performance as indicated
by the comparable small increase of the Delta-Noise-Index (DNI) with increasing
input rate (dashed lines). The experimentally measured resolutions of one and the
same detector for the 1332 keV yline of Co in fig. 4 b show how in an high rate
application with 10̂ xs total processing dead-time (TDT), i.e. \\LS shaping constant
for the Gauss shaper, the conventional analog processing system employing an
Silena 7611 L spectroscopy amplifier and a Silena 7423 UHS converter (2.9 keV
FWHM, upper spectrum) is significantly overperformed by the new system (1.9
keV FWHM, lower spectrum). Even for shaping constants of 6 (is, optimized to
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give the highest possible resolution for the given detector however leading to a
huge total processing dead-time of approx. 60 [is, the analog system cannot
compete (2.1 keV FWHM, middle spectrum).
(Hi) The low frequency disturbances (microphonic effect, 50 Hz interference, etc.)
are practically eliminated thanks to the parallel moving average channel. Due to
its long shaping constant, compared with the constant of the main channel, it
does not virtually change the noise performance of the system.

(iv) As the full processing is performed in a digital environment a number of
advantages emerge: digital control of the processing parameters, reliability, on-line
optimization and testing, etc. The final result, i.e. the radiation energy, is produced
by the system directly in a digital form. As the system incorporates all necessary
processing components we call it a Pulse Processing ADC (PPADC) to stress on
its completeness. The utilization of the PPADC as a building unit of a new gene-
ration data acquisition system is discussed in ref. LSI.
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Fig. 4:
a) Comparison of the calculated noise-rate performance of the Gauss shaper (GS),
the Gated Integrator (GI and the Pulse Processing system (PP)

b) Measured noise performance of the Silena 7611 L spectroscopy amplifier compared
to that of the Pulse Processing ADC (PPADC) for a shaping parameter adjustment
suitable for high rate applications with 10 (is total processing dead-time or 1 [xs
shaping constant of the Gauss shaper. As a reference the maximum achievable noise
performance (resolution) of the analog Gauss shaper, obtained for 6 us shaping
is given, too. For a shaping parameter adjustment providing the same resolution
the PPADC would yield an approx. 9 times higher peak-throughput.

Digital noise
The analog to digital conversion introduces two new sources of error namely
quantization error and sampling clock uncertainty error (i.e. clock jitter error).
These errors are very low compared with the detector parallel and serial noise,
but to complete the picture of our digital processing system their contribution
will be estimated. A natural way of their representation is to assume a sequence
of delta noise charges with RMS amplitudes as follows:

(NJ
1

d'rms y"i2" 712"
(6)
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where B is the resolution of the sampling ADC in bits. The clock jitter error has a
linear amplitude dependence, therefore it is estimated for the worst case, i.e. for
the full scale (FS) of the system. As these errors are randomly positive or negative,
they fit well to the serial noise model and their noise indexes can be determined
solving the similar integral as in eq. 5b. The results are:

d j F S V e ^

The quantization noise contribution depends on the resolution of the ADC whereas
the clock jitter noise depends on the sampling frequency. To estimate their contrib-
ution we will take the actual design parameters (see above) for B, L, t g and
assume a preamplifier with a 40 (is time constant. The calculated values are both
below 40 ppm of the full processing scale. These results show that the digital
noise has no practical influence on the performance of the system.
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