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This is a tutorial paper designed to provide a ; 
balanced perspective on the processing of signals 
produced by semiconductor detectors. The general 
problems of pulse shaping to optimize resolution with 
constraints imposed by noise, counting rate and rise 
time fluctuations are discussed. ' 

I. INTRODUCTION 

Many papers and textbooks have been written deal
ing with our subject. For the purpose of this Short 
Course on Semiconductor Detectors we are faced with: 
the task of summarizing this mass of material in a 
short presentation. Clearly such a task Is 1mpossi-| 
ble; therefore we have chosen to construct a skeleton 
of the principal factors Involved in optimizing the 
signal procesing channel associated with semiconduc
tor- detectors and, using this skeleton, to provide a 
balanced perspective on the various pulse shaping 
methods so that our readers can make good judgments 
about the best solution to their own problems. 

Figure 1 shows the basic elements of the pulse 
processing system. A reverse-biased detector detects 
single radiation events (photons or charged particles) 
and produces impulses of current (i.e., charge) into 
a preamplifier. In practically all cases a charge-
sensitive stage (i.e., a capacitively fed-back oper
ational amplifier) is used in the preamplifier so 
each event in the detector results in a step waveform 
at the preamplifier output. In some preamplifiers a 
resistor is used across the feedback capacitor, so a 
slow decay occurs in the output voltage after the 
step; in others the charge built up on the capacitor 
is removed by a pulsed-reset method. 

Signals from the preamplifier pass to a main 
amplifier (sometimes called a pulse or linear ampli
fier) where pulse shaping is performed primarily to 
optimize the signal/noise ratio in the signal path. 
As itfill be indicated later, other factors may influ
ence the design of the shaper. In all cases, the 
shaping consists of differentiating and integrating 
elements that result in a rather narrow pulse compared 
with the decay time in the preamplifier signal. In 
the simplest signal processing systems the ampli'ier 
output pulse feeds a pulse-height analyzer (PHA) 
where the amplitude spectrum of the pulses is deter
mined. In general the pulse amplitude is linearly 
related to the energy absorbed due to an event in the 
detector, so the amplitude spectrum is essentially an 
energy spectrum and the effects of noise in spreading 
the pulse amplitude appear as degradation of the 
energy resolution of the system. 

The simplest system is rarely employed; more 
commonly other criteria are imposed on signals before 
performing analysis on them. Such criteria might 
include setting upper and lower amplitude limits, 
requiring coincidence with signals in other measuring 
channels, etc. Figure 1 illustrates the almost uni
versal requirement to reject signals where overlap 

within the pulse width of the shaper causes accidental 
pile-up. These are usually rejected by providing a 
parallel fast channel where signals are differentiated 
to produce very short impulses; the train of Impulses 
Is then inspected and, when pairs of impulses are too 
close together, signals in the slow amplitude measur
ing channel are rejected. In practice the pile-up 
rejector generates a "valid" signal for signals not 
subject to pile-up and this valid signal gates the 
main channel to produce a narrow rectangular signal 
to feed the pulse-height analyzer. 

The elements we have discussed here represent the 
essential parts of any signal processing system for 
semiconductor detector signals. We will now discuss 
each part in more detail. 

JU r 

• U K FUNCTIONS M A SPECTROSCOPY SYSTEM 

Fig. 1. Basic functions in a spectroscopy syâ «..n. 

II. SEMICONDUCTOR DETECTORS - THE SIGNAL SOURCE 

1. SIGNAL MAGNITUDE 

For practical purposes, the signal produced by a 
semiconductor detector is proportional to the absorb
ed energy . Thus: 

Q = Eq/e (1) 



where Q is the charge produced (Coulombs) 

E is the absorbed energy (eV) 

q is the electronic charge (• 1.6 x 10-19 
Coulombs) 

e is the average energy required to produce a 
hole-electron pair (eVJ/hole-electron pair) 

The value of e (which represents the effective 
conversion efficiency of the detector) depends on 
details of the interaction mechanisms in the detec
tor material. Not a l l the incident energy is used 
producing ionization (which gives us signals)—some 
is wasted in producing vibrations in the crystal l a t 
tice and we cannot recover this energy. Therefore, 
e depends on the material and to a minor degree 
(- 0.02 /*C) on the temperature. Me have 

Si : 3.61 eV at 25'C ; 3.81 eV at 77*K 

Ge: 2.96 eV at 77*K 

Compounds (e.g., tK^I. Cd Te): > 4 eV 

Therefore germanium detectors produce - 20% more 
signal than silicon detectors for a given energy 
absorption. However, this is not the only factor in 
choosing detectors. 

2. SIGNAL FLUCTUATIONS 

The fact that the incident energy is used in both 
ionizing processes and in exciting vibrational (pho-
nan) modes of the lattice and that such sharing of 
losses is random means that the signal output charge 
(which is produced only by ionization) is intrinsical
ly subject to random fluctuations. If the ionizing 
collisions were very rare compared with the phonon 
collisions the variance {i.e., RMS fluctuation) in 
the number N of electron/hole pairs produced would 
obey simple Poisson statistics: 

Variance =. -JOT = vE/c" 

Since each pair, on the average, corresponds to the 
absorption of t eV in energy we can write: 

ERMS • c v'N - -S/E7 
The full width at half maximum (FWHM) energy resolu
tion EpwHM w o u l d therefore be: 

EFWHM - 2 - 3 5 ^ 
In practice our assumption about the rariety of ion
izing collisions is incorrect and this produces a 
reduction in Efty^. w? write: 

E F H H M = 2.35 /̂FE7 (2) 

Where F is the Fano factor, which is always less than 
jnity and is typically approximately 0.12 for silicon 
and germanium. It is difficult to assign a value to 
F for other materia is because the statistics of trap
ping effects hides the charge production fluctuations 
in any practical measurement. 

The values of the intrinsic detector resolution 
for silicon and germanium detectors as a function of 
energy are given in Table 1. 

Table 1. Energy Resolution vs Energy (Si and Ge) 

(Fano Factor - 0.12) 

Energy 'EfWHH («»> Energy 
Si Ge 

1 keV 
2 
5 

50 
70 
111 

44 
62 
98 

10 
20 
50 

157 
222 
351 i 

140 
198 
313 

100 
200 
500 

496 
701 
1109 

442 
626 
990 

1 MeV 
2 
5 

1568 
2217 
3506 

1401 
I960 
3132 

10 
20 
50 

4960 
7010 
11090 

111 

100 
200 
500 oo

o HI
 

3. SIGNAL SHAPE 

While the ionization in a detector is produced 
in a very short time compared with any of the shaping 
times'we employ, the charge must be collected by vir
tue of electrons and holes drifting from their point 
of origin to the electrodes on the detector. The time 
taken For this process may, under some circumstances, 
influence the choice of signal shaping method to be 
used. He will discuss a few elementary cases remem
bering that our emphasis here is on amplitude meas
urements. The case of semiconductor detectors used 
for fast timing purposes, where the charge collection 
process can be very important, is dealt within an 
accompanying paper by H. Spieler. 

A. Planar Detectors 

For the purpose of this discussion we will assume 
that the material used to fabricate the detectors is 
extremely pure so virtually no (net) acceptors or 
donors exist in the detector material. This simpli
fies our picture in that the electric field due to 
applied bias is constant throughout the material 
between the electrodes. This is net always the case 
and, where U is not, it is obvious that longer col
lection times will result from low field regions. 

