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PULSE-SHAPING IN LOW-NOISE NUCLEAR AMPLIFIERS:
A PHYSICAL APPROACH TO NOISE ANALYSIS

Fred S. Goulding y
Lawrence Berkeley Laboratory

University of California
Berkeley, California 94720

ABSTRACT

Analysis of the relative noise performance of many types of pulse-
shaping systems is discussed in terms of recent work on noise analysis.
The simplicity of the method, and its direct connection to physical
processes, is stressed. Applications of the technique to time-variant

as well as time-invariant systems are illustrated.

INTRODUCTION

A very simple approach to the problem of comparing the noise
behavior of various pulse-shapiﬁg networks used in low-noise nuclear
pulse-amplifiers has evolved in the past five.years. Notable contrib-
utors to this approach include Amsel et al.,(l) Radeka et al.,(z’s)
and Deighton.(4) The method rests on an elementary physical picture
of noise; as the analysisvis carried out compléfely in the time domain,
intuitive comparisons become possible between vérious pulse-shapes,
and the effects of changing parameters can readily be calculated.
Furthermore, the range of shaping techniques that can be analyzed is
far greater ‘than could conveniently be handled by earlier methods.

In particular, shapers containing time-variant elements can be studied.

Unfortunately, the power of the technique has escaped. the notice
of many physicists and engineers working with pulse-amplifiers.v:rhis
paper represents an attempt to express the ideas involved in thé
method simply, while avoiding the specialized terms of information
theory, so that a clearer physical picture of the parameters control-
ling noise emerges. .

Various considerations enter into the choice of a pulse-shaping
network in a nuclear pulse-amplifier. These include:

(i) Signal/noise performance.

(ii) Counting-rate behavior. - -

(iii) Sensitivity to rise-time fluctuations of the input signal.

(iv) Suitability of the output pulse-shape for feeding a pulse-

height analyzer.:

The relative emphasis on these various factors should depend on the
application. For example, low-energy X-ray_spectroscopy usingrsilicon .
detectors places most emphasis on (i), but (ii) can also be very»!z
important. However, for large germanium y-ray detectors used to =
measure high-energy y-rays, (i) is less important, as the spectral

line-width may depend more on detector charge-production statistics

than on electronic noise. In this case, detector signal rise-time

- fluctuations may.be the critical factor. It is therefore important

to be able to assess the effect on the signal-to-noise ratio of using
a pulse-shaper whose output is rather’ independent of imput signal fise—
time. To make an optimm choice of pulse-shaper for a given applica-
tion one must assess the trade—dffsamohg.all four factors. No;sinéle

pulse-shaper is best from all points of view.



NOISE SOURCES

Fundamental noise sources of at least two types exists in all

low-noise nuclear pulse amplifiers, where a very high input impedance

is used to match high impedance radiation detectors. The first .arises

from the discrete electronic nature of any current flowing in the
input circuit of the preamplifier. Grid-current in a vacuum tube, '
gate-current in a field-effect transistor, and leakage—current in a
detector all constitute sources of this type. The second fundamental
noise type is that due to the discrete electronic nature of the current
flowing through the input and later amplifying elements (i.e. later
than the input circuit).

Distinci:ion between the two types of noise is made because the
charge due to electron flow in the input circuit is integrated by the
input circuit capacitance (including detector), to appear as tiny
voltage steps at the input to tﬁe preamplifier (see Fig. 1). We will
call this STEP NOISE. On the other haﬁd, flow of an electron through -
the input amplifying device produces only a short delta pulse of
current in the output circuit; an equivalent circuit to represent
noise due to this process is a delta-.function voltage generator in
series with the input circuit. We will call this DELTA NOISE. As
shown in Fig. 1, the two noise sources combine as two randomly varying
voltages in series with the ini)ut electrode of the amplifying element.
One is thé summation of a random time-series of steps, while the other

is the summation of a similar series of deltas.
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Fig. 1 Fundamental noise sources in a preamplifier.
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For the purpose of this paper we make the following reasonable
assumptions:

(1) Individual electrons causing each type of noise occur at
random times with a mean interval between electrons very much shorter
than the pulse-shaping times used in the amplifier. The space-charge
smoothing effect in a vacuum tube is one well known reason for devia-
tion from a truly random distribution. Furthermore, input circuit
leakage currents below 10-14A are not uncommon, so, in a typical pulse-
shaping time (~10 usec), an average of just about a siﬁgle leakage-
current electron will flow in the input circuit. This is certainly
not enough to justify the application of nomrmal statistics, but, when
averaged over a large number of signal pulses, one might expect to
observe the same spectral line-broadening as is predicted by normal
statistics. Despite these factors, the spectral line-width in a spec-
trometer should differ only slightly from the value we calculate.

(ii) We assume that only step- and delta-noise are present.

Many well-known noise sources, including flicker-noise in vacuum tubes,
surface-noise in semiconductor components, and excess-noise in resis-
tors, camnot be represented by step- or delta-functions at the ampli-
fier input. The primary noise source in these cases will be equivalent
to a step generator coupling to the input circuit via distributed
networks. These excess-noise generators, which are virtually impossible
to predict, can bé made almost negligible by selecting components
producing only low levels of excess noise. Our assumption that only
step- and delta-noise types are present is then a reasonable approxima-

tion to the truth.