Figure ?a shows a planar geometry detector and 
indicates the production of a single hole-electron 
pair at e distance x from the p+ contact of the detec
tor (an accompanying paper by E. Haller discusses the 



fabrication and operation of detectors). The elec
tron drifts in the applied electric field toward the 
positively-biased n+-contact while the hole drifts to 
the opposite contact. The external signal current 
due to movement of a carrier (hole or electron) per
sists while the carrier is moving and stops when the 
carrier is collected. Thus, if we assume that elec
trons move at a velocity v e and holes at v n, the 
charge collected as a function of time will be as 
shown by the solid line in Fig. 2b. The dotted lines 
show the behaviour for hole-electron pairs produced 
at various values of x. Note that the total signal 
due to each pair is the electronic charge q and the 
electron movement contribution is larger when the 
electron travels further than the hole and vice-versa. 
The maximum collection time (and therefore maximum 
rise time of the signal) 1s the electrode to electrode 
transit time of the slowest carrier (always holes). 
In practice, the signal observed for a given radiation 
event is the integral of the signals for all electron 
hole pairs produced by the event. For low-energy 
photons, where the electron-hole pairs are produced 
essentially at one point, the general form of the 
signal will be that of the solid line in Fig. 2b. 
For charged particles, where electron-hole pairs are 
produced along the particle track, a more complex 
signal shape results. 

The velocities of the carriers and, therefore, 
the time scale associated with Fig. 2b are determined 
by the basic transport mechanisms for carriers in the 
material, by the electric field and by the tempera
ture. A very simple case occurs for high electric 
fields and low temperatures (typically of all liquid-
nitrogen cooled silicon and germanium detector sys
tems). Here the velocities of both holes and elec
trons saturate at a constant velocity near 10'cm/s. 
Therefore, for the case of a planar detector {as seen 
in Fig. 2a) 1 cm thick the maximum rise time is 100 ns 
and, for events producing ionization only at the mid
dle of the detector, 50 ns is.the total collection 
time. 

For detectors used at room temperature and reason
able bias (such as the common use of lithium-drifted 
silicon detectors in studies of nuclear reactions at 
accelerators) the velocity of the carriers is propor
tional to the electric field: 

v e = u e E 

vh • uh E 

(3) 

where up and u n are called the electron and hole 
molalities. Approximate values of these mobilities 

s" at room temperature are: 

pi I+BIASV 0 ir. 

J t 

a N+ 

W 

=J P+ 

W/V-

- H - (W-x)/Vh 

B. 
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1250 (Si) : 3600 (Ge) 

450 (Si) : 1600 (Ge) («) 
Fig. 2. The pulse shape generation in a planar 

detector. 
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These mobilities rise rapidly as the temperature is 
reduced because the thermal vibrations of the lat t ice, 
which interfere with carrier movement, are reduced. 
An example of a detector operating in the domain where 
carrier velocities are proportional to the electric 
f ie ld might be that of a 5 mm thick lithium-drifted 
sil icon detector operated at room temperature with 
500 V applied. In this case the electric f ie ld 1s 
1000 V/cm and the carrier velocities are v e • 1.25 
x 106 cm/s and v n - 0.45 x 106 cm/s. The maximum 
carrier collection time is therefore sl ight ly greater 
than 1 u s . I t should be obvious in this case that 
the use of shaping involving < \ vs differentiation 
results in loss of signal. Furthermore, since par t i 
cles with different ranges produce signals with d i f 
ferent rise times in the detector, the use of short 
pulse-shaping times results in output signals that 
are not linear with absorbed energy. This bal l is t ic 
deficiency effect must be borne in mind in charged-
particle applications of thick detectors. 

8. Coaxial Detectors 

A very common germanium detector geometry is the 
coaxial arrangement shown in Fig. 3. This type of 
detector is used universally for high-efficiency, 
high-energy gamma-ray spectroscopy and, since large 
volumes are essential, the diameter may be Quite 
large—up to 6 cm being typical. The central p-type 
core in a lithium-drifted germanium coaxial detector 
is usually of small diameter (typical ly 0.5 cm) and a 
similar diameter is employed for the central "cut-out" 
cylinder in high-purity germanium detectors. The non
uniform f ie ld distribution produced by this geometry 
and the long carrier transit distances result, gener
al ly, in low fields near the outside and long charge 
collection times. Depending on where a gamma-ray 
interacts, collection times over ~ 1 gs may occur. 

With the polarity shown in Fig. 3, a positive 
potential is present on the periphery of the detector; 
since the largest part of the detector volume is near 
the outside, the great majority of interactions occur 
in these regions. Since, with this polari ty, the 
signals are dominated by hole collection, they tend 
to be quite slow. A reverse polarity detector (nega
tive voltage on an p+ peripheral region) is better in 
this respect; both polarities are available in high-
purity germanium detectors but only the polarity 
shown in Fig. 3 is obtainable in lithium-drifted 
detectors. A substantial advantage in respect to the 
trapping produced by radiation damage also results 
from the reverse polarity because the traps produced 
by radiation damage are dominantly hole traps. 

The lesson to be learned from this picture is 
that the type of pulse shaping used in the signal 
Processing path must be tolerant of rise time f luctu
ations in the detector signal, particularly when 
Urge coaxial detectors are used. Significant pulse 
amplitude fluctuations due to variable charge collec
tion in the detector (known as bal l is t ic deficiency 
effects) cannot be tolerated. Since the detector 
charge production statist ics (see Eq. 2) are propor
tional to v T while bal l is t ic deficiency effects 
are essentially proportional to E, i t is obvious that 
the latter effects may be very important at high 
energies. 

XBL 822-7923 

Fig. 3. Coaxial detector geometry. The polarity 
may be reversed in high-purity germanium 
detectors. 

<J. LEAKAGE CURRENT 

A detector is, for electrical purposes, a reverse 
bised semiconductor diode and it exhibits a leakage 
current, whose fluctuations produce noise. A basic 
source of such leakage is the generation of hole-
electron pairs in the bulk of the detector material 
by thermally induced lattice vibrations. Direct 
transitions of electrons from the valence to conduc
tion band are rather unlikely compared with two-step 
transitions via intermediate trapping levels and par
ticularly those levels near the middle of the band 
gap. For this reason the leakage current of semicon
ductor detectors often obeys the relationship 

I L « e(-E9/2KT) (5) 

«here I|_ is the leakage current 

Eg is the band qap of the material 
(- 0.7 eV for fie; - 1.1 eV for Si) 

T is the temperature ("K) 

and k is Boltzman's Constant 

The leakage current of germanium detectors at 
room temperature is completely unacceptable. There
fore, all germanium detectors must be used at or near 
to liq"uT3 nitrogen temperature (77'K). While silicon 
detectors can, and Dften aret used at room tempera
ture, high resolution applications of these detectors 
also require cooling (generally to 77'K but not al
ways) . 

In practical detectors, leakage current produced 
in surface channels 1s always dominant. Typical 
values for silicon detectors range from 10 nA to 10 UA 
at room temperature; both silicon and germanium detec
tors exhibit leakages in the pA range or less at 77*K. 



Since germanium detectors are very sensitive to infra
red radiation they must be surrounded by a cold (77'K) 
shield to reduce leakage to these low values. 

We note that charge trapping effects may sometimes 
make the use of silicon detectors at a temperature 
greater than 77*K desirable even at the cost of an in
crease in leakage current. This is particularly true 
at high energies (such as in beta-ray detectors) since 
the signal fluctuations {expressed in eV) due to trap
ping increase as the signal increases, while the sig
nal spread due to noise is independent of energy. 

5. MISCELLANEOUS DETECTOR FACTORS 

Although other detector effects generally do not 
influence signal procesing, trapping effects (see the 
last paragraph) and contact resistance can sometimes 
result in problems. We will not dwell further on 
these in this paper. 

Across the input capacitance C, the noise voltage 
is given by: 

vLt - 4 k T A f (R/d +4.2f2c 2R 2)) (6) 
where k fs Bolzmann's Constant 

T is the temperature (*K) 
f is the frequency 

and af is a small bandwidth interval centered on f . 

To find the total noise at the system output this 
equation must be integrated over the bandwidth of the 
shaper amplifier. As R is increased from zero it is 
clear that the noise voltage increases to a maximum 
value when R « l/2*fC then decreases, becoming pro
portional to 1/R at large values of R. The noise is 
therefore small for v&ry small values of R and for 
very large values; in the former case the signal at 
the input is virtually shorted out so it is obvious 
that very large values of R are essential in high-
resolution systems. 

III. THE PREAMPLIFIER 

1. COUPLING TO THE DETECTOR 

Figure 4 shows the two methods commonly used to 
couple detector signals to the preamplifier input. 
For all high resolution (low-temperature detector sys
tems) the dc coupling method is used primarily because 
it minimizes the stray capacitance in the input cir
cuit, thereby improving the signal/noise ratio. 
Another slight advantage of this method is that the 
preamplifier output can be monitored to meacure the 
leakage current of the detector. In pulsed reset sys
tems (see the Introduction), the reset rate combined 
with the value of Cp provides an absolute measure
ment of the leakage current; in resistor/capacitor 
feedback systems the dc level at the preamplifier out
put, and its change as the detector bias voltage is 
increased from zero to its proper value, is a good 
msesure of detector leakage current. The fact that 
neither electrode of the detector is at ground poten
tial does result in slight inconveneince in the mech
anical design of detector mounts but this is usually 
more than offset by the advantages of the dc connec
tion. 

The ac connection shown in Fig. <S is commonly 
employed w'th room temperature detectors used in 
charged particle spectroscopy. In this arrangement 
one side of the detector is conveniently grounded. 
However, the detector load constitutes an additional 
noise source, the stray capacitance to ground worsens 
the signal/noise ratio and the extra differentiator 
formed by the coupling capacitor, detector load and 
preamplifier input may cause degradation of resolution 
at high counting rates. Where high-energy charged 
particles are being detected, these factors may con
tribute less to resolution than various detector and 
Deam resolution factors; therefore, the ac coupled 
a-'.-angement is generally satisfactory for these 
applications. 

?. NOISE DUE TO SHUNT RESISTANCE IN THE INPUT 

The requirement for the highest possible values 
of shunt impedance in the input circuit often "puzzles 
users of detector systems. Therefore, we will digress 
for a brief explanation of this result. Figure 5 
;hows the equivalent input circuit of a detector 
preamplifier system with an input capacitance C and 
a shunt resistance R. The noise produced by this 
resistance can be represented as a noise voltage 

generator (v? = 4 kTR if) as shown in the figure. 

0 )« f 1( . CHARGE 
—I 1 \ SENSITIVE 

OCT j \ PftEAMP 

-JT m-
(ii) tic 

OCT 

- • IAS 

Fig. a. Coupling the detector to a preamplifier. 

XSL 012-M 

)V2=4KTRAF I 
Fig. 5. Input circuit and the behaviour of noise as 

the value of the shunt resistance is changed. 
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3. THE CHARGE-SENSITIVE CONFIGURATION 

The charge-sens i t i ve p r e a m p l i f i e r con f i gu ra t i on 
was developed in the ea r l y days o f semiconductor 
detectors when the detec tor capacitance var ied w i t h 
appl ied vo l tage . By apply ing capac i t i ve feedback t o 
the input of a high gain s tage, as shown i n F i g . 6 , 
the output s igna l {QfCf) H made almost t o t a l l y i n 
sens i t i ve t o va r i a t i ons i n the detec tor capac i tance. 
In t h i s c i r c u i t the input po in t i s a v i r t u a l ground 
and f o r p r a c t i c a l purposes i t does not move i n poten
t i a l . Even w i t h modern detec tors which are nea r l y 
a l l f u l l y depleted and t he re fo re , t o f i r s t o rder , of 
constant capaci tance, small capacitance changes can 
occur due t o changes i n detector surface s t a t e s . 
Therefore the charge-sens i t i ve con f i gu ra t i on i s u n i 
v e r s a l l y employed in modern spectrometers. The f e e d 
back capac i t o r , usua l l y o f small value i n very h igh 
r e s o l u t i o n systems, does add t o the t o t a l i npu t 
capacitance f o r the purpose of noise c a l c u l a t i o n s , 
but t h i s p r i c e i s acceptable i n a l l cases. In very 
h igh - reso lu t i on x - ray spectrometers the feedback 
capacitance value i s o f ten less than 0 .1 pF and, 
p h y s i c a l l y , the capacitance is incorporated i n the 
spec ia l l y designed f ron t -end FET package. 

I — v w — j 
CF 

r 
0 

H(-

D> • • O U T 

V GAIN A IS LARGE 

XBL 822-7916 

The charge sensitive preamplifier 
configuration. 

A. RECHARGE METHODS 
In F i g . 6, r ad ia t i on absorbed in the detector and 

the steady detector leakage current b u i l d up the 
charge on the feedback capac i tor Cp and would cause 
the p reamp l i f i e r output t o s t e a d i l y r i s e u n t i l i t is 
satura ted. Therefore, means must be provided to d i s 
charge Cp. In many systems t h i s is achieved by a 
high-valued r e s i s t o r p a r a l l e l i n g Cp and each step 
s ignal at the p reamp l i f i e r output decays w i th a time 
constant Cp Rf which is usua l l y qu i t e long > 50 us. 
Since the f u r t h e r d i f f e r e n t i a t i o n requi red in the 
snip ing amp l i f i e r would r esu l t i n a long-term over-
s.ving in the amp l i f i e r output w i t h consequent serious 
e f f ec t s on reso lu t i on at high count ing r a t e s , a pole 
zero cance l l a t i on method is used to compensate f o r the 
Rp Cp decay—this is i l l u s t r a t e d in F ig . 7. The com
pensation is achieved by shunt ing the main d i f f e r e n t i 
ator capaci tor in the shaping a m p l i f i e r by an ad jus t 
able r e s i s t o r R l . I t can be shown that Rl can be 
adjusted to exac t l y compensate f o r the p reamp l i f i e r 
s ignal decay. In the simple case where Tp » T the 
cor rec t value of Rl i s given by: 

r 
( T F = * J C F ) Mr-L~^ < rr=RC) 

ENTIATOR - L U ""* ' DIFFERENTIATOR 

F i g . 7 . Pole-zero cance l l a t i on c i r c u i t . 

While t h i s method o f recharge i s s a t i s f a c t o r y f o r 
many n c n - c r i t i c a l spectrometers, the disadvantages of 
the shunt r e s i s t o r Rp are ser ious l i m i t a t i o n s i n 
h i g h - r e s o l u t i o n h i gh - ra te systems. These d isadvant 
ages a r e : 

i ) The r e s i s t o r Re acts as a noise source; as 
ind ica ted i n the previous s e c t i o n , use of a 
very la rge value o f Rp minimizes t h i s noise 
c o n t r i b u t i o n . 

i i ) The s t ray capacitance associated w i t h Rp 
degrades the s igna l /no i se r a t i o . 

i i i ) High-valued r e s i s t o r s do no t , i n genera l , be
have as pure r e s i s t o r s at the high frequencies 
( - 100 kHz) used in shaping a m p l i f i e r s . There
fo re the pole-zero compensation i s never per fec t 
and r e s o l u t i o n can be se r i ous l y degraded at high 
count ing r a t e s . 

For these reasons the pulsed reset methods have 
been developed to discharge Cp wi thout the problems 
associated w i t h r e s i s t i v e discharge methods. Figure 
8 fhows schemat ica l ly the most common method used in 
h i gh - reso lu t i on spectrometers. In t h i s technique 
charge from the detec tor accumulates on Cp u n t i l 
the p reamp l i f i e r output vol tage reaches a preset 
upper l e v e l . At t h i s po in t a l i m i t d i sc r im ina to r 
f i r e s t u rn ing on current i n a l i g h t - e m i t t i n g diode 
whose l i g h t i s d i rec ted onto the input FET. The 
c o l l e c t o r - g a t e diode of the FET acts as a photodiode 
so a subs tan t i a l photocurrent f lows i n to the FET 
gate , r a p i d l y ( - 5 gs) d ischarg ing Cp. When the 
vol tage at the output of the p reamp l i f i e r reaches a 
preset lower l eve l the l i g h t is turned o f f and normal 
operat ion of the spectrometer s t a r t s again . During 
the b r i e f reset per iod the pulse-processing system is 
i n h i b i t e d . 

R! RTp/T (?) 
F ig . 3. The p u l s e d - l i g h t feedback method of 

recharging the feedback capac i to r . 