(iii) The discrete noise events at the amplifier input are
assumed to correspond to the same amount of charge flow. For step-
noise this means that the voltage steps at the input due to leakage-
current electrons are all equal. For delta-noise it implies that the
delta functions produced by the equivalent noise generator (Fig. 1)
are all of the same area. This assumption may sometimes be invalid--
for example, the thermal generation of a hole-electron pair in a semi-
conductor detector produces a charge flow in the external circuit
which is the sum of hole- and electron-drift components. If either
carrier is trapped for a long time, the prompt noise signal is reduced
below its single-electron value. For the purpose of analysis we
could seperately consider groups of noise pulses, each group having
a certain amplitude, then sum their effects on the signal. If the
pulses in each group constitute a random time sequence, the same
general result will be obtained as is produced by considering only
a single group of one size. It therefore appears that this assumption

is reasonably valid for the purposes of our analysis.

ANALYSIS METHOD

Any calculation of absolute noise levels in an amplifier demands
a detailed knowledge of the physical processes involved in the circuit
elements. Fortunately, our intention here is to make only a compara-
tive evaluation of the noise performance of various pulsé—shapers, and
it is not necessary to consider details of the physical processes
responsible for causing the noise. We therefore make.only the simple

assumption that an average number of single-electron step-functions



(ns/sec) and of delta-functions (nA/sec) are produced in the input
circuit by the noise sources. The signal from the detector is assumed
to be a charge-pulse producing a step-function voltage signal at the
input of the preamplifier.

Figure 2 shows the complete signal pfocesSing chain. In time-
invariént (passive) pulse-shapers, both signal and hoisg are processed,
by a pulse-shaper (sometimes called a noise filter) to produce the
best possible signal/noise rat;o at‘the output.v We note that, in this
case, individual noise steps are shaped by tge pulse-shaper in exactly
the same way as the signal--independent of the arrival £iﬁe of the
noise step. However, in time-variant systems, where the pulse-shaper
elements change value in synchronism with the signal (path shown in
dotted line in Fig. 2), the effect of the pulse-shaper on noise steps
(and deltas) depends on their time of arrival with reference to signal

pulses.

NOISE (STEP) ng/sec

',———-P—T
NOISE (DELTA) nA/sec o
- PULSE OUTPUTJ
SHAPER
N ['—_,4 1;
TIME-VARIANT
SIGNAL SWITCHING t
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Fig. 2 The basic pulse-shaping system

In our analysis we assume that the output signal amplitudeis
measured at a fixed time T, on the signal. The amplitude measured for
a given'signal is equal to the true signal amplitude plus (or minus)

the cumulative effect of all noise-steps occurring before Tﬁ. To

. . *
determine this effect we must define a STEP-NOISE RESIDUAL FUNCTION

R(t) that represents the reéidual'effect at Tm of a single unit-amplitude
noise step occurring't-seconds prior to Tm. R(t) can be determined
analytically if the shaﬁing network parameters are known, or can be
measured by injection of a step-function into the system input at
variable times earlier than Tm, while meaéuring the response at Th.

- Now we suppose that unit amﬁlitude noise steps occur at a rate
nS/second. In any selected short time interval dt, the number_of noise
steps cannot be predicted, but two things are known about the'number:

(1) If we count the number N of noise steps ocCufring in each
of many time increments dt, thetaverage of the numbers

obtained will be n, dt. Therefore
N = n_dt
s
' -2 L
(ii) The mean square fluctuation <n > in N will be given by:

2
<n > = n, dt

* Radeka(s) uses the term 'Weighting Function'.

re,



But each noise step in a time increment dt occurring t, seconds prior
to the measurement time T, of a signal produces a responsevR(tl) at
the measurement time. Therefore, if a large number of signals is
measured, the mean square effect on the amplitude determination, due
to noise in time elements dt occurring t, éeconds prior to each signal

/

measurement time, is equal to:
2 2 _ 2 .
a®> . {R(e)” = n {Reep}” ae.

The total mean squareé effect of all noise steps prior to Tm is obtained

by summing the mean square effects for all values of t:

Total mean square step noise effect at T,

= n, f{R(t)}2 at.