The advantages asociated w i t h the p u l s e d - l i g h t 
reset method inc lude : 

i ) No added s t ray capacitance i s introduced i n t o 
the input c i r c u i t . 

i i ) Since the recharge cu r ren t f lows on ly dur ing 
rese t , no noise i s produced by i t du r ing the 
normal count ing p e r i o d . 

i i i ) No po le-zero cance l l a t i on i s needed. Exce l len t 
h igh-count ing ra te performance i s achieved. 

Some small disadvantages remain: 

i ) The counting time must be extended by a small 
f a c t o r t o compensate f o r the s l i g h t loss of 
time dur ing rese ts . 

i i ) In the c i r c u i t shown i n F i g . 8, the f i n a l input 
s ignal that t r i g g e r s the reset would not be 
processed; t h i s can be shown to r e s u l t i n a 
s l i g h t spect ra l d i s t o r t i o n . Where t h i s i s 
impor tant , a simple mod i f i ca t i on can be made t o 
the c i r c u i t t o permit processing the pulse and 
delay ing reset u n t i l such processing i s com
p l e t e . 

i i i ) Some FETs show small a f t e r - e f f e c t s of the l i g h t 
(and also detectors i f they see the l i g h t ) . 
These a f t e r - e f f e c t s can cause r e s o l u t i o n degra
da t ion at high count ing r a t e s . Careful se lec
t i o n of FETs and proper sh ie ld ing of the l i g h t 
from the detector e l im ina tes these problems. 

iv) Large pulsed cur ren ts ( - tens o f mA) are r e q u i r 
ed in the LEDs. These cur ren ts can cause 
ground-loop i n t e rac t i ons between the f r o n t ends 
in mu l t i de tec to r systems. For t h i s reason a 
t r a n s i s t o r - r e s e t method has been employed 
recen t l y in such systems.* 

5. FRONT-END NOISE EQUIVALENT CIRCUITS 

I t has been t r a d i t i o n a l t o car ry out noise c a l 
cu la t ions in the frequency domain and the equiva lent 
c i r c u i t f o r noise ca l cu la t i ons shown i n the upper 
paf t of F i g . 9 has been commonly used. In t h i s f i g 
ure we have omit ted any p a r a l l e l r e s i s t i v e component, 
p a r t l y because, as ind ica ted i n the previous sec t i on , 
systems o f ten have no p a r a l l e l r e s i s t i v e component, 
and p a r t l y because the e f f e c t of such res is tance ( i f 
nf very large value) can be included i n the p a r a l l e l 
cu- rent noise generator . Thi= noise generator 
produces the usual Johnson no ise : 

in2 ?ql if (8) 
The input FET noise is represented by a series volt
age noise generator exhibiting Nyquist noise: 

(9) 
For FE15 the equ iva lent noise res is tance tha t repre
sents f l u c t u a t i o n s in the channel cur ren t is given by: 

A/g m (10) 

transconductance of the FET. In this model the detec
tor signal is treated as a charge Q arriving at the 
input in a very short time compared with any shaping 
times used in the processor. 

In recent years much noise analysis has been car
ried out in the time (rather than frequency) domain. 
Such analysis has the advantage that better intuitive 
judgements about the effects of shaping can be made 
in the time domain; the last part of this paper will 
be devoted to a simple analysis of shapers based on 
this approach. The lower part of Fig. 9 shows the 
equivalent input circuit in terms of time behaviour. 
The detector acts as a step function signal source 
producing a signal Q/C in sire. The parallel current 
noise generator is pictured as random charge impulses 
producing random steps across C proportional in size 
to 1/C. It is immediately obvious that, as far as 
parallel (or STEP) noise is concerned, the signal/ 
noise ratio is independent of the value of C. The 
series noise is replaced by a random train of voltage 
impulses (called DELTA noise). The amplitude of these 
is independent of the value of C (they are physically 
due to the FET that follows C), so the signal/noise 
ratio for delta noise is proportional to 1/C. 

We note that this model deals only with the two 
simple noise terms. Noise coupling to the input via 
complex elements (such as surface noise in detectors 
and FETs) cannot be represented so simply. In the 
aggregate such noise is generally referred to as 1/f 
noise. We will mention its effect in practical sys
tems in the next sections. 

where the constant A depends on the geometry but is 
nenerally approximately unity, and where g m is the 

! I 
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Fig. 9. Input circuit noise sources. 

6. FIELD-EFFECT TRANSISTORS 

Junction field-effect transistors (FETs} are used 
universally as the input amplifying element in all 
semiconductor detector spectroscopy preamplifiers. 
Under normal circumstances adequate gain is provided 
by this stage to make noise sources in later stages 
negliqable, but choice of low-noise transistors for 
the elements immediately following the FET is desir
able. Since the FET input capacitance contributes to 
the total input circuit capacitance and the series 
noise resistance R eg of Eq. 10 is «l/g m it is obvious 
that a high ratio of g„,/C is desirable. Since this 
ratio is directly related to the line width achievable 
by photo-lithography it is clear that only the most 
modern FETs are useful in this application. The noise 
in the FETs should become smaller as the temperature 
is lowered below room temperature. Other factors 
involved in the choice and operation of FETs include: 



i ) The FET should be selected to have an input 
capacitance tha t reasonably matches the detec
to r capaci tance. 

i i ) The equ iva lent noise res is tance i s i d e a l l y 
- 1/sfo. P a r a s i t i c ser ies res is tance i n the 
gate c i r c u i t should always be « 1 / g . i f i t s 
noise c o n t r i b u t i o n i s t o be neg l i gab ie . This 
i s p a r t i c u l a r l y Important at shor t measurement 
times (where ser ies noise i s dominant) and 
where large detec tor capacitances are matched 
by ! :ETs w i t h h igh capacitance and transconduc-
tance. 

i i i } In a l l low-temperature a p p l i c a t i o n s , the bumps 
i n the noise coo l ing curve i l l u s t r a t e d i n F i g . 
10 should be avoided. This i s a major f a c t o r 
i n the se lec t i on o f FETs. The bumps are known 
to be associated w i t h impur i t y and defec t t r a p -
p ing /de t rapp ing e f f ec t s i n the FET channel near 
t o the edge of the gate dep le t ion l a y e r . As 
i s c lea r i n F i g . 10, an optimum operat ing tem
perature tha t i s greater than 77*K e x i s t s f o r 
a l l FCTs. (Freeze out o f the main dopant 
occurs j u s t above 77"K.) The optimum temper
ature i s usua l ly approximately 130*K, and some 
means f o r heat ing the FET to t h i s temperature 
must be employed. 

i v ) l / f noise may be produced by the FET header 
and by FET sur faces. I t i s common to mount 
FETs f o r high reso lu t i on systems i n y/Bry low 
loss packages s p e c i a l l y developed f o r t h i s 
a p p l i c a t i o n . 

v) As the FET dra in -ga te vol tage i s increased, im
pact i o n i z a t i o n may occur; i n t h i s case the 
gate, being the most negat ive p o i n t i n the FET 
c o l l e c t s the holes produced and a very noisy 
gate cur ren t r e s u l t s . The vol tage onset of im
pact i o n i z a t i o n decreases as the temperature i s 
lowered. Therefore , the operat ing d ra in v o l t 
age of a l l FETs should be explored t o determine 
the maximum permissable d ra in vo l t age . This i s 
usua l ly very much smal ler than the manufactur
e r ' s ra t ings and, in many cases, may only be 2 
or 3 v o l t s . 

v i ) For p u l s e d - l i g h t reset systems any slow a f t e r 
e f f ec t s of the l i g h t must be avoided. FETs 
should be selected t o minimize such e f f e c t s . 

IV. THE SHAPING AMPLIFIER 

1 . PURPOSES 

A t r i v i a l and o f ten neglected f u n c t i o n of the 
shaping a m p l i f i e r i s t o ampl i fy s i g n a l s . Fu r the r 
more, depending on the a p p l i c a t i o n , the ga in must be 
va r i ab le by swi tch ing and, u s u a l l y , by a continuous 

c o n t r o l . In many o lder a m p l i f i e r s , ga in swi tch ing 
' i s accomplished by swi tch ing an input a t t enua to r ; an 

unfor tunate r e s u l t of t h i s i s t ha t the main amp l i 
f i e r input noise may become dominant when the gain 
i s set t o a very low va lue. For t h i s reason i t has 
become common to vary the gain a t a number o f po in ts 
i n an a m p l i f i e r , thereby min imiz ing over load e f f e c t s 
wh i le keeping the con t r i bu t i ons of main a m p l i f i e r 
noise sources t o a small va lue . (This i l l u s t r a t e s 
the problems associated w i t h a unique fea tu re o f 
nuclear and x - ray spectroscopy systems, namely the 
wide dynamic range. Systems measure energies 
ranging from less than 1 keV t o more than 1 GeV, a 
range grea ter than 1 0 6 : 1 . ) 

The more sophisticated function of a shaping 
a m p l i f i e r i s t o shape the s igna ls t o opt imize spec
t rometer performance. Th is might invo lve a compro
mise between: 

i ) Achieving the best poss ib le s igna l /no i se r a t i o . 

i i ) Pe rm i t t i ng operat ion a t high count ing ra tes 
w i thout degrading r e s o l u t i o n . 

i i i ) Making the output pulse amplitude i nsens i t i ve 
t o r i s e t ime f l u c t u a t i o n s i n the detector 
s i g n a l . 

These quest ions w i l l c o n s t i t u t e the main top i cs in 
the remainder of t h i s paper. 

2. INTUITIVE PICTURE OF THE EFFECT OF 
MEASUREMENT TIME 

A quick p i c t u r e of the behaviour of the s i g n a l -
to -no ise r a t i o as we vary the t ime used to measure 
an event can be gained by assuming t h a t we in teg ra te 
a l l i n fo rmat ion (both s igna l and noise) f o r a meas
urement t ime T m . He then have: 

i ) Signal out « T m 

77°K 

F i g . 10. The behaviour o f FET noise as the 
temperature i s va r ied . 

i i ) Del ta noise (which corresponds t o count ing 

random pulses f o r a t ime T m ) ex T m

- ^ -

.-.DELTA NOISE/SIGNAL OUT oe lJ/2 ( ] ] ) 

i i i ) Step noise (both the random count ing f a c t o r and 

the i n t e g r a t i o n of charge occur) « T m 3/2 

.-.STEP N0I5E/SJGNAL OUT « iJl? (12) 

These relationships are illustrated in Fig. 11. 
They apply to all shaping networks; that is, if the 
shape is kept constant while times are scaled, the 
(delta noise) 2 is proportional to the reciprocal 



of the time scale and the {step noise)2 is propor
tional to it. As is clear in Fig. 11, from the 
point of view of signal/noise only, an optimum 
measurement time must exist, rn practice, other con
straints, such as the need to operate at high count
ing rates or the need to reduce microphony effects, 
may force operation at a measurement time that is 
shorter than the optimum from a signal/noise point of 
view. Finally in Fig. 11 we show the effect of 1/f 
noise. This noise term has a generally flat behav
iour with measurement time. Its effect is to flat
ten the noise minimum and substantially increase the 
total noise (terms must be added in quadrature] in 
the region of the noise minimum. The proportions 
shown in Fig. 11 are fairly representative of many 
systems and the noise minimum generally occurs in 
the range 5 to 100 us depending on the particular 
type of spectrometer. 

LOG (N2) 

STEP 

LOG (TM) 

equal to (1/e), if the two RC time constants are equal 
in value, the value of the gain function G(f) is 
given by 

6(f) - 2»f T 0 / ( 1 + 4.2 f2 t 02) (13) 

we have: 

Signal Out f o r 1 Elect ron-Hole Pa i r - q/Ce (14) 

Tota l n o i s e 2 due t o de l tas = V 2 

: / " k T R

e q {G( f)} 2 df 

. - .Oel ta N o i s e V S i g n a l 2 19 J | G ( f ) j 2 d f 

Tota l noise due to steps = V 2 

(15) 

. - .Step N o i s e 2 / S i g n a l Z - ^ 
2i , 'q 

df (16) 

S u b s t i t u t i n g from Eq. 13 i n Eqs. 15 and 16 
y i e l d s the r e s u l t s : 

—n kT C V R l T . 2 2 
c <- eq „_ M c e ( f o r FET) (17) 

ig. 1! General ized noise behaviour o f a system as 
the measurement t ime Tm i s v a r i e d . 

2. SIMPLE RC INTEGRATOR. RC DIFFERENTIATOR SHAPER 

As is obvious from the foregoing d iscuss ion the 
s^aper must conta in some type of i n t e g r a t o r t o cut 
f)..\ the high frequency or de l ta noise and a d i f f e r 
en t i a to r to cut out the low frequency step or p a r a l -
1e' 1 no ise. The simplest shaper cons is ts of an RC 
d i f f e r e n t i a t o r and an RC i n teg ra to r of equal t ime 
c m s t a n t . This combination serves to l i m i t both low 
•am high fequency noise and also provides a pulse of 
' - .ni ted dura t ion (a few times RC) which al lows a 
- "mi te pulse ra te wi thout p i l e up. The output pulse 
way eas i l y be shown to peak at a time equal to the 
C time constant . 

The f o l l o w i n g analys is of t h i s type o f shaper i n 
tne frequency domain i l l u s t r a t e s the general nature 
of the c a l c u l a t i o n . Figure 12 w i l l be used i n t h i s 
ana lys is ; i t cons is ts of a vo l tage s e n s i t i v e amp. i -
f i e r * whose shap ! - j f unc t i on is represented by the 
gain-f requency func t ion G ( f ) . Neglect ing the e f f ec t s 
of the RC d i f f e r e n t i a t o r and i n teg ra to r t ha t de te r 
mine G ( f ) , we assume a dc gain of u n i t y in the amp l i 
f i e r , [ t i s easy to show tha t the peak height Po of 
the RC d i f f e r e n t i a t e d and in tegra ted output pulse i s 

r. - 2 -
4 q 

(18) 

- STEP NOISE 

: N » I - L » \ Po I SIGNAL ;±;c 

-DELTA NOISE 

• 2 = 4 K T R t q A f 

XBL 822-7922 

F ig . 12. Frequency-domain analys is of a system. 

•Th is i s done to s i m p l i f y the c a l c u l a t i o n ; the r e s u l t 
i s v i r t u a l l y the same f o r a fed back con f i gu ra t i on in 
keeping the general r u l e that feedback can only worsen 
the S/N r a t i o but that such degradat ion can be kept 
very s m a l l . 



In these equations H A

2 is the mean squared delta 
noise expressed in terms ^f equivalent collection of 

hole-electron pairs in the detector and E s

2 is 
the mean squared step noise expressed in the same 
terms. We note, as expected from the previous sec
t ion, that E42 " V 1 « n d hZ " V Figure 13 shows 
the calculated behaviour with varying RC time con
stant tg assuming an input capacitance of 5 pF, a 
paral !el current term (detector leakage) of 10-1 3A 
and a transconductance of 5 mA/V. The le f t ordinate 
shows the noise expressed in hole-electron pairs (H) 
while the equivalent energy resolution for a sil icon 
detector is shown on the right ordinate. The behav
iour shown in Fig. 13 is fa i r l y representative of 
such a detector system although some 1/f noise would 
usually also be observed. 

Fig. 13. Calculated noise behaviour of a system with 
C . 5 pF, 1 = 10-13A, g m » 5 mA/V using 
a simple RC-RC shaper. 

4. COMPARINS PULSE SHAPES - TIME DOMAIN ANALYSIS 
It is obvious that analysis in the frequency 

domain gives no intuitive insight into the pulse 
shape features that affect the signal/noise ratio 
or those that /nay affect pile up at high counting 
rates. Furthermore, systems (called time-variant) 
have been developed which involve switching the 
values of circuit elements in synchronism with sig
nals. Such systems cannot be analyzed in the fre
quency domain. These factors have led in recent 
years to increased use of methods of analysis in the 
time domain. With such methods it becomes possible 
to mo>-e simply appreciate the effects of certain 
features in pulse shapes that control noise and the 
signal /noise ratio. 