)
It will be useful to define a step-noise index that contains only
those parameters determined by the pulse-shaper. As n, is independent
of the shaper it will be omitted from the index, but the signal ampli-
tude S (i.e. response to a unit-step input signal), which depends on
the shaper, must be included. As the factor of importance is the ratio
of mean square noise to the square of signal amplitude, our step-noise

index will be defined as:

(o]

?/ {R(t)}z at &)

0o N

T STEPNOISE  <N.> =

-10-
A similar noise index can be developed for delta-noise. Each
delta-noise pulse is assumed to be of duration At, where At is very
short compared to any time-constant involved in the pulse-shaper, and
the area of the delta is assumed to have a fixed value. These assump-
tions about the delta-pulse generator of Fig. 1 corresponds physically
to a single electron flowing through the input amplifying element in
a transit-time At. The delta-function can be considered as a positive
step-function of amplitude proportional to — , followed At later by

a negative step function of the same amplitude.

precedes T, by t, its effect at T, will be given by T%T{R(t)-R(t-At)}. o

For At » 0 this function is the differential of R(t), and we can define

it as the DELTA-NOISE RESIDUAL FUNCTION R'(t) . Proceeding exactly as

for step-noise, the delta-noise index can be defined as:

2 1' (¢ + 2 .
DELTA NOISE <N, > = ?—/{R' (t)} dt 2
(o]

It is important to realize that the eﬁtire effect of a pulse;
shaper on noise is contained in eqs. (1) énd (2). Once R(t) and S »
are established for various pulse—shapeé, evaluation of their felative
noise performance is simply a matter 9f evaluating the indices <N52>
and <N, ’>.

A
in eq.(1), implies that <st> is always dimensionally different from

The fact that R'(t) appears in eq.(2), while R(t) appears

<NA2> by a factor of (time)2:

If the noise pulse o
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EXAMPLES OF METHOD

Discussion of a few simple examples that can be represented
graphically will demonstrate the power of the method. These examples
will point out a number of general conclusions concerning the noise

performance of pulse shapers.

A. Time-Invariant Trapeioidal Pulse-Shaper (see Fig. 3)

The example chosen first is a shaper developing the asymmetrical .

trapezoidal output pulse shown in the top illustration of Fig. 3. -
Circuit details involved in the shaper néed not be known except that

~all components must be linear, and, in,this case, time-invariant.
Figure 3 contains a graphical development of the functions required
to evaluate the noise indices.

Derivation of the function R(t) is the key step in calculatiné

the noise indices. In this case it is very simply derived by consider-

ing the effect at T of a unit-step input occurring at t before Ty,
then plotting this effect as a function of t. Note that R(t) is the
same shape as the signal response in this case. This is always true
for time-invariant (passive) shapers, but is never true for time-
variant shapers, where the shaping. of noise pulses depends on their.

time relationship to the signal.
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Fig. 3. Time-invariant trapezoidal pulse-shaper.
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Once R(t) is developed, {R(t)}z, R'(t) and {R' (t)}2 are readily
derived. The area beneath {R(t)}2 , shown in the lower left illustra-’
- tion of Fig. 3,determines the ,sfep—noise index <N52>, since we have
normalized to a signal amplitude S = 1. The area beneath {R(t)}2 is
proportional to tﬁe total time 7 +T,+T, occupied by the pulse, if the
ratios 7,/1, and T 2/13 are maintained constant. The general con-

*
clusion that STEP NOISE is proportional to the pulse time-scale

follows from this simple observation--it applies to all shaping networks.

The DELTA RESIDUAL FUNCTION R'(t) is easily derived from R(t) and
is shown in the right half of Fig. 3. Since R(t) must return to its
baseline, the positive and negative areas of R'(t) must be equal.i It
follows that the area under {R' (’c)}2 in the bottom right illustration
is dominated by the 7, part of the function. This means that DELTA
NOISE is determined largely by the region of the signal-response where
the rate-of-change is a maximum. We also note that the flat portion
of the signal response contributes no delta noise, and that the area
under {R' (1:)}2 is inversely proportional to the time scale of the

signal response. : )

* The term "time-scale' will be used in many places in this paper.
For a given pulse-shape a change in time-scale implies a propor-

tionate change in all time segments of the pulse-shape,

-14-

We have:
STEP 'NOISE
T3 Ta T
2 t 2 2
<NS>—/(—T:->dt+/(1) dt+/<—T—-> dt
o} o] . o] !
TS 1 (T1+T3)
= -? + T2 + —3— = T, + _“"——3 H N (3)
DELTA NOISE
T3 2 Tl ,
2. 1 1 _ 1 1
<NA > —f (?) dt + (—TT) dt = —T—l— + T . (4)
o] [¢]

Counting-rate considerations usually dictate a maximum duration
for the~ signal (i.e. T,+7,+7, must be smaller than a certain vé.lue).
Also, the sensitivity of 6utput amplitude to detector signal rise-time
is related to the duration T, of the flat-top on the output pulse--the

s
longer 1,, the less the sensitivity. If we define a maximum signal

duration Tg, and demand a flat-top duration TF’ eqs. (3) and (4) show

T. - T
that the best shape is that for which 1 = 1, = s _E.
. 2
The noise indices are then given by:

2 1
N> o= 3 2T +T), (5)
NZs = 4

AT T T - T ©
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When we generalize from these conclusions, thé following rules are
clear:
(1) STEP NOISE is proportional to the time-scale of the pulse-
‘shape. |
(ii) DELTA NOISE is inversely proportionalvto the time-scale.
(iii) For a fixed total signal duration, best results afe achieved
by making the pulse shape symmetrical.