Tne methods are based on the simple fact that a 
noise step occurring at a time t before the time at 
which we measure a signal (see Fig. 14) leaves a 
residual R(t) at the measurement time. The effect of 
all noise steps prior to the measurement time is the 
result of summing all noise steps prior to the 
measurement time. For any given signal, of course, 
the result of prior noise steps may be positive or 
negative and may have a wide range of amplitudes; we 
are concerned with the mean square fluctuations in 
the noise at the signal measurement time. To obtain 

this we integrate the effect of all prior noise steps: 
Total Step H o i s e 2 * / {lt[t)} 2 dt 

where R(t) is the effect of a noise step prior at 
tine t to the measurement tine. R(t) obviously de
fends on the type of shaper employed and, for passive 
(i.e., not time variant) filters, the effect of a 

. noise step is the same as the step response of the 
shaper. The shaper also affects the signal magni
tude so it is reasonable to consider the effect of a 
shaper in terms of an index: 

oc 
Step Hoise Index - N s2 » (i,s2) / *R(t)l2 d'„ 

0 * ' fl9) 
Deltc noise can be considered in the same way. Since 
a delta impulse is equivalent to two equal opposite 
polarity steps spaced by an infinitesimally small 
time, the effective delta noise residual function is 
the differential of R(t) (i.e., R'(t)) and the delta 
noise index is given by: 

to 
Delta Noise Index » NA2 - ( l /S 2 ) f ^R'(t)}2 d t 

o * t (20) 
It is important to realize that the noise behaviour 
of any shaper can be simply represented by Eqs. 19 
and 20. If, by measurement or mathematical analysis, 
the shape of R(t) can be determined, and if the out
put amplitude S for a unit step input is known, the 
signal/noise ratio of the shaper compared with other 
shapers is completely defined. (We neglect 1/f noise 
in this discussion.) 

NOISE 
STEP 

R(t)l 

R'(t)l 

V-^V"' - » t 

XBL 822-7924 

Fig. 14. Illustration of the behaviour of the noise 
residuals resulting from step and delta noise events 
at time t before the measurement time. 
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5. THE TRAPEZOIDAL (TRIANGLE) SHAPE 

While only approximately realizable a passive 
shaper producing a flat-topped triangular (trape
zoidal) pulse shape provides a simple example of 
noise analysis in terms of R(t) and R'(t). Figure 15 
shows the steps involved in the, analysis. The top 
portion of the figure shows the step response (and 
therefore the signal response in a semiconductor 
detector system) of the shaper. Tha R(t) function is 
derived as indicated in the second part of Fig. 15, 
by sliding the step response past the signal peasure-
men t time and plotting the residual response at the 
measurement time as a function of the time of origin 
of a noise pulse. This results in the R(t) function 
shown and differentiation produces the R'(t) function 
also shown. In the final part of the figure the R(t) 
and ft'(t) functions are squared; since we have nor
malized all figures in terms of a peak amplitude of 
unity in the step response the evaluation of the noise 
induces (step and delta) involves simply determining 
the shaded areas in the last two parts of Fig. 15. 
Therefore: 

Ns 2 - T 2 + (Tl + T3>/3 

N 7 - 1/TJ + 1/T3 

(21) 

If Ti = T 3 = T
0 and "2 = 0 (i.e. a symmetrical 

triangle) 

N S2 M 0.67 T 0 

IV • 2/^0 
(22) 

we note that the step noise index is proportional 
to T 0 while the delta noise index is proportional 

-1 to o- Since these involve (noise)2 the actual 

signal/noise ratios involve ( T
0)*' 2. He also note 

that, for "-his case, the R(t) function is the same as 
the signal. This is so for all passive shapers. Fre
quently the R(t) or "weighting" function is depicted 
reversed in the time direction. This does not affect 
the final result which relates only to the areas of 

{R(t)}2 and {R'U)} 2 . 

H S2 - f (t/t0) e
( 1 - t / T o ) dt - 1.87 T Q 

0 (23) 

(24) 

I. .I..LJ 
1 
1 

1—11 1—1 
INCREASING / \ I \ 

t - — / rr* 1 ' 
\ 

»R(t) »R'(t) 

/-wTl 

U 
!*- i /r , 

6. RC-RC INTEGRATOR DIFFERENTIATOR -
"TIME DOMAIN ANALYSIS 

This type of shaper was analyzed in the frequency 
domain in sect ion IV ( 3 ) . The analys is resu l ted i n 
absolute r e l a t i o n s h i p s f o r the noise given i n Eqs. 17 
and l a which were then used to produce absolute noise 
values f o r the case shown in F ig . 13. By analyz ing 
t h i s shaper i n the time domain we can d i r e c t l y compare 
i t s performance w i t h o thers (such as trie t rapezo ida l 
shaper) and the absolute performance, der ived i n the 
frequency domain c a l c u l a t i o n , can provide the base 
f o r absolute values f o r a l l o ther shapers analyzed i n 
the time domain. This l a t t e r step i s a convenience— 
absolute noise values can be obtained pure ly by time 
domain analys is as shown by Deighton.* 

For the RC-RC Shaper: 

D ; i - t / T 0 ) R(t) = ( t / T 0 ) e l 

R ' ( t ) M/V 2 pfI-t*o> 

[R'(t)] z 

(l/r,) 

R ^i/r 3 ) 2 

7 
XBL 822-7933 

Fig. 15. Development Df the noise indicies for a 
trapezoidal pulse shaptr. 
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An immediate comparison can now be made between 
the r e s u l t s f o r the RC-RC shaper and f o r the t r a p e 
zoidal shaper. Table 2 compares the r e s u l t s f o r the 
RC-RC shaper w i t h those f o r the symmetrical t r i a n g l e . 
Since we can a r b i t r a r i l y choose T 0 ( i . e . , the peak
ing time) t o be d i f f e r e n t f o r the two shaper a, we can 
choose a la rger value f o r the t r i a n g l e and reduce i t s 
de l ta noise we l l below i t s value f o r the RC-RC shaper 
whi le the step noise remains much b e t t e r f o r the t r i 

angle. The f i n a l l i n e i n the t a b l e ( V N g ? H^) i s a 
good index of noise performance w i t h f r e e choice of 
T Q . I " t h i s case we see tha t the t r i a n g l e i s over 
60£ be t te r which could mean an improvement of 30 to 
10" i n s i g n a l / n o i s e . 

Table 2 . Noise Indices f o r RC-RC and 
Symmetrical T r i ang le r Shapers 

RC-RC Triangle 

«s* 1.87 T 0 
0.67 T 0 

i7 1.87/l 0 2/*0 

1.87 1.16 • JN?N7 1.87 1.16 

In add i t i on to the noise advantage, the t r i a n g u l a r 
pulse shape re turns to the basel ine in 2 T 0 whi le 
the RC-RC shape i s only down to 30^ of i t s peak amp l i 
tude at t h i s t ime. In f a c t the long t a i l on the 
RC-RC pulse shape e x i s t s for many t imes T Q r and i t s 
p i l e - u p behaviour at high count ing rates i s very poor . 

Several conclusions can be drawn from t h i s simple 
comparison: 

i ) Choice of the pulse sheper can r a d i c a l l y a f f e c t 
the noise and ra t s performance of a system. We 
note that these f ac to r s are i n t i m a t e l y l inked 
and both must be taken i n t o account i n a reason
ed assessment o f shapers. 

i i ) Symmetrical shapes are p r e f e r r e d . This i s i l 
l us t r a ted by cons ider ing the t rapezo ida l shape 
of Sect ion IV ( 5 ) . Here Eq. 21 can be r e w r i t 
ten w i t h ^2 - 0 a n d T 3 = T - T l w n e r e T is the 
t o t a l pulse w i d t h : 

.2 (T) + T 3 ) / 3 = T/3 
(25) 

V = 1/T, - I/T3 = T / [T j (T _ T t J ] I 

While the step noise is independent of symmetry it is 

easy to show that N A^ is a minimum when t \ = T / 2 . in 

fact, N f l
? rises to infinity as TJ » 0. This shows 

that the delta noise is primarily produced by fast 
rising (or falling) parts of R(t) and such fast trans
ients are to be avoiJed if N &2 is to be minimized. 