(iv) While a flat region on a sigqgl does not directly contribute
to DELTA NOISE, it does result in an increase in the signal
rate-of-rise in other portions of the pulée if the total
pulse-width is fixed. It thereby:indirectly increases DELTA
NOISE, as well as affecting STEP NOISE, for a fixed fotal

pulse-width.

B. Equal RC Intégrator—Differentiator (see Fig. 4)

The signal (step ) response of avpulse shaper containing a single
'RC differentiator, and an RC integrator with the same RC value, is
given by:

t (1't/To)

output = —;——e N
.0

where t is the time, 1 is the péaking time, and the peak amplitude
"is unity. As in the previous example, R(t) is the same as the signal

response.
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Proceeding immediately to the noise indices given in egs. (1)
and (2), and normalizing to a signal amplitude S = 1:

STEP NOISE

o«

2
t
<N 2> =f_t_e2(1' /To) dt
. s 2

o] o]
eZTo mth -2(t/ty) Lf2t
Ry e o
8 To TO
0
2
e
- 0
4
= 1.87 T,
Also,
-t/ -
R'() = e[f—. ° _t‘Z'et/To]
o] To

2 t 2
<NA2> -0 / [e-z /o (1 + L2 L)jl dt
2 T’ To
T, 0

1.87

(N

(8

-18-

Equations (7) and (8) can be compared directly with (5) and (6)
to show the differences between the RC integrator-differentiator and
the trapezoidal shapers. To simplify the comparison, we can make the
flat-top (TF) zero, thereby producing a triangular wavefofm. If we
make TS = 210, so that the peak of the triangle occurs at the same

time as the peak of the RC shaped pulse, we have:

Ny > = 0.667 T,
Triangular Shaper ,
2
<NA > = 2/t
2 -
N> = 1.87 1,
RC Integ.-Diff.
<N % - 1.87/7,

This shows that the noise index for the symmetrical triangular
shape is slightly worse for delta-noi;e, but much better for step-
noise--assuming the same peaking-time. The triangle returns to its
baseline much earlier than the other waveform. Optimum choice of the
peaking-time of either waveform depends on the relative magnitudes of
ng and n,, which depend on the characteristics of imput circuit ele-
ments. If n, is very small, delta-noise tends to be dominant; we can
then increase the time-scale for the triangle so that its performance
becomes superior to the RC integrator—differentiatér both in regard to
step- and delta-noise, while also exhibiting better counting-rate per-
formance. Provision of a flat-top results in a trapezoidal shape much
superior in regard to lack of sensitivity to detector signal rise-time

variations.
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These examples illustrate the simplicity of the methodvas a tool
to compare the behavior of very different time-invariant pulse-shapers.
The effects of changgs in symmetry of the trapezoid, and in the dufa-
tion of its flét-top can easily be célculated--this'is in contrast to
more conventional methods of analysis. The two examples also illustrate
the ability of the method to analyze shapers producing waveforms expféss-
ible in purely analytical form (B), br ones that must be treated by
piecewise integration (A). We will now examine its application to some

time-variant systems of different degrees of complexity.

C. Gated-Integrator Trapezoidal Pulse-Shaper (see Fig. 5)

This simple time-variant system consists of é'shéper; producing
a rectangular pulse of durafion T,.feeding a gated-integrator switched
on at the start of the signal to integrate the rectangular‘pulse for
a time T;. At the end of Ts the integrator output is rapidly restored
to zero.by shorting_ouf the integrating capacitor. The output signal
consists of a ramp fising‘linearly for fhe time T, followed by a flat-
top until the end of the integration pefiod. As pointed out by |
Radeka(s), thé resulting pulse is.insensitive.to detector signal rise-
time variations as long as they occur in a time smaller than Ti-T.

In'this case, the step;noise residual function R(t) is_not the
same as the output signal. The function R(t) is generated by determin-
ing the Qverlapping area of tﬁe rectangular pulse of width T with the

integration period TI’ for the whole possible range of‘times between

t

-20-

the start of the pulse and measurement time Tm. Graphically, one can
imagine sliding the rectangular pulse through the region of integra-
tion, then computing the area of intersection between T and TI for

each position of the ﬁﬁlse. We then have:

"STEP NOISE
2 2
> - / {R(t)} dt
o —
Tt 2 . TI—T 2
= 2 (T) at (1) at ,
o} o}
= 2. - = - Z
= §~T + TI T TI 7 _ (9)

2
<N, >

s
i
—
=
e
ot
—
g
~n
o
o+

(10)

To illustrate the potential value of this type of pulse-shaper we
will compare it directly with a simple time-invariant trapezoidal
pulse-shaper, using typical values for the time parameters. The

following requirements will be placed on each syétem:

v-
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Fig. 5. Gated-infegrator trapezoidal pulse-shaper.
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a) Total dead time = 2 usec (i.e. all signal pulses in the

system must return to the baseline in 2 usec).
b) The duration of the flat-top must be 0.2 usec.

Using the relationships (5) and (6) for the time-invariant trapezoidal

shaper, and (9) and (10) for the gated integrator we have:

Time-invariant
‘Trapezoidal Shaper

N = 2,22

1.4

A
Z
n
v
I

Gated-integrator
Trapezoidal Shaper

N> = 1.1

The gated-integrator delta—noise index is considerably better,
and its step-noise index worse, than the equivalent quantities for the
time-invariant shaper. For short shaping-times, step-noise is usually
negligible compared with delta-noise, and the spectral line-width, or
at least that part contributed by noise, should be better by a factor
of almost \fi_ when the gated integrator is used instead of the time-
invariant pulse—shéper. This result is achieved while retaining
equally good counting-rate behavior and the same insensitivity to
detector signal rise-time. Alternatively, by making the time-scale of
the gated-integrator system one half that used for the time-invariant
pulse-shaper, the counting rate performance is improved, while the

delta-noise index is the same for the two systems.
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Radeka(3) points out the problems involved in achieving the
rectangular ﬁulse—shape used to drive the gated-integrator. To
circumvent this difficulty, he uses a Gaussian pulse-shape, produced
by a single RC differentiator and multiple RC integrators, to
approximate the rectangular pulse-shape. Analysis of this case is

somewhat more 1ab0r10us so we will delay it to give consideration

to a more sophisticated type of time-variant filter.

D. Gated-Integrator Trape201dal Pulse-Shaper with Time-Variant
Differentiator ,

It is interesting to consider a relatively simple modification
of the scheme of the previous examplé: we switch the differentiator
that” determines the pulse-width into the gated-integrator so that
the pulse—width has a small vaiue Ti when no signai is present, but
changes to the value T (as in example C) at the arrival of a signal
and untll the end of the 1ntegrat10n period. At first sight it may
appear that the shorter step-noise pulse-width prior to signal arrival
might reduce noise, but we will see thaf this is certainly not so for
delta-noise. .

We choose to examine this type of system because it has
possible value in permitting only short pulses in the amplifier,
except when the normal Valué is neceséary-for signal processing. If
detector puises are present at.a high rate, as during the beam burst
of an accelerator,.keeping the pulse-widths in the system very short
prevents overload and recovery problems. It is therefore important
to evaluate the noise penalty paid for switching the pulse-forming

circuit.

In this case, it is necessary to discuss the details of the
circuit used to shape the square pulse into the gated-integrator.
In general, time-variant differentiators must be treated as individual
cases, and the analysis must be carried out carefully to avoid pit- »

falls. General conclusions are difficult to determine, but we have

Ve

chosen the particular circuit of Fig. 6 to illustrate some aspects

of switched-differentiator ﬁerfbrmance. The step-function signal
splits into two paths, such that a delayed version of the signal is
subtracted from the signal itself to produce the pulse into the gated-
integratof. The delay is determined by a delay-line whose value is
changed from T1 when no signal is present to T when a signalfoccurs.
The change in delay is not made instantaneously, but rather over a
short time AT--assumed to be much smaller than T--the chaﬁgé starting

e

immediately on arrival of the signal.

<— TOTAL DELAY T —

(14

n
DELAY : z
11 . r—g- 0
—— TN M—i
INPUT = = o , .
R OQUTPUT TO
GATED INTEGRATOR
PREAMPLIFIER INVERTER FWW — N
AM AAA
vy Yy :
R R - -
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Fig. 6. Example of time-variant differentiator
(delay changed from T7 to T in a very
short interval At at the start of the

signal).
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Figure 7 shows the various functions appropriate here. Construc-
tion of the diagram of the step-noise residual function R(t) is more

difficult in this case than in the earlier eﬁcamples. As we look back

_ from the measurement time Tm’ noise steps occurring after the signal

arrival time (i.e. within'TI prior to Tm) will be treated exactly as
in example C, since they produce pulses of width T into the gated
integrator. . Due to the delay in délay-line Tl’ the same behavior will
apply to noise-steps occurring in the interval (Tl-At) prior to the
start of the signal, since by the time the signal wave reaches the
junction of the two delay lines, the signal pick-off point will have
moved to the end of the second delay line. However, noise-steps occur-
ring prior to the start of the signal by more than T1 will produce
pulses only T1 long, and they wili not ovérlap the time period when
the gated integrator is atCtive. Consequently R(t) is as shown in
Fig. 7. ’

Since the area under R(t) is substantially smaller in this case

than in case C (Fig. 5), it is clear that the step-noise is better.

]
However, the behavior of R (t) leads to a large increase in delta-noise

~ (which is particularly important in modern low-noise amplifiers used

at short shaping-times). As the total area of R (t) must be zero,
2
R'(t) is dominated by the large switching spike in R'(t), which results

in a very large increase in delta-noise.

-26-
te
T—»
SIGNAL PULSE MEAiﬂaiMENT
SHAPE : B
INTO INTEGRATOR - TIME
T (FORWARD)
A
OUTPUT SIGNAL 1+
TIME

(FORWARD)

TIME FROM Tm (BACKWARD)

XBL 7111-1731

Fig. 7. Gated-integrator trapezoidal pulse-shaper
with time-variant differentiator.