7. SYMMETRICAL CUSP SHAPE 

It has long been known that the symmetrical cusp 
shape shown in Fig. 16 represents the ideal shape if 
signal/noise is the only consideration and if opera
tion at a measurement time corresponding to the noise 

minimum is acceptable (i.e., equal step and delta 
contributions). The cusp shape is represented by the 
function e _ t / T 0 reflected about the t - O ordin
ate. We have: 

«s " 2 / V °) d t • '0 
0 

N7 W{V t / T °V<t= lA 0 
> (26) 

The combined noise index for this shape is unity and 
it has long represented a target in the development 
of pulse shapers. Close approximations to the cusp 
shape for R(t) have been achieved using both passive 
and time variant shapers. Actually, for the great 
majority of spectroscopy systems, the long tails on 
the cusp shape are unacceptable as is the sharp peak. 

SYMMETRICAL e -t/To 

F i g . 16. A "cusp" shaped s ignal 

8 . GAUSSIAN PULSE SHAPERS 

At the present time the most common pulse shape 
employed i n spectroscopy systems i s the Gaussian 
shape achieved by cascading one RC d i f f e r e n t i a t o r and 
several RC i n t e g r a t o r s . Usual ly so c a l l e d " a c t i v e " 
i n t eg ra to r s are employed and by su i t ab l e design of 
these somewhat more symmetrical shapes can be achiev
ed than are poss ib le using pure RC i n t e g r a t o r s . Tne 
m u l t i p l e RC i n t e g r a t o r shape ( F i g . 17) has the form 

R( t ) = ( t y V 0 ) " e n d - t / T 0 ) (2?) 

Using t h i s r e l a t i o n s h i p and s e t t i n g n = ? we have: 

Ns? = 0.67 ^0 I 

N A

? = 2 .53 /T n • 2.53n 0 

W Nfi2 =1.30 

(2S) 
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Ue note that this result is significantly worse than 

the symmetrical triangle (J^T - 1.30 versus 
1.16), but the Gaussian shape *» easy to achieve with 
stable components and simple circuits. 

SIGNAL 

tine relationship between various waveforms and the 
switch operations. It also shows the R(t) function; 
the reader should attempt to derive this and should 
note the major difference between R(t) and the step 
function response. 

For a 7 t n order Gaussian (i.e., n - 7 in Eq. 27) 
the noise parameters can be calculated: 

"S' 2.07 T 0 

H 42 . 1.47/T C, (29) 

/NS2V 
Me note that the overall noise figure of merit is 
substantially worse than the 7 t n order Gaussian 

v|Nc2 N A
2 - 1.30), 

s dominant (e.g., 
but for cases where the delta noise 
where rate considerations force 

operation at short pul«e lengths), the value of N a
2 i; 

much better (1.47/T 0 versus 2 . 5 3 / T 0 ) . Also, we have 
alieady noted the insensitivity to detector signal 
rise time; in Fig. 18 it is easy to see that a small 
time shift in the time components of the signal will 
only slightly affect the final output amplitude if 
the integration time extends to the tail end of the 
Gaussian-shaped pulse. 

Fig. 17. A "Gaussian" shaped signal. 

9. INSENSITIVITV TO DETECTOR PULSE 
RISE TIME FLUCTUATIONS" 

We will digress briefly at this point to remind 
readers t,at in some cases (particularly large coaxial 
germanium gamma-ray spectrometers), the rise time 
variations in detector signals may become very signi
ficant and an important factor in the choice of a 
shaper may be its insensitivity to these variations. 
This means that the step function response of the 
shaper must exhibit a relatively flat top over a time 
at least equal to the maximum detector signal rise 
time. Shapers producing a sharply peaked waveform 
(such as the cusp) are not acceptable. Some shapers, 
such as the symmetrical triangle or the cusp may be 
modified to produce a flat top at a slight cost in 
the step noise index (note: since R'(t) is zero 
during the flat top, no penalty occurs in the delta 
noise index). The gated integrator, which will now 
be discussed, exhibits outstanding insensitivity to 
detector pulse rise time fluctuations and it is our 
first time variant system. Here, the shapes of R(t) 
and the step response are not the same because shaping 
elements a"-e switch synchronously with the signal. 

10. GATED INTEGRATOR SHAPER 

The circuit of this type of shaper is shown at 
the top of Fig. 18. In the particular implementation 
shown here, a Gaussian shaped signal is provided at 
the input of the integrator. At the start of a signal 
fdetected in a parallel fast channel) switch SI is 
closed and S2 is opened so that the feedback capacitor 
acts as an integrator for the signal. On the tail 
end of the Gaussian, SI is opened thereby stopping 
further signal integration; by leaving S2 open for a 
short readout time following the opening of SI, a 
flat topped output signal is provided for any later 
aat'ng or digitizing process. Figure 18 shows the 

Fig. 13. Development of the noise indicies for a 
gated integrator. 

11. "HARWELL" PULSE PROCESSOR 

A time-variant system designed to approach the 
performance of the cusp has been devised by the 
Harwell group led by K, Kandiah. The basic circuit 
is shown in rig. 19, together with the output wave
shape and the R(t) fjnction. The gated integrator 
behaves in the same way as described in the previous 
section, but, in this case, it is fed by an RC inte
grated waveform which is ac coupled on a long time 
constant to the gated integrator. A clamping switch 
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holds the input of the gated integrator at ground 
potential until a signal is sensed in the parallel 
fast channel. As optimized by Harwell, the integra
tion time Tj is chosen to be twice the time constant 
T-! of the RC integrator. 

Under these conditions the noise parameters are: 

N ? - 0.48 T 1 

i % Z N4' 1.03 

(30) 

We note how closely this approaches the unity overall 
noise index exhibited by the cusp of Section IV (7). 

f 1/ X_ 
NST. T, ^INTEGRATION ! ' l -TIME CONST. Tj *• INTEGRATION - _ 

TIME Tj j JV R(D 

« l BZZ-JHJ 

Fig. 19. The "Harwell" signal processor system. 

Several modifications to this basic scheme are 
used in the actual processor to improve the insansi-
t i v i t y to detector pulse rise time and to l imi t the 
duration of the R(t) function. These include: 

i ) HI is switched to in f in i ty unt i l the detector 
signal rise time T r is complete. This el imi
nates rise time effects. 

i i ) The gated integrator (as in Section IV (10)) 
retains i ts charge for a time i ^ to permit 
readout of the signal. 

i i i ) Rl is switched to a very small value at the end 
of t f t to discharge CI. 

These changes result in the modifications to the R(t) 
function shown in Fig. 20. 

NEW R(t) 

Fig 20 Modifications to the R(t) function for 
the "Harwell" processor. 

A later section of the paper will relate the 
Harwell processor to other types of pulse shaper and 
will attempt to give some perspective on their behav-

V. RATE CONSIDERATIONS - PlLE-UP REJECTION 

A system exhibiting optimum signal/noise ratio 
but with low signal throughput would be useful only 
in very few applications. Therefore, a compromise 
must always be made between rate and noise perfor
mance. The choice becomes somewhat more complicated 
when we include the fact that detector charge produc
tion statistics (see II (2)) determine the resolution 
at high energies; therefore, in high energy applica
tions, degradation of noise performance can be toler
ated if rate performance can be improved. 

Virtually every spectrometer employs a pile-up 
rejector system to eliminate those pulses whose ampli
tude may be changed by accidental pile up. To dis
cuss the system throughput (i.e., the rate at which 
"clean" pulses reach the output) we must understand 
the operation of pile-up rejectors. 