-27-
We have:
" "STEP 'NOISE
) | 2
N> =“/ﬂ{R(t)} dt
' [o]
T.-T T
2 I 2 2
=/<E> dt +f @” at + <E> dt
0 T—T1
T ; T 1 - 3
& o Z o+ T-T + — - —(T-T,)
3 I 3. 37t 1 )
‘.V"' T 3
- ’ T T 1
= To- =- = |1- =] .
_ I3 3(_T> * ()
/
DELTA NOISE
<NA >. —7—[ {R'(t)} dt
o -
T (T, -At) At
1 T 1 T -8t)
— dt + — . dt +;/ﬁ — 1 - dt
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T.-At T, At
I S S S N M
T T2 At T
IfAt<<Tl,
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The last term in this expression will normally be dominant, so:

1-T1 )
"> =( 1) ' - (12)

- At o
’ {
For example:
b
j.
T = 1.8 usec
If T1 = 0.2 usec
At = S50 nsec
then
N>~ 18

‘This compares with the value of <NA2> = 1.11 for the simple gated-

integrator for T = 1.8 usec and TI = 2 ﬁsec.
Two aspects of this analysis are of great practical interest:
(i) It is clear from the foregoing analysis that the severity

of the penalty in delta-noise produced by the timé-variaﬁt differen-

‘tiator is proportional to the switching speed of the differentiator

(i.e. = T%E.)' In practice, slow changes of circuit parameters are
not easy to achieve. However, a little thought about the function

R(t) shows that we can achieve the same effect by using'a RC integrator V ¢‘\d
in the circuit preceeding the differentiator. Therefore, even if the

differentiator is switched instantaneously, integration in the early

- stages limits the increase in delta-noise.
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(ii) Possibly the major interest in switched-differentiators - This triangular response can be obtained by developing a biphase

occurs in pulsed-beam accelerator applications, where reducing the pulse with each half having a duration t, and feeding it into an

differentiation time prevents overload, and speeds-up recovery follow- integrator. The signal response remains the same whether the integra-

¢ ingi the end of the beam pulse. In this case, the differentiator may tor is in continuous operation or is opened only for the duration of

be switched to its normal value T at the end of the. beam burst. It the biphase pulse, but the noise behavior expressed by eqs. (13) and

is then of interest to determine the time period following this opera- (14) applies only to the ungated integrator. The noise performance

tion during which a noise penalty occurs. A little thought about the is quite different w}}en the integrator is switched in only for the

function R(t) shows that the penalty diminishes steadily for a time T signal time, despite the fact that the final output signal looks

precisely the same. , -

e after the end of the beam burst, and that noise performance for
™~ signals starting at times later than T after the end of the burst is Figure 8 shows R(t), and the derived functions, for the case of
3 the same as for the simple gated-integrator system. the switched integrator. We have:
I ' : STEP NOISE . ' ’ -
wy E. Biphase-Pulse Followed by a Gated Intégi’“a‘cor ®©
o i 2
: - N . . <N, > =f {R(t)} dt -
T © In case (A) we considered a time-invariant trapezoidal pulse- /
y shaper. The symmetrical triangle can be considered as a special case T /2 . ' : :
. : - t¥ 2t
oy of this, and its noise indices, derived from eqs.. (3) and (4) by = 2 / (;) dt + 2/ (T) dt (15)
- A A
-~ substituting T, = 0, L T S arg: . o, ot . \
- 3 3 -
.A‘" 2 2
.«--7}‘ <Ns > = 3_ Ty (13)
DELTA NOISE
, 2. _ 2
€ Ny > = =5 (14) .
2 ' 2
N> = [ R} at
where T = the peaking time of the triangle. °
2 4 6 B
= —_ + —_— = _—
T T T (16)
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SIGNAL INTO —> 1 <«

GATED INTEG.
_'__‘

GATED INTEG. . " TMEASUREMENT
ouTPUT . . | TIME

» t (FORWARD)

29 37

TIME (BACKWARD) FROM Tm

For R(t), {R(0J% R/ (), {RY (1))

' . . 'XBL 7111-1725

Fig. 8. Biphase pulse followed by a gated-integrator.

particularly convenient to use the power of digital computers to per-
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Comparing these results with eqs. (13) and (14), it is apparent
that the switching operation associated with the gated-ihtegr‘ator has
substantially degraded both step- and delta-ndise. This result has
been presented to show that care must be exercised in changing cir- - .
cgit pza:rameters in synchronism with signals, or a sévére penalty in

noise may result.

‘D‘IGITAL CALCULATIONS OF MORE COMPLEX CASES

“The ahaiysis technique described here involves only very simple
integrations in the.time domain, and the integrations can readily be
broken. down into convenient pieces as illustrated in the examples in
the pre\}ious section. These examples were chosen to use' re_lz_a“;ivély.
simp‘l'e pulse-shapes to simplify the description of t}}e‘ fechn'iqu“e,"but
the method Ca.'(.l' equally well be applied fo a very w_idé. ‘ra‘n'ge of pulse-
shapes, including those expres'é'_ible in analytical férm (.e..g. exaﬁrple B),
and those that can be expressed only as a t"ablérof ‘amplitude vs-time.

No limitation exists due to discontinuities in waveforms. Integrations

‘can frequently be carried out by normal analytical methods, but it is

form many of the more laborious infegrations.

It is necessary to program the noise calcuiationé Vdifferently
depending upon whether the system is time-invariant, or is a gated-
integrator or a more complicated time-variant system; .However, once

such a program is written, it can handle a wide range of basic signal
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shapes. The structure of the program required to handle the gated-
integrator system will be described in the following paragraphs using
the illustration of Fig. 9. The step-by-step procedure followed in
this calculation duplicates the mental procedures involved in forming

R(t); as such, it may serve to review the method for those readers

who encountered problems in constructing R(t) in the foregoing

-examples.

The program requires that an array of N locations be loaded with
N values representing the signal amplitude entering the gated-integrator

in each of N equal time intervals At. The total time-span represented

by the array (i.e. NAt) must cover all significant parts of the signal.

The array may be loaded manually in cases where the waveform cannot be

represented as a sequence of analytical functions, or loaded by sub-

_programs if analytical representations are possible. In Fig. 9, the

top diagram represents the values loaded into the array--in this case
only 15 locations (i.e. N = 15) are uséd, but a much larger number is
used in practice.

The program also requires knowing the integration time TI used in
the gated integrator. For the purpose of the calculation, TI is con-

sidered as Np intervals each of At duration. In Fig. 9, Ny is 10.
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Illustrating the steps involved in a gated-integrator

system analysis program.
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The first main sequence in fhe program consists of establishing
a new data-array with NI + N elements representing the step-noise
residual function R(t). To do this, the integration interval ié, in
effect, slid over the signai waveform, one step at a.time, from just
overlapping the sfaft of the signal waveform to just overlapping its
end (see Fig. 9). At each step, digital integration of the signal
waveform over the signal intervals within thelintégration period is
carried out, and the result is gtoréd in the appropriate location in
the R(t) array. After N + NI steps, the R(t) array is fully loaded.
o bnce-theﬂR(t) afray is loaded, iﬁ is simple to carry out the

digital integrétion of{R(t)}zcver the fuli’span of R(t) while leaving

- the R(t) array undisturbed. After this operation, the value‘of the
integral of {R'(t)}zis calculaéed.by performing the summation ofv'
{Reg +1) - Rt}

R 2
over the interval TI is calculated, the values of {R(tﬁ- and {R'(t)F

Finally, the integral S of the signal waveform

are divided by SZ, and the appropriate time normalization is applied
to give the step- and delta-noise indices.

Programs have been developed for several shaping systems, and
noise indiées have been calculated. Figure 10 shows the values
obtained for many types of shaper, inclu&ing some of the examples

used in our earlier description. We will now discuss some of these

results.
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' 2
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,r r
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T; TO T INAt AT
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'Fig. 10. Summary of noise indices for typical systems.
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'PERSPECTIVE 'ON PULSE SHAPERS

The results given in Fig. 10 include a number of time-invariant
shapers (1,2,5,7,), combinations of these with gated-integrators
(3,4,6,8), with a switched differentiator (11), and examples of auto-
correlation of the signal combined with gated-integrator (9,10). In
these latter céses, the signal was processed by carrying out the
integration:

T
fS(t).So(t) dt

o
where T is the total signal duration -
S(t) is the signal (proceséed by the appropriate network)
S O(t) is a reference waveform whose shape is the same as the

signal, triggered to start at the same time as it.

As this method appears to give greatest weight to information when

the signal has its maximum value, intuition suggests that some improve-
ment in signal/noise might result. The fast analogue-multiplication
required for pulse-shaping of this type to be feasible can now be per-
formed if justified by signal/noise performance improvements.

The intriguing sjﬁrplicity of these noise calculations tends to
hide the fact that correct choice of a pulse-shaper for a given applica-
tion depends on good judgement between a variety of partially conflict-
ing requirements, and also requires a knowledge of the engineebring
problems involved in achieving a certain pulse-shape. -Injection of
some of these factors is necessary if ﬁhe results given in Fig. 10 are
to be useful. To re-emphasize the various important factors, we

restate them here from an earlier section of the paper.
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(i) Signal/noise performance.
(i1) Counting-rate behavior.
(iii) SensitiVity of output pulse-amplitude to rise-time

fluctuations in the detector signal.

(iv) Suitability of output-pulse for feeding a’pulse-height

. analyzer.

and we add:

(v) The pulse-shape must be realizable with simple circuits

using elements that do not introduce signal distortions

of an undesirable nature.

Noise analysis is directed only at item (i), but intimately

involves item (ii) as the duration of any waveform in the system

directly determines the probability of pulse pile-up at high counting-

rates. Item (iii) requires a pulse-shape possessing a flat (or nearly

flat) top for a time greater than the maximum detector signal rise-

time variation. For many applications, however, detector signal rise-

time fluctuations are negligible, and need not be considered as an

important factor in the choice of pulse-shaper. Item (iv) also

requires a flat-topped pulse, although the use of pulse-stretchers

capable of responding to narrow pulses generally makes this factor

of minor importance. The final item (v) is a complex one involving

considerable knowledge of circuit elements. However, one major con-

sideration relates to delay-lines--the only circuit elements capable

of producing rectangular pulses, and therefore a necessary component

if several of the pulse-shapes of Fig. 10 are to be realized.