1. PILE-UP REJECTION 

Figure 21 shows a common type of pile-up rejec
tion system. It uses narrow signals developed in an 
"inspection" channel which parallels the slow shaping 
channel used for pu^se-height analysis. Signals in 
this channel which exceed a lov. le,el {set just above 
noise) trigger a fast discriminator which produces 
short logic signals. Following each such signal an 
inspection period is generated. The small delay in 
triggering the updating one-shot producing this in
spection period prevents the narrow discriminator 
signal from setting the pile-up flip-flop via its 
input AND gate; however, if a second signal arrives 
before the end of the inspection period, it will 
trigger the pile-up flip-flop and the signal in the 
slow amplitude—measuring channel will be gated off 
thereby preventing its analysis. The waveforms in 
Fig. 21 illustrate this operation. 

Fig. 21. Illustrating the basic operation of a 
typical pile-up rejectc. 

Several important points should be noted: 

i) Resolving Time 

The pulse width in the fast signal inspection 
channel limits the ability of the fast discrim
inator to recognize two very closely spaced 
signals. Such signals are very closely spaced 
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{- 100 ns) so the associated events will appear 
as sum peaks in the analyzed slow channel pulse 
height spectrum. For example, if the resolving 
time in the inspection channel is 300 ns and 
the counting rate is 30 kHz about IX of the 
counts will appear in sum peaks. 

ii) Noise Threshold 

Since the fast channel must employ very short 
integration times, a large amount of delta 
noise will be present and this will result in 
the need for the fast discriminator level to be 
set rather high. Pile-up of signals whose 
amplitude (in the fast channel) is lower than 
the fast discriminator threshold will, of 
course, not be detected. 

For example, suppose a system exhibits - 150 ev 
FWHM noise resolution at 10 vs shaping time in 
the slow channel. If the fast channel shaping 
times are in the 200 ns range we would expect 
the FWHM noise in the fast channel to be about 
1 keV. To reduce noise triggering to a reason
able rate the fast discriminator threshold must 
be set to approximately 2 :c FWHM noise level 
(. 2 keV). This simple calculation, which is 
reasonable close to the situation in X-ray spec
trometers, illustrates one compromise involved 
in pile-up rejectors. 

iii) Losses due to pile-up rejection 

Figure 22 illustrates the situation occurring 
in a randon pulse sequence in a spectroscopy 
system. For simplicity we assume each signal 
to be a triangle rising in time Tj and re
turning to the baseline in time Tg after a 
measurement at the peak. This can be genera
lized to include any signal measured J\ after 
its start, with a recovery time Tg after 
measurement. 

RANDOM [ oLSE TRAIN 
(INPUT RATE = Ni) 

Let p be the probability of an interval between 
two pulses being < t 

Then, the probability of an interval > t - 1-p 

I f we increase t by dt, the increase dp in p 
w i l l be: 

dp - (1-p) Ni dt 

where H* is the input pulse rate. 
Integrating this equation: 

p.l-e*"* 1 (31) 

This equation can be used to calculate the 
throughput of various systems that use pile-up 
rejectors to reject pulses that are close together 
in time. 

CASE 1 : Reject a pulse i f i t is preceeded by 
another in an interval < T^ 

probability of interval > T d . 1-p . e ' T<l 

Output Rate - N-j e" " i T d 

This relationship is shown in Fig. 23; we note 
that the peak output rate l / (T d .e) is achiev
ed at an input rate 1/T,J. 

" N 0 ( M A X ) ~ 1 / e T d 

1/T d 

XBL 822-793D 

XBL 822-7929 

Fig. 23. Plot of output versus input rate when using 
a pile-up rejector with an effective dead 
time of t j j . 

CASE 2: Reject a pulse i f i t s start is preced
ed by one in (Tj + Tj>) and also reject i t i f f o l 
lowed by one in T j . This is the case in pract i
cally a l l pi le up rejectors used in spectroscopy 
systems. 

This is equivalent to Case 1 except that the 
effective value of Tn is 2T^ • T2- For the 
special case where T] = Tj and Tj + Tj = Tw (the 
total pulse width} i t is apparent that Tj = 
1-5 T\i. This result which may surprise many, 
means that the dead time for loss calculations 
is 50? greater than the pulse width. 

Fig. 22. A random sequence of triangular pulses. 
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CASE 3: In the case of a gated integrator, as 
shown in Fig. 24, we can write 

T l - Ti 
T 2 - 0 

for ideal case 

index (which will nearly always be dominant in systems 
designed to perform at high rates) in terms of the 
"throughput" dead time TQ. T O compute T 0, we have assumed that the inspection time of a normal 
pile-up rejector is set to a value where the shaped 
signal has recovered to 0,1* of its peak amplitude. 

This produces the unexpected result that 
To - * Ti 

In the general case we see that use of a 
standard type of pile up rejector results in an 
effective dead time T^ that is given by: 

The question might be asked whether the 
excessive loss penalty caused by normal pile-up 
rejectors cannot be avoided. In fact, at the 
cost of some circuit complications, it is pos
sible to reduce TQ to equal to the sum of the 
measurement and recovery times. This will be 
the subject of a separate paper to be published 
in the near future. 

VI. A PERFORMANCE COMPARISON 
As indicated earlier severaT types of shapers 

are serious candidates for use and, while one may be 
advantageous under some circumstances, another might 
be preferred under different conditions. Complexity 
of circuit implementations, sensitivity to low fre
quency noise (such as ripple on power supplies or 
micophony) must be considered as well as the more 
basic criteria of performance. In some applications, 
(e.g., high energy particle spectroscopy) extraneous 
factors such as the spread in beam energy may be the 
dominant factor in determining energy resolution. 
Despite the diversity of this multiparameter problem, 
a good reference point must involve consideration 
primarily of the trade-off between electronic resolu
tion and signal throughput at high counting rates. 
Therefore, for our comparison, we have chosen to 
present the results in Table 3, first in terms of the 
noise indices, then, toward the bottom of the table, 
ws have expressed the behavior of the delta noise 

REF. WAVEFORM 
INTO 

INTEGRATOR 

MEAS TIME-

XBL 822-7931 

Fig. 24. Illustrating the pile-up behaviour of a 
gated integrator system. 

Table 3. Comparison of the Performance of Some Pulse Shapers 

Triangle 
RC-RC 

Integ/Di f f 
7th Order 
Gaussian 

+ Gated Integ Harwel1 

h2 

V 

0.67 T 0 

2 ' * 0 

1.16 

1.87 T 0 

1.87 T 0 

1.87 

0.67 T Q 

2 . 5 3 / T „ 

1.30 

2.075 T 0 

1.47/T„ 

1.74 

0.43 T , 

2.1 T, 

1.03 Vi^ 5 iT5 

0.67 T 0 

2 ' * 0 

1.16 

1.87 T 0 

1.87 T 0 

1.87 

0.67 T Q 

2 . 5 3 / T „ 

1.30 

2.075 T 0 

1.47/T„ 

1.74 

0.43 T , 

2.1 T, 

1.03 

T D 

7 
3 * 0 

6 ' T D 

" * 0 

2on D 
9.«7T D 

5 * o 

7 .35 /T 0 

- 3 . 5 T , 

7 .35/T D 
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As Indicated by the results in the f i n a l l ine 
of Table 3, substantial Improvements in the product 

N&? • TQ can be realized by choosing the r ight sniper. 
I t is interest ing that the best shaper on th is basis, 
the symmetrical t r i ang le , has hi therto not been used 
because of the apparent d i f f i c u l t i e s in generating the 
shape. I t is also of interest to note that the use 
of a more complex pi le-up re jector as discussed earli
er can reduce the e f fect 1n value for Tp by as much 
as 33% for the passive shapers (with no change for the 
gated integrator and Harwell processor). Therefore, 

in th is case the product N A

2>Tn for the symmetrical 
t r iang le becomes 4—making i t the ideal system (under 
the terms of our comparison) by a wide margin. 

V I . CONCLUSION 

The objective in th is paper has to provide a 
reasonably detai led view of the subject of processing 
signals from detectors and to indicate the factors 
which should enter into the choice of an optimum sys
tem for a given appl icat ion. Together with other 
papers given in th is Short Course, we hope that the 
reader w i l t obtain a fairly comprehensive picture of 
the whole f i e l d of semiconductor detector spectros
copy. 
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