While
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delay-lines are uséful in many applications, their deficiencies limit
their use to non-critical systems. Critical systems are better
realized using stable cémponents like resistors and capacitors--even
inductors should be avoided due to their imperfections, including \
temperature instability.

Examinétion of the results in Fig. 10 confirms, in every case,
that the step-noise index is proportional to the time—scale of the
pﬁlse-shaper, while the delta-noise index is inversely proportional
‘to it. Choice of the actual time-scale depends on the relative sizes

of the sources of step- and delta-noise (ng and‘nA). Ideally, if

delta-noise is dominant at a given time-scale, the time-scale can be

lengthened to reduce delta-noise until the step-noise (which is increas-

ing for larger time-scales) becomes equal to it. On this basis, an
optiﬁum time-scale can be achieved for each type of shaper. In many
cases, however, this is an impractical procedure as the time-scale
required to achieve equality of delta- and step-noise is very long,
and the resulting pile-up problems at high counting-rates are intoler-
able. Therefore, the main emphasis in choosing a pulse-shaper is
‘ usually to choose that shaper giving the best delta-noise, while
restricting the time-duration of any signal in the system to an
acceptable value from the point of view of counting rate.

The results of Fig. 10 are best appreciated by comparing some
of the cases. For example; the traditional single:RC integrator-
differentiator combination (1) appears at first siéht to exhibit

superior delta-noise performance to. that eXhibited.by the 7th or

_40_
4th_order Gaussian shapes,* since the calculated value of <NA2> is
greater in cases (5) and (7) than in case (1). Howefér, the long
tail on the waveform of (1), compared with either (5) or (7), causes
severe signal pile-up effects at high counting-rates. For this reason
a larger value o% T, can be used with (5) or (7) than with (1), there-
by reducing the delta-noise well below that of case (1), while retain-
ing an adquafe value of <st> . This is one examplelbf a general
rule for time-invariant systems, namely that symmetrical waveshapes
always result in less delta-noise than asymmetrical ones when equal
recovery times are demanded of both. On these grounds, fhe 7thorderi
Gaussian is preferred over the 4th order.Gaussian, but the increased
.circuit complexity needed for the former case may not be considered '
to be justified. -
Another useful comparison is that between a gated-integrator fed
by a Gaussian-shaped pulse (6), and the Gaussian-shaper with no gated-
integrator (3). A number of interesting\features emerge from this
comparison:
(i) The counting-rate behavior will be the same if tﬁe same

value of the Gaussian peaking-time is used.

(ii) Delta-noise is significantly better for the gated-integratoré

but the step-noise is worse. Where delta-noise -is dominant, an improve-

ment in signal/noise can be realized by using the‘gated-intégrator.

~* These shapes are produced by 1 RC differentiator and 7 or 4 RC

integrators respectively.
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(iii) The nearly flat region at the measurement time of the
gated-integrator output makes the output insensitive to detector
signal rise-time fluctuations. The integration period T; can readily
be chosen to produce an adequately flat-top to cope with any reason-
able amount of rise-time fluctuation in the detector signal. As shown
by Radeka(s), this feature makes this type of shaper very attractive
for high-energy y-ray spectroscopy using large germanium detectors.

We have already compared the behavior of the switched-differen-
tiator-shaper (11) with that of the gated-integrator (3), and have
shown that a severe delta-noise penalty results from the switching
operation. Despite this, as was shown earlier, the switched differen-
tiator can be useful in circumstances that arise in pulsed-beam
accelerator experiments.

Finally, comparison of cases (10) and (6) indicates some possible
value in the auto-correlation method. The auto-correlation shaper
(10) is substantially better in its step-noise performance, while
exhibiting almost the same delta-noise performance as the gated-
integrator (6). In systems where step-noise is a serious factor, the
benefits of the auto-correlation method may justify the circuit com-
plexity required for its execution. At the present time, no system
of this type is in use, and the possible difficulties of analogue

multiplication have not been evaluated.

CONCLUSION

The simplicity of noise calculations using this method has been

clearly demonstrated here. TFor the unbeliever, we recommend an
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attempt to carry out similar calculations by the time-honored method
of Fourier-transforming the waveforms, and integrating in the fre-

quency domain. Furthermore, the older methods are unable to deal with

" time-variant systems, whereas they can be handled relatively easily

using the new technique. A number of practical advantages and dis- -
advantages‘of the time-variant methods are pointed out in the text. .

It appears that the analysis technique should find much wider
application, particularly as it provides clear pictures of the basic
reasons for superior or inferior performance of systems. Perhaps
the simplicity of the method, and the physical basis for the calcula-
tions, will encourage physicists to realize that there are sound
reasons for the various techniques employéd to optimize pulse-shapes

’

in amplifiers used for nuclear experiments.
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